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Fabry disease is an X-linked lysosomal storage disorder with involvement of the nervous system. Accumulation of glycosphingolipids within peripheral nerves and/or dorsal root ganglia results in pain due to small-fiber neuropathy, which affects the majority of patients already in early childhood. The α-galactosidase A deficient mouse proved to be an adequate model for Fabry disease, as it shares many symptoms including altered temperature sensitivity and pain perception. To characterize the signatures of gene expression that might underlie Fabry disease-associated sensory deficits and pain, we performed one-color based hybridization microarray expression profiling of DRG explants from adult α-galactosidase A deficient mice and age-matched wildtype controls. Protein-protein interaction (PPI) and pathway analyses were performed for differentially regulated mRNAs. We found 812 differentially expressed genes between adult α-galactosidase A deficient mice and age-matched wildtype controls, 506 of them being upregulated, and 306 being downregulated. Among the enriched pathways and processes, the disease-specific pathways “lysosome” and “ceramide metabolic process” were identified, enhancing reliability of the current analysis. Novel pathways that we identified include “G-protein coupled receptor signaling” and “retrograde transport” for the upregulated genes. From the analysis of downregulated genes, immune-related pathways, autoimmune, and infection pathways emerged. The current analysis is the first to present a differential gene expression profile of DRGs from α-galactosidase A deficient mice, thereby providing knowledge on possible mechanisms underlying neuropathic pain related symptoms in Fabry patients. Therefore, the presented data provide new insights into the development of the pain phenotype and might lead to new treatment strategies.
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INTRODUCTION

Fabry disease (FD) is an X-linked lysosomal storage disorder with estimated incidence rates of 1:37,000 for the classical Fabry phenotype and 1:3,100 for a late-onset disease variant (Spada et al., 2006; Mechtler et al., 2012). It can be caused by more than 500 different mutations of the lysosomal α-galactosidase A (α-Gal A) gene (Gal et al., 2006; Saito et al., 2011). Those mutations lead to deficient activity, reduction or depletion of α-Gal A, followed by impaired degradation of glycosphingolipids and subsequent accumulation of globotriaosylceramide (Gb3) in a variety of tissues, including vascular endothelial cells and neurons (Desnick et al., 2001; Bangari et al., 2015). In general, males are more affected by the α-Gal A mutations, but also heterozygote females have a significant risk for major organ involvement due to random X-inactivation causing variable expression of α-Gal A and decreased quality of life (Wilcox et al., 2008). One of the earliest symptoms of FD is pain due to small-fiber neuropathy, which affects the majority of patients already in early childhood. It can manifest as episodic crises with pain attacks originating in the extremities that can last for several days or even weeks, or chronic pain characterized by burning and tingling paraesthesia (Germain, 2010; Ginsberg, 2013). The origin of this pain phenotype presumably lies in accumulation of glycolipids within peripheral nerves and/or dorsal root ganglion (DRG) somata that might lead to degeneration of small sensory fibers (Kocen and Thomas, 1970; Ohnishi and Dyck, 1974; Bangari et al., 2015; Godel et al., 2017).

Investigating FD specific pathogenesis in Fabry patients is difficult and limited to molecular analyses of tissue biopsies and clinical neurophysiology techniques. It has been found that both motor and sensory conduction velocities are decreased, whereas vibratory, cold, and heat thresholds are elevated in Fabry patients (Sheth and Swick, 1980; Dutsch et al., 2002; Uceyler et al., 2013; Namer et al., 2017). In addition, the proportion of mechano-responsive C-fibers is reduced in patients compared to healthy controls (Namer et al., 2017). To investigate the molecular and physiological mechanisms underlying the pathology of FD, α-galactosidase A deficient mice [α-Gal A(−/0)] were generated which share many symptoms with Fabry patients, including altered temperature sensitivity and pain perception (Ohshima et al., 1997; Lakoma et al., 2014; Uceyler et al., 2016; Namer et al., 2017).

Although FD constitutes a monogenic disease with loss of function mutations of the α-Gal A gene causing the disease, other genes and/or gene products might be indirectly regulated during disease progression and could play important roles in the manifestation of disease-specific pathologies and symptoms, like the development of small-fiber neuropathy. In the current study we therefore performed mRNA microarray expression profiling of DRG samples from α-Gal A(−/0) mice aged > 20 weeks when the disease is fully developed to investigate the mRNA signatures associated with FD peripheral nerve neuropathy.

METHODS

Animals

Male α-galactosidase A(−/0) (α-Gal A(−/0); background C57BL/6; provided by Dr. A. Kulkarni, National Institute of Health, NIDCR, Bethesda, USA) (Ohshima et al., 1997) and wildtype C57BL/6J mice aged 20-24 weeks were inbred and housed under specific pathogen-free (SPF) conditions. For microarray expression profiling mice from the separate inbred colonies were used, whereas for RT-qPCR validation, α-Gal A(−/0) mice backcrossed with wildtype C57BL/6J mice and wildtype C57BL/6J mice were used to control for inbred colony effects. Animals were maintained at constant room temperature of 24°C on a 12 h light/dark cycle with lights on from 07:00 to 19:00 and had ad libitum access to autoclaved pelleted food and water. All animals were treated in accordance with the Ethics Guidelines of Animal Care (Medical University of Innsbruck), as well as the European Communities Council Directive of 22 September 2010 on the protection of animals used for scientific purposes (2010/63/EU), and approved by the Austrian National Animal Experiment Ethics Committee of the Austrian Bundesministerium für Wissenschaft und Forschung (permit number BMWF-66.011/0054-WF/V/3b/2015).

Tissue Collection

For microarray expression profiling eight adult mice (aged between 20 and 24 weeks) per group, whereas for RT-qPCR validation six adult mice (aged between 20 and 24 weeks) per group, were deeply anesthetized with isoflurane and euthanized by decapitation. Spinal cords were removed, lumbar DRGs L3-L5 (containing the cell bodies of primary afferents that project into the hind paw) harvested and flash-frozen in liquid nitrogen. Samples were kept at −80°C until further processing. For microarray expression profiling, DRGs from two mice were pooled for the final tissue sample.

Microarray Expression Profiling

Genome-wide expression profiling was carried out by IMGM Laboratories (Munich, Germany) using Agilent SurePrint G3 Mouse GE 8 × 60K Microarrays in combination with a one-color based hybridization protocol. Microarray signals were detected using the Agilent DNA Microarray Scanner.

Total RNA including small RNAs was isolated using the miRNeasy Mini Kit (Qiagen) according to the manufacturer's instructions and eluted in 40 μl RNase-free water. RNA concentration and purity was determined on a NanoDrop ND-1000 spectral photometer (Peqlab). Samples were analyzed using the RNA 6000 Nano LabChip Kit (Agilent Technologies) on a 2100 Bioanalyzer (Agilent Technologies). For mRNA analysis, total RNA samples were spiked with in vitro synthesized polyadenylated transcripts (One-Color RNA Spike-In Mix, Agilent Technologies), reverse transcribed into cDNA and then converted into Cyanine-3 labeled complementary RNA (Low Input Quick-Amp Labeling Kit One-Color, Agilent Technologies) according to the manufacturer's instructions. cRNA concentration, RNA absorbance ratio, and Cyanine-3 dye concentration were recorded using a NanoDrop ND-1000 UV-VIS spectral photometer, and quality of labeled cRNA was analyzed using the RNA 6000 Nano LabChip Kit (Agilent Technologies) on a 2100 Bioanalyzer (Agilent Technologies). Following cRNA clean-up and quantification, Cyanine-3-labeled cRNA samples were fragmented and prepared for one-color-based hybridization (Gene Expression Hybridization Kit, Agilent Technologies) and hybridized at 65°C for 17 h on Agilent SurePrint G3 Mouse GE 8 × 60K Microarrays. After hybridization, microarrays were washed with increasing stringency using Triton X-102 supplemented Gene Expression Wash Buffers (Agilent Technologies) followed by drying with acetonitrile (Sigma). Fluorescence signals were detected on an Agilent DNA Microarray Scanner and extracted using feature extraction software (Agilent Technologies). The data discussed in this publication have been deposited in NCBI's Gene Expression Omnibus (Edgar et al., 2002) and are accessible through GEO Series accession number GSE104625 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE104625).

Bioinformatics Analyses

GeneSpring GX 13.0 analysis software (Agilent Technologies) was used to normalize and analyze the microarray raw data. Data were normalized using non-parametric quantile normalization. Groups were compared using Welch's approximate t-test (unpaired unequal variances) and p-values corrected for multiple testing using the algorithm of Benjamini and Hochberg (Benjamini and Hochberg, 1995), controlling for false discovery rate (FDR). Differential expression between the two groups was determined by calculating fold changes of the averaged normalized expression values. Significantly regulated mRNAs were identified by applying filters on fold changes (absolute fold change ≥ 1.2 or ≥2) and p-values (p ≤ 0.01). Chip array data were further processed by R statistics statistical software package (R Development Core Team, 2008) and Volcano plots prepared using R statistics ggplot function. Only genes with uncompromised hybridization values in all individual samples were used for the current analysis.

Protein-Protein Interaction Analysis

Protein-protein interactions (PPIs) were investigated for the significantly regulated mRNAs using the STRING Database v. 10.5 (http://www.string-db.org) (Szklarczyk et al., 2017), which includes direct and indirect protein associations collected from different databases. Interaction networks were prepared using medium confidence scores (0.40) and clustered using MCL clustering algorithm (inflation parameter: 3). Disconnected nodes were hidden from the network.

Functional Enrichment and Pathway Analysis

Functional enrichment and pathway analyses were also performed using the STRING Database v. 10.5 (http://www.string-db.org). Classification systems tested were Gene Ontology and KEGG functional annotation spaces, employing Fisher's exact test followed by a correction for multiple testing (FDR). Only enriched pathways with FDR corrected p < 0.05 are reported.

RT-qPCR Validation of Regulated Genes

Reverse transcription quantitative polymerase chain reaction (RT-qPCR) validation of regulated genes was performed using TaqMan Gene Expression Assays (Thermo Fisher Scientific) in an Applied Biosystems 7500 Fast Real-Time PCR System (Thermo Fisher Scientific).

Total RNA was extracted using peqGOLD TriFast reagent (Peqlab) according to the manufacturer's instructions. The quality and quantity of RNA was evaluated using NanoDrop 2000 (Thermo Scientific). Reverse transcription of mRNA was performed as previously described (Langeslag et al., 2014). Genes of interest were analyzed by RT-qPCR using the following TaqMan Gene Expression Assays (Thermo Fisher Scientific): Mm00557794_m1 (Amz1), Mm00476032_m1 (Atf3), Mm01299527_m1 (Dnah8), Mm01311685_m1 (Dnase1l3), Mm00469610_m1 (Ecel1), Mm00521881_m1 (Meig1), Mm00505317_m1 (Ncapg2), Mm00443523_m1 (Opn4), Mm01279059_m1 (Rnf39), Mm00509406_m1 (Samd8), Mm00555659_m1 (Dock4), Mm03646971_gH (Gm1987), Mm02391771_g1 (Hdac1), Mm00440480_m1 (Nnat), Mm00452229_m1 (Pmepa1), Mm01188211_m1 (S100pbp), Mm00521530_m1 (Slc51a), Mm00628467_m1 (Syt15), Mm00503605_m1 (Tmem25), Mm00836474_m1 (Zfp932), Mm00446968_m1 (Hprt), Mm01352363_m1 (Sdha), and Mm00441941_m1 (Tfrc). Experimental procedures were performed according to the TaqMan Gene Expression Assays protocol. The reactions were loaded on MicroAmp Fast Optical 96-well reaction plates (Thermo Fisher Scientific) and placed in the Applied Biosystems 7500 Fast Real-Time PCR System (Thermo Fisher Scientific). The PCR cycle protocol used was: 10 min at 95°C, 40 two-step cycles of 15 s at 95°C and 1 min at 60°C. Each sample was run in duplicates alongside non-template controls. Threshold was set manually at 0.1 and threshold cycle (CT) was used as a measure of initial RNA input. Relative fold changes in gene expression were calculated using the 2−ΔΔCT method. All fold changes were expressed relative to the respective expression in wildtype mice and analyzed using Welch's t-test. Three genes (i.e., Hprt, Sdha and Tfrc) were used as reference genes. All three reference genes were found to be stably expressed in both groups of animals, as indicated by geNorm, Normfinder, and Bestkeeper software packages.

RESULTS

mRNA Expression Profile of Fabry Mouse Dorsal Root Ganglia

Using microarray expression profiling we found that in total 812 genes from the overall 21,736 detected mRNAs were significantly different between DRG samples from wildtype and α-Gal A(−/0) mice (criteria p ≤ 0.01, absolute fold change ≥ 1.2) (Figure 1). Of those, 506 genes were significantly upregulated and 306 genes were significantly downregulated as compared to wildtype controls. More stringent filtering (criteria p ≤ 0.01, absolute fold change ≥ 2) of those significantly regulated genes revealed an assessable number of 78 genes in total (Figure 2). Using these criteria 41 genes were significantly upregulated, of which 29 showed FDR corrected p ≤ 0.1 (Table 1). Furthermore, 31 genes remained significantly downregulated, of which 27 showed FDR corrected p ≤ 0.1 (Table 2). PPI analysis (STRING Database) neither revealed clusters of interacting proteins nor enriched pathways, due to the small number of input genes. Thus, for in depth PPI analysis all significantly regulated genes (less stringent filtering, criteria p ≤ 0.01, absolute fold change ≥ 1.2) were used.
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FIGURE 1. Volcano plot microarray data. Color green, p ≤ 0.01, fold change ≥ 1.2; labels, p ≤ 0.01, fold change ≥ 2.0; dot size represents relative expression values of wildtype mice.
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FIGURE 2. Heatmap of significantly regulated genes.




Table 1. Raw expression values, fold changes and statistical analysis for significantly upregulated genes.
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Table 2. Raw expression values, fold changes, and statistical analysis for significantly downregulated genes.
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Enriched Pathways and Protein-Protein interactions for Upregulated mRNAs

Enrichment analysis of the 506 significantly upregulated genes revealed that a number of KEGG pathways and Gene Ontology processes were enriched, including the KEGG pathway “Lysosome” (KEGG:04142) and the biological process “Ceramide metabolic process” (GO:0006672), both known to constitute major hallmarks of FD pathogenesis (Table 3).


Table 3. Enrichment-analysis for upregulated mRNAs in α-Gal A(−/0) vs. wildtype mice using gene ontology and KEGG pathway annotations.
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Protein-protein interaction (PPI) analysis of significantly upregulated mRNAs revealed a significant PPI enrichment (p < 0.0001; Figure 3). The number of actually observed edges (n = 328) exceeded the expected number of edges (n = 231) by 42%. Furthermore, three clusters of at least five interconnected proteins became apparent. Enrichment analysis of those clusters showed that those genes were involved in different pathways (Table 4), the red cluster was related to “G-protein coupled receptor signaling” (e.g., GO:0007186), the pink cluster was involved in “retrograde transport” (GO:0042147) and the orange cluster was related to “glutathione transferase activity” (GO:0004364).
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FIGURE 3. STRING database protein-protein interaction (PPI) network of significantly upregulated genes. Cut-off values, p ≤ 0.01, fold change ≥ 1.2.




Table 4. GO biological processes and molecular functions of PPI-clusters from upregulated mRNAs in α-Gal A(−/0) vs. wildtype mice.
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Enriched Pathways and Protein-Protein Interactions for Downregulated mRNAs

Enrichment analysis for the 306 significantly downregulated genes revealed a variety of regulated pathways, including immune related pathways (e.g., Complement and coagulation cascades, Antigen processing and presentation, Immune system process, Immune responses, etc.), autoimmune diseases (e.g., Systemic lupus erythematosus, Diabetes mellitus Type 1, Autoimmune thyroid disease, Asthma, etc.) and different infection pathways (e.g., Herpes simplex, Staphylococcus aureus, Leishmaniasis, etc.). In addition, “Neuroactive ligand-receptor interaction” (KEGG:04080) and “Vesicle” (GO:0031982) were enriched in the downregulated mRNAs (Table 5).


Table 5. Enrichment-analysis for downregulated mRNAs in α-Gal A(−/0) vs. wildtype mice using gene ontology and KEGG pathway annotations.

[image: image]



Also, the PPI analysis of significantly downregulated mRNAs revealed a significant PPI enrichment (p < 0.0001; Figure 4). Actually observed edges (n = 250) exceeded the expected number of edges (n = 134) by 87%. Also for the downregulated mRNAs clusters of interconnected proteins emerged. Enrichment analysis showed three clusters (i.e., green, purple, and cyan) related to the immune system (e.g., Immune system process—GO: 0002376, Immune response—GO:0006955). The blue cluster was associated with gene regulation (e.g., Chromatin modification—GO:0016568) and the rose cluster was related to “G-protein coupled receptor activity” (GO:0004930) (Table 6).
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FIGURE 4. STRING database protein–protein interaction (PPI) network of significantly downregulated genes. Cut-off values, p ≤ 0.01, fold change ≥ 1.2.




Table 6. GO biological processes and molecular functions of PPI-clusters from downregulated mRNAs in α-Gal A(−/0) vs. wildtype mice.
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Ion Channel Regulation

As the sensory deficits of Fabry patients are generally accepted to be caused by changes in the excitability of sensory neurons, we specifically searched our dataset for genes related to ion channels, ion channel function and trafficking. Besides downregulation of voltage-gated sodium and calcium channels (i.e., Scn7a and Cacna1h), we found that several potassium channels and potassium channel associated proteins were differentially expressed (Table 7). Voltage-gated (i.e., Kcnb2) and calcium activated potassium channel subunits (i.e., Kcnmb1 and Kcnt1), as well as potassium channel tetramerization and interacting proteins (i.e., Kcnip2, Pctd16, and Kctd11) were downregulated in DRGs from FD mice. In contrast, the potassium channel ancillary beta subunit Kcne3 was upregulated. Last but not least, the mechanosensitive ion channel Piezo2 was significantly downregulated. Against all expectation, we found none of the pain-associated transient receptor potential (TRP) channels regulated.


Table 7. Raw expression values, fold changes, and statistical analysis for significantly regulated ion channels.
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RT-qPCR Validation of Regulated Genes

To validate the differentially expressed genes from the microarray expression profiling, we performed RT-qPCR analysis of the top 10 up- and downregulated genes in a separate set of samples from α-Gal A(−/0) mice backcrossed with C57BL/6J mice and C57BL/6J wildtype mice. We found that 9/10 of the upregulated genes (i.e., Rnf39, Opn4, Ecel1, Dnah8, Amz1, Dnase1l3, Meig1, Atf3, and Ncapg2) showed significant upregulation, whereas only one gene (i.e., Samd8) was not regulated (Figure 5A). For the downregulated genes, 6/10 genes (i.e., Slc51a, Zfp932, Gm1987, Syt15, Nnat, and Hdac1) were significantly downregulated, and four genes (i.e., Tmem25, S100pbp, Pmepa1, and Dock4) did not show regulation (Figure 5B). Thus, differential expression of 75% of the genes selected for RT-qPCR validation could be verified.
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FIGURE 5. RT-qPCR validation of up- (A) and downregulated genes (B). *p < 0.05, **p < 0.01, #p < 0.1.



DISCUSSION

Neuropathic pain and small-nerve fiber neuropathy are among the first symptoms of Fabry disease and affect the majority of patients already in early childhood. Therefore, the involvement of sensory neurons, whose cell somata are located in DRGs, is evident. However, our study is the first to present a differential gene expression profile of DRGs from α-Gal A(−/0) mice, a recognized mouse model for FD (Ohshima et al., 1997; Lakoma et al., 2014; Uceyler et al., 2016), and wildtype controls. We performed microarray expression profiling and found that 812 genes were significantly deregulated, 506 of them being upregulated and 306 being downregulated. Enrichment analysis revealed that the two pathways “lysosome” and “ceramide metabolic process” were significantly enriched. As FD is part of the broad family of lysosomal storage disorders that all show defects in ceramide metabolism (Platt et al., 2012), our results demonstrate the involvement of these two pathways also in DRG neurons and therefore enhance the reliability of the current analysis.

When taking a closer look at the significantly downregulated genes the “immune system” emerged as another disease specific entity. Lysosomal storage disorders in general are associated with deficits in processing of protein antigens and antibody production (Daly et al., 2000), and Hawkins-Salsbury et al. (2011) specifically report an immune deficit in Fabry patients. In the present study, enrichment analysis of downregulated genes revealed mainly immune system related pathways and processes, for example different autoimmune diseases, infection pathways and processes like “immune responses” or “antigen processing and presentation” (Table 5). In this regard, it might be noted that the downregulated purple cluster which includes serine-protease inhibitors (Serpins) might also be involved in nervous system related symptoms. Serpins are known to play a role in coagulation, and loss of serpins might induce a variety of bleeding disorders (Kaiserman et al., 2006). It has recently been shown that angiokeratoma, one of the first dermatologic disease presentations in Fabry patients, if present in gastrointestinal mucosa can lead to life-threatening bleeding episodes during coagulation therapy (Oh et al., 2016; Kang et al., 2017). Interestingly, 30% of Fabry patients show cerebral microbleeds (Kono et al., 2016), which together with the downregulated Thrombospondin 1 (Thsd7a) and Thromboxane a2 receptor (Tbxa2r) can be related to a general deficit in blood coagulation pathways. Further analysis of the regulation and impairment of those genes might open up new treatment strategies for cerebral vasculopathy, including cerebral hemorrhage, stroke, or other cerebral lesions associated with FD (Schiffmann and Moore, 2006). In a mouse model of neuropathic pain, it has been shown that mice that underwent surgery for chronic constriction injury showed activation of the immune system in higher brain structures (Koks et al., 2008). Based on these results it would be interesting to see if this immune activation is also present in brains of FD mice and/or patients.

Enrichment analysis of the upregulated clusters revealed significant enrichment of the “G-protein coupled receptor signaling” and “retrograde transport” pathways. Upregulation of genes in these clusters could be related to hypersensitivity and changes in excitability of DRG nerve fibers as a possible underlying cause of the frequent pain attacks experienced by Fabry patients (Schiffmann and Moore, 2006; Uceyler et al., 2014). Although the genes in the reported clusters are not directly related to changes in excitability, a number of ion channels were significantly deregulated and could be responsible for the hyperexcitability. Besides downregulation of voltage-gated sodium and calcium channels, different potassium channels and associated proteins showed regulation. In contrast, only Kcne3—a potassium channel ancillary beta subunit known to increase excitability (Abbott et al., 2001)—was upregulated. To date, knowledge on changes in ion channel expression and function in FD are sparse and controversial. Lakoma et al. (2014) reported increased immunoreactivity for a voltage-gated sodium channel Nav1.8 (Scn10a) in skin samples of FD mouse sensory neurons including the free nerve endings. Recently, decreased conductance of sodium currents in dissociated DRG neurons from FD mice was demonstrated (Namer et al., 2017). This latter publication also reported activation of voltage-gated potassium channels at more depolarized potentials, supporting a general reduction in FD neuron excitability (Namer et al., 2017). With regard to calcium channels it has been shown that Lyso-Gb3 enhances voltage-gated calcium currents in DRGs of FD mice (Choi L. et al., 2015), whereas Namer et al. (2017) report decreased voltage-gated calcium currents in α-Gal A(−/0) nociceptors. We also found a downregulation of the mechanosensitive ion channel Piezo2 mRNA, which may possibly be correlated to the decreased number of mechanosensitive fibers found in both human patients and FD mice (Namer et al., 2017). With regards to temperature sensitive ion channels it has been shown that expression of Trpv1 was increased, whereas expression of Trpm8 was decreased in skin biopsies of FD mice (Lakoma et al., 2014, 2016), which may be related to the changed thermal thresholds reported in both Fabry patients and mice (Sheth and Swick, 1980; Dutsch et al., 2002; Uceyler et al., 2013; Namer et al., 2017). The present unbiased screen for differentially expressed ion channels did not confirm deregulation of Trpv1 or Trpm8 though.

Previous gene expression studies were not performed in neuronal tissues but could still be affected by the same regulating pathways. In α-Gal A(−/0) fibroblasts and endothelial cells KCa3.1 (Kcnn4) was downregulated (Choi et al., 2014; Choi J. Y. et al., 2015) and the conductance of calcium-activated potassium channels was reduced (Olivan-Viguera et al., 2017). Additional gene expression studies have been performed in hepatic, renal and human blood cells (Park et al., 2009; Cigna et al., 2013; Shin et al., 2015). Thrombospondin 2 and 4 have been found to be upregulated in FD kidney cells (Park et al., 2009), whereas our results show a downregulation of both Thrombospondin 1 (Thsd7a) and Thromboxane a2 receptor (Tbxa2r) in FD DRGs. Both observations point towards impaired blood coagulation pathways in FD. In the same screen Neuropeptide Y (NPY) was found to be upregulated (Park et al., 2009). In the current dataset, a different neuropeptide, Neuropeptide B, was significantly upregulated, which has been shown to be functionally connected with NPY at least in fish (Yang et al., 2014). Furthermore, different types of S100 calcium binding proteins, i.e., S100a4/a8/a9 are upregulated in liver and kidney (Park et al., 2009), whereas S100pbp (a S100P binding protein) was decreased in FD DRGs in the present screen.

The deregulated genes that emerged from our analysis largely overlap with genes from previous reports on other painful disorders, although the direction of regulation does not always match. Upregulation of the transcription factor Atf3 is in line with previous reports that showed induction of Atf3 in DRGs in different models of nerve injury (Tsujino et al., 2000; Shortland et al., 2006; Matsuura et al., 2013), as well as upon exposure to noxious stimuli (Braz and Basbaum, 2010). Also, the adenosine receptor Adora2b which was upregulated in FD mice promotes chronic pain through neuro-immune interactions (Hu et al., 2016). The Tyrp1 gene has been associated with thermal nociception, and loss of function mutations generate deficits in thermal nociception (Fortin et al., 2010). Furthermore, Cdk5-mediated phosphorylation modulates Trpv1 function (Jendryke et al., 2016). Upregulation of these two latter genes in FD may therefore be associated with burning and tingling paraesthesias reported in Fabry patients (Germain, 2010; Ginsberg, 2013). Neuronatin (Nnat), which is significantly downregulated in the current screen, was upregulated in DRGs after sciatic nerve injury and associated with mechanical hypersensitivity (Chen et al., 2010). Several genes in the clusters that emerged from the current analysis, are associated with G-protein signaling and are controversially discussed (Pan et al., 2008). The somatostatin receptor Sstr2 in the red cluster is downregulated after sciatic nerve ligation (Shi et al., 2014), but elevated in response to intestinal inflammation (Van Op den Bosch et al., 2009). The endothelin receptor Ednrb attenuates cancer-induced pain (Viet et al., 2011), and the angiotensin receptor Agtr1b has been proposed as a biomarker for pain (Grace et al., 2012). All clusters involve genes that have been associated with exacerbated pain phenotypes in clinical or preclinical studies. Single nucleotide polymorphisms in the serotonin receptor gene Htr2a in the rose gene cluster are associated with pain-phenotypes as a genetic predisposition to musculoskeletal pain (Nicholl et al., 2011). The hypocretin receptor Hcrtr1 is associated with migraine (Rainero et al., 2011), and Kalirin (Klrn), a Rho guanine nucleotide exchange factor, is required for persistent nociceptive activity dependent synaptic long-term potentiation (Lu et al., 2015). The pink cluster contains genes that are mainly associated with retrograde transport. Vps26a is increased following spinal nerve ligation in the spinal dorsal horn and is required for recycling of mGluR5 and plasticity at excitatory synapses (Lin et al., 2015). Vps35, another regulated gene product from our screen, forms a complex with Vps26a (Kim et al., 2010) and is also highly associated with members from the sorting nexin family (e.g., Snx6 and Snx8 from our screen). Individuals with polymorphisms in Gluthatione-S-transferase genes found in the orange gene cluster are more likely to develop neuropathy during oxaliplatin treatment (Kanat et al., 2017). In addition, activation of Aldh2, a gene associated with the glutathione pathway, reduces nociception in acute inflammatory pain (Zambelli et al., 2014). This gene is regulated by Aldh3a1 which was deregulated in the current analysis (Chen et al., 2015). The green cluster contained the gene Tnfsf10, a member of the Tumor necrosis factor superfamily. Tnfsf10 is increased by excitotoxic spinal cord injury (Plunkett et al., 2001), downregulated in inflamed tissue (Yang et al., 2007), and associated with migraine susceptibility (Jia et al., 2015). Parp10, a poly(ADP-ribose) polymerase upregulates pro-inflammatory pathways, and its inhibition attenuates neuropathy and neuroinflammation (Komirishetty et al., 2016a,b). Interferon regulatory factor Irf5 is increased in spinal microglia after peripheral nerve injury and drives P2X4R+ reactive microglia thereby gating neuropathic pain (Masuda et al., 2014). In Chronic atypical neutrophilic dermatosis with lipodystrophy and elevated temperature (CANDLE), a disease exhibiting joint pain symptoms, mutations have been found in proteasome subunit genes Psmb8 and Psmb9 (Arimochi et al., 2016). Genes from the Oas dsRNA sensor family, in particular Oas1a and Oasl2, are induced by lipopolysaccharides, which induce inflammatory pain (Lee et al., 2013). The E3 ubiquitin ligase Nedd4 is decreased in DRGs of SNI mice (Laedermann et al., 2013), and ribosomal protein Rps25, as well as other ribosomal proteins are downregulated in a model for HIV-associated neuropathic pain (Maratou et al., 2009). In line with the downregulation of Hdac1 in the blue cluster, HDAC inhibitors attenuate the development of hypersensitivity (Denk et al., 2013), restore C-fiber sensitivity (Matsushita et al., 2013), and induce behavioral anti-nociception (Tao et al., 2016). In addition, nerve injury increases the activity of Hdac1 and Ezh2 (Laumet et al., 2015). Pain responses depend on genes from the major histocompatibility complex (MHC; Guo et al., 2015), and the MHC-2 haplotype is involved in the incidence of postherpetic pain (Sato-Takeda et al., 2006). Further, MHC-2 molecules synergize with Toll-like receptor Tlr4 in inducing an innate immune response (Frei et al., 2010), and the lymphocyte antigen Ly86 is required in DRG neurons for functional Toll-like receptor Tlr4 signaling (Grace et al., 2014). Serpina3n is upregulated in mouse DRGs following nerve injury and attenuates neuropathic pain. Mice lacking Serpina3n develop more severe neuropathic pain symptoms than wildtypes (Vicuna et al., 2015). Another member of the Serpin family—Serping—has been implicated in hereditary angioedema, as mutations in this gene are associated with abdominal pain symptoms (Andrejevic et al., 2015). Finally, the Complement component genes C1r, C1s and C3 are upregulated after spinal nerve ligation (Levin et al., 2008). When comparing the emerging FD pain related genes with the global pain systems network for heat nociception (Neely et al., 2012) only epidermal growth factor receptor pathway substrate 8 (Eps8), alpha-N-acetylgalactosaminidase (Naga) and the proteasome subunit gene Psmb8 were contained. Together, this comprehensive literature search demonstrates considerable overlap of the current FD expression profile with genes implicated in nociception and pain disorders, suggesting relevant common pathogenesis components of FD pain and other pain disorders.

Despite constituting the first presentation of differentially expressed genes in DRG explants of α-Gal A(−/0) mice, some limitations of the current analysis need to be considered. For instance, concerns have been raised that the α-Gal A(−/0) mouse model might only resemble the later-onset phenotype of FD (Bangari et al., 2015). In kidney, Gb3 concentrations only reach 25% of that found in patients, and FD mouse life expectancy is normal (Taguchi et al., 2013). Therefore, the G3Stg/GLA knockout mouse has been generated and evaluated as a new FD mouse model, in which α-Gal A(−/0) mice were crossbred with transgenic mice expressing the human Gb3 synthase. This resulted in symptomatic animals with increased Gb3 accumulation and progressive renal impairment (Taguchi et al., 2013). Another FD mouse model is the NOD/SCID immune deficiency mouse model with tissue specific Gb3 accumulation, but without clinical manifestation (Pacienza et al., 2012). Few data are available for these genetic models yet, but it would be important to know to what extent the three FD mouse models share the same differential gene expression. In addition, it would be of interest to explore the deregulation of gene expression in heterozygote females, which in humans and mice exhibit a considerably weaker phenotype than males (Uceyler et al., 2013, 2016). Screening of homozygote females could be helpful to better understand the mechanisms and degree of X-chromosomal inactivation in female Fabry patients (Wilcox et al., 2008). Finally, it should be noted that gene targeting experiments are prone to a general phenomenon of background dependence that might confound the interpretation of results (Schalkwyk et al., 2007). In this study we controlled for this effect by using α-Gal A(−/0) mice that had been backcrossed to an inbred C57BL/6J colony for the RT-qPCR validation of regulated genes.

Our in-depth bioinformatics analysis revealed a new set of genes and pathways that might be involved in the FD-associated small-nerve fiber neuropathy. These data give rise to subsequent functional studies on the importance of these deregulated genes for the pathogenesis of FD small fiber disease and neuropathic pain, and are expected to lead to the identification of novel treatment strategies, especially for neuropathic pain related symptoms in Fabry patients.
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