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In non-alcoholic fatty liver disease (NAFLD) caused by ectopic lipid accumulation, lipotoxicity is a crucial molecular risk factor. Mechanisms to eliminate lipid overflow can prevent the liver from functional complications. This may involve increased secretion of lipids or metabolic adaptation to ß-oxidation in lipid-degrading organelles such as mitochondria and peroxisomes. In addition to dietary factors, increased plasma fatty acid levels may be due to increased triglyceride synthesis, lipolysis, as well as de novo lipid synthesis (DNL) in the liver. In the present study, we investigated the impact of fatty liver caused by elevated DNL, in a transgenic mouse model with liver-specific overexpression of human sterol regulatory element-binding protein-1c (alb-SREBP-1c), on hepatic gene expression, on plasma lipids and especially on the proteome of peroxisomes by omics analyses, and we interpreted the results with knowledge-based analyses. In summary, the increased hepatic DNL is accompanied by marginal gene expression changes but massive changes in peroxisomal proteome. Furthermore, plasma phosphatidylcholine (PC) as well as lysoPC species were altered. Based on these observations, it can be speculated that the plasticity of organelles and their functionality may be directly affected by lipid overflow.

Keywords: NAFLD, fatty liver, peroxisomes, label-free proteomic profiling, transcriptomics, lipidomics, SREBP-1c, DNL


INTRODUCTION

It is well known that mitochondria have a central role in lipid-degrading, but the metabolic function of peroxisomes is also becoming more important in order to counteract lipid accumulation in hepatocytes during metabolic stress (Unger et al., 2010; Fransen et al., 2012; Wanders, 2013; Knebel et al., 2015, 2018a; Wanders et al., 2015). Peroxisomes are specialized organelles involved in fatty acid ß-oxidation, whereas the substrate specificity is directed toward the ß-oxidation of very long chain- fatty acids and, by alpha-oxidation, also to branched-chain fatty acids.

In recent decades, the view of peroxisomes has changed from the previously considered role of degradation of branched or very long chain- fatty acids to fatty acids of medium chain length for further metabolic use in mitochondria. It is now clear that peroxisomes also act in specific anabolic processes, including the synthesis of bile acids for cholesterol clearance and produce ether lipids from lysophosphatidic precursors. The latter precursors were converted to special lipid species, i.e., plasmalogens (Lodhi and Semenkovich, 2014).

Another interesting development is the research of the biogenesis of peroxisomes. From the first theories, involving the cleavage and budding of a cellular ancestor peroxisome, it became clear that the de novo biogenesis of peroxisomes is a well-regulated assembly from diverse membrane structures. This process involves the budding of endoplasmatic reticulum (ER) and the import of cytosolically translated proteins, so that the unambiguous assignment of proteins to distinct organelle structure becomes more and more difficult (van der Zand et al., 2012; Schrader et al., 2013; Tabak et al., 2013). Moreover, mitochondria are also integrated in this flowing process (Dirkx et al., 2005; Tanaka et al., 2019). In addition, the close proximity of peroxisomes to lipid droplets led to an interaction of cellular structures to transfer lipids for degradation, but also the bilateral process is possible to exchange specific lipids (Binns et al., 2006; Bartz et al., 2007; Pu et al., 2011).

Recently, we were able to show that there is a significant overlap between mitochondrial and peroxisomal proteins in different stages of obesity and hyperphagia-induced NAFLD. In NAFLD, mitochondrial capacity increases, and this is a kind of dead end when maximum mitochondrial capacity is achieved. So, the increase in peroxisomes seems to be the emergency reserve to protect liver function. Thus, in a polygenic model of metabolic syndrome or monogenic leptin receptor defect, the activity of peroxisomes to support mitochondrial function initially increases (Knebel et al., 2015, 2018a).

To further narrow down the interaction of peroxisomes in the process of NAFLD we focused on the effect of solely hepatic lipid production. We intended to be independent of insulin sensitive adipose tissue derived lipolysis into the circulation, overall insulin resistance or affluent food consumption or specialized diets to introduce a NAFLD phenotype, as these procedures might account on secondary not defined effects on the liver physiology. So, in the present study, we used a mouse model, i.e., alb-SREBP-1c on C57Bl6 genetic background, with liver specific overexpression of the transcriptional active domain of the human transcription factor SREBP-1c, the master regulator of hepatic lipid synthesis (Knebel et al., 2012). In this model as main effect, de novo lipid synthesis (DNL) is constitutively activated in hepatocytes. Consequently, alb-SREBP-1c mice show a mild steatosis phenotype and selective hepatic insulin resistance due to activation of DNL and phenotypically this is accompanied by massive obesity and hepatic lipid accumulation with hepatic insulin resistance (Knebel et al., 2012; Jelenik et al., 2017).

To understand the role of peroxisomes in fatty liver due to genetically increased hepatic DNL we have (i) analyzed holistic hepatic gene expression, (ii) performed lipidomics, and (iii) determined the proteome of hepatic peroxisomes.



MATERIALS AND METHODS


Animals

C57Bl6 (C57Bl6) and B6-TgN(alb-HA-SREBP-1cNT) (alb-SREBP-1c) (Knebel et al., 2012) mice were bred and maintained under standard conditions (12 h light/dark cycle; 22°C ± 1°C, 50% ± 5% humidity). The alb-SREBP-1c mice were backcrossed for more than 20 generations on C57Bl6 genetic background (Knebel et al., 2012) and C57Bl6 served as controls. At 6 weeks of age, male littermates of each genotype were kept under standardized conditions with free access to water and regular laboratory chow [13.7 mJ/kg: 53% carbohydrate, 36% protein, 11% fat (Ssniff, Soest, Germany)]. Mice were sacrificed by CO2 asphyxiation (7:00 a.m.) at 24 weeks of age. Mice were not fasted prior to sacrification. Blood samples were collected by left ventricular puncture, and livers were removed. The Animal Care Committee of the University Duesseldorf approved animal care and procedures (Approval#84-02.04.2015.A424; 02 April 2015).



Animal Characterization

Phenotypical characterization, serum diagnostics of clinical measures, surrogate parameters of insulin resistance, and lipid profiling in serum, liver and adipose tissue by gas chromatography were performed as previously described (Kotzka et al., 2011; Knebel et al., 2012).



Lipidomics

Serum free fatty acids, hepatic total fatty acids (TFA) content, and specific fractional compositions of FAs were determined by gas chromatography. fatty acids data were further used to calculate the Δ5-desaturase index (cC18:2/cC20:4), Δ6-desaturase index (cC18:2/cC18:3), Δ9-desaturase index (cC16:1/C16:0 or cC18:1/C18:0), DNL index (C16:0/cC18:2), and elongation index (C18:0/C16:0) as well as the sums of TFA, non-saturated fatty acids, monounsaturated fatty acids, saturated fatty acids, essential fatty acids (cC18:2 + cC18:3) or non-essential fatty acids (C16:0 + cC16:1 + C18:0 + cC18:1) (Cinci et al., 2000). Nomenclature used indicates Cx:y (x, number of carbons in the FA; y, number of double bonds in the fatty acids). Chemical residues [hydroxyl (OH), acyl (a), di-acyl (aa), and acyl-alkyl (ae)] are abbreviated accordingly. For metabolome analyses, plasma samples were rapidly frozen and stored at –80°C. Mass spectrometry for targeted metabolic profiling of glycerophospholipids and sphingolipids was performed using Biocrates methodology (Biocrates Life Sciences, Innsbruck, Austria). The limit of detection was determined for each metabolite from the signal to noise ratio. Metabolites were included in further analyses if values exceeded the respective limit of detection and could be detected in greater than 95% of the examined samples (Floegel et al., 2011; Knebel et al., 2016).



Gene Expression Analyses

RNA extraction (Qiagen, Hilden, Germany) of snap frozen liver biopsies was performed as described (Knebel et al., 2018b). Genome wide expression analyses (n = 5 per genotype) were performed with 150 ng RNA according to the Ambion WT Expression Kit and the WT Terminal Labelling Kit (Thermo Fisher Scientific, Darmstadt, Germany). All protocol steps were monitored using an RNA 6000 nano kit (Agilent, Taufkirchen, Germany). Complementary RNA samples were hybridized to Mouse Gene 1.0 ST arrays and analyzed with a GeneChip scanner 3000 7G (GDAS 1.4 package, Affymetrix (Thermo Fisher Scientific, Darmstadt, Germany). Data were analyzed with Transcriptome Analysis ConsoleTM v4.01 (Applied Biosystems, Darmstadt, Germany) as described (Knebel et al., 2018b). Full datasets are available under accession number GSE1322981.



Subcellular Fractionation

Enrichment of peroxisomes of a mouse liver via consecutive centrifugation approach [homogenate; Z1: 3000 × g, 15 min.; Z2: 17,000 × g 30 min.; density gradient: linear OptiprepTM gradient (20–40%)] was performed as previously described (Hartwig et al., 2018). In iodixanol gradients, peroxisomes have the highest density of major subcellular organelles and can be safely isolated without detectable contamination by mitochondria or lysosomes, ER or Golgi membranes (Graham, 2002). All preparation steps were monitored by marker enzyme activities and electron microscopy (Supplementary Figures S3, S4). Mitochondrial copy number and monitoring of the preparation were determined as described (Hartwig et al., 2018).



Proteomic Profiling of Peroxisomes

Protein profiling of the enriched peroxisomes was performed using LC-MS instrumentation consisting of an Ultimate 3000 separation liquid chromatography system (Thermo Fisher Scientific, Germering, Germany) combined with an EASY-spray ion source and Orbitrap FusionTM LumosTM TribridTM mass spectrometer (Thermo Fisher Scientific), as previously described (Hartwig et al., 2013). Peptides were trapped on an Acclaim PepMap C18-LC-column (ID: 75 μm, 2 cm length; Thermo Fisher Scientific) and separated via an EASY-Spray C18 column (ES802; ID: 75 μm, 25 cm length; Thermo Fisher Scientific). Each LC-MS run lasted 120 min, and MS data were acquired with both data-dependent (DDA) and data-independent (DIA, 34 windows) MS/MS scan approaches. DDA runs were analyzed using Proteome DiscovererTM 2.2 software (Thermo Fisher Scientific) and Sequest HT search (trypsin digestion, max. two miscleavages, 5–144 peptide length, max. 10 peptides per spectrum, carbamidomethylation as static and N-terminal acetylation/methionine oxidation as dynamic modifications) against the Swiss-Prot database [Mus musculus (TaxID = 10,090, version 2018–12)]. Percolator node-based peptide-spectrum-match (PSM) analysis was restricted to q-values with 0.01 (strict) and 0.05 (relaxed) false discovery rates (FDR). Proteins were filtered using parsimony set to 0.01/0.05 (strict/relaxed) FDRs. For quantification, DIA runs were analyzed via SpectronautTM Pulsar X 12.01 software (Biognosys, Zurich, Switzerland) set to standard parameter settings and using a self-performed spectral library based on DDA runs. For normalization, the proteomes were spiked with indexed Retention Time (iRT) standard.



Statistical Analysis

Clinical values are presented as mean ± SD. Statistical analysis was performed with Student’s t-test calculated with Prism 7.4 (GraphPad Software Inc., San Diego, CA, United States), as indicated.



Web-Based Functional Annotation

For functional annotation, web-based tools from public database sources were used: https://www.ncbi.nlm.nih.gov/, https://www.diabesityprot.org/, and IPA® (IngenuityTM, Qiagen, Hilden, Germany). To analyze the differential gene expression, fold change and t-test derived p-values of the comparisons, C57Bl6 vs. alb-SREBP-1c mice entered the analyses for IPA®. For analyses of the peroxisomal proteins, all proteins or values of change and p-values from PD analyses entered the analyses. Data were used for core analyses and comparison analyses. Pathways were generated from respective networks suggested by IPA®.




RESULTS


Clinical Characterization

Alb-SREBP-1c mice display a mild hepatic steatosis due to increased DNL, which is caused by hepatic overexpression of the transcriptional active N-terminal domain of human SREBP-1c. The clinical characterization of the mice included in the present study is summarized in Figure 1.
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FIGURE 1. Metabolic characterization of C57Bl6 and of alb-SREBP-1c mice at the age of 24 weeks used in the study. Data are expressed as mean ± SD (n = 8 of each phenotype). ∗p < 0.05, ∗∗p < 0.01, by Student’s t-test. Abbreviations: ALT, alanine transaminase; AST, aspartate transaminase; FFA, free fatty acids; GLDH, glutamate dehydrogenase; HOMA-IR, Homeostatic model assessment of insulin resistance; HOMA-ß Homeostatic model assessment of ß-cell function (%); TFA, total fatty acids; WAT, white adipose tissue.


Alb-SREBP-1c mice have increased body mass due to increased white fat tissue and liver weight. Liver weight is directly related to body weight. Here, the amount of TFA are increased per gram liver tissue resulting in an increased percentage share of lipids in the liver. The liver function markers remain unchanged at the age of 24 weeks, except significantly increased aspartate transaminase (AST). Free fatty acids, leptin and insulin are increased in serum. In addition, the blood sugar level is elevated, and the surrogate parameters for insulin resistance and ß-cell function indicate insulin resistance with compensatory insulin secretion (Figure 1). So, the mouse model used displays hepatic lipid accumulation due to increased DNL in the presence of selective hepatic insulin resistance.



Gene Expression

First, we investigated the influence of the overexpression of SREBP-1c and thus activated hepatic DNL on the differential hepatic gene expression pattern, compared to controls. Holistic gene expression analyses showed a 1.4-fold expression difference, a total of 457 transcripts varied in abundance (163 increased in C57BL6 and 294 increased in alb-SREBP-1c) (Supplementary Table S1). Of these, 18 genes were direct and six genes were indirect downstream targets of SREBP-1c (Supplementary Figure S1A). The application of the complete knowledge-based SREBP-1 network identified about 50 indirect downstream targets of SREBP-1 in the dataset (Supplementary Figure S1B).

Knowledge-based analyses were further used to identify regulatory molecules that may be responsible for the changes in gene expression. Exemplified genes were validated by RT-PCR (Supplementary Figure S2). Here, SREBP-1 regulatory pathways, e.g., SREBP cleavage activating protein (SCAP) (p-value: 4.25E-09), and cholesterol metabolism with SREBF-2 (1.05E-08), cholesterol (1.69E-07), and cholic acid (4.97E-06) showed high significance (Supplementary Table S1). Next to SREBF-1 itself (9.10E-06), further central hepatic transcription factors such as HNF4A (9.32E-06), ligand-dependent nuclear receptors such as NR0B2 (1.01E-05), associated with Body Mass Index Quantitative Trait Locus 11 and related to the farnesoid X receptor pathway (FXR), or RXRA (1.40E-05) were enriched.

With regard to the functional readout of differential gene expression, 95 genes were associated with typical hepatic canonical pathways associated with metabolic disorders, for example, the sirtuin signaling pathway (1.66E-04), the EIF2 signaling pathway (1.26E-04), oxidative phosphorylation (9.12E-04), mitochondrial dysfunction (4.07E-04), LXR/RXR activation (5.13E-04), or cholesterol biosynthesis (1.86E-05). However, the majority of genes (n = 51) were assigned to different aspects of lipid metabolism (Figure 2 and Supplementary Table S2).
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FIGURE 2. Canonical pathways annotated to lipid metabolism. Differential abundant transcripts in the comparisons of C57Bl6 and alb-SREBP-1c mice were subjected to knowledge-based analyses using IPA®. The bars indicate the number of differential abundant transcripts in the dataset associated to the respective pathway. The line indicates the significance of overlap to the respective pathway by Log10 transformed p-value. Analyses including statistics were performed in IPA® using the Core expression analyses routine.


In accordance with these functional changes are further upstream regulators, such as RORA (1.88E-14), RORC (1.08E-13; with the differential expression itself being -1.616-fold), PPARA (5.56E-13), POR (1.50E-12), STAT5B (1.65E-09), glycerol 3-phosphate dehydrogenase 1 (GPD1) (2.00E-09), SLC25A13 (2.35E-09), NCOA2 (4.39E-06), SLC13A1 (9.11E-07), ATP7B transporter (2.44E-06), or NR1I3, a transcription factor associated with intrahepatic choleastis (2.88E-06). The latter is a RORA coactivator of G6PC expression, and thus regulates glucose metabolism. Furthermore, it is involved in the transcriptional activation of the glucocorticoid receptor (4.39E-06) and the peroxisomal ACOX1 (5.68E-06), both identified in these analyses (Supplementary Table S1).

Consequently, among the causal activator networks that can play a role in differential gene expression as observed in C57Bl6 and alb-SREBP-1c mice is the SREBP-1 network with a p-value of 3.54E-08 (Figure 3A), Furthermore networks for SREBP-2 (3.36E-13), PPARA (2.4E-12), peroxisomal ACOX1 (8.63E-14), and GRK1 (2.48E-13) were involved. In addition, bioactive molecules such as apomin (3.36E-13), which binds FXR and regulates LDLR and HmgCoA reductase, or the lipid-lowering agent tiadenol (4.18E-14), can initiate a similar alteration in gene expression. In addition, metabolites such as long-chain fatty acids (8.40E-14) are identified as causal regulators that may cause alterations in gene expression networks (Figure 3B).


[image: image]

FIGURE 3. Causal networks for differences in gene expression. Differential abundant transcripts in the comparisons of C57Bl6 and alb-SREBP-1c mice were subjected to knowledge-based analyses using IPA® to identify causal networks. SREBP-1 (A) and long chain fatty acids (B) were identified with high significance. Analyses were performed in IPA® using the Core expression analyses routine. Color code, according to IPA® analyses, for molecules: green: negative fold change (more abundant in C57Bl6); red: positive fold change (more abundant in alb-SREBP-1c), and for arrows: yellow: findings inconsistent with the state of the downstream molecule; blue: inhibition, consistent with the state of the downstream molecule; orange: increase, consistent with the state of the downstream molecule. Solid arrows indicate a direct interaction, and dotted arrows an indirect interaction, of connected molecules.


In summary, although the alterations in gene expression due to elevated hepatic DNL are rather marginal, the gene expression data point to lipid metabolism with the focus on long-chain fatty acids, but also on lipid secretion via cholesterol metabolism and bile acid pathways.

Interestingly, in liver lysates, the mitochondrial DNA copy count and the succinate dehydrogenase activity did not differ significantly within the models. However, peroxisomal catalase activity was increased in alb-SREBP-1c mice (Figure 4).
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FIGURE 4. Mitochondrial DNA contend and marker enzyme activity of mitochondria and peroxisomes. The mtDNA content was determined in comparison to gDNA in C57Bl6 and alb-SREBP-1c mice (n = 20). Specific enzyme activities per mg liver tissue and total enzyme activities of mitochondrial succinate dehydrogenase (SDH) and peroxisomal catalase were determined in liver homogenates C57Bl6 and alb-SREBP-1c mice (n = 20) (n.s., not significant, ∗∗p < 0.01).




Lipidomics

Peroxisomes are involved in lipid degradation, bile acid synthesis and synthesis of special lipids, and they are unique in the synthesis of ether lipids like alkyl ether phospholipids and plasmalogens (Kotzka et al., 2011). We performed a lipidomic screen to further narrow down the consequences of constantly increased DNL and hepatic insulin resistance.

Detailed analyses of serum lipids indicated no significant alterations within C57Bl6 and alb-SREBP-1c mice (Supplementary Figure S3). In contrast, lipid composition of hepatic TFA indicated an increase in cC18:1 and a decrease in C18:0 and cC18:2, in alb-SREBP-1c mice. In alb-SREBP-1c mice, the Δ9-desaturase activity on C16:1 and C18:1 as well as DNL were increased, and the Δ6-desaturase as well as elongase activity were decreased. This resulted in an increase in unsaturated fatty acids (UFA), monounsaturated fatty acids (MUFA), and non-essential fatty acids (NEFA) and a decrease in saturated fatty acids (SFA) and polyunsaturated fatty acids (PUFA), in alb-SREBP-1c mice (Figure 5).
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FIGURE 5. Hepatic lipid composition of C57Bl6 and alb-SREBP-1c mice at the age of 24 weeks. (A) Fractional composition of liver TFAs and %-change within C57Bl6 and alb-SREBP-1c mice. (B) From the hepatic lipid composition, the sums of non-saturated FA, non-essential FA (C16:0 + cC16:1 + C18:0 + cC18:1), monounsaturated FA, polyunsaturated FA, saturated FA, essential FA [cC18:2 + cC18:3) or elongation index (C18:0/C16:0)], de novo lipogenesis (DNL) index (C16:0/cC18:2), Δ5 desaturase index (cC18:2/cC20:4), Δ6 desaturase index (cC18:3/cC18:2), Δ9 desaturase index (cC16:1/C16:0), and Δ9 desaturase index (cC18:1/C18:0) were calculated. Data are expressed as mean ± SD (n = 8 of each genotype). ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.01, by Student’s t-test. Abbreviations: DNL, de novo lipogenesis; EFA, essential fatty acids; MUFA, monounsaturated fatty acids; NEFA, non-essential fatty acids; PUFA, polyunsaturated fatty acids; SFA, saturated fatty acids; TFA, total fatty acids; UFA, unsaturated fatty acids.


As alterations in hepatic lipid composition were not reflected in circulating serum free fatty acids, we performed a more comprehensive serum lipidomic approach to determine special lipid class including lysophosphatidyl choline (lysoPC), acyl-acyl-phosphatidyl choline (PCaa), acyl-alkyl-phosphatidyl choline (PCae) and sphingomyelin (SM) lipid species (Figure 6A). In alb-SREBP-1c mice, we determined a decrease in lysoPCaC26:0 as well as PCaaC36:0, and an increase in SM_C18:0, PCaa32:2 as well as PCaaC34:4 and PCaeC38:4 as well as PCaeC40:3 and various lysoPCs, i.e., –aC16:1, –aC18:0, –aC18:1, –aC18:2, –cC20:3, and –aC20:4 (Figure 6B). The alterations especially of lysoPC species further focused on the role of peroxisomes.
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FIGURE 6. Lipid species in the serum of C57Bl6 and alb-SREBP-1 mice. (A) Alterations in individual lipid species in the group of phosphatidylcholines (PC), i.e., lysoPCs, PCaa, PCae, and sphingomyelins are indicated by log 10 p-value. Red dots indicate significant altered lipid species. (B) Differential abundance of lipid species. The fold change [(ln(fold change)] of lipid concentration was plotted against the significance (log 10 p-value). Red dots mark lipid species with >1.5-fold change in alb-SREBP-1c mice, green dots indicate lipid species with >1.5-fold difference in C57Bl6 mice. A p-value of <0.05 (Students’ t-test) was accepted as significant. Chemical residues [hydroxyl (OH), acyl (a), di-acyl (aa), and acyl-alkyl (ae)] are abbreviated accordingly. Nomenclature further indicates Cx:y (x, number of carbons in the fatty acid; y, number of double bonds in the fatty acid).




Peroxisomal Proteome

The alterations in gene expression, marker enzymes for organelle function, and lipid metabolism observed point toward peroxisomal function or organization. Therefore, we focused on the analyses of peroxisomal proteomes in livers of control mice and mice with increased hepatic lipid accumulation.

For the preparation of peroxisomes, we used our standard protocol (Graham, 2002; Knebel et al., 2015, 2018a). The enrichment of peroxisomes in the gradient was monitored by cell organelle specific marker enzyme assays (Supplementary Figure S4). This peroxisomal enrichment was confirmed by electron microscopy, indicating enriched peroxisomal structures, without visible mitochondrial structures (Supplementary Figure S4). Deduced from marker enzyme assays the enrichment of peroxisomes didn’t differ between C57Bl6 and alb-SREBP-1c mice (Supplementary Figure S5). High resolution mass spectrometry analyses identified a total of 2,295 unique proteins in the peroxisomal protein fractions. Of these, 1,053 proteins were overrepresented whereas 944 proteins were underrepresented in alb-SREBP-1c compared to C57Bl6 mice (Supplementary Table S3). In contrast to the relative low number of differentially regulated genes, this number is surprising high and reflects the largest difference observed in the alb-SREBP-1c model compared to C57Bl6 model up to now (Knebel et al., 2012; Jelenik et al., 2017).

Phosphoetherlipid synthesis requires peroxisome and ER associated enzymes, i.e., glycerol phosphate O-acyltransferase (GNPAT), essential for phosphoether lipid synthesis and alkylglycerone phosphate synthase (AGPS) which catalyzes the exchange of an acyl for a long-chain alkyl group and the formation of the ether bond in the biosynthesis of ether phospholipids using e.g., lysoPCs as substrate. Both enzymes were enriched in the alb-SREBP-1c peroxisomal protein fractions compared to controls. Furthermore, interacting proteins like CCT or PEX proteins were also enriched (Figure 7).
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FIGURE 7. Knowledge-based analyses enzymes essential in ether lipid analyses in peroxisomal protein fractions. All proteins identified in peroxisomal fractions of C57Bl6 mice and alb-SREBP-1c mice were subjected to IPA® Core analyses. The networks deduced for upstream regulator molecules glyceronephosphate O-acyltransferase (GNPAT) and alkylglycerone phosphate synthase (AGPS) are shown. Color code, according to IPA analyses, for molecules: green, overrepresented in alb-SREBP-1c (negative fold change in dataset); red: overrepresented in C57Bl6 (positive fold change in dataset). Solid arrows indicate a direct interaction, and dotted arrows an indirect interaction, of connected molecules.


All identified proteins from peroxisomal fractions (Supplementary Table S4) were used in knowledge-based analyses to analyze for the overall accumulation of canonical pathways.

Examples with the highest p-values were: various aspects cholesterol biosynthesis (2.57E-10-6.31E-14) or lipid metabolism [stearate biosynthesis (3.98E-20), fatty acid β-oxidation (1.26E-23)], or the superpathway of melatonin degradation (1.99E-10), nicotine degradation (3.98E-12). Nuclear receptor LXR/RXR activation (1.26E-12) or FXR/RXR activation (7.94E-15), as well as LPS/IL-1-mediated inhibition of RXR function (3.16E-18), were also involved. Furthermore, proteins annotated to estrogen biosynthesis (6.31E-13), TCA cycle (1.58E-14), mTOR signaling (1.0E-13), amino acid degradation of valine (3.16E-15), isoleucine (2.51E-11) or tryptophan (2.52E-11), or stress and redox response, e.g., acute phase response (3.16E-12), EIF2 signaling (6.31E-35) or eIF4 and p70S6K signaling (1.0E-12), or NRF2-mediated oxidative stress response (2.51E-14). Pathways involving membrane systems like actin nucleation (5.01E-11), actin cytoskeleton signaling (3.16E-11), cathrin-mediated endocytosis signaling (1.99E-11), epithelial adherens junction signaling (3.16E-13), or remodeling of epithelial adherens junctions (1E-16) might indicate the role of peroxisomes in the cellular endomembrane systems. In regard to the downstream effects of peroxisomal proteins, major functional overlaps were assigned to sirtuin signaling pathway (3.16E-37), oxidative phosphorylation (5.01E-62) and mitochondrial dysfunction (5.01E-75), or fatty acids metabolism (1.55E-04). So, next to processes involved in lipid or energy metabolism, lipid degradation and cholesterol clearance, a further functional focus was on membrane system compositions and dynamics.

However, focusing on the differential abundance in peroxisomal protein patterns in the mouse models, upstream regulators deduced from the specific datasets were addressed differentially (Supplementary Tables S5–S7). For example in the alb-SREBP-1c overrepresented peroxisomal dataset (Supplementary Table S6), SREBP-1 as an upstream activator had a negative activation z-score of -4 (p-value 1.95 E-15), indicating inhibition, whereas in C57BL6 overrepresented data (Supplementary Table S7), a 4.4-fold activation z-score was determined, although with lower significance (p-value 2.15 E-10). Additionally, there are common but also specific hub proteins or metabolites in the comparisons. In C57Bl6 mice, HIF1A and FOXO1 were identified as SREBP-1 nodal proteins whereas fatty acids, PPARD, NR1H3, NROB2, CEBP, NR5A2, and NFE2l2-targeted SREBP actions were present specifically in the alb-SREBP-1c overrepresented dataset. The pattern of the upstream activator PPARA in the datasets is comparable. In data overrepresented in alb-SREBP-1c mice, a z-score of -2.91 with a p-value of 1.95 E-46, and in C57Bl6 overrepresented data, a z-score of 3.096 with a p-value of 1.45 E-19 was found for PPARA as an upstream activator. Specific hub molecules in the C57Bl6 overrepresented data were bezafibrate, NRIP1 and TP53. However, a different fibrate, i.e., ciprofibrate was a nodal upstream regulator in the alb-SREBP-1c overrepresented dataset. This might indicate a differential pharmacogenetics of the fibrates, although tagging the same PPARA molecule as orphan receptor. Furthermore, MED1, NR1H3/LXR NR1| 3 and THRB were unique nodal points in the alb-SREBP-1c overrepresented data (Figure 8 and Supplementary Table S8).
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FIGURE 8. Upstream regulator molecules in peroxisomal proteins. All proteins identified in the peroxisomal fraction of C57Bl6 mice and alb-SREBP-1c mice were separated, according to overrepresentation in the genotypes, and subjected to IPA® Core analyses. Upstream regulator molecule networks are shown for SREBP in C57Bl6 overrepresented proteins (A), or in alb-SREBP-1c overrepresented proteins (B) and for PPARa in C57Bl6 overrepresented proteins (C), or in alb-SREBP-1c overrepresented proteins (D). Hub molecules for SREBF1 in C57Bl6 mice were cholesterol, SCAP, Insulin, SREBF2, PPARG, PPARA, HIF1A, FOXO1, PPARGC1A, TP53, and RXRA. Hub proteins/molecules for SREBF1 in alb-SREBP-1c mice were SCAP, cholesterol, fatty acid, Ins1, PPARD, NR1H3, PPARG, PPARA, NR0B2, CEBPB, RXRA, SREBF2, NR5A2, NFE2L2, TP53, and PPARGC1A. Hub proteins/molecules for PPARA in C57Bl6 mice were bezafibrate, pirinixic acid, fenofibrate, NR1H4, PPARG, PPARD, NRIP1, RXRA, FOXO1, SREBF1, TP53, PPARGC1A, and NCOA2. Hub proteins/molecules for PPARA in alb-SREBP-1c mice were ciprofibrate, fenofibrate, pirinixic acid, NR1H4, PPARG, PPARD, MED1, NCOA2, NR1H3, FOXO1, RXRA, SREBF1, NR1I3, THRB, and PPARGC1A. Color code, according to IPA® analyses, for molecules: green: overrepresented in alb-SREBP-1c (negative fold change in dataset); red: overrepresented in C57Bl6 (positive fold change in dataset), and for arrows: yellow: findings inconsistent with the state of the downstream molecule; blue: inhibition, consistent with the state of the downstream molecule; orange: increase, consistent with the state of the downstream molecule. Solid arrows indicate a direct interaction, and dotted arrows an indirect interaction, of connected molecules.


Focusing on the role of metabolites like sterol as upstream regulatory molecules, only a limited number of molecules were overrepresented in the C57Bl6 dataset (z-score -1.486, p-value 1.01-E3), with LPIN1 as a unique nodal gene. In the alb-SREBP-1c overrepresented dataset, a positive regulatory effect was predicted (z-score 1.791, p-value 3.25 E-10). Here, more proteins with higher significance were involved, and HNF4a, EsR1, TP53, and PPARGC1A were specifically addressed. In contrast, e.g., bile acid responsive proteins were only present in the alb-SREBP-1c overrepresented data (z-score 0.339, p-value 7.15 E-3) with nodal points PPARa, FOXO1, FGF19, NR1H4, NROB2, HNF4a, ChREBP (MLXIPL), NR5A2, FOXA2, RXRA, HNF1A, and PPARGC1A (Figure 9 and Supplementary Table S9). The results indicate a differential response pattern depending on the cellular physiology as caused by hepatic lipid accumulation in the models investigated, to either a central regulatory molecule, or the presence of a metabolite.
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FIGURE 9. Upstream regulator metabolites in peroxisomal proteins. All proteins identified in peroxisomal fractions of C57Bl6 mice and alb-SREBP-1c mice were separated, according to overrepresentation in the genotypes, and subjected to IPA® Core analyses. Upstream regulator molecule networks are shown for sterol in C57Bl6 overrepresented proteins (A), or in alb-SREBP-1c overrepresented proteins (B), and for bile acid in alb-SREBP-1c overrepresented proteins (C). Upstream regulator molecule networks are shown for sterol (A) and bile acid (B). Hub proteins for sterol in C57Bl6 were PPARG, SCAP, LPIN1, INSIG1, SREBF1, and SREBF2. Hub proteins for sterol in alb-SREBP-1c were: PPARG, SCAP, INSIG1, SREBF1, SREBF2, HNF4α dimer, ESR1, TP53, and PPARGC1A. Hub proteins for bile acid in alb-SREBP-1c were: PPARA, FOXO1, FGF19, NR1H4, NR0B2, HNF4A, MLXIPL, NR5A2, FOXA2, RXRA, HNF1A, and PPARGC1A. Color code, according to IPA® analyses, for molecules: green: overrepresented in alb-SREBP-1c (negative fold change in dataset); red: overrepresented in C57Bl6 (positive fold change in dataset), and for arrows: yellow: findings inconsistent with the state of the downstream molecule; blue: inhibition, consistent with the state of the downstream molecule; orange: increase, consistent with the state of the downstream molecule. Solid arrows indicate a direct interaction, and dotted arrows an indirect interaction, of connected molecules.




Functional Readout of Differential Peroxisomal Proteome

A total of 370 proteins in the peroxisomal protein fraction showed at least a 1.5-fold difference (111 more abundant in C57Bl6, 259 more abundant in alb-SREBP-1c). Knowledge-based analyses identified the formation of peroxisomes and related pathways, like the formation of peroxisomal membrane, and the quantity of peroxisomes as the downstream function with the highest p-value (2.82E-07) (Supplementary Table S10), with 6 central proteins to this function (PEX1, PEX2, PEX6, PEX11A, PEX19, and PEX26) (Figure 10).
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FIGURE 10. Differential peroxisomal formation deduced from the peroxisomal proteome. Proteins with at least 1.5-fold difference in abundance identified in peroxisomal fractions of C57Bl6 mice and alb-SREBP-1c mice were subjected to IPA® Core analyses. Peroxisomal formation and associated proteins were identified as the downstream function with highest significance. The datasets of peroxisomal proteins enriched in either C57Bl6 or alb-SREBP-1c were screened for interacting proteins of the peroxisomal formation node. Color code, according to IPA® analyses, for molecules: green: overrepresented in alb-SREBP-1c (negative fold change in dataset); red: overrepresented in C57Bl6 (positive fold change in dataset), and for arrows: yellow: findings inconsistent with the state of the downstream molecule; blue: inhibition, consistent with the state of the downstream molecule. Solid arrows indicate a direct interaction, and dotted arrows an indirect interaction, of connected molecules. Molecules not in direct connection to the downstream functions are shown in reduced size.


Increasing the interacting protein network of these proteins with overrepresented proteins in alb-SREBP-1c, a total of 44 proteins with 64 new interactions were added to this nodal pathway. In contrast from C57Bl6 overrepresented proteins only 11 proteins and interactions were added. The latter showed no direct relation to the downstream functions, but were connected via central hub proteins e.g., PEX19 with known function in import of peroxisomal membrane proteins and the de novo formation of peroxisomes.




DISCUSSION

Ectopic hepatic lipid accumulation, such as in NAFLD, is a severe health burden (Hajra and Das, 1996). Mechanisms leading to the reduction of lipid accumulation are therefore of particular interest to maintain liver physiology and to avoid lipotoxicity and thus the long-term development of hepatic lipid accumulation into cirrhosis. In this study, we investigated the processes of ectopic hepatic lipid accumulation in a mouse model with genetically elevated DNL. In this observational study, we show that: (i) the change in hepatic gene regulation is low and no unexpected novel signaling pathways are identified in sufficient significance, (ii) the changes in hepatic TFA are reflected in serum phospholipid species, and (iii) alterations of the proteome of the peroxisomal protein fraction.

The basic-helix-loop-helix-leucine zipper family transcription factor SREBP-1c is involved in the regulation of genes involved in lipid and cholesterol synthesis. Although the pathogenesis of NAFLD is not yet clear in detail, the regulation of the transcription factor SREBP-1c is one central event. SREBP-1 proteins are tightly regulated on various levels: (i) on direct transcriptional level, (ii) by a complex regulatory mechanism involving coordinated proteolytic release of the transcriptional active domain from a precursor molecule, (iii) on post-translational modification to regulate its transcriptional activity and stability, and last not least (iv) by homo- and heterodimerization for DNA interaction with isoform specific impact on gene regulation. Each step of this orchestrated regulation integrates information of the metabolic status of a cell to the transactivation of SREBP-1, with SREBP-1c being the predominant isoform in lipid metabolism (Brown and Goldstein, 2009; Ferre and Foufelle, 2010; Shimano and Sato, 2017; Younossi, 2019). The specific activation of hepatic DNL in these animals is induced by liver specific overexpression of the N-terminal transcriptionally active domain of human sterol regulatory element-binding protein (SREBP)-1c driven by albumin promoter (Knebel et al., 2012). This circumventing the need of all regulatory steps, i.e., de novo transcription and especially the highly regulated release of the mature transcription factor. The investigated transgenic mouse model shows a mild fatty liver, hepatic insulin resistance with compensatory increased ß-cell function, and massive obesity but no signs of inflammation and metabolically healthy adipose tissue (Knebel et al., 2012, 2019; Jelenik et al., 2017).

However, the liver-specific overexpression of SREBP-1c leads to a comparatively small change in hepatic gene expression, analogous to the isoform SREBP-1a (Knebel et al., 2018b). On the one hand, this is not unexpected as only one protein is altered; on the other hand, it seems surprising that this minimal change in gene expression can be sufficient to initiate the first steps of fatty liver development.

The gene expression analyses here showed no unexpected signaling or metabolic pathways. The central change in gene expression is in the area of lipid metabolism, central molecules of liver metabolism and the regulation of SREBP such as SCAP, or the synthesis of bile acid to facilitate cholesterol clearance.

The mouse model used overexpresses the human N-terminal domain of SREBP-1c (Knebel et al., 2012). Since the expression of the intrinsic SREBP-1c molecule is not increased (Knebel et al., 2012), a feedback loop might be active to compensate for the overrepresentation of the human SREBP molecule. One could speculate that the permanently genetically activated DNL leads to a general regulatory compensation in the hepatocytes. Alternatively, metabolic adaptation may occur. Consequently, cholesterol, bile acid and especially long-chain fatty acids are superior factors that lead to the patterns of altered gene expressions observed.

De novo lipogenesis produces C16:0 and C18:0, which are further elongated or desaturated during the process, thereby stimulating the production of monounsaturated fatty acids such as cC16:1 and cC18:1. Also, the hepatic overexpression of SREBP-1c increases DNL and activates the expression and activity of stearoyl CoA desaturase (SCD), elongases and desaturases (Ferre and Foufelle, 2010; Knebel et al., 2012). This is reflected in the hepatic lipid indices observed here.

The analysis of lipids in the liver shows specific differences which are not reflected in the circulating species of plasma lipids. However, detailed plasma lipid analyses showed that elevated DNL is accompanied by changes in glycerolipid and phosphatidylcholine (PC) patterns, especially in lysoPCs. PCs are major components of plasma phospholipids and thus of lipoproteins. In humans, more than 76% of total glycerophospholipids consists of PC and lysoPCs (Quehenberger et al., 2010; Yang et al., 2018). PCs were mainly formed with four types of fatty acids (C16:0, C18:0, cC18:1, cC18:2) (Phillips and Dodge, 2018), and the composition interferes with the function. Thus, the PCs C16:0/cC18:1 and C18:0/cC18:1 are endogenous, physiologically relevant PPARα ligands, which regulate glucose homeostasis or lipid metabolism (Chakravarthy et al., 2009; Liu et al., 2013). Other PCs with C16:0/cC20:4 or C16:0/cC18:2 composition activate AKT signaling (Koeberle et al., 2013). Furthermore, high density-lipoprotein particles containing the PC C16:0/cC18:1 were the most effective acceptor of free cholesterol to facilitate efflux (Schwendeman et al., 2015).

In addition to PCs, in particular lysoPCs show differences depending on DNL activation in the models investigated in the study. The most common lysoPC species in normo-lipidemic plasma is lysoPC 16:0. Its content decreases in hyper-lipidemic conditions with simultaneous increases in free fatty acids, short chain saturated fatty acids, diacylglycerols, triacylglycerols and PCs (Rai and Bhatnagar, 2017). LysoPC 16:0 also regulates the peroxisome proliferator-activated receptor alpha, and thus the uptake and oxidation of fatty acids (Phillips and Dodge, 2018). Consistent with the increased DNL, in the alb-SREBP-1c model not C16:0 but the C16:0 desaturation product C16:1, and the elongation products C18:0 and cC18:1 occurs as major fatty acid in lysoPCs. cC18:2 and longer-chain fatty acids are more abundant in lysoPCs compared to controls. In this context is of interesting note that the peroxisomal proteins GNPAT and AGPS, initializing enzymes of phosphoetherlipid synthesis, are increased in the peroxisomal protein fraction of alb-SREBP-1c mice.

Another finding of the study is the increased content of initially mitochondrial-annotated proteins, and core downstream functions such as oxidative phosphorylation, in the increased DNL state. Peroxisomes are involved in specific lipid degradation processes, including several steps of cholesterol synthesis to its secretion via bile acids. Under normal metabolic conditions, the percentage of peroxisomal ß-oxidation of e.g., palmitate is apparently between 10 and 30% (Kondrup and Lazarow, 1985). However, it can increase significantly depending on the available substrates or the metabolic state. Peroxisomes are therefore highly flexible and have been associated with various metabolic diseases such as diabetes and fatty liver (Wanders, 2013; Knebel et al., 2015, 2018a; Wanders et al., 2015). Recently, we have shown a significant overlap between mitochondrial and peroxisomal proteins in different stages of obesity and hyperphagia-induced NAFLD, and the increase in peroxisomes seems to be the emergency reserve to protect liver function (Knebel et al., 2015, 2018a). In these models central hepatic regulators affecting, e.g., PPARa or HN4a axis and increased SREBP-1c expression were involved. However, according to the severity of the phenotype investigated, an orchestrated alteration of activated downstream molecules occurs that modulate the effect on the peroxisomes from functional activation to decay (Knebel et al., 2015, 2018a,2018b).

It is well known that peroxisomes share enzymes, e.g., for ß-oxidation, with mitochondria, and overlapping proteoms of the organelles were described (Hartwig et al., 2013; Schrader et al., 2013; Wanders, 2013; Knebel et al., 2015, 2018a,b; Fransen et al., 2017). In this context, the study of Krahmer et al. (2018) is also of interest, who have elegantly shown in detailed mass spectrometric analyses that in stages of diet-induced hepatic lipid accumulation the size fractionation pattern of intracellular organelles dissolves.

Next to functional interaction, the peroxisomal biogenesis process may also account for these observations. In adipocytes, peroxisomes are located in close proximity to lipid droplets for bidirectional substrate transfer, and under increased oleate concentrations, they even dock directly (Binns et al., 2006; Pu et al., 2011). This coordination between lipid droplets, peroxisomes and mitochondria was regulated by adipocyte triglyceride lipase and PPARA axis (Zhou et al., 2018). Furthermore, it has long been observed that the number of peroxisomes increases during adipocyte differentiation (Novikoff and Novikoff, 1982). It is tempting to speculate that comparable alterations might also be involved in the overall clearance of lipids, even in ectopic lipid accumulation in hepatocytes.

In line with this, the most prominent downstream alteration in the differential abundant peroxisomal proteomes is summarized under the key term “formation of peroxisomes.” The overrepresented data in alb-SREBP-1c contain vastly more interacting peroxisomal proteins, including 15 different PEX proteins, than in C57Bl6. However, the central hubs are PEX2, PEX3, PEX6, and PEX19. PEX19 is essential for both the import of peroxisomal membrane proteins and the de novo formation of peroxisomes. PEX19, in cooperation with PEX3, are the only proteins known so far to be necessary for the formation of peroxisomal membranes. However, a recent review discusses the finding of a general action of these proteins in organelle membrane sorting, including the ER, lipid droplets, and mitochondria (Jansen and van der Klei, 2019). PEX19 is anchored in peroxisome membranes. The farnesylation of PEX19 regulates its intracellular localization and may therefore be involved in selective interaction with different membranes (Agrawal et al., 2017; Emmanouilidis et al., 2017; Schrul and Schliebs, 2018).

The localization of peroxisomal membrane proteins, e.g., in mitochondria, was addressed by recent studies. It is clear that peroxisomes have a highly dynamic system of de novo genesis and division. However, the physiological regulation of peroxisome de novo biogenesis is still unclear. According to the conventional view, peroxisomes grow and divide from already existing organelles and can also develop de novo from the endoplasmic reticulum (Lazarow and Fujiki, 1985; Smith and Aitchison, 2013; Jansen and van der Klei, 2019). De novo peroxisomal biogenesis does not solely involve peroxisomal budding from the ER. It has been shown that this is a more complex process, including the development of pre-peroxisomes originated from mitochondria, which fuse with endoplasmic vesicles from the ER for maturation by a PEX3 cycling process (Sugiura et al., 2017). On the other hand, the specific loss of hepatic peroxisomes, e.g., in liver-specific PEX5–/– KO mice, leads to mitochondrial malformation or function in the liver but not in other physiological relevant tissues (Dirkx et al., 2005; Shinde et al., 2018; Tanaka et al., 2019). This indicates that the generation of peroxisomes is functionally closely related to the mitochondria. At the same time, this may be the basis for the observation of “classical” mitochondrial functions reported in diet-induced hepatic lipid accumulation (Krahmer et al., 2018). In line with this, an increased proportion, e.g., of proteins involved in oxidative phosphorylation, have been identified, especially in the alb-SREBP-1c model.

Another source of the increase in proteins in peroxisomes is import. All peroxisomal proteins are synthesized in cytosol and are imported into the organelles. Peroxisomes have a broad spectrum of import mechanisms. From the first observations of the peroxisomal signal peptides PST1 and PTS2, the post-translational import processes are now combined into a peroxisomal importomer and include proteins, post-translationally modified and folded proteins, or protein complexes (Walter and Erdmann, 2019). The peroxisomal translokon differs from import machines of other organelles such as mitochondria or ER because folded and even oligomeric proteins are able to cross the peroxisomal membrane without prior unfolding (Glover et al., 1994; Mcnew and Goodman, 1994; Walton et al., 1995). However, components of the peroxisomal import machine are initially located in ER and mitochondria and are combined during the fusion of the mitochondrial pre-peroxisomes with ER (Rai and Bhatnagar, 2017).



CONCLUSION

In conclusion, genetically increased hepatic DNL is accompanied by marginal gene expression changes and changes in the amount of proteins in peroxisomal fractions. Based on these observations, it may be speculated that organelle plasticity may be altered to compensate for ectopic lipid accumulation. This might involve impaired or improper organelle biogenesis. Here, the coordinated interaction of the organelles, due to the altered PC- and lysoPC-species and resulting in alterations in membrane plasticity, could be a target to interfere with ectopic lipid accumulation.
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Mice lacking PMP34, a peroxisomal membrane transporter encoded by Slc25a17, did not manifest any obvious phenotype on a Swiss Webster genetic background, even with various treatments designed to unmask impaired peroxisomal functioning. Peroxisomal α- and β-oxidation rates in PMP34 deficient fibroblasts or liver slices were not or only modestly affected and in bile, no abnormal bile acid intermediates were detected. Peroxisomal content of cofactors like CoA, ATP, NAD+, thiamine-pyrophosphate and pyridoxal-phosphate, based on direct or indirect data, appeared normal as were tissue plasmalogen and very long chain fatty acid levels. However, upon dietary phytol administration, the knockout mice displayed hepatomegaly, liver inflammation, and an induction of peroxisomal enzymes. This phenotype was partially mediated by PPARα. Hepatic triacylglycerols and cholesterylesters were elevated and both phytanic acid and pristanic acid accumulated in the liver lipids, in females to higher extent than in males. In addition, pristanic acid degradation products were detected, as wells as the CoA-esters of all these branched fatty acids. Hence, PMP34 is important for the degradation of phytanic/pristanic acid and/or export of their metabolites. Whether this is caused by a shortage of peroxisomal CoA affecting the intraperoxisomal formation of pristanoyl-CoA (and perhaps of phytanoyl-CoA), or the SCPx-catalyzed thiolytic cleavage during pristanic acid β-oxidation, could not be proven in this model, but the phytol-derived acyl-CoA profile is compatible with the latter possibility. On the other hand, the normal functioning of other peroxisomal pathways, and especially bile acid formation, seems to exclude severe transport problems or a shortage of CoA, and other cofactors like FAD, NAD(P)+, TPP. Based on our findings, PMP34 deficiency in humans is unlikely to be a life threatening condition but could cause elevated phytanic/pristanic acid levels in older adults.

Keywords: ATP, beta-oxidation, bile acids, coenzyme A, membrane transport, mitochondrial solute transporter, phytol, Refsum


INTRODUCTION

Peroxisomes are important for β-oxidation of very long chain fatty acids, prostanoids, bile-acid intermediates and pristanic acid, for α-oxidation of phytanic acid and 2-hydroxy fatty acids and for synthesis of the precursors of ether lipids in mammals. These processes require a continuous flux of substrates, metabolites and cofactors across the peroxisomal membrane, the properties of which are still a matter of debate. In vitro data indicate that the membrane is leaky, a consequence of pore/channel activities (Van Veldhoven et al., 1987; Antonenkov et al., 2004; Antonenkov and Hiltunen, 2006). On the other hand, this membrane is claimed to be impermeable to (large) hydrophilic solutes such as nucleotides, at least in vivo (van Roermund et al., 1995; Henke et al., 1998). Based on the altered permeability of liver peroxisomes of a Pxmp2–/– knock out mouse (Rokka et al., 2009), PMP22 allows entry of small neutral solutes (<300 Da) with an exclusion limit of about 600 Da. This implies the presence of specific or non-specific shuttle systems for transporting larger molecules. To date, only a few peroxisomal membrane proteins (PMP) involved in (solute) transport have been identified in mammals. Foremost are three PMPs belonging to the family of ATP-binding cassette (ABC) half transporters (Wanders et al., 2007). ABCD1, one of these ABC-transporters, previously called ALDP, causes X-linked adrenoleukodystrophy in man (Berger and Gartner, 2006) and plays a role in the peroxisomal uptake of very long chain fatty acids and/or their CoA-esters (van Roermund et al., 2008). ABCD3 was recently implicated in bile acid intermediates and pristanic acid degradation (Ferdinandusse et al., 2015).

Another mammalian peroxisomal transporter, PMP34, is a member of the mitochondrial solute carrier family (Wylin et al., 1998). This group of proteins is characterized by three tandem-repeated modules of approximately 100 amino acids, made up of two hydrophobic transmembrane α-helices joined by a large hydrophilic loop. Orthologs of PMP34, classified as member 17 of the solute carrier family 25 (SLC25A17), are found not only in mammals, but also in amphibians, fishes, insects, nematodes, yeasts and plants. In C. boidinii and S. cerevisiae, the (putative) orthologs PMP47 (Sakai et al., 1996) and ANT1 (van Roermund et al., 2001) respectively, facilitate the β-oxidation of medium-chain fatty acids (MCFA). In Yarrowia lipolytica, utilization of short chain alkanes (converted to short fatty acids) (Thevenieau et al., 2007) is dependent on this transporter. In plants, orthologs are involved in glyoxysomal β-oxidation during germination (Fukao et al., 2001; Arai et al., 2008; Linka et al., 2008) and the generation of auxins (Linka et al., 2008). In fact, Arabidopsis peroxisomes apparently contain at least three solute transporters: PMP38, considered to be the PMP34 ortholog (Fukao et al., 2001), and PNC1 and PNC2 (Linka et al., 2008). Only the latter ones are functional ATP/ADP + AMP counterexchangers.

The reports about other solute transporters in mammalian peroxisomes are a matter of debate. The association of Efinal, a calcium-binding ATP-Mg/phosphate exchanger (SLC25A24; SCaMC-1), with peroxisomes described in ileal enterocytes of rabbit (Weber et al., 1997), is questionable, given later reports revealing only a mitochondrial localization for SCL25A24, either by immunostaining of the endogenous protein in COS-7, HEK-293T, mouse 3T3-L1 or human fibroblasts, or upon expression of the human protein in COS-7 cells (del Arco and Satrùstegui, 2004). The claimed peroxisomal localization of a carnitine transporter (SLC22A3; OCTN3) (Lamhonwah et al., 2005) could not be confirmed in our lab, and more importantly, no peroxisomal abnormalities could be demonstrated in Ocnt3–/– mice (Ansari S. and Van Veldhoven P.P., unpublished data). The putative presence of monocarboxylate transporters SLC16A1 (MCT1) (McClelland et al., 2003) and SLC16A7 (MCT2) (McClelland et al., 2003; Valenca et al., 2015) is only based on immunoblotting of purified rat liver peroxisomes (McClelland et al., 2003) or immunocolocalisation in prostate cancer cells (Valenca et al., 2015). Apparently, MCT2 is only partly associated with peroxisomes in malignant, but not in normal prostate cells (Valenca et al., 2015). Finally, except for PMP34, no other solute transporter was detected in proteomic studies on peroxisomes or peroxisomal membranes (Kikuchi et al., 2004; Wiese et al., 2007; Islinger et al., 2010; Gronemeyer et al., 2013).

Although human PMP34, similar to ANT1, can partially rescue the MCFA β-oxidation defect in ant1Δ yeast cells and is capable of transporting adenine nucleotides in an in vitro assay (Palmieri et al., 2001; Visser et al., 2002), its physiological role in mammalian peroxisomes remains unclear. In contrast to yeast, MCFA undergo β-oxidation in mitochondria and, as detailed below, ATP-dependent intra-peroxisomal reactions are scarcely documented in mammals. Very-long-chain acyl-CoA synthetase (ACSVL1; SLC27A2), containing a PTS1-like signal (LKL) in mouse and man, is thought to activate intra-peroxisomal pristanic acid produced via α-oxidation of phytanic acid (Steinberg et al., 1999). Phytanoyl-CoA hydroxylase, involved in α-oxidation, is stimulated by ATP (or GTP) (Croes et al., 2000), but likely this is limited to in vitro conditions. Furthermore, two ATP-consuming steps of cholesterol biosynthesis were reported to occur in peroxisomes (Olivier and Krisans, 2000), but the subcellular localization of the responsible enzymes is questionable (Ghys et al., 2002; Hogenboom et al., 2004a, b). Intraperoxisomal ATP might be required for proper folding of a subset of peroxisomal matrix proteins, as has been suggested by the fact that peroxisomal dihydroxyacetone synthase (DHAS) is misfolded in the absence of PMP47 in C. boiidini (Sakai et al., 1996). It is also possible that ATP is needed to remove damaged proteins since mammalian peroxisomes contain a protease resembling the mitochondrial Lon protease (Kikuchi et al., 2004). The human protease displays indeed an ATP-dependent peptidase activity (De Walque S. and Van Veldhoven P.P., unpublished data). Peroxisomes contain still other ATP-dependent proteins like the above mentioned ABC-transporters (Wanders et al., 2007) but their ATP-binding sites, however, face the cytosol. The same holds true for some ATP-dependent peroxins (Platta et al., 2008). Recent data on yeast and plant peroxisomal ABC-transporters, however, point to hydrolysis of acyl-CoA esters during their transport, implementing their reactivation in the peroxisomal lumen (van Roermund et al., 2012; De Marcos Lousa et al., 2013). How this mechanism can be applied to carboxylates that are only activated in the ER (e.g., dicarboxylic acids) in mammals was not addressed in these papers.

To gain insights into the role of PMP34 in mammals, we analyzed mice in which Slc25a17, the gene coding for PMP34, has been inactivated by insertional mutagenesis, with a focus on ATP-dependent processes1. During this work, Bernhardt et al. (2012) reported that the Arabidopsis PMP38 acted as a NAD+/AMP antiporter while Agrimi et al. (2012) showed that human PMP34 (SLC25A17) is a transporter for CoA, FAD, FMN and AMP, to lesser extent for ADP and NAD+, but almost not active on ATP, and functioning as a counter-exchanger (likely CoA, FAD, NAD+ inward; AMP outward). Intraperoxisomal CoA would be required for any activation step within these organelles, as already discussed above. In addition, it is a cofactor for the thiolytic cleavage in the β-oxidation cycle. Contrary to ATP, CoA is however generated inside the peroxisomal matrix via the action of acyl-CoA thioesterases, carnitine acyltransferases and conjugating enzymes (Hunt and Alexson, 2008; Van Veldhoven, 2010). In view of this new information, additional peroxisomal parameters were analyzed in the knock out mice. Phenotypic abnormalities in PMP34 deficient mice after phytol feeding point to a bottle neck in branched chain fatty acid degradation.



MATERIALS AND METHODS


Materials

Radioactively labeled [1-14C]-hexadecanoic acid was obtained from PerkinElmer Life Sciences; 2-methyl-[1-14C]-hexadecanoic acid (Vanhove et al., 1991), 3-methyl-[1-14C]-hexadecanoic acid (Croes et al., 1996), [26-14C]-3,7,12-trihydroxycholestanoic acid (Casteels et al., 1988), [1,14-14C]-tetradecanedioic acid (Dirkx et al., 2007), [1-14C]-lignoceric acid (Vanhooren et al., 1994), 2-hydroxy-[1-14C]-octadecanoic acid (Foulon et al., 2005), and [2-14C]-6,9,12,15,18,21-tetracosahexaenoic acid (De Nys, 2002) were synthesized as described previously. The latter was repurified before use. Synthesis of pristanoyl-CoA (Van Veldhoven et al., 1991), phytanoyl-CoA (Van Veldhoven et al., 1996b) and 3-methyldodecanoyl-CoA (Croes et al., 2000) has been described before. Biotinylated azido-ATP analogs were obtained from Altbiosciences International. Primers and vectors used are listed in Supplementary Table S1.



Mice Breeding and Manipulation

ES cells (E14Tg2a.4; derived from the 129/OlaHsd strain) were electroporated with a SalI linearized gene trapping vector (pGT0pfs) by the BayGenomics consortium2. ES cells from a clone containing an insertional mutation in Slc25a17 (clone XB686) were microinjected into host C57BL/6 blastocysts3. The resulting male chimeric mice were bred with C57BL/6 female mice; offspring heterozygous for the Slc25a17 mutation were further backcrossed with C57BL/6 mice. During the initial intercrosses of heterozygous mice on a mixed genetic background (129/OlaHsd and C57BL/6) no knockout4 (KO) pups were born and the ratio of±versus +/+ animals equaled 2.1, a significant departure from Mendelian ratios (n = 31; P < 0.001 by c2 statistics) (see Supplementary Material). With additional breeding onto a Swiss Webster (Taconic) background (5th and 8th generation), two Slc25a17–/– pups were identified that survived into adulthood. In their progeny, no prenatal death of –/– embryos was seen. The reason for the embryonic lethality observed in the mixed genetic background is not fully understood, but this phenomenon is likely due to an unidentified mutation on a genetically linked “passenger” gene (see Supplementary Material).

Mice were kept in a temperature- and humidity-controlled facility with a 12-h light/dark cycle under specified pathogen-free conditions, with unlimited access to water and a standard enriched rodent chow (Trouw Nutrition France). At an age of 3-4 weeks, mice were ear-tagged and genotyped. Noon of the day on which the copulation plug was found was considered to be embryonic day 0.5 (E0.5).

For some experiments, the standard chow was fortified with 0.3% (v/w) clofibrate (Fluka), 0.5% (w/w) phytol (Acros Organics), 0.5% (w/w) farnesol (Sigma-Aldrich), 1% (w/w) cholesterol (Acros Organics), 1.25% (w/w) cholesterol/0.5% (w/w) cholic acid (Acros Organics/Fluka), or 2% (w/w) cholestyramine resin (Sigma), or the drinking water was supplemented with 1% (v/v) ethylene glycol. In other experiments, mice were made diabetic by a tail vein injection with streptozotocin (1.5 mg/10 g body weight) or given a high fat chow (58 kcal% fat) containing 33.3% (w/w) coconut oil (D12331; Research Diets). All mouse experiments were approved by the local animal use committee.

During handling of the animals, motor coordination was monitored with a tail suspension test. More elaborated tests included hanging wire, inverted grid, and swimming test. Body composition of Avertin-sedated animals was obtained by whole body dual energy X-ray absorptiometry (DEXA) (PIXImus densitometer, Lunar Corp), and analysis of the data was performed by PixMus software.

MFP2 deficient (Baes et al., 2000) and liver specific Pex5 knock out mice (Dirkx et al., 2005) were bred as described before.



Histology

Tissues were isolated from freshly dissected anesthetized mice or from Nembutal-anesthetized mice perfused with 10% formalin via the heart, postfixed overnight in formalin at 4°C, and further processed/stained (Oil red O, immunocytochemistry) as described before (Hulshagen et al., 2008). For cytochemistry, cryostat sections of formaldehyde fixed livers were incubated with diaminobenzidine (DAB) and H2O2 in alkaline medium to reveal catalase activity (Roels et al., 1995). DAB-incubated sections were further processed for LM and EM sectioning according to standard methods. β-galactosidase staining of cryosectioned organs or fixed tissues/embryos was based on X-gal as substrate, modified from Sanes et al. (1986). Wild type tissues were always included as negative controls. When necessary, samples were post-fixed in formalin and processed for paraffin sectioning.



Cell Culture

Mouse embryonic fibroblasts (MEF), prepared from E12.5–18.5 embryos by trypsinization of the skin, were cultured in Hepes buffered DMEM/F12 supplemented with antibiotics/antimycotic, Glutamax and 10% (v/v) FCS, and, to avoid growth crisis and polyploidy (Loo et al., 1987), immortalized by transfection with pRSV-SV40T before the 4th passage. For oxidation experiments, MEF were seeded in T25 flasks and incubated for 20-24 h with 4 μM 14C-labeled substrates (specific radioactivity ∼4.5 μCi/μmol, except for lignoceric acid, ∼20 μCi/μmol), bound to BSA (molar fatty acid/BSA ratio = 2), in Hepes buffered DMEM/F12 supplemented with 0.2% Ultroser G as described before (Van Veldhoven et al., 2001). Depending on the type of substrate, the amounts of 14CO2, 14C-formate, 14C-labeled acid soluble material and label incorporated into glycerolipids were determined.

For ATP measurements, immortalized MEF, seeded into T75 flasks, were transiently transfected with vectors encoding peroxisomally (pRSVL) or cytosolically (pGL3-CMV-luciferase) targeted luciferase using Lipofectamine Plus (Invitrogen). In intial experiments, cells were cotransfected with pCMVβ (Clontech), encoding cytosolic β-galactosidase. After 48 h, cells were trypsinized, washed and resuspended in modified Krebs-Ringer buffer. For each experimental condition, 106 cells (in 100 μl) were transferred in triplicate to the wells of a white 96-well plate (Nunclon). For normalization, 0.5 × 106 (in 50 μl) of resuspended cells were transferred in triplicate to wells containing 50 μl lysis buffer (1% Triton X-100 and 8 mM ATP in modified Krebs-Ringer buffer) and incubated at room temperature for 15 min. The plate was subsequently placed into a luminometer (Luminoskan Ascent, Labsystems) and 40 nmol luciferin was automatically injected into the wells (final assay volume 200 μl). Luminescence was monitored every ten sec for several min and only plateau values were considered. Values were normalized by dividing average plateau luminescence values in intact cells by average plateau luminescence values in lysed cells (representing total luminescence potential - the maximal luminescence that can be obtained in the presence of excess exogenous ATP in lysed transfected cells). Respective cytosolic and peroxisomal localizations of luciferase proteins encoded by pGL3-CMV-luciferase and pRSVL constructs were verified by immunocytochemistry in a separate experiment 48 h after transfection, using a commercial α-luciferase antibody (Promega) and FITC-conjugated rabbit α-goat antibody (Sigma).

To monitor NAD+ levels, cells were (co)electrotransfected (Neon Transfection System, Invitrogen) with pPVV311, encoding the catalytic domain of human poly-ADP ribose polymerase 1 (PARP1), amino acids 571-1014, preceeded by the FLAG-epitope and ending in KSKL. The insert of pPVV311 was generated by PCR on IMAGE clone 5193735 (Source Bioscience) using HsPARP1-1s-EP and HsPARP1-2r-XB as primers (Supplementary Table S1), restricted with PstI and XhoI and subcloned into pCMVTag2B (Stratagene). Sequence was verified by LGC genomics. MEF were immunocytochemically analyzed 2 days post electroporation by fluorescence microscopy (Olympus IX-81 motorized inverted microscope equipped with a CCD-FV2T digital B/W camera) using α-PAR (mouse monoclonal antibody, clone 10H, Tulips Biolab) and rabbit α-PEX14 (Amery et al., 2000) or α-Flag M2 (rabbit polyclonal, Sigma) and mouse α-PEX14, followed by the appropriate Alexa Fluor 488- or TexasRed-labeled secondary antibodies (Invitrogen, Calbiochem). The mouse polyclonal anti-PEX14 was raised in C57BL/6 mice immunized with His6-tagged human PEX14 (Amery et al., 2000).

Mouse hepatocytes were prepared from livers of adult mice with a two-step perfusion technique as described (Dirkx et al., 2005) and seeded in collagen-coated T25 flasks and incubated for 6 h with 4 μM labeled substrates in 3 ml Williams E medium with supplements as described (Dirkx et al., 2005). Slices were prepared from freshly dissected liver as described (Mezzar et al., 2017) and incubated for 20 min in 0.5 ml Hanks medium containing 14C-carboxy labeled substrates bound to BSA (200 μM and molar fatty acid/BSA ratio 2, except for lignoceric acid, 80 μM and a ratio of 0.8).



DNA and RNA Analysis

For genotyping, genomic DNA was extracted from ∼2 mm tail biopsies or ∼3 mm2 ear snips by a Hot-SHOT protocol (Truett et al., 2000) with some modification (replacing the Tris-HCl buffer with non-buffered Mops to neutralize the alkaline lysate). From the neutralized hydrolysate, 5 μl was used in a single 50 μl PCR reaction with 1.5 U Taq DNA Polymerase (Fermentas), 1xTaq buffer with KCl, 2 mM MgCl2, 0.4 mM dNTP and 0.5 μM of primer pairs [PMP34-in1-s-k/PMP34-in1-r-e, amplifying a region of intron 1 surrounding the pGT0pfs insertion site (413 bp); Gal-3s/Gal-3r, amplifying a part of the β-geo sequence of pGT0pfs (667 bp)]. The PCR program consisted of a 2 min denaturation step at 94°C followed by 34 cycles of 30 s at 94°C, 30 s at 60°C and 1 min at 72°C, ending with a 7 min incubation at 72°C (GeneAmp PCR System 2700, Applied Biosystems).

Total RNA was isolated from murine cells or tissues with Tripure (Roche). For Northern analysis, equal amounts of liver RNA (30 μg) were separated by agarose gel electrophoresis and blotted to Hybond N+ paper and probed with 32P-labeled PstI fragment of plasmid pTW45 (Wylin et al., 1998), corresponding to base 395-827 of the Slc25a17 open reading frame (924 bases in total).

For mRNA analysis of MEF, initial reverse transcriptase reaction (15 min at 23°C, 50 min at 42°C and 10 min at 95°C) was carried out in a GeneAmp PCR System 2700 (Applied Biosystems) on 500 ng RNA using 1x first strand buffer (Invitrogen), 2.5 μM random hexamers (New England Biolabs), 2.5 mM dNTP, 40 U RNase inhibitor (Rnasin, Promega), and 200 U M-MuLV enzyme (Invitrogen) in a final volume of 20 μl. Real time PCR reaction (2 min at 50°C, 10 min at 95°C for activation of AmpliTaq Gold DNA polymerase, followed by 40 cycles of 15 s at 95°C and 1 min at 60°C) was performed with a PRISM 7700 Sequence Detector (Applied Biosystems) in a 96-well microtiter plate (final reaction volume 20 μl). PMP34 real time PCR reactions were carried out in triplicate on 30 ng cDNA using primer pair PMP34-1 (1.13 μM each) (see Supplementary Table S1) and mastermix Plus for SYBR Green I (Eurogentec). The same reaction was carried out on plasmid pTW45 (10-fold serial dilutions containing 1-105 copies of pTW45) to generate a standard curve. The ribosomal 18S RNA real time PCR reaction was performed in triplicate on 80 pg cDNA and on serial dilutions of cDNA using TaqMan Ribosomal RNA Control Reagents Kit (Applied Biosystems). Threshold cycles of unknown samples were converted to input amount of cDNA using these standard curves, as described in Applied Biosystems PRISM Sequence Detection System User Bulletin 2. Normalized PMP34 mRNA content of each sample was calculated by dividing the absolute PMP34 mRNA value by the 18S rRNA content. Controls without input cDNA were included in each run.

For hepatic mRNA analysis, initial reverse transcriptase reactions (5 min 65°C, 50 min 42°C and 15 mins 70°C) were carried out on 2 μg RNA using 1x first strand buffer (Invitrogen), 500 ng oligo(dT), 0.5 mM dNTP, 40 U RNase inhibitor (RNaseOUTTM, Invitrogen), 10 mM DTT and 200 U SuperScriptTM II enzyme (Gibco). Real time PCR reactions (20 min 95°C, followed by 40 cycles of 3 s at 95°C and 30 s at 60°C) were carried out in triplicate on 30 ng cDNA with appropriate primer pairs (see Table 1; 10-25 μM each; for PMP34 mRNA reaction, primer pair PMP34-2 was used), 10 μM TaqMan FAM (6-carboxyfluorescein used as reporter dye) - TAMRA (6-carboxy-tetramethyl rhodamine used as quencher dye) labeled probe (Eurogentec) and TaqMan Fast Universal PCR Master Mix (Applied Biosystems) in a 96-well microtiter plate (final volume 10 μl) in the 7500 Fast Real-Time PCR System (Applied Biosystems). Real time PCR reactions with β-actin primers and probe were carried out on each sample in triplicate in separate reaction vials. Gene expression levels were normalized to β-actin transcript levels. Controls without input cDNA were included in each experiment.


TABLE 1. Cofactor content of hepatic peroxisomes from control and Slc25a17–/– mice.

[image: Table 1]FISH (Chaffanet et al., 1995) was performed on Slc25a17+/– MEF with an EcoRI-fragment of the pGT1.8 IRESβGeo(S) vector (base pairs 8-4897; identical to a portion of pGT0pfs) as a probe.



Biochemical Analyses

Peroxisomes were purified from liver homogenates by differential centrifugation and subsequent Percoll and Nycodenz gradient centrifugation (Verheyden et al., 1992) and analyzed for CoA (Van Veldhoven and Mannaerts, 1986) and thiamine-pyrophosphate (Fraccascia et al., 2007). Membranes were isolated by means of carbonate treatment (Fujiki et al., 1982).

Most enzyme activities were measured in freshly prepared tissue homogenates according to published procedures: urate oxidase (Van Veldhoven et al., 1987), catalase (Van Veldhoven et al., 1996a), glucose-6-phosphatase (Van Veldhoven et al., 1996a), glutamate dehydrogenase (Van Veldhoven et al., 1996a), citrate synthase (Dirkx et al., 2005) and NADH-Coenzyme Q1 oxidoreductase (Complex I) (Dirkx et al., 2005). ACOX1 was measured with palmitoyl-CoA bound to albumin and N-ethylmaleimide pretreated samples (Van Veldhoven et al., 1992) and 4-aminoantipyrine/3-hydroxy-2,4,6-tribromobenzoate/peroxidase as coupling reaction (Van Veldhoven et al., 1997a). Although the assay employed does not allow discrimination between ACOX1 and ACOX3, the contribution of the latter in mouse liver is negligible, based on previous work (Van Veldhoven et al., 1994). MFP1 and MFP2 were measured photometrically with the appropriate isomers of 3-hydroxy-3-phenyl-propionyl-CoA (Baes et al., 2000). The activity of MFP1 was not corrected for the contribution of the mitochondrial enoyl-CoA hydratase to the dehydration of the L-isomer, estimated at 20% of the total L-specific dehydratase activity in livers of control mice.

Alanine glyoxylate aminotransferase activity was measured as follows: 10 μl purified liver peroxisomes (10-50 μg protein) were added to 40 μl prewarmed reaction mixture (0.1 M K-phosphate buffer pH 7.4, 0.04% (w/v) Thesit, 20 mM sodium glyoxylate, 40 μM pyridoxal phosphate, 0.1 M L-alanine) and incubated for 40 min at 37°C. The reaction was halted by adding 250 μl 10% (w/v) trichloroacetic acid followed by a centrifugation step (10 min 1500 g). The supernatant fluid (200 μl) was neutralized with 200 μl 1 M Tris base and 400 μl of assay mixture (0.1 M Tris-HCl pH 8.4, 0.5 mM NADH, 0.5 U lactate dehydrogenase) was added. After another 10 min of incubation at 37°C, absorbance was measured at 340 nm. The amount of pyruvate formed was calculated from the decrease in NADH and corrected for blank reactions, carried out in parallel omitting L-alanine.

β-galactosidase activity in tissue homogenates was measured at 575 nm by following the hydrolysis of 2 mM chlorophenol red β-D-galactoside in the presence of 10 mM DTT – 1 mM MgCl2 – 0.2 M Hepes pH 8.0 - 0.1% (w/v) Triton X-100 at 37°C (modified from Young et al., 1993).

For photoaffinity labeling, purified peroxisomes or membranes (max 100 μg protein) were added to Eppendorf tubes containing a cold reaction mixture (final concentrations 50 mM Tris-HCl pH 7.5, 0.1 mM EGTA, 0.5 mM orthovanadate, 10 mM NaF, 4 mM MgCl2 and 40 μM azido-biotin-ATP analog; 100 μl final). After exposure on ice for 2 min to UV-light (254 nm; Camag), samples were quenched with 5 μl 1 M dithiothreitol, followed by DOC/TCA precipitation, SDS-PAGE and blotting. Biotinylated proteins were visualized with avidin-technology (streptavidin-alkaline phosphatase, Sigma).

Commercial kits were used to measure bile acids in bile and feces (Sigma), and urinary oxalate (Trinity Biotech) and creatinine (Bioassay Systems). Blood glucose was measured using Glucocard memory strips (Menarini Benelux).

For lipid analysis, tissue samples (50-100 mg) were homogenized (Polytron homogenizer, Kinematica GmbH) in chloroform/methanol/water (2/1/0.8, v/v), followed by phase separation and washing. The lipid extracts were analyzed for plasmalogens by determining the acid-released aldehydes as phenylhydrazones by RP-HPLC (Foulon et al., 2005) and total phospholipids by phosphate measurements on ashed aliquots (Van Veldhoven and Mannaerts, 1987). Triacylglycerols, cholesterol and cholesterylesters were determined either in lipid extracts or after TLC, by coupled enzymatic assays as described before (Van Veldhoven et al., 1997b, 1998) except that cholesteryl esters and triacylglycerols were hydrolyzed chemically (0.5 M KOH in 90% (v/v) ethanol for 60 min at 75°C).

Total fatty acid profiles were obtained by hydrolyzing lipid extracts, dried in the presence of tricosanoic acid (C23:0) as internal standard (IS), in acetonitrile/HCl/water (900/43/57, v/v) (Aveldano and Horrocks, 1983). Fatty acids, recovered in hexane, were dried and silylated in 1% BDMCS-BDMSMTFA (Fluka)/pyridine (1/1, v/v; 1 h, 75°C) (Asselberghs S. and Van Veldhoven P.P., unpublished data). Derivatized fatty acids were subjected to GC-MS analysis [Thermo Finnigan TRACE GC-MS, Interscience; equipped with an automated cold-on-column injection device and an ATTM-5ms column (length 15 m, ID 0.25 mm, film thickness 0.25 μm) (Alltech)]. Gas flow 1.5 ml helium/min; ionization mode EI+; electron energy 35 eV; temperature program: hold 150°C 4 min, 6°C/min to 300°C, hold 300°C 10 min. Calculations of fatty acid concentrations were based on the internal standard and corrected for experimentally determined response factors for a calibrated fatty acid mixture.

Fatty acid composition of cholesteryl esters or triacylglycerols were analyzed by GC as follows: hexane extracts were prepared from approximately 10 nmol hydrolyzed cholesteryl esters or triacylglycerols, after acidification of the hydrolysis mixture with HCl. Extracts were dried in the presence of IS (C23:0), dissolved in methanol/HCl (95/5, v/v), and placed at 75°C for 1 h. The hexane-extracted fatty acid methyl esters (FAME) were dried, dissolved in 50 μl hexane and subjected to GC analysis (Varian 3800 GC), whereby 5 μl was splitless injected on a SPBTM PUFA fused silica column (length 30 m, ID 0.25 mm, film thickness 0.2 μm) (Supelco, Bellfonte, United States) (FID; helium flow 1 ml/min; temperature program: hold 60°C 1 min, 10°C/min to 180°C, hold 180°C 4 min, 3°C/min to 230°C, hold 230°C for 20 mins). Calculations of fatty acid concentrations were based on the internal standard and known response factors.

Acyl-CoAs were extracted from liver tissue (∼100 mg) in the presence of 500 pmol internal standard, purified on 2-(2-pyridyl)ethyl-silica-SPE columns (Sigma), and converted into etheno-derivatives with chloroacetaldehyde which were separated by RP-HPLC (Waters Symmetry C18, 5 μm, 100Å, 4.6 × 150 mm column) and monitored with Waters 2475 Multi-wavelength Fluo-detector (ex/em 230/420) as described before (Mezzar et al., 2017). Signals were analyzed and integrated with the Breeze 3.20 software (Waters). Although excellent separation of straight chain acyl-CoA was obtained (using tetrabutylammonium sulfate as ionpair in the starting solvent to trap short chain acyl-CoAs and triethylamine in the eluting gradient to produce sharp peaks and to improve the elution of very long chain acyl-CoAs), some branched acyl-CoAs elute closely to straight chain acyl-CoAs. Various other RP-columns (with C18-phases from different companies or other RP-phases) and chromatographic conditions (solvents, ionpairing, temperature) were tested to obtain baseline separation but in vain, and tetrabutylammonium sulfate hampered coupling to mass spectrometry. For the internal standard, non-naturally occurring 3-methyldodecanoyl-CoA was selected which eluted in a clean region of the chromatogram, not only differently from the major straight chain acyl-CoAs but also from (unknown) phytol-metabolites.

Biliary bile acid profiles were monitored by LCMS. A 2 μl bile aliquot was diluted 100-fold in water, and mixed with an equal volume of acetonitrile containing 20 mM NH4-acetate and 50 μM 23-nor-3α,12α-dihydroxy-5β-cholanic acid (IS; Steraloids). The mixture was transferred at 10 μl/min to a 1100 LC/MSD Trap-VL (Agilent) equipped with ESI/MS-Vl and scanned for m/z 350-650 during 2 min in − and + mode.



Immunological Procedures

Western blots were prepared according to standard procedures. Primary rabbit antibodies were directed against rat ACOX1 (Van Veldhoven et al., 1994), rat MFP2 (Novikov et al., 1994), rat thiolase (Antonenkov et al., 1997) and rat PEX14 (Fransen et al., 1998), We also used commercial rabbit antisera against bovine catalase (Rockland), human SLC25A17 (HPA060972; Atlas Antibodies), rat CYP4A (Affinity BioReagents), F4/80 (Serotec), bovine GDH (Rockland), and PAR (see above) and a monoclonal mouse anti-β-actin (Sigma).



RESULTS


Targeting of the Slc25a17 Locus

An insertional mutation in the Slc25a17 locus in mouse ES cells was identified within the Baygenomics gene trap library (Stryke et al., 2003). The insertion, which contained an engrailed-2 (en2) splice acceptor site followed by a sequence coding for a promoter less β-geo cassette, results in a fusion transcript consisting of the sequences from the first exon of Slc25a17 (54 coding bases) followed in frame by βgeo sequences (see Supplementary Figure S1A). Using a combination of primer walking within the first intron of Slc25a17 (Supplementary Figure S1B) and DNA sequencing, the integration of pGT0pfs was identified (between base pairs 81,177,814 and 81,177,815 of the forward strand of chromosome 15; Ensemble release 45). This integration site corresponds to base pairs 10,117-10,118 of intron 1 of Slc25a17. The integration of the trapping construct into the mouse genome was verified by means of fluorescence in situ hybridisation (FISH) on Slc25a17+/– fibroblasts. A single signal was observed on chromosome 15 (15E1) at the expected distance from the centromere (Supplementary Figure S1C). Heterozygous mice on the C57BL/6 and Swiss Webster genetic backgrounds were viable and exhibited normal fertility and vitality.

Northern analysis of liver RNA revealed absence of expression in –/– mice and no truncated mRNA species, starting from a secondary initiation site located behind the gene trap, were found5 (Figure 1A). Real time quantitative PCR on liver RNA provided similar information: PMP34 mRNA was half normal in the +/– and virtually absent6 in the –/– pups (Supplementary Figure S1E).
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FIGURE 1. Expression of PMP34 in murine embryonic and adult life. (A) Northern analysis of RNA isolated from liver of age matched female (F) and male (M) mice of the indicated genotypes. Migration of ribosomal markers indicated at the left. (B–E) PMP34 expression in Slc25a17+/– embryos at different prenatal stages or in adult mice as revealed by promoter-driven β-galactosidase reporter expression: whole mount staining at E7.5 (B) and E12.5 (C); stained cryosections (10 μm) counterstained with Nuclear Fast Red from liver (D) and kidney (E) (Scale bar 10 μm; stainings of WT samples were negative). (F) β-galactosidase activity in tissues derived from 1 month old +/– male (black bars) or adult –/male (gray bars). Values are represented as mean ± SD of separate measurements on two mice/genotype, except for liver (n = 5 for –/–, n = 3 for +/–). Galactosidase activities in tissues of WT mice were less then 0.05 mU/mg protein (not shown). Hard. Gl., Harderian gland; prep. Gl., preputial gland; CBR, cerebrum; CBL, cerebellum; duodenum, duodenal mucosa; BAT, brown adipose tissue. Panel G, PMP34 deficiency at the protein level. Total liver homogenates of adult wild type (WT) or PMP34-deficient (KO) mice, all containing equal amounts of protein, were processed for SDS-PAGE, Western blotting, and sequential immunoblot analysis with antisera specific for PMP34 and β-actin. The migration points of relevant molecular mass markers (expressed in kDa) are shown on the left. The arrows mark specific immunoreactive bands.




Expression Profile of PMP34

Based on RT-PCR, PMP34 is ubiquitously expressed in mouse, with highest expression in liver, kidney and spleen (Wylin et al., 1998). Since expression of β-galactosidase in heterozygous (and KO) mice is under the control of the endogenous Slc25a17 promotor, this reporter enzyme was used to study PMP34 expression. Expression was negligible at E2.5 and E3.5, but ubiquitous from E6.5 to E8.5. At later stages, staining was most prominent in the ventral area (Figures 1B,C). In adult mice, the PMP34 promotor was most active in kidney, followed by liver (with a zonal expression) and brown adipose tissue, compatible with a role in fatty acid oxidation (Figures 1D–F and Supplementary Figure S2). Various attempts, either by companies or in the lab, to generate a highly specific and sensitive antiserum against synthetic peptides (MmPMP34127–141) or recombinant fusions (His6-HsPMP341–60, His6-HsPMP34129–204) were unsuccessful (Van Ael E., Brees C., Fransen M. and Van Veldhoven P.P., unpublished data) preventing expression profiling at the protein level. However, very recently, we identified a commercial antiserum able to recognize PMP34 in whole liver homogenates (Figure 1G).



Phenotypic Characterization of PMP34 Knockout Mice

Intercrossing of heterozygous mice yielded offspring in the expected Mendelian ratios for both genders (number of +/+, +/– and –/– pups, derived from 24 nests: 34/59/34 for females, 30/66/27 for males). All PMP34 KO mice survived into adulthood and lacked any obvious phenotype, with normal weight, appearance, gross organ morphology, and motor coordination. Both males and females were fertile.

To assess possible peroxisomal abnormalities in PMP34-deficient mice, fatty acid oxidation was analyzed in fibroblasts. All peroxisomal β-oxidation substrates tested (lignoceric acid; 2-methylhexadecanoic acid, a pristanic acid analog; and 6,9,12,15,18,21-tetracosahexaenoic acid, a precursor of docosahexaenoic acid (DHA; C22:6) (De Nys, 2002) were degraded by primary –/– MEF (Figure 2A) and immortalized –/– MEF (Figure 2B), and rates were comparable to those seen in wild type fibroblasts. Likewise the α-oxidation of 3-methylhexadecanoic acid, a phytanic acid analog, and of 2-hydroxyoctadecanoic acid was not impaired (Figures 2A,B).
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FIGURE 2. α- and β-oxidation in PMP34 deficient cells. Primary MEF (A), immortalized MEF (B,C) or liver slices (D) from wild type (WT) and PMP34 knockout (KO) embryos or mice were analyzed for α- and β-oxidation using 14C-labeled substrates. Data for primary MEF (A), derived from a single WT or KO E14.5 embryo (C57BL/6 background), are based on single incubations at 310-430 μg protein/T25 falcon, followed by analysis of labeled oxidation products (white bars: CO2; gray bars, acid soluble material or formate in case of 3-methylbranched fatty acids), normalized to protein content of the monolayer. Incorporation of fatty acids in glycerolipids and total uptake was comparable between the genotypes (not shown). Similar findings were obtained when incubations were done at other cell densities. Data for immortalized fibroblasts (B,C), derived from 2 different embryos per genotype, are based on duplicate incubations at 110-180 μg protein/T25 falcon, and expressed as mean ± SD. Oxidation (B), normalized to protein, represent the sum of CO2 and acid soluble material or to CO2 plus formate in case of 3-methyl-branched fatty acids. Total uptake by fibroblasts, calculated as oxidation plus esterification, the latter representing the label recovered in cholesterylesters, triacylglycerols and phospholipids (C), was not different between WT and KO cells. Data for liver slices (D) are based on duplicate incubations with slices derived from 3 male animals per genotype and represent the sum of CO2 and acid soluble material or CO2 plus formate in case of 3-methyl-branched fatty acids, expressed as mean ± SD (normalized to phospholipids, PL). For no substrate, differences in CO2 or acid soluble material production were statistically significant except for THCA (*P < 0.05). Esterification rates for fatty acids were comparable (not shown). Dicarboxylic acids, 2-hydroxy long chain fatty acids, and bile acids are hardly or not incorporated into triacylglycerols and phospholipids, hence esterification of these substrates was not analyzed. C16, [1-14C]-hexadecanoic acid; 2MC16, 2-methyl-[1-14C]-hexadecanoic acid; 3MC16, 3-methyl-[1-14C]-hexadecanoic acid; C24, [1-14C]-tetracosanoic acid; 2OHC18, 2-hydroxy-[1-14C]-octadecanoic acid; C24:6, [2-14C]-6,9,12,15,18,21-tetracosahexaenoic acid; THCA, [26-14C]-3,7,12-trihydroxycholestanoic acid; diC14, [1,14-14C]-tetradecanedioic acid.


Similarly, all these fatty acids were oxidized by primary PMP34 deficient hepatocytes and additionally, the degradation of dicarboxylic acids (tetradecanedioic acid) and bile acid intermediates (trihydroxycholestanoic acid, THCA) appeared to proceed almost normal (data not shown). To avoid uncertainties with regard to contribution of dead adherent cells to the normalizing parameter (DNA or phospholipids), used in the hepatocytes experiments, hepatic slices were tested. Again, no clear deficiency was revealed, and only THCA oxidation was significantly reduced (∼30%) (Figure 2D). The lower activity with THCA was mainly due to less CO2 production (data not shown).

To evaluate a possible effect on etherphospholipid synthesis, plasmalogens were analyzed. The levels in heart, brain and liver were normal in the PMP34 KO mouse (see Supplementary Table S2). Likewise, no differences were observed in hepatic levels of cholesterol, cholesteryl esters, triacylglycerols, arachidonic acid (C20:4), DHA and lignoceric acid (data not shown; phytanic acid and pristanic acid were below detection limit). Additionally, MS analysis of bile revealed no abnormal bile acids or accumulation of bile acid intermediates (data not shown; see further).

Because peroxisome deficiencies often result in hepatic abnormalities (Baes and Van Veldhoven, 2016), this organ was examined in more detail. In first instance, the possibility of PPARα activation, a phenomenon observed in some mouse models with peroxisomal deficiencies (Fan et al., 1998; Baes et al., 2000), was examined. Expression of PPARα target genes, coding for multifunctional protein 1 (MFP1, encoded by Ehhadh), acyl-CoA oxidase 1 (ACOX1), cytochrome P450, family 4, subfamily a, polypeptide 10 (CYP4A10) and carnitine palmitoyltransferase1-β (CPT1-β)7 were analyzed by qPCR but no changes were observed in the PMP34 KO mice (Supplementary Figure S3). There was some variability in CYP4A expression but this was expected as the expression of members of the CYP450 superfamily is known to be variable (Kirby et al., 1993). Using a combination of immunohistochemistry, Western blot and activity measurements, the hepatic expression of peroxisomal, mitochondrial and ER proteins was investigated in the PMP34 KO mice. No specific abnormalities were detected in the expression and/or levels of the peroxisomal marker enzyme catalase, peroxins PEX13 and PEX14, key β-oxidation enzymes ACOX1, MFP1, MFP2 (encoded by Hsd17b4), and ACAA1 thiolase, peroxisomal membrane protein ABCD3 (PMP70), mitochondrial glutamate dehydrogenase (GDH) or CYP4A (results not shown). SDS-PAGE analyis of purified liver peroxisomes and their membranes revealed no clear-cut differences in protein composition between KO and wild type mice (Supplementary Figure S4). PMP34 is indeed a very minor PMP (Van Veldhoven and Mannaerts, 1994).



Peroxisomal Cofactor Content

Based on indirect evidence, peroxisomal content of FAD, NAD+ and CoA (comparable β-oxidation rates for most substrates, see above) and of NADPH [comparable C22:6 levels that depend on peroxisomal 2,4-dienoyl-CoA reductase (DECR2) activitiy (De Nys et al., 2001)] is not considerably reduced in the absence of PMP34. To demonstrate abnormalities in the PMP34-deficient mice, the peroxisomal cofactor content was investigated in a more direct approach. We first focused on CoA (Van Veldhoven and Mannaerts, 1986) and thiamine pyrophosphate (TPP) (Fraccascia et al., 2007), shown previously to be measurable in isolated peroxisomes. CoA and TPP contents of hepatic peroxisomes purified from the KO and wild type mice were comparable (Table 1). As older studies suggested that hepatic peroxisomes leak most of their ATP and NAD+ during isolation (Mannaerts et al., 1982; Van Veldhoven et al., 1987), the measurement of these cofactors required a different approach. Firstly, biotinylated photoaffinity ATP-analogs were used to reveal ATP-binding proteins in isolated peroxisomes and their membranes. Although some proteins could be visualized, this approach failed to label a protein of the expected size or to show a difference in membranes purified from WT and PMP34 KO peroxisomes (Supplementary Figure S4; Meyhi E. and Van Veldhoven P.P., data not shown). Secondly, we employed peroxisomally (and cytosolically) targeted firefly luciferase to probe the peroxisomal (and cytosolic) ATP content of immortalized PMP34 KO fibroblasts in vivo. Others have shown that the amount of luminescence, generated by luciferase in the presence of luciferin, is a measure for ATP (Strehler, 1968) and that this principle can also be applied to luciferase targeted to different subcellular compartments (Jouaville et al., 1999; Manfredi et al., 2002). The correct targeting of the peroxisomal luciferase was verified by immunocytochemistry. Using this approach to probe peroxisomal and cytosolic ATP in immortalized fibroblasts, we could not measure any differences between the Slc25a17–/– and +/+ cells (Supplementary Figure S5).

To visualize the peroxisomal NAD+-pool, we expressed a peroxisomally targeted catalytic domain of poly-ADP ribose polymerase (PARP-SKL) in MEF. According to Dölle et al. (2010), such fusion acts as a molecular detector of local NAD+, converting it into poly-ADP-ribose (PAR). In cells expressing PARP-SKL, presence of PAR in peroxisomes was revealed in both genotypes. The amount of peroxisomal PAR in the –/– cells, relative to the amount of PARP-SKL, appeared to be higher than in the +/+ cells (Supplementary Figure S6).

To glean information on the peroxisomal pyridoxal-phosphate status, mice were given ethylene glycol. Ethylene glycol is converted via glycolate to glyoxylate, which is removed by the peroxisomal alanine-glyoxylate aminotransferase (AGT). Insufficient AGT activity leads to further oxidation of glyoxylate to oxalate, which causes renal insufficiency (Salido et al., 2006). Since AGT activity is dependent on pyridoxal-phosphate, dietary ethylene glycol supplementation could unveil a defect in the transport of this cofactor into peroxisomes. Treatment with ethylene glycol increased urinary oxalate levels, but there was no marked difference between the genotypes in general appearance, gross organ morphology, or in hematoxylin/eosin stained liver or kidney sections (results not shown). In addition, AGT activity measured in isolated liver peroxisomes in the absence of pyridoxal-phosphate did not differ between (non-treated) wild-type and KO mice and equaled the values obtained in the presence of externally added pyridoxal-phosphate, indicating that transport and./or content of pyridoxal-phosphate is unaffected by the absence of PMP34 (Supplementary Figure S7).



Challenging of Adult PMP34 Deficient Mice

Given the absence of an obvious phenotype in the KO animals, mice were exposed to experimental conditions that are believed to increase flux through peroxisomal pathways. Thus mice were fasted, treated with Clofibrate, or given a diet enriched in farnesol, cholesterol, or phytol. In addition, mice were administered cholesterylamine resin, a coconut oil diet or made diabetic. Except for phytol, none of these treatments affected the PMP34 KO and control mice differentially (see Supplementary Material).

In many animal studies, phytol is used as a precursor of phytanic acid, which is broken down in peroxisomes by sequential α- and β-oxidation reactions (Gloerich et al., 2007; Van Veldhoven, 2010). When male or female adult mice were fed a phytol-rich diet (0.5% (w/w), 20-30 days), the livers of KO mice were enlarged and had a mottled appearance (Figures 3B,D,E). No additional differences in gross morphology of other organs were observed. Females, however, tend to loose body weight and adipose tissue (Figures 3A,C). Hematoxylin/eosin staining revealed an acute hepatic inflammatory reaction in the KO mice, but not in the control mice (Figure 3F). The phytol-fed KO mice exhibited hepatic inflammation zones, apoptotic bodies, enlarged and smaller nuclei and microvesicular steatosis (Figures 3G–I). To better document the hepatic steatosis, liver sections were stained with Oil red O, revealing an accumulation of neutral lipids in the livers of the phytol-fed KO mice, which was much more intense than in the wild type mice on the same diet (Figure 4). Other organs or tissues (kidney, testis, spine, brain) had no visible lipid accumulation (data not shown). Staining for the macrophage marker F4/80 revealed in the liver of phytol-treated KO mice enlarged Kupfer cells that appeared engulfing cellular debris (Figure 4).
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FIGURE 3. Phenotype of phytol challenged PMP34 knockout mice. (A–C) Influence of phytol diet on male or female PMP34 knock out (KO) mice versus age matched wild type (WT) mice on body weight, expressed as % of body weight (BW) at the start of the diet (A), liver size, expressed in g/100 g BW (B), and fat mass, expressed in g/g total tissue mass (TTM) as determined by DEXA at the start and end of the diet (C). Data are represented as mean ± SD (n = 4-8 (A,B) or 3-6 (C) per gender and per genotype. The effect of phytol was statistically analyzed per gender (Oneway ANOVA **P < 0.01, *P < 0.05 KO versus WT). Heterozygous mice responded in a similar way to phytol diet as WT animals and liver size and fat mass of KO and WT did not differ on a control diet (data not shown). (D,E) Mottled appearance of liver of knockout mice on a phytol diet, as seen upon dissection of a male mouse (D) or after bleeding and removal of the liver (E; scale bar 1 cm). Similar mottling is evident in female KO mice (not shown). (F–I) H&E stained liver sections of WT (F) and KO male mice (G–I) on phytol enriched diet showing enlarged nuclei (open arrowhead), apoptotic bodies (full arrowhead), inflammation zones (arrow) and microvesicular steatosis (dashed arrow) in the phytol-fed KO mice. (F,G): portal triads; (H,I): intermediary zone of the hepatic lobule. Scale bar 50 μm.
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FIGURE 4. Hepatic steatosis in phytol challenged PMP34 knockout mice. Liver sections of male control (WT) and knockout (KO) mice fed standard or phytol enriched diet were stained with Oil red O (ORO) (top row; scale bar 50 μm) or immunostained for macrophage marker F4/80 plus DAPI (second row; scale bar 200 μm; inset scale bar 25 μm), showing in the liver of the KO mice fed phytol accumulation of neutral lipids or enlarged macrophages in the process of phagocytosing cell debris (asterisks). Bottom, left: representative TLC of lipid extracts of liver of male age-matched WT and KO mice fed standard or phytol diet, visualized by iodine staining (solvent hexane/diethylether/acetic acid 70/30/1, v/v; portion of plate shown; direction of solvent indicated by arrow and its front by F). Standards, migration indicated, were cholesterol (C), triolein (triacylglycerides, TAG), cholesteryloleate (cholesterylester, CE); X indicates presence of new TAG species. When using hexane/diethylether/acetic acid (80/20/1, v/v) as solvent, spot X is splitting up in separate bands (right panel).


Because phytol causes hepatic peroxisome proliferation and induces many genes involved in lipid and glucose metabolism in rodents, we examined some lipid-related genes in phytol-fed mice. MFP1, ACOX1, CYP4A10 and CPT1-β upregulation was more pronounced in the phytol-fed PMP34 KO mice than in the wild type mice (Supplementary Figure S8A). Hepatic protein levels were investigated by enzymatic activity measurements, western blot and immunohistochemistry. Based on immunohistochemical data, ACOX1 and CYP4A were induced to a greater degree in the livers of the phytol-fed KO mice than in wild type mice (Supplementary Figure S8C). Furthermore, the peroxisomal proteins catalase and PEX14 were also induced to a higher degree in the challenged KO mice (Supplementary Figure S8C). Surprisingly, the increased abundance of catalase and ACOX1 observed by immunohistochemistry was not mirrored by increased enzymatic activities of these proteins (Supplementary Figure S8B), or immunosignals on blots (data not shown). Only in case of MFP1, the elevation of enzyme activity was more pronounced in the challenged KO mice than in the wild-type mice on the phytol diet.

The increased lipid accumulation and vacuolization in the livers of the phytol fed PMP34 KO mice was clearly confirmed with electron microscopy (Figure 5). Strikingly, a dual population of hepatocytes was observed in the phytol fed PMP34 KO mice: besides hepatocytes in which the presence of proliferated peroxisomes was evident, in other cells (depending on the area investigated up to 30%), catalase containing peroxisomes were absent and a cytoplasmic localization of catalase was seen, which was confirmed using light microscopy (Figure 5). In many of these latter cells, catalase was also present in the nucleus. The incidence of such hepatocytes was much lower in the condition of the phytol fed wild type mice (estimated at maximum 5%).
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FIGURE 5. Lipid accumulation, vacuolization and dual hepatocyte population in liver of phytol challenged PMP34 knockout mice. Left panel: Electron microscopic image of a liver section from an adult male phytol fed PMP34 knockout mouse, stained for catalase and contrast stained with uranyl acetate and lead citrate. Lipid accumulation (L) and vacuolization (V) are clearly visible in the hepatocyte lacking catalase positive peroxisomes, adjacent to a hepatocyte containing DAB-reactive peroxisomes (PO). Right panel: Light microscopic image of a semithin liver section from an adult male phytol fed PMP34 knockout mouse. A dual population of hepatocytes can be observed: aberrant hepatocytes, lacking DAB-reactive peroxisomes and containing cytoplasmic and nuclear catalase (closed arrowhead) are discernible adjacent to normal hepatocytes containing DAB-reactive peroxisomes (open arrowhead).


Given these alterations, the nature of the accumulating lipids was investigated. Consistent with the Oil red O staining, cholesteryl ester and triacylglycerol levels were increased in the livers of KO mice fed phytol as compared to the control mice on this diet (Figure 6). For the triacylglycerols, this was mainly due to the presence of novel species with a distinctive TLC migration pattern (higher Rf) (Figure 4). Similar species have been reported in cardiac triacylglycerols of rabbits fed phytol (Sezille et al., 1970), and mice lacking HACL1 when exposed to phytol (Mezzar et al., 2017). GC analysis showed that both cholesteryl esters and triacylglycerols were enriched in phytanic and pristanic acid, although with a different ratio8.
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FIGURE 6. Hepatic changes in phytol treated PMP34 knockout mice. Livers of adult male (M) or female (F) wild type (+/+) or knockout mice (–/–) given a 0.5% phytol enriched diet for 3 weeks were analyzed for protein and lipid content, fatty acid composition, and peroxisomal β-oxidation enzymes. Small amounts of branched fatty acids were present in all +/+ females, but only in one +/+ male animal detected (hence larger SD), whereas severe but variable accumulation was seen in all –/– animals. Arachidonic acid (C20:4) was expressed relative to the amount of palmitic acid (C16:0) per liver. ACOX1 values are several fold higher than in animals receiving a normal diet (see Supplementary Figure S3). Values are mean ± SD for 4-6 animals per gender and per genotype, treated in four different feeding studies. Values in heterozygous mice were similar to those in wild type animals (data not shown). Statistical differences are calculated per gender (Oneway ANOVA ***P < 0.005, **P < 0.01, *P < 0.05 KO versus WT). TAG, triacylglycerides; PL, phospholipid; 3MC13, 4,8,12-trimethyltridecanoic acid; mU, nmol/min.


To document changes in fatty acids which are normally not incorporated into neutral glycerolipids (such as polyunsaturated fatty acids, PUFA), fatty acid composition of total liver lipid extracts was analyzed. Consistent with the triacylglycerol changes described above, phytanic and pristanic acid were among the major fatty acids in the livers of the phytol fed KO mice (Figure 7). In females, presumably due to lower SCPx levels (Atshaves et al., 2004), the levels were consistingly higher than in males (Figure 6). Interestingly, pristanic acid degradation products like 4,8,12-trimethyltridecanoic and 2,6,10-trimethylundecanoic acid, were noticed upon closer analysis of the GC-MS profiles of the KO extracts (Figures 6, 7; data not shown). In addition, this analysis revealed that arachidonic acid and DHA were reduced in the livers of the KO mice fed phytol as compared to the wild type mice on this diet (Figures 6, 7; data not shown). The levels of hepatic very long chain fatty acids (C24:0) however, remained normal (data not shown).
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FIGURE 7. Total hepatic fatty acid profiles of phytol challenged PMP34 knockout mice. GC-MS profiles of tert-butyldimethylsilyl esters prepared from total lipid extracts from livers of age-matched male wild type (A) and knockout (B) mice fed phytol diet. A portion of the chromatogram (15-35 min) is shown. Major peaks are labeled for the wild type sample (A), and extra peaks appearing in the knockout sample are indicated in panel B. Using a temperature program better suited for separation of medium chain fatty acids, 2,6,10-trimethylundecanoic acid is also seen in the KO profiles (not shown) (IS, internal standard; tricosanoic acid, C23:0).


Hepatic acyl-CoA profiling showed various additional acyl-CoA-esters in the phytol-treated PMP34 deficient mice, including phytanoyl-CoA and pristanoyl-CoA (Figures 8A,B). Due to lack of standards, not all accumulating CoA-esters could be identified, but one co-eluted with the CoA-esters of the above mentioned 4,8,12-trimethyltridecanoic acid. Compared to the amount of phytol-derived branched chain fatty acids incorporated in hepatic lipids, their CoA-esters represent a minor fraction (1/1000-1/2000), as expected for catabolic intermediates.
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FIGURE 8. Hepatic acyl-CoA profiles of phytol challenged PMP34 knockout mice. Panels (A,B) show representative RP-chromatograms of etheno-acyl-CoAs (and other adenine-containing compounds), prepared from liver extracts of female (A) or male (B) wild type and PMP34 deficient mice on a normal or phytol-enriched diet, spiked with internal standard (500 pmol 3-methyldodecanoyl-CoA, IS). Arrows indicate the elution, based on spiking and co-elution, of phytanoyl-CoA (Ph), pristanoyl-CoA (Pr), and 4,8,12-trimethyltridecanoyl-CoA (3MC13). New peaks appearing in the phytol-treated female +/+ animals, and further increased in all –/– mice, are marked with a red asterisk. Some phytol-derived intermediates, marked with a black asterisk, elute close to straight acyl-CoAs, impeding baseline separation. The elution of different standards as etheno-derivatives, is shown in panel C (taken from Mezzar et al., 2017): mix 1 (red) contains CoA, acetyl-, propionyl-, hexanoyl-, decanoyl-, palmitoyl- and lignoceroyl-CoA; mix 2 (green) acetyl-, octanoyl-, tetradecanoyl-, palmitoyl- and eicosanoyl-CoA; mix 3 (blue), IS and pristanoyl-CoA; mix 4 (black) phytanoyl-CoA. Panel (D) shows the quantification of known and some unknown, labeled as A–C in panel (A), phytol-derived acyl-CoAs (values based on 2 separate mice per gender and per genotype; mean ± SD).


To complete the lipid analysis, bile composition and plasmalogen content of some tissues was investigated. No differences were seen in the biliary bile acid profiles, and abnormal C27 bile acid intermediates could not be detected in phytol treated KO mice, although this approach allowed to document abnormal bile acids in other mouse models for peroxisomal disorders (Figure 9). Plasmalogens levels were not altered by the phytol supplementation (Supplementary Table S2).
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FIGURE 9. Biliary bile acid profiles of PMP34 KO mice. Panels (A–E) show MS-scans [350-650 m/z; negative mode; smoothed (0.2; 1; GA)] of bile obtained from wild type or PMP34 KO mice fed a normal or a phytol enriched diet or treated with cholesterylamine (C-amine) (gender and concentration of biliary bile acids of the individual animals is indicated in parentheses). Murine bile contains mainly tauro-conjugates, the major ones being tauromuricholic acids (TMCA, a,p-isomers) and taurocholic acid (TCA), both same m/z 514 (signal topped in all panels), followed by taurochenodeoxycholic acid (TCDCA, m/z 498) and a taurotetrahydroxycholanic acid (T(OH)4, m/z 530) (IS, 23-nor-3a,12a-dihydroxy-5p-cholanoic acid, m/z 377). The ion with m/z 596 represents a Na-acetate adduct of m/z 514; non-conjugated bile acids (cholic acid/muricholic acid, CA/MCA, m/z 407; deoxycholic acid, DCA, m/z 393) are hardly visible. In contrast, an abnormal profile is clearly revealed when analyzing bile of a mouse lacking MFP2 (panel F) with accumulation of C27 bile acid intermediates, such as A24-cholestenoic acid (A24-THCA, m/z 447) and its tauroconjugate (TA24THCA, m/z 554), and 24-hydroxycholestanoic acid (24OH-THCA, m/z 465), or a mouse lacking liver peroxisomes (panel G) with abnormal levels of trihydroxycholestanoic acid (THCA, m/z 449) and its tauroconjugate (TTHCA, m/z 556). Nor-CA/MCA (m/z 393), reported in deconjugated bile of SCPx-deficient mice, or their tauroconjugates (m/z 500), were not seen.


Finally, the concentration of cofactors TPP and CoA was measured in peroxisomes isolated from livers of phytol fed mice. Compared to unchallenged mice, a marked increase of CoA was observed but this was not different in wild type and PMP34 KO mice (Table 1). This increase is consistent with the phytol induced proliferation and with previous data. Indeed, the CoA concentration in hepatic peroxisomes of rats increases 3-fold when the animals are treated with clofibrate (0.32-0.92 mM; 4.0-70.2 nmol/g liver) (Van Broekhoven et al., 1981). The peroxisomal TPP pool was not affected by the phytol treatment (Table 1).



DISCUSSION

Using a gene trap ES cell line, mice heterozygous for PMP34/SLC25A17 were obtained, useful to study the physiological function of PMP34 in mammals. PMP34 deficient mice however did not display an obvious phenotype, not even after various treatments which could reveal an impaired peroxisomal functioning. Based on direct and indirect evidence, peroxisomal content of cofactors, including those proposed to be transported via PMP34, originally ATP (Visser et al., 2002) and more recently CoA, FAD, and NAD+ (Agrimi et al., 2012), appeared normal, both in fibroblasts and hepatocytes, and metabolic processes depending on these cofactors were not or only modestly affected. However, the finding that phytol administration caused hepatic lipid accumulation and inflammation in KO mice, is an obvious sign that PMP34 is sustaining import of a cofactor that plays a role in the degradation process of the phytol derived branched chain fatty acids, phytanic and/or pristanic acid, or that is required for the export of a pristanic acid degradation product e.g., propionyl-CoA or a shortened methylbranched acyl-CoA. Indeed, the atypical presence of pristanoyl-/phytanoyl-CoA (on their turn responsible for the increase in esterified pristanic/phytanic acid) might be secondary to the buildup of the CoA-esters of pristanic acid degradation intermediates. The tissue distribution of PMP34, with highest expression in kidney, followed by liver and adipose tissue in mouse, is consistent with a role in fatty acid oxidation, but not supportive for a selective role in bile acid formation, a liver specific process. In man, renal expression is however lower than in liver and highest mRNA levels were reported in testis (Agrimi et al., 2012).

Unfortunately, the identification of the bona fide PMP34 ligand(s) is hindered by many obstacles. These include the peculiar membrane properties of (isolated) peroxisomes (Van Veldhoven et al., 1987; Antonenkov and Hiltunen, 2006) precluding or hampering direct uptake and transport measurements in PMP34 deficient peroxisomes, the uncertainty about the real ligand of ABCD-transporters and their transport mechanism, linked or not linked to an intraperoxisomal activation (De Marcos Lousa et al., 2013; Okamoto et al., 2018), the contribution of peroxisomal acyl-CoA synthetases to overall phytanoyl/pristanoyl-CoA formation (Steinberg et al., 1999), the physiological role of peroxisomal thioesterases [such as ACOT6 acting on phytanoyl/pristanoyl-CoA (Westin et al., 2007)] and of nudix hydrolases converting acyl-CoA into 4′-(acyl)phosphopantetheine (Hunt et al., 2014; Shumar et al., 2018), the function of the pore-forming PMP22 (Rokka et al., 2009), and the extent by which cofactors can be co-imported bound to (folded) proteins, as detailed below.

Regarding indirect insight in the peroxisomal cofactor pools, ethylene glycol treatment and AGT measurements point to normal pyridoxal-phosphate levels in PMP34 KO mice. Based on the normal plasmalogen levels, the enzymes required for synthesis of ether lipids are functioning adequately, hence the peroxisomal concentration of their substrates (long chain acyl-CoA, dihydroxyacetone phosphate, long chain alcohol) seems unaffected. The comparable DHA levels suggest no major problem with transport of NADPH, cofactor for peroxisomal 2,4-dienoyl-CoA reductase (De Nys et al., 2001). Likewise, the apparent normal hepatic degradation of bile acid intermediates and of dicarboxylic acids and no demonstrable accumulation of VLCFA or bile acid intermediates, suggest that the peroxisomal content of adenine cofactors such as FAD, NAD+ and CoA, is also not altered in hepatocytes, or at least still high enough to allow dependent enzymes to operate at normal rates. Except for PUFA (see further), plasmalogens, bile acids and VLCFA were still normal in the phytol treated state. To get a more direct readout, we relied on expression of indicators/sensors targeted to peroxisomes. Peroxisomal NAD+ was converted into PAR, both in wildtype and deficient fibroblasts expressing PARP-SKL, while peroxisomal ATP levels, based on the use of a peroxisome targeted luciferase reporter, seem normal, at least in non-challenged fibroblasts. The first finding does not support the PMP34 mediated import of NAD+, as proposed by Agrimi et al. (2012); the latter finding agrees with their work, showing that PMP34 is not an ATP-transporter. Given the very low expression of PMP34 in skin, one can question, however, whether fibroblasts are an appropriate cell type for such studies. Direct determination of the CoA and TPP content of isolated liver peroxisomes did not reveal differences between normal and deficient mice, even not after a phytol-challenge. These pools, however, represent (mainly) enzyme bound-cofactors (Van Veldhoven and Mannaerts, 1986; Fraccascia et al., 2011), that might have been co-imported with these enzymes.

Regarding the abnormal phytol breakdown, a scheme of the different metabolic steps that can take place in peroxisomes is displayed in Figure 10. The first intermediary CoA-ester derived from (E)-phytol that might be peroxisomal is 2-phytenoyl-CoA. As we did not detect 2-phytenic acid9 in liver extracts of the phytol fed KO mice, we assume that its activation (in the ER or at the cytosolic side of the peroxisomal membrane) proceeds normal, as well as its reduction to phytanoyl-CoA. If this reduction step is only catalyzed by the peroxisomal reductase PECR (Gloerich et al., 2006), this would imply that the peroxisomal NADPH content is normal in the PMP34 KO mice. In case 2-phytenoyl-CoA is reduced in mitochondria or by ER, peroxisomes would be supplied with phytanoyl-CoA or phytanic acid. If the latter is activated inside peroxisomes via very long chain acyl-CoA synthetase (ACSVL1) (Steinberg et al., 1999), a lack of peroxisomal CoA or/and ATP will cause phytanic acid accumulation. It should be noted that the peroxisomal CoA pool is not accessible to the activating enzyme(s) (Mannaerts et al., 1982; Van Veldhoven and Mannaerts, 1986).
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FIGURE 10. Link between PMP34 and peroxisomal phytol degradation. Schematically shown are the different steps involved in phytol breakdown and their (presumed) subcellular sites. Cofactors involved in intraperoxisomal reactions are highlighted in blue; enzymatic steps are drawn with solid black arrows; transport processes are shown with dotted lines, black for known or accepted ones, ochre-brown for non-characterized or putative ones, orange for (hypothesized) PMP34 related ones. The areas depicting reactions related to α- and β-oxidation are tinted darker. Compounds (or their hydrolysis product) depicted in red accumulate in phytol treated PMP34 knockout mice. Likely, different phytol derivatives can enter peroxisomes (phytol, 2-phytenal, 2-phytenic acid, phytanic acid, 2-phytenoyl-CoA, phytanoyl-CoA, phytanic acid), the CoA-esters presumably via ABCD3, but whether or not hydrolysis occurs during this transport is not specified. Activation of phytanic acid by ACSVL1 requires intraperoxisomal ATP/CoA (and export of generated AMP, perhaps via PMP34), but phytanic acid could also be activated at the cytosolic side of the peroxisomal membrane by ACSL4/1. In the α-oxidation process, ATP stimulates PHYH but is not required for its activity. Before pristanic acid, produced by α-oxidation, can enter the β-oxidation spiral, it needs to be activated to its CoA-ester, a CoA/ATP-dependent step which could be carried out in the peroxisomal lumen by ACSVL1 (AMP export not depicted) or in the cytosol by ACSL4/1, followed by transport via ABCD3. Subsequently, pristanoyl-CoA is degraded by three β-oxidation cycles (individual reactions are not shown) whereby the produced 4,8-dimethylnonanoyl-CoA (4,8-DM-C9-CoA) is presumed to be exported either as carnitine ester or acid, both reactions producing CoA. Similarly, the other β-oxidation products acetyl- and propionyl-CoA can be converted to carnitine esters (by CRAT) or hydrolyzed (by ACOT8/12) and result in CoA formation (not shown). CoA is not formed when 4,8-dimethylnonanoyl-CoA is cleaved by nudix hydrolases (NUDT), instead adenosine-3′,5′-diphosphate (PAP) and 4,8-dimethylnonanoyl-phosphopantetheine (4,8-DM-C9-PP) are generated. These NUDT enzymes can also act on CoA, producing phosphopantetheine (PP) and PAP. These products (MW 358, respectively 423 Da), being negatively charged, might not leak out via PMP22, but could rely on PMP34. Given the presence of shortened branched acyl-CoAs, activation of phytanic/pristanic acid is not a major issue if PMP34 is absent. Inadequate import of CoA (orange arrow), required for the SCPx reactions of the β-oxidation spiral, can explain the build-up of the upstream intermediates. Inability to export CoA, formed by the above mentioned ACOT/CROT/CRAT reactions, could reverse these reactions and slow down β-oxidation. If the CROT/ACOT8 reactions are to sluggish to handle an exces of 4,8-dimethyl-C9-CoA, PMP34-mediated export of this CoA-ester would offer another explanation for the observed metabolic phenotype. Inability to remove PAP could impact phytol degradation as well, if this compound is inhibitory to some oxidation enzymes. DM-, dimethyl-; TM-, trimethyl-; ER, endoplasmic reticulum.


A subsequent step, hydroxylation of phytanoyl-CoA by phytanoyl-CoA hydroxylase (PHYH), might function suboptimally due to ATP shortage. However, ATP is not an essential cofactor for PHYH, but rather a stimulatory one, and this effect has only been demonstrated in vitro (Croes et al., 2000). Furthermore, (accumulating) pristanic acid can only be formed via functional hydroxylation (by PHYH) and cleavage (by 2-hydroxyacyl-CoA lyase, HACL1)10 reactions (Casteels et al., 2003), indicating that these reactions are still functional. Consequently, peroxisomal content of the involved cofactors α-ketoglutarate/iron/ascorbic acid and TPP respectively, are not affected as partially confirmed by direct TPP measurements. Further downstream in the degradation process, ATP/CoA could be required for the intra-peroxisomal activation of pristanic acid by ACSVL1 (Steinberg et al., 1999). However, a bypass is feasible, whereby pristanic acid leaves the peroxisomes, is activated by long chain acyl-CoA synthetase ACSL4 whose active center faces the cytosol (Lewin et al., 2002), and re-enters the peroxisomes as pristanoyl-CoA. Inability to remove AMP, proposed to be exported via PMP34 (Agrimi et al., 2012), would slow down the intraperoxisomal activation of phytanic/pristanic acid, but cannot explain the accumulating CoA-esters of shortened pristanic acid intermediates.

Product inhibition in the –/– status could provide an alternative explanation for the phytanic/pristanic acid accumulation. Fatty acid profiles do reveal the presence of pristanic acid breakdown products such as 4,8,12-trimethyltridecanoate and, to a lesser extent, 2,6,10-trimethylundecanoate11. According to literature, these branched fatty acids are produced by peroxisomal reactions (Van Veldhoven, 2010), and their CoA-esters, if accumulating intraperoxisomally, might compete with pristanoyl-CoA for ACOX2 and other β-oxidation enzymes such as MFP2 and SCPx. The detection of these truncated pristanic acid products nevertheless implies that pristanoyl-CoA is still degraded in the phytol fed KO mice, but points at the same time to a block in their breakdown. So, the problem in the KO mouse might be situated at another level, such as the exit of β-oxidation products like acetyl-, propionyl- and 4,8-dimethylnon-anoyl-CoA. The exit of these pristanic acid metabolites however, is assumed to occur in the form of carnitine esters or in non-esterified form (Van Veldhoven, 2010), and both processes are ATP-independent. Alternatively, if CoA would be retained inside peroxisomes in PMP34 deficiency, this could counteract the carnitine exchange and perhaps also the thioesterase reaction, and result in buildup of upstream metabolites. A shortage of peroxisomal carnitine, although compatible with the observed accumulation of shortened acyl-CoAs, seems unlikely: carnitine can permeate the peroxisomal membrane (at least in broken systems) (Van Veldhoven et al., 1987; Antonenkov et al., 2004; Antonenkov and Hiltunen, 2006) and reported ligands for PMP34 are large negatively charged nucleotides (Agrimi et al., 2012). Finally, throught the action of nudix hydrolases on CoA or shortened branched chain acyl-CoAs (Hunt et al., 2014), adenosine-3′,5′-diphosphate (PAP) is generated which, as shown by Agrimi et al. (2012), can be exported by PMP34. So PAP might accumulate intraperoxisomally in the KO, but this nucleotide has never been reported to affect peroxisomal β-oxidation enzymes and destruction of CoA seems a wasteful reaction.

Interestingly, some of the CoA-esters that accumulate in the KO animals were also seen, but at a lower level, in phytol-treated wild type females (Figures 8A–D). The phytol sensitivity of the latter is due to a gender-specific ∼10-fold reduced SCPx expression (Mackie et al., 2009), pointing to a compromised SCPx activity in PMP34 deficient liver and hence, to CoA as a limiting cofactor. This fits with the proposed PMP34 exchanger properties (Agrimi et al., 2012) and the drop, although small, in the degradation of bile acid intermediates in liver slices (Figure 2C) points to the same direction. One could argue that this is contradicted by the apparent normal peroxisomal CoA pool, but this pool is likely only used by thiolases (ACAA1A and ACAA1B in mice) (Mannaerts et al., 1982; Van Veldhoven and Mannaerts, 1986), which cannot act on 2-methylbranched chain substrates (Antonenkov et al., 1997). The normal biliary bile acid profile, which also depends on SCPx, however challenges this SCPx-CoA hypothesis. Here we recall that the biliary bile acid composition was near normal in SCPx KO mouse (slightly reduced C24-bile acid levels, no C27-bile acids and a small amount of C23-bile acids and a C26-bile alcohol [3a,7a,12a-trihydroxy-27-nor-5b-cholestane-24-one)] (Kannenberg et al., 1999), a finding attributed to an alternative peroxisome independent cholesterol breakdown pathway (via 25-hydroxylation). Hence, phytol-derived pristanic acid breakdown seems more affected than bile acid formation by peroxisomal CoA shortage, but this might be related to differences in loading. Taking into account that in mammals, phytol degradation is stereospecific toward the (E)- or trans-isomer (Gloerich et al., 2006) and that the administered phytol (at 0.5% v/w chow) had a trans/cis-isomer ratio12 of 2, the animals consumed approximately 45 μmol of (E)-phytol daily. This is several fold higher than the maximum rate of bile acid formation, estimated at 2 μmol/day/animal (based on faecal bile acid content of cholesterylamine-treated animals; Supplementary Figures S2–S4).

Whether the drop in C20:4 and C22:6 PUFA in the livers of the phytol fed PMP34 KO mice, is also related to a SCPx-CoA problem is not known. This possibility cannot be excluded but seems less likely: synthesis of C22:6 by retroconversion appears normal in murine SCPx fibroblasts, likely compensated by ACAA1 (whereas in human RCDP fibroblasts, that lack peroxisomal ACAA1 thiolase, SCPx ensures a normal retroconversion) (Ferdinandusse et al., 2001); very long chain PUFA, as reported in liver of ACOX1 KO mice (Fan et al., 1996) and testis of MFP2-deficient mice (Huyghe et al., 2006), were not observed in the fatty acid profiles of the PMP34 KO mice; and the phytol-induced drop in PUFA is also apparent, but to a lesser extent, in the wild type animals. As far as we know, an effect on PUFA has not been described in the other phytol-fed mouse models. Perhaps the elevated intraperoxisomal acyl-CoA esters compete with the retroconversion steps. Alternatively, the effect is secondary to the massive accumulation of phytanic/pristanic acid (or their CoA-esters), given that methylbranched fatty acids have been reported to interfere with fatty acid desaturation (Wahle and Hare, 1982).

Finally, given the heterogeneity seen by EM in the livers of the phytol fed PMP34 KO mice, it cannot be excluded that the observed lipid abnormalities arise from hepatocytes with impaired protein import. We believe, however, that the healthy hepatocytes must be able to cope with the phytol metabolites and that peroxisome biogenesis is affected in a subset of cells by the lipid changes since similar findings were reported in other deficient mice, the ACOX1 KO (Fan et al., 1996) and in the MFP1/MFP2 double KO mice (Jia et al., 2003; Ferdinandusse et al., 2005). Based on the three affected mouse models, a common denominator for this apparent biogenesis defect appears to be a β-oxidation intermediate. Whether this applies as well to cell lines in which catalase-negative peroxisomes have been described, like Morris hepatoma (Mochizuki et al., 1971), rat FTO-2B hepatoma cells (Frederiks et al., 2007), or HT29 cells (derived from human colon carcinoma) (Lauer et al., 1999), is not known. Interestingly, also in a liver biopsy of an atypical RCDP patient, with an extreme accumulation of phytanic acid in plasma (940 μM versus 0.01-10 μM in controls), cytoplasmic catalase and absence of catalase-containing peroxisomes were noticed in all hepatocytes (Espeel et al., 1993). In addition to hepatocytes with cytosolic catalase, the EM pictures showed cells with increased number of peroxisomes and with enlarged peroxisomes, likely the result of increased PPARα activation. The accumulating phytol breakdown products, phytanic and pristanic acid, can indeed activate PPARα and possibly other transcription factors as well (Kitareewan et al., 1996; Zomer et al., 2000). Enlarged peroxisomes have been described in at least two other mouse models for peroxisomal protein deficiencies, such as the PMP70 (ABCD3) KO mouse (Jimenez-Sanchez et al., 2000) and the phytol fed AMACR KO mouse (Savolainen et al., 2004). The increased peroxisome proliferation in the phytol fed PMP34 KO mice as compared to the wild type mice on this diet, also points to a problem in α/β-oxidation.

In view of the SCPx-CoA hypothesis, how can the lack of an obvious phenotype in PMP34 KO mice under normal conditions be explained? Obviously, because standard rodent chow is practically devoid of phytanic and pristanic acids, no adverse effects of these isoprenoids are to be expected. Secondly, breakdown of more abundant substrates, such as bile acid intermediates and dicarboxylic acids that would result in a phenotype when not operative, is not (sufficiently) affected in our model. Thirdly, the presence of another cofactor transporting system acting as a back up system in the peroxisomal membrane, either another (low affinity) nucleotide transporter(s), a pore-forming protein allowing (limited) entry, or import of cofactor-enzyme complexes, cannot be excluded. Examples of the first one could be an NAD+- or FAD-transporter, or even a TPP-transporter. Indeed, it was shown that the mitochondrial solute carrier SLC25A19 is able to transport diphosphate deoxynucleotides in vitro, while functioning in vivo as a TPP-transporter (Lindhurst et al., 2006), while the Arabidopsis NAD+ carrier PXN can also transport ADP (Bernhardt et al., 2012). However, not much is known about such carriers in mammalian peroxisomes, and none have been found during proteomic analyses (Kikuchi et al., 2004; Wiese et al., 2007; Islinger et al., 2010; Gronemeyer et al., 2013). In this respect, mammalian peroxisomes differ from plant peroxisomes where three solute transporters have now been identified. Whether a pore-forming channel exists in the membrane of peroxisomes remained long time a matter of debate. PXMP2 (better known as PMP22), based on the altered membrane properties of hepatic peroxisomes of a KO mouse (Rokka et al., 2009), controls permeability of small solutes, up to 300 dalton, but would exclude CoA, NAD+, FAD, and ATP. During protein import a transient pore might be created, likely governed by PEX5 (Erdmann and Schliebs, 2005). GIM5 proteins, the presumed trypanosomal orthologs of PEX11, seem also to control peroxisomal membrane permeability and to be endowed with pore properties (Voncken et al., 2003). Biochemically, it seems however counterproductive to let metabolism depend on biogenesis. Forthly, cofactors could reach the lumen by import of cofactor-enzyme complexes, at least TPP seems to be transported complexed to HACL1 (Fraccascia et al., 2011). Finally, given the organization of peroxisomal β-oxidation, with an ABCD-dependent uptake of CoA-ester (see Figure 9), a fraction of the esters taken up can in fact be processed in the absence of a CoA-transporter if sufficient CoA is released from the substrates themselves (or from primary oxidation products formed via ACAA1).

If a low amount of adenine nucleotides can be preserved in the peroxisomes by any of the above described systems, this would suffice to keep the organelles functional under basal conditions. This idea is in agreement with the oxidation experiments in cultured cells that failed to reveal any severe defect, even when phytanic/pristanic analogs were tested. It should be noted that these tests are performed at low substrate concentrations to simulate in vivo conditions and that, given the position of the radioactive label, only the first cycle of β-oxidation is measured, or for 3-methyl-branched fatty acids, only the α-oxidation step. Hence, any impairment downstream of the first cycle will remain unnoticed. At least, the cellular data are consistent with the absence of an obvious phenotype in the unchallenged mice. When the system is overloaded (e.g., phytol), transport or intraperoxisomal generation of the required cofactors would become a limiting factor.

Summarizing, based on the profound phytanic and pristanic acid accumulation occuring in PMP34 deficient mice upon phytol-administration, together with presence of pristanic acid degradation intermediates (also as CoA-esters), an impaired intra-peroxisomal β-oxidation cycling, due to a decrease in the SCPx accessible CoA, is proposed as working hypothesis. Under normal conditions, by unknown mechanisms, cofactors are however sufficiently high to maintain basal oxidation rates. Given the fact that man has a much higher exposure to phytanic and pristanic acid as compared to rodents, and that phytol treatment is required to reveal serious pathology in other mouse models with peroxisomal enzyme deficiencies [e.g., AMACR (Savolainen et al., 2004), SCPx (Seedorf et al., 1998), PHYH (Ferdinandusse et al., 2008) or HACL1 (Mezzar et al., 2017)], we believe that PMP34 deficiency should be added to the list of human disorders in which phytanic acid can accumulate. So far this list contains single enzyme deficiencies like Refsum disease (PHYH deficiency), racemase, MFP2 and SCPx deficiency, as well as biogenesis disorders such as Zellweger syndrome, neonatal adrenoleukodystrophy, infantile Refsum disease and rhizomelic chondrodysplasia punctata. Likely patients harboring a PMP34 deficiency would only present with symptoms at a later age, as is the case with adult Refsum disease.



AUTHOR’S NOTE

Recently, Kim et al. (2020) reported on the presence of two Slc25a17 related and apparently redundant genes in zebrafish. A real knock-out model was not created, but in morpholino-silenced embryos consumption of the yolk sac lipids and inflation of the swim bladder was impaired, with retention of lipid droplets in the latter organ. Small changes in VLCFA (10% increase C24/C22 at 3 days) and plasmalogens (15% decrease at 3.5 days) were documented. In vitro assays with both recombinant proteins showed transport of CoA and AMP in reconstituted liposomes, not of ATP, ADP or NAD+. Injection of CoA in one cell stage embryos, together with the morpholinos directed against either transporter, restored the swim bladder function partially.
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ABBREVIATIONS

ABC, ATP-binding cassette; ACOX, acyl-CoA oxidase; CPT1 β, carnitine palmitoyltransferase; CYP4A, cytochrome P450 4A hydroxylase; DAB, diaminobenzidine; DHA, docosahexaenoic acid; FA, fatty acid; KO, knockout; MCFA, medium chain FA; MEF, mouse embryonic fibroblasts; MFP, multifunctional protein; PAP, adenosine-3′,5′-diphosphate; PAR, poly-ADP ribose; PARP, poly-ADP ribose polymerase; PMP, peroxisomal membrane protein; PTS, peroxisomal targeting signal; PUFA, polyunsaturated FA; RCDP, rhizomelic chondrodysplasia punctata; SCP, sterol carrier protein; THCA, trihydroxycholestanoic acid.

FOOTNOTES

1Some of the related data were described in a Ph.D. thesis by E. Van Ael (Studies of the mammalian peroxisomal membrane protein PMP34; Doctoral thesis in medical sciences, KU Leuven, 2008).

2www.genetrap.org

3http://baygenomics.ucsf.edu/protocols/comp1/blastocyst.html

4Mice or cells in which both alleles are inactivated by an insertion, are referred to as knockout for the sake of simplicity.

5The exon 1-βgeo fusion transcript cannot be detected with the Northern probe used, which covered exons 4 to 9

6PMP34 mRNA levels in –/– pups were 0.35 ± 0.31% of those in wild type liver (n = 5). Whether these low values do really reflect full length mRNA is not known. If so, the gene trap appears to be very rarely spliced out in the –/– status, resulting in a correct mRNA. Such low residual mRNA levels probably escape detection in normal Northern analysis, but might be inherent to knockout models based on intron gene trapping.

7Although the α-isoform is predominantly expressed in liver, the β-isoform was chosen being more responsive to fasting and PPARa regulation.

8Phytanic and pristanic acid compromised 16%, respectively 61% of the fatty acids in the hepatic cholesterylesters of a female mouse; 37% and 28%. in the higher Rf triacylglycerols.

9In general, impaired metabolism of long chain acyl-CoA esters is reflected in the accumulation of the respective long chain fatty acids in esterified form (triacylglycerols, phospholipids). The CoA-esters themselves also increase, but being intermediates and not endproducts, their concentration is much lower and these compounds are more difficult to measure.

10The contribution of the ER-localized HACL2 is estimated at 10% in mouse liver (Mezzar et al., 2017).

11Due to its chain length, its incorporation into lipids will be less and its accumulation might be underestimated.

12Based on GC-MS analysis (S. Asselberghs and PP. Van Veldhoven, unpublished data).
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The Peroxisomal Targeting Signal 3 (PTS3) of the Budding Yeast Acyl-CoA Oxidase Is a Signal Patch
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The specificity of import of peroxisomal matrix proteins is dependent on the targeting signals encoded within their amino acid sequences. Two known import signals, peroxisomal targeting signal 1 (PTS1), positioned at the C-termini and PTS2 located close to N-termini of these proteins are recognized by the Pex5p and Pex7p receptors, respectively. However, in several yeast species, including Saccharomyces cerevisiae, proteins exist that are efficiently imported into peroxisomes despite having neither PTS1 nor PTS2 and for which no other import signal has been determined. An example of such a protein is S. cerevisiae acyl-CoA oxidase (AOx) encoded by the POX1 gene. While it is known that its import is driven by its interaction with the N-terminal segment of Pex5p, which is separate from its C-terminal PTS1-recognizing tetratricopeptide domain, to date, no AOx polypeptide region has been implicated as critical for this interaction, and thus would constitute the long-sought PTS3 signal. Using random mutagenesis combined with a two-hybrid screen, we identified single amino acid residues within the AOx polypeptide that are crucial for this interaction and for the peroxisomal import of this protein. Interestingly, while scattered throughout the primary sequence, these amino acids come close to each other within two domains of the folded AOx. Although the role of one or both of these regions as the PTS3 signal is not finally proven, our data indicate that the signal guiding AOx into peroxisomal matrix is not a linear sequence but a signal patch.

Keywords: PTS3 signal, in vivo import, fluorescence microscopy, two-hybrid screen, 3D modeling


INTRODUCTION

The mechanisms by which the majority of proteins are imported into the peroxisomal lumen are well known and are based on the recognition of short stretches of amino acids located either at the C-terminus (peroxisomal targeting signal 1, PTS1) or near the N-terminus (PTS2) of their polypeptides by receptors that recognize these signals, Pex5p or Pex7p, respectively (Girzalsky et al., 2010). For three decades after the discovery of these signals, our knowledge on these mechanisms has been constantly enriched with the details, which resulted in the formulation of comprehensive models of PTS1- and PTS2-dependent import (Walter and Erdmann, 2019). However, not all peroxisomal matrix proteins have recognizable PTS1 or PTS2 signals; therefore, alternative mechanisms of their import into this organelle must exist. One possibility may be the piggy-back mechanism, which is characteristic for peroxisomes because of their unique ability to import native, fully folded and co-factor-bound proteins even in complex with other proteins. Therefore, a protein devoid of PTS signal may enter peroxisomes by being bound to another protein that has one (Glover et al., 1994). The commonness of this import method remains to be determined; however, very few examples of naturally occurring piggy-back import have been documented thus far (Yang et al., 2001; Titorenko et al., 2002; Effelsberg et al., 2015). Another mechanism appears to be employed by acyl-CoA oxidase (AOx) in Saccharomyces cerevisiae. Few studies have been devoted to this protein, and our understanding of its import mechanism is limited. Nevertheless, these studies revealed that S. cerevisiae AOx is recognized by the Pex5p receptor, the same that functions in the PTS1-dependent import, but the recognition domain for AOx lies within the N-terminal part of Pex5p, separate from its C-terminal tetratricopeptide domain (TPR) that binds the PTS1 signal (Skoneczny and Lazarow, 1998). The region between amino acid residues 250 and 270 with the Ile264 plays a crucial role in AOx recognition and import (Klein et al., 2002). This surprising finding portrays Pex5p as a dual-domain, dual-function peroxisomal import receptor and suggests that the mechanism of AOx import may converge with the well-established PTS1-dependent import route. Interestingly, the N-terminal half of Pex5p is also important for the recognition and peroxisomal import of carnitine acetyltransferase (Cat2p), which possesses a functional PTS1 signal in the C-terminus that can be abrogated without noticeable consequences to localization of this protein (Klein et al., 2002). Moreover, we recently demonstrated that two other peroxisomal proteins, (1) the multifunctional enzyme of the peroxisomal fatty acid beta-oxidation pathway that comprises the 3-hydroxyacyl-CoA dehydrogenase and enoyl-CoA hydratase (Fox2p) and (2) the peroxisomal catalase A, both containing the PTS1 signals at their C-termini, are also partially dependent on this side branch of the Pex5p-dependent import route (Rymer et al., 2018). It remains an open question whether the list of S. cerevisiae proteins interacting with the N-terminal half of the Pex5p en route to peroxisomes is complete. The participation of both functional parts of Pex5p in the import of the PTS1-containing peroxisomal proteins also remains to be determined. While the very existence of this side branch of the Pex5p-dependent import mechanism employed by AOx is well established, to date, we do not know the corresponding module within the AOx molecule that is recognized by the N-terminal region of the Pex5p receptor.

In this study, we used random mutagenesis of the AOx-encoding gene to identify AOx amino acid residues that are involved in its interaction with the N-terminal half of Pex5p and its import to peroxisomes. Surprisingly, the amino acid substitutions that affected AOx-Pex5p interaction and AOx import were scattered widely throughout the central part of the AOx polypeptide, comprising approximately half of the whole protein. However, in the model of the AOx tertiary structure, they cluster together into two small regions. The in vivo import tests demonstrated the importance of these amino acid residues for the import of AOx into the peroxisomal matrix, indicating that they form a signal patch that functions as novel peroxisomal targeting sequence.



MATERIALS AND METHODS

The XL1-Blue (Stratagene) bacterial strain was used for plasmid construction and propagation. PJ69-4A (James et al., 1996) was used as a host for two-hybrid screens and tests. BYpex5Δ,pox1Δ, a double-deletion derivative of BY4741 (Open Biosystems, Huntsville, AL, United States), was used for tests of efficiency of AOx import in vivo. The yeast strains were grown at 28°C either in rich YPD medium or in synthetic complete (SC) selective medium with 2% glucose or with a mixture of 0.1% glucose, 2% ethanol, 0.1% oleic acid, and 0.25% Tween 80 to induce peroxisome proliferation.

The plasmids that were used in this study are listed in Supplementary Table S1.


Two-Hybrid Screen for the Amino Acid Substitutions in the AOx Polypeptide That Affect Its Interaction With the N-Terminal Region of the Pex5p Receptor

POX1 ORF was randomly mutagenized by mutagenic PCR using a GeneMorph II random mutagenesis kit (Agilent, Santa Clara, CA, United States), according to the manufacturer’s protocol, to obtain an average single mutation per 1000 bp. Two hybrid libraries were made directly in yeast cells using gap repair method by transforming PCR products together with linearized pGBT9-AOx two-hybrid plasmid into a PJ69-4A strain previously transformed with the pGAD-Pex5p136–292 plasmid. Transformant clones displaying affected growth on the medium without adenine were isolated; plasmid DNA was prepared and amplified from them; and the inserts including the POX1 ORF were sequenced.



Quantification of the Two-Hybrid Interactions Between AOx and the N-Terminal Region of Pex5p

pGBT-AOx plasmids bearing mutations within the POX1 ORF, selected in a two-hybrid screen, were transformed into the PJ69-4A strain together with the pGAD-Pex5p136–292 plasmid. The two-hybrid interaction displayed by the transformant clones was quantified by a plate test of growth in medium without adenine supplementation and by measuring the intracellular β-galactosidase activity according to the method published by Guarente (1983).



Modeling the Structure of ScAOx

Yasara Structure v. 19.5.51 protein modeling software was used to model the structure of S. cerevisiae AOx based on its homology to AOx proteins in other organisms, for which crystallographic structures are known. The structures of acyl-coenzyme A oxidase in Yarrowia lipolytica (5YS9;5Y9D), Rattus norvegicus (1IS2;2DDH), and Arabidopsis thaliana (1W07) were automatically selected as the best templates according to the combination of the Blast E-value, sequence coverage, and structure quality. For each template, up to five alternate alignments with the target sequence were used, and up to 50 different conformations were tested for each modeled loop. The resulting models were evaluated according to structural quality (dihedral distribution, backbone, and side-chain packing). The model with the highest score was built based on the 5YS9 structure; however, the chimerical model, in which some parts were adopted from other highly scored models (2DDH, 1W07), scored even higher (see Supplementary Video S1 for the regions improved by this procedure). The final model contained the FAD molecule, the location of which was taken directly from the template 5YS9 structure.



In vivo Import Assay of AOx Bearing Amino Acid Substitutions Identified in a Two-Hybrid Screen

Mutations within the POX1 ORF of the pGBT-AOx two-hybrid plasmid were transferred into the AOx-GFP plasmid (Rymer et al., 2018). The plasmids were transformed into the BYpex5Δ,pox1Δ strain together with the mRFP-SKL plasmid encoding a synthetic peroxisomal marker (Rymer et al., 2018) and the pRS413-Pex5WT or pRS413-Pex5IK plasmids encoding either the wild-type or the I264K-substituted version of the Pex5p receptor. Transformant cells were grown at 28°C in SC selective medium without histidine, leucine and uracil with Tween 80/oleate as a carbon source for 44 h to induce peroxisome proliferation. Cell images were acquired with Zeiss Axio Imager.M2 microscope with AxioCam MRc5 camera and AxioVision release 4.8 software, under 1000x magnification with EC Plan-NEOFLUAR 100x objective. 38HE green filter and 63HE red filter were used for fluorescence imaging. At least 100 cells in three biological replicates for each combination of plasmids were categorized according to AOx-GFP protein localization as displaying pure peroxisomal, mixed peroxisomal/cytosolic or pure cytosolic localization. The average of the results data was determined, the standard deviation was calculated and the significance was determined with Student’s t-tests.

See Supplementary Material for the expanded version of the “Materials and Methods” section.



RESULTS

For the search of import signal(s) that direct S. cerevisiae AOx to the peroxisomal matrix, we used a two-hybrid screen combined with random mutagenesis of the POX1 ORF. In this approach, the library of mutated versions of the POX1 ORF that were fused in frame to sequence encoding the Gal4 DNA-binding domain in the pGBT9 vector was screened with the fragment of the PEX5 gene between 136 and 292 codon fused in frame to the sequence encoding the Gal4-activating domain in the pGAD424 vector (see Supplementary Material for the detailed description of the two-hybrid screen strategy). Previously (Skoneczny and Lazarow, 1998), we found that this relatively small fragment of Pex5p, outside the PTS1-recognizing TPR domain, did robustly interact with AOx in the two-hybrid system and that both polypeptides co-purified in metal affinity chromatography. Therefore, we applied this experimental setup to identify single amino acid residues that are involved in the AOx interaction with the same region of Pex5p. To this end, AOx was randomly mutagenized and resulting mutants were tested for their interaction with Pex5p. The first round of screening resulted in a list of more than one hundred clones, which were retested for the two-hybrid interaction to get rid of false positives. The resulting twelve mutant clones encoding BD-AOx displayed an affected interaction with AD-Pex5p136–292 reproducibly. Initially, our intention was to isolate the clones conferring loss of interaction, but we noticed that some of the clones conferred mere weakening of the interaction, and some, to our surprise, conferred strengthening of interaction. We decided to include these clones into our clone set.


The Amino Acid Residues Participating in the AOx Interaction With Its Receptor Are Concentrated Within Several Distinct Regions in the Middle of the AOx Polypeptide

Figure 1 shows the results of two-hybrid interaction assays for all twelve clones as performed with two methods: determining the growth ability on solid medium lacking adenine and measuring β-galactosidase activity (see Supplementary Material for more details). Clones conferring weakened or strengthened interaction are grouped in the upper part of the figure, whereas those with no interaction are grouped in the lower part of the figure. Figure 1 also shows the amino acid substitutions identified in these clones. One can notice that they are not randomly distributed throughout the AOx polypeptide. Moreover, some substitutions occurred more than once at the same or neighboring positions, which suggested that the screen was saturated. In the majority of clones at least one such substitution was found. In the lower group of clones single substitutions, namely, K159T (clone 15) and Q324R (clone 119), were sufficient to abolish the interaction. The same effect was found for a combination of Q324R with N161S (clone 40) or with D344V (clone 82), suggesting the crucial role of Q324 residue and the K159-N161 region of AOx in its interaction with Pex5p. The correlation between the positions of substituted residues on the AOx polypeptide and the strength of its interaction with Pex5p is less clear-cut in the upper group of clones showing weakened or strengthened interactions, but it is clear that an amino acid residue substitution T189P (clones 24 and 104) alone or in combination with F265S (clone 61) strengthened the interaction and that this interaction was weakly affected by substitutions at positions 486–490. Clearly, the amino acid residues in the AOx polypeptide that seem to be important for its interaction with Pex5p are located within four small, distinct regions: around K159, T189, Q324, and D490. The interaction was also abolished by the combination of V147M, G194D, G277V, and A333G substitutions (clone 59), although it is not clear, which of these residues actually participate in the interaction. Residue A333, located near Q324 seems to be a good candidate, but on the other hand, residue G194 is located close to T189. The only exception is clone 83. Both substitutions: N287K and G337D do not seem to fit the emerging picture outlined above.
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FIGURE 1. Test of two-hybrid interaction between the mutated AOx and the Pex5p fragment comprising amino acids 136 to 292 that contains the AOx binding site. The left panel shows the growth of PJ69-4A cells transformed with pGAD-Pex5136– 292 and with either pGBT-AOxWT or with its derivatives encoding mutated BD-AOx fusions or with pGBT9 empty vector as a control. For comparison, the growth of PJ69-4A cells transformed with pGAD-Pex5136– 292-I264K, encoding the mutated two hybrid construct (see the main text for more details regarding the I264K amino acid substitution), and with pGBT-AOxWT, is also presented. Transformant cells cultured overnight were serially diluted 10×, spotted onto a solid SC selective medium without adenine. and the same medium with adenine as a control of spotting uniformity and incubated for 2 days at 28°C. The right panel shows the level of β-galactosidase expressed due to the two-hybrid interaction in the cells transformed with the same plasmid combinations. The results show the average of the measurements taken for three independent transformant clones after subtraction of the β-galactosidase background activity levels determined in cells transformed with the same set of pGBT9-derivative plasmids together with the empty pGAD424 vector. Error bars represent the standard deviation. Clone and sample numbers refer to the number of clones isolated in the first round of the screen. Amino acid substitutions that most likely are important for the AOX-Pex5p interaction in upper and lower group of clones are highlighted in red or blue, respectively.


To distinguish the recurring substitutions from the remaining ones, they were marked in Figure 1 with different colors. Those around T189 and D490, occurring mostly in the upper group of clones were highlighted with the red color and those around K159 and Q324 from the lower group, with blue color. As it will become apparent in the next subchapter, there is a correlation between the two-hybrid interaction phenotype and the localization of these residues within folded AOx molecule. The substitutions in exceptional clone 83 were marked with green color.



The Amino Acid Residues Participating in the AOx Interaction With Pex5p Form Two Distinct Regions on the Surface of the AOx Monomer

The observation that the amino acid residues whose substitution affects the interaction of AOx with the Pex5p receptor are localized in several hot spots in the AOx polypeptide strongly suggested that these residues participate in this interaction. Therefore, we attempted to localize them within the natively folded AOx protein. To this end, we generated a structural model of S. cerevisiae AOx. While the structure of this protein has not yet been determined experimentally, the crystallographic structures of AOx proteins from many organisms belonging to other systematic groups are known. Importantly, two isoenzymes of Y. lipolytica AOx, ACOX1, and ACOX3, have been crystallized recently, and their structures were determined at 2.5 Å resolution (Kim and Kim, 2018a, b). The budding yeast AOx shares 36% identity and 58% similarity (PAM250 similarity matrix) with both of these crystallized Y. lipolytica ACOX proteins. This level of homology (Blast E-value below 10–100, coverage of ∼90% for Y. lipolytica proteins) enabled the modeling of yeast AOx, based mostly on the template of YlACOX1 and YlACOX3 crystallographic structures, at a true atomic level of precision, particularly for the residues located in the core region of the protein. Yasara Structure package v. 19.5.5 was used for this purpose (see “Materials and Methods” section for more details). The resulting model of the whole ScAOx molecule dimer and the enlargement of the region of interest is presented in Figure 2. The substituted residues that are marked red, green or blue in Figure 1 are highlighted with the same color. See also Supplementary Videos S2, S3 for an animated view of the whole AOx molecule and its fragment, respectively. Interestingly, residues K159, N161, Q324, and A333G were clustered together into one domain on the surface of the AOx model, whereas residues T189, G194, T486, G489S, and D490N were found within the FAD-binding pocket. Notably, as explained above, while the substitution of residues belonging to the surface cluster abolished the AOx interaction with Pex5p, the substitution of the residues located in the FAD-binding pocket had only a limited effect on the interaction or even increased the strength of the interaction. Residues N287 and G337 substituted in clone 83 are present inside the modeled AOx molecule so the effect of these substitutions most likely results from the distortion of the AOx structure that indirectly influences its interaction with Pex5p receptor.
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FIGURE 2. Left panel: The model of the S. cerevisiae AOx dimer generated with Yasara modeling software on the template of the known crystal structure of Y. lipolytica ACOX1. Amino acid residues highlighted with red, green or blue color in Figure 1 are labeled here with a capital letter and the residue number of the same color. For better visibility green-labeled N287 and G337 are put on the blue background. The side chains of all amino acid residues that were found, as substituted in our screen, are shown. Black rectangle marks the regions of interest enlarged on the right side of the figure. Right panel: The enlargement of both regions of interest showing the important areas for interaction with Pex5p. See also Supplementary Videos S2, S3 for the animated, rotating model of AOx.




The Amino Acid Residues Substituted in the AOx Polypeptide Are Important for Efficient Peroxisomal Import

Amino acid residues participating in the AOx interaction with the N-terminal region of Pex5p are also likely to be important for AOx peroxisomal import. To test this assumption, the mutations in the clones that we selected in the two-hybrid screen were introduced into the gene encoding the full-length AOx C-terminally tagged with GFP, to determine their influence on the import of AOx into peroxisomes. The plasmids constructed this way and the plasmid bearing no mutations were separately transformed into BYpex5Δ,pox1Δ containing the mRFP-SKL plasmid encoding a peroxisomal fluorescent marker and pRS-Pex5pWT encoding the wild-type Pex5p receptor. For comparison, the strains bearing plasmids encoding the original AOX-GFP protein and pRS-Pex5pI264K encoding the mutated Pex5p receptor or not expressing Pex5p receptor at all were included in the analysis. Transformed cells were grown in oleate-containing medium to promote the proliferation of peroxisomes and examined by fluorescence microscopy. The cells were categorized according to the extent to which AOx-GFP was imported into the cells: perfect peroxisomal import, mixed peroxisomal/cytosolic localization and only cytosolic localization. The results of this experiment are shown in Figure 3A. Since the fraction of cells showing mixed peroxisomal/cytosolic localization did not differ strongly between the wild-type and the mutated clones this category of cells was omitted from this graph. The complete data are shown in Supplementary Figure S1. In most cases, the analyzed amino acid substitutions affected the import of AOx-GFP, and the differences between the cells expressing the mutated and the native versions of AOx-GFP, in terms of the percent of cells belonging to individual categories, were mostly statistically significant for cytosolic distribution and to a lesser extent for peroxisomal localization of green fluorescence. The strongest import defect was seen for AOx-GFP with substitutions pertaining to clones 40, 83 and 119. The notable exception was T189P substitution (clone 24), which curiously made the two-hybrid AOx-Pex5p interaction stronger than that conferred by the wild-type AOx. In the in vivo import test, this substitution did not affect the import of AOx into peroxisomes. The representative images of cells expressing the wild-type AOx-GFP and those with substitutions found in clones 24, 40, 83, and 119 are shown in Figure 3B.
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FIGURE 3. (A) Quantification of the in vivo import of AOx C-terminally tagged with GFP, bearing the amino acid substitutions identified in the two-hybrid screen. Individual columns on the graph are labeled with numbers referring to the original two-hybrid clones and are ordered as in Figure 1. Clone no. 104 was omitted because it had the same mutation as clone no. 24. For comparison, the data for the import of wild-type AOx-GFP either in the presence of wild-type (WT) or in the presence of I264K-substituted (+IK) Pex5p or in the absence of Pex5p (Δ) are shown. Plasmids encoding wild-type and mutated AOx-GFP proteins are described in Supplementary Material. Cells were categorized as displaying peroxisomal, cytosolic or mixed peroxisomal/cytosolic localization of AOx-GFP and the number of cells is expressed as a percent of total number of cells counted. The differences in the percent of cells belonging to mixed category between the mutated AOx-GFP clones and the wild-type AOx-GFP clone were not statistically significant therefore, for clarity, only the data for peroxisomal and cytosolic localization are shown in the graph. The complete data are shown in Supplementary Figure S1. Error bars represent the standard deviation. Statistical significance was determined for peroxisomal and cytosolic localization data (upper and lower row of stars, respectively), relative to wild-type AOx-GFP (WT column) and was calculated with Student’s t-test: ***P < 0.005, **P < 0.01, *P < 0.05, (*)P < 0.1. (B) The representative images of cells expressing the wild-type AOx-GFP and those with substitutions found in clones 24, 40, 83, and 119.


For comparison, Figure 3A shows also the quantitative data for the in vivo import of the wild-type AOx polypeptide fused to GFP in the presence of the mutated Pex5p receptor, in which isoleucine at position 264 was substituted with lysine (IK labeled column). As previously found, substituting this amino acid with lysine (Rymer et al., 2018) or with threonine (Klein et al., 2002) compromised PTS3-dependent import and abolished Pex5p interaction with AOx and Cat2p without affecting the Pex5p interaction with the peroxisomal translocon proteins Pex13p and Pex14p. As shown in Figure 3A, the effect of most of the AOx mutations identified through our screen was generally similar to the effect of the I264K substitution in Pex5p.



DISCUSSION

The mechanism by which AOx is imported into S. cerevisiae peroxisomes has remained a mystery for decades. In contrast to our increasing understanding of the evolutionary conserved peroxisomal targeting of protein via PTS1- or PTS2-dependent pathways, our knowledge on the mechanisms of peroxisomal import of AOx and related proteins is still scarce. Based on the few known facts accumulated for peroxisomal targeting of these proteins we may conjecture that the corresponding mechanisms are distinct.

The import of budding yeast AOx into peroxisomes is dependent on the known PTS1 receptor Pex5p, but does not involve its PTS1-recognizing TPR domains or the C-terminal amino acids of AOx. Instead, AOx binds to the N-terminal part of Pex5p (Skoneczny and Lazarow, 1998; Klein et al., 2002), which led us to propose the hypothesis that Pex5p is a dual-function dual-domain receptor. Similar Pex5-dependent PTS1-independent import was demonstrated for Hansenula polymorpha alcohol oxidase (Gunkel et al., 2004). On the other hand, Y. lipolytica ACOX import is driven by its interaction with Pex20p, known as a coreceptor in the PTS2-dependent pathway, but it does not rely on this pathway or on the PTS1/Pex5p mechanism (Chang and Rachubinski, 2019). Nevertheless, regardless of the mechanism of import for any of these proteins, a specific region within their polypeptide chain must be recognized by the peroxisomal receptor that is specific for their import. If not present at the N- or C-terminus, then this region must be located somewhere internally, and in few reports, such a location was suggested for Candida tropicalis AOx (Small et al., 1988) and for S. cerevisiae catalase A (Kragler et al., 1993). The same is true for S. cerevisiae AOx, which is imported, as we have shown recently, independently of PTS1 and PTS2 (Rymer et al., 2018). However, in none of the known cases of these alternative import mechanisms the region responsible for the peroxisomal targeting was identified with greater accuracy. This paper is, to our knowledge, the first to demonstrate the design of such an internal region within S. cerevisiae AOx with precision to individual amino acid residues. Using random mutagenesis of the POX1 ORF combined with the two-hybrid screen, we identified residues whose substitution abolishes the AOx interaction with Pex5p and makes AOx peroxisomal import less efficient. Remarkably, these amino acids, namely K159, N161, Q324, and perhaps also A333, cluster in a putative Pex5p-interacting domain that is, as one could expect, located at the surface of the deduced model of AOx. Thus the binding interface is formed by a cluster of several amino acid residues from two regions of the AOx polypeptide separated by 160 amino acids, which are in close proximity in the natively folded protein.

Moreover, we identified the FAD-binding pocket as another region, where amino acid substitutions affect AOx interactions with Pex5p and its peroxisomal import, albeit to a lesser extent. Notably the FAD-binding pocket, as well as residues substituted in clone 83, are buried inside the protein, as shown in the model of AOx structure (see Figure 2 and Supplementary Videos 2, 3).

The two sets of data: two-hybrid interaction of AOx with Pex5p (see Figure 1) and AOx-GFP import in vivo (see Figure 3) correlate with each other well but not perfectly. This lack of full correlation may be explained by the difference between these two experimental approaches. The two-hybrid interaction was studied between AOx and the 136–292 aa fragment of Pex5p receptor, whereas in vivo AOx-GFP import was studied in the presence of full-length Pex5p. This suggests that the import of AOx depends also on interaction of another AOx region, additional to K159, N161, Q324 domain, with the region of Pex5p outside its 136–292 domain. That is why we see some import of AOx-GFP proteins with substitutions preventing two-hybrid interaction (compare lower part of Figure 1 with the right side of Figure 3A). Notably, the influence of substitutions pertaining to clones 40 and 119 on two-hybrid interaction and in vivo import of AOx are similar to the effect of I264K substitution in Pex5p on the interaction and in vivo import of wild-type AOx (compare the bottom of Figure 1 and the columns labeled 40, 119, and +IK in Figure 3A).

The postulated additional Pex5p-interacting region in AOx may be the FAD-binding pocket as revealed by our two-hybrid screen. Alternatively, it may be located elsewhere and the substitutions within FAD pocket, as well as the substitutions N287K, G337D found in clone 83, may simply distort the folding of AOx. This would affect the in vivo import of AOx-GFP. It could also weaken or strengthen the interaction of AOx K159, N161, Q324 domain with 136–292 region of Pex5p receptor (compare upper part of Figure 1 with the left side of Figure 3A).

The inconsistency regarding clones 82 and 119 is more difficult to explain. Perhaps an additional substitution in clone 82 of D344 residue, buried inside the AOx molecule, distorts its structure in a certain way and thereby alleviates the in vivo import defect caused by Q324R substitution (compare columns labeled 82 and 119 in Figure 3A), but does not affect the two-hybrid interaction (see Figure 1). The inconsistency between clones 59 and 119 may be explained in a similar fashion.

In summary, the surface-located domain composed of K159-N161 and Q324 amino acid residues is a very convincing candidate for the long-sought PTS3 import signal identified for S. cerevisiae AOx. Thus, our data revealed the matching partner to the prospective PTS3-recognizing domain within the N-terminal region of Pex5p, which was discovered almost two decades ago. Remarkably, the data indicate that the PTS3 is not a linear sequence as PTS1 and PTS2 but is composed of amino acids that are distant from each other in the primary sequence but are in close proximity in the folded protein. Thus, in contrast to the linear PTS1 and PTS2, the PTS3 is a signal patch.

The data presented in this paper provide the basis for further studies on the import mechanisms of AOx and similar proteins from other species. One open question concerns the structure of analogous PTS3 signals within Cat2p, Fox2p and Cta1p, the peroxisomal import of which can be driven exclusively or partially by their interaction with the 250–270 amino acid region of Pex5p. Another intriguing finding provoking further studies is the possible involvement of FAD-binding in AOx interaction with its receptor and in peroxisomal import. Notably, the amino acid substitution within the FAD-binding fold of the H. polymorpha alcohol oxidase was also shown to abolish its peroxisomal import (Gunkel et al., 2004), indicative for cofactor binding being a prerequisite for peroxisomal protein import. Better characterization of this and other peroxisomal import mechanisms divergent from the canonical PTS1- and PTS2-dependent ones will contribute to our understanding of the evolution of the multi-purpose functions of these exciting organelles.
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Proteins destined for transport to specific organelles usually contain targeting information, which are embedded in their sequence. Many enzymes are required in more than one cellular compartment and different molecular mechanisms are used to achieve dual localization. Here we report a cryptic type 2 peroxisomal targeting signal encoded in the 5′ untranslated region of fungal genes coding for 6-phosphogluconate dehydrogenase (PGD), a key enzyme of the oxidative pentose phosphate pathway. The conservation of the cryptic PTS2 motif suggests a biological function. We observed that translation from a non-AUG start codon generates an N-terminally extended peroxisomal isoform of Ustilago maydis PGD. Non-canonical initiation occurred at the sequence AGG AUU, consisting of two near-cognate start codons in tandem. Taken together, our data reveal non-AUG translation initiation as an additional mechanism to achieve the dual localization of a protein required both in the cytosol and the peroxisomes.

Keywords: dual targeting, pentose-phosphate pathway, non-AUG translation, redox-shuttle, peroxisome


INTRODUCTION

Organelles are specialized reaction chambers of eukaryotic cells. Each type of organelle harbors a unique combination of enzymes to catalyze specific metabolic pathways such as aerobic ATP generation in the mitochondria or β-oxidation of long-chain fatty acids inside peroxisomes (Lodish et al., 2000). A number of enzymatic activities is crucial inside more than one organelle or inside of an organelle and the cytosol. Several molecular mechanisms that enable the synthesis of protein isoforms with different cellular destinations from a single gene have been discovered. These include alternative transcriptional start sites, alternative splicing, or competing targeting signals (Carrie et al., 2009; Yogev and Pines, 2011; Ast et al., 2013). A more recently described mechanism to generate dually targeted protein variants is programmed translational read-through of stop codons. This mechanism is widely used for the formation of C-terminally extended enzymes containing peroxisomal targeting signals (PTS1) (Freitag et al., 2012; Schueren et al., 2014; Stiebler et al., 2014; Schueren and Thoms, 2016).

Peroxisomes are ubiquitous organelles with a major function in the β-oxidation of fatty acids (Poirier et al., 2006; Smith and Aitchison, 2013; Wanders et al., 2016). Most peroxisomal proteins are targeted to this organelle by either of two signal sequences residing at the very C-terminus (PTS1) or within the N-terminus (PTS2) (Baker et al., 2016). PTS2 motifs are characterized by the consensus motif (R/K)-(L/V/I)-xxxxx-(H/Q)-(L/A) and recognized by the soluble import receptor Pex7 (Lazarow, 2006).

The enzymes of the pentose phosphate pathway, including 6-phosphogluconate dehydrogenase (EC: 1.1.1.44), have already been shown to purify with mammalian peroxisomes 30 years ago, but this could not be confirmed by recent proteomics experiments (Antonenkov, 1989; Yifrach et al., 2018). In plants, peroxisomal 6-phosphogluconate dehydrogenase may act as part of an NADPH recycling system, and a peroxisomal variant of this enzyme has been shown to be involved in gametophytic interaction (Corpas et al., 1998; Hölscher et al., 2016).

A closer examination of genes for putative 6-phosphogluconate dehydrogenases in Ustilago maydis and related fungi leads to the identification of DNA sequences encoding PTS2-like motifs and which are embedded in the 5′ UTRs. We show that a peroxisomal isoform of U. maydis 6-phosphogluconate dehydrogenase (Pgd1) containing a functional PTS2 signal is translated via initiation at a non-AUG start codon.



RESULTS AND DISCUSSION

We have previously identified a network of sugar-metabolizing enzymes, which is dually targeted to the cytosol and peroxisomes via post-transcriptional mechanisms. The common theme of these mechanism is the generation of peroxisomal targeting signals by translational read-through or differential splicing (Freitag et al., 2012, 2018; Stiebler et al., 2014). An investigation of the U. maydis gene umag_02577 (GeneID: 23563291) coding for 6-phosphogluconate dehydrogenase (Pgd1) revealed that its 5′ UTR codes for the amino acid stretch RISSLAAQL, matching the PTS2 consensus (Lazarow, 2006). The coding sequence for this putative targeting signal starts 39 nucleotides upstream of the annotated start codon (Figure 1A). Remarkably, no in-frame start codon was detected upstream of the putative PTS2 in the pgd1 5′ UTR. Moreover, published U. maydis RNA-Seq data (Lanver et al., 2018) did not indicate alternatively spliced pgd1 transcripts containing an AUG start codon in frame with the sequence coding for the PTS2 (Supplementary Figure S1). A phylogenetic analysis showed that the putative PTS2 motifs in the 5′ UTR of pgd1 are conserved in related fungi, suggesting functionality (Figure 1B). We inserted the PTS2-encoding sequence into a green fluorescent protein (GFP) reporter construct behind the canonical ATG start codon. The resulting fusion protein PTS2Pgd1-GFP accumulated in punctate structures, co-localizing with the peroxisomal marker mCherry-SKL (Figure 1C). Thus, the 5′ UTR of pgd1 contains a functional PTS2.
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FIGURE 1. A functional PTS2 in the 5′ untranslated region (UTR) of pgd1. (A) Architecture of the U. maydis pgd1 gene and sequence of the encoded PTS2 motif in the 5′ UTR. (B) Phylogenetic conservation of the PTS2 encoded in the 5′ UTR of pgd1 orthologs in related fungi. Note that the amino acids can be variant but still fit into the PTS2 consensus (R/K)-(L/V/I)-xxxxx-(H/Q)-(L/A). (C) Representative fluorescence microscopy pictures of strain MB215 PTS2Pgd1-GFP mCherry-SKL. Green channel (PTS2Pgd1-GFP), red channel (mCherry-SKL), and merged channels are shown. The scale bar represents 5 μm.


The absence of a canonical start codon upstream of the encoded PTS2 suggests the initiation of translation at a non-AUG start codon. To test this hypothesis, we generated chimeric constructs consisting of 1,000 nucleotides pgd1 upstream sequence fused to the GFP open reading frame (ORF). Two constructs either with or without the canonical start codon of the GFP-ORF (Ppgd1-GFP and Ppgd1-GFPM1A, respectively) were transformed into U. maydis. For Ppgd1-GFP, a strong cytosolic GFP fluorescence was observed (Figure 2A). This signal likely reflects the translation initiation at the canonical start codon of the GFP-ORF. The mutation of the canonical start codon in Ppgd1-GFPM1A resulted in the detection of GFP inside of peroxisomes (Figure 2A). We also detected a corresponding GFP signal by Western blot analysis (Figure 2B). The quantification of the GFP signal from Ppgd1-GFP and Ppgd1-GFPM1A revealed that non-canonical initiation occurs at a rate of approximately 2%. No obvious migration difference between cytosolic and peroxisomal GFP isoforms was detected on sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (Figure 2B). In several organisms, the PTS2 signals are cleaved off after import (Kurochkin et al., 2007; Schuhmann et al., 2008). However, no homolog of the processing protease was identified in the genome of U. maydis. To analyze potential cleavage upon peroxisomal import, we examined the migration of the reporter protein PTS2Pot2-GFP in wild-type and Δpex7 mutants (Supplementary Figure S2A). Pot2 (Umag_01090) encodes a conserved peroxisomal enzyme involved in fatty acid oxidation. No difference in mobility was observed on SDS-PAGE (Supplementary Figure S2B). As a control, we used GFP-SKL, which to our surprise migrated with lower mobility, although the protein has a lower molecular weight. Thus, the migration of the analyzed GFP fusion proteins is not only determined by their mass, and no conclusions about processing of the PTS2 can be drawn.
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FIGURE 2. An extended peroxisomal isoform of Pgd1 is generated via non-AUG translation initiation. (A) Fluorescence microscopy pictures of strains containing mCherry-SKL together with Ppgd1-GFP and Ppgd1-GFPM1A, respectively. Green channel, red channel (mCherry-SKL), and merged pictures are shown. The scale bar represents 5 μm. (B) Western blot showing the GFP and α-tubulin levels in whole-cell extracts derived from strains analyzed in (A). (C) The subcellular localization of Pgd1-GFP was analyzed by differential centrifugation of the post-nuclear supernatants. Supernatant, wash, and pellet fractions were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and Western blot. (D) Fluorescence microscopic images of organelles prepared from the indicated strains. The scale bar represents 5 μm. (E) Quantification of mCherry-SKL-positive foci also containing GFP signal.


Next, we examined the subcellular distribution of full-length Pgd1. We generated a strain expressing a C-terminally GFP-tagged variant of Pgd1 under control of the endogenous promoter (Pgd1-GFP). A microscopic analysis of the resulting strain revealed a uniform distribution of Pgd1-GFP, indicating a predominantly cytosolic localization (Supplementary Figure S3A). Crude organelles were isolated and subjected to differential centrifugation to remove cytosolic Pgd1-GFP. We detected the fusion protein in the pellet fraction, suggesting that it also resides inside of an organelle (Figure 2C). In addition, we analyzed organelle preparations by fluorescence microscopy and detected GFP signal in most mCherry-positive foci (Figures 2D,E). Green foci which do not contain mCherry-SKL were also observed. These foci could represent aggregates of Pgd1-GFP or peroxisomes, which have lost the mCherry-SKL signal. As a control, we prepared organelles from a strain expressing either the endoplasmic reticulum membrane protein Sec63-GFP or the mitochondrial marker protein Mrb11–48-GFP (Supplementary Figure S3B; Rothblatt et al., 1989; Bortfeld et al., 2004). Less GFP foci overlapped with mCherry (Figures 2D,E). Taken together, these data indicate that unconventional translation initiation in the 5′ UTR of pgd1 triggers the generation of a peroxisomal isoform.

To determine the site for translation initiation, a series of truncations of the pgd1 5′ UTR fused to GFPM1A was constructed and expressed under control of the constitutive otef-promoter (Spellig et al., 1996; Figure 3A). Strains containing the reporter constructs were analyzed by fluorescence microscopy and Western blot. We detected both cytosolic and peroxisomal GFP fluorescence in all strains. In the strain containing only 66 base pairs (bp) of the pgd1 5′ UTR mostly, background fluorescence was observed, and the peroxisomal GFP signal was strongly reduced (Figure 3B). Background fluorescence is regularly observed in U. maydis cells if fusion proteins with a relatively low expression level are investigated. The 66-construct, however, still codes for PTS2, indicating that the unconventional translation initiation upstream of the PTS2 was affected. This idea was supported by Western blot analysis showing that GFP expression was reduced if only 66 bp of the 5′ UTR was present (Figure 3C). Hence, the mRNA sequence between position −66 and −93 appears to be involved in non-canonical translation initiation.
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FIGURE 3. Truncation analysis to identify the sequences required for non-AUG translation initiation. (A) Schematic representation of the constructs tested. (B) Fluorescent images of strains, which express mCherry-SKL and contain the indicated pgd1 upstream sequences between the constitutive otef-promoter and the GFPM1A-ORF. Green channel, red channel, and merged pictures are shown. The scale bar represents 5 μm. (C) Western blot showing the protein levels of GFP and α-tubulin in whole-cell extracts derived from the strains analyzed in (B).


It has been shown that non-AUG translation initiation often occurs at near-cognate start codons that differ from AUG by a single base change (de Arce et al., 2017; Kearse and Wilusz, 2017). No such codons are located between nucleotides −93 and −66 of the pgd1 5′ UTR. However, a pair of the near-cognate start codons AGG AUU stretches from −63 to −58 and is in frame with the canonical start codon of pgd1. Both codons reside inside of a phylogenetically conserved region within the 5′ UTR of pgd1 mRNA (Figure 4A). To test whether these codons serve as translational initiation sites, they were substituted with the alanine codon GCA, either alone or in tandem. Constructs with single substitutions still led to the detection of peroxisomal GFP, although with weaker intensity compared to the wild-type sequence. Mutation of both codons abolished the detection of a peroxisomal GFP fluorescence (Figure 4B). The Western blot experiments were in line with our microscopy data (Figure 4C). However, a weak GFP signal was still visible in the double mutant, indicating that, even in the absence of both near-cognate start codons, translation initiation occurs at a very low level (Figure 4C). Next, we generated a full-length C-terminally GFP-tagged version of Pgd1 expressed under control of the endogenous promoter with mutations in both non-canonical start codons (AGG ATT substituted with GCA). The differential centrifugation of post-nuclear supernatants showed a reduced amount of Pgd1-GFP in the organelle pellet compared to the amount of Pgd1-GFP without the respective mutations (Figure 4D). A microscopic analysis of crude organelle pellets confirmed this data. The mutation of both near-cognate start codons to GCA considerably reduced the number of mCherry-SKL foci containing Pgd1-GFP (Figures 4E,F). Finally, we generated a construct in which both near-cognate start codons in the 5′ UTR of Pgd1-GFP were substituted with ATG. As expected, Pgd1ATGATG-GFP localized in peroxisomes together with mCherry-SKL (Figure 4G). Taken together, these data indicate that both near-cognate start codons play a key role in the generation of peroxisomal Pgd1.
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FIGURE 4. Two non-canonical start codons in tandem mediate non-AUG translation initiation and are involved in peroxisomal targeting. (A) Alignment of 5′ UTR sequences of 6-phosphogluconate dehydrogenase encoding the genes of several fungi. Note that the region from –68 to –53 containing the near-cognate start codons AGG and ATT is highly conserved. (B) Fluorescence microscopy images of strains which express mCherry-SKL and contain the indicated mutations in the 1,000-nucleotide pgd1 upstream sequence fused to the GFPM1A-ORF. Green channel, red channel, and merged pictures are shown. The scale bar represents 5 μm. (C) Western blot showing the GFP and α-tubulin levels of the indicated strains. (D) The subcellular localization of the indicated strains was analyzed by differential centrifugation of post-nuclear supernatants. Supernatant, wash, and pellet fractions were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and Western blot. (E) Fluorescence microscopic images of the organelles prepared from the indicated strains. The scale bar represents 5 μm. (F) Quantification of mCherry-SKL-positive foci also containing Pgd1-GFP. (G) The two near-cognate start codons AGG and ATT were substituted with two ATG start codons. The subcellular localization of the resulting fusion protein (Pgd1ATGATG-GFP) was determined by fluorescence microscopy. The scale bar represents 5 μm.


Here we have shown that, in U. maydis, non-AUG translation initiation is used for dual targeting of Pgd1 to peroxisomes and the cytosol. A phylogenetic analysis suggests that this occurs also in other fungi. Non-AUG translation initiation has recently emerged as a pervasive modulator of proteomes in diverse organisms (Kearse and Wilusz, 2017). Ribosome profiling especially has led to the identification of alternative translation initiation events in yeast and human cells (Ingolia et al., 2009, 2011). Non-canonical initiation was found to be regulated during yeast meiosis, under certain stress conditions and in different tissues of the mouse brain (Brar et al., 2012; Andreev et al., 2015; Zhang et al., 2015; Brar, 2016; Sapkota et al., 2019). Also, the evolutionary conservation of N-terminal extensions was described (Ivanov et al., 2011). Recently, it was shown that many yeast genes encode putative mitochondrial targeting signals in their 5′ UTR (Monteuuis et al., 2019). A systematic analysis of proteome data for yet undetected peptides encoded upstream of canonical translational start sites (Choi et al., 2020) in combination with mining of ribosome profiling data (Dunn et al., 2013; Schueren and Thoms, 2016) will reveal the full impact of non-AUG translation initiation for the generation of novel peroxisomal isoforms.

Interestingly, dual targeting of PGD seems to be evolutionarily conserved, but the underlying mechanism responsible for peroxisomal sorting is variable. In plants, different genes encode the peroxisomal and plastid isoforms of PGD (Hölscher et al., 2016). In Candida albicans and related ascomycetes, peroxisomal PGD arises from alternative splicing (Strijbis et al., 2012). The notable variability of mechanisms suggests that there might not be a conserved regulatory principle, which adapts the rate of synthesis of peroxisomal isoforms of PGD to different environmental conditions or developmental stages. It appears to be sufficient for cells that a fraction of PGD activity is present inside the peroxisomes to enable the production of NADP or NADPH. Similarly, we observed that different post-transcriptional processes, including alternative splicing and programmed read-through of stop codons, trigger the formation of peroxisomal isoforms of phosphoglycerate kinase and glyceraldehyde-3-phosphate dehydrogenase in fungi (Freitag et al., 2012). The mechanisms for dual targeting of peroxisomal proteins are likely to evolve rapidly and seem to be interchangeable. A recent report even proposes that stop codon read-through in general is non-adaptive (Li and Zhang, 2019). However, ribosomal read-through rates have been shown to rapidly change in response to cellular oxygen levels (Andreev et al., 2015). This may occur via the hydroxylation of a proline residue in the ribosomal decoding center that affects termination efficiency (Loenarz et al., 2014; Singleton et al., 2014). How the diversity of mechanisms for peroxisomal targeting of enzymes is adapted to peroxisomal metabolism still requires experimental evidence.



MATERIALS AND METHODS


Strains, Growth Conditions, and Transformation

An Escherichia coli strain TOP10 (Invitrogen) was used for cloning procedures and amplification of plasmid DNA. The U. maydis strain MB215 mCherry-SKL (Hewald et al., 2005; Freitag et al., 2014) served as the wild-type strain for all of the experiments performed. The U. maydis strains generated and used during this study are listed in Supplementary Table S1. The U. maydis strains were grown at 28°C in YEPS-light medium (Tsukuda et al., 1988) or in YNB-medium (Difco) supplemented with 2% glucose and 0.5% ammonium sulfate at pH 5.8. The transformation of E. coli and U. maydis was done as previously described (Schulz et al., 1990; Hanahan et al., 1991). The constructs were integrated into the ip-locus (Broomfield and Hargreaves, 1992) of U. maydis cells.



Molecular Cloning and Nucleic Acid Procedures

Either standard protocols were followed for molecular cloning or Gibson assembly was used for the generation of plasmids (Sambrook et al., 1989; Gibson et al., 2009). Maps of the generated plasmids are available on request. All primers used in this study are listed in Supplementary Table S2. Genomic DNA from U. maydis cells was prepared as described (Hoffman and Winston, 1987). Integration into the ip-locus was verified by Southern blot analysis (Sambrook et al., 1989).



Preparation of Proteins and Western Blot Analysis

Whole-cell extracts of proteins were either prepared as described before (Kushnirov, 2000) or by glass bead-assisted lysis. Briefly, 30 ml of U. maydis cell culture with an optical density (OD600) of 1 was pelleted, washed once with water, and resuspended in 200 μl Tris–buffered saline containing 0.1% (v/v) Triton X-100 and 0.1% protease inhibitor cocktail for use with fungal and yeast extracts (Sigma-Aldrich). Then, 0.1 g of glass beads was added. The suspensions were deep-frozen at −80°C for at least 2 h, thawed at 4°C, and shredded at 4°C on a VXR basic Vibrax for 30 min. The suspensions were pelleted for 10 min at 13,000 rpm at 4°C, and the protein concentration in the supernatant was determined by Bradford assays (Bradford, 1976). Western blot analysis was performed as described (Stiebler et al., 2014). Antibodies against mCherry (Biovision; 5993), GFP (Torrey Pines Biolabs; TP401), and alpha-tubulin (Calbiochem; CP06) were used, respectively. Secondary antibodies against rabbit or mouse conjugated with horseradish peroxidase (Santa Cruz; sc-2357 and sc-516102) were used. Detection was performed with Supersignal West Femto or Supersignal West Pico Chemiluminescent Substrates (Thermo Fisher Scientific) and a Chemo Cam Imager (INTAS Science Imaging). The signals were analyzed using ImageJ (Schneider et al., 2012). Western blots were quantified with the ImageJ plugin GelAnalyzer. The generated gel profile plots were analyzed using the wand tool.



Preparation of Crude Organelles From Ustilago maydis

A method published by Cramer et al. (2015) was adapted to U. maydis (steps 1–16; Cramer et al., 2015). Logarithmically growing U. maydis cells (400 ml) were pelleted, washed with water, and resuspended in buffer for spheroplasts containing 1 mg/ml novozyme 234 (Novo Nordisc). After spheroplasting, the protocol of Cramer et al. (2015) was followed. The post-nuclear supernatant (PNS) was diluted to an OD600 of 1, and aliquots were frozen at −80°C. For subcellular fractionation analysis, 1 ml of PNS was centrifuged at 13,000 rpm at 4°C for 5 min. The pellets were resuspended in lysis buffer (5 mM MES, 0.5 mM EDTA, 1 mM KCl, 0.6 M sorbitol, 1 mM 4-aminobenzamidine-dihydrochloride, 1 μg/ml aprotinin, 1 μg/ml leupeptin, 1 mM phenylmethylsulfonyl fluoride, 10 μg/ml N-tosyl-L-phenylalanine chloromethyl ketone, and 1 μg/ml pepstatin) and washed with lysis buffer as indicated in Figure 2.



Microscopy

Ustilago maydis cells from logarithmically growing cultures or crude organelle preparations were placed on agarose cushions and visualized by phase contrast and epifluorescence microscopy using a Zeiss Axiovert 200 microscope. Note that for the analysis of organelle preparations, the agarose cushions were based on lysis buffer. Images were taken using a CCD camera (Hamamatsu Orca-ER) with an exposure time of 30–500 ms. Image acquisition was performed using Improvision Volocity software and processing was carried out with ImageJ. The quantification of co-localization of GFP signals and mCherry signals in organelle preparations was performed by manual inspection of mCherry-positive foci.



Computational Analysis

Peroxisomal targeting signals 2 motifs were searched with the regular expression [RK][LVI].[HQ][LA]. Data analysis was performed with the National Center for Biotechnology Information (NCBI), basic local alignment search tool (Blast) (Altschul et al., 1990; Altschul and Koonin, 1998), and other NCBI resources. The RNA-Seq data of U. maydis FB1 and FB2 strains from axenic culture (GSM2785393) were retrieved from the Sequence Read Archive (NCBI). The data were first converted to the FASTA format and then searched for reads containing 20-mers mapping to the 300-bp 5′ UTR region of pgd1 using Python 3.7.3 with Biopython 1.73 (Cock et al., 2009). These sequences were manipulated with notepad++ v7.8.4 using regular expression to identify unique reads. Reads containing an in-frame ATG start codon upstream of the dinucleotide AGG ATT in the pgd1 5′ UTR were filtered with the regular expression “ATG(.)∗AGGATT.” Box plots were computed using RStudio 3.6.0 with the ggplot2 plugin. The box plots are structured as follows: center line, median; box limits, first and third quartiles (the 25th and 75th percentiles); whiskers, 1.5∗ interquartile-range; points, all data points.
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FIGURE S1 | The PTS2 of Pgd1 is not activated by alternative splicing. (A) Published RNA-Seq data were filtered for reads containing 20-mers that mapped to the 300-bp fragment of the pgd1 5′ UTR (red). (B) Two out of 275 unique reads contain an in-frame ATG start codon (magenta) upstream of the PTS2 encoding sequence. The start codons are located within sequences derived from totally unrelated genes, suggesting artifactual reads (lowercase).

FIGURE S2 | The mobility of GFP fusion proteins does not always reflect their molecular weight. (A) Fluorescence microscopic images of wild-type and Δpex7 cells expressing PTS2Pot2-GFP and mCherry-SKL. The scale bar represents 5 μm. (B) Whole-cell protein extracts from the indicated strains were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and Western Blot.

FIGURE S3 | Subcellular localization of Pgd1-GFP and Sec63-GFP. (A) Cells co-expressing Pgd1-GFP under the control of the endogenous promoter and mCherry-SKL were analyzed by fluorescence microscopy. (B) Fluorescence microscopic images of cells expressing Sec63-GFP and the peroxisomal marker mCherry-SKL. The scale bars represents 5 μm.

TABLE S1 | Strains used in this study.

TABLE S2 | Oligonucleotides used in this study.
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X-linked adrenoleukodystrophy (ALD) is a devastating metabolic disorder affecting the adrenal glands, brain and spinal cord. Males with ALD are at high risk for developing adrenal insufficiency or progressive cerebral white matter lesions (cerebral ALD) at an early age. If untreated, cerebral ALD is often fatal. Women with ALD are not at risk for adrenal insufficiency or cerebral ALD. Newborn screening for ALD in males enables prospective monitoring and timely therapeutic intervention, thereby preventing irreparable damage and saving lives. The Dutch Ministry of Health adopted the advice of the Dutch Health Council to add a boys-only screen for ALD to the newborn screening panel. The recommendation made by the Dutch Health Council to only screen boys, without gathering any unsolicited findings, posed a challenge. We were invited to set up a prospective pilot study that became known as the SCAN study (SCreening for ALD in the Netherlands). The objectives of the SCAN study are: (1) designing a boys-only screening algorithm that identifies males with ALD and without unsolicited findings; (2) integrating this algorithm into the structure of the Dutch newborn screening program without harming the current newborn screening; (3) assessing the practical and ethical implications of screening only boys for ALD; and (4) setting up a comprehensive follow-up that is both patient- and parent-friendly. We successfully developed and validated a screening algorithm that can be integrated into the Dutch newborn screening program. The core of this algorithm is the “X-counter.” The X-counter determines the number of X chromosomes without assessing the presence of a Y chromosome. The X-counter is integrated as second tier in our 4-tier screening algorithm. Furthermore, we ensured that our screening algorithm does not result in unsolicited findings. Finally, we developed a patient- and parent-friendly, multidisciplinary, centralized follow-up protocol. Our boys-only ALD screening algorithm offers a solution for countries that encounter similar ethical considerations, for ALD as well as for other X-linked diseases. For ALD, this alternative boys-only screening algorithm may result in a more rapid inclusion of ALD in newborn screening programs worldwide.

Keywords: adrenoleukodystrophy, peroxisomes, newborn screening, neonatal, gender, heel prick, dried bloodspots, X chromosome


INTRODUCTION

X-linked adrenoleukodystrophy (ALD) is a severe inborn error of metabolism caused by a mutation in the ABCD1 gene located on the X chromosome (Mosser et al., 1993). The ABCD1 gene codes for the peroxisomal transmembrane protein (ABCD1 protein) that transports very long-chain fatty acids (VLCFA, ≥C22:0) into the peroxisome. A defect in ABCD1 results in impaired VLCFA beta-oxidation and consequently an accumulation of VLCFA in plasma and tissues (Singh et al., 1984; Moser et al., 1998; Huffnagel et al., 2017). ALD can affect the brain, adrenal glands and the spinal cord (Kemp et al., 2016). ALD has an estimated prevalence of 1 in 15.000–17.000 births (Bezman and Moser, 1998; Moser et al., 2016). About 35% of boys with ALD develop progressive cerebral white matter lesions (cerebral ALD) between the 3rd and 10th year of life, and it is well documented that this type of brain pathology frequently occurs in adulthood, as well (Moser et al., 2000; van Geel et al., 2001; de Beer et al., 2014; Huffnagel et al., 2019b). If left untreated, cerebral ALD is often fatal (Moser et al., 2007). Hematopoietic stem cell transplantation (HSCT) can stop the progression of cerebral ALD, provided the procedure is performed at an early stage of the disease (Aubourg et al., 1990; Raymond et al., 2019). Unfortunately, this therapeutic window is narrow and often missed because of delayed diagnosis (Polgreen et al., 2011; Engelen et al., 2012).

For male ALD patients, the lifetime prevalence of adrenal insufficiency is 80–90%; with 50% between the age of 5 months to 10 years (Dubey et al., 2005; Huffnagel et al., 2019b). Failure to recognize adrenal insufficiency at an early stage can lead to severe clinical symptoms. Adrenal insufficiency can be treated relatively easily with oral hormone replacement (Regelmann et al., 2018). In contrast to males, women with ALD have a very low risk (<1%) for developing adrenal insufficiency or cerebral ALD (Moser et al., 2001). Newborn screening for ALD allows prospective monitoring and timely therapeutic intervention, thus preventing irreversible damage and saving lives.

Following the passage of Aidan’s Law in the Spring of 2013, New York was the first United States state to include ALD in its newborn screening (NBS) panel (Moser et al., 2016). ALD NBS in New York State is accomplished via a three-tier algorithm (Vogel et al., 2015). Tier 1 consists of a high-throughput flow injection analysis tandem mass spectrometry (FIA–MS/MS) of C26:0 lysophosphatidylcholine (C26:0-LPC) (Hubbard et al., 2009). Screen positive samples are then reanalyzed in tier 2, which consists of a highly specific high-performance liquid chromatography–tandem mass spectrometry (HPLC-MS/MS) (Turgeon et al., 2015). If C26:0-LPC is also detected as elevated in the second tier, samples continue to tier 3, which is sequencing of the ABCD1 gene (Boehm et al., 1999). In 2016, ALD was added to the United States Recommended Uniform Screening Panel (RUSP) (Moser et al., 2016). As of March 2020, 16 states in the United States have started newborn screening for ALD.

The NBS program in the Netherlands first started in 1974 with the screening of phenylketonuria (PKU) and currently includes 22 conditions (Table 1). The Dutch NBS program is coordinated by the Center for Population Screening (RIVM-CvB). In the Netherlands newborn screening is voluntary and based upon informed consent provided by the newborn’s parents. Participation in the newborn screening program is high: in 2018, 99.1% of all newborns (168.565) were screened (Van der Ploeg et al., 2019). The Dutch newborn screening system is a complex enterprise, with many involved parties and associated steps (Figure 1). Newborn screening and pediatric healthcare (<18 years of age) in the Netherlands are free of costs for patients and parents.


TABLE 1. Conditions included in the Dutch newborn screening program.
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FIGURE 1. The organization of the Dutch newborn screening process. The obstetric care provider is responsible for informing the pregnant women about the newborn screening. In the third trimester the obstetric care provider informs the parents about the newborn screening and the SCAN study and provides them with the information folders. After the baby is born, its birth is registered at City Hall. At City Hall, the information folder about the newborn screening and the information folder about the SCAN study will be given to the parents. After registration the local Youth Health Care receives notification to perform the heel prick when the newborn is 3 to 7 days old. The heel prick for the newborn screening is performed by Youth Health Care, a midwife or a maternity nurse if the child is at home. A nurse will perform the heel prick if the child is in the hospital. Before performing the heel prick, the informed consent request for the newborn screening and the ALD-screening are handed over separately. If necessary, the SCAN study folder can be provided again. For the Dutch newborn screening system, the Netherlands is divided into 5 regions. Each region has its own screening laboratory (Figure 2). At these screening laboratories all incoming dried blood spots cards are processed, registered and analyzed. The results are entered into the national registration system (Praeventis) of the RIVM. When the screening result is abnormal, the region’s medical advisor is informed and the advisor assesses the laboratory results. The medical advisor will contact both a (specialized) pediatrician as well as the newborn’s general practitioner (GP). The child is referred to a (specialized) pediatrician by the GP. The medical advisor registers the positive screening result in the national NEOnatal Registration of Abnormalities found in Heel prick screening (NEORAH).


In 2015, the Dutch Ministry of Health adopted the advice of the Dutch Health Council to add 14 new conditions to the newborn screening panel, including ALD (Health Council of the Netherlands, 2015). For ALD, the Dutch Health Council advised to only screen boys. They stated in their report: “Screening for X-ALD is useful only in male newborns, as symptoms in women usually develop later and are untreatable (..). The possibility to screen only male newborns without loss of efficiency should be studied” (Health Council of the Netherlands, 2015).

Gender-specific screening has, to our knowledge, not been implemented before in any NBS program worldwide. The ALD-group at Amsterdam UMC was invited to set up a prospective pilot study to develop a screening algorithm that successfully identifies males with ALD, while at the same time ensuring that unsolicited findings were not identified. Furthermore, these “guardrails” should not adversely impact the overall efficiency of the NBS program. The acronym of the prospective pilot study became the SCAN study (SCreening for ALD in the Netherlands). The SCAN study is a collaboration between the ALD-group at Amsterdam UMC and the National Institute for Public Health and the Environment (RIVM).

The 14 new conditions, including ALD, will be added to the Dutch NBS program in a phased manner, with 1–3 diseases per year (Health Council of the Netherlands, 2015). For the Dutch newborn screening system, the Netherlands is divided into 5 regions. Each region has its own screening laboratory (Figure 2). During the pilot study an estimated 70.000 newborns will be screened in two screenings laboratories (SL): Amsterdam (Amsterdam UMC) and Bilthoven (RIVM). The specific objectives for the SCAN study are: (1) designing a boys-only screening algorithm that identifies males with ALD and without unsolicited findings; (2) implementing this algorithm in the structure of the Dutch NBS program without adversely affecting the performance of the current NBS; (3) assessing the practical and ethical implications of screening only boys for ALD; and (4) setting up a comprehensive follow-up that is both patient- and parent-friendly.
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FIGURE 2. The SCAN study will be performed in 2 NBS screening regions consisting of 4 provinces: Noord-Holland (NH), Flevoland (FL), Utrecht (UT) and Gelderland (GD). Two newborn screenings laboratories are involved: Amsterdam UMC (location AMC) and Bilthoven (RIVM).


To organize the SCAN study a multidisciplinary project group was formed. This group consists of a project leader, a pediatric neurologist specialized in leukodystrophies, the NBS program manager, the NBS account manager, a medical ethicist, a clinical geneticist, a pediatric endocrinologist, a medical advisor of the NBS program, the heads of the two participating newborn screening laboratories, communications specialists and a PhD-student with a medical background.



MATERIALS AND METHODS


Samples

Anonymized dried blood spots (DBS) cards from 250 control newborns were provided by the Dutch neonatal screening program with permission of the relevant ethical committee (WONHS-2019-4). ALD DBS cards were prepared from anti-coagulated (EDTA) whole venous blood specimens obtained from 58 male ALD patients currently participating in a prospective natural history study (referred to as “The Dutch ALD cohort”; IRB: METC 2018_310). Written informed consent was received from each patient. DBS cards were prepared within 24 h after venipuncture, as described previously (Singh et al., 1984). For the adult control group, we collected all routine C26:0-LPC measurements performed at the Laboratory Genetic Metabolic Diseases in the Academic Medical Center. Measurements of C26:0-LPC in DBS of patients diagnosed with a peroxisomal disorder were excluded. The remainder of the C26:0-LPC measurements were combined and labeled as the control group (126 samples). Approval of the Institutional Review Board for the analysis of C26:0-LPC in DBS cards was not required, since all measurements were performed as part of diagnostic procedures or standard patient care and data were anonymized for the purpose of further analysis.



Analysis of C26:0-LPC by Flow Injection Analysis-Tandem Mass Spectrometry (FIA-MS/MS)

The analysis of C26:0-LPC is performed using the Neobase 2 newborn screening kit (PerkinElmer) following the manufacturer’s instructions. Single 3.2 mm discs are punched from DBS and transferred into 96-well plates. 125 μL of the PerkinElmer Neobase 2 extraction working solution (EWS) is added to each well. The microplate is covered with an adhesive microplate cover and shaken for 30 min with 650–750 rpm at 45°C. The microplate cover is removed and 100 μL is transferred to a new microplate and covered with an adhesive microplate cover before being analyzed with a Waters Xevo TQD.



DNA-Isolation for DBS

In a 1.5 mL Eppendorf tube, a single disc of a 3.2 mm dried bloodspot is extracted with 280 μL ATL buffer and 20 μL proteinase K (QIAamp DNA Investigator Kit, Qiagen). The tube is vortex mixed and incubated in a heating block at 56°C for 1 h while shaking at 900rpm. Then the tube is briefly centrifuged and the liquid phase is transferred to a new 2 mL safe-lock Eppendorf tube. After the lysis procedure, DNA isolation is performed using the QIAcube according to the manufacturer’s instructions.



Determining the Number of X-Chromosomes

For determining the number of X-chromosomes present in tier 1 screen positive DBS, a variety of commercial kits are available. We decided to use the Devyser Resolution XY v2 kit (Devyser, Stockholm, Sweden) because this test determines the ratio of 3 different non-polymorphic markers that are present both on the X chromosome and an autosomal chromosome. Three ratios are determined: X to 7 (T1), 2 to X (T2) and X to 3 (T3). The ratio of T2 is inverted compared to T1 and T3, which is due to the length of the amplicons and the subsequent visualization. A ratio 1:1 indicates a female and a ratio 1:2 (or 2:1) indicates a male sample. The kit, however, is also used to screen for other chromosomal disorders, which are considered unsolicited findings in the Dutch screening program. As a solution, Devyser made modifications to the analysis settings to shield all other markers. The PCR is performed following the manufacturer’s instructions. After the PCR reaction, the sample is prepared for an ABI3500 Genetic Analyzer (Thermo Fisher Inc). 1,5 μL of the PCR-product is transferred to a new PCR reaction tube and 15 μL activated reaction mix is added. The activated reaction is prepared fresh by mixing 3 μL 560 Sizer Orange and 100 μL HiDiTM Formamide. The sample is vortex mixed, briefly centrifuged and analyzed on the ABI3500 for 25 min at 60°C, injection voltage 1.6 kV, injection time 15 s and run voltage 19.5 kV. Results are analyzed using Genemapper 5 software (Thermo Fisher Scientific Inc) using the kit manufacturer’s adjusted software settings. In case one marker fails and the two remaining markers are in agreement, the test is considered successful.



Analysis of C26:0-LPC by High-Performance Liquid Chromatography-Tandem Mass Spectrometry (HPLC-MS/MS)

C26:0-LPC levels are analyzed as described earlier by Huffnagel et al. with minor modifications to facilitate analysis of material obtained from a 3.2 mm disc (Huffnagel et al., 2017).



ABCD1 Gene-Sequencing

ABCD1 gene mutation analysis is performed according the protocol described by Boehm et al. (1999).



RESULTS AND DISCUSSION


Informed Consent/Information/Education

Participation in the SCAN study is based on informed consent. Therefore, we developed an information folder for parents which we distributed to all participating obstetric care providers, hospitals, city halls and screeners from youth health care. In the participating regions, the folder was inserted in the existing information folder about the newborn screening program and was distributed to the relevant healthcare providers. In addition, we included a cover letter for the professionals containing additional information and tips on how to communicate this information to the parents. Furthermore, a website was developed www.scanstudie.nl. Using these resources, we enable parents to provide or deny informed consent for participating in the SCAN study.

To inform healthcare professionals working in the NBS program about the SCAN study we organized two events. During these information-dissemination events, healthcare professionals were given background information about ALD, including the rationale underlying the decision made by the Health Council to only screen boys with time for Q&A.



Screening Algorithm

Newborn screening for ALD is based on the quantification of C26:0-LPC in newborn dried bloodspots (Hubbard et al., 2006, 2009; Huffnagel et al., 2017). The Dutch ALD-screening is inspired by the 3-tier screening algorithm developed by New York State (Vogel et al., 2015). In New York State, the first tier consists of quantification of C26:0-LPC by FIA-MS/MS (Vogel et al., 2015; Huffnagel et al., 2017). For determining the cut-off level for tier 1 we evaluated the normal distribution of C26:0-LPC measured in Dutch newborns and combined this with the tier 1 cut-off level of New York State (provided by dr. Joseph Orsini via personal communications). However, since we also have to adequately test the logistics of the entire screening process and the remaining tiers, we ensured that a sufficient number of samples will reach these tiers by lowering the cut-off level slightly. This results in higher numbers of DBS screen positives in tier 1 and thereby more samples to run through the next tiers. If C26:0-LPC is above the cut-off level, the sample continues to tier 2. In tier 2, C26:0-LPC is measured using the more specific HPLC-MS/MS (Hubbard et al., 2006, 2009; Turgeon et al., 2015; Vogel et al., 2015). Tier 3 consists of ABCD1-gene sequencing (Boehm et al., 1999). If no mutation in the ABCD1 gene is found, additional diagnostic tests will be initiated toward a diagnosis causing the elevated VLCFA. Since one of the objectives of the SCAN study was the development of an algorithm that enables the screening of only boys for ALD, we adjusted the New York State algorithm.



Sex Determination

Sex determination is a complex screening algorithm challenge. An estimated 0.018% of all newborns is born with a condition in which chromosomal sex is inconsistent with phenotypic sex, or in which the phenotype is not classifiable as either male or female (Sax, 2002). With an average annual birth rate of 175.000 newborns in the Netherlands, the gender of an estimated 32 newborns per year may be wrongly classified. Furthermore, errors occur during the administrative procedure: sometimes the gender on the heel prick cards is filled out incompletely, or filled out incorrectly or the answer itself is unclear (e.g., due to the blood stains obscuring the text). In addition, errors can occur during any of the administrative registrations of the newborn. We estimated the rate of error to be up to 3–4%. Therefore, a new highly reliable test was needed that would allow us to distinguish boys from girls genetically, without importing unsolicited findings. We considered a test based on assessing the presence of a Y chromosome, however, that test does not distinguish 46,XY boys from newborns with Klinefelter syndrome (47,XXY) which would be an unsolicited finding. Therefore, we decided to determine the number of X chromosomes. Of the various commercial kits that are available we decided to use the Resolution XY v2 kit from Devyser. The tier 2 test is referred to as the “X-counter.” A bloodspot from a girl with Turner syndrome (45,X) would pass the test and continue to tier 3. However, when C26:0-LPC levels are normal in tier 3, this newborn would not continue in the screen and will therefore not be diagnosed with Turner syndrome in the absence of ALD. It is expected that a girl with Turner syndrome and ALD will have the same risk of developing cerebral ALD as boys with ALD. Therefore, she should receive the same follow-up. In addition, the a priori chance of a girl having Turner syndrome combined with ALD is extremely small.

The X-counter determines the ratio between 3 different autosomes (chromosome 2, 3, and 7, respectively) and the X chromosome using 3 different non-polymorphic markers that are present on both the X chromosome and an autosomal chromosome (Figure 3). To validate the X-counter and determine the cut-off values for the 3 markers, we determined the 3 ratios in 72 DBS with known gender (36 males and 36 females). In females, the mean ratio’s for X to 7 (T1), 2 to X (T2) and X to 3 (T3) were 1.12, 1.09, and 1.07, respectively (Figure 3). In males, the mean ratio’s for X to 7 (T1), 2 to X (T2) and X to 3 (T3) were 2.15, 0.57, and 2.06, respectively (Figure 3). The ratio of T2 is inverted compared to T1 and T3, which is due to the length of the amplicons and the subsequent visualization. Based on these results the cut-off for T1 and T3 were set at 1.55 and for T2 at 0.75. Females are defined by T1 < 1.55, T2 > 0.75, and T3 < 1.55. Males are defined by T1 ≥ 1.55, T2 ≤ 0.75, and T3 ≥ 1.55. To prevent the identification of unsolicited findings, such as a micro deletion that causes one of the PCR amplifications to fail, we decided that in case there are inconsistencies in the results of the three markers, the test outcome will be based on the two markers that show the same result. Also, in case one marker fails and the two remaining markers are in agreement, the test is considered successful. The Devyser XYv2 kit is a diagnostic product that is also used for determination of aneuploidies in X and Y chromosomes. In the SCAN study these would be considered as unsolicited findings. Therefore, settings in the analysis software were modified by Devyser to ensure that only the ratio of the three autosomes and the X chromosome are calculated. Finally, to verify whether the test generates an unambiguous result in a newborn DBS, we analyzed 72 anonymized newborn DBS of which the gender was unknown to us. All samples could be labeled either XY or XX. In 69 analyses, all 3 tests were informative. In 3 analyses, T2 failed, but T1 and T3 were unambiguous in their outcome. In the real-life screening, the results of the X-counter are entered into Praeventis, the national registration system of the RIVM. Output of the test to Praeventis is 1 X chromosome or >1 X chromosomes. Samples with 1 X chromosome continue to tier 3.
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FIGURE 3. Scatterplots of the 3 ratios between the 3 autosomes and the X chromosome [(A): X to 7, (B): 2 to X, (C): X to 3] determined in DNA isolated from DBS in females (purple circles) and males (blue squares). The cut-offs for each test are indicated by the dashed line.




HPLC-MS/MS Analysis of C26:0-LPC

Due to the presence of an unknown isobaric interferent, the majority of the C26:0-LPC measurements with FIA-MS/MS are falsely elevated (Hubbard et al., 2009; Turgeon et al., 2015). Therefore, all newborns with a screen positive tier 1 and one X chromosome are also screened with the more specific and sensitive HPLC-MS/MS analysis of C26:0-LPC. To establish reference values for newborn controls and to determine the cut-off value for C26:0-LPC in newborns, 250 anonymized DBS from newborns and 58 ALD patients from the Dutch ALD-cohort were tested for C26:0-LPC by HPLC-MS/MS. Ideally, we would have used DBS from newborns with ALD. However, these were not available. The mean level in newborn controls was 0.086 μmol/L (0.029–0.165 μmol/L) and the mean level in ALD patients was 0.527 μmol/L (range 0.201–1.208 μmol/L). In addition, C26:0-LPC levels were determined in 126 adult controls. In adult controls C26:0-LPC levels were 0.042 μmol/L (range 0.019–0.078 μmol/L), which is lower when compared to newborn controls. In blood, C26:0-LPC is present predominantly in the membranes of red blood cells (Nishio et al., 1986; Tanaka et al., 1989). Newborns have a higher red blood cell count than adults (Cheng et al., 2004). Therefore, the lower level of C26:0-LPC in adults likely correlates with the decrease in red blood cells as the child matures. Based on these results we define samples C26:0-LPC ≥ 0.150 μmol/L as screen positive (Figure 4). During the pilot screening we expect to find higher C26:0-LPC levels in DBS of newborns with ALD than our samples from adults with ALD due to the decline of C26:0-LPC over age. Therefore, we may have more samples going to tier 4 than expected. If this occurs, the cut-off will be adjusted. One sample from the newborn control group had an out of range C26:0-LPC level. We could not investigate the potential underlying cause for this, because we only had a single anonymized DBS available. Newborns with a C26:0-LPC above 0.150 μmol/L will continue to the ABCD1 gene sequencing tier 4.
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FIGURE 4. Scatterplot of C26:0-LPC levels in DBS from control newborns (green circles, left), ALD patients (blue circles) and adult controls (green circles, right) determined by HPLC-MS/MS. The control range for C26:0-LPC in newborns is indicated by the colored area.




Mutation Analysis

Elevated C26:0-LPC is indicative for a defect in peroxisomal beta-oxidation. However, elevated C26:0-LPC levels are not specific for ALD. C26:0-LPC is also elevated in patients with Zellweger Spectrum Disorder, ACOX1 or HSD1B4 deficiency, CADDS, ACBD5 deficiency and Aicardi Goutières Syndrome (Armangue et al., 2017; Ferdinandusse et al., 2017; Klouwer et al., 2017). Therefore, to diagnose boys with ALD only, an extra test is required: sequencing of each of the 10 exons of the ABCD1 gene. If this results in the identification of either a pathogenic mutation in the ABCD1 gene or a variant of unknown significance (VUS) in the ABCD1 gene, the ALD screening will be classified as abnormal and the newborn will be referred to the Pediatric Neurology Department of the Amsterdam UMC, location AMC.



Ethics

In male ALD patients, pathogenic ABCD1 mutations have no prognostic value with respect to the clinical outcome of an individual (Kemp et al., 2016). Boys may benefit significantly from early diagnosis, since this enables close monitoring for adrenal insufficiency and cerebral ALD, allowing timely initiation of lifesaving treatment. For women with ALD the lifetime prevalence of myelopathy is 80–90% (Engelen et al., 2012). In general, the age of onset is between the age of 40–60 years (Engelen et al., 2014; Habekost et al., 2014). Currently there is no curative treatment for myelopathy. Less than 1% of women with ALD will develop cerebral ALD or adrenal insufficiency (Engelen et al., 2012).

The Dutch Health Council based its advice on the international criteria for population screening by Wilson and Jungner and the additional criteria established by the WHO (Wilson et al., 1968; Andermann et al., 2008). This advice has resulted in a different ALD newborn screening algorithm when compared to the United States, since in the United States both boys and girls are screened for ALD. There are different ethical views related to this advice, both from a population screening perspective and from an ALD perspective. It is important to make a thorough assessment of all ethical considerations. For that purpose, we shall explore this in a separate study within the scope of the SCAN study.



Dutch ALD Newborn Screening Algorithm

Because of the presence of a yet unknown isobaric interferent when measuring C26:0-LPC by FIA-MS/MS, the majority of screen positive samples by FIA-MS/MS will be false positive (Turgeon et al., 2015). Therefore, screen positive samples are subsequently reanalyzed by HPLC-MS/MS. HPLC-MS/MS separates the isobaric interferent from C26:0-LPC. The high specificity but low sensitivity of tier 1 results in girls not yet effectively being screened for C26:0-LPC in tier 1. As a consequence, the boys-only criterion from the Dutch Health Council is still met after FIA-MS/MS. Because HPLC-MS/MS is a very sensitive test for identifying elevated C26:0-LPC, girls must be excluded prior to this test. Based on these criteria and conditions, we positioned the X-counter as tier 2 component in the screening algorithm (Figure 5). Tier 1 is a multiplex tier that is also used in the screening for other metabolic diseases. Therefore, placing the X-counter after tier 1 ensures that the tier 1 test is not delayed. Hence, the algorithm fulfills the requirement that the efficacy of existing NBS programs for other conditions may not be adversely impacted. Tier 4 consists of ABCD1 gene sequencing. Only once a pathogenic variant, or a variant of unknown significance is identified, the newborn is referred to the Amsterdam UMC for follow-up.
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FIGURE 5. The 4-tier Dutch ALD newborn screening algorithm.


During the pilot, tier 1 will be conducted only in the newborn screening laboratories of Amsterdam and Bilthoven. Screen positive samples are sent to the laboratory of Clinical Genetics at the Amsterdam UMC where tier 2 is performed. Finally, tier 3 and 4 are done at the laboratory Genetic Metabolic Diseases, at the Amsterdam UMC.

In the Netherlands, the newborn screening process (i.e., the time between performing the heel prick until completion of all the tiers and reporting the final results) has to be completed within 5 weeks. To adhere to this national requirement, we developed a strict time schedule.



Referral

After a positive ALD-screening, the medical advisor informs one of the pediatric neurologists, specialized in leukodystrophies from the Amsterdam Leukodystrophy Center at the Amsterdam UMC by phone. Within 5 working days the newborn and parents are scheduled for a consultation at the outpatient clinic for further diagnostic testing. One working day prior to the scheduled consult, the medical advisor instructs the general practitioner (GP) to inform parents in person and to refer the newborn to the pediatric neurologist. Before the GP visits the family, the GP receives additional information about ALD. Prior to and during the visit of the GP to the parents, the pediatric neurologist serves as back-up for addressing any pressing questions and for providing necessary advice. Since there is no need for immediate medical intervention in newborns with ALD, we focused on providing adequate and patient friendly communication. It is well known parents with anxiety or stress regarding their child’s health resort to dr. Google in times of limited information (Stukus, 2019). Furthermore, browsing the internet in search for information without guidance from a professional mostly increases the levels of stress and anxiety in parents (Stukus, 2019). Therefore, we will not inform parents on a Friday and outpatient clinic appointments will only be scheduled between Tuesday and Friday. This way parents will not be notified on a Friday after which they have to wait an entire weekend for adequate medical information.



Follow-Up

We developed a patient- and parent-friendly, multidisciplinary, centralized follow-up protocol. This protocol includes periodic visits to a pediatric neurologist who specializes in leukodystrophies, and a pediatric endocrinologist. Within the structure of this follow-up, a clinical geneticist will also be consulted. Appointments with the pediatric endocrinologist and the clinical geneticist are combined (Figure 6).
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FIGURE 6. Our patient- and parent-friendly, multidisciplinary, centralized follow-up protocol. 1All follow-up appointments will be scheduled on the same day (Wednesday); 2Before 10:00 AM; 315 μg/kg/dose, max. 125 μg/dose; 410 μg/dL = 276 nmol/L, 18 μg/dL = 497 nmol/L; 510 mg/m2/day in three equal doses (3 times per day 33.3% of the total daily dose); when older than 6 months: 50% early in the morning, and 25% early in the afternoon and evening. Adrenal surveillance protocol adapted and modified from Regelmann et al. (2018). Abbreviations: ACTH, adrenocorticotropic hormone; K, potassium; Na, sodium; PRA, plasma renin activity; Q&A, questions & answers.


The pediatric neurologist coordinates the medical care. After the ALD diagnosis is confirmed, the pediatric neurologist refers the newborn and the parents to the clinical geneticist and the pediatric endocrinologist. The child is seen periodically and evaluated. At the age of 2 years the first cerebral MRI will be performed. Neurological follow-up is based upon recommendations made by Engelen et al. (2012).

Endocrine function follow-up is based upon the recommendations of Regelmann et al. (2018). There are known cases of newborns having signs of adrenal insufficiency already in the first months of life (Eng and Regelmann, 2019). Therefore, the initial intake and evaluation will be scheduled approximately 2 weeks after confirmed diagnosis.

The clinical geneticist will offer extended screening to the newborn’s family and counsel the family, especially the mothers who have an increased risk of being a heterozygous carrier and will develop symptoms later in life (Engelen et al., 2012; Huffnagel et al., 2019a). Moreover, the family will be informed about family planning including prenatal diagnostics and preimplantation diagnostics (PGD). In addition, layperson-targeted education for better understanding ALD inheritance patterns, possibilities, and manifestation is offered.



Confirming the Diagnosis

The pediatric neurologist will confirm the diagnosis by requesting a confirmatory analysis of C26:0-LPC and ABCD1 mutation analysis (Figure 7). If the newborn has a known pathogenic missense mutation (previously reported in the ALD mutation database at www.adrenoleukodystrophy.info), or the DNA change results in a clearly deleterious mutation (nonsense, frameshift, deletion), the diagnosis ALD is considered as confirmed.
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FIGURE 7. Flowchart to confirm the diagnosis ALD.


However, elevated C26:0-LPC is not specific for ALD. Therefore, if a variant of unknown significance (VUS) is found, the newborn should be clinically and metabolically evaluated for symptoms or biomarkers that could point to other peroxisomal storage disorders. Additionally, two scenarios may be followed that can help to elucidate whether the VUS is benign or pathogenic:


(1) Extended family screening to identify family members with the same variant who may be free of clinical signs and symptoms. Because all males with ALD have elevated VLCFA, the identification of a male family member with the same variant and elevated C26:0-LPC will confirm the pathogenic nature of the variant. If the same variant is found in a male relative, but C26:0-LPC levels are normal, the variant is a benign polymorphism and it may be accurately concluded that the newborn does not have ALD. In case a female with the same variant is identified, it is important to realize that 15% of women with ALD have normal plasma (Moser et al., 1999; Engelen et al., 2014). The analysis of C26:0-LPC increases the sensitivity from 85% with the analysis of plasma VLCFA to >99% with the analysis of C26:0-LPC (Huffnagel et al., 2017).

(2) Functional studies on fibroblasts can also help elucidate pathogenic nature of the VUS. To this end, a skin biopsy will be taken from the newborn and fibroblasts will be generated. Functional studies can include visualizing the ALD protein by immunofluorescence (Watkins et al., 1995) and/or Western blotting (Kemp et al., 1996), C26:0-LPC analysis (Huffnagel et al., 2017), VLCFA analysis and/or VLCFA homeostasis by stable isotope-labeled D3-C22:0 (van de Beek et al., 2017).





CONCLUSION

The recommendations made by the Dutch Health Council to limit ALD screening to males and to avoid diagnosing other disorders characterized by increased VLCFA, posed a challenge. DNA-based gender-specific screening has, to our knowledge, not been implemented before in any NBS program worldwide. We successfully developed a boys-only screening algorithm that identifies males with ALD without unsolicited findings. With respect to newborn screening, different countries may have different ethical views. Therefore, the Dutch boys-only ALD screening algorithm offers a solution for countries that encounter similar ethical considerations, for ALD as well as for other X-linked diseases. For ALD, this alternative boys-only screening algorithm may result in a more rapid inclusion of ALD in newborn screening programs worldwide.
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In the original article, there was a mistake in the legend for Figure 6 as published. Three numbers were not in superscript which changed concentrations and there was an error in dosage. The correct legend appears below.

The authors apologize for this error and state that this does not change the scientific conclusions of the article in any way. The original article has been updated.

Figure 6 | Our patient- and parent-friendly, multidisciplinary, centralized follow-up protocol. 1All follow-up appointments will be scheduled on the same day (Wednesday); 2Before 10:00 AM; 315 μg/kg/dose, max. 125 μg/dose; 410 μg/dL = 276 nmol/L, 18 μg/dL = 497 nmol/L; 510 mg/m2/day in three equal doses (3 times per day 33.3% of the total daily dose); when older than 6 months: 50% early in the morning, and 25% early in the afternoon and evening. Adrenal surveillance protocol adapted and modified from Regelmann et al. (2018). Abbreviations: ACTH, adrenocorticotropic hormone; K, potassium; Na, sodium; PRA, plasma renin activity; Q&A, questions & answers.
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Multi-Omic Approach to Identify Phenotypic Modifiers Underlying Cerebral Demyelination in X-Linked Adrenoleukodystrophy
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X-linked adrenoleukodystrophy (ALD) is a peroxisomal metabolic disorder with a highly complex clinical presentation. ALD is caused by mutations in the ABCD1 gene, and is characterized by the accumulation of very long-chain fatty acids in plasma and tissues. Disease-causing mutations are ‘loss of function’ mutations, with no prognostic value with respect to the clinical outcome of an individual. All male patients with ALD develop spinal cord disease and a peripheral neuropathy in adulthood, although age of onset is highly variable. However, the lifetime prevalence to develop progressive white matter lesions, termed cerebral ALD (CALD), is only about 60%. Early identification of transition to CALD is critical since it can be halted by allogeneic hematopoietic stem cell therapy only in an early stage. The primary goal of this study is to identify molecular markers which may be prognostic of cerebral demyelination from a simple blood sample, with the hope that blood-based assays can replace the current protocols for diagnosis. We collected six well-characterized brother pairs affected by ALD and discordant for the presence of CALD and performed multi-omic profiling of blood samples including genome, epigenome, transcriptome, metabolome/lipidome, and proteome profiling. In our analysis we identify discordant genomic alleles present across all families as well as differentially abundant molecular features across the omics technologies. The analysis was focused on univariate modeling to discriminate the two phenotypic groups, but was unable to identify statistically significant candidate molecular markers. Our study highlights the issues caused by a large amount of inter-individual variation, and supports the emerging hypothesis that cerebral demyelination is a complex mix of environmental factors and/or heterogeneous genomic alleles. We confirm previous observations about the role of immune response, specifically auto-immunity and the potential role of PFN1 protein overabundance in CALD in a subset of the families. We envision our methodology as well as dataset has utility to the field for reproducing previous or enabling future modifier investigations.

Keywords: multi-omics, LCMS, methylation, lipidomics, proteomics, bioinformatics, X-ALD, cerebral demyelination


INTRODUCTION

Adrenoleukodystrophy (ALD) is a rare peroxisomal X-linked degenerative disease (MIM 300100), caused by deficiency of the ABC half-transporter encoded by the ABCD1 gene. Over 850 different disease-causing loss-of-function ABCD1 mutations have been reported1. Mutations lead to a defect in the import of very long-chain fatty acids (VLCFA) into peroxisomes for further degradation and a subsequent accumulation of VLCFA in plasma and tissues. The overall incidence is 1:15,000 (Moser et al., 2016). In males, ALD often manifests with adrenocortical insufficiency in childhood (50% before 10 years) (Huffnagel et al., 2019b). During adulthood virtually all male and, eventually, female patients develop a progressive myelopathy termed adrenomyeloneuropathy (Engelen et al., 2012; Engelen et al., 2014; Huffnagel et al., 2019a). Additionally, during childhood or sometimes through adulthood male patients can develop cerebral demyelination, termed cerebral ALD (CALD). It is estimated that eventually more than 60% of male patients develop CALD (Kemp et al., 2012; de Beer et al., 2014). Untreated CALD is often progressive, but can spontaneously arrest in 10–20% of patients. It causes vegetative state and death 2–3 years after onset, so early identification as well as careful and frequent monitoring of all male ALD patients is necessary. If diagnosed early, hematopoietic stem cell therapy can be used to halt further progression of cerebral ALD (Pierpont et al., 2017). However, the precise mechanism by which hematopoietic stem cell therapy arrests CALD progression is not clear. To ensure timely stem cell therapy for males with CALD, affected individuals are subjected to rigorous neurological and MRI follow-ups that pose considerable physical, emotional and financial burden. As such, the unresolved and unpredictable phenotypic variability of ALD is a crucial roadblock for patient care.

As newborn screening for ALD has recently been implemented, there is an urgent need for identification of markers which may be prognostic of cerebral demyelination in many newly diagnosed patients around the world (Moser et al., 2016; Barendsen et al., 2020). Our research focuses on delineating the enormous phenotypic variability in ALD, with the overarching goal of identifying biomarkers prognostic of the advancement to CALD. If successful in identifying biomarkers with prognostic power, then the biomarkers could replace existing expensive monitoring protocols and potentially highlight therapeutic targets, as is the case with other rare genetic disorders. For example, in Spinal Muscular Atrophy, the genes Plastin-3 (PLS3) and Coronin 1C (CORO1C) were identified as protective modifiers, unraveling impaired endocytosis as a rescue mechanism for the phenotype (Hosseinibarkooie et al., 2016). These modifiers were identified from studies focusing on siblings with discordant disease severity, and are opening novel therapeutic targets for treatment. Patients with ALD may benefit from similar research advances.

Phenotypic discordance in individuals with the same ABCD1 genotype, including siblings and even monozygotic twins (Korenke et al., 1996), strongly supports the hypothesis that other modifying factors play a role in the progression of the disease (Wiesinger et al., 2015; Kemp et al., 2016). As yet, however, modifier studies using candidate gene approaches have had little success and resulted in the identification of only a single modifier gene, cytochrome P450 family 4 subfamily F member 2 (CYP4F2), with limited prognostic power (van Engen et al., 2016). Other candidate variants have been proposed, including a candidate cis-regulatory SNP in the promoter region of ELOVL fatty acid elongase 1 (ELOVL1)—a gene involved in VLCFA synthesis (Ofman et al., 2010). The functional consequences of this SNP with respect to the expression of ELOVL1 in the brain is still under investigation (Kemp et al., 2012). The lack of modifier identification could be due to the limited genomic search space that was explored, which to date has focused only on candidate gene approaches. Owing to the small sample size inherent to rare disease cohorts, traditional genome wide association studies (GWAS) approaches are not feasible. Employing a strategy which utilizes family structure may allow for a narrower search space compared to GWAS, while allowing a broader interrogation of the genome than candidate gene approaches. Beyond a search space which involves genetic mapping, other high throughput “omics” technologies allow the exploration of complex biological systems at many levels. It is now possible to identify differences between individuals or phenotypic states at the DNA, methylated DNA, RNA, lipid, and protein levels. Our goal is to delineate personal molecular characteristics that contribute to phenotypic variability in male ALD siblings enabling the identification of biomarkers that prognosticate onset and progression of CALD. Because modifying factors could also include environmental, epigenetic and microbiome factors (Génin et al., 2008; Argmann et al., 2016), multi-omics approaches are key.

In this study, we carefully selected a set of six well characterized brother pairs who have the same ABCD1 pathogenic allele but are discordant for cerebral ALD: one brother has CALD and the other has no white matter lesions on MRI (non-CALD). The brother pairs are close in age (no more than 2 years apart), and range in age from 6–38 years at sample collection (Table 1). Blood samples were obtained from each of these patients and underwent profiling through five omics technologies (Figure 1) including whole genome sequencing (WGS), RNA sequencing (RNA-seq), EPIC DNA methylation (DNAm) microarray, lipidomic profiling via liquid chromatography mass spectrometry (LCMS), and protein profiling by LCMS. Within this study our choice to use blood samples, either lymphocytes or plasma, is inherent to our research question which is whether we can identify molecular markers of cerebral demyelination in an accessible sample in patients. Uncovering the pathophysiology of cerebral demyelination would require sampling of tissue from the brain and the blood–brain barrier, which is beyond the scope of this project. Each omics dataset was processed to quantify/map features, undergo quality control analysis, and then used for group-wise comparisons between CALD and non-CALD phenotype groups using univariate analysis. We first investigated the potential for a single, shared modifier allele which could discriminate the two groups from the WGS data. Next, we systematically compared the groups for each of these omics data sets to find potential markers specific to the phenotype. We aggregated the datasets together after performing pairwise comparisons and identified heterogeneous signals within sub-groups of the six families. To the best of our knowledge this is the most comprehensive study to date in terms of systems biology characterization of human ALD using a unique collection of samples.


TABLE 1. Summary of patients within ALD cohort.
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FIGURE 1. Project overview. An overview of the data and processes involved in the project including samples from two brothers across unrelated families, blood isolated into lymphocytes and plasma, and then profiling with five omics technologies including WGS for the genome, DNA methylation (DNAm) via the 850K EPIC microarray, transcriptome profiling with RNA sequencing (RNA-seq), metabolome profiling with liquid chromatography mass spectrometry (LCMS), and protein profiling with LCMS. These data are then taken through feature quantification/processing, quality control metrics, and group-wise comparison through univariate modeling.




MATERIALS AND METHODS


Project Overview

An overview of the project can be found in Figure 1, which depicts the project phases including patient phenotyping/sample collection, multi-omic data collection, feature quantification/processing, quality control, and group-wise comparisons between phenotype groups. In this project, six brother pairs affected by ALD but discordant for the presence of cerebral ALD were included. We only selected the brother pairs for analysis, and did not include siblings or parents as our focus was on differences between two patients both affected by ABCD1 mutations. Patients were selected from the Dutch cohort, an ongoing prospective natural history study (Huffnagel et al., 2019c). Blood was drawn from the brother pairs and lymphocyte pellets or plasma was isolated. Lymphocyte pellets were used for whole WGS, RNA-seq, and DNAm. Fasted plasma was used for downstream LCMS analysis identifying either lipid or protein abundances. For control samples, anonymized adult male plasma samples were used in the lipidomics analysis. Data was then processed independently for each of the platforms including feature quantification/mapping, followed by platform specific quality control and group-wise comparisons. Details regarding sample collection, platform specifications, and specific methodology for each analysis performed in this project can be found in the Supplementary Methods section.



Patient Selection and Phenotyping

All patients were selected from the Dutch cohort, an ongoing prospective cohort study. All patients are examined yearly (by ME) and undergo an MRI of the brain at the time of examination. Samples are collected in the PEROX biobank. The presence of cerebral ALD is defined as the presence of white matter lesions in a distribution consistent with ALD. The classification of the sibs (CALD versus non-CALD) is valid at this time, but the non-affected individuals can theoretically convert to cerebral ALD.

All samples were collected and stored in the PEROX Biobank according to a protocol (METC2015_066) approved by the biobank review board of the Amsterdam UMC (BioBank Toetsingscommissie AMC). All patients provided written informed consent for storage and use of materials for medical research.



Feature Quantification and Data Processing

For each platform, the data was processed independently following best-practices guidelines from the groups generating the datasets. Details regarding feature quantification and assignment at the gene, lipid, protein, and differentially methylated region (DMR) level can be found in the Supplementary Methods section.



Univariate Modeling of CALD vs. Non-cerebral ALD

Using univariate modeling techniques the prognostic power of each lipid, transcript (RNA) or protein is calculated as:
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in which y is the observed value and ρ the phenotype (0 or 1), β is the weight and fam the family cofactor. ε is the remaining error. Because methylation of DNA changes with age (McEwen et al., 2018), age is also included as a cofactor:
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when analyzing the DNAm results. The significance (p-value) of the discriminating phenotype (fixed) and family (random) effects are determined by ordinary least squares modeling (OLS) of the data using the model from Eq. 1 in case of lipid and proteomic data (Harrison et al., 2018). In the case of methylation and RNA sequencing data the p-values are determined by maximum likelihood estimates (MLE) of the fixed and random effects using Limma (Ritchie et al., 2015) and edgeR, respectively (Robinson et al., 2010; Ritchie et al., 2015).



Allele Comparisons in Whole Genome Sequencing Data

Details on data processing, including variant calling and comparing across samples can be found in the Supplementary Methods section. Briefly, allele comparisons were performed in whole genome sequencing data on jointly genotyped variant datasets. For SNVs and indels, variants were jointly genotyped and converted into a GEMINI database (Paila et al., 2013). This database was then queried to identify subsets of discriminating alleles. For structural variants and mobile element insertions, custom scripts were used to identify discordant genotypes from annotated jointly genotyped variant tables. Discordant genotypes, stored as unique variant identifiers, were then placed into Intervene for intersection analysis (Khan and Mathelier, 2017).



Aggregation of Signal Across Platforms

To assess the added value of combining the different platforms, significant signals prior to multiple testing correction were collected for each omics platform and intersected at the annotated gene level (hg19). Because of the lack of a clear mapping of lipids to genes the lipidomics platform was excluded from this intersection allowing 4 possible intersections; DNAm-RNA, DNAm-Protein, RNA-Protein, and the overall intersection of DNAm-RNA-Protein. Further investigation of a shared signal was performed by clustering the first three principal components (i.e., capturing the most variance) of the log fold changes (top 10 and p < 0.05) of the combined platform data (including lipids).



Assessing Contribution of Family Effect per Feature

The data were modeled using the equations (above) in which both phenotypic and family effects are estimated. We partitioned the variance for the lipids, proteins, and RNA datasets to identify the contribution of the family effect, the phenotype effect, or the residual variance using the variancePartition package (Hoffman and Schadt, 2016). The same was repeated for the DNA methylation dataset with the addition of the age, and phenotype:age variance terms. Next, we plotted the top two principal components for each omics dataset before and after the removal of the variance contributed from the family effect with the limma:removeBatchEffect tool (Ritchie et al., 2015). Lastly, to determine the sensitivity/specificity of the findings for leaving out a one or two families all the analyses (excluding methylation data analysis) that were run for the case of all families were repeated with a one or two families left out (e.g., without fam 1, without fam 2, without fam 1 and fam 2, etc.). We encapsulated this information in separate upset plots for each platform.



RESULTS


Lipidomics Analysis of a Fatty Acid Storage Disorder

Patients affected by ALD have a buildup of VLCFAs within cells in the body. Recent mass spectrometry advances allow for broad, untargeted profiling of lipids (Huffnagel et al., 2019a). We applied LCMS from plasma samples of each of the patients within this cohort as well as matched control samples (eight fasted plasma samples from healthy males were used as controls).

First, we identified differential lipid abundances between ALD (both non-CALD and CALD) samples and control samples, with 139 lipids passing the threshold of p-value < 0.05 (Eq. 1, OLS), and 17 lipids remaining significant after multiple testing correction (Bonferroni) (Supplementary Figure S1 and Supplementary Table S1) (Methods). The measured lipids are plotted as a volcano plot, that is the log2 fold change of ALD over control versus corrected p-value (Figure 2A). We confirm that untargeted lipidomic profiling can distinguish ALD from control samples via principal component analysis, and also capture the expected differentially abundant lipids between control and ALD samples including the known ALD biomarker LPC(26:0) (Figures 2B,C).
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FIGURE 2. Lipidomic analysis of ALD. The univariate analysis comparing the lipid abundances between control vs. ALD, and CALD vs. non-CALD is depicted. (A) Volcano plot showing the log2 fold change between ALD and control (CRTL) samples for all of the measured metabolites within the LCMS assay, versus the -log10 transformed adjusted p-value. (B) Principal component analysis plot showing the first two principal components which can discriminate between control (blue) and ALD (orange: non-CALD, green: CALD) samples. (C) Boxplots showing the abundances of a known marker for ALD, LPC(26:0), and another lipid differentially abundant between ALD and control samples. Values are lipid abundances measured on LCMS. (D) Volcano plot showing the log2 fold change between CALD and non-CALD samples versus the -log10 transformed p-value. (E) Boxplots for lipids different between CALD and non-CALD before p-value correction. For (A,D), the lipids are colored according to their assigned class and their size corresponds to the lipid chain length. For boxplots: ∧ represents unadjusted p-values of comparison between ALD and control, * represents unadjusted p-values of comparison between CALD and non-CALD.


Next, we compared CALD and non-CALD groups for differences in lipid abundance which could act as markers of cerebral demyelination. Of note, the principal component analysis which separates ALD from control did not separate CALD from non-CALD, i.e., the differences in lipid profiles between these two phenotypes are much less pronounced than the differences separating ALD patients from controls (Figure 2B). The measured lipids are plotted as a volcano plot, that is the log2 fold change of CALD over non-CALD versus transformed p-value (Figure 2D). In total 22 lipids were found to have different abundances between the two groups with p-value < 0.05, however, none of the lipids remained significant after correcting for multiple testing (Supplementary Table S2). The observed differences are much smaller between CALD and non-CALD compared to ALD and control, as highlighted by the differences in fold change axes (Figures 2A,D). Interestingly, there was a higher abundance in the non-CALD group for several key VLCFAs involved in ALD including PC(44:4) and Cer(d42:3), the latter reaching p-value < 0.05 (Figures 2C,E). While some lipids show a relatively large fold change between CALD and non-CALD groups as a whole, the signal is not consistent for every family. An example of this can be seen in SM(d36:2) or PS(43:3) (Supplementary Figure S2). This limits the prognostic power of these lipids as consistent markers delineating the phenotype. Lastly, we observed a large range of lipid abundances within the control group for several of the differential lipids between CALD and non-CALD, which could indicate that these lipids are variable within healthy individuals and the signal we observe between CALD and non-CALD could be due to noise or variation in the healthy population (Figure 2E and Supplementary Figure S1).



Discordant Genotype Analysis for the Identification of a Modifier Allele

Using whole genome sequencing, we investigated a range of variant classes for discordant alleles between siblings. These discordant alleles are then intersected across multiple families under the hypothesis that polymorphic differences contribute to cerebral demyelination.

We first focused on alleles which emerged from previous modifier studies to see if they are confirmed. Proposed modifier alleles from target gene studies have identified two candidates within ELOVL1 (rs839765) and CYP4F2 (rs2108622) (Kemp et al., 2012; van Engen et al., 2016). Within this cohort, those modifier alleles do not segregate with ALD phenotype (Table 1), nor are the genotypes shared or lacking in the confidently phenotyped CALD patients. Furthermore, it has been suggested that apolipoprotein E (APOE) genotypes–which are a combination between two SNP sites to produce APOE2 (ε2), APOE3 (ε3), and APOE4 (ε4) alleles–may be markers of disease severity and cerebral progression (Orchard et al., 2019a). These APOE alleles do not segregate with disease nor are they shared by all CALD patients. Together, these results suggest limited prognostic power of these alleles, and perhaps supports heterogeneous contributions of genetic background to disease progression.

Next, for several variant classes, we performed a discordant analysis between siblings and intersected these alleles across families (Figure 3). We considered four genotypic categories termed dominant protective, recessive protective, dominant damaging, or recessive damaging based on the genotype (heterozygous: dominant or homozygous: recessive) and the sibling which carries the genotype (CALD: damaging or non-CALD: protective). Performing this genotypic analysis on SNVs and indels, we identified ∼6.0 × 105 discordant candidate variants in the dominant categories from each family, and ∼3.0 × 105 discordant candidate variants from the recessive categories (Figure 3A and Supplementary Table S3). Despite the large number of discordant candidates per family, intersecting these sets across families reduces the candidates dramatically, resulting in only two candidate variants at the intersection of all six families (Figure 3B) (Supplementary Table S4). A recessive damaging variant downstream of the PYM homolog 1 (WIBG/PYM1) gene (rs7980776) and recessive protective allele (rs55639747/rs61327784) within the intronic region of the deuterosome assembly protein 1 (CCDC67/DEUP1) gene (Supplementary Figures S3, S4). We validated our approach with a parallel pipeline utilizing the new DeepVariant tool (Poplin et al., 2018), which claims higher accuracy than GATK HaplotypeCaller (Supplementary Table S4). There is high concordance between the two variant call sets, and they produced the same two variants within the intersection. A single additional variant was reported using DeepVariant under the recessive damaging model, however, the variant did not pass the manual inspection quality assessment. In silico analysis of both variants suggests these variants have little functional effect, and the associated genes did not link to the cerebral demyelination phenotype (Supplementary Results).
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FIGURE 3. Discordant genotype analysis. (A) Number of discordant genotypes in each category for each of the six families, with description of genotypes for non-CALD and CALD pairs per genotypic category (per-category means are displayed). (B) Upon intersection of discordant genotypes, the number of variants which exist within any intersection with set sizes of 1–6, meaning the set size of 6 is the intersection of all families, and a set of 1 are discordant variants only found in one family.


For the other variant classes, including structural variants (SVs) and mobile element insertions (MEIs), we performed joint genotyping to identify shared and discordant alleles in the same manner as SNVs and indels. We identified ∼1,500 and ∼400 SVs in the dominant and recessive categories, respectively, and ∼400 and ∼100 MEIs (Supplementary Table S3). Unsurprisingly, these discordant events were not shared across more than 4 families (Supplementary Table S4). We further manually inspected the regions around the discordant SNVs/indels identified above, and did not find any other segregating SVs or MEIs.

Lastly, we extended our discordance analysis to the mitochondrial genome to examine candidate alleles which may show evidence of heteroplasmy which are not shared between two siblings. We identified that between 129 and 547 mitochondrial variants per sample, of which 52 to 476 are heteroplasmic, and none are consistent discriminating variants between phenotypes shared across all families (Supplementary Table S5). Further, if we aggregated at the gene level, we did not find any heteroplasmic variants consistent across the same gene.

In recognition of a study limitation – the fact that some non-CALD patients may progress to CALD – we further intersected alleles shared by all CALD patients. These variants were annotated by impact or as eQTLs defined in GTEx (Supplementary Methods). There were 48 variants present in the heterozygous state across all CALD patients, where no non-CALD patients were heterozygous (Supplementary Table S6). Of these, a haploblock containing 20 variants was identified overlapping the two pore segment channel 2 (TPCN2) gene, including a missense variant (rs3750965) (Supplementary Figure S5). Interestingly, the only patient which was homozygous for this variant is the youngest non-CALD patient within the cohort, suggesting that this gene could be of significance should the patient develop the cerebral demyelination phenotype.



Univariate Modeling of Phenotype Differences Across Omics Platforms

Beyond identifying a single genetic modifier allele, the omics platforms allow for the identification of candidate molecular signatures which can discriminate between the CALD and non-CALD phenotypes. Using univariate analysis, we identify differences across each platform at the feature level, to search for a signal which can be used as a marker for transition to CALD. Further, we leverage these molecular signatures to provide insight into the pathogenesis of cerebral demyelination.


Transcriptomics

Examining RNA expression using RNA-seq provides a measurement for nearly all expressed protein coding genes in the genome. Differential gene expression was calculated between the two phenotype groups using the univariate model accounting for family effect (Eq. 1). There were 199 genes found with a p-value < 0.05, although none remained significant after multiple testing correction (Bonferroni) (Figures 4A,B and Supplementary Figure S6). This is likely due to the low number of samples and relatively small differences that were observed between the two groups. Furthermore, many of the genes identified as significant were inconsistent in one or more of the sibling pairs, limiting the diagnostic utility as a marker (Figure 4B). Despite not having significant genes after multiple testing correction, we performed enrichment analysis using GO (gene annotation) and KEGG (pathway annotation) to derive insights based on the 199 genes passing a threshold of p-value < 0.05 (Supplementary Figure S7). Of note, elevated interferon related processes suggest that the host may be reacting to pathogens activating the immune system (Hoffmann et al., 2015). It is therefore no surprise that 3 chemokines (CXCL6, CXCL8 and IFI27) were found in the top 10 differentially expressed genes. Amongst the remainder of the proteins encoded by the top 10 differentially expressed genes, the D-Xylulokinase gene (XYLB) encodes for the protein that catalyzes the ATP-dependent phosphorylation of D-xylulose to produce xylulose-5-phosphate (Xu5P) therefore XYLB may play an important role in metabolic disease given that Xu5P is a key regulator of glucose metabolism and lipogenesis (Bunker et al., 2013). The glycine amindinotransferase (GATM) gene has been associated with statin intolerance (Willrich et al., 2018) and its function to catalyze creatine and possibly affect the production of ceramides (Turer et al., 2017). Lastly, the myosin-binding protein 1 (MYOB1B) gene codes for a protein that may participate in a process critical to neuronal development and function such as cell migration, neurite outgrowth and vesicular transport (Sittaramane and Chandrasekhar, 2008).
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FIGURE 4. Multi-omic analysis. (A) Volcano plot showing p-value and log2 fold change of gene expression from RNA-seq. Significant genes at p < 0.05 (orange dots), non-significant genes (blue dots). (B) Selected genes plotted as normalized RNA-seq values with boxplots for each group where each line/point is colored by family. (C) Volcano plot of DNA methylation over CpG probes from EPIC array, with non-significant (p > 0.05) DMR probes (blue dots), significant CpGs at the DMR level (red Xs), higher methylated non-CALD probes (orange dots), and higher methylated CALD probes (green dots). (D) DNAm over two significant DMRs within PTPRN2 and RGS14, points colored by family and lines colored by phenotype, with shading denoting inner quartile range. (E) Volcano plot of protein levels from LCMS with non-significant proteins (blue), significant proteins with log2 fold-change (CALD/non-CALD) of –1 to 1 (green), and log2 fold-change greater than 1 (orange). (F) Selected proteins which passed the p-value threshold of 0.05.




Epigenomics

DNA methylation has been linked to changes in gene expression, and is an important readout of some environmental impacts upon the cell. Measuring DNA methylation is typically done at specific methylation sites (CpGs), and then aggregated across regions where several sites have similar trends of methylation levels to find differentially methylated regions (DMRs). Here, we used the MethylationEPIC BeadChip which targets over 850,000 CpGs. Using LIMMA modeling including age as cofactor (Eq. 2) 264 CpGs had a nominal p-value < 0.0005. Of these 264 CpGs, 16 passed the delta beta (i.e., difference between methylation levels of CALD vs. non-CALD) of >5% (Supplementary Table S8). When aggregating these loci into a DMR analysis, we identified 22 regions passing thresholds of FDR < 0.05 and >10% methylation change (Figure 4C). Multiple CpGs map to the same gene and show a large delta beta, which we identified in the genes protein tyrosine phosphatase receptor type N2 (PTPRN2) and regulatory of G protein signaling 14 (RGS14) (Figure 4D). RGS14 may alter calcium levels to enhance long term potentiation and learning (Lee et al., 2010). Due to its presence in neurosecretory vesicles, PTPRN2 has been implicated in insulin and neurotransmitter exocytosis (Sengelaub et al., 2016). Furthermore, PTPRN2 hypermethylation has been identified within a separate study which compared DNA methylation between CALD and non-CALD patients (Schlüter et al., 2018).



Proteomics

In addition to profiling lipids, LCMS can be used for high throughput profiling of proteins thus enabling the identification of differential protein abundances between samples. Applying proteomics to these 12 patients yielded a quantification of 5,862 peptides which were matched against 351 protein groups. Comparing CALD and non-CALD groups, we found 16 proteins with differential abundances (p < 0.05) (Figures 4E,F, Supplementary Figure S8, and Supplementary Table S9). Investigating the top hits we find 4/16 proteins associated with immunoglobulin heavy chain (IGHV4-34, IGHV3-30, IGHV3-7, and P0DOX6), 2/16 are associated with immunoglobulin kappa variables (IGKV6D-21 and IGKV1D-33), and with P0DOX8 also being related to immunoglobulin, half of these proteins are related to the immune system (Parra et al., 2016). All of these immunoglobulin proteins were up-regulated in the CALD samples. Also related to the immune system is the CD5 molecule like (CD5L) protein, a secreted glycoprotein that participates in host response to bacterial infection (Sanjurjo et al., 2015) and is also known to regulate lipid biosynthesis (Wang et al., 2015). Beyond immune system proteins, we identified proteins associated with the brain or with involvement in lipid metabolism. Extracellular matrix protein 1 (ECM1) has been associated with lipoid proteinosis in which brain damage develops over time and is associated with the development of cognitive disabilities and epileptic seizures (Zhang et al., 2014). The role of apolipoprotein L1 (APOL1) is not yet clear but it has been associated with the lipid biology in the podocyte (Fornoni et al., 2014). Copy number variants of the multiple inositol-polyphosphate phosphatase 1 (MINPP1) gene have been associated with varying levels of inositol hexaphosphate (IP6) (Waugh, 2016) and IP6 has been reported to suppress lipid peroxidation (Foster et al., 2017). Apolipoprotein 3 (APOC3) is a key player in triglyceride-rich lipoprotein metabolism (Ramms and Gordts, 2018) and regulated by the peroxisome proliferator-activated receptor-α (Liu et al., 2015). Lastly, profilin 1 (PFN1) has recently been reported in a CALD study which looked at markers of autoreactivity, identifying anti-PFN1 antibodies present in a large proportion of CALD patients (Orchard et al., 2019b). Together, these protein signals could have significance with respect to the pathophysiology of cerebral demyelination, by highlighting differences around proteins involved in lipid metabolism as well as immune response.



Estimating Variance of Family Effect

The univariate modeling of CALD vs. non-CALD for each of the individual omics platforms was unsuccessful in identifying significant hits after multiple testing correction. While traditional multiple testing correction methods may be too strict for the omics technologies, we still cannot rule out the possibility that our top hits arise by chance due to variability. Furthermore, our top hits per platform still exhibited a high amount of variance between families, and a lack of consistent signal in molecular features across the entire cohort (Figures 4B,D,F). Within our model we included the effect of the family on the level of the measured signal, and thus we are able to capture the contribution of family structure to a feature’s abundance (Eq. 1 and Eq. 2). To illustrate the contribution of these effects, we partitioned the variance contribution within our linear models (Methods). The phenotype effect, total family effect, and residual variance were extracted from our model for each of the features within the RNA-seq, proteomics, and lipidomics platforms (Supplementary Figure S9). As DNAm varies with age we additionally extracted the variance contributed from the age or phenotype-by-age effects. Clearly, the contribution of variance from the phenotype is small in the majority of features across all omics datasets, and a large residual variance indicates a high level of noise present in these high dimensional assays (Supplementary Figure S9). We further demonstrated the heterogeneity in the data by subsetting the families and then repeating comparisons between CALD and non-CALD phenotypes. By leaving out one or two families, the β in equations 1–2 are re-evaluated for the RNA, protein, and lipid datasets. The number of candidates increased with removal of each family, which could be interpreted as potential modifier signatures present in a subset of families, but absent from others (Supplementary Figure S10).



Integrating Multi-Omic Datasets

As it was our intention to identify molecular marker features underlying cerebral demyelination, we investigated the omics datasets independently to identify a consistent signal. However, owing to a large amount of inter-family variance, we are limited in our ability to identify a statistically significant feature which separates the two phenotypes. As the multi-omic assays should be complementary to each other, we searched for genes which showed differences between the groups in multiple assays. We searched the phenotype comparison between all families, as well as the results from the leave-one-out analysis, wherein we withheld a family and repeated the modeling between the two phenotype groups (Methods). Intersections showed overlapping evidence at the DNA methylation and RNA levels, as well as overlap between RNA and protein levels, for eight genes. Focusing only on the intersection of all families, only PTPRN2 has differential signal from both DNA methylation and RNA levels (Figures 4B,D). Additional genes were identified in the leave-one-out subsets (Table 2).


TABLE 2. Intersections of significant hits from multiple platforms.

[image: Table 2]In the multi-omic data we observed that several of the molecular features have trends of differential abundance/expression in a subset of the families. To illustrate this, and attempt to identify clusters within the data, we gathered per-family log2-fold-change of CALD over non-CALD for the top hits from the lipid, protein, and RNA datasets. We took this approach because it removes the differences in absolute levels of expression between families. Noticeably, the fold-change values are not consistent for each family, as evidenced by a lack of consistent coloring for each of the features (rows) within the heatmap (Supplementary Figure S11A). Family 2 and family 6 were more similar in their CALD/non-CALD ratios for these features. This is further supported by a principal component analysis, wherein family 2 and family 6 are separated from the other four families on the first principal component (Supplementary Figure S11C). However, this trend does not hold when the set of features is increased to all hits with p-value < 0.05 across the three platforms, as family 1 and 5 cluster together with the other four families as an outer group (Supplementary Figure S11B). Thus, clustering these families based on top differential features does not reveal confident sub-groupings within the small cohort.



Specific Modifier Hypothesis Testing

Finding molecular markers which delineate cerebral demyelination in patients with ALD is an ongoing research problem. Additionally, understanding the pathophysiology of cerebral demyelination and potential disruption of the blood brain barrier has implications for diseases beyond ALD. Different hypotheses have been suggested, including involvement of the immune system in autoreactivity or as a response to severe viral infections. Using the multi-omics dataset, which gives us insight into the complexities of the underlying complex biological system, we tested recently proposed modifiers of cerebral demyelination to see if there is evidence of their discriminatory power within the blood samples profiled in our dataset.

It has recently been demonstrated that autoreactivity to PFN1 occurs in patients affected by CALD, and may be a discriminating marker of cerebral demyelination (Orchard et al., 2019b). We investigated differences in PFN1 methylation, RNA, and protein levels between CALD and non-CALD patients to see if this observation is confirmed in our dataset. At the methylation and RNA level, we did not see a consistent signal differentiating the CALD and non-CALD groups, but at the protein level we observe an increased amount of PFN1 in the CALD group for four out of six families (Figures 4F, 5A,B). This is consistent with the observation from the previous study that not all patients exhibit PFN1 autoreactivity, and the increased protein levels could precede or act as biomarkers of the autoimmune response within the subset of patients who exhibit this trend. While autoreactivity and increased protein abundance are not equivalent, the authors of the previous study showed significant increase in PFN1 protein abundance in the cerebrospinal fluid.
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FIGURE 5. Testing previously suggested markers. DNA methylation and mRNA abundance for PFN1 (A,B), UNC45A (C,D), and LPIN1 (E,F). DNA methylation is shown for all CpGs associated to the listed genes, with the non-CALD mean methylation shown as a blue line with standard error shading, and the orange dashed line showing the mean methylation of CALD. Individual points are shown and colored by family. RNA expression is shown as a boxplot for non-CALD and CALD phenotype groups, with individual families labeled with family 1 as blue, family 2 as orange, family 3 as green, family 4 as red, family 5 as purple, and family 6 as brown.


Another study focused on DNA methylation (DNAm) as a marker of CALD, and investigated the intact white matter of brains from patients affected by ALD with and without the cerebral demyelination phenotype (Schlüter et al., 2018). Whether or not the signals they identify confirm within the blood within a separate cohort is important if these proposed marker genes are to be used within newborn screening. Within their analysis they identified differential methylation signals at several genes, two of which are lipin 1 (LPIN1) and unc-45 myosin chaperone A (UNC45A). Within this cohort, we see no differential methylation signal in the blood for LPIN1, and a slight hypermethylation (although not significant) in UNC45A (Figures 5C,E). Investigating the RNA shows that while both these genes are highly expressed, there are no consistent differences between the two phenotype groups (Figures 5D,F).

Lastly, it is possible that a viral infection causing an immune response is the phenotypic trigger for progression to CALD, as this is suggested to be a candidate environmental modifier from other cerebral demyelination diseases including multiple sclerosis (Libbey et al., 2014). As is the case in several cancers, RNA-seq can capture actively expressing viral RNA within a sample. To test the hypothesis of whether or not we could observe different expressing viruses within the RNA-seq of these patients, we used the tool Centrifuge to identify traces of viral (or bacterial) sequences (Supplementary Table S10) (Kim et al., 2016). Aside from identifying human, synthetic construct, and endogenous retrovirus, no significant viral or bacterial sequences were identified.



DISCUSSION

In this study we took a systems biology approach to identify personal molecular characteristics, either genetic or molecular markers, which may prognosticate the onset of cerebral demyelination in patients affected by ALD. Identifying a single modifier consistent across all individuals has importance because of its potential utility as prognosticator or biomarker heralding the transition to cerebral demyelination, and this carries tremendous treatment implications.

Our cohort was comprised of carefully phenotyped brothers affected by ALD who were discordant for the severe cerebral demyelination phenotype. We collected blood and performed high throughput experiments to profile the DNA, methylated DNA, RNA, lipids, and proteins. In summary, we did not find a strong, convincing, univariate marker which can differentiate all of the CALD and non-cerebral patients in this small cohort. There are several explanations for this negative result: the small cohort with only six discordant sibling pairs of different ethnic background, the possibility that one or more non-CALD patients may still develop cerebral demyelination, high inter-individual variability, and finally the possibility of multiple modifiers and/or an exogenous or non-genetic modifier such as infection or physical trauma. In spite of these limitations, we still emerged with interesting results from each of the omics platforms from this pilot study including discordant genotypes separating all CALD and non-CALD patients, confirmations of recently proposed CALD modifiers, and a suspected involvement of differential activity within the immune system in patients with cerebral demyelination.

In our genetic approach, we identified two discordant genotypes shared between all six brother-pairs: an intronic SNV in DEUP1 and an SNV downstream of WIBG. Although in silico analysis of the variants and the function of the associated genes did not link these alleles to the cerebral demyelination phenotype, it is of interest to see if they replicate in a larger cohort. Examining variants shared by all CALD patients led to the identification of a missense polymorphism in TPCN2, a gene which localizes to lysosomal membranes. This exists in a segregating haplotype block, and is absent from all non-CALD patients except for family 4 – the youngest patient with the highest chance to develop cerebral demyelination – where the haploblock is homozygous. How this variant segregates in a larger patient cohort could be of interest. None of the previously proposed modifier alleles, emerging from GWAS or target-gene studies, confirmed within our cohort.

Although our analysis was burdened by high inter-individual variability, we were able to identify univariate molecular markers with increased confidence due to replication–by multiple omics levels and/or by confirming previously proposed modifier markers. A recent study Schlüter et al. (2018) showed CALD patients with DNA hypermethylation within PTPRN2, which we confirm in our study and support with decreased mRNA expression in CALD patients (both platforms reaching p-value < 0.05 before multiple testing correction). The same study showed hypermethylation of LPIN1 and UNC45A, the latter of which we confirm (although not statistically significant) as slightly hypermethylated in CALD samples. Of note, that study used brain tissue to derive their signal whereas we use blood samples. Another study utilized CSF and blood plasma, including longitudinal data from ALD patients pre- and post cerebral demyelination, to identify autoreactivity to Profilin 1 (PFN1) within CALD patients (Orchard et al., 2019b). They observed auto-antigens to PFN1 in the blood, and increased PFN1 levels in CSF, in ∼50% of CALD patients. In our cohort, four out of six patients exhibit increased PFN1 protein levels, in-line with the observation that PFN1 phenotype is not ubiquitous across all CALD patients. While increased abundance of PFN1 in the plasma was not investigated in the previous study, it is encouraging to see the higher levels of PFN1 in the plasma of the CALD patients within this cohort. We further contribute to this observation by showing no differences at the DNAm or mRNA levels, pointing toward a separate mechanism of upregulation/overabundance of PFN1. The role of PFN1 overabundance, and its potential link to autoreactivity, is a potential avenue of further research should these findings confirm in a larger cohort.

As ALD is a peroxisomal disorder, the lipidomic analysis presented here is of interest. The lipid profiling data confirmed previous observations regarding VLCFA abundance differences in ALD samples when compared to controls. Specifically, the phosphatidylcholines (PC) species containing very long-chain fatty acids are more abundant in the ALD group compared to the control group. Furthermore, the suitability of LPC(C26:0) to function as a marker for ALD in newborn screening was confirmed. Differences in lipid abundance between CALD and non-CALD groups did not reach significance after multiple testing correction, likely due to a lack of consistent lipid differences between all brother pairs. Nevertheless, the chain lengths and position of the double bonds of the differential lipids between CALD and non-CALD could provide insight into the pathophysiology of CALD as CALD patients had lower levels of sphingomyelin and its precursor ceramide, in line with disease progression (Supplementary Figure S1). The specificity of the lipids into play is further illustrated by the fact that for some ceramides (d43:3) the control group has higher abundances than ALD samples while for other ceramides (d46:4) the abundances are much lower. This specificity of individual sphingolipids in CALD could be of interest as the they have previously been demonstrated to be relevant in other peroxisomal disorders (Herzog et al., 2018a, b).

Beyond identifying phenotype-stratifying molecular features, we investigated the top hits at the gene-level from each omics platform for any relation to the pathophysiology of CALD. Literature searches highlighted genes involved in lipid metabolism, the nervous system, and the immune system. Gene Ontology and KEGG pathways further supported these observations. While our analysis highlights the potential for these systems to be affected, we are hesitant based on the available data to draw conclusions about the impact of cerebral demyelination with respect to the inflammatory system. The inflammatory response and its link to cerebral demyelination is the subject of ongoing research, including investigation of the initiation and maintenance of inflammation and its contribution to clinical features (van der Voorn et al., 2011; Musolino et al., 2012). Larger datasets, and datasets of relevant affected tissues, are needed to draw conclusions from differentially abundant molecular features.

Throughout this work we have identified certain limitations of our approach which should be considered in future work focused on modifiers of rare disease, especially for other inborn errors of metabolism (e.g., Gaucher disease). First, we suffered from having a small number of samples and a high number of observed features. For future univariate marker investigations we recommend focusing only on protein or mRNA and increasing the number of samples. Second, our genetic analysis was limited by the possibility of future transition to the CALD state for any of our non-CALD patients, especially those patients who have not reached maturity. Recent epidemiological analysis shows that cerebral demyelination can occur throughout the lifetime of an ALD patient (Huffnagel et al., 2019b), so genetic studies should focus on older (60–70 years old) patients who have not developed the cerebral demyelination phenotype. While discordant brother pairs reaching old age are challenging to find, a collection of genotyped non-CALD patients older than 60–70 years of age could serve as a good control. Third, we are limited in capturing relevant biological insights because we are profiling blood and not CSF/brain tissue. We recognize that lymphocytes and plasma are not ideal to study the pathophysiology of cerebral demyelination, as that would require samples from the white matter of the brain or an in vitro model system (e.g., differentiated iPSCs). We chose to use blood-based samples in this project as our goal was to find a modifier signal or molecular marker from an accessible source within affected patients. There are future opportunities for multi-omic profiling of these more relevant samples to identify the molecular underpinnings of cerebral demyelination. Lastly, while we profile DNA methylation, we don’t capture other components of the environment which could have an impact including microbiome and pathogen exposure history.

With newborn screening now a reality for ALD, prognostication and timing of therapy becomes more relevant than ever before; thus modifier studies to decipher a protector or marker for cerebral demyelination will continue (Moser and Fatemi, 2018). We believe that this dataset can continue to be mined and used for testing the replication of proposed phenotypic markers. Further, the data within this study could be used as part of a larger dataset examining multivariate signals differentiating the two classes. Whether it is a collection of genetic markers or a pattern of multiple molecular features, it is clear that there is a need for a larger sample size. Additional samples will enable statistical bootstrapping, and allow for additional insights to be collected from the profiled samples. As such, we make the measurements within this study available for future use to the community (see section “Data Availability”), with the hopes that the data can serve as a secondary confirmation of new modifier hypotheses, or as part of a larger dataset for investigating the complex nature of cerebral demyelination.
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Peroxisomes are highly dynamic, multifunctional plastic organelles whose metabolism, number and phenotype can change depending on developmental, environmental and metabolic requirements. However, the molecular mechanisms governing their plasticity and the role of these changes in development, and stress responses, some of the most challenging areas in the field of biology, are not fully understood. Since their discovery in 1959 by de Duve, information regarding new metabolic pathways associated with these organelles, has increased at an extraordinary rate (Pan et al., 2019). Plant peroxisomes are closely related to other organelles housing metabolic pathways, such as fatty acid β-oxidation, which provide energy during the initial stage of seedling growth by channeling fatty acids from oil bodies to peroxisomal β-oxidation, with acyl-CoA oxidase being one of the first enzymes involved in this process. Acetyl-CoA from fatty acid β-oxidation is then converted into C4 carboxilic acids by the glyoxylate cycle in seedlings. Fatty acid β-oxidation is also involved in important processes including synthesis of indoleacetic acid (IAA), jasmonic acid, ubiquinone, as well as secondary metabolites such as benzoic acid (BA) and phenylpropanoids (Pan et al., 2019). On the other hand, light triggers a shift in the peroxisomal metabolism and activates the photorespiration cycle, in which sugars are oxidized to CO2 in a complex pathway where physical contact between chloroplasts, peroxisomes and mitochondria is required. Other metabolic pathways in peroxisomes include ureide metabolism, polyamine and amino acid catabolism. However, peroxisomes are also an important source of ROS and NO which are associated with these metabolic pathways, in addition to the electron transport chain located in the peroxisomal membrane (Sandalio and Romero-Puertas, 2015). This explains why disturbances in any of these metabolic processes can trigger transitory changes in ROS and NO production which can regulate peroxisomal metabolism and also be perceived by the cell as an alarm, causing a specific rapid response (Sandalio and Romero-Puertas, 2015; Figure 1A). This response can be regulated at the post-translational level by NO- and ROS-dependent post-translational protein modifications, which is a very fast, efficient inexpensive strategy to regulate proteins and, therefore, metabolic pathways (Sandalio et al., 2019; Figure 1A). The transcriptional regulation of cell responses mediated by ROS-dependent peroxisomal sources has also been investigated; hundreds of genes, such as those involved in anthocyanin biosynthesis, pathogenesis, cell death and ubiquitin-dependent protein degradation, as well as those encoding kinases, including MAPKs, and heat shock proteins, have been identified as regulated by H2O2 produced during photorespiration (Queval et al., 2007; Chaouch et al., 2010; Sewelam et al., 2014; Su et al., 2018). However, no information is available on peroxisomal NO-dependent regulation of gene expression or on the protein/gene producing NO inside the organelle.
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FIGURE 1. Scheme showing the role of peroxisomes in the regulation of metabolism, development and plant cell responses to environmental changes. (A) The regulatory role is mediated by ROS, NO, Ca+2, redox balance, and other compounds produced in peroxisomes. (B) Changes in peroxisomal dynamics and function in response to environmental stimuli mediated by changes in cellular ROS accumulation.



POST-TRANSLATIONAL MODIFICATIONS REGULATE THE PEROXISOMAL PROTEOME AND ITS METABOLISM

PTMs can be regarded as an interface between perception of changes in the environment and the rapid cellular responses to these changes. They can regulate protein activity, localization, degradation, and inter-protein interactions, giving rise to rapid finely-tuned regulation of protein functionality and, therefore, rapid changes in metabolic pathways and signaling processes (Hashiguchi and Komatsu, 2016). This regulation is especially important in plants subjected to changeable environments. Synergistic and antagonistic interplay between PTMs has led to a higher degree of complexity in the regulation of the perception of environmental changes and of specific plant cell responses. Recently, a meta-analysis of PTMs of the peroxisomal proteome (Sandalio et al., 2019) showed a high degree of possible PTM-dependent regulation of most metabolic pathways in peroxisomes, including phosphorylation, carbonylation, sulfenylation, persulfidation, S-nitrosylation, nitration, acetylation, and ubiquitination (Sandalio et al., 2019). This multilevel PTM regulation could explain the plasticity of peroxisomes and their capacity to rapidly respond to changes in their environment and to regulate metabolic pathways in organelles sharing metabolites with peroxisomes, such as mitochondria, lipid bodies and chloroplasts (Figure 1A). Peroxisomal PTMs can even act as on/off switches to channel metabolites to different metabolic pathways (Ortega-Galisteo et al., 2012; Romero-Puertas and Sandalio, 2016). Peroxisomal protein phosphorylation, and its role in regulating different peroxisomal events have been elegantly reviewed by Kataya et al. (2019). The potential peroxisomal targets for ROS- and NO-dependent PTMs have also been studied (Sandalio et al., 2019). However, although different peroxisomal proteins have been identified as potential targets of protein acetylation, which has been receiving much attention in recent years, its precise mechanisms and role played in peroxisomes are little understood (Drazic et al., 2016; Sandalio et al., 2019). Acetyl-CoA, an essential component in fatty acid β-oxidation commonly found in peroxisomes, could be involved in epigenetic modifications (Figure 1A). Thus, the Arabidopsis mutant deficient in acyl CoA oxidase 4 (Atacx4) shows a decrease in nuclear histone acetylation and an increase in DNA methylation, with similar results being obtained for Arabidopsis mutants deficient in the multifunctional protein MFP2 (Atmfp2) and ketoacyl-coenzyme A thiolase (Atkat2) (Wang et al., 2019). In mammalian cells, peroxisomal acetyl-CoA also plays a role in mitochondrial protein acetylation (Eisenberg-Bord and Schuldiner, 2017).



PEROXISOMAL DYNAMICS GOVERN FAST RESPONSES TO STRESS

Plant peroxisomes can change their size, morphology, number and even speed of movement (Figure 1B), although why, how and when these changes occur, as well as their advantages and disadvantages in terms of tolerance and acclimation are not well-understood. Peroxisomes move along actin filaments (Mathur et al., 2002) which requires myosin motor proteins (Jedd and Chua, 2002; Perico and Sparkes, 2018). PEROXISOME AND MITOCHONDRIAL DIVISION FACTOR1 (PMD1) acts as an actin-binding protein connecting the peroxisome to the cytoskeleton and is involved in peroxisomal division and the cellular distribution of peroxisomes under stress conditions. Although this connection appears to be regulated by the MPK17 kinase, experimental evidence is yet lacking that PMD1 is a target of MPK17 (Frick and Strader, 2018). In mammalian cells, peroxisomal movement is microtubule-dependent and is mediated by kinesin and dynein motors (Castro et al., 2018). The mitochondrial Rho GTPase 1 (MIRO1) has also been identified as an adaptor for peroxisome motor protein association which regulates the proliferation of peroxisomes and their motility (Castro et al., 2018). In Arabidopsis plants the motility of peroxisomes has also been correlated with the motility of ER (Barton et al., 2013).

Plant peroxisome abundance is governed by (1) biogenesis, associated with physiological processes and division (fission) of a preexisting peroxisome, (2) proliferation, which is related to stress responses, and (3) pexophagy, a selective degradation mechanism of peroxisomes by autophagy (Olmedilla and Sandalio, 2019). Proteins involved in peroxisome biogenesis and maintenance are called peroxins (PEXs) (Kao et al., 2018). Peroxisome proliferation involves peroxisome elongation, constriction and fission regulated by PEX11(a-e), GTPases called dynamin-related proteins (DRPs), and fission proteins (e.g., FIS1) (Rodríguez-Serrano et al., 2016; Pan et al., 2019). FIS1A and FIS1B are shared by peroxisomes and mitochondria, and DRP3 regulates peroxisomal and mitochondrial fission, while DRP5B is involved in the fission of peroxisomes and chloroplasts (Kao et al., 2018), indicating a highly coordinated regulation of organelle abundance.

Peroxisome proliferation has been observed in response to several abiotic stresses: high light (Desai and Hu, 2008), ozone (Oksanen et al., 2003), clofibrate (Nila et al., 2006; Castillo et al., 2008), salinity (Mitsuya et al., 2010), cadmium (Romero-Puertas et al., 1999; Rodríguez-Serrano et al., 2016) and drought (Ebeed et al., 2018); others factors such as the herbicide 2,4-dichlorophenoxyacetic acid (2,4-D) do not alter the number of peroxisomes (McCarthy et al., 2001), while jasmonic acid treatment reduces the number and increased their size (Castillo et al., 2008). Under these stress conditions, plant peroxisome proliferation can be considered a protective response probably to cope with ROS overflow in cell compartments thanks to major enzymatic and non-enzymatic antioxidant defenses in these organelles (Figure 1B). However, tobacco plants overexpressing the xenopus peroxisome proliferator-activated receptor α (αPPAR), regulating fatty acid β-oxidation and peroxisome proliferation, show constitutively larger peroxisome populations (Nila et al., 2006; Mitsuya et al., 2010), although this does not protect against salinity (Mitsuya et al., 2010) or clofibrate (Nila et al., 2006).

The role of changes in peroxisome dynamics under stress conditions can be elucidated by time course analysis of these changes. Sinclair et al. (2009) showed that, after a few minutes of treatment with H2O2, peroxisomes produce extensions or protrusions called peroxules, which progress over time with peroxisome elongation and further proliferation. Rodríguez-Serrano et al. (2016) demonstrated that peroxules were induced after 15 min of Cd treatment (Figure 1B) due to an increase in ROS production by NADPH oxidases, and peroxules formation was regulated by PEX11a. When producing peroxules, peroxisomes are immobile, suggesting that they are tethered to another organelle, with PEX11a representing a good candidate for mediating inter-organellar docking (Rodríguez-Serrano et al., 2016). The role of ROS in the formation of these structures could be related to changes in membrane elasticity (Sinclair et al., 2009), although PEX11a could also be regulated by redox-dependent PTMs that activate tethering and changes in the peroxisomal membrane. However, proteome analysis showed that PEX11a may be a target of phosphorylation rather than redox PTMs (Sandalio et al., 2019), while the possibility that PEX11a acts as a ROS sensor cannot be ruled out. Peroxules have been associated with peroxisome proliferation (Sinclair et al., 2009; Figure 1B), although Rodríguez-Serrano et al. (2016) suggested that they do not always cause proliferation and may be involved in regulating ROS accumulation and ROS-dependent signaling transduction (Rodríguez-Serrano et al., 2016; Figure 1B). Therefore, peroxules could be regarded as part of a strategy to increase the peroxisomal surface favoring metabolite exchange (such as H2O2, NO, Ca2+, acetyl CoA and lipids) with other organelles which would explain the physical connection observed with the ER, mitochondria and chloroplasts (Sinclair et al., 2009; Sandalio et al., 2013; Rodríguez-Serrano et al., 2016; Mathur et al., 2018). Peroxules are also involved in protein transport such as the transfer of the sugar-dependent 1 (SDP1) lipase from the peroxisomal membrane to the lipid body (Thazar-Poulot et al., 2015).

The components of the tethering complex between peroxisomes and other organelles have not been identified in plants. However, the peroxisomal Zn RING finger of PEX10 in Arabidopsis interacts with the outer membrane of the chloroplast envelope which is necessary for full photorespiration functionality (Schumann et al., 2007). The role of PTMs in the regulation of protein-protein interactions at inter-organellar contact site remains a fascinating and unexplored area of study. It is reasonable to assume that tethering is regulated by specific PTMs. For example, PEX10 is a candidate target for phosphorylation (Sandalio et al., 2019). Although peroxules have not been observed in mammalian cells under control conditions, a similar structure has been reported in PEX5-deficient fibroblasts expressing mitochondrial MIRO1 (Castro et al., 2018).

Following the time course of cell responses to Cd after peroxule formation, peroxisomes elongate, constrict and divide, reaching proliferation after 3 h of treatment with Cd (Rodríguez-Serrano et al., 2016). Longer treatment periods (24 h) considerably increase the peroxisomal speed of movement which is regulated by ROS produced by NADPH oxidases and Ca2+ ions (Rodríguez-Serrano et al., 2009; Figure 1B). This could improve antioxidant defenses in places where Cd induces ROS accumulation or favors signal transduction and metabolite exchange in different parts of the cell (Rodríguez-Serrano et al., 2009). Although information on the role of peroxisomal motility is scarce, peroxisomal movement has been reported to play an important role in myosin loss-of-function Arabidopsis mutants where the inhibition of organelle movement negatively affected plant growth (Ryan and Nebenführ, 2018).

Peroxisomal homeostasis is essential for cell viability, and excess, damaged and obsolete peroxisomes need to be degraded by selective autophagy (pexophagy). Pexophagy could be a solution for regulating basal levels of organelles and after stress-induced proliferation by mainly degrading oxidized peroxisomes (Yoshimoto et al., 2014; Calero-Muñoz et al., 2019; Figure 1B). Interestingly, the Arabidopsis mutants Atatg2, Atatg5, and Atatg7, which are deficient in autophagy, accumulate peroxisomes rather than other organelles such as mitochondria, thus confirming the importance of peroxisomal homeostasis (Yoshimoto et al., 2014; Calero-Muñoz et al., 2019; Figure 1B). Pexophagy also regulates root meristem development by regulating ROS and IAA homeostasis (Huang et al., 2019) and controls guard cell ROS homeostasis, facilitating stomatal opening (Yamauchi et al., 2019).

In summary, peroxisomes perceive changes in their environment, are involved in signaling and crosstalk between other organelles, ROS homeostasis regulation and influence cellular decision-making, involving nuclei, mitochondria and chloroplasts, through small molecules, such as H2O2, NO, and acetyl-CoA. In addition, the redox couples GSH/GSSG and ASC/DHA could also regulate signaling processes (Foyer and Noctor, 2011). Sequential changes in the morphology, number and velocity of these organelles contribute to these processes in a complex ROS- and probably NO-regulated manner.
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Ketohexokinase (KHK) is the first and rate-limiting enzyme of fructose metabolism. Expression of the two alternatively spliced KHK isoforms, KHK-A and KHK-C, is tissue-specific and KHK-C is predominantly expressed in liver, kidney and intestine and responsible for the fructose-catabolizing function. While KHK isoform choice has been linked to the development of disorders such as obesity, diabetes, cardiovascular disease and cancer, little is known about the regulation of total KHK expression. In the present study, we investigated how hypoxic signaling influences fructose metabolism in the liver. Hypoxia or von Hippel-Lindau (VHL) tumor suppressor loss leads to the stabilization of hypoxia-inducible factors alpha (HIF-1α and HIF-2α) and the activation of their signaling to mediate adaptive responses. By studying liver-specific Vhl, Vhl/Hif1a, and Vhl/Epas1 knockout mice, we found that KHK expression is suppressed by HIF-2α (encoded by Epas1) but not by HIF-1α signaling on mRNA and protein levels. Reduced KHK levels were accompanied by downregulation of aldolase B (ALDOB) in the livers of Vhl and Vhl/Hif1a knockout mice, further indicating inhibited fructose metabolism. HIF-1α and HIF-2α have both overlapping and distinct target genes but are differentially regulated depending on the cell type and physiologic or pathologic conditions. HIF-2α activation augments peroxisome degradation in mammalian cells by pexophagy and thereby changes lipid composition reminiscent of peroxisomal disorders. We further demonstrated that fructose metabolism is negatively regulated by peroxisome-deficiency in a Pex2 knockout Zellweger mouse model, which lacks functional peroxisomes and is characterized by widespread metabolic dysfunction. Repression of fructolytic genes in Pex2 knockout mice appeared to be independent of PPARα signaling and nutritional status. Interestingly, our results demonstrate that both HIF-2α and peroxisome-deficiency result in downregulation of Khk independent of splicing as both isoforms, Khka as well as Khkc, are significantly downregulated. Hence, our study offers new and unexpected insights into the general regulation of KHK, and therefore fructolysis. We revealed a novel regulatory function of HIF-2α, suggesting that HIF-1α and HIF-2α have tissue-specific opposing roles in the regulation of Khk expression, isoform choice and fructolysis. In addition, we discovered a previously unknown function of peroxisomes in the regulation of fructose metabolism.

Keywords: EPAS1, HIF-2α, peroxisomes, ketohexokinase, VHL, fructose, Zellweger syndrome, Pex2


INTRODUCTION

Dietary fructose is a monosaccharide naturally found in fruits and vegetables and is a major component of commonly used sweeteners like sucrose and high-fructose corn syrup (Jensen et al., 2018). In humans and rodents, fructose transport is mediated by solute carrier family 2 member 2 (SLC2A2) and SLC2A5, also known as GLUT2 and GLUT5, respectively. SLC2A5 has high specificity for fructose and is mainly expressed at the apical membrane of epithelial intestinal cells for fructose absorption, followed by renal proximal tubule cells for reabsorption (Douard and Ferraris, 2008). SLC2A2 facilitates the uptake of both glucose and fructose from the bloodstream into the cytoplasm. While SLC2A2 expression is highest in the liver, the primary organ metabolizing ingested fructose, basolateral membranes of epithelial intestinal and kidney cells as well as pancreatic β-cells also express considerable levels (Douard and Ferraris, 2013; Thorens, 2015). Ketohexokinase (KHK), or fructokinase, is the major fructose-metabolizing enzyme that catalyzes the conversion of fructose and ATP into fructose-1-phosphate (F1P) and ADP, respectively (Hayward and Bonthron, 1998). F1P is further metabolized by aldolase B (ALDOB) into dihydroxyacetone phosphate (DHAP) and glyceraldehyde that serve as substrates for the generation of glucose, glycogen and triglycerides (Geidl-Flueck and Gerber, 2017). Fructose phosphorylation by KHK occurs rapidly and without negative feedback regulation causing intracellular ATP depletion. There are two human inherited disorders where fructose metabolism is affected. Essential fructosuria (OMIM 229800) is a benign condition resulting from KHK deficiency. Affected individuals cannot phosphorylate fructose, so it rises to high levels in the serum and is excreted in the urine. In hereditary fructose intolerance (HFI; OMIM 229600), lack of ALDOB activity causes accumulation of F1P resulting in augmented phosphate depletion and subsequent uric acid generation after fructose intake. Blocking KHK activity has been demonstrated to reverse multiple deleterious manifestations of HFI such as hypoglycemia, hyperuricemia, hepatic inflammation or intestinal damage (Lanaspa et al., 2018). HFI patients must conform to a low-fructose diet and thus have an extremely low lifetime exposure to fructose.

While the existence of several alternatively spliced KHK isoforms has been described, only KHK-C and KHK-A that are generated via the specific excision of adjacent exons 3A and 3C, respectively, are translated into protein. Expression of these two isoforms is tissue-specific but generally mutually exclusive. Only KHK-C has a high binding affinity for fructose, whereas KHK-A has low fructose binding affinity and a high Km for phosphorylation of fructose (∼7 mM). KHK-C is the pre-dominant isoform in the liver, kidney, and intestine and responsible for the fructose-catabolizing function (Hayward and Bonthron, 1998; Diggle et al., 2009). Several studies highlight the importance of KHK-C isoform expression in the progression of diabetes, liver disease or hypertension (Ishimoto et al., 2012; Doke et al., 2018; Lanaspa et al., 2018; Hayasaki et al., 2019). KHK-A is expressed in a wide range of other tissues at relatively low levels (Asipu et al., 2003; Diggle et al., 2009; Chabbert et al., 2019). Its substrates remained unknown and KHK-A has only recently been shown to act as protein kinase that directly phosphorylates phosphoribosyl pyrophosphate synthetase 1 (PRPS1) in the de novo nucleic acid synthesis pathway in human hepatocellular carcinoma cells (Li et al., 2016). Interestingly, an isoform switch from Khka to Khkc that is mediated by hypoxia-induced splicing has been shown to induce fructose metabolism in pathologic cardiac hypertrophy (Mirtschink et al., 2015).

Hypoxia-inducible factors (HIFs) are the master regulators of the adaptive response to low oxygen levels. HIFs form a heterodimer consisting of a stable ARNT/HIF-1β subunit and O2-sensitive HIF-α subunits (HIF-1α, HIF-2α/EPAS1). HIF-α subunits are constantly produced to respond quickly to changes in partial oxygen pressure. They are enzymatically hydroxylated on conserved proline residues by prolyl-hydroxylases (EGLN1-3), and targeted for proteasomal degradation by an ubiquitin ligase complex containing the von Hippel-Lindau (VHL) tumor suppressor protein under normoxic conditions. When O2 is scarce or when VHL is functionally lost, the HIF-α subunits are stabilized, dimerize with HIF-1β and together they interact with the transcriptional coactivators p300/Creb-binding protein. This transcriptional complex binds to hypoxia-response elements (HREs) in promoters of target genes and mediates a transcriptional response to hypoxia. Metabolic adaptations under low oxygen levels include enhanced glucose and glutamine uptake, glycolysis and glutaminolysis, and reduction of pyruvate catabolism by mitochondria and lipid synthesis (Nakazawa et al., 2016). Moreover, hypoxic signaling directly influences the abundance of high-oxygen consuming organelles such as mitochondria or peroxisomes specifically via HIF-1α or HIF-2α, respectively (Sowter et al., 2001; Zhang et al., 2007; Liu et al., 2012; Walter et al., 2014; Schönenberger and Kovacs, 2015).

Peroxisomes are subcellular single membrane-bound organelles with essential functions in a variety of metabolic processes such as the oxidation of very long-chain and branched-chain fatty acids, biosynthesis of bile acids, cholesterol, ether-linked phospholipids, and polyunsaturated fatty acids as well as metabolism of reactive oxygen species (Kovacs et al., 2002; Van Veldhoven, 2010; Fransen et al., 2012; Faust and Kovacs, 2014; Wanders et al., 2015). Peroxisomal function, number and size is cell type specific and highly dependent on metabolic demands. In mammals, peroxisomes are present in virtually every cell type except erythrocytes, with high abundance in liver and kidney (Islinger et al., 2018). Their physiological significance is highlighted by the existence of peroxisomal disorders in which either functional peroxisomes are absent (Zellweger Spectrum Disorders) or single enzyme deficiencies occur (Waterham et al., 2016). The severity of the manifestation and disease progression varies dramatically, depending on the peroxisomal defect. Characteristic diagnostic features of patients with peroxisomal disorders include accumulation of very long-chain fatty acids, bile acid intermediates, pristanic and phytanic acid, urinary oxalate and glycolate as well as reduced levels of plasmalogens and docosahexaenoic acid. These aberrations are associated with neuronal defects and developmental abnormalities, hepatomegaly and hepatic dysfunction or renal cyst formation and adrenal insufficiency (Waterham et al., 2016; Wanders, 2018). Moreover, aberrations in mitochondrial structure and functional defects in the electron transport chain at the inner mitochondrial membrane have been observed in liver biopsies from patients with peroxisome biogenesis disorders (PBD) (Goldfischer et al., 1973; Mooi et al., 1983; Trijbels et al., 1983; Hughes et al., 1990). Accordingly, distorted mitochondria as well as altered mitochondrial function have been described in peroxisome-deficient Pex5 knockout mouse models with impaired gluconeogenesis, glycogen synthesis and insulin signaling but enhanced glycolysis in the liver (Baumgart et al., 2001; Peeters et al., 2011).

High fructose metabolism promotes the development of fatty liver (Lanaspa et al., 2012; Ishimoto et al., 2013), diabetes (Ishimoto et al., 2012; Lanaspa et al., 2014, 2018; Doke et al., 2018), and cancer (Ozawa et al., 2016; Goncalves et al., 2019). Moreover, myocardial hypoxia activates fructose metabolism in human and murine models of cardiac hypertrophy through HIF-1α-driven activation of splice factor 3b subunit 1 (Sf3b1) and SF3B1-mediated splice switching of KHK-A to KHK-C (Mirtschink et al., 2015). Additionally, heterogeneous nuclear ribonucleoprotein (HNRNP) H1 and H2 (Li et al., 2016) as well as APOBEC1 complementation factor (A1CF) have recently been shown to mediate KHK-A and KHK-C isoform expression via alternative splicing (Lin et al., 2018; Nikolaou et al., 2019). However, our general understanding about the regulation of fructolysis and the rate-limiting enzyme KHK is scarce. The liver is the central organ in carbohydrate metabolism, possesses high peroxisome abundance and is the organ with the highest KHK-C expression and enzyme activity (Diggle et al., 2009). Since HIF-2α signaling stimulates hepatic lipid accumulation and regulates peroxisome numbers (Rankin et al., 2009; Liu et al., 2014; Walter et al., 2014), organelles essential for metabolic homeostasis, we aimed to understand how hypoxic signaling and peroxisomes affect fructose metabolism in the liver.



MATERIALS AND METHODS


Mice

Albumin-Cre [B6.Cg-Tg(Alb-cre)21Mgn/J], Vhlf/f (C;129S-Vhl < tm1Jae > /J), Hif1af/f (B6.129-Hif1a < tm3Rsjo > /J), and Epas1f/f (B6.Epas1 < tm1Mcs > /J) mice were purchased from the Jackson Laboratory. Atg7f/f (B6.Cg-Atg7 < tm1Tchi >) and Atg5f/f (B6.129S-Atg5 < tm1Myok >) mice were obtained from the RIKEN Bio Resource Center (Ibaraki, Japan; Komatsu et al., 2005; Hara et al., 2006). Liver-specific inactivation of Vhl, Hif1a, and Epas1 was achieved by mating with Albumin-Cre mice. Cre-negative littermates were used as controls. Vhl, Vhl/Hif1a, and Vhl/Epas1 mutant mice were in a mixed genetic background (BALB/c, 129Sv/J, and C57BL/6). Homozygous Pex2–/– mice were obtained by breeding Pex2 heterozygotes on a hybrid Swiss Webster-129 (SW/129) background (Faust et al., 2001). Mice had access to food and water ad libitum and were exposed to a 12:12-h light-dark cycle. For the purposes of this study, control mice consisted of either Pex2+/+ (wild-type) or Pex2+/– genotypes (hereafter referred to as Pex2+/), as their biochemical characteristics were comparable to one another (Kovacs et al., 2004, 2009, 2012). Mice received a single daily gavage dose of 50 mg/kg body weight/day WY-14,643 (BML-GR200; Enzo Life Sciences) or the carrier methylcellulose (0.1%) (Walter et al., 2014). 3-methyladenine (3-MA) (2 mg/kg/day) was administered by intraperitoneal injection (Walter et al., 2014). All protocols for animal use and experiments were approved by the Veterinary Office of Zurich (Switzerland) and by the Institutional Animal Care and Use Committee of San Diego State University and Columbia University.



Western Blot Analysis

Frozen liver and kidney tissue (1:10 w/v) was homogenized in RIPA buffer (20 mM Tris, pH 7.5; 150 mM NaCl; 1 mM EDTA; 1 mM EGTA; 1% NP-40; 1% sodium deoxycholate) containing protease and phosphatase inhibitors (cOmplete and PhosSTOP, respectively; Roche Diagnostics, Mannheim, Germany) using the Potter S homogenizer (Sartorius, Göttingen, Germany). Homogenates were incubated on ice for 30 min and centrifuged at 20000 g for 20 min at 4°C. Protein concentration was determined by the BCA method (#23225; Pierce, Rockford, IL, United States). Equal amounts of protein were subjected to SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to Amersham Protran Supported 0.2 μM nitrocellulose (#10600015; GE Healthcare, Glattbrugg, Switzerland). After blocking for 1 h in TBST (Tris-buffered saline with 0.05% Tween 20) containing 1% bovine serum albumin (BSA), membranes were probed with the indicated antibodies overnight at 4°C. The membranes were incubated with horseradish peroxidase-conjugated secondary antibodies (Goat anti-guinea pig, #106-035-003; Jackson ImmunoResearch Laboratories; Goat anti-rabbit, #401393; Goat anti-mouse, #401253; Sigma-Aldrich) and developed using Clarity Western enhanced chemiluminescence substrate (#170-5060; BioRad). Membranes were exposed either to Super RX autoradiographic films (Fuji, Düsseldorf, Germany) or the Fusion Solo S imaging system. Antibodies are listed in Supplementary Table S1. Blots were semi-quantitatively analyzed by densitometry using ImageJ 1.52 v (National Institutes of Health).



Subcellular Fractionation

Liver tissue was homogenized by one stroke of a Potter-Elvehjem homogenizer in 10 volumes (w/v) of homogenization buffer (20 mM Tris, pH 7.4; 2 mM MgCl2; 250 mM sucrose; 10 mM EDTA; 10 mM EGTA) containing protease inhibitors. The homogenate was centrifuged at 1,000 g for 5 min. The obtained pellet was rehomogenized in the same way and centrifuged at 1,000 g for 5 min. The pellet was rehomogenized and centrifuged at 1,000 g for 5 min to give the nuclear pellet. The post-nuclear supernatants were combined and centrifuged at 100,000 g for 30 min. The supernatant comprised the cytosolic fraction, and the pellet represented the membrane fraction. The nuclear pellet was resuspended in 150 μl of the nuclear lysis buffer (20 mM HEPES, pH 7.6; 25% (v/v) glycerol; 0.42 M NaCl; 1.5 mM MgCl2; 1 mM EDTA; 1 mM EGTA) containing protease inhibitors, rotated for 1 h at 4°C, and centrifuged at 18,000 g for 30 min. The supernatant comprised the nuclear fraction.



RNA Isolation and Quantitative RT-PCR (qRT-PCR)

Total RNA was prepared from frozen tissues with RNeasy Mini Kit (QIAGEN, Hilden, Germany) and treated with DNase I. Quantitative RT-PCR (qRT-PCR) assays were performed as described previously (Kovacs et al., 2012). First-strand cDNA was synthesized with random hexamer primers using the High-Capacity RNA-to-cDNA Kit (No. 4368813; Applied Biosystems). qRT-PCR was performed on a Roche LightCycler LC480 instrument in duplicates using 10 ng cDNA, 7.5 pmol forward and reverse primers, and the 2x KAPA SYBR FAST qPCR Mastermix (No. KK4601; KAPA Biosystems). Thermal cycling was carried out with a 5 min denaturation step at 95°C, followed by 45 three-step cycles: 10 s at 95°C, 10 s at 60°C, and 10 s at 72°C. Melt curve analysis was carried out to confirm the specific amplification of a target gene and absence of primer dimers. Primer sequences are listed in Supplementary Table S2. Expression levels were calculated using the 2–ΔΔCT method (Livak and Schmittgen, 2001). 18s rRNA or cyclophilin (Ppia) were used as the invariant control.



Adenovirus

Adenovirus expressing HIF-2α P405/531A [hereafter called Ad-HIF-2α(mt)] was generated as described previously (Walter et al., 2014). A Cre recombinase- and GFP-expressing adenovirus (Ad-Cre-GFP) was used to delete floxed sequences in Atg5f/f/Vhlf/f mice. Mice were injected with different amounts of plaque forming units (pfu) of adenovirus in 200 μl PBS into the tail vein. Mice were killed 6 days after adenovirus delivery. Virus expressing only GFP served as control (Ad-GFP). All Adenoviruses used were purchased from Viraquest (North Liberty, IA, United States).



Statistical Analyses

Data are expressed as mean ± SD. When two groups where compared, statistical significance was evaluated by an unpaired, two-tailed Student’s t-test or an unpaired, two-tailed Student’s t-test with Welch’s correction when variances where significantly different. For multiple group analysis one-way ANOVA followed by Dunnett’s multiple comparisons test or two-way ANOVA followed by either Sidak’s or Tukey’s multiple comparisons test was performed. Data were assumed to be normally distributed. Homoscedasticity was assumed for two-way ANOVA. Statistical analyses were performed using GraphPad Prism version 8.2.0.



RESULTS


HIF-α Signaling Decreases Hepatic Khk and Aldob Expression

To examine whether hypoxic signaling affects hepatic fructose metabolism or Khk isoform choice we first analyzed total Khk expression in liver-specific Vhl knockout mice (Vhl–/–) where both HIF-α isoforms are permanently stabilized, even under normoxic conditions. We previously described (Walter et al., 2014) that HIF-α target gene expression is induced in 2- and 4-week-old (P14 and P28, respectively) Vhl–/– mice. These mice were significantly smaller but had an increased liver to body weight ratio compared to control mice and developed hypoglycemia and severe steatosis. The hepatic expression of HIF-α target genes (Slc2a1, Pfkl, Eno1, Gpi1, Tpi1, Pgk1, Ldha, Bnip3, Bnip3l, Pdk1, Egln3, and Epo) was already induced in 1-week old (P7) Vhl–/– mice (Figure 1A). The expression of total Khk was significantly downregulated in P7, P14 and P28 Vhl–/– livers, which was reflected by reduced expression levels of Khkc as well as Khka. While Aldob was also transcriptionally downregulated at all time points analyzed, Slc2a2 mRNA levels were reduced only in P28 Vhl–/– livers (Figures 1B–D). Concordantly, protein levels of total KHK and ALDOB were reduced in P7, P14, and P28 Vhl–/– livers compared to age-matched controls (Figure 1F). Recently, several studies showed that SF3B1 (Mirtschink et al., 2015), HNRNPH1/2 (Li et al., 2016) as well as A1CF mediate KHK-A and KHK-C isoform expression via alternative splicing (Lin et al., 2018; Nikolaou et al., 2019). Even though the strong decrease of Khk expression was reflected by reduced Khkc and Khka expression in the livers of Vhl–/– mice, we examined the expression of these Khk splicing mediators. A1cf mRNA expression was significantly upregulated in Vhl–/– livers, especially in P14 mice (∼7 fold). Sf3b1 mRNA expression was increased ∼1.5- and ∼2-fold in P14 and P28 Vhl–/– mice, respectively, while levels of Hnrnph1 and 2 where unchanged or only moderately altered in livers of Vhl–/– mice compared to their age-matched counterparts (Figure 1E). In contrast to the transcriptional upregulation, A1CF and SF3B1 protein levels were decreased in P14 and P28 whole liver lysates as well as in nuclear fractions of P28 Vhl–/– livers, while a moderate decrease of HNRNPH1/2 was observed (Figures 1F,G). As expected, KHK and ALDOB protein levels were strongly reduced in cytosolic fractions of P28 Vhl–/– livers (Figure 1G). Thus, these results indicate that HIF-α signaling impairs hepatic fructose catabolism via a mechanism that does not involve a KHK isoform switch.
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FIGURE 1. Analysis of the fructolytic pathway in Vhl–/– livers. The fructolytic pathway was analyzed in P7, P14, and P28 Vhlf/f (control) and liver-specific Vhl–/– mice. (A,B) Expression of HIF-α target genes (A) and fructolytic genes (B) in P7 control and Vhl–/– livers. (C) Expression of fructolytic genes in P14 livers. (D) Expression of fructolytic genes in P28 livers. (E) Expression of splicing factors was analyzed in P7, P14, and P28 Vhlf/f (control) and liver-specific Vhl–/– mice (n = 5–7 mice). (F) Immunoblots of liver lysates. (G) Immunoblots of cytosolic and nuclear fractions from livers of P28 mice with antibodies against SF3B1, A1CF, HNRNPH1/2, KHK, ALDOB, and α-tubulin or Lamin B1 as loading controls. Each value represents the amount of mRNA relative to that in control mice, which was arbitrarily defined as 1. 18S rRNA and cyclophilin were used as the invariant control. Data are mean ± SD (n = 5–7 mice). Statistical analysis was performed using Student’s t-test or Student’s t-test with Welch’s correction. *p < 0.05; **p < 0.01; ***p < 0.001 vs. control mice.




HIF-2α but Not HIF-1α Activation Represses Khk and Aldob Expression in Vhl–/– Livers

To investigate whether the reduction of Khk and Aldob expression due to pVHL loss is mediated by HIF-1α or HIF-2α (encoded by Epas1), we determined the expression of fructolytic genes in liver-specific Vhl/Hif1a and Vhl/Epas1 double knockout mice (Figure 2). The expression of total Khk, Khkc, Khka, Aldob, and Slc2a2 was significantly reduced in P28-P42 Vhl–/–/Hif1a–/– mice (only HIF-2α signaling) compared to controls (Figure 2A). Changes in expression levels of fructolytic genes in Vhl–/–/Hif1a–/– and Vhlf/f/Hif1af/f mice were similar to changes in Vhl–/– and Vhlf/f mice (Supplementary Figure S1A). In contrast to Vhl–/– and Vhl–/–/Hif1a–/– mice, the mRNA levels of Slc2a2 and fructolytic genes in P28-P42 Vhl–/–/Epas1–/– (only HIF-1α signaling) livers were not statistically different from those in Vhlf/f/Epas1f/f control livers, demonstrating a central role for HIF-2α in the suppression of fructolytic genes (Figure 2B and Supplementary Figure S1A). The increased expression of A1cf in Vhl–/– livers was mediated by HIF-2α, since A1cf expression was also increased in Vhl–/–/Hif1a–/– (Figure 2C) but remained unchanged in P28-P42 Vhl–/–/Epas1–/– livers compared to their respective controls (Figure 2D). In accordance with the gene expression data, total KHK and ALDOB protein levels were decreased in P42 Vhl–/–/Hif1a–/– but not in Vhl–/–/Epas1–/– livers compared to their controls (Figures 2E,F). A1CF protein levels were decreased in Vhl–/–/Hif1a–/– livers (Figure 2E), whereas A1CF levels were similar in control and Vhl–/–/Epas1–/– livers (Figure 2F). A direct comparison of KHK and ALDOB protein levels in livers of Vhl–/–, Vhl–/–/Hif1a–/–, and Vhl–/–/Epas1–/– with control mice confirmed that HIF-2α, but not HIF-1α, signaling suppresses fructolytic gene expression (Figure 2G and Supplementary Figure S1B). We previously showed that P28-P42 liver-specific Vhl–/–/Epas1–/– mice were phenotypically similar to control mice (Walter et al., 2014), with only a marginal increase in hepatic triacylglycerol levels in Vhl–/–/Epas1–/– livers. To examine if long-term HIF-1α signaling in the liver affects the expression of fructolytic genes, we analyzed 11-month-old liver-specific Vhl–/–/Epas1–/– mice. While the expression of HIF-1α target genes was significantly increased in Vhl–/–/Epas1–/– livers (Figure 2H), the expression of total Khk, Khkc, and Aldob was only marginally reduced over such a long period of HIF-1α signaling (Figure 2I). The expression of splicing factors was similar in 11-month-old control and Vhl–/–/Epas1–/– livers (Figure 2J). However, the protein levels of total KHK and ALDOB were comparable in 11-month-old control and Vhl–/–/Epas1–/– livers (Figure 2K).
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FIGURE 2. HIF-2α-dependent inhibition of fructolysis in Vhl–/– livers. The fructolytic pathway was analyzed in P28-P42 control (Cre-: Vhlf/f/Hif1af/f and Vhlf/f/Epas1f/f) and liver-specific Vhl–/–/Hif1a–/– and Vhl–/–/Epas1–/– mice. (A) Expression of fructolytic genes in P28-P42 control and Vhl–/–/Hif1a–/– livers (n = 10 for P28-P42 mice; n = 4 for P28 mice; n = 6 for P42 mice). (B) Expression of fructolytic genes in P28-P42 control and Vhl–/–/Epas1–/– livers (n = 10 for P28-P42 mice; n = 4 for P28 mice; n = 6 for P42 mice). (C) Expression of splicing factors in P28-P42 control and Vhl–/–/Hif1a–/– livers (n = 10 mice). (D) Expression of splicing factors in P28-P42 control and Vhl–/–/Epas1–/– mice (n = 10 mice). (E,F) Immunoblots of liver lysates from P42 mice with antibodies against total KHK, ALDOB, A1CF, and α-tubulin as loading control. (G) Immunoblots of liver lysates from P28 or P42 mice with antibodies against total KHK, ALDOB, and γ-tubulin as loading control. Numbers at the bottom of the blots indicate the fold change as quantified after normalization with γ-tubulin. Protein levels were expressed relative to that in livers of Vhlf/f mice, which were arbitrarily defined as 1. (H–J) Expression of HIF-α target genes (H), fructolytic genes (I), and splicing factors (J) in 11-month-old control and Vhl–/–/Epas1–/– livers (n = 8 for Vhlf/f/Epas1f/f, n = 6 for Vhl–/–/Epas1–/– mice). (K) Immunoblots of liver lysates from 11-month-old mice with antibodies against total KHK, ALDOB, and γ-tubulin as loading control. Numbers at the bottom of the blots indicate the fold change as quantified after normalization with γ-tubulin. Protein levels in Vhl–/–/Epas1–/– livers were expressed relative to that in control livers, which were arbitrarily defined as 1. In expression analyses, each value represents the amount of mRNA relative to that in control mice, which was arbitrarily defined as 1. The expression levels were similar in P28 and P42 mice and were therefore combined. 18S rRNA and cyclophilin were used as the invariant control. Data are mean ± SD. Statistical analysis was performed using Student’s t-test or Student’s t-test with Welch’s correction. *p < 0.05; **p < 0.01; ***p < 0.001 vs. control mice.


We used an additional approach to confirm that HIF-2α negatively affects the hepatic expression of fructolytic genes. Therefore, we examined mRNA and protein levels of KHK and ALDOB in livers from mice that had been injected with an adenovirus co-expressing GFP and HIF-2α P405/531A [hereafter called Ad-HIF-2α(mt)], a HIF-2α variant that escapes degradation by pVHL, or an adenovirus expressing GFP (Ad-GFP) as control. Mice were sacrificed 6 days after injection (Walter et al., 2014). Low doses of Ad-HIF-2α(mt) (1 × 108 or 5 × 108 pfus) showed little, if any, induction of HIF target genes, whereas the expression of HIF target genes was strongly increased in livers from mice infected with 1 × 109 or 3 × 109 pfu of Ad-HIF-2α(mt) (Walter et al., 2014). Infection with 1 × 109 or 3 × 109 pfu of Ad-HIF-2α(mt) also led to loss of peroxisomes and steatosis (Walter et al., 2014). The repression of fructolytic genes was dependent on virus quantity and mRNA levels of total Khk, Khkc, Khka, Aldob, and Slc2a2 were strongly downregulated in mice infected with 1 × 109 or 3 × 109 pfu of Ad-HIF-2α(mt) (Figure 3A). A1cf expression was increased in livers from mice infected with 3 × 109 pfu of Ad-HIF-2α(mt) to a similar extent as observed in livers of Vhl–/–/Hif1a–/– compared to correspondent controls (Figure 3A). In accordance with the gene expression data, protein levels of KHK and ALDOB were reduced in livers infected with 1 × 109 or 3 × 109 pfu of Ad-HIF-2α(mt) compared to controls (Figures 3B,C). The reduction in hepatic KHK and ALDOB protein levels after Ad-HIF-2α(mt) expression was less prominent (∼50% reduction for KHK and ALDOB) than observed in livers of Vhl–/– and Vhl–/–/Hif1a–/– mice suggesting considerable stability of the proteins. A1CF, SF3B1, and HNRNPH1/2 protein levels were unchanged in HIF-2α(mt)-expressing livers (Figure 3B). Taken together, we provide strong evidence that HIF-2α represses hepatic fructose metabolism. In addition, the splicing factors A1CF, SF3B1, and HNRNPH1/2 are not relevant for the direct regulation of Khk in the described models.
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FIGURE 3. Overexpression of HIF-2α P405/531A [HIF-2α(mt)] inhibits the expression of fructolytic genes in the liver. (A) Expression of fructolytic genes and splicing factors in livers from 8-week-old Atg7f/f mice infected with 3 × 109 pfu of Ad-GFP (control) or different amounts of pfu of Ad-HIF-2α(mt) [Ad-GFP: n = 6; 3 × 109 pfu Ad-HIF-2α(mt): n = 7; 1 × 109, 5 × 108, 1 × 108 pfu Ad-HIF-2α(mt): n = 3–4]. Each value represents the amount of mRNA relative to that in GFP-infected mice. Cyclophilin was used as the invariant control. (B) Immunoblots of liver lysates with antibodies against total KHK, ALDOB, splicing factors (A1CF, HNRNPH1/2, and SF3B1) and γ-tubulin as loading control. (C) Quantification of KHK and ALDOB immunoblots after normalization with γ-tubulin. Data are mean ± SD. Statistical analysis was performed using one-way ANOVA followed by Dunnett’s multiple comparisons test. *p < 0.05; **p < 0.01; ***p < 0.001 vs. GFP-infected mice.




Khk mRNA and Protein Levels Are Decreased in Peroxisome-Deficient Livers and Kidneys

HIF-2α is a major driver of lipid accumulation in the liver and triggers the degradation of peroxisomes via selective autophagy (Walter et al., 2014). Therefore, we investigated whether peroxisome abundance has an influence on genes and proteins involved in fructolysis. We analyzed livers of peroxisome-deficient Pex2–/– mice on a Swiss Webster × 129S6/SvEv (SW/129) genetic background that survive 1–3 weeks (rarely 5 weeks) (Faust et al., 2001). Pex2–/– mice are characterized by severe growth retardation, intestinal malabsorption, hepatic cholestasis and steatosis as well as dysregulated cholesterol homeostasis and ER stress (Kovacs et al., 2004, 2009, 2012). Feeding Pex2–/– mice with bile acids (BA) improves intestinal lipid absorption, reduces cholestasis and accumulation of toxic bile acid intermediates and thus prolongs survival (Keane et al., 2007). Total Khk, Khkc, Aldob, and Slc2a2 expression levels were reduced by ∼25–50% in livers of newborn (P0) Pex2–/– mice (Figure 4A). Strikingly, the expression of total Khk as well as the isoforms Khkc and Khka was strongly reduced in livers of untreated and BA-fed P10 and P36 Pex2–/– mice, while Aldob and Slc2a2 expression was reduced only in P36 knockout livers. BA treatment reduced the expression of total Khk and Khkc in P10 control mice (Figure 4B). Total KHK protein levels were barely detectable in livers of P10 and P36 untreated and BA-fed Pex2–/– mice (Figures 4C, 5B). In contrast to the transcriptional expression, ALDOB protein levels were decreased in P10 but normalized in P36 Pex2–/– livers compared to controls (Figure 4C). Sf3b1, A1cf, and Hnrnph2 expression was moderately increased in untreated and BA-fed P10 Pex2–/– livers, whereas no significant changes were observed in P36 livers. Expression of Hnrnph1 was similar in control and Pex2–/– livers (Figure 5A). Interestingly, A1CF protein levels were decreased in cytosolic fractions and increased in nuclear fractions of untreated and BA-fed P10 Pex2–/– livers, indicating that peroxisome-deficiency causes a shift in the subcellular localization of A1CF (Figure 5B). In addition, SF3B1 and HNRNPH1/2 protein levels were increased in nuclear fractions of livers from both untreated and BA-fed Pex2–/– mice (Figure 5B). Taken together, these results illustrate that fructose metabolism is repressed in the absence of functional peroxisomes, and the repression is not affected by improving the nutritional state of Pex2–/– mice with BA feeding. The repression of fructose metabolism is independent of a Khk splicing change, since Khk, Khkc, and Khka mRNAs and total KHK protein expression were decreased in Pex2–/– livers.
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FIGURE 4. Analysis of the fructolytic pathway in livers from untreated and BA-fed control and Pex2–/– mice. (A) P0 liver (n = 9 for control and Pex2–/– mice). (B) P10 and P36 liver (n = 6 for untreated P10 control and Pex2–/– mice, n = 5 for P10 BA-fed control and Pex2–/– mice, n = 7 for untreated P36 control mice, n = 2 for untreated P36 Pex2–/– mice, n = 3 for P36 BA-fed control mice, n = 4 for P36 BA-fed Pex2–/– mice). (C) Immunoblots of liver lysates with antibodies against total KHK, ALDOB, and β-actin or γ-tubulin as loading controls. Each value represents the amount of mRNA relative to that in untreated control mice at that age, which was arbitrarily defined as 1. 18S rRNA or cyclophilin were used as the invariant control. Data are mean ± SD. Statistical analysis was performed using Student’s t-test or Student’s t-test with Welch’s correction or two-way ANOVA followed by Sidak’s multiple comparisons test. *p < 0.05; **p < 0.01; ***p < 0.001 vs. untreated P0 or P10 or P36 control mice. #p < 0.05; ##p < 0.01; ###p < 0.001 vs. P10 or P36 BA-fed control mice.
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FIGURE 5. Analysis of splicing factors in livers from untreated and BA-fed control and Pex2–/– mice. (A) Expression of splicing factors in P10 and P36 control and Pex2–/– livers (n = 6 for P10 control and Pex2–/– mice, n = 5 for P10 BA-fed control and Pex2–/– mice, n = 7 for P36 control mice, n = 2 for P36 Pex2–/– mice, n = 3 for P36 BA-fed control mice, n = 4 for P36 BA-fed Pex2–/– mice). (B) Immunoblots of cytosolic and nuclear fractions from livers of untreated and BA-fed P10 control and Pex2–/– mice with antibodies against SF3B1, A1CF, HNRNPH1/2, and β-actin, α-tubulin, and Lamin B1 as loading controls. Each value represents the amount of mRNA relative to that in untreated control mice at that age, which was arbitrarily defined as 1. 18S rRNA or cyclophilin were used as the invariant control. Data are mean ± SD. Statistical analysis was performed using two-way ANOVA followed by Sidak’s multiple comparisons test. *p < 0.05; **p < 0.01 vs. untreated control mice. #p < 0.05 vs. BA-fed control mice.


Since the fructose metabolizing KHK-C isoform is also highly expressed in the proximal tubules of the kidney, where peroxisomes are highly abundant, we investigated the expression of fructolytic genes in kidneys of Pex2–/– mice. Similar to what we observed in the liver, total Khk as well as Khkc expression was significantly downregulated in P0 and P10 Pex2–/– kidneys while Khka mRNA levels were only reduced in P10 mice. The expression of Aldob was similar in P0 or P10 control and Pex2–/– kidneys. While Slc2a2 expression was significantly decreased in P10 Pex2–/– kidneys, Slc2a5 mRNA levels were reduced in both P0 and P10 Pex2–/– kidneys (Figures 6A,B). In agreement with the mRNA expression data, total KHK protein levels were reduced in P10 Pex2–/– kidneys while ALDOB protein levels were similar to controls (Figure 6C). In summary, these results confirm that fructose metabolism, especially KHK mRNA and protein expression, is reduced in the absence of functional peroxisomes in tissues with a generally high fructolytic activity.
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FIGURE 6. Analysis of the fructolytic pathway in kidneys from control and Pex2–/– mice. (A) Expression of fructolytic genes in P0 control and Pex2–/– kidneys (n = 6 for control, n = 4 for Pex2–/– mice). (B) Expression of fructolytic genes in P10 control and Pex2–/– kidneys (n = 6 for control and Pex2–/– mice). (C) Immunoblots of P10 kidney lysates with antibodies against total KHK, ALDOB, and γ-tubulin as loading control. Each value represents the amount of mRNA relative to that in control mice, which was arbitrarily defined as 1. Cyclophilin was used as the invariant control. Data are mean ± SD. Statistical analysis was performed using Student’s t-test or Student’s t-test with Welch’s correction. *p < 0.05; **p < 0.01; ***p < 0.001 vs. control mice.




Repression of Khk Expression Is Independent of PPARα Signaling

Next, we examined if the decreased Khk expression in Pex2–/– mice is mediated by peroxisome proliferator-activated receptor α (PPARα), a nuclear receptor that acts as a sensor for fatty acids and fatty acid derivatives and thus controls metabolic pathways involved in lipid and energy homeostasis (Pyper et al., 2010). Endogenous PPARα ligands such as CoA thioesters of very long-chain and branched-chain fatty acids are metabolized in peroxisomes (Hostetler et al., 2005, 2006). We have shown that the hepatic expression of PPARα target genes was either unchanged or significantly decreased in P0 Pex2–/– mice (Kovacs et al., 2012). In addition, PPARα target genes were not activated in the liver of Acox1–/– mice during the embryonic period, but their expression was induced as early as 1 day postnatal (Cook et al., 2001). These data suggest that the accumulation of abnormal metabolites may not yet be sufficient to induce the PPARα pathway in P0 Pex2–/– and Acox1–/– mice. However, accumulation of diet-derived unmetabolized substrates in peroxisome-deficient tissues in the postnatal period hyperactivates PPARα, as demonstrated by upregulation of PPARα target genes (Pex11a, Acox1, Ehhadh, Cpt1a, Cyp4a10) in the liver of P10 and P36 Pex2–/– mice (Figure 7A). Whereas only Pex11a and Acox1 mRNA levels were induced in P0 Pex2–/– kidneys (Figure 7B), the expression of several PPARα target genes was increased in P10 Pex2–/– kidneys (Figure 7C). In summary, PPARα could mediate repression of fructolytic genes at least in postnatal Pex2–/– livers and kidneys.
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FIGURE 7. PPARα activation has only a minor effect on fructolysis. (A) Expression of PPARα target genes in P10 and P36 livers (n = 6 for P10 control and Pex2–/– mice, n = 5 for P10 BA-fed control and Pex2–/– mice, n = 7 for P36 control mice, n = 2 for P36 Pex2–/– mice, n = 3 for P36 BA-fed control mice, n = 4 for P36 BA-fed Pex2–/– mice). (B,C) Expression of PPARα target genes in P0 and P10 control and Pex2–/– kidneys (n = 6 for P0 control, n = 4 for P0 Pex2–/– mice; n = 6 for P10 control and Pex2–/– mice). (D,E) Expression of PPARα target (D) and fructolytic genes (E) in livers of adult C57BL/6J mice after treatment with the PPARα agonist WY-14,643 (WY) for 7 days (7 days) and after 3, 4, and 7 days after WY withdrawal (n = 3 for each experimental group). (F,H) Immunoblots of liver lysates with antibodies against ACOX1, EHHADH, KHK, ALDOB, and α-tubulin or γ-tubulin as loading controls. The fold change in the protein level in WY-treated C57BL/6J mice was expressed relative to that in vehicle-treated mice, which was arbitrarily defined as 1. (G) Expression of fructolytic genes in livers of vehicle- or WY-treated Vhlf/f and liver-specific Vhl–/– mice (Vehicle: n = 4–8 mice; WY: n = 4–8 mice). Three-week-old mice have been treated with WY for 7 days. Each value represents the amount of mRNA relative to that in control mice, which was arbitrarily defined as 1. Cyclophilin was used as the invariant control. Data are mean ± SD. Statistical analysis was performed using Student’s t-test or Student’s t-test with Welch’s correction. For multiple group analysis one-way ANOVA or two-way ANOVA followed by Dunnett’s or by Sidak’s multiple comparisons test, respectively, was performed. *p < 0.05; **p < 0.01; ***p < 0.001 vs. control or vehicle-treated mice. #p < 0.05; ##p < 0.01; ###p < 0.001 vs. P10 or P36 BA-fed control mice or WY-treated Vhlf/f mice.


In rodents, peroxisome proliferation is induced via pharmacological activation of PPARα (Schrader et al., 2012). To examine whether pharmacological activation of PPARα influences the expression of fructolytic genes, we analyzed livers from adult C57BL/6J mice after treatment with the PPARα agonist WY-14,643 (WY) for 7 days as well as after 3, 4 and 7 days after WY withdrawal. PPARα target genes Pex11α, Acox1, Ehhadh, and Cyp4a10 were highly induced after the treatment with WY, and the mRNA levels returned almost to basal levels 3, 4, and 7 days after WY withdrawal (Figure 7D). Expression levels of total Khk and Khkc were reduced after 7 days of WY treatment and tended to be somewhat elevated after WY withdrawal, whereas WY treatment did not affect Aldob and Slc2a2 mRNA expression (Figure 7E). WY treatment for 7 days strongly increased EHHADH protein levels and resulted in reduced KHK and ALDOB protein levels, which returned to levels observed in untreated mice over time after WY withdrawal (Figure 7F).

Next, we analyzed the effect of PPARα activation on the expression of fructolytic genes in livers of 4-week-old Vhl–/– mice after WY treatment for 7 days. WY treatment for 7 days strongly increased peroxisomal protein levels and catalase activity in control livers and to a lesser extent in Vhl–/– livers (Walter et al., 2014). We showed that the expression of PPARα target genes was significantly increased in both control and Vhl–/– mice upon WY treatment. However, WY-mediated induction of PPARα target genes was much weaker in Vhl–/– mice (Walter et al., 2014), suggesting that HIF-2α signaling impairs ligand-induced PPARα activation. This observation was confirmed by increased protein levels of ACOX1 and EHHADH after WY treatment in both wild-type and, to a lesser extent, in Vhl–/– mice compared to untreated controls (Figure 7H). However, expression of total Khk, Khkc as well as Aldob was not affected by WY treatment in control and Vhl–/– mice (Figure 7G). WY treatment slightly decreased KHK and ALDOB protein levels in control mice, but no further decrease could be observed in Vhl–/– livers (Figure 7H). Taken together, these results suggest that pharmacological PPARα activation exhibits at most moderate effects on KHK and ALDOB mRNA and protein levels, which also appear to depend on age, while HIF-2α signaling and peroxisome deficiency are strong repressors of fructolytic gene expression.

As KHK-A is the predominant isoform in extrahepatic tissues with relatively low fructose catabolic activity, we analyzed Khk expression in lung, heart, skeletal muscle, and spleen of P10 control and Pex2–/– mice. As expected, PPARα was also activated in these Pex2–/– tissues as indicated by transcriptional upregulation of the PPARα target genes Pex11a, Acox1, and Ehhadh (Figure 8A). Surprisingly, total Khk as well as Khka expression was increased in lung, heart, and spleen while only total Khk was more highly expressed in skeletal muscle in Pex2–/– mice compared to controls. The expression levels of Aldob were very low in these tissues and could not be analyzed. Khkc expression was only detectable in the lung at relatively low levels (CT ∼37 in Pex2+/) and its mRNA level was higher in Pex2–/– mice, similar to the total Khk and Khka expression (Figure 8B). Total KHK protein levels were not detectable in lung, heart, skeletal muscle and spleen, probably due to the low Khk expression levels in these tissues.
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FIGURE 8. Expression of fructolytic genes in lung, heart, skeletal muscle, and spleen from control and Pex2–/– mice. (A,B) Expression of PPARα target (A) and fructolytic genes (B) in P10 control and Pex2–/– tissues (n = 6 for control and Pex2–/– mice). Each value represents the amount of mRNA relative to that in control mice, which was arbitrarily defined as 1. Cyclophilin was used as the invariant control. Data are mean ± SD (n = 6 for control and Pex2–/– mice). Statistical analysis was performed using Student’s t-test or Student’s t-test with Welch’s correction. *p < 0.05; **p < 0.01; ***p < 0.001 vs. control mice.


In summary, loss of peroxisomes affects fructose metabolism in a tissue-specific manner that is dependent on KHK isoform dominance. There is a strong decrease of KHK mRNA and protein levels in postnatal Pex2–/– livers and kidneys, whereas Khk mRNA levels are increased in lung, heart, skeletal muscle, and spleen. Finally, these expression changes occur independent of PPARα activation.



Decreased Peroxisome Abundance Is Not Required for HIF-2α-Mediated Inhibition of Khk Expression

Next, we wanted to investigate whether the decrease in mRNA levels of fructolytic genes caused by HIF-2α signaling in Vhl–/– and Vhl–/–/Hif1a–/– mice is due to the decrease in peroxisome number caused by HIF-2α-induced pexophagy. We have previously shown that pharmacological inhibition of autophagy with 3-methyladenine (3-MA) restores peroxisome homeostasis in livers of Vhl–/– mice after 5 days of 3-MA treatment (Walter et al., 2014). Hif target gene expression was not affected by 3-MA treatment. The mRNA levels of Khk, Khkc, Khka, Aldob, and Slc2a2 were decreased to the same extent in 3-MA-treated P28 Vhl–/– mice (Figure 9A) as in untreated Vhl–/– mice (Figure 1D).
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FIGURE 9. HIF-2α-mediated decrease of the expression of fructolytic genes does not depend on decreased peroxisome abundance. (A) Expression of fructolytic genes in livers from vehicle- and 3-MA-treated control and Vhl–/– mice (n = 7 for vehicle-treated control mice; n = 3 for 3-MA-treated Vhl–/– mice. (B) 15-week-old Atg5f/f/Vhlf/f mice were infected with 3 × 109 pfu of Ad-GFP or Ad-Cre-GFP and sacrificed after 6 days (n = 6 for Ad-GFP and Ad-Cre-GFP). The efficiency of Atg5 and Vhl deletion was measured by quantifying Atg5 and Vhl mRNA by quantitative RT-PCR. (C) Expression of HIF-α target genes. (D) Immunoblots of liver lysates. (E) Quantification of immunoblots after normalization to ponceau. (F) Expression of fructolytic genes. Each value represents the amount of mRNA relative to that in control mice, which was arbitrarily defined as 1. Cyclophilin was used as the invariant control. Data are mean ± SD. Statistical analysis was performed using Student’s t-test or Student’s t-test with Welch’s correction. *p < 0.05; **p < 0.01; ***p < 0.001 vs. control mice.


We used an additional approach to show that the HIF-2α signaling pathway reduces the expression of fructolytic genes independent of peroxisome number. Therefore, we examined the effect of constitutive HIF-α signaling on peroxisome abundance and the expression of fructolytic genes in liver-specific, autophagy-deficient Atg5–/–/Vhl–/– mice. Liver-targeted deletion of Atg5 and Vhl was achieved by systemic administration, via tail vein injection, of an adenovirus co-expressing Cre recombinase and GFP (Ad-Cre-GFP) or Ad-GFP as control to 15-week-old Atg5f/f/Vhlf/f mice. Mice were sacrificed 6 days after the injection of adenoviruses. Expression analysis by qRT-PCR confirmed the efficient deletion of Atg5 and Vhl from the liver (Figure 9B). The mRNA levels of HIF target genes (Pfkl, Ldha, Bnip3, Bnip3l, Slc2a1, and Epo) were significantly increased in livers after deletion of Vhl (Figure 9C). The concomitant deletion of Atg5 and Vhl prevents the loss of peroxisomes by HIF-2α-induced pexophagy. The protein levels of the peroxisomal matrix proteins catalase and urate oxidase (UOX), the peroxisomal membrane proteins PEX14, ABCD3, and ACBD5, and the mitochondrial outer membrane protein VDAC were similar in Atg5f/f/Vhlf/f and Atg5–/–/Vhl–/– livers (Figures 9D,E). The protein levels of the selective autophagy receptors sequestosome 1 (SQSTM1/p62) and neighbor of BRCA1 gene 1 (NBR1), which are involved in HIF-2α-mediated pexophagy, were significantly increased in Atg5–/–/Vhl–/– livers compared to controls (Figure 9D). The accumulation of NBR1 and SQSTM1 is a confirmation that both macroautophagy and HIF-2α-mediated pexophagy were inhibited in Atg5–/–/Vhl–/– livers. Importantly, the expression of fructolytic genes was strongly decreased in Atg5–/–/Vhl–/– livers (Figure 9F). The protein levels of KHK and ALDOB were significantly reduced in Atg5–/–/Vhl–/– livers (∼ 40% and ∼25% reduction, respectively) (Figures 9D,E), however, the reduction was less prominent than observed in livers of Vhl–/– and Vhl–/–/Hif1a–/– mice (Figures 1F,G, 2E). A similar observation was made in HIF-2α(mt)-expressing livers of mice (Figure 3B), which were also sacrificed 6 days after adenovirus injections, which indicates a considerable stability of these proteins.

In summary, we conclude that HIF-2α signaling and peroxisome-deficiency are strong negative regulators of the expression of fructolytic genes. Furthermore, the suppression of fructolytic genes by HIF-2α is not dependent on a decrease in the number of peroxisomes by HIF-2α-induced pexophagy.



DISCUSSION

High fructose consumption and metabolism have been associated with the development of various pathologic conditions. However, still little is known about the general regulation of fructolytic enzymes. The main finding of this study is that in organs with high fructolytic activity total Khk and associated Khkc and Khka expression is negatively regulated by HIF-2α signaling and by lack of peroxisomal metabolism.

KHK, more specifically the high-activity fructose-catabolizing isoform KHK-C, displays the highest expression in the liver followed by the kidney and the intestine (Hayward and Bonthron, 1998; Diggle et al., 2009). The liver and kidney are also characterized by abundant peroxisome levels and are severely affected in patients suffering from peroxisomal disorders (Waterham et al., 2016; Islinger et al., 2018). Peroxisomal disorder patients and Zellweger syndrome mouse models suffer from vast metabolic disarray that includes in particular severe abnormalities in lipid metabolism (Baes et al., 1997; Faust and Hatten, 1997; Maxwell et al., 2003; Baes and Van Veldhoven, 2012; Wanders, 2018). The enzymes of glycolysis and fructolysis, gluconeogenesis, glycogen catabolism, and pentose phosphate pathway are not present in mammalian and Drosophila peroxisomes (Wiese et al., 2007; Faust et al., 2012; Gronemeyer et al., 2013). However, a peroxisome-related organelle called glycosome contains the majority of glycolytic enzymes in the protist group Kinetoplastea, which include trypanosomatid parasites of the genera Trypanosoma and Leishmania (Haanstra et al., 2016). Interestingly, enhanced glycolysis and impaired glycogen synthesis and gluconeogenesis has been shown in 20-week-old liver-specific peroxisome-deficient Pex5–/– mice (Peeters et al., 2011), and these perturbations were attributed to mitochondrial dysfunction. Reduced levels of glycolytic, glycogen, and pentose phosphate pathway intermediates were found in peroxisome-deficient Drosophila pex2 and pex16 mutants, while no dramatic mitochondrial phenotypes were observed in mutant flies (Wangler et al., 2017). We demonstrate a strong decrease in total KHK at the mRNA and protein level, which is also reflected in decreased expression of both the Khka and Khkc isoforms, in livers from the Pex2–/– mouse model for Zellweger syndrome without functional peroxisomes. The repressive effects are enhanced in postnatal and weaned mice (P10 and P36, respectively) compared to newborn (P0) mice. We also observed a decrease of Aldob, an enzyme downstream of KHK, and Slc2a2 at the mRNA level in livers of P0 and P36 Pex2–/– mice, whereas their expression was not reduced in P10 Pex2–/– livers. Decreased expression levels of Khk and Slc2a2 were also found in a microarray analysis on livers of 20-week-old liver-specific Pex5–/– mice, while no differences in Aldob expression were observed (Peeters et al., 2011). Treating Pex2–/– mice with bile acids prolonged postnatal survival, alleviated intestinal malabsorption and intrahepatic cholestasis, and reduced production of toxic C27-bile acid intermediates (Keane et al., 2007). However, BA therapy exacerbated the degree of hepatic steatosis and worsened the mitochondrial and cellular damage in peroxisome-deficient livers. However, BA feeding had no effect on the expression of fructolytic genes in Pex2–/– livers, while Khk as well as Khkc expression was slightly reduced in P10 control mice compared to untreated mice. With the exception of kidney and intestine, expression of Khkc is very low in extrahepatic tissues such as the heart, and the low-activity KHK-A is the predominant isoform under physiologic conditions (Diggle et al., 2009; Chabbert et al., 2019). Interestingly, absence of peroxisomes in Pex2–/– mice resulted in an upregulation of the Khka isoform, also reflected by upregulation of total Khk, in extrahepatic tissues (heart, lung, skeletal muscle and spleen) at the transcriptional level. The Khkc isoform remained expressed below detection levels and even total KHK protein was not detectable, probably due to the low Khk expression levels. This indicates that loss of peroxisomes reduces total KHK expression in tissues with high fructolytic activity but does not cause an isoform switch, neither toward Khkc nor Khka.

Previously, we demonstrated that hypoxic signaling in liver-specific Vhl–/– mice triggers selective degradation of peroxisomes specifically via the HIF-2α isoform (Walter et al., 2014). Surprisingly, we also observed a strong repression of KHK and ALDOB by HIF-2α signaling in the liver, while HIF-1α signaling did not affect their expression. Even in 11-month-old Vhl–/–/Epas1–/– mice we only observed minor hepatic Khk expression changes despite HIF-1α stabilization over such a long period. Whereas the peroxisome abundance was not yet reduced in livers of P7 Vhl–/– mice, the expression of HIF-α target genes was highly induced and the mRNA and protein levels of KHK were already strongly reduced. These observations suggested that the suppression of KHK expression by HIF-2α is not dependent on a decrease in the number of peroxisomes by HIF-2α-induced pexophagy. Indeed, hepatic mRNA levels of fructolytic genes were also decreased in 3-MA-treated P28 Vhl–/– and 15-week-old Atg5–/–/Vhl–/– mice, where HIF-2α signaling could not decrease the number of peroxisomes due to the inhibition of autophagy.

HIF-1α and HIF-2α have both overlapping and distinct target genes as well as different cellular expression patterns (Hu et al., 2003; Sowter et al., 2003; Nakazawa et al., 2016). They are differentially regulated in various physiological settings and function in pathophysiological conditions such as cancer and ischemic diseases (Semenza, 2012). They have different roles in tumorigenesis dependent on specific tumor microenvironments (Keith et al., 2011). HIF-2α is a major oncogenic driver in clear cell renal carcinoma (ccRCC) where HIF-1α acts as tumor suppressor (Kondo et al., 2002; Raval et al., 2005; Gordan et al., 2007; Shen et al., 2011). Interestingly, reduced KHK levels were found in human ccRCC tumors compared to normal renal tissue (Hwa et al., 2006; Neely et al., 2016). HIF-2α might be responsible for the KHK downregulation and it would be interesting to understand how fructose metabolism is affected in these tumors. In contrast, tumor-promoting roles have been described for HIF-1α while HIF-2α inhibited tumorigenesis in colon cancer (Imamura et al., 2009). High-fructose corn syrup and elevated fructose metabolism have been shown to enhance intestinal tumor growth in adenomatous polyposis coli (Apc) knockout mice, and Khk knockout abolished high-fructose corn syrup enhancement of tumor growth and grade (Goncalves et al., 2019). Elevated KHK protein levels have also been detected in human colorectal adenomas compared to normal colon tissue (Uzozie et al., 2014). It is tempting to hypothesize that a tumor-promoting effect of fructose might only be observed in Epas1-deficient intestinal tumors.

It remains an open question how HIF-2α represses Khk and Aldob expression, but several possibilities exist. Studies using chromatin immunoprecipitation of HIF-α subunits coupled to either microarray analyses or next-generation DNA sequencing defined an identical core binding motif (RCGTG) for HIF-1α and HIF-2α, but binding to this motif is highly selective and the pathways targeted by HIF-1α and HIF-2α differ considerably (Mole et al., 2009; Schodel et al., 2011). That means that additional factors (e.g., epigenetic or other transcription factors) are involved in directing HIF-1α and HIF-2α to their target genes. Expression array studies have defined similar numbers of genes that are positively and negatively regulated by HIF-α. However, when promoters of negatively regulated genes in hypoxia-cultured MCF-7 cells were surveyed for HIF-α binding, an excess of binding over that in the promoters of genes that were entirely unresponsive to HIF-α was not observed (Mole et al., 2009). Therefore, it has been hypothesized that for the large majority of genes HIF-α-dependent down-regulation of expression is likely to be due to indirect effects “in trans,” rather than direct effects of HIF-α on the promoter. Indeed, a number of genes encoding transcriptional repressors have been identified as positively regulated HIF-1α targets. The HIF-1α-regulated gene DEC1/Stra13, a member of the Drosophila hairy/Enhancer of split transcription repressor family, represses PPARγ2 expression and inhibits thereby adipogenesis (Yun et al., 2002). In human clear cell renal cell carcinoma, it has been shown that the expression of E-cadherin and HIF-1α was mutually exclusive due to HIF-1α-mediated induction of TCF3, ZFHX1A, and ZFHX1B, which repress E-cadherin gene transcription (Krishnamachary et al., 2006). Moreover, it has also been proposed that displacement of more powerful transcriptional activators, or recruitment of corepressors to HIF-α, accounts for down-regulation of gene expression by HIF-α. For example, it has been suggested that the repression of α-fetoprotein (AFP) and carbamoyl phosphate synthetase-aspartate carbamoyltransferase-dihydroorotase (CAD) expression by HIF-1α is linked to a competition between HIF-1α and c-Myc (Mazure et al., 2002; Chen et al., 2005). In addition, HIF-1α activation increases expression of MAX-interacting protein 1 (MXI1) and Forkhead-box protein O3a (FOXO3a) and thereby inhibits mitochondrial biogenesis by reducing MYC activity (Schönenberger and Kovacs, 2015). Recently, the SIN3A histone deacetylase complex and the REST complex have been shown to be involved in hypoxic gene repression, though a direct link to the transcriptional activity of HIF is still missing (Cavadas et al., 2016; Tiana et al., 2018). Regarding HIF-2α, it has also been suggested that post-DNA-binding mechanisms affect transcriptional activity (Hu et al., 2006; Lau et al., 2007).

The adaptation to hypoxic stress via enhanced fructolysis in brain and heart has been shown to prolong survival under anoxic conditions in the naked mole rat (Heterocephalus glaber). Moreover, these animals endured conditions of chronic hypoxia without obvious side effects in which other animal species died (e.g., Mus musculus) (Park et al., 2017). Additionally, HIF-1α expression has been described to be elevated in naked mole rats compared to mice under normoxic and hypoxic conditions (Xiao et al., 2017). Nevertheless, further studies are required to understand whether HIF-1α-induced fructose metabolism is involved in the adaptation to chronic hypoxia.

Dietary fructose intake induces SLC2A5 as well as SLC2A2 expression and thereby enhances intestinal fructose absorption, serum levels and uptake (Barone et al., 2009). Furthermore, Slc2a5 deletion results in reduced expression levels of Khk and Aldob on mRNA and protein levels in the intestine (Patel et al., 2015a, b). SLC2A5 expression was increased in intestinal tumors of Apc–/– mice compared to wild-type intestinal epithelial cells while fructose levels in the serum and liver were reduced indicating enhanced uptake by the cancer cells (Goncalves et al., 2019). Moreover, administration of high-fructose corn syrup triggered intestinal tumor growth via increased levels of glycolysis and fatty acid synthesis using glucose and fructose as substrate and these effects were reversed in Apc–/–/Khk–/– mice (Goncalves et al., 2019). Hypoxia has been shown to upregulate Slc2a5 in adipocytes on mRNA but not on protein levels (Wood et al., 2007). While Slc2a5 expression remained below detection levels in the liver, we observed a significant downregulation of Slc2a5 mRNA in kidneys of Pex2–/– mice. Interestingly, Slc2a2 is transcriptionally downregulated in P0 and P36 but not in P10 livers of Pex2–/– mice. Additionally, Slc2a2 was significantly downregulated only in P28 Vhl–/– and Vhl–/–/Hif1α–/– livers while Khk and Aldob expression was already strongly reduced in P7 and P14 Vhl–/– livers. Taken together, these results indicate that HIF-2α signaling and peroxisome-deficiency reduce fructose metabolism mainly via downregulation of Khk which might be followed by reduced expression of fructose transporters.

A study reported that acute myeloid leukemia (AML) cells express high levels of SLC2A5 and consume fructose and use it to maintain viability, especially when glucose is scarce (Chen et al., 2016). Studies have shown that fructose utilization can drive more efficient incorporation of carbohydrates into proteins and nucleic acids and can act as a more efficient fuel for the pentose phosphate cycle, when compared to glucose (Laughlin, 2014). This metabolic feature might create an important biological target since most normal cells including normal monocytes do not use fructose as main metabolic fuel. Progression of AML has been linked to the expansion of hypoxia and HIF-1α signaling in the sub-endosteal bone marrow niche relative to normal bone marrow (Tabe and Konopleva, 2014). Another study showed that SLC2A5 is significantly upregulated in lung adenocarcinoma patients and overexpression of SLC2A5 determines fructose uptake and utilization efficacy and is highly correlated with poor patient survival (Weng et al., 2018). However, it is not known whether enhanced fructose utilization in AML cells and lung adenocarcinoma is enabled by a HIF-1α-mediated switch to KHKC expression.

A study showed that myocardial hypoxia triggers fructose metabolism via a HIF-1α-induced and SF3B1-mediated splicing switch from Khka to Khkc in mice. In accordance with HIF-1α induction, elevated KHK-C and SF3B1 levels were also detected in biopsies from patients suffering from aortic stenosis or hypertrophic cardiomyopathy (Mirtschink et al., 2015). Recently, an isoform switch from KHKC to KHKA mediated by a c-MYC-mediated upregulation of the splicing factors HNRNPH1/2 has been shown to promote the progression of hepatocellular carcinoma in human cells (Li et al., 2016). The malignant cells thereby reduce their normally high fructose metabolism in favor of alternative metabolic pathways that permit proliferation. Additionally, two studies showed an involvement of A1CF in Khk splicing (Lin et al., 2018; Nikolaou et al., 2019). A1CF has been described to be involved in the regulation of several metabolic genes and to be sensitive to metabolic changes, dynamically shuttling between cytosol and nucleus from fed to fasted state (Sowden et al., 2004; Lehmann et al., 2006; Lin et al., 2018; Nikolaou et al., 2019). Nikolaou et al. (2019) described A1CF to be a positive regulator of KHK-C isoform expression while inhibiting KHK-A expression with HNRNPH1/2 displaying opposite effects. Liver-specific A1cf–/– mice revealed reduced KHK activity and KHK-C protein levels as well as a slight downregulation of peroxisomal genes (Crot, Pex5, Pex7, Ehhadh) (Nikolaou et al., 2019). We did not observe a Khk splicing switch in response to HIF-2α signaling or in peroxisome-deficient tissues at the transcriptional level, neither in the liver nor in the kidney. Rather, downregulation of total Khk expression is reflected by repression of the Khkc as well as the Khka isoforms in tissues with high fructolytic capacity. In line, SF3B1 and HNRNPH1/2 appear not to be involved in KHK downregulation in our models and minor changes might be explained by secondary effects since these splicing factors have been linked to the regulation of various genes (Bonnal et al., 2012; Huelga et al., 2012). Interestingly, we observed that HIF-2α signaling increased A1cf expression, but A1CF protein levels were lower in total liver lysates as well as cytosolic and nuclear fractions from Vhl–/– livers. In contrast, A1CF levels were increased in nuclear fractions from livers of both untreated and BA-fed peroxisome-deficient Pex2–/– mice. Although, we cannot explain the discrepancies between A1cf mRNA and protein expression, these results support our conclusion that the decrease of hepatic KHK levels via HIF-2α signaling or due to peroxisome-deficiency is independent of splicing, since both Khka and Khkc were downregulated. However, these splicing factors might be relevant for the regulation of other genes in peroxisome-deficient livers.

PPARα is a major regulator of lipid metabolism and controls energy homeostasis in the liver (Pyper et al., 2010). Activation of PPARα by fibrates has been shown to ameliorate fructose-induced non-alcoholic steatohepatitis (Abd El-Haleim et al., 2016a, b). PPARα is hyperactivated in the liver and extrahepatic tissues of Pex2–/– mice (Figures 7, 8) due to accumulation of endogenous ligands such as CoA thioesters of very-long chain and branched-chain fatty acids (Hostetler et al., 2005, 2006), that are metabolized in peroxisomes, while ligand-induced activation of PPARα is impaired by HIF-2α signaling (Walter et al., 2014). Since Khk expression was strongly decreased in Pex2–/– livers and kidneys while Khk mRNA levels were increased in other extrahepatic tissues, these expression changes most likely occur independently of PPARα activation. Importantly, PPARα was not causally involved in the hepatic alterations of glycolysis, glycogen synthesis, and gluconeogenesis in liver-specific peroxisome-deficient Pex5–/– mice (Peeters et al., 2011). Treatment of adult C57BL/6J mice with the PPARα agonist WY for 7 days decreased the hepatic expression of Khk and Khkc by 40 and 65%, respectively, whereas Aldob and Slc2a2 expression was not affected, and protein levels of KHK and ALDOB were slightly decreased. However, the hepatic expression of fructolytic genes was not affected by a 7-day WY treatment of P28 control and Vhl–/– mice. In addition, KHK and ALDOB protein levels were slightly decreased in WY-treated control mice, whereas no further decrease could be observed in Vhl–/– livers. Taken together, pharmacological PPARα activation exhibits at most only moderate effects on KHK and ALDOB mRNA and protein levels, which also appear to depend on age.

KHK has been shown to be dispensable for healthy growth and development by using Khk as well as Khka knockout mouse models (Diggle et al., 2010). High fructose intake triggers de novo lipogenesis and promotes features of the metabolic syndrome, including hepatic steatosis and inflammation or elevated levels of serum insulin and triglycerides (Jensen et al., 2018). Khk–/– mice are completely protected from the development of these symptoms, specifically via loss of Khkc but not Khka (Ishimoto et al., 2012, 2013). Additionally, absence or pharmacological inhibition of KHK completely reversed HFI symptoms caused by Aldob mutations (Lanaspa et al., 2018). We observed a considerable decrease in KHK expression followed by ALDOB, both enzymes unique for fructose metabolism, on mRNA and protein levels in a Zellweger syndrome mouse model (Pex2–/– mice). Thus, it would be important to examine whether expression and activity of fructolytic enzymes are also reduced in humans with peroxisomal disorders or whether inhibiting KHK activity would improve clinical prognosis. Fructose has often been used to provide high-calorie nutrition to critically ill patients (Bolder et al., 2009). Adequate caloric intake is crucial for Zellweger patients (Klouwer et al., 2015) and it is important to understand whether peroxisome biogenesis disorder patients can absorb and metabolize fructose or whether fructose is excreted via the urine. In case of impaired fructose metabolism, it might be beneficial to adapt diets of patients and to substitute fructose and sucrose with other nutrients (e.g., glucose and maltose).

In summary, we identified two negative regulators of KHK expression in major fructolytic organs, namely HIF-2α signaling and peroxisome-deficiency (Figure 10). Both mechanisms suppress total Khk and associated Khkc and Khka expression and are independent of Khk alternative splicing and PPARα activation. Hence, this study offers new insights into the general regulation of fructose metabolism as well as an unexpected link between peroxisome function and fructose metabolism.
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FIGURE 10. HIF-2α signaling and peroxisome-deficiency reduce KHK expression in tissues with high fructolytic activity. KHK-C is the rate-limiting enzyme of fructolysis and the predominant isoform in tissues with high fructolytic activity, such as the liver and the kidney. (A) Hypoxia or loss of pVHL results in the stabilization of HIF-1α and HIF-2α. HIF-2α signaling induces the degradation of peroxisomes (P) via pexophagy and thereby reduces the number of peroxisomes. HIF-2α suppresses total Khk and associated Khkc and Khka expression as well as Aldob expression in tissues with high fructose metabolism such as the liver. The suppression of fructolytic genes by HIF-2α is not dependent on a decrease in the number of peroxisomes by HIF-2α-induced pexophagy. (B) The lack of functional peroxisomes due to a defect in peroxisome biogenesis also suppresses total Khk, Khkc, and Khka expression in the liver and kidney of the Pex2–/– Zellweger syndrome mouse model. The absence or a reduced number of peroxisomes and hence decreased peroxisomal metabolic activity leads to the accumulation of very long-chain fatty acids and very long-chain polyunsaturated fatty acids which are potent activators of PPARα. In contrast, HIF-2α signaling represses the ligand-dependent activation of PPARα, which would be a consequence of the decrease in peroxisome number caused by pexophagy. However, PPARα has only a minor effect on fructolysis.
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ABBREVIATIONS

 A1CF, APOBEC1 complementation factor; ACOX1, acyl-CoA oxidase 1; ALDOB, aldolase B; Atg, autophagy-related protein; BA, bile acid; BNIP3, Bcl-2 and adenovirus E1B 19-kDa-interacting protein 3; BNIP3L/NIX, BNIP3-like; ccRCC, clear cell renal cell carcinoma; CPT1A, carnitine palmitoyltransferase 1A; CRAT, carnitine O-acetyltransferase; CYP4A10, cytochrome P450, family 4, subfamily a, polypeptide 10; EGLN3, egl-9 family hypoxia-inducible factor 3; EHHADH, enoyl-CoA hydratase and 3-hydroxyacyl-CoA dehydrogenase; ENO1, enolase 1; Epas1, endothelial PAS domain protein 1; EPO, erythropoietin; Fructose-1-P, Fructose-1-phosphate; GLUT, glucose transporter; GPI1, glucose-6-phosphate isomerase 1; HFI, hereditary fructose intolerance; HIF, hypoxia-inducible factor; HNRNPH1/2, heterogeneous nuclear ribonucleoprotein H1 and H2; KHK, ketohexokinase; LDHA, lactate dehydrogenase A; NBR1, neighbor of BRCA1 gene; PDGFB, platelet-derived growth factor subunit B; PDK1, pyruvate dehydrogenase kinase 1; Pex, peroxin; PFKL, phosphofructokinase liver-type; PGK1, phosphoglycerate kinase 1; PPAR, peroxisome proliferator-activated receptor; SF3B1, splice factor 3b subunit 1; SLC, solute carrier; SQSTM1/p62, sequestosome 1; TPI1, triosephosphate isomerase 1; UOX, urate oxidase; VDAC, voltage-dependent anion channel; VHL, von Hippel-Lindau; WY, WY-14,643.
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Peroxisomes are subcellular organelles that are involved in various important physiological processes such as the oxidation of fatty acids and the biosynthesis of bile acids and plasmalogens. The gold standard in the diagnostic work-up for patients with peroxisomal disorders is the analysis of very long-chain fatty acid (VLCFA) levels in plasma. Alternatively, C26:0-lysophosphatidylcholine (C26:0-LPC) can be measured in dried blood spots (DBS) using liquid chromatography tandem mass spectrometry (LC-MS/MS); a fast and easy method but not yet widely used. Currently, little is known about the correlation of C26:0-LPC in DBS and C26:0-LPC in plasma, and how C26:0-LPC analysis compares to VLCFA analysis in diagnostic performance. We investigated the correlation between C26:0-LPC levels measured in DBS and plasma prepared from the same blood sample. For this analysis we included 43 controls and 38 adrenoleukodystrophy (ALD) (21 males and 17 females) and 33 Zellweger spectrum disorder (ZSD) patients. In combined control and patient samples there was a strong positive correlation between DBS C26:0-LPC and plasma C26:0-LPC, with a Spearman’s rank correlation coefficient of r (114) = 0.962, p < 0.001. These data show that both plasma and DBS are suitable to determine blood C26:0-LPC levels and that there is a strong correlation between C26:0-LPC levels in both matrices. Following this, we investigated how VLCFA and C26:0-LPC analysis compare in diagnostic performance for 67 controls, 26 ALD males, 19 ALD females, and 35 ZSD patients. For C26:0-LPC, all ALD and ZSD samples had C26:0-LPC levels above the upper limit of the reference range. For C26:0, one out of 67 controls had C26:0 levels above the upper reference range. For 1 out of 26 (1/26) ALD males, 1/19 ALD females and 3/35 ZSD patients, the C26:0 concentration was within the reference range. The C26:0/C22:0 ratio was within the reference range for 0/26 ALD males, 1/19 ALD females and 2/35 ZSD patients. Overall, these data demonstrate that C26:0-LPC analysis has a superior diagnostic performance compared to VLCFA analysis (C26:0 and C26:0/C22:0 ratio) in all patient groups. Based on our results we recommend implementation of C26:0-LPC analysis in DBS and/or plasma in the diagnostic work-up for peroxisomal disorders.
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INTRODUCTION

Peroxisomes are organelles that are involved in various important physiological processes such as the oxidation of fatty acids and the biosynthesis of bile acids and plasmalogens (Wanders et al., 2010). Peroxisomal disorders affect 1 in 5.000 individuals (Waterham et al., 2016). These disorders can be divided into two subgroups: peroxisome biogenesis disorders and disorders caused by a single peroxisomal enzyme deficiency (Klouwer et al., 2016). Peroxisome biogenesis disorders result from a faulty assembly of peroxisomes and include Zellweger spectrum disorders (ZSD), peroxisomal fission defects, and rhizomelic chondrodysplasia punctata (RCDP) type 1 and 5.

Zellweger spectrum disorder are autosomal recessive disorders caused by mutations in one of 13 PEX genes. ZSD are characterized by a large variety in clinical presentation (Klouwer et al., 2015). Symptoms can include neurological dysfunctions, adrenal insufficiency, and hearing and vision problems. Peroxisomal single enzyme deficiencies include among others, acyl-CoA oxidase deficiency (Ferdinandusse et al., 2007), ACBD5 deficiency (Ferdinandusse et al., 2017), and the most common peroxisomal disorder, adrenoleukodystrophy (ALD) (Moser et al., 2001). Many of these disorders are characterized by the accumulation of very long-chain fatty acids (VLCFAs; ≥C22:0). ALD is the result of a defect in the ABCD1 gene (Mosser et al., 1993) and is characterized by a highly unpredictable clinical manifestation (Kemp et al., 2016). The ABCD1 gene encodes for a peroxisomal membrane protein, referred to as ALDP, that is involved in the transport of VLCFAs into the peroxisome, where they are broken down via β-oxidation (Singh et al., 1984). A non-functional ALDP results in accumulation of VLCFAs in body fluids and tissues (Moser et al., 1981).

Analysis of VLCFA levels is the gold standard in the diagnostic work-up for peroxisomal disorders. The most commonly used methods are based on gas chromatography (GC), which includes the method developed by Moser et al. (1981) and its improved version in 1991 (Moser and Moser, 1991). Alternatively, methods based on stable isotope dilution using GC combined with mass spectrometry (GCMS) are also widely used (Vreken et al., 1998). While these methods are highly reproducible, they are time-consuming and labor intensive. Sample preparation can take up to 2 days while analysis takes up to 30 min per sample using GCMS. Although VLCFAs are regarded as the most important biomarkers for most peroxisomal disorders, false negative results have been reported in approximately 15–20% of women with ALD (Moser et al., 1999). These factors have led to the development of an alternative diagnostic test: the analysis of C26:0-lysophosphatidylcholine (C26:0-LPC) in dried bloodspots (DBS) using liquid chromatography tandem mass spectrometry (LC-MS/MS) or flow injection analysis mass spectrometry (FIA-MS) (Hubbard et al., 2006; Turgeon et al., 2015; Haynes and Jesús, 2016). C26:0-LPC is elevated in bloodspots from patients with impaired VLCFA metabolism, including women with ALD with normal plasma VLCFA levels (Huffnagel et al., 2017). Importantly, its analysis is considerably faster when compared to VLCFA analysis (Hubbard et al., 2009; Huffnagel et al., 2017; Klouwer et al., 2017). In fact, the identification of C26:0-LPC as a specific and sensitive biomarker in bloodspots was of paramount importance for the initiation of ALD newborn screening (Turgeon et al., 2015; Moser et al., 2016; Barendsen et al., 2020).

In the current diagnostic landscape C26:0-LPC in DBS is used for ALD newborn screening. However, the gold standard in the diagnostic work-up for patients with peroxisomal disorders is the analysis of plasma VLCFA levels. The objectives of our study were: (1) To investigate the correlation of C26:0-LPC in DBS and C26:0-LPC in plasma, and (2) To compare the diagnostic performance of C26:0-LPC analysis and VLCFA analysis. We discuss the important factors in the consideration of these methods and provide an overview of possible discrepancies.



MATERIALS AND METHODS


Patient Samples

All routine measurements of C26:0-LPC and VLCFA performed at the Laboratory Genetic Metabolic Diseases in the Amsterdam UMC between June 2018 and June 2019 were collected and used for this study. This set was expanded with measurements in additional ALD and ZSD samples. This resulted in samples from 67 controls, 26 ALD males, 19 ALD females and 35 ZSD patients. All ALD patients had confirmed ABCD1 mutations, 32 ZSD patients had confirmed PEX1 mutations, 2 ZSD patients had confirmed PEX6 mutations and 1 ZSD patient had a confirmed PEX26 mutation. Control samples consisted of samples that were screened for a peroxisomal disorder and resulted in a negative outcome. All samples were collected according to the institutional guidelines for blood sampling.



Sample Preparation C26:0-LPC

Analysis of C26:0-LPC was performed as described earlier by Van de Beek et al. (2016). Briefly, for DBS, a single punch of a 6.2 mm (1/4 inch) bloodspot was extracted with 10 μL of an internal standard solution containing 1 μmol/L D4-C26:0-lysoPC in 0.5 mL of methanol by ultrasonication for 5 min in a sonicator bath (Branson 3510) at room temperature. For plasma, 10 μL was extracted with 10 μL of an internal standard solution containing 1 μmol/L D4-C26:0-lysoPC in 0.5 mL of acetonitrile by ultrasonication for 5 min in a sonicator bath (Branson 3510) at room temperature. After centrifugation (5 min, 14000 RPM) the resulting methanol (DBS) or acetonitrile (plasma) layer was transferred to a new glass tube and evaporated under a constant stream of nitrogen at 40°C. The samples were then reconstituted in 50 μL methanol, transferred to a sample vial, and capped.



HPLC-MS/MS Analysis

Samples were injected using an ACQUITY UPLC system (Waters, Milford, MA, United States) on a 50 × 2.1 mm, 2.6 μm particle diameter Kinetex C8 column (Phenomenex, Torrance, CA, United States). The column was held at a constant temperature of 50°C. The composition of mobile phase A was 0.1% formic acid in water and mobile phase B was 0.1% formic acid in methanol. The gradient used was as follows: T = 0 min: 36% A, 64% B, flow 0.4 mL/min toward T = 6 min: 0% A, 100% B, flow 0.4 mL/min; T = 6–11 min: 0% A, 100% B, flow 0.4 mL/min, and T = 11–11.1 back to 36% A, 64% B, flow 0.4 mL/min. Detection was done using a Quattro Premier XE (Waters, Milford, MA, United States) using electrospray ionization in positive mode. The source temperature was 130°C, and capillary voltage was 3.5 kV. Multiple reaction monitoring (MRM) was done on masses 636.50 > 104.10 and 640.50 > 104.10 with a dwell time of 0.03 s. Argon was used as a collision gas.



Sample Preparation VLCFAs

Very long-chain fatty acids analysis was performed essentially as described earlier by Vreken et al. In a glass tube, 100 μL plasma was added to 100 μL internal standard solution dissolved in toluene that consisted of 50 μmol/L D4-C22:0, 50 μmol/L D4-C24:0, 1 μmol/L D4-C26:0. Acidic hydrolysis was performed by adding 2 mL of a 0.5 mol/L HCl in acetonitrile and incubating at 110°C for 45 min. After cooling to room temperature, fatty acids were extracted into 4 mL of hexane. The resulting hexane layer was transferred to a new glass tube and washed with 3.5 mL 1M KOH. Next, the hexane layer was removed and 600 μL 25% HCl was added. Fatty acids were extracted with 4 mL of hexane. The hexane layer was then transferred to a new glass tube and dried under nitrogen at 50°C. Fatty acids were derivatized with 50 μL pyridine and 50 μL MTBSTFA at 80°C for 30 min. The solvent was then evaporated under nitrogen at 50°C and the derivatized fatty acids were reconstituted in 200 μL hexane and transferred to autosampler vials.



GCMS Analysis

Analysis was performed on an Agilent 7890B GC using a 5977A MSD mass spectrometer for compound detection. Separation was achieved on a Cp-sil 19, 25m∗0.25mm∗0.20 μm column. Temperature gradient was as follows: 60°C was held for 1.5 min after which the temperature increased to 240°C at a rate of 10°C/min. The temperature was then increased to 270, at 4°C/min. Finally the temperature increased to 300°C at 20°C/min. An injection volume of 1 μL was used in splitless mode using a splitless time of 1.5 min. The carrier gas was Helium (50 kPa). Single ion monitoring mode was used for detection of VLCFAs.



RESULTS


C26:0-LPC in DBS Versus Plasma

To investigate the correlation between C26:0-LPC in DBS and C26:0-LPC in plasma we measured C26:0-LPC in DBS and plasma prepared from the same blood sample. For this analysis we included 43 control, 21 ALD males, 17 ALD females and 33 ZSD samples (Figure 1). The median C26:0-LPC level in DBS of controls was 0.033 μmol/L (range 0.016–0.063 μmol/L), in ALD males it was 0.425 μmol/L (range 0.224–1.208 μmol/L), in ALD females it was 0.276 μmol/L (range 0.080–0.497 μmol/L) and in ZSD patients it was 0.470 μmol/L (range 0.124–2.881 μmol/L). The upper limit of the reference range in our laboratory is 0.072 μmol/L. All patients had elevated levels of C26:0-LPC. There was a clear separation between controls and patients; the highest control level was 0.063 μmol/L and the lowest patient value was 0.080 μmol/L in a sample from an ALD female. For C26:0-LPC in plasma, the median level in controls was 0.040 μmol/L (range 0.011–0.063 μmol/L), in ALD males it was 0.333 μmol/L (range 0.127–0.736 μmol/L), in ALD females it was 0.266 μmol/L (range 0.118–0.576 μmol/L) and in ZSD it was 0.445 μmol/L (range 0.074–2.485 μmol/L). All patients had elevated levels of C26:0-LPC. The highest control level was 0.063 μmol/L and the lowest patient level was 0.074 μmol/L in a sample from a ZSD patient. We investigated the correlation between C26:0-LPC levels measured in DBS and C26:0-LPC levels measured in plasma with a Spearman’s rank-order correlation. In the combined set of both control and patient samples there was a very strong positive correlation between DBS C26:0-LPC and plasma C26:0-LPC with a Spearman’s rank correlation coefficient of r (114) = 0.962, p < 0.001. For controls alone, it was r (43) = 0.907, p < 0.001. For patients alone, it was r (71) = 0.861, p < 0.001. These data show that both plasma and DBS are suitable to determine blood C26:0-LPC levels and that there is a strong correlation between C26:0-LPC levels in both matrices. The strong correlation between plasma and DBS allowed for combining plasma and DBS C26:0-LPC data for comparison to VLCFAs as a diagnostic marker for peroxisomal disorders.
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FIGURE 1. Correlation plot showing the correlation between C26:0-LPC levels analyzed in DBS and plasma samples from controls (green circles, n = 43), ALD males (blue circles, n = 21), ALD females (purple circles, n = 17) and ZSD patients (red circles, n = 33) that were generated from the same blood sample. The upper limit of the reference range (0.072 μmol/L) is indicated by the dashed lines.




C26:0-LPC Levels vs. VLCFA

To compare the diagnostic performance of plasma VLCFA analysis (C26:0 concentration and C26:0/C22:0 ratio) and C26:0-LPC analysis in plasma and DBS, we measured these metabolites in samples from controls (n = 67), ALD males (n = 26), ALD females (n = 19) and ZSD patients (n = 35) (Figure 2). For C26:0, the median level in controls was 0.67 μmol/L (range 0.37–1.34 μmol/L), in ALD males it was 2.92 μmol/L (range: 1.19–5.01 μmol/L), in ALD females it was 1.81 μmol/L (range 1.11–4.06 μmol/L) and in ZSD patients it was 2.41 μmol/L (0.95–9.74 μmol/L). The upper limit of the reference range in our laboratory for C26:0 in plasma is 1.32 μmol/L. One out of 67 controls had C26:0 levels above the reference range. One out of 26 ALD males, 1/19 ALD females and 3/35 ZSD patients had a C26:0 concentration in the reference range. For the C26:0/C22:0 ratio, the median ratio in controls was 0.012 (range 0.008–0.053), in ALD males it was 0.055 (range: 0.033–0.09), in ALD females it was 0.03 (0.02–0.05) and in ZSD patients it was 0.05 (range: 0.02–0.39). The upper limit of the reference range in our laboratory for the C26:0/C22:0 ratio in plasma is 0.02. Six out of 67 controls had a C26:0/C22:0 ratio above the upper limit of the reference range. The elevated C26:0/C22:0 ratio of these samples was the result of relatively low C22 concentration [range: 12–59 μmol/L (reference range: 40–119 μmol/L)] in combination with normal C26 concentration (range: 0.61–1.29 μmol/L). A peroxisomal disorder diagnosis was rejected in these six control individuals because all other peroxisomal parameters (phytanic acid, bile acid intermediates, and plasmalogens) were normal, and VLCFA analysis in a repeat sample showed no abnormalities. None of the ALD males, 1/19 ALD females and 2/35 ZSD patients had a C26:0/C22:0 ratio within the reference range. For C26:0-LPC measurements in DBS and plasma, the median level in controls was 0.037 μmol/L (range: 0.011–0.063 μmol/L), in ALD males it was 0.467 μmol/L (range: 0.190–1.004 μmol/L), in ALD females it was 0.266 μmol/L (range: 0.118–0.576 μmol/L) and in ZSD patients it was 0.453 μmol/L (range: 0.074–2.485 μmol/L). The upper limit of the reference range in our laboratory is 0.072 μmol/L. All controls had a C26:0-LPC concentration below this upper limit and all patients had C26:0-LPC levels above the upper limit of the reference range. In this cohort, only C26:0-LPC showed a complete separation between controls and patients.
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FIGURE 2. Scatterplots of C26:0 (plasma) (A), C26:0/C22:0 ratio (plasma) (B) and C26:0-LPC [DBS (squares) and plasma (circles)] (C) from controls (green, n = 67), ALD males (blue, n = 26), ALD females (purple, n = 19) and ZSD patients (red, n = 35). The upper limit of the reference range for C26:0 (1.32 μmol/L), the C26:0/C22:0 ratio (0.02) and C26:0-LPC in DBS (0.072 μmol/L) is indicated by the dashed lines.


Since the C26:0-LPC and VLCFA analyses were performed on samples generated from the same blood sample, we investigated the correlation between the 3 diagnostic markers with a Spearman’s rank-order correlation (Figure 3). When, combining controls and patients there was a strong positive correlation between all 3 biomarkers. For the C26:0/C22:0 ratio and C26:0 concentration the Spearman’s rank correlation coefficient was r (147) = 0.892, p < 0.001; for C26:0-LPC and C26:0 levels it was r (147) = 0.892, p < 0.001; and for C26:0-LPC and the C26:0/C22:0 ratio it was r (147) = 0.816, p < 0.001.
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FIGURE 3. Correlation plot showing the correlation between C26:0 concentration and the C26:0/C22:0 ratio (A), C26:0-LPC and C26:0 levels (B) and C26:0-LPC level and the C26:0/C22:0 ratio (C) in controls (green, n = 67), ALD males (blue, n = 26), ALD females (purple, n = 19) and ZSD patients (red, n = 35). C26:0-lysoPC results from DBS are indicated by squares and plasma by circles. The upper limit of the reference range for C26:0 (1.32 μmol/L), the C26:0/C22:0 ratio (0.02) and C26:0-LPC (0.072 μmol/L) is indicated by the dashed lines.




DISCUSSION


Comparison of C26:0-LPC Levels in DBS and Plasma

The first objective of this study was to investigate the correlation between C26:0-LPC levels measured in DBS and plasma. To this end, we compared C26:0-LPC in DBS and plasma samples that were derived from the same blood sample. Our results demonstrate that both in control and patient samples C26:0-LPC levels in DBS and in plasma are very strongly correlated (r (114) = 0.962, p < 0.001). C26:0-LPC in DBS is an effective biomarker for ALD and ZSD patients (Hubbard et al., 2006, 2009; Huffnagel et al., 2017; Klouwer et al., 2017). In some cases, DBS sampling provides considerable advantages over plasma. DBS sampling is relatively non-invasive compared to whole blood sampling. It can be performed in a patient’s home or at a local point of care, and requires less personnel training (McDade et al., 2007). DBS can be easily shipped by regular mail which is much cheaper and less logistically challenging than transporting plasma or whole blood, which requires specific supply chain conditions by courier, such as dry ice for plasma or controlled temperature for whole blood. Despite these advantages DBS do have diagnostic limitations compared to plasma. For a complete diagnostic testing for peroxisomal disorders not only VLCFAs analysis is required, but also phytanic acid, pristanic acid, di- and trihydroxycholestanoic acid analysis in plasma and plasmalogen analysis in erythrocytes. Because currently there is no evidence that these tests can be done in DBS, plasma is still needed in the diagnostic work-up for patients with peroxisomal disorders.



Comparison of C26:0-LPC and VLCFA

Traditionally, VLCFA analysis plays an important role in the diagnosis of peroxisomal disorders. However, the analysis of VLCFAs using GCMS is time-consuming and labor intensive. C26:0-LPC is a potential alternative marker for VLCFAs. Therefore, the second objective of this study was to compare the diagnostic performance of VLCFA and C26:0-LPC analysis and systematically evaluate potential differences in outcome between these markers. To this end, we measured VLCFA levels and C26:0-LPC in samples from controls, ALD patients (males and females) and ZSD patients. Almost all patient samples showed increased C26:0/C22:0 ratios. None of the ALD males, 1/19 ALD females and 2/35 ZSD patients had a C26:0/C22:0 ratio within the reference range. The finding that 6 samples from the control group fell outside the reference range of C26:0/C22:0 indicates that false positives should be considered. For these samples the false positive results were due to low C22:0 and normal C26:0 concentrations. For this reason, plasma VLCFA analysis always includes both the analysis of C26:0 and the C26:0/C22:0 ratio as a means of improving the accuracy of the readout. The combination of these 2 markers increases the sensitivity of the analysis. Furthermore, false-positive results in VLCFA levels have been reported in individuals without a peroxisomal defect. For example, diabetic ketoacidosis, a ketogenic diet or hemolysis of the blood sample can result in false-positive VLCFA levels (Kishimoto et al., 1980; Brown et al., 1982; Theda et al., 1993). Importantly, non-fasted blood samples obtained from individuals who had consumed peanut butter in the hours prior to blood collection have VLCFA levels that are in the abnormal range (Lam et al., 2012). This is most likely due to direct dietary effects on plasma components that contain VLCFA, including lipoprotein particles and cholesterol esters (Engelen et al., 2010; Wanders et al., 2010). This dietary influence on C26:0 levels is minimized in practice by blood sampling in a fasted state. However, fasting is a considerable hindrance for the patient and non-compliance might occur. There is currently no evidence that C26:0-LPC levels are affected by diet. In blood, C26:0-LPC is primarily found as a membrane component in cells such as erythrocytes (Tanaka et al., 1989). Since erythrocytes cycle for 2 to 4 months, the C26:0-LPC level is expected to be relatively stable over this period with little effect of dietary influences (Cohen et al., 2008; Mock et al., 2011). This simplifies sampling procedures and results in a lower number of false positives. Indeed, all C26:0-LPC levels measured in control samples in this study were within reference range. All ALD and ZSD samples had increased C26:0-LPC levels. Overall our data show that C26:0-LPC measurement has a superior diagnostic performance compared to the traditional VLCFA analysis in all patient groups and results in less false positives. Consistent with earlier work, males tended to have higher C26:0 and C26:0/C22:0 levels than females (O’Neill et al., 1984; Moser et al., 1999; Engelen et al., 2014), which was also observed for C26:0-LPC. It has been well-established that plasma VLCFA analysis may result in a false negative result in approximately 15–20% of women with ALD (Moser et al., 1999). The results of this study are in agreement with our earlier work showing that women with ALD have elevated C26:0-LPC, including those with normal plasma C26:0 and C26:0/C22:0 (Huffnagel et al., 2017, 2019). Taken together these results show that the analysis of C26:0-LPC, either in DBS or in plasma, considerably increases the sensitivity of detecting disorders associated with a defect in peroxisomal beta oxidation. Albeit, some caution is warranted with the interpretation of a normal C26:0-LPC result given the fact that the lowest level measured in a DBS sample from an ALD female (0.080 μmol/L) and a plasma sample from a ZSD patient (0.074 μmol/L) were very close to the upper limit of the reference range (0.072 μmol/L) (Figure 1). In line with plasma VLCFA levels, C26:0-LPC levels in ALD males and females overlap with the levels measured in ZSD patients. No differentiation can be made between ALD patients and ZSD patients based on either C26:0, C26:0/C22:0 or C26:0-LPC level alone. Analysis of other metabolites and genetic analysis are required to differentiate between these disorders and confirm the diagnosis. Besides a superior diagnostic performance, the LCMS-based analytical method for C26:0-LPC is far less time consuming and labor intensive than the GCMS-based VLCFA analysis. Increased C26:0 levels have been reported in peripheral blood from patients with Alzheimer’s disease and vascular dementia (Lizard et al., 2012; Zarrouk et al., 2015). It would be interesting to evaluate C26:0-LPC in these patients.

In conclusion, this study demonstrates that C26:0-LPC analysis performed in DBS and in plasma are strongly correlated. Furthermore, our results demonstrate the analysis of C26:0-LPC has superior diagnostic performance for ALD and ZSD patients compared to C26:0 and C26:/C22:0. Based on our results we recommend implementation of C26:0-LPC analysis in DBS and/or plasma in the diagnostic work-up for peroxisomal disorders.
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Research using the fruit fly Drosophila melanogaster has traditionally focused on understanding how mutations affecting gene regulation or function affect processes linked to animal development. Accordingly, flies have become an essential foundation of modern medical research through repeated contributions to our fundamental understanding of how their homologs of human genes function. Peroxisomes are organelles that metabolize lipids and reactive oxygen species like peroxides. However, despite clear linkage of mutations in human genes affecting peroxisomes to developmental defects, for many years fly models were conspicuously absent from the study of peroxisomes. Now, the few early studies linking the Rosy eye color phenotype to peroxisomes in flies have been joined by a growing body of research establishing novel roles for peroxisomes during the development or function of specific tissues or cell types. Similarly, unique properties of cultured fly Schneider 2 cells have advanced our understanding of how peroxisomes move on the cytoskeleton. Here, we profile how those past and more recent Drosophila studies started to link specific effects of peroxisome dysfunction to organ development and highlight the utility of flies as a model for human peroxisomal diseases. We also identify key differences in the function and proliferation of fly peroxisomes compared to yeast or mammals. Finally, we discuss the future of the fly model system for peroxisome research including new techniques that should support identification of additional tissue specific regulation of and roles for peroxisomes.
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OVERVIEW

Peroxisomes are organelles found in almost all eukaryotic cells. Some functions of peroxisomes, especially in terms of oxygen and lipid metabolism can overlap those of mitochondria. However, the structure of peroxisomes and mitochondria are quite different with peroxisomes being composed of a single bilayer membrane surrounding a dense matrix composed of enzymes. The volume or number of peroxisomes within a single cell changes dynamically depending on surrounding conditions. There are several competing models for the mechanisms mediating peroxisome proliferation in mammalian cells, but all propose templated assembly either by fission and growth of the existing pool and/or de novo assembly from small membrane vesicles and proteins imported from the cytoplasm (reviewed in Mast et al., 2020).

Peroxisome composition and activity varies between organisms and even between cell types in multicellular animals. Generally peroxisomes are responsible for catabolism of branched or VLCFAs, purine catabolism, synthesis of specialized fatty acids like plasmalogens, ether-lipids and bile acids, and regulation of hydrogen peroxide and other ROS (reviewed in Fujiki et al., 2020). Yeast can survive without peroxisomes when grown in most conditions, but are dependent on their activity for β-oxidation (reviewed in Yuan et al., 2016). In mammals, β-oxidation occurs largely in the mitochondria. Peroxisomes are normally required for catabolism of branched and very-long chain fatty acids (≥C22) but can metabolize other fatty acids when mitochondria are compromised (Violante et al., 2019). Peroxisomes are functionally, and in some cases can be physically, linked to other organelles including the endoplasmic reticulum (ER), mitochondria, lipid droplets and lysosomes (reviewed in Schrader et al., 2020). Mutation in human genes encoding peroxisome assembly factors (Peroxins), or in enzymes within peroxisomes, leads to a variety of disorders ranging from mild to very severe forms causing death in infants (reviewed in Schiller et al., 2020).

Use of the fruit fly Drosophila melanogaster as a laboratory animal originated at the turn of the 20th century (reviewed in Tolwinski, 2017). Similar to mammals, Drosophila has a diploid genome with X (female) and Y (male) sex chromosomes. However, relative to mammals, the fly genome is less complex with approximately 15,500 genes on four chromosomes (Morgan and Bridges, 1916; Adams et al., 2000; Roy et al., 2010). The continued success of Drosophila for fundamental genetic and cell physiological research has been supported by the ongoing development of unique tools and collaborative efforts that have generated thousands of unique strains and reagents for genetics, cell and molecular biology studies (reviewed in St Johnston, 2002; Hales et al., 2015). This genetic tractability and a large innovative community of fly researchers remain key elements to its enduring laboratory use. Forward genetic screens driven by traditional mutagenesis techniques like X-rays, chemical mutagens and transposable element insertion or now CRISPR-Cas9, represent a well-used approach to identifying genetic pathways related to cell or developmental functions in flies (reviewed in Gratz et al., 2015). These screens are often part of multi-center, large-scale collaborative projects that generate a wealth of strains with unique mutations, most of which are made widely available from central stock centers (Bellen et al., 2004; Venken et al., 2011). One technique of particular note, used for many of the studies of fly peroxisomes, has been the generation of a large library of transgenic flies with selective time/tissue specific expression of the S. cerevisiae Gal4 gene. These well characterized lines are used to drive transgenes containing an UAS. This binary expression regulation system permits facile alteration of gene expression by double-stranded (dsRNA) knockdown, cell ablation, ectopic gene expression, or expression of reporter genes within specific cell lineages within developing organs, especially the CNS (Brand and Perrimon, 1993; Pfeiffer et al., 2008).

Finally, although Drosophila is traditionally thought of as a laboratory animal used for genetic studies, there are also cultured cell lines available to complement whole animal studies. Most Drosophila cell lines are isolated by protease digestion or mechanical separation of tissues and immortalized spontaneously from primary cultures (Schneider, 1972; Ui et al., 1987). The most commonly used are Schneider 2 (S2) cells. These are transformable with standard methods, and are used to produce recombinant proteins and for in vivo imaging. S2 cells are particularly amenable to transient dsRNA-based RNA interference (RNAi; reviewed in Baum and Cherbas, 2008) and have been used extensively to identify genes involved in fundamental cell biological events including intracellular peroxisome movement (Kural et al., 2005).



DROSOPHILA DEVELOPMENT

Early fly embryo development is largely dependent on mRNA and proteins supplied maternally, so the early stages of development can often proceed for some time even if the embryos are homozygous for mutations in essential genes (reviewed in Lasko, 2020). Under optimal conditions, embryogenesis completes 20–24 h after egg laying and a larva emerges. Drosophila larvae pass through three juvenile developmental stages, or “instars.” The first and second instars last 24 h each and the third instar lasts 48 h (Demerec, 1950). At the end of the third instar, the larva forms a pupa. During this stage much of the larval body is broken down and much of the adult (imago) develops de novo (Hales et al., 2015). Metamorphosis into the imago usually takes 84 h (Demerec, 1950; Hartenstein, 1993). Many adult tissues are pre-figured in the larval stage as collections of cells called imaginal disks. During metamorphosis, the imaginal disks form adult structures including antennae, limbs, eyes, genitals, and wings (reviewed in Beira and Paro, 2016). Most embryonic and larval organs are lost during metamorphosis but some, notably the CNS, are instead remodeled and are largely preserved into adulthood (Hartenstein, 1993). Adult flies have a lifespan of 45–60 days depending on genetic background and culture conditions (Demerec, 1950).



DROSOPHILA AS A MODEL FOR HUMAN GENETIC DISEASES

Drosophila has a simple body plan and organs analogous to most of those affected in human patients with peroxisomal disorders making them well-suited to studying the developmental effects of gene mutations that alter peroxisome function. Embryonic studies in particular are facilitated by the external development of the fly embryo, making it amenable to advanced imaging analyses (reviewed in Pantazis and Supatto, 2014). Many of the pathways that regulate development of analogous tissues in humans were characterized initially in Drosophila (reviewed in Wangler et al., 2015). Conservation of the pathways regulating early organ development between Drosophila and humans is sufficient in the CNS and PNS, musculature, kidney and liver analogs and lipid storage (fat body) for easy comparison of effects (reviewed in Yamamoto et al., 2014).


Studying CNS/PNS Development and Behavior in Flies

Peroxisome diseases have a particularly strong effect on CNS development (reviewed in Faust et al., 2005). Drosophila has historically been valuable to model human diseases affecting the CNS. Some good examples include models of Alzheimer’s, Parkinson’s, Fragile X-syndrome, autism spectrum disorder and ALS (Phillips et al., 1995; Torroja et al., 1999; Feany and Bender, 2000; Wan et al., 2000; Whitworth et al., 2005; Park et al., 2006; Feiguin et al., 2009; Stessman et al., 2016; Ordonez et al., 2018). Flies have simple brain morphology and can exhibit learning and memory behaviors. As such, they can be used to study cognitive disorders (reviewed in Androschuk et al., 2015). The relative simplicity of fly behaviors, for example coordinated movement, larval food foraging and adult climbing or “negative geotaxis” or “bang assay” permit quantification because defects are easy to see (Le Bourg and Lints, 1992; Günther et al., 2016). Morphological and molecular characterization of CNS/PNS patterning, locomotor activity in embryos and larvae as well as behavioral assays like the climbing assay have been used to examine the effects of aberrant peroxisome function on CNS/PNS development in Drosophila (Faust et al., 2014; Bulow et al., 2018; Di Cara et al., 2018, 2019).



The Fly Analogs of Kidney and Liver and Their Role in Lipid Metabolism

Peroxisome disorders in humans are associated with several deleterious effects on the organs responsible for lipid metabolism such as the kidney or liver (reviewed in Wanders, 2013). Drosophila can be used to model the effect of gene mutations on development and function of the human kidney and liver (reviewed in Bharucha, 2009). The Drosophila Malpighian tubules are functionally analogous to the renal tubules of the vertebrate kidney, clearing toxins, and regulating ion homeostasis in the hemolymph (reviewed in Gautam et al., 2017). Nephrocyte cells, surrounding the heart (pericardial) and esophagus (garland), combined with the Malpighian tubule perform the size-based filtration mechanism of podocyte cells found in the glomerulus of the mammalian kidney (reviewed in Weavers et al., 2009). One good example of modeling kidney disease in flies is xanthinuria type one caused by loss of enzyme xanthine dehydrogenase (XDH). This results in yellowish inclusions indicating xanthine stone, xanthine and hypoxanthine accumulation, and low levels of metabolites like uric acid (Dent and Philpot, 1954; Hadorn and Schwinck, 1956; Hilliker et al., 1992). In humans, XDH has been proposed to localize to peroxisomes and the cytosol, but in Drosophila it is exclusively peroxisomal (Angermüller et al., 1987; Beard and Holtzman, 1987; Ichikawa et al., 1992). Flies have also been used previously to model the effects of dysfunction of a single peroxisome enzyme. Urate oxidase (Uro), an enzyme catalyzing the generation of uric acid following XDH activity, is present in peroxisomes in Drosophila and mammals. However, Uro is inactive in primates (Wu et al., 1989). Knockdown of the Uro gene in Malpighian tubules recapitulates uric acid nephrolithiasis, reduced longevity, and resulted in purine sensitivity (Lang et al., 2019).

Modeling the effects of specific gene mutations on liver function is somewhat more complicated in flies. While Drosophila fat body was long considered functionally equivalent to the liver, oenocytes are now considered by most to be the functional equivalent of hepatocytes based on similarities in lipid metabolism (reviewed in Makki et al., 2014). In insect models of mammalian liver function the contribution of both the fat body and oenocytes must be taken into account. Oenocyte-specific mutations and knockdown, as well as dietary approaches, have been used to successfully model non-alcoholic fatty liver disease (reviewed in Ugur et al., 2016). The lipid mobilization ability of the Drosophila fat body has been used to model human metabolic diseases associated with abnormal lipid storage, such as obesity linked to the lipases and perilipins caused by loss of brummer (bmm) and Lipid storage droplet-1 (Lsd-1), or Lipid storage droplet-2 (Lsd-2) overexpression, respectively; liver steatosis, linked to mutation in bmm overexpression in fat body and non-alcoholic fatty liver disease, in Drosophila Hepatic nuclear factor 4 (Hnf4)-null flies via genetic or dietary methods (Grönke et al., 2003; Gutierrez et al., 2007; Beller et al., 2010; Ugur et al., 2016). Mutations in peroxisome-linked genes have significant effects on the development or function of Malpighian tubules, fat body and oenocytes (Beard and Holtzman, 1987; Faust et al., 2014; Bulow et al., 2018; Huang et al., 2019).



ROSY EYES AND OTHER EARLY STUDIES OF MUTATIONS AFFECTING DROSOPHILA PEROXISOMES

The earliest examples of peroxisome studies in Drosophila were electron micrographs observing the localization of the peroxisomal enzymes XDH, encoded by rosy (ry), and D-amino acid oxidase (DAO; Beard and Holtzman, 1987; St Jules et al., 1989, 1990). Beard and Holtzman (1987) were the first to show that a Drosophila peroxisomal enzyme had tissue-specific differences in expression. Using 3,3′-diaminobenzidine-based detection of catalase suitable for TEM imaging they determined that peroxisomes were abundant in wild-type Drosophila Malpighian tubules and gut. EM-based visual examination of the peroxisomes in adult Drosophila heads determined peroxisome abundance varied with tissue type, suggesting the factors that govern their biogenesis and function might be tissue specific (St Jules et al., 1990). Flies homozygous for ry loss-of-function alleles lacked detectable XDH activity and had reduced catalase activity (Beard and Holtzman, 1987). Drosophila XDH activity requires functional peroxisomes as the Rosy eye phenotype also occurs when Peroxin (Pex) gene function is inhibited in the developing eye (Figure 1) (Nakayama et al., 2011). Notably, many of these early papers directly commented on the suitability of Drosophila for the study of heritable peroxisome disorders, and proposed a link between peroxisomes and other organelles based on observations of increased peroxisomal abundance in cells of the fat body (St Jules et al., 1990). Despite this endorsement, flies were not widely utilized as a model system for studying peroxisomes for another 20 years.


[image: image]

FIGURE 1. Knockdown of Pex3 in the Drosophila eye phenocopies the Rosy phenotype. (A) Wild type Drosophila eye pigment is a bright red-orange color. (B) Reduction of Pex3 activity specifically in the eye by a combination of eyeless(ey) GAL4 and a UAS inducible transgene expressing a dsRNA targeting Pex3 mRNA causes the characteristic dark red pigmentation associated with ry mutations. Bar = 300 μm.




IDENTIFYING AND CHARACTERIZING DROSOPHILA PEX PROTEINS

Pex proteins play key roles in peroxisome proliferation (Figure 2) including: forming the vesicles that supply new peroxisome membrane; inserting proteins into the peroxisome membrane including the transmembrane pores through which enzymes are recruited into the peroxisome matrix; recycling of Pex proteins that direct enzymes into peroxisomes and fission of existing peroxisomes (reviewed in Mast et al., 2020). The source of vesicles that supply membrane to new/growing peroxisomes in yeast cells is the ER (Hoepfner et al., 2005). In mammalian cells the source of vesicles supplying membrane to proliferating peroxisomes is controversial, with ER and/or mitochondria origin proposed (Rucktaschel et al., 2010; Kim, 2017; Sugiura et al., 2017). In mammalian cells, Pex13 and Pex14 are inserted post-translationally into the membrane by the combined action of Pex3 and Pex19 to form the “importomer” complex, which, combined with the activity of Pex2, Pex10, and Pex12 provides the pore through which enzymes are imported into the matrix. Cargos are recognized and carried through the importomer by Pex5, which is then recycled back to the cytoplasm by the activity of Pex1/Pex6 (reviewed in Fujiki et al., 2020). Most enzymes that are recognized by Pex5 and directed to the importomer have a variant of the PTS1 (serine–lysine–leucine, SKL) at their C-terminal end. Yeast and mammalian cells have a second peroxisome-targeting signal, PTS2 is present on some peroxisomal enzymes (e.g., thiolase) which is recognized by PEX7 which binds a variant of PEX5 (Glover et al., 1994; Subramani, 1998).
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FIGURE 2. A model for the likely role of the Drosophila homologs of peroxisome biogenesis factors, based on a recent one for mammalian peroxisome proteins by Fujiki et al. (2020). Homologs of Pex proteins (Table 1) required for recruitment and insertion of peroxisome membrane proteins (Table 2), as well as Pex3, Pex16, and Pex19 are all conserved in Drosophila. The peroxisome fission machinery also appears conserved as there are three Drosophila Pex11 proteins (Pex11, CG13827, and CG3374). Fis1 is the homolog of Fission, mitochondrial 1 (FIS1), Tango11 is homologous to Mitochondrial fission factor (MFF) and Drp1 is the homolog of Dynamin 1 like (DNM1L), all of which are required for peroxisome fission in mammals. Drosophila peroxisomal matrix protein import in flies appears dependent on PTS1, mediated by Pex5 binding to PTS1 (Table 3), although some matrix proteins do not have a PTS1 motif (Table 4). The docking complex proteins Pex13 and Pex14 are conserved in Drosophila, as is the RING-E3-ligase complex of Pex2, Pex10, and Pex12. It is therefore likely that Pex5-bound cargos are imported, then Pex5 is recycled to the cytosol by Pex1 and Pex6 in a manner similar to mammals. A Pex7 homolog exists in Drosophila, but its role in peroxisome function is unclear.




TABLE 1. Drosophila homologs of human Pex proteins.
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TABLE 2. Drosophila homologs of known peroxisomal membrane proteins.
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TABLE 3. Drosophila homologs of human enzymes with PTS1 motifs.
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TABLE 4. Drosophila peroxisome matrix enzymes without a PTS1 motif.

[image: Table 4]The release of a largely complete Drosophila genome sequence in the early 2000s facilitated sequence-similarly based identification of genes and proteins homologous to those other organisms (Adams et al., 2000). This led to several publications identifying potential homologs of human or yeast PEX and other peroxisome-related proteins by predicted amino acid sequence homology (Chen et al., 2010; Mast et al., 2011; Faust et al., 2012). The fly genome was found to have several conserved Pex genes encoding proteins highly similar to their human or yeast counterparts. These included Pex1, Pex2, Pex3, Pex5, Pex6, Pex7, Pex10, Pex11, Pex12, Pex13, Pex14, Pex16 and Pex19 (Table 1) (Chen et al., 2010; Mast et al., 2011).

Confirmation of functional conservation of the import role of the predicted Drosophila Pex genes came first via RNAi-based knockdown screen in S2 cells stably expressing a GFP-peroxisomal targeting signal 1 (PTS1) fusion protein reporter that would be imported into peroxisomes with a functional importomer complex resulting in a punctate cytoplasmic GFP signal (Kural et al., 2005; Mast et al., 2011). The phenotypes induced by RNAi treatment targeting each putative Pex gene fell broadly into two categories. The first was cytosolic mislocalization of a GFP-PTS1 fusion protein (Pex1, Pex2, Pex5, Pex6, Pex12, Pex13, Pex14, Pex16, Pex19), identifying defects in protein import. The second category was aberrant peroxisome morphology/number (Pex3, Pex11), implying defects in proliferation. No effect on GFP-PTS1 transport into peroxisomes was observed for dsRNA knockdown of the gene homologous to Pex7 (Mast et al., 2011). Drosophila genes with weak similarity to yeast Pex20p or Pex23p were also identified, but RNAi treatment targeting these two genes did not cause a defective peroxisome import phenotype (Mast et al., 2011).



IDENTIFICATION OF OTHER PEROXISOME FACTORS

Identification of the Drosophila Pex homologs was followed by a homology based prediction of other peroxisome-linked genes such as those encoding peroxisomal membrane proteins, fission factors and matrix enzymes. Faust et al. (2012) identified multiple potential orthologs for many of the peroxisome proteins, based on the presence of a PTS1 domain or homology to known peroxisome proteins in yeast or mammals. Baron et al. (2016) systematically tested the peroxisome localization of each of these predicted peroxisomal proteins encoded by these, confirming the subset that was targeted to peroxisomes, and likely represented bona-fide peroxisome factors (Tables 2–4; reviewed in Anderson-Baron and Simmonds, 2018). Notably, in S2 cells, Pex3 and Pex19 were localized to peroxisomes at a level less than was expected, but functional tests suggested this was likely due to the epitope tags used for visualization (Baron et al., 2016). Functional conservation has also been demonstrated experimentally for Pex3. When expressed in S2 cells yeast Pex3 was functional, and that the N-terminal domain of Pex3 directed sorting of other Pex proteins and peroxisome membrane proteins to ER sub-domains that likely represent a source of vesicles that are incorporated into peroxisomes (Fakieh et al., 2013).

Confirmation of conserved protein–protein interactions between fly Pex proteins has largely come from large-scale whole-proteome projects that were not looking at Pex proteins specifically (Tables 1, 3). One good example of these type of communal and open-science nature of the Drosophila community is the FlyBi project1, a large-scale effort to map all potential protein interactions in an unbiased yeast 2-hybrid screen with the goal of a whole proteome binary interaction network for Drosophila. Pex3 and Pex19 were shown to interact by FlyBi, suggesting they act to target peroxisome membrane proteins to the membrane in a manner similar to mammalian cells (Figure 2). Similarly, Pex5 and Pex14 were identified as interacting as part of a large scale mass spectrometry screen (Guruharsha et al., 2011), suggesting they conserve their respective functions as a cargo binding protein (Pex5) and import channel (Pex14) in Drosophila cells (Figure 2).



DROSOPHILA HAS PEX7 BUT NOT PTS2-MEDIATED PEROXISOME IMPORT

A major difference in peroxisome function between Drosophila and yeast or mammals is the absence of PTS2-mediated import. The majority of peroxisome matrix enzymes in Drosophila, including homologs of those with canonical PTS2-bearing cargo proteins in yeast or mammals (i.e., thiolase, SCPx), have a C-terminal PTS1 motif or conserved equivalent in flies (Table 3) (Faust et al., 2012). Analysis of the Drosophila proteome failed to detect the N-terminal PTS2 motif in any likely peroxisome trafficked proteins, and fluorescent microscopy data showed a PTS2-mCherry construct was unable to localize to peroxisomes in S2 cells (Faust et al., 2012). Supporting this, a reporter chimera of the putative PTS2-dependent alkylglycerone phosphate synthase homolog, encoded by CG10253, co-localized with the peroxisome marker PMP34-Cerulean only when the reporter was at the N-terminus, suggesting CG10253 encoded a peroxisomal matrix protein with a C-terminal PTS (Faust et al., 2012).

Other species like C. elegans have also lost the PTS2 pathway but also lack a Pex7 homolog (Motley et al., 2000). Although PTS2 mediated protein targeting cannot be identified in Drosophila, the presence of a Pex7 homolog of raises questions as to its role in terms of peroxisomes. Drosophila Pex7 is a functional homolog of mammalian PEX7 as it can substitute for human PEX7 to rescue PTS2-mediated peroxisome protein import in human PEX7 mutant cells (Di Cara et al., 2019). A Pex7 reporter fusion partially localized to peroxisomes (Baron et al., 2016). Pex7 was shown to be required for the ROS burst that precedes the Drosophila immune response (Di Cara et al., 2017). In terms of development, Pex7 mutants show reduced viability and CNS defects. However, these defects are more mild than those linked to mutations in Pex5 (Di Cara et al., 2019).

A clue for Pex7 activity in Drosophila may come from its pattern of expression. Compared to the relatively ubiquitous expression of Drosophila Pex genes in the early embryo Pex7 is expressed at relatively high levels in only a small subset of cells thought to be of neural lineage (Pridie and Simmonds, 2020). This suggests a more specialized, potentially cell-lineage specific role. This role appears to be linked with peroxisome activity as phenotypes associated with targeted Pex7 RNAi in the gut were rescued by ubiquitous Catalase over-expression. Also, loss of Pex7 affects the overall redox state at the cellular and whole-organism levels (Di Cara et al., 2018). This suggests that Pex7 plays a role in peroxisomal ROS management, affecting enzymes of the Catalase enzymatic pathway, e.g., SOD. The likely scenario is that Drosophila Pex7 likely retains a peroxisome-related function unrelated to PTS2-mediated import. What this role could be remains unknown, but the unique situation in Drosophila where Pex7 is present but PTS2 import is not provides a unique platform to determine what it could be. It is particularly intriguing to consider that this putative Pex7 function outside of PTS2 cargo recognition may also be active in other organisms.



REGULATION OF PEROXISOME VOLUME OR NUMBER IN DROSOPHILA

Although localization of homologous Drosophila proteins to peroxisomes has been largely confirmed experimentally (Tables 1–4), conservation of their functional roles for the most part has not. This includes the mechanisms regulating peroxisome volume and number. In steady state conditions, homeostatic feedback mechanisms are thought to keep the relative volume and number of peroxisomes constant. However, peroxisome volume and number responds to changes to the cellular environment. This response can be increased volume or number, or reduction in peroxisome abundance via macroautophagy (reviewed in Chang et al., 1999; Germain and Kim, 2020). This mechanisms underlying pexophagy have been shown most clearly in yeast (Motley and Hettema, 2007). Peroxisome proliferation can be correlated to changes in expression of Pex genes as well as other peroxisome-linked genes. The volume and number of fly peroxisomes responds to changes in peroxisome-linked gene expression. S2 cells cultured under standard conditions have between 60 and 80 peroxisomes with an average volume of 173 nm3 (Baron et al., 2016). Altering the levels of Drosophila peroxisome factors, including Pex proteins, membrane proteins or peroxisomal enzymes often had significant effects on volume or number (Baron et al., 2016).


Transcriptional Regulation of Pex and Peroxisome Related Genes

Regulation of the transcription of peroxisome-linked genes in Drosophila is currently not well characterized. Peroxisomes can be induced to proliferate by excess fatty acids and their analogs (reviewed in Yan et al., 2005). In mammalian cells, this occurs in part by inducing increased expression of genes encoding peroxisome proliferation factors regulated by conserved, lipid-sensing members of a nuclear hormone receptor superfamily called peroxisome-proliferator activated receptors (PPARs; reviewed in Bocos et al., 1995). Upon ligand binding, the three PPAR variants (α, β/δ, γ) form heterodimers with the retinoid X-receptor (RXR) to express enzymes involved in β-oxidation and other reactions to regulate lipid metabolism (reviewed in Kliewer et al., 2001). In mice, both PPARα and PPARγ regulate expression of Pex genes, however, the link between PPARs and peroxisome proliferation in humans is less clear (Dubois et al., 2017; Mirza et al., 2019).

PPAR homologs do not seem to be present in the Drosophila genome, but other nuclear hormone receptors likely act in a similar fashion. Drosophila Hnf4 generally regulates β-oxidation in the larva (Palanker et al., 2009). PPARα is highly expressed in liver and kidney and Hnf4 is likewise highly expressed in the analogous fly tissues, the oenocytes and Malpighian tubules, respectively (Palanker et al., 2009). Both PPARα and Hnf4 are activated by LCFAs to induce expression of fatty acid β-oxidation enzymes (Göttlicher et al., 1992; Braissant et al., 1996; Palanker et al., 2009). The fly analog of PPARγ is less clear, but candidates may be inferred from phenotypes associated with their roles in the CNS. PPARγ is implicated in mitigating the neurodegenerative phenotype in ALS through its anti-inflammatory role (Li et al., 2000; Kiaei, 2008). Mice ALS models carrying mutations in SOD1, and Drosophila ALS models overexpressing TDP-43, both displayed ALS-like neurodegeneration that was rescued by the PPARγ agonist pioglitazone (Kiaei, 2008; Joardar et al., 2015). The phylogenetic relationship with human nuclear receptors predicts E75 and E78 of Drosophila as one of the closest potential PPARγ homologs (King-Jones and Thummel, 2005). Accordingly, in Drosophila ALS models, TDP-43 induction in glial and motor neurons, but not in musculature, was shown to rescue locomotor deficits upon agonist introduction when both E75 and E78 were present, suggesting functional conservation (Joardar et al., 2015). Notably, spargel (srl) the Drosophila ortholog of PPARγ co-activator 1α (PGC1-α) is upregulated in Pex19 mutant cells (Bulow et al., 2018), suggesting that an analogous pathway plays a role in feedback regulation of peroxisome abundance.



Effect of Peroxisome Enzyme Abundance on Peroxisomes

The effect of peroxisomal enzyme abundance on peroxisome volume or number is variable. Elevated levels of phosphomevalonate kinase (Pmvk), mitochondrial ubiquitin ligase activator of NF-κB (Mul1), carnitine O−octanoyltransferase (Crot) and α−methylacyl−CoA racemase (Amacr) lead to an average four-fold increase of normal peroxisome volumes. Conversely, Dhsr4 and ScpX lead to decreased peroxisome volume when overexpressed in S2 cells (Baron et al., 2016). The molecular mechanism underlying this decreased volume is likely indirect via feedback caused by altered metabolism of certain peroxisomal lipid species. One particular class of enzyme that responds to changes in lipid metabolism is fatty acyl-CoA reductase (FAR) family proteins. These participate in an early rate-limiting step of plasmalogen synthesis and the cellular levels of FAR proteins are directly dependent on plasmalogen level (Honsho et al., 2013). FAR1 upregulation is observed in mice when plasmalogen synthesis was genetically inhibited, which was not associated with change in peroxisome abundance (Kimura et al., 2018; Merkling et al., 2019). Drosophila has 17 potential FAR orthologs of which only one has been examined experimentally. The one that has, Sgroppino, localizes to a subset of peroxisomes (Merkling et al., 2019). Accordingly, Sgroppino was not shown to affect Drosophila peroxisome number. However, mutations in genes encoding other peroxisome enzymes do have a strong effect on peroxisome proliferation in mammalian cells. For example, fibroblasts from patients with mutations in enzymes involved in β-oxidation pathway, acyl-CoA oxidase and multifunctional enzyme type 2/17-beta-hydroxysteroid dehydrogenase 4 (MFE-2/HSD17B4) show a discernible reduction in peroxisome abundance (Chang et al., 1999). Elevated expression of Drosophila Mfe2 (a.k.a. DBP) did not seem to affect peroxisome volume but did reduce peroxisome abundance (Baron et al., 2016). Although, the ectopic overexpression of gain-of-function mutant form of human ACOX1 in flies is reported to have no discernible effect on peroxisome numbers relative to overexpression of its wild type counterpart (Chung et al., 2020). Thus, the relationship between the relative abundance of various peroxisome enzymes and the volume or number of peroxisomes in Drosophila remains to be established.



Regulation of Peroxisome Fission

The roles of factors regulating peroxisome fission (Figure 2) have not yet been systematically studied in flies. The primary effectors of peroxisome fission are Drp1, Fis1, Mff, and PEX11A/B (Schrader et al., 2016). Drosophila has homologs of all of these proteins (Figure 2). Increased levels of the Pex11 A/B homolog in S2 cells (Pex11) caused a two-fold increase in number and a corresponding reduction in volume (Baron et al., 2016). There are two predicted PEX11C homologs in Drosophila, (CG13827 and CG33474, Table 1). Other homologs of the peroxisome fission apparatus were identified independently as part of forward genetic screens for factors affecting mitochondrial proliferation. RNAi screens in S2 cells for regulators of mitochondrial fission identified Tango11 as the homolog of mitochondrial fission factor (MFF, Figure 2) (Gandre-Babbe and van der Bliek, 2008). In human cells, the knockdown of MFF resulted in changes in peroxisome morphology similar to those observed for knockdown of dynamin-related protein (DRP, encoded by DNM1L) and hindered interaction of mitochondrial fission 1 protein (FIS1) with PEX11C (Figure 2) (Gandre-Babbe and van der Bliek, 2008; Koch and Brocard, 2012). Characterization of Drp1 came specifically from employing flies to model human genetic disorders. A study using Drosophila was conducted to model the cellular impact of patients with infantile encephalopathy caused by DNM1L mutation rescued larval lethal Drp1 mutants by expressing the human DNM1L homolog via transgenic insertion (Chao et al., 2016). In transgenic larvae expressing a dominant-negative DNM1L variant, peroxisomes in salivary glands were enlarged in volume and reduced in number (Koch et al., 2003; Chao et al., 2016; Assia Batzir et al., 2019). Overexpression of Drosophila Fis1 causes an increase in peroxisome number (Baron et al., 2016) but has not been otherwise characterized in terms of a role in peroxisome proliferation. However, Fis1 has been shown to play an analogous role in mitochondrial proliferation (Liu et al., 2012). The relationship between Pex11C and Fis1 also appears to be somewhat different in flies. In yeast, Pex11C is a positive regulator of peroxisomal fission (Chang et al., 2015), whereas overexpression of Drosophila PEX11C homolog CG13827 led to enlarged peroxisomes (Baron et al., 2016). Thus, the potential roles of Pex11 homologs in flies in terms of peroxisome fission (Figure 2) needs further exploration.



Pexophagy

In each cell the biogenesis of peroxisomes is balanced by removal of old/excess peroxisomes. In mammalian cells, the population of peroxisomes is turned over approximately every 2 days (Huybrechts et al., 2009). In yeast or mammalian cells, defective or excess peroxisomes are removed by autophagy (pexophagy, reviewed in Germain and Kim, 2020). Some aspects of this process look to be conserved in Drosophila. Recently, HSPA9 (GRP75, Heat Shock Protein Family A Hsp70 Member 9) was identified as a suppressor of pexophagy in mammalian cells (Jo et al., 2020). The role is conserved in Drosophila as Gal4-UAS mediated RNAi of Hsc70-5, encoding the fly HSPA9 homolog also induced a reduction in the number of peroxisomes in third instar myocytes (Jo et al., 2020). Other aspects of pexophagy, including the effect of loss of the autophagy related (ATG) genes and their effect on fly peroxisomes has yet to be shown. Similarly, the role of Drosophila Pex proteins such as Pex2, Pex3, Pex11 or Pex14 or ubiquitination which have been shown to have roles in targeting peroxisomes for degradation in yeast or mammalian cells has not yet been examined directly.



Other Pathways Regulating Peroxisome Volume or Number

Finally, the traditional fly forward genetic screen techniques are also uncovering other potential peroxisome regulatory factors in addition to those homologous to known regulatory factors in other species. A recent small-scale forward genetic screen in whole animals using number, volume and morphology of peroxisomes (marked by GFP-PTS1) as a readout (Graves et al., 2020) looked at only at the X-chromosome (∼15% of the fly genome). This screen identified a number of genes not previously implicated in peroxisome proliferation. Several genes encoding transcription factors not previously linked to peroxisomes such as: fs(1)h, CG17829, mxc or Smox were identified (Graves et al., 2020). These potential candidates may be acting analogously to PPARs or more likely represent independent pathways of peroxisome regulation. Of particular note, this screen only tested a limited number of genes on one chromosome and did not identify several known peroxisome regulators on the X such as Pex5, suggesting there are likely many additional novel peroxisome-linked genes to be identified using these methods.

While there are clearly some key differences in terms of regulation of proliferation and assembly factors, i.e., lack of a conserved PTS2 import pathway and no direct PPAR homologs, what is equally clear is that most peroxisome-linked genes and function are sufficiently conserved between Drosophila and mammals. There is similar conservation in mitochondrial regulatory pathways (reviewed in Sen and Cox, 2017) as well as in lipid metabolism (reviewed in Kühnlein, 2012). While these similarities support direct modeling of human peroxisome diseases in flies, the unexplored differences in flies will also likely provide valuable insight into novel aspects of peroxisome biogenesis and function.



CONSERVATION OF PEROXISOME METABOLIC ACTIVITY IN DROSOPHILA CELLS

The effects of mutation of Pex and other peroxisome linked genes on systemic metabolism and development provides some indication that peroxisome metabolism in Drosophila is more similar to that in mammals than to yeast. Pex3 mutants had no detectable peroxisomes in their Malpighian tubule cells and died as larvae (Nakayama et al., 2011). Pex3 mutants were hypersensitive to starvation with a strong reduction in lipid catabolism (Faust et al., 2014). Mutations in Pex19 similarly showed reduced viability and dietary lipid sensitivity (Bulow et al., 2018). Pex16 mutant adults have reduced body weight (Nakayama et al., 2011). Pex2 and Pex16 mutants were viable, but had increased sensitivity to glucose starvation suggesting reduced ability to metabolize lipids for energy (Wangler et al., 2017a). The number of peroxisomes in the Malpighian tubules is reduced in Pex16 mutants and there is a two-fold elevation in VLCFA (>C24) levels compared to wild type. Mutations of Pex16 does not affect circulating levels of MCFAs (<C18). There are viable and lethal mutations in Pex10. Viable Pex10 males are sterile with defects in testes development. Adding VLCFAs to the diet, enhances the testes defect phenotype while addition of LCFAs has no effect (Chen et al., 2010). These same VLCFA-dependent testes phenotypes are also seen with Pex14 mutations (Chen et al., 2010). Pex5 mutants have an overabundance of VLCFAs compared to wild type flies (Di Cara et al., 2018, 2019). The somewhat specific response of Pex mutants in terms of VLCFA levels, supports a model that peroxisomes in flies are responsible for VLCFA metabolism, analogous to their role in mammalian cells.


Management of Reactive Oxygen Species

A major peroxisome function is management of ROS. The linkage of Drosophila peroxisomal ROS-managing enzymes has largely been studied in the course of studying the effects of free radicals on aging. The activities of the antioxidant enzymes SOD, catalase, and glutathione reductase were examined across the lifespan of adult male Drosophila, and found to exhibit individual patterns of change with aging (Sohal et al., 1990). Measures of oxidative stress increased with age, as did total SOD activity, while catalase activity decreased sharply up to 10 days before death (Sohal et al., 1990). Over-expressing catalase and SOD in flies decreased overall oxidative stress, improving old-age fly activity and oxygen consumption rates, and enhancing longevity (Orr and Sohal, 1994). Similarly, the reduced longevity and motor deficits induced by peroxides generated from overexpression of the Drosophila homolog of CG5009 (ACOX1) in wrapping glia was rescued by over-expression of catalase (Chung et al., 2020). Over-expressing human SOD1 in Drosophila motor neurons had a similar effect, suggesting age-related increases in oxidative stress had significant impact on nervous system function, and demonstrating conservation of SOD (Parkes et al., 1998a). Caloric restriction in flies was found to reduce peroxisome proliferation and improve longevity whereas mitochondrial ROS gene expression had the opposite effect (Zhou et al., 2012). Finally, Di Cara et al. (2018) did show direct effects on ROS management in S2 cells where Pex5 has been targeted by RNAi. Together, these data suggested that the ROS management activities of peroxisomes were conserved between flies and humans. Further, it appears that Drosophila peroxisomes are the primary modulators of a diet-responsive oxidative state as tissue- and age-specific sensitivities to ROS were impacted in opposite ways in mitochondria and peroxisomes. From these initial studies, it may also be inferred that lipid metabolism, a major source of diet-related peroxisomal ROS in other species, is largely conserved between Drosophila and mammals.



Lipid Oxidation

An analysis of the Drosophila proteome predicted multiple homologs for each of the five enzymes of the mammalian β-oxidation pathway, though none of the fly versions have been well characterized (Faust et al., 2012). Reporter chimeras of a predicted ACOX ortholg, CG17544 and Mtpα, co-localized with peroxisome marker PMP34-Cerulean in S2 cells. Several other predicted proteins had a variant PTS1 at their C-terminus, suggesting they also localized to peroxisomes (Faust et al., 2012). One predicted L-bifunctional protein, CG3415, had its quaternary structure resolved by X-ray scattering and was found to be very similar to that of human MFE-2, a known peroxisomal β-oxidation enzyme (Mehtala et al., 2013). A comprehensive screen of all predicted Drosophila peroxisomal proteins by Baron et al. (2016) found the most putative β-oxidation enzyme homologs identified by Faust et al. (2012) were greater than 75% co-localized with the peroxisome marker GFP-PTS1.

The functional roles for peroxisomes in terms of lipid β-oxidation in Drosophila appears to be similar to that of mammals, VLCFA levels were elevated in flies with Pex2 or Pex10 loss of function mutations (Chen et al., 2010). A metabolomics approach was used by Wangler et al. (2017a) to examine biochemical pathways affected by Pex2 and Pex16 mutation. They observed Pex16 mutants were extremely sensitive to low sugar food, directly linking Pex16 to glucose metabolism. Gas chromatography and mass spectrometry of Pex16 mutants revealed changes in the abundance of C24, C26, C28, and C30 species of VLCFAs (Wangler et al., 2017a). Similarly Pex5 mutant embryos showed an increase in VLCFAs, especially C24 (Di Cara et al., 2019).

A prerequisite for fatty acid β-oxidation is activation of fatty acids through ligation to coenzyme A (CoA), which is catalyzed by acyl-CoA synthetase (ACS; Krisans et al., 1980; Singh et al., 1992). Drosophila ACS, is encoded by the Acsl gene. Acsl was confirmed to regulate the conversion of VLCFA C16:1 to C16:1-CoA (Huang et al., 2016). Acsl loss resulted in overgrowth of neuromuscular junctions and increased phosphoethanolamine ceramide levels, the Drosophila equivalent of sphingomyelin, in motor neurons. These phenotypes were rescued by human ACSL4 expression, establishing functional homology (Huang et al., 2016). There are several ACOX homologs in Drosophila although the closest homolog to ACOX1 is CG5009. Loss of activity of CG5009 resulted in glial/axonal loss, reduced lifespan, impaired synaptic transmission and pupal death (Chung et al., 2020). These phenotypes were rescued by expression of human ACOX1. This strongly suggested Drosophila acyl-Coenzyme A oxidase at 57D genes are conserved in terms of the rate-limiting, peroxide-producing, peroxisomal-localized first step of VLCFA β-oxidation performed by their mammalian counterpart. The remaining homologs of peroxisomal lipid oxidation enzymes identified by Faust et al. (2012) await functional characterization in terms of their role in lipid metabolism.

Bulow et al. (2018) showed that homozygous Pex19 mutation results in an increase in free fatty acids, leading to lipotoxicity via altered abundance in MCFAs due to down-regulated mitochondrial lipolysis. Restoring MCFA abundance by dietary supplementation rescued the phenotype in flies and PEX19 patient cells (Sellin et al., 2018). Similar changes in MCFA abundance and altered mitochondrial lipolysis were observed in Pex2, Pex3 and Drp1 mutant larvae (Chao et al., 2016; Bulow et al., 2018; Sellin et al., 2018). In the case of Drp1 mutants, aberrant mitochondrial morphology was observed in nervous and muscle tissue (Chao et al., 2016). Given the changes in lipid metabolism observed in Pex mutants, it would seem that the roles for peroxisomes and mitochondria in terms of β-oxidation in Drosophila appear to be more similar to mammals than to yeast.



Lipid Synthesis

What is known regarding the conservation of this peroxisome activity in Drosophila lipid synthesis activity is limited largely to sequence-based homology prediction of the constituent enzymes. The exception is the cytosolic DHAP reductase/GPD1 homolog Gpdh1, whose oxidase (dehydrogenase) activity has been characterized (O’Brien and Macintyre, 1972; Niesel et al., 1980). The ability of Gpdh1 to reduce DHAP, as required by the ether lipid synthesis pathway, has not been explicitly observed in Drosophila. The human homolog GPD1 does have this capability (Reyes et al., 2015). Several homologs were predicted for other mammalian ether lipid synthesis enzymes by Faust et al. (2012). One of these was the screen for factors that affect Drosophila response to viral infection identified the potential FAR homolog Sgroppino described above (Faust et al., 2012; Merkling et al., 2019). FAR proteins function by reducing fatty acyl-CoA into a fatty alcohol molecule, however, this function has yet to be directly confirmed in Drosophila. What has been shown is that loss of Sgroppino interfered with β-oxidation in adults resulting in increased levels of triacylglycerol (TAG) and increased body mass (Merkling et al., 2019). Similarly, trafficking of Gpdh1 to peroxisomes has not been confirmed, though a variant PTS1 was identified at the C-terminus of Gpdh1 (Wojtas et al., 1997).



DEVELOPMENTAL DEFECTS LINKED TO PEROXISOME DYSFUNCTION IN DROSOPHILA

There seems to be a varied phenotypic spectrum associated with mutations in Pex and other peroxisome-linked genes during development. The mRNA encoding most Pex genes is expressed ubiquitously during early embryo development, although some (Pex7, Pex13, Pex14, Pex19) display differences in relative mRNA levels between various cell lineages (Leader et al., 2018; Pridie and Simmonds, 2020). However, likely due to a large maternal contribution of peroxisomes, fly embryos develop into larvae even when homozygous for most Pex gene mutations. Embryos homozygous for a Pex1 null mutation had a severe effect on larval growth when the animals were raised on a diet with yeast as the primary food source (Mast et al., 2011). Pex1 mutants also have defects in sperm production (Chen et al., 2010). However, insertion of a transposable element into Pex6 does not affect viability or fertility (Bellen et al., 2004). Loss of Pex3 eliminates peroxisome formation and mutants die before pupariation (Nakayama et al., 2011). An insertional mutation of Pex5 is lethal at or before pupariation with increased cell death. Pex7 mutants are viable (Di Cara et al., 2019; Pridie and Simmonds, 2020). Mutations of genes encoding proteins of the importomer Pex2, Pex10 and Pex12 are viable but are associated with sterility phenotypes. Flies with Pex13 mutations survive to adult although there are some effects on fertility (Chen et al., 2010). Currently no mutations of Pex14 are available. PEX16 is essential for peroxisome biogenesis in humans, Pex16 maternal zygotic mutant embryos retained some peroxisome-like structures into the larval stage while over-expression of Pex16 led to fewer and larger peroxisomes (Nakayama et al., 2011). The major developmental phenotypes of Pex16 loss are male sterility and the ry eye phenotype (Nakayama et al., 2011). Similar to Pex5, Pex19 mutant flies die before the end of the larval stages, with some reaching adulthood. However, if Pex19 activity is eliminated in the oocyte and the zygote then mutants die as embryos (Bulow et al., 2018).


Mutations Affecting Potential Peroxisome Fission Factors

Mutations affecting potential peroxisome fission factors (Figure 2) have not been well characterized. Mutation or dsRNA knockdown of Pex11, CG13827 or CG33474 are largely viable and fertile (Thurmond et al., 2019). The only reported phenotype is mild defects in sensory bristle patterning with tissue-specific Gal4/UAS driven expression of dsRNAs targeting CG13827 (Mummery-Widmer et al., 2009). Mutations in Drp1 and Tango11 cause lethality before the end of larval stages and targeted RNAi in neurons leads to similar alterations in bristle morphology as CG13827 altered mitochondrial morphology (Mummery-Widmer et al., 2009; Zhou et al., 2019). Targeted expression of dsRNAs targeting Fis1 in motor neurons leads to defects in axonal transport (Liu et al., 2012).



Peroxisome Membrane Proteins

There are relatively few mutants of genes encoding fly homologs of peroxisome membrane proteins (Table 2) and most UAS-RNAi lines or existing mutants are viable (Thurmond et al., 2019). There are several mutants for ABCD which are viable and fertile, but targeted expression of UAS-RNAi targeting ABCD causes defects in the developing CNS and retina (Gordon et al., 2018). Expression of UAS-RNAi constructs targeting Orct in the fat body in third instar larvae cause a lipid storage phenotype (Fan et al., 2017). Similarly, there are few available mutants in genes encoding homologs of peroxisome enzymes (Tables 3, 4). Of those that are available, most are viable and fertile (Thurmond et al., 2019). However, mutations in Cat, Hmgcr, Acsl, Lon or Sod1 have been isolated and all are lethal although in the case of Lon, this may be caused by effects on mitochondrial function (Griswold et al., 1993; Perrimon et al., 1996; Parkes et al., 1998b; Zhang et al., 2009; Liu et al., 2014; Pareek et al., 2018). Flies with homozygous recessive mutations in Ascl or Nos have CNS defects (Zhang et al., 2009; Liu et al., 2014; Rabinovich et al., 2016) and Mfe2 mutants cause a small larva phenotype (Zhou et al., 2019). Finally, flies with homozygous Cat, Mul1 and Mtpα mutations are viable but have a reduced lifespan (Missirlis et al., 2003; Kishita et al., 2012; Doktór et al., 2019). Generally developmental defects associated with Pex gene mutations in Drosophila appear to be most prevalent in the CNS and PNS, gonad, innate immunity, gut development/repair as well as an interesting link to aging.



Neural/Neuromuscular Development

Neural development is strongly affected in flies with Pex gene mutations. Several neuronal lineages showed disorganized structure in the developing Pex1 mutant embryo (Mast et al., 2011). Pex5 mutants showed defects in the embryonic CNS (Di Cara et al., 2019). Although loss of Pex19 function is generally lethal, rare adults do survive (escapers). These adult eascapers had elevated apoptotic activity in their optic lobes, suggesting neurodegeneration, as well as poor negative geotaxis and an inability to fly or inflate their wings (Bulow et al., 2018). Pex3 RNAi and loss-of-function mutation resulted in a lethal partially eclosed (dead) phenotype. This inability to break out of the pupal case was traced to defects in adult muscle function, thought to be due to defect neuromuscular junction activity (Faust et al., 2014). Notably, loss of Acsl resulted in the same phenotypes as Pex3 mutation, however, the mechanism was traced to compromised neuromuscular junctions due to neurodegeneration of motor neurons and glia, rather than musculature defects (Huang et al., 2016).

Neuronal degeneration is also seen with mutations affecting ACS function in flies. There are two Drosophila genes encoding homologs of the human ACS protein family, bubblegum (bgm) and heimdall (hll, aka doublebubble). Both are most similar to human ACS bubblegum family member 2 protein. bgm/hll double knockout resulted in animals with neurodegeneration and VLCFA accumulation somewhat similar to that of adrenoleukodystrophy (Wiesinger et al., 2013; Sivachenko et al., 2016). Activated fatty acid molecules, such as very long-chain acyl-CoA ester, are a substrate for the fatty acid transporter ATP-binding cassette sub-family D member 1 (ABCD1; Wiesinger et al., 2013). Knockdown of the potential Drosophila ABCD1/2 homolog showed optic lobe neurodegeneration very similar to that observed in the Bgm/Hll double knockout strain (reviewed in Gordon et al., 2018).

Given that mutation in many Pex and peroxisome enzyme genes cause CNS/PNS defects, an intriguing possibility is that ROS is used commonly as a signaling molecule during development. The role of ROS as a paracrine signal in CNS/PNS development has not been shown. However, ROS is used as a paracrine signal in at least one fly cell lineage, the cardiomyocyte (Lim et al., 2014). The adult Drosophila heart is a linear tube made of two columns of cardiomyocytes (CMs) encased in a sheath of non-muscle pericardial cells (PCs) called a pericardium. In mammals there is cross-talk between the various PC and CM subtypes that is essential for the heart to respond to physiological and pathological cues (reviewed in Tian and Morrisey, 2012). Elements of that relationship are preserved in Drosophila, as PCs influence both myocardial development and heart function (Lim et al., 2014). Adult PCs have higher ROS abundance than CMs in vivo. ROS reduction in PCs resulted in increased arrhythmia (Lim et al., 2014). Reducing ROS activity by increased expression of Catalase or Sod1 lead to hearts that were narrower at 1 week post-eclosion, and by 4 weeks post-eclosion the diastolic diameter had become so great that the heart tubes were enlarged (Lim et al., 2014). The phenotype was not observed when ROS levels were altered in CMs, nor did altering PC ROS levels affect CM ROS levels, indicating the phenotype was not due to ROS diffusion from PC-to-CM (Lim et al., 2014). A possibility that will need to be considered is the use of ROS as a paracrine signal in fly development. The ROS-mediated paracrine signaling observed in cardiomyocytes, which would likely involve peroxisome activity and it will be particularly interesting to see if similar mechanisms are involved in cell signaling in the developing CNS/PNS or other organs.



Gonad Development

Homozygous Pex2, Pex10 and Pex12 null mutants were viable and survived to adulthood, however, males were sterile and females had reduced fertility. This was caused by a defect in sperm development correlated to increased VLCFA abundance, which was proposed to cause a failure in cytokinesis during meiosis (Chen et al., 2010). Adult Pex16 mutant males also had the same sterility phenotype as Pex2 and Pex10 adult males, though the phenotypic defect was traced to arrested spermatocyte development, not cytokinesis failure (Nakayama et al., 2011). Given the sterility phenotypes associated with these Pex genes, it would seem that multiple steps of sperm development are acutely sensitive to fatty acid levels regulated by peroxisomes. At this point, little is known about the specific mechanistic requirements for peroxisome activity in the Drosophila ovaries. However, it has been shown recently that there are distinct differences in TAG metabolism between male and female flies (Wat et al., 2020). Whether there are corresponding sex-specific differences in peroxisome activity, especially in the gonads, remains to be determined.



Immunity

In the Drosophila circulatory system, hemocytes circulate in a blood-like fluid called hemolymph. Circulating hemocytes act analogously to mammalian macrophages as the principal effectors of the Drosophila immune response (reviewed in Parsons and Foley, 2016). In mammals, when a macrophage initiates phagocytosis it releases ROS to damage the pathogen being engulfed (reviewed in Thomas, 2017). Drosophila S2 cells are thought to be of hemocyte lineage (Cherbas et al., 2011). Peroxisomes in S2 cells were observed associating with phagosomes surrounding E. coli actively moving to the site of the nascent phagocytic cup (Di Cara et al., 2017). RNAi knockdown of Pex5 or Pex7 compromised uptake of E. coli and C. albicans due to defects in actin organization surrounding the phagocytic cup, and defects in ROS management. Over-expression of Catalase rescued phagocytosis in cells treated with dsRNA targeting Pex7, but not when Pex5 was targeted (Di Cara et al., 2017). This same effect was observed in primary hemocytes. Adult flies with hemocyte-specific Gal4/UAS expression dsRNAs targeting Pex5 or Pex7 mRNAs died within 7 days of infection. The Pex5 RNAi-treated flies were also more sensitive to injury (Di Cara et al., 2017). A similar response was seen adult Drosophila midgut microbial response when Pex5 was RNAi targeted resulted (Di Cara et al., 2018).



Gut Development and Repair

Studies in Drosophila have shown clearly that peroxisome function is essential to development and tissue homeostasis in the intestine. Gal4/UAS mediated expression of Pex5 dsRNAs in these organs resulted in lethally high levels of autophagy due to AMPK-dependent TOR kinase inhibition (Di Cara et al., 2018). Gut epithelia with dysfunctional peroxisomes had increased abundance of non-esterified fatty acids and increased redox stress, severely disrupting gut homeostasis (Di Cara et al., 2018). Loss of Pex2 or Pex10 in the Drosophila gut blocked intestinal stem (progenitor) cells from maturing into mature enterocytes in damaged midgut (Du et al., 2020). Through a combination of mutant analysis, Gal4/UAS mediated transgene expression and dsRNA knockdown Du et al. (2020) showed that peroxisomes are required in a cell autonomous manner for stem cell differentiation. Comparitive mRNA-seq identified the likely mechanism for increased peroxisome numbers in the midgut was an enhancement in RAB-7 maturation to promote stem cell/progenitor cell differentiation through the JAK/STAT-SOX21A signaling pathway (Du et al., 2020). Notably, this requirement for increased peroxisome activity for repair of damaged intestinal epithelia in Drosophila is conserved in mice and humans as well (Du et al., 2020). This suggests a potentiality that peroxisomes, along with mitochondria and other organelles like the endosomal pathway coordinately integrate lipid metabolism with other internal and external metabolic signals in the gut to maintain organ homeostasis, especially after injury (reviewed in Bellec and Cordero, 2020).



Aging

Ectopic Catalase over-expression in mitochondria and the cytosol were found to increase adult Drosophila oxidative stress resistance but not improve longevity (Mockett et al., 2003). In terms of system-wide changes, flies have proven to be particularly amenable to RNA expression RNA-Seq of dietary restricted flies with enhanced lifespan compared to wild type flies showed elevated expression of Catalase (Cat), Pex16, ry, Dodecenoyl-CoA delta-isomerase (Dci) and Sod (Li et al., 2019). A similar experiment showed changes in the relative levels of Pex1, Pex2, Pex5, Pex6, Pex7, Pex10, Pex11, Pex16, and Pex19 mRNA in aged flies compared to those treated with Paraquat, a herbicide that strongly induces ROS (Huang et al., 2019). Together, these findings suggest enhanced peroxisome biogenesis and up-regulated expression of peroxisomal ROS management enzymes improved longevity, whereas increased mitochondrial ROS gene expression only improved tolerance to oxidative stress, i.e., the ROS generated by oxidative phosphorylation. Like what was shown in terms of gut homeostasis, peroxisome function plays a role in aging-related inflammation induced cardiac disease. Huang et al. (2020) showed that reduction in peroxisome protein import in oenocytes, either experimentally by reduction of factors regulating peroxisome import of Pex1, Pex5, or Pex14 activity, disrupted ROS homeostasis cause by Paraquat treatment or due to aging, led to cardiac arrhythmia (Huang et al., 2020). Notably, the age-related effect on the heart could be suppressed by Gal4 > UAS-Pex5 expression in the oenocytes and that the effect was mediated by induction of the cytokine Unpaired 3, a JAK/STAT ligand (Hombría et al., 2005). Again, this newly discovered role for peroxisome function seems to be conserved between flies and mammals (Huang et al., 2020).

There are likely multiple yet-to-be discovered roles for peroxisomes in integrating multiple signals to help mediate tissue homeostasis. The mechanisms identified so far range from regulating ROS or lipid metabolism to more direct effects on secretion of cell-signaling molecules. Notably, sex-specific differences peroxisome-linked effects on aging have been identified. Female flies with non-lethal mutations in Pex1 or Pex13 had reduced peroxisome proliferation, reduced cellular peroxide levels and, paradoxically, increased lifespan compared to males (Zhou et al., 2012). What will be particularly interesting as this field develops is understanding the coordination between peroxisomes and other organelles like mitochondria, lipid droplets, the endosomal pathway and lysosomes in mediating these coordinating events in the specialized cells that make up these different organs. Knockdown of Pex13 in the fat body by RNAi causes mitochondrial fragmentation supporting functional linkage between mitochondria and peroxisomes (Zhou et al., 2019). Similarly, it will be interesting to see if peroxisomes in these cells have evolved correspondingly specialized activities, including sex-specific differences.



MEASURING THE DYNAMIC MOVEMENT OF PEROXISOME MOVEMENT IN S2 CELLS

The study of peroxisome movement in S2 cells, is distinct from the functional characterization of peroxisomes as described above. S2 cells have been used to study Drosophila protein localization to peroxisomes as well as peroxisome metabolism or function in microbial phagocytosis. However, unique aspects of their microtubule organization has been leveraged to study peroxisome transport on the cytoskeleton. In yeast and mammalian cells, peroxisomes are subject to constant relocation involving dynamic elements of the cytoskeleton (Subramani, 1998). Electron microscopy of Chinese hamster ovary cells revealed multiple peroxisome-microtubule contact sites (Rapp et al., 1996). In vivo kinetic analysis determined chemical disruption of both microtubule and actin filaments reduced peroxisome movement, as did ATP depletion, implying peroxisomes were moved by motor proteins (Rapp et al., 1996). Drosophila peroxisomes appear to move along microtubules like they do in mammalian cells, rather than the actin/myosin transport mechanism characteristic of yeast peroxisomes (reviewed in Neuhaus et al., 2016).

The establishment of a S2 cell line stably expressing GFP-PTS1, has become a model of choice for in vivo peroxisome dynamics studies. When S2 cells are grown on surfaces coated and treated with Cytochalasin D they extend processes less than one micrometer in diameter with bundles of microtubules orientated in one direction. Combined, these two approaches allow extremely precise measurement of the movement of peroxisomes along microtubules in live cells (Kural et al., 2005). Using this system Kinesin-1 and Dynein heavy chain were found to be the motor proteins responsible for salutatory peroxisome movement along microtubules in Drosophila (Kural et al., 2005). Peroxisome-associated microtubules contributed to individual organelle movement in a motor protein-dependent manner, and opposite-polarity motors interacted to promote bi-directional peroxisome movement (Kulic et al., 2008; Ally et al., 2009). Kinesin heavy chain anchors Kinesin-1 to peroxisomes, and thus regulates retrograde peroxisome movement. Using single particle tracking of peroxisomes at millisecond time resolution, the saltatory movement of peroxisomes via a plus-minus motor tug of war along microtubules was observed. The precise measurements facilitated by the microtubule organization of S2 cells showed that the saltatory pattern was due to cross-linking to multiple microtubules which communicated via the peroxisome membrane (De Rossi et al., 2017). S2 cell studies are also starting shed light on other potential regulatory factors affecting peroxisome movement on microtubules. A whole-genome dsRNA screen for factors affecting peroxisome transport found that the Ser/Thr kinase Darkener of Apricot, bound to eukaryotic translation elongation factor 1γ, were critical regulators of microtubule-based transport of peroxisomes (Serpinskaya et al., 2014).



SUMMARY: A ROSY FUTURE FOR FLIES AS A MODEL SYSTEM TO STUDY PEROXISOMAL DISORDERS

The localization and function of most Drosophila peroxisome protein homologs has been validated experimentally, in S2 cells and in many cases in whole animals. However, there are still several enzymes where a peroxisomal localization has not been validated experimentally, especially those that do not have a canonical PTS1 targeting sequence (Table 4). It may be that these enzymes are cytoplasmic and metabolites pass in and out of the peroxisome or alternatively, it may be that the tagging approach used by Baron et al. (2016) interfered with localization. Validation of a peroxisomal role/localization will require alternative approaches. Similarly, there a few missing homologs to key enzymatic pathway steps known to occur in peroxisomes in yeast in humans. It may be that other proteins can substitute functionally or alternatively that these steps are missing in flies. Screens for metabolic requirements, focused on peroxisomal function would help clarify these missing steps.

Drosophila screens have identified several novel aspects of peroxisome genes that need further examination. One example of this is a potential role for localized regulation of translation of mRNAs encoding peroxisome proteins. Fly embryos are strongly dependent on regulated mRNA localization and translation. The first 90 min of embryo development occurs largely without zygotic gene transcription but requires a large store of energy stored as lipid in the yolk, which would likely maintenance of the peroxisome population via proliferation and pexophagy. Many Pex mRNAs show highly specific, often punctate, patterns in the large cytoplasm of the oocyte or syncytial early embryo suggesting post-transcriptional gene regulation (reviewed in Hughes and Simmonds, 2019).

Another major unanswered question is the variable requirement/activities of peroxisomes in different organs/cell lineages. Notably, patients with Pex mutations often have variable defects in organ development or function, especially the CNS (reviewed in Faust et al., 2005). The simple body plan and CNS/PNS structure of fly larvae and adults, combined with the facile Gal4/UAS mediated tissue-specific gene targeting provides a facile platform to begin to dissect the requirements for peroxisome activity in general in the CNS and other organs. The same approach can be used to probe the tissue-specific effects of mutations in Pex genes or those encoding specific peroxisome enzymes. Flies also represent an excellent animal to examine the coordinated roles of peroxisomes, mitochondria and lipid droplets in terms of lipid homeostasis. Notably, mutation or tissue-specific knockdown of gene encoding enzymes like Mtpα, Orct or CG9527 (ACOX) that localize to fly peroxisomes lead to changes in the size or morphology of lipid droplets. Similarly, targeted knockdown or mutation of Pex1, Pex13, Pex19, Crat, Mfe2 and Mul1 lead to changes in mitochondrial morphology. The linkage between peroxisome activity and mitochondrial function is particularly intriguing given the discovery that MCFAs can suppress the effects of Pex19 mutation, including those effect on mitochondria (Sellin et al., 2018).

Helping to answer these and other novel aspects of fly peroxisomes will be new reagents/technologies becoming available to study peroxisomes in flies. Community-wide efforts have generated extensive collections of new Pex and other peroxisome gene mutants which are then made available to the greater academic research community. A good example is the TRiP Toolbox generated by the Harvard Medical School DRSC/TRiP Functional Genomics Resources group (Perkins et al., 2015; Hu et al., 2017; Zirin et al., 2020). The TRiP Toolbox combines the targeting capacity of the Gal4-UAS binary expression system with lines expressing specific gene targeting dsRNAs as well as CRISPR-Cas9 to produce targeted in vivo mutagenesis of a gene of interest (reviewed in Lin et al., 2015). This system can be used for targeted gene knockout (TRiP-KO) or, using a deactivated variant of Cas9 (dCas9), targeted gene over-expression (TRiP-OE). Similarly, the collection of tissue-targeted dsRNA expressing UAS-lines continues to expand, providing a simple and effective way to knock down peroxisome-linked genes in specific tissues or to express modified forms of these genes mirroring human mutations. Similarly, it is relatively easy to profile fatty acids in a tissue or whole organism basis, further supporting the ease of use of Drosophila for studying metabolic disorders (Parisi et al., 2011; Carvalho et al., 2012; Sellin et al., 2020). This utility of flies to explore the pathophysiological effects of genes linked to rare genetic diseases, including the developmental defects associated with peroxisome disorders is now supported by multiple groups worldwide. Some examples of these consortiums include: the Undiagnosed Diseases Network, the Centers for Mendelian Genomics and the Canadian Rare Diseases Models and Mechanisms Network (Ramoni et al., 2017; Posey et al., 2019; Boycott et al., 2020; Taruscio et al., 2020); reviewed in Wangler et al. (2017b). The unique aspects of fly development, ample genetic tools and a large support system of technological advances and reagents will continue to provide new avenues of exploration to improve our understanding of peroxisomes. Thus, the ‘re’-emergence of flies as an effective and facile model system for studying peroxisomes portends a ‘rosy future.’
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Plasmalogens are a subclass of ether glycerophospholipids characterized by a vinyl-ether bond at the sn-1 position of the glycerol backbone. Plasmalogen biosynthesis is initiated in peroxisomes. At the third step of plasmalogen synthesis, alkyl-dihydroxyacetonephosphate (DHAP) is enzymatically reduced to 1-alkyl-sn-glycero-3-phospate by acyl/alkyl DHAP reductase (ADHAPR), whose activity is found in both peroxisomes and microsomes. We herein show that knockdown of ADHAPR in HeLa cells reduced the synthesis of ethanolamine plasmalogen (PlsEtn), similar to the Chinese hamster ovary cell mutant FAA.K1B deficient in ADHAPR activity. Endogenous ADHAPR and ectopically expressed FLAG-tagged ADHAPR were localized to peroxisomes and endoplasmic reticulum (ER) as a type I integral membrane protein in HeLa cells. ADHAPR targets to peroxisomes via a Pex19p-dependent class I pathway. In addition, it is also inserted into the ER via the SRP-dependent mechanism. The ADHAPR mutant lacking the N-terminal domain preferentially targets to the ER, restoring the reduced level of PlsEtn synthesis in FAA.K1B cell. In contrast, the expression of full-length ADHAPR in the mutant cells elevates the synthesis of phosphatidylethanolamine, but not PlsEtn. Taken together, these results suggest that the third step of plasmalogen synthesis is mediated by ER-localized ADHAPR.

Keywords: plasmalogen, acyl/alkyl dihydroxyacetonephosphate reductase, peroxisome, endoplasmic reticulum, organelle targeting


INTRODUCTION

Plasmalogen is a major class of glycerophospholipid containing a characteristic vinyl-ether bond at the sn-1 position of the glycerol backbone. Plasmalogens account for about 20% of total phospholipids in humans (Nagan and Zoeller, 2001). Ethanolamine plasmalogens (PlsEtns) are major constituents of biological membranes in most human tissues where they constitute approximately 5–20% of the phospholipids, while choline plasmalogens are major constituents primarily of cardiac tissue and skeletal muscle membranes (Braverman and Moser, 2012).

PlsEtns are synthesized in seven steps (Nagan and Zoeller, 2001). The initial two steps of plasmalogen biosynthesis in peroxisomes are well characterized. The first-step synthesis of plasmalogens is catalyzed by dihydroxyacetonephosphate acyltransferase/glyceronephosphate O-acyltransferase (DHAPAT/GNPAT; hereafter called DHAPAT), an intraperoxisomal protein facing the matrix side of the peroxisomal membrane, to generate sn-1-acyl-DHAP (acyl-DHAP/1-acyl-glyceron 3-phosphate; hereafter called acyl-DHAP) (Thai et al., 1997). In the next step, alkyl-DHAP synthase/alkylglycerone phosphate synthase (ADAPS/AGPS; hereafter called ADAPS) substitutes the acyl chain of acyl-DHAP to a long chain fatty alcohol to synthesize 1-O-alkyl-glycerone 3-phosphate (alkyl-DHAP) (Nagan and Zoeller, 2001). At the third step of plasmalogen synthesis, alkyl-DHAP is enzymatically reduced by acyl/alkyl DHAP reductase (ADHAPR), activity which is found in both peroxisomal and microsomal fractions in guinea pig liver (LaBelle and Hajra, 1974). The remaining four steps of plasmalogen synthesis are catalyzed by enzymes localized in the endoplasmic reticulum (ER), including TMEM189, an integral ER membrane protein catalyzing the formation of the vinyl-ether bond in the final step of plasmalogen synthesis (Gallego-García et al., 2019; Werner et al., 2020).

The facts that ADHAPR activities in peroxisomes and ER are simultaneously inhibited by thermal denaturation, NADP+, and acyl-CoA, and the isolation of a cell line, FAA.K1B, showing 95% reduction in the ADHAPR activity from mutagenized Chinese hamster ovary (CHO) cells, suggest that the identical protein is localized to both peroxisomes and ER (Ghosh and Hajra, 1986; James and Zoeller, 1997). Interestingly, only a moderate decrease in plasmalogen synthesis is detectable in the FAA.K1B cells, despite a severe reduction in ADHAPR activity, suggesting a shunt pathway that bypasses the step catalyzed by ADHAPR (James and Zoeller, 1997). A similar result of a moderate level of alkyl ether-glycerophosphocholine was reported in mouse embryonic cells by knocking down DHRS7b, a gene identified as a mammalian ortholog of yeast enzyme Ayr1p (EC:1.1.1.101) which catalyzes the reduction of acyl-DHAP (Lodhi et al., 2012). However, they did not examine the effects on the levels of PlsEtn. This loss of function study of DHRS7b suggests that DHRS7b gene encodes the mammalian ADHAPR, referred to as peroxisomal reductase-activating PPARγ (PexRAP) by the authors based on their finding that alkyl ether-glycerophosphocholine is associated with PPARγ and elevates the PPARγ transcriptional activity (Lodhi et al., 2012).

In the present study, we investigated whether the loss of function of ADHAPR reduces the synthesis of PlsEtn, the most abundant plasmalogen in mammalian tissues and culture cells. We also assessed the intracellular localization, membrane topology, and mechanism for organelle targeting of ADHAPR. Further analyses by the expression of ADHAPR and nucleotide-sequencing of DHRS7b-coding region in FAA.K1B cells revealed that ADHAPR encoded by DHRS7b indeed catalyzes the reduction of alkyl-DHAP in the ER, not in peroxisomes.



RESULTS


Knockdown of DHRS7b Reduces Synthesis of PlsEtns

PlsEtns are found in various types of mammalian cells. Synthesis of PlsEtn is initiated in peroxisomes and completed in the ER via totally seven steps of reactions where alkyl-DHAP is reduced by the ADHAPR at the third step of seven-step reactions in the PlsEtn synthesis. Recent study showing the 40–50% reduced level of alkyl ether-glycerophosphocholine by the knockdown of DHRS7b (Lodhi et al., 2012), suggests that the enzyme encoded by DHRS7b likely acts as a reductase for alkyl-DHAP. Therefore, we tested whether synthesis of PlsEtn is inhibited by the knockdown of DHRS7b. Transfection of two independent siRNAs against DHRS7b in HeLa cells reduces transcription of DHRS7b by nearly 60% of that in mock-treated HeLa cells (Figure 1A), where the protein level of ADHAPR was reduced to an undetectable level, as assessed by immunoblotting with ADHAPR antibody (Figure 1B). Upon transfecting siRNA against DHRS7b, synthesis of PlsEtn and phosphatidylethanolamine (PtdEtn) was reduced about 40% of those in mock-treated cells (Figures 1C,D). Such reduced synthesis of PlsEtn and PtdEtn is also observed in the CHO cell mutant FAA.K1B in a short metabolic-labeling period with [1-3H]ethanolamine (Etn) due to the absence of ADHAPR activity (James and Zoeller, 1997). Together, these results suggest that the enzyme, ADHAPR, encoded by DHRS7b most likely catalyzes the reduction of acyl/alkyl-DHAP in plasmalogen biosynthesis.
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FIGURE 1. Knockdown of DHRS7B reduces biosynthesis of PlsEtn. (A) HeLa cells were transfected with two different dsRNAs (#9 and #7) against DHRS7B encoding ADHAPR and cultured for 72 h. Transcription level of DHRS7B was analyzed by quantitative real-time PCR. (B) Protein level of ADHAPR was analyzed by immunoblotting with the indicated antibodies. Lactate dehydrogenase (LDH), a cytosolic protein; Pex14p, a peroxisomal membrane protein (PMP). Solid arrowhead and dot indicate ADHAPR and a non-specific band, respectively. (C) HeLa cells cultured as described in A) were metabolically labeled for 2 h with 14C-Etn and assessed for the biosynthesis of PtdEtn and PlsEtn by converting PlsEtn to 2-acyl-GPE with trichloroacetic acid (Honsho et al., 2008). (D) Biosynthesis of PlsEtn and PtdEtn was represented as values relative to control HeLa cells. *p< 0.05, **p< 0.01; Student’s t-test versus control HeLa cells.




Intracellular Localization of the Protein Encoded by DHRS7b

ADHAPR activity was found in peroxisomal and microsomal fractions in the liver of guinea pig and rat (LaBelle and Hajra, 1974; Ghosh and Hajra, 1986). The microsomal and peroxisomal ADHAPR show similar properties with respect to the pH optimum, heat stability, substrate specificity, and kinetic properties by which it is generally considered that the same enzyme is present in both peroxisomal and microsomal fractions (Ghosh and Hajra, 1986). Therefore, we investigated the intracellular localization of endogenous ADHAPR in HeLa cells by immunostaining with anti-ADHAPR antibody. As anticipated, ADHAPR co-localized with peroxisomal membrane protein peroxin 14 (Pex14p) and calnexin, an ER resident molecular chaperone in HeLa cells (Figure 2A). Similarly, N-terminally FLAG-tagged ADHAPR, FLAG-ADHAPR, co-localized with both Pex14p and EGFP-Sec61βC, an ER-localized GFP fusion protein containing the C-terminal transmembrane segment of ER marker protein Sec61β (Yagita et al., 2013; Figure 2B), implying that N-terminally tagged FLAG peptide does not interfere with the targeting of ADHAPR to peroxisomes and ER. Under this condition, the expressed FLAG-ADHAPR was detected as a slower-migrating band with both ADHAPR- and FLAG-antibodies just above the endogenous ADHAPR (Figure 2C). Taken together, these results suggest that ADHAPR is localized to both organelles, peroxisomes and ER.
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FIGURE 2. ADHAPR is localized to peroxisomes and ER. (A) Intracellular localization of endogenous ADHAPR was analyzed in HeLa cells by permeabilizing cells with semi-intact buffer prior to the fixation and subjected to the immunofluorescence staining using antibodies to ADHAPR (b and e). ER and peroxisomes were visualized by immunostaining with antibodies to calnexin (a) and Pex14p (d), respectively. Merged views of a with b and d with e are shown in c and f, respectively. Insets show the magnified images of the boxed areas. Solid and open arrowheads indicate colocalization of ADHAPR with calnexin and Pex14p, respectively. Bar, 10 and 2 μm (insets). (B) FLAG-ADHAPR was transiently expressed with the carboxy-terminal 25-amino acid residues of Sec61β fused to EGFP (EGFP-Sec61βC) for 24 h in HeLa cells and subjected to the immunofluorescence staining using antibodies to FLAG (b and e). ER and peroxisomes were visualized by EGFP-Sec61βC (a) and immunostaining with anti-Pex14p antibody (d), respectively. Merged views of a with b and d with e are shown in c and f, respectively. Insets show the magnified images of the boxed areas. Solid and open arrowheads indicate colocalization of FLAG-ADHAPR with EGFP-Sec61βC and Pex14p, respectively. Bar, 10 and 2 μm (insets). (C) FLAG-ADHAPR was expressed (+) as in (B) and its expression was assessed by the antibodies to ADHAPR and FLAG as indicated at the top. Open and solid arrowheads indicate FLAG-ADHAPR and endogenous ADHAPR, respectively. LDH was used as a loading control. Dots indicate a non-specific band. (D) Organelle fraction prepared from postnuclear supernatants (T) of HeLa cells were treated with 0.1 M Na2CO3 and separated into soluble (S) and membrane (P) fractions. Equal aliquots of respective fractions were analyzed by immunoblotting with the indicated antibodies. Acyl-CoA oxidase (AOx), a peroxisomal matrix enzyme. Of polypeptide chains of AOx (A, B, and C polypeptides), only the B chain is shown. Arrowhead indicates ADHAPR. Dot: a non-specific band. (E) Postnuclear supernatants (–) of HeLa cells were treated with 50 μg/ml proteinase K for 30 min on ice (+) and analyzed by immunoblotting with the indicated antibodies. BiP, an ER luminal chaperon binding to immunoglobulin; P450r, an ER membrane protein.


We further assessed the membrane topology of ADHAPR. On the basis of its primary sequence, ADHAPR is predicted to possess a single putative transmembrane domain (TMD) at its N-terminal region. Indeed, endogenous ADHAPR was found to be in the membrane fraction and resistant to the alkaline extraction, similar to Pex14p, an integral membrane protein resides in peroxisomes (Figure 2D), indicating that ADHAPR is localized as an integral membrane protein. Moreover, ADHAPR was not detected with the antibodies recognizing the central portion of ADHAPR upon treating organelle fractions with proteinase K (Figure 2E), suggesting that ADHAPR is localized to peroxisomes and ER and exposes its catalytic C-terminal domain to the cytosol.

The topology of N-terminal domain of ADHAPR in the ER was further assessed by the post-translational modification with N-glycosylation to P4N-ADHAPR, the ADHAPR mutant substituting the proline at position 4 of ADHAPR to asparagine to generate the N-linked glycosylation consensus sequence. Immunofluorescence microscopic analysis showed that FLAG-P4N-ADHAPR was localized to both peroxisomes and the ER, similar to the endogenous ADHAPR (Figure 3A). FLAG-P4N-ADHAPR was detected as double bands with FLAG-antibody, in which the slower migrating band disappeared upon endoglycosidase H treatment (Figure 3B), hence implying that the N-terminal FLAG-P4N-ADHAPR penetrated into the ER lumen. Collectively, these results suggest that ADHAPR is most likely localized in peroxisomes and the ER as a type I integral membrane protein.
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FIGURE 3. Assessment of membrane topology of ADHAPR in the ER. (A) HeLa cells expressing FLAG-P4N-ADHAPR, ADHAPR mutant substituted at proline 4 with asparagine to create N-linked consensus sequences, and EGFP-Sec61βC for 24 h were analyzed as in Figure 2B. Merged views of a with b and d with e are shown in c and f, respectively. Bar, 10 μm. (B) Whole cell lysates (–) of HeLa cells expressing FLAG-P4N-ADHAPR for 24 h were treated with endoglycosidase H (Endo H, +) and analyzed by immunoblotting with antibodies to FLAG (upper panel) and α-tubulin (lower panel). Solid and open arrowheads indicate glycosylated and non-glycosylated FLAG-P4N-ADHAPR, respectively. α-tubulin was used as a loading control.




ADHAPR Targets to Peroxisomes via a Pex19p-Dependent Class I Pathway

Several types of peroxisomal membrane proteins (PMPs), including tail-anchored and multi-spanning PMPs, are delivered to peroxisomes in a Pex19p- and Pex3p-dependent class I pathway. In this pathway, Pex19p, a predominantly cytosolic protein, forms a complex with newly synthesized PMPs in the cytosol, delivers it to the membrane receptor Pex3p on peroxisomes (Jones et al., 2004; Yagita et al., 2013). Moreover, recent study showed that ATAD1 (ATPase family AAA domain-containing protein 1), N-terminally anchored protein, is localized to peroxisomes in a manner dependent on the class I pathway and mitochondria (Liu et al., 2016). Since ADHAPR is a type I integral membrane protein localized in peroxisomes and the ER, we examined whether ADHAPR targets to peroxisomes via the Pex19p-dependent class I pathway as ATAD1.

Co-immunoprecipitation study revealed that co-expression of FLAG-ADHAPR together with N-terminally 2 × HA-tagged Pex19p (HA2-Pex19p) gave rise to the formation of cytosolic FLAG-ADHAPR-HA2-Pex19p complexes similar to the formation of a complex between Pex19p and Pex26p, a C-tail anchored membrane peroxin (Matsumoto et al., 2003; Figure 4A). To examine whether the ADHAPR-Pex19p complex is an import-competent intermediate, a targeting assay was performed in vitro using semi-intact cells (Matsuzaki and Fujiki, 2008). HeLa cells were treated with digitonin to selectively permeabilize the plasma membrane. FLAG-ADHAPR was synthesized in a rabbit reticulocyte lysate (RRL) translation system supplemented with RRL-synthesized HA2-Pex19p or HA2-Pex19pΔN23 and then overlaid on semi-permeabilized HeLa cells. HA2-Pex19pΔN23 is a Pex19p mutant lacking the N-terminal 23 amino acid residues, an essential domain for binding to the membrane receptor Pex3p, thereby defective in binding to Pex3p (Matsuzono et al., 2006; Yagita et al., 2013). Immunofluorescence microscopy analysis showed that FLAG-ADHAPR and FLAG-Pex26p both synthesized in the presence of HA2-Pex19p, coincided with Pex14p (Figures 4B,C), indicating that FLAG-ADHAPR was targeted to peroxisomes. In contrast, HA2-Pex19pΔN23 failed to deliver both cargo proteins to peroxisomes (Figures 4B,C). Furthermore, the subsequent in vitro import assay using Pex3p-depleted semi-permeabilized HeLa cells showed that the peroxisomal targeting of FLAG-ADHAPR was severely abrogated (Figure 4D), hence indicating that the peroxisomal targeting of ADHAPR requires the membrane receptor Pex3p. Altogether, these results suggest that ADHAPR targets to peroxisomes via a Pex19p- and Pex3p-dependent class I pathway.
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FIGURE 4. ADHAPR targets to peroxisomes by a Pex19p-dependent class I pathway. (A) Cytosolic fractions of PEX19-defective pex19 CHO ZP119 cells co-expressing HA2-Pex19p and either FLAG-ADHARP or FLAG-Pex26p were subjected to immunoprecipitation with anti-FLAG agarose beads. Immunoprecipitates were analyzed by immunoblotting using antibodies to HA (upper panel) and FLAG (lower panel), respectively. Dot indicates a non-specific band. (B,C) FLAG-ADHAPR (B) and FLAG-Pex26p (C) were synthesized in a rabbit reticulocyte lysate (RRL) translation system supplemented with HA2-Pex19p (a and b) or HA2-Pex19pΔN23 (c and d) synthesized in RRL, and further incubated at 26°C for 1 h with semi-intact HeLa cells. HA2-Pex19pΔN23 is a Pex19p variant lacking the N-terminal 23 amino acid residues required for the binding to Pex3p. The cells were subjected to the immunofluorescence staining. FLAG-ADHAPR and FLAG-Pex26p were detected with anti-FLAG antibody (b and d), and peroxisomes were visualized by immunostaining with anti-Pex14p antibody (a and c), respectively. Bar, 10 μm. (D) Targeting of FLAG-ADHAPR was assessed in HeLa cells transfected with control dsRNA (–) or dsRNA against PEX3 as in (B). α-tubulin was used as a loading control. Bar, 10 μm.




ADHAPR Directly Targets to the ER in a Pex19p- and Pex3p-Independent Manner

Although ADHAPR targets to peroxisomes via a Pex19p-Pex3p-dependent class I pathway (Figure 4), mechanisms for targeting to the ER remain unclear. Interestingly, UbxD8, a subfamily of hair pin proteins localizing to the ER and lipid droplets targets to the ER via a Pex3p-Pex19p-dependent mechanisms (Schrul and Kopito, 2016). Therefore, we investigated whether ADHAPR also targets to the ER by Pex19p- and Pex3p-dependent pathway. To this end, FLAG-ADHAPR was expressed in two CHO mutant cell lines; PEX19-defective pex19 ZP119 cells and PEX3-defective pex3 ZPG208 (Figure 5A; Kinoshita et al., 1998; Ghaedi et al., 1999). FLAG-ADHAPR was localized to the ER in pex19 ZP119 and pex3 ZPG208 cells, both lacking peroxisome membrane due to the absence of Pex19p and Pex3p expression (Kinoshita et al., 1998; Ghaedi et al., 1999; Matsuzono et al., 1999). These results suggest that ADHAPR targets to the ER in a manner independent of Pex19p- and Pex3p.
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FIGURE 5. ADHAPR targets to the ER in a Pex19p and Pex3p-independent manner. (A) EGFP-Sec61βC and FLAG-ADHAPR were expressed in PEX19-defective pex19 ZP119 cells and PEX3-defective pex3 CHO ZPG208 cells. The cells were cultured for 48 h and subjected to the immunofluorescence staining. FLAG-ADHAPR was detected with anti-FLAG antibody (b and e). ER was visualized by EGFP-Sec61βC (a and d). Bars, 5 μm. (B) HeLa cells were transfected with siRNA against SRP54 for 66 h and then transfected with FLAG-ADHAPR together with EGFP-Sec61βC, followed by analyzing the level of proteins using the indicated antibodies. SRP54, the 54 kDa subunit of the signal recognition particle; Pex3p, a PMP; PDI (protein disulfide isomerase), an ER luminal protein. (C) Protein level of glycosylated- (solid arrowhead) and non-glycosylated (open arrowhead)-FLAG-P4N-ADHAPR were verified as in (B). α-tubulin, a loading control.


To elucidate the ER targeting pathway of ADHAPR, we next focused on the signal recognition particle (SRP) pathway, a well-studied ER targeting mechanism mediated by a N-terminal hydrophobic signal sequence. ADHAPR resides in the ER as a type I integral membrane protein by penetrating its N-terminal domain through a single putative TMD in its N-terminal region (Figure 2), thus raising the possibility that ADHAPR is co-translationally inserted to the ER by the SRP pathway. It has been observed that knockdown of SRP causes a reduced level of preprolactin, a cotranslationally targeted secretory protein (Karamyshev et al., 2014). Therefore, we analyzed the protein level of several membrane proteins including the expressed FLAG-ADHAPR and EGFP-Sec61βC in HeLa cells transfected with siRNA against SRP54 (Kanda et al., 2016). In SRP54-depleted HeLa cells, the protein level of FLAG-ADHAPR was less than that in mock-treated HeLa cells (Figure 5B). Similarly, less amount of the oligosaccharide modified and unmodified FLAG-P4N-ADHAPR was observed by reduced SRP54 expression in HeLa cells (Figure 5C). Contrary to this, protein level of EGFP-Sec61βC was not altered by the reduction of SRP54 (Figure 5B). Collectively, ADHAPR is most likely inserted into the ER via the SRP-dependent mechanism.



The Role of ADHAPR in Peroxisomes and ER

To gain further insight of dual localization of ADHAPR, we focused on the CHO mutant cell, FAA.K1B, with a deficiency in ADHAPR activity (James et al., 1997). The severely reduced activity of ADHAPR in FAA.K1B was shown using either acyl-DHAP or alkyl-DHAP as a substrate (James et al., 1997). These studies together with our observations in terms of intracellular localization of ADHAPR suggest that dysfunction of ADHAPR activity is caused by a mutation in the DHRS7B in FAA.K1B cells. By amplifying partial DNA fragments of DHRS7B derived from FAA.K1B and CHO-K1 cells, a roughly equal amount of DNA fragments was obtained using the first strand cDNA from respective cells with three different sets of primers targeting to distinct regions of ADHAPR coding sequence (data not shown). We next conducted mutation analysis of DHRS7B in FAA.K1B cells and identified a missense mutation from G to A at nucleotide position 194 in a codon for Gly to Asp in DHRS7B in FAA.K1B cells (Figure 6A). This missense mutation is located on the consensus sequence for NADPH-binding (TGxxxGxG) (Jörnvall et al., 1995; Filling et al., 2002), thereby suggesting that an impaired NADPH binding to ADHAPR diminished the activity of ADHAPR in FAA.K1B cells.
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FIGURE 6. Mutation analysis of FAA.K1B and isolation of FAA.K1B stably expressing FLAG-ADHAPR. (A) Mutation analysis of DHRS7B from FAA.K1B, a mutant CHO cell line defective in ADHAPR. Partial nucleotide sequence and deduced amino acid sequence of DHRS7B cDNA isolated from a wild-type (upper panel) and FAA.K1B (lower panel) are shown. A point mutation at nucleotide position 194 in DHRS7B caused missense mutation from G to A in a codon for Gly at amino acid position 65 in ADHAPR in FAA.K1B cells is marked with yellow box. The consensus sequence for NADPH-binding is represented at the bottom. (B) Protein level of FLAG-ADHAPR in a FAA.K1B cell line expressing FLAG-ADHAPR (+). FLAG-ADHAPR was detected by monoclonal anti-FLAG antibody. α-tubulin, a loading control. (C) Intracellular localization of FLAG-ADHAPR was assessed in the FAA.K1B cell line stably expressing FLAG-ADHAPR by the immunofluorescence staining. FLAG-ADHAPR was verified with anti-FLAG antibody (b and e). ER and peroxisomes were visualized by immunostaining with antibodies to KDEL (Lys-Asp-Glu-Leu), the most common ER retention signal (a) and Pex14p (d), respectively. Merged views of a with b and d with e are shown in c and f, respectively. Bar, 10 μm.


Next, we attempted to restore the synthesis of PlsEtn and PtdEtn in FAA.K1B cell lines by stably expressing FLAG-ADHAPR. By selecting cells expressing FLAG-ADHAPR with Zeocin (Honsho et al., 2013), a cell line, termed FAA.K1B/FLAG-ADHAPR was isolated (Figure 6B). FLAG-ADHAPR was localized to peroxisomes and ER (Figure 6C). Subsequently, we analyzed lipid synthesis in the isolated cells by metabolically labeling with 14C-Etn. We unexpectedly found that the reduced level of the PlsEtn synthesis in FAA.K1B cells was not restored in the cells stably expressing FLAG-ADHAPR (Figures 7A,B). Moreover, synthesis of PtdEtn was dramatically increased as compared to that in FAA.K1B cells. Essentially, the same results were obtained upon expressing FLAG-ADHAPR in HeLa cells (Figures 7C,D). Taken together, these results suggest that ADHAPR enhances the synthesis of non-ether glycerophospholipids, at least PtdEtn in both cell lines. We therefore interpreted these results to mean that ADHAPR preferentially reduces acyl-DHAP prior to the synthesis of alkyl-DHAP on peroxisomes.
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FIGURE 7. Expression FLAG-ADHAPR elevates the synthesis of PtdEtn but not PlsEtn. (A) Synthesis of PtdEtn and PlsEtn was verified in CHO-K1 (lane 1), FAA.K1B (lane 2), and a FAA.K1B cell lines stably expressing FLAG-ADHAPR (lane 3) as in Figure 1C. (B) Biosynthesis of PlsEtn (upper panel) and PtdEtn (lower panel) was represented by taking as one that in FAA.K1B cells. **p< 0.01, *p< 0.05, t-test versus control FAA.K1B cells. n.s., not significant; one-way ANOVA with Dunnett’s post hoc test as compared with FAA.K1B cells. (C) Synthesis of PtdEtn and PlsEtn was assessed in HeLa cells transiently expressing mock (–) or FLAG-ADHAPR (+) as in (A). (D) Biosynthesis of PlsEtn (upper panel) and PtdEtn (lower panel) was represented by taking as one that in mock transfected (–) HeLa cells. *p < 0.05, t-test versus HeLa cells.


To further assess the functional difference of ADHAPRbetween in peroxisomes and ER, we attempted to generate ADHAPRpreferentially localizing in the ER. We showed that ADHAPR was co-translationally targeted to the ER in an SRP-dependent manner (Figure 5). Nevertheless, much ADHAPR targets to peroxisomes in cells as judged by the immunofluorescence pattern of cells expressing ADHAPR (Figures 2A,B). From these results, we suspected that Pex19p directly binds to its N-terminal region of the nascent ADHAPR prior to the recognition by SRP and delivers it to peroxisomes. We, therefore, expressed FLAG-ΔN16ADHAPR lacking N-terminal 16-amino acids of ADHAPR (Figure 8A) and assessed its intracellular localization in FAA.K1B cells (Figure 8B) as in Figure 2. FLAG-ΔN16ADHAPR was predominantly localized to the ER, while peroxisomal localization was markedly reduced (Figure 8B) as compared to the localization of FLAG-ADHAPR (Figures 6C, 8C). Expression of Pex19p tagged with nuclear localization signal (FLAG-NLS-Pex19p) strongly interfered FLAG-ADHAPR from peroxisomal localization, implying that FLAG-NLS-Pex19p transported the newly synthesized FLAG-ADHAPR to the nucleus (Figure 8D). In contrast, FLAG-NLS-Pex19p did not alter the ER localization of FLAG-ADHAPR (Figure 8D). However, FLAG-ΔN16ADHAPR was not discernible in the nucleus, even in the coexpression with FLAG-NLS-Pex19p (Figure 8D). Together, these results suggest that Pex19p recognizes the N-terminal of ADHAPR on free ribosomes, possibly prior to exposing its hydrophobic TMD, a putative SRP-binding domain of ADHAPR. Interestingly, synthesis of PlsEtn but not PtdEtn, was highly elevated in FAA.K1B/FLAG-ΔN16ADHAPR cells (Figures 8E,F). Collectively, these results suggest that ADHAPR reduces alkyl-DHAP rather than acyl-DHAP in the ER, while ADHAPR in peroxisomes prefers to catalyze the reduction of acyl-DHAP, a product generated by the action of DHAPAT, prior to a subsequent synthesis of alkyl-DHAP catalyzed by ADAPS (Figure 8G).
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FIGURE 8. The ER-localized ADHAPR elevates PlsEtn synthesis in FAA.K1B cells. (A) Schematic representation of ADHAPR variants used. FLAG-ΔN16ADHAPR was lacking N-terminal 16-amino acids of ADHAPR. Numbers, amino acid residues of human ADHAPR; solid box, transmembrane domain (TMD); SDR, short-chain dehydrogenase/reductase domain. (B) FLAG-ΔN16ADHAPR was stably expressed in FAA.K1B cells. FLAG-ΔN16ADHAPR was detected with anti-FLAG antibody (b and e). ER and peroxisomes were visualized by immunostaining with antibodies to KDEL (a) and Pex14p (d), respectively. Merged views of a with b and d with e are shown in c and f, respectively. Scale bar, 10 μm. (C) Typical immunofluorescent images of FAA.K1B cells stably expressing FLAG-ADHAPR and FLAG-ΔN16ADHAPR are shown in Supplementary Figure S1. Pearson’s correlation coefficient for colocalization of Pex14p with FLAG-ADHAPR (n = 14) and FLAG-ΔN16ADHAPR (n = 12) was determined. ***p < 0.001 analyzed by Mann-Whitney U-test. (D) FLAG-NLS-PEX19 was expressed for 7 h together with FLAG-ADHAPR (a and b) or FLAG-ΔN16ADHAPR (c and d) in HeLa cells. FLAG-ADHAPR and FLAG-ΔN16ADHAPR were detected with anti-ADHAPR antibody (a and c). FLAG-NLS-Pex19p was detected with anti-Pex19p (b and d). Bar, 10 μm. (E) Synthesis of PtdEtn and PlsEtn was assessed in FAA.K1B (lane 1) and FLAG-ΔN16ADHAPR-expressing FAA.K1B (lane 2). (F) By quantifying the data shown in (E), biosynthesis of PlsEtn (upper panel) and PtdEtn (lower panel) was represented by taking as one that in FAA.K1B cells. *p < 0.05, t-test versus control FAA.K1B cells. (G) A schematic model of roles of ADHAPR in the ER and peroxisomes. ER-localized ADHAPR catalyzes a reduction of alkyl-DHAP, while ADHAPR on peroxisomes prefers to reduce acyl-DHAP to synthesize 1-acyl-2-lyso-G3P (dashed line), a product generated by the action of DHAPAT, prior to a subsequent synthesis of alkyl-DHAP, although it can also catalyze the reduction of alkyl-DHAP.




DISCUSSION

In the present study, we show that ADHAPR encoded by DHRS7B targets to peroxisomes and ER, which is consistent with the earlier findings that ADHAPR activities are found in both peroxisomal and microsomal fractions in rodents (LaBelle and Hajra, 1974; Ghosh and Hajra, 1986). We also show that synthesis of PtdEtn and PlsEtn is impaired in ADHAPR-knocked down HeLa cells, essentially the same as in the mutant cell FAA.K1B, a CHO cell line defective in acyl/alkyl-DHAP reductase activity (James et al., 1997). Identification of missense mutation in NADPH-binding domain of ADHAPR from FAA.K1B confirmed that ADHAPR is the enzyme responsible for catalyzing the third step of plasmalogen biosynthesis.

Using a digitonin-permeabilized cell-based import assay system, we showed that ADHAPR is targeted to peroxisomes in a Pex19p-dependent Class I pathway. ATAD1, an N-terminally anchored protein localizing peroxisomes and mitochondria, is likewise targeted to peroxisomes in a manner dependent on the Class I pathway (Liu et al., 2016). In contrast, ΔN16ADHAPR lacking the N-terminal hydrophilic region is predominantly localized to the ER and its peroxisomal localization is severely impaired (Figure 8). Furthermore, FLAG-ADHAPR, but not FLAG-ΔN16ADHAPR, is transported to the nucleus upon co-expressing with NLS-tagged Pex19p (Figure 8). These results suggest that Pex19p is able to bind to the nascent ADHAPR on free ribosomes, possibly prior to exposing its hydrophobic transmembrane domain, followed by releasing into cytosol by forming a Pex19p-ADHAPR complex as an import-competent intermediate (Figure 4), as illustrated in the earlier study suggesting the mechanism underlying the peroxisome targeting of a multi-spanning membrane protein, PMP70 (Kashiwayama et al., 2007). Recent study showed that the short segment composed of nine residues in the N-terminal of PMP70 acts as a suppressor for cotranslational targeting of PMP70 to the ER, where serine at amino-acid position 5 is essential (Sakaue et al., 2016). However, the amino acid sequence of the N-terminal hydrophilic region of ADHAPR is dissimilar to that in PMP70, suggesting that any potential proteins recognizing the N-terminal short segment of PMP70 is unlikely involved in the transport of ADHAPR to peroxisomes.

We found that ADHAPR is localized to the ER in pex19 and pex3 mutant CHO cells devoid of peroxisomal membrane and lacking Pex19p (Kinoshita et al., 1998; Matsuzono et al., 1999) or Pex3p (Ghaedi et al., 1999; Figure 5A), hence implying that ADHAPR is targeted to the ER, not via peroxisomes and not involving Pex19p or Pex3p. These results are distinct from the Pex19p- and Pex3p-dependent ER localization of UbxD8 (Schrul and Kopito, 2016). Besides this peroxin-mediated ER targeting mechanism, three pathways are reported for the targeting mechanisms of membrane proteins to the ER including SRP-mediated co-translational pathway (Walter and Johnson, 1994), TRC40-mediated post-translational pathway (GET pathway) (Borgese and Fasana, 2011; Hegde and Keenan, 2011), and SRP-independent proteins-mediated targeting pathway (Aviram et al., 2016; Haßdenteufel et al., 2017). ADHAPR contains the hydrophobic TMD in the N-terminal region, thereby it is unlikely that ADHAPR is delivered to the ER via GET- or SRP-independent targeting-proteins-mediated ER targeting mechanism. Kyte and Doolittle plots with a window set of 15 amino acids give a hydrophobicity score 2.39 in TMD of ADHAPR, which is slightly higher than the hydrophobic score (2.29) of NADPH cytochrome P450r, suggesting that ADHAPR is localized to the ER in a manner dependent on SRP, similar to P450r (Neve and Ingelman-Sundberg, 2008). Consistent with this notion, knockdown of SRP54 reduced the protein levels of the expressed FLAG-ADHAPR and N-glycosylated FLAG-P4N-ADHAPR (Figures 5B,C). Therefore, it is more likely that N-terminal hydrophobic segment of ADHAPR is recognized by SRP and that ADHAPR is directly transported to the ER in a manner dependent on the SRP-mediated co-translational pathway. Given the finding that FLAG-ADHAPR is still targeted to the ER upon co-expressing with NLS-tagged Pex19p (Figure 8D), recognition of the nascent ADHAPR by Pex19p may not be efficient, possibly owing that ribosomes translate mRNAs at high speed (approximately 6 amino acids per second) in mammalian cells (Boström et al., 1986; Ingolia et al., 2011), under which ADHAPR is able to target to the ER in a manner dependent on SRP. Furthermore, the peroxisome targeting of ADHAPR may be mediated by redundant mechanisms. Because recruitment of Pex19 to the N-terminus of the nascent ADHAPR located at the ribosomal tunnel exit has a potential to delay the association of SRP with the SRP receptor, which causes the dissociation of SRP from ribosomes (Lee et al., 2018), thereby allowing the transport of ADHAPR via conventional class I pathway mediated by posttranslational binding of Pex19p to ADHAPR in the cytosol as shown in semi-intact import assay of FLAG-ADHAPR synthesized in the RRL translation system (Figures 4B,D).

Noteworthily, ADHAPR, an integral membrane protein, is localized to the nucleus in the cells such as 3T3-L1 adipocytes and the differentiated PPARγ-overexpressing mouse embryonic fibroblasts by interacting with importin-β1 through the internal nuclear localization signal located in the C-terminal portion of ADHAPR. It has been shown that ADHAPR disrupts the complex of PPARγ and PRDM16, a critical transcription factor for thermogenesis, in the nucleus by interacting with PPARγ and PRDM16, leading to inhibit PRDM16-mediated adipocyte browning and expression of thermogenic genes such as UCP-1 (Lodhi et al., 2017). Peroxisomal localization of ADHAPR in 3T3-L1 adipocytes is suggested from findings of a recovery of PexRAP in fractions containing a peroxisomal marker PMP70 prepared from 3T3-L1 adipocytes and the binding of PexRAP to Pex19p (Lodhi et al., 2012). Collectively, multi-organelle targeting of ADHAPR is likely to be regulated by several factors including Pex19p, SRP, and importin-β1 in adipocytes. However, we could not observe nuclear localization of ADHAPR in HeLa cells, suggesting that targeting of the newly synthesized ADHAPR to the nucleus in adipocytes is regulated by the recognition of the nascent ADHAPR by at least three distinct factors.

The functional difference of ADHAPR localized to either ER or peroxisomes, has not been addressed. Expression of FLAG-ΔN16ADHAPR preferentially elevates the synthesis of PlsEtn, but not PtdEtn (Figure 8). We interpret these results to mean that the ER-localized ADHAPR preferentially catalyzes the reduction of alkyl-DHAP generated by ADAPS in peroxisomes. In the present study, we were unable to address the contribution of peroxisome-localized ADHAPR in the reduction of alkyl-DHAP because of no available ADHAPR mutant localized specifically to peroxisomes. The report that ADHAPR is mostly localized to peroxisomes in differentiated 3T3-L1 adipocytes with a normal level of plasmalogens (Hajra et al., 2000; Lodhi et al., 2012) suggests that alkyl-DHAP is reduced in both peroxisomes and ER (Figure 8). However, ADHAPR appears to catalyze the reduction of acyl-DHAP when ADHAPR is highly expressed and localized to peroxisomes as shown by the elevation of the synthesis of PtdEtn and reduced level of plasmalogen synthesis in HeLa and FAA.K1B cells exogenously expressing FLAG-ADHAPR (Figure 7). Interestingly, activities of DHAPAT and ADHAPR, but not ADAPS, are increased several-fold by the elevation of mRNA of respective genes during differentiation of 3T3-L1 adipocyte precursor cells to adipocytes, allowing the synthesis of about a half of triacylglycerol through this acyl-DHAP pathway (Hajra et al., 2000) without lowering the plasmalogen synthesis. This is consistent with the fact that ADHAPR is enriched in peroxisome fractions in 3T3-L1 adipocytes (Lodhi et al., 2012). Collectively, these results imply that DHAPAT and ADHAPR coordinately provide acyl-glycerol-3-phosphate for the synthesis of non-ether glycerophospholipids in peroxisomes. Under such experimental conditions, peroxisomal localization of ADHAPR might be regulated by accelerating targeting of ADHAPR to peroxisomes and/or by suppressing ADHAPR degradation in peroxisomes. In this context, it is interesting that transcription of mRNAs encoding PMPs including Pex19p is acutely up-regulated in human skeletal muscle at 4 h post-supplementation of high fat meal (Huang et al., 2019). Moreover, ADHARP is highly expressed in several tissues including liver, white adipocytes, and brain (Lodhi et al., 2012), suggesting that acyl-DHAP pathway is involved in the synthesis of non-ether glycerophospholipids. Therefore, intracellular localization of ADHARP appears to be regulated by its expressed level. Alternatively, the altered affinity of ADHAPR to Pex19p might modulate the intracellular localization of ADHAPR. Further studies addressing how the glycerolipid synthesis is accommodated by modulating the localization of ADHAPR to respond the environmental stimuli are required under physiological conditions.



MATERIALS AND METHODS


Cell Culture, DNA Transfection, and RNAi

CHO cells, including CHO-K1, CHO pex19 ZP119 (Kinoshita et al., 1998), CHO pex3 ZPG208 (Ghaedi et al., 2000), and FAA.K1B (James et al., 1997), were maintained in Ham’s F-12 medium (Invitrogen) supplemented with 10% FBS (Biowest). HeLa cells were maintained in DMEM (Invitrogen) supplemented with 10% FBS (Biowest). All cell lines were cultured at 37°C under 5% CO2. DNA transfections were performed using Lipofectamine 2000 (Invitrogen) for HeLa cells, and Lipofectamine reagent (Invitrogen) for CHO cells according to the manufacture’s instructions and cells were cultured for the indicated time periods.

siRNA-mediated knockdown of DHRS7B and PEX3 in HeLa cells was performed using predesigned StealthTM siRNAs (Invitrogen) using Lipofectamine 2000 and harvested at 72 h. The following siRNAs were used. HumanDHRS7B #7 sense: 5′-AUACUGUUCCAUCUCGGCACGCAGA-3′ antisense: 5′-U CUGCGUGCCGAGAUGGAACAGUAU-3′, humanDHRS7B #9 sense: 5′-UAACUCCAUACCUAGAUCCAUCCGC-3′antisense: 5′-GCGGAUGGAUCUAGGUAUGGAGUUA-3′, humanPEX3 sense: 5′-UAUUUACCUGGAUAAUGCAGCAGUU-3′antisense: 5′-AACUGCUGCAUUAUCCAGGUAAAUA-3′.

Knockdown of SRP54 was likewise performed by transfecting the dsRNAs for human SRP54. The target sequence of the dsRNA is as follow: 5′-CACTTATAGAGAAGTTGAATT-3′ (Sigma).



RT-PCR

Total RNA was isolated from HeLa cells using a TRIzol reagent (Ambion) and synthesis first-strand cDNA was performed using the PrimeScript RT reagent Kit (Takara Bio). Quantitative real-time RT-PCR was performed in an Mx3000 P QPCR system (Agilent Technologies) using SYBR Premix Ex TaqTM II (Ti RNaseH Plus) (Takara Bio). Primers used were as follows: human RPL3 sense: HsRPL3.Fw.5′-CCGCACTGAGATCAACAAGA-3′ antisense: HsRPL3.Rv. 5′-CAGCCTTTCAGCATGACAAA-3′, human DHRS7B sense: DHRS7B355Fw. 5′-TGACCTTCGACC TCACAGAC-3′ antisense: DHRS7B484 Rv. 5′-CCCTCTTGT CCACATCCAACT-3′.



Plasmid Construction

The following plasmids used were as described: pcDNAZeo/HA2-PEX19, pcDNAZeo/HA2-PEX19ΔN23 (Matsuzono et al., 2006), and pcDNAZeo/FLAG-PEX26 (Yagita et al., 2013). pcDNAZeo/FLAG-NLS-PEX19 containing three contiguous copies of the viral SV-40 T antigen nuclear localization signal (Adam and Gerace, 1991) was generated by inverse PCR using a plasmid encoding FLAG-PEX19 fused with single NLS between FLAG and PEX19 coding sequences (Koyama, Yagita, and Fujiki unpublished). The cDNAs encoding Sec61βC (amino acid sequence at positions 71–96) was amplified by PCR and cloned into pcDNAZeo/EGFP (Yagita et al., 2013) via the BamHI–NotI site. The cDNAs encoding full-length ADHAPR was amplified by PCR using the RT-product as a template with a set of primers, HsDHRS7B Fw: 5′-GGATCCGCCACCATGGTCTCTCCGGCTACC-3′ and HsDHRS7B Rv: 5′-CCTCGAGCTAGGAGTTCTTGGATTTC-3′, and cloned into pcDNA3.1/Zeo (+) vector (Invitrogen) between BamHI–XhoI site. The resultant plasmid was used for a template for tagging FALG tag by PCR using a sets of primers, FLAG7B inv. Fw: 5′-GACGATAAGGGCGGTGTCTCTCCGGCTACCAGGA-3′ and FLAG7Binv.Rv: 5′- GTCGTCCTTGTAATCCATGGTGGCGT CTCCCTATA-3′, to generate pcDNAZeo/FLAG-ADHAPR. The deletion mutant of ΔN16 and the glycosylation site mutant (P4N) were generated from pcDNAZeo/FLAG-ADHAPR using overlap extension PCR (Ho et al., 1989).



Immunoblotting

Immunoblotting was performed as described (Otera et al., 2000). In brief, protein samples were separated by SDS-PAGE and electrotransferred to a polyvinylidene fluoride membrane (Bio-rad Laboratories). After blocking in PBS containing 5% non-fat dry milk and 0.1% Tween 20, blots were subjected to immunoblotting with the following antibodies: rabbit polyclonal antibodies to ADHAPR (ABGENT.COM), protein disulfide isomerase (PDI) (Stressgen), acyl-CoA oxidase (AOx; raised against full-length rat AOx) (Tsukamoto et al., 1990), Pex14p (Shimizu et al., 1999), Pex3p (Ghaedi et al., 2000), and influenza hamagglutinin epitope (YPYDVPDYA) (Otera et al., 2000). The following primary antibodies were purchased from the indicated vendors; mouse monoclonal antobodies to FLAG (M2; Sigma-Aldrich), α-tubulin (Thermo Fisher Scientific), HA (16B12; Covance), BiP (Transduction laboratory), and cytochrome P450 reductase, GFP, and SRP54 (Santa Cruz Biotechnology, Inc.) and goat anti-lactate dehydrogenase antibody (LDH) (Rockland). After probing with appropriate HRP-conjugated secondary antibodies, immunoblots were developed with ECL Western blotting detection reagents (GE Healthcare), and scanned with an LAS-4000 Mini luminescent image analyzer (Fujifilm).



Immunofluorescence Microscopy

Cells on glass coverslips were fixed with 4% paraformaldehyde in PBS for 15 min at RT, permeabilized with 1% Triton X-100 in PBS for 5 min at RT, and blocked with PBS-BSA (PBS containing 1% BSA) for 60 min at RT. Subsequently, cells were incubated for 120 min at RT with primary antibodies diluted in PBS-BSA. Primary antibodies used were as followings; rabbit polyclonal antibody to calnexin (Stressgen), mouse monoclonal antibodies to ADHAPR (ABNOVA) and KDEL (Stressgen), and guinea pig anti-Pex14p antibody (Mukai et al., 2002). Antigen-antibody complexs were visualized using Alexa Fluor conjugated sencondary antibodies and observed as described (Honsho et al., 2017). Analysis of colocalization of Pex14p with FLAG-ADHAPR and FLAG-ΔN16ADHAPR in FAA.K1B cells was assessed by staining with guinea pig anti-Pex14p antibody and mouse monoclonal antibody to FLAG, followed by determining the colocalization using ZEN 2012 imaging software (Carl Zeiss).



In vitro Import Assay Using Digitonin-Permeabilized HeLa Cells

HeLa cells were permeabilized as described (Matsuzaki and Fujiki, 2008) using 50 μg/ml digitonin in buffer S (0.25 M sucrose, 25 mM Hepes-KOH, pH 7.4, 2.5 mM magnesium acetate, 2.5 mM KCl, 2 mM EGTA, 0.01% taxol, and protease inhibitor cocktail [5 μg/ml aprotinin and 10 μg/ml each of antipain, chymostatin, E-64, leupeptin, and pepstatin]).

Semi-permeabilized HeLa cells were incubated for 60 min at 26°C with in vitro–synthesized proteins in buffer S as described (Yagita et al., 2013). After extensive washing, cells were subjected to the immunofluorescence microscopy procedure described above.



Subcellular Fractionation

Cells were collected in buffer H (0.25 M sucrose, 20 mM Hepes-KOH, pH 7.4, 1 mM EDTA, and a protease inhibitor cocktail) and homogenized on ice by passing through a 27-gauge needle (with 1 ml syringe). Homogenates were centrifuged at 800 × g for 5 min to yield a postnuclear supernatant fraction (PNS). The PNS was then separated into cytosolic and organelle fractions by ultracentrifugation at 100,000 × g for 30 min (Honsho et al., 2013).

For alkaline extraction (Fujiki et al., 1982), the PNS fractions were treated with 0.1 M Na2CO3 on ice for 30 min, and soluble and membrane fractions were separated by ultracentrifugation at 100,000 × g for 30 min.

For proteinase K-sensitivity assay, HeLa cells were collected in buffer H (-protease inhibitor) and prepared PNS. The PNS was treated with 50 μg/ml proteinase K (Sigma-Aldrich) for 30 min on ice, followed by adding PMSF (Nacalai Tesque) to terminate the reaction.



Mutation Analysis

Total RNA was prepared from CHO-K1 and FAA.K1B cells using a TRIzol reagent (Ambion) and synthesis of first-strand cDNA was performed using the PrimeScript RT reagent Kit (Takara Bio). The entire open reading frame of DHRS7B was amplified using a set of primers, a sense KpnI choADHAPRFw: 5′-AAGGTACCTTTACGTCAATTCCGA-3′ and an anti-sense choADHAPR-ApaI Rv2: 5′-TTGGGCCCTAGCAGCTCTGAGC-3′. The PCR fragments were digested with KpnI and ApaI and were ligated between the KpnI and ApaI sites of pcDNA3.1/Zeo vector. The nucleotide sequence of DHRS7B from CHO-K1 and FAA.K1B was determined from six each independent clones.



Lipid Analysis

Cells were cultured for 2 h in the presence of 0.1 μCi/ml of 14C-Etn. Equal aliquots (100 μg protein) of cell lysates were treated with 5% of trichloroacetic acid for 10 min at room temperature and precipitated by 20,000 × g for 1 min, followed by lipid extraction by the Bligh and Dyer method (Bligh and Dyer, 1959). Lipids were analyzed on TLC plates (silica gel 60, Merck) with chloroform/methanol/acetic acid solution (v/v/v: 65/25/10) (Honsho et al., 2008). 14C-labeled lipids were detected by autoradiography using a FLA-5000 imaging analyzer and quantified using an image analyser software (Multi Gauge, Fuji Film).



Statistical Analysis and Data Presentation

Statistical analysis was performed using one-tailed Student’s t-tests unless otherwise described in figure legends. A P < 0.05 was considered statistically significant. Quantitative data were shown as mean ± SD.



Other Methods

Immunoprecipitation from cytosolic fractions prepared from pex19 CHO ZP119 cells co-expressing HA2-Pex19p and either FLAG-ADHARP or FLAG-Pex26p was performed as described (Yagita et al., 2013). Endoglycosidase H digestion was carried out according to the manufacturer’s instructions (New England Biolabs).
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The peroxisomal biogenesis factor Pex14p is an essential component of the peroxisomal matrix protein import machinery. Together with Pex13p and Pex17p, it is part of the membrane-associated peroxisomal docking complex in yeast, facilitating the binding of cargo-loaded receptor proteins for translocation of cargo proteins into the peroxisome. Furthermore, Pex14p is part of peroxisomal import pores. The central role of Pex14p in peroxisomal matrix protein import processes renders it an obvious target for regulatory mechanisms such as protein phosphorylation. To explore this possibility, we examined the state of Pex14p phosphorylation in Saccharomyces cerevisiae. Phos-tag-SDS-PAGE of Pex14p affinity-purified from solubilized membranes revealed Pex14p as multi-phosphorylated protein. Using mass spectrometry, we identified 16 phosphorylation sites, with phosphorylation hot spots located in the N- and C-terminal regions of Pex14p. Analysis of phosphomimicking and non-phosphorylatable variants of Pex14p revealed a decreased import of GFP carrying a peroxisomal targeting signal type 1, indicating a functional relevance of Pex14p phosphorylation in peroxisomal matrix protein import. We show that this effect can be ascribed to the phosphomimicking mutation at serine 266 of Pex14p (Pex14p-S266D). We further screened the subcellular distribution of 23 native GFP-tagged peroxisomal matrix proteins by high-content fluorescence microscopy. Only Cit2p, the peroxisomal isoform of citrate synthase, was affected in the Pex14p-S266D mutant, showing increased cytosolic localization. Cit2p is part of the glyoxylate cycle, which is required for the production of essential carbohydrates when yeast is grown on non-fermentable carbon sources. Pex14p-S266 phosphosite mutants showed reversed growth phenotypes in oleic acid and ethanol with acetyl-CoA formed in peroxisomes and the cytosol, respectively. Overexpression of Cit2p rescued the growth phenotype of yeast cells expressing Pex14p-S266D in oleic acid. Our data indicate that phosphorylation of Pex14p at S266 provides a mechanism for controlling the peroxisomal import of Cit2p, which helps S. cerevisiae cells to adjust their carbohydrate metabolism according to the nutritional conditions.

Keywords: peroxisomes, protein import, Pex14p, mass spectrometry, protein phosphorylation, high-content screen, glyoxylate cycle, Cit2p


INTRODUCTION

Peroxisomes are highly dynamic metabolic organelles that are present in nearly all eukaryotic cells and fulfill a wide variety of metabolic functions, depending on organism, tissue, and environmental condition. Common metabolic functions include β-oxidation of fatty acids, which in the yeast Saccharomyces cerevisiae exclusively occurs in peroxisomes (Kunau et al., 1988; Poirier et al., 2006), and the degradation of hydrogen peroxide, generated in peroxisomes during various oxidative reactions (Wanders and Waterham, 2006b). In addition, peroxisomes are involved in a series of species- or tissue-specific metabolic activities such as the glyoxylate cycle in yeast and plants (Breidenbach and Beevers, 1967; Kunze et al., 2006), glycolysis in Trypanosoma (Opperdoes and Borst, 1977), the synthesis of plasmalogens and bile acids in mammals (Wanders and Waterham, 2006a), or the generation of penicillin in filamentous fungi (Müller et al., 1991). Maintenance of the highly dynamic peroxisomal system and its adjustment to varying physiological conditions rely on several processes including peroxisomal protein targeting, import of matrix proteins and peroxisomal membrane biogenesis proteins as well as growth and division, and turnover of peroxisomes by autophagy. All these processes need to be well coordinated and tightly regulated to ensure the functionality of the peroxisomal system.

Since peroxisomes do not contain their own DNA, all peroxisomal matrix proteins are synthesized in the cytosol and need to be imported into the organelle (Walter and Erdmann, 2019). For their correct sorting to the peroxisomal matrix, most proteins possess a peroxisomal targeting signal (PTS), either a PTS1 located at the C-terminus or a PTS2 within the N-terminus (Gould et al., 1989; Swinkels et al., 1991; Brocard and Hartig, 2006). PTS1 and PTS2 are recognized in the cytosol by their cognate receptors Pex5p or Pex9p and Pex7p, respectively, with the latter in S. cerevisiae additionally requiring the co-receptors Pex18p or Pex21p (Effelsberg et al., 2016; Yifrach et al., 2016; Walter and Erdmann, 2019). At the peroxisomal membrane, cargo-loaded receptors bind to a docking complex consisting of Pex14p and Pex13p, completed by Pex17p in yeast (Elgersma et al., 1996; Erdmann and Blobel, 1996; Gould et al., 1996; Albertini et al., 1997; Huhse et al., 1998; Azevedo and Schliebs, 2006). Upon docking, the cargo protein is translocated across the peroxisomal membrane into the matrix. At the end of the import cycle, the receptor is extracted from the peroxisomal membrane in sequential ATP- and ubiquitin-dependent steps (Platta et al., 2014). In S. cerevisiae, two distinct pores for the PTS1 and PTS2 import pathways have been identified, both comprising Pex14p as an essential pore-forming element together with either the PTS1 receptor Pex5p or the PTS2 co-receptor Pex18p and Pex17p (Meinecke et al., 2010; Montilla-Martinez et al., 2015).

Considering the prominent role of Pex14p in peroxisomal import pathways, it represents an obvious point of regulation for peroxisomal matrix protein import. In fact, Pex14p of S. cerevisiae has been reported to be phosphorylated in several global phosphoproteomic studies (summarized in Albuquerque et al., 2008; Gnad et al., 2009; Holt et al., 2009; Yachie et al., 2011; Oeljeklaus et al., 2016; Hu et al., 2019). However, information about the biological relevance of Pex14p phosphorylation is lacking.

In this work, we established a comprehensive Pex14p in vivo phosphorylation map using high-resolution mass spectrometry (MS) and report 16 high-confidence phosphorylation sites. We generated phosphomimicking and non-phosphorylatable Pex14p mutants, in which single serine or threonine residues were substituted with alanine or aspartate, and systematically analyzed all phosphosite mutants by fluorescence microscopy. Our data show that the peroxisomal import for GFP carrying a PTS1 is reduced in cells that express the phosphomimicking variant of serine 266, which is located within the receptor-binding region of Pex14p. In addition, these cells are impaired in growth in oleic acid, for which peroxisomes are essential. A screen of 23 GFP-tagged native peroxisomal matrix proteins revealed that cells expressing Pex14p-S266D exhibit a reduced peroxisomal import for the peroxisomal isoform of citrate synthase (Cit2p), a protein involved in the glyoxylate cycle, which we confirmed by biochemical analysis. The Pex14p-S266D mutant shows wild-type-like growth in ethanol when acetyl-CoA is formed in the cytosol, but growth of the Pex14p-S266A mutant is impaired. Furthermore, Cit2p overexpression rescues the growth defect of the Pex14p-S266D mutant in oleic acid. Our data suggest that site-specific phosphorylation of Pex14p at S266 provides a means to rapidly modulate the peroxisomal import and thus the subcellular localization of Cit2p in response to the metabolic state of the cell.



MATERIALS AND METHODS


Strains, Media, and Growth Conditions

S. cerevisiae strains used in this study as well as primers and DNA templates used for genomic manipulation of target strains are listed in Supplementary Table S1. Sequences of primers used for the amplification of integration cassettes are specified in Supplementary Table S2. The strain SC38 was generated by gene disruption using pUG27 or pUG73 followed by marker rescue using pSH47 (containing Cre recombinase for LoxP recombination) as described before (Güldener et al., 1996). Deletions of PEX14 were introduced according to Goldstein et al. (1999). Yeast strains expressing Pex14p genomically tagged at its C-terminus with the tobacco etch virus protease cleavage site (TEVcs) and Protein A (Pex14pTPA) as well as genomically integrated TPA-tagged Pex14p phosphosite mutants were generated by transforming haploid yeast cells (Schiestl and Gietz, 1989; Becker and Guarente, 1991) with PCR products obtained as described before (Knop et al., 1999). Transformants were selected for the appropriate marker for negative selection or, if applicable, by adding 5-fluoroorotic acid to the agar for positive selection (Boeke et al., 1984). All chromosomal manipulations were confirmed by PCR. Chromosomal tagging and genomic integration of phosphosite mutants were further verified by sequencing of PCR products and/or immunoblotting.

Minimal liquid medium contained 0.17% (w/v) yeast nitrogen base (YNB) without amino acids, 0.5% (w/v) ammonium sulfate, 0.3% (w/v) glucose, and selected amino acids and nucleobases (pH 6.0) as described before (Oeljeklaus et al., 2012). YNO medium consisted of 0.1% (w/v) oleic acid, 0.05% (v/v) Tween 40, 0.17% (w/v) YNB without amino acids, 0.5% (w/v) ammonium sulfate, and selected amino acids and nucleobases (pH 6.0).

To induce peroxisome proliferation, cells were grown at 30°C in minimal medium until they reached an optical density at 600 nm (OD600) of 1–1.5, shifted to YNO medium and cultivated for further 16 h or as indicated. For growth of cells in glucose or ethanol medium, minimal medium was supplemented with 2% (w/v) glucose or 2% (v/v) ethanol.



Plasmids and Cloning Techniques

Plasmids, primers, restriction enzymes, DNA templates and target plasmids used for cloning are listed in Supplementary Table S3; sequences of the primers are specified in Supplementary Table S2. Plasmids were amplified in Escherichia coli DH5α or TOP10 following standard protocols and generated using standard cloning techniques (Sambrook et al., 1989) or the “FastCloning” method (Li et al., 2011). Individual serine or threonine residues in Pex14p were exchanged to alanine or aspartate by site-directed mutagenesis (Papworth et al., 1996). To simultaneously insert multiple mutations, customized DNA was obtained (Thermo Fisher Scientific/GeneArt; Eurofins) and cloned into PEX14 using restriction enzymes (see Supplementary Table S3 for more details).



Two-Hybrid Analyses

The yeast reporter strain PCY2 pex14Δ was transformed with two-hybrid plasmids pPC86 and pPC97 (Chevray and Nathans, 1992) or derivatives thereof and grown on synthetic medium lacking tryptophan and leucine for 3 days at 30°C. ß-galactosidase activity of transformed cells was determined by a filter assay as described before (Rehling et al., 1996) using X-Gal as substrate. For quantification, β-galactosidase activity was determined by performing a liquid assay using 2-nitrophenyl β-D-galactopyranoside as substrate according to the manufacturer’s instructions (Clonetech, Yeast Protocols Handbook, 2009).



Affinity Purification of Pex14pTPA

Pex14p was affinity-purified from crude membrane fractions prepared from oleic acid-induced Pex14pTPA-expressing cells as described before with minor modifications (Agne et al., 2003; Oeljeklaus et al., 2012). Cells were harvested by centrifugation, washed with deionized water, and resuspended in lysis buffer supplemented with protease and phosphatase inhibitors (20 mM Tris, 80 mM NaCl, pH 7.5, 174 μg/ml PMSF, 2 μg/ml aprotinin, 0.35 μg/ml bestatin, 1 μg/ml pepstatin, 2.5 μg/ml leupeptin, 160 μg/ml benzamidine, 5 μg/ml antipain, 6 μg/ml chymostatin, 420 μg/ml NaF). Lysates were prepared using glass beads (Lamb et al., 1994), cell debris and beads were removed, and the lysate was centrifuged for 90 min at 100,000 × g and 4°C. The pellet was resuspended in lysis buffer containing 10% (v/v) glycerol. For phosphosite analysis, the protein concentration was adjusted to 5 mg/ml and proteins were solubilized using 1% (v/v) Triton X-100. For the analysis of native Pex14p complexes, the protein concentration was adjusted to 3.35 mg/ml and solubilization was performed with 1% (v/v) digitonin. The detergent extract was cleared by centrifugation (100,000 × g, 1 h, 4°C) and the supernatant was used to affinity-purify Pex14pTPA via IgG Sepharose. Proteins were eluted by incubation with 0.2 M glycine (pH 2.4) or TEV protease. The TEV protease, carrying a His tag, was removed from the eluate by adding Ni-NTA agarose. Eluted proteins were collected by centrifugation and either used immediately (for dephosphorylation) or precipitated by adding four volumes of ice-cold acetone followed by incubation at −20°C for at least 1 h (for immunoblot and MS analyses).



Dephosphorylation of Pex14p and Phos-Tag SDS-PAGE

Pex14pTPA affinity-purified from Triton X-100 extracts was mixed with 10x phosphatase buffer (0.5 M HEPES, 1 M NaCl, 20 mM DTT, 0.1% Brij 35, pH 7.5), MnCl2 (1 mM final concentration), and 800 units of lambda protein phosphatase (λ-PPase; New England Biolabs) and incubated for 20 min at 30°C under slight agitation. As control, the reaction was performed without λ-PPase using the same amount of Pex14pTPA. Reactions were stopped by adding SDS sample buffer and proteins were separated by Phos-tag SDS-PAGE using a standard 10% SDS polyacrylamide gel additionally containing 50 μM Phos-tag reagent (Phos-tag acrylamide AAL-107; Wako Pure Chemical Industries, Ltd., Japan) and 100 mM MnCl2 in the separation gel. Electrophoresis was carried out at 80 V for 4 h. Subsequently, the gel was incubated for 20 min in Western blot transfer buffer [25 mM Tris, 192 mM glycine, 20% (v/v) methanol] containing 10 mM EDTA to quench the Phos-tag reagent and washed for 10 min in transfer buffer without EDTA. Proteins were transferred to a polyvinylidene difluoride membrane at a constant voltage of 30 V and 4°C for 14 h.



Sedimentation Assay

Spheroplasting of yeast cells was performed as described before (Erdmann and Blobel, 1995) with slight modifications. The cell wall was digested by adding lyticase at a final concentration of 1,000 units per g of cells (wet weight). Cells were homogenized, and unbroken cells, cell debris and nuclei were removed by centrifugation (2 × 10 min, 600 × g, 4°C). The resulting post-nuclear supernatant (PNS) was separated into an organellar pellet and the cytosolic fraction by centrifugation (25,000 × g, 20 min, 4°C) through a 0.5-M sucrose cushion.



Whole Yeast Cell Lysates

Cells were harvested, washed with deionized water, and lysed by TCA precipitation as described previously (Platta et al., 2004). Following centrifugation (10 min, 21,000 × g), precipitates were resuspended in 1% (w/v) SDS/0.1 M NaOH and analyzed by SDS-PAGE according to standard protocols.



Immunoblotting and Antibodies

Immunoblot analyses were performed according to Harlow and Lane (Harlow and Lane, 1988) with polyclonal rabbit antibodies raised against Pcs60p (Blobel and Erdmann, 1996), Pex5p (Albertini et al., 1997), Pex7p (Stein et al., 2002), Pex13p (Girzalsky et al., 1999), Pex14p (Albertini et al., 1997), Pex17p (Huhse et al., 1998), and Protein A (Sigma-Aldrich, cat. # P3775). In addition, the goat polyclonal antibody anti-Cta1p (Kragler et al., 1993) and the mouse monoclonal antibodies anti-GFP (Roche Diagnostics, cat. # 11814460001), anti-Pgk1p (Thermo Fisher Scientific, cat. # 459250), anti-Por1p (Thermo Fisher Scientific, cat. # 459500) and anti-Protein A (Sigma-Aldrich, cat. # P2921) were used. Primary antibodies were detected with horseradish peroxidase-conjugated anti-rabbit, anti-goat and anti-mouse antibodies (Sigma-Aldrich, cat. # A0545, A8919, and A9044, respectively). Chemiluminescence signals were detected using the ECL2 Western Blotting Substrate or SuperSignal West Femto Maximum Sensitivity Substrate (Thermo Fisher Scientific, Waltham, United States) and a ChemoCam Camera System (INTAS Science Imaging Instruments GmbH, Göttingen, Germany). Image processing was restricted to cropping, scaling and contrast adjustment using Adobe Photoshop CS5 (v. 12.0.4 x64). Immunoblot signals were quantified using the software Quantity One (version 4.6.9.; Bio-Rad, Hercules, United States).



Sample Preparation for Fluorescence Microscopy

Yeast cells were grown for 16 h in glucose- or oleic acid-containing medium. Aliquots of 5.4 ml per culture were taken and cells were fixed by directly adding formaldehyde to a final concentration of 3.7% (v/v). Samples were incubated for 10 min at RT with slight agitation. Cells were harvested by centrifugation (5 min at 2,000 × g), resuspended in 1 ml of potassium phosphate buffer (0.1 M, pH 6.8) containing 3.7% (v/v) formaldehyde and incubated for 1 h at RT with slight agitation. Cells were harvested again (30 s at 15,700 × g) and resuspended in 1 ml of potassium phosphate buffer (0.1 M, pH 6.8) containing 10 mM ethanolamine. Following incubation for further 10 min at RT, cells were washed twice with phosphate-buffered saline (PBS) and resuspended in 100–200 μl of PBS containing 0.1% (v/v) Triton X-100.



Fluorescence Microscopy

Wide-field fluorescence microscopy was performed using a Zeiss Axio Observer.Z1 microscope (Zeiss) equipped with an alpha Plan-Aprochromat 100×/1.45 oil objective and an AxioCam HRm Rev.3 camera. GFP signals were visualized using a 38 HE filterset from Zeiss. Z-stacks containing ∼20 images were acquired using an exposure time of 600 ms at a depth of focus of 0.73 μm. Images were acquired using the Zen software (version 10.0.14393; Zeiss) and processed using Adobe Photoshop CS5 (version 12.0.4 ×64; Adobe Systems Incorporated) applying the same parameters to all images. Images in Figures 2B, 3A, 5B and Supplementary Figure S5 show a single focal plane. Image analysis was performed in independent replicates and data were assessed manually by two different researchers in blind experiments to exclude bias in image analysis. To show cell boundaries, bright field images were adjusted such that only the cell boundaries were visible and subsequently added into the blue channel using Photoshop (Motley and Hettema, 2007).

For the quantification of the cytosolic fluorescence of the images shown in Figure 5D and Supplementary Figure S5B (i.e., Pex14p wild-type, -S266A and -S266D cells), a slice of the z-series was selected from the bright-field channel of the images. Selection was based on best visual separation of individual cells. For cell segmentation, the Python package skimage was used. In short, binary thresholding of bright field images followed by removal of small objects (< 300 pixels), closing of small openings (disk size of 5 pixels), and filling of open holes were sufficient for cell segmentation. Cartesian coordinates of a rectangular area encompassing the cell were extracted. Of the GFP z-series, a maximum intensity z-projection was performed in Fiji/ImageJ (version 1.52p; Schindelin et al., 2012). Afterward, Cartesian coordinates of the bright field channel of segmented cells were mapped onto the respective GFP intensity projection. To remove false positives from the segmented cells, images with an axis of > 100 pixels or < 40 pixels, reaching the maximum intensity of 255 (grayscale image), or having a standard deviation of intensities of < 5 were removed. The lower quantile of single cell intensities was used as surrogate for the cytosolic GFP intensity and the mean value of the lowest 10% intensities as background. Images in which the cytosolic GFP was located too close to a border of an image (5%) were considered incomplete and also removed prior to quantitative analysis. The cytosolic intensities were corrected for the background and median-centered for each strain. To test for statistically significant differences in the cytosolic fluorescence of Pex14p wild-type, -S266A and -S266D cells, a Welsh’s t-test was performed with n = 73 for wild-type, n = 69 for S266A, and n = 174 for S266D for GFP-Cit2p cells (Figure 5E) and n = 33 for wild-type, n = 48 for S266A, and n = 20 for S266D for GFP-Mdh3p cells (Supplementary Figure S5C).



Yeast Library Preparation

Query strains were constructed on the basis of an automated mating compatible strain. The query strains contained a peroxisomal marker (Pex3p-mCherry::HIS) and a PEX14-TEVcs-ProteinA::KanMX4 cassette integrated into the PEX14 locus. The PEX14 gene was either wild-type or mutated in S266A or S266D. Using an automated mating method (Tong and Boone, 2006; Cohen and Schuldiner, 2011), the query strains were crossed with 23 strains that in each of them one protein (Pex5p cargo proteins, PTS2 proteins and Pnc1p, which piggybacks on a PTS2 protein) was expressed under a generic constitutive SpNOP1 promoter and N-terminally tagged with GFP [collected from the SpNOP1 GFP-peroxi library (Dahan et al., 2017)]. To perform the manipulations in high-density format, we used a RoToR bench top colony arrayer (Singer Instruments). In short: mating was performed on rich medium plates, and selection for diploid cells was performed on SD(MSG)-HIS-URA plates containing kanamycin (200 μg/ml). Sporulation was induced by transferring cells to nitrogen starvation media plates for 7 days. Haploid cells containing the desired mutations were selected by transferring cells to SD-URA-HIS-LYS-ARG-LEU plates containing antibiotics at the same concentrations as above, alongside the toxic amino acid derivatives canavanine and thialysine (Sigma-Aldrich) to select against remaining diploids and select for spores with an α mating type.



Automated High-Throughput Fluorescence Microscopy

The yeast collections were visualized using an automated microscopy setup as described previously (Breker et al., 2013). In short: cells were transferred from agar plates into 384-well polystyrene plates (Greiner) for growth in liquid media using the RoToR arrayer robot. Liquid cultures were grown in a LiCONiC incubator, overnight at 30°C in SD-URA-HIS medium. A JANUS liquid handler (PerkinElmer) connected to the incubator was used to dilute the strains to an OD600 of ∼0.2 into plates containing SD medium (6.7 g/l yeast nitrogen base and 2% glucose) supplemented with complete amino acids. Plates were incubated at 30°C for 4 h. The cultures in the plates were then transferred by the liquid handler into glass-bottom 384-well microscope plates (Matrical Bioscience) coated with concanavalin A (Sigma-Aldrich). After 20 min, cells were washed three times with SD-riboflavin complete medium to remove non-adherent cells and to obtain a cell monolayer. The plates were then transferred to the ScanR automated inverted fluorescent microscope system (Olympus) using a robotic swap arm (Hamilton). Images of cells in the 384-well plates were recorded in the same liquid as the washing step using a 60x air lens (NA 0.9) and with an ORCA-ER charge-coupled device camera (Hamamatsu). Images were acquired in two channels: GFP (excitation filter 490/20 nm, emission filter 535/50 nm) and mCherry (excitation filter 572/35 nm, emission filter 632/60 nm). All images were taken at a single focal plane using the same exposure time. Raw images were subsequently processed and analyzed using Fiji/ImageJ (version 1.51q; Schindelin et al., 2012) applying the same parameters to ensure that any differences observed in distribution are not a result of differential processing of images.



Mass Spectrometric Analyses

For in vivo phosphosite analyses, affinity-purified and acetone-precipitated Pex14p was proteolytically digested with trypsin (Promega), AspN (Sigma-Aldrich), or Lys-C (Promega). Proteins were resuspended in 100 μl of the appropriate digestion buffer [trypsin: 60% (v/v) methanol/20 mM NH4HCO3; AspN: 100 mM NH4HCO3; Lys-C: 25 mM Tris-HCl, pH 8.5, containing 1 mM EDTA] and incubated overnight at 37°C with 225 ng trypsin, 160 ng AspN, or 120 ng Lys-C. For the analysis of native Pex14p complexes affinity-purified from digitonin-solubilized membrane fractions, proteins were separated by SDS-PAGE on a 4–12% NuPAGE BisTris gradient gel (Thermo Fisher Scientific/Life Technologies) and stained using colloidal Coomassie Brilliant Blue. Gel lanes were cut into 14 equal slices, cysteine residues were reduced [5 mM Tris (2-carboxy-ethyl) phosphine/10 mM NH4HCO3; 30 min at 37°C] and alkylated (50 mM chloroacetamide/10 mM NH4HCO3; 30 min at room temperature), and proteins were in-gel digested with trypsin (66 ng per slice, 37°C, overnight). Peptide mixtures were dried in vacuo and peptides were resuspended in 0.1% trifluoroacetic acid prior to MS analysis.

Liquid chromatography-mass spectrometry (LC-MS) analyses of Pex14p phosphosites were performed with an UltiMate 3000 RSLCnano HPLC system (Thermo Fisher Scientific, Dreieich, Germany) coupled to either an LTQ-FT or an LTQ-Orbitrap XL instrument (Thermo Fisher Scientific, Bremen, Germany). RSLC systems were equipped with C18 μ-precolumns (PepMapTM, 5 mm × 0.3 mm; Thermo Fisher Scientific, Bremen, Germany) and C18 reversed-phase nano RSLC columns (Acclaim PepMapTM, 25 cm × 75 μm, 2 μm particle size, 100 Å pore size; Thermo Fisher Scientific) and operated at a temperature of 40°C. MS instruments were equipped with a nanoelectrospray ion source and stainless steel emitters (Thermo Fisher Scientific; LTQ-FT) or distal coated Silica Tips (FS360-20-10-D, New Objective, Woburn, United States; LTQ-Orbitrap) and externally calibrated using standard compounds. Peptide fragmentation for Pex14p phosphosite analysis was generally performed on multiply charged precursor ions by multistage activation (MSA; Schroeder et al., 2004; Boersema et al., 2009) with neutral loss masses of 32.7, 49, and 98 Da and applying a normalized collision energy of 35%, an activation q of 0.25, and an activation time of 30 ms. The dynamic exclusion time for previously fragmented precursor ions was set to 45 s. Proteolytic Pex14p peptides analyzed at the LTQ-FT were separated using a binary solvent system consisting of 0.1% formic acid (FA) (solvent A) and 86% acetonitrile (ACN)/0.1% FA (solvent B) at a flow rate of 300 nl/min. Peptides were eluted with a gradient of 4–34% solvent B in 35 min followed by 34–82% B in 5 min and 5 min at 82% B. Full MS scans in the range of m/z 370–1,700 were acquired in the ion cyclotron-resonance cell at a resolution (R) of 25,000 (at m/z 400) with an automatic gain control (AGC) of 2 × 106 ions and a maximum fill time of 500 ms. Up to 5 of the most intense multiply charged precursor ions (TOP5 method) were selected for MSA fragmentation in the linear ion trap applying the following parameters: signal threshold, 500; AGC, 3 × 104 ions; max. fill time, 500 ms. Proteolytic peptides analyzed at the LTQ-Orbitrap XL were separated employing the solvent system and the flow rate described above. Peptides were eluted with the following gradient: 1–30% B in 75 min followed by 30–45% B in 30 min, 45–70% B in 25 min, 70–99% B in 5 min and 5 min at 99% B. Full MS scans (m/z 370–1,700) were acquired in the orbitrap applying the following parameters: R, 60,000 (at m/z 400); AGC, 2 × 106 ions; max. fill time, 500 ms. A TOP6 method was applied for peptide fragmentation in the linear ion trap with the following parameters: signal threshold, 2,500; AGC, 104 ions; max. fill time, 400 ms.

LC-MS analyses of native Pex14p complexes were performed using an UltiMate 3000 RSLCnano HPLC system/Orbitrap Elite (Thermo Fisher Scientific, Bremen, Germany) system. The LC system was equipped with nanoEaseTM M/Z Symmetry C18 trap columns (100 Å pore size, 5 μm particle size, 20 × 0.18 mm; Waters, Milford, United States) and a 25 cm × 75 μm nanoEaseTM M/Z HSS C18 T3 reversed-phase nano LC column (100 Å pore size, 2 μm particle size; Waters) and operated at 40°C. Peptides were eluted with a solvent system consisting of 0.1% FA/4% dimethyl sulfoxide (DMSO) (solvent A) and 48% methanol/30% ACN/0.1% FA/4% DMSO (solvent B). The gradient was as follows: 1–65% solvent B in 30 min, 65–80% B in 5 min and 3 min at 80% B at a flow rate of 300 nl/min. The MS instrument was equipped with a nanoelectrospray ion source and distal coated Silica Tips and was externally calibrated with standard compounds. Peptide fragmentation was performed on multiply charged precursor ions by collision-induced dissociation (CID) with a normalized collision energy of 35%, an activation q of 0.25, an activation time of 30 ms, and a dynamic exclusion of 45 s. Full MS scans in the range of m/z 370–1,700 were acquired in the orbitrap with the following parameters: R, 120,000 (at m/z 400); AGC, 106 ions; max. fill time, 200 ms. A TOP25 method was employed for CID peptide fragmentation in the linear ion trap applying a signal threshold of 2,500, and AGC of 5,000 ions, and a max. fill time of 150 ms.

Whole cell lysates were analyzed in a gel-based approach and processed and analyzed by LC-MS as described for native Pex14p complexes.



Mass Spectrometric Data Analysis

For processing of mass spectrometric raw data, the software MaxQuant (version 1.5.2.8 or 1.6.5.0; Cox and Mann, 2008) and its integrated search engine Andromeda (Cox et al., 2011) were used. Peaklists of MS/MS spectra, generated by MaxQuant using default settings, were searched against custom-made protein databases. For the datasets obtained to identify in vivo phosphorylation sites of affinity-purified wild-type Pex14p, a modified version of the Saccharomyces Genome Database (SGD; 6,750 entries; downloaded 02/03/2011) was used in which the entry for Pex14p was replaced with an extended Pex14p sequence containing at its C-terminus the residues of the TPA tag (RTLQVDGSENLYFQ) that remain after TEV cleavage. For the analysis of proteins in native Pex14p complexes (wild-type Pex14p, Pex14p-S266A or -S266D), the database additionally contained the sequences of the S266A and S266D variants. Common contaminants provided by Max Quant as well as the sequences of Protein A and the TEV protease were included in all searches. Database searches were performed with the appropriate enzymatic specificity (i.e., trypsin, AspN, or Lys-C) allowing four missed cleavages. For the analysis of Pex14p phosphosites, the max. molecular peptide mass was changed from the default value of 4,600 Da to 6,000 Da. Mass tolerances for precursor ions were 20 ppm for the first and 6 ppm for the main search and 0.5 Da for fragment ions. Oxidation of methionine, acetylation of protein N-termini and, for the identification of phosphosites, phosphorylation of serine, threonine and tyrosine residues were set as variable modifications. For peptide identification, a minimum length of six amino acids was required and an FDR of 1% was applied on both peptide and protein level. The options “match between runs” and, for the quantitative analysis of proteins present in native Pex14p complexes and whole cell lysates, “iBAQ” (abbreviation for “intensity-based absolute quantification”) were enabled.

To be reported as confident Pex14p in vivo phosphosites, phosphopeptides needed to be identified with a posterior error probability (PEP) of < 0.01 and the MaxQuant localization probability for individual phosphosites needed to be at least 0.95. For a complete list of all Pex14p peptides identified in these datasets (phosphorylated and non-phosphorylated; four independent replicates, see Supplementary Table S4). The correct assignment of phosphosites to a distinct residue was further validated by manual inspection of MS/MS spectra.

To assess and compare the abundance of proteins in native protein complexes of Pex14pTPA wild-type and its S266A and S266D variants, iBAQ intensities of individual proteins were normalized to the summed iBAQ value of all proteins identified in each replicate, and the value for Pex14p was set to 100%. We determined mean values of two independent replicates (see Supplementary Table S5 for a list of proteins identified and the respective iBAQ values).



RESULTS


Pex14p Is Multiply Phosphorylated in vivo

With the aim to obtain further insight into the regulation of peroxisomal matrix protein import, we studied phosphorylation of Pex14p in S. cerevisiae. To establish a most comprehensive Pex14p in vivo phosphorylation map, we affinity-purified TPA-tagged Pex14p expressed from its native chromosomal location from a crude membrane fraction of yeast cells grown under peroxisome-proliferating conditions (Veenhuis et al., 1987). The obtained eluate fraction was analyzed by phosphate-affinity (Phos-tag) SDS-PAGE, in which phosphorylated proteins migrate slower than their non-phosphorylated counterparts (Kinoshita et al., 2006). Immunoblot analysis revealed the occurrence of different Pex14p phospho-isoforms in the higher molecular weight region, which indicates that native Pex14p is phosphorylated at multiple amino acid residues (Figure 1A). Substantiating this conclusion, treatment of Pex14p with λ-phosphatase resulted in a single Pex14p signal and a shift in electrophoretic mobility reflecting faster migration of dephosphorylated Pex14p.
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FIGURE 1. Pex14p is multiply phosphorylated in vivo. (A) TPA-tagged Pex14p (Pex14pTPA) expressed from its native chromosomal location was affinity-purified from a Triton X-100-solubilized crude membrane fraction of yeast cells grown in oleic acid-containing medium. Affinity chromatography was performed using IgG-coupled Sepharose and proteins were eluted with glycine (pH 2.4). Proteins from phosphatase (λ-PPase)-treated (+) and untreated (-) samples were analyzed by Phos-tag SDS-PAGE and immunoblotting using anti-Pex14p antibodies. Note that also non-phosphorylated proteins generally migrate slower in Phos-tag gels compared to normal SDS gels (Kinoshita et al., 2009). *Pex14p degradation band. (B) Representative MS/MS spectrum showing phosphorylation of Pex14p at S310 (AREQTIDpSNASIPEWQK; m/z 1027.474; z = +2). *fragment ion with neutral loss of H3PO4. (C) Schematic representation of Pex14p showing the localization of in vivo phosphorylation sites. Phosphorylation at S6, S15, S76, T263, and S327 are reported here for the first time. MD, predicted membrane domain (according to Azevedo and Schliebs, 2006). Pex5p-, Pex7p-, and Pex13p-binding regions are depicted according to Azevedo and Schliebs (2006). Please note that alternative Pex14p-Pex13p binding sites have been proposed (Schell-Steven et al., 2005). While a second Pex14p interaction site has been mapped for Pex13p (Schell-Steven et al., 2005; Williams and Distel, 2006), an additional Pex13p binding site in Pex14p has not yet been reported. Coiled-coil (CC) domains were predicted using PredictProtein (Rost et al., 2004).


To identify and localize phosphorylation sites in native Pex14p, we used a multi-protease digestion approach followed by high resolution MS analysis. Affinity-purified native Pex14p was proteolytically cleaved in-solution with three different enzymes, i.e., Asp-N, Lys-C, or trypsin, to achieve full sequence coverage by LC-MS/MS analysis (Supplementary Figure S1). We identified 16 distinct Pex14p phosphosites with a localization probability of > 95% (Table 1 and Supplementary Table S4), of which five (pS6, pS15, pS76, pT263, and pS327) are reported here for the first time. As exemplarily shown in Figure 1B for the peptide carrying a phosphate moiety at serine 310 (pS310), localization of each phosphosite in Pex14p was confirmed by manual inspection and annotation of the corresponding MS/MS spectrum (Supplementary Figure S2). Interestingly, most of the phosphosites are clustered in the C-terminal region of Pex14p within the binding sites for the PTS1 and PTS2 receptor proteins Pex5p and Pex7p, respectively (Figure 1C). Moreover, our MS data reveal concurrent phosphorylation of Pex14p at S252/S254, S254/T263, S266/S268, T307/S310, T307/S313, S310/S313, and T307/S310/S313 (Table 1). In addition, four phosphosites are located in the N-terminal region within or close to the Pex5p- and Pex13p-binding sites (Figure 1C).


TABLE 1. In vivo Pex14p phosphorylation sites identified by MS analyses of affinity-purified Pex14pTPA following proteolytic digestion with Asp-N, Lys-C, or trypsin.
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Expression of Phosphomimetic Pex14p Results in Impaired Growth in Oleic Acid and Reduced Peroxisomal Protein Import

To study the functional relevance of Pex14p phosphorylation, we generated yeast strains expressing phosphomimicking (exchange of serine and threonine to aspartate) and non-phosphorylatable (exchange to alanine) variants of wild-type Pex14pTPA from its native chromosomal locus. We mutated all 16 Pex14p phosphosites to aspartate (16D mutant) and alanine (16A mutant).

Since the β-oxidation pathway in S. cerevisiae is restricted to peroxisomes, the functionality of peroxisomes can be determined by monitoring the growth of cells in medium containing oleic acid as carbon source. We therefore analyzed the ability of our mutant strains to grow in oleic acid medium in comparison to cells expressing wild-type Pex14pTPA and pex14Δ cells. To exclude putative general growth defects, we also monitored growth in glucose-containing medium. As shown in Figure 2A, all strains showed no growth difference when glucose was present. However, in contrast to Pex14pTPA wild-type cells and in line with published results (Albertini et al., 1997; Brocard et al., 1997), cells deficient in PEX14 were unable to grow in oleic acid-containing medium. Interestingly, the phosphomimetic Pex14pTPA-16D mutant showed a severe growth defect in oleic acid medium that started to become evident ∼25 h after shifting the cells from glucose to oleic acid while the non-phosphorylatable Pex14pTPA-16A mutant grew like Pex14pTPA wild-type cells (Figure 2A). These data indicate that the phosphomimicking Pex14p mutant is significantly affected in its function, which results in the impairment of peroxisome metabolism and, thus, cellular growth in oleic acid.
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FIGURE 2. The Pex14p-16D mutant shows impaired growth on oleic acid and reduced peroxisomal import of GFP-SKL. (A) Strains were pre-cultured in medium containing 0.3% glucose and grown for 16 h at 30°C. Cells were shifted to either glucose (2%) or oleic acid medium, samples were taken at indicated time points, and the OD600 was determined. Growth in oleic acid medium was analyzed in triplicates. Error bars indicate standard deviation. (B) Representative fluorescence images of strains expressing native Pex14p (control) and mutant forms as well as plasmid-encoded GFP-SKL are shown. Cells were cultured in oleic acid medium as described in (A) and analyzed 16 h after the shift to oleic acid. The pex14Δ strain serves as control for a defect in peroxisomal protein import. Scale bar, 5 μm.


Since Pex14p is a central component of the peroxisomal matrix protein import machinery, we next addressed the question whether the growth defect observed for the Pex14pTPA-16D mutant was caused by a deficiency in matrix protein import. To analyze the import efficiency of wild-type and mutant cells, we introduced a plasmid encoding for the synthetic peroxisomal matrix protein GFP C-terminally fused to the PTS1 sequence Ser-Lys-Leu (GFP-SKL) into our strains and a control strain expressing unmodified Pex14p and determined the intracellular localization of this artificial peroxisomal matrix protein. Strains expressing GFP-SKL were grown in oleic acid-containing medium and inspected by fluorescence microscopy for the cellular distribution of the fluorescence protein. In control cells, GFP-SKL was imported into peroxisomes as indicated by a punctate staining pattern characteristic for peroxisomes (Platta et al., 2004; Figure 2B). As expected, pex14Δ mutant cells show a diffuse fluorescence signal typical for a strain in which the PTS1-dependent protein import is defective and, as a consequence, peroxisomal matrix proteins are mislocalized to the cytosol (Distel et al., 1996). Strains expressing wild-type Pex14pTPA or the Pex14pTPA-16A mutant were indistinguishable from control cells regarding their fluorescence pattern (Figure 2B). However, expression of GFP-SKL in the Pex14pTPA-16D mutant resulted in a punctate staining pattern like the one observed in control cells, but also a diffuse cytosolic fluorescence (Figure 2B), indicative for a decreased efficiency in peroxisomal matrix protein import.

In summary, our data suggest that the functionality of the peroxisomal protein import is impaired in cells expressing the phosphomimicking Pex14pTPA-16D mutant, leading to a growth defect in oleic acid medium.



Impaired Growth and Reduced Protein Import Can Be Attributed to Phosphorylation of Pex14p at Serine 266

To disclose if the phenotype of the Pex14pTPA-16D mutant can be attributed to a distinct phosphorylation site, we generated yeast strains expressing single Pex14pTPA phosphosite mutants (i.e., single exchange of S or T to A and D) of all 16 phosphorylation sites identified in this work. Pex14p variants were expressed from native chromosomal location and the matrix protein import efficiency of the individual strains was analyzed using GFP-SKL and fluorescence microscopy (Figure 3A). Only the strain expressing the Pex14pTPA-S266D mutant exhibited enhanced cytosolic fluorescence of GFP-SKL as observed for the Pex14pTPA-16D mutant while the fluorescence pattern of the remaining phosphomimicking and of all non-phosphorylatable mutants resembled the pattern of wild-type cells (Figure 3A). In line with the data obtained for the Pex14pTPA-16D mutant, cells expressing Pex14pTPA-S266D are significantly impaired in growth in oleic acid-containing medium (Figure 3B). Immunoblot analysis of Pex14pTPA wild-type, the S266A or S266D phosphosite mutant variant revealed comparable steady-state levels for Pex14pTPA (Supplementary Figure S3), implying that the phenotype seen for cells expressing Pex14pTPA-S266D does not result from differences in Pex14pTPA abundance.
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FIGURE 3. Deficiency in peroxisomal protein import and growth are caused by the phosphomimicking mutation at serine 266 of Pex14p. (A) Cells expressing Pex14pTPA wild-type, single phosphorylatable (A) or phosphomimicking (D) mutations as indicated and plasmid-encoded GFP-SKL were grown on oleic acid medium and analyzed as described in Figure 2B. pex14Δ cells serve as control for non-functional import of GFP-SKL. Scale bar, 5 μm. (B) Growth of strains in glucose- or oleic acid-containing medium was analyzed as described in Figure 2A. OD600 values of the 96-h time point for growth in oleic are visualized as bar chart (right plot). Error bars indicate standard deviation (n = 3); ***p-value ≤ 0.001; ns, not significant.


Taken together, these data suggest that phosphorylation of Pex14p at S266 plays a crucial role for Pex14p function in peroxisomal protein import.



Effect of Pex14p-S266 Phosphosite Mutants on the Composition of Peroxisomal Import Complexes

The impairment in growth and protein import observed for the Pex14pTPA-S266D mutant prompted us to analyze the capacity of Pex14p-S266 phosphosite mutants to associate with components of peroxisomal import complexes. Here, Pex14p phosphorylation may affect or regulate the binding to cargo-loaded receptor proteins and/or other proteins of peroxisomal import complexes. Protein complexes containing Pex14p wild-type or S266 phosphosite mutant forms were isolated from digitonin-solubilized membranes by affinity chromatography using the various TPA-tagged Pex14p proteins as baits. In line with previous work (Agne et al., 2003), wild-type Pex14p associates with its docking complex partner proteins Pex13p and Pex17p as well as Pex5p and Pex7p, as revealed by immunoblot analysis (Figure 4A, lane 6). Notably, Pex14p was isolated in similar amounts from cells expressing Pex14pTPA wild-type or the mutant variants (Figure 4A, lanes 6–8) and equal amounts of Pex17p, Pex5p, and Pex7p were present in the respective Pex14p complexes. Only Pex13p appears to be less abundant in both the Pex14p-S266A and the -S266D mutant complex compared to the wild-type.
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FIGURE 4. Composition of Pex14p-containing complexes. (A) S. cerevisiae control cells and cells with genomic integration of Pex14pTPA wild-type and S266A and S266D phosphosite mutants were grown in oleic acid-containing medium for 16 h. Membrane protein complexes were solubilized from total cellular membranes using 1% (w/v) digitonin. Equal amounts of these protein mixtures containing either TPA-tagged Pex14p proteins or non-tagged Pex14p as control for unspecific binding were subjected to affinity chromatography with IgG-coupled Sepharose. Proteins were eluted by TEV protease cleavage. Proteins of the solubilized membrane fractions (load; 0.1% of total) and the eluate fractions (5% of total) were separated by SDS-PAGE followed by immunoblotting using the indicated antibodies. The arrowhead points to phosphorylated forms of Pex14p. Ctrl, control; WT, wild-type. (B) Eluates of the experiment shown in (A) and a second replicate were analyzed by LC-MS. Shown are mean iBAQ intensities and the standard deviation across both replicates. iBAQ intensities were normalized to the sum of all proteins identified in the respective LC-MS run and the values for Pex14p were set to 100%. iBAQ, intensity-based absolute quantification. (C,D) Interactions between distinct Pex14p variants and individual proteins required for peroxisomal protein import were analyzed using yeast two hybrid methods. Proteins were fused to either the binding or activation domain (BD, AD) of GAL4. The indicated plasmid combinations were co-transformed into the yeast two hybrid strain PCY2pex14Δ. Double transformants expressing the indicated combinations of Gal4p fusion proteins were (C) subjected to ß-galactosidase filter assay or (D) lysed and subjected to a liquid ß-galactosidase assay. The ß-galactosidase activity shown is the average of triplicate measurements for three independent transformants harboring each set of plasmids. Error bars denote standard error of the mean.


To obtain a more comprehensive picture of components of the peroxisomal import machineries that are associated with Pex14p complexes, the experiment was repeated and the eluates of both replicates were analyzed by high resolution LC-MS. This allowed for (i) the identification of a larger set of peroxisomal proteins associated with Pex14p, which for immunoblot analyses is limited by the availability of suitable antibodies, and (ii) the relative quantification of proteins in the Pex14p complexes (Figure 4B and Supplementary Table S5). In addition to the proteins detected by immunoblotting (Figure 4A), we identified in the eluates of Pex14pTPA wild-type, -S266A and -266D affinity purifications all proteins that have previously been reported to form a Pex14p core complex: the RING finger complex (Pex2p, Pex10p, and Pex12p), the intraperoxisomal Pex8p, the dynein light chain protein Dyn2p, and Pex11p (Agne et al., 2003; Oeljeklaus et al., 2012; Chan et al., 2016) as well as the PTS2 co-receptor Pex18p, which together with Pex14p and Pex17p forms the peroxisomal PTS2 pore (Montilla-Martinez et al., 2015). However, significant differences in the abundance of individual peroxisomal proteins between the Pex14p variants were not observed, except for Pex17p, which appears to be slightly less abundant in Pex14pTPA-S266D complexes (Figure 4B and Supplementary Table S5). In sum, our data indicate that the phosphomimicking S266D mutation leads to slightly reduced levels of both Pex13p and Pex17p in Pex14p complexes at steady-state levels, which in the Pex14p-S266A mutant is only observed for Pex13p.

We next addressed the question if direct interactions between the Pex14p phosphosite mutants and its partner proteins in the docking complex as well as Pex5p are altered. Using yeast two-hybrid (Y2H) filter assays, we show that the Pex14p-S266A/D mutants interact with the PTS1 receptor Pex5p at wild-type level (Figure 4C, top), whereas the interaction of both the Pex14p-S266A and the -S266D mutant with Pex17p was considerably decreased (Figure 4C, bottom). For Pex13p, we could not detect binding to any of the Pex14p variants (data not shown). The results of the filter assays were quantified by liquid Y2H assay (Figure 4D), which confirmed the reduced interaction of both Pex14p mutants with Pex17p. The Pex14p-S266A mutant further showed a deficiency in Pex14p self-association in the liquid Y2H assay (Figure 4D), an effect that does not result from varying expression levels of the different Pex14p variants (data not shown). Distinct from this, the Pex14p-S266D mutant exhibited a strongly reduced association to Pex13p, which was not observed for Pex14p-S266A (Figure 4D).

Taken together, our protein interaction data suggest that impaired growth and peroxisomal import of GFP-SKL may be a consequence of a reduction in the association of the phosphomimicking Pex14p-S266D mutant to its partner proteins Pex13p and Pex17p.



The Pex14pTPA-266D Mutant Affects the Subcellular Distribution of Peroxisomal Citrate Synthase

The decreased peroxisomal import that we observed for the Pex14pTPA-S266D mutant was revealed using the artificial cargo protein GFP-SKL. To view a more physiological situation, we analyzed the effect of Pex14p phosphosite mutants on the import of individual peroxisomal matrix proteins. To this end, we generated yeast strains each expressing either Pex14pTPA wild-type, the S266D or S266A variant from its native locus, a selected peroxisomal matrix protein N-terminally tagged with GFP, and Pex3p-mCherry as peroxisomal marker protein. GFP-tagged proteins were expressed under the control of a constitutive SpNOP1 promoter to facilitate the detection of low abundance proteins and proteins that are only expressed under specific conditions (Yifrach et al., 2016; Yofe et al., 2016; Dahan et al., 2017). The correct targeting of GFP-tagged peroxisomal proteins including matrix proteins with an N-terminal PTS2 to peroxisomes has been shown before (Yofe et al., 2016). Cells were grown in glucose-containing medium and analyzed by fluorescence microscopy using a high-content screening platform (Breker et al., 2013). The subcellular localization of 23 peroxisomal matrix proteins that are imported into peroxisomes via different import pathways (e.g., PTS1 or PTS2 pathway, piggyback import) was assessed manually. Our analysis revealed that the cellular distribution of the majority of these proteins remained unaltered in the Pex14pTPA-S266 mutants (Figure 5A and Supplementary Figure S4). In contrast, we noticed differences in the localization of GFP-Aat2p, an aspartate aminotransferase (Figure 5B), and GFP-Cit2p, the peroxisomal isoform of citrate synthase involved in the glyoxylate cycle (Figure 5C). In Pex14TPA wild-type cells, GFP-Aat2p is localized to peroxisomes as indicated by a punctate pattern that is congruent to the red fluorescence pattern of Pex3p-mCherry. In addition, weak cytosolic fluorescence is seen, which is much stronger in the Pex14p-266A and the -266D mutant (Figure 5B). However, both the non-phosphorylatable and the phosphomimicking Pex14pTPA mutant show the same phenotype, suggesting that the observed effect does not depend on Pex14p phosphorylation at S266.
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FIGURE 5. The phosphomimicking Pex14p-S266D mutant affects peroxisomal import of Cit2p. (A–C) The subcellular distribution of GFP-tagged peroxisomal matrix proteins was analyzed by fluorescence microscopy in strains expressing Pex14pTPA wild-type (WT), the -S266A or -S266D mutant and Pex3p-mCherry as peroxisomal marker protein. GFP-tagged proteins were expressed under control of the constitutive SpNop1 promoter and cells were grown in glucose-containing medium. Shown are representative images for GFP-Mdh3p (A), GFP-Aat2p (B), and GFP-Cit2p (C). See also Supplementary Figure S4. Scale bars, 5 μm. (D) Cells expressing the different Pex14pTPA variants and GFP-Cit2p under control of the native promoter (“seamless”) were grown in oleic acid medium as described in Figure 2A and analyzed by fluorescence microscopy 16 h after the shift. pex14Δ cells serve as control for a defect in peroxisomal matrix protein import. Scale bar, 5 μm. (E) Quantification of the cytosolic fluorescence in Pex14pTPA wild-type, -S266A and -S266D cells grown in oleic acid as exemplarily shown in (D). p-values were determined using the Welch’s test (n = 73 for WT, n = 69 for S266A, n = 174 for S266D). (F) Seamless GFP-Cit2p cells expressing Pex14pTPA variants as indicated or lacking PEX14 were grown in oleic acid and used to prepare post-nuclear supernatants (PNS), which were subsequently separated into a supernatant (S, cytosolic fraction) and an organellar pellet (OP). Equal portions of PNS, S, and OP fractions were analyzed by immunoblotting using antibodies recognizing the indicated proteins. Numbers below immunoblot signals indicate relative signal intensities normalized to the signal detected in the corresponding PNS.


In accordance with a dual localization of Cit2p in peroxisomes and the cytosol (Nakatsukasa et al., 2015), GFP-Cit2p accumulates in peroxisomal puncta and shows a substantial cytosolic distribution in Pex14pTPA wild-type and -S266A cells (Figure 5C). The same staining pattern is also observed for Pex14pTPA-S266D cells, but with an increased fluorescence signal in the cytosol. This indicates that phosphorylation of Pex14p at S266 exerts an adverse effect on the peroxisomal import of GFP-Cit2p under the experimental conditions employed here.

Cit2p catalyzes the first reaction of the glyoxylate cycle, which is required for the production of carbohydrates when yeast cells are grown on non-fermentative carbon sources such as acetate or fatty acids. Since in the fluorescence microcopy screen GFP-Cit2p was expressed under the control of the constitutive SpNOP1 promoter and cells were grown in glucose, which promotes fermentative cell growth in S. cerevisiae, we next analyzed the subcellular localization of GFP-Cit2p expressed under regulation of its native promoter in cells grown in oleic acid. Fluorescence microscopy analysis of seamless GFP-Cit2p cells (Yofe et al., 2016) expressing the different Pex14pTPA variants confirmed the results of the initial screen for oleic acid-grown cells: irrespective of the Pex14pTPA variant, seamless GFP-Cit2p-expressing cells show a punctate staining pattern and diffuse cytosolic fluorescence, which is much stronger in Pex14pTPA-S266D cells (Figure 5D). Quantification revealed a significantly higher cytosolic fluorescence in Pex14pTPA-S266D cells compared to wild-type and -S266A cells, which was not the case between Pex14pTPA wild-type and -S266A mutant cells (Figure 5E). This effect was not a result of different GFP-Cit2p or Pex14pTPA expression levels (Supplementary Figure S5A). Consistent with the data obtained in the initial screen, the subcellular distribution of GFP-Mdh3p, a known PTS1 protein, remained unaltered (Supplementary Figures S5B,C).

To corroborate our fluorescence microscopy data, we analyzed the subcellular distribution of GFP-Cit2p in Pex14pTPA wild-type, -S266D and -S266A cells in sedimentation assays. Post-nuclear supernatants of cells grown in oleic acid were separated into a cytosolic fraction and an organellar pellet by centrifugation through a sucrose layer. Fractions were analyzed for the presence of GFP-Cit2p, Pex14pTPA as well as peroxisomal, mitochondrial and cytosolic marker proteins by immunoblotting (Figure 5F). The detection of the cytosolic marker protein 3-phosphoglycerate kinase (Pgk1p) in the soluble fraction of all strains (lanes 2, 8, and 11) and mitochondrial porin (Por1p) detection exclusively in the organellar pellets (lanes 3, 9, and 12) confirm proper cell fractionation. Pex14pTPA was consistently present only in the post-nuclear supernatant and the organellar pellet, demonstrating that all three Pex14pTPA variants are effectively targeted to peroxisomes without any observable mislocalization to the cytosol. Consistent with a peroxisomal localization and our fluorescence microscopy data, Cta1p and Pcs60p, two PTS1 proteins, were almost entirely present in the organellar pellet with only very minor amounts detected in the cytosolic fraction, irrespective of the Pex14pTPA variant expressed (Supplementary Figure S4 and Figure 5F). In pex14Δ cells, which served as control, these peroxisomal matrix proteins were mislocalized to the cytosol (lane 5). Our immunoblot data further confirm the dual localization of GFP-Cit2p: in Pex14pTPA wild-type and -S266A cells, GFP-Cit2p was roughly equally split between cytosolic and organellar fraction (lanes 2/3, 8/9). However, in Pex14pTPA-S266D cells, GFP-Cit2p was clearly shifted to the cytosolic fraction along with a strong reduction in the organellar pellet fraction (lanes 11/12), which is consistent with the fluorescence microscopy data (Figures 5D,E). Quantification of immunoblot signal intensities for GFP-Cit2p, Pex14pTPA, and Cta1p further corroborates our observation of a reduced peroxisomal import of GFP-Cit2p in the Pex14pTPA-S266D mutant.

In conclusion, our data point to a mechanism that controls the peroxisomal import of Cit2p via the state of Pex14p-S266 phosphorylation.



CIT2 Overexpression Rescues the Growth Defect of Pex14pTPA-S266D Cells in Oleic Acid

Cit2p catalyzes the condensation of acetyl-CoA with oxaloacetate to form citrate. When S. cerevisiae is grown in oleic acid-containing medium, the fatty acid is degraded via the β-oxidation pathway in peroxisomes and its end product acetyl-CoA is fed into the glyoxylate cycle, which requires Cit2p activity in peroxisomes. An alternative carbon source that can be utilized by S. cerevisiae is ethanol, which is converted to acetyl-CoA via a series of reactions in the cytosol and fed into the glyoxylate cycle (Turcotte et al., 2010). Analysis of the growth of the Pex14p-S266 phosphosite mutants in ethanol revealed that, in contrast to growth in oleic acid, the Pex14pTPA-S266D mutant grew like wild-type cells, whereas the Pex14pTPA-S266A mutant was significantly impaired in growth (Supplementary Figure S6). Thus, Pex14pTPA-S266D cells, in which Cit2p is retained in the cytosol, have a clear advantage over Pex14pTPA-S266A cells under ethanol growth conditions. These findings indicate that a sufficient level of Cit2p at the site of acetyl-CoA production is an important factor for effective growth of S. cerevisiae. We therefore reasoned that the impaired growth observed for Pex14pTPA-S266D cells in oleic acid (Figure 3B) is a consequence of reduced levels of peroxisomal Cit2p (Figure 5F) and that an increase in cellular Cit2p levels in this mutant may likely rescue the growth defect observed for the Pex14pTPA-S266D mutant in oleic acid (Figure 3B). To test this, we introduced plasmid-borne Cit2p, expressed under control of the TEF2 promoter for overexpression (Yofe et al., 2016), into Pex14pTPA wild-type, -S266A, -S266A, and pex14Δ (control) cells. Overexpression of CIT2 from the plasmid on the background of endogenous Cit2p resulted in ∼4.7-fold higher levels of Cit2p in these cells compared to wild-type cells (Supplementary Figure S7). We monitored the growth of Cit2p-overexpressing cells in oleic acid medium and observed comparable growth of these strains including the Pex14pTPA-S266D mutant in oleic acid (Figure 6), demonstrating that the growth defect of Pex14pTPA-S266D cells can indeed be rescued by increased Cit2 levels.
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FIGURE 6. Overexpression of CIT2 reverses the growth defect of Pex14pTPA-S266D cells in oleic acid medium. Pex14pTPA wild-type, -S266A, -S266D, or pex14Δ (control) cells, transformed with a plasmid for CIT2 overexpression, were cultured and analyzed as described in Figures 2A, 3B. Error bars indicate standard deviation (n = 3). Slight differences in growth between Pex14pTPA wild-type, -S266A and -S266D cells were not statistically significant (p-value of 0.192 for the comparison of Pex14p wild-type and -S266D, determined using a paired two-sided t-test).


In summary, our data indicate that the growth of S. cerevisiae in oleic acid and ethanol depends on the availability of sufficient amounts of Cit2p at the cellular location of acetyl-CoA generation and that Pex14p-S266 phosphorylation is a mechanism to adjust the subcellular distribution of Cit2p.



DISCUSSION

Pex14p is essential for peroxisomal matrix protein import. Together with Pex13p, and Pex17p in yeast, it forms the peroxisomal receptor docking complex (Agne et al., 2003). In addition, Pex14p is part of both the PTS1 and the PTS2 import pore (Meinecke et al., 2010; Montilla-Martinez et al., 2015). While the key players of the peroxisomal matrix protein import machinery in yeast have been identified (Walter and Erdmann, 2019), the molecular mechanisms controlling this process and the proteins involved are still largely unknown. Here, we established an in vivo phosphorylation map of Pex14p of S. cerevisiae comprising 16 phosphosites that are mainly localized in the Pex5p- and Pex7p-binding regions of Pex14p (Figure 1C). Of note, the phosphorylatable residues S15, S65, and S266 are conserved in human, mouse, and rat.

Phosphorylation of Pex14p has also been reported for the methylotrophic yeasts Hansenula polymorpha (Komori et al., 1999; Komori and Veenhuis, 2000; Tanaka et al., 2013) and Pichia pastoris (Johnson et al., 2001; Farré et al., 2008). HpPex14p phosphorylation has been discussed to be involved in pexophagy. However, direct experimental evidence supporting this assumption is still missing (de Vries et al., 2006). Exchange of a threonine and serine residue in HpPex14p, known to be phosphorylated in vivo, against non-phosphorylatable alanine had no effect on pexophagy or peroxisomal protein import under the experimental conditions chosen (Tanaka et al., 2013). In S. cerevisiae, however, Pex14p is not involved in pexophagy (Motley et al., 2012b), instead, Pex3p is the key molecule for the degradation of peroxisomes (Motley et al., 2012a,b).

To gain insight into the functional role of Pex14p phosphorylation of baker’s yeast, we generated yeast cells expressing phosphomimicking and non-phosphorylatable mutants of all 16 phosphosites. For the phosphomimicking Pex14p-16D mutant, we observed a growth defect and impaired import of GFP-SKL into peroxisomes (Figure 2), which points to a role of Pex14p phosphorylation in modulating the import of peroxisomal matrix proteins. However, we cannot rule out that the simultaneous exchange of 16 serine/threonine residues to aspartate, which is associated with the introduction of additional negative charges in particular in the C-terminus of the protein, has adverse effects on the properties of Pex14p interfering with efficient matrix protein import and, consequently, growth in oleic acid.

To exclude such an effect, we analyzed single mutants of all 16 phosphosites identified in Pex14p of S. cerevisiae. It turned out that phosphorylation at S266 plays a crucial role in matrix protein import, as cells expressing phosphomimetic Pex14pTPA-S266D display reduced import for GFP-SKL and impaired growth in oleic acid (Figure 3). However, the decrease in growth was more pronounced for the Pex14p-16D mutant (Figure 2A), most likely in consequence of charge-induced alterations in the protein structure or its ability to form intra- or intermolecular protein interactions as discussed above. Thus, the 16D variant of Pex14p is most likely more compromised in its overall function(s) than the Pex14p single site mutant S266D, which provides a reasonable explanation for the differences in the growth defect (Figures 2A, 3B).

Wild-type Pex14p is known to interact with the membrane proteins Pex13p and Pex17p as well as the PTS1-receptor Pex5p (Albertini et al., 1997; Huhse et al., 1998). In line with this finding, the S266D mutant of Pex14p is still able to form the receptor-docking complex and to associate with Pex5p. However, while Pex5p-binding of both Pex14p-S266A and -S266D is not impaired, both variants display reduced binding of Pex17p (Figure 4). But why is there just an import defect seen for the Pex14p-S266D mutant? The molecular reason behind this may be an additional reduced binding capacity of this Pex14p variant to Pex13p. While the Pex14p-S266A mutant interacts with this docking complex constituent like wild-type Pex14p, binding of Pex13p is reduced to < 50% of wild-type levels for the Pex14p-S266D mutant (Figure 4D). It is known that Pex14p interacts with the SH3 domain of Pex13p via a P-x-x-P motif in its N-terminus (amino acid residues 87–92, Girzalsky et al., 1999; Figure 1C). Mutation of the proline residues in this motif to alanine abolishes the interaction with the Pex13p-SH3 domain. However, the Pex14p A-x-x-A mutant is still able to bind to Pex13p, pointing to the existence of alternative Pex13p-Pex14p binding sites (Schell-Steven et al., 2005). For Pex13p, a second Pex14p binding site has been identified (Schell-Steven et al., 2005; Williams and Distel, 2006), but a second binding site for Pex13p in Pex14p has not yet been reported. Thus, it is tempting to speculate that S266 may be part of this potential second Pex13p interaction site and that the Pex14p-Pex13p association at this site may be modulated via the state of S266 phosphorylation.

Taken together, our protein interaction data suggest that the combined effect of reduced association with both Pex13p and Pex17p causes the observed reduced peroxisomal import of GFP-SKL in cells expressing Pex14p-S266D. This is in agreement with the function of the Pex13p/Pex14p subcomplex as docking platform for receptor-cargo complexes (Elgersma et al., 1996; Erdmann and Blobel, 1996; Gould et al., 1996) and the proposed role of Pex17p to increase the efficiency of the docking event (Chan et al., 2016).

Most interestingly, among 23 native matrix proteins tested, GFP-Cit2p was the only protein that displayed an altered cellular distribution depending on the Pex14pTPA-S266 phosphosite mutant, exhibiting an increased cytosolic localization in the phosphomimicking Pex14pTPA-S266D mutant (Figures 5A–C and Supplementary Figure S4). This effect was most evident in cells expressing GFP-Cit2p at endogenous Cit2p levels grown in oleic acid medium (Figure 5D), a metabolic condition that requires the activity of the glyoxylate cycle for the production of essential carbohydrates (Kunze et al., 2006). Cit2p catalyzes the condensation of acetyl-CoA with oxaloacetate to form citrate. Subsequent reactions of the glyoxylate cycle comprise the isomerization of citrate to isocitrate, cleavage of isocitrate to succinate (the product of the glyoxylate, serving as precursor for carbohydrates via gluconeogenesis) and glyoxylate, condensation of glyoxylate and acetyl-CoA yielding malate, and oxidation of malate to oxaloacetate, required to maintain metabolic flux through the glyoxylate cycle. In S. cerevisiae, the reactions are partitioned between peroxisomes and the cytosol (Minard and McAlister-Henn, 1991; Chaves et al., 1997; Kunze et al., 2002; Regev-Rudzki et al., 2005). Cit2p has been shown to be active in both compartments (Lee et al., 2011; Nakatsukasa et al., 2015). Cellular abundance of Cit2p is controlled on both transcriptional and post-translational level. Expression of the CIT2 gene is controlled via the retrograde response pathway, which mediates communication from mitochondria to the nucleus in response to mitochondrial integrity and metabolic needs of the cell (Liao et al., 1991; Liu and Butow, 2006). Post-translationally, Cit2p is ubiquitinated by the SCF-Ucc1p ubiquitin ligase complexes and proteasomally degraded in glucose-grown cells, when the activity of the glyoxylate cycle is not required. In contrast, in cells grown on the acetyl-CoA precursor acetate, UCC1 expression is downregulated, which prevents Cit2p degradation, and, thus, the glyoxylate cycle is active (Nakatsukasa et al., 2015). The docking complex at the peroxisomal membrane makes for an excellent checkpoint to control the import of matrix proteins via its central component Pex14p. Here, we propose that phosphorylation of Pex14p at S266 controls the distribution of Cit2p between peroxisomes and the cytosol by reducing the efficiency of its import into peroxisomes to adjust Cit2p localization to the location of acetyl-CoA production: Cit2p is shifted to peroxisomes when acetyl-CoA is generated from oleic acid via fatty acid β-oxidation and to the cytosol when acetyl-CoA is generated from ethanol in the cytosol. This adds a further level of Cit2p regulation. In line with this, the Pex14p-S266D mutant showed a growth advantage over the Pex14p-S266A mutant when cells were cultured with ethanol (Figure 6), whereas the opposite growth behavior was observed in oleic acid (Figure 2B). Moreover, wild-type-like growth of Pex14p-S266D cells in oleic acid was restored by overexpressing the CIT2 gene (Figure 6), indicating that the availability of Cit2p needs to be tuned to the site of acetyl-CoA generation.

From the mechanistic point of view, it is striking that the peroxisomal import of only a single protein is affected in the Pex14p-S266D mutant, while the majority of peroxisomal matrix proteins are imported like in wild-type cells. Future studies will be directed at deciphering the molecular details underlying this regulatory mechanism. However, considering that S266 is located within the Pex5p-binding region of Pex14p, it is conceivable that the affinity of Cit2p-loaded Pex5p to Pex14p-S266D at the peroxisomal membrane is reduced. Cargo proteins differ in many characteristics (e.g., mass, shape/structure), and some proteins are even imported as oligomers, which has an impact on the overall structure of Pex5p-cargo complexes with different structures for different cargoes. As a consequence, Pex5p-cargo complexes may differ in their binding affinity to Pex14p in the peroxisomal docking complex, which in the Pex14p-S266D mutant may be more reduced for the Pex5p-Cit2p complex than for other Pex5p-cargo complexes. Moreover, it has been shown that peroxisomal targeting sequences differ in strength. Pex5p-cargo formation does not only rely on the C-terminal PTS1 tripeptide of the cargo protein but also on adjacent amino acid residues, with arginine at position -2 and arginine or lysine at -1 favoring binding of the extended PTS1 to Pex5p in S. cerevisiae (Lametschwandtner et al., 1998). The extended PTS1 of Cit2p features isoleucine at -2 and glutamic acid at -1 (ELVKNIE-SKL), which points to a weaker PTS1. Although this remains speculative, combined with a potentially reduced binding of the Pex5p-Cit2p complex to Pex14p-S266D, weaker binding of Cit2p to Pex5p in a context of other cargo proteins competing for Pex5p may result in a reduced efficiency of Cit2p translocation into the peroxisome. Furthermore, since Pex14p is part of the dynamic import pore, it may directly contribute to cargo translocation, which may be regulated by phosphorylation in a cargo-specific manner.

To conclude, we propose that the phosphorylation-mediated modulation of Cit2p import represents a mechanism that participates in fine-tuning the carbohydrate metabolism according to the nutritional demands of the cell. Taking our observations to a higher level, we envision that the finding that phosphorylation of a single residue in a peroxisomal biogenesis factor, such as Pex14p-S266 in our study, affects peroxisomal import of a specific protein is an intriguing new concept for the modulation and precise regulation of metabolic processes in a cell.
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Peroxisome is an intracellular organelle that functions in essential metabolic pathways including β-oxidation of very-long-chain fatty acids and biosynthesis of plasmalogens. Peroxisome biogenesis disorders (PBDs) manifest severe dysfunction in multiple organs including central nervous system (CNS), whilst the pathogenic mechanisms are largely unknown. We recently reported that peroxisome-deficient neural cells secrete an increased level of brain-derived neurotrophic factor (BDNF), resulting in the cerebellar malformation. Peroxisomal functions in adulthood brain have been little investigated. To induce the peroxisome deficiency in adulthood brain, we here established tamoxifen-inducible conditional Pex2-knockout mouse. Peroxisome deficiency in the conditional Pex2-knockout adult mouse brain induces the upregulated expression of BDNF and its inactive receptor TrkB-T1 in hippocampus, which notably results in memory disturbance. Our results suggest that peroxisome deficiency gives rise to the dysfunction of hippocampal circuit via the impaired BDNF signaling.
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INTRODUCTION

Peroxisome is an essential subcellular organelle that plays a pivotal role in multiple metabolic pathways, including biosynthesis of ether-phospholipids, β-oxidation of very-long-chain fatty acids (VLCFA), and α-oxidation of branched-chain fatty acids (Wanders and Waterham, 2006). Peroxisomal metabolisms are physiologically consequent as demonstrated by severe pathogenic phenotypes in peroxisome biogenesis disorders (PBDs). PBDs are associated with mutations in PEX genes encoding peroxisome biogenesis factors, termed peroxins (Pex). Molecular mechanisms of peroxisome biogenesis have been investigated by several approaches including functional analyses of Pex proteins. Pex2 is a peroxisomal membrane protein containing RING (really interesting new gene) zinc finger at the C-terminal part (Tsukamoto et al., 1991; Fujiki et al., 2006). Pex2 and other peroxisomal RING proteins, Pex10 and Pex12, form RING protein translocation complexes (Miyata and Fujiki, 2005; Okumoto et al., 2014) functioning as the E3 ubiquitin ligase for Pex5, the receptor for the proteins harboring peroxisomal targeting signals (PTS) (Fujiki et al., 2006). Mono-ubiquitination of Pex5 at Cys11 is required for the export of Pex5 mediated by the AAA ATPases, Pex1, and Pex6 (Miyata and Fujiki, 2005; Grou et al., 2009; Okumoto et al., 2011). Deficiency of Pex2 results in typical import defects of peroxisomal matrix proteins (Tsukamoto et al., 1991; Shimozawa et al., 1992).

Patients with Zellweger syndrome (ZS), the most severe PBDs, display malformation of central nervous system (CNS) such as disturbance of cortical laminar structure, dysmorphology of Purkinje cells, and dysplasia of inferior olivary nucleus (Volpe and Adams, 1972; de León et al., 1977; Evrard et al., 1978; Steinberg et al., 2006). To date, several Pex gene-defective ZS model mice have been generated, showing abnormal development of CNS as observed in ZS patients (Baes et al., 1997; Faust and Hatten, 1997; Maxwell et al., 2003; Abe et al., 2018). Using these ZS model mice, pathological mechanisms underlying PBDs have been studied. We recently reported that Pex14ΔC/ΔC mouse, a ZS model mouse, upregulates brain-derived neurotrophic factor (BDNF) in the inferior olivary nucleus and elevates an inactive truncated form of its receptor, TrkB-T1, in cerebellum (Abe et al., 2018). A combination of the elevated BDNF and the prominent expression of TrkB-T1 in the Pex14ΔC/ΔC mouse gives rise to abnormal morphogenesis of Purkinje cells (Abe et al., 2018). We also showed that cytosolically mislocalized catalase in peroxisome-deficient cells induces the cytosolic reductive state, resulting in the elevation of BDNF (Abe et al., 2020). Taken together, the impairment of BDNF-TrkB signaling pathway might play a causative role in the abnormal CNS development of PBDs. To elucidate peroxisomal functions in the CNS development, CNS-specific Pex-knockout mice have also been generated (Hulshagen et al., 2008; Müller et al., 2011). CNS-specific Pex-knockout mice demonstrate that peroxisomes in the CNS are essential for the brain development (Krysko et al., 2007; Hulshagen et al., 2008; Müller et al., 2011; Bottelbergs et al., 2012; Rahim et al., 2018). On the other hand, the functions of peroxisomes in the CNS of adult mouse remain largely unknown. The cells aged by replicative senescence are reported to induce the mislocalization of catalase in the cytosol (Legakis et al., 2002; Koepke et al., 2007), suggesting that the aging attenuates peroxisomal biogenesis. Therefore, it is important to unravel the effect of peroxisome deficiency on the functions of adult CNS.

A number of studies reported that BDNF-TrkB signaling in the adult brain is involved in various neural functions such as synaptic plasticity, memory, and neurogenesis (Park and Poo, 2013). Peroxisome deficiency attenuates BDNF signaling, resulting in the malformation of neonatal cerebellum of Pex14ΔC/ΔC mouse at early stages after birth (Abe et al., 2018). In the present study, as a step to investigating the peroxisomal functions in adulthood, we generated tamoxifen-inducible conditional Pex2-knockout mouse. Administration of tamoxifen induced the knockout of Pex2 gene in a whole body as initially assessed in liver, resulting in the defect of peroxisome biogenesis. We analyzed the CNS of conditional Pex2-knockout mouse, especially in the hippocampus. Adult mutant mice showed that deficiency of peroxisome biogenesis dysregulates BDNF and TrkB-T1 expressions in hippocampus. Moreover, behavioral experiments revealed that the mutant mouse showed the memory disturbance. Therefore, these results suggest that the peroxisomal function is essential for maintaining the neural integrity in the hippocampus of adult mice.



MATERIALS AND METHODS


Generation of Transgenic Mice

Pex2flox/flox mice with a floxed exon 7 of Pex2 gene were generated in Unitech (Kanagawa, Japan). Briefly, genomic DNA corresponding to Pex2 locus was isolated from bacterial artificial clone (ID: RP23-184F21) containing C57BL/6 genomic DNA. FRT-Neo-FRT-loxP (FNFL) cassette and a loxP site were engineered into flanking exon 7 of Pex2 gene. The gene targeting vector was as follows: a 2.8-kb short homology arm (11,001–13,800), FNFL cassette, floxed sequence containing exon 7 (13,801–16,607), loxP, and 5.6 kb long homology arm (16,608–22,252) into a vector pBS-DTA carrying the diphtheria toxin A chain (DTA) (Unitech). The replacement vector was linearized by SacII site and electroporated into C57BL/6J embryonic stem (ES) cells that were cultured on G418-resistant mouse embryonic fibroblasts. The resistant colonies were picked up and screened for homologous recombination by Southern blot analysis. Targeted ES cells were injected into C57BL/6 blastocysts to produce chimeric mice. The Neo cassette was then removed in vivo by using flp/FRT recombination by crossing Neo-positive offspring from chimeric breeding with transgenic flp deleter mice. To generate conditional Pex2-knockout mice, Pex2flox/flox mice were crossed with Cre-ER transgenic mice [B6.Cg-Tg(CAG-cre/Esr1∗)5Amc/J] (Hayashi and McMahon, 2002) obtained from Jackson Laboratory. Heterozygous floxed Pex2 offspring with Cre-ER (Pex2flox/flox/Cre-ER+/–) were backcrossed to Pex2flox/flox mice. Homozygous floxed Pex2 littermates with Cre-ER (Pex2flox/flox/Cre-ER+/–) and homozygous floxed Pex2 littermates lacking Cre-ER (Pex2flox/flox) were used as conditional Pex2-knockout mice and control mice, respectively. PCR analysis of tail-biopsy genomic DNA was performed using primers 2F (5′-GACTTCTGAGGCACTCATACCTAAC-3′), 2R (5′-ATTGTGAGTTTCAGCATTTCTATGG-3′) to amplify 277 and 435 bp fragments specific for the wild-type allele and targeted allele, respectively. Primers 2F and 2R2 (5′-GACTTCTGAGGCACTCATACCTAAC-3′) were used to amplify 620 bp fragment specific for the disrupted Pex2 allele. CreF (5′-CGCGATTATCTTCTATATCTTCAGG-3′) and CreR (5′-AGGTAGTTATTCGGATCATCAGCTA-3′) were for 500 bp fragment specific for the Cre gene.



Induction of Recombination With Tamoxifen

Tamoxifen (Sigma) dissolved at 20 mg/ml in corn oil (Sigma) was orally administrated (10 mg/40 g of body weight) for 5 consecutive days (Hayashi and McMahon, 2002). Two weeks after the last injection, these mice were used for behavioral experiments as described below. Four weeks after the last administration, mouse tissues including brain and liver were excised and homogenized for genotyping, protein analysis, and lipid extraction. Wild-type, Pex2flox/flox/Cre-ER–/–, and Pex2flox/+/Cre-ER+/– mice were used as control mice.



Contextual Fear Conditioning Test

Apparatus for conditioning and context test consisted of an acrylic square chamber (33 cm × 25 cm × 28 cm) with metal grids (0.2 cm diameter, spaced 0.5 cm apart) covered by white acrylic lid (Udo et al., 2008). Grids were wired to a shock generator to deliver an electric foot-shock as the unconditioned stimulus. On training day, male control and male mutant mice were allowed to freely explore the chamber for 4 min to assess motor function, followed by a 0.2 mA foot-shock. On days 1 and 7, the mice were returned to the same conditioning chamber and freezing behavior was scored to measure contextually conditioned fear without foot-shock. Time spent for freezing and distance traveled were monitored using image J software. Conditioned stimuli (CS) were room and light. Equipment and apparatus were cleaned between trials with 70% ethanol.



Pex14ΔC/ΔC Mouse

Pex14ΔC/ΔC mouse on a C57BL/6 background was previously described (Abe et al., 2018). Heterozygous offspring (Pex14+/ΔC) were intercrossed to produce homozygous mutant animals. PCR analysis of tail biopsy genomic DNA was undertaken using primers P14F (5′-GTATAAATGTGGGAGTTTCCCTGG-3′) and P14R (5′-GTACTTGTGAACTCTGCTGGTAC-3′) to amplify a 599-bp fragment specific for the wild-type allele and primers P14F and KN52-2 (5′-GTGTTGGGTCGTTTGTTCGG-3′) to amplify a 169 bp fragment specific for the disrupted Pex14 gene.



Antibodies and Reagents

Mouse monoclonal antibodies to α-tubulin and nestin (Rat-401) were purchased from BD Biosciences (San Jose, CA) and Invitrogen (Carlsbad, CA), respectively. Mouse monoclonal antibody to 2′,3′-cyclic-nucleotide 3′-phosphodiesterase (CNPase) was from Sigma (St Louis, MO). Rabbit antibodies to BDNF (N-20) and TrkB (H-181) were from Santa Cruz Biotechnology (Texas, CA). We used rabbit antisera to PTS1 peptide (Otera et al., 1998), rat catalase (Tsukamoto et al., 1990), mouse alkyldihydroxyacetonephosphate synthase (ADAPS) (Honsho et al., 2008), C-terminal region of rat Pex2 (amino acid residues 226–305) (Harano et al., 1999), 3-ketoacyl-CoA thiolase (Tsukamoto et al., 1990), acyl-CoA oxidase (AOx) (Tsukamoto et al., 1990), and sterol carrier protein x (SCPx) (Otera et al., 2001). Guinea pig anti-Pex14 antiserum (Itoh and Fujiki, 2006) was also used.



Lipid Extraction

Total cellular lipids were extracted by the Bligh and Dyer method (Bligh and Dyer, 1959). Briefly, tissue lysates containing 50 μg of total cellular proteins were dissolved in methanol/chloroform/water at 2:1:0.8 (v/v/v) and then 50 pmol of 1-heptadecanoyl-sn-glycero-3-phosphocholine (LPC, Avanti Polar Lipids, Alabaster, AL), 1, 2-didodecanoyl-sn-glycero-3-phosphocholine (DDPC, Avanti Polar Lipids), and 1, 2-didodecanoyl-sn-glycero-3-phosphoethanolamine (DDPE, Avanti Polar Lipids) were added as internal standards. After incubation for 5 min at room temperature, 1 ml each of water and chloroform was added and the samples were then centrifuged at 2,000 rpm for 5 min in Himac CF-16RX (Hitachi Koki, Tokyo, Japan) to collect the lower organic phase. To re-extract lipids from the water phase, 1 ml chloroform was added. The combined organic phase was evaporated under a nitrogen stream and the extracted lipids were dissolved in methanol.



Liquid Chromatography Coupled With Tandem Mass Spectrometry (LC-MS/MS)

LC-MS/MS analysis of phospholipids was performed as described (Abe et al., 2014) using a 4000 Q-TRAP quadrupole linear ion trap hybrid mass spectrometer (AB Sciex, Foster City, CA) with an ACQUITY UPLC System (Waters, Milford, MA).



Real-Time RT-PCR

Total RNA was extracted from the tissues using TRIzol reagent (Invitrogen) and first-strand cDNA was synthesized with a PrimeScript RT reagent kit (Takara Bio, Shiga, Japan). Quantitative real-time RT-PCR was performed with SYBR Premix Ex Taq II (Takara Bio) using an Mx3000P QPCR system (Agilent Technologies, Santa Clara, CA). Several sets of primers used are listed in Supplementary Table S1.



Immunohistochemistry

Mice were deeply anesthetized with isoflurane and then decapitated. The mouse brains were fixed in 4% paraformaldehyde (PFA) in PBS, pH 7.4, for overnight at 4°C and were transferred to 30% sucrose in PBS for 2 days. The brains were embedded in the Tissue-Tek OCT compound (Sakura Finetek Japan, Tokyo, Japan) and subsequently frozen at −80°C. Cryosections were cut at a thickness of 20 μm using a cryostat Microm HM550-OMP (Thermo Fisher Scientific) and were then mounted on MAS-coated glass slides (Matsunami Glass, Osaka, Japan). The sections were permeabilized by ice-cold methanol, blocked by blocking buffer (10% BSA, 0.3% Triton X-100 in PBS) and were then incubated for overnight at 4°C with primary antibody diluted in blocking buffer. After washing with PBS, the sections were incubated with appropriate secondary antibody conjugated to Alexa 488 or 567; for marker staining of nuclei, the sections were incubated with Hoechst 33,242 in PBS for 2 min at room temperature, and then mounted with PermaFluor. For the staining of nestin, anti-nestin antibody was biotinylated by Biotin Labeling Kit (Dojindo, Kumamoto, Japan) according to the manufacturer’s instructions and visualized by FITC-streptavidin (Vector Laboratories Inc., Burlingame, CA). Images were obtained under a LSM710 with Axio Observer.Z1 (Carl Zeiss, Oberkochen, Germany) or AF 6000LX (LEICA, Wetzlar, Germany). Quantitative analysis was performed by Image J software (National Institutes of Health, Bethesda, MD). Quantification of colocalization in randomly selected cells (40∼50 cells) was performed by calculating Pearson’s correlation coefficient using ZEN 2012 software (Carl Zeiss).



Immunoblotting

Immunoblotting was performed as described (Honsho et al., 2015). Precision Plus Protein All Blue standards (BioRad, Hercules, CA) were used as molecular size markers. Immunoblots were developed with ECL prime reagent (GE healthcare) and detected by LAS-4000 Mini luminescent image analyzer (Fuji Film, Tokyo, Japan). The immunoreactive band intensities were quantified by Image Gauge software (Fuji Film).



Statistical Analysis

Statistical analysis was performed using R software1. All Student’s t-tests used were one-tailed. A P-value less than 0.05 was considered statistically significant.



Study Approval

The animal ethics committee of Kyushu University approved all animal experiments.




RESULTS


Generation of Tamoxifen-Inducible Conditional Pex2-Knockout Mouse

To investigate the effect of peroxisomal deficiency on the function of CNS in adult mouse, we generated a conditional Pex2-knockout mouse using tamoxifen-inducible Cre/loxP recombination system (Pex2flox/flox/Cre-ER+/–; Figure 1). Exon 7 of Pex2 gene containing the coding region of Pex2 protein was floxed with loxP sites (Figure 1A). Administration of tamoxifen gave rise to elimination of exon 7 from Pex2 gene (Figure 1B, lanes 5 and 6). At 2–3 weeks after the administration of tamoxifen, immunoblotting revealed that Pex2 protein level was partly but significantly decreased in conditional Pex2-knockout mouse hippocampus (Figure 2A, lane 2; Figure 2B). We analyzed the mutant mouse at a longer period of time post-tamoxifen administration and did not find any further reduction of Pex2 protein (data not shown). Therefore, we termed it Pex2-knockdown (KD) mouse. To assess the peroxisomal matrix protein import, we analyzed the proteolytic processing/conversion of peroxisomal matrix proteins including ADAPS, 3-ketoacyl-CoA thiolase, AOx, and SCPx. The precursors of these proteins including AOx-A chain were elevated in Pex2-KD mouse (Figure 2A, lane 2; Figure 2C). Apparently concomitant decrease of mature ADAPS, thiolase, and SCPx was discernible, while AOx B-chain level was not altered (Figure 2A, lane 2; Figure 2B), suggesting that peroxisomal matrix protein import was partially impaired. LC-MS/MS analysis revealed that the reduction of PlsEtn (Figure 2D) and accumulation of VLCFA in PC (Figure 2E), suggesting the attenuation of peroxisomal lipid metabolism. We also performed the immunofluorescent staining of hippocampal sections of Pex2-KD mouse using antibodies against peroxisomal matrix proteins. Some neurons showed that catalase was more discernible in the cytosol besides Pex14-positive enlarged peroxisome remnants, so called ghosts (Santos et al., 1988), thereby suggesting that catalase import was attenuated (Figure 3A, asterisks). Moreover, staining with antibodies against PTS1 (Figure 3B) showed defect of matrix PTS1-protein import in hippocampus of Pex2-KD mouse. Pex2-KD mouse also showed the reduced colocalization of a PTS2 protein ADAPS with Pex14 (Figure 3C). In both of the control and Pex2-KD mice, non-specific punctate structures were likely observed around nuclei, as previously reported (Abe et al., 2018). To evaluate the defect of peroxisomal matrix protein import, Pearson’s correlation coefficient was assessed for colocalization of matrix proteins including catalase, PTS1, and ADAPS with Pex14. Pearson’s correlation coefficients in three different stainings were significantly decreased in Pex2-KD mouse (Figures 3D–F). Taken together, in hippocampal neurons of Pex2-KD mouse, Pex2 is only partially depleted (Figure 2A), giving rise to mosaicked defects in peroxisome biogenesis (Figure 3A).
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FIGURE 1. Generation of conditional Pex2-knockout mouse. (A) Schematic representation of conditional knockout of Pex2 gene. Pex2 gene locus (top), targeting vector (second), targeted allele (third), floxed allele (forth), and the Pex2 exon 7-deleted allele (bottom) were illustrated. Selectable neomycin-resistance (Neo, red arrow) and diphtheria toxin A (DTA, purple arrow) cassettes were shown. Exon sequences were indicated by blue bars and boxes. The coding region of Pex2 protein was indicated by pink box in the exon 7. Primers 2F, 2R, and 2R2 (arrows) were used to assess genomic recombination. (B) Genotyping of brain and liver from adult control mouse (Pex2flox/flox/Cre-ER–/–) and conditional Pex2-knockout mouse (Pex2flox/flox/Cre-ER+/–). PCR products represented Cre-mediated-recombinant gene induced by tamoxifen treatment (620 bp, lane 5 and 6). M, DNA size-markers.
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FIGURE 2. Biochemical analysis of hippocampus of Pex2-KD mouse. (A) Expression levels of Pex2, ADAPS, thiolase, AOx, SCPx, and α-tubulin in hippocampus of control and Pex2-KD mice were analyzed by SDS-PAGE and immunoblotting. Precursor (p) and mature (m) forms of ADAPS, thiolase, and SCPx were as indicated. Conversion of AOx A-chain to B-chain was also assessed. (B) The amounts of Pex2 and mature peroxisomal matrix proteins were normalized by α-tubulin level and presented relative to those in control mice (n = 3). (C) The accumulated precursor proteins including AOx-A chain were shown as p/(p+m) ratio. n.d., not detectable. (D,E) Total amounts of plasmalogens (D) and VLCPC (E) in hippocampus of control and Pex2-KD mice were quantified by LC-MS/MS analysis (n = 4). Data indicate means ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, by Student’s t-test (B–E).
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FIGURE 3. Defect of peroxisomal import of catalase in Pex2-KD mouse. (A) Coronal hippocampus sections of control and Pex2-KD mice were stained with antibodies to catalase (green) and Pex14C (red). Merged views of these two different proteins were also shown (Merge). Asterisks indicate the cells with cytosolically diffused catalase. Scale bar, 10 μm. Higher magnification images of the boxed regions were shown (Inset). Scale bar, 5 μm. (B,C) Hippocampus sections were stained with antibodies against PTS1 (B, green), ADAPS (C, green), and Pex14p (B,C, red). Enlarged merged views were shown. Scale bar, 5 μm. (D–F) Pearson’s correlation coefficients for colocalization of catalase (D, n = 50), PTS1 (E, n = 50), and ADAPS (F, n = 40) with Pex14 were represented by a set of box plots and dot plots. **p < 0.01; ***p < 0.001, by Mann-Whitney U-test.




Memory Disturbance in Pex2-KD Mouse

Next, to investigate whether peroxisomal abnormality affects memory in Pex2-KD mice, contextual fear conditioning test was performed (Figure 4A). On the training day, control and Pex2-KD mice were placed in a conditioning box and then received an electric foot-shock as an unconditioned stimulus. On days 1 and 7, Pex2-KD mice were frozen, but significantly less than control mice (Figure 4B). However, there was no difference in the distance traveled (Figure 4C), suggesting no deficit in motor function of Pex2-KD mouse. Therefore, these results suggested that Pex2-KD mice manifest memory disturbance.
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FIGURE 4. Pex2-KD mouse shows memory disturbance. (A) Experimental design of contextual fear conditioning test using Pex2-KD mice. Two weeks after oral administration of tamoxifen (10 mg/40 g of body weight) for 5 consecutive days, control and Pex2-KD mice were placed into a test chamber and were allowed to freely explore the chamber for 4 min (training) followed by foot-shock. On days 1 and 7, the mice were returned to the same conditioning chamber and scored for freezing behavior without foot-shock. (B,C) The percentages of time spent in freezing behavior (B) and distance traveled (C) were represented (control, n = 8; Pex2-KD, n = 10). Data indicate means ± SEM. n.s., not significant, *p < 0.05, **p < 0.01, by Student’s t-test (B,C).




Decrease of Neural Stem Cells in Dentate Gyrus of Pex2-KD Mouse

Memory disturbance of Pex2-KD mouse suggested the impairment of hippocampal functions. The impairment of cognitive performance in hippocampal-dependent tests, including contextual fear conditioning, is caused by the reduction of neural stem cells (Cameron and Glover, 2015; Gonçalves et al., 2016; Cope and Gould, 2019). We analyzed the neurogenesis in dentate gyrus of adult Pex2-KD mouse using anti-nestin antibody. In adult hippocampus, nestin is expressed in type 1 cells, putative neural stem cells possessing radial processes, and type-2a cells, early neural progenitors (Yu et al., 2008; Gonçalves et al., 2016). Nestin-positive cells were aligned (Figure 5A, arrows) along subgranular zone (SGZ) and some cells protruded radial processes (Figure 5A, arrowheads) into granular cell layer (GCL). Statistical analysis revealed that the number of nestin-positive cells per 1 μm SGZ was significantly decreased in Pex2-KD mouse (Figure 5B). To evaluate the type 1 cells, nestin-positive processes were traced in the dentate gyrus (Figure 5C). The number of nestin-positive processes per 1-μm SGZ was also significantly reduced in Pex2-KD mouse (Figure 5D), suggesting the decrease of neural stem cells. These results suggested that biogenesis and/or functions of peroxisomes were essential for maintaining neural stem cells.
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FIGURE 5. Decrease of neural stem cells in dentate gyrus of Pex2-KD mouse. (A) Coronal sections of dentate gyrus of hippocampus in control and Pex2-KD mice were stained with antibody to nestin (green) and Hoechst 33,242 (blue). Arrows and arrowheads indicate nestin-positive (+) cells and processes, respectively. ML, molecular layer; GCL, granule cell layer; SGZ, subgranular zone. Scale bar, 20 μm. (B) The number of nestin-positive (+) cells per 1 -μm SGZ was quantified. (C) Dentate gyrus of hippocampus was stained with anti-nestin antibody (upper panels). Traced nestin-positive (+) processes were shown in lower panels. Scale bar, 100 μm. (D) The number of nestin-positive (+) processes per 1-μm SGZ was quantified. Data indicate means ± SD. *p < 0.05 by Mann-Whitney’s U-test (B,D).




Peroxisome Deficiency Induces Upregulation of Bdnf and TrkB-T1 in Hippocampus

We also assessed the expression level of Bdnf in Pex2-KD mouse. BDNF protein (Figure 6A, lane 2; Figure 6B) and Bdnf mRNA levels (Figure 6C) were significantly elevated in hippocampus of the Pex2-KD mouse. Moreover, protein level (Figure 6A, lane 2; Figure 6B) and mRNA level (Figure 6C) of TrkB-T1 encoding an inactive truncated form of TrkB, but not full-length TrkB-TK+, were likewise elevated in hippocampus of Pex2-KD mouse. Expression of c-fos, a target gene of the BDNF-TrkB signaling pathway (Ip et al., 1993), was significantly reduced (Figure 6C), suggesting the attenuation of BDNF signaling. Immunohistochemical staining and its quantification revealed that BDNF expression was upregulated in hippocampus of the Pex2-KD mouse and well merged with CNPase-positive cells, oligodendrocytes (Figures 7A,B).
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FIGURE 6. Elevations of BDNF and TrkB-T1 in Pex2-KD mouse. (A) Expression levels of BDNF, TrkB, and α-tubulin in hippocampus of control and Pex2-KD mice were analyzed by SDS-PAGE and immunoblotting. Dot, a non-specific band. (B) The amounts of BDNF, TrkB-TK+, and TrkB-T1 were normalized by α-tubulin level and presented relative to those in control mice (n = 3). (C) mRNA levels of Bdnf, TrkB-TK+, TrkB-T1, and c-fos in hippocampus of control and Pex2-KD mice were determined by real-time PCR (n = 3). Data indicate means ± SEM. n.s., not significant, *p < 0.05, **p < 0.01, by Student’s t-test (B,C).
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FIGURE 7. Upregulation of BDNF in hippocampus of Pex2-KD mouse. (A) Coronal hippocampus sections of control and Pex2-KD mice were stained with antibodies to CNPase (green) and BDNF (red). Merged views of the two different proteins were also shown. Scale bar, 10 μm. (B) Relative fluorescent intensity of BDNF was quantified (n = 4). Data indicate means ± SEM. **p < 0.01 by Student’s t-test.




BDNF Expression Is Not Altered in Hippocampus of Neonatal Pex14 Mutant Mouse

Peroxisome-defective Pex14ΔC/ΔC mouse is a ZS model mouse that manifests neonatal death and CNS abnormality such as neuronal migration defect in cortex and cerebellar malformation (Abe et al., 2018). Pex14ΔC/ΔC mouse shows the upregulation of BDNF and the TrkB-T1 in the cerebellum. To investigate whether abnormal expression of BDNF and malformation take place in hippocampus of neonatal Pex14ΔC/ΔC mouse in vivo, we analyzed the BDNF and TrkB expression in the hippocampus region at postnatal day 0.5 (P0.5). Immunoblotting showed that hippocampal BDNF expression was not altered in neonatal Pex14ΔC/ΔC mouse (Supplementary Figures S1A,B). Likewise, the expression of TrkB, including TrkB-TK+ and TrkB-T1, was not affected in Pex14ΔC/ΔC mouse hippocampus (Supplementary Figures S1A,C). These results suggested that peroxisomes were not involved in the morphogenesis and the regulation of BDNF expression in the hippocampus during fetal development.




DISCUSSION

The function of peroxisomes in brain of adult mouse has not been examined in details. In this report, we established and analyzed a new transgenic mouse, Pex2-KD mouse that shows tamoxifen-inducible defect of peroxisome biogenesis. Pex2-KD mouse exhibited memory disturbance and decrease of neural stem cells in hippocampus. BDNF and TrkB-T1 were upregulated in the hippocampus of Pex2-KD mouse. Together, these results suggest that the peroxisomal deficiency affects the hippocampal functions in adult mouse.

Bottelbergs et al. (2012) earlier reported the tamoxifen-inducible Pex5-KD (CMV-Tx-Pex5–/–) mouse. CMV-Tx-Pex5–/– mouse showed motor dysfunction, demyelination, axonal impairment, and microgliosis at 5 or 8 months after tamoxifen administration. In this study, we performed the behavioral experiment with Pex2-KD mouse at 2∼3 weeks after the tamoxifen administration. At such early time-points, memory impairment was emerged in Pex2-KD mouse (Figure 4B), while the motor function was not affected (Figure 4C). The involvement of peroxisomes in memory function was also suggested by CNS-specific Pex5 knockout (Nes-Pex5–/–) mouse that manifests the cognitive impairment (Hulshagen et al., 2008). In Nes-Pex5–/– mouse, the defect of peroxisome biogenesis in CNS emerges during embryonic day (Krysko et al., 2007). Therefore, memory dysfunction of Nes-Pex5–/– mouse appears to be owing to the abnormal brain development (Hulshagen et al., 2008; Bottelbergs et al., 2012). On the other hand, CNS function in Pex2-KD mouse is intact before the administration of tamoxifen. Thus, the defect of peroxisome biogenesis in Pex2-KD mouse induced by administration of tamoxifen apparently impairs the maintenance of neural functions. Taken together, these results suggested that peroxisomal integrity is essential for maintaining the hippocampal memory functions.

It has been reported that inter-organ interaction caused the abnormal brain development in Pex-knockout mouse. Liver-specific restoration of peroxisome biogenesis in Pex5–/– mouse improved the brain morphology (Janssen et al., 2003). Likewise, liver-specific Pex5-knockout mouse showed the neuronal migration defect in cortex and malformation of cerebellum (Krysko et al., 2007). Therefore, hepatic peroxisomes likely play a pivotal role in brain development. Further analyses would be required for addressing whether the defect of peroxisome biogenesis in liver affects the neural dysfunction in Pex2-KD mouse.

We recently reported that peroxisomal deficiency causes the upregulation of BDNF and TrkB-T1, giving rise to an abnormal morphology of Purkinje cells in the cerebellum of Pex14ΔC/ΔC mouse (Abe et al., 2018). In this study, Pex2-KD mouse also showed the elevated levels of BDNF and TrkB-T1 in hippocampus (Figure 6). Our recent study also indicated that cytosolic reductive state caused by cytosolically mislocalized catalase induces the upregulation of BDNF in peroxisome-deficient cells (Abe et al., 2020). However, the upregulation of BDNF in hippocampus was not observed in neonatal Pex14ΔC/ΔC mouse (Supplementary Figure S1). The BDNF expression in hippocampus seems to be differentially regulated in the neonate and adulthood (see Figures 6, 7). The transcriptional regulation of TrkB-T1 in peroxisome-deficient mouse brain also remains to be defined. Further investigations would elucidate the molecular mechanism underlying the up-regulation of BDNF and TrkB-T1 in peroxisome biogenesis-defective neural cells.

BDNF plays an important role in activity-dependent synaptic plasticity such as long-term potentiation in hippocampus (Figurov et al., 1996; Yamada and Nabeshima, 2003). The impairment of BDNF-TrkB signaling pathway in hippocampus is responsible for the defect of learning and memory (Minichiello et al., 1999; Mu et al., 1999). Transgenic mice overexpressing the TrkB-T1 show mild impairment of long-term spatial memory as assessed by water maze test (Saarelainen et al., 2000). In this report, Pex2-KD mouse shows the upregulation of BDNF and TrkB-T1 in hippocampus. Taken together, peroxisome deficiency in hippocampus likely induces the attenuation of BDNF-TrkB signaling, resulting in the memory disturbance of Pex2-KD mouse. Therefore, peroxisome biogenesis is essential for not only morphogenesis of CNS, but also maintaining the neuronal functions.

Peroxisome biogenesis in Pex2-KD mouse hippocampus was mosaically, not completely, impaired as assessed by catalase staining (Figure 3). Nonetheless, the Pex2-KD mouse manifests the increased level of BDNF and TrkB-T1 (Figures 6, 7) and the memory disturbance (Figure 4B). These findings suggest that strictly regulated peroxisome biogenesis is required for maintaining the hippocampus-dependent learning. The cells aged by means of replicative senescence show the mislocalized catalase in the cytosol (Legakis et al., 2002; Koepke et al., 2007). Collectively, the less efficient peroxisomal import of catalase caused by senescence most likely gives rise to the dysregulation of BDNF-signaling, resulting in the impairment of hippocampal circuit.
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Import of peroxisomal matrix proteins with a type 1 peroxisomal targeting signal (PTS1) in Saccharomyces cerevisiae is facilitated by cytosolic import receptors Pex5p and Pex9p. While Pex5p has a broad specificity for all PTS1 proteins independent of the growth conditions, Pex9p is only expressed in fatty-acid containing media to mediate peroxisomal import of the two malate synthases, Mls1p and Mls2p, as well as the glutathione transferase Gto1p. Pex5p-cargo complexes dock at the peroxisomal membrane, translocate their cargo-protein via a transient pore and are recycled into the cytosol for a further round of import. The processing of Pex5p has been shown to require a complex network of interactions with other membrane-bound peroxins, as well as decoration with ubiquitin as signal for its ATP-dependent release and recycling. Here, we show that the alternative receptor Pex9p requires the same set of interacting peroxins to mediate peroxisomal import of Mls1p. However, while Pex5p is rather stable, Pex9p is rapidly degraded during its normal life cycle. The steady-state regulation of Pex9p, combining oleate-induced expression with high turnover rates resembles that of Pex18p, one of the two co-receptors of the PTS2-dependent targeting pathway into peroxisomes. Both Pex9p- and Pex18p-dependent import routes serve the fast metabolic adaptation to changes of carbon sources in baker’s yeast. By sequence similarities, we identified another Pex9p homolog in the human pathogenic fungus Candida glabrata, in which similar metabolic reprogramming strategies are crucial for survival of the pathogen.

Keywords: peroxisome, protein import, Pex5p, PTS1 receptor cycle, Pex9p degradation


INTRODUCTION

Peroxisomes are ubiquitous cell organelles with variable content of enzymes depending on cell types and environmental or developmental conditions. Peroxisomal enzymes are posttranslationally imported as fully folded and oligomerized proteins and assisted by cytosolic receptor proteins. Most peroxisomal matrix proteins harbor a C-terminal peroxisomal targeting signal type 1 (PTS1), which is recognized by the PTS1-receptor Pex5p (Gould et al., 1989; Van der Leij et al., 1993). Several matrix enzymes contain a PTS2 sequence located near the N-terminus (Glover et al., 1994). PTS2-containing proteins are targeted to peroxisomes by the receptor Pex7p in conjunction with co-factors, like Pex18p or Pex21p in the yeast Saccharomyces cerevisiae (Marzioch et al., 1994; Zhang and Lazarow, 1996; Purdue et al., 1998; Kunze et al., 2011).

Upon interaction between the cytosolic receptor-cargo complexes with the docking complex at the peroxisomal membrane, Pex5p or Pex18p associate Pex14p to assemble the respective protein conducting channels of the PTS1- and PTS2-pathway (Albertini et al., 1997; Bottger et al., 2000; Meinecke et al., 2010; Montilla-Martinez et al., 2015). After cargo-release, Pex5p and Pex18p are released into the cytosol again to allow another round of import. The recycling process requires activities of other membrane bound peroxins, ubiquitin-labeling of the receptor as well as ATP-hydrolysis. The releasing process is initiated by cysteine-dependent monoubiquitination at the N-termini of Pex5p or Pex18p (Platta et al., 2007; El Magraoui et al., 2013; Schwerter et al., 2018). In the cytosol, several ways exist to remove the thioether-linked ubiquitin from the receptor (Grou et al., 2009; Debelyy et al., 2011). While the non-labeled receptor escapes proteasomal degradation, some poorly understood quality control pathways can lead to lysine-conjugated polyubiquitination of the membrane-bound receptor, leading to rapid degradation by the proteasome (Platta et al., 2005).

The set of membrane bound peroxins enabling the cycling of import receptors is well conserved between yeast and other organisms. However, yeast cells use differentially expressed receptors, like the PTS2 co-receptors Pex18p and Pex21p (Purdue et al., 1998; Effelsberg et al., 2015, 2016) to ensure efficacy of matrix protein import under rapid changing environmental conditions. In the PTS1-pathway, the function of Pex5p in cargo recognition is complemented by the recently identified oleate-inducible paralog Pex9p (Effelsberg et al., 2016; Yifrach et al., 2016). Some of the structural features of Pex5p, like the PTS1-binding TPR-domains and Pex14p-binding motifs, are conserved in Pex9p (Effelsberg et al., 2016). Despite these similarities, only three PTS1-cargo proteins, the malate synthase isoenzymes Mls1p and Mls2p, and the omega-class glutathione transferase Gto1p, have been identified to be imported with the help of Pex9p (Effelsberg et al., 2016; Yifrach et al., 2016). Pex9p is expressed under fatty acid induced growth conditions but repressed in glucose medium (Effelsberg et al., 2016). Upon shift from glucose to oleate medium, the cytosolic malate synthases Mls1p and Mls2p as well as Gto1p are transported into peroxisomes with the aid of Pex9p. Noteworthy, import of these enzymes can also be facilitated by the constitutively expressed Pex5p. Both PTS1 receptors interact with the peroxisomal docking protein Pex14p (Effelsberg et al., 2016). There is not much known about further processing of Pex9p at the peroxisomal membrane.

Here, we mapped the Pex9p-mediated protein import pathway by analyzing Pex9p-dependent protein import in various pex mutants devoid of Pex5p. The results suggest that Pex9p is using the same docking- and export apparatus as Pex5p, including ubiquitin-ligases and AAA+-peroxins. Pex9p differs significantly by its short lifetime when compared with Pex5p. Our data suggest that the rapid proteolytic breakdown of Pex9p is initiated by Pex4p-dependent ubiquitination at the peroxisomal membrane.



METHODS


Strains and Media

The S. cerevisiae strains used in this study are listed in Supplementary Table 1. Cells were grown at 30°C in YPD (2% glucose, 2% peptone, 1% yeast extract) or selective media (0.5% ammonium sulfate, 0.17% yeast nitrogen base without amino acids, adjusted to pH 6.0) containing either 0.3% glucose (YNBG) or 0.1% glucose, 0.1% oleic acid, 0.05% Tween-40, and 0.1% yeast extract (YNBGO). Nutritional supplements were added when needed.



Fixation of Yeast Cells for Fluorescence Microscopy

Cells transformed with GFP fused to PTS1 signal of Pcs60p (pLDC14) or Mls1p (pDE07), with additional Pex9p-ProtA (pMAR28) or Pex9C6A-ProtA (pMAR29) for complementation studies, were grown in YNBGO medium for 16 h. Formaldehyde was added to a final concentration of 3.7% and the culture was incubated for 10 min at RT with gentle agitation. After sedimentation (13.000 rpm, 1 min), cells were resuspended in 0.1M KH2PO4 (pH 6.8) supplemented with 3.7% formaldehyde. The cells were incubated for 1 h at RT with gentle agitation, sedimented, resuspended in 0.1M KH2PO4 (pH 6.8), containing 1% ethanolamine and incubated for further 10 min as indicated above. Afterward, cells were washed twice with PBS (pH 7.5). Finally, the cells were resuspended in a small volume of PBS, subjected to slides, and sealed with a cover slip.



Fluorescence Microscopy

For wide-field fluorescence imaging, a Zeiss Axioskop 50 fluorescence microscope (Zeiss) was used. A Princeton Instruments 1300Y digital camera was used for image acquisition. GFP fluorescence was visualized using a 450–490 nm band pass excitation filter, a 510 nm dichromatic mirror, and a 515–565 nm band pass emission filter (Effelsberg et al., 2016).



Cycloheximide Chase

Samples were taken from cells grown in YNGBO medium for 12 h (0 h) before either cycloheximide (final concentration 0.1 mg/ml, dissolved in DMSO) or only DMSO was added to the cultures. Cultures were grown at 30°C and samples were taken at the indicated time points. To generate total protein samples, a modified protocol from Yaffe and Schatz (1984) was utilized. Here, 300 μl samples of cells were prepared with an OD600 of 3.0, to which 100 μl 50% (w/v) TCA were added. The samples were frozen for at least 30 min at −68°C, thawed, and centrifuged for 15 min at 13.000 rpm and 4°C. The pellet was washed with ice-cold 80% acetone and subsequently centrifuged for 10 min at 13.000 rpm and 4°C. The supernatant was removed and the pellet dried at RT. In 80 μl 1% SDS/0.1M NaOH, the pellet was resuspended before 20 μl of 5x SDS-PAGE sample buffer were added.



Steady State Level Analysis of Pex9p-ProtA and Pex9C6A-ProtA

Cells deficient in both Pex5p and Pex9p transformed with GFP-Mls1p in addition to Pex9p fused to ProteinA under its endogenous promoter (pMAR28) or a variant in which the conserved cysteine (Cys6) was substituted to alanine (pMAR29) were grown in YNBGO medium for 12 h. Of these, total protein samples were generated as described above.



RESULTS


Pex9p- and Pex5p-Mediated Protein Import Depend on the Same Set of Peroxins at the Peroxisomal Membrane

Pex9p was shown to associate with the peroxisomal membrane under oleate-inducing conditions (Effelsberg et al., 2016). To analyze further processing of Pex9p at the membrane, we investigated which peroxins are required for the Pex9p-dependent import pathway. To this end, several double deletion strains deficient in PEX5 and another PEX-gene of interest were analyzed for functional Pex9p-dependent import of GFP-Mls1p and the Pex5p-dependent import of GFP-PTS1 into peroxisomes. The Pex5p-cargo GFP-PTS1 was expressed from a plasmid and its peroxisomal import into oleic acid-induced cells was analyzed by fluorescence microscopy. As expected, a punctate fluorescence pattern indicative for functional import of GFP-PTS1 was observed in wild-type and PEX9-deleted cells. All other mutant strains showed no peroxisome import of the PTS1-marker protein as indicated by the diffuse cytosolic background (Supplementary Figure 1). The same mutant strains were transformed with a plasmid expressing the Pex9p-cargo GFP-Mls1p and subjected to fluorescence microscopy under oleate-inducing conditions (Figure 1). While the double mutant Δpex5Δpex9 showed no import of GFP-Mls1p, the single deletion mutant Δpex5 and all mutants affected in the PTS2 import pathway (Δpex5Δpex7 and Δpex5Δpex18Δpex21) exhibited discrete puncta, indicating that these peroxins are dispensable for GFP-Mls1p targeting to peroxisomes. The peroxisomal nature of the puncta is confirmed by the absence and thus cytosolic mislocalization of GFP-Mls1p in the peroxisome-depleted Δpex5Δpex19 strain (Hettema et al., 2000). No puncta were also detected in all other combinations of deleted genes, indicative for an import defect that results in a cytosolic mislocalization of the marker protein (Figure 1). Thus, the peroxisomal protein import mediated by Pex9p does not depend on the presence of Pex5p or constituents of the PTS2 import pathway but requires all known membrane-bound peroxins, which are also essential for Pex5p cycling. This involves the receptor docking complex consisting of Pex14p, Pex13p, and Pex17p as well as Pex8p, which is required for the association of the exportomer with the Pex5p docking/translocation complex. The Pex5p-ubiquitination machinery at the peroxisomal membrane consisting of the three ubiquitin E3-ligases Pex2p, Pex10p, and Pex12p, the E2-ligase Pex4p and its membrane anchor Pex22p are also required for Pex9p-facilitated import. Finally, the Pex9p-depended transport also depends on the AAA+ peroxins Pex1p and Pex6p (Figure 1). The peroxisomal association of Pex1p/Pex6p-complex is important as suggested by the requirement of Pex15p, which serves as a membrane anchor for these AAA+ peroxins. These findings suggest that Pex9p is released from the membrane like Pex5p in a Ubiquitin- and ATP-dependent manner.


[image: image]

FIGURE 1. Dependence of Pex9p-related protein import on known components of the peroxisomal protein import machinery. Wild-type (WT) cells and yeast mutants deleted in one or more PEX genes (ΔpexX) were transformed with expression plasmids encoding GFP-Mls1p and grown for 16 h on a medium containing oleic acid. Fluorescence microscopy analysis of wild-type and single deletion mutants Δpex5 and Δpex9 exhibited a punctate pattern indicating peroxisomal association of the fusion protein GFP-Mls1p. With the exception of strains lacking the PTS2 (co-)receptors, Pex9p-dependent peroxisomal import is abolished in all tested double and triple deletion strains as indicated by diffuse cytosolic staining without puncta. Scale bars, 2 μm.




Pex9p Is Rapidly Degraded on Oleate-Containing Medium

To compare the life-span of Pex9p and Pex5p, the strains UTL7A Pex9p-ProteinA expressing genomically tagged Pex9p under the control of its own promoter (Effelsberg et al., 2016) and the corresponding UTL7A Pex5p-ProteinA were grown under oleic acid inducing conditions in the absence and presence of the protein synthesis inhibitor cycloheximide (CHX). The steady-state level of both proteins was monitored over time by immunoblot analysis. Pex9p-ProteinA was degraded within 30 min, whereas, in absence of CHX, the initial protein level was maintained over the 3 h of the experiment (Figure 2A). These results indicate that Pex9p-ProteinA is rapidly degraded. Notably, the rapid proteolytic turnover is not a feature for Pex5p-ProteinA, which remained stable in the presence of CHX (Figure 2B).
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FIGURE 2. Rapid turnover rate of Pex9p under oleate-inducing conditions. Yeast UTL7A cells expressing ProteinA-tagged Pex9p (A) or Pex5p (B) under control of their own promotors were grown in YNBGO medium for 12 h. At this time point (0 h), 0.1 mg/ml cycloheximide (CHX) in DMSO (1%) was added to the medium and growth was continued. At indicated time points (0.5, 1, 2, and 3 h) samples were taken and analyzed by immunoblotting using polyclonal antibodies against ProteinA and mitochondrial Porin as loading control. To demonstrate that the steady state levels of proteins correlate with proteolytic degradation rather than new synthesis, yeast cells were incubated with equal volumes of DMSO without CHX (DMSO) and analyzed in the same way.




The Conserved Cysteine6 in Pex9p Is Critical for Its Functionality

Even though we found that the same import machinery is required for both PTS1 receptors, it was not yet clear whether Pex9p really undergoes a cyclic processing as Pex5p does. A checkpoint in Pex5p recycling is monoubiquitination of a unique cysteine close to the N-terminus (Williams et al., 2007; Schwartzkopff et al., 2015). Sequence alignments revealed that the position and sequence environment of the specific cysteine residue is conserved between Pex5p and Pex9p in S. cerevisiae as well as in the pathogenic yeast Candida glabrata (Figure 3). By site-directed mutagenesis, we generated a ProteinA tagged variant of Pex9p, in which the conserved cysteine at position is substituted with an alanine under control of its own promotor. We assessed the functionality of Pex9C6A-ProteinA by fluorescence microscopy, utilizing a strain deficient in both Pex5p and Pex9p and expressing GFP-Mls1p. We found that Pex9C6A-ProteinA, in contrast to the unmodified Pex9p-ProteinA, could not rescue import of GFP-Mls1p into peroxisomes (Figure 4A), even though it was expressed to the same amount as the unmodified version (Figures 4B,C). In addition, no significant differences regarding the degradation rate of Pex9p-ProteinA and Pex9C6A-ProteinA could be detected in cycloheximide chase experiments (Figure 4C).
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FIGURE 3. Identification of Pex9p from the pathogenic yeast Candida glabrata. A standard NCBI Protein BLAST search with fungal genomes (www.yeastgenome.org) with ScPex9p or ScPex5p as query identified two homologs in the pathogenic yeast C. glabrata. Using CLUSTAL O (1.2.4) multiple sequence alignment the unnamed protein product CAG61665.1 (CgPex5p) showed highest sequence identity (>49%) with ScPex5p while the open reading frame CAG61076.1 (CgPex9p) displayed identities of around 27% with ScPex5 and CAG61665.1 (CgPex5p) and 23% identity with ScPex9p. All identical amino acids are highlighted below the alignment lines by stars while conserved amino acids are marked by colons (strong conservation) and single dots (weak conservation). The regions with highest similarities of all PTS1 receptors and candidates comprise the TPR-domains within the C-terminal half (gray), WxxxF/Y motifs (blue) and the region around the conserved cysteine close to the N-terminus (yellow), which provides a site for monoubiquitination. Other Pex5p-specific sequence attributes like a conserved TPR4-domain, an inverted WxxxF/Y-motif (FQEVW) as part of the Pex14p-binding site as well as absence of cysteines (red) except the conserved one (yellow) in the N-terminal part of the receptor, were not found within the CAG61076.1 sequence. These findings support our conclusion that CAG61076.1 is an ortholog of Pex9p of Saccharomyces cerevisiae.
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FIGURE 4. Cys6 of Pex9p is critical for protein import into peroxisomes. (A) UTL7A cells deficient in both Pex5p and Pex9p transformed with plasmids encoding GFP-Mls1p and a ProteinA (ProtA) fusion protein of either Pex9p or a Pex9C6A variant were grown for 16 h on a medium containing oleic acid and inspected by fluorescence microscopy. Expression of Pex9C6A could not complement the GFP-Mls1p localization defect to the cytosol while expression of the non-mutated Pex9p resulted in typical peroxisomal punctate labeling. Scale bars, 2 μm. (B) Steady-state level of both ProteinA fusion constructs was analyzed by immunoblotting using polyclonal anti ProteinA antibodies and anti Porin antibodies for loading control. (C) Stability of Pex9C6A-ProteinA in comparison to Pex9p-ProteinA was assessed by CHX chase as indicated in the legend of Figure 2. Here, no major differences in degradation rate depending on Cys6 could be detected.




Discussion

The import cycle of the import receptor Pex5p requires the sequential action of several peroxins that contribute to receptor docking, pore formation, ubiquitination and ATP-dependent export and recycling. Here, we showed that the novel PTS1-receptor Pex9p requires the same set of membrane-associated peroxins to facilitate protein import into peroxisomes as Pex5p and PTS2 receptors. In analogy to the Pex5p-dependent protein import into peroxisomes, a complete picture of the Pex9p-dependent import into peroxisomes can now be postulated. According to this model, the Pex9p-cargo complex docks at a membrane complex consisting of Pex13p, Pex14p and Pex17p. High binding affinity between Pex9p and Pex14p was shown previously, while the other two proteins of this complex displayed no visible interaction (Effelsberg et al., 2016). The strength of Pex14p binding and conservation of Pex14p-binding motifs in the Pex9p sequence suggest that Pex14p fulfils a similar role in both PTS1-dependent import routes. In such a scenario, Pex14p would function as initial docking protein for the Pex9p receptor cargo complex and would contribute to the formation of a transient import pore, which is supposed to mediate cargo translocation across the peroxisomal membrane (Meinecke et al., 2010). Also, the peroxins of the export complex comprising the ubiquitination machinery (Pex2p, Pex4p, Pex10p, Pex12p, and Pex22p) and the AAA+-complex (Pex1p, Pex6p, and Pex15p) are required for the Pex9p-dependent peroxisomal targeting of Mls1p (Figure 1). This result suggests that, after dissociation of the receptor-cargo complexes, Pex9p, like the other import receptors, uses a complex network of protein-protein interactions that finally results in the release of the receptor from the membrane. For Pex5p it is known that, at the end of the import process, the protein is monoubiquitinated at a conserved cysteine, which functions as export signal for the ATP- and Pex1p/Pex6p-dependent dislocation of the receptor from the membrane to the cytosol (Platta et al., 2005, 2007; Williams et al., 2007). The requirement for the ubiquitin-conjugating Pex4p and the E3-ligases Pex2p, Pex10p, and Pex12p suggests that Pex9p is also ubiquitinated. In support of this assumption, the conserved cysteine that is monoubiquitinated in Pex5p, Pex18p, Pex20p, and Pex21p is also conserved in the Pex9p-sequence of S. cerevisiae and in the newly identified Pex9p sequence of the pathogenic C. glabrata (Figure 3). Substitution of this cysteine in Pex5p, Pex18p, and Pex20p by residues which are normally not ubiquitinated impairs functional protein import (Leon and Subramani, 2007; Williams et al., 2007; Hensel et al., 2011). Accordingly, expression of Pex9C6A cannot rescue the import defect of PEX9-deleted yeast cells. All in all, the results obtained with the genetic screen and the complementation analysis basically reveal no major differences between the processing of Pex9p and Pex5p at the peroxisomal membrane.

Although the import pathways of Pex5p and Pex9p utilize the same components, the fate of the extracted PTS1 receptors is different. Where Pex5p is mostly recycled to enable further rounds of import, the bulk of Pex9p is rapidly degraded under oleate-induced conditions. This is underlined by different turnover rates. While the half-life of constitutively expressed Pex5p was estimated to be 2.5 h on glucose medium (Christiano et al., 2014), our results suggest a shorter lifetime of Pex9p, which is below 30 min in oleate medium (Figure 2).

Interestingly, the turnover rate of biologically inactive Pex9C6A in oleate grown cells is the same as for wild type. This suggests that Pex9p degradation occurs independently from functional import. The mechanisms underlying the fast degradation process of Pex9p are not known. However, other peroxisomal receptor variants which are impaired in monoubiquitination and thereby, get stuck in the import pathway are degraded by proteasomes in a kind of quality control (Kiel et al., 2005; Leon and Subramani, 2007; Platta et al., 2007; Schwartzkopff et al., 2015). In accordance with the similarities between peroxisomal import pathways, it seems likely that proteasomal breakdown determines the short lifetime of Pex9p.

The rapid turnover rate of Pex9p correlates with transcriptional regulation and function of the PTS1- receptor. Pex9p is expressed under specific growth conditions and highly selective for a limited number of PTS1 cargo proteins. The known cargo enzymes, malate synthases Mls1p and Mls2p, are catalytically fully active in the cytosol and required for metabolism in cells grown in glucose, ethanol or acetate. Upon shift on oleate medium, the enzymes are transported into peroxisomes where fatty acids are oxidized to metabolites which are further converted by malate synthases. In other words, the activity of Pex9p helps to optimize yeast metabolism during growth on fatty acid as carbon source. The short lifetime of Pex9p combined with a carbon source-dependent transcriptional regulation enables the yeast to adapt the intracellular localization of malate synthases as a fast response to environmental changes, like a shift from oleate to other carbon sources. The efficacy of a “switchable” Pex9p-dependent import pathway is ensured since this route relies on an already existing peroxin network at the peroxisomal membrane. By sequence comparison, we identified a putative ortholog of the alternative PTS1-receptor Pex9p in a different yeast species, the pathogenic fungus C. glabrata. During its parasitic life, C. glabrata can persist and replicate within macrophages (Seider et al., 2014). In this microenvironment, the fungus must undergo fast metabolic adaptation due to the deficiency of glucose, the most dominant carbon source in the bloodstream. It has been reported (Rai et al., 2012) that, under these conditions, fatty acid oxidation and the glyoxylate cycle become major metabolic pathways to provide cellular building blocks for survival, growth and proliferation within the monocytes (Chew et al., 2019a,b). It is tempting to speculate that the rapid metabolic reprogramming is accompanied by a localization shift of metabolic enzymes from cytosol into peroxisomes relying on the Pex9p homolog in the human pathogen.

The differences in the regulation of Pex5p and Pex9p abundance show parallels to PTS2 import, which engages two paralogous co-receptors, Pex18p and Pex21p. These proteins were identified and characterized in S. cerevisiae, but have also been detected in C. glabrata (Schliebs and Kunau, 2006). Like Pex9p, Pex18p is also oleate-inducible and highly selective toward cargo-proteins. The fatty acid degrading enzyme thiolase is the only known cargo protein imported by the Pex18p-dependent pathway. In contrast, the functionally redundant Pex21p has a broader selectivity of PTS2-cargo proteins, which are translocated into peroxisomes also under non-oleate growth conditions. In this context, it is interesting that like Pex9p, Pex18p is an extremely short-lived protein with a half-life of below 30 min (Purdue and Lazarow, 2001). With respect to these similarities in gene expression and turnover of PTS1 and PTS2 receptors, the peroxisomal import pathways in baker’s yeast fall into two distinct functional classes. While Pex5p and Pex21p facilitate constitutive import pathways for peroxisomal protein import, the strictly regulated receptors Pex9p and Pex18p improve the efficacy of the import machinery under specialized conditions.



DATA AVAILABILITY STATEMENT

All datasets presented in this study are included in the article/Supplementary Material.



AUTHOR CONTRIBUTIONS

MR, RE, and WS conceived and planned the experiments, contributed to the interpretation of the results, and writing of the manuscript. MR carried out the experiments and analyzed the data. WS performed the sequence analyses. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by grants of the Deutsche Forschungsgemeinschaft (FOR1905) to RE.



ACKNOWLEDGMENTS

We thank Luis Daniel Cruz-Zaragoza for fruitful discussions and advice. We also thank all former lab members contributing to the generation of the yeast strains utilized in this study. We acknowledge support by the DFG Open Access Publication Funds of the Ruhr-Universität Bochum.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcell.2020.566321/full#supplementary-material



REFERENCES

Albertini, M., Rehling, P., Erdmann, R., Girzalsky, W., Kiel, J. A., Veenhuis, M., et al. (1997). Pex14p, a peroxisomal membrane protein binding both receptors of the two PTS-dependent import pathways. Cell 89, 83–92. doi: 10.1016/s0092-8674(00)80185-3

Bottger, G., Barnett, P., Klein, A. T., Kragt, A., Tabak, H. F., and Distel, B. (2000). Saccharomyces cerevisiae PTS1 receptor Pex5p interacts with the SH3 domain of the peroxisomal membrane protein Pex13p in an unconventional, non-PXXP-related manner. Mol. Biol. Cell 11, 3963–3976. doi: 10.1091/mbc.11.11.3963

Chew, S. Y., Chee, W. J. Y., and Than, L. T. L. (2019a). The glyoxylate cycle and alternative carbon metabolism as metabolic adaptation strategies of Candida glabrata: perspectives from Candida albicans and Saccharomyces cerevisiae. J. Biomed. Sci. 26:52. doi: 10.1186/s12929-019-0546-5

Chew, S. Y., Ho, K. L., Cheah, Y. K., Ng, T. S., Sandai, D., Brown, A. J. P., et al. (2019b). Glyoxylate cycle gene ICL1 is essential for the metabolic flexibility and virulence of Candida glabrata. Sci. Rep. 9:2843. doi: 10.1038/s41598-019-39117-1

Christiano, R., Nagaraj, N., Frohlich, F., and Walther, T. C. (2014). Global proteome turnover analyses of the Yeasts S. cerevisiae and S. pombe. Cell Rep. 9, 1959–1965. doi: 10.1016/j.celrep.2014.10.065

Debelyy, M. O., Platta, H. W., Saffian, D., Hensel, A., Thoms, S., Meyer, H. E., et al. (2011). Ubp15p, a ubiquitin hydrolase associated with the peroxisomal export machinery. J. Biol. Chem. 286, 28223–28234. doi: 10.1074/jbc.m111.238600

Effelsberg, D., Cruz-Zaragoza, L. D., Schliebs, W., and Erdmann, R. (2016). Pex9p is a new yeast peroxisomal import receptor for PTS1-containing proteins. J. Cell Sci. 129, 4057–4066. doi: 10.1242/jcs.195271

Effelsberg, D., Cruz-Zaragoza, L. D., Tonillo, J., Schliebs, W., and Erdmann, R. (2015). Role of Pex21p for Piggyback Import of Gpd1p and Pnc1p into Peroxisomes of Saccharomyces cerevisiae. J. Biol. Chem. 290, 25333–25342. doi: 10.1074/jbc.M115.653451

El Magraoui, F., Brinkmeier, R., Schrotter, A., Girzalsky, W., Muller, T., Marcus, K., et al. (2013). Distinct ubiquitination cascades act on the peroxisomal targeting signal type 2 co-receptor Pex18p. Traffic 14, 1290–1301. doi: 10.1111/tra.12120

Glover, J. R., Andrews, D. W., Subramani, S., and Rachubinski, R. A. (1994). Mutagenesis of the amino targeting signal of Saccharomyces cerevisiae 3-ketoacyl-CoA thiolase reveals conserved amino acids required for import into peroxisomes in vivo. J. Biol. Chem. 269, 7558–7563.

Gould, S. J., Keller, G. A., Hosken, N., Wilkinson, J., and Subramani, S. (1989). A conserved tripeptide sorts proteins to peroxisomes. J. Cell Biol. 108, 1657–1664. doi: 10.1083/jcb.108.5.1657

Grou, C. P., Carvalho, A. F., Pinto, M. P., Huybrechts, S. J., Sa-Miranda, C., Franse, M., et al. (2009). Properties of the Ubiquitin-Pex5p thiol ester conjugate. J. Biol. Chem. 284, 10504–10513. doi: 10.1074/jbc.m808978200

Hensel, A., Beck, S., El Magraoui, F., Platta, H. W., Girzalsky, W., and Erdmann, R. (2011). Cysteine-dependent ubiquitination of Pex18p is linked to cargo translocation across the peroxisomal membrane. J. Biol. Chem. 286, 43495–43505. doi: 10.1074/jbc.m111.286104

Hettema, E. H., Girzalsky, W., van Den Berg, M., Erdmann, R., and Distel, B. (2000). Saccharomyces cerevisiae Pex3p and Pex19p are required for proper localization and stability of peroxisomal membrane proteins. EMBO J. 19, 223–233. doi: 10.1093/emboj/19.2.223

Kiel, J. A., Emmrich, K., Meyer, H. E., and Kunau, W. H. (2005). Ubiquitination of the peroxisomal targeting signal type 1 receptor, Pex5p, suggests the presence of a quality control mechanism during peroxisomal matrix protein import. J. Biol. Chem. 280, 1921–1930. doi: 10.1074/jbc.m403632200

Kunze, M., Neuberger, G., Maurer-Stroh, S., Ma, J., Eck, T., Braverman, N., et al. (2011). Structural requirements for interaction of peroxisomal targeting signal 2 and its receptor PEX7. J. Biol. Chem. 286, 45048–45062. doi: 10.1074/jbc.M111.301853

Leon, S., and Subramani, S. (2007). A conserved cysteine residue of Pichia pastoris Pex20p is essential for its recycling from the peroxisome to the cytosol. J. Biol. Chem. 282, 7424–7430. doi: 10.1074/jbc.M611627200

Marzioch, M., Erdmann, R., Veenhuis, M., and Kunau, W.-H. (1994). PAS7 encodes a novel yeast member of the WD-40 protein family essential for import of 3-oxoacyl-CoA thiolase, a PTS2-containing protein, into peroxisomes. EMBO J. 13, 4908–4918. doi: 10.1002/j.1460-2075.1994.tb06818.x

Meinecke, M., Cizmowski, C., Schliebs, W., Kruger, V., Beck, S., Wagner, R., et al. (2010). The peroxisomal importomer constitutes a large and highly dynamic pore. Nat. Cell Biol. 12, 273–277. doi: 10.1038/ncb2027

Montilla-Martinez, M., Beck, S., Klumper, J., Meinecke, M., Schliebs, W., Wagner, R., et al. (2015). Distinct pores for peroxisomal import of PTS1 and PTS2 proteins. Cell Rep. 13, 2126–2134. doi: 10.1016/j.celrep.2015.11.016

Platta, H. W., El Magraoui, F., Schlee, D., Grunau, S., Girzalsky, W., and Erdmann, R. (2007). Ubiquitination of the peroxisomal import receptor Pex5p is required for its recycling. J. Cell Biol. 177, 197–204. doi: 10.1083/jcb.200611012

Platta, H. W., Grunau, S., Rosenkranz, K., Girzalsky, W., and Erdmann, R. (2005). Functional role of the AAA peroxins in dislocation of the cycling PTS1 receptor back to the cytosol. Nat. Cell Biol. 7, 817–822. doi: 10.1038/ncb1281

Purdue, P. E., and Lazarow, P. B. (2001). Pex18p is constitutively degraded during peroxisome biogenesis. J. Biol. Chem. 276, 47684–47689. doi: 10.1074/jbc.m106823200

Purdue, P. E., Yang, X., and Lazarow, P. B. (1998). Pex18p and Pex21p, a novel pair of related peroxins essential for peroxisomal targeting by the PTS2 pathway. J. Cell Biol. 143, 1859–1869. doi: 10.1083/jcb.143.7.1859

Rai, M. N., Balusu, S., Gorityala, N., Dandu, L., and Kaur, R. (2012). Functional genomic analysis of Candida glabrata-macrophage interaction: role of chromatin remodeling in virulence. PLoS Pathog. 8:e1002863. doi: 10.1371/journal.ppat.1002863

Schliebs, W., and Kunau, W. H. (2006). PTS2 co-receptors: diverse proteins with common features. Biochim. Biophys. Acta 1763, 1605–1612. doi: 10.1016/j.bbamcr.2006.08.051

Schwartzkopff, B., Platta, H. W., Hasan, S., Girzalsky, W., and Erdmann, R. (2015). Cysteine-specific ubiquitination protects the peroxisomal import receptor Pex5p against proteasomal degradation. Biosci. Rep. 35:e00215. doi: 10.1042/BSR20150103

Schwerter, D., Grimm, I., Girzalsky, W., and Erdmann, R. (2018). Receptor recognition by the peroxisomal AAA complex depends on the presence of the ubiquitin moiety and is mediated by Pex1p. J. Biol. Chem. 293, 15458–15470. doi: 10.1074/jbc.RA118.003936

Seider, K., Gerwien, F., Kasper, L., Allert, S., Brunke, S., Jablonowski, N., et al. (2014). Immune evasion, stress resistance, and efficient nutrient acquisition are crucial for intracellular survival of Candida glabrata within macrophages. Eukaryot Cell 13, 170–183. doi: 10.1128/EC.00262-13

Van der Leij, I., Franse, M. M., Elgersma, Y., Distel, B., and Tabak, H. F. (1993). PAS10 is a tetratricopeptide-repeat protein that is essential for the import of most matrix proteins into peroxisomes of Saccharomyces cerevisiae. Proc. Natl. Acad. Sci. U.S.A. 90, 11782–11786. doi: 10.1073/pnas.90.24.11782

Williams, C., van den Berg, M., Sprenger, R. R., and Distel, B. (2007). A conserved cysteine is essential for Pex4p-dependent ubiquitination of the peroxisomal import receptor Pex5p. J. Biol. Chem. 282, 22534–22543. doi: 10.1074/jbc.m702038200

Yaffe, M. P., and Schatz, G. (1984). Two nuclear mutations that block mitochondrial protein import in yeast. Proc. Natl. Acad. Sci. U.S.A. 81, 4819–4823. doi: 10.1073/pnas.81.15.4819

Yifrach, E., Chuartzman, S. G., Dahan, N., Maskit, S., Zada, L., Weill, U., et al. (2016). Characterization of proteome dynamics during growth in oleate reveals a new peroxisome-targeting receptor. J. Cell Sci. 129, 4067–4075. doi: 10.1242/jcs.195255

Zhang, J. W., and Lazarow, P. B. (1996). PEB1(PAS7) is an intraperoxisomal receptor for the NH2-terminal, Type 2, peroxisomal targeting sequence of Thiolase: peb1p itself is targeted to peroxisomes by an NH2-terminal peptide. J. Cell Biol. 132, 325–334. doi: 10.1083/jcb.132.3.325


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Rudowitz, Erdmann and Schliebs. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.











	 
	ORIGINAL RESEARCH
published: 23 October 2020
doi: 10.3389/fcell.2020.577637





[image: image]

A Functional SMAD2/3 Binding Site in the PEX11β Promoter Identifies a Role for TGFβ in Peroxisome Proliferation in Humans

Afsoon S. Azadi1†, Ruth E. Carmichael1†‡, Werner J. Kovacs2‡, Janet Koster3, Suzan Kors1, Hans R. Waterham3 and Michael Schrader1*‡

1Biosciences, College of Life and Environmental Sciences, University of Exeter, Exeter, United Kingdom

2Institute of Molecular Health Sciences, Swiss Federal Institute of Technology in Zürich (ETH Zürich), Zurich, Switzerland

3Laboratory Genetic Metabolic Diseases, Amsterdam University Medical Centres, University of Amsterdam, Amsterdam, Netherlands

Edited by:
Sigrun Reumann, University of Hamburg, Germany

Reviewed by:
Ralf Erdmann, Ruhr University Bochum, Germany
Xuequn Chen, Wayne State University, United States
Andrew Simmonds, University of Alberta, Canada

*Correspondence: Michael Schrader, m.schrader@exeter.ac.uk

†These authors have contributed equally to this work

‡ORCID: Ruth E. Carmichael, orcid.org/0000-0003-2665-2966; Werner J. Kovacs, orcid.org/0000-0002-4440-4344; Michael Schrader, orcid.org/0000-0003-2146-0535

Specialty section: This article was submitted to Membrane Traffic, a section of the journal Frontiers in Cell and Developmental Biology

Received: 29 June 2020
Accepted: 01 October 2020
Published: 23 October 2020

Citation: Azadi AS, Carmichael RE, Kovacs WJ, Koster J, Kors S, Waterham HR and Schrader M (2020) A Functional SMAD2/3 Binding Site in the PEX11β Promoter Identifies a Role for TGFβ in Peroxisome Proliferation in Humans. Front. Cell Dev. Biol. 8:577637. doi: 10.3389/fcell.2020.577637

In mammals, peroxisomes perform crucial functions in cellular metabolism, signaling and viral defense which are essential to the viability of the organism. Molecular cues triggered by changes in the cellular environment induce a dynamic response in peroxisomes, which manifests itself as a change in peroxisome number, altered enzyme levels and adaptations to the peroxisomal morphology. How the regulation of this process is integrated into the cell’s response to different stimuli, including the signaling pathways and factors involved, remains unclear. Here, a cell-based peroxisome proliferation assay has been applied to investigate the ability of different stimuli to induce peroxisome proliferation. We determined that serum stimulation, long-chain fatty acid supplementation and TGFβ application all increase peroxisome elongation, a prerequisite for proliferation. Time-resolved mRNA expression during the peroxisome proliferation cycle revealed a number of peroxins whose expression correlated with peroxisome elongation, including the β isoform of PEX11, but not the α or γ isoforms. An initial map of putative regulatory motif sites in the respective promoters showed a difference between binding sites in PEX11α and PEX11β, suggesting that these genes may be regulated by distinct pathways. A functional SMAD2/3 binding site in PEX11β points to the involvement of the TGFβ signaling pathway in expression of this gene and thus peroxisome proliferation/dynamics in humans.
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INTRODUCTION

Peroxisomes represent crucial subcellular compartments that are essential for human life and health. They perform key roles in cellular lipid metabolism, for example the breakdown and detoxification of fatty acids by α- and β-oxidation, and the synthesis of ether-phospholipids (e.g., plasmalogens, which are enriched in myelin sheaths), bile acids and polyunsaturated fatty acids (e.g., DHA) (Wanders, 2013a). Peroxisomes also contribute to hydrogen peroxide metabolism, cellular redox balance and redox signaling (Fransen and Lismont, 2018). Defects in peroxisome metabolic functions or biogenesis result in severe disorders with developmental and neurological defects (Wanders, 2013b; Braverman et al., 2016).

Peroxisomes are remarkably dynamic organelles, which respond to stimulation by adapting their morphology, abundance, and metabolic functions according to cellular needs. New peroxisomes can form from pre-existing peroxisomes by membrane growth and division, which results in their multiplication/proliferation (Schrader et al., 2016). Growth and division in mammalian cells follows a well-defined multi-step process of morphological alterations including elongation/remodeling of the peroxisomal membrane, constriction and recruitment of division factors (e.g., the adaptor proteins MFF, FIS1), and final membrane scission (by the dynamin-related GTPase DRP1) (Schrader et al., 2016). The membrane shaping peroxisomal membrane protein PEX11β contributes to multiple steps of peroxisomal growth and division including membrane deformation and elongation (Delille et al., 2010; Opaliński et al., 2011), recruitment of MFF and FIS1 to constriction sites (Koch et al., 2005; Koch and Brocard, 2012; Itoyama et al., 2013), and activation of DRP1 for membrane fission (Williams et al., 2015). Besides PEX11β, humans express two additional PEX11 isoforms, PEX11α and PEX11γ, but their exact functions are unclear and may differ, given that both isoforms cannot or only partially complement loss of PEX11β (Ebberink et al., 2012). So far, only patients with a defect in the β isoform of PEX11 have been identified, who present with enlarged peroxisomes, congenital cataracts, progressive hearing loss, short stature and neurological abnormalities (Ebberink et al., 2012; Taylor et al., 2017; Tian et al., 2019).

Although our understanding of the mechanisms by which peroxisomes proliferate is increasing, we have limited knowledge of how peroxisome biogenesis and division/multiplication is regulated by stimuli. In plants, it has been suggested that peroxisome proliferation can be stimulated by light, due to an increase in PEX11b transcription regulated by the transcription factors HYH and FHA3 (Desai and Hu, 2008; Desai et al., 2017). However, relatively little is known about how extracellular signals feed into peroxisome biogenesis in mammals and especially in humans. The best characterized regulatory pathway in mammals is the peroxisome proliferator-activated receptor (PPAR)-dependent pathway (Kliewer et al., 1992; Schrader et al., 2012b). PPARs are a family of transcription factors which modulate transcription of target genes in response to a variety of structurally diverse ligands, including xenobiotic chemicals called peroxisome proliferators, and both natural and synthetic fatty acids (Rakhshandehroo et al., 2010). PPARα is expressed predominantly in the liver, heart and brown adipose tissue, and is a major activator of fatty acid oxidation pathways (la Cour Poulsen et al., 2012). PPARγ is most highly expressed in white and brown adipose tissue, and functions as a master regulator of adipogenesis as well as a potent modulator of whole-body lipid metabolism and insulin sensitivity (Tontonoz and Spiegelman, 2008; Dubois et al., 2017; Kersten and Stienstra, 2017). PPARβ/δ is the most poorly characterized isoform, but is ubiquitously expressed and is thought to be important in lipid and cholesterol metabolism (Grygiel-Górniak, 2014). Upon ligand binding, PPARs hetero-dimerise with their binding partner, the 9-cis-retinoic acid receptor, RXRα, and bind to specific cis-acting DNA response elements known as PPRE, to initiate gene transcription. ChIP-seq analysis in human hepatoblastoma HepG2 cells revealed PPARα-occupied PPREs in genes encoding for peroxisomal enzymes such as ACOX1 (van der Meer et al., 2010), suggesting that their expression is regulated by PPARα.

PPARα agonists can significantly increase peroxisome number and the levels of fatty acid β-oxidation enzymes (Lazarow and De Duve, 1976; Schrader et al., 2016), but whilst rodents usually respond with a strong peroxisome proliferation phenotype, the effect in humans is very mild (Lawrence et al., 2001; Islinger et al., 2010). Although there is evidence for a functional PPRE in the promoter region of the PEX11α gene in both mouse (Shimizu et al., 2004) and human (Rakhshandehroo et al., 2010), there is little information so far on transcriptional regulation of other PEX genes in mammals, and especially humans. For example, there is currently no evidence for up-regulation of human PEX11β, as a key factor in peroxisome proliferation, following stimulation with PPARα agonists. In line with this, there is growing evidence that PPAR-independent pathways exist which can be activated by extracellular signals such as ROS and growth factors (Schrader and Fahimi, 2006; Bagattin et al., 2010; Fransen et al., 2012). Although the involvement of a variety of regulatory pathways in controlling transcription of peroxisome proliferation related genes under different conditions has been suggested, it is currently unclear how up-regulation of peroxisomal genes is linked to up-regulation of peroxisome proliferation.

Several studies have implicated the growth factor TGFβ in the regulation of peroxisomes, and while it has been suggested to both increase (Schrader et al., 1998a) and decrease (Oruqaj et al., 2015) peroxisome biogenesis under different conditions, the direct targets involved in this process are unclear. The TGFβ family consists of multifunctional proteins that regulate a diverse range of processes during development and tissue homeostasis, such as cell proliferation, apoptosis, autophagy, inflammation, angiogenesis, and epithelial-to-mesenchymal transition (Kitisin et al., 2007; Nagaraj and Datta, 2010; Horbelt et al., 2012; Massagué, 2012). There are three known isoforms of TGFβ (TGFβ1, TGFβ2, and TGFβ3) expressed in mammalian tissues; they contain highly conserved regions but are different in several amino acid sequences. All of these isoforms function through the same receptor signaling pathways (Horbelt et al., 2012). TGFβ isoforms bind to receptors at the cell surface, and recruit two type I receptors and two type II receptors forming a tetrameric complex (Massagué, 2012). Activated TGFβ superfamily receptors induce a phosphorylation cascade, from receptor phosphorylation to subsequent phosphorylation and activation of downstream signal transducer R-SMAD transcription factors (receptor-activated SMADs, including SMAD2/3) (Hill, 2016; Miyazawa and Miyazono, 2017). Phosphorylated R-SMADs form a hetero-oligomeric (often trimeric) complex with SMAD4. This R-SMAD/SMAD4 complex is imported into the nucleus where it regulates the expression of target genes by direct binding to specific motifs in the target gene promoter and/or through interaction with transcriptional cofactors in a cell-type-specific manner (Hariharan and Pillai, 2008; Kamato et al., 2013). SMAD target genes include the transcription factors PGC-1α and PPARγ, classically thought to regulate peroxisome proliferation, with elevated TGFβ signaling leading to systemic insulin resistance and hepatic steatosis through decreased expression of these target proteins (Yadav et al., 2011; Sohn et al., 2012). Additionally, PPARα may act upstream of TGFβ-dependent gene transcription, with PPARα ligands reported to decrease TGFβ-induced integrin expression by inhibiting SMAD4 complex formation (Kintscher et al., 2002), suggesting a complex interplay between TGFβ signaling and PPAR function.

Since deficiencies in peroxisome proliferation have been associated with a variety of disease states, including liver diseases and neurological dysfunction, as well as cellular aging (Cimini et al., 2009; Titorenko and Terlecky, 2011; Schrader et al., 2014; Passmore et al., 2020), a clearer understanding of the mechanisms and signaling pathways that control peroxisome plasticity could allow for modulation of peroxisome abundance to improve cellular function in health and disease. In this study, we aimed to identify novel signaling pathways and associated factors involved in peroxisome dynamics in humans, using a cell-based assay to investigate different stimuli and their ability to induce peroxisome proliferation. Examination of mRNA levels during peroxisome proliferation suggested differential regulation of peroxisomal genes correlating with their cellular function. Specifically, we identified differential regulation and functions of the PEX11 isoforms PEX11α and PEX11β in peroxisome dynamics. A functional SMAD2/3 binding site in the promoter of PEX11β suggests a novel link between the canonical TGFβ signaling pathway and the induction of peroxisome proliferation, potentially via PEX11β expression, providing new insights into the regulation of peroxisome dynamics in humans.



MATERIALS AND METHODS


Plasmids and Antibodies

For cloning of PEX11β promoter regions, the candidate promoter region (1,302 bp for the wild type and 1,296 bp for the mutant lacking the SMAD2/3 binding site) of human PEX11β was synthesized (Eurofins Genomics) and then cloned into the pGL3-basic vector upstream of the firefly luciferase coding sequence (#E1751, Promega). The pGL3-basic vector without a promoter was used as a negative control. pRL-TK vector (#E2231, Promega) was used as internal control vector to normalize luciferase activities. See Supplementary Table 1 for details of plasmids used in this study, Supplementary Table 2 for plasmids generated in this study and Supplementary Table 3 for details of qPCR primers used. All constructs produced were confirmed by sequencing (Eurofins Genomics). Details of all antibodies used in this study can be found in Supplementary Table 4.



Cell Culture and Cell-Based Peroxisome Proliferation Assay

For routine culture, HepG2 cells (human hepatoblastoma cells, HB8065; ATCC) were maintained in Minimal Essential Medium (MEM; Life Technologies) supplemented with 10% FBS, (100 U/ml penicillin and 100 μg/ml streptomycin) at 37°C in a 5% CO2-humidified incubator. COS-7 (African green monkey kidney cells, CRL-1651; ATCC), PEX11β-deficient skin fibroblasts (Ebberink et al., 2012) and PEX11 KO HeLa cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM; Life Technologies) supplemented as above. COS-7 cells were transfected using diethylaminoethyl (DEAE)-dextran (Sigma-Aldrich) as described (Bonekamp et al., 2010). For stimulation experiments, HepG2 cells were cultured in serum-free MEM with N1 supplement [Sigma: 0.5 mg/ml recombinant human insulin, 0.5 mg/ml human transferrin (partially iron-saturated), 0.5 μg/ml sodium selenite, 1.6 mg/ml putrescine, and 0.73 μg/ml progesterone] containing 0.25% BSA. For morphological analysis of peroxisomes, 70,000/cm2 HepG2 cells were seeded on collagen (Serva)-coated glass coverslips. Compounds/inhibitors were added 6 h after seeding and cells were processed for immunofluorescence at different time points after incubation (as indicated in Figures). Fatty acid stocks (Sigma-Aldrich) were dissolved in ethanol. WY-14643 (#C7081), Troglitazone (#T2573), GW9962 (#M6191), Rapamycin (#R0395), LY2109761 (#SML2051), and SB431542 (#616461) were obtained from Sigma-Aldrich. Recombinant human TGFβ was obtained from R&D Systems (#240-B). Stimulation with 10% FBS served as a positive control for peroxisome elongation/proliferation.



Generation of PEX11-Deficient HeLa Cells by CRISPR-Cas9

For each PEX11 gene, two different sgRNA guide sequences targeting an exon of PEX11α, PEX11β, or PEX11γ were selected using the CRISPR Design Tool1 (Ran et al., 2013) (Supplementary Table 5). Complementary guide oligos were annealed and subsequently cloned into the pX458 [-pSpCas9(BB)-2A-GFP] plasmid (Addgene). Cells were transfected in six-well plates with 2 μg plasmid containing sgRNA targeting PEX11α, PEX11β or PEX11γ (jetPRIME DNA Transfection). Single GFP-positive cells were sorted by fluorescence-activated cell sorting into 96-well plates (SH800 Cell Sorter, Sony Biotechnology) as described (Ran et al., 2013). After ∼4 weeks, DNA was isolated from multiple expanded single colonies, and the targeted exon of the PEX11 genes were PCR amplified using Phire Hot Start II DNA Polymerase (Thermo Fisher Scientific) and subsequently Sanger sequenced to confirm clonal populations with heterozygous mutations in PEX11α, PEX11β, and PEX11γ (Supplementary Table 5).



Transfection and Dual Luciferase Reporter Assay

2 × 105 HepG2 cells/well were seeded the day before transfection in 6-well plates in 1.5 ml complete growth MEM. 1 μg of the desired pGL3 vector DNA and 40 ng pRL-TK vector DNA (ratio 25:1) was transfected per well using Lipofectamine 3000 (Invitrogen) according to instructions.

48 h after transfection, cells were seeded in MEM/N1 media in 96 cell plates. 6 h after seeding, cells were treated with TGFβ, FBS or left untreated and were incubated for 24 h prior to performing the Dual-Luciferase Reporter assay (Promega, #E1910) with a MicroLumat Plus LB 96V luminometer (Berthold Technologies), according to manufacturer’s instructions. Luminescence was measured for 10 s, and each reaction was measured three times. For analysis, Firefly luciferase activities were normalized to Renilla luminescence in each well.



RNA Isolation and Quantitative PCR

Total RNA was prepared from HepG2 cells with the NucleoSpin RNA Kit (#740955.50; Macherey-Nagel) and DNA was removed by on-column digestion with rDNase. cDNA was synthesized from 2 μg RNA with random hexamer primers using the High-Capacity RNA-to-cDNA Kit (#4368813; Applied Biosystems) and diluted 10-fold in sterile H20. The real-time qPCR reaction was performed on a Roche LightCycler LC480 instrument in duplicates using 10 ng cDNA, 7.5 pmol forward and reverse primers, and the 2× KAPA SYBR FAST qPCR Mastermix (#KK4601; KAPA Biosystems). Thermal cycling was carried out with a 5 min denaturation step at 95°C, followed by 45 three-step cycles: 10 s at 95°C, 10 s at 60°C, and 10 s at 72°C. Melt curve analysis was carried out to confirm the specific amplification of a target gene and absence of primer dimers. Relative mRNA amount was calculated using the comparative threshold cycle method. 18S rRNA was used as the invariant control.



Immunofluorescence and Microscopy

Cells were processed for immunofluorescence 24–48 h after transfection. Cells grown on collagen-coated glass coverslips were fixed for 20 min with 4% (w/v) para-formaldehyde in PBS (pH 7.4), permeabilized with 0.2% (w/v) Triton X-100 for 10 min and blocked with 1% BSA for 10 min. Blocked cells were sequentially incubated with primary and secondary antibodies for 1 h in a humid chamber. Coverslips were washed with ddH2O to remove PBS and mounted with Mowiol medium (containing 25% n-propyl-gallate as anti-fading reagent) on glass slides. All immunofluorescence steps were performed at room temperature and cells were washed three times with PBS, pH 7.4 between each individual step. Cell imaging was performed using an Olympus IX81 microscope equipped with an UPlanSApo 100×/1.40 oil objective (Olympus). Digital images were taken with a CoolSNAP HQ2 CCD camera. Representative images only were adjusted for contrast and brightness using the Olympus Soft Imaging Viewer software (Olympus) and MetaMorph 7 (Molecular Devices).



Promoter Analysis

For each PEX11 isoform gene, regions 10kb upstream of the start codon were scanned base-pair by base-pair for regulatory elements using the GimmeMotif programme (van Heeringen and Veenstra, 2010). To obtain transcription factor binding site motifs to search for, position weight matrices representing the DNA binding preferences of 700 transcription factors were imported from the JASPAR CORE database2. Bona fide binding sites in the regulatory region for each chosen gene were defined as having a higher than 89% potential match to a JASPAR motif. Binding efficiency to SMAD2/3 motifs was calculated relative to the JASPAR position weight matrix consensus sequence (ID MA0513.1). In order to eliminate non-active motif binding sites based on chromosome structure, the presence of H3K4me3, H3K36me3, H3K27ac histone marks and absence of H3K27m3 near the potential motif was checked with the USCS Genome Browser as indicators of transcriptionally active sites in HepG2 cells. The ENCODE database of transcription factor binding tracks was used to exclude transcriptionally silent sites in each gene (those with a score of <500 out of 1000 for ChIP-seq evidence of transcription factor binding).



Quantification and Statistical Analysis of Data

For quantitative analysis of peroxisome morphology, 100–200 cells per coverslip were examined and categorized possessing elongated/tubular (>2 μm in length) or spherical peroxisomes (0.3–2 μm; including rod-shaped peroxisomes) (Schrader et al., 1996). For quantification of peroxisome number, images were acquired in the focal plane of the nucleus, and peroxisome number per cell was determined using an in-house ImageJ macro (Schneider et al., 2012; Passmore et al., 2020) based on the ‘Analyze Particles’ function. Usually, three coverslips per preparation were analyzed, and three independent experiments were performed. Statistical analyses were performed using GraphPad Prism 5 software. Data are presented as means ± SD. Two-tailed unpaired t-tests (for experiments with two groups) or one-way ANOVAs with appropriate post hoc tests (for experiments with three or more groups) were used to determine statistical differences against control values (see Figure Legends for details). ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, ns, non-significant.



RESULTS


Validation of a Cell-Based Peroxisome Proliferation Assay

Expansion of the peroxisomal membrane is the first in a sequence of morphological changes that occur during peroxisomal growth and division in mammalian cells (Schrader et al., 2016). In human hepatoblastoma HepG2 cells, elongated or tubular peroxisomes increase in number for approximately 24 h after seeding; the number of tubular peroxisomes decreases after this time point as fission occurs and most of the cells show spherical peroxisomal forms (Schrader et al., 1996). This membrane growth and subsequent fission contributes to the multiplication/proliferation of peroxisomes under conditions of cellular growth. In order to characterize and measure the progression of peroxisome proliferation in HepG2 cells, we have established a cell-based proliferation assay to measure synchronous peroxisome dynamics (Figure 1). Alterations in peroxisome morphology under different culture conditions were quantified over time by immunofluorescence microscopy, staining for the peroxisomal membrane protein PEX14 (Nguyen et al., 2006; Grant et al., 2013). Under standard culture conditions (MEM with 10% FBS [MEM/FBS]), the number of tubular peroxisomes increased in a time-dependent manner in HepG2 cells seeded at a defined density, as previously reported (Schrader et al., 1996). In cells cultured in defined serum-free media (MEM with N1 supplement [MEM/N1]), however, the majority of peroxisomes remained spherical after 24 h of culture (Figures 1A,B), creating a ‘basal’ state from which peroxisome tubulation could be induced and measured. By synchronizing peroxisomes in a spherical form in this way, a change in peroxisome morphology could be monitored to determine modulators of peroxisome proliferation.


[image: image]

FIGURE 1. Effect of serum on peroxisome morphology/proliferation in HepG2 cells. (A) Representative images of cells cultured in MEM/N1 and cells stimulated with 10% FBS (MEM/N1 + FBS). Cells were processed for immunofluorescence after 24 or 48 h of stimulation and stained with anti-PEX14 antibodies. Bars, 10 μm (B) Quantitative analysis of peroxisome elongation after 24 h, expressed as percentage of cells exhibiting tubular peroxisomes. Data from 3 independent experiments (n = 300 cells in each condition); analyzed by two-tailed unpaired t-test. (C) Quantitative analysis of peroxisome number per cell after 48 h. Data from 3 independent experiments (n = 10 cells for each condition), analyzed by two-tailed unpaired t-test; ***p < 0.001.
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FIGURE 2. Effect of fatty acids and rapamycin on peroxisome elongation in HepG2 cells. (A) Quantitative analysis of peroxisome morphology upon stimulation with 50 μM fatty acids in HepG2 cells cultured in MEM/N1 for 24 h. Note the strong stimulatory effect of PUFAs (AA and LA). (B) Quantitative analysis of peroxisome morphology after treatment of HepG2 cells with rapamycin and subsequent serum stimulation. Data in (A,B) are based on immunofluorescence microscopy using anti-PEX14 from 3 independent experiments (n = 300 cells in each condition); analyzed by one-way ANOVA with Dunnett’s (A) or Tukey’s (B) post hoc test; ***p < 0.001. AA, arachidonic acid; LA, linoleic acid; OA, oleic acid; PA, palmitic acid.


To validate that our assay system could be used to detect and follow changes in peroxisome morphology in response to environmental stimuli, HepG2 cells were incubated for 6 h in MEM/N1, where cells display spherical and rod-shaped peroxisome morphologies, then exposed to 10% FBS for 24 h (‘serum stimulation’). Peroxisome morphology was again assessed by PEX14 immunofluorescence. Serum stimulation increased the proportion of cells with tubular peroxisomes to more than 80% (Figure 1B), whereas peroxisomes remained predominantly spherical in cells kept in serum-free medium. Furthermore, after 48 h, the number of peroxisomes per cell was 60% higher in serum-stimulated cells compared to those cultured in MEM/N1 (Figure 1C). This confirms that elongated peroxisomes, which peak in number after 24 h, divide by fission and contribute to peroxisome proliferation. These observations indicate that peroxisomal growth and division is reduced under serum-free culture conditions, and therefore that the peroxisomal compartment is responsive to serum stimulation.

To test if cellular growth in MEM/N1 is comparable to standard growth conditions, we determined and compared cellular growth over time. Cells cultured in MEM/N1 display slightly lower growth rates when compared to cells cultured in MEM/FBS (Supplementary Figure 1). However, the cells are actively proliferating and an exponential increase in cell density arises. It should, however, be noted that the cells appear smaller and are not as extensively spread as HepG2 cells grown under standard conditions.

With this cell-based assay, we have established an inducible system to dissect the distinct phases of peroxisome proliferation in a synchronous manner, and test different stimuli and their effect on peroxisome dynamics and proliferation in a quantitative fashion. To verify the assay, we first applied arachidonic acid (AA) [C20:4 (ω-6)] as a positive control. This PUFA serves as a precursor for the synthesis of a number of biologically active lipid mediators and has been reported to induce peroxisome elongation/proliferation in a previous study (Schrader et al., 1998a). Indeed, our results show that 50 μM AA causes a prominent increase in the percentage of cells with tubular peroxisomes (∼3.5-fold increase compared to the control) (Figure 4A), a similar magnitude of effect as when serum is added to the MEM/N1 medium. The addition of the PUFA linoleic acid (LA) [C18:2 (ω-6)] promoted peroxisome elongation, but less than AA or serum stimulation (∼2.6-fold increase compared to the control), while oleic acid (OA) [C18:1(ω-9)] also had a small but significant stimulatory effect on peroxisome elongation (∼1.4-fold increase compared to the control). However, the saturated fatty acid palmitic acid (PA) (C16:0) was not able to induce peroxisome membrane expansion at the concentrations applied (Figure 4A), even though, as observed for AA, LA, and OA, the number and size of lipid droplets was increased in the cells (not shown), indicating that all the fatty acids are efficiently taken up and stored by the cells. Together, this suggests a correlation between fatty acid chain length and/or degree of saturation and their ability to induce peroxisome elongation. Shorter-chain fatty acids are preferential substrates for mitochondrial β-oxidation, while the longer-chain fatty acids, which induce peroxisome elongation, can be β-oxidized in peroxisomes and/or are involved in the synthesis of cellular lipid mediators.

PUFAs such as AA and LA can act as PPAR ligands (Varga et al., 2011), so we next tested the ability of pharmacological PPAR ligands to induce peroxisome elongation in our experimental system. Interestingly, they did not induce a pronounced peroxisome elongation in our experimental system. While the PPARα agonist Wy-14,643 and the PPARγ agonist troglitazone did induce some peroxisome elongation at the higher concentrations tested (Supplementary Figure 2), this was a significantly smaller effect than the FBS-induced elongation, suggesting PPAR activation alone is not sufficient to account for the proliferative effect of serum on peroxisomes, which is in line with the mild effects described for peroxisome proliferators on human cells. Furthermore, the PPARγ antagonist GW9962, which inhibits PPARγ binding to its binding elements (Liu et al., 2016), caused a small decrease in peroxisome elongation compared to controls, but did not occlude the peroxisome elongation/proliferation induced by serum. This implies that serum contains factors which can induce peroxisome elongation/proliferation independently of PPARs.

Apart from fatty acids, the stimulatory effect of serum on peroxisome dynamics and proliferation may be due to the involvement of growth factor-dependent pathways, such as the mTOR pathway. In order to investigate the involvement of the mTOR pathway in peroxisome elongation/proliferation in our assay, cells cultured in MEM/N1 medium were pre-treated with the mTOR inhibitor rapamycin prior to serum stimulation. Two hours of rapamycin pre-treatment blocked peroxisome elongation in response to serum stimulation in a dose-dependent manner (Figure 4B), supporting our hypothesis that growth factor-mediated signaling pathways (specifically, the mTOR pathway) may play a role in the initiation of peroxisome proliferation during cellular growth.



Differential mRNA Profiles During Peroxisome Proliferation

Little is known about the regulation of peroxins and peroxisomal membrane proteins and the relationship between gene expression and peroxisome proliferation, in particular in humans. The only peroxin whose expression has so far been linked to peroxisome proliferation in humans is PEX11 (Schrader et al., 2016). We therefore set out to profile which peroxisomal genes may be involved in peroxisomal growth and division by correlating their time-resolved mRNA expression profiles with distinct peroxisome proliferation events in our synchronized cell model. mRNA was extracted at given time points after serum-stimulated induction of peroxisome proliferation, corresponding to distinct phases in the elongation and division process (Schrader et al., 1998a) (Figure 3A) – at 6 h, when peroxisome elongation begins; at 12 and 24 h when the number of elongated peroxisomes increases and peaks; and at 48 and 72 h, when division of the elongated peroxisomes has occurred, and they return to their spherical shape. qPCR was used to quantify changes in relative mRNA levels of a number of candidate peroxisomal genes across these stages of proliferation, normalized to 18S rRNA levels.
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FIGURE 3. Correlation of peroxisome morphology and mRNA abundance profiles of PEX genes in HepG2 cells during a time course. (A) Quantitative analysis of tubular peroxisomes in HepG2 cells monitored over time in MEM/FBS and processed for immunofluorescence. Data from 4 independent experiments (n = 300 cells in each condition); analyzed by one-way ANOVA with Dunnett’s post hoc test. (B) qPCR analysis of relative mRNA levels of a set of PEX genes normalized to 18S rRNA expression over time. Note that PEX11β mRNA levels correlate with the proportion of cells showing tubular peroxisome morphology, emphasizing its role in peroxisome elongation and division. In contrast, PEX11α mRNA levels do not correlate with changes in peroxisome morphology. Data from 4 independent experiments; analyzed by one-way ANOVA with Dunnett’s post hoc test; *p < 0.05, **p < 0.01, ***p < 0.001.
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FIGURE 4. mRNA abundance profiles of peroxisomal transcription factors/co-factors (A) and peroxisomal genes associated with fatty acid beta-oxidation (B) in HepG2 cells during a time course. qPCR analysis of relative mRNA levels of the indicated genes, normalized to 18S rRNA expression over time. Data from 4 independent experiments; analyzed by one-way ANOVA with Dunnett’s post hoc test; *p < 0.05, **p < 0.01, ***p < 0.001.


We first investigated the mRNA profiles of the three mammalian isoforms of PEX11 (α, β, and γ) during peroxisome proliferation, as these proteins are thought to be involved in the peroxisome growth and division cycle (Figure 3B). Interestingly, while PEX11β mRNA levels correlated well with the peroxisome proliferation cycle, PEX11α and PEX11γ did not, with their mRNA levels declining over time. These findings support the view that PEX11β is the key PEX11 isoform promoting peroxisome elongation and subsequent division, with PEX11α and PEX11γ playing more subtle or different roles.

Interestingly, mRNA levels of the early peroxins PEX3 and PEX19 were also observed to correlate with the peroxisome proliferation cycle, whereas PEX16 remained unchanged and declined at later time points (Figure 3B). As these early peroxins are required for the insertion of peroxisomal membrane proteins including PEX11β, increased mRNA levels of those early peroxins is consistent with a requirement for PEX11β in proliferation. Other peroxins such as PEX2, PEX5, PEX10, PEX12, PEX13, and PEX14, which are involved in peroxisomal matrix protein import, showed a variety of expression profiles: a minor increase in mRNA expression after 24 h followed by a decline (PEX10 and PEX14), a slight decline after 72 h (PEX2) or no change over the time course (PEX5, PEX12, and PEX13) (Figure 3B). Similarly, mRNA levels of the AAA-ATPase export complex components (PEX1, PEX6, and PEX26) did not correlate with the peroxisome proliferation cycle either, showing a minor increase after 24 h followed by a decline (PEX1), a decrease in expression after 48 h which recovers by 72 h (PEX6) and a slight decline after 72 h (PEX26), respectively.

The mRNA profile of the transcription factors PPARα, PPARγ1, and PGC1α, which are classically thought to be involved in the upregulation of peroxisomal matrix protein expression (in particular β-oxidation enzymes in rodents), did not correlate with peroxisomal morphology alterations, and expression of those transcription factors rather declined over time, or remained constant (PGC1α) (Figure 5A). These findings may indicate that the observed morphological alterations are independent of those transcription factors. It has, however, been reported that PPARα expression is upregulated in HepG2 cells at the mRNA and protein level following prolonged incubation times in culture (Stier et al., 1998). Notably, mRNA levels of the transcription factor PGC1β does seem to correlate with the peroxisome proliferation cycle, suggesting this could play a role in peroxisome elongation and/or division. Interestingly, mRNA levels of the peroxisomal ABC transporter ABCD3 (PMP70) also followed the morphological changes of peroxisomes, whereas mRNA levels for ABCD1, the ABC transporter for VLCFA, remained unchanged (Figure 5B). mRNA levels of ACOX1a and ACOX1b, key enzymes in the first step of peroxisomal fatty acid β-oxidation, was slightly reduced over time, while mRNA levels of EHHADH, which catalyzes the 2nd and 3rd step of peroxisomal β-oxidation, were upregulated after 24 h, and expression of ACAA1, which catalyzes the final step, was increased after 12 and 24 h but decreased after 72 h (Figure 5B). mRNA levels for other proteins required for peroxisomal β-oxidation, such as carnitine metabolism (CROT and CRAT), also follow different patterns over time, whereas the peroxisomal membrane protein PMP34 (cofactor transport) correlated with the peroxisome proliferation cycle. Furthermore, mRNA levels of peroxisomal enzymes involved in plasmalogen synthesis showed distinct profiles, either increasing (AGPS and GNPAT) or decreasing (FAR1) at later time points (Figure 5B). Together this suggests that, in some cases, peroxisomal genes that perform similar functions (e.g., enzymes involved in β-oxidation or plasmalogen synthesis) may be independently regulated during proliferation.
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FIGURE 5. The human PEX11 isoforms affect peroxisome morphology differently. (A) Quantitative analysis of peroxisome morphologies in cells expressing different human PEX11 isoforms. COS-7 cells were transfected with Myc-PEX11α, Myc-PEX11β, or Myc-PEX11γ, processed for immunofluorescence using anti-Myc and anti-PEX14 antibodies at the indicated time points after transfection, and analyzed by microscopy. Note the prominent effect of Myc-PEX11β and Myc-PEX11γ on peroxisome elongation/division, in contrast to Myc-PEX11α expression, which is similar to mock-transfected controls (Con). Data from 4 independent experiments; analyzed by one-way ANOVA with Dunnett’s post hoc test for each time point; *p < 0.05, ***p < 0.001. (B) HeLa PEX11 KO cells and controls, and PEX11β-deficient fibroblasts were processed for immunofluorescence microscopy using antibodies against PEX14. Note the reduced number and elongation of peroxisomes in the PEX11β-deficient cells. Bars, 10 μm.




The Mammalian PEX11 Isoforms Differ in Their Membrane Elongation-Inducing Properties

Our results from the mRNA profiling during peroxisome proliferation suggested that the three human PEX11 isoforms may play different roles in the regulation of peroxisome dynamics. In order to compare the functional effects of these isoforms on peroxisome morphology, COS-7 cells cultured in serum-containing media (to promote peroxisome growth and division) were transfected with Myc-PEX11α, Myc-PEX11β, or Myc-PEX11γ, processed for immunofluorescence after 5–72 h using anti-Myc and anti-PEX14 antibodies, and analyzed (Figure 6A). Quantification of peroxisome morphology revealed that overexpression of both Myc-PEX11β and Myc-PEX11γ had already induced the formation of tubular peroxisomes just 5 h after transfection. The number of cells with tubular peroxisomes declined over time, likely due to division of elongated peroxisomes into spherical organelles. In contrast, expression of Myc-PEX11α did not induce peroxisome elongation, and values were similar to controls confirming previous studies in both HepG2 and COS-7 cells (Schrader et al., 1998b; Delille et al., 2010). These findings indicate that the PEX11 isoforms affect peroxisome morphology differently, with β and γ being capable of inducing peroxisome elongation, whereas α cannot.
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FIGURE 6. Venn diagram of shared transcription factor binding sites within the promoter regions of human PEX11 isoforms. Potential binding sites for SMAD2/3 (activated by the TGFβ pathway) in PEX11γ and PEX11β were predicted to be located in a transcriptionally active area according to histone marks.


We also analyzed peroxisome morphology in HeLa CRISPR knock out (KO) cells lacking PEX11α, PEX11β, or PEX11γ, cultured in serum-containing media. Immunofluorescence microscopy using anti-PEX14 antibodies revealed a spherical peroxisome morphology in PEX11α and PEX11γ KO cells, which was comparable to controls (Figure 6B). In contrast, peroxisomes in PEX11β KO cells were reduced in number and showed a rod-shaped, slightly elongated morphology (Figure 6B). A similar peroxisome morphology was observed in skin fibroblasts from patients with a loss of PEX11β (Figure 6B) (Ebberink et al., 2012). At first glance, the slightly elongated peroxisome morphology in PEX11β-deficient cells may contradict the proposed function of PEX11β as a driver of membrane elongation. However, PEX11β also plays a role in peroxisome division as it acts as a GTPase activating protein (GAP) on the fission GTPase DRP1 (Williams et al., 2015). We suggest that as a consequence of this GAP function, peroxisome division is reduced in the absence of PEX11β leading to a slight elongation of peroxisomes, perhaps mediated by PEX11γ, which also has membrane elongating properties (Figure 6A) and can partially complement PEX11β (Ebberink et al., 2012).



Promoter Analysis of the PEX11 Isoforms Suggests They Are Independently Regulated

Since the mRNA profiles of the three PEX11 isoforms differed during the peroxisome proliferation/division cycle, we set out to identify candidate factors leading to this differential regulation. A comparison of the promoter regions of all three human PEX11 genes revealed that PEX11β and PEX11γ share four putative transcription factor binding sites for SMAD2/3 (Small worm phenotype/Mothers Against Decapentaplegic homolog 2/3), ATF4 (Activating Transcription Factor 4), SOX10 (Sex-determining Region Y-related High Mobility Group-box 10) and PPARγ. In contrast, no transcription factor binding sites are shared between PEX11β and PEX11α, while PEX11α and PEX11γ only share one binding site (for PPARα) (Figure 7). These findings indicate that PEX11β and PEX11α are likely to be differently regulated at a transcriptional level and further support our notion that both proteins fulfill different functions at peroxisomes.
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FIGURE 7. TGFβ increases peroxisome elongation and number in HepG2 cells. (A) HepG2 cells were cultured in MEM/N1, treated with 10% FBS, or TGFβ (2 ng/ml) (with or without inhibitors LY2109761 or SB431542) or mock treated and processed for immunofluorescence after 24 h after treatment using anti-PEX14 antibodies. Representative images and quantitative analysis of peroxisome morphology (elongation) for the conditions described are shown. Data from 3 independent experiments (n = 300 cells for each condition); analyzed by one-way ANOVA with Tukey’s post hoc test; ***p < 0.001. Bars, 10 μm. (B) HepG2 cells were cultured in MEM/N1 for 6 h prior to the addition of TGFβ (2 ng/ml) or 10% FBS, and processed for immunofluorescence after 6 h (‘before’ treatment) and 48 h after treatment as described in (A). Representative images and quantitative analysis of peroxisome number/cell before and 48 h are shown. Data from 3 independent experiments (n = 10 cells for each condition); analyzed by one-way ANOVA with Tukey’s post hoc test; ***p < 0.001. Bars, 10 μm.




The Canonical TGFβ Pathway Is Involved in Peroxisome Proliferation in HepG2 Cells

One of the key activators of SMAD2/3 is transforming growth factor beta (TGFβ), via the canonical TGFβ signaling pathway. We chose to focus our subsequent studies on SMAD2/3-mediated regulation of PEX11β and the possible link between TGFβ signaling and peroxisome proliferation, as a proof-of-principle of our predictive promoter analysis. This was selected because of: (i) the functional role of PEX11β in peroxisome elongation and division (Figure 6); (ii) the high probability prediction of a SMAD2/3 binding site in the promoter region of PEX11β (Supplementary Table 6), and (iii) the ability of TGFβ to activate mTOR, a driver of peroxisome proliferation (Figure 4B), which together suggested that expression of PEX11β, and thus peroxisome proliferation, might be linked to TGFβ signaling. First, we tested whether TGFβ could induce peroxisome elongation and proliferation in our cell-based model. HepG2 cells cultured in MEM/N1 were mock treated or treated with 2 ng/ml recombinant TGFβ for 24 h prior to fixation and PEX14 immunofluorescence (Figure 2). Recombinant TGFβ activates Type I and, indirectly, Type II TGFβ receptors on the cell surface, resulting in phosphorylation of the SMAD2/3 complex and its translocation to the nucleus where it can modulate transcription of target genes (Dituri et al., 2013). Whereas control cells showed overwhelmingly spherical peroxisomes, addition of TGFβ resulted in a pronounced elongation of peroxisomes, a pre-requisite of peroxisomal growth and division (Figure 2A). To validate that the effect was specific to the SMAD-mediated TGFβ pathway, we used specific chemical inhibitors which block the TGFβ signaling pathway. SB431542 selectively inhibits Type I TGFβ receptors by suppressing SMAD3 phosphorylation, whereas LY2109761 inhibits both Type I and II receptors, resulting in reduced phosphorylation of SMAD2 (Dituri et al., 2013). Pre-treatment of HepG2 cells with either inhibitor for 2 h before adding recombinant TGFβ reduced peroxisome elongation significantly when compared to TGFβ-treated controls (Figure 2A) indicating a specific TGFβ-mediated response. Furthermore, consistent with the effect of serum stimulation, the number of peroxisomes in TGFβ-treated cells was significantly increased when compared to unstimulated controls (Figure 2B). 48 h TGFβ treatment resulted in an over two-fold increase in peroxisome numbers compared to untreated cells cultured for the same amount of time, which is indicative of accelerated peroxisome proliferation. Overall, these findings support a role for TGFβ signaling in peroxisome proliferation, potentially via SMAD2/3 binding to the PEX11β promoter.

To verify that transcription of PEX11β can be regulated by TGFβ in a SMAD-dependent manner, we transfected HepG2 cells with constructs consisting of a firefly luciferase reporter gene under the control of the PEX11β promoter, and assayed the effect of TGFβ on luminescence as a result of firefly luciferase expression (Figure 8). TGFβ treatment dramatically increased the expression of firefly luciferase driven by the wild type PEX11β promoter (or a control promoter with an optimized SMAD2/3 binding site, ‘SMAD’), relative to a constitutively expressed, TK promoter-driven Renilla luciferase as an internal control. However, mutating the putative SMAD2/3 binding site in the PEX11β promoter (‘mut’) prevented the TGFβ-dependent increase in reporter expression (Figure 8). These findings indicate that the SMAD2/3 binding site within the PEX11β promoter is functional, and that PEX11β transcription is positively regulated by TGFβ signaling via its SMAD2/3 binding site.
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FIGURE 8. TGFβ activates PEX11β expression by direct binding of the SMAD2/3 transcription factor to the PEX11β promoter. Luciferase reporter assays in HepG2 cells transfected with a Firefly-Luc reporter under the control of a SMAD2/3 motif-containing promoter (‘SMAD’); or PEX11β wild type (‘WT’) or SMAD2/3 mutant (‘mut’) promoter. As a control, a promoter-less Firefly-Luc vector was used. Cells were treated with TGFβ (2 ng/ml) or left untreated. (A) Schematic of the reporter vectors used. The potential SMAD2/3 binding motif (underlined) in the PEX11β promoter and the deleted base pairs are indicated. pRL-TK construct with thymidine kinase promoter upstream of Renilla luciferase was used as an internal control in all the experiments. (B) Quantitative analysis of the effect of TGFβ on promoter activity. Firefly luciferase activity (FLuc) was first normalized to Renilla luciferase activity (RLuc) in each condition. Fold increase in response to TGFβ was then calculated by normalizing the relative luminometer unit values for each construct in the presence of TGFβ to the value without TGFβ. Data from 3 independent experiments; analyzed by one-way ANOVA with Tukey’s post hoc test; ns non-significant, ***p < 0.001.




DISCUSSION

In this study, we used the well-differentiated human hepatoblastoma cell line HepG2 as a model system to assess the ability of different stimuli to induce peroxisome proliferation. The peroxisomal compartment in HepG2 cells is very dynamic, displaying high plasticity including the presence of elongated peroxisomes (Schrader et al., 1996; Grabenbauer et al., 2000). These elongated peroxisomes form by membrane expansion as a pre-requisite of peroxisome division and can be observed during rapid cellular growth, for example after hepatectomy (Yamamoto and Fahimi, 1987b) or in cultured mammalian cells (including COS-7 cells) (Schrader et al., 1996, 1998a; Duclos et al., 1997). Stimulation of cultured cells with defined growth factors, fatty acids or free radicals promotes peroxisome elongation (Schrader et al., 1998a, 1999) as does depolymerisation of microtubules (Schrader et al., 1996; Passmore et al., 2017), suggesting the involvement of intracellular signaling in peroxisome elongation. Motor-driven pulling forces, e.g., mediated by the kinesin-adaptor Miro1 along microtubules, can also contribute to peroxisomal membrane expansion (Castro et al., 2018) as well as inhibition of the peroxisomal division machinery (Koch et al., 2003; Gandre-Babbe and van der Bliek, 2008; Passmore et al., 2020) and tethering of peroxisomes to the ER (Costello et al., 2017).

We show here that peroxisome membrane expansion/elongation in HepG2 cells depends on serum/growth factors, and can be inhibited by rapamycin, an inhibitor of the mTOR pathway, the main growth factor-dependent pathway in mammalian cells (Wullschleger et al., 2006). Indeed, the mTOR pathway has recently been linked to peroxisome homeostasis and signaling (Zhang et al., 2013, 2015). Notably, the PPARγ antagonist GW9962 did not prevent the induction of peroxisome elongation by serum, while the PPARα agonist Wy-14,643 and the PPARγ ligand troglitazone only had a relatively small stimulatory effect on peroxisome elongation, and to a lower extent than serum addition. These observations are in line with earlier studies (Sher et al., 1993; Stangl et al., 1995; Duclos et al., 1997; Schrader et al., 1998b; Hsu et al., 2001; Lawrence et al., 2001; Bagattin et al., 2010) and point to the involvement of PPAR-independent pathways in peroxisome elongation/proliferation in humans. In a high-content screen probing more than 15,000 drugs, 10 compounds were reported to induce peroxisome proliferation in HepG2 cells, which appear to be only mildly sensitive to PPARα-mediated peroxisome proliferation (Sexton et al., 2010).

A stimulatory effect of PUFAs, especially AA [C20:4 (ω-6)] on peroxisomal membrane expansion confirms earlier studies (Schrader et al., 1998a). PA (C16:0), a preferential substrate for mitochondrial β-oxidation, was not effective in inducing elongation, supporting specificity for longer-chain/unsaturated fatty acids, which link to the synthesis of cellular lipid mediators. AA is the substrate for the synthesis of prostaglandins and leukotrienes. As peroxisomes are involved in the degradation of prostaglandins (Diczfalusy and Alexson, 1988; Schepers et al., 1988) and leukotrienes (Jedlitschky et al., 1991), peroxisome elongation/proliferation may help to balance intracellular levels of these eicosanoids. Furthermore, other PUFAs such as DHA [C22:6(n−3)] have previously been shown to mediate peroxisome elongation and division/proliferation (Itoyama et al., 2012). While PUFAs, including DHA, are well-characterized ligands of PPARα (Krey et al., 1997), DHA-induced peroxisomal proliferation has been shown to be independent of PPARα activation, but dependent on PEX11β and peroxisome division factors (Itoyama et al., 2012).

In line with this, PEX11β mRNA levels correlated well with peroxisome elongation and subsequent division/proliferation. PEX14 mRNA levels were also slightly upregulated after 24 h in culture, when peroxisomes were also most elongated. Besides a role in matrix protein import, PEX14 has also been suggested to function as a microtubule docking factor stabilizing elongated peroxisomes, which may explain its induction during proliferation (Bharti et al., 2011; Theiss et al., 2012; Castro et al., 2018; Passmore et al., 2020). mRNA levels of the peroxisomal ABC transporter ABCD3 (PMP70) correlated with the peroxisome proliferation cycle in line with previous studies (Schrader et al., 1998a). mRNA levels for the transcription factor PPARα or ACOX1, a key enzyme in peroxisomal β-oxidation, did not correlate with the peroxisome proliferation cycle, which is perhaps surprising, as enzyme expression may be expected to rise in line with the increase in peroxisome number to maintain normal metabolism. However, mRNA and protein levels of PPARα and branched-chain ACOX2 have been previously shown to only be markedly elevated at the later phases of long-term culture and differentiation of HepG2 cells, suggesting that peroxisome proliferation (investigated here) and peroxisome maturation, characterized by a metabolically-active phenotype once cells reach confluency, may be two distinct and differentially regulated processes (Stier et al., 1998). PGC1α mRNA levels are also reported to increase after 3 days, and may link to an (differentiation-dependent) induction of peroxisomal activity (Bagattin et al., 2010; Huang et al., 2017).

We focussed on the function and regulation of the PEX11 proteins, which are supposed to be key regulators of peroxisome proliferation, although the functions of the different PEX11 isoforms in peroxisome proliferation are still controversial. They have been suggested to cooperate in the coordination of peroxisomal growth and division (Koch and Brocard, 2012), but functions in fatty acid oxidation, transport processes, organelle interplay and membrane contacts have also been reported (van Roermund et al., 2000; Dulermo et al., 2015; Mattiazzi Ušaj et al., 2015; Mindthoff et al., 2016; Kustatscher et al., 2019; Wu et al., 2020).

Our data reveal that PEX11β and PEX11α are likely to be differently regulated as different transcription factors are predicted to control their expression. Additionally, in contrast to PEX11β, PEX11α mRNA levels did not follow the changes in peroxisome morphology in HepG2 cells. Furthermore, expression of PEX11α did not induce peroxisome membrane expansion, which is consistent with previous studies (Schrader et al., 1998b; Delille et al., 2010). PEX11α cannot complement loss of PEX11β (Ebberink et al., 2012), and despite their similar membrane topology, both proteins show different sensitivity to Triton-X 100 pointing to different functions and biochemical properties within the peroxisomal membrane (Schrader et al., 2012a). Patients suffering from PEX11β deficiency have been identified (Ebberink et al., 2012; Taylor et al., 2017; Tian et al., 2019), whereas patients with a defect in PEX11α function have not yet been diagnosed. In line with this, knockout of PEX11β in mice is lethal, whereas PEX11α KO mice appear healthy (Li et al., 2002a, b). However, feeding of PEX11α KO mice with a high-fat diet resulted in impaired physical activity and energy expenditure, decreased fatty acid β-oxidation, increased de novo lipogenesis as well as dyslipidaemia and obesity (Chen et al., 2019). Overall, these findings highlight that PEX11α and PEX11β have different functions, and may support a role for PEX11α in peroxisomal fatty acid metabolism rather than in peroxisome proliferation.

We confirmed that the identified putative SMAD2/3 binding site in the promoter region of PEX11β is functional and TGFβ-responsive, and could potentially link peroxisome proliferation to the canonical, SMAD-dependent TGFβ signaling pathway in HepG2 cells. A stimulatory effect of TGFβ on peroxisome elongation, albeit less prominent due to altered experimental conditions, was observed in a previous study (Schrader et al., 1998a). Other genes containing putative SMAD2/3 binding sites include PEX11γ, FIS1, PEX13 and PEX14 (Supplementary Table 6) further indicating the potential involvement of this pathway in the regulation of genes involved in peroxisome dynamics, and these genes may therefore also contribute to the TGFβ-induced peroxisome proliferation, along with PEX11β. Previous work has demonstrated a reduction in PEX13 and PEX14 expression in fibroblasts following TGFβ stimulation (Oruqaj et al., 2015), which is perhaps surprising given our data suggests TGFβ promotes peroxisome proliferation, and we find PEX13 mRNA stays the same, while PEX14 mRNA increases, during FBS-induced peroxisome proliferation (Figure 3). This could be a result of tissue-specific differences in the TGFβ-dependent regulation of peroxisome proliferation, or differences in the regulation of PEX13 and PEX14 by serum factors as opposed/in addition to TGFβ.

The TGFβ pathway is involved in the regulation of cellular proliferation, differentiation, embryogenesis, apoptosis, inflammation, immunity and cancer pathways (Massagué, 2012). TGFβ is also a key regulator of liver physiology and pathology. It contributes to hepatocyte proliferation and differentiation, but also to all stages of disease progression, from initial liver injury through inflammation and fibrosis to cirrhosis and hepatocellular carcinoma (Fabregat et al., 2016). HepG2 cells have been shown to express TGFβ and to respond to TGFβ treatment or silencing of TGFβ with alterations in cell growth, apoptosis and the cell cycle (Wang et al., 2017). We assume that TGFβ signaling in our experimental system contributes to the proliferation and/or differentiation of HepG2 cells as peroxisome elongation is a hallmark of cell growth and proliferation (Schrader et al., 1999). Interestingly, elongated and tubular or constricted peroxisomes were also observed after partial hepatectomy in rat liver (Yamamoto and Fahimi, 1987a). These heterogenous peroxisome morphologies were interpreted as an indicator of peroxisome proliferation by elongation/growth and division under conditions of cellular growth and proliferation (Schrader and Fahimi, 2008). TGFβ has a crucial role in hepatocytes in vivo, being critical for the control of liver mass (Karkampouna et al., 2012). The TGFβ pathway has activator and repressor effects on other pathways such as cell growth, so balanced TGFβ signaling in terms of both dosage and spatiotemporal activity is crucial to control hepatic gene expression. TGFβ acts in the process of differentiation of hepatoblasts to hepatocytes during liver regeneration after partial hepatectomy (Karkampouna et al., 2012). The TGFβ pathway is required at different stages of the process, to allow hepatocyte proliferation at the inductive phase followed by an efficient termination of the regenerative response afterward.

Since HepG2 cells are hepatoblastoma cells, which can differentiate in culture and form bile canaliculi-like structures (Bokhari et al., 2007), we propose that, similar to regenerating liver, TGFβ induces peroxisome proliferation in HepG2 cells under proliferative culture conditions, possibly via upregulation of PEX11β, a key regulator of peroxisomal growth and multiplication. Under standard culture conditions, peroxisome elongation has a maximum after 24–48 h, before the elongated peroxisomes divide resulting in the formation of numerous spherical peroxisomes. Peroxisomes do not massively elongate at later time points in culture, when the cells are more confluent, and therefore growing more slowly (Schrader et al., 1998a). Ultrastructural studies have shown that at prolonged culture the peroxisomes in HepG2 cells are larger and form small clusters of organelles, possibly changing from a proliferative to a metabolic state (Grabenbauer et al., 2000). As PEX11β mediates peroxisome elongation and proliferation, it represents an ideal target to adapt peroxisome number and function according to cellular needs. TGFβ signaling may foster peroxisome proliferation in an inductive phase of HepG2/hepatocyte proliferation and differentiation, but may also reduce proliferation of peroxisomes afterward, when the inductive stage is completed, and cell growth needs to be terminated. As TGFβ signaling is complex, it is likely that other, non-canonical signaling pathways as well as TGFβ secretion, the concentration of active TGFβ, and the amount of TGFβ receptors and spatiotemporal activity, contribute to the overall cellular response. Additionally, PEX11β expression is likely to be subject to other levels of regulation, such as translational control or alterations in protein stability, localization or activity, that coordinate to fine-tune peroxisome proliferation in response to various conditions, which is an interesting avenue for future investigation.



CONCLUSION

We reveal a new TGFβ-dependent signaling pathway controlling peroxisome proliferation which may act by regulating PEX11β gene expression. This opens a possibility for therapeutic approaches controlling regulation of PEX11β in patients where peroxisome abundance/activity is reduced.
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Supplementary Figure 1 | Cellular growth curve based on cell number at the indicated time points. An exponential increase in cell density is observed in both cells cultured in MEM/N1 and MEM/FBS. Data are expressed as mean total cell number (per well) from 3 independent experiments. Measurements were performed in triplicate.

Supplementary Figure 2 | Effect of PPAR agonists and antagonists on peroxisome morphology in HepG2 cells. Quantitative analysis of peroxisome morphology in HepG2 cells cultured in MEM/N1 after treatment with the PPARα agonist Wy-14,643 (10–20 μM) (A), the PPARγ agonist Troglitazone (5–15 μM) (B), or pre-treatment with the PPARγ antagonist GW9962 (20 μM) prior to serum stimulation (C). Treatment with FBS served as a positive control. Note that the PPARγ agonist Troglitazone and the PPARα agonist Wy-14,643 induce peroxisome elongation to a lesser extent than FBS. Furthermore, the PPARγ antagonist GW9962 does not repress serum-induced peroxisome elongation/proliferation. Data are based on immunofluorescence microscopy performed 24 h after treatment using anti-PEX14, from 3 independent experiments (n = 300 cells in each condition); analyzed by one-way ANOVA (A,B) or two-way ANOVA (C) with Tukey’s post hoc test; **p < 0.01, ***p < 0.001.

Supplementary Table 1 | Details of plasmids used in this study.

Supplementary Table 2 | Plasmids generated in this study.

Supplementary Table 3 | Human qPCR primers used in this study.

Supplementary Table 4 | Primary and secondary antibodies used in this study.

Supplementary Table 5 | Generation of PEX11-deficient HeLa cells.

Supplementary Table 6 | Predicted SMAD2/3 binding sites in peroxisomal gene promoters. Start and end position expressed in relation to 10 kb region upstream of the transcription start site. Binding efficiency calculated from the SMAD2/3 JASPAR position-weight matrix consensus sequence (ID MA0513.1).


ABBREVIATIONS

 AA, arachidonic acid; ABCD, ATP-binding cassette sub-family D; ACAA1, acetyl-CoA acyltransferase 1; ACOX1, acyl-CoA oxidase 1; AGPS, alkylglycerone phosphate synthase; CRAT, carnitine O-acetyltransferase; CROT, carnitine O-octanoyltransferase; DHA, docosahexaenoic acid; DRP1, dynamin-related protein 1; EHHADH, enoyl-CoA hydratase and 3-hydroxyacyl-CoA dehydrogenase; FAR1, fatty acyl-CoA reductase 1; FBS, fetal bovine serum; FIS1, mitochondrial fission 1 protein; GNPAT, glyceronephosphate O-acyltransferase; LA, linoleic acid; MFF, mitochondrial fission factor; mTOR, mammalian target of rapamycin; OA, oleic acid; PA, palmitic acid; PEX, peroxisome biogenesis factor (peroxin); PGC1, PPAR gamma coactivator 1; PMP, peroxisomal membrane protein; PPAR, peroxisome proliferator activated receptor; PPRE, peroxisome proliferator response element; PUFA, polyunsaturated fatty acid; SMAD, small worm phenotype/mothers against decapentaplegic homolog; TGF β, transforming growth factor β; VLCFA, very-long-chain fatty acid.

FOOTNOTES

1http://crispr.mit.edu/

2http://jaspar.genereg.net/
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The maintenance of a fluid lipid bilayer is key for organelle function and cell viability. Given the critical role of lipid compositions in determining membrane properties and organelle identity, it is clear that cells must have elaborate mechanism for membrane maintenance during adaptive responses to environmental conditions. Emphasis of the presented study is on peroxisomes, oleic acid-inducible organelles that are essential for the growth of yeast under conditions of oleic acid as single carbon source. Here, we isolated peroxisomes, mitochondria and ER from oleic acid-induced Saccharomyces cerevisiae and determined the lipid composition of their membranes using shotgun lipidomics and compared it to lipid ordering using fluorescence microscopy. In comparison to mitochondrial and ER membranes, the peroxisomal membranes were slightly more disordered and characterized by a distinct enrichment of phosphaditylinositol, indicating an important role of this phospholipid in peroxisomal membrane associated processes.
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INTRODUCTION

Poikilothermic organisms such as bacteria, fungi, reptiles, and fish cannot control their body temperature and must adapt their membrane lipid composition in order to maintain the fluidity of membranes at different temperatures. Surprisingly, little is known about the regulation of membrane fluidity in different organelles and especially in response to cellular stress (Ballweg and Ernst, 2017). The yeast Saccharomyces cerevisiae has widely been used to study the architecture and regulation of lipid metabolism in eukaryotes. Growth of S. cerevisiae on oleic acid causes environmental stress that leads to a massive induction of expression of enzymes of fatty acid beta-oxidation. In fungi, the enzymes for beta-oxidation are exclusively localized in peroxisomes and growth on oleic acid results in a massive proliferation of these organelles (Veenhuis et al., 1987).

Peroxisomes are ubiquitous, dynamic organelles of eukaryotic cells. Depending on the organism, the tissue and environmental conditions, peroxisomes differ in morphology and vary in size between 0.1 to 1.0 μm in diameter (van den Bosch et al., 1992). The organelle is surrounded by a single lipid bilayer and enclosures a crystalline protein-rich matrix. Peroxisomes are involved in a multitude of metabolic processes beside the oxidation of fatty acids, including the depletion of hydrogen peroxide, which is the eponymous reaction of peroxisomes. Defects in peroxisome biogenesis or function leads to severe diseases such as the Zellweger syndrome (Nagotu et al., 2012; Waterham et al., 2015). In contrast to cell organelles like mitochondria or chloroplasts, peroxisomes do not contain their own genome. Hence, peroxisomal matrix proteins are nuclear encoded, and synthetized on free ribosomes. The newly synthesized proteins are recognized by specific import receptors in the cytosol, directed to the peroxisomal membrane and imported into the peroxisomal lumen via specific transient import pores (Meinecke et al., 2010; Montilla-Martinez et al., 2015). Pex5p is the import receptor for proteins harboring peroxisomal targeting signals of type 1 (PTS1) and the import pore for PTS1-proteins mainly consists of the Pex5p and its membrane bound docking protein Pex14p. Accordingly, proteins to be imported bind to Pex5p via their PTS1 and the cargo-loaded Pex5p is then directed to Pex14p at the peroxisomal membrane, where the originally cytosolic Pex5 gets integrated into the peroxisomal membrane and functions as an integral part of the translocation pore (Meinecke et al., 2016). The mechanism of binding and integration of Pex5p into the peroxisomal membrane is still a matter of debate. On one hand, Pex5p is known to directly bind to the peroxisomal membrane proteins Pex13p and Pex14p (Elgersma, 1996; Erdmann, 1996; Fransen et al., 1998; Huhse et al., 1998; Girzalsky et al., 1999; Barnett, 2000; Stein et al., 2002). On the other hand, Pex5p can also integrate spontaneously into phospholipid membranes, independent of Pex13p and Pex14p (Kerssen et al., 2006). Related to this, the functions in different peroxisomal metabolic pathways require its membrane to be permeable for respective solutes. Here, to date several transporters and water-filled channels have been identified in peroxisomal membranes from different organisms (Shani and Valle, 1996; Palmieri et al., 2001; Rokka et al., 2009; Mindthoff et al., 2016).

The function of all of the aforementioned integral or associated membrane proteins is not only dependent on the interplay with other proteins but also with lipids. Besides direct lipid binding sites as identified for different peroxisomal proteins (Shiozawa et al., 2006), the characteristics of the lipid membrane environment such as lipid membrane ordering or fluidity and lipid membrane composition is generally an important factor for membrane protein functionality. It determines efficiency of membrane binding and integration of proteins, as well as organization, mobility and interaction of proteins in and at the membrane (Sezgin et al., 2017a). Therefore, detailed knowledge of both lipid membrane ordering and lipid membrane composition is of utmost importance for the understanding of protein function and for interference with malfunctions.

Analysis of the lipid membrane content and lipid membrane ordering is straightforward via lipidomics and fluorescence microscopy. Lipidomics involves the determination of the complete lipid profile (the lipidome) within a cell or tissue sample using mass spectrometer (MS) approaches such as Thin Layer Chromatography (TLC) and electrospray ionization mass spectrometry (ESI MS) (Shevchenko and Simons, 2010; De Kroon, 2017), while the quantification of shifts in the fluorescence spectrum of membrane-incorporating dyes such as Laurdan are for example employed to determine membrane lipid order or fluidity (Parasassi et al., 1998; Sezgin et al., 2015). Previous studies of general cell lipid contents have for example identified peroxisomal-disease related changes in phospholipid ratios in fibroblast cells from Zellweger patients (Herzog et al., 2016), the requirement for peroxisomal function during influenza virus replication (Tanner et al., 2014), or the role of certain lipids in pexophagy (Grunau et al., 2011) or peroxisome-mediated cholesterol transport (Chu et al., 2015).

The measurements of lipid order or contents of peroxisomes require their accurate isolation from cells. Here, S. cerevisiae has developed as a useful model system (Dickson, 2008; Klug and Daum, 2014; Kohlwein, 2017a). Upon growth on oleic acid medium, the abundance of peroxisomes is massively increased, which allows the efficient isolation of peroxisomal membranes. A striking issue with measuring lipid membrane characteristics of peroxisomes is the dependence on culturing conditions. Fatty acids in yeast cells can be synthesized de novo or salvaged from the medium (Koch et al., 2004). It was shown that acyl chain composition of organelle membranes changes dramatically if yeast is cultured in fatty acid-containing medium in contrast to glucose-grown cells, which resulted in an incorporation of fatty acids provided in the medium in organelle membranes (Wriessnegger et al., 2007; Rosenberger et al., 2009). Similarly to variations of the growth conditions differences in the genotype of yeast strains can lead to variances in the lipid composition of subcellular compartments (Klose et al., 2012). Consequently, it is important to accurately control culturing and genotype conditions when comparing lipid characteristics between organelles.

Here we investigated the lipid composition and lipid order of peroxisomal membranes of oleic acid-induced cells directly with corresponding mitochondrial and ER membranes. Isolation of organelles was performed in parallel by differential and density gradient centrifugation and prepared membranes were subjected to shotgun lipidomics for lipid composition analysis and to fluorescence microscopy using a polarity sensitive membrane dye for lipid order characterization. In comparison to mitochondrial and ER membranes, peroxisomal membranes were more disordered and thus more fluid and characterized by a significant enrichment of PI. Our results will help interpreting existing and future data on peroxisomal membrane organization, signaling and biogenesis.



MATERIALS AND METHODS


Yeast Strain and Culture Conditions

The S. cerevisiae strain used in the present study was UTL-7A wild-type (MATa, leu2-3, and 112ura3-52 trp1) (Erdmann et al., 1989). YPD medium contained 2% (w/v) glucose, 2% (w/v) peptone, and 1% (w/v) yeast extract. YNBG medium contained 0.17% (w/v) yeast nitrogen base without amino acids, 0.1% (w/v) yeast extract, and 5% (w/v) ammonium sulfate, adjusted to pH 6.0. YNBGO medium contained 0.1% (w/v) instead of 0.3% (w/v) glucose and in addition 0.1% (v/v) oleic acid (Applichem, Darmstadt, Germany), and 0.05% (v/v) Tween 40. It has to be noted, that oleic acid used for media contained impurities. In detail we used oleic acid of a purity of 65 – 88% with maximum limit of imporities of myristic acid (5%); palmitic acid (16%); stearic acid (6%); linoleic acid (18%); linolenic acid (4%), and fatty acids with chain length greater than C18 (4%). All cultures were grown at 30°C. Cells from a glycerol-culture were plated onto a fresh YPD-plate [YPD medium containing 2% (w/v) select-agar] and grown for 3 days. Plated cells were used to inoculate 20 ml of YNBG grown for 8 h. After adding 30 ml of fresh medium cells were grown for 16 h. This culture was used to inoculate 1.25 L YNBGO medium to an OD600nm of 0.1, which was further grown over night to mid logarithmic phase (OD600nm of 2.6 – 2.8).



Subcellular Fractionation and Isolation of Peroxisomes, Mitochondria, and Endoplasmic Reticulum

Yeast cells (UTL-7A) were grown in YNBGO medium and converted to spheroplasts as described previously (Cramer et al., 2015). In brief, harvested cells were washed once with sterile water centrifuging at 5,000 × g (Allegra® X-15R, rotor: SX4750A) for 5 min. Further, cells were resuspended in five-fold volume DTT buffer (100 mM Tris, 10 mM DTT) of the wet-weight and incubated at 30°C at 60 rpm for 20 min. Then, cells were sedimented for 7 min (Allegra® X-15R, rotor: SX4750A, 600 × g) and washed twice with 1.2 M sorbitol dissolved in sterile water (sorbitol-solution). Sedimented cells were resuspended in five-fold volume sorbitol buffer (1.2 M sorbitol, 20 mM K3PO4, adjusted to pH 7.4 with 1 M KH2PO4) of the wet weight and 1,000 units/g cells lyticase (Sigma-Aldrich) were added. Enzymatic digestion was performed at 37°C at 60 rpm for approximately 20 min and stopped when OD600nm of the cells reached 10% of the starting value. All further steps were performed on ice or at 4°C. After washing twice with sorbitol-solution, the spheroplasts were left to swell for 20 min in breaking buffer (5 mM MES, 1 mM KCl, 1 mM EDTA, and 1 μg/ml Antipain, Aprotinin, Bestatin, Chymostatin, Leupeptin, Pepstatin, 10 μg/ml PMSF; adjusted to pH 6.0 with KOH). A cell free homogenate and the corresponding post-nuclear supernatant (PNS) were obtained by gentle breakage of spheroplasts with a dounce homogenizer and subsequent sedimentation according to (Cramer et al., 2015). Separation of cellular organelles was obtained by isopycnic density gradient centrifugation of 20 mg of the PNS, in a linear 2.24% to 24% (w/v) OptiPrepTM (Iodixanol; Axis-Shield PoC AS, Oslo, Norway)/18% (w/v) sucrose gradient. Resulting fractions were analyzed by immunoblotting using markers for different organelles. Peroxisomal fractions were identified enzymatically by monitoring the activity of peroxisomal catalase and by immunoblot analysis. Highly enriched peroxisomes were obtained after combining peroxisomal peak fractions, dropwise dilution with five-fold volume of breakage buffer (without protease inhibitors) and concentration of the organelles by sedimentation (Beckman Coulter rotor 70 Ti, 100,000 × g, 30 min, 4°C) onto a 2 M sucrose cushion.

Mitochondrial and ER-containing fractions of gradients were combined and sedimented in the same way as described for peroxisomes. The concentrated organelles (mostly mitochondria and endoplasmic reticulum) were further subjected to a three-step sucrose gradient centrifugation (1.5 ml 60%, 4 ml 32%, 1.5 ml 23%, and 1.5 ml 15%) as described in (Meisinger et al., 2000). Resulting fractions were analyzed by immunoblotting for specific organelle markers. Mitochondrial and endoplasmic reticulum membranes were concentrated by sedimentation as described for peroxisomes, except that SEM-buffer (250 mM sucrose, 1 mM EDTA, 10 mM MOPS, pH 7.2) was used. For lipidomic analysis, concentrated peroxisomes, mitochondria and endoplasmic reticulum were treated twice with 150 mM NH4HCO3 (Beckman Coulter rotor MLA-130, 186,000 × g, 45 min, 4°C). Sedimented membranes were diluted in 150 mM NH4HCO3, protein concentration was determined with an UV–VIS spectrophotometer (NanoDrop 1000, Peqlab, Erlangen, Germany), and membranes were adjusted to a final concentration of 0.25 mg/ml in 100 μl volume. For GP-measurements, concentrated membranes were used directly after enrichment without further treatment. Samples were snap-frozen in liquid nitrogen and stored at −80°C until subsequent analysis. The enrichment and purity of isolated membranes was controlled by immunoblot analysis and silver-staining of the polyacrylamide gels as described (Blum et al., 1987).



Preparation of Yeast Cell Lysates

From the same yeast main culture used for isolation of organelles, a portion corresponding to 20 OD600nm units/1 ml was treated as described previously (Klose et al., 2012). In particular, cells were sedimented by centrifugation at 5,000 × g for 3 min (Allegra X-15R, rotor SX4750A, 20°C) and washed twice with 150 mM NH4HCO3. Cell lysis of 1 ml of the suspension was performed adding an equal volume of the wet weight of glass beads (0.5–0.7 mm diameter) and vortexing for 10 min with alternating cooling periods on ice for 1 min. 100 μl of the total yeast lysate (L) was snap-frozen in liquid nitrogen and stored at −80°C for determination of the total yeast lipid composition.



Immunodetection

The isolation and purity of the organelle membranes was monitored by immunoblot analysis with polyclonal rabbit antibodies raised against Pcs60p (Blobel and Erdmann, 1996), Cta1p and Fox1p (Schafer et al., 2004), Tom40p and Tim23p (from K. Pfanner, University of Freiburg), Por1p and Kar2p (from R. Rachubinski, University of Alberta), Fbp1p (Entian et al., 1988) and mouse antibodies raised against Dpm1p (Invitrogen, Karlsruhe, Germany). Primary antibodies were detected with an IRDye 800CW goat anti-rabbit or anti-mouse IgG secondary antibody (Li-Cor Bioscience, Bad Homburg, Germany).



Membrane Fluidity-Measurements

Membrane fluidity-measurements were performed as described (Sezgin et al., 2015). Enriched organelle membranes, present in breaking buffer, were labeled with the fluorescent dye Di-4-ANEPPDHQ (Thermo Fisher Scientific, Waltham, MA, United States) (Jin et al., 2006) at a final concentration of 0.4 μM at room temperature. Subsequently, the prepared membranes were monitored by spectral imaging on a Zeiss LSM 780 confocal microscope equipped with a 32-channel GaAsP detector array. The lambda detection range was set between 415 and 691 nm as ultimate limits for FE. Despite the fact that wavelength intervals of down to 4 nm could be chosen for the individual detection channels, we have set these intervals to 8.9 nm, which allowed the simultaneous coverage of the whole spectrum with the 32 detection channels. The images were saved in. LSM file format and then analyzed to calculate General Polarization (GP) values by using a custom plug-in compatible with Fiji/ImageJ, as described previously (Sezgin et al., 2015).



Lipid Extraction for Mspectrometry Lipidomics

Mass spectrometry-based lipid analysis was performed at Lipotype GmbH (Dresden, Germany) as described (Ejsing et al., 2009; Klose et al., 2012). Lipids were extracted using a two-step chloroform/methanol procedure (Ejsing et al., 2009). Samples were spiked with internal lipid standard mixture containing: CDP-DAG 17:0/18:1, ceramide 18:1;2/17:0 (Cer), stigmastatrienol, diacylglycerol 17:0/17:0 (DAG), lyso-phosphatidate 17:0 (LPA), lyso-phosphatidylcholine 12:0 (LPC), lyso-phosphatidylethanolamine 17:1 (LPE), lyso-phosphatidylinositol 17:1 (LPI), lyso-phosphatidylserine 17:1 (LPS), phosphatidate 17:0/14:1 (PA), phosphatidylcholine 17:0/14:1 (PC), phosphatidylethanolamine 17:0/14:1 (PE), phosphatidylglycerol 17:0/14:1 (PG), phosphatidylinositol 17:0/14:1 (PI), phosphatidylserine 17:0/14:1 (PS), ergosterol ester 13:0 (EE), triacylglycerol 17:0/17:0/17:0 (TAG), inositolphosphorylceramide 44:0;2 (IPC), mannosyl- inositolphosphorylceramide 44:0;2 (MIPC), and mannosyl-di-(inositolphosphoryl)ceramide 44:0;2 (M(IP)2C). After extraction, the organic phase was transferred to an infusion plate and dried in a speed vacuum concentrator. 1st step dry extract was re-suspended in 7.5 mM ammonium acetate in chloroform/methanol/propanol (1:2:4, V:V:V) and 2nd step dry extract in 33% ethanol solution of methylamine in chloroform/methanol (0.003:5:1; V:V:V). All liquid handling steps were performed using Hamilton Robotics STARlet robotic platform with the Anti Droplet Control feature for organic solvents pipetting.



MS Data Acquisition

Samples were analyzed by direct infusion on a QExactive MS (Thermo Scientific) equipped with a TriVersa NanoMate ion source (Advion Biosciences). Samples were analyzed in both positive and negative ion modes with a resolution of Rm/z = 200 = 280,000 for MS and Rm/z = 200 = 17500 for MSMS experiments, in a single acquisition. MSMS was triggered by an inclusion list encompassing corresponding MS mass ranges scanned in 1 Da increments (Surma et al., 2015). Both MS and MSMS data were combined to monitor EE, DAG and TAG ions as ammonium adducts; PC as an acetate adduct; and CL, PA, PE, PG, PI, and PS as deprotonated anions. MS only was used to monitor LPA, LPE, LPI, LPS, IPC, MIPC, and M(IP)2C as deprotonated anions; Cer and LPC as acetate adducts and ergosterol as protonated ion of an acetylated derivative.



Data Analysis and Post-Processing

Data were analyzed with in-house developed lipid identification software based on LipidXplorer (Herzog et al., 2011, 2012). Data post-processing and normalization were performed using an in-house developed data management system. Only lipid identifications with a signal-to-noise ratio >5, and a signal intensity five-fold higher than in corresponding blank samples were considered for further data analysis. Lipid identifiers of the SwissLipids database (Aimo et al., 2015)1 are provided in Supplementary Table 1.



Nomenclature

The following lipid names and abbreviations were used; SP, sphingolipids; include: Cer, ceramides; IPC, inositolphosphorylceramide; MIPC, mannosyl-inositol phosphorylceramide; M(IP)2C, mannosyl-di-(inositolphosphoryl) ceramide; GP, glycerophospholipids; include: PA, phosphatidic acid; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PI, phosphatidylinositol; PS, phosphatidylserine; CL, cardiolipin; and their respective lysospecies: lysoPA, lysoPC, lysoPE, lysoPI, and lysoPS; SL, sphingolipids; GL, glycerolipids; include: DAG, diacylglycerol; TAG, triacylglycerol; Sterols include: Erg, ergosterol; Lipid species are annotated according to their molecular composition. Glycero- and glycerophospholipid species are annotated as: <lipid class><sum of carbon atoms in the fatty acids>:<sum of double bonds in the fatty acids> (e.g., PI 34:1). Sphingolipid species are annotated as: <lipid class><sum of carbon atoms in the long chain base and fatty acid moiety>:<sum of double bonds in the long chain base and the fatty acid moiety>:<sum of hydroxyl groups in the long chain base and the fatty acid moiety> (e.g., IPC 44:0;4).



RESULTS


Isolation of Peroxisomal, Mitochondrial, and ER Membranes

In previous studies, comparative determination of lipid characteristics in organelle membranes were performed from organelles isolated from yeast cells grown under different conditions. As outlined above, it is well known that beside the genotype, growth phase, and temperature, also the carbon source in the growth-medium (e.g., glucose, ethanol, and oleic-acid) can dramatically change the lipid composition of cellular membranes (Klose et al., 2012). Here we compared the lipid composition of isolated different organelles from the same S. cerevisiae strain grown in medium containing oleate as sole carbon source. To this end, highly purified peroxisomal, mitochondrial and ER membranes were obtained from oleate-induced wild-type S. cerevisiae cells by a combined approach of differential and isopycnic Optiprep density gradient centrifugation. The density gradient for the separation of peroxisomes from other organelles is shown in Figure 1. Fractions were collected from the bottom to the top of the gradient and analyzed by immunoblotting (Figure 1A). In such gradients, the peroxisomal matrix protein Pcs60p localizes to cytosolic fractions, due to organelle breakage and to peroxisomes (Blobel and Erdmann, 1996), which peak in fractions 3 and 4. These peaks also contained the fractions of the peroxisomal membrane protein Pex11p and the peroxisomal matrix protein catalase (Cta1p). The data show that the majority of peroxisomes localized to fractions 3 and 4, which exhibit a high density of 1.21 g/cm3 as typical for mature peroxisomes (Graham et al., 1994). The peroxisomal peak fractions only showed minor contaminations with mitochondrial markers (Tom40p, Tim23p, and Por1p), the ER-markers Kar2p and Dpm1p, or alkaline phosphatase (ALP), the vacuolar marker. These markers were most prominent in lighter fractions, well separated from the peroxisomal fractions. To gain more insight into the degree of enrichment of peroxisomal membranes, we performed signal intensity measurements of immunoblots depicted in Figure 1 (Supplementary Figure 2). While Pcs60p was found with 23% in fractions 3+4, it spreads over the entire gradient fractions, most likely by association with other membrane after organelle disruption, the soluble peroxisomal catalase (Cta1p) displays two peaks, one in the peroxisomal (20% in fractions 3+4) and another in soluble fraction. We consider the integral membrane protein Pex11p as suitable marker for localization of peroxisomal membranes. It turned out that 83% of total Pex11p (with the sum signals of all fractions set to 100%) is located in fractions 3+4 of the gradient, in line with successful enrichment of these membranes. These fractions just contain 0.78% mitochondrial Tom40p (4.3% Por1p) and 1.26% of the ER-protein Dpm1p (Supplementary Figure 2). The data indicate that peroxisomes were purified with great homogeneity, which is also supported by the distinct protein pattern of fractions 3 to 4 (Figure 1B) that is typical for purified oleic acid-induced peroxisomes (Erdmann and Blobel, 1995).


[image: image]

FIGURE 1. Isolation of peroxisomes by isopycnic density gradient centrifugation. Cells of S. cerevisiae wild-type strain were grown under oleate-inducing conditions for 16 h. A post nuclear supernatant (PNS) was prepared, and organelles were separated on an OptiPrepTM/sucrose gradient. Fractions were collected from the bottom of the gradient. Equal volumes of the indicated gradient fractions were separated by SDS-PAGE and analyzed by (A) immunoblotting using antibodies against Pcs60p (peroxisomal matrix protein), Cta1p (catalase; peroxisomal matrix protein), Pex11p (peroxisomal membrane protein), Tom40p and Por1p (mitochondrial outer membrane protein), Tim23p (mitochondrial inner membrane protein), Kar2p (ER luminal protein), Dpm1p (ER membrane protein), ALP (vacuole), and Fbp1p (cytosol), or by (B) silver staining. Peroxisome-containing fractions (3–5) were pooled, enriched and used for fluidity and lipidomic analysis. Fractions of mitochondria and ER containing membranes (13–19) were processed for further purification (Figure 2).


In contrast to peroxisomes, the Optiprep density gradient centrifugation did not lead to a sufficient purification of mitochondria and the ER. We therefore performed a second purification step, for which the fractions that contained the highest content of mitochondrial and ER protein-markers (Figure 1A, fractions 13 to 19) were pooled and organelles concentrated by sedimentation. The resulting sample (Figure 2A, Load) contained mainly mitochondria and ER but also minor amounts of peroxisomes and vacuoles as indicated by the presence of the peroxisomal Pcs60p and the vacuolar ALP. However, the peroxisomal membrane marker Pex11p and peroxisomal catalase were below the detection limit. The pooled sample was separated by a three-step sucrose density gradient centrifugation. Fractions were collected from top of the gradient, and equal amounts were analyzed by immunoblotting (Figure 2A). Most of the mitochondria were found in fractions 17 to 20 with the highest protein content in fraction 17 (Figure 2B). The detection of the mitochondrial outer membrane protein Tom40p and the mitochondrial inner membrane protein Tim23p in the same fractions indicated that the isolated mitochondria were still intact. The mitochondrial peak fractions also contained minor portions of peroxisomal Pcs60p, ER-marker proteins Kar2p (luminal protein) and Dpm1p. However, the mitochondrial peak fraction was well separated from the ER-peak at fractions 5 to 11 (Figure 2A). The ER-peak co-segregated with the loaded vacuolar marker but showed nearly no contamination with peroxisomes or mitochondria.


[image: image]

FIGURE 2. Separation of mitochondria and ER by sucrose density gradient centrifugation. Enriched fractions 13–19 (mitochondria + ER) gained after the first isopycnic density gradient centrifugation were loaded onto a dicontinuous sucrose gradient. Fractions were collected from the top of the gradient. Equal volumes of the indicated gradient fractions (fraction 17 diluted 1:1) were separated by SDS-PAGE and analyzed by (A) immunoblotting using antibodies against Pcs60p (peroxisomal matrix protein), Cta1p (catalase; peroxisomal matrix protein), Pex11p (peroxisomal membrane protein), Tom40p and Por1p (mitochondrial outer membrane protein), Tim23p (mitochondrial inner membrane protein), Kar2p (ER luminal protein), Dpm1p (ER membrane protein), and ALP (vacuole), or by (B) silver staining. ER-peak fractions (5–11) and peak fractions of mitochondria (17–20) were used for lipidomic and fluidity measurements.


The organelles of the peroxisomal, mitochondrial and ER peak fractions were pooled, concentrated by sedimentation, and further processed in parallel. To estimate the purity of the isolated organelles, equal amounts of the starting material (PNS) and the isolated organelles were analyzed by immunoblotting using organelle-specific marker-proteins (Figure 3). The enriched peroxisomes contained the peroxisomal Pcs60p, Pex11p, and Fox1p, appearing as a significant signal in the immunoblot but they were devoid of contaminating mitochondria- and ER-membrane marker. Likewise, the isolated mitochondria did not contain peroxisomal membrane marker Pex11p or the ER-membrane marker Dpm1p, suggesting that the isolated mitochondrial membranes were of sufficient purity. Despite the observation that ER fractions did not contain appreciable amounts of contaminating organelles after sucrose density gradient fractionation, the sedimented ER-fraction contained significant amount of the mitochondrial membrane-marker-proteins Tom40p and Tim23p, but were free of peroxisomal membrane indicated by lack of Pex11p-detection.


[image: image]

FIGURE 3. Comparative analysis of isolated peroxisomes, mitochondria and ER. Equal amounts (20 μg) of the postnuclear supernatant, purified peroxisomes, the mitochondria/ER pool after the first purification step, as well as purified mitochondria and ER were separated by SDS-PAGE and analyzed by immunoblotting using antibodies against Fox1p (peroxisomal matrix protein), Pcs60p (peroxisomal peripheral membrane and matrix protein), Pex11p (peroxisomal membrane protein), Kar2p (ER luminal protein), Dpm1p (ER membrane protein), Tom40p (mitochondrial outer membrane protein) and Tim23p (mitochondrial inner membrane protein).




Fluidity

To analyze the lipid membrane order, we employed the polarity-sensitive, membrane-embedded fluorescent dye Di-ANEPPDHQ, which experiences a shift in fluorescence emission spectrum depending on the molecular order of the membrane environment. This shift can be quantified by a General Polarization (GP) parameter, which we calculated from the whole emission spectrum recorded on our confocal microscope (spectral imaging, see materials and methods), and whose values are negative for rather fluid disordered and increase for more ordered membrane environments (Sezgin et al., 2015). Performing spectral GP analysis on the isolated organelles resulted in statistically accurate average values GP < −0.2 (Figure 4), which indicate a rather fluid and disordered lipid membrane environment when compared to the intact plasma membrane of living cells (GP > 0–0.3) (Sezgin et al., 2015, 2017b). However, compared to mitochondrial or ER membrane (GP = −0.22), the peroxisomal membrane was slightly more fluid (GP = −0.25) (Figure 4). The difference in the GP value is significant as shown by a one-way ANOVA (Peroxisome v. mitochondria P < 0.0001; Peroxisome v ER P 0.0003; mitochondria v. ER not significant).


[image: image]

FIGURE 4. Membrane fluidity. Generalized polarization (GP) values measured on isolated Peroxisomes (red), Mitochondria (blue), and ER (green), indicating a slightly higher fluidity (lower GP value) for peroxisomal membranes, compared to mitochondria and ER membranes. Shown are individual measurements and the mean values with standard deviation from the three independent experiments. Statistical analysis: Ordinary One-way ANOWA with multiple comparisons; ****P < 0.0001; ***P = 0.0003; ns: not significant.




Shotgun Lipidomics

We performed shotgun lipidomics (Klose et al., 2012) on the isolated peroxisomes (Per), mitochondria (MT) and ER for comparison of the lipid composition of these organelles and correlation with the estimated lipid order characteristics. Figure 5 shows the relative amount of some prominent lipids, Figure 6 shows the distribution of unsaturated lipids between the organelles, while Supplementary Figure 1 gives a more detailed overview over all lipids investigated. Clearly, all organelle membranes were dominated by ergosterol (Erg) and the phospholipids phosphatidylcholine (PC), phosphatidylethanolamine (PE), and phosphatidylinositol (PI), in principle confirming previous lipidomics studies (Zinser et al., 1991; Schneiter et al., 1999; Tuller et al., 1999; Rosenberger et al., 2009). The following most pronounced differences between the different organelle membranes arose: MT – a relative enrichment of the typical mitochondrial lipid cardiolipin (CL) and of the phospholipids PE, PC and its lyso-form lyso-PC (LPC), as well as a relative decreased level of Erg; ER – a relatively increased amount of the sphingolipids (SP) inositolphosphorylceramide (IPC), mannosyl-inositol phosphorylceramide (MIPC), and the phospholipid PS, as well as relatively reduced levels of PC; Per – an increased level of PC (similar to that of MT) and a distinct relative high level of PI, as well as a relative low level of phosphatidic acid (PA).
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FIGURE 5. (A) Selected lipidomics data of isolated organelles. Peroxisomes (red, Per), mitochondria (blue, MT), and ER (green), indicating generally high levels of phospholipids (PC, PE, and PI), and in comparison, increased levels of PI for peroxisomes. Shown are mean values with standard deviation from three indipendent experiments. For more detailed lipidomics data see Supplementary Figure 1. (B) Lipidomic data of PE and PI in Peroxisomes, Mitochondra and ER were from three independent experiments. Mole percentages of the total amount of lipids are shown on the y-axis (sum amount of a lipid class divided by the total amount in the sample, multiplied by 100).



[image: image]

FIGURE 6. Lipidomic data for lipids with different numbers of double bounds. In peroxisomes (red), mitochondria (blue), and ER (green). Standard deviations result from the three different measurements. Mole percentages of the total amount of lipids are shown on the y-axis (sum amount of a lipid species with the same double bond count divided by the total amount in the sample, multiplied by 100).




DISCUSSION

Here, we present for the first time a detailed quantitative, mass spectrometry-based comparative analysis of the membrane lipidome and lipid order of yeast peroxisomes, mitochondria and the ER under oleic acid-inducing growth conditions. While lipid order has so far not been determined for oleic acid-induced peroxisomal membranes, the lipid content of peroxisomes in rat liver and S. cerevisiae has been investigated previously (Zinser et al., 1991; Jeynov et al., 2006; Schrader et al., 2020). TLC and MS revealed that peroxisomal membranes are mainly composed of the PC, PE, PA, PS, and PI (Zinser et al., 1991; Schneiter et al., 1999; Tuller et al., 1999; Rosenberger et al., 2009). Furthermore, the acyl chain composition of lipids in S. cerevisiae is rather simple due to the lack of synthesis of polyunsaturated fatty acids. Mainly mono unsaturated acyl chain palmitoleic acid (C16:1) and oleic acid (C18:1) as well as the saturated palmitic acid (C16:0) and stearic acid (C18:0) are present (Schneiter et al., 1999). Comparison to the lipidome of other organelles such as mitochondria have revealed no significant differences for S. cerevisiae (Zinser et al., 1991; Tuller et al., 1999), in contrast to enhanced levels of PI in peroxisomes of yeast Pichia pastoris (Wriessnegger et al., 2007). A significant difference in the experimental design, which might attribute to a different outcome of our study is the fact that for these studies peroxisomal membranes from oleic acid grown cells were compared to ER and mitochondrial membranes from cells grown in galactose medium (Zinser et al., 1991). It is known that slight environmental changes may already result in variations of the total lipid compositions of the yeast (Kohlwein, 2017b). This is considered in our study, which is based on the parallel isolation and analysis of peroxisomes, mitochondria and the ER from the same cells. The study is emphasized for oleic-acid growth conditions, which results in a massive proliferation of peroxisomes (Veenhuis et al., 1987). However, growth in oleate containing media does not only boost the enlargement and multiplication of peroxisomes but also influences the lipid composition of all cellular lipids, since oleate is a building block for complex membrane lipids, especially phospholipids (Wriessnegger et al., 2007). However, the isolation of organelle membranes from the same cells can lead to cross-contamination. We obtained peroxisomal membranes with only tiny cross-contamination of ER- and mitochondrial membranes. Moreover, the isolated mitochondria contain only tiny portion of the ER-membrane marker Dpm1p and lack the peroxisomal membrane-marker Pex11p. Thus, we consider a high purity of these organelles (Figure 3). While the ER-membranes were devoid of peroxisomal membrane marker, significant portion of mitochondrial marker were found within this fraction (Figure 3). Probably this finding is due to membrane contact sites between ER and mitochondria also known as ER mitochondria encounter structure (ERMES) (for a review see Michel and Kornmann, 2012).

As we have a high enrichment of specific organelle markers in the analyzed fractions and find an enrichment of organelle specific lipids, like CL in mitochondria, we assume that the purity of our samples is sufficient to detect changes in their lipid composition and fluidity.

The applied shotgun lipidomics on isolated membranes from peroxisomes, mitochondria and ER of S. cerevisiae were reproducible between different batches (Figure 5). The data revealed characteristics of the different organellar membranes, such as a general high levels of ergosterol and phospholipids PC, PE, and PI in all organelles and the enrichment of the cardiolipin (CL) in mitochondria, as seen in previous studies (Zinser et al., 1991; Schneiter et al., 1999; Tuller et al., 1999; Rosenberger et al., 2009), these findings also underline a sufficient purity of our samples. However, features that were distinct between the organelles such as higher levels of PE and PC in mitochondria, of sphingolipid (M)IPC and PS in the ER, and PI in peroxisomes were also recognized. Moreover, reduced levels of ergosterol were detected in mitochondria, as well as less PC in the ER, and less PA in peroxisomes.

The comparison of lipidomes between different organelles is also of interest in light of peroxisomal biogenesis. In S. cerevisiae, peroxisomes can either arise by growth and division from pre-existing organelles (Lazarow and Fujiki, 1985) or by de novo-synthesis involving the endoplasmic reticulum (ER) (Hoepfner et al., 2005; Tam et al., 2005). Yet it is still a matter of debate, whether these processes happen in parallel or independent from each other, and in both cases, the main question of the origin of the peroxisomal membrane lipids remains partially unresolved. The ER is the organelle in eukaryotic cells, which synthesizes the majority of structural phospholipids such as PS or PI, cholesterol (ergosterol in yeast), non-structural triacylglycerol, and ceramides (the precursor for sphingolipids) (Van Meer et al., 2008). Peroxisomes do not contain enzymes for phospholipid biosynthesis and therefore rely on lipid trafficking mainly from the ER either by vesicular or non-vesicular transport (Levine, 2004; Holthuis and Levine, 2005; Raychaudhuri and Prinz, 2008; Lev, 2010; Lahiri et al., 2015). Therefore, a high similarity of the lipid composition of peroxisomes and the ER is to be expected and is seen in our study. Slight differences might arise from individual pathways. For example, PE can be synthesized at the mitochondrial membrane via PS that is derived from the ER (Tamura et al., 2012). This might explain the relatively high levels of PE and PS at the mitochondrial and ER membranes, respectively. Our analysis revealed PC as one of the most abundant lipids in oleic acid-induced mitochondria, which has been reported earlier for mitochondria derived from non-induced cells (Zinser et al., 1991; Schuler et al., 2016).

A striking feature that distinguishes the peroxisomal membrane from mitochondrial and ER membranes is the enhanced level of PI. The increased levels of PI may indicate that this lipid has specific functions for peroxisomes. Phosphorylated derivatives of PI are key regulators of many aspects of cellular physiology. In previous work, we have shown that Vps34p, which is the sole phosphatidylinositol-3-generating kinase in S. cerevisiae, localizes to peroxisomes and that the produced phosphatidylinositol-3 phosphate is required for pexophagy (Grunau et al., 2011). The functional importance of produced phosphatidylinositol-3 phosphate was shown in general, as the deletion of Vps34p blocked the autophagic breakdown of the peroxisomal marker enzyme Fox3p. Moreover, the role of peroxisomal produced phosphatidylinositol-3 phosphate was also demonstrated directly via the expression of the produced phosphatidylinositol-3 phosphate-binding motif FYVE-domain in WT cells. The EGFP-2xFYVE partially co-localized with the peroxisomal marker PTS2-DsRed in fluorescence microscopy experiments. This was not the case, when the binding-deficient version, EGFP-2xFYVE (C215S), was used. Importantly, the expression of EGFP-2xFYVE stabilized Fox3p in pexophagy assays, most likely by competing with produced phosphatidylinositol-3 phosphate -binding signaling proteins required for pexophagy, resulting in a block of pexophagy. The expression of the EGFP-2xFYVE (C215S) version did not interfere with pexophagy.

Our data indicate a rather fluid and disordered lipid membrane environment of peroxisomes, mitochondria and the ER. In comparison to mitochondria or the ER, peroxisomal membranes were slightly more fluid. In this respect, our data differ from an earlier study using a different approach based on anisotropy measurements (Zinser et al., 1991). The authors monitored the fluorescence of trimethylammonium diphenylhexatriene (TMA-DPH) that is fluorescent in membranes but not in water. The data indicated that peroxisomal membrane represents a rather rigid environment compared to mitochondria and microsomes. However, peroxisomes from oleate-induced cells were compared with organelles from cells grown in glucose medium, which might have an impact on membrane fluidity.

Key factors determining membrane fluidity are the proportion of saturated and unsaturated acyl chains in membrane lipids and the content of ergosterol. The Ole pathway that regulates expression of the single fatty acid desaturase Ole1p has been identified as a major mechanism to regulate membrane fluidity by determining the proportion of saturated and unsaturated acyl chains in membrane lipids (Ballweg and Ernst, 2017). Our lipidomic analysis of the peroxisomal membranes did not reveal a relative enrichment of lipids with a high number of double bounds or the presence of less ergosterol. Thus, there is no indication of an accumulation of unsaturated lipids or decrease in ergosterol as cause of the slightly increased disorder of peroxisomal membranes compared to mitochondria and ER. Therefore, other characteristics such as the distinct protein environment might be responsible for increased fluidity of the peroxisomal membrane.

Given the critical role of lipid compositions in determining organelle identity and function, it is clear that cells must adjust lipid metabolism during adaptive responses like the growth on oleic acid as single carbon source. The general low lipid membrane ordering in all three organelles may reflect the organelles membrane dynamics that warrant proper metabolite exchange, protein sorting and membrane trafficking. Of the observed differences in the lipid composition of the membranes of peroxisomes in comparison to mitochondria and ER from oleic acid-induced cells, the increased levels of PI in peroxisomes is most striking and may reflect the importance of this phospholipid for peroxisome function as precursor for signaling molecules regulating pexophagy.
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Functional Peroxisomes Are Essential for Efficient Cholesterol Sensing and Synthesis
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Cholesterol biosynthesis is a multi-step process involving several subcellular compartments, including peroxisomes. Cells adjust their sterol content by both transcriptional and post-transcriptional feedback regulation, for which sterol regulatory element-binding proteins (SREBPs) are essential; such homeostasis is dysregulated in peroxisome-deficient Pex2 knockout mice. Here, we compared the regulation of cholesterol biosynthesis in Chinese hamster ovary (CHO-K1) cells and in three isogenic peroxisome-deficient CHO cell lines harboring Pex2 gene mutations. Peroxisome deficiency activated expression of cholesterogenic genes, however, cholesterol levels were unchanged. 3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR) protein levels were increased in mutant cells, whereas HMGCR activity was significantly decreased, resulting in reduced cholesterol synthesis. U18666A, an inhibitor of lysosomal cholesterol export, induced cholesterol biosynthetic enzymes; yet, cholesterol synthesis was still reduced. Interestingly, peroxisome deficiency promoted ER-to-Golgi SREBP cleavage-activating protein (SCAP) trafficking even when cells were cholesterol-loaded. Restoration of functional peroxisomes normalized regulation of cholesterol synthesis and SCAP trafficking. These results highlight the importance of functional peroxisomes for maintaining cholesterol homeostasis and efficient cholesterol synthesis.

Keywords: cholesterol synthesis, CHO cells, ER-to-Golgi transport, peroxisomes, PEX2, SCAP, SREBP-2, Zellweger syndrome


INTRODUCTION

Cholesterol is an essential lipid constituent of cellular membranes, in particular the plasma membrane, and an obligatory precursor for synthesis of steroid hormones, bile acids, and regulatory oxysterols, as well as a requisite ligand for activation of Hedgehog family proteins. Its synthesis involves more than 20 enzymes distributed over several subcellular compartments. Numerous studies assign the pre-squalene steps of cholesterol biosynthesis to peroxisomes (Figure 1A) [reviewed in Kovacs et al. (2002), Faust and Kovacs (2014)]. With the exception of HMGCR, the enzymes of the pre-squalene segment contain functional peroxisomal targeting signals (PTS) that mediate their import into the peroxisomal matrix (Kovacs et al., 2002; Faust and Kovacs, 2014). We showed that acetyl-CoA derived from peroxisomal β-oxidation of very long-chain fatty acids (i.e., [1,2,3,4-13C4]docosanoate) and dicarboxylic acids (i.e., [U-13C12]dodecanedioate) is channeled to cholesterol synthesis inside peroxisomes (Kovacs et al., 2007). The enzymes of the pre-squalene segment of the isoprenoid biosynthetic pathway are also localized to peroxisomes in plants [reviewed in Faust and Kovacs (2014), Henry et al. (2018)]. Furthermore, several enzymes of the isoprenoid biosynthetic pathway are localized within peroxisome-related microbodies called glycosomes in trypanosomatid parasites (Concepcion et al., 1998; Urbina et al., 2002; Colasante et al., 2006; Carrero-Lérida et al., 2009; Güther et al., 2014; Ferreira et al., 2016; Acosta et al., 2019).
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FIGURE 1. (A) Subcellular localization of the cholesterol biosynthetic pathway in mammalian cells. Blue fonts indicate SREBP-2-regulated cholesterol biosynthetic enzymes. With the exception of HMGCR, all enzymes for the conversion of acetyl-CoA to farnesyl diphosphate contain functional peroxisomal targeting signals. Acetyl-CoA derived from peroxisomal β-oxidation of very long-chain fatty acids and dicarboxylic acids is channeled to cholesterol synthesis inside peroxisomes (Weinhofer et al., 2006; Kovacs et al., 2007). Farnesyl diphosphate leaves the peroxisomes and is converted either to cholesterol in the ER or to nonsterol isoprenoids. The conversion of acetyl-CoA to HMG-CoA also occurs in the cytoplasm. The mitochondrial and peroxisomal acetoacetyl-CoA thiolase and the cytosolic and peroxisomal HMG-CoA synthase are encoded by single genes, respectively. In hepatocytes, the conversion of cholesterol to bile acids also partly takes place in peroxisomes. The primary C24-bile acids are formed from C27-bile acid intermediates by peroxisomal β-oxidation of the side chain, followed by conjugation of the C24-bile acids to glycine or taurine by the peroxisomal enzyme BAAT. Figure modified from Figure 1 in Faust and Kovacs (2014). (B) Regulation of the SREBP-2 pathway. The precursor SREBP-2 is embedded as inactive transcription factor in ER membranes. In the presence of cholesterol and hydroxysterols (e.g., 25-hydroxycholesterol, 27-hydroxycholesterol), the SCAP-SREBP-2 complex is retained in the ER by interaction with INSIG proteins. Whereas cholesterol binds to SCAP and induces a conformational change in SCAP through which it binds to INSIGs, hydroxysterols bind to INSIGs and cause INSIGs to bind to SCAP. In the absence of sterols, INSIGs dissociate from SCAP, whereupon the INSIGs are ubiquitinated and degraded in proteasomes. The SCAP-SREBP-2 complex is loaded into COPII-coated vesicles and transported to the Golgi. In the Golgi SREBPs are processed sequentially by Site-1 and Site-2 proteases to release the N-terminal transcription factor domain that then enters the nucleus and activates SRE (sterol regulatory element)-containing genes. Figure modified from Figure 2 in Faust and Kovacs (2014).


Cellular cholesterol homeostasis involves sensing sterol levels in the endoplasmic reticulum (ER) and thereby balancing its uptake, synthesis, efflux, and metabolic conversion to a wide variety of biologically significant products (Russell, 2003; Goldstein et al., 2006; Goldstein and Brown, 2015; Brown et al., 2018). For this cells have established an elaborate feedback system to adjust their sterol content, using both transcriptional and post-transcriptional feedback systems (Wangeline et al., 2017; Brown et al., 2018). The sterol regulatory element-binding protein (SREBP) family of transcription factors is central to this regulatory system (Goldstein et al., 2006). The SREBP family consists of SREBP-1a, SREBP-1c, and SREBP-2 in mammals. SREBP-1a and SREBP-1c are produced from a single gene by use of different promoters and alternative splicing. There is some functional overlap between the different isoforms, but SREBP-1c is mainly responsible for the expression of genes involved in fatty acid, triacylglycerol, and phospholipid biosynthesis, whereas SREBP-2 activates genes involved in the uptake and biosynthesis of cholesterol (Goldstein et al., 2006). SREBP-1a is a potent activator of all SREBP-responsive genes. Mammalian cells supply themselves with cholesterol through receptor-mediated endocytosis of low density lipoproteins (LDL), which carry cholesterol primarily in the form of fatty acid esters (Goldstein and Brown, 2015). After delivery to lysosomes, their cargo of cholesteryl esters is hydrolyzed, releasing free cholesterol, which is then exported from the lysosomes to other membrane-bound organelles and cellular membranes, notably the plasma membrane and the ER (Das et al., 2014; Iaea and Maxfield, 2015). In the ER cholesterol binds to SREBP cleavage-activating protein (SCAP), an ER protein that functions as a sterol sensor and regulates the cleavage and activation of membrane-bound SREBPs (Brown et al., 2018). In sterol-rich cells, SREBPs reside as transcriptionally inactive membrane-bound precursor proteins in the ER by interaction with SCAP and INSIG-1 (insulin-induced gene 1) proteins (Figure 1B). In sterol-depleted cells INSIG-1 dissociates from SCAP, which allows SCAP to escort SREBPs in COPII-coated vesicles from the ER to the Golgi apparatus (Figure 1B). In the Golgi SREBPs are processed sequentially by two proteases (Site-1 and Site-2 protease) to release the N-terminal transcription factor domain that then enters the nucleus and activates SRE (sterol regulatory element)-containing genes (Figure 1B; Horton et al., 2002). After dissociating from SCAP, INSIG-1 is rapidly ubiquitinated and degraded by the proteasome (Goldstein et al., 2006). Whereas cholesterol binds to SCAP and induces a conformational change in SCAP that causes it to bind to INSIG-1, hydroxycholesterols bind to INSIGs and cause INSIGs to bind to SCAP (Brown et al., 2018).

Using the peroxisome-deficient Pex2 knockout (Pex2–/–) mouse we have shown the importance of peroxisomes for the maintenance of normal cholesterol homeostasis (Kovacs et al., 2004, 2009, 2012). Total cholesterol levels were similar in the brain, kidney, spleen, heart, and lung of control (Pex2+/+ and Pex2+/–, hereafter referred to as Pex2+/) and Pex2–/– mice, however, hepatic cholesterol levels in 9-day-old (P9) Pex2–/– mice were decreased by 40%, relative to controls, while bile acid (BA) feeding normalized their hepatic cholesterol levels. HMG-CoA reductase (HMGCR), isopentenyl diphosphate isomerase 1 (IDI1), farnesyl diphosphate synthase (FDPS), and squalene synthase (FDFT1) activities and protein levels were significantly increased in the liver of P9-P10 Pex2–/– mice, while BA feeding attenuated these enzyme activities and protein levels. Interestingly, the increase in protein levels was significantly greater than the increase in the activities of these enzymes, and the “catalytic efficiency” of HMGCR and IDI1 was significantly decreased in newborn (P0) and untreated as well as BA-fed postnatal Pex2–/– mice (Kovacs et al., 2004, 2009, 2012). Notably, a different regulatory pattern of cholesterol enzyme activities was observed in kidneys from Pex2–/– vs. control mice: the activity of HMGCR was significantly decreased, whereas activities of other cholesterol biosynthetic enzymes (i.e., IDI1, FDPS, FDFT1) were increased (Kovacs et al., 2004, 2009, 2012). Using [3H]acetate as substrate, we showed that the rate of cholesterol synthesis in the liver, spleen, lung, and heart of P9 Pex2–/– mice was significantly increased compared to controls, which is probably due to the highly increased protein levels and activities of cholesterol biosynthetic enzymes in the tissues of Pex2–/– mice (Kovacs et al., 2004, 2009). Interestingly, the rate of cholesterol synthesis was significantly decreased in the brain and kidneys of P9 Pex2–/– mice (Kovacs et al., 2004, 2009). The hepatic expression of SREBP-2 target genes was significantly increased both in P0 and postnatal Pex2–/– mice. BA feeding reduced the expression of these genes significantly; yet, the mRNA levels were still increased (Kovacs et al., 2004, 2009, 2012). In addition, we showed that peroxisome deficiency activates hepatic ER stress pathways in Pex2–/– mice, especially the integrated stress response which is mediated by PKR-like endoplasmic reticulum kinase (PERK) and activating transcription factor-4 (ATF4) signaling; hence, we hypothesized that ER stress leads to dysregulation of the endogenous sterol response mechanism and SREBP-2 pathway induction (Kovacs et al., 2009, 2012; Faust and Kovacs, 2014).

Conflicting reports on the role of peroxisomes in cholesterol biosynthesis have been published from in vitro studies using fibroblasts from patients with peroxisomal biogenesis disorders as well as peroxisome-deficient rodent cells [reviewed in Kovacs et al. (2002)]. In summary, activities of peroxisomal cholesterol biosynthetic enzymes were either normal or decreased in fibroblasts of patients with Zellweger spectrum disorders. Three studies employing a total of 24 fibroblast cell lines from patients with disorders of the Zellweger spectrum demonstrated a significantly reduced rate of cholesterol biosynthesis compared to control cells, whereas two studies using a total of seven fibroblast cell lines found that cholesterol biosynthesis rates were similar or higher than those in control fibroblasts. HMGCR activity and the rates of both cholesterol and non-sterol (dolichol) biosynthesis were found to be significantly lower in a study using peroxisome-deficient Pex2–/– hamster cells (ZR-78.1C, ZR-82) (Aboushadi and Krisans, 1998), while in another study using ZR-82 cells, both HMGCR activity and the incorporation of [3H]acetate into sterols (cholesterol + lanosterol) were increased compared to wild-type CHO-K1 cells (van Heusden et al., 1992). However, in vitro studies have not investigated the regulation of cholesterol biosynthesis in peroxisome-deficient cells.

In this study, we investigated the transcriptional regulation of cholesterol biosynthesis in wild-type CHO-K1 cells, three isogenic peroxisome-deficient CHO cell lines (ZR-78.1C, ZR-82, ZR-87) with mutations in the Pex2 gene, and ZR cells with restored functional peroxisomes after complementation with wild-type Pex2 cDNA. We also determined the rate of cholesterol biosynthesis as well as activities and protein levels of cholesterol biosynthetic enzymes in these cell lines. Finally, we explored mechanisms that might lead to a dysregulation of the endogenous sterol response in peroxisome-deficient CHO cells.



RESULTS


Peroxisome-Deficient CHO Cells

The Pex2 mutant and peroxisome-deficient CHO cell lines (ZR-78.1C, ZR-82, and ZR-87) were isolated from the CHO-K1 cell line used as control in this study (Zoeller and Raetz, 1986; Zoeller et al., 1989). PEX2 is anchored to the peroxisomal membrane by two membrane-spanning segments, with its N- and C-terminal regions exposed to the cytosol (Harano et al., 1999). The C-terminus of PEX2 contains a RING finger (C3HC4) motif. The point mutations of Pex2 in the ZR-78.1C and ZR-82 cell lines have been identified, whereas the mutation of Pex2 in the ZR-87 cell line is not known (Thieringer and Raetz, 1993). In ZR-78.1C nucleotide G at position 737 was mutated to A, resulting in the conversion of a cysteine residue into a tyrosine residue in the RING finger motif. The mutation in ZR-82 cells introduces a stop codon which leads to the translation of a truncated form of the PEX2 protein. This N-terminal fragment constitutes only one-fifth of the entire protein and lacks both membrane-spanning regions.

To assess if a complete or partial absence of peroxisomes exist in our cell lines, an immunofluorescence analysis was performed. The immunofluorescence pattern obtained for acyl-CoA oxidase 1 (ACOX1), a peroxisomal matrix protein involved in peroxisomal fatty acid β-oxidation, showed the characteristic punctuate peroxisomal distribution in CHO-K1 cells (Figure 2A) and a diffuse, cytoplasmic fluorescence in peroxisome-deficient CHO cells (Figure 2A), consistent with mislocalization of ACOX1 to the cytoplasm. A punctuate peroxisomal staining pattern for the peroxisomal membrane proteins PEX14 and ACBD5 was observed in CHO-K1 cells (Figures 2B,C). In peroxisome-deficient CHO cells, PEX14 and ACBD5 were present in less abundant cellular vesicles, consistent with peroxisome membrane ghosts (Figures 2B,C). These findings are consistent with the established function of PEX2 in the import of peroxisomal matrix proteins, but not peroxisomal membrane proteins.
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FIGURE 2. Peroxisome-deficient CHO cells contain peroxisome membraneghosts. (A) Peroxisomes were detected with an antibody against the peroxisomal matrix protein ACOX1. The nuclei were stained with DAPI (blue). Note the cytoplasmic localization of Acox1 in the peroxisome-deficient ZR-78.1C, ZR-82, and ZR-87 cells. (B) Peroxisomes were detected with an antibody against the peroxisomal membrane protein PEX14. Note the presence of peroxisome membrane ghosts in peroxisome-deficient CHO cells. The number of peroxisome membrane ghosts in peroxisome-deficient CHO cells is significantly lower than the number of peroxisomes in CHO-K1 cells. (C) Peroxisomes were visualized with an antibody against the peroxisomal tail-anchored protein ACBD5. Note that ACBD5 localizes to peroxisome membrane ghosts in peroxisome-deficient CHO cells. (D) Immunoblots of total cell lysates with antibodies against peroxisomal matrix and membrane proteins. Numbers at the bottom of the blots indicate the fold change in protein levels in peroxisome-deficient cells relative to that in CHO-K1 cells, which were arbitrarily defined as 1. (E,F) Functional peroxisomes are restored in peroxisome-deficient CHO mutants (ZR-78.1C, ZR-82, ZR-87) upon complementation with rat Pex2 cDNA. Cells were immunostained with antibodies against the peroxisomal matrix proteins ACOX1 (E) and catalase (F). The nuclei were stained with DAPI (blue). An asterisk indicates non-transfected cells without import-competent peroxisomes. The scale bars represent 10 μm.


Acyl-CoA oxidase 1 is synthesized as a precursor protein of 72 kDa and undergoes proteolytic cleavage after import into peroxisomes, resulting in subunits of 52 and 20.5 kDa (Miyazawa et al., 1987). In peroxisome-deficient CHO cells only a slight band of the uncleaved precursor protein was seen (Figure 2D), consistent with lack of peroxisomal protein import and rapid degradation outside of peroxisomes (Schram et al., 1986; Zoeller et al., 1989). Interestingly, the protein levels of ACBD5 were not significantly altered in peroxisome-deficient cells (Figure 2D), whereas PEX14 levels were decreased in ZR-78.1C and ZR-87 cells (Figure 2D).

In order to restore functional peroxisomes, we transfected the peroxisome-deficient CHO cells with wild-type rat Pex2 cDNA and stably selected transfected cells with G418. Transfection with Pex2 restored peroxisomal matrix protein import, since a normal punctate fluorescence pattern was observed with ACOX1 and catalase staining (Figures 2E,F; cf. also Supplementary Figures S1A,B). The peroxisomes of the Pex2-transfected mutant cell lines were morphologically indistinguishable from peroxisomes found in the wild-type CHO-K1 and Pex2-transfected CHO-K1 cells. Hereafter we refer to these transfected cells as ZR-78.1C-Pex2, ZR-82-Pex2, and ZR-87-Pex2.



Transcriptional Activity of Cholesterogenic Promoter-Reporters Is Increased in Peroxisome-Deficient CHO Cells

In order to determine whether sterol-regulated transcription of cholesterogenic genes is affected in peroxisome-deficient CHO cells, luciferase reporter constructs containing the sterol response element (SRE) of SREBP-2 (Srebf2), HMG-CoA reductase (Hmgcr), farnesyl diphosphate synthase (Fdps), or squalene synthase (Fdft1) were transiently transfected into wild-type CHO-KI and peroxisome-deficient ZR-82 and ZR-87 cells. For this cells were incubated in medium supplemented with either 10% FCS or 5% lipoprotein-deficient serum (LPDS), the latter a condition known to upregulate the SREBP-2 pathway. Expression of the Srebf2 and Fdps luciferase reporter genes was increased significantly in all cell lines when incubated in medium with LPDS (Figure 3A), indicating the responsiveness of SREBP to low cholesterol levels. However, Fdps luciferase activity was higher in peroxisome-deficient cells compared with CHO-K1 cells. It is interesting to note that the expression of the Hmgcr, Fdps, and Fdft1 luciferase reporter constructs in peroxisome-deficient cells was significantly increased compared with CHO-K1 even when the cells were incubated in medium containing 10% FCS and therefore sufficient amount of extracellular cholesterol was available (Figure 3A). The expression of the Hmgcr luciferase reporter constructs was only slightly enhanced further in peroxisome-deficient cells incubated in medium with LPDS compared to FCS-cultured cells, whereas the expression was not increased at all in LPDS-cultured CHO-K1 cells. It has been shown that LDL in FCS provides enough cholesterol to suppress SREBP-2 cleavage in wild-type CHO and HEK-293 cells (Hannah et al., 2001; Lee and Ye, 2004). Whereas the expression of the Fdft1 luciferase reporter gene was increased in FCS-cultured peroxisome-deficient cells compared with CHO-K1, culturing all cell lines in medium with 5% LPDS did not increase the expression of the Fdft1 luciferase reporter (Figure 3A).
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FIGURE 3. Promoter activities of Srebf2 and the cholesterol biosynthetic genes Hmgcr, Fdps, and Fdft1 in CHO-K1 and peroxisome-deficient CHO cells. (A) The indicated plasmids were transfected into cells as described in Materials and Methods. 24 hours after transfection, the medium was switched to medium containing either 10% FCS or 5% LPDS and incubated for 24 h, after which the cells were harvested and assayed for dual luciferase activities as described in section “Materials and Methods.” (B) The indicated plasmids were transfected into cells and 24 hours after transfection the medium was switched to medium supplemented with 5% LPDS and 0, 1, or 10 μg/ml 25-hydroxycholesterol (25-HC). After 24 h incubation, cells were harvested and assayed for dual luciferase activities. Data are presented as firefly luciferase activity normalized to Renilla luciferase activity and each value represents the mean ± SD of three independent transfection experiments done in quadruplicate. Statistical analysis was performed using Student’s t-test or Student’s t-test with Welch’s correction or one-way ANOVA followed by Dunnett’s multiple comparisons test. *** p < 0.001 vs. FCS-cultured CHO-K1. ##p < 0.01; ###p < 0.001 vs. LPDS-cultured CHO-K1. § p < 0.05; §§ p < 0.01; §§§ p < 0.001 vs. corresponding FCS-cultured cell line. ÇÇ p < 0.01; ÇÇÇ p < 0.001 vs. corresponding cell line incubated in medium containing 5% LPDS without 25-HC.


We then tested whether cholesterogenic promoter activity in peroxisome-deficient cells can be suppressed by incubation with 5% LPDS supplemented with 1 and 10 μg/ml 25-hydroxycholesterol (25-HC) (Figure 3B). Unlike LDL-borne cholesterol, 25-HC added to the culture medium in solvent enters the cell and reaches the ER without first traversing lysosomes (Abi-Mosleh et al., 2009). 25-HC suppressed Srebf2, Hmgcr, and Fdps promoter activity both in CHO-K1 and peroxisome-deficient ZR-82 and ZR-87 cells (Figure 3B) indicating the responsiveness of SREBP to hydroxycholesterols. Taken together, these results show that peroxisome deficiency activates expression of cholesterogenic promoter-reporter genes, even though total cholesterol levels are unchanged when compared to wild-type CHO-K1 cells (Table 1).


TABLE 1. Cholesterol levels in CHO-K1 and peroxisome-deficient CHO cells.
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Expression of Cholesterol Biosynthetic Genes Is Increased in Peroxisome-Deficient CHO Cells

Next, we determined the mRNA expression of genes involved in cholesterol biosynthesis and their regulation, in cholesterol efflux, and in fatty acid synthesis in CHO-K1 and peroxisome-deficient CHO cells cultured in medium containing 10% FCS or 5% LPDS for 24 h. Again, the expression of Srebf2, Insig1, cholesterol biosynthetic genes (Hmgcs, Hmgcr, Idi1, Fdft1, Sqle, Lss, Dhcr24), Ldlr, and Fasn was significantly increased in all cell lines when incubated in medium containing LPDS (Figure 4A). However, the expression of these genes was much more strongly induced in peroxisome-deficient cells, especially in ZR-82 cells, than in CHO-K1 cells. Importantly, the expression of cholesterol biosynthetic genes and its regulators Srebf2 and Insig1 also was significantly increased in peroxisome-deficient cells compared with CHO-K1 when the cells were incubated in medium containing 10% FCS (Figure 4A; cf. also Supplementary Figure S2). These data corroborate the promoter studies shown in Figure 3. Next, exit of cholesterol from lysosomes requires the membrane-bound Niemann-Pick C1 (NPC1) protein (Kwon et al., 2009); however, we did not detect any changes in Npc1 expression at least in peroxisome-deficient cells (Figure 4A). Hence, although it is well-known that all cholesterol biosynthetic genes are regulated by SREBP-2 (Horton et al., 2002), the magnitude of response in their expression varied significantly among the genes tested, indicating that their levels do not depend on the expression level of SREBP-2 alone.
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FIGURE 4. (A) Expression of genes involved in cholesterol biosynthesis and its regulation, cholesterol efflux, and fatty acid synthesis in CHO-K1 and peroxisome-deficient CHO cells cultured in medium containing 10% FCS or 5% LPDS for 24 h. Each value represents the amount of mRNA relative to that in FCS-cultured CHO-K1, which was arbitrarily defined as 1. Data are mean ± SD (n = 3). (B) Activities of the cholesterol biosynthetic enzymes HMGCR, IDI1, and FDPS. Each value represents the average of 10-17 experiments, performed in duplicate. Data are mean ± SD. (C) Immunoblot analysis of cholesterol biosynthetic enzymes HMGCR, MVK, IDI1, FDPS, and squalene synthase (FDFT1) in cells after incubation in medium containing 5% LPDS for 24 h. Numbers at the bottom of the blots indicate the fold change in protein levels in peroxisome-deficient cells relative to that in CHO-K1 cells, which were arbitrarily defined as 1. l.e., long exposure; s.e., short exposure. (D) Rate of biosynthesis of cholesterol, total sterols, and dolichols in CHO-K1 and peroxisome-deficient ZR-82 and ZR-87 cells as measured by the incorporation of [14C]acetate. Data are mean ± SD of three experiments, performed in duplicate. Statistical analysis was performed using Student’s t-test or Student’s t-test with Welch’s correction or one-way ANOVA followed by Dunnett’s multiple comparisons test. *, p < 0.05; **, p < 0.01; ***, p < 0.001 vs. FCS-cultured CHO-K1. #p < 0.05; ##p < 0.01; ###p < 0.001 vs. LPDS-cultured CHO-K1. § p < 0.05; §§ p < 0.01; §§§ p < 0.001 vs. corresponding FCS-cultured cell line.




Activities of Cholesterol Biosynthetic Enzymes and Protein Levels Are Altered in Peroxisome-Deficient CHO Cells

To examine the effect of peroxisome deficiency on the activities of cholesterol biosynthetic enzymes, we measured the activities of HMGCR, IDI1, and FDPS in CHO-K1 and peroxisome-deficient cells (Figure 4B). HMGCR, which catalyzes the rate-limiting step of sterol biosynthesis, is localized mainly in the ER, whereas IDI1 and FDPS are localized predominantly in peroxisomes (Kovacs et al., 2002; Faust and Kovacs, 2014). HMGCR activity was decreased 50% in ZR-78.1C and ZR-87 cells and 75% in ZR-82 cells, corroborating previously published data (Aboushadi and Krisans, 1998). The activity of IDI1 and FDPS was similar or increased in FCS-cultured peroxisome-deficient cells compared with CHO-K1 cells. IDI1 and FDPS activities were significantly increased in all cell lines when incubated in medium containing LPDS, however, the activities were somewhat lower in peroxisome-deficient cells compared with CHO-K1 cells.

Western blot analysis of proteins involved in cholesterol biosynthesis was performed to determine whether the measured activities are a reflection of the protein levels. The protein levels of HMGCR, mevalonate kinase (MVK), IDI1, FDPS, and FDFT1 were significantly increased in peroxisome-deficient cells compared with CHO-K1 (Figure 4C). Thus, decreased HMGCR and IDI1 activities in the peroxisomal-deficient cells are not a reflection of their protein levels, however, gene expression data gave reason to expect even higher protein levels of cholesterol biosynthetic genes in peroxisome-deficient cells.



Rates of Cholesterol and Dolichol Biosynthesis Are Decreased in Peroxisome-Deficient Cells

To evaluate the effects of the decrease in HMGCR, IDI1, and FDPS activities in peroxisome-deficient cells, we measured the rate of sterol (cholesterol) and non-sterol (dolichols) biosynthesis in CHO-K1, ZR-82, and ZR-87 cells after incubating the cells with [14C]acetate. The rates of cholesterol and dolichol biosynthesis were significantly reduced in the peroxisomal-deficient cells as compared to the CHO-K1 cells (Figure 4D and Supplementary Table S1). These data corroborate a previously published study showing that cholesterol and dolichol biosynthesis rates were decreased in ZR-78.1C and ZR-82 cells when incubated with either [3H]acetate or [3H]mevalonate (Aboushadi and Krisans, 1998). However, despite decreased biosynthesis rates, total cholesterol levels were similar in CHO-K1 and peroxisome-deficient cells cultured in medium containing either 10% FCS or 5% LPDS for 24 and 48 h (Table 1).



U18666A Treatment Activates the SREBP-2 Pathway in CHO-K1 and Peroxisome-Deficient CHO Cells

A recent study suggested that peroxisomes play a critical role in the transport of LDL-derived cholesterol from the lysosome to the plasma membrane and other intracellular compartments via a lysosome-peroxisome membrane contact site (Chu et al., 2015). Knockdown of ABCD1, PEX1, and PEX26 in HeLa cells using shRNAs led to accumulation of cholesterol in lysosomes to a similar extent as in cells from Niemann-Pick disease type C (NPC) patients. Therefore, we aimed to determine the effect of U18666A on the SREBP-2 pathway in CHO-K1 and peroxisome-deficient cells. The amphiphilic compound U18666A has been shown to bind to Niemann-Pick C1 (NPC1) and inhibit cholesterol export from lysosomes (Liscum and Faust, 1989; Liscum, 1990; Lu et al., 2016), leading to SREBP-2 activation (Colgan et al., 2007). If peroxisome deficiency leads to an accumulation of cholesterol in lysosomes (Chu et al., 2015), U18666A should activate the SREBP-2 pathway only in CHO-K1 cells, but should not lead to further activation in ZR-78.1C, ZR-82, and ZR-87 cells. The expression of SREBP-2 target genes was determined in cells that were grown in cholesterol-containing medium (10% FCS) supplemented with 10 μM U18666A for 24 h. U18666A significantly increased the mRNA levels of Srebf2, Insig1, and cholesterol biosynthetic genes both in CHO-K1 and peroxisome-deficient cells compared with vehicle-treated cells (Figure 5A). The increase was similar in CHO-K1, ZR-78.1C, and ZR-87 cells, whereas ZR-82 cells again showed a much stronger increase, even though with a larger standard deviation. U18666A treatment significantly decreased the expression of the cholesterol efflux transporter Abca1 (ATP-binding cassette transporter A1) in all cell lines (Figure 5A). The addition of 10 μg/ml 25-HC significantly suppressed the activation of SREBP-2 target genes in U18666A-treated cells (Figure 5A), indicating that the sensitivity towards 25-HC is functional in peroxisome-deficient cells.
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FIGURE 5. (A) Expression of genes involved in cholesterol biosynthesis and its regulation, cholesterol efflux, and fatty acid synthesis in CHO-K1 and peroxisome-deficient CHO cells cultured in medium containing 10% FCS and 0.1% EtOH as solvent control or 10 μM U18666A or 10 μM U18666A and 10 μg/ml 25-hydroxycholesterol (25-HC) for 24 h. Each value represents the amount of mRNA relative to that in control CHO-K1, which was arbitrarily defined as 1. Data are mean ± SD (n = 3). (B) Immunoblots of total cell lysates with antibodies against cholesterol biosynthetic enzymes (HMGCR, MVK, FDPS, and FDFT1), peroxisomal (catalase, ACOX1) and ER (GRP78, GRP94) proteins after treatment with 10 μM U18666A for 24 h. Shown are immunoblots from three experiments. (C) Rate of biosynthesis of cholesterol, cholesteryl esters, fatty acids, and triacylglycerols in vehicle- and U18666A-treated CHO-K1 and peroxisome-deficient ZR-78.1C, ZR-82, and ZR-87 cells as measured by the incorporation of [14C]acetate. Lipids were separated by thin-layer chromatography after [14C]acetate labeling. Data are mean ± SD (n = 3–6). Statistical analysis was performed using Student’s t-test or Student’s t-test with Welch’s correction or one-way ANOVA followed by Dunnett’s multiple comparisons test. *p < 0.05; **p < 0.01; ***p < 0.001 vs. vehicle (EtOH)-treated CHO-K1. #p < 0.05; ##p < 0.01; ###p < 0.001 vs. U18666A-treated CHO-K1. Çp < 0.05; ÇÇ p < 0.01; ÇÇÇ p < 0.001 vs. U18666A- and 25-HC-treated CHO-K1. § p < 0.05; §§ p < 0.01; §§§ p < 0.001 vs. corresponding vehicle-treated cell line.


U18666A treatment increased the protein levels of the cholesterol biosynthetic enzymes MVK, FDPS, and FDFT1 in all cell lines compared with vehicle-treated cells (Figure 5B). Interestingly, despite highly elevated mRNA levels, HMGCR protein levels in U18666A-treated ZR-82 cells were lower compared with CHO-K1, ZR-78.1C, and ZR-87 cells, whereas the FDPS and FDFT1 protein levels were higher in ZR-82 cells. The protein levels of catalase and the ER proteins GRP78 and GRP94 were similar in CHO-K1 and peroxisome-deficient cells.

To assess levels of de novo lipogenesis upon U18666A treatment we measured total de novo lipid production by quantifying incorporation of radioactively labeled [14C]acetate into lipids. Cholesterol synthesis was significantly decreased in vehicle-treated peroxisome-deficient cells compared with CHO-K1 cells (Figure 5C). U18666A treatment significantly increased the rate of cholesterol biosynthesis in all cell lines, however, cholesterol biosynthesis was significantly lower in peroxisome-deficient cells compared with CHO-K1 cells (Figure 5C). U18666A treatment significantly decreased as expected the rate of cholesteryl ester synthesis in all cell lines, whereas the rates of fatty acid and triacylglycerol synthesis were increased (Figure 5C). Interestingly, the rate of cholesteryl ester synthesis was similar in all cell lines cultivated in FCS, suggesting that they have a similar supply of cholesterol in the ER. In summary, U18666A induced mRNA and protein levels of cholesterol biosynthetic enzymes in peroxisome-deficient cells, however, again the rates of cholesterol synthesis were significantly lower than in CHO-K1 cells.



Expression of SREBP-2 Target Genes in Extrahepatic Tissues of SW/129 Pex2–/– Mice

We reported previously that total cholesterol levels were similar in the lung, kidney, heart, and spleen of P10 SW/129 Pex2–/– mice when compared with control mice, whereas the rate of cholesterol synthesis was significantly increased in the lung, heart, and spleen and decreased in the kidney (Kovacs et al., 2004, 2009). As total cholesterol levels were similar in P10 SW/129 Pex2–/– and control mice, we examined the expression of Srebf2, Insig1, Insig2, and cholesterol biosynthetic genes (Hmgcr, Pmvk, Mvd, Idi1, Fdps, Fdft1, Sqle, Sc4mol, Lss) in these tissues as well as skeletal muscle. Indeed, the mRNA levels of all these genes were significantly increased in Pex2–/– mice (Figures 6A–E). In summary, there is a very similar mRNA up-regulation of Srebf2 and its target genes in extrahepatic tissues compared with livers of P0 and postnatal Pex2–/– mice (Kovacs et al., 2004, 2009, 2012). Taken together, these data corroborate our findings in CHO cell lines, which indicate that functional peroxisomes are necessary for efficient cholesterol biosynthesis.
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FIGURE 6. Expression of SREBP-2 regulated genes in lung (A), kidney (B), heart (C), skeletal muscle (D), and spleen (E) from P10 SW/129 control and Pex2–/– mice. (F–J) Expression of UPR target genes in lung (F), kidney (G), skeletal muscle (H), heart (I), and spleen (J) from P10 SW/129 control and Pex2–/– mice. Each value represents the amount of mRNA relative to that in control mice, which was arbitrarily defined as 1. Data are mean ± SD (n = 6 for control and Pex2–/– mice). Statistical analysis was performed using Student’s t-test or Student’s t-test with Welch’s correction. *p < 0.05; **p < 0.01; ***p < 0.001 vs. control mice. nd, not detected.




ER Stress Does Not Activate the SREBP-2 Pathway in CHO-K1 Cells and Peroxisome-Deficient CHO Cells

We showed that peroxisome deficiency activates hepatic ER stress pathways, especially the integrated stress response mediated by PERK and ATF4 signaling, in livers of newborn and postnatal Pex2–/– mice (Kovacs et al., 2009, 2012). Studies have shown that ER stress induces SREBP-2 activation independently of intracellular cholesterol concentration in various cell lines (Werstuck et al., 2001; Lee and Ye, 2004; Colgan et al., 2007; Lhoták et al., 2012). The analysis of the mRNA expression of several unfolded protein response (UPR) target genes in extrahepatic tissues of P10 Pex2–/– mice showed that ER stress is also present in the lung, kidney, skeletal muscle, heart, and spleen (Figures 6F–J). To determine whether ER stress is also present in peroxisome-deficient CHO cells, we examined the mRNA expression of several UPR target genes in cells cultured in medium containing 10% FCS or 5% LPDS for 24 h (Figure 7A). The expression of most UPR target genes was, with the exception of Chop (C/EBP homologous protein), somewhat similar in CHO-K1 and peroxisome-deficient cells cultured in FCS- or LPDS-containing medium. Chop was significantly increased in all peroxisome-deficient cells compared with CHO-K1 when grown in medium containing 10% FCS. Culturing cell in 5% LPDS increased the expression of Xbp1t (total) and Xbp1u (unspliced) in all cell lines, however, the expression levels of the active transcription factor Xbp1s (spliced) were very low (CT > 38) and could not be analyzed. Interestingly, Xbp1t and Xbp1u mRNA levels were increased in peroxisome-deficient CHO cells, but the expression of Xbp1s was again too low to be evaluated.
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FIGURE 7. ER stress does not induce the SREBP-2 pathway in CHO-K1 cells. (A) Expression of UPR target genes in CHO-K1 and peroxisome-deficient CHO cells cultured in medium containing 10% FCS or 5% LPDS for 24 h. Each value represents the amount of mRNA relative to that in FCS-cultured CHO-K1, which was arbitrarily defined as 1. Data are mean ± SD (n = 3). *p < 0.05; **p < 0.01; ***p < 0.001 vs. FCS-cultured CHO-K1. #p < 0.05; ##p < 0.01; ###p < 0.001 vs. LPDS-cultured CHO-K1. § p < 0.05; §§ p < 0.01; §§§ p < 0.001 vs. corresponding FCS-treated cell line. (B,C) CHO-K1 cells were cultured in medium containing 10% FCS and DMSO as solvent control or various concentrations of thapsigargin (B) and tunicamycin (C) for 18 h. Each value represents the amount of mRNA relative to that in control CHO-K1, which was arbitrarily defined as 1. Data are mean ± SD (n = 3). *p < 0.05; **p < 0.01; ***p < 0.001 vs. solvent (DMSO)-treated CHO-K1. Statistical analysis was performed using Student’s t-test or Student’s t-test with Welch’s correction or one-way ANOVA followed by Dunnett’s multiple comparisons test.


Next, we investigated whether induction of ER stress activates the SREBP-2 pathway in CHO-K1 cells. CHO-K1 cells were treated with various concentrations of the ER stress inducers thapsigargin (Tg), an inhibitor of the ER Ca2+-dependent ATPase, or tunicamycin (Tm), an inhibitor of protein N-glycosylation (the latter resulting in misfolding of proteins that normally would be glycosylated). Quantitative real-time PCR analysis revealed that Tg and Tm induced a significant dose-dependent increase in mRNA levels of various ER stress markers (Grp94, Dnajb9, Calr, Canx, Atf4, Chop, Gadd34, Xbp1t), however, the expression of SREBP-2 target genes was in general not induced in Tg- or Tm-treated CHO-K1 cells (Figures 7B,C). The mRNA levels of Srebf2 and Sqle were decreased in Tg- and Tm-treated cells, and only Insig1 expression was increased.

In summary, the increased expression of cholesterol biosynthetic genes in peroxisome-deficient CHO cells cannot be ascribed to ER stress, and activation of ER stress in CHO-K1 cells does not lead to an activation of the SREBP-2 pathway.



mTORC1 and MAPK Pathways Do Not Activate the SREBP-2 Pathway in Peroxisome-Deficient CHO Cell

Next, we investigated whether activated mTORC1 (mechanistic target of rapamycin complex 1) triggers activation of the SREBP-2 pathway in peroxisome-deficient cells. mTORC1 has been shown to activate SREBP-2 in mammalian cells through several mechanisms, including, at least in some cell types, through p70 ribosomal S6 kinase (p70 S6K) (Peterson et al., 2011; Wang et al., 2011; Eid et al., 2017). The only kinase known to be activated directly by mTORC1 is p70 S6K, which subsequently activates ribosomal S6 protein (S6) (Laplante and Sabatini, 2012). We assessed mTORC1 activity by analyzing the phosphorylation of S6 and p70 S6K in lysates from CHO-K1 and peroxisome-deficient cells treated with U18666A or cultured in the presence of FCS or LPDS for 24 h (Figures 8A–C). Phosphorylation of S6 on Ser235/236 was decreased in peroxisome-deficient cells compared with CHO-K1 in all three culture conditions. Phosphorylation of p70 S6K on Thr421/Ser424 was decreased in ZR-82 cells, while it tended to be decreased in ZR-78.1C and increased in ZR-87 cells. These data suggest that mTORC1 activity is inherently lower in peroxisome-deficient cell lines. Importantly, in accordance with our data, a recent study suggested that acetyl-CoA derived from peroxisomal β-oxidation promotes Raptor acetylation and mTORC1 activation in hepatocytes, and hepatic Acox1 deficiency resulted in inhibition of mTORC1 (He et al., 2020).
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FIGURE 8. mTORC1, AKT, and MAPK signaling in peroxisome-deficient CHO cells. (A,B) Immunoblot analysis of the mTORC1, AKT, and MAPK pathways of total cell lysates after treatment with 10 μM U18666A (A) or incubation in medium supplemented with 5% LPDS (B) for 24 h. Western blots from a representative of 2–3 independent experiments are shown in panels A,B. (C) For quantification, pAKT, pS6, pERK, and p-p70 S6K levels were normalized to the corresponding total AKT, S6, ERK, and p70 S6K levels, respectively. Protein ratios are expressed relative to that in CHO-K1 cells, which were arbitrarily defined as 1 for each treatment. Data are mean ± SD (n = 2–3). Statistical analysis was performed using Student’s t-test or Student’s t-test with Welch’s correction. ***p < 0.001 vs. FCS-cultured CHO-K1. #p < 0.05; ##p < 0.01; ###p < 0.001 vs. LPDS-cultured CHO-K1. § p < 0.05; §§ p < 0.01; §§§ p < 0.001 vs. U18666A-treated CHO-K1.


The phosphatidylinositol 3-kinase (PI3K)/AKT pathway is involved in SREBP-2 transport to the Golgi and thereby contributes to the control of SREBP-2 activation (Du et al., 2006). To compare AKT phosphorylation in CHO-K1 and peroxisome-deficient cells, immunoblot analyses were performed on lysates from cells treated with U18666A or cultured in FCS and LPDS for 24 h (Figures 8A–C). AKT phosphorylation on Ser473 was similar in FCS-cultured cells and slightly decreased in LPDS- or U18666A-treated ZR-82 and ZR-87 cells compared with CHO-K1 cells. Phosphorylation of AKT was only increased in LPDS-cultured ZR-78.1C cells.

Major signaling pathways that couple transcription factors to extracellular stimuli include the mitogen-activated protein (MAP) kinase cascades through extracellular signal-regulated kinase (ERK1/2). It has been shown that the mature form of SREBP-2 is a substrate of ERK-MAPK in vitro, affecting its trans-activity (Kotzka et al., 2000, 2004). In order to examine a possible link between the MAPK pathway and increased SREBP-2 activity and expression of cholesterol biosynthetic genes, we determined whether the phosphorylation of p44/42 ERK was affected in peroxisome-deficient CHO cells. We measured the amounts of total and phosphorylated ERK proteins in cells treated with U18666A or cultured in the presence of FCS or LPDS for 24 h (Figures 8A–C). Total ERK levels were similar in CHO-K1 and peroxisome-deficient cells; however, phosphorylated ERK levels were equally increased in ZR-82 cells under all three culture conditions.

We conclude that the activities of the PI3K/AKT and mTORC1 pathways are not, in general, increased in peroxisome-deficient cells, and also are not the cause of the observed increased expression of cholesterol biosynthetic genes. That said, however, phosphorylated ERK could contribute to higher activity of SREBP-2 in ZR-82 cells.



Increased Transfer of GFP-SCAP From the ER to the Golgi in Peroxisome-Deficient CHO Cells

SCAP, the sterol sensor, plays an essential role in SREBP-2 activation by mediating its ER-to-Golgi transport. To test if peroxisome deficiency enhances ER-to-Golgi trafficking of SCAP/SREBP, we analyzed SCAP trafficking in CHO-K1 and peroxisome-deficient CHO cells using a GFP-SCAP fusion protein, which allows determination of the subcellular distribution of GFP-SCAP by confocal microscopy. Cells stably expressing GFP-SCAP were cultured in medium either containing 10% FCS or 5% LPDS or, alternatively, 10% FCS and 10 μM U18666A (Figures 9A–D). GFP-SCAP showed a reticular ER pattern in CHO-K1 cells grown in cholesterol-containing medium. Incubating cells in medium with 5% LPDS for 24 h or treatment with U18666A for 12 h led to increased juxtanuclear staining and co-immunolocalization with giantin (also known as GOLGB1), a Golgi marker (Linstedt and Hauri, 1993), in addition to the reticular ER pattern (Figure 9A). Peroxisome-deficient ZR-78.1C and ZR-87 cells showed already an increased juxtanuclear staining when cultured in medium containing 10% FCS; incubating cells in medium containing 5% LPDS or treatment with U18666A led to a strong colocalization of GFP-SCAP with giantin (Figures 9B,D). In ZR-82 cells GFP-SCAP localized independently from the culture conditions only to the Golgi (Figure 9C). In general, the data show that deficiency of functional peroxisomes promotes GFP-SCAP trafficking to the Golgi.
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FIGURE 9. Peroxisome deficiency promotes ER-to-Golgi trafficking of GFP-SCAP. Confocal microscopy images show GFP-SCAP trafficking related to the Golgi marker giantin in CHO-K1 (A), ZR-78.1C (B), ZR-82 (C), and ZR-87 (D) cells. Cells were either cultured in 10% FCS or 5% LPDS for 24 h or treated with 10 μM U18666A for 12 h. GFP-SCAP was imaged using a chicken polyclonal anti-GFP antibody followed by Alexa488 secondary antibody; Golgi was visualized by rabbit anti-giantin followed by Alexa594 secondary antibody. The nuclei were stained with DAPI (blue). Representative fields are shown for each condition. The scale bars represent 10 μm. (E) The endoplasmic reticulum was detected with an antibody against GRP78. The scale bars represent 10 μm. (F) Cholesterol esterification in CHO-K1 and peroxisome-deficient cells. Cells cultured in 10% FCS were incubated for 4 h with [14C]palmitate (∼8000 dpm/nmol). Cholesterol ester levels were analyzed by TLC. Data are mean ± SD (n = 3). Statistical analysis was performed using one-way ANOVA followed by Dunnett’s multiple comparisons test. **p < 0.01 vs. FCS-cultured CHO-K1.


To exclude the possibility that the altered GFP-SCAP localization in ZR-82 cells cultured in medium containing 10% FCS was caused by general changes in ER morphology, we stained the ER with an antibody against the glucose-regulated protein 78 (GRP78). However, the morphology of the ER was comparable in CHO-K1 and ZR-82 cells (Figure 9E).

Radhakrishnan et al. (2008) determined the concentration of cholesterol in the ER that is sufficient to retain the SCAP-SREBP-2 complex in the ER and suppress SREBP-2 processing. They showed that SCAP transported SREBP-2 from the ER to the Golgi when ER cholesterol was ≤5 mol% of ER lipids, and ER-to-Golgi transport of SCAP was inhibited when the cholesterol content of the ER rose above the sharp 5% threshold. An open question is whether the cholesterol level in the ER is reduced in peroxisome-deficient cells, which could explain the increased ER-to-Golgi trafficking of SCAP and SREBP-2 activation in peroxisome-deficient cells even when total cholesterol levels are comparable to control cells. Therefore, we determined the rate of cholesterol esterification as a surrogate marker for ER cholesterol levels (Figure 9F). The enzyme acyl-coenzyme A:cholesterol acyltransferase (SOAT) is located in the ER and synthesizes cholesteryl esters, using cholesterol and fatty acyl-CoA as its substrates (Chang et al., 2006). Two Soat genes have been identified in mammals (Soat1 and Soat2), and SOAT1 is the major isoenzyme in CHO cells. Assuming that SOAT is located in the ER and that its activity is controlled by cholesterol availability, SOAT activity in intact cells has been used to monitor cholesterol arriving at the ER in cholesterol trafficking studies (Chang et al., 2006). We found that the esterification of cholesterol was similar in CHO-K1 cells and peroxisome-deficient cell lines (Figure 9F), suggesting that ER cholesterol levels are normal in peroxisome-deficient cells.

To exclude the possibility that the altered GFP-SCAP localization in ZR-82 cells cultured in medium containing 10% FCS was caused by general changes in ER morphology, we examined the localization of activating transcription factor 6 (ATF6) in CHO-K1 and ZR-82 cells. ATF6 resides as a transcriptionally inactive membrane-bound precursor protein in the ER by its interaction with GRP78. In response to ER stress and dissociation of GRP78, ATF6 is trafficked from the ER to the Golgi where it is sequentially cleaved by the proteases S1P and S2P to produce an active transcription factor, a process similar to that involving SREBP-2 (Ye et al., 2000; Chen et al., 2002). However, SCAP is not required for the ER-to-Golgi translocation of ATF6, but a similar molecular escort may bind ATF6 (Ye et al., 2000; Chen et al., 2002). We transfected CHO-K1 and ZR-82 cells with a GFP-ATF6 construct where the S1P site was mutated [GFP-ATF6(S1P-)] (Chen et al., 2002). The S1P cleavage blockade due to the S1P site mutation causes a longer retention of GFP-ATF6 in the Golgi after ER stress-induced ER-to-Golgi transfer (Chen et al., 2002). The cells were analyzed by fluorescence microscopy and the staining of GFP-ATF6(S1P-) in the perinuclear and cytoplasmic regions of FCS-cultured CHO-K1 and ZR-82 cells was consistent with ER localization (Figure 10A). Treatment with thapsigargin (Figure 10B) and tunicamycin (Figure 10C) for 12 h caused the movement of GFP-ATF6(S1P-) to perinuclear locations consistent with a Golgi marker staining pattern. GFP-ATF6(S1P-) colocalized with the Golgi marker giantin in both cell lines in response to ER stress induction (Figures 10B,C), but GFP-ATF6(S1P-) was still detectable in the ER in both cell lines. These data show that the altered SCAP localization in peroxisome-deficient cells is specific for SCAP, while other proteins normally subject to ER-to-Golgi transport were not affected, indicating that defective ER-to-Golgi transport is not a generalized phenomenon.
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FIGURE 10. Peroxisome deficiency does not enhance ER-to-Golgi trafficking of GFP-ATF6(S1P-). Confocal microscopy images show GFP-ATF6(S1P-) trafficking related to the Golgi marker giantin in CHO-K1 and ZR-82 cells. Cells were either cultured in 10% FCS (Control) (A) or treated with 100 nM thapsigargin (B) or 0.5 μg/ml tunicamycin (C) for 12 h. GFP-ATF6 was visualized using a chicken polyclonal anti-GFP antibody; the Golgi was visualized by rabbit anti-giantin; DAPI was used for nuclear staining. Representative fields are shown for each condition. The scale bars represent 10 μm.


Normally, SCAP is retrieved from the Golgi and moves back to the ER by COPI-mediated Golgi-to-ER retrograde trafficking after processing of SREBP under sterol-deficient conditions (Takashima et al., 2015). To provide further evidence that SCAP in peroxisome-deficient cells increasingly moves to the Golgi, we used brefeldin A, which causes the relocation of Golgi proteins into the ER (Lippincott-Schwartz et al., 1989; Klausner et al., 1992). GFP-SCAP-transfected ZR-82 cells cultured in medium containing 10% FCS were treated with brefeldin A for 30, 60, and 90 min. GFP-SCAP showed a Golgi-like staining pattern and co-localization with giantin in ZR-82 cells cultured in medium containing 10% FCS (Figure 11A). Even by 30 min, treatment with brefeldin A caused the pattern to disperse and return to a more ER-like pattern (Figure 11A). However, as expected, the staining pattern of the ER marker GRP78 was not affected by brefeldin A treatment (Figure 11B).
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FIGURE 11. Brefeldin A and 25-HC sensitivity of GFP-SCAP localization in ZR-82 cells. (A,B) ZR-82 cells transfected with GFP-SCAP were treated with brefeldin A (5 μg/ml) for 30 min. (A) Cells were immunostained for GFP-SCAP using a chicken polyclonal anti-GFP antibody and giantin. (B) Cells were immunostained for GFP-SCAP and GRP78. (C) ZR-82 cells transfected with GFP-SCAP were treated with 10 μg/ml 25-HC for 18 h and immunostained for GFP-SCAP and giantin. DAPI was used for nuclear staining. Representative fields are shown for each condition. The scale bars represent 10 μm.


Next, we examined if treatment with 25-HC affects the GFP-SCAP localization in ZR-82 cells. We have shown that 25-HC suppressed both cholesterogenic promoter activity in LPDS-treated (Figure 3B) and activation of SREBP-2 target genes in U18666A-treated (Figure 5A) CHO-K1 and peroxisome-deficient cells. GFP-SCAP-transfected ZR-82 cells cultured in medium containing 10% FCS were treated with 10 μg/ml 25-HC for 90 min, 12, 15, and 18 h. GFP-SCAP showed a Golgi-like staining pattern and co-localization with giantin in vehicle-treated ZR-82 cells (Figure 11C) and cells treated with 25-HC for 90 min (data not shown). Treatment with 25-HC for 12 and 15 h caused the pattern to disperse and return to a more ER-like pattern (data not shown), and GFP-SCAP showed a reticular ER pattern after an 18 h treatment with 25-HC (Figure 11C).



Restoring Functional Peroxisomes Normalized the Transcriptional Regulation of the Cholesterol Biosynthetic Pathway, the Rate of Cholesterol Synthesis, and SCAP Trafficking

To examine whether restoring functional peroxisomes normalizes the transcriptional regulation of the cholesterol biosynthetic pathway, the expression of SREBP-2 target genes was determined in Pex2-transfected cells cultured in medium containing 10% FCS, 5% LPDS, or 10% FCS plus 10 μM U18666A for 24 h (Figure 12A). Incubation in medium containing 5% LPDS or 10 μM U18666A significantly increased the mRNA levels of SREBP-2 target genes in all cell lines compared with FCS-cultured cells. However, the expression levels in CHO-K1-Pex2 cells and Pex2-complemented ZR cells with restored functional peroxisomes were similar under all conditions. Next, the protein levels of HMGCR, MVK, and FDPS were determined in CHO-K1-Pex2 and Pex2-complemented ZR cell lines cultured in medium containing 10% FCS, 5% LPDS, or 10 μM U18666A for 24 h (Figure 12B). The cultivation of the cells in medium containing 5% LPDS and the treatment with U18666A increased the protein levels of HMGCR, MVK and FDPS in all cell lines as expected. MVK and FDPS protein levels tended to be lower in ZR-78.1C-Pex2 cells, whereas HMGCR protein levels tended to be lower in LPDS-cultured and U18666A-treated ZR-82-Pex2 cells (Figure 12B). Interestingly, the protein levels of PEX14 were increased in Pex2-transfected ZR-82 cells. In summary, compared to peroxisome-deficient cells, no significant increase in protein levels of cholesterol biosynthesis enzymes compared to CHO-K1 cells was observed in Pex2-transfected ZR cells after restoring peroxisome functionality.
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FIGURE 12. Restoring functional peroxisomes normalized the transcriptional regulation of the cholesterol biosynthetic pathway, the rate of cholesterol synthesis, and SCAP trafficking. (A) Expression of genes involved in cholesterol biosynthesis and its regulation in Pex2-transfected CHO-K1 and Pex2-complemented peroxisome-deficient CHO cells (ZR-78.1C-Pex2, ZR-82-Pex2, ZR-87-Pex2) cultured in medium containing 10% FCS, 5% LPDS and 10 μM U18666A for 24 h. Each value represents the amount of mRNA relative to that in FCS-cultured CHO-K1-Pex2, which was arbitrarily defined as 1. Data are mean ± SD (n = 6). (B) Immunoblots of total cell lysates with antibodies against cholesterol biosynthetic enzymes after culturing cells in medium containing 10% FCS, 5% LPDS and 10 μM U18666A for 24 h. (C) Rate of biosynthesis of cholesterol, cholesteryl esters, fatty acids, and triacylglycerols in vehicle- and U18666A-treated CHO-K1-Pex2 and Pex2-complemented peroxisome-deficient CHO cells (ZR-78.1C-Pex2, ZR-82-Pex2, ZR-87-Pex2) as measured by the incorporation of [14C]acetate. Lipids were separated by thin-layer chromatography after [14C]acetate labeling. Data are mean ± SD (n = 9). Statistical analysis was performed using one-way ANOVA followed by Dunnett’s multiple comparisons test. *p < 0.05; **p < 0.01; ***p < 0.001 vs. FCS-cultured CHO-K1-Pex2. #p < 0.05; ##p < 0.01; ###p < 0.001 vs. U18666A-cultured CHO-K1-Pex2. § p < 0.05; §§ p < 0.01; §§§ p < 0.001 vs. LPDS-cultured CHO-K1-Pex2.


To assess whether restoring functional peroxisomes in ZR cells also normalizes de novo cholesterol biosynthesis, we measured de novo lipogenesis by quantifying incorporation of [14C]acetate into lipids in CHO-K1-Pex2, ZR-78.1C-Pex2, ZR-82-Pex2, and ZR-87-Pex2 cells cultured in cholesterol-containing medium with 10 μM U18666A. De novo cholesterol synthesis was similar in CHO-K1-Pex2 and ZR-82-Pex2 cells and significantly increased in ZR-87-Pex2 cells, whereas cholesterol synthesis was still significantly decreased in ZR-78.1C-Pex2 cells (Figure 12C). However, mutant ZR-78.1C, in contrast to ZR-82 and ZR-87 cells, have secondary mutations, are ouabain-resistant, and hypoxanthine phosphoribosyltransferase (HGPRT)-negative in hybridization studies (Ralph Zoeller, personal communication); hence, these alterations might prevent the normalization of cholesterol synthesis in ZR-78.1C-Pex2 cells, even though the dysregulation of the SREBP-2 pathway is corrected.

Finally, we examined if the enhanced localization of GFP-SCAP to the Golgi in peroxisome-deficient cells could be prevented by restoring functional peroxisomes. Since GFP-SCAP localized independently of culture conditions exclusively to the Golgi complex in ZR-82 cells, ZR-82-Pex2 cells were transiently transfected with GFP-SCAP. GFP-SCAP showed a reticular ER pattern both in CHO-K1-Pex2 and ZR-82-Pex2 cells grown in cholesterol-containing medium (Figure 13). Importantly, none of the transfected ZR-82-Pex2 cells showed localization of GFP-SCAP to the Golgi complex.
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FIGURE 13. Restoring functional peroxisomes in ZR-82 cells prevents enhanced ER-to-Golgi trafficking of GFP-SCAP. CHO-K1-Pex2 and ZR-82-Pex2 cells were transiently transfected with GFP-SCAP and cultured in 10% FCS. GFP-SCAP was imaged using a chicken polyclonal anti-GFP antibody followed by Alexa488 secondary antibody; peroxisomes were visualized by rabbit anti-ACOX1 and rabbit anti-catalase followed by Alexa594 secondary antibody; DAPI was used for nuclear staining. The scale bars represent 10 μm.


Taken together, restoring functional peroxisomes in these cells resulted in a coordinated transcriptional and post-transcriptional regulation of the cholesterol biosynthetic pathway, demonstrating the importance of peroxisome functionality for this pathway.



DISCUSSION

Herein, we have provided evidence that functional peroxisomes are necessary for efficient cholesterol synthesis and that peroxisome deficiency dysregulates the SREBP-2 pathway. Cells maintain cholesterol homeostasis by multiple feedback controls that act through transcriptional and post-transcriptional mechanisms, especially transcriptionally through SREBPs (Goldstein et al., 2006) and sterol-accelerated ubiquitination and degradation of HMGCR (DeBose-Boyd, 2008). Cholesterol synthesis and uptake are tightly regulated by SREBP-2 (Horton et al., 2003), a membrane-bound transcription factor that undergoes sterol-regulated export from the ER to the Golgi apparatus for proteolytic processing. The transcriptionally inactive SREBP-2 precursor protein is retained in the ER membrane through the interaction with SCAP and INSIG proteins. In sterol-depleted cells, such as would occur under conditions of starvation or where the extracellular supply of cholesterol is diminished substantially, SCAP undergoes a conformational change and it escorts SREBP-2 from the ER to the Golgi in COPII vesicles, where it is processed to its mature form. The ER contains relatively low levels of sterols compared to the whole cell or plasma membrane, making it a highly effective environment for the high-affinity cholesterol sensor SCAP to reside (Brown et al., 2018). Radhakrishnan et al. (2008) showed that SCAP transports SREBP-2 to the Golgi when the ER cholesterol content was less than 5 mol% of the total ER lipids. SCAP transport was inhibited when cholesterol content of ER membranes rose above this minimum threshold. The SREBP-2 pathway is activated in peroxisome-deficient CHO cells even when grown in cholesterol-replete medium. Accordingly, stronger activation of the SREBP-2 pathway is seen when peroxisome-deficient CHO cells are grown in cholesterol-deficient medium or if cholesterol is sequestered in the lysosomes, e.g., upon U18666A treatment. However, peroxisome-deficient cells are still sensitive towards 25-HC, indicating that the sterol-dependent mechanism for activation of the SREBP-2 pathway is still intact.

What is the cause of the increased transfer of SCAP from the ER to the Golgi and the dysregulation of the SREBP-2 pathway in peroxisome-deficient cells? Dysregulation of SREBP activation has been associated with ER stress and activation of the unfolded protein response (Colgan et al., 2011). In contrast to observations in the liver and extrahepatic tissues of peroxisome-deficient Pex2–/– mice (Kovacs et al., 2009, 2012; Figures 6F–J), we did not observe an induction of ER stress markers in peroxisome-deficient CHO cells; this might be due to adaptation of the stable cell lines during the course of propagation. Another explanation for why no ER stress and UPR activation was observed in peroxisome-deficient CHO cells, in contrast to, e.g., postnatal Pex2–/– mouse tissues or biopsies obtained from patients with peroxisomal disorders (Kovacs et al., 2009, 2012; Launay et al., 2017), might be the lack of accumulation of ER stress-inducing metabolites. Indeed, it has been shown that ER stress and UPR are induced in human primary skin fibroblast cell lines from X-linked adrenoleukodystrophy patients with ABCD1 mutations and impaired peroxisomal β-oxidation only after incubation with very long-chain fatty acids (van de Beek et al., 2017). All three parallel branches of the UPR− governed by the ER-stress sensors IRE1, PERK, and ATF6, respectively, are activated upon pharmacologically induced ER stress (Lin et al., 2007; Zhang et al., 2015). However, also acute ER stress, which was chemically induced in the in vitro system used in the present study, did not activate SREBP-2 in CHO-K1 cells.

Mechanistic target of rapamycin complex 1 has emerged as a regulator of lipid biosynthesis (Laplante and Sabatini, 2012). Porstmann et al. (2005) showed that activation of Akt, an upstream activator of mTOR, induced the expression of SREBP-1 and its target genes, but the effect on SREBP-2 was less pronounced. The mTOR inhibitor rapamycin has been shown to have opposing effects on SREBP-2 processing and the expression of HMGCR in different cell types (Gueguen et al., 2007; Sharpe and Brown, 2008; Ma et al., 2010). It has been shown that SREBP-2 processing and cholesterol biosynthetic gene expression are coordinately regulated by the eukaryotic initiation factor 4E-binding protein 1 (4E-BP1) and p70 S6K, and that the relative contribution of each mTORC1 effector varies between cell types (Wang et al., 2011). It has been reported that an increase in mTORC1 activity is accompanied by a decrease in ER cholesterol and by SREBP-2 activation (Eid et al., 2017). mTORC1, through its regulation of autophagy and endosomal membrane trafficking, activates SREBP-2 by suppressing cholesterol trafficking to lysosomes in mammalian cells (Eid et al., 2017). On the other hand, cholesterol has been shown to drive mTORC1 recruitment and activation at the lysosomal surface through a mechanism that is, at least in part, distinct from growth factor signaling (Castellano et al., 2017). Our data suggest that mTORC1 does not play a role in SREBP-2 activation or in the increased expression of cholesterol biosynthetic genes in peroxisome-deficient CHO cells, since the mTORC1 activity is inherently lower in peroxisome-deficient cell lines (i.e., decreased phosphorylation of S6 and p70 S6K). However, we cannot exclude the possibility that another target of mTORC1 could be involved in the activation of SREBP-2 in CHO cells instead of p70 S6K. Importantly, in accordance with our data, a recent study suggested that acetyl-CoA derived from peroxisomal β-oxidation promotes Raptor acetylation and mTORC1 activation in hepatocytes, and hepatic Acox1 deficiency resulted in inhibition of mTORC1 (He et al., 2020).

Despite the sensitivity of the SREBP-2 pathway to ER cholesterol levels, the rate of cholesterol synthesis is lower in peroxisome-deficient cells compared with CHO-K1 cells, illustrating the fact that functional peroxisomes and probably the compartmentalization of cholesterol biosynthetic enzymes in peroxisomes are necessary to ensure optimal biosynthesis of cholesterol. Consequently, plasma cholesterol levels are reduced both in patients with peroxisome biogenesis disorders and in 10-day-old Pex2–/– mice (Kovacs et al., 2002, 2004). Indeed, restoring functional peroxisomes by complementing peroxisome-deficient CHO cells with rat Pex2 cDNA enabled efficient cholesterol synthesis, at levels comparable to those of control (CHO-K1) cells.

Interestingly, loss of intact peroxisomes leads to enhanced ER-to-Golgi trafficking of GFP-SCAP. SCAP trafficking was normalized after restoration of functional peroxisomes, which goes also hand in hand with a normalization of the expression of SREBP-2 target genes and the rate of cholesterol synthesis. Thus, intact peroxisomes are a prerequisite for efficient cholesterol synthesis and their loss leads to defective cholesterol homeostasis.

Peroxisome-deficient ZR-78.1C, ZR-82, and ZR-87 cells have mutations in Pex2, a gene encoding an integral peroxisomal membrane protein, resulting in nonfunctional PEX2 (Zoeller et al., 1989; Thieringer and Raetz, 1993). PEX2 is involved in the translocation of peroxisomal matrix proteins following the docking of PTS receptors to the peroxisome membrane. These mutant cells exhibit typical peroxisomal membrane “ghosts”− abnormal membrane-delimited compartments that contain integral peroxisomal membrane proteins, but lack peroxisomal matrix proteins (Santos et al., 1988, 2000). In such cases (e.g., Zellwegers Syndrome, and other peroxisomal deficiency diseases), peroxisomal matrix proteins such as catalase and ACOX1 are not appropriately compartmentalized in peroxisomes; instead, they are diffusely distributed throughout the cytoplasm, consistent with the inability of these mutant cells to import peroxisomal matrix proteins (Figure 2). The number of peroxisomal ghosts in the peroxisome-deficient cells is lower compared with the number of functional peroxisomes in CHO-K1 cells, however, the number of ghosts also varies between the peroxisome-deficient cells Figures 2B,C). Recently, tethers between the ER and peroxisomes have been identified in mammalian cells, involving the peroxisomal tail-anchored proteins ACBD4 and ACBD5 and the ER-resident vesicle-associated membrane protein-associated proteins (VAPs) (Costello et al., 2017a,b; Hua et al., 2017). In immunostaining experiments in peroxisome-deficient cells, ACBD5 and PEX14 were present in cellular vesicles, suggesting that membrane contact sites between peroxisomal membrane ghosts and the ER might exist in peroxisome-deficient CHO cells (Figures 2B, C). Hua et al. (2017) showed that tethering of peroxisomes to the ER via ACBD5-VAP-mediated contact sites is necessary for the maintenance of cellular cholesterol and plasmalogen levels: depletion of these tethers resulted in a decrease of total cholesterol levels. While total cholesterol levels in peroxisome-deficient CHO cells were normal, it is tempting to speculate that a transfer of farnesyl diphosphate to the ER in order to be used as substrate of FDFT1 might occur via ACBD5-VAP-mediated contact sites.

The cholesterol transfer from endocytic organelles to the ER likely involves several parallel pathways (Pfisterer et al., 2016). Recently, it has been suggested that LDL-derived cholesterol traffics from lysosomes via peroxisomes to the ER and that membrane contact sites facilitate this cholesterol transfer (Chu et al., 2015; Hu et al., 2018; Xiao et al., 2019). Tethering between the lysosomes and peroxisomes is facilitated by peroxisomal phosphatidylinositol-4,5-biphosphate (PI(4,5)P2) and synaptotagmin 7 on lysosomes, and disruption of the lysosome-peroxisome membrane contacts caused cholesterol accumulation in lysosomes (Chu et al., 2015). Since ZR-78.1C, ZR-82, and ZR-87 cells lack functional peroxisomes, but contain abundant peroxisomal membrane ghosts, lysosome-peroxisome membrane contact sites might be able to form in such cells. This raises a fundamental biological question: if cholesterol traffics from the lysosome to peroxisomes for further distribution in the cell, are peroxisomal matrix proteins necessary (i.e., must the cholesterol go into the matrix) or does the transfer occur only via the peroxisomal membrane? Here, we demonstrated that total cholesterol levels were similar in CHO-K1 and peroxisome-deficient CHO cells. Interestingly, we and others have reported that cholesterol levels are either unaffected or decreased in peroxisome biogenesis-defective human fibroblasts, mouse tissues or serum (Kovacs et al., 2002; Faust and Kovacs, 2014). These findings are at odds with those of Chu et al. (2015); the reasons for this disparity are not yet clear. Cholesterol is distributed among multiple cellular pools, and any newly appearing cholesterol (arising either by de novo synthesis or by extracellular uptake) is rapidly incorporated into many types of cellular membranes by both vesicular and non-vesicular means (Lange and Steck, 2016). It might be that peroxisomal dysfunction results in subcellular cholesterol redistribution without a net increase in cholesterol content. Furthermore, we cannot exclude the possibility that peroxisome deficiency alters the equilibrium among different cellular cholesterol pools. In particular, cholesterol represents only about 5% of the total lipid mass of ER membranes, making them exquisitely sensitive to changes in the levels of cholesterol in cells (Radhakrishnan et al., 2008). However, peroxisome-deficient CHO cells are sensitive to inhibition of SREBP-2 activation by 25-HC, which enters cells and reaches the ER without traversing the lysosomes (and by a mechanism that does not involve membrane vesicles). This suggest that the regulation of SREBP-2 processing via hydroxysterols is still responsive in peroxisome-deficient cells. However, peroxisome deficiency leads to relocalization of SCAP to the Golgi, thereby altering the SCAP-Insig-SREBP-2 cholesterol sensing complex. In conclusion, functional peroxisomes are essential for efficient cholesterol sensing and synthesis.

The current experiments were performed not only in medium containing LPDS, but also in the presence of 10% serum (FCS), which provides an abundant source of cholesterol and fatty acids and usually suppresses the activation of all three SREBPs (Hannah et al., 2001). Despite the presence of lipid-replete medium, peroxisome deficiency led to activation of SREBP-specific reporter genes and increased expression of SREBP target genes. However, as mentioned above, it is not known whether cholesterol obligatorily enters the peroxisomal matrix in order to be distributed to other intracellular compartments or if the redistribution only occurs via the peroxisomal membrane. Blocking the exit of cholesterol from the lysosomes by treatment with U18666A resulted in activation of the SREBP-2 pathway, both in CHO-K1 and peroxisome-deficient cells, however, the increase of SREBP-2 target genes was more pronounced in peroxisome-deficient CHO cells, whereas cholesterol synthesis was lower in these cell lines.

Taken together, our findings demonstrate that disruption of peroxisomal function directly leads to a disarray in cholesterol metabolism and regulation, despite normal cholesterol content and sensitivity to external stimuli via 25-HC. Thus, intact (functional) peroxisomes are of utmost importance for a balance in the cholesterol homeostatic pathways.



MATERIALS AND METHODS


Materials

All chemicals were reagent grade and were purchased from Sigma/Aldrich (St. Louis, MO) unless otherwise indicated. Fetal bovine lipoprotein-deficient serum (LPDS) was obtained from Intracel (Frederick, MD, United States) or Sigma (S5394). U18666A (3-β-[2-(diethylamino)ethoxy]androst-5-en-17-one) (BML-S200; Enzo Life Sciences, Switzerland) was dissolved in ethanol and stored as a 10 mM stock solution at −20°C. 25-hydroxycholesterol (25-HC) (H1015; Sigma/Aldrich) was dissolved in ethanol as a 10 mg/ml stock solution and stored at −20°C. Tunicamycin (T7765; Sigma/Aldrich) was dissolved in DMSO as a 4 mg/ml stock solution and stored at −20°C. Thapsigargin (BML-PE180; Enzo Life Sciences) was dissolved in DMSO as a 1 mM stock solution and stored at −20°C. Brefeldin A (B6542; Sigma/Aldrich) was dissolved in DMSO as 10 mg/ml stock solution and stored at −20°C.



Cell Culture

The CHO cell line, CHO-K1, and the peroxisome-deficient mutant CHO lines ZR-78.1C, ZR-82, and ZR-87 were obtained from Dr. Raphael A. Zoeller (Boston University School of Medicine, Boston, MA, United States) (Zoeller and Raetz, 1986). The mutant CHO cell lines were isolated from the CHO-K1 cell line used as control in this study. Cells were maintained in monolayer culture at 37 °C in 5% CO2 in Ham’s F-12 medium (Cat. no. 21765-029; Life Technologies, United Kingdom) containing 100 units/ml penicillin and 100 μg/ml streptomycin sulfate supplemented with 10% (v/v) fetal calf serum (FCS).



Animals

Homozygous Pex2–/– mice were obtained by breeding Pex2 heterozygotes (Pex2+/–) on a hybrid Swiss Webster-129 (SW/129) background (Kovacs et al., 2004, 2009). Mice had access to food and water ad libitum and were exposed to a 12:12-hour light-dark cycle. For the purposes of this study, control mice consisted of Pex2+/+ and Pex2+/– genotypes (hereafter referred to as Pex2+/), as their biochemical characteristics were comparable to one another (Kovacs et al., 2004, 2009). All protocols for animal use and experiments were reviewed and approved by the Institutional Animal Care and Use Committee of San Diego State University.



Transient Transfections of Promoter-Luciferase Reporters

The Firefly luciferase gene reporter plasmids for Hmgcr (pREDluc, hereafter called HMGCR-Luc) (Vallett et al., 1996) and Srebf2 (-4316/SREBP-2.Luc, hereafter called Srebf2-Luc) (Shin and Osborne, 2003), Fdps (pGL2-FPPS, hereafter called Fdps-Luc) (Ericsson et al., 1996), and Fdft1 (pHSS1kb-Luc, hereafter called Fdft1-Luc) (Guan et al., 1995) promoters were kind gifts from Tim Osborne (University of California, Irvine, CA, United States), Peter Edwards (University of California, Los Angeles, CA, United States), and Ishaiahu Shechter (Uniformed Services University of the Health Sciences, Bethesda, MD, United States), respectively.

Transient transfections were performed in 12-well plates using the Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA, United States) according to the manufacturer’s instructions. Cells were seeded at a density of 5 × 104 cells/well. Cells were transfected with 500 ng of the luciferase reporter plasmids. Transfection efficiencies were normalized by co-transfecting in the ratio of 1:10 with a control plasmid encoding Renilla luciferase driven by the HSV-thymidine kinase promoter (pRL-TK, Cat. no. E2241, Promega, Madison, WI, United States). After transfection cells were cultured in medium with either 10% FCS or 5% LPDS for 24 h. After incubation cells were washed twice with PBS and harvested in 1× Passive Lysis Buffer (Promega). Firefly and Renilla luciferase activities in the cell lysates were measured with the Dual-Luciferase® reporter assay system (Promega) according to the manufacturer’s protocol. Photon production was detected as relative light units by using an Analytical Luminescence Laboratory MonolightTM 2010 Luminometer. The values presented are the means of at least three separate transfections done in quadruplicate. The amount of Firefly luciferase activity in relative light units was normalized to the amount of Renilla luciferase activity from the same test tube.



Western Blot Analysis

Cells were washed 3x in phosphate buffered saline (PBS) and lysed in RIPA buffer (20 mM Tris, pH 7.5; 150 mM NaCl; 1 mM EDTA; 1 mM EGTA; 1% NP-40; 1% sodium deoxycholate) containing protease and phosphatase inhibitors (cOmplete and PhosSTOP, respectively, Roche Diagnostics, Mannheim, Germany). Lysates were incubated on ice for 30 min and centrifuged at 20,000 × g for 20 min at 4 °C. Protein concentration was determined by the BCA method (Pierce, Rockford, IL, United States). Equal amounts of protein were subjected to SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and electrophoretically transferred to Amersham Protran Supported 0.2 μM nitrocellulose (#10600015; GE Healthcare, Glattbrugg, Switzerland). After blocking for 1 h in TBST (Tris-buffered saline with 0.05% Tween 20) containing 1% bovine serum albumin (BSA), membranes were probed with the indicated primary antibodies (see section “Results” above) overnight at 4°C. The membranes were incubated with horseradish peroxidase-conjugated secondary antibodies (Goat anti-rabbit (#401393) and goat anti-mouse (#401253) from Sigma-Aldrich; goat anti-rat (#629520) and rabbit anti-goat (#611620) from Invitrogen) and were visualized using enhanced chemiluminescence. Membranes were exposed either to Super RX autoradiographic films (Fuji, Düsseldorf, Germany) or the Fusion Solo S imaging system. Antibodies are listed in Supplementary Table S2. Blots were semi-quantitatively analyzed by densitometry using ImageJ 1.52 v (National Institutes of Health).

Immunoblot analysis of HMG-CoA reductase was performed as described by Kovacs et al. (2004). Briefly, trichloroacetic acid-precipitated proteins were first resuspended in 25 μl Tris–HCl (125 mM, pH 6.8), 1% SDS, 0.1 M NaOH, followed by 125 μl of sample buffer containing 7 M urea, 8% SDS, and 1.1 M 2β-mercaptoethanol, and separated on 7.5% acrylamide gels.



Enzyme Assays

3-hydroxy-3-methylglutaryl (HMG)-CoA reductase (HMGCR; EC 1.1.1.34), farnesyldiphosphate synthase (FDPS; EC 2.5.1.1), and isopentenyldiphosphate isomerase (IDI1; EC 5.3.3.2) activities were assayed as described previously (Kovacs et al., 2004).



Quantitative Real-Time RT-PCR

Total RNA was prepared from cells and frozen tissues with RNeasy Mini Kit (QIAGEN, Hilden, Germany) and treated with DNase I. Quantitative RT-PCR (qRT-PCR) assays were performed as described previously (Kovacs et al., 2012). First-strand cDNA was synthesized with random hexamer primers using Ready-To-Go You-Prime First-Strand Beads (GE Healthcare, Glattbrugg, Switzerland) and the High-Capacity RNA-to-cDNA Kit (No. 4368813; Applied Biosystems). Real-time RT-PCR was performed on a Roche LightCycler LC480 instrument in duplicates using 10 ng cDNA, 7.5 pmol forward and reverse primers, and the 2x KAPA SYBR FAST qPCR Mastermix (No. KK4601; KAPA Biosystems). Thermal cycling was carried out with a 5 min denaturation step at 95°C, followed by 45 three-step cycles: 10 s at 95°C, 10 s at 60°C, and 10 s at 72°C. Melt curve analysis was carried out to confirm the specific amplification of a target gene and absence of primer dimers. Primer sequences are listed in Supplementary Table S3. Relative mRNA amount was calculated using the comparative threshold cycle (CT) method (Livak and Schmittgen, 2001). Gapdh and actin were used as the invariant control for CHO cells, and 18S rRNA and cyclophilin (Ppia) were used as the invariant control for mouse tissues.



Cells Stably Expressing GFP-SCAP, GFP-ATF6(S1P-) and Pex2

pGFP-SCAP plasmid, encoding GFP fused to wild-type hamster SCAP under the control of the CMV promoter, was a gift from Dr. Peter Espenshade (Johns Hopkins University School of Medicine, Baltimore, MD, United States) (Nohturfft et al., 2000). pEGFP-ATF6-(S1P-) was a gift from Ron Prywes (Addgene plasmid # 32956) (Chen et al., 2002). CHO-K1, ZR-78.1C, ZR-82, and ZR-87 cells stably expressing GFP-SCAP were generated by transfection with pGFP-SCAP using polyethylenimine (PEI), followed by selection with G418. After selection with G418 GFP-SCAP-positive cells were sorted on a BD FACSAriaTM IIIu BL1 sorter (BD Biosciences). The plasmid (PYN3218) containing full-length rat Pex2 cDNA was a gift from Masaki Ito (Saga Medical School, Saga, Japan).



Determination of Rate of Biosynthesis of Lipids

Cells were incubated with 5 μCi [1-14C]acetate (58 mCi/mmol; PerkinElmer, Boston, MA, United States) for 4 h. After incubation, the cells were rinsed three times with PBS, and lipids were extracted with hexane:isopropanol (3:2). Manipulative losses of lipids were accounted for by addition of a known amount of [3H]cholesterol as internal standard. After lipid extraction cells were lysed in 0.1 M NaOH for protein determination using the BCA method. Acetate incorporation into specific lipids was analyzed after separation of lipids by thin-layer chromatography (TLC). Therefore, organic phases were evaporated to dryness under a nitrogen stream. Lipids were resuspended in chloroform and spotted together with appropriate lipid standards on silica gel 60 plates (Merck, Darmstadt, Germany). For separation of neutral lipids, plates were developed in heptanes:diethylether:acetic acid (90:30:1) as solvent. Lipid samples and standards were visualized by iodine vapor. The lipid fractions were scraped from the plate and their radioactive content was determined by liquid scintillation counting. Values were normalized for sample protein content.

After incubation with 5 μCi [1-14C]acetate incorporation into cholesterol was also analyzed by reverse-phase radio-HPLC as previously described (Kovacs et al., 2004). Briefly, following saponification and petroleum ether extraction, the non-saponifiable lipids were analyzed by reverse-phase radio-HPLC, and the specific activities of the radiolabeled products (e.g., sterols, squalene) were determined.



Cholesterol Esterification

[1-14C]palmitic acid (56.1 mCi/mmol, NEC075H050UC) was purchased from PerkinElmer. A 2.5 mM stock solution of [1-14C]palmitic acid was prepared by complexing labeled and unlabeled palmitate to fatty acid-free albumin as described previously (Knobloch et al., 2017). The reaction mixture was prepared by diluting the palmitate/BSA stock with cell culture medium and contained 0.4 μCi [1-14C]palmitic acid and 100 μM sodium palmitate in 1 ml medium. Cells were seeded in 6-well plates in medium containing 10% FCS (v/v). The reaction was initiated by replacing the culture medium with 1 ml of the reaction mixture. The cells were incubated for 4 h at 37°C. After incubation, lipids were extracted with hexane:isopropanol (3:2) and cholesterol ester levels were analyzed by TLC as described above for the determination of the rate of lipid biosynthesis.



Immunofluorescence Staining

Immunofluorescence staining was performed as described previously (Kovacs et al., 2007). As secondary antibodies, Alexa Fluor 488 donkey anti-chicken IgY (#703-545-155; Jackson ImmunoResearch), Alexa Fluor 488 goat anti-rabbit IgG (A11070; Invitrogen), Alexa Fluor 594 goat anti-rabbit IgG (A11072; Invitrogen), and Alexa Fluor 594 donkey anti-goat IgG (A11058; Invitrogen) were used in a dilution of 1:400. Images were taken with a Leica SP8-AOBS confocal laser scanning microscope (Leica Microsystems GmbH, Wetzlar, Germany) using a 63× oil immersion objective and the Leica LAS Lite Software. Acquirement settings were optimized for each experiment, and identical settings were used for all images throughout one experiment. Fluorescent dyes were imaged sequentially in frame interlace mode to eliminate crosstalk between the channels. Image processing was performed off-line using Fiji software (Schindelin et al., 2012).



Statistical Analyses

Data are expressed as mean ± SD. When two groups where compared, statistical significance was evaluated by an unpaired, two-tailed Student’s t-test or an unpaired, two-tailed Student’s t-test with Welch’s correction when variances where significantly different. For multiple group analysis one-way ANOVA followed by Dunnett’s multiple comparisons test was performed. Data were assumed to be normally distributed. Statistical analyses were performed using GraphPad Prism version 8.2.0.
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ABBREVIATIONS

 25-HC, 25-hydroxycholesterol; Abca1, ATP-binding cassette transporter A1; ATF4, activating transcription factor 4; ATF6, activating transcription factor 6; BAAT, bile acid-coenzyme A:amino acid N-acyltransferase; bHLH, basic helix-loop-helix; Calr, calreticulin; Canx, calnexin; CHO, Chinese hamster ovary; Chop, C/EBP-homologous protein; COPII, coat protein complex II; DHCR24, 24-dehydrocholesterol reductase; Dnajb9, DnaJ heat shock protein family (Hsp40) member B9; ER, endoplasmic reticulum; FASN, fatty acid synthase; FDFT1, squalene synthase; FDPS, farnesyl diphosphate synthase; Gadd34, growth arrest and DNA damage-inducible 34; GRP78, glucose-regulated protein 78; GRP94, glucose-regulated protein 94; HMGCR, 3-hydroxy-3-methylglutaryl-CoA reductase; HMGCS, 3-hydroxy-3-methylglutaryl-CoA synthase; IDI1, isopentenyl diphosphate isomerase 1; INSIG, insulin-induced gene; LDLR, low density lipoprotein receptor; LPDS, lipoprotein-deficient serum; LSS, lanosterol synthase; MVD, mevalonate pyrophosphate decarboxylase; MVK, mevalonate kinase; NPC1, Niemann-Pick C1; PERK, PKR-like endoplasmic reticulum kinase; Pex, peroxin; PMVK, phosphomevalonate kinase; S1P, Site-1 protease; S2P, Site-2 protease; SC4MOL, methylsterol monoxygenase 1; SCAP, SREBP cleavage-activating protein; SQLE, squalene epoxidase; SRE, sterol regulatory element; SREBF2, sterol regulatory element-binding protein 2; SREBP, sterol regulatory element-binding protein; SSD, sterol-sensing domain; WD, tryptophan-aspartate repeat; Xbp1, X-box -binding protein 1.


REFERENCES

Abi-Mosleh, L., Infante, R. E., Radhakrishnan, A., Goldstein, J. L., and Brown, M. S. (2009). Cyclodextrin overcomes deficient lysosome-to-endoplasmic reticulum transport of cholesterol in Niemann-Pick type C cells. Proc. Natl. Acad. Sci. U.S.A. 106, 19316–19321. doi: 10.1073/pnas.0910916106

Aboushadi, N., and Krisans, S. K. (1998). Analysis of isoprenoid biosynthesis in peroxisomal-deficient Pex2 CHO cell lines. J. Lipid Res. 39, 1781–1791.

Acosta, H., Burchmore, R., Naula, C., Gualdrón-López, M., Quintero-Troconis, E., Cáceres, A. J., et al. (2019). Proteomic analysis of glycosomes from Trypanosoma cruzi epimastigotes. Mol. Biochem. Parasitol. 229, 62–74. doi: 10.1016/j.molbiopara.2019.02.008

Brown, M. S., Radhakrishnan, A., and Goldstein, J. L. (2018). Retrospective on cholesterol homeostasis: the central role of scap. Annu. Rev. Biochem. 87, 783–807. doi: 10.1146/annurev-biochem-062917-011852

Carrero-Lérida, J., Pérez-Moreno, G., Castillo-Acosta, V. M., Ruiz-Pérez, L. M., and González-Pacanowska, D. (2009). Intracellular location of the early steps of the isoprenoid biosynthetic pathway in the trypanosomatids Leishmania major and Trypanosoma brucei. Int. J. Parasitol. 39, 307–314. doi: 10.1016/j.ijpara.2008.08.012

Castellano, B. M., Thelen, A. M., Moldavski, O., Feltes, M., van der Welle, R. E. N., Mydock-McGrane, L., et al. (2017). Lysosomal cholesterol activates mTORC1 via an SLC38A9–Niemann-Pick C1 signaling complex. Science 355, 1306–1311. doi: 10.1126/science.aag1417

Chang, T.-Y., Chang, C. C. Y., Ohgami, N., and Yamauchi, Y. (2006). Cholesterol sensing, trafficking, and esterification. Annu. Rev. Cell Dev. Biol. 22, 129–157. doi: 10.1146/annurev.cellbio.22.010305.104656

Chen, X., Shen, J., and Prywes, R. (2002). The luminal domain of ATF6 senses endoplasmic reticulum (ER) stress and causes translocation of ATF6 from the ER to the Golgi. J. Biol.l Chem. 277, 13045–13052. doi: 10.1074/jbc.M110636200

Chu, B.-B., Liao, Y.-C., Qi, W., Xie, C., Du, X., Wang, J., et al. (2015). Cholesterol transport through lysosome-peroxisome membrane contacts. Cell 161, 291–306. doi: 10.1016/j.cell.2015.02.019

Colasante, C., Ellis, M., Ruppert, T., and Voncken, F. (2006). Comparative proteomics of glycosomes from bloodstream form and procyclic culture form Trypanosoma brucei brucei. Proteomics 6, 3275–3293. doi: 10.1002/pmic.200500668

Colgan, S. M., Al-Hashimi, A. A., and Austin, R. C. (2011). Endoplasmic reticulum stress and lipid dysregulation. Exp. Rev. Mol. Med. 13, e4. doi: 10.1017/S1462399410001742

Colgan, S. M., Tang, D., Werstuck, G. H., and Austin, R. C. (2007). Endoplasmic reticulum stress causes the activation of sterol regulatory element binding protein-2. Int. J. Biochem. Cell Biol. 39, 1843–1851. doi: 10.1016/j.biocel.2007.05.002

Concepcion, J. L., Gonzalez-Pacanowska, D., and Urbina, J. A. (1998). 3-Hydroxy-3-methyl-glutaryl-CoA reductase in trypanosoma (Schizotrypanum) cruzi:Subcellular localization and kinetic properties. Arch. Biochem. Biophys. 352, 114–120. doi: 10.1006/abbi.1998.0577

Costello, J. L., Castro, I. G., Hacker, C., Schrader, T. A., Metz, J., Zeuschner, D., et al. (2017a). ACBD5 and VAPB mediate membrane associations between peroxisomes and the ER. J. Cell Biol. 216, 331–342. doi: 10.1083/jcb.201607055

Costello, J. L., Castro, I. G., Schrader, T. A., Islinger, M., and Schrader, M. (2017b). Peroxisomal ACBD4 interacts with VAPB and promotes ER-peroxisome associations. Cell Cycle 16, 1039-1045. doi: 10.1080/15384101.2017.1314422

Das, A., Brown, M. S., Anderson, D. D., Goldstein, J. L., and Radhakrishnan, A. (2014). Three pools of plasma membrane cholesterol and their relation to cholesterol homeostasis. eLife 3, e02882. doi: 10.7554/eLife.02882

Du, X., Kristiana, I., Wong, J., and Brown, A. J. (2006). Involvement of Akt in ER-to-Golgi transport of SCAP/SREBP: a link between a key cell proliferative pathway and membrane synthesis. Mol. Biol. Cell 17, 2735–2745. doi: 10.1091/mbc.e05-11-1094

DeBose-Boyd, R. A. (2008). Feedback regulation of cholesterol synthesis: sterol-accelerated ubiquitination and degradation of HMG-CoA reductase. Cell Res. 18, 609–621. doi: 10.1038/cr.2008.61

Eid, W., Dauner, K., Courtney, K. C., Gagnon, A., Parks, R. J., Sorisky, A., et al. (2017). mTORC1 activates SREBP-2 by suppressing cholesterol trafficking to lysosomes in mammalian cells. Proc. Natl. Acad. Sci. U.S.A. 114, 7999–8004. doi: 10.1073/pnas.1705304114

Ericsson, J., Jackson, S. M., Lee, B. C., and Edwards, P. A. (1996). Sterol regulatory element binding protein binds to a cis element in the promoter of the farnesyl diphosphate synthase gene. PNAS 93, 945–950. doi: 10.1073/pnas.93.2.945

Faust, P. L., and Kovacs, W. J. (2014). Cholesterol biosynthesis and ER stress in peroxisome deficiency. Biochimie 98, 75–85. doi: 10.1016/j.biochi.2013.10.019

Ferreira, ÉR., Horjales, E., Bonfim-Melo, A., Cortez, C., da Silva, C. V., De Groote, M., et al. (2016). Unique behavior of Trypanosoma cruzi mevalonate kinase: a conserved glycosomal enzyme involved in host cell invasion and signaling. Sci. Rep. 6:24610. doi: 10.1038/srep24610

Goldstein, J. L., and Brown, M. S. (2015). A century of cholesterol and coronaries: from plaques to genes to statins. Cell 161, 161–172. doi: 10.1016/j.cell.2015.01.036

Goldstein, J. L., DeBose-Boyd, R. A., and Brown, M. S. (2006). Protein Sensors for Membrane Sterols. Cell 124, 35–46. doi: 10.1016/j.cell.2005.12.022

Guan, G., Jiang, G., Koch, R. L., and Shechter, I. (1995). Molecular cloning and functional analysis of the promoter of the human squalene synthase gene. J. Biol. Chem. 270, 21958–21965. doi: 10.1074/jbc.270.37.21958

Gueguen, Y., Ferrari, L., Souidi, M., Batt, A.-M., Lutton, C., Siest, G., et al. (2007). Compared effect of immunosuppressive drugs cyclosporine a and rapamycin on cholesterol homeostasis key enzymes CYP27A1 and HMG-CoA Reductase. Basic Clin. Pharmacol. Toxicol. 100, 392–397. doi: 10.1111/j.1742-7843.2007.00066.x

Güther, M. L. S., Urbaniak, M. D., Tavendale, A., Prescott, A., and Ferguson, M. A. J. (2014). High-Confidence Glycosome Proteome for Procyclic Form Trypanosoma brucei by Epitope-Tag Organelle Enrichment and SILAC Proteomics. Journal of Proteome Research 13, 2796–2806. doi: 10.1021/pr401209w

Hannah, V. C., Ou, J., Luong, A., Goldstein, J. L., and Brown, M. S. (2001). Unsaturated fatty acids down-regulate SREBP isoforms 1a and 1c by two mechanisms in HEK-293 cells. J. Biol. Chem. 276, 4365–4372. doi: 10.1074/jbc.M007273200

Harano, T., Shimizu, N., Otera, H., and Fujiki, Y. (1999). transmembrane topology of the peroxin, Pex2p, an essential component for the peroxisome assembly1. J. Biochem. 125, 1168–1174. doi: 10.1093/oxfordjournals.jbchem.a022400

He, A., Chen, X., Tan, M., Chen, Y., Lu, D., Zhang, X., et al. (2020). Acetyl-CoA derived from hepatic peroxisomal β-oxidation inhibits autophagy and promotes steatosis via mTORC1 activation. Mol. Cell 79, 30.e–42.e. doi: 10.1016/j.molcel.2020.05.007

Henry, L. K., Thomas, S. T., Widhalm, J. R., Lynch, J. H., Davis, T. C., Kessler, S. A., et al. (2018). Contribution of isopentenyl phosphate to plant terpenoid metabolism. Nat. Plants 4, 721–729. doi: 10.1038/s41477-018-0220-z

Horton, J. D., Goldstein, J. L., and Brown, M. S. (2002). SREBPs: activators of the complete program of cholesterol and fatty acid synthesis in the liver. J. Clin. Invest. 109, 1125–1131. doi: 10.1172/jci0215593

Horton, J. D., Shah, N. A., Warrington, J. A., Anderson, N. N., Park, S. W., Brown, M. S., et al. (2003). Combined analysis of oligonucleotide microarray data from transgenic and knockout mice identifies direct SREBP target genes. Proc. Natl. Acad. Sci. U.S.A. 100, 12027–12032. doi: 10.1073/pnas.1534923100

Hu, A., Zhao, X.-T., Tu, H., Xiao, T., Fu, T., Wang, Y., et al. (2018). PIP4K2A regulates intracellular cholesterol transport through modulating PI(4,5)P2 homeostasis. J. Lipid Res. 59, 507–514. doi: 10.1194/jlr.M082149

Hua, R., Cheng, D., Coyaud, É, Freeman, S., Di Pietro, E., Wang, Y., et al. (2017). VAPs and ACBD5 tether peroxisomes to the ER for peroxisome maintenance and lipid homeostasis. J. Cell Biol. 216, 367–377. doi: 10.1083/jcb.201608128

Iaea, D. B., and Maxfield, F. R. (2015). Cholesterol trafficking and distribution. Essays Biochem. 57, 43–55. doi: 10.1042/bse0570043

Klausner, R. D., Donaldson, J. G., and Lippincott-Schwartz, J. (1992). Brefeldin A: insights into the control of membrane traffic and organelle structure. J. Cell Biol. 116, 1071–1080. doi: 10.1083/jcb.116.5.1071

Knobloch, M., Pilz, G.-A., Ghesquière, B., Kovacs, W. J., Wegleiter, T., Moore, D. L., et al. (2017). A fatty acid oxidation-dependent metabolic shift regulates adult neural stem cell activity. Cell Rep. 20, 2144–2155. doi: 10.1016/j.celrep.2017.08.029

Kotzka, J., Lehr, S., Roth, G., Avci, H., Knebel, B., and Muller-Wieland, D. (2004). Insulin-activated Erk-mitogen-activated protein kinases phosphorylate sterol regulatory element-binding Protein-2 at serine residues 432 and 455 in Vivo. J. Biol. Chem. 279, 22404–22411. doi: 10.1074/jbc.M401198200

Kotzka, J., Müller-Wieland, D., Roth, G., Kremer, L., Munck, M., Schürmann, S., et al. (2000). Sterol regulatory element binding proteins (SREBP)-1a and SREBP-2 are linked to the MAP-kinase cascade. J. Lipid Res. 41, 99–108.

Kovacs, W., Tape, K., Shackelford, J., Duan, X., Kasumov, T., Kelleher, J., et al. (2007). Localization of the pre-squalene segment of the isoprenoid biosynthetic pathway in mammalian peroxisomes. Histochem. Cell Biol. 127, 273–290. doi: 10.1007/s00418-006-0254-6

Kovacs, W. J., Charles, K. N., Walter, K. M., Shackelford, J. E., Wikander, T. M., Richards, M. J., et al. (2012). Peroxisome deficiency-induced ER stress and SREBP-2 pathway activation in the liver of newborn PEX2 knock-out mice. Biochim. Biophys. Acta 1821, 895–907. doi: 10.1016/j.bbalip.2012.02.011

Kovacs, W. J., Olivier, L. M., and Krisans, S. K. (2002). Central role of peroxisomes in isoprenoid biosynthesis. Prog. Lipid Res. 41, 369–391. doi: 10.1016/s0163-7827(02)00002-4

Kovacs, W. J., Shackelford, J. E., Tape, K. N., Richards, M. J., Faust, P. L., Fliesler, S. J., et al. (2004). Disturbed cholesterol homeostasis in a peroxisome-deficient Pex2 knockout mouse model. Mol. Cell Biol. 24, 1—-13.

Kovacs, W. J., Tape, K. N., Shackelford, J. E., Wikander, T. M., Richards, M. J., Fliesler, S. J., et al. (2009). Peroxisome deficiency causes a complex phenotype because of hepatic srebp/insig dysregulation associated with endoplasmic reticulum stress. J. Biol. Chem. 284, 7232–7245. doi: 10.1074/jbc.M809064200

Kwon, H. J., Abi-Mosleh, L., Wang, M. L., Deisenhofer, J., Goldstein, J. L., Brown, M. S., et al. (2009). Structure of N-terminal domain of NPC1 reveals distinct subdomains for binding and transfer of cholesterol. Cell 137, 1213–1224. doi: 10.1016/j.cell.2009.03.049

Lange, Y., and Steck, T. L. (2016). Active membrane cholesterol as a physiological effector. Chem. Phys. Lipids 199, 74–93. doi: 10.1016/j.chemphyslip.2016.02.003

Laplante, M., and Sabatini, D. M. (2012). mTOR signaling in growth control and disease. Cell 149, 274–293. doi: 10.1016/j.cell.2012.03.017

Launay, N., Ruiz, M., Grau, L., Ortega, F. J., Ilieva, E. V., Martínez, J. J., et al. (2017). Tauroursodeoxycholic bile acid arrests axonal degeneration by inhibiting the unfolded protein response in X-linked adrenoleukodystrophy. Acta Neuropathol. 133, 283–301. doi: 10.1007/s00401-016-1655-9

Lee, J. N., and Ye, J. (2004). Proteolytic activation of sterol regulatory element-binding protein induced by cellular stress through depletion of Insig-1. J. Biol. Chem. 279, 45257–45265. doi: 10.1074/jbc.m408235200

Lhoták, Š, Sood, S., Brimble, E., Carlisle, R. E., Colgan, S. M., Mazzetti, A., et al. (2012). ER stress contributes to renal proximal tubule injury by increasing SREBP-2-mediated lipid accumulation and apoptotic cell death. Am. J. Physiol. Renal Physiol. 303, F266–F278. doi: 10.1152/ajprenal.00482.2011

Lin, J. H., Li, H., Yasumura, D., Cohen, H. R., Zhang, C., Panning, B., et al. (2007). IRE1 signaling affects cell fate during the unfolded protein response. Science 318, 944–949. doi: 10.1126/science.1146361

Linstedt, A. D., and Hauri, H. P. (1993). Giantin, a novel conserved Golgi membrane protein containing a cytoplasmic domain of at least 350 kDa. Mol. Biol. Cell 4, 679–693. doi: 10.1091/mbc.4.7.679

Lippincott-Schwartz, J., Yuan, L. C., Bonifacino, J. S., and Klausner, R. D. (1989). Rapid redistribution of Golgi proteins into the ER in cells treated with brefeldin A: evidence for membrane cycling from Golgi to ER. Cell 56, 801–813. doi: 10.1016/0092-8674(89)90685-5

Liscum, L. (1990). Pharmacological inhibition of the intracellular transport of low-density lipoprotein-derived cholesterol in Chinese hamster ovary cells. Biochim. Biophys. Acta 1045, 40–48. doi: 10.1016/0005-2760(90)90201-8

Liscum, L., and Faust, J. R. (1989). The intracellular transport of low density lipoprotein-derived cholesterol is inhibited in Chinese hamster ovary cells cultured with 3-beta-[2-(diethylamino)ethoxy]androst-5-en-17-one. J. Biol. Chem. 264, 11796–11806.

Livak, K. J., and Schmittgen, T. D. (2001). Analysis of Relative Gene Expression Data Using Real-Time Quantitative PCR and the 2-ΔΔCT Method. Methods 25, 402–408. doi: 10.1006/meth.2001.1262

Lu, F., Liang, Q., Abi-Mosleh, L., Das, A., De Brabander, J. K., Goldstein, J. L., et al. (2016). Identification of NPC1 as the target of U18666A, an inhibitor of lysosomal cholesterol export and Ebola infection. eLife 4:e12177. doi: 10.7554/eLife.12177

Ma, K. L., Varghese, Z., Ku, Y., Powis, S. H., Chen, Y., Moorhead, J. F., et al. (2010). Sirolimus inhibits endogenous cholesterol synthesis induced by inflammatory stress in human vascular smooth muscle cells. Am. J. Physiol. Heart Circul. Physiol. 298, H1646–H1651. doi: 10.1152/ajpheart.00492.2009

Miyazawa, S., Hayashi, H., Hijikata, M., Ishii, N., Furuta, S., Kagamiyama, H., et al. (1987). Complete nucleotide sequence of cDNA and predicted amino acid sequence of rat acyl-CoA oxidase. J. Biol. Chem. 262, 8131–8137.

Nohturfft, A., Yabe, D., Goldstein, J. L., Brown, M. S., and Espenshade, P. J. (2000). Regulated step in cholesterol feedback localized to budding of SCAP from ER membranes. Cell 102, 315–323. doi: 10.1016/s0092-8674(00)00037-4

Peterson, T. R., Sengupta, S. S., Harris, T. E., Carmack, A. E., Kang, S. A., Balderas, E., et al. (2011). mTOR complex 1 regulates lipin 1 localization to control the SREBP pathway. Cell 146, 408–420. doi: 10.1016/j.cell.2011.06.034

Pfisterer, S. G., Peränen, J., and Ikonen, E. (2016). LDL–cholesterol transport to the endoplasmic reticulum: current concepts. Curr. Opin. Lipidol. 27, 282–287. doi: 10.1097/mol.0000000000000292

Porstmann, T., Griffiths, B., Chung, Y.-L., Delpuech, O., Griffiths, J. R., Downward, J., et al. (2005). PKB/Akt induces transcription of enzymes involved in cholesterol and fatty acid biosynthesis via activation of SREBP. Oncogene 24, 6465–6481. doi: 10.1038/sj.onc.1208802

Radhakrishnan, A., Goldstein, J. L., McDonald, J. G., and Brown, M. S. (2008). Switch-like control of SREBP-2 transport triggered by small changes in er cholesterol: a delicate balance. Cell Metab. 8, 512–521. doi: 10.1016/j.cmet.2008.10.008

Russell, D. W. (2003). The enzymes, regulation, and genetics of bile acid synthesis. Annu. Rev. Biochem. 72, 137–174. doi: 10.1146/annurev.biochem.72.121801.161712

Santos, M., Imanaka, T., Shio, H., Small, G., and Lazarow, P. (1988). Peroxisomal membrane ghosts in Zellweger syndrome–aberrant organelle assembly. Science 239, 1536–1538. doi: 10.1126/science.3281254

Santos, M. J., Henderson, S. C., Moser, A. B., Moser, H. W., and Lazarow, P. B. (2000). Peroxisomal ghosts are intracellular structures distinct from lysosomal compartments in Zellweger syndrome: a confocal laser scanning microscopy study. Biol. Cell 92, 85–94. doi: 10.1016/s0248-4900(00)89016-4

Schindelin, J., Arganda-Carreras, I., Frise, E., Kaynig, V., Longair, M., Pietzsch, T., et al. (2012). Fiji: an open-source platform for biological-image analysis. Nat. Methods 9, 676–682. doi: 10.1038/nmeth.2019

Schram, A. W., Strijland, A., Hashimoto, T., Wanders, R. J., Schutgens, R. B., van den Bosch, H., et al. (1986). Biosynthesis and maturation of peroxisomal beta-oxidation enzymes in fibroblasts in relation to the Zellweger syndrome and infantile Refsum disease. Proc. Natl. Acad. Sci. U.S.A. 83, 6156–6158. doi: 10.1073/pnas.83.16.6156

Sharpe, L. J., and Brown, A. J. (2008). Rapamycin down-regulates LDL-receptor expression independently of SREBP-2. Biochem. Biophys. Res. Commun. 373, 670–674. doi: 10.1016/j.bbrc.2008.06.108

Shin, D.-J., and Osborne, T. F. (2003). Thyroid hormone regulation and cholesterol metabolism are connected through sterol regulatory element-binding protein-2 (SREBP-2). J. Biol. Chem. 278, 34114–34118.

Takashima, K., Saitoh, A., Funabashi, T., Hirose, S., Yagi, C., Nozaki, S., et al. (2015). COPI-mediated retrieval of SCAP is crucial for regulating lipogenesis under basal and sterol-deficient conditions. J. Cell Sci. 128, 2805–2815. doi: 10.1242/jcs.164137

Thieringer, R., and Raetz, C. (1993). Peroxisome-deficient Chinese hamster ovary cells with point mutations in peroxisome assembly factor-1. J. Biol. Chem. 268, 12631–12636.

Urbina, J. A., Concepcion, J. L., Rangel, S., Visbal, G., and Lira, R. (2002). Squalene synthase as a chemotherapeutic target in Trypanosoma cruzi and Leishmania mexicana. Mol. Biochem. Parasitol. 125, 35–45. doi: 10.1016/S0166-6851(02)00206-2

Vallett, S. M., Sanchez, H. B., Rosenfeld, J. M., and Osborne, T. F. (1996). A direct role for sterol regulatory element binding protein in activation of 3-Hydroxy-3-methylglutaryl Coenzyme A Reductase Gene. J. Biol. Chem. 271, 12247–12253. doi: 10.1074/jbc.271.21.12247

van de Beek, M.-C., Ofman, R., Dijkstra, I., Wijburg, F., Engelen, M., Wanders, R., et al. (2017). Lipid-induced endoplasmic reticulum stress in X-linked adrenoleukodystrophy. Biochim. Biophys. Acta1863, 2255–2265. doi: 10.1016/j.bbadis.2017.06.003

van Heusden, G. P. H., van Beckhoven, J. C. M., Thieringer, R., Raetz, C. R. H., and Wirtz, K. W. A. (1992). Increased cholesterol synthesis in Chinese hamster ovary cells deficient in peroxisomes. Biochim. Biophys. Acta 1126, 81–87. doi: 10.1016/0005-2760(92)90220-P

Wang, B. T., Ducker, G. S., Barczak, A. J., Barbeau, R., Erle, D. J., and Shokat, K. M. (2011). The mammalian target of rapamycin regulates cholesterol biosynthetic gene expression and exhibits a rapamycin-resistant transcriptional profile. Proc. Natl. Acad. Sci. U.S.A. 108, 15201–15206. doi: 10.1073/pnas.1103746108

Wangeline, M. A., Vashistha, N., and Hampton, R. Y. (2017). Proteostatic tactics in the strategy of sterol regulation. Annu. Rev. Cell Dev. Biol. 33, 467–489. doi: 10.1146/annurev-cellbio-111315-125036

Weinhofer, I., Kunze, M., Stangl, H., Porter, F. D., and Berger, J. (2006). Peroxisomal cholesterol biosynthesis and Smith-Lemli-Opitz syndrome. Biochem. Biophys. Res. Commun. 345, 205–209. doi: 10.1016/j.bbrc.2006.04.078

Werstuck, G. H., Lentz, S. R., Dayal, S., Hossain, G. S., Sood, S. K., Shi, Y. Y., et al. (2001). Homocysteine-induced endoplasmic reticulum stress causes dysregulation of the cholesterol and triglyceride biosynthetic pathways. J. Clin. Invest. 107, 1263–1273. doi: 10.1172/jci11596

Xiao, J., Luo, J., Hu, A., Xiao, T., Li, M., Kong, Z., et al. (2019). Cholesterol transport through the peroxisome-ER membrane contacts tethered by PI(4,5)P2 and extended synaptotagmins. Sci. China Life Sci. 62, 1117–1135. doi: 10.1007/s11427-019-9569-9

Ye, J., Rawson, R. B., Komuro, R., Chen, X., Davé, U. P., Prywes, R., et al. (2000). ER Stress Induces cleavage of membrane-bound ATF6 by the same proteases that process SREBPs. Mol. Cell 6, 1355–1364. doi: 10.1016/S1097-2765(00)00133-7

Zhang, S. X., Ma, J. H., Bhatta, M., Fliesler, S. J., and Wang, J. J. (2015). The unfolded protein response in retinal vascular diseases: implications and therapeutic potential beyond protein folding. Prog. Ret. Eye Res. 45, 111–131. doi: 10.1016/j.preteyeres.2014.12.001

Zoeller, R. A., Allen, L. A., Santos, M. J., Lazarow, P. B., Hashimoto, T., Tartakoff, A. M., et al. (1989). Chinese hamster ovary cell mutants defective in peroxisome biogenesis. Comparison to Zellweger syndrome. J. Biol. Chem. 264, 21872–21878.

Zoeller, R. A., and Raetz, C. R. (1986). Isolation of animal cell mutants deficient in plasmalogen biosynthesis and peroxisome assembly. Proc. Natl. Acad. Sci. U.S.A. 83, 5170–5174. doi: 10.1073/pnas.83.14.5170


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Charles, Shackelford, Faust, Fliesler, Stangl and Kovacs. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.










	 
	ORIGINAL RESEARCH
published: 19 November 2020
doi: 10.3389/fcell.2020.593922





[image: image]

Evolutionary Maintenance of the PTS2 Protein Import Pathway in the Stramenopile Alga Nannochloropsis

Dmitry Kechasov1†, Imke de Grahl2, Pierre Endries2 and Sigrun Reumann1,2*

1Centre for Organelle Research, University of Stavanger, Stavanger, Norway

2Plant Biochemistry and Infection Biology, Institute for Plant Science and Microbiology, Universität Hamburg, Hamburg, Germany

Edited by:
Maya Schuldiner, Weizmann Institute of Science, Israel

Reviewed by:
Richard Rachubinski, University of Alberta, Canada
Markus Kunze, Medical University of Vienna, Austria
Marek Skoneczny, Institute of Biochemistry and Biophysics (PAN), Poland

*Correspondence: Sigrun Reumann, sigrun.reumann@uni-hamburg.de

†Present address: Dmitry Kechasov, Norwegian Institute of Bioeconomy Research, Klepp Stasjon, Norway

Specialty section: This article was submitted to Membrane Traffic, a section of the journal Frontiers in Cell and Developmental Biology

Received: 11 August 2020
Accepted: 13 October 2020
Published: 19 November 2020

Citation: Kechasov D, de Grahl I, Endries P and Reumann S (2020) Evolutionary Maintenance of the PTS2 Protein Import Pathway in the Stramenopile Alga Nannochloropsis. Front. Cell Dev. Biol. 8:593922. doi: 10.3389/fcell.2020.593922

The stramenopile alga Nannochloropsis evolved by secondary endosymbiosis of a red alga by a heterotrophic host cell and emerged as a promising organism for biotechnological applications, such as the production of polyunsaturated fatty acids and biodiesel. Peroxisomes play major roles in fatty acid metabolism but experimental analyses of peroxisome biogenesis and metabolism in Nannochloropsis are not reported yet. In fungi, animals, and land plants, soluble proteins of peroxisomes are targeted to the matrix by one of two peroxisome targeting signals (type 1, PTS1, or type 2, PTS2), which are generally conserved across kingdoms and allow the prediction of peroxisomal matrix proteins from nuclear genome sequences. Because diatoms lost the PTS2 pathway secondarily, we investigated its presence in the stramenopile sister group of diatoms, the Eustigmatophyceae, represented by Nannochloropsis. We detected a full-length gene of a putative PEX7 ortholog coding for the cytosolic receptor of PTS2 proteins and demonstrated its expression in Nannochloropsis gaditana. The search for predicted PTS2 cargo proteins in N. gaditana yielded several candidates. In vivo subcellular targeting analyses of representative fusion proteins in different plant expression systems demonstrated that two predicted PTS2 domains were indeed functional and sufficient to direct a reporter protein to peroxisomes. Peroxisome targeting of the predicted PTS2 cargo proteins was further confirmed in Nannochloropsis oceanica by confocal and transmission electron microscopy. Taken together, the results demonstrate for the first time that one group of stramenopile algae maintained the import pathway for PTS2 cargo proteins. To comprehensively map and model the metabolic capabilities of Nannochloropsis peroxisomes, in silico predictions needs to encompass both the PTS1 and the PTS2 matrix proteome.

Keywords: peroxisome biogenesis, microalgae (unicellular eukaryotic algae), evolution, malate synthase, thiolase, PTS2 protein import pathway


INTRODUCTION

Peroxisomes are small organelles of 0.1–1.7 μm in diameter, surrounded by a single membrane and able to detoxify reactive oxygen species generated by diverse peroxisomal enzymes. Common peroxisomal functions of animals and plants are the glyoxylate cycle, amino acid metabolism, and polyamine oxidation. Plant peroxisomes are furthermore capable of contributing to photorespiration and to several biosynthetic functions, such as jasmonate, phylloquinone, and biotin biosynthesis (Reumann and Bartel, 2016; Pan et al., 2020). Importantly, peroxisomes play vital roles in lipid metabolism in many organisms. While in animals fatty acid β-oxidation occurs in both mitochondria and peroxisomes (Wanders and Waterham, 2006), in plants the process takes place exclusively in peroxisomes (Graham and Eastmond, 2002). Hence, peroxisomal metabolism determines the steady state levels of total cellular fatty acids. In mammals, peroxisomes are additionally involved in the biosynthesis of docosahexaenoic acid (C22:6n-3) and eicosapentaenoic acid (EPA; C20:5n-3) by partial degradation of polyunsaturated fatty acids (PUFAs) with longer chains, such as C24:6n-3 (Sprecher, 2000). Knowledge of the metabolic capabilities of peroxisomes from plants, yeast, and fungi in lipid metabolism is prerequisite for successful biotechnological applications and genetic engineering to increase PUFA and biodiesel productivity.

All peroxisomal matrix proteins are encoded in the nuclear genome, synthesized on cytosolic ribosomes and are transported into peroxisomes with the help of peroxins (PEX proteins). Matrix proteins are targeted to peroxisomes by two major import pathways, depending on the possession of two distinct signals, called the peroxisomal targeting signal type 1 (PTS1) or type 2 (PTS2) (Gould et al., 1989; Swinkels et al., 1992). The PTS1 pathway predominates in all organisms studied to date and relies on the presence of a conserved C-terminal tripeptide. The twelve PTS1 tripeptides included in the plant consensus sequence [SA]-[KR]-[LMI]> have the highest peroxisomal targeting probability, but many additional non-canonical tripeptides have been characterized particularly in plants (Lingner et al., 2011). Additional residues upstream of the C-terminal tripeptide often contribute to peroxisome targeting (Brocard and Hartig, 2006; Lingner et al., 2011). Generally, the PTS2 nonapeptide is located within the first 40 amino acid (aa) residues and is cleaved upon transport into peroxisomes by the DEG15 protease (Helm et al., 2007; Schuhmann et al., 2008). Four amino acid residues are most conserved in canonical PTS2 nonapeptides included in the motif [RK]-[LVI]-x5-[HQ]-[LAF], where x5 denotes four variable amino acid residues and one hydrophobic residue in the middle (Osumi et al., 1992; Swinkels et al., 1992; Petriv et al., 2004; Kunze et al., 2011; Kunze, 2020). Two cytosolic receptors, PEX5 and PEX7, recognize the PTS1 and PTS2 of soluble proteins, respectively, and transport them to the peroxisomal membrane (Kragler et al., 1998; Gatto et al., 2000). PEX5 possesses at least two functional domains, namely the C-terminal half with seven tetratricopeptide (34-amino acid) repeats, which form the PTS1 binding pocket, and the N-terminal half bearing several diaromatic WxxxF/Y motifs that bind PEX14. PEX5 homologs of basidiomycetes, animals and plants additionally contain a PEX7 binding domain of approximately 37 amino acid residues in the N-terminal domain and also function as PEX7 co-receptors (Dodt et al., 2001; Woodward and Bartel, 2005). The docking complex proteins, PEX13 and PEX14, are responsible for initial PEX5-PEX7-cargo binding to the peroxisomal membrane (Bartel et al., 2014).

Peroxisomes are present in nearly all eukaryotes (Tolbert and Essner, 1981; Gabaldón, 2010). Particularly in eukaryotic microorganisms, such as algae and protists, basic research data are scarce regarding the biogenesis mechanisms and physiological functions of peroxisomes. In Closterium ehrenbergii, a charophyte alga of the family of Zygnematophyceae, peroxisomes have been visualized by H2O2/diaminobenzidine staining (Shinozaki et al., 2009; Hayashi and Shinozaki, 2012). In the chlorophyte alga Chlamydomonas, all enzymes associated with the glyoxylate cycle except for isocitrate lyase were located in punctate structures indicative of peroxisomes (Lauersen et al., 2016). In chromalveolates (organisms containing complex plastids of red algal ancestry), peroxisomes have mainly been studied in diatoms and alveolates (Gonzalez et al., 2011; Moog et al., 2017; Ludewig-Klingner et al., 2018). Alveolates, which include apicomplexa, dinoflagellates and ciliates, were long thought to lack peroxisomes, but coccidian apicomplexa, such as Toxoplasma, have recently been shown to possess peroxisomes, while other groups (e.g., Plasmodium) indeed lack this organelle (Moog et al., 2017). In the cryptophyte Guillardia theta, which possesses two phylogenetically different nuclei of host and endosymbiotic origin, a complete set of peroxins including PEX7 was identified and some of them were heterologously localized in peroxisomes as green fluorescent protein (GFP) fusions in Phaeodactylum tricornutum (Mix et al., 2018). In the same study, genome analyses indicated the presence of peroxins and, hence, peroxisomes in three stramenopile algae (Nannochloropsis gaditana, Aureococcus anophagefferens, and the brown alga, Ectocarpus siliculosus). In contrast, two haptophytes (Emiliania huxleyi and Chrysochromulina tobin) appeared to lack essential peroxins (Mix et al., 2018). Experimental analyses of peroxisomes in Nannochloropsis by microscopy or biochemistry have not been reported to date.

While the PTS1 targeting pathway is ubiquitous in all organisms that possess peroxisomes, the PTS2 targeting pathway is absent in specific organisms, such as Caenorhabditis elegans (Motley et al., 2000), Drosophila melanogaster (Faust et al., 2012; Baron et al., 2016) and few microalgae. As revealed by genome sequencing of the red alga Cyanidioschyzon merolae, the PEX7 receptor and PTS2 containing cargo proteins are absent (Matsuzaki et al., 2004; Shinozaki et al., 2009). The most comprehensive studies have been reported for the stramenopile diatom, P. tricornutum, which accordingly lacks PEX7 and predicted PTS2 proteins and is not capable of importing foreign PTS2 cargo proteins into the peroxisomal matrix (Gonzalez et al., 2011).

Stramenopiles (or heterokonts) form a large and diverse subgroup of chromalveolates that possess two morphologically different flagella and share the same evolutionary history of secondary endosymbiosis between a eukaryotic red alga and a heterotrophic eukaryotic host cell. Stramenopiles include both photosynthetic members (the ochrophytes) with complex plastids as well as aplastidic, non-photosynthetic members (e.g., oomycetes, Supplementary Figure 1). As a relic of evolution and phagocytosis, the plastids of photosynthetic stramenopiles are often still surrounded by four membranes (McFadden, 2001; Barsanti and Gualtieri, 2014). The photosynthetic group of stramenopiles includes many ecologically important lineages (diatoms, brown algae, pelagophytes) as well as the Eustigmatophyceae (e.g., Nannochloropsis) and forms the most significant component of eukaryotic marine phytoplankton (Guiry, 2012; Qiu et al., 2013; Dorrell et al., 2017).

Nannochloropsis is the best known representative of the Eustigmatophyceae and recently attracted increasing attention due to its high lipid accumulation of up to 60% of biomass dry weight (Rodolfi et al., 2009) and its outstanding EPA productivity [up to 4.3% (w/w) of biomass dry weight, Camacho-Rodriguez et al., 2014]. Therefore, Nannochloropsis species are considered promising candidates for the production of algal biomass and lipids for biofuels and high-value products (Ma et al., 2016). The genome sequences of the first Nannochloropsis strains have been published, including N. gaditana CCMP526 (Radakovits et al., 2012), N. gaditana B-31 (Corteggiani Carpinelli et al., 2014), and N. oceanica CCMP1779 and IMET-1 (Vieler et al., 2012; Wang et al., 2014). In silico analyses indicated the presence of genes encoding a putative PEX5 ortholog and putative PTS1 proteins. Due to the close phylogenetic relationship between red algae, diatoms and Eustigmatophyceae, the absence of the PTS2 pathway in Nannochloropsis was considered likely (Lauersen et al., 2016). In fact, not any PTS2 containing protein has been identified computationally or experimentally in this genus to date despite the availability of sequencing data for several Nannochloropsis species.

In the present study, we verified the expression of a putative PEX7 gene from N. gaditana. By comprehensive computational analyses, we predicted putative PTS2 cargo proteins in Nannochloropsis and identified more than a dozen of candidate proteins. We demonstrated that several PTS2-carrying cargo proteins of N. gaditana were indeed imported into peroxisomes in two plant expression systems and also in Nannochloropsis itself. Taken together, the results demonstrate for the first time experimentally that this stramenopile alga has maintained the PTS2 protein import pathway, even though the same trafficking route has been lost secondarily in the stramenopile sister group of diatoms.



MATERIALS AND METHODS


Computational Analyses

For the identification of putative orthologs of Arabidopsis PEX and PTS2 proteins, the Arabidopsis proteins were used as queries in homology searches (BLASTp at NCBI, BLOSUM62 matrix, and standard parameters, McGinnis and Madden, 2004; Boratyn et al., 2013) against the non-redundant database of proteins of N. gaditana strains B-31 and CCMP526. Proteins with significant similarity (E-value <0.001, >30% identity, >50% of query length) were analyzed for the presence of a predicted PTS1 (PredPlantPTS1, Reumann et al., 2012) and a PTS2 included in the motif [RK]-[LVI]-x5-[HQ]-[LAF] (manual analyses, Kunze et al., 2011).

To identify yet unknown PTS2 proteins, the predicted protein sequences of N. gaditana B-31 (version 1.0, accessed on October 2, 2014) and CCMP526 (version 1.1, accessed on July 14, 2014) were downloaded. The sequences were analyzed for canonical PTS2 nonapeptides (see above) by applying the search algorithm “advanced find” of Microsoft Word. In N. gaditana B-31 more than 50 proteins were found, 13 of which contained the PTS2 motif in the N-terminal 40-amino acid domain (Table 1). For analyses of PTS2 conservation, homologous sequences were aligned by COBALT (Papadopoulos and Agarwala, 2007) and sequence conservation labeled by Boxshade.


TABLE 1. Predicted PTS2 proteins of N. gaditana.
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FIGURE 1. Phylogenetic analysis of PEX7 homologs detected in stramenopiles and related organisms. Sequences were aligned by MUSCLE (Edgar, 2004) and the phylogenetic tree was constructed using the Bayesian inference method (Ronquist et al., 2012). The branch support values were calculated as Bayesian posterior probabilities and are shown next to the branches. The platform Phylogeny.fr (Dereeper et al., 2008) was used for phylogenetic analysis, and the tree was visualized by MEGA X (Kumar et al., 2018).




Molecular Cloning

Genomic DNA was isolated from N. gaditana strain CCMP526 as described (Vieler et al., 2012) with the DNAeasy® Mini Kit (Qiagen, Germany). The N-terminal domains of NgMLS2 (B-31, EWM30341.1, 44 aa including RIx5HL), PKT (EWM24705.1, 24 aa including RLx5HL), and histidine triad family protein 1 (HIT1, EWM29206.1, 68 aa including RLx5HL) were amplified with primers including specific restriction sites (Supplementary Table 3) and inserted directly into the pCAT vector upstream of enhanced yellow fluorescent protein (EYFP) (Ma et al., 2006). Amplified DNA was sequenced to verify the identity. Plasmid DNA for in vivo subcellular targeting analyses was extracted with the GeneJET Plasmid Miniprep Kit (Thermo Fisher ScientificTM, United States).

For subcellular localization studies in Nannochloropsis, the above-mentioned N-terminal domains of NgMLS2 and NgHIT1 and the full-length CDS of AtpMDH1 (At2g22780) were re-amplified from available pCAT vectors and ABRC clones, respectively (Supplementary Table 3), and inserted upstream of the Venus fluorophore in the N. oceanica transformation vector pNoc ox Venus (Zienkiewicz et al., 2017). To create a peroxisomal marker for N. oceanica, the original pNoc ox Venus vector was modified by exchanging the hygromycin resistance gene and the nopaline synthase terminator against the blasticidin resistance gene and a cauliflower mosaic virus (CaMV) 35S terminator. The latter elements were reamplified from an episomal CRISPR/Cas9 vector (Addgene accession number: #101009, Poliner et al., 2018; Supplementary Table 3) and subcloned by ApaI and NotI. The Venus reporter gene was replaced by the blue fluorescent reporter gene mCerulean extended by a C-terminal PTS1 (Falter et al., 2019) using the given primer pairs (Supplementary Table 3) and the restriction enzymes SgsI and SacI.

For PEX7 expression analyses, RNA was isolated from N. gaditana CCMP526 as described (Vieler et al., 2012) using TrizolTM (InvitrogenTM, United States) and the RNeasy® Mini Kit with DNase digest (Qiagen, Germany). Total single strand cDNA was generated using the RevertAid First Strand cDNA Synthesis Kit and an oligo-dT primer (Thermo ScientificTM, United States), followed by PCR amplification of PEX7 with specific primers (B-31, EWM28214.1; CCMP526, NGA_0680400; Supplementary Table 3). The specific 460-bp amplicon obtained with the primer pair of fw2 and rv1 was sequenced, which confirmed the cDNA identity.



In vivo Subcellular Targeting Analyses

Onion (Allium cepa L.) epidermal cells were transformed biolistically as described (Falter et al., 2019), followed by microscopic analyses 1–7 days post transformation (dpt). Arabidopsis protoplasts were transiently transformed as described (Yoo et al., 2007) and analyzed 1–2 dpt. For N. oceanica CCMP1779 transformation, the wild-type cells were grown under standard growth conditions in f/2 medium (22°C, 75 μmol photons m–2 s–1, 16/8 h light/dark) to mid-exponential growth phase and transformed by electroporation with 3 μg of vector (linearized by AhdI), and 30 μg of salmon sperm DNA (Invitrogen), as described (Vieler et al., 2012; de Grahl et al., 2020). Single colonies were grown on selective plates containing 50 μg/ml hygromycin, transferred to 96-well plates containing 200 μl of f/2 medium with hygromycin and were incubated for 7–10 days under standard growth conditions (de Grahl et al., 2020) for subcellular analysis by confocal microscopy.



Confocal and Transmission Electron Microscopy

For confocal microscopy, a Leica DMi8 inverted microscope was used coupled to a confocal spinning disc unit CSU X1 (Yokogawa Electric Corporation; Musashino, Japan). The system was equipped with a 445-nm laser for excitation of CFP and monomeric Cerulean and a 515-nm laser for excitation of EYFP and Venus with the corresponding emission filters (ET480/40m and ET535/30m, respectively). Image acquisition was performed using the VisiView software (Visitron Systems, Puchheim, Germany). Confocal images were captured as single planes with a QImaging OptiMOS sCMOS camera system.

For transmission electron microscopy (TEM), stable N. oceanica CCMP1779 transformants expressing NgMLS2-Venus were harvested in mid-exponential growth phase by centrifugation and were fixed with a mixture of 5 ml osmium tetroxide (1% in 0.1 M cacodylate buffer, pH 7.0), 2 ml sucrose [20 mM in 0.25× salinity artificial sea water (ASW)], 0.8 ml paraformaldehyde (16%) and 0.02 ml glutaraldehyde by incubation on ice for 1.5 h (Karlson et al., 1996). After four times washing with 0.25× salinity ASW, the cells were imbedded in 2% agarose. After dehydration with a graded ethanol series and LR-white-infiltration, ultrathin sections were obtained with an ultramicrotome (Ultracut E, Leica-Reichert-Jung, Nußloch, Germany). For immunogold labeling, a section containing the embedded algae was incubated with MSB (100 mM PIPES, 10 mM EDTA, 5 mM magnesium sulfate, pH 6.8) for 30 min and blocked with 3% BSA and 0.2% BSA-C in MSB for 30 min. After incubation with the primary anti-GFP antibody from rabbit (dilution 1:200; Abcam, Cambridge, United Kingdom), the section was washed five times with 1% BSA and 0.07% BSA-C in MSB and incubated with the secondary antibody [anti-rabbit IgG-Gold (10 nm), 1:50 dilution; Sigma Life Science, Taufkirchen, Germany] for 1 h and washed again. After a treatment with 1% glutaraldehyde and washing with water (three times), sections were incubated with 2% uranyl acetate for 10 s, washed with water once again and incubated with 0.2% lead citrate for 15 s. Sections were viewed with a LEO 906 E TEM (LEO, Oberkochen, Germany) equipped with the MultiScan CCD Camera (Model 794) of Gatan (Munich, Germany) using the Digital Micrograph software version 2.0.2. from Gatan to acquire, visualize, analyze, and process the image data.



RESULTS


Prediction and Expression Analysis of a PEX7 Ortholog of N. gaditana

In stramenopile algae, experimental studies investigating peroxisome biogenesis and functions are presently restricted to the diatom Phaeodactylum, which was shown to lack the PTS2 import pathway (Gonzalez et al., 2011). To investigate whether the absence of the PTS2 pathway is a general feature of stramenopiles or specific to one or several subgroups, we chose the family of Eustigmatophyceae and Nannochloropsis as a representative genus (Supplementary Figure 1). To identify PEX proteins encoded in the N. gaditana genome, those of Arabidopsis thaliana (Supplementary Table 1) were used as queries for homology searches. Orthologs of nearly all A. thaliana PEX proteins were identified in N. gaditana (Supplementary Table 1), suggesting that the fundamental mechanisms of peroxisome biogenesis and proliferation are largely conserved in Eustigmatophyceae. The detection of Nannochloropsis homologs for the PTS2 protein receptor, PEX7, as well as the docking complex proteins, PEX13 and PEX14, supported the existence of the import pathway for PTS2-carrying matrix proteins in this microalga. To investigate whether the identified Nannochloropsis protein was a true PEX7 ortholog, we performed phylogenetic analysis of this protein in comparison to other PEX7 orthologs. Indeed, the putative Nannochloropsis PEX7 homologs shared a common ancestor with PEX7 homologs of other stramenopiles, such as brown algae (Ectocarpus), Pelagophyceae (e.g., Aureococcus) and oomycetes (e.g., Phytophthora, Figure 1). The tree topology also showed that PEX7 of stramenopiles is more closely related to PEX7 orthologs from green algae and land plants than to animal PEX7. Similar to Arabidopsis, Nannochloropsis PEX7 contains seven predicted WD40 repeats (Figure 2A).
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FIGURE 2. Expression analysis of a putative PEX7 ortholog from Nannochloropsis. (A) Domain structure of the predicted PEX7 protein from N. gaditana with seven predicted WD40 domains (striped boxes, WD1-7). (B) Predicted gene and cDNA structure of PEX7 from N. gaditana. Exons (gray boxes), introns (thin black lines) and UTRs (thick black lines) are indicated. The amplicon sizes were calculated for the primers fw1 + rv1 (gDNA: 420 bp; cDNA 240 bp) and for fw2 + rv1 (gDNA: 900 bp; cDNA: 460 bp). (C) PCR product size determination for gDNA and cDNA isolated from N. gaditana. The apparent sizes were consistent with the calculated sizes. Sequence analysis of the 460-bp amplicon obtained with fw2 and rv1 from cDNA confirmed its identity with the predicted cDNA and, hence, expression of the PEX7 gene in N. gaditana.


We next investigated experimentally whether the PEX7 gene was indeed expressed and involved in peroxisome biogenesis or represented an untranscribed pseudogene without protein function in vivo. Total RNA was isolated from N. gaditana strain CCMP526 grown to logarithmic growth phase and converted to single strand cDNA using an oligo-dT primer for subsequent PCR amplification by three different PEX7 primer pairs (Supplementary Table 3). While the full-length cDNA or CDS was not obtained, two different smaller fragments could indeed be amplified (Figure 2C). One primer pair binding to exons 3 and 4 amplified a 240-bp fragment from cDNA that clearly differed in size from the longer 420-bp fragment from genomic DNA (Figure 2B). The largest PEX7 CDS fragment of 460 bp spanned from the beginning of exon 1 to the middle of the 4th and last exon. Sequence analysis confirmed its identity with PEX7 and the lack of introns. The data demonstrated that PEX7 was indeed expressed and indicated that the PTS2 protein import pathway was functional in N. gaditana.



Prediction of PTS2 Cargo Proteins in N. gaditana

We next predicted the presence of putative PTS2 proteins by in silico analysis of the available genomes of N. gaditana strains and their deduced proteomes. We experienced that the protein predictions of N. gaditana strain B-31 were more reliable compared to those of N. gaditana CCMP526 and focused on the former. In brief, PTS2 containing proteins were identified in N. gaditana B-31 by a direct PTS2 search using a relatively stringent PTS2 motif, [RK][LVI]x5[HQ][LAF] (Kunze et al., 2011). More than 50 protein sequences were detected, 13 of which contained the PTS2 motif in the typical N-terminal 40-amino acid residue domain (Table 1). The putative PTS2 proteins included few homologs of Arabidopsis PTS2 proteins, including one malate synthase (referred to as NgMLS2; EWM30341.1) of the glyoxylate cycle and one (peroxisomal) 3-ketoacyl-CoA thiolase (NgPKT, EWM24705.1) involved in fatty acid β-oxidation. A third protein was homologous to the bifunctional A. thaliana transthyretin-like protein, also referred to as allantoin synthase (ALNS; Reumann et al., 2007; Lamberto et al., 2010). The C-terminal domain acts as a 5-hydroxyisourate hydrolase (HIUase, Supplementary Figure 2). Another Nannochloropsis protein was annotated as “protein kinase c binding protein” (EWM29206.1) and homologous to the Arabidopsis HIT3, which is a PTS2 protein of yet unknown physiological function identified in the peroxisomal proteome of Arabidopsis leaf peroxisomes (Reumann et al., 2009). The N. gaditana protein is referred to as NgHIT1 (Table 1). Hence, out of eleven known PTS2 protein families in Arabidopsis (Supplementary Table 2), four had predicted PTS2 homologs also in Nannochloropsis (Table 1 and Supplementary Table 2), further supporting the presence of PTS2 cargo and the existence of the PTS2 pathway in Nannochloropsis.

Interestingly, most of the known Arabidopsis PTS2 protein families had predicted PTS1- rather than PTS2-carrying homologs in Nannochloropsis (Supplementary Table 2), namely two acyl-CoA oxidases (both ARL>), one aspartate aminotransferase (AHL>), one citrate synthase (ARL>), one long-chain acyl-CoA synthetase (ARL>), and the N-terminal domain of the bifunctional A. thaliana transthyretin-like protein, which decarboxylates 2-oxo-4-hydroxy-4-carboxy-5-ureidoimidazoline (OHCU, SRL>, Supplementary Figure 2) as part of urate catabolism. Hence, key metabolic functions of Arabidopsis PTS2 proteins (glyoxylate cycle, fatty acid β-oxidation) appeared as being conserved in Nannochloropsis peroxisomes but seemed to be carried out by PTS1 homologs instead. Four other Arabidopsis proteins/families had apparent non-peroxisomal homologs in N. gaditana, including (i) malate dehydrogenase (MDH, but SHL> in N. oceanica CCMP1779), (ii) pseudouridine monophosphate glycosylase/indigoidine synthase A (PUMY/IndA), which forms a bifunctional fusion protein together with pseudouridine kinase/6-phosphofructokinase (PUKI/PfkB, Supplementary Figure 3), both of which are involved in (peroxisomal) pseudouridine catabolism in Arabidopsis (Chen and Witte, 2020), (iii) 1,4-dihydroxy-2-naphthoyl-CoA synthase (DHNS) involved in phylloquinone biosynthesis (Babujee et al., 2010), and (iv) one small heat-shock protein with an alpha-crystallin domain (Ma et al., 2006; Supplementary Table 2).

The other N. gaditana proteins with predicted PTS2 (Table 1) were not homologous to known Arabidopsis PTS2 proteins and indicated novel functions of Nannochloropsis peroxisomes. They included, for instance, an α/β-hydrolase domain-containing protein, also annotated as embryogenesis-associated protein EMB8 (EWM21473.1, RLx5QL), which atypically also contained a predicted PTS1 (SRL>).

Similar PTS2 protein predictions were carried out for the second N. gaditana strain CCMP526 and for N. oceanica CCMP1779, both of which further confirmed the PTS2 protein predictions. Atypically and interestingly, one predicted PTS2 protein of N. gaditana B-31 (EWM27137.1, hypothetical protein, RLx5HL) had a PTS1-containing homolog in N. oceanica CCMP1779 (protein ID: 564055, SRL>), strengthening the predicted peroxisome targeting of both orthologs. Predicted peroxisome targeting of these homologs in stramenopiles or other taxa indicated novel peroxisomal proteins and functions.

We validated the PTS2 protein predictions of N. gaditana by different complementary computational analyses, for instance, PTS2 conservation analysis in other photosynthetic stramenopiles, such as Nannochloropsis (N. oceanica, N. salina), Ectocarpus, Aureococcus (Pelagophyceae) and in heterotrophic stramenopiles, such as oomycetes (Supplementary Figure 1). The PTS2 of some proteins was well conserved (Supplementary Figure 4). For NgPKT, for instance, predicted PTS2 nonapeptides were detected in nearly all orthologs of Nannochloropsis, Ectocarpus, oomycetes and even in two early branching species (Hondaea fermentalgiana, slime net, and Cafeteria roenbergensis, Supplementary Figure 4A). In further support of true functional PTS2, all NgPKT orthologs contained hydrophobic residues at position 5 of their nonapeptides (Ile or Leu, Supplementary Figure 4A). In the four diatoms, the orthologs were N-terminally shortened by approximately 20 aa and possessed a PTS1 instead (SRL>, SSL>, and SAL>, data not shown). Hence, PTS2 conservation in stramenopiles outside of Bacillariophyceae (diatoms) together with PTS1 presence in diatoms in many stramenopile orthologs strongly supported the correct PTS2 prediction in NgPKT. By contrast, due to a lack of NgMLS2 orthologs in stramenopiles, PTS2 conservation analyses did not provide further support for correct PTS2 prediction in NgMLS2 (data not shown). Other predicted Nannochloropsis PTS2 proteins either lacked obvious orthologs in other stramenopiles or the PTS2 of the Nannochloropsis protein was not conserved (data not shown).

Because proteins rarely contain simultaneously two different N-terminal targeting signals to both peroxisomes (PTS2) and a second cell organelle (ER, mitochondria, plastids), we also investigated whether any PTS2 proteins were simultaneously predicted to be targeted to any non-peroxisomal cell organelle in stramenopiles, which would weaken our PTS2 prediction (e.g., HECTAR1; Gschloessl et al., 2008). Indeed, many putative PTS2 proteins were not predicted to additionally possess an N-terminal targeting signal for mitochondria, complex plastids or the ER (data not shown) except for NgHIT1 (see below).

In spermatophytes, the PTS2 is cleaved off in the peroxisomal matrix by the protease DEG15 (SKL>, Helm et al., 2007; Schuhmann et al., 2008; Dolze et al., 2013). A putative but weakly conserved homolog of DEG15 was indeed detected in Nannochloropsis (EWM21659). It could be aligned with AtDEG15 and putative stramenopile orthologs and clustered reasonably upon phylogenetic analysis (Supplementary Figures 5A,B). Peroxisome targeting and proteolytic activity of the Nannochloropsis homolog are supported by the presence of a predicted PTS1 (SLL>) and conservation of the catalytic triad (His-Asp-Ser, data not shown), respectively. The cleavage site of PTS2 proteins is characterized by a conserved Cys-containing motif closely downstream of the PTS2 nonapeptide (Kato et al., 1995, 1996). When searching for this feature, both NgPKT and NgHIT1 (but not NgMLS2) indeed contained such Cys (Supplementary Figure 6). Taken together, all these features of the predicted PTS2 cargo proteins and of the DEG15 peptidase further supported the existence of a functional PTS2 protein import pathway in Nannochloropsis.



In vivo Subcellular Targeting Analyses of Predicted PTS2 Proteins in Two Plant Expression Systems

For experimental validations of the predictions, we selected three putative PTS2 proteins (Table 1). To enhance surface exposure of the PTS2 peptide in the fluorescent protein fusion and to avoid oligomerization with endogenous isoforms and co-import by piggy-back mechanism, we restricted the gene fusion to the N-terminal exon (24–68 amino acid residues, Supplementary Figure 6) encoding the predicted PTS2. This domain was amplified from genomic DNA of N. gaditana CCMP526 and cloned into the transient vector, pJET. Sequence analysis verified cloning of the correct exons. The PTS2 domains were subcloned into the plant expression vector pCAT for expression from the strong CaMV 35S promoter and to create C-terminal fusion proteins with EYFP.

In the transient monocotyledon expression system of onion epidermal cells, the predicted PTS2 domain of NgMLS2 (RIx5HL) directed EYFP to small punctate structures that were identical with peroxisomes, as demonstrated by co-expression with the peroxisomal marker, cyan fluorescent protein (CFP-SKL, Figures 3A1, A2). EYFP alone served as negative control (data not shown). Also in the dicotyledon expression system of Arabidopsis protoplasts, the predicted PTS2 domain of NgMLS2 was sufficient to direct EYFP to peroxisomes (Figures 3B1, B2). Despite its canonical PTS2, however, the second PTS2 protein, NgPKT-EYFP (RLx5HL), remained cytosolic in onion epidermal cells even after extended expression times of 7 days (Figure 3A3). In Arabidopsis protoplasts, where weak peroxisome targeting can often be detected with higher sensitivity (Kataya and Reumann, 2010), the same fusion protein was targeted to peroxisomes in several cells, consistent with its predicted PTS2 (Figure 3B3). We concluded that both NgMLS2 and NgPKT were indeed peroxisomal matrix proteins of N. gaditana and were targeted to the organelle by the PTS2 pathway. While NgMLS2 was efficiently imported into peroxisomes in both plant expression systems, NgPKT was weakly imported into plant peroxisomes for yet unknown reasons.


[image: image]

FIGURE 3. In vivo subcellular targeting analyses of two putative PTS2 proteins from N. gaditana in plant cells. (A) In onion epidermal cells, MLS2-EYFP co-localized with the peroxisome marker, CFP-PTS1 (already 1 dpt). However, NgPKT remained cytosolic, even after long-term expression of 7 dpt. The first exons of the putative PTS2 proteins from N. gaditana were fused C-terminally with EYFP and transiently co-expressed with CFP-PTS1 in onion epidermal cells. (B) In transiently transformed Arabidopsis protoplasts, NgMLS2-EYFP also co-localized with the peroxisomal marker (2 dpt). The boxed region shown in B1 is enlarged in B2. NgPKT-EYFP remained largely cytosolic but showed partial co-localization with the peroxisome marker 2 dpt. The arrows point out peroxisome targeting of NgPKT-EYFP.


The third representative protein, NgHIT1, showed a different subcellular targeting contrary to the PTS2 predictions. In onion epidermal cells, NgHIT1-EYFP labeled punctate structures that were not identical with and larger than peroxisomes. These structures had terminal extensions that were reminiscent of plastidic stromuli (Figures 4A1, A2). The fluorescent pattern of NgHIT1-EYFP was similar to that of Arabidopsis 6-phosphogluconolactonase 3 (AtPGL3-EYFP), which localizes to leucoplasts in onion epidermal cells and labels their stromuli extensions, as reported earlier (Figure 4A3; Reumann et al., 2004, 2007; Holscher et al., 2014). Consistent with the prediction of a mitochondrial presequence by HECTAR (score: 0.8, Gschloessl et al., 2008), NgHIT1-EYFP was additionally directed to mitochondria labeled with COXIV-CFP (Figure 4A2). Similar results of dual protein targeting to both mitochondria (Figures 4B1, B2) and plastids (Figure 4B3) were obtained in Arabidopsis protoplasts, where plastid targeting was even better detectable due to the larger plastids and their chlorophyll autofluorescence. In conclusion, two (out of three) predicted and experimentally investigated Nannochloropsis PTS2 proteins were indeed imported into peroxisomes in Arabidopsis protoplasts, confirming the existence of PTS2 cargo proteins in N. gaditana.
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FIGURE 4. In vivo subcellular targeting analyses of a HIT homolog from N. gaditana in plant cells. (A) In onion epidermal cells, the putative PTS2 protein NgHIT1 was targeted to punctate structures of different sizes, some of which were larger than and not identical with peroxisomes labeled by CFP-PTS1 (A1). Yellow fluorescent organelle extensions were reminiscent of leucoplast stromuli (A1). Co-expression with a mitochondrial marker, COXIV-CFP, showed that NgHIT1 was partly targeted to mitochondria (A2). A known plastidic protein from Arabidopsis, At6PGL3-EYFP, labeled leucoplasts and their stromuli (A3; Reumann et al., 2007), showing that NgHIT1-EYFP was dually targeted to both plastids and mitochondria. (B) Likewise, in Arabidopsis protoplasts, NgHIT1 was targeted to small organelle-like structures, not identical with but frequently found in close proximity to peroxisomes (B1). Co-expression with the mitochondrial marker (COXIV-CFP) identified the organelles as mitochondria (B2). As in onion epidermal cells, NgHIT1-EYFP was also targeted to plastids (chloroplasts, B3), as was At6PGL3-EYFP (Reumann et al., 2007). Images were taken 2 dpt. The arrows point out mitochondrial targeting of NgHIT1-EYFP.




Peroxisome Targeting Analyses in Nannochloropsis

In order to investigate peroxisome targeting of predicted PTS2 proteins also in the homologous system of Nannochloropsis, selected PTS2 domains were subcloned behind the endogenous strong and constitutive promoter of elongation factor and in front of the Venus gene in an appropriate N. oceanica expression vector (pNoc ox Venus, Supplementary Table 3; Zienkiewicz et al., 2017; de Grahl et al., 2020). As a well-known heterologous PTS2 cargo protein, we used Arabidopsis peroxisomal malate dehydrogenase 1 (pMDH1, At2g22780). N. oceanica CCMP1779 was transformed by electroporation, and transformants were selected by hygromycin resistance. Single transformants were grown under standard growth conditions in liquid cultures in 96-well plates and were analyzed after 6–8 days by spinning disk confocal microscopy. Not only AtpMDH1 but also NgMLS2 directed Venus to small punctae (approximately 1–2 per cell) of high fluorescence, consistent with peroxisome targeting (Figures 5A,C). Punctae of similar size and shape were detected for a peroxisomal marker, i.e., monomeric blue fluorescent Cerulean, extended C-terminally by a PTS1 (mCer-SKL, Figure 5B). The small punctae labeled by NgHIT1-Venus, however, were more numerous per cell (Figure 5D). Hence, the punctae labeled by AtMDH1 and NgMLS2 provided additional indirect evidence for maintenance of the PTS2 protein import pathway in Nannochloropsis.
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FIGURE 5. Peroxisome targeting analysis of representative Arabidopsis and Nannochloropsis PTS2 proteins in N. oceanica. (A) As positive control, the PTS2 protein, pMDH1 from A. thaliana (AtpMDH1), was C-terminally fused to Venus in the expression vector pNoc ox Venus. Wild-type N. oceanica was transformed by electroporation, and stable transformants were generated. Venus fluorescence was visible as small puncta indicative of AtpMDH1 targeting to peroxisomes. (B) To label peroxisomes, N. oceanica wt cells were transformed with an expression vector encoding blue fluorescent monomeric Cerulean extended by SKL> (mCer-SKL). (C) The first exon of NgMLS2 containing the predicted PTS2 was chosen representatively and fused similarly with Venus. In the corresponding N. oceanica transformants, Venus fluorescence was visible in a single small punctate structure, consistent with Venus targeting to Nannochloropsis peroxisomes. In some transformants, two or more punctate fluorescent structures were visible. Scale bar 5 μm. (D) NgHIT1-Venus was also targeted to small punctate structures, but additionally to larger round structures reminiscent of chloroplasts. Scale bars 5 μm in (A–D). (E) For validation of NgMLS2-Venus targeting to peroxisomes, TEM was carried out combined with immunogold-labeling using a primary antibody against GFP. Gold particles (10 nm) were specifically detected in peroxisomes. Scale bars as indicated.


To further validate PTS2 cargo targeting to peroxisomes by the PTS2 import pathway in N. oceanica, we investigated peroxisome targeting of NgMLS2-Venus by TEM, using primary antibodies against GFP and gold-labeled secondary antibodies. Peroxisomes were well distinguishable from chloroplasts, mitochondria, lipid bodies, and vacuoles by their size, the lack of internal membranes and by their protein-rich matrix. Approximately 60% of the visible algal peroxisomes were labeled at least by one gold particle per peroxisome, and approximately half of these contained several gold particles (Figure 5E). In contrast, no gold-labeled peroxisomes could be identified in the untransformed wild-type strain. Although a minor background of gold labeling was observed, no EYFP targeting to any other organelles like mitochondria or chloroplasts was visible. Thus, the TEM results provided complementary support for the identification of NgMLS2 as a true PTS2 cargo and functionality of the PTS2 protein import pathway in Nannochloropsis.

Taken together, by (i) verifying the expression of the cytosolic PEX7 receptor, (ii) predicting more than a dozen of PTS2 cargo proteins, and (iii) experimentally validating peroxisome targeting of representative PTS2 candidates in plants and Nannochloropsis, we concluded that the PTS2 protein import pathway of peroxisomes has been maintained in full functionality in the stramenopile alga Nannochloropsis, which contrasts peroxisome biogenesis in the sister group of diatoms (Figure 6).
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FIGURE 6. Existence and secondary loss of the peroxisomal targeting pathways for PTS1 and PTS2 proteins in different taxa. The predicted existence of the PTS1 and PTS2 protein import pathways are denoted as a filled circle (present in all representative organisms sequenced to date) or empty circle (absent in all representative organisms sequenced to date). Experimentally verified existence of the PTS1 and PTS2 protein import pathways are denoted as a filled square (presence shown at least for one representative organism) or empty square (absence demonstrated for one representative organism). 1Among animals, the PTS2 pathway has experimentally been shown to be absent in C. elegans and D. melanogaster. 2Among fungi, peroxisomes are missing in the rumen fungi, Neocallimasticalles and Microsporidia. 3In coccidian apicomplexa (e.g., Toxoplasma), which possess peroxisomes contrary to non-coccidian apicomplexa (e.g., Plasmodium), the absence of the PTS2 pathway is indicated by the lack of PEX7, PEX13, and PEX14, even though PEX5 possesses the typical PEX7 binding domain. 4Full functionality of the PTS1 import pathway has been demonstrated (Kechasov, 2017; Kechasov et al., in preparation). A., Apicomplexa.




DISCUSSION

Land plants have an impressive and the largest number of PTS2 proteins that are directed to the peroxisomal matrix by the PTS2 import pathway, as exemplified by 20 PTS2 proteins in A. thaliana (Supplementary Table 2). They include very important enzymes of fatty acid β-oxidation (e.g., three acyl-CoA oxidases, three thiolases and long-chain acyl CoA synthetase 6) and of the glyoxylate cycle (three citrate synthases, two MDHs). Additional PTS2 proteins of Arabidopsis participate, for instance, in purine breakdown (transthyretin/ALNS, Reumann et al., 2007; Lamberto et al., 2010), pseudouridine catabolism (pseudouridine monophosphate glycosylase, Reumann et al., 2009; Reumann, 2011; Chen and Witte, 2020), and phylloquinone biosynthesis (DHNS; Babujee et al., 2010; Reumann, 2013). Given the large number, diversity and importance of these metabolic pathways, knowledge of the existence of the PTS2 import pathway in Nannochloropsis is prerequisite not only to understand evolution, speciation, and peroxisome biogenesis in Eustigmatophyceae, but also to be able to comprehensively map and model all metabolic pathways and competencies of peroxisomes in this genus by computational predictions, followed by experimental validations.

PEX7 is the cytosolic receptor that binds the PTS2 of cargo proteins and shuttles them to the PEX13/14 docking complex in the peroxisomal membrane (Woodward and Bartel, 2005; Ramon and Bartel, 2010). In organisms that lack the PTS2 import pathway, the PEX7 gene is generally absent (e.g., C. elegans, Motley et al., 2000; red algae, Shinozaki et al., 2009; P. tricornutum, Gonzalez et al., 2011). The only exception is D. melanogaster which possesses a functional full-length PEX7 gene (Baron et al., 2016), but lacks PTS2 cargo proteins identifiable by known PTS2 peptides. Our detection of a predicted PEX7 gene in N. gaditana B-31 is consistent with the report of a PEX7 gene in N. gaditana strain CCMP526 (Lauersen et al., 2016) and in N. oceanica CCMP1779 (Mix et al., 2018). The domain structure of the N. gaditana PEX7 homolog shows seven typical WD-40 repeats of approximately 40 amino acid residues that often terminate with Trp-Asp (Neer et al., 1994). The phylogenetic relationship of NgPEX7 with PEX7 orthologs of brown algae (E. siliculosus) and oomycetes confirmed its true PEX7 orthology (Figure 1). The closer relationship of stramenopile PEX7 to orthologs from green algae and higher plants than to animal PEX7 indicates its inheritance from the engulfed red alga upon endosymbiosis rather than from the heterotrophic host genome. Contrary to Phaeodactylum and consistent with maintenance of the PTS2 import pathway in Nannochloropsis, the predicted orthologs of the PTS1 protein receptor, PEX5, from N. gaditana and N. oceanica indeed possess the conserved middle domain of approximately 30 amino acid residues that binds PEX7 in A. thaliana and Homo sapiens (Supplementary Figure 7; Dodt et al., 2001), further indicating maintenance of the PTS2 import pathway. We also found PEX13 and PEX14 orthologs in N. gaditana strain B-31, both of which are required for PTS2 and PTS1 matrix protein import (Cross et al., 2016).

Experimental evidence that the PEX7 gene of Nannochloropsis was indeed expressed had not been reported but is crucial for PTS2 import pathway functionality. We could verify by RT-PCR that the region corresponding to the N-terminal half of PEX7 was indeed expressed in N. gaditana CCMP526 (Figure 2C), but all attempts to amplify the full-length PEX7 CDS from mRNA failed for yet unknown and most likely technical reasons. Since an oligo-dT primer had been used for single-strand cDNA synthesis from mRNA, we consider it very likely that PEX7 is indeed expressed in full length in N. gaditana. PEX7 gene expression in Nannochloropsis is further supported by transcriptomics data of N. gaditana strain B-31 (i.e., Naga_100004g18 in table S17 of Corteggiani Carpinelli et al., 2014) and strain CCMP526 (i.e., Nga06804 in http://nannochloropsis.genomeprojectsolutions-databases.com/Expression_comp.xls for CCMP526, Radakovits et al., 2012). Furthermore, we identified a full-length PEX7 mRNA in N. oceanica strain CCMP1779 in the JGI database (i.e., “583747” in https://mycocosm.jgi.doe.gov/cgi-bin/dispGeneModel?db=Nanoce1779_2&tid=583747, Vieler et al., 2012) that is highly similar to PEX7 of N. gaditana and covers the entire CDS (Supplementary Figure 8). Hence, PEX7 is undoubtedly expressed in full-length in N. oceanica. Taken together, all these PEX7 expression data of both species strengthen the indications that Nannochloropsis possesses a functional PTS2 import pathway.

The computational search for predicted PTS2 proteins in N. gaditana yielded, after filtering for the location of the PTS2 motif in the N-terminal 40-amino acid residue domain, 13 predicted PTS2 proteins. This filter was reasonable because, to the best of our knowledge, only two proteins are currently reported to carry the PTS2 at an internal position, namely ascomycete PEX8 and the plant transthyretin-like protein/ALNS involved in urate catabolism to allantoin (Reumann et al., 2007; Pessoa et al., 2010; Lamberto et al., 2010). Our evolutionary analyses revealed that the bifunctional plant enzyme arose in Viridiplantae shortly after divergence of rhodophytes in the last common ancestor of chlorophyceae and streptophytes by fusion of two single polypeptides, thereby placing the PTS2 internally (Supplementary Figure 2C). Stramenopiles evolved independently different improvements of protein structure and compartmentalization of purine catabolism. In diatoms (lacking the PTS2 pathway), both enzymes were fused but remained cytosolic. The extreme C-terminal four residues of HIUase (YRGS>), which are part of the active site, will not have allowed any PTS1 evolution. In Nannochloropsis, however, both enzymes stayed separated and were directed to peroxisomes (HIUase, RLx5HL; OHCU-DC, SRL>, Table 1 and Supplementary Figure 2D). Despite considerable sequence variation, the PTS2 of NgHIUase is very well conserved in diverse stramenopile orthologs, including a conserved hydrophobic residue at position 5 (Leu, Ile or Val, Supplementary Figure 4C). Hence, even though not investigated experimentally in this study, NgHIUase is most probably another correctly predicted PTS2 protein of N. gaditana.

Interestingly, many predicted PTS2 proteins of Nanno- chloropsis have in common that the PTS2 nonapeptide lies in the short first exon, while the functional protein domain generally starts with the 2nd exon. New PTS2 proteins may have been created by exon shuffling, placing the PTS2 containing first exon in front of novel genes to direct the gene products to peroxisomes. Exon shuffling can also result in alternative splicing of PTS2-encoding genes affecting subcellular localization of the proteins, as documented for A. thaliana (An et al., 2017).

The PTS2 motif [RK]-[LVI]-x5-[HQ][LAF] used for our Nannochloropsis genome screen was rather stringent (Kunze et al., 2011). More relaxed PTS2 motifs have been reported (Petriv et al., 2004; Reumann and Chowdhary, 2018). PTS2 conservation analysis of the newly detected N. gaditana PTS2 proteins in stramenopiles (Supplementary Figure 4) shows that most aligned nonapeptides are included in the motif, but notably not all. For instance, also Met and Val were found at position 2 (RMx5HL in Ectocarpus PKT; RVx5HL in Phytophthora cactorum HIUase) and at position 9 in several species (e.g., in RIx5HM in Achlya PKT, RLx5HV in Saprolegnia HIUase, Supplementary Figures 4A,C). Hence, at least these four nonapeptides are likely additional functional PTS2 nonapeptides in stramenopiles and shall be validated experimentally. Their application in future genome searches might allow the identification of additional PTS2 cargo proteins in Nannochloropsis.

Only few stramenopile microalgae can nowadays be transformed (Rathod et al., 2017). Moreover, in vivo subcellular targeting analyses of N. oceanica require 6–8 weeks from transformation to microscopy of liquid cultures (de Grahl and Rout, personal communication; de Grahl et al., 2020). The PTS1 and PTS2 motifs of both targeting pathways are well conserved in eukaryotes across kingdoms. Therefore, it is reasonable to investigate peroxisome targeting of microalgal proteins in transient expression systems of land plants. Indeed, two predicted PTS2 proteins from N. gaditana were correctly imported into plant peroxisomes (Figures 3A,B), confirming them as functional PTS2 nonapeptides and the proteins as correctly predicted PTS2 cargos. To validate these results in a homologous system, we expressed selected Nannochloropsis constructs also in N. oceanica. Not only Arabidopsis pMDH1 and the peroxisome marker, mCer-SKL, were targeted to small cell organelles, but also NgMLS2 (Figures 5A,B). The new blue fluorescent peroxisome marker, mCer-SKL, created in another expression vector containing a second resistance marker, shall allow in vivo co-localization studies in N. oceanica in future studies. TEM analysis identified the labeled structures as peroxisomes rather than mitochondria (Figure 5E). These results provided another independent line of evidence, leading altogether to the conclusion that the PTS2 import pathway remained fully active and functional in Nannochloropsis.

The enzyme malate synthase (MLS) is part of the peroxisomal glyoxylate cycle and very important for condensation of fatty acid-derived acetyl-CoA with glyoxylate to malate for carbohydrate synthesis (Kornberg and Krebs, 1957). Many organisms, such as plants, fungi, and animals (except for mammals) possess a single and PTS1-carrying MLS isoform. The same MLS isoform had previously been identified in representative genomes of chlorophytes and stramenopiles, but was absent in multicellular rhodophytes (i.e., Chondrus crispus) and haptophytes (i.e., E. huxleyi, Lauersen et al., 2016). While the authors detected only this single, PTS1-carrying MLS isoform in N. gaditana (EWM22958.1, SRL>, NgMLS1), we identified the second PTS2-carrying NgMLS2 in N. gaditana B-31 (NgMLS2, 52% sequence similarity with NgMLS1, Table 1). Due to a lack of orthologous isoforms in stramenopiles, PTS2 conservation analyses did not provide further support for correct PTS2 prediction in NgMLS2 (data not shown). Our experimental analyses demonstrated that NgMLS2 indeed possesses a functional PTS2 (RIx5HL) because the 1st exon of 68 aa in length was sufficient to direct EYFP to peroxisomes in two plant expression systems (Figures 3A,B). Also when expressed in N. oceanica, EYFP was detected in small fluorescent organelles that lacked internal membranes according to TEM analyses and were identified as peroxisomes rather than mitochondria (Figures 5C,E). Hence, NgMLS2 is a second MLS isoform of the peroxisomal glyoxylate cycle and a PTS2 cargo of the PTS2 import pathway in Nannochloropsis.

Interestingly, phylogenetic analysis showed that NgMLS2 and its few orthologs detected in specific oomycetes (e.g., Saprolegnia diclina VS20, Phytophthora parasitica), clusters together with the single (PTS1-containing) MLS isoform of animals in one clade (Supplementary Figure 9). Hence, the PTS2-carrying NgMLS2 is most likely of metazoan origin and stems from the heterotrophic host cell that engulfed the red alga approximately 1260 Mio years ago (Yoon et al., 2002). The 3rd detected MLS isoform (NgMLS3, EWM30541.1) is only distantly related to NgMLS1/2 and is most likely non-peroxisomal due to the lack of any predicted PTS1/2 (Supplementary Figure 9). By contrast, the PTS1-containing MLS1 isoform of N. gaditana is more closely related to those of the green lineage (e.g., chlorophytes, Volvox carteri; A. thaliana; P. tricornutum; and brown alga, E. siliculosus, Supplementary Figure 9). It will be interesting to learn why Nannochloropsis atypically maintained both the metazoan-like NgMLS2 and the plant-like NgMLS1 in peroxisomes and whether both enzymes specialized on slightly different functions.

3-Ketoacyl-CoA thiolase (also called thiolase) is a degradative key enzyme of fatty acid β-oxidation with broad chain-length specificity for its substrates. We found a single ortholog in N. gaditana, while the second N. gaditana thiolase (EWM30137.1) is a biosynthetic enzyme and orthologous to Arabidopsis acetyl-coenzyme A acetyltransferase, which converts two acetyl-CoA to acetoacetyl-CoA in the mevalonate pathway. The PTS2 of NgPKT was well conserved among stramenopile orthologs, which strongly supported the correct PTS2 prediction in NgPKT. However, when investigating peroxisome targeting of NgPKT experimentally in vivo, the N-terminal 22-aa peptide of this protein did not detectably direct EYFP to peroxisomes in onion epidermal cells, even after long-term expression times (Figure 3A). In Arabidopsis protoplasts, however, peroxisome targeting was better and clearly detectable, but notably only in some cells, while the fusion protein remained cytosolic in others. Apparently, in land plants, the PTS2 of NgPKT was indeed functional but rather weak and inefficient in mediating peroxisome import for yet unknown reasons. A striking feature of the PTS2 of nearly all plant 3-ketoacyl-CoA thiolases is their atypical glutamine residue at position 2, replacing the normally hydrophobic residues (i.e., L, V or I; e.g., AtPKT3: RQx5HL). This residue is not only invariant in plant thiolases but also is very specific for thiolases. Hence, plant PEX7 might have evolved specific structural features for efficient recognition, import and possibly prioritization of plant thiolase based on its specific PTS2, and these plant PEX7 features might not be well compatible with the “atypical” PTS2 of NgPKT (RLx5HL). Future studies shall address whether NgPKT is efficiently imported into N. oceanica peroxisomes.

Contrary to NgMLS2 and NgPKT, the predicted PTS2 of NgHIT1 did not direct EYFP to peroxisomes. Consistent with the prediction of a bipartite ER/mitochondrial targeting signal by HECTAR (score: 0.80; Gschloessl et al., 2008), the punctate structures were indeed identified as mitochondria in both plant expression systems, using the presequence of Saccharomyces cerevisiae COXIV and CFP as mitochondrial marker (Fulda et al., 2002). Consistently, structural similarities between PTS2 and mitochondrial presequences have been reported (Osumi et al., 1992; Kunze et al., 2011; Kunze and Berger, 2015). Interestingly, NgHIT1-EYFP was dually targeted to both mitochondria and plastids (Figure 4). A second HIT homolog seemed non-peroxisomal (NgHIT2/3, EWM21969.1 and EWM28795.1, both w/o PTS2/PTS1). Peroxisome targeting of AtHIT3 had been validated by in vivo subcellular targeting analyses (Quan et al., 2010). Arabidopsis HINT4 showed a dual activity in vitro, acting on adenosine 5′-phosphosulfate both as a hydrolase (forming AMP) and as phosphorylase (forming ADP, Guranowski et al., 2010).

In addition to the predicted PTS2 proteins of N. gaditana that are homologs of Arabidopsis PTS2 proteins, nine proteins represent putative novel Nannochloropsis PTS2 proteins. In the protein annotated as “embryogenesis-associated protein EMB8” (EWM21473.1, Table 1) the predicted PTS2 (RLx5QL) was not conserved in closely related homologs and already mutated to a non-PTS2 in N. salina (RLx5RL). Nevertheless, the protein most likely is a true peroxisomal protein because the N. gaditana protein itself additionally possesses a predicted and conserved PTS1 (SRL>), which is also found in the homologs of N. salina (SRL>), Ectocarpus (ARL>), diatoms (Phaeodactylum, Thalassiosira, Pseudo-nitzschia, SRL>, Fistulifera, SKL>) but not in oomycetes. The PTS1 protein belongs to the functionally diverse superfamily of α/β hydrolases that includes diverse enzymes (proteases, lipases, peroxidases, esterases, epoxide hydrolases and dehalogenases), all characterized by a specific catalytic triad (Ser, Glu/Asp, and His). It will be interesting to study which physiological function this α/β hydrolase carries out in peroxisomes of stramenopiles.

The PTS2 of the remaining eight Nannochloropsis proteins, however, was hardly conserved in homologs outside of the genus Nannochloropsis (data not shown, e.g., vacuolar transporter chaperone 4, aldo/keto reductase, didehydrogluconate reductase; acetyl-/succinylornithine aminotransferase; two hypothetical proteins, Table 1). The data indicate that these PTS2 proteins are either specific to Nannochloropsis or represent false predictions.

The presence of peroxisomes in nearly all eukaryotes entails their vital importance in eukaryotes. The physiological significance of peroxisomes is further supported by evolution and maintenance of two conserved import pathways for soluble proteins to the peroxisomal matrix in most organisms. We concluded that N. gaditana maintained a fully functional PTS2 import pathway based on (i) the expression of an N. gaditana PEX7 ortholog, (ii) the detection of 13 predicted PTS2 cargo proteins, (iii) our experimental validation of two proteins as true positives in vivo in diverse expression systems (NgMLS2 and NgPKT), and (iv) due to two additional PTS2 proteins predicted with high probability by complementary computational methodology (NgHIUase and NgEMB8). Due to single genes of these PTS2 cargo proteins in Nannochloropsis, this import pathway is crucial at least for two essential metabolic pathways of peroxisomes, namely fatty acid β-oxidation (NgPKT) and purine (urate) catabolism (NgHIUase), while the glyoxylate cycle might remain functional by activity of the PTS1-carrying MLS1 alone. The number of at least four probable PTS2 cargo proteins is considerable and exceeds, for instance, the number of only three PTS2 proteins in ascomycetes, such as S. cerevisiae.

To summarize the current knowledge about evolution and maintenance of the PTS1 and PTS2 import pathways in different taxa, we present a simplified phylogenetic tree focusing on stramenopiles (Figure 6). The PTS1 targeting pathway is present in all eukaryotes that possess peroxisomes. Generally, animals, fungi, and Viridiplantae (land plants, charophytes, and green algae) possess both PTS1/2 import pathways (Tolbert and Essner, 1981; Gabaldón, 2010) with a few exceptions due to secondary PTS2 pathway loss in specific animals (C. elegans, Drosophila, see section “Introduction”) and the rumen fungi, Neocallimasticalles and Microsporidia (Peraza-Reyes et al., 2010). The PTS2 import pathway is considered the more ancient import route for peroxisomal matrix proteins (Gabaldon et al., 2006; Bolte et al., 2015; Kunze and Berger, 2015; Reumann et al., 2016). By contrast, chromalveolates and particularly stramenopiles are amazingly heterogeneous with respect to both the presence of peroxisomes and the PTS2 import pathway. Non-coccidian apicomplexa (e.g., Plasmodium) lack peroxisomes entirely, while coccidian apicomplexa (e.g., Toxoplasma) possess solely the PTS1 import pathway (Schluter et al., 2006; Mbekeani et al., 2018), similar to nowadays red algae (Matsuzaki et al., 2004; Shinozaki et al., 2009). As shown by this study, some stramenopiles have maintained both pathways (Eustigmatophyceae, brown algae), while diatoms lost the PTS2 pathway entirely and transferred classical PTS2 cargo proteins (e.g., thiolase) to the PTS1 import pathway (Figure 6; Gonzalez et al., 2011). Because several classical PTS2 cargo proteins of animals, plants and amoebozoa (e.g., Dictyostelium) are PTS1 proteins in Nannochloropsis (e.g., citrate synthase, acyl-CoA oxidase, long-chain acyl-CoA synthetase, Supplementary Table 2), Nannochloropsis seems to follow the same evolutionary path of PTS2-to-PTS1 cargo conversion. Hence, PTS2-to-PTS1 cargo transition occurred in Nannochloropsis prior and independent of any mutational PEX7 gene inactivation and while the PTS2 pathway is still fully functional. The driving force and evolutionary advantage for PTS2-to-PTS1 cargo transition remains elusive.

The absence of the PTS2 pathway in several groups of Chromalveolates can partly be explained by their evolutionary history. The organisms evolved undoubtedly by secondary endosymbiosis of a red alga, proven by the presence of chlorophyll c in their plastids (Cavalier-Smith, 1999). Recent publications support a polyphyletic origin of different subgroups of Chromalveolates rather than their common monophyletic origin because many nuclear, mitochondrial and plastidic genes were found to stem from unexpected origins, including even green algae, non-cyanobacterial prokaryotes and genes from sister groups of Chromalveolates (Yoon et al., 2002; Baurain et al., 2010; Keeling, 2010; Qiu et al., 2013; Dorrell et al., 2017). Moreover, Chromalveolates are now known to have gone through several independent endosymbiotic events. Hence, at least the two nuclear genomes, namely that of the heterotrophic host cell (which encoded all PEX and cargo proteins of both peroxisomal import pathways) and that of the red alga (which encoded all PEX and cargo proteins at least of the PTS1 pathway), were merged upon red alga engulfment in Chromalveolates. This new quasi-duplicated chimeric “nuclear genome entity” likely has allowed and favored the gradual reduction of PTS2 cargo numbers up to the complete loss of the PTS2 pathway for several reasons: (i) the evolutionary driving force for size reduction of the duplicated genome, (ii) the advantage that the red alga probably had already established and could contribute its (yet unknown) mechanism of PTS2-to-PTS1 cargo transition, and (iii) the simultaneous presence of two orthologous gene copies of peroxisomal enzymes, allowing PTS2-to-PTS1 cargo conversion of one copy via non-functional cytosolic enzyme intermediates (Reumann et al., 2016). The heterogeneity of the PTS2 pathway presence and its differential usage intensity in stramenopiles (Figure 6) support the hypothesis of an independent loss of the PTS2 pathway in red algae and several groups of Chromalveolates. In any case, the nuclear genome of the red alga definitely had a significant impact on genome enrichment and peroxisome biogenesis in ancestral Chromalveolates, which favored diversification, speciation and the amazing success of nowadays chromalveolates in conquering ecological niches.
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aa, amino acid; ALNS, allantoin synthase; ASW, artificial sea water; At, Arabidopsis thaliana; CaMV, cauliflower mosaic virus; DC, decarboxylase; DECR, 2,4-dienoyl-CoA reductase; DHNS, 1,4-dihydroxy-2-naphthoyl-CoA synthase; dpt, days post transformation; EMB8, embryogenesis-associated protein 8; EPA, eicosapentaenoic acid; EYFP/GFP, enhanced yellow/green fluorescent protein; HIT, histidine triad family protein; HIUase, 5-hydroxyisourate hydrolase; IndA, indigoidine synthase A; MDH, malate dehydrogenase; MLS, malate synthase; Ng, Nannochloropsis gaditana; OHCU, 2-oxo-4-hydroxy-4-carboxy-5-ureidoimidazoline; PEX, peroxin; PfkB, 6-phosphofructokinase; PGL3, 6-phosphogluconolactonase 3; PKT, peroxisomal 3-ketoacyl thiolase; PTS1/2, peroxisomal targeting signal type 1/2; PUFA, polyunsaturated fatty acid; PUKI, pseudouridine kinase; PUMY, pseudouridine monophosphate glycosylase; TEM, transmission electron microscopy.

FOOTNOTES
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Peroxisomes are membrane-bound organelles involved in many metabolic pathways and essential for human health. They harbor a large number of enzymes involved in the different pathways, thus requiring transport of substrates, products and cofactors involved across the peroxisomal membrane. Although much progress has been made in understanding the permeability properties of peroxisomes, there are still important gaps in our knowledge about the peroxisomal transport of metabolites and cofactors. In this review, we discuss the different modes of transport of metabolites and essential cofactors, including CoA, NAD+, NADP+, FAD, FMN, ATP, heme, pyridoxal phosphate, and thiamine pyrophosphate across the peroxisomal membrane. This transport can be mediated by non-selective pore-forming proteins, selective transport proteins, membrane contact sites between organelles, and co-import of cofactors with proteins. We also discuss modes of transport mediated by shuttle systems described for NAD+/NADH and NADP+/NADPH. We mainly focus on current knowledge on human peroxisomal metabolite and cofactor transport, but also include knowledge from studies in plants, yeast, fruit fly, zebrafish, and mice, which has been exemplary in understanding peroxisomal transport mechanisms in general.
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INTRODUCTION

Peroxisomes are single-membrane bound organelles found in virtually all eukaryotic cells, ranging from unicellular yeasts to plants and mammals, including humans. The organelles are highly dynamic in nature and play an indispensable role in various metabolic pathways. In humans, peroxisomes are responsible for the alpha- and beta-oxidation of specific classes of fatty acids, the synthesis of bile acids and plasmalogens, detoxification of glyoxylate, and H2O2 metabolism (Wanders et al., 2018). Overall, more than 60 enzymatic activities have been identified in mammalian peroxisomes (Wanders and Waterham, 2006). Some of the responsible enzymes are associated with the outer surface of the peroxisomal membrane, such as fatty acyl-CoA reductase (FAR1), acyl/alkyl DHAP reductase (PexRAP), and some of the acyl-CoA synthetases, but most peroxisomal enzymes reside in the peroxisomal matrix. The metabolic reactions they catalyze require the import and export of substrates, products, and cofactors across the peroxisomal membrane. Transport of bulky molecules is achieved by specialized transporter proteins located in the peroxisomal membrane. However, for the transport of small molecules two types of transport proteins appear to function simultaneously in the peroxisomal membrane: size-selective pore-forming proteins and carrier proteins. Ever since it was first postulated 30 years ago (van Veldhoven et al., 1987), passive diffusion through pore-forming proteins has remained hotly debated (see “Pore-Forming Proteins”). However, very few carrier proteins have been identified in the peroxisomal membrane, and these proteins alone cannot account for the transport of the large variety of molecules involved in enzymatic reactions within peroxisomes (see “SLC Family of Mitochondrial Solute Transporters”).

Proteomic analysis of mammalian peroxisomes together with sequence-based prediction tools and studies of the individual proteins has led to the identification of some peroxisomal metabolite transporters. Based on their properties and/or sequence similarity, these membrane proteins can be categorized into four groups of transporters, which will be discussed separately. The first group includes membrane proteins that show an ability to form pore-like channels and facilitate the passage of small metabolites (Pex11beta, PXMP2 (PMP22), BAK). The second group includes active transporters that use ATP-hydrolysis as an energy source [ABCD1 (ALDP), ABCD2 (ALDRP), and ABCD3 (PMP70)]. The third group includes proteins that, based on sequence similarity, belong to the different families of mitochondrial solute transporters [SLC25A17 (PMP34), MCT1 (SLC16A1), MCT2 (SLC16A7)]. Finally, the fourth group includes several uncharacterized membrane proteins that may play a role in peroxisomal transport [PXMP4 (PMP24), TMEM135 (PMP52)].

The main function of the metabolite transporters in peroxisomes is direct transport of the metabolites across the membrane. In addition, in analogy to the situation in mitochondria, the existence of specific peroxisomal shuttle systems in mammals (Gee et al., 1974), yeasts (van Roermund et al., 1995), and plants (Pracharoenwattana et al., 2007, 2010) has been reported or predicted, which are responsible for small metabolites-mediated reoxidation of NADH and reduction of NADP+. In contrast to yeasts and plants, for humans the existence of such shuttle systems still needs to be demonstrated convincingly.

In this review, we discuss the currently known peroxisomal metabolite transporters with focus on the transport of cofactors and describe the possible involvement of shuttle systems. We will focus mainly on such proteins in humans and partly in plants, yeast, fruit fly, zebrafish, and mice. For previous reviews on peroxisomal metabolite transport we refer to Antonenkov and Hiltunen (2006, 2012), Visser et al. (2007b), Plett et al. (2020), and for a specialized review on peroxisomal metabolite transporter proteins in plants, we refer to an excellent review by (Charton et al., 2019).



PORE-FORMING PROTEINS

The most widely accepted mechanism of transfer of small metabolites across the peroxisomal membrane is via size-selective pore-forming channels. This mechanism of transfer is involved in both import and export of metabolites. However, it is not clear if all low-molecular-weight metabolites cross the peroxisomal membrane through non-selective pores, or that for some of these selective transporters are required.

The first indication for pore-forming proteins in the peroxisomal membrane was provided by de Duve and Baudhuin (1966) who found that purified peroxisomes are permeable to sucrose and pose much higher permeability to H2O2 than other membranes. Later, van Veldhoven et al. (1987) determined in more detail the permeability properties of purified peroxisomes and liposomes with reconstituted peroxisomal membranes. They observed rapid uptake of a wide range of low-molecular-weight solutes and proposed that peroxisomes contain pore-forming proteins.

The concept that peroxisomes are permeable to low molecular weight metabolites was largely based on in vitro experiments with purified peroxisomes. It is known, however, that peroxisomes lose their structural integrity upon cell homogenization and subsequent purification procedures. To overcome this potential problem, Verleur and Wanders (1993) designed a semi-intact cell system in which the cellular membrane of rat hepatocytes was permeabilized with digitonin, while the integrity of peroxisomes remained intact. In these studies, different peroxisomal enzymes including urate oxidase, D-amino acid oxidase, and L-hydroxy-acid oxidase did not show structure-linked latency, which suggested free, unrestricted transfer of urate, D-alanine, and glycolate across the peroxisomal membrane. In contrast, the enzyme dihydroxyacetone phosphate acyltransferase, which generates acyl-DHAP from palmitoyl-CoA and DHAP, did show structure-linked latency when studied in digitonin-permeabilized human skin fibroblasts. The subsequent finding that the addition of (Mg++)ATP resolved the structure-linked latency provided the first indication of ATP-driven transport of acyl-CoAs across the peroxisomal membrane (Wolvetang et al., 1990, 1991).

Perhaps the most compelling evidence in favor of the functional presence of pore-forming proteins in vivo was provided by DeLoache et al. (2016). In this study an ingenious approach was used in which β-glucosidase was targeted to yeast peroxisomes by means of a specifically designed enhanced peroxisomal targeting signal type 1 (PTS1). To allow uptake of the substrates of β-glucosidase by the yeast cells, the β-glucosidase-PTS1 was co-expressed with the appropriate transporter targeted to the cell membrane. The substrates for β-glucosidase tested in this cell model were all labeled with the dye 5-bromo-4-chloro-indoxyl (BCI) that becomes fluorescent after hydrolysis by β-glucosidase. It was found that BCI-labeled glucoside (409 Da) and -cellobioside (571 Da) were hydrolyzed by the peroxisomal β-glucosidase and thus able to enter the peroxisomal matrix, whereas the larger molecule BCI-labeled cellotrioside (733 Da) showed restricted permeability. Interestingly, the peroxisomal membrane was also found permeable to L-tryptophan (204 Da) and 2-imino-3-(indol-3-yl)propanoic acid (202 Da) but not to 2,5-diiminio-3,4-bis(indol-3-yl)hexanedioate (402 Da). As the size of the latter molecule is similar to that of BCI-labeled glucoside, these findings suggest that the permeability of the peroxisomal membrane for molecules may not only depend on size, but also on other physical properties, such as shape or charge of the molecules.

Over the years, a number of experiments have shown restricted permeation of the peroxisomal membrane to H2O2 (Antunes and Cadenas, 2000; Branco et al., 2004; Fransen and Lismont, 2018). Furthermore, the existence of a proton gradient (Dansen et al., 2000; Lasorsa et al., 2004; van Roermund et al., 2004; Godinho and Schrader, 2017), and a Ca2+gradient (Lasorsa et al., 2008) had been reported for peroxisomes. It should be noted, however, that such proton and Ca2+ gradients could also be the consequence of a difference in the number of protons and Ca2+ ions coupled to bulky molecules (e.g., lipids, proteins) localized inside and outside the peroxisomes and thus does not necessarily require the peroxisomal membrane to be impermeable to these ions (Rokka et al., 2009).

PXMP2 (PMP22) was the first reported peroxisomal protein with pore-forming activity. The diameter of the PXMP2 pore was estimated to be 1.4 nm with selectivity to solutes with molecular size below 600 Da (Figure 2). In an attempt to elucidate its physiological role, PXMP2 was deleted in mice. The Pxmp2 knock-out mice showed a virtually normal phenotype, which was explained by the authors as a consequence of functional redundancy due to the presence of different pore-forming proteins in peroxisomes which compensate for the loss of PXMP2 (Rokka et al., 2009; Vapola et al., 2014). However, the PXMP2 deficiency in mice was associated with severe problems in mammary glands development and decreased levels of myristic acid and some diacylglycerols and phospholipids with polyunsaturated fatty acids in the mammary fat pad. This suggests that the redundancy brought forward by Rokka et al. (2009) may differ per cell- and tissue type (Vapola et al., 2014).

Another human peroxisomal protein that may form a size-selective channel is Pex11. In yeast mutants with a deletion of Pex11, the beta-oxidation of fatty acids is affected in whole cells, but in cell lysates normal beta-oxidation was found (van Roermund et al., 2000). This may be explained by an involvement of Pex11 in the transport of some of the metabolites across the peroxisomal membrane. Mindthoff et al. (2016) reported that Pex11 from yeast actually forms a membrane channel with the ability to transport non-selectively metabolites with a molecular weight below 400 Da.

Human peroxisomes contain three different Pex11 isoforms: Pex11α, Pex11β, and Pex11γ (Tanaka et al., 2003; Figure 2). Of these, Pex11β is best studied. The protein is widely expressed and plays an essential role in peroxisome proliferation. Loss of Pex11β results in fewer peroxisomes which are bigger in size in cells, whereas clinically the patients show resemblance to patients with a Zellweger spectrum disorder (Ebberink et al., 2012). Pex11γ was found to have a similar function as Pex11β and also appears to be involved in the elongation of peroxisomes (Koch et al., 2010; Koch and Brocard, 2012). Yet, Pex11γ cannot functionally complement Pex11β deficiency (Ebberink et al., 2012) and so far no patients with a deficiency of PEX11γ have been found. Pex11α shows tissue-specific expression, mainly in adipose tissue, liver, kidney, heart, gastrocnemius, and brain (Chen et al., 2018), and its function is not yet well described. Similar to other Pex11 isoforms, Pex11α appears to be involved in peroxisomal proliferation as overexpression of Pex11α induces the formation of smaller peroxisomes (Koch et al., 2010). Interestingly, Pex11α knock-out mice show an accumulation of very long- and long-chain fatty acids and develop obesity due to dyslipidemia (Chen et al., 2018). While the observed changes in metabolism of Pex11-deficient cell lines may be caused by dysfunction of peroxisomal fission, it may also be related to the involvement of Pex11 in the transport of metabolites. The high level of protein sequence similarity between yeast and human makes the human PEX11 proteins candidates for a non-selective peroxisomal channel.

To study the possibility that PXMP2 and Pex11β are involved in H2O2 export, the two encoding genes have been deleted in the human cell line HEK293 in which the enzyme D-amino acid oxidase is overexpressed to induce intraperoxisomal H2O2 levels. Intraperoxisomal H2O2 was measured in vivo using a fluorescent H2O2 biosensor targeted to peroxisomes. Single and double deletions of both PXMP2 and Pex11β did not lead to any change in the concentration of intraperoxisomal H2O2 (Lismont et al., 2019a, b), which most probably excludes a role of these two proteins in H2O2 export. These findings also indicate that PXMP2 and Pex11β are not required for the import of D-alanine, the substrate of D-amino acid oxidase.

Hosoi et al. (2017) recently reported that the mitochondrial protein BAK may regulate peroxisomal permeability. BAK is a proapoptotic protein that belongs to the Bcl-2 family and is able to oligomerize to form a membrane pore. Mitochondrial localization of BAK is regulated by the mitochondrial membrane protein VDAC2 that stabilizes the mitochondrial targeting signal of BAK (Roy et al., 2009; Naghdi et al., 2015). Surprisingly, a deletion of VDAC2 in CHO cell lines resulted in a predominantly peroxisomal localization of BAK. Subsequently, it was found that BAK was also localized to peroxisomes in wild-type CHO and HeLa cells (Figure 2). When overexpressed BAK is targeted to peroxisomes by fusion to the peroxisomal membrane protein Pex26, it induces the release of peroxisomal matrix proteins, such as catalase, into the cytosol (Hosoi et al., 2017).

Peroxisomes possess a unique machinery for the import of peroxisomal matrix proteins, which involves the generation of transiently formed membrane pores that allow import of fully folded proteins or even protein complexes. Two different types of pores can be formed in order to import proteins targeted by PTS1 and PTS2 signals, respectively, with an estimated PTS2 pore size in S. cerevisiae of ∼4.7 nm (Montilla-Martinez et al., 2015). Remarkably, the transient and possibly selective nature of this pore allows translocation of proteins without apparent major leakage of metabolites in vivo.



PEROXISOMAL SOLUTE IMPORT


Fatty Acid Import and the Role of the ABCD Transporters

In humans, beta-oxidation of fatty acids occurs inside mitochondria and peroxisomes. Peroxisomes in particular handle fatty acids that cannot be degraded in mitochondria (1) very-long-chain fatty acids, which are fatty acids with carbon chains of at least 22 atoms long; (2) branched-chain fatty acids like pristanic acid (2,6,10,14-tetramethylpentadecanoic acid); (3) the bile acid intermediates di- and trihydroxycholestanoic acid and (4) long-chain dicarboxylic acids (see also review by Wanders et al., 2018). The peroxisomal import of fatty acids is mediated by three peroxisomal members of the ABC (ATP-binding cassette) superfamily: ABCD1 (also known as ALDP), ABCD2 (also known as ALDR), and ABCD3 (also known as PMP70) (Figure 1A).
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FIGURE 1. Currently known CoA-dependent enzymatic reactions and transporters in human peroxisomes. (A) Fatty acids undergo beta-oxidation after import as acyl-CoA esters into peroxisomes. During beta-oxidation, acyl-CoAs are shortened to acyl(n-2)-CoA and acetyl-CoA molecules are produced. Peroxisomal beta-oxidation is mediated by the enzymes acyl-CoA oxidase 1, 2, and 3 (ACOX1, ACOX2, and ACOX3), L- and D-bifunctional protein (LBP and DBP), acetyl-CoA acyltransferase 1 (ACAA1), and sterol carrier protein x-related thiolase (SCPx). One CoA molecule is required for each circle of beta-oxidation. Acyl-CoA molecules produced during beta-oxidation may be hydrolyzed by thioesterases into fatty acids or acetate or converted to carnitine esters by CRAT and CROT, thereby producing free CoA. Free fatty acids and acetate can probably exit peroxisome directly after which ACSL, located on the cytosolic side of peroxisomal membrane, may be involved in the reactivation of the fatty acid and acetate. It is unclear which transporter is responsible for the export of acyl-carnitines. The peroxisomal enzyme GNPAT uses acyl-CoA esters for the acylation of DHAP during ether-linked lipid biosynthesis. During this reaction free CoA is released. Phytanoyl-CoA undergoes alpha-oxidation inside peroxisomes, resulting in the formation of formyl-CoA, which spontaneously splits into formic acid and CoA. Another product of alpha-oxidation – pristanic acid - is reactivated into pristanoyl-CoA by peroxisomal ACSVL. The bile acids THCA-CoA and DHCA-CoA are subjected to one cycle of beta-oxidation in peroxisomes during which choloyl-CoA and deoxycholoyl-CoA are produced and subsequently converted to glycine or taurine conjugates by BAAT. It is unknown how the conjugates are exported from the peroxisomes. It has been suggested that PMP34 imports free CoA into peroxisomes. The CoA diphosphohydrolases NUDT19 and NUDT7 degrade CoA into 3′,5′-ADP, and 4′-phosphopantetheine, which are subsequently exported from peroxisomes, possibly by PMP34. Proteins of the ABCD subfamily import acyl-CoA molecules into peroxisomes. During the import, the ester bond of acyl-CoA is hydrolyzed, and fatty acids subsequently undergo re-esterification by the intraperoxisomal ACSVL proteins. It is unknown whether the CoA molecule from acyl-CoA is also imported into the peroxisomal matrix after hydrolysis. (B) ABCD1, ABCD2, and ABCD3 transporters have different substrate affinities, as shown on the right. After the import of fatty acids, they are esterified by the ACSVL proteins in a CoA- and ATP-dependent reaction. ABCD proteins were shown to hydrolyze the ester bond in the CoA esters during import, although it has also been suggested that ABCD transporters import acyl-CoA molecules without hydrolysis of the ester bond (see text for more information). Enzymatic reactions or molecules belonging to the same metabolic pathway are marked with background color and listed at the bottom.


ABC transporters form one of the largest superfamilies of membrane transporters. Of the four members of the ABCD sub-family encoded in the human genome, ABCD1-3 are localized exclusively in peroxisomes, while ABCD4 is localized in the lysosomal membrane. ABCD1-3 are half ABC transporters that require homo- (van Roermund et al., 2011, 2014) or heterodimerization (Hillebrand et al., 2007) to form a functional full ABC transporter that contains a dimeric nucleotide-binding domain (NBD) and a transmembrane domain, that consists of two six-transmembrane helices. The general mechanism of transport mediated by ABC transporters involves binding and hydrolysis of ATP that is coupled to conformational changes in the transmembrane domain (TMD), which cause the formation of outward- and inward-facing conformations that mediates the transport of the substrates (Hollenstein et al., 2007). Transporters with greater substrate affinity in the inward-facing conformation, including ABCD transporters, are classified as ABC exporters.



ABCD1 and ACBD2

ABCD1 and ABCD2 share significant sequence similarity and have been shown by functional complementation experiments to exhibit overlapping substrate specificities (Morita and Imanaka, 2012).

The ABCD1 and ABCD2 genes have different expression patterns that also vary during brain development. In the adult, ABCD1 is expressed mainly in the adrenal gland, heart, intestine, kidney, liver, lung, placenta, and testis, while ABCD2 is expressed in the adrenal gland, brain, heart, liver, lung, and skeletal muscle (reviewed by Kemp et al., 2011). Interestingly, the expression of ABCD1 in the brain is highest at birth and decreases over time, while ABCD2 expression increases after birth (Berger et al., 1999). Also, expression profiles differ between cell types; ABCD1 is expressed in astrocytes, microglial cells, and Schwann cells, but not in neurons, while ABCD2 is expressed in neurons, astrocytes, and microglia (Fouquet et al., 1997; Troffer-Charlier et al., 1998; Kemp et al., 2011).

Mutations in the ABCD1 gene result in the human neurodegenerative disorder X-linked adrenoleukodystrophy (X-ALD); so far no disease has been linked to mutations in the ABCD2 gene. This may relate to metabolic aberrations occurring in cell types in which there is no co-expression of ABCD2 with ABCD1. X-ALD is the most frequently occurring peroxisomal disorder and characterized by the accumulation of very long-chain fatty acids (VLCFAs) in the brain, adrenal glands, and plasma (Kemp et al., 2012). Although the accumulation of VLCFAs in X-ALD patients pointed to a role of ABCD1 in transporting VLCFAs across the peroxisomal membrane, the actual transport mechanism has long remained unclear, mainly because the hydrophobic nature of VLCFAs makes classical in vitro transport experiments with liposomes difficult. However, the transport of fatty acids by human ABCD1 and ABCD2 could be resolved in vivo by means of functional expression in the yeast Saccharomyces cerevisiae (van Roermund et al., 2008). In contrast to human cells which can beta-oxidize fatty acids both in mitochondria as well as in peroxisomes, beta-oxidation of fatty acids in S. cerevisiae is exclusively peroxisomal. Pxa1p and Pxa2p are yeast orthologs of the human ABCD proteins and are essential for the peroxisomal import of fatty acids as their corresponding acyl-CoA esters. After deletion of the two genes encoding the yeast Pxa1 and Pxa2 proteins, the resulting pxa1Δ/pxa2Δ cells are no longer able to grow on fatty acids, including oleate, as sole carbon source, and are deficient in fatty acid beta-oxidation. Expression of human ABCD1 or ABCD2 in the pxa1Δ/pxa2Δ cells was found to rescue the beta-oxidation of a number of fatty acids. These studies showed that ABCD1 and ABCD2 have overlapping specificities but different preferences: ABCD1 expression rescued beta-oxidation of saturated very-long chain fatty acids C24:0 and C26:0 best, whereas ABCD2 expression was best in rescuing the beta-oxidation of C22:0 and poly unsaturated fatty acids C22:6 and C24:6 (van Roermund et al., 2008, 2011, 2014). This is in line with the finding that ABCD1-deficient fibroblasts predominantly accumulate C24:0 and C26:0 (Ofman et al., 2010). The substrate preference of ABCD2 for unsaturated fatty acids is also in agreement with the reported decreased levels of docosahexaenoic acid C22:6-omega-3 in Abcd2-deficient mice (Fourcade et al., 2009; Figure 1B).

An additional indication for functional overlap between ABCD1 and ABCD2 comes from the finding of a more severe phenotype in mice with combined ABCD1 and ABCD2 deficiency in comparison to single ABCD1 or ABCD2 deficiency (Pujol et al., 2004). In line with the somewhat overlapping, yet distinct functions of ABCD1 and ABCD2, a double knock out of the ABCD1 and ABCD2 genes in microglial cells (BV-2 cell line) was found to lead to the accumulation of both VLCFAs and PUFAs, while only minor changes were found in cells with a single knock out of ABCD1 or ABCD2 in this study (Raas et al., 2019). Also, overexpression of ABCD2 in X-ALD fibroblasts restored beta-oxidation of VLCFA (Netik et al., 1999).

Partial functional overlap between ABCD1 and ABCD2 was also shown in experiments with overexpression of ABCD2-GFP under control of a doxycycline-inducible promoter in the H4IIEC3 rat hepatoma cell line. The expression level of ABCD2 inversely correlated with the abundance of not only C24:1 and C26:1 but also C24:0 and C26:0 (Genin et al., 2011).

Upon incubation with oleate, pxa1Δ/pxa2Δ yeast cells show an accumulation of oleoyl-CoA (C18:1-CoA), while the levels of the first intermediate of beta-oxidation, i.e., 2-enoyl-CoA (C18:2-CoA) generated by acyl-CoA oxidase, were lowered. This strongly suggests that fatty acids are imported by Pxa1p/Pxa2p in the form of CoA-esters. The introduction of human ABCD1 into this yeast strain resulted in a restoration of the C18:2-CoA/C18:1-CoA ratio, which indicates that ABCD1 is also transporting acyl-CoA esters (van Roermund et al., 2008; Figure 1B).



ABCD3

The role of ABCD3 in the transport of fatty acids was suggested after the overexpression of human ABCD3 in Chinese hamster ovary (CHO) cells. Overexpression of wild-type ABCD3 led to a two-fold increase of beta-oxidation of palmitic acid while expression of ABCD3 containing a mutation in the Walker A motif, essential for ATP-binding, reduced beta-oxidation (Imanaka et al., 1999).

Expression in yeast showed that the substrate specificity of ABCD3 partially overlaps with that of ABCD1 and ABCD2 but differs in preference (van Roermund et al., 2014). ABCD3 has substrate specificity towards the CoA-esters of long-chain saturated and long-chain unsaturated (C16:0, C18:1, C18:2, C20:5, C22:6), long-branched chain (pristanic acid), and long-chain dicarboxylic fatty acids (C16:0 DCA) (van Roermund et al., 2014; Figure 1B). Inhibition of ABCD3 by means of a specific antibody substantially decreased beta-oxidation of C26:0 in isolated peroxisomes but not in homogenates from X-ALD fibroblasts, which suggests that ABCD3 accounts for the residual beta-oxidation activity (about 30%) measured in these fibroblasts (Wiesinger et al., 2013). Transport activity by ABCD3, as well as by the other ABCD proteins, is dependent on intra-peroxisomal acyl-CoA synthetase activity, which implies that ABCD3-mediated transport involves a re-esterification step. This aspect was specifically addressed by van Roermund et al. (2012) who provided direct experimental evidence in favor of this postulate as discussed below under “ATP Transport” (Figure 1B).

Transport of long-branched chain fatty acids across the peroxisomal membrane is mediated preferentially by ABCD3. This was confirmed by findings in cells of a patient with a genetically determined deficiency of ABCD3, which revealed reduced beta-oxidation of the long-branched chain fatty acid pristanic acid, whereas C26:0 beta-oxidation was normal in these cells. Furthermore, supplementation of phytol (precursor of phytanic acid) to the diet of Abcd3(-/-) mice led to much higher accumulation of phytanic acid and pristanic acid than in wild type mice (Ferdinandusse et al., 2015).

Measurement of the peroxisomal biomarkers in plasma from the ABCD3-deficient patient revealed the accumulation of di-and trihydroxycholestanoic acid in line with the presumed role of ABCD3 in the transmembrane transport of these bile acid intermediates. Similar observations were made in the Abcd3-/- mice which accumulated C27-bile acids in the liver, bile, and intestine, whereas the concentration of the different C24 bile acids was reduced (Ferdinandusse et al., 2015).

Under normal conditions, peroxisomal beta-oxidation is the exclusive route for the oxidation of VLCFAs, long-branched chain fatty acids and dicarboxylic acids, and mitochondrial fatty acid beta-oxidation the major route for oxidation of short-, medium-, and long-chain fatty acids in humans. However, when mitochondrial beta-oxidation is compromised, as in the mitochondrial beta-oxidation deficiencies, peroxisomal fatty acid oxidation may serve as an alternative route for the oxidation of short-, medium-, and long-chain fatty acids (Violante et al., 2013, 2018). This was shown elegantly by combining a defective mitochondrial fatty acid oxidation, generated by introducing a CPT1A deletion or by adding a CPT1 inhibitor, with a defective peroxisomal beta-oxidation, generated by disrupting the gene coding for PEX13, essential for peroxisome biogenesis. While the CPT1A-depleted cells still oxidized medium- and long-chain fatty acids, this oxidation was completely deficient when PEX13 was depleted as well. In HEK293 cell lines with defects in mitochondrial fatty acid oxidation, ABCD3 was shown to be crucial for the transport of mitochondrial fatty acids substrates (C10:0, C12:0, C16:0) into peroxisomes. Remarkably, these experiments indicated that ABCD3 can transport these fatty acids not only in the form of CoA-esters but also as acylcarnitine esters (Violante et al., 2018; Figure 1B).



SLC Family of Mitochondrial Solute Transporters

The SLC (SoLute Carrier) family is the second-largest family of membrane proteins in the human genome consisting of over 450 members. Members of the family include passive transporters, symporters, and exchangers but not primary active transporters, ion channels, or aquaporins (Höglund et al., 2011). So far, the location of five members of three sub-families of SLC proteins (SLC16, SLC25, and SLC27) have been reported in the human peroxisomal membrane, although the evidence is not always that conclusive.



SLC16 Transporters

The SL16 family includes the monocarboxylate transporters (MCTs), which are secondary active transporters that display a broad range of specificity to small metabolites and, for their function, depend on proton-gradients. A few studies have reported the presence of MCT1 and MCT2 in the peroxisomal membrane (Figure 2).
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FIGURE 2. Currently known NAD+/NADH- and NADP+/NADPH-dependent peroxisomal enzymatic reactions, transport of NAD+/NADH, NADP+/NADPH, NMNH+, AMP, and 2′,5′-ADP, and role of shuttle systems. NAD+/NADH and NADP+/NADPH may be imported into peroxisomes by specific transporters or co-imported with fully folded NAD(H)/NADP(H)-dependent enzymes. During peroxisomal beta-oxidation, D- and L-bifunctional proteins (DBP and LBP) catalyze the second (hydration) and third (dehydrogenation) step of beta oxidation. During the dehydrogenation, NAD+ is reduced to NADH. Subsequent reoxidation of NADH may be mediated by the three different dehydrogenases located inside peroxisomes: LDHB, which converts pyruvate into lactate; MDH1, which converts oxaloacetate into malate; GPD1, which converts DHAP into G3P. During beta-oxidation, the double bound(s) of mono-/polyunsaturated fatty acids are reduced by the peroxisomal enzyme 2,4- dienoyl-CoA reductase (DECR2). During the reduction, NADPH is oxidized to NADP+. NADPH is also oxidized by TER during convertion of phytenoyl-CoA into phytanoyl-CoA. NADP+ is reduced back to NADPH by IDH1, which converts isocitrate into 2-OG. The import and export of small metabolites [pyruvate, lactate, oxaloacetate, malate, DHAP, G3P, isocitrate, and 2-oxoglutarate (2-OG)] is probably mediated by the peroxisomal pore-forming proteins (PXMP2, Pex11α, Pex11β, and Pex11γ) that allow passage of molecules with a size below 600 Da. The role of another pore-forming protein BAK in the permeability of the peroxisomal membrane remains unclear. Monocarboxylate transporters MCT1 and MCT2 may be involved in the transport of lactate and pyruvate. The pyrophosphatase NUDT12 mediates NADH degradation (to NMNH and AMP) and NADPH degradation (to NMNH and 2’,5′-ADP). The products of NADH/NADPH degradation are subsequently exported from peroxisomes, probably by PMP34. Enzymatic reactions or molecules belonging to the same metabolic pathway are marked with background color and listed at the bottom.


MCT1 and MCT2 share 59 percent of amino acid identity and have overlapping functions (Felmlee et al., 2020). MCT1 (SLC16A1) displays specificity to a number of substrates: lactate, pyruvate, acetoacetate, 2-oxoisohexanoate, 2-oxoisovalerate, and butyrate (Bröer et al., 1998) (Borthakur et al., 2006). The protein is expressed in most tissues (Morris and Felmlee, 2008; Uhlén et al., 2015) and mainly found in the plasma membrane (Kirk et al., 2000) and the nucleus (Valença et al., 2015; Thul et al., 2017). This transporter is classified as a H+ exchanger and is also involved in pH homeostasis control (Chatel et al., 2017). Several patients with MCT1 deficiency have been reported, who display predominantly ketoacidosis with increased excretion of 3-hydroxybutyrate and acetoacetate (van Hasselt et al., 2014). Of note, the patients did not show metabolic aberrations that can be attributed to metabolic dysfunctioning of peroxisomes.

MCT2 (SLC16A7) is a high-affinity pyruvate (Lin et al., 1998) and lactate (Bröer et al., 1999) transporter, also localized mainly in the plasma membrane. MCT2 from rat also shows an ability to transport β-hydroxybutyrate, acetoacetate, 2-oxoisovalerate, and 2-oxoisohexanoate (Bröer et al., 1999). Expression of MCT2 is tissue-specific: mainly in testis but also in spleen, heart, kidney, pancreas, skeletal muscle, brain, liver, and leukocytes (Lin et al., 1998). High levels of expression are found in some types of cancer cells (Mathupala et al., 2004; Lee et al., 2012; Valença et al., 2015).

Partial localization of MCT1 and MCT2 in rat liver peroxisomes was initially reported by McClelland et al. (2003). This localization supported the hypothesis of a peroxisomal lactate shuttle involved in the peroxisomal exchange of lactate and pyruvate that would be required for the reoxidation of NADH, produced by peroxisomal beta-oxidation (see also “Shuttle Systems”). This hypothesis was supported by the stimulation of palmitoyl-CoA beta-oxidation of purified peroxisomes upon pyruvate supplementation. Also, an inhibitor of MCT proteins, α-cyano-4-hydroxycinnamate, was able to partly inhibit this stimulation (McClelland et al., 2003).

More recently, Valença et al. (2015) showed a peroxisomal localization of MCT2 in malignant prostate cells but not in immortalized benign prostate cells using immunofluorescence analysis. MCT1 was also studied in this study, but was mainly found in the nucleus and plasma membrane with only a minor localization in peroxisomes in prostate cancer cell lines. Involvement of MCT2 in cancerogenesis was indicated for prostate cancer (Pértega-Gomes et al., 2015), colorectal cancer (Lee et al., 2012), and glioblastoma (Mathupala et al., 2004), while MCT1 is a known biomarker for carcinogenesis and its overexpression is associated with breast, bone, colon, renal, and bladder cancers (Park et al., 2018). Apart from these two reports, no other information on a possible peroxisomal localization of MCT1 and MCT2 has appeared.



SLC25 Transporters

PMP34 encoded by the SLC25A17 gene is the human ortholog of the Saccharomyces cerevisiae peroxisomal ATP transporter Ant1p (Palmieri et al., 2001; Visser et al., 2002; Agrimi et al., 2011), the PMP47 protein of the yeast Candida boidinii (Wylin et al., 1998) and the peroxisomal CoA transporter from Zebrafish (Kim et al., 2019). PMP34 was localized to mammalian peroxisomes using immunofluorescence microscopy analysis (Wylin et al., 1998) and proteomic analysis (Islinger et al., 2007; Wiese et al., 2007; Gronemeyer et al., 2013). In vitro reconstitution of the human protein followed by substrate exchange studies revealed that this protein is able to transport CoA, FAD, and, to a lesser extent, NAD+ (Agrimi et al., 2011). Earlier work had suggested that the protein may serve as an ATP transporter, similar as its ortholog in S. cerevisiae (Visser et al., 2002), but this was disputed by Agrimi et al. (2011) (see “Peroxisomal ATP Transport”). The different metabolic functions of peroxisomes require the import of CoA, FAD, NAD+, and ATP; PMP34 is so far the only transporter identified in human peroxisomes that shows substrate specificity toward these cofactors. Two orthologs of PMP34 in zebrafish (SLC25A17 and SLC25A17−like proteins) were shown to act as a CoA transporters (Kim et al., 2019).

Recently, van Veldhoven et al. (2020) reported the characterization of a mouse with a complete, whole-body knock-out of PMP34. The loss of PMP34 did not cause an obvious phenotype in mice with a Swiss Webster genetic background. Peroxisomal α- and β-oxidation rates in PMP34-deficient fibroblasts or liver slices of the mice were not or only modestly affected and the peroxisomal content of cofactors like CoA, ATP, NAD+, thiamine-pyrophosphate, and pyridoxal-phosphate, based on direct or indirect data, appeared normal. However, when the knock-out mice were challenged with dietary phytol administration, this led to significantly higher levels of phytanic acid and pristanic acid in the liver of the PMP34 knock-out mice when compared to wild-type mice. The authors therefore concluded that PMP34 is important for the degradation of phytanic/pristanic acid and/or export of their metabolites, but could not resolve the actual function of the protein.



SLC27 Transporters

Acyl-CoA synthetases catalyze the esterification of fatty acids into their corresponding CoA esters, after which the fatty acyl-CoAs become substrate for different enzymes, including acyl-CoA oxidases that catalyze the first step in beta-oxidation. Furthermore, as discussed above, acyl-CoAs are also substrates for several transport proteins, including the ABCD proteins. In humans, two very-long-chain acyl-CoA synthetases have been partially localized to the peroxisomal membrane. These include acyl-CoA synthetase 5 - ACSVL5 (FATP4, SLC27A4) (Jia et al., 2007a) and acyl-CoA synthetase 1 – ACSVL1 (FATP2, SLC27A2) (Uchiyama et al., 1996; Steinberg et al., 1999). ACSVL5 was shown to have substrate specificity for very-long-chain fatty acids (Herrmann et al., 2001; Jia et al., 2007a) and ACSVL1 for long-chain, very-long-chain, branched-chain, and n-3 unsaturated (C18:3 and C22:6) fatty acids (Uchiyama et al., 1996; Steinberg et al., 1999; Melton et al., 2011); most of these fatty acids need to be oxidized inside peroxisomes. In addition to their enzymatic function in fatty acid esterification, ACSVL proteins have been suggested to also function as fatty acid transport proteins (FATP) and have thus been classified as SLC proteins. This suggestion was based on the finding of an increased uptake of fatty acids in cells upon overexpression of these proteins (Schaffer and Lodish, 1994; Hall et al., 2005). However, Jia et al. (2007b) showed that ACSVL5 (FATP4, SLC27A4) is driving fatty acid uptake but is not a transporter per se. Indeed, the authors postulated that ACSVL5 facilitates transport by trapping fatty acids in the form of their CoA esters thereby generating a large gradient across the peroxisomal membrane for free fatty acids (“Pulling Mechanism”). Other studies support this mechanism also for other acyl-CoA synthetases (Mashek and Coleman, 2006; Tong et al., 2006). More recently, Narita et al. (2016) presented findings that support the hypothesis that some of the human acyl-CoA synthetases possess transporter activity which is not related to the enzymatic activity. This followed from the observation that human ACSVL4 and some other acyl-CoA synthetases were able to transport long-chain bases of sphingolipids that lack a carboxyl group, the acceptor for CoA, and thus cannot be esterified (Narita et al., 2016). Also, Melton et al. (2011) showed that one of the isoforms of ACSVL1 lacks the ATP-binding domain and thus is unable to activate VLCFA, while it is still able to transport fatty acids when expressed in yeast and Hek293 cells.

The function of ACSVLs in peroxisomes remains controversial (reviewed by Watkins and Ellis, 2012) and they seem mainly involved in the activation of fatty acids rather than transport. However, the topographic orientation of ACSVLs in the peroxisomal membrane was never resolved definitively (Lageweg et al., 1991; Steinberg et al., 1999; Watkins, 2008; Watkins and Ellis, 2012), thus it remains the question whether the actual catalytic domain of these enzymes is facing the cytosol or the peroxisomal matrix.

Interestingly, both ACSVL1 and ACSVL5 have a non-canonical PTS1 signal (ACSVL1 has a C-terminal tripeptide LKL, and ACSVL5 – EKL). Also, the C-terminal peptide of ACSVL1 has more affinity for Pex5 than a C-terminal peptide from catalase (Ghosh and Berg, 2010). However, PTS1 signals normally target peroxisomal matrix proteins to peroxisomes and it has not been demonstrated that this signal can also target membrane proteins like ACSVL1 and ACSVL5.



Uncharacterized Putative Transporters

PXMP4 (PMP24) and PMP52 (TMEM135) are two peroxisomal membrane proteins that based on sequence similarity have been assigned to the Tim17 family (Žárský and Doležal, 2016). This family includes proteins that mediate different functions in multiple cellular compartments including mitochondria, plastids and peroxisomes.

PXMP4 is an evolutionary highly conserved protein among eukaryotes (Žárský and Doležal, 2016) which was first identified in rat peroxisomes (Reguenga et al., 1999) and later in human peroxisomes in different proteomic studies (Islinger et al., 2007; Wiese et al., 2007; Gronemeyer et al., 2013). The function of PXMP4 is unknown, but weak homology of PXMP4 with some bacterial permeases suggests that this protein may be involved in peroxisomal metabolite transport (Visser et al., 2007b). So far, only few reports on possible functions of PXMP4 have appeared.

The generation of natural killer T cells in a mouse model of type 1 diabetes and systemic lupus erythematosus was found to be regulated by two different genetic loci; one of them including the PXMP4 gene. The function of PXMP4 in NKT cell formation has remained unclear (Fletcher et al., 2008), but may be related to the finding that peroxisomal synthesis of ether-phospholipids is required for the generation of semi-invariant natural killer T cells (Facciotti et al., 2012). This would suggest a role of PXMP4 in transport of glycerol 3-phosphate and/or dihydroxyacetone-3-phosphate better known as glycerone-3-phosphate required for ether-phospholipid biosynthesis. Silencing of PXMP4 expression was found during the tumorigenesis of prostate cancer cells (Zhang et al., 2010) and upregulation of PXMP4 expression in arteries is associated with obesity (Padilla et al., 2014).

PMP52 (TMEM135) is a peroxisomal membrane protein predicted to have eight transmembrane domains (Žárský and Doležal, 2016). PMP52 has high homology to the mitochondrial protein Tim17, which is responsible for the insertion of mitochondrial membrane proteins. The peroxisomal localization of PMP52 in mammalian cells was demonstrated in several proteomic studies (Islinger et al., 2007; Wiese et al., 2007) and confirmed by overexpression of Myc-tagged PMP52 in CHO (Islinger et al., 2007), Huh7 and RPE1 (Maharjan et al., 2020) cell lines. In mouse fibroblast cells and monkey kidney fibroblast-like cells (Cos-7), PMP52 was localized to vesicular structures connected to mitochondria (Lee et al., 2016). Unfortunately, in this study only mitochondrial but no peroxisomal fluorescent markers were used, which renders it likely that the vesicular structures are actually peroxisomes and the reported mitochondrial localization might well be a misinterpretation of a peroxisomal-mitochondrial tether structure.

As for PXMP4, also the role of PMP52 has remained unclear and only few reports on possible functions have appeared. PMP52 has been proposed to play a role in peroxisomal turnover based on the finding that overexpression of PMP52 affects peroxisomal morphology and number (Islinger et al., 2007), but knockdown of PMP52 did not affect peroxisomal abundance (Maharjan et al., 2020). Instead, PMP52 depletion led to a decrease of lysosomal-peroxisomal contact sites and to accumulation of cholesterol in lysosomes (Maharjan et al., 2020). Previous studies already showed involvement of peroxisomes in cellular redistribution of cholesterol (Chu et al., 2015), and a role of PMP52 in this pathway may be related to peroxisomal turnover, insertion of membrane proteins, formation of contact sites or transport of metabolites (e.g., cholesterol).

In PMP52 knockdown mice a few peroxisomal matrix proteins – ACAA1 and SCP2 – were mislocalized to the cytosol which suggests a role of PMP52 in peroxisomal matrix protein import (Renquist et al., 2018). In the same study, an increased level of triglycerides was found in HepG2 cells with a knockdown of PMP52 (Renquist et al., 2018). Finally, in two different mouse models in which either very long-chain acyl-CoA dehydrogenase (VLCAD) or long-chain acyl-CoA dehydrogenase (LCAD) were disrupted, PMP52 levels were significantly elevated. Both LCAD and VLCAD are mitochondrial enzymes that catalyze the first step in mitochondrial long-chain fatty acid beta-oxidation. The increased PMP52 protein levels may relate to a regulatory mechanism required for mouse survival (Exil et al., 2010).



Peroxisomal Cofactors


Peroxisomal FAD Transport

FAD is an essential co-factor for enzymes involved in peroxisomal fatty acid beta-oxidation as well as peroxisomal oxidation of other substrates, including D-amino acids and L-pipecolic acid. FAD may be covalently linked to the enzymes, as is the case for PIPOX (peroxisomal sarcosine oxidase, also known as peroxisomal L-pipecolic acid oxidase) (Mihalik et al., 1991), or non-covalently linked, as is the case for most other peroxisomal oxidases (Lienhart et al., 2013).

In mitochondria, FAD import is mediated by an FAD transporter (Spaan et al., 2005). Two different mechanisms have been proposed for the import of FAD into peroxisomes; transport of FAD by PMP34 and co-import of FAD with the enzyme (Figure 3). The second mechanism was proposed based on the finding that peroxisomal matrix proteins may be imported into the peroxisomes as already fully folded proteins (Walton et al., 1995). One of the examples is acyl-CoA oxidase, which in the yeast Yarrowia lipolytica is imported into peroxisomes in the FAD-bound form as a heteropentameric complex (Titorenko et al., 2002). Acyl-CoA oxidases catalyze the first step in beta-oxidation, during which FADH2 is formed that subsequently is re-oxidized by direct transfer of electrons to O2, which results in the production of H2O2 within peroxisomes. H2O2 is subsequently converted to H2O and O2 by the peroxisomal enzyme catalase.
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FIGURE 3. Currently known FAD, PLP, ThPP, FMN, and heme-dependent enzymatic reactions in the peroxisomes and transport of FAD, PLP, ThPP, heme, FMN and AMP. Most of the peroxisomal matrix proteins are imported into peroxisomes via a PTS1-specific pore. Proteins may be imported as monomers or in a fully folded form complexed with their cofactor. Cofactors that may be co-imported with proteins are FAD (with ACOX and ADHAPS proteins), FMN (HAO1, HAO2, HAO3), ThPP (with HACL1), PLP (with AGT), and heme (with catalase). It has also been suggested that the PMP34 transporter can import free FAD into peroxisomes. In the peroxisome, FAD forms an active enzyme with apoenzyme ACOX. The pyrophosphatase NUDT12 may mediate the degradation of FAD to FMN and AMP. FMN and AMP are subsequently exported from peroxisomes, probably by PMP34. Acyl-CoA oxidases (ACOX) mediate the first (dehydrogenation) reaction of the beta-oxidation. During dehydrogenation, FAD is reduced to FADH2. FADH2 is re-oxidized by direct transfer of electrons to O2, resulting in the production of H2O2. H2O2 is degraded by the heme-dependent enzyme catalase to H2O and O2. It is unclear whether free ThPP or PLP are imported into peroxisomes. Alkyl-dihydroxyacetonephosphate synthase (ADHAPS) catalyzes the exchange in acyl-dihydroxyacetonephosphate (acyl-DHAP) of the acyl chain with long-chain alcohol through a non-redox mechanism. The ThPP-dependent enzyme 2-hydroxyacyl-CoA lyase (HACL1) catalyzes the cleavage of 2-hydroxyphytanoyl-CoA into pristanal and formyl-CoA during peroxisomal alpha-oxidation of phytanoyl-CoA. The PLP-dependent enzyme alanine-glyoxylate aminotransferase (AGT) catalyzes the transamination of glyoxylate to glycine during glyoxylate detoxification. The FMN-dependent enzymes 2-hydroxyacid oxidases (HAO1, HAO2, HAO3) catalyze oxidation of glycolate to glyoxylate. Enzymatic reactions or molecules belonging to the same metabolic pathway are marked with background color and listed at the bottom.


Ether-phospholipids are a class of phospholipids containing an ether bond at the sn-1 position of the glycerol backbone; the most abundant form of ether-phospholipids is plasmalogens (Wanders and Brites, 2010). A few peroxisomal enzymes are involved in the biosynthesis of ether-phospholipids. Of these, alkyl-dihydroxyacetonephosphate synthase (ADHAPS) catalyzes the exchange of the acyl chain with a long chain alcohol in acyl-dihydroxyacetonephosphate (acyl-DHAP). ADHAPS contains FAD as cofactor (de Vet et al., 2000) but during the enzyme reaction the redox state of FAD does not alter. Structural data showed that ADHAPS uses FAD to covalently trap substrates during the exchange reaction (Nenci et al., 2012). ADHAPS is targeted to peroxisomes via a PTS2 signal (Mizuno et al., 2013) and FAD may be co-imported with the protein.



Peroxisomal FMN Transport

Peroxisomes also contain the FMN-dependent enzymes HAO1, HAO2, and HAO3, which are 2-hydroxyacid oxidases (Jones et al., 2000; Recalcati et al., 2001; Murray et al., 2008). These enzymes are targeted to peroxisomes via a PTS1 signal. Similar as is the case for FAD, FMN is probably co-imported with the fully folded proteins into the peroxisomal lumen (Figure 3). Alternatively, FMN may be generated inside the peroxisomes by the FAD-degrading enzyme NUDT12 (see “Peroxisomal Solute Export”).



Peroxisomal ThPP Transport

The peroxisomal enzyme 2-hydroxyacyl-CoA lyase (HACL1) catalyzes the cleavage of 2-hydroxyphytanoyl-CoA into pristanal and formyl-CoA during peroxisomal alpha-oxidation of phytanoyl-CoA. HACL1 is a homotetrameric enzyme dependent on the cofactor thiamine pyrophosphate (ThPP) and Mg2+ (Foulon et al., 1999). HACL1 is targeted to peroxisomes by the PTS1 signal. Mutation analysis of HACL1 showed that HACL1 oligomerizes and is targeted to peroxisomes even when unable to bind ThPP (Fraccascia et al., 2011). Also, HACL1 activity can be increased when supplementing ThPP and MgCl2 during activity measurements (Foulon et al., 1999). Although it has not been elucidated whether HACL1 binds ThPP prior to or after import into peroxisomes, the above findings suggest that ThPP may be transported independently from HACL1. This is not mediated by PMP34, as this protein did not transport ThPP in vitro (Agrimi et al., 2011). In addition, the concentration of ThPP in peroxisomes isolated from the liver of PMP34-deficient mice was unchanged (van Veldhoven et al., 2020; Figure 3). In mitochondria ThPP is imported by a specialized ThPP transporter SLC25A19 (Lindhurst et al., 2006).



Peroxisomal PLP Transport

Peroxisomes in human liver contain the pyridoxal 5-phosphate (PLP)-dependent enzyme alanine-glyoxylate aminotransferase (AGT) encoded by the AGXT gene. AGT is targeted to peroxisomes by a non-canonical PTS1 signal. The crystal structure of the complex of Pex5 with AGT revealed that AGT in this complex contains PLP covalently attached to a Lys residue (Fodor et al., 2012), which suggests that covalently bound PLP is co-imported into peroxisomes with AGT (Figure 3).

Intracellular trafficking of PLP remains poorly understood, but it has been suggested that a selective mechanism of import of PLP into organelles, notably mitochondria, should also exist (Whittaker, 2016). Indirect evidence indicates that peroxisomal PLP levels are not affected in the liver of PMP34-deficient mouse, indicated that PMP34 is not involved in peroxisomal PLP import (van Veldhoven et al., 2020).



Peroxisomal Heme Transport

The prototypical peroxisomal protein catalase is a tetramer that contains 4 heme molecules. Heme is synthesized in the mitochondria. Free heme is probably cytotoxic and in the cytosol is sequestered by heme-binding proteins (Yuan et al., 2013). The majority of heme-dependent proteins bind heme in the cytosol. A few heme-dependent proteins are folded inside the ER lumen where they subsequently bind heme; it has been suggested that heme is transported into the ER through a mitochondria-associated endoplasmic reticulum membrane (MAM) (Asagami et al., 1994; Loth et al., 2020). So far there is no indication for free heme transport into peroxisomes, but there has been a few reports that suggest that catalase with complexed heme is assembled prior to peroxisomal import (Koepke et al., 2007; Otera and Fujiki, 2012; Okumoto et al., 2020) and thus imported via the peroxisomal oligomeric protein import route (Léon et al., 2006; Wolf et al., 2010).



Peroxisomal ATP Transport

Several peroxisomal processes require the intraperoxisomal presence and hydrolysis of ATP (Figure 4). In yeast, peroxisomal import of long-chain fatty acids is mediated by the peroxisomal ABC half transporters Pxa1/Pxa2. However, medium-chain fatty acids are transported into peroxisomes as free fatty acids without involvement of Pxa1/Pxa2. To become substrate for beta-oxidation, the medium-chain fatty acids must first be activated into their corresponding CoA esters inside the peroxisome. This activation is catalyzed by peroxisomal acyl-CoA synthetase Faa2 (fatty acid activation protein 2) (Hettema et al., 1996) which catalyzes the ATP-driven synthesis of acyl-CoA esters and thus constitutes an intraperoxisomal ATP-consuming process. In humans, the fatty acids that are beta-oxidized in peroxisomes, including VLCFAs and long branched-chain fatty acids are converted into their corresponding CoA esters prior to import into the peroxisomes, which is mediated by the peroxisomal ABCD proteins.
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FIGURE 4. Currently known ATP-dependent enzymatic reactions in the peroxisomes and transport of ATP, AMP and PP. Intraperoxisomal ATP is required for the ACSVL-mediated activation of fatty acids after their import by the ABCD proteins. Pristanic acid formed during alpha-oxidation is activated inside peroxisomes to the corresponding CoA ester in an ATP-dependent reaction. Finally, the peroxisomal protease LonP2 hydrolyzes ATP. It is unknown which transporter mediates the import of ATP into peroxisomes. The products of ATP hydrolysis – AMP and PP are exported from peroxisomes most probably by PMP34 and PXMP2, respectively.


Recent findings in yeast (van Roermund et al., 2012) and plants (Fulda et al., 2004; de Marcos Lousa et al., 2013) revealed that the ABCD-protein mediated transport mechanism may be more complicated than originally proposed and may require intraperoxisomal ATP. Similar as in humans, the activation of fatty acids to acyl-CoA is a prerequisite for ABC protein-mediated transport into plant peroxisomes. In plants, this import is mediated by the ABC transporter Comatose (also known as AtPxa1, Ped3, ACN2). Interestingly, Comatose was found to exhibit acyl-CoA thioesterase activity, which removes the CoA from the fatty acyl-CoA esters. The thioesterase activity seems to be required for the fatty acid transport as the loss of the activity due to targeted mutagenesis leads to the inability of Comatose to transport fatty acids (Carrier et al., 2019). Moreover, functional expression of Comatose in S. cerevisiae cells deficient for Pxa1/Pxa2 showed that the peroxisomal import of fatty acids is accompanied by the release of CoA and subsequently the reactivation of fatty acids to acyl-CoA, which is dependent on intraperoxisomal ATP (de Marcos Lousa et al., 2013; Carrier et al., 2019). Incubation of yeast cells with 18O-labeled H2O also showed that Pxa1/Pxa2-mediated import of fatty acids is accompanied by hydrolysis of the ester bond and subsesquent esterification (van Roermund et al., 2012).

A similar mechanism also seems to apply to human peroxisomal fatty acid import, as thioesterase activity was also reported for human peroxisomal ABCD proteins (Okamoto et al., 2018) and functional expression of human ABCD1 in S. cerevisiae cells deficient for Pxa1/Pxa2 showed that the peroxisomal import of C24:0 depends on the intraperoxisomal ATP-dependent acyl-CoA synthetase Faa2p (van Roermund et al., 2012). In contrast, Wiesinger et al. (2013) reported that the beta-oxidation of VLCFA-CoA in purified human peroxisomes was dependent on NAD+ but not on CoA, which may suggest that CoA is released in the peroxisomal matrix during the ABCD1-mediated transport of acyl-CoAs across the peroxisomal membrane. Taken together, whether hydrolysis of the CoA ester bond is required for ABCD transporter-mediated acyl-CoA transport and, if so, which intraperoxisomal Acyl-CoA synthetase is involved in the re-activation of fatty acids in human peroxisomes remains to be resolved in the future (see “SLC Family of Mitochondrial Solute Transporters”) (Figure 1A).

3-methyl-fatty acids cannot be metabolized by conventional beta-oxidation, but first need to undergo α-oxidation to become a substrate for beta-oxidation. The prototypical fatty acid that undergoes alpha-oxidation is the branched-chain fatty acid phytanic acid (3,7,11,15-tetramethylhexadecanoic acid), which is abundant in dairy products, ruminant fats, and certain fish. Phytanic acid is most likely imported into peroxisomes as CoA ester by ABCD3 (PMP70). Once inside peroxisomes, phytanoyl-CoA is converted to pristanoyl-CoA after one cycle of α-oxidation. During the final steps of the peroxisomal α-oxidation pathway, pristanic acid is activated to pristanoyl-CoA. This activation requires intraperoxisomal ATP and is most probably mediated by ACSVL1 (reviewed by Wanders et al., 2011). It should be noted that pristanic acid as derived from other sources than phytanic acid, can also can be activated outside the peroxisome (Wanders et al., 1992) and is subsequently transported as pristanoyl-CoA into peroxisomes by ABCD3 (PMP70) (Ferdinandusse et al., 2015; Figure 4).

In addition to its requirement for fatty acid oxidation, peroxisomal ATP is known to be required for at least one additional enzymatic reaction inside the peroxisomal lumen (Figure 4). LonP2 protease is an ATP-dependent enzyme that was found in peroxisomes of human, rat, mouse, Caenorhabditis elegans, Penicillium chrysogenum, and yeast (Kikuchi et al., 2004; Aksam et al., 2007; Bartoszewska et al., 2012) and has been shown to be responsible for the degradation of proteins that are damaged by oxidation (Bartoszewska et al., 2012) and also appears to be involved in sorting and processing of PTS1-containing proteins (Omi et al., 2008).

Because no ATP-forming enzymes are known to reside inside peroxisomes, the ATP required for intraperoxisomal ATP-consuming processes needs to be transported into the peroxisomes. In S. cerevisiae, the protein Ant1p was located in the peroxisomal membrane and shown to function as a peroxisomal adenine nucleotide transporter (Palmieri et al., 2001; van Roermund et al., 2001). Based on sequence similarity, the already mentioned SLC transporter PMP34 (SLC25A17) was identified as the human ortholog of yeast Ant1p, and subsequently shown to be located in mouse peroxisomes (Wylin et al., 1998). Functional expression showed that this PMP34 can partially rescue the ATP-dependent medium-chain fatty acid beta-oxidation in Ant1p-deficient mutants of S. cerevisiae. Although reconstitution of PMP34 in lipid vesicles showed the ability of PMP34 to transport ATP in vitro, albeit with low efficiency (Visser et al., 2002), a more recent detailed in vitro analysis of reconstituted PMP34 indicated that this protein is most probably a transporter of CoA, FAD, and, to a lesser extent, NAD+ but is less likely involved in ATP transport (Agrimi et al., 2011).

Peroxisomal transport of CoA, NAD(H), and NADP(H) are discussed in the chapters “SLC25 Transporters” and “Shuttle Systems.”





SHUTTLE SYSTEMS


Peroxisomal NAD+/NADH Shuttle

In peroxisomes, NADH is produced from NAD+ during the third step of beta-oxidation, involving the conversion of 3-hydroxyacyl-CoA to beta-ketoacyl-CoA, and during alpha-oxidation, involving the conversion of pristanal to pristanic acid. It remains unclear how NAD(H) is imported into peroxisomes. In vitro experiments indicated that net transport of NAD+ may be mediated by PMP34 (Agrimi et al., 2011), but expression of a PARP-based NAD+ biosensor targeted to peroxisomes in PMP34-deficient mouse fibroblasts showed that NAD+ content is not reduced (van Veldhoven et al., 2020). In plants, the peroxisomal transporter PXN imports NAD+ (Bernhardt et al., 2012), which suggests that a specific NAD+ transporter may also be present in human and yeast peroxisomes. However, although there are no examples for this, we cannot exclude that NAD(H) can be co-imported into peroxisomes with proteins, similar as has been described for FAD co-import (Figure 2). To maintain intraperoxisomal NAD(H) homeostasis, the generated NADH needs to be reoxidized into NAD+. This is most probably accomplished by an NAD+/NADH shuttle system similar as has been described for mitochondria. Although already suggested in Gee et al. (1974), this has not yet been conclusively demonstrated for mammalian peroxisomes in contrast to yeast, in which the existence of such a NAD(H)-redox shuttle was shown 25 years ago (van Roermund et al., 1995). Also for plants, the involvement of a peroxisomal NAD+/NADH shuttle was shown (Pracharoenwattana et al., 2007, 2010).

The requirements of an NAD+-shuttle system are the presence of (1) an NAD+-dependent dehydrogenase at either side of the membrane catalyzing the same reaction but in opposite directions, (2) metabolites that are substrate or products of the dehydrogenases and which can be transported across the peroxisomal membrane and (3) a transport system which may involve multiple carrier proteins that mediates exchange of the dehydrogenase substrate(s) and product(s).

As to requirement 1, several NAD+-dependent dehydrogenases that could be involved in NADH reoxidation, have been reported to reside in human peroxisomes, including lactate dehydrogenase B, malate dehydrogenase 1 and glycerol-3-phosphate dehydrogenase 1 (Figure 2). Each of these enzymes will be discussed below. As to requirement 2, several low-molecular-weight compounds (metabolites) that can play a role in such a shuttle system are probably located in human peroxisomes: malate, oxaloacetate, glycerol 3-phosphate, dihydroxyacetone phosphate, alcohol, lactate, pyruvate, serine, glycerate, glycerol, isocitrate. As to requirement 3, so far no specific transporter systems have been demonstrated in human peroxisomes that could mediate the exchange of the substrates of the dehydrogenases. However, as most of these metabolites have low molecular weights, they probably can diffuse via the size-selective channel-forming proteins discussed above (Antonenkov and Hiltunen, 2012; Figure 2).



Lactate Dehydrogenase (LDH)

The human genome contains three different genes coding for LDH isoenzymes, LDHA, LDHB, and LDHC respectively. They most probably originate from gene duplications of a common ancestral gene during evolution. LDH catalyzes the NAD(H)-dependent interconversion of lactate and pyruvate. The functional LDH enzyme complex is a tetramer composed of different combinations of LDHA and LDHB subunits (LDHA4, ADHA3B1, LDHA2B2, LDHA1B3, LDHB4). LDHA is particularly abundant in skeletal muscle and liver while LDHB is the primary form in cardiac muscle. A third isoenzyme, LDHC, is expressed in testis only. LDHA and LDHB are predominantly cytosolic enzymes, but there are some observations suggesting a mitochondrial and nuclear localization (Maki et al., 2000; Passarella et al., 2014; Liu et al., 2018).

The first reports on a peroxisomal localization of LDH, including enzyme activity measurements in isolated peroxisomes, were already in the 1970s (McGroarty et al., 1974). The first indication that LDH may be involved in peroxisomal NADH reoxidation came from the observation that pyruvate causes a stimulatory effect on the peroxisomal beta-oxidation of erucoyl-CoA (C22:1-CoA) in intact rat peroxisomes (Osmundsen, 1982a, b). Later it was shown that addition of pyruvate to the reaction medium of purified peroxisomes led to complete reoxidation of NADH. This reoxidation could be inhibited by the LDH-inhibitor oxamate, suggesting the involvement of a peroxisomal LDH in the NADH reoxidation (Baumgart et al., 1996). The same group also reported the peroxisomal presence of an LDH4A isoform using isoelectric focusing and immunogold labeling (Baumgart et al., 1996; Fahimi et al., 1996). Finally, proteomic studies of human and rat peroxisomes demonstrated the presence of LDHA in peroxisomes (Wiese et al., 2007; Gronemeyer et al., 2013). This peroxisomal localization was supported by the finding of LDH activity in the purified peroxisomal fractions and a clear colocalization of over-expressed LDHA C-terminally fused to DsRed with a peroxisomal reporter protein EGFP-SKL (Gronemeyer et al., 2013).

Because LDHA and LDHB both lack prototypical peroxisomal targeting sequences required for the import of peroxisomal matrix proteins, the mechanism of import of LDH into the peroxisome has long remained unclear. However, translational read-through of the stop codon was found to result in an alternative isoform of LDHB with a C-terminal extension of six amino acids including a strong PTS1 signal that can target this isoform to the peroxisome (Schueren et al., 2014). Because LDHA and LDHB form tetrameric complexes (Gladden, 2004), it may be well possible that LDHA is co-transported with LDHB into peroxisomes by means of a piggy-back mechanism, which has previously been described as a peroxisomal import mechanism for several other peroxisomal proteins lacking a peroxisomal targeting sequence (review by Thoms, 2015).



Malate Dehydrogenase (MDH)

The main function of MDH is the reversible catalysis of malate to oxaloacetate using NAD+/NADH as cofactor. The human genome contains two different MDH genes: MDH1 and MDH2. Mitochondrial MDH2 functions as part of the Krebs cycle and the cytoplasmic MDH1 supports the malate–aspartate shuttle across the mitochondrial inner membrane.

In contrast to humans, S. cerevisiae has three genes encoding MDH enzymes: Mdh1 codes for the mitochondrial MDH enzyme, Mdh2 codes for the cytoplasmic enzyme, and Mdh3 encodes the peroxisomal form. NADH reoxidation in peroxisomes of S. cerevisiae is achieved through a malate/oxaloacetate shuttle system involving peroxisomal Mdh3 and cytosolic Mdh2 (van Roermund et al., 1995). In the plant peroxisomes, the malate/oxaloacetate shuttle is also essential for reoxidation of NADH (Pracharoenwattana et al., 2007, 2010).

Proteomic studies of human and rat peroxisomes revealed that MDH1 is also localized in peroxisomes (Wiese et al., 2007; Gronemeyer et al., 2013). Similar as for LDHB (see above), MDH1 does not poses a prototypical peroxisomal targeting signal, but the protein can be extended by translational read-through of the stop codon generating a C-terminal PTS1 sequence which then targets this isoform to peroxisomes (Lingner et al., 2016). Thus, in analogy to yeast and plants, human peroxisomes may possess a malate-oxaloacetate shuttle system for the reoxidation of NADH, but this has yet not been demonstrated.



Glycerol-3-Phosphate Dehydrogenase (GPD)

In addition to a malate/oxaloacetate shuttle, a Gpd1 (Glycerol-3-phosphate dehydrogenase 1)-based shuttle for peroxisomal NADH reoxidation was described for yeast (Al-Saryi et al., 2017). Gpd1 is targeted to the peroxisome via a PTS2 signal (Effelsberg et al., 2015; Kumar et al., 2016). This Gpd1p-based shuttle relies on the transport of glycerol 3-phosphate and dihydroxyacetone phosphate. The contribution of the two different NAD(H)-redox systems to the overall re-oxidation of intraperoxisomal NADH was found to depend on the growth medium (Al-Saryi et al., 2017). It is not yet clear why yeast would need two shuttle systems in peroxisomes, but the functioning of the shuttle systems may depend on the actual availability of substrates involved (Valadi et al., 2004). Important to add in this respect is that the Gpd1-based shuttle appears to be constitutive whereas the Mdh-based shuttle is inducible, notably when the yeast are cultured on oleate, the degradation of which relies on peroxisomal beta-oxidation.

In humans, there are two GPD genes known, GPD1 and GPD2. GPD1 catalyzes the reversible conversion of dihydroxyacetone phosphate (DHAP) to glycerol-3-phosphate (G3P) and uses NADH/NAD+ as cofactor. GPD1 forms the G3P-dependent mitochondrial shuttle, which transfers reducing equivalents from the cytosol into mitochondria where G3P is converted back into DHAP by an intramitochondrial membrane-bounded GPD2, which, in contrast to GPD1, reduces flavin adenine dinucleotide (FAD) to FADH2. This mitochondrial shuttle is taking place mainly in the brain, brown adipose tissue, and skeletal muscle of mammals (Mráček et al., 2013).

GPD1 was first suggested to be involved in the reoxidation of NADH in mammalian peroxisomes in 1974, based on the finding of its activity in peroxisomes isolated from rat, chicken or dog livers and rat kidney (Gee et al., 1974; Antonenkov, 1989). In two of the proteomic studies done for mammalian peroxisomes, Gpd1 was found in peroxisomes (Wiese et al., 2007; Gronemeyer et al., 2013), suggesting that Gpd1 may have been responsible for the enzymatic activity found by Gee et al. (1974). It is unclear how Gpd1 is transported into peroxisomes; it does not possess a prototypical peroxisomal targeting sequence and also does not create one by means of translational read-through.

In summary, at least three different dehydrogenases may form a peroxisomal NADH/NAD+ shuttle – MDH1, LDHB, and GPD1. However, the actual involvement of any of the peroxisomal enzymes in NADH homeostasis still remains to be shown experimentally.



Aspartate Aminotransferase

A peroxisomal localization of aspartate aminotransferase was shown in yeast (Verleur et al., 1997) and in Drosophila melanogaster (Baron et al., 2016), suggesting that, similar to mitochondria, peroxisomes may contain a malate-aspartate shuttle. However, deletion of the gene encoding aspartate aminotransferase in S. cerevisiae did not cause a beta-oxidation defect in contrast to the deletion of Mdh3 (Verleur et al., 1997). Aspartate aminotransferase is probably not localized in human peroxisomes, rendering it unlikely that a malate-aspartate shuttle is involved in human peroxisomal NAD+/NADH homeostasis.



Peroxisomal NADP+/NADPH Shuttle

In addition to saturated fatty acids, peroxisomes also play a role in the beta-oxidation of mono-/polyunsaturated fatty acids (review by van Veldhoven, 2010). To allow the beta-oxidation of unsaturated fatty acids to proceed, the double bound(s) of these fatty acids are reduced by the peroxisomal enzyme 2,4-dienoyl-CoA reductase (DECR2). This reduction requires the oxidation of NADPH into NADP+.

Another peroxisomal NADPH-dependent enzyme is trans-2-enoyl-CoA reductase (TER), encoded by the PECR gene. TER converts phytenoyl-CoA into phytanoyl-CoA which then becomes a substrate for the peroxisomal alpha-oxidation system (Gloerich et al., 2006).

It is unknown how NADP(H) is imported into the peroxisomes. NADP(H) may be imported into peroxisomes by the specific yet not identified transporter. Still, co-import of NADP(H) with NADP(H)-dependent proteins cannot be excluded as well (Figure 2). For the reduction of NADP+ back to NADPH, a peroxisomal 2-oxoglutarate/isocitrate NADP(H)-redox shuttle has been proposed (Figure 2).

In yeast, the peroxisomal 2-oxoglutarate/isocitrate NADP(H)-redox shuttle consists of a cytosolic and a peroxisomal isocitrate dehydrogenase, the latter of which is essential for beta-oxidation of unsaturated fatty acids (van Roermund et al., 1998). Isocitrate dehydrogenase 1 (IDH1) is also found in peroxisomes of rat (Yoshihara et al., 2001), mouse (Wiese et al., 2007), and humans (Geisbrecht and Gould, 1999; Gronemeyer et al., 2013), which suggests that also mammalian peroxisomes contain a 2-oxoglutarate/isocitrate NADP(H)-redox shuttle, similar as in yeast. Isocitrate dehydrogenase 1 has a double localization in the cytosol and peroxisomes in human liver cells and may form an NADP(H)-redox shuttle (Geisbrecht and Gould, 1999). Functional reconstitution of bovine kidney peroxisomal membrane proteins in proteoliposomes showed that peroxisomes are permeable for 2-oxoglutarate and isocitrate (Visser et al., 2006), which is in favor of a peroxisomal 2-oxoglutarate/isocitrate NADP(H)-redox shuttle. Transport of these solutes is probably mediated by one of the peroxisomal size-selective pore-forming proteins discussed above.




PEROXISOMAL SOLUTE EXPORT

In addition to the import, peroxisomes also need to export metabolites and cofactors.

In human peroxisomes, beta-oxidation of VLCFAs leads to the formation of medium-chain fatty acyl-CoAs, acetyl-CoA, and propionyl-CoA, which for further metabolism in mitochondria need to be exported from peroxisomes. The export of acyl-CoAs may occur as free fatty/monocarboxylic acids following hydrolysis of the CoA esters and/or as carnitine esters, following exchange of carnitine for CoA.

The hydrolysis of acyl-CoA esters to free fatty acids in peroxisome is mediated by thioesterases (Figure 1A). In humans, two thioesterases have been found in peroxisome – ACOT4 and ACOT8. ACOT8 preferentially reacts with medium and long-chain fatty acyl-CoAs, whereas ACOT4 hydrolyzes succinyl-CoA, glutaryl-CoA, and long-chain fatty acyl-CoAs. Although it has been hypothesized that free fatty acids formed after hydrolysis by thioesterases can leave the peroxisome (Hunt et al., 2012), it is not clear if this is by simple diffusion or by a specific transport mechanism. Also, acyl-CoA synthetases localized on the cytosolic side of the peroxisomal membrane may be involved in the export of fatty acids (see “SLC27 Transporters”). More recently, it was hypothesized that membrane contact sites between peroxisomes and mitochondria may be involved (Schrader et al., 2015). Monocarboxylic acids resulting from hydrolysis by the thioesterases, such as acetate and propionate, may be exported via one of the peroxisomal pore-forming proteins.

Apart from hydrolysis, acyl-CoAs can also be converted to their corresponding carnitine esters by carnitine acetyl - and carnitine octanoyl transferases (CRAT and CROT) (Westin et al., 2008; Figure 1A). The carnitine required for this reaction may be imported into human peroxisomes by one of the Organic Cation Transporters. For rodents, the Octn3 (Organic Cation Transporter 3) (SLC22A21) carnitine transporter was reported in peroxisomes (Lamhonwah et al., 2003; Januszewicz et al., 2009; Figure 1A). Cross-reactivity with an antibody against mouse Octn3 was observed in human fibroblasts, but absent in PEX19-deficient fibroblasts (which completely lack peroxisomal membranes), which could suggest a peroxisomal localization of human OCTN3 (Lamhonwah et al., 2005). However, a peroxisomal localization of OCTN3 could not be confirmed by another research group (van Veldhoven et al., 2020).

The acyl-carnitines generated inside peroxisomes need to be transported from peroxisomes to mitochondria, where they undergo further degradation. In mitochondria, the carnitine acyl-carnitine carrier (CACT, SLC25A20) is mediating the import of acyl-carnitine esters. It is unknown, however, how acyl-carnitine esters are exported from human peroxisomes. In yeast, the transport of acetyl-CoA to mitochondria is facilitated by the peroxisome-mitochondria contact sites (Shai et al., 2016, 2018).

Alpha-oxidation of branched-chain fatty acids in peroxisome leads to the formation of formyl-CoA and subsequent activation of pristanic acid leads to formation of AMP and pyrophosphate. Formyl-CoA can undergo spontaneous hydrolysis to formic acid and CoA (Croes et al., 1997), after which formic acid can be degraded further via catalase or exported out of peroxisomes and degraded via the folate-dependent pathway (Tephly, 1991). The AMP produced as a consequence of the activation of pristanic acid is probably exported in exchange for CoA, NAD+ and/or FAD by the peroxisomal carrier PMP34 (SLC25A17) (Agrimi et al., 2011). The generated pyrophosphate should also leave the peroxisome and may be exported by one of the size-selective pore-forming proteins (Visser et al., 2005; Antonenkov and Hiltunen, 2012) or also by PMP34 (SLC25A17) (Agrimi et al., 2011).

The synthesis of bile acids from cholesterol consists of 17 reactions which occur in different subcellular compartments, including the cytosol, endoplasmic reticulum, mitochondria, and peroxisomes (Vaz and Ferdinandusse, 2017). During the final steps of the synthesis, bile acid intermediates are imported into peroxisome via ABCD3 (PMP70) and subjected to one cycle of beta-oxidation during which choloyl-CoA and deoxycholoyl-CoA are produced. Choloyl-CoA and deoxycholoyl-CoA are subsequently converted to their corresponding glycine or taurine conjugates by peroxisomal bile acid-CoA:amino acid N-acyltransferase (BAAT) (Hunt et al., 2012), which then are exported from the peroxisomes. Experiments with proteoliposomes prepared from purified mammalian peroxisomes showed that this export is ATP-independent, but the identity of the transporter involved has remained unknown (Visser et al., 2007a). Glycine and taurine can probably diffuse into peroxisomes via one of the pore-forming proteins (see “Pore-Forming Proteins”) (Figure 1A).

An important co-factor involved in peroxisomal lipid metabolism is Coenzyme A. CoA is released during hydrolysis of acyl-CoA esters by the thioesterases (see above) and may be used again inside peroxisomes for other enzymatic reactions, such as the activation of pristanic acid, or be degraded by one of the peroxisomal Nudix Hydrolases. Two CoA-degrading Nudix Hydrolases – NUDT7 and NUDT19 (also known as RP2p) - have been identified in human peroxisomes (Ofman et al., 2006), of which NUDT7 is also found in the cytosol (Carreras-Puigvert et al., 2017). NUDT19 may have a dual localization in mitochondria and peroxisomes, although Shumar et al. (2018) reported that at least in the human cell line HEK 293 this enzyme is exclusively peroxisomal. NUDT19 is mainly found in the kidney and NUDT7 in the liver (Shumar et al., 2018). Both NUDT19 and NUDT7 are CoA diphosphohydrolases that degrade CoA and acyl-CoAs to 3′,5′-ADP and 4′-(acyl)phosphopantetheine (Ofman et al., 2006; Shumar et al., 2018). How these degradation products are exported out of peroxisomes is not clear. The importance of NUDT7 in peroxisomal metabolism was shown in metabolomics analysis of mice that overexpress NUDT7 in the liver, which revealed a decrease in peroxisomal beta-oxidation and bile acid biosynthesis rates (Shumar et al., 2019). Nudt19-/- mice showed a 20% increase in CoA in the kidney (Shumar et al., 2018; Figure 1A).

In addition to NUDT7 and NUDT19, also NUDT12 was reported in human peroxisomes. In contrast to the other two, however, NUDT12 is not involved in CoA degradation but it is a pyrophosphatase that mediates the degradation of NADH (to NMNH and AMP) (Figure 2) and NADPH (to NMNH and 2’,5′-ADP) (Figure 2) but also shows moderate activity with FAD (to FMN and AMP) (Figure 3) and NAD+ (to NMN+ and AMP) in vitro (Abdelraheim et al., 2003; Carreras-Puigvert et al., 2017). It was suggested that the products of these reactions leave the peroxisome through the size-selective pore-forming proteins (Antonenkov and Hiltunen, 2012). Alternatively, FMN and AMP may be exported by PMP34 (Agrimi et al., 2011) (see “SLC Family of Mitochondrial Solute Transporters”) (Figures 2, 3).



METABOLITE TRANSPORT BETWEEN ORGANELLES

In recent years, it has become clear that organelles extensively communicate with each other via close physical interactions, known as membrane contact sites. Also, for peroxisomes a number of proteins involved in the formation of membrane contact sites with other organelles have been identified (Schrader et al., 2015; Schrader, 2019). Some of these proteins are facilitating the transport of metabolites between peroxisomes and other organelles.

Acyl-CoA binding domain-containing protein 5 (ACBD5) is an abundant peroxisomal membrane protein that interacts with the ER proteins VAPA and VAPB (Costello et al., 2017) (Hua et al., 2017) to constitute membrane contact sites between peroxisomes and the ER. Similar as in X-linked adrenoleukodystrophy, patients with ACBD5 deficiency accumulate VLCFA (Ferdinandusse et al., 2017; Yagita et al., 2017; Herzog et al., 2018). Based on these findings it was suggested that the acyl-CoA binding domain of ACBD5 binds C26-CoA, and other VLCFA-CoAs, which are synthesized by fatty acid elongation at the ER (Sassa and Kihara, 2014), and presents it to peroxisomal ABCD1 (Ferdinandusse et al., 2017). ABCD1 would then subsequently transport C26-CoA into the peroxisome (see “Fatty Acid Import and the Role of the ABCD Transporters”). This mechanism is also supported by the finding that ACBD5 binds VLCFA-CoA in vitro (Yagita et al., 2017).

Knockdown of ACBD5 or VAPA and VAPB in cells resulted in a decreased plasmalogen and cholesterol levels suggesting that ACBD5-VAP tethers may also be involved in the trafficking of intermediates of plasmalogen synthesis (Hua et al., 2017).

Metabolomics analysis of ACBD5-deficient fibroblasts also revealed decreased levels of ether phospholipids, including plasmalogens (Herzog et al., 2018). Since the first steps of plasmalogen synthesis are peroxisomal followed by further synthesis in the ER, the membrane contact sites between peroxisomes and ER may provide an effective way to channel the transport of the plasmalogen intermediates between peroxisomes and ER.

There has been considerable debate as to whether peroxisomes are involved in isoprenoid/cholesterol biosynthesis. The suggestion about the role of peroxisomes in cholesterol biosynthesis was based mainly on the claim that several of the enzymes of the mevalonate pathway are located in peroxisomes. However, comprehensive studies later showed that these enzymes are definitely not present in peroxisomes (Hogenboom et al., 2003a, b, 2004). Moreover, none of these enzymes were identified after proteomic analyses of purified peroxisomes. Hence, a decrease in cholesterol levels caused by the depletion of ACBD5 or VAPA and VAPB may be an indirect effect and should be interpreted with caution.

Acyl-CoA binding domain-containing protein 4 (ACBD4) is another peroxisomal membrane protein which shares 58% sequence identity with ACBD5 and, like ACBD5, also shows interaction with the VAPA and VAPB proteins, suggesting a role in membrane contact sites. The function of ACBD4 is less clear than for ACBD5 (Costello et al., 2017).

The group of Bao-Liang Song reported that peroxisomal PI(4,5)P2 mediates the formation of membrane contact sites with lysosomes (through Syt7 protein) (Chu et al., 2015) and ER (through extended-synaptotagmins 1-3) (Xiao et al., 2019), and postulated that the PI(3,4)P2 levels in peroxisomes are regulated by phosphatidylinositol 5-phosphate 4-kinase type-2 alpha (PIP4K2A) (Hu et al., 2018). However, a peroxisomal localization of PIP4K2A was not shown directly and the experimental approaches used and certain conclusions drawn in these studies were critically debated (van Veldhoven et al., 2015).

Given that peroxisomes play an important role in lipid metabolism it is not a surprise that peroxisomes also form membrane contact sites with lipid droplets. Chang et al. (2019) showed that these membrane contacts are formed by the M1 isoform of Spastin protein through interaction with ABCD1. In addition to the ABCD1-interacting region, M1 Spastin has a hairpin motif that allows interaction with lipid droplets, a microtubule interacting and trafficking (MIT) domain, and an ATPase-Associated with diverse cellular Activities (AAA) domain (Chang et al., 2019). Pulse-chase studies with fluorescent analogs of fatty acids showed that a knockdown of Spastin decreases trafficking of fatty acids to peroxisomes and overexpression of M1 Spastin increases trafficking (Chang et al., 2019). Overexpressed M1 Spastin not only forms a tether between organelles but also recruits ESCRT-III machinery proteins – IST1 (increased sodium tolerance 1) and CHMP1B (charged multivesicular body protein 1B) via the MIT domain (Chang et al., 2019). It was suggested that IST1 and CHMP1B are polymerizing on lipid droplet surface into cone-like structures, to extract lipids from lipid droplets and present them to ABCD1 (Chang et al., 2019; Henne, 2019).

The metabolic cooperation between peroxisomes and mitochondria requires that many metabolites are transported between the two organelles, including acetyl-CoA, propionyl-CoA, medium-chain acyl-CoA, reducing equivalents from NADH, glycolate, glyoxylate, phospholipids, H2O2, ATP, NAD+, and others. While some of these may be transported via diffusion through the cytosol, their channeling via contact sites between the organelles will increase the efficiency and specificity. Yet, so far no bona fide contact sides between these two organelles have been reported in mammalian cells. A recent study shows that ACBD2/ECI2 protein might form the molecular tether between organelles in mouse Leydig cells (Fan et al., 2016). The authors suggested that the ACBD2/ECI2 protein complex facilitates tethering of peroxisomes with mitochondria by interacting simultaneously with both the mitochondrial (through N-terminal targeting signal) and peroxisomal (through C-terminal targeting signal) protein import machinery (Fan et al., 2016). To further verify this mechanism of tether formation additional studies are required (Islinger et al., 2020).

As an alternative, small vesicles may mediate the transport of metabolites between organelles. It was shown that mitochondria-derived (Neuspiel et al., 2008; Braschi et al., 2010; Sugiura et al., 2014) and ER-derived (Sugiura et al., 2017) vesicles are transported from these organelles to peroxisomes and that both are necessary for the formation of new peroxisomes in peroxisome-deficient human fibroblasts (Sugiura et al., 2017). In wild-type cells, mitochondria-derived vesicles can also fuse with mature peroxisomes (Neuspiel et al., 2008; Braschi et al., 2010). It is possible that specific metabolites/cofactors are transported from mitochondria or ER by these vesicles (Neuspiel et al., 2008).



DISCUSSION

In this review, we have discussed the current knowledge and the most important gaps in our understanding of human peroxisomal metabolite and cofactor transport and contradictory findings collected over the past two decades. It is evident that future studies are required to address important questions including: (1) what is the physiological role of the pore-forming proteins in peroxisomal functioning, (2) what is the involvement of peroxisomal acyl-CoA synthetases in the import and export of fatty acids, (3) how do the different shuttle systems function and what is their physiological role, (4) how are metabolites exchanged between organelles, (5) how are bulky metabolites (ATP, NADP+, carnitine-esters, and other) and H2O2 transported across the peroxisomal membrane.

Our current knowledge of peroxisomal metabolite transport is mainly based on the identification of human genetic metabolic disorders, mouse and yeast models, and in vitro experiments with isolated peroxisomes or candidate proteins. Although some peroxisomal transporter proteins have been identified and characterized, there are still big gaps in our understanding of peroxisomal metabolite and cofactor transport.

One major bottleneck in the studies of peroxisomal metabolite transport is the inability to measure intraperoxisomal metabolites in a direct way. The classical approach of measuring metabolites in isolated organelles is challenging for peroxisomes as they are notorious for their in vitro leakiness and are, therefore, permeable to most of the metabolites during isolation. Recently developed genetically encoded biosensors may become a new powerful tool to study peroxisomal transporters. A variety of available biosensors enable detection of ATP, NAD+/NADH, NADP+/NADPH, lactate, pyruvate, bile acids, glutathione, pH, H2O2, NO, and many other metabolites and cofactors in vivo. In comparison to measurements in cell lysates, biosensors can provide insight into the distribution of metabolites between different subcellular compartments without subcellular fractionation. They provide the possibility of (1) real-time observations of the dynamics of subcellular metabolism in individual cells or even individual peroxisomes; (2) simultaneous targeting of biosensors to different organelles to observe subcellular transport and organelles interaction; (3) simultaneous measurement of a few different metabolites inside peroxisome; (4) measurement of metabolites in different dynamic ranges with low/high-affinity biosensors; (5) high-throughput screenings using the FACS technique.

Recent advances in genome editing also provide novel opportunities for studying the role of peroxisomal membrane proteins using a classical bottom-up approach. As functional redundancy may be an important feature of peroxisomal transport it may be required to generate cell models with multiple gene deletions employing the CRISPR genomic editing to identify and elucidate the specific transport functions of candidate proteins.
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Patients lacking multifunctional protein 2 (MFP2), the central enzyme of the peroxisomal β-oxidation pathway, develop retinopathy. This pathway is involved in the metabolism of very long chain (VLCFAs) and polyunsaturated (PUFAs) fatty acids, which are enriched in the photoreceptor outer segments (POS). The molecular mechanisms underlying the retinopathy remain, however, elusive. Here, we report that mice with MFP2 inactivation display decreased retinal function already at the age of 3 weeks, which is accompanied by a profound shortening of the photoreceptor outer and inner segments, but with preserved photoreceptor ultrastructure. Furthermore, MFP2 deficient retinas exhibit severe changes in gene expression with downregulation of genes involved in the phototransduction pathway and upregulation of inflammation related genes. Lipid profiling of the mutant retinas revealed a profound reduction of DHA-containing phospholipids. This was likely due to a hampered systemic supply and retinal traffic of this PUFA, although we cannot exclude that the local defect of peroxisomal β-oxidation contributes to this DHA decrease. Moreover, very long chain PUFAs were also reduced, with the exception of those containing ≥ 34 carbons that accumulated. The latter suggests that there is an uncontrollable elongation of retinal PUFAs. In conclusion, our data reveal that intact peroxisomal β-oxidation is indispensable for retinal integrity, most likely by maintaining PUFA homeostasis.
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INTRODUCTION

Vision encompasses a well-orchestrated process that is initiated at the retina. To date, a plethora of mutations are recognized to cause developmental and degenerative retinal diseases. In many peroxisomal disorders, several compartments of the visual system are often severely affected (Folz and Trobe, 1991; Das and Baes, 2019). However, the underlying mechanisms still remain largely unresolved.

Peroxisomal disorders are a group of inherited metabolic diseases that can be subdivided into two categories: peroxisome biogenesis disorders (PBD), of which Zellweger syndrome is the most severe, and single enzyme deficiencies (SED) (Waterham et al., 2016). Mutations in the central enzyme of the peroxisomal β-oxidation pathway, the D-specific multifunctional protein 2 (MFP2) encoded by the HSD17B4 gene, cause a diverse spectrum of clinical disease presentations. The most severe clinical presentation is indistinguishable from Zellweger syndrome, characterized by general multi-organ dysfunction, and is mostly fatal within the first year of life. These patients often develop retinopathy with reduced electroretinography (ERG) responses (Ferdinandusse et al., 2006; Argyriou et al., 2016). Interestingly, new and milder types of MFP2 deficiency with juvenile onset were recently described. Although visual acuity was normal, these patients presented with abnormal retinal pigmentation, whether or not coinciding with abnormal ERG responses (McMillan et al., 2012; Lines et al., 2014; Amor et al., 2016).

Peroxisomal β-oxidation executes the breakdown of various substrates, such as very long chain fatty acids (VLCFAs), the 2-methyl branched chain fatty acid pristanic acid, bile acid intermediates, and dicarboxylic acids. This pathway is also involved in both the catabolism and synthesis of poly-unsaturated fatty acids (PUFAs), such as docosahexaenoic acid (DHA, C22:6n-3) (Van Veldhoven, 2010). Interestingly, DHA is highly enriched in the photoreceptor outer segments (POS), a form of modified primary cilia where light is captured and transformed into an electrical signal (i.e., phototransduction). It is accepted that the diet and de novo hepatic biosynthesis, starting from α-linolenic acid (C18:3n-3), are the major retinal DHA sources, next to limited local synthesis (Bazan et al., 1982, 2011; Scott and Bazan, 1989; Wang and Anderson, 1993; Rotstein et al., 1996; Simon et al., 2016). Retinal DHA accretion includes a close collaboration between the photoreceptors and the retinal pigment epithelium (RPE), which is a monolayer of postmitotic cuboidal cells that are of pivotal importance for photoreceptor health (Strauss, 2005; Bazan et al., 2011). Firstly, this collaboration involves the initial DHA retention from the choroidal blood flow by the RPE and delivery to the photoreceptor inner segments. Here, DHA is mainly incorporated into phospholipids and used for POS assembly (Bazan et al., 2011; Shindou et al., 2017). Other important constituents of the POS phospholipids are VLC-PUFAs (C > 30). Their synthesis is largely mediated by the enzyme called elongation of very long chain fatty acids-4 (ELOVL4), possibly starting from different PUFAs [e.g., DHA and its β-oxidation product eicosapentaenoic acid (EPA, C20:5n-3)] (Agbaga et al., 2010). Secondly, via the daily phagocytosis of shed POS, the RPE recycles the PUFAs, which are re-used for new POS synthesis (Bazan et al., 2011). Although much information has been gathered on retinal PUFA homeostasis, important questions remain unanswered. Given the importance of peroxisomal β-oxidation for PUFA metabolism, a role in retinal PUFA homeostasis has repeatedly been suggested (Agbaga et al., 2010; Rice et al., 2015; Reyes-Reveles et al., 2017), but this was never investigated. Recently, we revealed a differential distribution of proteins involved in peroxisomal β-oxidation between the retina and RPE (Das et al., 2019). Together with the finding that photoreceptor inner segments and the RPE are the cell types of the retina most enriched in peroxisomes (Smith et al., 2016; Zaki et al., 2016; Argyriou et al., 2019; Daniele et al., 2019; Das et al., 2019), we propose that peroxisomal β-oxidation plays an important, yet distinct function in these cell types.

To decipher the importance of peroxisomal β-oxidation for retinal integrity, we here characterized the retinal phenotype of our previously developed MFP2 knockout mouse model (denoted as Mfp2–/– mice) (Baes et al., 2000). Using in vivo, (immuno)histochemical and biochemical analyses, we revealed a complex retinal phenotype, consisting of a developmental defect in photoreceptor maturation and a progressive deterioration of the retina and RPE. Our observations prove that peroxisomal β-oxidation is crucial for retinal health in mice.



MATERIALS AND METHODS


Mouse Breeding

In view of their impaired fertility, Mfp2–/– mice were generated from heterozygous breeding pairs and identified by genotyping, as described (Baes et al., 2000). Upon comparison of the retinal morphology, gene expression and lipid composition, we observed no differences between Mfp2+/+ and Mfp2+/– mice, and, therefore, both genotypes were used as control for the Mfp2–/– mice. All mice were bred in a C57Bl6/J background. Animals were bred in the animal housing facility of the KU Leuven, had ad libitum access to water and standard rodent food and were kept on a 14/10 h light and dark cycle. All mice were sacrificed between 2 and 6 pm. Mice were anesthetized by an intraperitoneal injection of a mixture of medetomidine (1 mg/kg; Domitor®, Orion Pharma) and ketamine (75 mg/kg; Nimatek®, Dechra) and sacrificed via cervical dislocation, unless stated otherwise. All experiments were in accordance with the Association for Research in Vision and Ophthalmology (ARVO) Statement for the use of Animals in Ophthalmic and Visual Research, the Guidelines for Care and Use of Experimental Animals (NIH) and the European Directive 2010/63/EU, and were fully approved by the Research Ethical Committee of the KU Leuven (P166/2017).



In vivo Tests

Visual acuity was assessed by measuring the optokinetic tracking response, which is a visually evoked head movement in the same direction as a stimulus when the latter is detected by the mouse. The optokinetic tracking response was measured in photopic conditions, as previously described (Prusky et al., 2004).

Retinal functionality was assessed via ERG, using the Celeris system (Diagnosys). Briefly, the mice were overnight dark-adapted and subsequently anesthetized. Body temperature was maintained at 37°C. Pupils were dilated with 0.5% tropicamide (Tropicol®, Thea Pharma) and 15% phenylephrine (Thea Pharma). Genteal drops (Novartis) were used to keep the eyes moist during the experiment and also served as conductor of the electrical signal between the eyes and the electrodes. To determine the scotopic ERG responses (rod-mediated), five recordings at three increasing flash intensities (0.01–1.0 cd∗s/m2) were measured and averaged per intensity. Subsequently, the eyes were subjected to light (9 cd∗s/m2 for 10 min) and photopic ERG responses (cone-mediated) were measured. Hereto, single flashes at 3 and 10 cd∗s/m2 were applied. Subsequently, a- and b-wave amplitudes were calculated by the software, representing, respectively, photoreceptor and interneuron responses. The latter mostly comprises the bipolar cell response, and reflects both photoreceptor-to-bipolar cell signal transmission and bipolar cell function (Kinoshita and Peachey, 2018). The a-wave amplitude was calculated from the baseline to the trough of the negative peak, whereas the b-wave was calculated from the trough of the negative peak to the crest of the positive peak. Finally, data from the two eyes were averaged and used in the analyses.



Histopathology

Enucleated eyes were processed to generate transverse retinal paraffin sections (7 μm). Hereto, eyes were fixed overnight at 4°C in Modified Davidson’s Fixative (DF) [22.2% (v/v) formaldehyde 10%, 32% (v/v) ethanol, 11.1% (v/v) glacial acetic acid]. Gross morphology was assessed by standard hematoxylin-eosin (H&E) staining, followed by morphometric analyses in ImageJ (NIH). The number of photoreceptor nuclei were counted over a distance of 100 μm at 6 different regions: central [± 200 μm from optic nerve head (ONH)], middle (± 1000 μm from ONH) and peripheral region (± 100 μm from the edge of the retina) in both the nasal and temporal plane. Images were acquired with an inverted IX-81 microscope (Olympus, 20× objective: UPLFLN20×).

Photoreceptor layer (PR layer), POS and photoreceptor inner segment (PIS) length was assessed by phase-contrast microscopy. Paraffin sections were deparaffinized with xylene (100%), and rehydrated in decreasing concentrations of ethanol [100, 90, 70, and 50% (v/v)] and distilled water. Subsequently, the sections were mounted with ProLong® Gold antifade mountant (Invitrogen). Images were acquired with a Leica DMI6000B microscope, using phase-contrast settings (63× objective: HCX PL Fluotar 63×/1.25 oil PH3). Per mouse, one image in the middle region of either plane (temporal and nasal) was obtained and layer thickness was measured in ImageJ (NIH). On each image three non-adjacent regions were measured. Finally, values from the two planes were averaged and used in the analysis.

Immunohistochemistry (IHC) on retinal paraffin sections was performed as previously described (Das et al., 2019), with minor modifications. Briefly, after deparaffinization and rehydration, antigen retrieval was performed by heating the sections in 1 mM EDTA solution (pH 8.0) in the microwave for 10 min. In case an HRP-conjugated secondary antibody was used, endogenous peroxidases were inactivated by incubating the sections for 30 min in 3% (v/v) H2O2. Subsequent to a blocking step with 2% (v/v) normal goat serum, the sections were overnight incubated at 4°C with the primary antibody. Next, an appropriate secondary antibody was applied: anti-rabbit or anti-mouse HRP conjugated IgG (1/200) (Agilent), AlexaFluor 488 goat anti-rabbit IgG or AlexaFluor 568 goat anti-mouse IgG (1/200) (Agilent). In case of an HRP-conjugated secondary antibody, the fluorescein TSA plus amplification kit (Perkin Elmer) was used, according to the manufacturer’s instructions. The primary antibodies and the dilutions are summarized in Table 1. To assess apoptotic cell death, terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining was performed on retinal paraffin sections, using the in situ cell death detection kit (Roche), according to manufacturer’s instructions. The sections were counterstained with Hoechst 33342 and mounted with ProLong® Gold antifade mountant. Images were acquired with a Leica SP8x confocal microscope (40× objective: HC PL APO 40×/1.30 Oil CS2).


TABLE 1. List of antibodies used for IHC and Western blotting (WB).
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Transmission Electron Microscopy

After deep anesthesia, the mice were transcardially perfused with Hanks’ balanced salt solution (HBSS, Gibco) supplemented with heparin (5 U/mL, Leo Pharma), followed by the fixative solution consisting of 2.5% (v/v) glutaraldehyde in 0.05 M sodium cacodylate (pH 7.3). Eyes were enucleated and dissected to remove the cornea and lens. Eyecups were further fixed overnight at 4°C, using the same fixative solution. Further processing of the eyecups was performed as previously described (Baboota et al., 2019). Transmission electron microscopy was performed on a JEOL JEM1400 (JEOL Europe BV) (VIB Bio Imaging Core, Leuven Platform).



Western Blot Analyses

Western blotting was performed as previously described (Das et al., 2019). The primary antibodies and dilutions are summarized in Table 1. Importantly, samples were not boiled for the detection of Adiponectin receptor 1 (ADIPOR1), but kept at 37°C for 10 min, as previously described (Sluch et al., 2018). HRP-conjugated secondary antibodies (1/5,000, Agilent) were applied and immune-complexes detected with Amersham ECL Western Blotting Detection Reagent (GE Healthcare Life Science) using the ChemiDoc MP System (Bio-Rad). The images were processed with the Image Lab software (Bio-Rad). Vinculin and β-actin were used as loading control.



RNA Analyses

Dissection for neural retina and RPE isolation was performed as previously described (Xin-Zhao Wang et al., 2012). Briefly, after removal of connective tissue, muscles, optic nerve and the anterior segment, neural retina was separated from the posterior eyecup (RPE/choroid/sclera), snap frozen in liquid nitrogen and stored at −80°C until use. Subsequently, the eyecup was dipped into PBS to remove any debris, transferred to 200 μL of ice-cold RNAprotect cell reagent (Qiagen) and incubated for 10 min with gentle agitation every 1–2 min to release the RPE cells. Next, the eyecup was removed and the RPE cells pelleted by centrifugation (5 min at 600 g). Finally, RNA was extracted from the pelleted RPE cells using the PureLink RNA Mini Kit (Thermo scientific), according to manufacturer’s instructions. In contrast, the snap-frozen neural retinas were first homogenized in Trizol (Thermo Fisher Scientific), with subsequent RNA extraction using the PureLink RNA Mini Kit. In addition, DNase treatment was incorporated during RNA isolation of samples used for RNA sequencing. RNA concentration was measured using the NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific).

After the conversion of the RNA to cDNA using the QuantiTect reverse transcription Kit (Qiagen) according to the manufacturer’s instructions, Real-Time quantitative PCR (RT-qPCR) was performed using PowerUp SYBR Green Master Mix (Thermo Fisher Scientific) and the ABI PRISM 7500 Real Time PCR system (Applied Biosystems). Relative expression to a reference gene (Actb) was calculated using the 2–ΔΔCT-method. All primers were obtained from IDT and listed in Table 2.


TABLE 2. List of primers used for RT-qPCR.

[image: Table 2]RNA sequencing experiments (executed by Genomics Core Leuven) were performed on RNA prepared from 3 weeks-old retinas. Per sample, 2 retinas of each mouse were pooled. The sequence libraries were prepared with the QuantSeq 3′ mRNA-Seq Library Prep Kit (Lexogen), according to the manufacturer’s protocol. Samples were indexed to allow for multiplexing. Library quality and size range were assessed with the DNA 1000 kit (Agilent Technologies), using a Bioanalyzer (Agilent Technologies). Subsequently, libraries were sequenced on a HiSeq4000 instrument (Illumina). Hereto, single-end reads of 50 base pairs were produced with a minimum of 1 million reads per sample. After quality control of the raw reads, alignment against the mouse reference genome and quantification of reads per gene, biostatistical analyses were performed using the R-based software package BIOMEX (Taverna et al., 2020). Here, differential expression analysis was performed using the Limma package and the reported P-values were adjusted for multiple testing with the Benjamini-Hochberg procedure to control the false discovery rate. Pathway enrichment was analyzed by Gene Set Enrichment Analysis (GSEA) against the Kyoto Encyclopedia for Genes and Genomes (KEGG) database.

In situ hybridization was performed using the RNAScope 2.5 HD Chromogenic Detection Kit (Advanced Cell Diagnostics), according to the manufacturer’s protocol. Hereto, enucleated eyes were fixed in 4% (w/v) paraformaldehyde in phosphate buffered saline for 18 h at 4°C, and embedded in paraffin. Six micrometer thick transverse retinal sections were hybridized with the Mfp2 probe, designed by Advanced Cell Diagnostics, followed by amplification steps and chromogenic detection with Fast red. A positive [directed to cyclophilin B (PPIB)] and a negative [directed to Bacillus subtilis dihydrodipicolinate reductase (dapB)] control probe were included in each experiment. Images were acquired with a Leica SP8× confocal microscope (40× objective: HC PL APO 40×/1.30 Oil CS2).



Lipid Analyses

For all lipid analyses, mice were sacrificed by cervical dislocation without anesthesia, to avoid a possible confounding effect of the anesthetics on the lipid composition. Neural retinas were homogenized in a medium containing 250 mM sucrose, 5 mM MOPS (pH 7.2), 1 mM EDTA, and 0.1% (v/v) ethanol. Blood was collected in heparinized tubes via a submandibular puncture and plasma was obtained by centrifugation (10 min at 1,000 g at 4°C).

Total fatty acids were measured as previously described (Medema et al., 2016). Briefly, after transmethylation in the presence of the internal standard, i.e., the methyl ester of 18-methylnonadecanoic acid, the homogenate was extracted with hexane. Eventually, the methylated fatty acids were separated by gas chromatography (GC) and detected by flame ionization detection (FID). By using the known amount of the internal standards, the fatty acids were calculated and subsequently normalized by the amount of protein. The double bond index (DBI) was calculated by taking the sum of the mole fractions of the different unsaturated fatty acids multiplied by their number of double bonds.

Plasma and tissue lipidomics were performed as previously described (Vaz et al., 2019). Briefly, the homogenates and plasma were subjected to a single-phase extraction with a chloroform-methanol mixture (1:1 v/v) in the presence of the appropriate internal standards. The lipid extracts were separated by both normal phase high-performance liquid chromatography (HPLC) and reversed phase ultra-performance liquid chromatography (UPLC), coupled to mass spectrometric detection in both positive and negative electrospray ionization mode. The datasets were processed using an in-house developed metabolomics pipeline written in the R programming language1. Of note, all values originating from this lipidomics approach were calculated relative to the proper internal standard. Summation of relative abundances of same class lipids to calculate total (phospho)lipid levels was performed with the assumptions of equal response to their respective internal standard and are by no means comparable between different species to compare relative concentrations. Only comparisons within the same species can be made between different sample groups (i.e., control vs. Mfp2–/–).



Statistical Analyses

For each experiment, at least three animals were used, with a maximum of eight. The exact numbers are specified in the corresponding figure legends. Shapiro-Wilk test and F-test were used to assess the normal distribution of the data and the equality of the variances, respectively. Based on the design of the experiment, statistical analyses were performed using either the unpaired two-sided Student’s t-test, Mann-Whitney U-test or two-way ANOVA with Bonferroni multiple comparisons test. Statistical tests were carried out using the GraphPad Prism software (version 8.1). Data are expressed as mean ± SEM and statistical significance was set at P < 0.05.



RESULTS


Mfp2 Is Expressed Throughout the Retina

We previously demonstrated by Western blot analysis that distinctive enzymes of the peroxisomal β-oxidation pathway are differentially distributed between the RPE and the neural retina, consisting of photoreceptors, interneurons and ganglion cells (Das et al., 2019). Due to the lack of suitable antibodies, immunohistochemical localization in the retinal layers could, however, not be performed. Therefore, we used the RNAscope® in situ hybridization technique to detect the spatial distribution of Mfp2 transcripts in the retina of 9 weeks-old wild type mice. We found abundant Mfp2 expression in the RPE and in photoreceptor inner segments, but transcripts were also highly present in the outer and inner nuclear layer, outer plexiform layer and ganglion cell layer. Importantly, there was no specific labeling of Mfp2 mRNA in the retina of mice in which MFP2 is inactivated (Mfp2–/– mice) (Figure 1).


[image: image]

FIGURE 1. Spatial distribution of Mfp2 transcripts in the mouse retina. Representative images of RNAscope® in situ hybridization reveals extensive Mfp2 expression throughout the retina of 9 weeks-old Mfp2+/+ mice, but not in Mfp2–/– mice (n = 3 per genotype). Nuclei were counterstained with Hoechst (blue). RPE, retinal pigment epithelium; PR, photoreceptor layer; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer.




Mfp2–/– Mice Exhibit Decreased Retinal Function

To determine whether peroxisomal β-oxidation is essential for vision, we assessed the visual acuity of Mfp2–/– mice. The optokinetic tracking response was markedly (∼50%) reduced in 9 weeks-old Mfp2–/– mice compared to littermate controls (Figure 2A). To further examine whether this is related to dysfunction at the level of the retina, ERG experiments were conducted at the same age (Figure 2B). In scotopic (i.e., dark-adapted) conditions, the a-wave amplitude was significantly affected, indicative of impaired rod function. The b-wave, representing the inner retina response, was also reduced. In photopic (i.e., light-adapted) conditions, the decreased b-wave amplitudes indicated impaired cone function, although no statistically significant differences were reached. Upon testing at younger age, similar ERG abnormalities were observed in 6 weeks (data not shown) and 3 weeks-old Mfp2–/– mice (Figure 2C). Of note, at the younger ages, the changes in photopic b-wave did reach statistical significance. These data show that loss of MFP2 induces an early onset retinal dysfunction whereby the photoreceptors, interneurons and possibly Müller cells are affected.
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FIGURE 2. Decreased visual acuity and retinal function of Mfp2–/– mice. (A) Measurements of the optokinetic tracking response reveal reduced visual acuity in 9 weeks-old Mfp2–/– mice. ERG measurements show reduced scotopic a- and b-wave amplitudes and reduced photopic b-wave amplitudes in (B) 9 weeks-old, and (C) 3 weeks-old Mfp2–/– mice. Mean ± SEM are shown (n = 3–4 per genotype). Statistical significance was determined by two-way ANOVA with Bonferroni multiple comparisons test: ns p > 0.05, ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001.




Mfp2–/– Retinas Display a Reduced Photoreceptor Length, Progressive Photoreceptor Degeneration and RPE Anomalies

To examine which pathological alterations underlie the functional deficits, we conducted histological analyses by H&E staining and phase-contrast microscopy at the age of 3 and 9 weeks. The most obvious morphological abnormality in the retina of 3 weeks-old Mfp2–/– mice was a reduced thickness of the photoreceptor layer (Figures 3A,B). Morphological analysis on phase-contrast microscopy images revealed that the thickness of both outer and inner segments was reduced by ∼35% (Figure 3B). In contrast, the total retinal thickness was unchanged (data not shown) and the number and distribution of photoreceptor nuclei in the outer nuclear layer were normal compared to age-matched control mice (Figure 3A). To investigate whether the decrease in photoreceptor outer and inner segments was caused by a developmental deficiency or by a degenerative process after eye opening, we assessed retinal morphology of 2 weeks-old Mfp2–/– mice. Already at this age, the size of the photoreceptor layer was reduced by ∼30%, suggesting that it was caused by a developmental problem (Figure 3B).
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FIGURE 3. Morphological changes in Mfp2–/– retinas. (A) H&E staining reveals no gross morphological alterations, except for PR length reduction, in 3 weeks-old Mfp2–/– retinas and photoreceptor degeneration and protrusion of RPE cells in the POS layer (white arrows) in 9 weeks-old Mfp2–/– retinas. The spiderdiagrams show the quantification of the number of photoreceptor nuclei over a distance of 100 μm at six different positions: I, nasal-peripheral; II, nasal-middle; III, nasal-central; ONH, optic nerve head; IV, temporal-central; V, temporal-middle; VI, temporal-peripheral. (B) Phase-contrast microscopy of 3 and 2 weeks-old Mfp2–/– retinas show reduced photoreceptor outer (red bars) and inner segment (green bars) length. Mean ± SEM are shown (n = 3, 4 and 5 per genotype at 2, 3, and 9 weeks of age, respectively). Statistical significance was determined by two-way ANOVA with Bonferroni multiple comparisons test: ns p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. (C) Increase in TUNEL-positive nuclei (white arrows) reveals an increase in apoptotic cell death of photoreceptors in 3 weeks-old Mfp2–/– mice (n = 3 per genotype). Hoechst (blue) was used as nuclear counter stain. RPE, retinal pigment epithelium; PR, photoreceptor layer; POS, photoreceptor outer segment; PIS, photoreceptor inner segment; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer.


Histological analysis at the age of 9 weeks revealed a marked deterioration of the neural retina (Figure 3A). The POS length reduction progressed variably including areas with severe shortening and areas where no further progression was observed. The inner segment length normalized compared to age-matched controls (data not shown). The distribution of nuclei in the outer nuclear layer was aberrant, and, upon counting, the number of nuclei was significantly reduced, pointing to progressive photoreceptor degeneration. By performing TUNEL staining at the age of 3 weeks, we proved that apoptotic death of photoreceptors was already going on at an earlier age (Figure 3C). In addition, at multiple locations spread over the entire retina, the RPE seemed to protrude into the POS layer (Figure 3A).

These results revealed that Mfp2–/– mice exhibit a complex retinal phenotype with a developmental defect in photoreceptor maturation and a progressive deterioration of photoreceptors and RPE cells. In the present study, we focused our analyses on the early onset abnormalities in the neural retina, while the progressive RPE phenotype will be the subject of future investigations.



Transmission Electron Microscopy Reveals Normal POS Ultrastructure in Juvenile Mfp2–/– Mice

To better define the changes that take place in the photoreceptors of Mfp2–/– retinas, we performed transmission electron microscopy (TEM) analysis at the age of 3 weeks. Photoreceptor disc formation seemed to be unaffected, with normal connecting cilium (CC) appearance, disc organization and density. In addition, POS seemed to be properly connected with RPE cells (Figure 4). Mitochondria that are located in the inner segments showed normal morphology. In conclusion, TEM analysis suggests that, despite their shorter length, outer segments were normally formed.
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FIGURE 4. Normal POS formation in Mfp2–/– mice. TEM analysis reveals (A) unaltered POS disc organization and density and normal connecting cilium appearance and (B) normal contact of the POS with RPE cells in 3 weeks-old Mfp2–/– mice (n = 3-5 per genotype). CC, connecting cilium; POS, photoreceptor outer segment; PIS, photoreceptor inner segment; RPE, retinal pigment epithelium.




Mfp2–/– Mice Display a Change in Transcriptomic Profile in the Neural Retina

The early onset retinal structural and functional deficits were further investigated by performing transcriptomic analysis of neural retinas at the age of 3 weeks. Principal component analysis revealed that Mfp2–/– retinas had a distinct transcriptomic signature compared to control retinas (Figure 5A). This observation was confirmed by the differential gene expression analysis, showing in total 2,894 differentially expressed genes (adjusted P < 0.05; 1468 genes upregulated and 1,426 genes downregulated) (Figure 5B). Next, we checked the expression of a subset of marker genes of the major retinal cell types (Figure 5C). Genes supporting photoreceptor morphology (e.g., Prph2) and function (e.g., Rho, Opn1sw, and Opn1mw) were severely downregulated in the mutant retinas. In addition, gene expression of other retinal cell types, i.e., bipolar (e.g., Otx2 and Vsx2 down and upregulation, respectively), amacrine (e.g., Pax6 upregulation) and ganglion cell (e.g., Tubb3 and Thy1 upregulation), was also altered by MFP2 deletion. This suggests that these cells are also affected, which may relate to the impaired b-wave in the ERG. Subsequently, gene set enrichment analysis (GSEA) using the KEGG database was performed to detect dysregulated pathways (Figure 5D). The most important downregulated pathway was phototransduction. Other downregulated pathways, olfactory transduction and purine metabolism, represented genes that overlapped with phototransduction and pointed to impaired cGMP signaling, which is essential in phototransduction. In addition, GSEA revealed that most of the upregulated pathways were involved in inflammation related processes and in cell death (e.g., apoptosis and p53 signaling pathway). The strong upregulation of the phagosome pathway most likely relates to the upregulation of inflammatory pathways.
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FIGURE 5. Distinct transcriptomic profile of Mfp2–/– retinas. (A) Principal component analysis (PCA) and (B) volcano plot of the differential expression analysis reveal a different transcriptomic signature of 3 weeks-old Mfp2–/– retinas. Blue and red dots in (B) represent differentially expressed and unchanged genes, respectively. (C) Heat map showing the expression of selected cell type specific genes. (D) GSEA reveals a major downregulation in the phototransduction pathway and a major upregulation in cell death and inflammation related pathways. Blue and red bars represent down- and upregulated pathways, respectively (n = 4 per genotype) PR, photoreceptors; MC, Müller cells; AC, amacrine cells; BC, bipolar cells; HC, horizontal cells; GC, ganglion cells.


Given the extensive downregulation of genes encoding proteins that play a crucial role in phototransduction, Western blot analysis was performed at the age of 3 weeks, confirming that levels of the phototransduction proteins rhodopsin (rods) and recoverin (rods and cones) were reduced by ∼40 and ∼50%, respectively (Figures 6A,B). In addition, we performed IHC for rhodopsin (Figure 6C). Interestingly, quantification of the signal intensity per unit area in the POS showed no difference between Mfp2–/– and control retinas (data not shown), suggesting that the decrease in rhodopsin protein levels reflected the POS length reduction. Moreover, no mislocalization of rhodopsin was observed, suggesting normal connecting cilium function, which is in line with the normal ultrastructure. Furthermore, we labeled cones with FITC-linked peanut agglutinin (PNA) that binds to the extracellular matrix of cone outer segments and pedicles (Figure 6D). Similar to the rods, the cones were reduced in length in the Mfp2–/– retinas. Interestingly, the cone pedicles, located in the outer plexiform layer, exhibited a decreased signal intensity, which suggests that cone synapses are affected. The coordinate suppression of genes involved in phototransduction raised the question whether dedicated transcription factors (Swaroop et al., 2010) were also repressed. Indeed, transcripts of Crx, Nrl, Nr2e3, Rorb, and Thrb were all strongly reduced (data not shown).
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FIGURE 6. MFP2 ablation affects both rods and cones and causes secondary glial activation. Western blot analysis of (A) rhodopsin and (B) recoverin reveal decreased protein levels in 3 weeks-old Mfp2–/– retinas. Vinculin and β-actin are used as loading control in (A,B), respectively. Mean ± SEM are shown (n = 5-9 per genotype). Statistical significance was determined by unpaired t-test: ** p < 0.01, **** p < 0.0001. (C) IHC for rhodopsin reveals shorter POS length and no mislocalization of the protein. (D) PNA-labeled cones exhibit a reduction in length in Mfp2–/– retinas. Cone pedicles in the OPL (white arrows) show a decrease in signal intensity. (E) IHC for GFAP and Iba1 shows the activation of Müller cells and microglia, respectively, in the MFP2 deficient retinas of 3 and 9 weeks-old mice. In addition to their activation, microglia also migrate toward the subretinal space. Hoechst (blue) was used as nuclear counterstain (n = 3 per genotype). RPE, retinal pigment epithelium; POS, photoreceptor outer segments; PIS, photoreceptor inner segments; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer.


The upregulation of cell death related processes was in line with the progressive photoreceptor degeneration (Figure 3A) and the increase in TUNEL-positive photoreceptor nuclei (Figure 3C). To elaborate on these observations, we performed IHC for the retinal stress marker glial fibrillary acidic protein (GFAP) (Figure 6E). More specifically, Müller cells, a type of retinal glial cells, become GFAP positive upon various triggers of retinal stress (Bramall et al., 2010). At the age of 3 weeks, GFAP-reactive Müller cells were detected, and this became more prominent in 9 weeks-old Mfp2–/– retinas. To validate the major increase in inflammation related pathways, we performed IHC for ionized calcium binding adaptor molecule 1 (Iba1), an established microglial marker. In the Mfp2–/– retina, reactive microglia with hypertrophic cell bodies and thickened processes were observed. Moreover, microglia were found to migrate toward the subretinal space, which is the space between the POS and the RPE. These observations were even more pronounced in the 9 weeks-old Mfp2–/– retinas (Figure 6E).

These data show that already at the age of 3 weeks Mfp2–/– neural retinas display important adaptations in gene expression. This involves several retinal cell types but alterations in photoreceptor gene expression were most prominent. In addition, loss of MFP2 elicited activation of inflammatory processes in the retina.



Mfp2–/– Retinas Exhibit an Altered PUFA Profile

To further search for mechanisms explaining the early onset retinal abnormalities, and in view of the role of peroxisomal β-oxidation in lipid homeostasis, we performed in-depth lipid analyses on neural retinas of 3 weeks-old Mfp2–/– mice.

First, we measured the total fatty acid concentration in the neural retina by GC. As expected, levels of the peroxisomal β-oxidation substrate C24:0 were elevated (2.5-fold increase vs. control mice, 0.8 ± 0.1 vs. 0.3 ± 0.0 nmol/mg tissue, p < 0.001). The POS are known to contain high PUFA levels, including DHA (C22:6n-3) amounting to approximately 50% of the POS phospholipid fatty acid side chains, and VLC-PUFAs (C > 30), which are low abundant n-3 and n-6 elongation products (Anderson and Maude, 1972; Tinoco, 1982; Fliesler and Anderson, 1983). The total DHA content in the Mfp2–/– retinas was decreased by ∼30%, which was accompanied by an increase of n-6 fatty acids, such as arachidonic acid (AA, C20:4n-6, ∼40% increase) (Figure 7A). The latter probably reflects a compensatory mechanism to maintain the retinal desaturation level. Indeed, calculation of the double bond index revealed a decrease of only 10% in the Mfp2–/– retinas, suggesting that the reduction in DHA was mostly compensated (Figure 7B). Unfortunately, VLC-PUFAs were not analyzed in the GC analysis.
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FIGURE 7. DHA decrease is partially compensated by an increase of n-6 PUFAs in Mfp2–/– retinas. (A) Total fatty acid measurements reveal a ∼30% decrease in DHA and a compensatory increase in n-6 PUFAs, such as AA, in 3 weeks-old Mfp2–/– retinas. (B) Calculation of the double bond index (DBI) shows a 10% decrease in Mfp2–/– retinas. Mean ± SEM are shown (n = 3 per genotype). Statistical significance was determined by unpaired t-test: ** p < 0.01, **** p < 0.0001.


Subsequently, a comprehensive lipidomic analysis of the neural retina was performed. To obtain an overview of relative changes in the different lipid classes, the sum of the calculated signals of the different subspecies per group were compared. No large differences were observed, except a general increase in ether lipid species. More specifically, the ether variants of (lyso)PC and of di- and triglycerides were ∼2–5-fold increased (Figure 8A).
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FIGURE 8. Altered PUFA profile in 3 weeks-old Mfp2–/– retinas. (A) Evaluation of the different lipid classes reveals a general increase in ether lipid species. Lipidome analysis reveals a severe decrease in DHA- and an increase in AA-containing (B) PC and (C) PE phospholipids, but not in (D) PS phospholipids. (E) Mfp2–/– retinas display a peculiar profile of PC phospholipids containing VLC-PUFAs. PC species with 52–58 carbons and 10–12 double bonds (DB) are shown. Profile of LPC species containing PUFAs with (F) 6 and (G) 4–5 double bonds. Mean ± SEM are shown (n = 3 per genotype). Statistical significance was determined by two-way ANOVA with Bonferroni multiple comparisons test: ns p > 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. PC, phosphatidylcholines; PE, phosphatidylethanolamines; PS, phosphatidylserines; TG, triglycerides; DG, diacylglycerides; LPC/LPE, lyso-variant of PC/PE; x(O), ether-variant of the respective lipid species.


Given the importance of PUFAs in POS phospholipids and the potential role of peroxisomal β-oxidation in their homeostasis, our further analysis focuses on these PUFA-containing phospholipid species, although miscellaneous changes in other fatty acid species were detected (data not shown). While the lipidomic profiling does not allow to unequivocally identify DHA-containing phospholipids, PC species with 6 double bonds and a total carbon length of 38 or 40 likely contain one DHA in combination with a common saturated fatty acid with 16 or 18 carbons, respectively. Similarly, AA-containing phospholipids can be identified. In line with the GC data, PC(38:6) and PC(40:6) were reduced ∼2-fold, whereas PC(36:4) and PC(38:4) were increased ∼1.5-fold. More striking was the virtual depletion of PC(44:12), compatible with two esterified DHA moieties (Figure 8B). Similar changes were observed in the corresponding PE phospholipids, but not in the PS species (Figures 8C,D). Furthermore, PC species probably composed of DHA and a VLC-PUFA elongated from DHA up to a length of 34 carbons [e.g., PC(52:12), PC(54:12), and PC(56:12)] were almost absent in the Mfp2–/– neural retina, while those containing even longer VLC-PUFAs (≥C36) were unaltered or even increased. In addition, PC species with 10 double bonds (most likely DHA + VLC-PUFA elongated from AA) and 11 double bonds (most likely DHA + VLC-PUFA elongated from C20:5n-3 or C22:5n-6) displayed a similar trend as the PC species with 12 double bonds (Figure 8E). On the other hand, PC species with 4–7 double bonds were increased (data not shown), probably to compensate for the decreased abundance of the DHA-containing phospholipids and to maintain the retinal desaturation level.

Inspection of the lyso-variant of the phospholipids allows unambiguous identification of the esterified fatty acid. First, in line with the defect in peroxisomal β-oxidation, the disease marker, LPC(26:0) (Jaspers et al., 2020), was ∼150-fold (± 40-fold, p < 0.001) increased in the Mfp2–/– neural retina. LPC(22:6) and the LPC species containing the DHA-elongation products C24:6 and C26:6 [LPC(24:6) and LPC(26:6)] were reduced, whereas LPC(36:6) and LPC(38:6) were increased, confirming the changes in the PC species (i.e., increase starting from C36) (Figure 8F). Furthermore, VLC-PUFAs with 4 and 5 double bonds showed an increase starting from 34 carbons, also confirming the changes observed in the PC species (Figure 8G). The marked accumulation of PUFAs with ultra-long chains (≥ C34) raised the question whether this was related to increased expression of the Elovl4 gene in the retina, given its role in the elongation of fatty acids containing ≥ 26 carbons (Agbaga et al., 2010). Interestingly, according to the RNAseq data, Elovl4 transcripts were ∼4-fold decreased (data not shown).

Overall, the lipid analyses reveal that 3 weeks-old Mfp2–/– mice display important changes in the retinal lipid composition, with pronounced reductions in DHA-containing phospholipids and a peculiar VLC-PUFA profile.



Retinal DHA Supply and Traffic Are Hampered in Mfp2–/– Mice

The virtual depletion of phospholipid species likely containing 1 or 2 DHA moieties in the neural retina of Mfp2–/– mice raised the question whether the supply and/or the uptake of DHA in the retina was impaired. Indeed, it is generally accepted that systemic supply accounts for the majority of the retinal DHA levels, over local synthesis (Bazan et al., 1982, 2011; Wang and Anderson, 1993; Rotstein et al., 1996; Simon et al., 2016). In plasma, DHA mainly resides in the phospholipid pool (Bazinet et al., 2019). Therefore, we first performed a lipidomic analysis on plasma of 3 weeks-old mice and found a ∼1.5–3-fold decrease in DHA-containing PC species (Figure 9A). This reduction was also observed in DHA incorporated in other common phospholipid classes (data not shown). In addition, we examined LPC(22:6), which is an important source for uptake of DHA from the blood into the eye (Wong et al., 2016; Lobanova et al., 2019). Also LPC(22:6) showed a ∼2-fold decrease in plasma (Figure 9B). These data suggest that systemic DHA-delivery to the eye was hampered.
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FIGURE 9. Systemic delivery and retinal traffic of DHA is impaired in Mfp2–/– retinas. Lipidome analysis reveals a decrease of DHA-containing (A) PC species and (B) LPC in plasma of 3 weeks-old Mfp2–/– mice. (C,D) Gene expression analysis by RT-qPCR reveals unchanged Mfsd2a and downregulated Adipor1 expression in the RPE of Mfp2–/– mice. Western blot analysis for ADIPOR1 shows a 70% reduction in (E) the RPE and in (F) the retina of Mfp2–/– mice. Vinculin was used as loading control. Mean ± SEM are shown (n = 4–8 per genotype). Statistical significance was determined by unpaired t-test, Mann-Whitney U-test and two-way ANOVA with Bonferroni multiple comparisons test: ns p > 0.05, *p > 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.


Furthermore, several proteins dedicated to retinal DHA uptake and subsequent transport to the photoreceptors, more specifically Major facilitator superfamily domain-containing protein 2a (Mfsd2a) in the RPE (Wong et al., 2016; Lobanova et al., 2019) and ADIPOR1 in the RPE and in photoreceptors (Rice et al., 2015; Sluch et al., 2018), were recently identified. By RT-qPCR, we found that the gene expression of Mfsd2a and Adipor1 in the RPE were, respectively, unchanged and reduced by ∼30% (Figures 9C,D). We validated the latter on the protein level and found a ∼70% reduction in ADIPOR1 levels (Figure 9E). The transcriptomic profiling of neural retinas revealed a ∼5-fold decrease of Adipor1, which was confirmed by a ∼70% reduction in ADIPOR1 protein levels (Figure 9F). Together, these results suggest that, in addition to a reduced systemic DHA supply, retinal traffic of this PUFA was likely impaired.



DISCUSSION

In this study, we have shown that intact peroxisomal β-oxidation is of crucial importance for retinal integrity. Mice lacking the pivotal peroxisomal β-oxidation enzyme MFP2 (Mfp2–/– mice) displayed a complex retinal phenotype. In juvenile mice, the proper formation of photoreceptors was impaired with reduced outer and inner segment length coinciding with profound lipid perturbations and altered gene expression. The transcriptome changes also indicated that other cell types of the inner retina were also affected. Furthermore, the Mfp2–/– retinas deteriorated upon aging, with progressive photoreceptor degeneration and RPE abnormalities. Here, we focused our analyses on the early onset photoreceptor anomalies.

At the age of 3 weeks, when retinal formation is completed in mice (Swaroop et al., 2010), the reduced size of inner and outer segment length in Mfp2–/– retinas pointed to a developmental problem. Yet, the retina was normally structured with unaltered numbers of photoreceptor nuclei and a normal ultrastructural appearance of photoreceptors, with intact connecting cilium and disc formation. These observations point to normal photoreceptor differentiation, but a hampered maturation. Despite the moderate structural defects, specifically in the inner and outer segments, photoreceptors exhibited marked transcriptome changes, affecting both rods and cones, and with severe downregulation of genes encoding phototransduction proteins. The latter was confirmed by a ∼40 and ∼50% reduction of rhodopsin and recoverin, respectively. Interestingly, rhodopsin is a major determinant of POS formation, which is underscored by their absence in mice homozygous for rhodopsin gene deletion (Rho–/– mice) (Humphries et al., 1997; Lem et al., 1999). Moreover, it was shown that the length of the POS is directly proportional with increasing rhodopsin levels. Notably, juvenile Rho+/– mice display a similar retinal phenotype compared to the Mfp2–/– mice, i.e., POS length shortening (Price et al., 2012). Besides the observed reduction in disc number, the general decrease in phototransduction proteins probably also contributed to the impaired ERG responses. This is supported by previous observations that Rho+/– mice exhibited reduced electrophysiological responses (Liang et al., 2004). The important upregulation of genes involved in cell death related processes was confirmed by TUNEL staining and pointed to apoptotic photoreceptor death. This resulted in a disorganized outer nuclear layer containing fewer photoreceptor nuclei at the age of 9 weeks, which further worsened by the age of 16 weeks (data not shown). We did not thoroughly assess the retinal pathology at this later age, because the Mfp2–/– mice develop cataracts from around 11 weeks, which may impact on the retina. Moreover, later ages could not be investigated due to their early death at the age of 4–6 months, caused by various CNS defects (Baes et al., 2000; Huyghe et al., 2006).

A comprehensive lipidome analysis of the neural retina at the age of 3 weeks revealed a major shortage of glycerophospholipids likely containing one DHA and even depletion of those containing two DHA moieties. Although it may be argued that this is a consequence of the shortening of the outer segments, which are known to harbor these PUFA-containing phospholipids, this is presumably not the case because (i) the deficit of PC(44:12) is much more pronounced than the loss of outer segments and (ii) PC containing other PUFA species increased in content. Despite some recent new insights, the acquisition and homeostasis of DHA in the retina is still not fully understood. Besides some limited contribution by local synthesis, DHA is primarily taken up from the blood by the RPE through recently identified receptors, ADIPOR1 and Mfsd2a, and further shuttled to the photoreceptors (Bazan et al., 1982, 2011; Wang and Anderson, 1993; Rotstein et al., 1996; Rice et al., 2015; Simon et al., 2016; Wong et al., 2016; Lobanova et al., 2019). We found that DHA-containing phospholipids were reduced in the plasma of 3 weeks-old Mfp2–/– mice, suggesting a hampered systemic supply. This could result from impaired hepatic DHA synthesis, which depends on peroxisomal β-oxidation, but also from decreased intestinal absorption during the lactation period, as a result of disrupted bile acid synthesis and steatorrhea (Baes et al., 2000; Van Veldhoven, 2010). In addition, a marked reduction of ADIPOR1 in the RPE and neural retina suggested hampered retinal DHA trafficking (Rice et al., 2015).

POS also contain relatively high amounts of VLC-PUFAs, which are exclusively synthesized in the photoreceptor inner segments. DHA serves as the substrate for the elongation process, which is mediated by ELOVL4. These VLC-PUFAs are usually esterified to the sn-1 position of the phospholipids, with DHA occupying the sn-2 position (Agbaga et al., 2010). In the Mfp2–/– retinas, we observed a peculiar profile of those VLC-PUFA- and DHA-containing phospholipid species. More specifically, we found severe decreases in PC species containing up to 56 carbons, while those containing even more carbons were unchanged or elevated. Although it is difficult to pinpoint the underlying mechanism at this time, this may relate on one hand to the reduced levels of DHA, and on the other hand to the lack of peroxisomal β-oxidation, enabling an uncontrolled elongation of PUFA species. Unfortunately, our lipidome analysis has several limitations. Firstly, due to the difference in response factor of the different fatty acids in the MS analysis, the absolute concentrations of the numerous species cannot be retrieved. Moreover, the reported values are relative to the internal standard and data are presented as fold change compared to control. Secondly, since we only receive information about the total number of carbons and double bonds, we cannot unambiguously specify which PUFAs are exactly esterified in the phospholipids.

It is important to mention that DHA and VLC-PUFAs are converted by the RPE and photoreceptors into the lipid mediators, neuroprotectin D1 (NPD1) and elovanoids, respectively. Upon various degrees of retinal stress, these molecules exert anti-inflammatory and cytoprotective effects on both photoreceptors and RPE cells (Mukherjee et al., 2004; Kanan et al., 2015; Jun et al., 2017). Lack of DHA, altered VLC-PUFA levels and RPE/photoreceptor malfunction could lead to a deficit in the production of these lipid mediators, possibly contributing to the observed phenotype. Besides the deregulated homeostasis of PUFA species, another lipid perturbation was the vast accumulation of phospholipids containing saturated VLCFAs, such as C26:0. This could be deduced from the LPC(26:0) accumulation and is an expected consequence of peroxisomal β-oxidation dysfunction (Jaspers et al., 2020). An additional unexpected lipid anomaly is the important increase of several ether phospholipid classes. Two crucial enzymes of the ether lipid synthesis pathway reside in peroxisomes (Wanders and Waterham, 2006), but how failure of the β-oxidation pathway results in increased levels of ether lipids is currently obscure.

Taking all these lipidome changes in Mfp2–/– retinas at early age into consideration, we postulate that the altered lipid composition of the neural retina, which likely mostly pertains to photoreceptors, undermines photoreceptor function, structure and survival. However, it is still elusive which changes are pathogenic and which relate to a defect in the photoreceptors. The generation and analysis of mice with photoreceptor selective deletion of MFP2 should shed light on the role of peroxisomal β-oxidation in these cells.

Importantly, it was hypothesized already decades ago that retinal DHA deficiency plays an important role in the pathogenesis of the retinopathy in PBD and MFP2 patients. This is underscored by the frequent observations of reduced plasma DHA levels in both PBD and peroxisomal β-oxidation deficiency patients. Moreover, retinal DHA deficiency was found in a Zellweger syndrome patient (Martinez, 1992; Noguer and Martinez, 2010). However, caution is warranted. Firstly, it was shown that several MFP2 deficient patients with severe retinopathy had normal plasma DHA levels. However, PC species containing DHA, which is a more sensitive marker, were not determined. In addition, no information was available on their retinal DHA status (Ferdinandusse et al., 2006). Secondly, DHA supplementation to prevent deterioration of visual acuity in Zellweger spectrum disorder patients produced contradictory results. Although a stabilizing effect on the deteriorating retinal function in patients with a mild phenotype was first observed, a randomized, double-blind and placebo-controlled clinical trial detected no effect of DHA treatment on retinal function (Noguer and Martinez, 2010; Paker et al., 2010).

Finally, the question arises whether Mfp2–/– mice mimic the pathological events in patients with this gene defect. The retinopathy hallmarks consist of abnormal retinal pigmentation upon fundoscopic evaluation, with or without decreased ERG responses and visual acuity, and can also occur in milder cases (Ferdinandusse et al., 2006; McMillan et al., 2012; Lines et al., 2014; Amor et al., 2016). However, to date, there is a paucity of information on the histological changes in the retina of patients with MFP2 deficiency. For Zellweger syndrome, which is the most severe clinical presentation of PBD, a few old reports describe the histopathology of the retina. Here, RPE atrophy, bi-leaflet inclusions in the RPE, photoreceptor outer and inner segment degeneration and photoreceptor loss have been described (Cohen et al., 1983; Glasgow et al., 1987). More recently, interval spectral-domain optical coherence tomography also detected hyperreflective spots on the RPE protruding into the POS layer and outer retinal atrophy (Courtney and Pennesi, 2013). Ganglion cell, nerve fiber layer and optic nerve atrophy and macrophage infiltration in the retina were also described (Cohen et al., 1983; Glasgow et al., 1987; Courtney and Pennesi, 2013). Clearly, several of these findings are recapitulated in Mfp2–/– mice. Although several mouse models for peroxisomal disorders have been developed over the years, until now the retinal phenotype of only one has been described. More specifically, Argyriou et al. have extensively characterized the Pex1 knock-in mouse, mimicking the most common human PEX1 mutation (G843D) (Argyriou et al., 2019). Although juvenile Pex1 knock-in mice also exhibited decreased retinal function and visual acuity, the morphological alterations were less severe compared to the Mfp2–/– mice. More specifically, these mice displayed reduced photoreceptor outer and inner segment length at the age of 2 weeks, which was completely normalized at 3 weeks of age. Furthermore, while cones were significantly affected, as shown by IHC for cone arrestin, rods seemed to be preserved. A possible explanation for the milder phenotype is that this Pex1 mutation leads to a subfunctional protein, which might still partially exhibit its normal function in peroxisome biogenesis. While the Pex1 knock-in mouse model might reflect a mild disease course, it seems that the retinal phenotype of the Mfp2–/– mice corresponds fairly well with the pathological abnormalities observed in severe disease states. However, more information on the retinal histopathology of MFP2 deficient patients is required in order to draw firm conclusions about the translatability of the model.

In conclusion, we have shown that peroxisomal β-oxidation is crucial for retinal integrity, both during its formation and maintenance. To decipher the importance of retinal versus systemic β-oxidation dysfunction further investigations with cell type selective MFP2 inactivation are required. Additional research will also be necessary to elucidate whether the lipid perturbations underlie the observed morphological abnormalities and changes in gene expression.
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Peroxisome biogenesis disorders within the Zellweger spectrum (PBD-ZSDs) are most frequently associated with the c.2528G>A (p.G843D) mutation in the PEX1 gene (PEX1-G843D), which results in impaired import of peroxisomal matrix proteins and, consequently, defective peroxisomal functions. A recent study suggested that treatment with autophagy inhibitors, in particular hydroxychloroquine, would be a potential therapeutic option for PBD-ZSD patients carrying the PEX1-G843D mutation. Here, we studied whether autophagy inhibition by chloroquine, hydroxychloroquine and 3-methyladenine indeed can improve peroxisomal functions in four different cell types with the PEX1-G843D mutation, including primary patient cells. Furthermore, we studied whether autophagy inhibition may be the mechanism underlying the previously reported improvement of peroxisomal functions by L-arginine in PEX1-G843D cells. In contrast to L-arginine, we observed no improvement but a worsening of peroxisomal metabolic functions and peroxisomal matrix protein import by the autophagy inhibitors, while genetic knock-down of ATG5 and NBR1 in primary patient cells resulted in only a minimal improvement. Our results do not support the use of autophagy inhibitors as potential treatment for PBD-ZSD patients, whereas L-arginine remains a therapeutically promising compound.

Keywords: peroxisome biogenesis disorder, Zellweger spectrum disorder, autophagy inhibitors, pexophagy, chloroquine, hydroxychloroquine, L-arginine, peroxisomal functions


INTRODUCTION

The Peroxisome Biogenesis Disorders (PBDs), which include the Zellweger spectrum disorders (PBD-ZSDs) and Rhizomelic Chondrodysplasia Punctata type 1, comprise a group of autosomal recessive metabolic disorders associated with multi-organ defects due to the loss of functional peroxisomes (Klouwer et al., 2015; Braverman et al., 2016). Peroxisomes are single-membrane-bound organelles present in virtually every human cell and involved in several crucial metabolic processes. These include, among others, the α- and β-oxidation of branched-chain and very long chain fatty acids (VLCFAs), the synthesis of bile acids and ether phospholipids, including plasmalogens, and the homeostasis of reactive oxygen species (Wanders and Waterham, 2006).

PBD-ZSDs can be caused by bi-allelic mutations in any of 12 different PEX genes, which encode PEX proteins, also known as peroxins, that are required for the import of peroxisomal matrix and/or membrane proteins. Defects in any of these PEX proteins result in a defective peroxisome biogenesis (assembly), which thus affects peroxisome-dependent metabolic processes. This results in characteristic metabolic aberrations reflecting peroxisomal dysfunction, including increased levels of VLCFAs, such as C26:0, pristanic acid and bile acid precursors, and decreased levels of plasmalogens, mature bile acids and docosahexaenoic acid (DHA) (Wanders and Waterham, 2006; Waterham et al., 2016).

Approximately 60% of PBD-ZSD patients have bi-allelic mutations in the PEX1 gene of whom 40% are compound heterozygous or homozygous for the missense mutation c.2528G>A, which results in a p.G843D amino acid change causing impaired PEX1 protein function (Ebberink et al., 2011). PEX1 forms a heterohexamer with PEX6 to constitute the peroxisomal AAA ATPase complex, which is involved in the export of PEX5, the cytosolic receptor for PTS1-targeted peroxisomal matrix proteins, from the peroxisome back into the cytosol after delivery of its cargo (Miyata and Fujiki, 2005). A severe PEX1 defect completely impairs the import of peroxisomal matrix proteins resulting in reduced numbers of ‘empty’ peroxisomal vesicles, also known as ‘peroxisomal ghosts’, in PBD-ZSD cells (Santos et al., 1988). The PEX1-c.2528G>A mutation is associated with a more attenuated clinical presentation and often results in peroxisome mosaicism in cell populations, with some cells having normal appearing peroxisomes while other cells have peroxisomal ghosts (Imamura et al., 1998). In cells from patients with severe defects in PEX3, PEX16 and PEX19, however, no peroxisomal ghosts are observed, in keeping with their role in the import of peroxisomal membrane proteins (Waterham et al., 2016).

To date, there is no therapeutic treatment for PBD-ZSDs. In recent years, however, several small compounds have been identified, which improve peroxisomal matrix protein import and, importantly, peroxisomal functions in cultured cells of milder affected PBD-ZSD patients, including in particular patients carrying one or two PEX1-c.2528G>A alleles. Among these are 4-phenylbutyrate (Wei et al., 2000), betaine, trimethylamine N-oxide, glycerol (Zhang et al., 2010), L-arginine (Berendse et al., 2013), and diosmetin (MacLean et al., 2019). The mechanisms underlying the observed improvement of peroxisomal matrix protein import and function in the cells by these compounds are largely unknown, however.

A recent report by Law et al. (2017) claimed that inhibition of autophagy, including the autophagic degradation of peroxisomes also known as pexophagy, restores peroxisomal functions in PBD-ZSD cells harboring the PEX1-G843D mutation. In this study the PEX1/PEX6 complex-dependent export of PEX5 from peroxisomes was postulated to act as a peroxisome quality control system that prevents pexophagy. A defective PEX1/PEX6 complex was found to increase pexophagy and rapid degradation of peroxisomal ghosts, based on which it was postulated that the observed impaired peroxisomal matrix protein import is a consequence of increased pexophagy rather than a direct consequence of dysfunctional PEX1 or PEX6. The authors therefore hypothesized that inhibition of autophagy in cells with impaired PEX1/PEX6 complex functioning would increase the half-life of the peroxisomal ghosts, thereby increasing the possibility for PEX5 to import peroxisomal matrix proteins into these ghosts. If the case, this should then also lead to improved peroxisomal metabolic functions, which, however, had not been studied. The authors primarily focused on hydroxychloroquine (HCQ) to inhibit autophagy, as this compound is FDA approved for the treatment of malaria.

Based on earlier studies reporting that autophagy in cells can be inhibited by high concentrations of L-arginine (Xia et al., 2016) and induced when L-arginine is depleted (García-Navas et al., 2012; Angcajas et al., 2014), it was hypothesized (Nazarko, 2017) that pexophagy inhibition might also be the mechanism underlying the improved peroxisomal protein import and functions in PBD-ZSD cells harboring the PEX1-G843D mutation treated with L-arginine (Berendse et al., 2013). To investigate this hypothesis, we have here compared the positive effect of L-arginine on the import of peroxisomal matrix proteins and restoration of peroxisomal metabolic functions to the effect of the autophagy inhibitors chloroquine, hydroxychloroquine and 3-methyladenine in four different PEX1-G843D cell types, including primary fibroblast cells from PBD-ZSD patients. In contrast to L-arginine, which markedly improved peroxisomal functions, we found that the autophagy inhibitors did not improve endogenous peroxisomal matrix protein import or peroxisomal metabolic functions, but in fact caused a further decrease of the peroxisomal functions in all cell lines, including the primary patient cells. A stable genetic knock-down of NBR1 or ATG expression in primary patient cells using RNAi resulted in only a minimal improvement. Our results argue strongly against the use of autophagy inhibitors as potential therapy for PBD-ZSD patients.



RESULTS


Effect of Compounds on Peroxisomal Functions in Primary Skin Fibroblasts of Patients

We previously showed that L-arginine improves peroxisomal matrix protein import and peroxisomal metabolic functions in cultured primary skin fibroblasts derived from PEX1-G843D patients (Berendse et al., 2013). To study if this is due to inhibition of autophagy by L-arginine in these cells as was recently suggested (Nazarko, 2017), we first compared the effect of L-arginine with the effects of the early autophagy inhibitor 3-methyladenine (3-MA), and two late autophagy inhibitors chloroquine (CQ) and hydroxychloroquine (HCQ) in primary skin fibroblasts derived from two different PEX1-G843D patients, a PEX1-null patient and a control individual. Cells were incubated for 7 days with the different compounds or, as a positive control, with glycerol, which was previously shown to efficiently restore peroxisomal protein import and functions in PEX1-G843D patient cells (Zhang et al., 2010; Berendse et al., 2013).

We first investigated the effect of the compounds on peroxisomal import of the PTS1-targeted peroxisomal matrix protein catalase using immunofluorescence microscopy. In control cells, catalase was correctly localized to peroxisomes under all conditions, as indicated by its co-localization with the peroxisomal membrane protein ABCD3 (Figure 1A). In the vast majority of untreated PEX1-G843D cells, catalase was mislocalized to the cytosol. However, as previously reported (Berendse et al., 2013), the proportion of PEX1-G843D cells showing peroxisomal catalase import clearly increased when they were incubated with glycerol, and – be it to a lesser extent – with L-arginine (Figures 1A,B). In contrast, peroxisomal catalase import did not improve in cells incubated with any of the autophagy inhibitors (Figure 1B). In the PEX1-null cell line, which contains peroxisomal ghosts as confirmed by the punctated ABCD3 labeling, peroxisomal catalase import remained completely absent after incubation with any of the compounds, including L-arginine and glycerol (Figures 1A,B).
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FIGURE 1. Autophagy inhibitors do not restore import of peroxisomal catalase in primary PEX1-G843D fibroblasts. (A) Immunofluorescence microscopy in primary fibroblasts from a control individual (CTRL), a PBD-ZSD patient without residual PEX1 function (PEX1-null) and two PBD-ZSD patients homozygous for the PEX1-G843D mutation (PEX1-G843D(1) and PEX1-G843D(2)). Cells were incubated with 20 mM L-arginine (L-Arg), 5% glycerol (Gly), 10 μM chloroquine (CQ), 10 μM hydroxychloroquine (HCQ) or 10 mM 3-methyladenine (3-MA) for 7 days, before determining the subcellular localization of the peroxisomal matrix protein catalase (green signal) and the peroxisomal membrane protein (PMP) ABCD3 (red signal). Shown are representative images, each image representing a section of 40 × 40 μm. The nuclei were stained with DAPI (blue signal). (B) Quantification of primary fibroblasts, treated as described in A, which display peroxisomal catalase import as determined by immunofluorescence microscopy (> 60 cells analyzed for each condition). Control fibroblasts showed 100% peroxisomal catalase import under all conditions (set as 1.0). (C) Density of punctated ABCD3-containing structures (indicating peroxisomal membranes) per cell area as determined by immunofluorescence microscopy in primary fibroblasts treated as described in A (see section “Materials and Methods” for more details). Data presented as mean of n > 40 cells + SD. Statistical analyses of treated versus untreated cells were performed using Mann-Whitney U tests and revealed no statistically significant differences.


To confirm that the treatment of the different autophagy inhibitors indeed resulted in inhibition of autophagy in the PEX1-G843D cells, we determined their effect on the levels of the autophagy adaptor protein SQSTM1/P62 (P62) and on the levels and conversion of MAPILC3B-I (LC3-I) to MAPILC3B-II (LC3-II) using immunoblot analysis. Treatment with CQ and HCQ resulted in a marked increase in P62 levels, while 3-MA treatment caused a modest increase. In contrast, treatment with L-arginine and glycerol did not result in a change of P62 levels when compared to untreated cells (Figure 2). HCQ treatment resulted in increased levels and conversion of LC3-I to LC3-II, while bafilomycin treatment resulted in increased LC3-1 levels. Treatment with 3-MA resulted in lower levels of both LC3-I and LC3-II and a decreased conversion of LC3-I to LC3-II, when compared to untreated cells. Treatment with L-arginine also resulted in lower LC3-I and LC3-II levels and a decreased conversion (Figure 2).
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FIGURE 2. Autophagy inhibitors do not restore peroxisomal import of PTS1- and PTS2-targeted peroxisomal matrix proteins in primary PEX1-G843D fibroblasts. Immunoblot analysis of homogenates of primary fibroblasts from two PBD-ZSD patients homozygous for the PEX1-G843D mutation [PEX1-G843D(1) (A) and PEX1-G843D(2) (B)] treated as described in Figure 1A. The protein levels of the PMPs ACBD5 and ABCD3 and the ratio of the processed over unprocessed forms of PTS1-targeted ACOX1 and PTS2- targeted thiolase were determined using specific antibodies. Below the ACOX1 bands, the corresponding ratios between the intensity of processed (50 kDa) over unprocessed (70 kDa) ACOX1 bands are indicated. Below the thiolase bands, the corresponding ratios between the intensity of processed (41 kDa) over unprocessed (44 kDa) thiolase bands are indicated. Below the ACBD5 and ABCD3 bands, the corresponding signal intensity relative to the tubulin band intensity, which was used as a loading control, is indicated. Homogenates of non-treated control fibroblasts and PEX1-null fibroblasts (PEX1–/–) were used for reference. The effect of the different treatments on autophagy was assessed by determining the relative protein levels of the autophagy adaptor protein SQSTM1/P62 (P62; relative to tubulin levels) and the ratio of MAPILC3B-II (LC3-II) over MAPILC3B-I (LC3-I). Cells were incubated for 7 days with the different compounds, except for bafilomycin (24 h incubation). Experiments were repeated twice; shown are representative blots from one experiment.


Next, we assessed functional peroxisomal matrix protein import in the cells treated with the different compounds by examining the processing of the PTS1-targeted peroxisomal matrix protein acyl-CoA oxidase 1 (ACOX1) and the PTS2-targeted matrix protein thiolase. Both proteins are synthesized in the cytosol as larger precursor proteins and only processed into their smaller mature forms after import into peroxisomes, making their processing efficiency a sensitive read-out for functional peroxisomal matrix protein import in cells (Schram et al., 1986; Berendse et al., 2013).

ACOX1 is synthesized as a 70kDa precursor protein, which only inside peroxisomes can be processed into a 50kDa and a 20kDa protein. Although in control cells the intra-peroxisomal processing of ACOX1 is not always 100%, its processing is completely absent in PEX1-null cells (Figure 2). Compared to non-treated PEX1-G843D cells, ACOX1 processing is markedly increased when these cells were incubated with glycerol and, albeit less, L-arginine. Incubations of the cells with CQ, HCQ and 3-MA, however, did not increase but decrease ACOX1 processing (Figure 2).

Processing of the 44kDa precursor of the PTS2-targeted thiolase into its 41kDa mature form is complete in the control cells, but fully blocked in the PEX1-null cells (Figure 2). In untreated PEX1-G843D cells, we observed equal amounts of processed and unprocessed thiolase (Figure 2). In keeping with what we observed for catalase and ACOX1 import, thiolase processing clearly increased when the PEX1-G843D cells were incubated with glycerol and L-arginine, but decreased when the cells were incubated with CQ, HCQ and 3-MA (Figure 2).

To assess the effect of the different compounds on peroxisomal metabolic processes, we measured the peroxisomal β-oxidation activity of C26:0 and pristanic acid, and the peroxisome-dependent de novo synthesis of ether phospholipids in treated PEX1-G843D and control fibroblasts (Figure 3). Whereas the β-oxidation activity for both C26:0 and pristanic acid was clearly decreased in untreated PEX1-G843D cells when compared to the control cells, PEX1-G843D cells incubated with L-arginine and, in particular, glycerol showed a clear increase in β-oxidation activity (Figures 3A,B). In contrast, incubation of these cells with the autophagy inhibitors HCQ and 3-MA had a negative effect on the β-oxidation of both fatty acids. The peroxisome-dependent de novo synthesis of the ether phospholipid PC-(O-37:4) was measured following incubation of cells with 1-heptadecanol (C17:0-OH) (see section “Materials and Methods”). PC-(O-37:4) synthesis was decreased in untreated PEX1-G843D cells when compared to the control cells, but increased when the PEX1-G843D cells were incubated with L-arginine and glycerol (Figure 3C). In contrast, incubation with HCQ and 3-MA caused a further decrease of PC-(O-37:4) synthesis in PEX1-G843D cells.
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FIGURE 3. Autophagy inhibitors do not restore peroxisomal metabolic functions in primary PEX1-G843D fibroblasts. Peroxisomal β-oxidation activity of C26:0 (A) and pristanic acid (B), and (C) de novo synthesis of the ether phospholipid PC-(O-37:4) determined in primary fibroblasts from a PBD-ZSD patient homozygous for the PEX1-G843D mutation (PEX1-G843D(1)) and a control individual (CTRL) treated as described in Figure 1A. For reference we included the peroxisomal β-oxidation activities and the de novo PC-(O-37:4) synthesis values measured in untreated primary fibroblasts from a PBD-ZSD patient without residual PEX1 function (PEX1-null; still containing peroxisomal membranes) and from a PBD-ZSD patient without residual PEX19 function (PEX19-null; lacking peroxisomes entirely). β-oxidation activities are expressed as pmol/hr/mg protein and as mean + SD (n = 3); ether phospholipid synthesis is expressed as PC-(O-37:4) over PC-(28:0) over mg protein (mean of two measurements); PC-(28:0) was used as internal standard.


Taken together, our results show that while L-arginine and glycerol clearly improve peroxisomal functions, there is no positive but even a negative effect of the autophagy inhibitors HCQ and 3-MA on peroxisomal functions and peroxisomal matrix protein import in primary patient cells. Thus, our findings do not support the claim by Law et al. (2017) that autophagy inhibitors, in particular HCQ, restore peroxisomal functions in PBD-ZSD cells harboring the PEX1-G843D mutation. However, because Law et al. (2017) used the levels of peroxisomal membrane proteins (PMPs) and in particular the abundance of ABCD3-positive peroxisomal membranes (‘ghosts’) as primary readout, we also determined these parameters in the primary patient cells. We did not find significant changes in the protein levels of the PMP ACBD3 and a second abundant PMP ABCD5 (Figure 2) nor did we find an increased density of ABCD3-positive peroxisomal membranes (Figure 1C) in PEX1-G843D or PEX1-null cells upon incubation with any of the tested compounds.



Effect of Compounds on Peroxisomal Functions in Non-primary PEX1-G843D Cells

To determine if the effect of autophagy inhibitors on peroxisomal functions varies among different cell types, we repeated our studies with the exact same transformed and immortalized PEX1-G843D fibroblast cell line (tr/immPEX1-G843D) used by Law et al. (2017).

Using the same incubation time as Law et al. (2017), 24 h, we observed an increase in catalase import in tr/immPEX1-G843D cells treated with glycerol but no increase in the cells treated with HCQ or L-arginine and even a decrease in the cells treated with 3-MA (Figure 4A). In contrast to our results with the primary cells, but similar as reported by Law et al. (2017), we observed a positive effect of HCQ on the density of ABCD3-positive peroxisomal membrane vesicles in this cell line (Figure 4B). Also the protein levels of the PMPs ACBD3 and ABCD5 (Figure 4C) increased slightly after incubating the cells for 7 days with HCQ and 3-MA. Importantly, however, the treatment with HCQ and 3-MA caused a decrease in thiolase levels and, in the case of 3-MA, thiolase processing (Figure 4C), in contrast to the treatment with glycerol and L-arginine which improved the processing.
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FIGURE 4. Autophagy inhibitors do not restore import of peroxisomal matrix proteins and metabolic functions in transformed-and-immortalized patient cells. The effect of treatment with different compounds on peroxisomal matrix protein import and peroxisomal metabolic functions was assessed in previously reported PEX1-G843D fibroblasts that had been transformed and immortalized (tr/immPEX1-G843D) (Zhang et al., 2010) as well as in the same cells stably overexpressing GFP-PTS1 (tr/immPEX1-G843D + GFP-PTS1) (Zhang et al., 2010). Cells were treated with 20 mM L-arginine (L-arg), 5% glycerol (Gly), 10 μM hydroxychloroquine (HCQ), or 10 mM 3-methyladenine (3-MA) for 24 h. (A) Quantification of tr/immPEX1-G843D cells that display functional peroxisomal catalase import after treatment. Cells were analyzed by immunofluorescence microscopy to determine the subcellular localization of catalase (> 150 cells analyzed for each condition). (B) Density of ABCD3 punctated structures (indicating peroxisomal membranes) per cell area determined in treated tr/immPEX1-G843D cells using immunofluorescence microscopy (see Materials and Methods for more details). Data is presented as mean of n > 45 cells ± SD. (C) Immunoblot analysis of homogenates of tr/immPEX1-G843D cells, which were treated for 7 days with the different compounds. The protein levels and processing of thiolase and the PMPs ACBD5 and ABCD3 were determined using specific antibodies. Below the thiolase bands, the corresponding ratios between the intensity of processed (41 kDa) over unprocessed (44 kDa) thiolase are indicated. Below each ACBD5 and ABCD3 band the corresponding signal intensity relative to the tubulin band intensity, which was used as a loading control, is indicated. Homogenates of control (CTRL) and PEX1-null (PEX1–/–) primary fibroblasts were used as controls. To study the effect of different treatments on autophagy we determined the ratio of LC3-II over LC3-I (7 days incubation). For this, we also treated cells with 5 μM hydroxychloroquine and 10 μM bafilomycine (24 h). (D) Quantification of tr/immPEX1-G843D + GFP-PTS1 cells that display punctated GFP structures after treatment. Cells were analyzed by fluorescence microscopy to determine the subcellular localization of GFP (> 120 cells analyzed for each condition). (E) Density of punctated GFP structures per cell area in treated tr/immPEX1-G843D + GFP-PTS1 cells, which display GFP punctated structures (i.e., cells with cytosolic GFP excluded; see Materials and Methods for more details). Data is presented as mean of n > 40 cells ± SEM. (F) Immunoblot analysis of homogenates of tr/immPEX1-G843D + GFP-PTS1 cells, which were incubated for 7 days with the different compounds. See also at C for annotations. (G,H) Peroxisomal β-oxidation activity of C26:0 (G) and pristanic acid (H) in tr/immPEX1-G843D and tr/immPEX1-G843D + GFP-PTS1 cells, which were incubated for 7 days with 5% glycerol (Gly) or 10 μM hydroxychloroquine (HCQ). Primary fibroblasts derived from a control individual were used as reference. The activity is presented in pmol/hr/mg protein as mean + SD (n = 3). (I) de novo synthesis of the ether phospholipid PC-(O-37:4) in tr/immPEX1-G843D cells which were treated for 7 days with the different compounds. Primary fibroblasts derived from a control individual were used as reference. Ether phospholipid synthesis is expressed as PC-(O-37:4) over PC-(28:0) over mg protein (mean of two measurements); PC-(28:0) was used as internal standard. Statistical analyses of treated cells versus untreated cells in panels (B,E) were performed using Mann Whitney U tests (**p < 0.01, ***p < 0.001, ns not significant).


Similar as for the primary cells, we observed a small increase in the levels and conversion of LC3-I to LC3-II in the L-arginine-treated tr/immPEX1-G843D cells when compared to untreated cells, and a strong increase upon incubation with HCQ and bafilomycin (Figure 4C). In contrast to what we observed in the primary cells, we noted that 3-MA treatment also resulted in increased levels and an increased conversion of LC3-I to LC3-II when compared to untreated cells (Figure 4C).

Law et al. (2017) also reported improved peroxisomal import by HCQ based on the observation that tr/immPEX1-G843D fibroblasts which stably overexpress GFP-PTS1, i.e., green fluorescent protein reporter with a peroxisomal matrix targeting signal, displayed more punctated GFP structures when treated with HCQ. Using the same cell line, tr/immPEX1-G843D + GFP-PTS1, we indeed also observed an increased proportion of cells with punctated GFP structures when incubated with HCQ and glycerol, but not with L-arginine and again a decrease with 3-MA (Figure 4D). In addition, the density of punctated GFP structures per cell increased upon incubation with HCQ, glycerol, L-arginine and 3-MA (Figure 4E), which indicates an increased import of GFP-PTS1 into peroxisomes. However, when we examined the processing of endogenous thiolase, we only observed an increase when these cells were incubated with glycerol (Figure 4F), implying that the reporter protein GFP-PTS1 behaves different than endogenous peroxisomal proteins.

The effect of the different compounds on the levels and conversion of LC3-I to LC3-II in the tr/immPEX1-G843D + GFP-PTS1 cells was similar to the effects observed in the tr/immPEX1-G843D cells with again an increase of these upon the treatment with 3-MA.

As for the primary cells, we also measured the peroxisomal β-oxidation activity of C26:0 and pristanic acid to assess the effect of HCQ and glycerol on peroxisomal metabolic functioning in these two cell lines. We observed only some increased β-oxidation activity in the tr/immPEX1-G843D cells when treated with glycerol, but no increase with HCQ in both cell lines, or with glycerol in the tr/immPEX1-G843D + GFP-PTS1 cells (Figures 4G,H). The peroxisome-dependent de novo synthesis of the ether phospholipid PC-(O-37:4) was increased only when the tr/immPEX1-G843D cells were treated with glycerol, but remained low when these cells were treated with HCQ, 3-MA or L-arginine (Figure 4I).

Next, we studied the effect of L-arginine, HCQ and glycerol in HEK 293 Flp-In cells in which we introduced the PEX1-G843D-causing missense mutation c.2528G>A in the genome by CRISPR-Cas9 genome editing. Similar as the patient-derived PEX1-G843D fibroblasts, untreated HEK crPEX1-G843D cells showed peroxisome mosaicism, with cells having normal appearing peroxisomes while other cells have peroxisomal ghosts with catalase mislocalized to the cytosol; thiolase is present in both its processed mature and unprocessed precursor form (Figures 5A,B). Incubation of the HEK crPEX1-G843D cells with glycerol for 4 days increased the proportion of cells with peroxisomal catalase import two-fold and thiolase processing was restored almost completely (Figures 5A,B). Although after 4 days of incubation with L-arginine, the proportion of cells with peroxisomal catalase import did not increase, there was a clear increase in thiolase processing. In contrast, incubation of the cells with HCQ resulted in a decrease in both catalase import (Figure 5A) and thiolase processing (Figure 5B).
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FIGURE 5. Autophagy inhibitors do not restore import of peroxisomal matrix proteins in HEK 293 cells harboring the PEX1-G843D mutation. The effect of treatment with different compounds on peroxisomal matrix protein import was assessed in HEK 293 cells, which are functionally homozygous for PEX1-G843D introduced by Crispr-Cas9 genome editing. The HEK crPEX1-G843D cells were incubated with 20 mM L-arginine (L-arg), 2.5% glycerol (Gly) or 10 μM hydroxychloroquine (HCQ) for 4 days. Since 3-MA incubation was found to be lethal for the HEK crPEX1-G843D cells, we excluded this treatment from the experiments. Wild-type HEK 293 cells (HEK WT) and Crispr-Cas9-generated HEK 293 cells with no functional PEX1 (crPEX1–/–) were used for reference. (A) Quantification of HEK crPEX1-G843D cells that display functional peroxisomal catalase import after treatment. Cells were analyzed by immunofluorescence microscopy to determine the subcellular localization of catalase (> 300 cells analyzed for each condition). (B) Immunoblot analysis of homogenates of treated HEK crPEX1-G843D cells. The processing of thiolase was determined using specific antibodies. Below the thiolase bands, the corresponding ratios between the intensity of processed (41 kDa) over unprocessed (44 kDa) thiolase are indicated. To study the effect of different treatments on autophagy we determined the ratio of LC3-II over LC3-I. For this, we also treated cells with 5 μM hydroxychloroquine and 10 μM bafilomycine.




Effect of Compounds on Cellular VLCFA Levels

Law et al. (2017) used the decrease of C26:0-lysophosphatidylcholine (C26:0-lysoPC) levels in patient fibroblasts incubated with HCQ as a main indicator for improved peroxisomal functioning. The rationale behind this is that VLCFAs, such as C26:0, and VLCFA-derived species, such as C26:0-lysoPC or C26:0-carnitine, typically accumulate in blood and cells of PBD-ZSD patients (Klouwer et al., 2017), since VLCFAs require functional peroxisomes for their degradation by β-oxidation.

Because our results so far did not reveal a restoration of peroxisomal metabolic functions upon incubation with HCQ, we repeated these experiments and analyzed the effect of HCQ on the levels of C26:0-lysoPC and C26:0-carnitine using primary skin fibroblasts from patients with different PEX gene defects. In addition to the primary PEX1-G843D and PEX1-null patient fibroblasts we used in this study, we included primary patient fibroblasts completely lacking peroxisomal ghosts due to the absence of PEX3 or PEX19 protein. We observed a marked decrease in the levels of C26:0-lysoPC and C26:0-carnitine in all primary fibroblasts treated with HCQ. The fact that this decrease occurred not only in the PEX1-G843D cells but also in the PEX1-null cells and even in the PEX3- and PEX19-deficient cells, implies that this effect by HCQ is not related to a restoration of peroxisomal functions by HCQ (Figure 6). Remarkably, when we analyzed the effect of HCQ on the levels of C26:0-lysoPC in the tr/immPEX1-G843D fibroblasts we observed an increase of the levels.
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FIGURE 6. Effect of HCQ on cellular levels of VLCFAs. C26:0-lysophosphatidylcholine (C26:0-lysoPC) levels (A) and C26:0-carnitine levels (B) measured in untreated primary PEX1-null fibroblasts, two primary PEX1-G843D fibroblasts, primary PEX3-null fibroblasts, primary PEX19-null fibroblasts, tr/immPEX1-G843D cells and in the same cells after incubation with 5 or 10 μM hydroxychloroquine (HCQ) for 7 days. Levels in the treated cells are expressed as percentage of the mean of the levels in the corresponding untreated cells (set as 100%). Experiments were performed in duplicate; error bars represent SD.




Effect of Genetic Depletion of ATG5 and NBR1 on Peroxisomal Functions in Primary Skin Fibroblasts of Patients

The major aim of our study was to evaluate whether autophagy inhibitors, in particular HCQ, could restore peroxisomal functions in PEX1-G843D cells as previously claimed. Because such inhibitors may have non-specific effects unrelated to autophagy inhibition, however, we also studied whether autophagy inhibition by means of genetic depletion of selected autophagy genes could restore peroxisomal functions in the PEX1-G843D cells. To this end, we generated primary PEX1-G843D and control fibroblasts that stably express shRNAs against ATG5 or NBR1 and studied the effect of depleting ATG5 or NBR1 levels on peroxisomal matrix protein import and peroxisomal functions.

ATG5 functions early in the autophagy signaling pathway and is involved in the elongation of the phagophore, its maturation into the complete autophagosome and in the conversion of LC3-I to LC3-II (Ye et al., 2018). Stable expression of shRNA-ATG5 in the control and PEX1-G843D cells resulted in a 70% reduction of ATG5 protein when compared to control and PEX1-G843D cells expressing a scrambled shRNA-002 (not shown). Upon ATG5 depletion, the P62 levels increased in the PEX1-G843D cells but remained similar in control cells (Figure 7A), while the LC3-I levels increased and the LC3-II levels remained unchanged in both the PEX1-G843D and control cells. ATG5 depletion in the PEX1-G843D cells resulted in a small increase in the processing of ACOX1 and thiolase, and of the levels of ACBD5, while the levels of ABCD3 remained similar (Figure 7A). Finally, the ATG5 depletion resulted in a slight decrease in C26:0-lysoPC levels (Figure 7B) and a slight increase in peroxisome-dependent de novo synthesis of the ether phospholipid PC-(O-37:4) in the PEX1-G843D cells (Figure 7C).
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FIGURE 7. Effect of depletion of ATG5 or NBR1 in primary PEX1-G843D fibroblasts on peroxisomal matrix protein import and peroxisomal metabolic functions. (A) Immunoblot analysis of homogenates of primary PEX1-G843D fibroblasts and control fibroblasts that stably express shRNAs against ATG5 (shATG5) or NBR1 (shNBR1) or, as control, a non-specific scrambled shRNA (shc002). Cells were treated with the different compounds as described in Figure 1A. The relative protein levels of ACBD3, ABCD5 and P62 (corrected for tubulin or actin levels), the ratios of LC3-II over LC3-I and the ratios of the processed over unprocessed forms of PTS1-targeted ACOX1 and PTS2- targeted thiolase were determined as described in the legends of Figure 2. (B) C26:0-lysophosphatidylcholine (C26:0-lysoPC) levels measured in primary PEX1-G843D fibroblasts and control fibroblasts that stably express shRNAs against ATG5 (shATG5) or NBR1 (shNBR1) or a non-specific scrambled shRNA (shc002). (C) De novo synthesis of the ether phospholipid PC-(O-37:4) in primary PEX1-G843D fibroblasts and control fibroblasts that stably express shRNAs against ATG5 (shATG5) or NBR1 (shNBR1) or a non-specific scrambled shRNA (shc002) (expressed as PC-(O-37:4) over PC-(28:0) over mg protein; PC-(28:0) used as internal standard). Experiments were repeated twice; shown are representative blots from one experiment (A) and the means (B,C).


NBR1 acts as an autophagy receptor, which contains LC3- and ubiquitin-binding domains and mediates the targeting of polyubiquitinated aggregates to nascent autophagosomes, where it works cooperatively with p62 (Kirkin et al., 2009; Lamark et al., 2009). Previous work has identified NBR1 as the main autophagy receptor involved in pexophagy (Deosaran et al., 2013). Stable expression of shRNA-NBR1 in the control and PEX1-G843D cells resulted in a 85% reduction of NBR1 mRNA (not shown; NBR1 protein could not be detected with our antibodies in any of the cells) when compared to control and PEX1-G843D cells expressing a scrambled shRNA-002. NBR1 depletion had a slight effect on the P62 levels in the PEX1-G843D and control cells (Figure 7A), and resulted in a small increase in LC3 levels and LC3-I to LC3-II conversion. Similar as observed for ATG5 depletion, NBR1 depletion in the PEX1-G843D cells resulted in a small increase in the processing of ACOX1 and thiolase, while the levels of ACBD3 were increased, but the levels of ABCD5 remained similar (Figure 7A). NBR1 depletion also resulted in a slight decrease in C26:0-lysoPC levels (Figure 7B) and a slight increase in peroxisome-dependent de novo synthesis of the ether phospholipid PC-(O-37:4) in the PEX1-G843D cells (Figure 7C).

Thus, in contrast to treatment with autophagy inhibitors which resulted in a further decrease of peroxisomal functions in primary PEX1-G843D cells, a targeted genetic inhibition of pexophagy resulted in a slight improvement thereof.




DISCUSSION

PBD-ZSDs are severe metabolic disorders for which currently no therapeutic options are available. Yet, in recent years, cell-based screening assays identified several chemical compounds that have a positive effect on peroxisomal matrix protein import and peroxisomal functions in cells of milder affected patients carrying the PEX1-G843D mutation, and which thus may provide starting points for the development of therapy for such patients (Zhang et al., 2010; Berendse et al., 2013; MacLean et al., 2019). The mechanism by which the identified compounds improve peroxisomal protein import and functions have remained unknown but are crucial to resolve in guiding the development of targeted treatment strategies for PBD-ZSD.

A recent report claimed that inhibition of pexophagy with autophagy inhibitors may improve peroxisomal functions in PBD-ZSD cells harboring the PEX1-G843D mutation (Law et al., 2017). Based on their results, the authors patented the use of any potential autophagy-inhibiting compound, including the FDA-approved compound HCQ, as a potential treatment for PBD-ZS (patent WO 2015192198 A1). Unfortunately, the study did not study actual peroxisomal functions, which should have been a requirement for such a claim.

We initiated our study because L-arginine, which we previously showed to improve peroxisomal functions in cells of PBD-ZSD patients (Berendse et al., 2013), was also suggested to function as an autophagy inhibitor (Nazarko, 2017). We thus set out to compare the effect of L-arginine on restoring peroxisomal functions (Berendse et al., 2013) to the effect of different autophagy inhibitors, including HCQ, CQ and 3-MA, in different PEX1-G843D cell lines using multiple functional assays. These include assessment of the intra-peroxisomal processing of PTS1-targeted ACOX1 and PTS2-targeted thiolase, the peroxisomal β-oxidation activity of C26:0 and pristanic acid, the peroxisome-dependent de novo synthesis of ether phospholipids, and the cellular levels of C26:0-lysoPC. Notably, whereas treatment with L-arginine and the positive control glycerol (Zhang et al., 2010; Berendse et al., 2013) both clearly improved peroxisomal matrix protein import and peroxisomal metabolic functions, we did not observe a positive effect in any of the PEX1-G843D cell lines after incubation with the different autophagy inhibitors. In contrast, most functional assays showed that the autophagy inhibitors caused a worsening of these peroxisomal functions in these cells. This is probably due to non-specific effects of the inhibitors, because we observed that a genetic depletion of ATG5 and NBR1 resulted in a minor improvement in peroxisomal matrix protein import and functions in primary PEX1-G843D cells. These latter results indicate that inhibition of pexophagy in cells with residual peroxisomal functions may slightly improve these functions, but this is far less efficient than most of the chemical compounds that have been identified (Zhang et al., 2010; Berendse et al., 2013; MacLean et al., 2019).

Thus, our functional data do not confirm the conclusions drawn by Law et al. (2017), which were mainly based on indirect read-outs that are not necessarily an indicator for peroxisomal function. Indeed, similar as Law et al. (2017), we observed that the autophagy inhibitors resulted in an increased abundance of peroxisomal membrane proteins in some cell lines, including the cells used in their study. Importantly, however, these cells did not show improvement in peroxisomal functioning. Moreover, we found that the decrease in cellular C26:0-lysoPC levels upon treatment with HCQ not only occurred in PEX1-G843D cells, but also in PEX1-null cells, which completely lack functional peroxisomes but still have peroxisomal ghosts, and PEX3-null and PEX19-null cells, which even lack any peroxisomal structures, and thus is not due to a restoration of peroxisomal functions. Why HCQ treatment results in lowering of VLCFA/C26:0-lysoPC in the different PEX-null cells is unknown, but it is known that HCQ can have different effects on cellular lipid metabolism (Matsuzawa and Hostetler, 1980; Goldstein et al., 1975; Harder et al., 1980; Hostetler et al., 1985). It should be stressed here also that elevated VLCFA levels are only one of multiple biochemical aberrations occurring in cells of PBD-ZSD patients due to the lack of functional peroxisomes (Wanders and Waterham, 2006; Klouwer et al., 2015; Braverman et al., 2016; Waterham et al., 2016).

Similar as Law et al. (2017), we also noted an HCQ-induced increase in punctated GFP structures in the transformed and immortalized PEX1-G843D cells overexpressing GFP-PTS1, which showed co-localization with ABCD3. However, this should not be used as a single read-out for improved peroxisomal functioning, because all our additional functional assays showed that HCQ neither improved the peroxisomal import of endogenous matrix proteins nor peroxisomal β-oxidation activity or de novo ether phospholipid synthesis in these cells. Also, while the punctated GFP structures increased upon HCQ incubation, they decreased upon incubation with 3-MA. Moreover, in contrast to the primary patient fibroblasts, the tr/immPEX1-G843D cells showed a further increase of C26:0-lysoPC levels upon treatment with HCQ. The punctated GFP structures might be due to GFP accumulation in vesicles (Goodall et al., 2014), an increased targeting efficiency of GFP-PTS1 to malfunctioning peroxisomes that are not degraded as suggested by Law et al. (2017), or represent an overexpression artifact (Lisenbee et al., 2003; Voeltz et al., 2006; Rizzo et al., 2009; Delfosse et al., 2016).



CONCLUSION

In conclusion, our study stresses the importance of using multiple, complimentary functional assays and cell lines when assessing the effect of chemical compounds on peroxisome functions in PBD-ZSD cells prior to considering clinical use. Moreover, our functional data do not support the use of autophagy inhibitors, including (H)CQ, for therapeutic treatment of PBD-ZSD patients. In contrast, we noted a worsening rather than an improvement of peroxisomal functions when using such inhibitors, which, in addition to the potential severe side effects of (H)CQ which recently regained attention due their potential use in the treatment of COVID-19 patients (Estes et al., 1987; Browning, 2002; Goldman et al., 2020; Tleyjeh et al., 2020), argues against the use thereof.

Finally, and in contrast to autophagy inhibitors, both L-arginine and glycerol clearly had a positive effect on peroxisomal functions in PBD-ZSD cells, which is unrelated to autophagy inhibition. Thus, these compounds and the resolution of their underlying mechanisms of action remain promising targets for future treatment options for PBD-ZSD patients.



MATERIALS AND METHODS


Cell Culturing

For this study we used primary skin fibroblasts derived from PBD-ZSD patients homozygous for PEX1-c.2528G>A (PEX1-G843D), PEX1-c.2097dup (PEX1-null), PEX3-c.328_331del (PEX3-null), PEX19-c.763_764insA (PEX19-null) (Ebberink et al., 2011) transformed and immortalized skin fibroblasts compound heterozygous for the PEX1-c.2528G>A (p.G843D) and PEX1-c.2097dup (tr/immPEX1-G843D) (Zhang et al., 2010), tr/immPEX1-G843D cells overexpressing GFP-PTS1 (tr/immPEX1-G843D + GFP-PTS1) (Zhang et al., 2010), and HEK-293 Flp-In cells compound heterozygous for PEX1-c.2528G>A (p.G843D) and PEX1-c.2538_2541dup (HEK crPEX1-G843D) introduced by CRISPR-Cas9 genome editing (see below).

Primary skin fibroblasts were obtained according to standard procedures. Identifiable clinical and personal data from the patients were not available for this study. The previously reported transformed and immortalized PEX1-G843D/c.2097dup skin fibroblasts (named in this study tr/immPEX1-G843D and tr/immPEX1-G843D + GFP-PTS1) were a kind gift from dr. N.E. Braverman from McGill University Health Centre, Montreal, Canada, and are the same cell lines used in the study of Law et al. (2017). HEK 293 Flp-In cells used for CRISPR-Cas9 genome editing were obtained from Thermo Fisher, Waltham, MA, United States (R75007). All cell lines were cultured at 37°C under an atmosphere of 5% CO2 in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with L-glutamine (BioWhittaker, Basel, Switzerland), 10% fetal bovine serum (Thermo Fisher, Waltham, MA, United States), 25 mM HEPES buffer (BioWhittaker Basel, Switzerland), 100 U/mL penicillin (Thermo Fisher, Waltham, MA, United States), 100 μg/mL streptomycin (Thermo Fisher, Waltham, MA, United States) and 250 ng/mL Fungizone (Thermo Fisher, Waltham, MA, United States).

Cells were incubated with 20 mM L-arginine (Sigma A5131), 5% glycerol (Acros Organics 158920025), 10 μM chloroquine (Sigma C6628), 5 or 10 μM hydroxychloroquine (Sigma H0915), 10 mM 3-methyladenine (Sigma M9281), or 10 μM bafilomycin as a positive control for autophagy inhibition. The compounds were dissolved in the culture medium, which was then filtered over a 0.45 μm Millex syringe filter (Merck, Darmstadt, Germany) for sterilization. One day after seeding the cells, the culture medium was exchanged for medium containing the different compounds. The culture medium of the untreated cells was refreshed at the same time point. Primary fibroblasts were kept on the same medium for 7 days, HEK cells for 4 days and transformed/immortalized fibroblasts for 24 h or 7 days. Transformed/immortalized fibroblasts that were cultured for 7 days were split 1:5 after 4 days and fresh medium containing the compound was added.



Immunofluorescence Microscopy Assays

For immunofluorescence microscopy, cells were cultured on cover slips and incubated with the different compounds for the indicated times, followed by fixation and permeabilization with phosphate-buffered saline (PBS, Fresenius Kabi GmbH, Austria) solution containing 2% paraformaldehyde (Merck 8.18715.0100) and 0.1% Triton X-100 (BIO RAD 161-0407) for 20 min. After quenching free aldehyde groups with 100 mM ammonium chloride (Merck 1.01145.1000; 10 min incubation), the cells were consecutively incubated with primary and secondary antibodies and streptavidin–fluorescein isothiocyanate (FITC) complex (DAKO F 422) diluted in 1% bovine serum albumin (BSA) in PBS for 45 min. The glass slides were fixed on objective slides with the mounting medium Vectashield H1000 (Brunswick) or – for staining of nuclei – with ProLongTM Diamond Antifade Mountant with DAPI (Thermo Fisher, Waltham, MA, United States). We used primary antibodies against catalase (mouse monoclonal, Mab 17E10, own generation (Wiemer et al., 1992)) and ABCD3 (PMP70) (rabbit polyclonal, Zymogen, 718300, diluted 1:500), and, as secondary antibodies, Alexa Fluor 555 Rabbit IgG (Z25305, ThermoFisher, diluted 1:500) or streptavidin–FITC complex (Bender Medsystems, diluted 1:200).



Imaging and Image Processing

Live cells were imaged with a Leica TCS SP8 filter-free spectral confocal microscope using a 63× oil immersion objective and the Leica LAS Lite Software. We used excitation wavelengths of 489 nm for GFP signal, 495 nm for FITC signal and 555 nm for AF555 signal, and emission spectra were obtained at 505–550 nm, 499–553 nm, or 597–620 nm, respectively (HyD SMD detectors). Acquirement settings (e.g., the intensity of white light laser) were optimized for each experiment, and identical settings were used for all images throughout one experiment, allowing comparison between the various incubation conditions. Images of cells per condition were acquired in two or three different areas of the glass slides with a comparable confluency of cells (60–90%). Brightness and contrast were only adjusted for representative images demonstrating the quantified results for presentation purposes using identical parameters.

Image processing was performed off-line using the ImageJ software (version 150.i). For determining the density of punctated structures (i.e., the number of structures per cell area), five cells per image were manually outlined prior to the automated quantification process. The area size of each ‘region of interest’ as well as the number of contained punctated structures was measured, and the punctated structures per area size determined (‘density’). For quantification of the punctated structures, the red (for ABCD3 quantification) or green channel (for GFP quantification) was selected, the background noise removed (‘Subtract Background’) and appropriate thresholds applied further remove cytosolic background signals (‘Maximal Entropy’ filter). The ‘Watershed’ tool was used to separate overlapping punctated signals. Finally, the numbers of punctated structures were quantified (‘Analyze particles’ tool, size 2-infinity, circularity 0.5–1.0).

Due to the differential GFP signal strengths in the tr/immPEX1-G843D + GFP-PTS1 cells, the number of GFP punctated structures had to be manually corrected. We calculated the average density of structures determined in all cells, including cells with only cytosolic signal. In addition, we determined the proportion of cells displaying punctated structures and the average density of structures in these cells.



Immunoblot Analysis

Immunoblot analysis was performed as previously described (Berendse et al., 2013) using cell homogenates prepared by resuspending cell pellets in lysis buffer [PBS with 0,25% Triton X-100 and protease inhibitor cocktail (Roche, Mannheim, Germany)] followed by sonication on ice water (8W, 40J). Proteins were separated by SDS-polyacrylamide gel electrophoresis (NuPAGE 10% Bis-Tris, Thermo Fisher, Waltham, MA, United States) using MES-SDS running buffer (NuPAGE, Thermo Fisher, Waltham, MA, United States) and subsequently transferred onto a nitrocellulose membrane using semidry blotting. As primary antibodies we used rabbit polyclonal antibodies against thiolase (Atlas antibodies HPA007244; 1:2000 dilution), ABCD3 (PMP70) (Thermo Fisher PA1-650; 1:1000 dilution), ACBD5 (Sigma HPA012145; 1:500 dilution), ACOX1 (Proteintech cat no 10957-1-AP; 1:1500 dilution), LC3B (Abcam ab48394; 1:1500 dilution), SQSTM1/P62 (BD Transduction lab; 1:2000 dilution). For loading control, we used a mouse monoclonal antibody against α-tubulin (Sigma T9026; 1:2000 dilution) or against b-actin (Sigma; 1:10000 dilution). For visualization, we used secondary antibodies IRDye 800 CW goat anti-rabbit (1:10.000 dilution) and IRDye 680CW donkey anti-mouse (1:10.000 dilution). The Odyssey Infrared Imaging System software (LI-COR Biosciences, Lincoln, NE, United States) was used for western blot quantification.



Biochemical Assays

The β-oxidation rates of cerotic acid (C26:0) and pristanic acid were measured in cultured cells using radioactive labeled substrate as described (Wanders et al., 1995). C26:0-lysoPC and C26:0-carnitine were measured in cells as described (van de Beek et al., 2016). Peroxisome-dependent de novo ether phospholipid synthesis was assessed by measuring the de novo synthesis of the ether phospholipid PC-(O-37:4) following incubation of cells with 40 μM 1-heptadecanol (C17:0-OH) in standard culture medium for 24 h at 37°C. After trypsinization, cells were washed twice with PBS. After centrifugation, cell pellets were resuspended in 0.9% NaCl solution and sonicated on ice for 20 s at 7.5 W using a tip sonicator. Protein concentration was measured using the bicinchoninic acid assay (Smith et al., 1985). Analysis of the phospholipids was done essentially as described by Herzog et al. (2016). PC-(28:0) was used as internal standard for PC-(O-37:4). De novo synthesis of PC-(O-37:4) is expressed as PC-(O-37:4)/PC-(28:0)/mg protein.



Generation of PEX1-G843D HEK 293 Cells by CRISPR-CAS9

The CRISP-Cas9 genome editing technology (Ran et al., 2013) was used to introduce the c.2528G>A (p.G843D) missense mutation in PEX1 of HEK 293 Flp-In cells. To this end, two complementary oligonucleotides coding for a guide RNA upstream of a proto-spacer adjacent motif (PAM) site in exon 15 of the PEX1 gene and a single-stranded oligo donor (ssODN) repair template were designed using the online CRISPR design tool1. The two oligonucleotides (oligo 1: PEX1-2493-fw CACCG CCAGGTCTCTAGGTTTATGC and PEX1-2512-rev aaac GCATAAACCTAGAGACCTGG C – oligo 2: PEX1-2511-fw CACCG CACCAATCTTGTCCCAACCC and PEX1-2530-rev aaac GGGTTGGGACAAGATTGGTG C) were annealed and subsequently cloned into the vector pspCas9n(BB)-2A-GFP (Addgene 48140), followed by Sanger sequencing of the insert to confirm the correct sequence. HEK 293 Flp-In cells were transfected using jetPRIME (Polyplus transfection, New York, NY, United States) with 1.5 μg plasmid and 0.6 μg ssODN repair template containing the PEX1-G843D missense mutation (CAGGTAACTGGATAGTATCCATGAGTATCTGTCTAACTT CATGTAACCCAtCAATCTTGTCCCAACCCAGATCTCTAGG TTTATGCAGATTGACACTTCG). After 2 days, GFP-positive cells, indicating successful transfection with pspCas9n(BB)-2A-GFP, were sorted into wells of a 96-well plate using fluorescence-activated cell sorting (FACS) flow cytometry (S800H Cell Sorter, Sony). After approximately 3 weeks, genomic DNA was isolated from cell pellets using Phire Animal Tissue Direct PCR Kit (Thermo Fischer, Waltham, MA, United States). Exon 15 of the PEX1 gene was PCR amplified using specific primers for PEX1 (available upon request) tagged with a -21M13 (5′ TGTAAAACGACGGCCAGT-3′) sequence or M13rev (5′-CAGGAAACAGCTATGACC-3′) sequence, respectively. Sequence analysis was performed using the Big DyeTM Terminator v.3.1 Cycle Sequencing Kit (Applied Biosystems, Foster City, CA, United States) on an ABI 3730 sequencer (Applied Biosystems, Foster City, CA, United States) using -21M13 or M13rev primers.



Genetic Depletion of ATG5 and NBR1 in Primary PEX1-G843D and Control Fibroblasts

To generate primary PEX1-G843D and control fibroblasts that stably express shRNAs against ATG5 or NBR1, we used specific NBR1 and ATG5 shRNA-containing plasmids from the MISSION® TRC library (Sigma-Aldrich), and, as a control, the non-target scrambled shRNA SHC002 (Sigma-Aldirch). Viral particles containing the different shRNAs were generated in HEK 293 cells co-transfected with each of the shRNA plasmids and the lentiviral packaging plasmids pMD2G, pMDL/RRE, pRSV/REV using jetPRIME® (Polyplus Transfection) according to the manufacturer’s protocol. 48 h after transfection, viral supernatants were collected and used for infection of the human primary fibroblasts. 24 h after infection, the human primary fibroblasts were selected with puromycin (Sigma-Aldrich). To test the knockdown efficiency of NBR1, total RNA was isolated from puromycin-selected human primary fibroblasts using trizol extraction (Sigma-Aldrich) followed by cDNA synthesis using the QuantiTect Reverse Transcription Kit (QIAGEN). Quantitative PCR was preformed using LightCycler 480 SYBR Green I Master (Roche) on the LightCycler 480 (Roche). For data analysis, LightCycler 480 software release 1.5.0 (Roche) and the LinRegPCR program version 2014.5 (Ramakers et al., 2003). were used. Expression levels were corrected by the geometric mean of PPIB and 36B4. To test the knockdown efficiency of ATG5, we performed immunoblot analysis as described above using an ATG5-specific primary antibody (Proteintech; 1:1000 dilution) and IRDye 800CW goat anti-rabbit antibodies (LI-COR Biosciences).
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Human PEX5 and PEX14 are essential components of the peroxisomal translocon, which mediates import of cargo enzymes into peroxisomes. PEX5 is a soluble receptor for cargo enzymes comprised of an N-terminal intrinsically disordered domain (NTD) and a C-terminal tetratricopeptide (TPR) domain, which recognizes peroxisomal targeting signal 1 (PTS1) peptide motif in cargo proteins. The PEX5 NTD harbors multiple WF peptide motifs (WxxxF/Y or related motifs) that are recognized by a small globular domain in the NTD of the membrane-associated protein PEX14. How the PEX5 or PEX14 NTDs bind to the peroxisomal membrane and how the interaction between the two proteins is modulated at the membrane is unknown. Here, we characterize the membrane interactions of the PEX5 NTD and PEX14 NTD in vitro by membrane mimicking bicelles and nanodiscs using NMR spectroscopy and isothermal titration calorimetry. The PEX14 NTD weakly interacts with membrane mimicking bicelles with a surface that partially overlaps with the WxxxF/Y binding site. The PEX5 NTD harbors multiple interaction sites with the membrane that involve a number of amphipathic α-helical regions, which include some of the WxxxF/Y-motifs. The partially formed α-helical conformation of these regions is stabilized in the presence of bicelles. Notably, ITC data show that the interaction between the PEX5 and PEX14 NTDs is largely unaffected by the presence of the membrane. The PEX5/PEX14 interaction exhibits similar free binding enthalpies, where reduced binding enthalpy in the presence of bicelles is compensated by a reduced entropy loss. This demonstrates that docking of PEX5 to PEX14 at the membrane does not reduce the overall binding affinity between the two proteins, providing insights into the initial phase of PEX5-PEX14 docking in the assembly of the peroxisome translocon.
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INTRODUCTION

Peroxisomes are ubiquitous membrane enveloped organelles of eukaryotic cells involved in various metabolic pathways, including β-fatty acid oxidation and removal of toxic oxidation products (Lazarow and Fujiki, 1985; Erdmann et al., 1997; Wanders, 2004; Wanders and Waterham, 2006). Peroxisome biogenesis depends on a number proteins, the so-called peroxins (Distel et al., 1996; Ma et al., 2011). As peroxisomes lack a protein synthesis machinery, peroxisomal matrix proteins need to be imported into the organelle post-translationally. The majority of these cargo proteins are imported via a peroxisomal targeting signal 1 (PTS1), a conserved C-terminal peptide motif, with SKL as canonical sequence (Gould et al., 1987; Ghosh and Berg, 2010). The soluble peroxisomal receptor PEX5 recognizes the PTS1 motif by a C-terminal tetratricopeptide (TPR) domain (Gatto et al., 2000; Stanley et al., 2006). Cytosolic PEX5 shuttles the cargo protein to the peroxisomal membrane (Dodt and Gould, 1996; Dammai and Subramani, 2001; Erdmann and Schliebs, 2005; Rucktaschel et al., 2011). For this, its intrinsically disordered N-terminal domain (NTD) interacts with the membrane-anchored peroxins PEX14 and PEX13 (Schliebs et al., 1999; Saidowsky et al., 2001; Neufeld et al., 2009; Neuhaus et al., 2014). Subsequently, a transient pore is formed and the cargo is tunneled through the membrane (Erdmann and Schliebs, 2005). This step of membrane passaging has been characterized in Saccharomyces cerevisiae, where Pex5p and Pex14p are key components of the protein conducting channel (Meinecke et al., 2010).

In contrast to PEX14, which is an integral membrane protein with a single transmembrane span, PEX5 does not contain a classical transmembrane domain (Emmanouilidis et al., 2016). However, it harbors WxxxF/Y (W1-7) and one LVAEF (W0) motif in the NTD, which bind to the PEX14 NTD and have been hypothesized to potentially mediate membrane interactions (Saidowsky et al., 2001; Emmanouilidis et al., 2016). PEX5 cycles between a soluble and a membrane associated state. While this suggests that PEX5 may be able to interact with the membrane, it still requires a co-factor to maintain it at the membrane (Azevedo and Schliebs, 2006). It is expected that the membrane protein PEX14 localizes PEX5 to the membrane, since the PEX14 NTD is able to bind to all eight WF-like -motifs of PEX5 (Neufeld et al., 2009; Neuhaus et al., 2014; Emmanouilidis et al., 2016).

Although the molecular interactions between PEX14 and PEX5 are known, the mechanism by which the cargo is translocated is still poorly understood (Emmanouilidis et al., 2016). It has been proposed that the PEX14 NTD may recruit PEX5 by binding to the W0 and additional WF motifs and thereby initiates pore formation. Recent studies have proposed that the NTD of PEX14 is located inside the peroxisomal lumen (Neuhaus et al., 2014; Barros-Barbosa et al., 2019), and thus would not be easily available for initiating contacts with the PEX5 NTD in the cytosol. Potentially, PEX5 might be recognized by other parts of the docking complex (such as PEX13) or may be targeted to the peroxisomal membrane by direct binding. It is also conceivable that the PEX14 NTD may be transiently exposed to the cytosol and subsequent to PEX5 binding translocate into the peroxisomal lumen. In any case, a common prerequisite for all these models is a membrane localization of PEX5 and PEX14.

Studying proteins in membrane-like environment can be challenging: For in vitro binding studies, the membrane mimic should represent the lipid composition of the native environment and compatible with the experimental approach. The peroxisomal membrane lipid composition of eukaryotic cells is not well characterized. Nevertheless, analysis of peroxisomes from rat liver showed a distribution of 27.5% phosphatidylethanolamine (PE), 56.6% phosphatidylcholine (PC), 4.7% phosphatidylinositol (PI), 3.7% sphingomyelin (SPM), and 3% phosphatidylserine (PS) (Hardeman et al., 1990). The high percentage of almost 60% of phosphatidylcholine is well feasible for studies using solution state NMR spectroscopy, since bicelles composed of 1,2-Dimyristoyl-sn-Glycero-3-Phosphocholine (DMPC) and 1,2-Diheptanoyl-sn-Glycero-3-Phosphocholine (D7PC) are well established and favorable due to the relatively low molecular weight. The bicelles assemble into discoid bilayers, where DMPC forms the planar surface of the disk while the short-chain lipids from D7PC form the curvature on the edges, which leads to the dependency of the disk size on the molar ratio of DMPC to D7PC (q). Isotropic bicelles are typically made by a molecular ratio q ranging between 0.2 and 0.5, where the size is shrinking with the value of q (Marcotte and Auger, 2005; Warschawski et al., 2011; Sommer et al., 2012). NMR spectroscopy benefits from the small molecular size of bicelles in terms of resolution derived from relatively sharp line shapes. On the other hand, the high curvature does not represent the native membrane environment very well. For proteins with transmembrane spans, a better membrane mimic can be achieved using nanodiscs, which consists of a planar lipid bilayer encircled with a membrane scaffold protein (MSP). Recent developments in this field allow the production of smaller nanodiscs with a diameter of 6–8 nm with favorable features for NMR studies (Hagn et al., 2018).

The present study combines NMR spectroscopy and isothermal titration calorimetry to characterize the membrane interaction of the NTDs of PEX5 and PEX14 as central components of the peroxisomal pore and investigates the interaction between the two proteins in solution and in the presence of a membrane mimicking environment, thus providing novel insight into early steps of peroxisomal protein translocation.



RESULTS


Conformational Analysis of the PEX5 NTD by NMR Spectroscopy

The N-terminal domain of PEX5 is intrinsically disordered (Emmanouilidis et al., 2016). The NMR spectrum of 15N-labeled PEX5 NTD, comprising residues 1–315 (Supplementary Figure 1A) show poor spectral dispersion, with most signals showing amide proton chemical shifts between 8 and 8.5 ppm, typical for intrinsically disordered proteins (IDPs). To reduce signal overlap, we divided the PEX5 NTD into roughly 100 aa long regions with three to four amino acid residues overlapping to the next or previous subconstruct and without disrupting any of the known WF-like motifs. The 2D 1H, 15N correlation spectra of PEX5 comprising residues 1–113, 110–230, and 228–315 (Figure 1A) show good dispersion and very little signal overlap. Moreover, comparison of the sum of the NMR correlation spectra with the those obtained for the full PEX5 NTD shows little chemical shift differences (Supplementary Figure 1B), suggesting that analysis of the three subregions faithfully reports on the properties in the context of the PEX5 NTD. Next, the residue-specific backbone chemical shifts of the three regions were assigned using standard triple resonance experiments (Sattler et al., 1999), enabling a comprehensive NMR analysis of the PEX5 NTD. This allowed us to analyze the secondary structure and conformational flexibility of the polypeptide backbone, and to map molecular interactions with membrane mimics.
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FIGURE 1. Analysis of PEX5 NTD in the absence and presence of bicelles by NMR spectroscopy. (A) PEX5 NTD domain architecture and 1H–15N HSQC spectra of PEX5 constructs 1–113, 110–230, and 228–315 (B). {1H}-15N heteronuclear NOE experiments of the three constructs in aqueous solution. Negative values represent a highly flexible peptide backbone conformation. WF and the WF-like motif W0 are indicated by red or orange bars, respectively. (C) Less flexible regions were classified as helices α0–α4 (blue boxes) based on the secondary chemical shift (Δδ13Cα –Δδ13Cβ) (D). In the presence of bicelles the helices and two α-turns located in the first 20 aa, are stabilized which is shown by the secondary chemical shift (E). Chemical shift perturbations extracted from 1H-15N HSQC experiments demonstrate membrane binding which is mostly mediated by WF6 and the amphipathic helices α0–α4 visualized as helical wheels in (F). The residues are color coded in yellow for hydrophobic, green for polar, blue for negative charged and red for positive charged sidechains. Phe and Trp residues are shown in black and bold letters with exception of the Phe in α0 which does not contribute to the hydrophobic face of the helix.


First, we investigated the polypeptide backbone flexibility of the PEX5 NTD using {1H}-15N heteronuclear NOE experiments for the three NTD subregions. The conformational flexibility of the backbone is reflected by the heteronuclear NOE, with values of ∼0.9 corresponding to a rigid backbone conformation as expected for a globular folded protein (Daragan and Mayo, 1997). The first 110 amino acids of PEX5, including the W0 (LVAEF) motif, shows a highlight flexible backbone conformation, while the remaining 205 amino acids exhibit significantly reduced conformational flexibility. Most of these regions coincide with the WF motifs W1 to W6, with W5 and W6 showing the highest values. This indicates that the region comprising the W5 and W6 motifs is less flexible in solution (Figure 1B).

Next, we analyzed the secondary structure of the PEX5 NTD based on 13Cα and 13Cβ secondary chemical shifts, which are the difference of chemical shifts compared to those in a random coil conformation (Spera and Bax, 1991). Values around zero indicate random coil while positive and negative values correlate with α-helical and β-strand/extended conformations. Interestingly, the PEX5 NTD shows some regions with α-helical characteristics, which are not related to the WF motifs (Figure 1C). The largest positive secondary chemical shifts are found for residues 285 to 305. Notably for this region also positive heteronuclear NOE values are observed, indicating the presence of a largely formed α helix (α4). Four additional regions, residues 81–96 (α0), 210–220 (α1), 237–250 (α2), and 271–285 (α3) exhibit transient (partially formed) helical regions indicated by secondary chemical shifts between 1 and 2 ppm (Figure 1C). All these helical regions are very well conserved among eukaryotes and have amphipathic character (Figure 1F), as is well known for the WF motifs. Thus, these regions could mediate protein-protein and/or membrane interaction (Schliebs et al., 1999). Experimental structures have previously shown that W0 and W1 adopt an α-helical fold in the complex with the PEX14 NTD and for some of the PEX5 WF motifs it has been shown that they adopt a partially preformed helix in solution (Neufeld et al., 2009; Neuhaus et al., 2014). Our data show that the WF motifs W5 and W6 are indeed the most helical regions. We identify four additional more transient helices (α0–α4) that maybe involved in additional interactions.



PEX5 NTD Interacts With Membranes

NMR membrane binding studies were performed with bicelles consisting of DMPC, a saturated C14:0 lipid. While this is a favorable and well-established membrane mimic for NMR studies it does not reflect the composition of peroxisomal membranes. To assess the validity of using DMPC mimics we performed and compared flotation analyses of PEX5 and PEX5 NTD with liposomes consisting of DMPC and of three volumes 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) and seven volumes 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC). This resembles the composition of 28% phosphoethanolamine and 57% phosphocholine, respectively, of the membranes of rat liver peroxisomes (Hardeman et al., 1990). Consistent with previous observations (Kerssen et al., 2006) a similar fraction of PEX5 was found in association with floated vesicles consisting of DOPE/DOPC (Supplementary Figure 2A). Remarkably, the same flotation behavior was observed with liposomes constituted with DMPC only (Supplementary Figure 2A). Also the PEX5 NTD co-migrated with both floated DMPC and DOPE/DOPC liposomes with comparable efficacy (Supplementary Figure 2B). Taken together, the flotation analyses confirm that the lipids used for mapping the binding sites by NMR are useful and relevant proxies for the lipid binding properties of PEX proteins.

To study potential secondary structure and map the lipid binding regions of the PEX5 NTD we performed NMR titrations with increasing bicelle concentration (Figures 1D,E). We recorded 15N correlation spectra in the presence of 0.9 mM bicelles (DMPC/D7PC, q: 0.2). At these concentrations, we observe large chemical shift perturbation and substantial line broadening in the NMR spectra of the PEX5 NTD regions. To confirm and track chemical shift assignments additional triple resonance experiments were recorded in the bicelle-bound state. Comparison of NMR spectra in buffer and in the presence of bicelles reveal significant chemical shift perturbations (CSP) and changes in secondary chemical shifts exclusively for the α-helical regions. We find two small but strongly enhanced helical regions between residues 1 to 20, which show very low helical propensity in aqueous solution and were therefore not classified as preformed helical motifs (Figure 1D). These induced helical motifs are well conserved in sequence and contribute to PEX5 membrane interaction as can be judged from the chemical shift perturbations (Figure 1E). A notable increase in helical propensity is also observed for the helical regions α0, α2, α3, and α4 as well as for the WF motifs W1, W2, W5, and W6. Unfortunately, the lack of chemical shift assignments prevents conclusions for W3, W4 and the transient helix α1. Interestingly, the helical content of the W0 motif, which lacks a tryptophan, is not much affected by bicelle binding.

Large chemical shift perturbations (CSP) are seen for the last third of PEX5 NTD (Figures 1E, 2A). The first 200 residues experience significant spectral changes only at equimolar protein/bicelle ratio, i.e., 5- fold higher bicelle concentration (Figure 2B). The strongest CSPs are mostly found in helical regions, including some of the WF-like motifs, suggesting these regions mediate the membrane interaction (Figures 1E, 2B). The C-terminal region of the PEX5 NTD, encompassing W5, W6, and W7, shows the largest CSPs, suggesting the strongest membrane interaction compared to the other regions. This is reflected in the membrane affinities derived from the NMR titrations. The apparent dissociation constants for the bicelle interactions are KDapp = 196 ± 16 μM, 82 ± 13 μM, and 20 ± 7 μM, for the regions comprising PEX5 residues 1–113, 110–230, and 228–315, respectively (Table 1 and Figures 2C,D). Interestingly, a common feature of the helical regions involved in membrane binding is the presence of one or more phenylalanine and or tryptophan residues (Figure 1F).
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FIGURE 2. PEX5 NTD – membrane binding. 1H,15N HSQC NMR spectra overlay (A) of free PEX5 1–113, 110–230, and 228–315 (back) and in the presence of 0.2x molar excess of DMPC/D7PC bicelles with a q-value of 0.2. The subconstruct 228–315 is largely affected by 0.2x molar excess while the constructs 1–113 and 110–230 show comparable effects at a molar excess of 0.7x and 0.9x (B). Tracing the chemical shift perturbations of largely affected residues Asp85, Gly225, and Asp259 of the subconstructs (C) and plotting shift distance against the molar ratio of bicelle to protein (D) Fitting of the NMR titration data (chemical shift difference to the free state) to a one-site binding model as a function of the molar bicelle:protein ratio (see section “Materials and Methods”).



TABLE 1. NMR-derived membrane binding affinities.
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Taken together the NMR data reveal an unexpected extent of regions adopting an amphipathic α-helical conformation in the PEX5 NTD, which are stabilized or induced by membrane interactions.



PEX14 NTD Interaction With Membranes

PEX14 is embedded in the peroxisomal membrane by a transmembrane region predicted for residues 107–129. Given that the PEX14 NTD is in close proximity to this transmembrane region (Figure 3A), we wondered whether the NTD also has some intrinsic affinity to the membrane in the absence of the transmembrane region and if this could affect the interactions with PEX5. We first confirmed that the N-terminal region of PEX14 up to the transmembrane span (residues 1–104) harbors the α-helical globular domain (residues 16–80) but is otherwise unstructured (Figure 3B). This is indeed demonstrated by the virtually identical secondary chemical shifts for the region comprising the globular domain, while the flanking regions exhibit random coil chemical shifts and low heteronuclear NOE values and are thus intrinsically disordered (Figures 3B,C). The heteronuclear NOE data show a small increased rigidity for residues 90–97 (corresponding to the amino acid sequence QPPHLISQP), which is often observed in P-rich regions (Chen et al., 2013). We therefore studied the potential membrane interaction of the PEX14 NTD focusing on the globular domain (residues 16–80). For this, we performed NMR titration experiments of a 15N-labeled sample of the globular α-helical fold in the PEX14 NTD (residues 16–80) (Neufeld et al., 2009) with preformed bicelles up to full saturation (Figure 4A and Supplementary Figures 3A,B). Substantial chemical shift perturbations and some line-broadening are observed for many residues indicating a significant interaction of the PEX14 NTD with the bicellar surface. The secondary chemical shifts and heteronuclear NOE values in the absence and presence of bicelles are very similar (Figure 3C) and the overall spectral dispersion of the NMR signals is not affected (Figure 4A), demonstrating that the globular fold of the domain is still intact. This is also supported by the very similar circular dichroism spectra and melting temperatures in the absence and presence of bicelles (Supplementary Figures 3C,D). To confirm the significance of the spectral changes in the presence of bicelles we performed a control experiment with an unrelated RNA binding domain, which is expected to not interact with membranes. Here, virtually no spectral changes are seen upon addition of bicelles (Supplementary Figure 3E).
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FIGURE 3. Human PEX14 NTD secondary structure. (A) Human PEX14 comprises a globular N-terminal domain (NTD) and a short transmembrane span which is followed by a coiled coil region and an unstructured C-terminal domain. (B,C) {1H}-15N heteronuclear NOE (top) and 13C secondary chemical shifts (bottom) of (B) the PEX14 NTD (residues 1–104) free in solution and (C) of the globular domain (residues 16–80) in solution (black boxes) and in the presence of bicelles (magenta boxes).
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FIGURE 4. The PEX14 NTD interacts with bicelles and nanodiscs. (A) 1H,15N HSQC NMR spectra of the isolated NTD (16–80) in the absence (black) and presence of bicelles (1.1-fold molar excess, magenta). (B) Spectra of the extended PEX14 NTD (residues 1–104) in solution with the PEX14 TM (residues 1–137), anchored in nanodiscs. (C) Chemical shift perturbations vs. residue in the presence of bicelles (magenta) and nanodiscs (green). (D) Mapping of the CSPs shown in (C) in the presence of bicelles (D) and anchored to nanodiscs (E) onto the structure of the globular domain in the PEX14 NTD. Hotspots cluster around Ala32, Arg42, and Lys54. (F) The membrane binding interface is strongly positive charged due to the presence of Arg and Lys residues, as seen by electrostatic surface rendering. (G) The membrane binding surface partially overlaps with binding site of the PEX14 NTD with WxxxF/H motifs from the PEX5 NTD.


We next wanted to explore whether the membrane anchoring of the PEX14 NTD affects the membrane interaction of the globular domain. For this we compared NMR spectra of the PEX14 NTD (1–104) with a construct that additionally includes the transmembrane region, PEX14 TM (residues 1–137), which was assembled into nanodiscs (Figure 4B). Notably, mapping the CSPs onto the sequence of PEX14 reveals very similar chemical shift perturbations (Figure 4C). This shows that the PEX14 NTD has an intrinsic membrane affinity, that is independent of being anchored to the membrane via the TM region. The strongest CSPs (above a threshold of 0.08 ppm) are seen in α-helices 1 and 2 and the α310 helix (Figure 4C). Mapping the CSPs onto the structure of the PEX14 NTD (Figures 4D,E) reveals three hotspots for the interaction, located around Ala32 (helix α1), Arg42 (α310), and Lys54 (helix α2). Arginine and lysine residues in these three helices form a positively charged surface while the other side of the domain is mainly negatively charged (Figure 4F). Interestingly, the positively charged surface partially overlaps with the binding interface for WF motifs (Figure 4G), where PEX14 Lys56 is reported to form an important salt bridge with PEX5 Glu121 (Neufeld et al., 2009). This suggests an at least partially competitive binding of PEX14 NTD to membranes and WF-like motifs in PEX5.



PEX5 PEX14 Interaction in the Presence of Lipids

To investigate the potential competitive binding of PEX14 NTD to membranes and WF-like motifs in PEX5, we performed isothermal titration calorimetry (ITC) with the PEX5 NTD (residues 1–315) and PEX14 NTD (1–104) in aqueous solution (Figure 5A and Supplementary Figure 4A) or in the presence of bicelles (Figure 5B and Supplementary Figure 4B). The bicelle concentration used correspond to a 0.9-fold and 1.5-fold molar excess for PEX14 and PEX5, respectively, to ensure saturated membrane binding. Since PEX5 NTD harbors eight possible binding sites for PEX14, the number of sites was fitted to 1/8. This results in a dissociation constant, KD of 147 ± 16 nM, for the interaction of the PEX5 and PEX14 NTDs in aqueous solution (Figure 5C and Table 2). The free Gibb’s energy ΔG = −9.3 kcal/mol is composed of a binding enthalpy, ΔH = −147.0 kcal/mol and –TΔS = 137.7 kcal/mol, indicating that the interaction is enthalpy driven with a negative change of entropy ΔS. In the presence of bicelles KD = 260 ± 26 nM, with ΔG = −8.9 kcal/mol, and thus in the same range as without bicelles. Interestingly, both the binding enthalpy and the entropic contributions are reduced by about 60% to ΔH = −92.0 kcal/mol and –TΔS = 83.0 kcal/mol, respectively, compared to the interaction between the two proteins in the absence of membrane. The reduced binding enthalpy is consistent with a partially competitive binding between the two proteins toward each other and the bicelles. However, the enthalpy reduction is compensated by a reduced entropy loss associated with the PEX5-PEX14 interaction in the presence of a membrane environment. This may result from the increased helical conformation observed for WF motifs in the presence of membrane, which thereby can reduce the entropic cost associated with the formation of a full helical conformation when bound to the PEX14 NTD.
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FIGURE 5. PEX5 - PEX14 interaction by isothermal titration calorimetry. ITC experiments were performed as triplicates. (A) Titration of 50 μM PEX5 in aqueous buffer into a 30 μM aqueous solution of PEX14. (B) The same experiment in the presence of 44 μM bicelle corresponding to full saturation of PEX5 and PEX14 with 0.9- fold and 1.5- fold molar excess, respectively. (C) The titration experiments in membrane-like environment show reduced binding enthalpies ΔH and entropic contribution –TΔS and slightly reduced affinity compared to experiments in aqueous solution.



TABLE 2. ITC titration with PEX5 NTD (1–315) on PEX14 NTD (1–104).
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DISCUSSION

Here we present a comprehensive NMR and biophysical analysis of the membrane-associated N-terminal regions of the peroxisomal targeting receptor PEX5 and its binding partner PEX14, which play critical roles for initial steps of the assembly of the peroxisome translocon.

The PEX5 NTD contains eight WF-like binding motifs (W0-W7) that are recognized by the PEX14 NTD. Although this region is overall largely disordered our study reveals that some of the WF-motifs exhibit partial helical conformation, with the highest propensity for W5. The preformed helical conformation may reduce the entropic loss associated with the formation of helix upon complex formation with PEX14. This is consistent with the fact that the W5 motif has the highest binding affinity amongst the eight WF-like binding motifs (Gopalswamy et al., in preparation). Surprisingly, we identified five conserved, amphipathic helical regions α0 (residues 81–96), α1 (210–220), α2 (237–250), α3 (271–285), and α4 (287–301), where helices α0 to α3 are transient and partially formed, while helix α4 seems almost fully formed in solution (Figure 1C). Interaction with membrane-mimicking bicelles stabilizes the α-helical character of these helices including the WF-motifs, with the exception of the W0 motif, which lacks a tryptophan as second aromatic residue. The stabilization of the amphipathic helices might rise from electrostatic interactions from charged amino acids which are often present on the hydrophilic surface (Giménez-Andrés et al., 2018), as especially seen for helices α3 and α4 of PEX5 (Figure 1F).

The NMR titrations with bicelles revealed that residues 210–310 in the PEX5 NTD represent the most important interaction site for membrane binding (Figure 1E). This region harbors the helices α1 to α4, which share as a common feature the exposure of phenylalanine and/or tryptophan side chains on the hydrophobic face of the amphipathic helix (Figure 1F). Interestingly, helix α0, which lacks an aromatic residue on its hydrophobic face does not show significant spectral changes upon bicelle binding. This suggests that the aromatic residues are important as anchors for the membrane interaction, as is commonly observed for amphipathic helices (Cornell and Taneva, 2006; de Jesus and Allen, 2013; Giménez-Andrés et al., 2018). Amphipathic helices found in the PEX5 NTD are 10 to 15 residues in length exposing four to seven aliphatic residues, which corresponds to two to four helical turns. Such short helices can be found in membrane channels, while the average length helices in bona fide transmembrane proteins (TMPs) is 17.3 residues with a length of about 26 Å (Hildebrand et al., 2004). Our NMR titrations show significant chemical shift perturbations in the presence of bicelles (Figure 2), consistent with a micromolar binding to the bicelle surface. Note, that this experimental setup does not allow us to make conclusions about a potential transmembrane spanning of these regions by PEX5. Thus, we conclude that the PEX5 NTD has significant affinity to the membrane, which may play a role in the formation of the peroxisome translocon.

Our NMR data show that the secondary structure and overall fold of the PEX14 NTD (16–80) is not altered in the presence of membrane-mimicking bicelles (Figure 3C and Supplementary Figures 3C,D). Nevertheless, significant CSPs are observed upon bicelle binding for amide signals in helices α1 and α2 and the short helix α310 (Ala32, Arg42, and Lys54), which highlights this region as membrane interaction surface (Figures 4C,D). Notably, NMR spectral changes seen for the PEX14 NTD when inserted into a phospholipid nanodisc by the presence of the transmembrane region, identify the same membrane interaction surface of the globular helical domain in the PEX14 NTD (Figure 4E). Additional line broadening is seen for some of the lysine and arginine residues in the binding surface presumably reflecting a stronger interaction due to the anchoring of the protein in the nanodisc. The NMR data demonstrate that the small helical fold in the PEX14 NTD has an intrinsic although weak affinity to the membrane surface, independent of the presence of the membrane-spanning helix. The membrane binding helices represent a positively charged surface (Figure 4F) harboring numerous Arg and Lys residues.

Surprisingly, the PEX14 NTD membrane interaction surface partially overlaps with the interface for the bi-aromatic WF-motifs in the PEX5 NTD (Figures 4D–G). This suggests at least a partial competition in the binding to the PEX14 NTD. Indeed, our ITC data for the PEX14/PEX5 interaction in the absence and presence of bicelles show a minor decrease of affinity from 150 to 250 nM in the presence bicelles, respectively (Figure 5 and Table 2). In both titration series, we observe negative binding enthalpy and entropy, which demonstrates that the interaction is driven by enthalpy. The negative entropy can be explained by the loss of conformational flexibility upon formation of an α-helical conformation of the WF peptides upon binding to the PEX14 NTD. Interestingly, in the presence of bicelles both ΔH and –TΔS are reduced by ≈60%. This is consistent with a competitive binding of the PEX5 WF-motif and the bicelle to the PEX14 NTD. However, the free binding enthalpy remains very similar as a result of enthalpy/entropy compensation. The partial competition for the PEX14 binding surface reduces the binding enthalpy ΔH, but is likely compensated by the fact that both binding partners are preferentially localize at the membrane and that the membrane interaction increases the pre-existing helical conformation of the WF-motifs, such that loss of conformational entropy from disordered to helical conformation of the WF peptides is reduced, compared to an interaction in the absence of membrane-mimicking bicelles.



CONCLUSION

We show that the PEX5 NTD, while being overall unstructured, exhibits a number of weakly populated, transient helical regions, which have amphipathic character. Notably the helical propensity is stabilized by a weak micromolar interaction with the membrane (Figure 2). As judged from the NMR chemical shift perturbations the largest contribution to the membrane binding can be mapped to residues 210–310 in the PEX5 NTD, which comprises the two WF motifs W5 and W6. The other WF motifs and the pre-existing helix α0 which lacks an aromatic residue, are much less affected in the presence of the membrane. This supports the hypothesis that the WF-like motifs in the N-terminal region of the PEX5 NTD can initiate PEX14 binding (Neuhaus et al., 2014), while the region comprising residues 210–310 help to stabilize PEX5 at the membrane. The PEX14 NTD itself is weakly membrane-associated with the membrane with micromolar affinity (Supplementary Figure 3), but this interaction is readily competed out by the PEX5 WF-like motifs, which bind with significantly stronger binding affinity. The weak membrane interactions of the PEX14 NTDs may provide a proof-reading mechanism to avoid random binding events with unspecific targets from the cytosolic compartment.



MATERIALS AND METHODS


Molecular Cloning

The full length genes of human PEX5 (UniProtKB no. P50542) and human PEX14 (UniProtKB no. O75381) were optimized according to the codon usage of Escherichia coli and synthesized by IDT (IDT Europe GmbH, Germany). These sequences were used as templates to generate PEX5 (1–113), PEX5 (110–230), PEX5 (228–315), PEX5 (1–315), PEX14 (1–104), and PEX14 (1–137) constructs by polymerase chain reaction (PCR) amplification using the following primers:

PEX5        1–110:      F:                              aaaccatggcgatgcgcgaac
R: aaaggtaccttacgccagatcggcaacacc

PEX5     110–230     F:                      aaaccatggccgatctggcgttatcg
R: aaaggtaccttactctaaactgacctggccttc

PEX5     228–315     F:      aaaccatggagagtttagagtctggtgccggatc
R: aaaggtaccttagaggtcatcatag

PEX5         1–335      F:            gatcccatggcaatgcgggagctggtggag
R: gatcgcggccgctagtgatcagccaaggggttctcc

PEX14       1–104      F:                       aaaccatggctagcagcgaacagg
R: aaaggtaccttaactacccgccggagaatacg

PEX14        1–137      F:                      aaaccatggctagcagcgaacagg
R: aaaggtaccttaacctaagatcagcggaaggagg

where F/R refers to forward and reverse primers, respectively.

PEX5 fragments PEX5 (1–113), PEX5 (110–230), PEX5 (228–315), and PEX5 (1–315) were cloned into the bacterial expression pETM10 vector with a non-cleavable N-terminal His6-tag and PEX14 fragments was cloned into pETM11 vector with His6-tagged followed by a tobacco etch virus (TEV) cleavage site (EMBL, G. Stier) using NcoI and KpnI restriction sites. PEX5 (1–335) was PCR-amplified using pET9d-His-TEV-PEX5L (Schliebs et al., 1999) as a template and subcloned into NcoI/NotI-digested pET9d expression plasmid.



Protein Sample Preparation

PEX constructs were transformed into E. coli BL21 (DE3) cells and expressed in LB or isotope-enriched M9 minimal medium. Single colonies were picked randomly and cultured in the medium with 50 μg/ml kanamycin overnight at 37°C. Overnight cultures were grown at 37°C, diluted 50-fold, and grown up to an optical density of 0.4–0.6 at 600 nm. Protein expression was induced at 37°C with 0.1 mM IPTG for PEX14 (1–104), 0.5 mM IPTG for PEX14 (1–137), and 1 mM IPTG for PEX5 constructs. While PEX5 and PEX14 (1–104) were expressed for 18 h at 18°C, PEX14 (1–137) remained for 4 h at 37°C before being harvested. The cells were harvested by centrifugation at 5,000 rpm for 20 min at 4°C. For protein purification the cell pellets were resuspended in the different binding buffers described below and lysed by pulsed sonication (5 min, 40% power, large probe, Fisher Scientific model 550) followed by centrifugation at 15,000 rpm for 1 h. All proteins were purified using gravity flow Ni-NTA (Qiagen, Monheim am Rhein, Germany) affinity chromatography which can be described in three steps. First a binding step where the supernatant of the cell lysate is applied to the column. Second, a wash step where endogenous proteins where removed and a third step where the protein of interest is eluted from the column. However, the different natures of the PEX5/PEX14 constructs bring the need of different buffer compositions.

Intrinsically disordered PEX5 protein constructs were lysed in buffer containing 50 mM sodium phosphate (NaP) buffer, pH 8, 300 mM NaCl, 10 mM imidazole, and 8 M Urea. The urea denatures all proteins and prevents binding of contaminants. After binding to the column, urea was removed in an extensive washing step using urea-free buffer. Then, the proteins were eluted in a high imidazole buffer (50 mM NaP, pH 8, 300 mM NaCl, 500 mM imidazole) before final purification via size exclusion chromatography (Superdex S75, 16/600, GE Healthcare, Rosenberg, Sweden) in NMR buffer (see below) and lyophilized for long term storage.

The PEX14 constructs comprising residues 1–104 and 1–137 were lysed in 50 mM Tris/HCl, pH 8.0, 100 mM NaCl, and protease inhibitor mix (Serva, Heidelberg, Germany). After lysis, the PEX14 1–137 suspension was adjusted to 1 M NaCl and 1% (w/v) dodecylphosphocholine (DPC). After binding to the column a wash step with additional 20 mM imidazole was performed. While salt concentration was kept constant for PEX14 1–104, NaCl and DPC concentrations for PEX14 1–137 were lowered to 500 mM and 0.2% (w/v), respectively. The protein was eluted by increasing imidazole to 500 mM. PEX14 1–137 was subsequently further purified for nanodisc assembly including a buffer exchange to 50 mM Tris, pH 8.0, 100 mM NaCl, 0.1% (w/v) DPC using a Superdex S200 (16/600, GE Healthcare). PEX14 (1–104) was final purified after TEV cleavage running a reverse Ni2+ column and a Superdex S75 (16/600), where the buffer was changed to NMR buffer containing 50 mM NaP pH 6.5 and 100 mM NaCl. The PEX14 16–80W construct (with a C-terminal Trp) was expressed and purified as described previously (Neufeld et al., 2009). Protein expression and purification of full-length PEX5 and PEX5 (1–335) was carried out as described (Schliebs et al., 1999). Protein purification and quality was confirmed by SDS PAGE (Supplementary Figures 5A,B,D).

Uniformly 15N or 15N, 13C labeled proteins were expressed in H2O or D2O M9 minimal medium supplemented with 50 μg/ml kanamycin, 1 g/liter 15N NH4Cl and 2 g/liter hydrated or deuterated [U-13C] glucose as the sole sources of nitrogen and carbon, respectively.



Bicelles and Nanodiscs Preparation

Lipids 1,2-Diheptanoyl-sn-glycero-3-phosphocholine (D7PC) and 1,2-Dimyristoyl-sn-glycero-3-phosphocholine (DMPC) were purchased from Avanti Polar Lipids (Alabaster, United States). Bicelles were prepared according to the established protocols (Sommer et al., 2013). Briefly, water free D7PC and DMPC were dissolved in chloroform to generate stock solutions of 500 mM and 100 mM, respectively. The lipids were mixed in a ratio of 1 to 1, dried under vacuum and rehydrated in 20 mM NaP, pH 6.5, 100 mM NaCl, 0.02% (w/v) NaN3 to generate a 240 mM lipid stock. The bicelles with q = 0.2 were formed by several freeze and thaw cycles in liquid N2 yielding a clear, viscous bicelle solution of 870 μM concentration. The bicelle concentration was calculated based on the number of DMPC molecules in one bicelle. The radius R of the bilayer region of the bicelle (for q = 0.2) was calculated to be 2.04 nm using the formula R = 1/2rq[π + (π2 + 8/q)1/2] assuming a bilayer thickness of 4 nm with a radius r = 2 nm (Klopfer and Hagn, 2019). Thus the calculated surface area of the bicelle is 1307 Å2, which corresponds to 46 DMPC molecules (given a surface area of 57 Å2 per DMPC molecule).

Nanodisc assembly with freshly purified PEX14 (1–137) was performed with a lipid mixture of 75% deuterated DMPC, 25% deuterated DMPG (FB Reagents, Cambridge, United States) and the 19.5 kDa scaffold protein MSP1D1Δ5 as described (Hagn et al., 2018). Buffer exchange to NMR buffer was done via size exclusion chromatography on a Superdex S200 (16/600). To confirm successful reconstitution of PEX14 (1–137) peak fractions were analyzed by SDS-PAGE (Supplementary Figure 5C). Protein concentration of 150 mM of 250 μl sample was then transferred to a Shigemi (Shigemi Inc., Allison Park, United States) tube for NMR experiments.



Liposome Preparation and Flotation Assay

1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) were purchased from Avanti Polar Lipids, Inc. (United States). DOPC/DOPE lipids were mixed with a ratio of 7 to 3 in 50 mM NaCl, 20 mM Tris, pH 7.4 as described (Kerssen et al., 2006). In addition, 10 mM DPMC, purchased from Sigma-Aldrich (Germany), was resuspended in 50 mM NaCl, 20 mM Tris, pH 7.4. Small unilamellar vesicles (SUVs) were obtained by sonication of the multilamellar vesicle (MLV) suspension using an ultrasonic bath (Sonorex RK 52, Bandelin) followed by 10 cycles of freezing and thawing (Pick, 1981).

Liposomes, either DOPC/DOPE or DMPC, were incubated with 1.5 nmol purified human PEX5 or PEX5 (1–335) for 1 h at room temperature (ratio protein/lipid: 1/750). Incubation of liposomes with protein and all following steps were performed in 50 mM NaCl, 20 mM Tris–HCl, pH 7.4. The loading samples were adjusted to a sucrose concentration of 45% (w/v) using 65% (w/v) sucrose solution and 0.4 ml of each sample were layered onto 0.52 ml 50% sucrose cushion at the bottom of 11 ml ultracentrifuge tubes. 1.3 ml 40% (w/v) sucrose, 5.1 ml 25% (w/v) sucrose 2.6 ml of buffer without sucrose were stepwise added. After ultracentrifugation for 4 h at 175,000 × g at 4°C in a swing-out rotor, the linear gradient (0 to 50% (w/v) sucrose) was collected as ten 1 ml fractions from top to bottom. The fractions were separated by SDS-PAGE and analyzed by immunoblotting using polyclonal rabbit anti PEX5 antibodies.



NMR Spectroscopy

NMR data were collected on Bruker Avance III spectrometers operating at 500, 600, 800, 900 or 950 MHz, equipped with cryogenic probes. The sequential assignment of backbone resonances for PEX5 fragments and PEX14 (1–104) were performed based on heteronuclear experiments such as 1H-15N-HSQC, HNCA, HN(CO)CA, CBCA(CO)NH, HNCACB, HNCO, HN(CA)CO, HN(CA)NNH and H(NCA)NNH (Weisemann et al., 1993; Sattler et al., 1999). {1H}-15N heteronuclear NOE (hetNOE) experiments (Farrow et al., 1994) were performed using the pulse sequence hsqcnoef3gpsi (Bruker, Avance version 12.01.11) with a 5 s interscan delay. NOE values are given simply by the ratio of the peak heights in the experiment with and without proton saturation (hetNOE = Isat/I0) (Renner et al., 2002). NMR-Spectra were processed using Topspin (Bruker Biospin, Rheinstetten, Germany) or NMRPipe (Delaglio et al., 1995) and analyzed using CcpNMR Analysis 2.4.2 (Vranken et al., 2005).

All NMR experiments with PEX5 were recorded in 20 mM NaP pH 6.5, 100 mM NaCl, 0.02% (v/v) NaN3, and 2 mM DTT at 298°K at 600 MHz for triple resonance experiments or at 500 MHz for hetNOE experiments. Triple resonance experiments of free PEX5 1–113, 110–230, and 228–315 were performed at concentrations of 225 μM, 200 μM, and 200 μM, respectively. Assignment experiments for PEX5 1–113, 110–230, and 228–315 in the presence of 870 μM bicelles (q = 0.2) were recorded at 350 μM to 430 μM. {1H}-15N heteronuclear NOE experiments were performed by dissolving lyophilized 15N-labeled PEX5 1–113, PEX5 110–230 and PEX5 228–315 in a buffer containing 20 mM NaP pH 6.5, 100 mM NaCl, 2 mM DTT to a final concentration of 190 μM, 90 μM, and 165 μM, respectively.

Experiments with all PEX14 constructs were recorded in 20 mM NaP pH 6.5, 100 mM NaCl. While spectra of PEX14 (16-80W) were recorded at 298°K at 600 MHz proton Larmor frequency, NMR experiments for PEX14 1–104 and 1–137 without and with nanodiscs were collected at 298°K or 303°K at 800, 900, or 950 MHz proton Larmor frequency, respectively. Backbone assignments and hetNOE experiments of PEX14 16–80W in the presence of bicelles were recorded at 950 μM in 150 μM bicelle solution. Triple resonance experiments for PEX14 1–104 were recorded on 950 MHz at a concentration of 750 μM and 298°K. Nanodiscs of 6 nm size with PEX14 1–137 were assembled and purified as described above, 2D 1H-15N HSQC experiments were measured at a final concentration of 150 μM at 303°K and 900 MHz.

Titration experiments of preformed bicelles to 15N-labeled PEX5 1–113, 110–230, and 228–315 at 280 μM, 150 μM, and 150 μM and PEX14 16-80W at 110 μM were performed with increasing bicelle concentration up to 1.5-fold, 2-fold, and 1-fold molar excess, respectively. The chemical shift perturbation (Δδavg) was calculated by using formula Δδavg = [(ΔδH)2 + (ΔδN/6.3)2]0.5. Dissociation constants (KD) were fitted to DMPC concentration with a one-site specific binding model within Origin software (OriginLab Corporation, United States). The equation used for the fitting is Δδ = Δδmax/(2 [Pt])*{[L] + [Pt] + KD – (([L] + [Pt] + KD)2-4[Pt][L])1/2}, where Δδ is the individual and Δδmax the maximum shift distance, Pt is the total protein concentration and [L] the DMPC ligand concentration. The KD of ∼20 representative residues of each construct was fitted to the DMPC concentration assuming that all DMPC molecules are associated with bicelles, whereas partially water soluble D7PC molecules may exist in an equilibrium between solution and bicelle-bound. Bicelle concentrations were derived from the DPMC concentration by scaling with a factor of 1/46 (according to the number of DPMC molecules per bicelle, see above) to obtain apparent dissociation constants KDapp for the bicelle interaction.



Isothermal Titration Calorimetry (ITC)

Isothermal titration calorimetry (ITC) measurements were performed as triplicates at 25°C using a MicroCal PEAQ-ITC (Malvern Instruments Ltd., United Kingdom) calorimeter. Buffer conditions were 20 mM NaP pH 6.5, 100 mM NaCl containing none or 44 μM bicelles. Pex5 (1–315) at a concentration of 50 μM was injected in the cell containing Pex14 (1–104) at a concentration of 30 μM. The concentration of PEX14 was corrected with the fit, since it cannot be accurate measured at 280 nm owing to the extinction coefficient of only 1490. The dilution effect of PEX5 as a control experiment was subtracted before the data were fitted to a one-site binding model using the Malvern Analysis software.



Circular Dichroism (CD)

Far-ultraviolet circular dichroism (Far-UV CD) and thermal unfolding measurements were carried out using a Jasco J-810 spectropolarimeter equipped with a peltier thermal controller in a 0.1 cm path length quarts cuvette. Measurements were performed between 10 or 15°C to 95°C with 1°C/min scanning speed. Far UV-CD data of PEX14 (16-80W) at concentration of 25 μM in bicelle free or 44 μM bicelle (q = 2) in 10 mM sodium phosphate, 50 mM sodium chloride and pH 6.5 were collected at 25°C in the range of 190–260 nm wavelength. Protein-bicelle complexes were incubated for 2–3 h prior to the experiment. Spectra were collected in 10 accumulations and subtracted from the spectrum of the buffer control. Thermal unfolding spectra were collected at 222 nm. The midpoint of the folding and unfolding (Tm) of the complex was derived from the raw data by fitting to the equations for the sigmoidal curve, Y = A2 + (A1-A2)/(1 + exp((x-x0)/dx)). Where A1 and A2 are the folding and unfolding intercept, respectively. x is the midpoint of the cure and dx is the slope of the curve. All curves were fitted by using Origin software (OriginLab Corporation, United States).
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PEX genes encode proteins involved in peroxisome biogenesis and proliferation. Using a comparative genomics approach, we clarify the evolutionary relationships between the 37 known PEX proteins in a representative set of eukaryotes, including all common model organisms, pathogenic unicellular eukaryotes and human. A large number of previously unknown PEX orthologs were identified. We analyzed all PEX proteins, their conservation and domain architecture and defined the core set of PEX proteins that is required to make a peroxisome. The molecular processes in peroxisome biogenesis in different organisms were put into context, showing that peroxisomes are not static organelles in eukaryotic evolution. Organisms that lack peroxisomes still contain a few PEX proteins, which probably play a role in alternative processes. Finally, the relationships between PEX proteins of two large families, the Pex11 and Pex23 families, were analyzed, thereby contributing to the understanding of their complicated and sometimes incorrect nomenclature. We provide an exhaustive overview of this important eukaryotic organelle.
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INTRODUCTION

Peroxisomes occur in almost all eukaryotes. Their number, size and protein composition are highly variable. In lower eukaryotes, such as yeast, peroxisome proliferation is stimulated by specific growth substrates. In higher eukaryotes, peroxisome abundance and composition vary with organism, tissue and developmental stage. Conserved peroxisomal pathways are the β-oxidation of fatty acids and hydrogen peroxide degradation. Examples of specialized pathways are the biosynthesis of bile acids and ether lipids in man, photorespiration in plants and the biosynthesis of antibiotics in certain filamentous fungi (Smith and Aitchison, 2013). The crucial role of peroxisomes for human health is illustrated by the occurrence of inborn errors that cause severe diseases and are often lethal. However, roles in non-metabolic processes such as aging, anti-viral defense and cancer show that the significance of peroxisomes in human health goes far beyond the relatively rare inherited peroxisomal disorders (Islinger et al., 2018).

Peroxisomes are very simple organelles that consist of a protein rich matrix surrounded by a single membrane. Peroxisomal enzymes almost exclusively occur in the matrix. The membrane contains transporters, pores for solute transport and proteins involved in diverse processes such as matrix and membrane protein sorting, organelle fission and movement (Figure 1).
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FIGURE 1. Schematic representation of the PEX proteins. Core conserved PEX proteins (shapes in dark colors, names in white), fungi-specific proteins (light, names in black) and the moderately conserved PEX protein PEX26 (gray, name in black, which is only present in Metazoa and Fungi) are depicted. Membrane proteins are ovals, soluble proteins round. Matrix protein import. Peroxisomal matrix proteins contain a peroxisomal targeting signal (PTS) that is recognized by cytosolic receptors: a C-terminal PTS1 or (less commonly) an N-terminal PTS2, recognized by PEX5 and PEX7, respectively. PTS2 import involves a co-receptor (Co): PEX5 (animals, plants, and protists), PEX18/21 (S. cerevisiae) or PEX20 (Fungi). Next, the receptor-cargo complex associates with the docking complex, consisting of PEX13/14 (and in Fungi PEX17 or PEX33). Upon cargo translocation and release, the PTS (co-)receptor is ubiquitinated and recycled. Ubiquitination involves the ubiquitin conjugating enzyme (E2) PEX4 (recruited to the membrane by PEX22) and the ubiquitin ligase (E3) activities of the RING finger complex, consisting of PEX2/10/12. Receptor extraction requires the AAA+ ATPase complex PEX1/6, which is recruited to the membrane via PEX26 (PEX15 in S. cerevisiae, APEM9 in plants – only PEX26 shown). PEX8 links the docking and RING finger complexes, and functions in receptor-cargo dissociation. Peroxisomal membrane protein (PMP) targeting involves PEX3, PEX19 and PEX16. PMPs can sort directly to peroxisomes or indirectly via the ER. In the direct pathway PEX19 acts as receptor/chaperone, while it functions at the ER in PMP sorting via the indirect pathway. The Pex11 protein family (all show as PEX11) and the fungal peroxins PEX35 and PEX37 have been mainly implicated in peroxisome proliferation. Pex11 family proteins are also present in mitochondria-peroxisome contact sites and PEX11 functions as non-selective ion channel. Members of the fungal Pex23 protein family localize to the ER and are involved in the formation of peroxisome-ER membrane contact sites. Created with BioRender.com.


In 1996, the term peroxin was coined for proteins “involved in peroxisome biogenesis (inclusive of peroxisomal matrix protein import, membrane biogenesis, peroxisome proliferation, and peroxisome inheritance)” (Distel et al., 1996). Peroxins are encoded by PEX genes and also called PEX proteins. So far, 37 PEX proteins have been described. Some are highly conserved, whereas others only occur in a limited number of species. Since 1996, tremendous progress has been made in our understanding of the molecular mechanisms involved in peroxisome biology. However, with the increasing number of PEX proteins, their nomenclature became more and more complex (Smith and Aitchison, 2013).

Previous comparative genomics studies on peroxisomes have shed light on the origin of peroxisomes (Gabaldón et al., 2006; Schlüter et al., 2006) and their absence in some species, mostly parasitic protists (Žárský and Tachezy, 2015; Gabaldón et al., 2016; Moog et al., 2017; Mix et al., 2018). However, a comprehensive and up-to-date overview of all PEX proteins was still missing. Here, we present an exhaustive up-to-date overview of all the PEX protein families. We analyzed PEX proteins in a highly diverse set of eukaryotes, including but not limited to model organisms frequently used in cell biology, pathogenic unicellular eukaryotes and higher eukaryotes. Using this information, we combine phylogenetic reconstructions with other protein features (e.g., Pfam domain, protein disorder and transmembrane domain predictions) to understand the evolutionary relationships between these proteins, clarifying certain inconsistencies in the nomenclature of PEX proteins. Important questions that we answer are (i) how are the different PEX genes conserved across eukaryotes, (ii) what is the core set of PEX genes present in the last eukaryotic common ancestor and (iii) what are the typical features of the PEX proteins.



MATERIALS AND METHODS

For the ortholog detection of PEX proteins, we systematically used two approaches: reciprocal searches of single protein sequences and reciprocal searches based on protein profiles (Hidden Markov models). We selected a set of eukaryotic proteomes from UniProt (The UniProt Consortium, 2017) (see Table 1) and for both approaches, performed the reciprocal searches starting from the sequences of different organisms (see Table 1) and made a consensus for the assignment of orthologs between the searches.


TABLE 1. Overview of proteomes investigated.

[image: Table 1]The first approach was based on phmmer searches [HMMER package (Potter et al., 2018)]. As peroxisomal proteins can be multidomain proteins, when the first reciprocal hit failed, we also checked the best domain e-value hit from the target proteome. In this way, we also retrieve potential orthologs taking into account alternative domain architecture. The second approach was based on reciprocal jackhmmers followed by hmmsearches [HMMER package (Potter et al., 2018)]. This method is applied in order to detect divergent orthologs undetectable by the previous approach, although it can be problematic for proteins containing common domains like PEX1/6, PEX4 (containing functional domains like WD40, ATPase, zinc-finger and ubiquitin ligases; see Table 2). Due to the diverse nature of the PEX proteins, different e-value thresholds and iterations were applied. For example, searches involving transmembrane proteins and tandem protein repeats (TPR) were conducted with two iterations and a relaxed e-value, 1e-2. Alternatively, for the other common domains, we applied two iterations and constrained e-value, 1e-20. The reciprocal detection for these common domains were often/frequently unsatisfying showing the limitation of this method for abundant and common domains.


TABLE 2. Overview of PEX proteins and their main features.

[image: Table 2]Once the ortholog assignment of both methods combined, for each set of orthologs we manually filtered-out possible false positive by performing a multiple sequence alignment using Mafft [einsi-mode (Katoh and Standley, 2013)] followed by visual inspection. We additionally searched for missing orthologs. We built HMM profiles through Hmmbuild using the MSA generated previously and made searches into the suspect proteome through Hmmsearch [both from the HMMER package (Potter et al., 2018)]. It is important to note that if no orthologs were identified for a particular PEX protein in a specific organism, this does not necessarily mean that no ortholog exists. Possible causes of not identifying orthologs are incomplete genome information and sequence divergence of the ‘true’ ortholog. For example, the T. pseudonana proteome seems to be incomplete in the Uniprot database: a previous study identified a T. pseudonana Pex12 ortholog (Mix et al., 2018) that matches our criteria for orthology, but is absent from Uniprot.

Ortholog sequences included in the final dataset were aligned with Mafft, and trimmed the gap position with Trimal using different thresholds. Phylogenetic trees were constructed using IQ-TREE (Nguyen et al., 2015) obtaining branch supports with ultrafast bootstrap (Hoang et al., 2018) and applying the automatic model selection calculated by ModelFinder (Kalyaanamoorthy et al., 2017). Trees were visualized and annotated using iTOL (Letunic and Bork, 2019). Functional domain annotation was carried out using the Pfam database (El-Gebali et al., 2019), transmembrane domains using the TMHMM server1 and structural disorder with IUPred2 (Mészáros et al., 2018).



RESULTS

The proteomes of 38 eukaryotes were investigated to identify all PEX proteins known to date. Not all eukaryotes contain peroxisomes (Schlüter et al., 2006; Žárský and Tachezy, 2015; Gabaldón et al., 2016). In agreement with previous studies (Schlüter et al., 2006; Gabaldón et al., 2016), several protist species of our initial analysis were found to lack most PEX proteins, namely Cryptosporidium parvum, Theileria annulata, Babesia bovis, Monosiga brevicollis, Plasmodium falciparum, Blastocystis hominis, and Entamoeba histolytica. To facilitate comparison between species containing and (likely) lacking peroxisomes, the latter species was included in further analyses, but all others likely lacking peroxisomes were omitted. Table 1 shows the 31 remaining species containing peroxisomes, plus Entamoeba histolytica. An overview of all orthologs identified can be found in Supplementary Table 1.


Distribution and General Description of PEX Proteins Across Eukaryotic Lineages

The results of our computational survey are summarized in Figure 2. We detect a core of PEX proteins that are broadly conserved in all eukaryotic lineages, encompassing PEX3/19/16 [peroxisomal membrane protein (PMP) sorting], PEX1/6, PEX2/10/12, PEX13/14, and PEX5/7 (matrix protein import) and proteins of the Pex11 family (peroxisome proliferation and contact sites). Some detected absences are probably real. On the other hand, in other cases the function of missing PEX proteins may be taken over by other homologous proteins. For instance, the function of the ubiquitin conjugating enzyme (E2 enzyme) PEX4 in receptor ubiquitination is performed by proteins of the E2D family in Metazoa, which lack a PEX4 ortholog (Grou et al., 2008). Similarly, the function of PEX26 is complemented by the homologous protein APEM9 in plants (Cross et al., 2016) and PEX15 in S. cerevisiae. Furthermore, we observe an important bias toward Fungi (yeasts and filamentous Fungi) reflected in the large number of PEX proteins that are specific to fungi, such as PEX8, PEX20/18/21 and the Pex23 family (Figure 2). This is a result of the fact that the large majority of studies investigating peroxisomes, in particular their biogenesis, have been performed in yeast models such as S. cerevisiae, O. polymorpha, K. phaffii, and Yarrowia lipolytica.
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FIGURE 2. Coulson plot demonstrating the presence (filled) or absence (empty) of PEX protein orthologs in 32 eukaryotic proteomes. PEX proteins are divided into functional groups (columns) including homologous and non-homologous proteins, represented by a pie. Every wedge represents a PEX protein, with the exception of the Pex11 family, where each wedge represents a main group. The PEX11 group contains among others fungal PEX11/25/27/34/36 and mammalian PEX11α/β. The PEX11C group includes fungal PEX11C and mammalian PEX11γ. Pex11 family proteins that do not belong to the either of these groups are placed in “Other.” Organisms are grouped by eukaryotic supergroup (color-coded for clarity) and kingdom. PEX proteins are designated by their number.


We analyzed the structural features of the PEX proteins (see Table 2). Structural protein disorder seems to be a common feature among some PEX proteins. In some of them, structural disorder is only predicted for a short fragment, but others like PEX19, PEX18/20/21, PEX14/33-13 are predicted as almost entirely disordered. Also, transmembrane helical domains are usually present in certain PEX proteins, such as PEX3, PEX14, and PEX26. Several PEX proteins have common eukaryotic structural domains, like the E2 enzyme PEX4 and the AAA+ ATPase domain present in PEX1 and PEX6. We also detect several functional domain associations, such as the RING finger (zinc finger) domain in PEX2/10/12 and SH3 domains in PEX13, both being involved in signal transduction and controlling protein-protein interactions. Other recognizable fold types in PEX proteins include α-solenoid formed by the TPR repeat domains in PEX5 and the β-propeller formed by WD40 repeats in PEX7.

The functional diversification of proteins is caused by the duplication of the respective genes. This is one of the main sources of cellular complexity and development. This process is called paralogization, where paralogous proteins are those having a common origin, i.e., belonging to the same protein family. These gene duplications (paralogizations) can be ancestral (deep paralogs) or they can be asynchronous during evolution: appearing later and being restricted to specific taxonomic clades (in-paralogs). The paralogization of PEX proteins seems to have been relevant for the development of peroxisomes in Eukarya domain. Indeed, some of these paralogizations preceded the diversification of eukaryotes, like the peroxins of the AAA+ ATPase protein family PEX1/6, the RING finger proteins PEX2/10/12 and proteins of the Pex11 protein family. On the other hand, some other PEX proteins have been duplicated in specific eukaryotic taxons. These proteins have often been inconsistently named, since newly discovered proteins were sometimes given a new number. This should be kept in mind when studying such proteins. For instance, the S. cerevisiae PEX9 is actually a copy of PEX5 (in-paralogs, not ancestral duplication in Fungi). Similarly, the fungal PTS2 co-receptors PEX18/20/21 should be considered as a single group: PEX18 and PEX21 of S. cerevisiae are actually the result of a duplication of the ancestral PEX20 form. The PEX23 family is specifically found in Fungi and encompasses multiple copies in specific organisms, such as PEX30/31/32 and PEX28/29 in S. cerevisiae, resulting from the duplication of PEX23 and PEX24, respectively. In the previous examples, different proteins derived from the same ancestral protein, i.e., belonging to the same protein family, have received different numbers. On the other hand, the opposite has happened for certain other PEX proteins. Many members of the Pex11 family have the same number, but were given a different appendix instead: for instance, PEX11α/β/γ or PEX11A/B/C/D/E. We detected that these paralogs originated from independent paralogizations in different lineages, but their naming does not always reflect this. For instance, fungal PEX11C belongs to the same subfamily as human PEX11γ, but PEX11C from A. thaliana does not. Similarly, A. thaliana PEX11A is not equivalent to human PEX11α. Based on phylogenetic reconstructions, we propose that two different subfamilies can be distinguished within the Pex11 family. In addition, the Pex11 family includes an in-paralog group specific to Fungi, containing PEX25/27/34/36.

Therefore, in some cases, the nomenclature ascribed to the PEX protein paralogizations could lead to confusion, because there is no uniformity in the way in which paralogous, in-paralogous or non-paralogous/unrelated proteins have been named. Furthermore, some paralogizations have led to paralogs of PEX proteins that may no longer function in peroxisome biology. For instance, vertebrates express a PEX5 paralog called PEX5R (TRIP8b), whose only known function is the regulation of hyperpolarization-activated cyclic nucleotide-gated (HCN) channels – key modulators of neuronal activity (Han et al., 2020).

Taking into account all of the above, we review the role of these PEX proteins below, in order to gain a comprehensive understanding of their functional classification.



A Core Set of PEX Proteins Is Broadly Conserved in Eukaryotes

A core set of PEX proteins is broadly conserved across all eukaryotic lineages, encompassing proteins involved in PMP sorting (PEX3, PEX19, and PEX16; the latter absent in some species), matrix protein receptors (PEX5 and PEX7), components of the receptor docking site (PEX13 and PEX14), enzymes involved in receptor ubiquitinylation (PEX2, PEX10, PEX12, and PEX4), two AAA+ ATPAses that play a role in receptor recycling (PEX1 and PEX6) and a protein family involved in peroxisome proliferation (Pex11 family). The function of these conserved PEX proteins is central to peroxisome biology and thus maintained. In the following section, we will review how these processes define the biology of the canonical peroxisomes as well as the mechanistic models proposed in the field. Furthermore, we describe variations in the repertoire of PEX proteins in certain eukaryotes.


Sorting of PMPs (PEX3, PEX19, and PEX16)

Only three PEX proteins (PEX3, PEX16, and PEX19) are known to be involved in targeting of PMPs. Two mechanisms of PMP sorting to the peroxisome membrane have been described (see Figure 1; for a detailed review, see Jansen and van der Klei, 2019). According to the direct sorting model, PEX19 binds to newly translated PMPs in the cytosol. In this pathway PEX19 acts as a chaperone and cycling receptor (Jansen and van der Klei, 2019). The PEX19-PMP complex binds to the PMP PEX3 and is subsequently inserted in the membrane by a currently unknown mechanism. In the indirect pathway, PMPs traffic first to the ER and accumulate at a subdomain, where PMP containing vesicles bud off. PEX3 plays a role in the intra-ER sorting of PMPs (Fakieh et al., 2013), while PEX19 is important for vesicle budding (Van Der Zand et al., 2012; Agrawal et al., 2016). PEX16 plays a role in the indirect pathway (Hua and Kim, 2016). Notably, PEX3 is also involved in a host of other functions, including pexophagy, peroxisome retention during yeast budding and the formation of contacts between peroxisomes and vacuoles. In all these processes, PEX3 recruits proteins to the peroxisomal membrane (e.g., Atg30/36, Inp1) (Jansen and van der Klei, 2019).

Our computational survey shows that PEX3, PEX19, and PEX16 are conserved well, with a few exceptions, suggesting minor variations in mechanisms of PMP sorting. For instance, PEX16 is widely conserved, but is absent in all (investigated) yeast species, C. elegans and several protists. A characteristic motif in PEX19 orthologs of many species is a CaaX box at the C-terminus. Farnesylation of this motif causes conformational changes in PEX19 and increases its binding affinity for PMPs (Rucktaschel et al., 2009; Emmanouilidis et al., 2017). Previous studies in S. cerevisiae and humans are contradictory regarding the importance of this post-translational modification for peroxisome function (Vastiau et al., 2006; Rucktaschel et al., 2009; Schrul and Kopito, 2016). Interestingly, Schrul and Kopito (2016) found that the CaaX box of human PEX19 was important for targeting of lipid droplet protein UBXD8, but not for peroxisome biogenesis (Schrul and Kopito, 2016). We checked if the CaaX box is present in all eukaryotes. We found that while this motif is present in all animals, plants and Fungi, it is absent (or difficult to align) in many protists, like Euglenozoa and Amoebozoa, despite these organisms expressing the enzyme required for farnesylation (see e.g., Buckner et al., 2002) (Figure 3). Interestingly, putative PEX19 orthologs were also identified in Entamoeba histolytica and M. brevicollis, despite these species very likely lacking peroxisomes. This may suggest an alternative function for PEX19, unrelated to peroxisomes.
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FIGURE 3. Phylogeny and protein features of PEX19 orthologs. The phylogeny is rooted at mid-point to ease the visualization and labels of the main taxonomic groups are colored according to the legend. Note that the topology does not necessarily reflect the actual evolutionary trajectory of such proteins. Protein domain architecture is defined by pfam annotations and transmembrane helices (TMH) according to TMHMM software. The line-dot plot, indicates the regions predicted to be disordered (red) and not disordered (gray). The sequence alignment shows the conservation of the CaaX box in PEX19 orthologs of distant eukaryotes, with ‘C’ denoting Cys, ‘a’ an aliphatic residue and ‘X’ usually being a Ser, Thr, Gln, Ala or Met. Asterisk indicates forced alignments manually.




Matrix Protein Receptors (PEX5 and PEX7)

Newly synthesized matrix proteins are first recognized by their cytosolic peroxisomal targeting signal (PTS) receptor. The majority of peroxisomal matrix proteins contain a PTS1 or a PTS2, recognized by PEX5 and PEX7, respectively.

PEX7 contains WD40 repeats, which fold into a β-propeller structure that provides a platform for interaction with the PTS2 motif and PTS2 co-receptor (Pan et al., 2013). While PEX5 was identified in all eukaryotic organisms, PEX7 is absent in C. elegans, T. pseudonana, and G. sulphuraria, which may be explained by a loss of the PTS2 targeting pathway. This was shown to be the case in C. elegans: proteins normally containing a PTS2 have gained a PTS1 instead (Motley et al., 2000). A similar loss of the PTS2 targeting pathway has been proposed for T. pseudonana and the red alga Cyanidioschyzon merolae (Gonzalez et al., 2011). As G. sulphuraria is a red alga belonging to the same family as C. merolae (Cyanidiaceae), it is likely that the same happened in G. sulphuraria. Why most species utilize multiple matrix protein targeting pathways as opposed to just one is unclear. It could be that proteins of different pathways are differentially expressed depending on growth conditions, as is the case for PEX5 and its copy PEX9 in S. cerevisiae (Effelsberg et al., 2016; Yifrach et al., 2016). In a similar vein, it may be a matter of targeting priority, with one pathway responsible for targeting key proteins, while the other targets proteins that are less important. Another possibility is that the location of the targeting signal at either the N- or C-terminus affects protein function, making one of the targeting signals not feasible for a particular protein.

PEX5 is conserved in all eukaryotes analyzed and is characterized by a disordered region at the N-terminal and several tetratricopeptide repeats (TPR) at the C-terminal (Figure 4). While the TPR domains are responsible for its interaction with the PTS1 motif (Gatto et al., 2000), the N-terminal region interacts with a rarer PTS, PTS3 (Rymer et al., 2018) and with docking proteins PEX13 and PEX14 (Saidowsky et al., 2001; Otera et al., 2002), with the interacting regions partially overlapping (Rymer et al., 2018). As previously recognized, the structurally disordered region at the N-terminal of some PEX5 proteins shares sequence similarities with the Fungi-specific PEX20 proteins (Kiel et al., 2006). These similarities between the PEX5 N-terminal and PEX20 rely on: (i) a conserved motif at the N-terminal domain, (ii) followed by one or more WxxxF/Y motifs and (iii) a PEX7-binding domain (Schliebs and Kunau, 2006). The conserved N-terminal domain of PTS2 co-receptors contains a highly conserved cysteine residue (Schliebs and Kunau, 2006), which has been implicated in (co-)receptor recycling and cargo translocation (Leon and Subramani, 2007; Hensel et al., 2011; Okumoto et al., 2011). The WxxxY/F motifs are important for binding to PEX14 and PEX13 (Saidowsky et al., 2001; Otera et al., 2002). These WxxxF motifs are not only found in PTS2 co-receptors, but also in PEX5 of species where PEX5 does not act as PTS2 co-receptor but only as PTS1 receptor (Schliebs et al., 1999). As the name implies, the PEX7-binding domain allows the co-receptors to bind to PEX7. We checked the conservation of this domain by manually generating a hidden Markov model of the fungal PEX20, and found that this domain is detected in some but not all PEX5 orthologs that act as PTS2 co-receptors (see Figure 4; Pex20∗ domains in PEX5).
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FIGURE 4. Phylogeny and protein features of PEX5 orthologs. The phylogeny is rooted at mid-point to ease the visualization and labels of the main taxonomic groups are colored accordingly to the legend. Note that the topology does not necessarily reflect the actual evolutionary trajectory of such proteins. Protein domain architecture is defined by pfam annotations. The Pex20∗ is a manually generated hidden Markov model (CSM, this study). The line-dot plot indicates the regions predicted be disordered (red) and not disordered (gray).


Phylogeny shows that vertebrates and S. cerevisiae have duplicated their PEX5 gene independently (Figure 4). In S. cerevisiae, PEX5 works as a general import receptor for all PTS1-containing peroxisomal matrix proteins, while its paralog PEX9 acts as a condition-specific receptor for a subset of PTS1 proteins (Effelsberg et al., 2016; Yifrach et al., 2016). PEX9 has lost the N-terminal disordered region that is normally present in PEX5 (see Figure 4). Vertebrates express PEX5R, a PEX5-related protein also called TRIP8b. PEX5R is preferentially expressed in the brain and can bind PTS1-containing proteins in vitro (Amery et al., 2001). Nevertheless, it is unclear whether PEX5R plays any role in matrix protein targeting, although the paralogizations of PEX5 could involve different functional novelties for peroxisome protein import as in S. cerevisiae.



The Docking Site (PEX13 and PEX14)

Once the peroxisomal matrix protein is bound to its receptor, the receptor-cargo complex associates to the docking complex, consisting of PEX13 and PEX14 (and in Fungi PEX17 or PEX33), at the peroxisomal membrane (Figure 1).

Transmembrane helices were predicted in some, but not all, PEX13 orthologs (Supplementary Figure 1A). In addition, only in Opisthokonta organisms (Fungi and Metazoa) and amoebozoa, PEX13 has a predicted SH3 domain at the C-terminal (Supplementary Figure 1A), which likely controls its interaction with other proteins. PEX14 also contains a predicted transmembrane helix, but seems to be largely structurally disordered (Supplementary Figure 1B), although it also includes several coiled-coil domains (e.g., Lill et al., 2020). In vitro protease protection experiments using human PEX13 and PEX14 confirmed that both proteins are integral membrane proteins. Human PEX14 has an Nin–Cout topology, while PEX13 adopts an Nout–Cin topology, thereby exposing its SH3 domain to the peroxisomal matrix (Barros-Barbosa et al., 2019a). The architecture of the S. cerevisiae PEX14-PEX17 complex was recently elucidated and revealed that PEX14 forms a 3:1 heterotetrameric complex with PEX17, forming a rod-like structure of approximately 20 nm that is exposed to the cytosol (Lill et al., 2020). This structure is mainly formed by the coiled-coil domains of PEX14 and PEX17. Besides its coiled-coil domains, PEX14 has a predicted intrinsically disordered C-terminal domain, which may be involved in recruiting import receptor PEX5 (Lill et al., 2020).

After docking, the cargo is translocated into the peroxisomal matrix. For S. cerevisiae PTS1 protein import it was shown that PEX5 integrates into the peroxisomal membrane to form a transient translocation pore alongside PEX14 (Meinecke et al., 2010). For PTS2 import, the pore is formed by PEX14, PEX17, and PEX18 (Montilla-Martinez et al., 2015). Little is known about the matrix protein import pores in other organisms, but the involvement of PEX14 seems to be a common denominator (Barros-Barbosa et al., 2019b). After formation of the translocation pore, the cargo is released into the peroxisomal matrix.



Receptor Ubiquitination (PEX4, PEX22, PEX2, PEX10, and PEX12)

After cargo release, the PTS (co-)receptor needs to be extracted from the peroxisomal membrane, so it can be used in subsequent rounds of peroxisomal matrix protein import (Platta et al., 2014). PEX5 is mono-ubiquitinated at a conserved cysteine, leading to its extraction and recycling (Platta et al., 2014). In most eukaryotes, this ubiquitination depends on the ubiquitin-conjugating enzyme (Ubc or E2 enzyme) PEX4, associated to the peroxisomal membrane via PEX22, and on the ubiquitin ligase activities of PEX2, PEX10, and PEX12. Notably, PEX4 and PEX22 are absent in all Metazoa and in several other species (see Figure 2). However, mono-ubiquitination at a conserved cysteine of PEX5 occurs in a comparable manner in mammalian cells through the E2D proteins UbcH5a/b/c (Grou et al., 2008). PEX4 and metazoan UbcH5a/b/c belong to the same protein family and are thus closely related, but belong to different protein subfamilies (see Supplementary Figure 2). Indeed, the true orthologs of metazoan UbcH5a/b/c in Fungi are the soluble Ubc4/5 proteins (see Supplementary Figure 2). S. cerevisiae Ubc4 and the partially redundant Ubc1 and Ubc5 catalyze poly-ubiquitination of PEX5 at two lysine residues, targeting PEX5 for proteasomal degradation (Platta et al., 2014). This reveals that in the absence of a PEX4 ortholog, functional compensation in specific organisms is possible, showing that the ubiquitination process can be shifted between subfamilies of the whole ubiquitin conjugating enzyme family. Thus, for other organisms lacking PEX4 and PEX22, it could be expected that other E2 enzymes perform this function.

The RING finger complex proteins PEX2/10/12 have ubiquitin (E3) ligase activity (Platta et al., 2014) and are broadly conserved in eukaryotes (Figure 1). The three paralogous proteins PEX2, PEX10, and PEX12 form a heterotrimeric complex (El Magraoui et al., 2012). Characteristic for these three proteins is a highly conserved region at the N-terminus (annotated as Pex2_Pex12 pfam) and a zf-RING finger domain at the C-terminus. While the first domain can display a transmembrane helix (predicted in some of the species, suggesting membrane anchoring), the latter domain is responsible for the E3 ubiquitin ligase activity of the proteins (Platta et al., 2014) (Figure 5). The strong conservation of both domains in most of the sequences could indicate that the cooperation of both domains is crucial for peroxisome biology. The phylogeny of these enzymes, which clearly establishes the three main subfamilies (PEX2, PEX10, and PEX12 that each contain organisms from almost all lineages), suggests that they are deep paralogs and that their functional speciation was important and early in eukaryotic evolution.
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FIGURE 5. Phylogeny and protein features of PEX2/10/12 orthologs. The phylogeny is rooted at mid-point to ease the visualization and labels of the main taxonomic groups are colored accordingly to the legend. Note that the topology does not necessarily reflect the actual evolutionary trajectory of such proteins. Protein domain architecture is defined by pfam annotations and transmembrane helix according to TMHMM software.




Receptor Extraction (PEX1/6)

Once PEX5 is ubiquitinated, peroxisomal AAA+ ATPases PEX1 and PEX6 are responsible for PEX5 export from the peroxisomal membrane in order to recycle it back to the cytosol. PEX1 and PEX6 belong to the AAA (ATPase associated with diverse cellular activities) family (Pedrosa et al., 2018), a group of protein motors that use ATP binding and hydrolysis to mechanically unfold, disaggregate or remodel substrates (Olivares et al., 2016). Proteins of this family form ring structures with a central channel, through which they can translocate their substrates (Gates and Martin, 2020). PEX1 and PEX6 form a hetero-hexameric complex with alternating subunits in a double-ring structure (Blok et al., 2015; Gardner et al., 2015). In S. cerevisiae, the complex mechanically unfolds its substrates via progressive threading in an ATP-dependent manner (Gardner et al., 2015). Pedrosa et al. (2018) demonstrated using an in vitro setup that the PEX1/PEX6 complex directly interacts with ubiquitinated (human) PEX5, unfolding it during extraction (Pedrosa et al., 2018). The phylogeny of PEX1 and PEX6 splits both subfamilies, while their protein domain architecture shows that the architecture is more conserved in PEX1 than in PEX6 (Supplementary Figure 3). Similar to PEX2/10/12, these facts suggest that the functional speciation of PEX1 and PEX6 was also important and early in Eukaryotes.



The Pex11 Family

Pex11 family proteins coordinate peroxisome proliferation (Koch et al., 2010). The Pex11 family is a large and complex protein family, with some members containing predicted transmembrane helices. A previous evolutionary analysis of the Pex11 family revealed that PEX11 is highly conserved and underwent independent paralogizations in different Opisthokont lineages (Chang et al., 2015). Unlike this previous reconstruction, we investigated PEX11 phylogeny by combining all recognized PEX11 homologs from the organisms analyzed in this study (Figure 6). We obtain a topology that is difficult to interpret, probably due to the low sequence conservation and divergent sequences. This provokes weak support at some basal nodes (i.e., bootstraps lower than 80%), demonstrating the limitations for inferring PEX11 evolution and thus, these results should be interpreted with caution. On the other hand, several paralogizations in Opisthokonta, as reported previously (Chang et al., 2015), but also in Archaeplastida and different protists can be inferred from this reconstruction, demonstrating independent PEX11 protein expansion in eukaryotic lineages. Thus, the PEX11 protein family reveals a complex evolutionary history through eukaryotic evolution, as previously suggested (Chang et al., 2015). We can tentatively distinguish two main groups within the Pex11 protein family: one containing amongst others fungal PEX11 and vertebrate PEX11α/β, and one containing fungal PEX11C and vertebrate PEX11γ (Figure 6, shaded light and dark gray, respectively). Both groups contain organisms from most taxonomic lineages, with the exception of plants, which apparently do not have orthologs from the group with fungal PEX11C, although they have intermediary Pex11 sequences that fall outside our main groups (along with other Pex11 protist sequences; Figure 6). Due to the limitations of this phylogeny, it is unclear whether these forms are actually deep paralogs or whether they represent alternative evolutionary histories.
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FIGURE 6. Phylogeny and protein features of PEX11 family proteins. The phylogeny is rooted at mid-point to ease the visualization and labels of the main taxonomic groups are colored accordingly to the legend. Note that the topology does not necessarily reflect the actual evolutionary trajectory of such proteins. Protein domain architecture is defined by pfam annotations and transmembrane helix prediction (black box). The two main groups, shaded light and dark gray, are distinguished according to the most supported and basal bootstraps and their taxonomic compositions.


The phylogeny of PEX11 shows that these (putative) deep paralogs have subsequently undergone independent paralogizations in different lineages. For instance, proteins from the group containing fungal PEX11 (indicated in light gray in Figure 6) were clearly duplicated independently in vertebrates and in several filamentous fungi, resulting in human PEX11α and PEX11β among others. Notably, some additional paralogizations seem to have undergone extreme sequence divergence, probably providing artifactual clustering like the Fungi-specific PEX25/27/34/36 subgroup within this group, which contains shortened proteins up to 144 amino acids.

Fungal PEX11 and human PEX11α and PEX11β contain a conserved amphipathic helix capable of tubulating negatively charged membranes in vitro (Opaliński et al., 2011; Yoshida et al., 2015). We mapped this amphipathic helix onto the multiple sequence alignment of Pex11 family proteins, observing that three positively charged residues are generally conserved in these proteins. However, the second positively charged position is not conserved in the Pex11 group containing fungal PEX11C and human PEX11γ (indicated in dark gray in Figure 6; Supplementary Figure 4), which may suggest a possible functional difference between these main Pex11 groups. This is, however, speculative and would need to be verified experimentally. Furthermore, we observed that S. cerevisiae PEX34 has lost this amphipathic helix, while the C-terminal region is conserved (Supplementary Figure 4).

Several members of the Pex11 protein family have been studied. So far, the majority of studies have investigated members of the group that includes PEX11 from Fungi and PEX11α/β from mammals. In the yeast species S. cerevisiae, O. polymorpha and K. phaffii, the absence of PEX11 results in fewer and larger peroxisomes, while cells overexpressing PEX11 have increased peroxisome numbers with smaller size (Erdmann and Blobel, 1995; Krikken et al., 2009; Joshi et al., 2012). Intriguingly, the absence of Y. lipolytica PEX11 results in cells that lack morphologically identifiable peroxisomes (Chang et al., 2015). Similarly, overproduction of PEX11α or PEX11β in vertebrates induces peroxisome proliferation, while reduction of protein levels resulted in lower peroxisome numbers (Schrader et al., 1998; Li and Gould, 2002). This led to the hypothesis that these proteins play a role in peroxisome fission. Peroxisome fission takes place in three steps: organelle elongation, constriction and scission (Schrader et al., 2016). PEX11 plays a role in the first step where it functions in membrane remodeling (Schrader et al., 2016). So far, no proteins have been identified that are responsible for organelle constriction. Peroxisomal fission shares several components with the mitochondrial fission machinery, such as the dynamin related protein Dnm1 (Drp1/DLP1), Fis1 and Mff (Schrader et al., 2016). Human PEX11β recruits DRP1 to the peroxisomal membrane (Li and Gould, 2003; Koch and Brocard, 2012), and both S. cerevisiae PEX11 and human PEX11β have been reported to function as GTPase activating protein (GAP) for Dnm1 (DRP1) (Williams et al., 2015). Interestingly, while S. cerevisiae PEX11 and its more divergent homologs PEX25 and PEX27 are all involved in regulating peroxisome numbers, each protein seems to play a distinct role in this process: PEX11 is important for peroxisome maintenance and promotes proliferation of existing peroxisomes, while PEX25 seems to initiate membrane elongation and may act in de novo biogenesis, whereas PEX27 in turn may have an inhibitory function (Huber et al., 2012). It seems plausible that similar patterns are present in other organisms expressing multiple Pex11 family proteins.

Several other functions have been attributed to proteins of the group containing fungal PEX11. O. polymorpha PEX11 has been implicated in peroxisome segregation during cell division (Krikken et al., 2009). S. cerevisiae PEX11 and PEX34 are involved in peroxisome-mitochondria contact sites (Ušaj et al., 2015; Shai et al., 2018), while O. polymorpha PEX11 has been implicated in peroxisome-ER contact sites (Wu et al., 2020). S. cerevisiae PEX11 has also been proposed to act as a pore-forming protein (Mindthoff et al., 2016) and has been implicated in medium chain fatty acid oxidation as well (van Roermund et al., 2000). As only a subset of proteins from this group have been investigated, perhaps other functions will still be discovered.

Much less is known about proteins of the other Pex11 group (shaded dark gray in Figure 6), which includes PEX11γ from Metazoa, fungal PEX11C and GIM5A/B from T. brucei. However, they also play a role in peroxisome proliferation (see e.g., Koch and Brocard, 2012; Opaliński et al., 2012). PEX11γ has been suggested to coordinate peroxisomal growth and division via heterodimerization with other mammalian PEX11 paralogs and interaction with Mff and Fis1 (Schrader et al., 2016). O. polymorpha PEX11C is downregulated upon shifting from peroxisome repressing (glucose) to peroxisome inducing (methanol) growth conditions (van Zutphen et al., 2010) suggesting that PEX11C is not required for peroxisome proliferation. In Penicillium rubens, deletion of PEX11C has no significant effect on peroxisome number or size, while overexpression strongly stimulates peroxisome proliferation (Opaliński et al., 2012). In T. brucei, the absence of both GIM5A and GIM5B is fatal due to cellular fragility (Voncken et al., 2003). In S. cerevisiae proteins of the Pex11C group are absent.

The remaining proteins, which do not have a clear evolutionary relationship with the two groups described above, illustrate independent protein expansions. In plants, the most studied PEX11 proteins in this category are PEX11C/D/E from A. thaliana. These proteins cooperate with FIS1b and DRP3A in peroxisome growth and division during the G2 phase just prior to mitosis (Lingard et al., 2008). Interestingly, in plant cells where PEX11C, PEX11D, and PEX11E were silenced simultaneously, peroxisomes were enlarged, but not elongated, suggesting that these proteins act in peroxisome growth, but not tubulation (Lingard et al., 2008).



PEX Proteins Specific for Fungi

Several PEX proteins are specific to Fungi (see also Schlüter et al., 2006). The high number of known fungal PEX proteins is probably due to the extensive screens for yeast peroxisome-deficient mutants that have been performed in the past (Erdmann et al., 1997). Additionally, current peroxisome biogenesis research is still taking advantage of a wealth of genetic and biochemical toolboxes to analyze the molecular biology of these organelles in yeast.


The PEX7 Co-receptors (PEX18, PEX20, PEX21)

In plants, animals and protists like T. brucei, D. discoideum and L. major (a longer splicing variant of) PEX5 acts as PEX7 co-receptor for PTS2 protein import (Schliebs and Kunau, 2006). In contrast, in many Fungi the PEX7 co-receptor is a separate PEX protein, namely PEX18, PEX20, or PEX21 (see for more detailed reviews, e.g., Schliebs and Kunau, 2006; Kunze, 2020). Duplication of the ancestral PEX20 in S. cerevisiae (see Supplementary Figure 5), resulted in the partially redundant paralogs PEX18 and PEX21 that perform the same function (Purdue et al., 1998). Therefore, these proteins can be considered as a single PEX20 group. As previously described, some sequence features relate PEX20 with the N-terminus of PEX5 proteins: a conserved cysteine, WxxxF motifs and PEX7 binding domain (Schliebs and Kunau, 2006). Due to the fact that that PEX5 is present in most eukaryotes and Pex20 domains can be found at the N-terminus of many such proteins, it is most likely that PEX20 is the result of a protein domain separation specific to Fungi, rather than the previously proposed protein fusion of PEX5 and PEX20 (Kiel et al., 2006).



PEX17 and PEX33

In all species, PEX13 and PEX14 are components of the receptor docking site. An additional component of the docking site in yeasts is PEX17, while in filamentous fungi PEX33 is part of the docking complex. PEX17 is characterized by a single transmembrane helix at the N-terminal. As described above, S. cerevisiae PEX14 and PEX17 together form a rod-like structure at the peroxisomal membrane (Lill et al., 2020). PEX33 is a paralog of PEX14, whereas PEX17 is a protein partially aligning to the C-terminal of PEX14 and PEX33, suggesting PEX17 is a PEX14-like protein. The exact functions of PEX17 and PEX33 are still unclear, but PEX17 in S. cerevisiae is a main component of the PTS2 import pore (Montilla-Martinez et al., 2015) and seems to increase the efficiency of binding of import receptors PEX5 and PEX7 to the docking complex (Lill et al., 2020).



PEX8

In Fungi, intraperoxisomal protein PEX8 links the docking and RING finger complexes (PEX2/10/12) (Agne et al., 2003). Little else is known about PEX8, but it has been implicated in cargo release from the PTS1 receptor PEX5 (Wang et al., 2003; Ma et al., 2013).



Pex23 Family Proteins

PEX23, PEX24, PEX29, PEX32 (for O. polymorpha for example) and PEX28, PEX29, PEX30 PEX31, PEX32 (for S. cerevisiae) are homologous proteins containing a highly conserved domain called the Pex24p domain (pfam). This domain contains a Dysferlin (DysF) motif at the C-terminal region, the function of which is still unclear (Wu et al., 2020). At the N-terminal, these proteins have several transmembrane domains suggesting that these proteins are anchored to membranes. A group of proteins related to this Pex23 protein family are the Pex23-like proteins (Kiel et al., 2006), including SPO73, a protein involved in sporulation. Pex23-like proteins do not usually present the region containing the predicted transmembrane helices. The phylogeny of all these proteins can be divided into three main groups that here we call PEX23 subfamily, PEX24 subfamily and Pex23-like proteins (Figure 7A). The sequences from the PEX23 and PEX24 subfamilies appear to differ in protein extensions at their C- and N- termini, respectively, with predicted structural protein disordered regions. Due to the fact that the main PEX23 and PEX24 subfamilies contain most of the Fungi analyzed, it is likely that both subfamilies originated from an ancestral duplication in Fungi. Later, these PEX23 and PEX24 paralogs duplicated in yeasts leading to amongst others PEX28/PEX29 and PEX30/31/32 in the ancestor of S. cerevisiae. In filamentous fungi on the other hand, no duplication occurred, and these fungi express only one protein of each group. Thus, these proteins have diversified differentially in Fungi.
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FIGURE 7. Phylogeny and protein features of Pex23 protein family and TECPR1 proteins. (A) Phylogeny and protein features of the fungal Pex23 protein family. The phylogeny is rooted at mid-point to ease the visualization. The main phylogenetic groups are named and highlighted according the protein names of O. polymorpha, indicated between brackets. Protein domain architecture is defined by pfam annotations and transmembrane helix according to TMHMM software. The Pex24p pfam domain contains the DysF motifs. The line-dot plot, indicates the region predicted be disordered (red) and not disordered (gray). (B) Protein features of TECPR1 protein family from Metazoa.


Unlike other peroxins, proteins of the Pex23 family localize to the ER instead of peroxisomes. Although initially reported at the peroxisome (Brown et al., 2000; Tam and Rachubinski, 2002; Vizeacoumar et al., 2003, 2004), later studies either reported dual localization to peroxisomes and ER (Yan et al., 2008; David et al., 2013) or exclusive localization at ER subdomains (Joshi et al., 2016; Mast et al., 2016; Wu et al., 2020). A recent study characterizing O. polymorpha Pex23 family members reported the involvement of PEX24 and PEX32 in peroxisome-ER contact sites (Wu et al., 2020). This could explain the previous contradictory reports on their localization, as they can be expected to be present in spots where peroxisomes and ER interact. Furthermore, S. cerevisiae PEX30 and PEX31 are ER membrane shaping proteins (Joshi et al., 2016). S. cerevisiae PEX30 plays a role in regulating budding of pre-peroxisomal vesicles and lipid droplets from specific ER subdomains (Joshi et al., 2016, 2018). It has been proposed to facilitate this by collaborating with seipin to organize ER subdomains to alter the membrane lipid composition (Wang et al., 2018). In humans, no orthologs of PEX30 have been identified, but MCTP2 has been suggested to act as a functional analog (Joshi et al., 2018).

PEX23 homologs were found in Metazoa, but these proteins cannot be considered orthologs of PEX23. These proteins were previously published as metazoan PEX23 orthologs (e.g., Jeynov et al., 2006; Mast et al., 2011; Di Cara et al., 2017) and are also annotated as such in some databases (e.g., protein Q9VWB0| TECPR_DROME annotated as PEX23 in Uniprot and FlyBase). However, their domain architecture (see Figure 7B) is clearly different from previously established Pex23 family proteins, and they actually belong to the TECPR1 family of proteins. TECPR1 proteins are localized to lysosomes and play a role in autophagy (Chen and Zhong, 2012). While TECPR1 proteins do contain a DysF domain, like the proteins from the PEX23 family, they also contain several tectonin repeats (TECPR) and a PH domain, in addition to a beta-propeller structure (Ogawa et al., 2011). It is therefore unlikely that they perform a function similar to PEX23 family proteins in Fungi and they cannot be considered PEX23 orthologs.



PEX35 and PEX37

Little is known about both PEX35 and PEX37, but both seem to play a role in regulating peroxisome proliferation. PEX35 is unique to S. cerevisiae and closely related species in the Saccharomycetaceae family, while PEX37 is found in most other yeast species and filamentous fungi. PEX35 has no known functional domains or similarity to other known PEX proteins. Only one study investigating PEX35 has been published to date, showing that PEX35 is a PMP that interacts with vesicle budding inducer Arf1 and localizes at the proximity of proteins from the Pex11 family (Yofe et al., 2017). The authors speculate that PEX35 may regulate peroxisome fission alongside proteins of the Pex11 family. O. polymorpha PEX37 is a peroxisomal transmembrane protein that affects peroxisome segregation and proliferation under peroxisome-repressing conditions, but not on peroxisome-inducing conditions. So far, only one study has investigated this protein (Singh et al., 2020). PEX37 belongs to the same protein family as human PXMP2, N. crassa Woronin body protein Wsc and S. cerevisiae mitochondrial inner membrane protein Sym1 and its human homolog MPV17, many of which are thought to act as channels. Human PXPM2 is able to partially rescue the phenotype present in the absence of O. polymorpha PEX37, suggesting that these proteins have similar functions (Singh et al., 2020).



Moderately Conserved PEX Proteins

In many species, the PEX1/PEX6 complex is recruited to the peroxisomal membrane via an anchoring protein. These membrane anchors are much less conserved than PEX1 and PEX6 themselves, with different homologous, but not orthologous, proteins acting as anchoring protein in different species. In vertebrates and most Fungi, the anchoring protein is PEX26, while in S. cerevisiae and closely related species in the Saccharomycetaceae family it is PEX15 (Kiel et al., 2006) and in plants it is APEM9 (Cross et al., 2016). Despite sharing only weak sequence identity, PEX15, PEX26, and APEM9 do have several features in common. All three proteins are tail-anchored proteins (Halbach et al., 2006; Cross et al., 2016) and tether the PEX1/PEX6 complex to the peroxisomal membrane via PEX6 (Birschmann et al., 2003; Matsumoto et al., 2003; Goto et al., 2011).



DISCUSSION

We used a comparative genomics approach to provide an up-to-date overview of all PEX protein families identified so far, in a range of representative organisms from distant eukaryotic lineages, including many model organisms that are currently extensively used in cell biology research. In agreement with previous studies, our computational survey identified a core set of PEX proteins that is broadly conserved across distant eukaryotic lineages (PEX1/2/3/5/10/12/14/19 (Gabaldón et al., 2006; Schlüter et al., 2006) and in addition PEX6/7/11/13/16, this study). Gabaldón et al. (2006) previously proposed a minimal ancestral eukaryotic peroxisome in LECA consisting of PEX1/2/4/5/10/14 and several non-PEX proteins, based on the proteins found in yeast, rats, T. brucei and L. major (Gabaldón et al., 2006). Similarly, Schlüter et al. (2006) proposed an extended peroxisomal core set including PEX3/19/10/12 proteins as peroxisomal markers (Schlüter et al., 2006). We suggest a broader core set of PEX proteins based on a wider range of species than previous studies, encompassing organisms from distant clades such as Metazoa, Fungi, Amoebozoa, Archaeplastida, Stramenophiles, Alveolates and Rhizaria (SAR) and Excavata. This suggests that the core set of PEX proteins (or protein families like Pex11) defined in this study were likely already present in the last eukaryotic common ancestor (LECA) and that they define the identity of ancestral peroxisomes.

It is well-established that several organisms, mainly pathogenic protists, do not present any of the core set of PEX proteins or retain only few of them (Žárský and Tachezy, 2015; Gabaldón et al., 2016; Moog et al., 2017). However, given that related organisms from the same clade contain the majority of proteins from this core set, it is likely that these absences are due to secondary losses. For example, while D. discoideum presents a complete core set of PEX proteins, its close relative E. histolytica (an anaerobic human pathogen) only presents some PEX proteins, such as PEX5, PEX16, and PEX19 (see Figures 2–4). This could mean that these organisms have lost this organelle relatively recently and thus have not entirely lost all PEX proteins yet, but it could also suggest that the remaining PEX proteins retain non-peroxisomal functions. This is not utterly unrealistic, as some PEX proteins have already been suggested to be involved in non-peroxisomal functions. For instance, human PEX3 and PEX19 have been implicated in targeting of lipid droplet protein UBXD8 (Schrul and Kopito, 2016). On the other hand, the example of E. histolytica illustrates drastic evolutionary changes in peroxisomal biology, a fact already observed in other amoeba species like Mastigamoeba balamuthi (Le et al., 2020). Although peroxisome evolution is beyond the scope of our manuscript, we refer to the seminal contributions to the field of others (e.g., Gabaldón et al., 2006; Schlüter et al., 2006; Žárský and Tachezy, 2015; Gabaldón, 2018). These evolutionary studies revealed that peroxisomes likely originated from the endoplasmic reticulum (Gabaldón et al., 2006; Schlüter et al., 2006), with a portion of the peroxisomal proteins, mostly enzymes, having a mitochondrial origin (Gabaldón et al., 2006).

Besides a broadly conserved core set of PEX proteins, we found that a large number of PEX proteins is specific to the kingdom of Fungi, in line with previous findings by Schlüter et al. (2006). Although there is increasing consensus that homology detection failure is frequent (Weisman et al., 2020), our inner controls (see methods) still suggest that these Fungi-specific proteins are absent in other lineages. This exposes not only a bias in peroxisome research toward Fungi, but also reveals that peroxisomes are dynamic organelles, their composition evolving under different evolutionary pressures. The loss of specific PEX proteins in some eukaryotes, such as the loss of proteins associated with the PTS2 targeting pathway in C. elegans and the loss of PEX16 in S. cerevisiae and other yeasts, further supports this notion.

Intriguingly, PEX proteins in human pathogens, like T. gondii, T. brucei, and L. major, were often difficult to detect. Moreover, these PEX proteins frequently had additional domains, which could indicate that they may have obtained additional functions. The low homology between PEX proteins of human and human pathogens may be advantageous for the identification of specific drug targets.

The vast majority of the core PEX proteins (PEX1/2/5/6/7/10/12/13 and 14) are involved in matrix protein import, while only a few (PEX3, PEX16, and PEX19) play a role in PMP sorting. In addition to these core PEX proteins all eukaryotes contain multiple proteins of the Pex11 family, which are involved in several peroxisome-related processes. It is unclear why so few proteins have been identified that play a role in PMP sorting. Proteins of the common ER protein sorting machineries, such as the Sec and GET translocons, have been reported to function in the indirect pathway of PMP sorting. The absence of these proteins is lethal in yeast, explaining that such mutants have not been obtained in screens for yeast peroxisome deficient mutants. For the direct pathway of PMP sorting it is unlikely that the entire sorting/insertion machinery consists of only three, or even two for yeast (PEX3/19), proteins.

Most of the currently known PEX genes have been identified in the nineties of the previous century by very successful genetic approaches to identify peroxisome deficient (pex) yeast mutants. Yeast pex mutants are viable and have distinct growth phenotypes (e.g., deficiency to grow on oleic acid or methanol), which greatly facilitated the isolation of these mutants and cloning of the corresponding genes by functional complementation. Most likely this caused the bias toward fungal PEX genes. In addition to S. cerevisiae, which is the main yeast model in cell biology, a few other yeast species were used to identify PEX proteins (Komagataella phaffii [formerly Pichia pastoris], Ogataea polymorpha [formerly Hansenula polymorpha] and Yarrowia lipolytica). Notably, several conserved PEX proteins that are present in the latter three yeast species are absent in S. cerevisiae (for instance PEX20, PEX26, PEX37 and proteins of the main Pex11 group containing fungal PEX11C), while orthologs of the S. cerevisiae PEX proteins PEX9, PEX15, PEX35 are absent in all other species that we analyzed. This stresses the importance of using several yeast models besides S. cerevisiae in cell biology research.

Fusion of human cell lines, derived from patients suffering from peroxisome biogenesis disorders, resulted in the classification of these patients in 12 genotypes/complementation groups (Fujiki, 2016). Using known yeast PEX genes, human orthologs were identified by homology searches on the human expressed sequence tag database. By functional complementation of the cell lines with these putative human PEX genes, 12 of the currently known human PEX genes were identified. Because mislocalization of the PTS1 protein catalase was used as criterion for peroxisome deficiency, the human PTS2 receptor PEX7 was not identified by this approach (Fujiki, 2016). Together with the results of functional complementation of mutant Chinese hamster ovary (CHO) cell lines, at present 16 mammalian PEX proteins are known (compared with 29 in S. cerevisiae).

It is unlikely that all human/mammalian PEX proteins have been identified. Mutations in human/mammalian PEX genes could cause lethal phenotypes, explaining why they have not been isolated in mutant screens. Also, there may be functional redundancy among human PEX genes, which prevents their identification by mutant complementation approaches. Conversely, mutations in yet unknown mammalian PEX genes could cause relatively weak phenotypes and hence were overlooked. Indeed, the approaches used so far resulted in the identification of PEX11β, but not of PEX11α and PEX11γ. Alternative approaches, like the identification of novel peroxisomal proteins using proteomics of isolated mammalian peroxisomes may result in the characterization of novel mammalian PEX proteins.

PEX proteins (peroxins) were originally defined as proteins “involved in peroxisome biogenesis (inclusive of peroxisomal matrix protein import, membrane biogenesis, peroxisome proliferation, and peroxisome inheritance)” (Distel et al., 1996). However, proteins fitting this definition are not always named as such. For instance, T. brucei GIM5A is a member of the Pex11 protein family, but is not named ‘PEX.’ Also, two proteins involved in peroxisome inheritance, Inp1 and Inp2, are not called PEX. Therefore “inheritance” could be omitted from the original definition of PEX proteins, or these proteins could be renamed. Some proteins that fulfill the PEX protein definition are also involved in other processes and obviously not called PEX. This is for instance the case for the organelle fission proteins FIS1 and DRP1, and ER proteins that play a role in the indirect sorting pathways of PMPs.

Current PEX protein nomenclature has several issues and inconsistencies that can easily lead to confusion. As PEX proteins are numbered chronologically, there is no intuitive link between their names and their function and/or conservation. Additionally, there are several naming inconsistencies relating to PEX protein families. For instance, in higher eukaryotes Pex11 protein family members are named PEX11‘X’ (e.g., PEX11α/β/γ, PEX11A/B/C). The nomenclature of yeast proteins does not allow the addition of the extra symbol ‘X.’ These genes invariably consist of a three-letter code (PEX) followed by a number, explaining why PEX11 orthologs in yeast have been designated PEX25, PEX27, and PEX34, not PEX11X.

Since most PEX proteins were initially identified in yeast species and numbered in the order in which they were described, proteins belonging to the same protein family have received different names. For instance, the two AAA ATPases are called PEX1 and PEX6, while the three RING proteins are called PEX2, PEX10 and PEX12. Lastly, there are proteins carrying the same name that are not actually orthologs (e.g., PEX23 in Metazoa). In summary, current PEX protein nomenclature can easily lead to confusion as it is often far from intuitive, sometimes inconsistent and occasionally wrong. This not only leads to confusion within the peroxisome field, but the large number of PEX proteins numbering up to 37 can be quite intimidating for researchers from other fields.

We therefore suggest that it may be prudent to come up with a new naming system. Although it is beyond the scope of the current paper, similar new naming systems are not unprecedented. Indeed, the name PEX protein itself was devised to unify nomenclature regarding proteins involved in peroxisome biogenesis (Distel et al., 1996), thereby re-naming the 13 proteins known at the time to be involved in peroxisome biogenesis. More recently, proteins involved in mitochondrial contact site and cristae organizing system (MICOS) (Pfanner et al., 2014), autophagy-related proteins (Klionsky et al., 2003) and ribosomal proteins (Ban et al., 2014) have been re-named. In addition, we recommend setting up guidelines for naming newly discovered ‘PEX proteins,’ taking into account phylogeny to extend to ortho- and in-paralogs. Moreover, we propose amending the definition of ‘PEX proteins’ as posed in 1996 (Distel et al., 1996). Proteins involved in peroxisome inheritance such as Inp1 and Inp2 have so far been named differently and should be removed from the definition.

Adopting an entirely new naming system may be very difficult. However, it would already be very helpful to only re-name the most confusing and inconsistent parts. The two largest protein families, the Pex11 family and the Pex23 family, together make up about one-third of all PEX numbers and are arguably the most confusingly named.
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Listed are phosphorylation sites of Pex14p phosphopeptides identified with a localization probability of > 0.95 and a PEP value of < 0.01. The sequence shows the
phosphorylated serine or threonine residues (pS/T) and up to six C- and N-terminally flanking amino acids. A comprehensive list of Pex14p (phospho)peptides is provided
in Supplementary Table S4. The overall sequence coverage (excluding the methionine residue at position 1) was 100%, 97.4% were obtained with AspN, 93.3% with
Lys-C, and 97.1% with trypsin (Supplementary Figure S1). n = 4 per protease.
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Acc. number Annotation Acronym Predicted PTS2 (PTS1)

Nonapeptide sequence Position

Homologs of known Arabidopsis PTS2 proteins

EWM30341.1 Malate synthase 2 NgMLS2 RixsHL 10-18
EWM24705.1 Peroxisomal 3-ketoacyl-CoA thiolase NgPKT RixsHL 12-20
EWM27800.1 Transthyretin family protein NgHIUase RixsHL 12-20
EWM29206.1 Protein kinase ¢ binding protein / histidine triad family protein 1 NgHIT1 RixsHL 4-12
Putative novel Nannochloropsis PTS2 proteins

EWM21473.1 Embryogenesis-associated protein EMB8 / o/p hydrolase RLxsQL (SRL>) 35-43
EWM25437.1 Vacuolar transporter chaperone 4 KLxsQL 24-32
EWM24223.1 Aldo/keto reductase RixsHL 1624
EWM30441 .1 Didehydrogluconate reductase RVxsHA 19-27
EWM20598.1 Acetyl-/succinylornithine aminotransferase RLxs QA 29-37
EWM21839.1 Protein polybromo-1 KLxsQL 2-10
EWM28361.1 Histone H4 acetyltransferase, NuA4 complex, Eafé KVxsHA 10-18
EWM21222.1 Hypothetical protein RLxsQL 20-28
EWM27137.1 Hypothetical protein RixsHL 6-14

The predicted protein sequences of N. gaditana B-31 and CCMP526 were analyzed for predicted PTS2 proteins using the canonical PTS2 motif [RK]-[LVI]-x5-[HQJ-[LAF]
(Kunze et al., 2011) converted to a regular expression. Protein annotations are provided according to GenBank flat files (NCBI, Benson et al., 2005). Thirteen proteins with
predicted PTS2 in the N-terminal 40-aa domain were detected in N. gaditana strain B-31, all of which were also detected as putative PTS2 proteins in strain CCMP526.
One predicted PTS2 protein (EWMZ21473.1) additionally contained a predicted PTS1 (SRL>).
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Mfsd2a  GTCCCTATCATCCTCATCTTGC  GAGTCTGTATCCGAGCAACC
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Primary antibody Host  Dilution IHC Dilution  Supplier

(secondary WB

antibody)
ADIPOR1 Rabbit  — 1/100 Tecan (18993)
GFAP Rabbit 1/10,000 (HRP) — Dako (Z0344)
Ibat Rabbit  1/500 (HRP) — Wako (019-19741)
Peanut agglutinin - 1/100 - Vector Laboratories
(FITC-linked) (FL-1071)
Recoverin Rabbit  — 1/1,000 Millipore (AB5585)
Rhodopsin Mouse 1/1,000 (Alexa,  1/2,000 Millipore

1/750) (MAB5356)
Vinculin Mouse — 1/2,000 Sigma (V9131)
B-actin Mouse — 1/5,000 Abcam (8226)
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Family Age Phenotype ABCD1 mutation ELOVL1 CYP4F2 APOE APOE APOE
(A>QG) C>T rs429358 rs7412 Genotype
1 28 CALD ¢.1390C>T G/G /T T C/C £3/e3
1 28 Non-CALD G/G C/T T C/C £3/e3
2 30 CALD €.1899delC AG C/C T C/C £3/e3
2 30 Non-CALD AG C/C T C/C £3/e3
3 38 CALD €.1992-2A>G AG C/C T C/C €3/e3
3 36 Non-CALD AG C/C T C/C £3/e3
4 6 CALD ¢.659T>C AA C/T T T €2/¢2
4 8 Non-CALD AA C/T T T €2/¢2
5 16 CALD c.1866-2A>T AG C/C T/C C/C €3/e4
5 18 Non-CALD G/G C/C T/C C/C €3/e4
6 27 CALD c.892G>A AA C/C T/C C/C €3/e4
6 25 Non-CALD AG C/C T/C C/C €3/e4

The family number, age at sample collection, ALD phenotype, ABCD1 variant, and genotypes for previously associated modifier alleles for all patients within the cohort.
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Comparison DNAm and DNAm and RNAand DNAm and RNA
RNA Protein Protein and Protein

all_families PTPRN2(t - |) = - -

wo_fam_1 - - - -
wo_fam_2 - = o _
wo_fam_3 HLA-DQB1({ - ), = = =

ILSRA(L = 1),

KIF19 (1t - 1)
wo_fam_4 - - - -
wo_fam_5 - - ICAM1(1 - |), -

APOL1(t - 1),
CD14(1 - 1)

wo_fam_6 - - JCHAIN(T - 1) -

For each comparison including all families, and each possible 5 x 5 comparison
between CALD and non-CALD, the significant hits (p-value < 0.05 before multiple
testing correction) from DNA methylation (DNAm), RNA-sequencing (RNA), and
protein LCMS (Protein) were intersected. (4 means up-regulated/higher for CALD,
| means lower in CALD). Intersections with no hits are marked by -’
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Main members Actual groups Naming Protein Transmembrane Pfam Distribution
inconsistency disorder
PEX1, 6 PEX1, 6 Some regions - AAA, Eukaryotes
AAA_lid_3,
PEX-1N
PEX2, 10, 12 PEX2, 10, 12 Some regions + Pex2_Pex12, Eukaryotes
Zn-finger
PEX3 PEX3 Some regions + Peroxin-3 Eukaryotes
PEX4 PEX4 - - UB_con Eukaryotes
PEX5, 9 PEX5 PEX9 is actually +, N-terminal - TPR Eukaryotes
a duplication of
PEXS5, specific
to S. cerevisiae
PEX7 PEX7 - - WD40 Eukaryotes
(B-propeller)
PEX8 PEX8 — . Unknown Fungi
Pex11 family, Pex11 group (incl. Current - o PEX11 Main PEX11 groups
including PEX25, group PEX11A/B Eukaryotes/PEX25/27/34/36 Fungi
27, 34, 36 PEX25/27/34/36), names in
PEX11C group, different
other organisms are
inconsistent.
PEX25, 27, 34
and 36 belong
to the same
Fungi-specific
paralog group
PEX13 PEX13 + (N-terminal) + Pex13, SH3 Eukaryotes
PEX14, 33 PEX14, 33 + + Pex14_N PEX14-Eukaryotes/PEX33-Fungi
PEX15, 26 PEX15, 26 Some regions + Pex26 Fungi-Metazoa
PEX16 PEX16 Some regions + Pex16 Eukaryotes
PEX17 PEX17 = + Unknown Fungi
PEX19 PEX19 + +7? Pex19 Eukaryotes
PEX18, 20, 21 PEX20 PEX18 and + - Unknown Fungi
PEX21 of
S. cerevisiae
are the result of
the duplication
of the Fungi
specific PEX20
form
PEX22 PEX22 = + peroxin_22 Fungi—-plants—protist
PEX23, 24, 28, 29, TCPR1, Pex23 PEX28 and Some regions + (TCPR1 does pex24p, Fungi/TECPR1 Metazoa
30, 31, 32, 23-like, subfamily, Pex24 PEX24 are not) Hyd_WA
TECPR1 subfamily, 23-like actually the (TCPR1)
(sporulation) same protein in
different
organisms
(O. polymorpha
and
S. cerevisiae).
PEX30 and
PEX31 are a
specific
duplication in
S. cerevisiae of
PEX23 form
PEX35 PEX35 - - Unknown Saccharomycetaceae
PEX37 PEX37 Some, + Mpv17_PMP22 Fungi

C-terminal

The actual groups indicate to the main groups (deep paralogs) identified in phylogenetic reconstructions. Protein disorder was predicted using IUPRED and transmembrane
helices through TMHMM software. Functional protein domains annotated using Pfam database. Question marks indicate those features that were present in a subset of
protein sequences from our data set.
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Eukaryotic Kingdom Other labels Species Uniprot Description Note
super group
Opisthokonta  Metazoa (animals) Vertebrate, mammalian Homo sapiens HUMAN Human
Vertebrate, mammalian Mus musculus MOUSE House mouse
Vertebrate Danio rerio DANRE Zebrafish
Drosophila melanogaster ~ DROME Fruit fly
Caenorhabditis elegans CAEEL Nematode
Fungi Yeasts* Saccharomyces cerevisiae YEAST Baker’s yeast
Komagataella phaffii¢ KOMPG Yeast Methylotropic
Candida albicans CANAL Opportunistic pathogenic Causes candidiasis
yeast/fungus
Ogataea polymorphaP PICAN Yeast Methylotropic
Other Fungi Penicillium rubens PENRW Filamentous fungus Produces penicillin
Aspergillus niger ASPNC Filamentous fungus Causes black mold
Colletotrichum COLHI Plant pathogen
higginsianum
Gibberella fujikuroi GIBF5 Plant pathogen Causes bakanae
disease inrice
Neurospora crassa NEUCR Red bread mold
Schizosaccharomyces SCHPO Fission yeast Smallest known
pombe genome sequence for
eukaryote
Schizophyllum commune ~ SCHCM Split gill (mushroom) Edible
Cryptococcus neoformans CRYNJ Filamentous, encapsulated, Can live in
pathogenic yeast and obligate plants/animals. Causes
aerobe cryptococcosis
Amoebozoa  Amoebozoa Protist Dictyostelium discoideum  DICDI Amoeba Slime mold
Entamoeba histolytica ENTHI Parasitic anaerobic amoeba Causes amoebiasis,
lacks peroxisomes
Archaeplastida Viridiplantae Plant Arabidopsis thaliana ARATH Mouse-ear cress (plant) Relatively small
genome, diploid
Physcomitrella patens PHYPA Moss Highly efficient
homologous
recombination (good
for creating knock-outs)
Protist Ostreococcus tauri OSTTA Green algae Compact genome
Rhodophyta Galdieria sulphuraria GALSU Red algae Horizontal gene transfer
from archaea and
bacteria (5% of
genome). Extremophile
SARC Alveolata Toxoplasma gondlii TOXGV Parasite, protozoa Causes toxoplasmosis
Tetrahymena thermophila ~ TETTS Ciliate Nuclear dimorphism
Stramenopiles Phytophthora infestans PHYIT Water mold Causes potato blight
Thalassiosira pseudonana THAPS Marine diatom Relatively small genome
Excavata Heterolobosea Naegleria gruberi NAEGR Amoebo-flagellate Can change from
amoeba to flagellate
Euglenozoa Euglena gracilis EGRACILISY Single-celled alga Has chloroplasts
Trypanosoma brucei TRYB2 Parasitic kinetoplastid Causes sleeping
sickness in animals.
kinetoplast (organelle)
Leishmania major LEIMA Parasite, trypanosomatid Causes zoonotic
cutaneous
leishmaniasis
Bodo saltans BODSA Non-parasitic kinetoplastid

protozoa

*These four species belong to the order of Saccharomycetales and are sometimes referred to as “true yeasts.” They are hereafter referred to in the text as “yeasts.”
aPreviously named Pichia pastoris.
b Previously named Hansenula polymorpha.

®SAR, Stramenopiles, Alveolates and Rhizaria.
dProteome not from Uniprot, but from recently identified proteome described by Ebenezer et al. (2019).
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Ustilago maydis STARTRISSLAAQLTTRNMSSQAV
Sporisorium reilianum SVARTRISSLAAQLTTRTMSSQAV
Pseudozyma hubeiensis SVARTRISSLAAQLTTRTMSSQAV
Sporisorium scitamineum SIARTRISSLAAQLTTRTMSSQAV
Moesziomyces antarcticus STARSRISSLTAQLTSRTMSSQAV
Ustilago bromivora STARNRISSLAAQLTSRTMSSQAV
Acaromyces ingoldii TSLTSRLRQLQSHLLDPFKMTQAV

¢ PTS2pgq1-GFP mCherry-SKL Merge
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Cofactor (pmol/mg protein)

Genotype Wild type PMP34 knock out
Phytol - + - +
CoA 828 1310 896 1513
TPP 369 282 304 305

Peroxisomes were purified from livers of single male wild type and age-matched
PMP34 knockout mice fed a standard (—) or phytol (+) enriched diet and analyzed
for CoA, TPR, and protein.
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