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Sex differences in gene expression are important contributors to normal physiology and
mechanisms of disease. This is increasingly apparent in understanding and potentially
treating chronic pain where molecular mechanisms driving sex differences in neuronal
plasticity are giving new insight into why certain chronic pain disorders preferentially
affect women vs. men. Large transcriptomic resources are now available and can be
used to mine for sex differences to gather insight from molecular profiles using donor
cohorts. We performed in-depth analysis of 248 human tibial nerve (hTN) transcriptomes
from the GTEx Consortium project to gain insight into sex-dependent gene expression
in the peripheral nervous system (PNS). We discover 149 genes with sex differential
gene expression. Many of the more abundant genes in men are associated with
inflammation and appear to be primarily expressed by glia or immune cells, with some
genes downstream of Notch signaling. In women, we find the differentially expressed
transcription factor SP4 that is known to drive a regulatory program, and may impact
sex differences in PNS physiology. Many of these 149 differentially expressed (DE) genes
have some previous association with chronic pain but few of them have been explored
thoroughly. Additionally, using clinical data in the GTEx database, we identify a subset
of DE, sexually dimorphic genes in diseases associated with chronic pain: arthritis and
Type Il diabetes. Our work creates a unique resource that identifies sexually dimorphic
gene expression in the human PNS with implications for discovery of sex-specific
pain mechanisms.

Keywords: sex-differential gene expression, human peripheral nerve transcriptome, peripheral nervous system
sex differences, pain genes, pro-inflammatory genes

INTRODUCTION

Sex-differential gene regulation and resultant changes in transcriptome, proteome, and
metabolome shape sexually dimorphic physiology and behavior in animals. Sex-differential
molecular profiles in human tissues have a profound effect on health, resulting in disease
susceptibility, prevalence and pathophysiology differences between sexes. Acute and chronic pain
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Ray et al. Sex-Differential Human Tibial Nerve Transcriptome

FIGURE 2 | Differentially expressed genes in male tibial nerves. Quantile values for TPMs of sex-differentially expressed genes in BSL that are more abundant in
males. Sex linkage, signal transduction and regulatory potential, and association with pain are also shown. Genes are shown in decreasing order of the area between
the curves.
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FIGURE 3 | Differentially expressed genes in female tibial nerves. Quantile values for TPMs of sex-differentially expressed genes in BSL that are more abundant in
females. Sex linkage, signal transduction and regulatory potential, and association with pain are also shown. Genes are shown in increasing order of the area between
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were higher than in females, also in agreement with studies
on human endothelial cells showing greater pro-inflammatory
effects of androgens over estrogens (Annibalini et al., 2014).
We analyzed the BSL male sub-cohort pro-inflammatory genes
in T2D and CJP, and found only 3 inflammatory genes (LUM,
WISP2, ARTN) with sex-dimorphic expression at comparable
effect sizes in either T2D or CJP with respect to BSL (Figure 4B)
suggesting that the pro-inflammatory gene signature is unlikely
to be caused solely by a subset of donors in BSL that are

suffering from inflammatory conditions unreported in the
clinical record. The larger number of genes detected as more
abundant in the male BSL sub-cohort can potentially be
attributed to a combination of Y-chromosomal gene expression
and downstream regulatory effects, and a larger set of DE
pro-inflammatory genes.

We mined the set of pro-inflammatory protein that were
more abundant in males for protein interaction based on
both the literature and the StringDB database (Szklarczyk
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FIGURE 4 | Cellular enrichment and functional roles of differentially expressed genes. (A) For DE genes that are expressed in the human DRG, enriched in neural
tissues, and detected in murine PNS single cell RNA-sequencing, median expression in TPMs in the human DRG, enrichment of expression in human neural tissues
[based on the human neural proportion score (Ray et al., 2018)], and murine cell types of expression in the DRG (based on Zeisel et al., 2018) are shown. (B) LUM and
WISP2 show similar sex-differential expression trends in BSL and CJP, and ARTN shows similar trends in BSL and T2D. (C) Protein Interaction Network for
pro-inflammatory genes that are more abundant in the male cohort, suggesting a central role of NOTCH1. (D) Quantile plot for SP4 male and female sub-cohorts, and
gene set enrichment analysis showing overlap of known SP4 targets from TRANSFAC (Matys et al., 2006) expressed in the hTN and present in Comparative
Toxicogenomics Database (Davis et al., 2012) based pain associated gene list.

et al,, 2016). We identified a Protein Interaction Network
(PIN) connected through NOTCH1 (Figure 4C), known to be
involved in neuropathic pain (Xie et al., 2015). This suggests
that some of the pro-inflammatory genes more abundant in
males (FABP7, FLT1, CCL2, PDGFRA, LUM, COMP) are
potentially transcriptionally regulated by Notch signaling, or
are co-regulated with NOTCHI. This is consistent with our
knowledge of Notch signaling which is understood to drive a
pro-inflammatory phenotype (Quillard and Charreau, 2013) in
multiple tissues.

DE Regulatory Genes

Underlying causes for such sex-differential gene expression
include 'Y chromosome gene expression, incomplete
X inactivation in females (Gershoni and Pietrokovski,
2017), differential androgen and estrogen receptor driven
regulation between sexes (Chen et al., 2016) and transcription
regulatory programs controlled directly or indirectly by
sex chromosomal gene products. Additionally, we find DE
transcriptional regulators on autosomes including DMRTC1B

and MED13 in males, and SP4 in females. SP4 is known to
regulate pain-related genes, including several expressed in
hTN (Figure 4D). While fold changes in these autosomal
genes under baseline conditions are unlikely to affect
transcription in their regulatory targets, the presence of
sex-differential expression in a subset of samples suggests
that under pathological conditions like inflammation and
pain, more prominent sex-differential expression of these
transcriptional regulators could potentially drive sex-specific
regulatory programs.

Correlation of Gene Abundance With Age

We performed a principal components analysis of only the 149
sex differentially expressed genes, with the top two components
clearly spatially separating male and female samples (Figure 5A).
We also find that the top six principal components accounted for
>90% of the variance (Figure 5B), but more interestingly four
of the top six components are correlated with age (Figure 5C),
both positively and negatively, showing that different parts of
sex differential gene expression are both positively and negatively
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correlated with age. At the level of individual genes, we find that
several genes have very different (weak) correlational patterns in
males and females (Table 2). One possible explanation for this
is regulation (direct or indirect) by sex hormones, especially via
ESRA and ESRB, which have been studied in GTEx datasets
(Chen et al., 2016). In fact, we find genes in our datasets
(DDX3X, SULF1, TMEM125, and others more abundant in
females; FLT1, MUSTNI1, COMP, ARTN, REEP1, SEL1L2, and
others more abundant in males) with negative correlation
between female BSL gene abundance values and age, and a
smaller correlative effect (or positive correlation) in male BSL
samples. Several genes in our dataset like MUSTN1, REEPI,
and FLT1 have been shown to be regulated by estrogen in
the literature.

Potential Protein Interaction Networks

(PINs)

We investigated whether the gene products of the DE gene
sets potentially interacted with genes whose expression is
enriched in mammalian DRGs, which would help identify
candidate sex-differential PINs in the PNS (Figures 6A,B). We
used DRG-enriched genes from Ray et al. (2018) and our
DE gene sets to identify putative PINs. The largest connected
components from PINs generated using the StringDB database
(Szklarczyk et al., 2016) show multiple DRG-enriched and
male-preferentially expressed genes known to be expressed
in glia (DUSP15, PRX, EGR2, DHH, FOXD3, ARTN), and
involved in pain and inflammation, which points to a
potential role for glia in sex differential pain processing
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in human peripheral nerves [shown in preclinical models
(Averitt et al., 2018)]. Additionally, the presence of several
neuronally expressed genes in the PIN among the set of DRG-
enriched genes (GFRA3, NTRK1, NGFR, RET, and PPM1)J)
also suggests sex-differential glia-neuron crosstalk, which in turn
can affect neuronal plasticity and excitability differently between
the sexes.

Roles in Pain and Neuro-Immunity

Out of 149 DE genes we identified, 56 (>33%) genes have known
roles in pain, inflammation, innate immunity and other neuro-
immune functions (Table 3). Sex differences in mammalian
neuro-immune systems have been studied and linked to disease
prevalence and susceptibility (Osborne et al., 2018), with PNS
and CNS immune response sex differences studied in rodent
pain models (Sorge et al., 2015; Mapplebeck et al., 2016; Lopes
et al,, 2017). In hTN, we find that DE genes involved in the
innate immune system (C4A/B, CPAMD8 in males; DDX3X, TF
in females) as well as genes known to be expressed in infiltrating
or resident immune cells (ADA, PDGFRA in males; CD2, CD8B
in females). We also found 34 genes that were associated with
pain based on either the Comparative Toxicogenomics Database
(Davis et al., 2012) or the Human Pain Genetics Database (Meloto
et al,, 2018), including genes that are central to pain pathways
like NTRK1, and CCL2 in males and TMEMY97 in females
(Sahn et al,, 2017; Ray et al., 2018).

DISCUSSION

Our work provides a biostatistical framework, and thoroughly
catalogs sex-differential gene expression in hTN. The public
resource  (https://www.utdallas.edu/bbs/painneurosciencelab/
sensoryomics/sexdiffnerve/) we generated provides a starting
point for sex difference studies in human peripheral nerve drug
target discovery, gene regulation and pathophysiology. We
cataloged sex differences in gene expression in the PNS finding
that many sexually dimorphic genes have known associations
with pain, inflammation and neuro-immune interactions. This
resource can be used for hypothesis-driven work to identify cell
type and sub-compartment specificity of gene expression (e.g.,
NTRK1, LUM) by in situ hybridization or other techniques.
These types of experiments will be important in identifying
whether neuron-specific transcripts found in the tibial nerve are
bona-fide axonally-localized transcripts or if they represent low
level expression in other cell types that have not been recognized
in single cell datasets to date. For genes like NTRK1 we favor
the hypothesis that this is an axonally localized mRNA. From
that perspective, it is likewise interesting that some of these
genes are DE suggesting that sex hormones may drive mRNA
localization in neurons. We are not aware of any previous
studies that describe sex hormone-mediated control of axonal
mRNA localization.

Our study can also be used to back-translate into transgenic
preclinical models to identify potential sex differences in
mechanisms of PNS physiology that may be relevant to pain
therapeutics. While studies of molecular mechanism in human
cohorts are difficult, sex differences in regulatory programs,

signaling cascades and pathophysiological and behavioral
changes can be studied in rodent-based perturbation models.
Both SP4 and NOTCHI1 are known to play key regulatory roles
with respect to gene products that drive pain pathways (Chu
et al,, 2011; Xie et al, 2015), and are good candidates for
further study.

While there are no rodent studies of baseline transcriptome
sex differences in peripheral nerves, O’Brien et al. (2016) found
sex differences in transcriptomes of sciatic nerves of diabetic
mouse models show clear differences in the inflammasome. It
is possible that the baseline differences in molecular profiles
that we identified drive greater sexual dimorphisms under
neuropathic conditions. While our study was underpowered
for identifying sex-DE genes in the CJP and T2D cohorts, it
can be expanded as GTEx cohort sizes continue to grow to
potentially identify clinically relevant sex differences in CJP
or T2D. Moreover, co-expressed (and putatively co-regulated)
gene modules based on Whole Genome Correlation Network
Analysis (Langfelder and Horvath, 2008) can be identified
by finding correlated expression changes across cohorts
and sexes. Given that sex differences in gene expression
likely contribute to sexual dimorphism in neurological
disease, such as chronic pain, exploiting these transcriptomic
resources will be increasingly important for mechanism and
drug discovery.

There are limitations to our work. As mentioned in the
previous paragraph, our study was not able to identify sex-
differential expression in Type II diabetes or arthritis, largely
due to the small sample size. However, our work does identify
some putative targets for future prospective studies. Most
prominently, our findings suggest differential expression of
immune-regulatory genes in tibial nerve of males and females.
It may be reasonable to hypothesize that these differences
will become more pronounced in chronic pain disorders.
It is striking that we observed higher expression of some
macrophage-expressed and/or macrophage recruiting genes
(CCL2, NOTCH1) at higher levels in males given that many
recent studies have identified macrophages and microglia as
important contributors to pain specifically in male rodents
(Mapplebeck et al., 2016; Lopes et al., 2017; Averitt et al., 2018;
Inyang et al., 2018). We also observed higher expression of a
well-known T cell gene in female TN, CD8B. This is interesting
because T cells have been associated both with pain promotion
(Sorge et al., 2015) and pain resolution (Krukowski et al., 2016) in
female mice. Another shortcoming is that we have not addressed
any specific hypotheses with interventional, prospective studies.
This will be a future goal using rodent models. Finally, there is a
potential confound of age in our analysis of sexual dimorphisms
in gene expression. Our detailed analysis of this confound shows
that age cannot explain all of the differences observed, and even
when it does, it may be explained by changes in sex hormones
across the lifespan.

In conclusion, our work demonstrates robust
dimorphisms in gene expression in the human tibial nerve. Some
of these dimorphisms are likely important for understanding
how the immune system interacts with the peripheral nervous
system. Insofar as this is a major focus of current research into

sexual
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acute and chronic pain mechanisms (Mapplebeck et al., 2016;
Lopes et al., 2017; Averitt et al., 2018; Inyang et al., 2018), these
findings give new insight into translating findings from animal
models into humans, as well as potential back-translation for
testing of new hypotheses in animal models based on human
molecular data.
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