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The Mitochondrial PHB Complex Determines Lipid Composition and Interacts With the Endoplasmic Reticulum to Regulate Ageing
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Metabolic disorders are frequently associated with physiological changes that occur during ageing. The mitochondrial prohibitin complex (PHB) is an evolutionary conserved context-dependent modulator of longevity, which has been linked to alterations in lipid metabolism but which biochemical function remains elusive. In this work we aimed at elucidating the molecular mechanism by which depletion of mitochondrial PHB shortens the lifespan of wild type animals while it extends that of insulin signaling receptor (daf-2) mutants. A liquid chromatography coupled with mass spectrometry approach was used to characterize the worm lipidome of wild type and insulin deficient animals upon PHB depletion. Toward a mechanistic interpretation of the insights coming from this analysis, we used a combination of biochemical, microscopic, and lifespan analyses. We show that PHB depletion perturbed glycerophospholipids and glycerolipids pools differently in short- versus long-lived animals. Interestingly, PHB depletion in otherwise wild type animals induced the endoplasmic reticulum (ER) unfolded protein response (UPR), which was mitigated in daf-2 mutants. Moreover, depletion of DNJ-21, which functionally interacts with PHB in mitochondria, mimicked the effect of PHB deficiency on the UPRER and on the lifespan of wild type and insulin signaling deficient mutants. Our work shows that PHB differentially modulates lipid metabolism depending on the worm’s metabolic status and provides evidences for a new link between PHB and ER homeostasis in ageing regulation.
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INTRODUCTION

Ageing and the increasing prevalence of age-related pathologies are a major concern worldwide. Nutrient-sensing pathways and mitochondria maintain metabolic homeostasis, being metabolic alterations a hallmark of ageing (Toth and Tchernof, 2000; Niccoli and Partridge, 2012). Caenorhabditis elegans has contributed enormously to our understanding of the ageing process as many metabolic genes are conserved between worms and humans (Kenyon, 2010; Shaye and Greenwald, 2011; Lemieux and Ashrafi, 2015). The worm intestine is perhaps its most metabolically active organ, performing fat storage and liver-like functions (McGhee, 2013). Vitellogenesis, which leads to the formation of yolk particles (YPs), occurs in the intestine and has a major impact on lipid homeostasis. YPs, carrying lipids like triacylglycerol and different phospholipids, are mobilized to the gonad where they are taken up by developing oocytes (Kimble and Sharrock, 1983; Spieth and Blumenthal, 1985; Heine and Blumenthal, 1986; Sharrock et al., 1990; Grant and Hirsh, 1999; McGhee, 2013). In addition, lipid homeostasis within a cell involves the dynamic interaction between organelles like the endoplasmic reticulum (ER), lipid droplets (LD) and mitochondria (Gami and Wolkow, 2006; Nguyen et al., 2017; Sugiura et al., 2017; Diogo et al., 2018).

The mitochondrial prohibitin complex (PHB) contributes to mitochondrial biogenesis, structure, functionality, and degradation (Nijtmans et al., 2002; Artal-Sanz and Tavernarakis, 2009a; Hernando-Rodriguez and Artal-Sanz, 2018). PHB is composed of 12 to 16 PHB-1/-2 heterodimers assembled into a ring-like structure in the mitochondrial inner membrane (Back et al., 2002; Tatsuta et al., 2014). Although its exact molecular function is still unknown, several phenotypes have been ascribed to PHB (Nijtmans et al., 2000; Osman et al., 2009; Richter-Dennerlein et al., 2014). Particularly intriguing is its evolutionarily conserved effect on lifespan depending on the organism’s metabolic status (Artal-Sanz and Tavernarakis, 2009b, 2010; Schleit et al., 2013). Prohibitin complex depletion shortens the lifespan of otherwise wild type nematodes while extending the lifespan of a variety of metabolically compromised mutant genetic backgrounds, including the long-lived daf-2(e1370) mutant (Artal-Sanz and Tavernarakis, 2009b). DAF-2, the ortholog of the insulin/insulin-like growth factor (insulin/IGF) receptor, modulates the activity of the insulin/IGF-1 signaling (IIS) pathway, through the transcription factor DAF-16, which is required to regulate ageing, metabolism and reproductive growth (Kenyon et al., 1993; Pierce et al., 2001; Li et al., 2003; McElwee et al., 2003). Indeed, daf-2 mutants are characterized by metabolic rewiring and increased triacylglycerol content stored in large LDs (Murphy et al., 2003; Halaschek-Wiener et al., 2005; Ruzanov et al., 2007; Depuydt et al., 2014; Narayan et al., 2016; Gao et al., 2018). Importantly, the expression of the ATGL-1 lipase, a LD-associated protein (Lee et al., 2014), is regulated by the DAF-2/DAF-16 axis and required for the increase longevity of daf-2 mutants (Zaarur et al., 2019).

Recently, in mammalian cells, PHB has been proposed to cooperate with the mitochondrial cochaperone DNAJC19, for which DNJ-21 is the worm homolog, in the remodeling of mitochondrial membrane phospholipids (Richter-Dennerlein et al., 2014). In C. elegans, PHB depletion modulates differently the whole worm fatty acid composition of wild type and daf-2 mutants (Lourenco et al., 2015). Still, the broader impact of PHB in the whole lipidome has never been assessed. Herein, we found that PHB modulates triacylglycerol and phospholipids pools at the young adult (YA) stage and during chronological ageing in a genetic background-dependent manner. Moreover, we provide, for the first time, data supporting a cross-talk between PHB and the ER in the regulation of lipid metabolism and ageing.



MATERIALS AND METHODS


Strains and Worm Culture

Nematodes were cultured and maintained according to standard methods. The C. elegans strains used in this study were: N2, wild type Bristol isolate, CB1370: daf-2(e1370)III, RT130 unc-199(ed3); pwIs23[Pvit-2:vit-2:GFP;unc-199(+)], MRS416: daf-2(e1370)III;pwIs23[Pvit-2:vit-2:GFP;unc-199(+)] (this study), BC12843: dpy-5(e907)I;sIs11286[rCesK07H8.6:GFP + pCeh361], MRS402: daf-2(e1370)III;sIs11286[rCesK07H8.6:GFP + pCeh361] (this study), SJ4005: zcIs4[hsp-4:GFP], MRS484: daf-2(e1370)III;zcIs4[hsp-4:GFP] (this study), MRS78: phb-1(tm2751)I/hT2[bli-4(e937)qIs48(Pmyo-2:GFP)](I,III);zcIs4[hsp-4:GFP]V, VS29: hjSi56[vha-6p:3xFLAG:TEV:GFP:dgat-2:let-858 3’UTR], MRS269: daf-2(e1370)III;hjSi56[vha-6p:3xFLAG:TEV:GFP:dgat-2:let-858 3’UTR] (this study), VS20: hjIs67[atgl-1p:atgl-1:gfp + mec-7:rfp], MRS 270: daf-2(e1370) III;hjIs67 [atgl-1p:atgl-1:gfp + mec-7:rfp] (this study) and VZ188: vzEx64 [Pdnj-27:GFP]. In all experiments, worms were grown at 20°C on NGM plates seeded with HT115 (DE3) Escherichia coli bacteria (deficient for RNase-E) harboring the appropriate RNAi plasmids (pL4440 for Control RNAi, pL4440 containing phb-1 or dnj-21 genomic fragment). Overnight cultures of each bacterial strain were used to inoculate liquid LB [carbenicillin (25 mg/l), tetracycline (15 mg/l) (Sigma)] and incubated until an OD600nm of 1.5 (37°C). Next, IPTG [1 mM (Sigma)] was added to the culture, incubated for 2 h and harvested by centrifugation (3,200 × g, 20 min, 4°C). Pellets were washed with S Basal and harvested again (4°C). Finally, pellets (30 g/l) were resuspended in S Medium containing carbenicillin (25 mg/l), IPTG (1 mM) and cholesterol (5 mg/l) (Sigma), and bacterial stocks were kept at most 4 days before use (4°C). Synchronous worm populations were generated by allowing gravid adults to lay eggs on seeded NGM plates. Tightly synchronized populations were obtained by allowing eggs, generated by hypochlorite treatment of gravid adults, to hatch and develop until L1 larval stage in S Basal during overnight incubation (20°C).



LC-MS Analysis

Tightly synchronized populations (30,000 worms) were sampled at YA stage, washed [three times with S Basal, two with double distilled water, once with MS-grade water (Fluka); 20°C], harvested after each washing step by centrifugation (800 × g, 1 min, 20°C), and immediately snap-frozen in liquid nitrogen and kept in the freezer (<-80 °C). A protein assay was undertaken to ensure consistent sampling of the worm population prior to lipid analysis. Lipids were extracted according to the method of Folch (Folch et al., 1957). Lipid extracts were separated on a Hypersil Gold C18 (2.1 mm x 100 mm, 1.9 μm column) connected to a Accela UPLC and Exactive Orbitrap mass spectrometer (Thermo Fisher Scientific) equipped with a heated electrospray ionization (HESI) probe. In the chromatographic method, mobile phase A consisted of water with 10 mM ammonium formate and 0.1% formic acid, and mobile phase B consisted of 90:10 isopropanol/acetonitrile, with 10 mM ammonium formate and 0.1% formic acid. The starting condition was 65% A/35% B, then buffer B increased to 100% over 10 min and held at this composition for 7 min before re-equilibration at the starting condition for 4 min. All samples were analyzed in both positive and negative ionization mode and the scan range between m/z 120 and 2000. Data was processed using Progenesis CoMet software (Non-linear Dynamics, Newcastle, United Kingdom) and searched against LIPIDMAPS and HMDB for identification. Multivariate statistical analysis was performed with SIMCA 13 (Umetrics, Umea, Sweden).



HPLC and TLC Analyses

Tightly synchronized populations were sampled (20,000 worms) at days 0, 6, and 10 of adulthood, washed like previously described and then worm pellets were immediately boiled in 2 ml of hot methanol (15 min). Next, 4 mL of chloroform were added and the pellet was homogenized using the Sonopuls HD270 (Bandelin). After 1 h of incubation at room temperature, phase separation was initiated by adding 1.4 ml of 0.88% KCl. 3.5 ml lipid-rich lower chloroform layer was collected and kept in the freezer (<-20°C). Lipid extracts were evaporated under nitrogen and the residue was dissolved in 5 ml of chloroform. The resulting solution was fractionated in a Lichrolut 0.5 g silica gel cartridge (Merck) using a vacuum manifold and equilibrated with 2 ml of chloroform. Subsequently, 15 ml of chloroform was used to elute neutral lipids. The column was then washed with 10 ml of methanol to recover the polar fraction. Neutral lipids were evaporated under nitrogen and dissolved in 3 ml of hexane. Polar lipids were evaporated under nitrogen and dissolved in 1.5 ml of hexane/2-propanol (3:2 v/v).

Quantification by HPLC was carried out in a Waters 2695 Module (Milford, MA) equipped with a Waters 2420 ELSD evaporative light scattering detector. Polar and neutral lipids were separated at 30°C using a Lichrospher 100 Diol 254-4 (5 μm) column or a normal phase Lichrocart 250-4 (5 μm) column (Merck) applying the methods described by Salas et al. (2006). For polar lipids, the column was equilibrated with 100% hexane/2-propanol/acetic acid/Trimethylamine (82:17:1:0.08 v/v/v/v). The sample was injected and a gradient from 0 to 40% of 2-propanol/water/acetic acid/Trimethylamine (85:14:1:0.08 v/v/v/v) was applied for 24 min. Neutral lipids were analyzed in isocratic regime in the direct phase column applying hexane/2-propanol/acetic acid (90:15:1 v/v/v) as the solvent. The flow rate was 1 ml/min. The data were processed using Empower software, and the ELSD was regularly calibrated using commercial high-purity standards for each lipid.

Triacylglyceride (TAGs) were purified from the neutral lipid fraction by (TLC) for fatty acid composition determination by gas chromatography coupled to a flame ionization detector (GC/FID). Neutral lipid fractions were applied to TLC Silica gel 60 20 × 20 cm (Merck Milipore) previously activated at 80°C for 60. Each lane of the TLC plate was loaded either with 200 μg of sample or with 50 μg of specific lipid standard. The TLC solvent system used was hexane/diethyl ether/acetic acid 70:30:1 (v/v). Lipid bands on the TLC plates were detected by spraying with a solution of primuline (0.05%, w/v) in acetone/water 80:20 (v/v) and scrapped off from the plate. Lipids in the silica gel were methylated with 2 ml of hydrogen chloride (HCl)-methanol (1.25 M HCl) (Sigma) at 80°C for 1 h. Fatty acid methyl esters (FAMEs) were then extracted with 3 ml of hexane (Sigma). Then, the FAMEs were concentrated to dryness by removing the solvent under a stream of nitrogen and then re-suspended in a volume of 150 μl of heptane (Sigma) and transferred to a vial with an insert for GC/FID analysis. The samples were analyzed in a gas chromatograph (Perkin Elmer Clarus 500) equipped with a 0.2 μm × 60 m × 0.25 mm fused silica capillary column, hydrogen at 45 ml min–1 was employed as carrier gas and coupled to a flame ionization detector. The oven was programmed for an initial temperature of 140°C (hold for 2 min), followed by an increase of 10°C min–1 to 210°C (hold for 7 min). Also set were the following parameters: 270°C inlet and 280°C detector temperatures. To assign the peaks in the spectral data, a standard mixture with known composition of FAMEs (Sigma) was previously run in the same conditions, and the assignment was done based on the retention time and the area of the peaks.



Microscopy Analyses

Synchronized animals were grown until the appropriate stage and then mounted on 2% agarose pads with 10 mM Levamisole to be imaged (10–30 worms in each assay with at least 2 independent experiments). The UPRER (Phsp-4:gfp) and vitellogenesis (Pvit-2:vit-2:gfp and Pvit-6:vit-6:gfp) were assessed using an AxioCam MRm camera on a Zeiss ApoTome Microscope. Lipid droplet coverage (Pvha-6:dgat-2:gfp) was analyzed using a Confocal Microscope Leica SP2-AOBS. The UPRER (Phsp-4:gfp) on phb-1(tm2751) mutants, the DNJ-27 reporter and ATGL-1 expression (Patgl-1:atgl-1:gfp) was assessed using an ORCA-Flash4.0 LT Hamamatsu digital camera on a Leica M205 Stereoscope equipped with a Plan Apo 5.0x/0.50 LWD objective. Image analyses was performed using the ImageJ software. For the UPRER, vitellogenesis and ATGL-1 expression analyses, worms were manually segmented and the mean GFP intensity per worm was calculated. For DNJ-27 reporter the head of the animals was exclude from the analysis. Quantification of the LD intestinal coverage was done in the anterior part of the intestine (int1 and int2 intestinal cells). LDs were segmented in ImageJ and classified as smaller (less than 1 μm2) and larger (equal or bigger that 1 μm2). Data was analyzed using the GraphPad Prism software.



Electron Microscopy

Transmission electron microscopy (TEM) was carried out as described (Hall et al., 2012) with small modifications. Adult worms at day 1 were immersed in 0.8% glutaraldehyde + 0.8% osmium tetroxide in 0.1 M sodium cacodylate buffer, pH 7.4. Under a dissecting scope, animals were cut with a scalp at the posterior end of the intestine (removing the tail) and kept for 1 h on ice under dark conditions. Worms were washed three times in 0.1 M sodium cacodylate buffer, fixed overnight (2% osmium tetroxide in 0.1 M sodium cacodylate buffer), washed three times more in the same buffer (all previous steps were performed on ice) and finally embedded in small cubes of 1% agarose. Next, worms were dehydrated at room temperature by incubating them in 50%, 70%, and 90% ethanol (10 min each), followed by three washes (100% ethanol and 10 min each). Worms were then incubated for 15 min in an ethanol/propylene oxide solution (50:50 v/v), followed by two incubations (15 min) in 100% propylene oxide. After, worms were infiltrated on a rotator or with an embedding machine, first for 2 h in a 3:1 ratio of propylene oxide to resin and then for 2 h in a 1:3 ratio of propylene oxide to resin, incubated overnight in 100% resin and followed by 4 h incubation in fresh 100% resin. Finally, worms were arranged in a flat embedding mold and cured at 60°C for 2 days. For TEM imaging, worms were cut at the anterior part, at approximately 350 μm from the mouth (at least two different animals per condition). Image analysis was performed with the ImageJ software, where the worm intestine and intestinal LDs were manually segmented, and the areas measured. Data was analyzed using the GraphPad Prism software.



Lifespan Analysis

Lifespan assays were initiated by allowing gravid adults to lay eggs on NGM plates seeded with the previously prepared bacterial stocks. Worms were transferred every day throughout their reproductive period and every 2–4 days thereafter. Animals were scored as dead when they stopped responding to touch, while ruptured animals or those that suffered internal hatching, extruded gonad or desiccation were censored in the data analysis. Data was analyzed using the GraphPad Prism software.



Data Availability

Tabulated lipidomics data is available at: https://data.mendeley.com/datasets/dvvp4f25y6/1 (Lourenço et al., 2020).



RESULTS


The Mitochondrial Prohibitin Complex Has a Stronger Effect on the Lipidome of Wild Type Worms Than of daf-2(e1370) Mutants

The impact of the PHB on the C. elegans lipidome was assessed, in wild type animals and daf-2 mutants, by depleting phb-1 using RNA interference (RNAi). PHB-1 and PHB-2 proteins are interdependent for protein complex formation, therefore, depletion of phb-1 results in lack of the complete PHB complex (Artal-Sanz et al., 2003; Lourenco et al., 2015; Hernando-Rodriguez et al., 2018). Additionally, PHB-1 and PHB-2 are equally expressed and decrease to the same extent upon phb-1(RNAi) both in wild type and daf-2 mutant animals (Gatsi et al., 2014). Principal component analysis (PCA) of the LC-MS lipid profiles evidenced a clear clustering pattern (Supplementary Figures 1A,B). Namely, a separation based on genetic backgrounds (wild type versus daf-2 mutant) and on the effect of depleting PHB in either of the genetic backgrounds (Supplementary Figure 1A). Hierarchical clustering analysis indicated that phb-1(RNAi) had a more pronounced effect in the LC-MS profiles of wild type worms than of daf-2 mutants (Supplementary Figure 1B). Yet, the LC-MS profiles of daf-2 and daf-2;phb-1(RNAi) were still clearly distinguishable (Supplementary Figures 1A,B). In the following sections, we describe in more detail the more relevant lipid species found to have their content altered due to PHB deficiency and/or daf-2 mutation (see tabulated lipidomics dataset at https://data.mendeley.com/datasets/dvvp4f25y6/1).



PHB Deficiency and daf-2 Mutation Differentially Affect the Composition of Triacylglycerides

Similar to daf-2 mutants (Ogg et al., 1997; Perez and Van Gilst, 2008; Prasain et al., 2015), PHB depletion increased the content of the large majority of glycerolipids, further increasing diacylglyceride (DAG) and TAG pools in daf-2 mutants (Figures 1A–C). Interestingly, all the TAG species within the Top25 relevant lipids (ranked by P values) had a low/medium total carbon number (38–48 carbons) and a low total number of unsaturations. Moreover, most of the statistically significant changes occurred in the context of daf-2 mutants (Figure 1A). Looking at the TAG composition more in detail, PHB depletion in otherwise wild type animals led to a slight increase in TAGs with a low total carbon number but a strong increase, similar to the effect of daf-2 mutants, in TAGs with a high total carbon number (Figure 1D). Indeed, in wild type worms, PHB depletion mostly increased the amount of TAG species with a high total carbon number, while in daf-2 mutants the distribution mode was clearly shifted toward to TAGs with lower total carbon number (Supplementary Figure 1C). Additionally, while PHB depletion in otherwise wild type animals increase TAGs irrespective of the total number of unsaturations, in daf-2 mutants the increase was restricted to TAGs with a low of unsaturations (Figure 1E and Supplementary Figure 1D). In line with these findings, analysis of fatty acid composition from whole worm TAG, after thin layer chromatography (TLC), showed that PHB-depleted animals had less shorter monounsaturated fatty acids compared to PHB-depleted daf-2 mutants, where longer saturated fatty acids where increased (Supplementary Figure 1E and Supplementary Table 1). Taken together, we conclude that while both PHB deficiency and daf-2 mutants increase the TAG pool, they trigger a differential effect in the TAG pool composition, suggesting differential mechanisms in the balancing and mobilization of the TAG pool.


[image: image]

FIGURE 1. Glycerolipid and glycerophospholipid pools are affected by PHB depletion in a genetic background dependent-manner. (A) Heat map displaying the top 25 lipid species, ranked based on the P-values coming from One-way ANOVA with post hoc Tukey multiple comparison test, responding to PHB deficiency and/or to daf-2(e1370) mutation. Statistical significance compared to control RNAi (Θ), daf-2(e1370) mutation (Δ) or phb-1(RNAi) (Ψ). (B,C) Quantification of the pools of TAG (B) and DAG (C) based on the LC-MS data acquired in the positive mode. The quantification corresponds to the sum of the ion current of all individual lipid species (between brackets are the number of lipid species) shown to be relevant for cluster separation in all pair-wise comparisons. (D) Quantification of the TAG pools accordingly to the total carbon number, given by the sum of the three radyl side-chains carbon number. (E) Quantification of the TAG pools accordingly to the number of total unsaturations, given by the sum of the three radyl side-chains unsaturation number. Mean values from six independent biological replicas; error bars denote SD. One-way ANOVA with post hoc Tukey multiple comparison test, P-value < 0.05 (*) < 0.01 (**) < 0.001 (***) < 0.0001 (****). (F–I) Quantification of the pools of (F) SM, (G) CER, PC (H) and PE (I) based on the LC-MS data acquired in the positive mode (see B,C). Mean values from six independent biological replicas; error bars denote SD. One-way ANOVA with post hoc Tukey test. P-value < 0.05 (*) < 0.01 (**) < 0.001 (***) < 0.0001 (****). (J,K) HPLC analysis of TAG (J) and PC + PE (K) during ageing (days 0, 6, and 10) in wild type and daf-2 mutants upon PHB depletion. The lipid relative composition expresses the percentage of a given lipid species within the total lipid fraction. Mean values from at least two independent biological replicates of each condition [except for phb-1(RNAi) in wild type worms at day 10, where data from only one replicate was collected]; error bars denote SD. Dashed lines depict the 95% interval of confidence of the linear regression. TAG, Triacylglycerol; DAG, Diacylglycerol; SM, Sphingomyelin; CER, Ceramide; PC, Phosphatidylcholine; PE, Phosphatidylethanolamine.




PHB Depletion Alters the Pools of Membrane Lipids in a Genetic-Background-Dependent Manner

Membrane lipids are important in a diversity of cellular functions and have been shown to alter their amounts during ageing (Hou and Taubert, 2012; Egawa et al., 2016; Jove et al., 2020). Our LC-MS analysis revealed that, at the YA stage, many glycerophospholipids and sphingolipids species changed their content upon PHB depletion and/or in response to daf-2 mutation, being some of them among the Top25 relevant lipid species (Figure 1A). Different sphingolipids like sphingomyelin (SM) and ceramide (CER) were perturbed as a result of PHB depletion and/or daf-2 mutation (Figures 1F,G). Importantly, phosphatidylcholine (PC) and phosphatidylethanolamine (PE) pools, the two major glycerophospholipids pools and important membrane lipids (Satouchi et al., 1993; Vrablik et al., 2015), decreased in response to PHB depletion (Figures 1H,I). As previously reported (Prasain et al., 2015), daf-2 mutation decreased the PC and PE pools, while PHB depletion in daf-2 mutants had a negligible effect. The observed differential effect of PHB deficiency in membrane lipids in wild type animals and in daf-2 mutants could impact differentially the functionality of organelles and the physiology of the animals during ageing.



Glycerolipid and Glycerophospholipid Pools Evolve Sharply During Ageing Specifically in PHB-depleted Worms

Collectively, our lipidomics data suggested the existence of a balance between glycerolipids (TAG) and glycerophospholipids (PE + PC) pools upon PHB depletion in otherwise wild type worms. A complementary HPLC analysis evidenced that in the absence of PHB, TAG and glycerophospholipid (PE + PC) pools change in a genetic-background-dependent manner during chronological ageing (Figures 1J,K). Assuming a linear relationship with time (days), the respective linear coefficients for TAG and PE + PC pools were 3.316 (R2 = 0.950) and −2.603 (R2 = 0.949) for PHB-depleted worms and 1.297 (R2 = 0.560) and −0.356 (R2 = 0.103) for PHB-depleted daf-2 mutants. The TAG pool in PHB-depleted animals increased during ageing while in PHB-depleted daf-2 mutants it was much less affected (F test P-value 0.036). Oppositely, the PE + PC pool in PHB-depleted animals decreased during ageing while in PHB-depleted daf-2 mutants it was much less affected (F test P-value 0.010). Altogether, our data indicates that the lipidome of PHB-depleted worms is more prone to changes during ageing than that of PHB-depleted daf-2 mutants.



PHB-depletion Dysregulates Yolk Homeostasis in a Genetic Background Dependent-Manner

Driven by the results of our untargeted lipidomic analysis, we focus on the effect of PHB depletion on organelles where most TAG accumulate, LD and yolk/lipoprotein particles. Vitellogenesis has a major impact on the worm lipid homeostasis, particularly during the reproductive period where a substantial fraction of the somatic lipid content is channeled for yolk production. In worms three vitellogenins generate distinct yolk lipoprotein complexes. vit-6 gene product, cleaved after secretion into the pseudocoelom, is the sole source of YP115 and YP88 (Sharrock et al., 1990). Due to the characteristics of the reporter, VIT-6:GFP is visible almost exclusively in the intestine where it is produced (Supplementary Figure 2). VIT-6, peaked during the reproductive period and decreased during ageing (Figures 2A,B). Prohibitin complex deficiency did not alter the overall dynamics, however, it increased VIT-6 levels in 6 and 10 days-old adults in both genetic backgrounds, while daf-2 mutants reduced VIT-6 levels (Figure 2A) (P-value < 0.0001 and <0.01, respectively). Next, we focused on vit-2, one of the sources of the YP170 pool (Sharrock et al., 1990), which has been specifically associated with intestinal atrophy and aging (Sornda et al., 2019). VIT-2:GFP was visible in different parts of the worm body, including the intestine, where it is produced, the gonad, where it is translocated to oocytes, and the body cavity where it accumulates during ageing (Seah et al., 2016) (Figure 2C and Supplementary Figure 2). PHB-depletion increased VIT-2 accumulation during ageing, from the YA stage to day 10 of adulthood (Figures 2C,D). Interestingly, in daf-2 mutants, PHB-depletion increased VIT-2 levels coincident with the reproductive period but not in old (day 10) animals (Figures 2C,D). Aged PHB depleted otherwise wild type animals accumulated larger amounts of displaced yolk through the worm body with a concomitant accumulation of different lipids.


[image: image]

FIGURE 2. PHB deficiency dysregulates yolk homeostasis in a genetic background dependent-manner. (A) Representative images of VIT-6:GFP at day 3 of adulthood and (B) respective quantification of the mean GFP intensity per worm during ageing; error bars denote SD. (C) Representative images of VIT-2:GFP at day 10 of adulthood and (D) respective quantification of the mean GFP intensity per worm during ageing; error bars denote SD. At least two independent biological replicates of each condition were performed. One-way ANOVA-Dunn’s multiple comparisons test. P-value < 0.01 (**) < 0.0001 (****). Scale Bars: 200 μm.




PHB and DAF-2 Differently Affect Lipid Droplet Biology

Lipids droplets (LDs) are ubiquitous fat storage organelles where neutral fat such as TAG are accumulated and mobilized according to the organism needs for membrane synthesis and energy. Using worms expressing GFP-tagged diacyl glycerol acyltransferase-2 (DGAT-2), a LD-associated protein (Xu et al., 2012), we found that daf-2 mutants had higher LD intestinal coverage than wild type animals at the YA stage, while PHB-depletion had no effect (Figures 3A–C and Supplementary Figures 3A,B). The effect of daf-2 mutation was associated with an increase on the intestinal coverage of larger LDs (Figure 3C and Supplementary Figures 3A,B). Additionally, PHB-depletion in daf-2 mutants increased DAGT-2-labeled LD coverage (Figures 3A–C and Supplementary Figures 3A,B), being this also associated with an increase in the intestinal coverage of larger LDs (unpaired t-test P-value 0.027). We then explored the impact of PHB on ATGL-1, an important lipase for LD TAG mobilization (Zhang et al., 2010; Kong et al., 2020). ATGL-1 levels were always higher in wild type worms than in daf-2 mutants during ageing. Interestingly, while PHB depletion did not affect ATGL-1 levels in wild type animals, it consistently lowered ATGL-1 levels in daf-2 mutants (Figures 3D–G). Finally, we measured the LD intestinal coverage by TEM analyses at day 1 of adulthood. Consistently, daf-2 mutants increased LD intestinal coverage compared to wild type animals, irrespective of considering total, smaller or larger LDs, (Figures 3H–J and Supplementary Figures 3C,D). The effect of PHB-depletion in otherwise wild type animals was weaker than the effect of daf-2 mutation (Figures 3H–J and Supplementary Figures 3C,D). Still, considering total LDs, PHB-depletion significantly increased LD intestinal coverage (unpaired t-test P-value 0.019). Interestingly, in a daf-2 mutant background, PHB further increased the intestinal coverage of larger LDs (Figures 3H,J and Supplementary Figure 3E). All these data show that, while PHB depletion in daf-2 mutants synergistically increased the LD intestinal coverage of larger LDs, on their own PHB and DAF-2 differently affect LD homeostasis.


[image: image]

FIGURE 3. PHB deficiency and/or daf-2(e1370) mutation differentially affect lipid droplets. (A) Representative images of DGAT-2:GFP-labeled lipid droplets (LD) at the YA stage (Scale Bar: 20 μm). (B,C) Quantification of LD coverage (%) given by the ratio between the sum of the area of intestinal LDs versus the worm intestinal area times 100. All LDs (B) and LDs larger than 1 μm2 (C). Mean values from at least two independent biological replicates; error bars denote SD. ANOVA with post hoc Tukey test. P- values < 0.001 (***) < 0.0001 (****). (D) Representative images of ATGL-1:GFP at the YA stage. Scale Bar: 200 μm. (E–G) Quantifications of the mean intensity GFP signal per worm at days 0 (YA stage) (E), 6 (F), and 10 (G) of adulthood. Mean of at least two independent biological replicates; error bars denote SD. One-way ANOVA with post hoc Tukey multiple comparison test or, when appropriate, one-way Kruskal-Wallis test with post hoc Dunn’s Multiple comparison test, P-value < 0.05 (*) < 0.01 (**) < 0.001 (***) < 0.0001 (****). (H) Representative electron micrographs (EM) of worm cross-sections (top panels) and intestinal regions (middle and bottom panels) of wild type worms, PHB-depleted animals, daf-2 mutants and PHB-depleted daf-2 mutants at day 1 of adulthood. The intestine is delineated in orange. Bar sizes: 10 μm (top panels), 1 μm (middle panels) and 500 nm (bottom panels). (I,J) Quantification of intestinal LD coverage of all LDs (I) and LDs larger than 1μm2 (J) in each intestinal EM cross-section analyzed. At least three EM cross sections of the complete intestine were analyzed per genotype. One-way ANOVA with post hoc Tukey multiple comparison test, P-value < 0.01 (**) < 0.0001 (****).




PHB Deficiency Affects the UPRER Differently in Conditions Leading to Opposing Longevity Phenotypes

A critical organelle in lipid homeostasis is the ER. Specifically, the ER is important in the balance between glycerophospholipid and glycerolipids (Jacquemyn et al., 2017; Watts and Ristow, 2017) and for the formation of LDs (Jacquemyn et al., 2017; Watts and Ristow, 2017; Cao et al., 2019; Olzmann and Carvalho, 2019) and yolk particles (Seah et al., 2016). Therefore, we assessed the impact of PHB on the ER using the UPRER stress reporter Phsp-4:GFP. At the YA stage, PHB depletion in otherwise wild-type animals induced the UPRER while daf-2 mutants were protected (Figures 4A,B). In mammals, PHB interacts with DNAJC19, a co-chaperone for mitochondrial protein import, to regulate cardiolipin remodeling in the mitochondrial inner membrane (Richter-Dennerlein et al., 2014). Similar to PHB depletion, lack of the C. elegans DNAJC19 ortholog, DNJ-21, induced the UPRER stress reporter, being daf-2 mutants protected (Figures 4A,B). To check if UPRER induction upon mitochondrial depletion of PHB-1 and DNJ-21 was dependent on ire-1, a key UPR activator (Gardner et al., 2013), we simultaneously depleted ire-1 together with either phb-1 or dnj-21 using double RNAi. The efficiency of the double RNAi was evident as developmental delay and reduced body size was observed upon depletion of both mitochondrial genes, as with full RNAi (data not shown). We observed that IRE-1 is required to mount the UPRER in PHB-1 and DNJ-21 deficient animals (Figure 4C, control RNAi is the same as in panel B). To assess the interaction of PHB and DNJ-21 in the regulation of the UPRER we introduced the Phsp-4:GFP reporter in a phb-1 deletion mutant. Homozygous phb-1 mutants develop into sterile adults due to maternal contribution (Artal-Sanz and Tavernarakis, 2009b; Hernando-Rodriguez et al., 2018). However, depletion of dnj-21 arrested development of phb-1 mutants at the late L3/L4 larval stage (Supplementary S4 A and B) and partially reduced the UPRER, probably due to the synthetic interaction (Figure 4D and Supplementary Figures 4A,B). To further confirm induction of the UPRER, we tested the expression of a DNJ-27 reporter at the YA stage (Figure 4E), an ER luminal protein induced upon ER stress via IRE-1 (Munoz-Lobato et al., 2014). Indeed, while depletion of DNJ-21 mildly increased the expression of the reporter, lack of PHB resulted in a clear induction of DNJ-27 (Figure 4E and Supplementary Figure 4C). We then asked if DNJ-21 depletion could mimic the opposing longevity phenotype of PHB depletion. Interestingly, we found that dnj-21(RNAi) extended the lifespan of daf-2 mutants but not wild type animals (Figure 4F and Supplementary Table 2). These results suggest a connection between ER functionality and the opposing effect of PHB depletion in the longevity of wild type and insulin signaling mutant animals.
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FIGURE 4. PHB and DNJ-21 deficiency have a similar effect on the UPRER stress response and on lifespan. (A,B) Representative images (A) and quantification (B) of the UPRER stress reporter Phsp-4:GFP at the YA stage in wild type and daf-2 genetic backgrounds upon phb-1 and dnj-21 RNAi. Scale Bar: 200 μm. (C) Effect of ire-1(RNAi) on the induction of the UPRER stress response in PHB-1 and DNJ-21-depleted animals. Control RNAi is shown in panel B. ANOVA-Dunn’s multiple comparisons test, P-value < 0.05 (*), < 0.0001 (****), ns non-significant. Mean values from at least two independent biological replicas; error bars denote SD. (D) Quantification of the Phsp-4:GFP stress reporter in phb-1(tm2751) deletion mutants upon dnj-21(RNAi) at the early-L4 larval stage. Mean of three independent replicas. ANOVA-Dunn‘s multiple comparisons test, P-value < 0.0001 (****). (E) Quantification of the induction of the Pdnj-27:GFP by phb-1(RNAi) or dnj-21(RNAi) at the YA stage. The head region was excluded from the analysis (see Supplementary Figure 4C). Mean values from three independent replicas are shown, error bars are SD. Mann-Whitney test. P-value < 0.05 (*), < 0.0001 (****). (F) Lifespan analysis on the effect of dnj-21(RNAi) in wild type and daf-2 genetic backgrounds. Combined lifespan data from at least two independent experiments is presented (20°C). Lifespan curves are represented as the percentage of animals remaining alive against animal age (days). Log-rank (Mantel-Cox) test was used to derive statistical significance (P-value < 0.001 (***), ns non-significant). See Supplementary Table 2 for the data of independent assays (G) Model on how changes in the worm lipidome upon PHB depletion might lead to opposing effects on longevity.




DISCUSSION

We previously showed that the mitochondrial PHB affects fatty acid metabolism in C. elegans in a genetic-background-specific manner (Lourenco et al., 2015). Interestingly, we found that daf-2 mutation and PHB deficiency alters the TAG composition in a clear distinct manner. Similarly, membrane phospholipids (PLs) are reduced upon PHB depletion but not in daf-2 mutants, where PLs are generally reduced. Moreover, our results suggest the existence of a negative association between TAG and PL pools in PHB-depleted animals. Indeed, during chronological ageing, TAG increase and PL decrease in a much more pronounced manner in PHB-depleted otherwise wild type worms than in PHB-depleted daf-2 mutants. This suggests that lipid metabolic pathways, anabolic and/or catabolic, tuned by PHB depletion are distinct depending on the genetic background and different from the ones triggered by the daf-2 mutation.

Intestinal cells, as well as oocytes and embryos within the germline, are key sites where TAG accumulate in C. elegans (Hall et al., 1999). In fact, a substantial fraction of the somatic lipid content of gravid animals is yolk-related (Kimble and Sharrock, 1983; Grant and Hirsh, 1999). Yolk is produced at the expenses of the gut by a process of general autophagy, which is detrimental in the mid/long term (Ezcurra et al., 2018). Indeed, YP170/VIT-2 has been proposed as a major driver of worm senescence (Sornda et al., 2019). Additionally, although still a matter of controversy, perturbation of vitellogenesis leads to yolk steatosis and to lipotoxicity with a negative impact on ageing (Ackerman and Gems, 2012; Steinbaugh et al., 2015; Seah et al., 2016; Palikaras et al., 2017; Perez and Lehner, 2019). Wild type worms accumulate yolk with a concomitant increase of the TAG pool during ageing (Ezcurra et al., 2018). Curiously, while PHB depletion leads to sterility (Artal-Sanz et al., 2003; Artal-Sanz and Tavernarakis, 2009b), it does not switch off vitellogenesis. Instead, yolk accumulates massively in aged worms, as in a different sterility condition (Steinbaugh et al., 2015). Strikingly, this increase, passed the reproductive period, is fully suppressed by daf-2 mutation, presumably due to a downregulation of vitellogenesis (DePina et al., 2011) and/or to lipophagy as in germline-less worms (Lapierre et al., 2011). In the mid-life daf-2 mutants display hypometabolic features. Particularly, daf-2 mutants repress major metabolic pathways namely associated to lipid metabolism including vitellogenesis (Halaschek-Wiener et al., 2005). Interestingly, the balance of yolk-related lipids, which would otherwise be stored and/or remodeled in the intestine, has been described to play a role in intestinal lipid homeostasis and life span extension (Seah et al., 2016). PHB-depleted daf-2 mutants have larger intestinal LDs and lower expression of ATGL-1 than daf-2 mutants. ATGL-1, the worm homolog of the mammalian rate-limiting lipolytic enzyme ATGL, is required for daf-2 mutants’ longevity (Zaarur et al., 2019). Hence, it is tempting to speculate that in PHB-depleted daf-2 mutants the excess of TAGs is mainly accommodated in larger intestinal LDs, which are mobilized during ageing through tighter regulation of ATGL-1. In parallel, the dysregulation in lipid and yolk pools occurring earlier in PHB-depleted worms is what determines a faster ageing pace (Figure 4G).

Interestingly, recent research reveals the importance of mitochondrial contacts with the rough ER for lipoprotein secretion and systemic lipid homeostasis (Anastasia et al., 2021). Similarly, it has long been recognized the importance of the interaction between mitochondria and the smooth ER, through mitochondria-associated ER membranes (MAM), for synthesis and maturation of key membrane lipids including phospholipids and sphingolipids (Vance, 2014). Membrane lipid composition is a key determinant of structural and functional integrity of eukaryotic membrane-bound organelles (van Meer et al., 2008; Antonny et al., 2015). Indeed, dysregulation of membrane lipid composition leads to lipotoxicity (Hou et al., 2014; Antonny et al., 2015). Although organelle-specific lipidomics data will be key to assess the impact of PHB on the PL and sphingolipids membrane composition, here we show a differential effect of PHB depletion in whole worm PL and sphingolipids levels in wild type versus daf-2 mutants. Sphingolipids are essential components of biological membranes, that together with ceramides regulate intracellular trafficking, signaling and stress responses. In worms, sphingolipid biosynthesis has been linked to the UPRmt, as phosphorylated sphingosine is required in mitochondria to activate the UPRmt (Kim and Sieburth, 2018). Inhibition of sphingolipids biosynthesis reduces induction of the UPRmt upon mitochondrial stress due to lack of ceramide (Liu et al., 2014). Thus, it is possible that reduced ceramide levels in daf-2 mutants contribute to the attenuated UPRmt upon PHB depletion (Gatsi et al., 2014). Moreover, reduced sphingolipid and ceramide synthesis extend lifespan of worms and flies (Johnson and Stolzing, 2019). These phenotypes resemble the effect of daf-2 mutation in PHB depleted animals; reduced UPRmt induction and increased lifespan (Artal-Sanz and Tavernarakis, 2009b; Gatsi et al., 2014). Interestingly, we have recently shown that PHB is required for the lifespan extension conferred by reduced sphingolipid synthesis in C. elegans (de la Cruz-Ruiz et al., 2021). It would be interesting to further evaluate the role of sphingolipid metabolism in the lifespan extension conferred by PHB depletion to daf-2 mutants.

For the first time, we show that PHB deficiency induces the UPRER, suggesting a dysregulation in the interaction between mitochondria and ER, in a genetic background-dependent manner. daf-2 mutant animals are protected against ER stress, which has been linked to its longevity phenotype (Henis-Korenblit et al., 2010; Zhou et al., 2011). Prohibitin complex deficiency has been previously claimed not to affect the UPRER (Bennett et al., 2014). However, although PHB-depletion did not further induce the UPRER in the presence of tunicamycin, an ER stressor, in its absence phb-2(RNAi) induced the UPRER (Bennett et al., 2014). Moreover, PHB overexpression has been recently shown to block ER stress in a mice model of Parkinson’s disease (Wang et al., 2021). Importantly, PHB genetically interacts with genes involved in mitochondria-ER contact sites (Kornmann et al., 2009), which are important for transferring PLs (Senft and Ronai, 2015; Phillips and Voeltz, 2016). Indeed, lipid perturbation has been shown to activate the UPRER [reviewed in Xu and Taubert (2021)]. In mammalian cells, PHB was found to interact with DNAJC19, the mitochondrial mtHsp70 co-chaperone, in cardiolipin remodeling (Richter-Dennerlein et al., 2014). Depletion of DNJ-21, the worm homolog of DNAJC19, and of PHB induces the UPRmt to the same magnitude, as assessed by Phsp-6:gfp (Bennett et al., 2014), where HSP-6 is the worm ortholog of mtHsp70. Interestingly, DNJ-21 depletion also induces the UPRER (Bennett et al., 2014). Indeed, DNJ-21 depletion triggers the UPRER in a genetic background dependent-manner as PHB depletion does. Importantly, while DNJ-21 depletion either does not affect or shortens (Bennett et al., 2014) the lifespan of otherwise wild type animals, feeding daf-2 mutant animals with dnj-21(RNAi) markedly extends lifespan. Altogether it reinforces the idea that PHB, which has been proposed to be a chaperone (Nijtmans et al., 2002 #24;Nijtmans et al., 2000 #20) and DNJ-21 functionally interact, at least partially, to modulate mitochondria and ER function. Importantly, it provides for the first time, data supporting a link between the ER and PHB in determining the differential ageing phenotype.



CONCLUSION

This work brought extremely valuable new insights in the remodeling occurring in the worm lipidome upon PHB depletion. Importantly, PHB depletion resonates in other mitochondria close interacting organelles. Strikingly, PHB depletion leads to a differential dysregulation of the ER in wild type animals and long-lived insulin mutants. Our work opens the door to further explore the importance of the interaction between ER and mitochondria in the opposing effect of PHB depletion in longevity.
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