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Abstract 
While sex-specific prevalence of orofacial pain is established, mechanisms of sex-dependent orofacial pain are 
widely understudied. To this end, a significant gap in knowledge exists about comprehensive regulation of tissue-
specific trigeminal sensory neurons in diseased state of males and females. Using RNA sequencing of FACS 
sorted retro-labeled sensory neurons innervating tongue tissue, we determined changes in transcriptomic 
profiles in males and female mice under naïve as well as tongue-tumor bearing conditions Our data revealed the 
following interesting findings: 1) Tongue tissue of female mice was innervated with higher number of trigeminal 
neurons compared to males; 2) Naïve female neurons innervating the tongue exclusively expressed immune cell 
markers such as Csf1R, C1qa and others, that weren’t expressed in males. This was validated by 
Immunohistochemistry. 3) Male neurons were more tightly regulated than female neurons upon tumor growth; 
4) While very few differentially expressed genes (DEGs) overlapped between males and females post-tumor 
growth, several biological processes (BPs) were similar between two sexes. However, additional distinct 
processes were sex-specific; 5) Post-tumor growth, male DEGs contained an equal mix of transcription factors, 
ligands, growth factors, receptors and channels, whereas female DEGs predominantly contained 
channels/receptors, enzymes, cytokines and chemokines. Taken together, this is the first study to characterize 
the effect of sex as well as of tongue-tumor on global gene expression, biological pathways and molecular 
function of tongue-innervating sensory neurons.  
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Introduction 
Sex-dependent differences in orofacial pain has been clinically well- established with higher prevalence in 
women in several different pathological conditions(1-6); although the mechanism of sex-differences remain 
elusive. It is known that sensory neurons including trigeminal neurons, that regulate pain in the orofacial region, 
are genomically different in males and females even under naïve conditions (7-10). These studies have primarily 
been conducted using the entire neuronal population of the ganglionic tissue. However, several reports reveal 
that sensory innervation can be different with each tissue type (7, 11-14). Accordingly, we have previously 
identified subsets of sensory neurons expressed in mouse tongue(13) that are varied from those innervating the 
masseter muscle(15). Therefore, it is vital in delineating tissue-specific sex-dependent differences in trigeminal 
sensory neurons.  Moreover, a significant gap-in knowledge exists for sex-specific changes of trigeminal neurons 
that specifically innervate diseased-tissues. Such studies can provide crucial information about the regulation of 
trigeminal sensory neurons in tissue-specific pathologies.  
The tongue is among the vital organs of the orofacial region as it controls many essential daily activities such as 
speech, licking, taste, chewing and swallowing. Importantly, many lingual ailments cause acute and chronic pain 
leading to very distressing and debilitating quality of life (16-29). In fact, among all chronic orofacial pain 
conditions that pose a challenge in management, three are known to primarily affect the tongue. These include 
tongue cancer, oral mucositis and burning mouth syndrome(23-26, 30-42). Interestingly, sex-dependent 
differences in the manifestation of pain have been reported for each of these conditions(30, 31, 35, 36, 43-48).  
Therefore, the current study identified the differences in tongue-innervating sensory neurons between males and 
females under naïve and diseased state. We used tongue cancer as our disease model as approximately 50% 
of oral cancer patients report pain throughout the course of the disease and of these, the prevalence of pain is 
highest in tongue cancer patients(23-26) (49). Pain from tongue cancer is extremely weakening and significantly 
deteriorates patient quality of life in addition to having cancer due to very limited treatment options available. 
Therefore, using the orthotopic tongue cancer xenograft model in mice, we performed bulk-RNA sequencing of 
isolated tongue-innervated sensory neurons from males and females, to identify changes in genes, biological 
processes and molecular function between sexes under normal and tumor-bearing conditions.  
 
Materials and Methods 
 
Animals 
Six- to eight-week-old adult Balb/c male and female athymic nude mice (Jackson Labs, Bar Harbor, ME, USA) 
were used for all experiments. All animal handling and procedures were performed according to approved 
UTHSCSA IACUC protocols and conformed to the guidelines of International Association for the Study of Pain 
(IASP). Animals were housed in the UTHSCSA laboratory of Animal Resources (LAR) for at least 4 days prior 
to start of experiments. 
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In Vivo Orthotopic Xenograft Tongue Tumor Model 
Using human oral squamous cell carcinoma cell lines: HSC3, tongue tumors were induced in mice as described 
by us previously(27, 36, 37). Animals were anesthetized with isoflurane inhalation and 50ul of 3.5 x 10^ HSC3 
cells were injected unilaterally in the ventral side of the tongues using insulin syringes. Animals were then allowed 
to recover in their cages. Animals were used for experiments at day 15 post-cell inoculation.  
 
Retro-labeling of Tongue-Innervating TG neurons 
Tongue-innervated sensory neurons were labeled as described by us previously(13). Briefly, animals were 
anesthetized with isoflurane inhalation and 10uls of 1% wheat germ agglutinin (WGA)-AF488 (Promega), diluted 
in 1%DMSO, was injected bilaterally twice in tongue of each animal. The first injection was given in the superficial 
epithelial layer and 4 hours later, a second injection was given in the deeper muscular layers of the tongue. 
Animals were allowed to recover in their cages for 2 days before harvesting trigeminal ganglia (TG) tissues. 
 
Preparation of single-cell suspension and flow sorting 
Tongue-innervating sensory neurons were isolated from 4 groups: Male normal (MN), Female normal (FN), Male 
tumor (MT) and Female tumor (FT). Neurons were isolated by preparation of single-cell suspensions of TG 
tissues followed by flow sorting of WGA+ cells. Each sample was prepared by pooling 4 TGs from 2 animals for 
normal groups and 4 animals for tumor-bearing groups as only ipsilateral TGs were collected from this group. A 
total of 3 samples per group was prepared. TG tissues were dissected and collected in cold 1X HBSS buffer, 
washed three times with 1X HBSS and incubated with 5ul of 50ng/ml dispase (type 2, Sigma) and 75ul of 
2.5mg/ml liberase (Roche) for 60 mins at 37°C for enzymatic digestion. Following this, tissues were centrifuged 
at 2min at 1000rpm and washed with 5mls of DMEM containing 5% FBS and resuspended in 1.5ml DMEM with 
5% FBS and triturated with a Pasteur pipette to breakdown the tissues and prepare a homogenous solution. The 
solution was then strained with a 100um strainer to remove all debris, supernatant collected in an eppendorf 
tube and subjected to flow sorting. Flow sorting was performed using FACSAria III (BD Biosciences; San Jose, 
CA) using 130 μm nozzle. Consecutive gates were used to isolate WGA-AF488 labeled TG neurons. First, debris 
was excluded by forward scatter area (FSC-A) and side scatter area (SSC-A) gating. Second, duplets and 
clumps were excluded by side scatter width (SSC-W) and side scatter area gate (SSC-A) gate. Third, WGA-
AF488+ bright cells were gated compared to unstained TG control and sorted directly to RLT buffer (Qiagen) 
containing 1% 2-mercaptoethanol (Sigma) to be able to use for RNA extraction. 
 
RNA isolation 
RNA was extracted using Qiagen RNeasy micro kit (Qiagen) with on column DNase I digestion according to 
manufacturer’s instructions. RNA quantity was evaluated using Agilent 2100 Bioanalyzer RNA 6000 Nano chip 
(Agilent Technologies, Santa Clara, CA). 
 
Bulk RNA sequencing 
Bulk-RNA sequencing of samples was conducted at the UTHSCSA Genome Sequencing Facility. RNA integrity 
was determined using Fragment Analyzer (Agilent, Santa Clara, CA) prior to library preparation. All samples 
were ensured to have RIN values >6.5 to proceed with library preparations. RIN values for each sample is listed 
in Supplementary Table 1. RNA-seq libraries were prepared according to SMART-seq2 protocol (50), with the 
following modifications: PCR preamplification to 10-12 cycles, two rounds beads cleanup with 1:1 ratio after 
cDNA synthesis, and 0.6-0.8 dual beads cleanup for Nextera XT DNA-seq library purification. RNA-seq libraries 
were sequenced using Illumina HiSeq 3000 system (Illumina, San Diego, CA) with 50bp single-read sequencing 
module. Upon sequencing completion, short read sequences from RNAseq were first aligned to UCSC mm9 
genome build using TopHat2 aligner and then quantified for gene expression by HTSeq to obtain raw read counts 
per gene, and then converted to RPKM (Read Per Kilobase of gene length per Million reads of the library). 
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Analyses of RNA sequencing Data 
Sequencing data was analyzed as previously described(51). Briefly, differential expression analysis was 
performed using DESeq (52) algorithm (R/Bioconductor) to estimate the differential expression in read counts 
and their statistical significance. Significantly differentially expressed genes were selected based on following 
criterion: 1) RPKM > 5 in one of the comparison group, 2) fold-change > 1.5, and 3) differential expression p-
value < 0.05 along with False-discovery rate (FDR) for each gene. When comparing female tumor samples with 
male tumor samples, all genes coded in sex-chromosomes (chrX and chrY) were excluded. Functional 
assessment of DEGs were performed by using over-representation statistic (Fisher’s Exact test) for Gene 
Ontology using Panther platform.  
 
Immunohistochemistry 
Protocol for immunostaining is described previously by us(13, 36). Mice were anesthetized with ketamine 
(75mg/kg)/ dexmedotomidine (1mg/kg) solution and perfused with 4% paraformaldehyde (PFA) and trigeminal 
ganglia was dissected bilaterally from each mouse. Tissues were post-fixed in PFA, washed in 0.1M phosphate 
buffer and cryosectioned in Neg-50 (Richard Allan, Kalamazoo, MI, USA) at 20uM thickness. Sections were then 
subjected to immunostaining with specific primary antibodies as described in Table 1. Donkey anti- secondary 
antibodies were purchased from Molecular Probes, Eugene, OR, USA and were used at a dilution of 1:200 for 
all experiments. Following staining, tissue sections were mounted in Vectashield and imaged using Nikon Eclipse 
90i microscope equipped with a C1si laser scanning 
confocal imaging system. Z-stack images were 
acquired of the V3 region of TGs from at least 2 
animals per group and a total of at least 6-10 images 
were taken for each antibody combination per group. 
All images were obtained with a 20x objective at fixed 
acquisition parameters across all groups and were 
unaltered from that initially taken.  Laser gain settings 
were determined such that no-primary control did not 
show any positive staining. Quantitation was achieved 
using Adobe Photoshop 2023 for number of neurons 
above threshold, in the V3 region of the TG tissue in 
each image. A total of 200-500 neurons per analyses 
were counted. 
 
Statistical Analyses 
Sample sizes were calculated using G-power application to obtain 80% power at a two-sided tail with a error 
probability of 0.05. All animals were allocated to groups using simple randomization. All statistical analyses and 
graphical representations were performed in GraphPad Prism 9.0. Data are presented as mean ± standard error 
of the mean (SEM) or as heatmaps and volcano plots for RNA sequencing data. Statistical significance was 
determined using either Paired Student T-test, Unpaired Student’s T -test, One-way ANOVA or Two-way ANOVA 
with Sidak’s post-hoc test and p<0.05.  
 
Results 
Isolation of Lingual TG neurons revealed differences in number of innervating neurons between males 
and females. 
To assess transcriptomic changes in tongue-innervating TG neurons in males and females under naïve and 
tumor-bearing conditions, we performed bulk-RNA sequencing of lingual TG neurons. To achieve this, we first 
isolated retro-labeled TG neurons innervating mouse tongue using WGA-488 and subsequently flow-sorted 
fluorescently labeled neurons from four groups: Male normal (MN), Male tumor (MT), Female Normal (FN) and 
Female Tumor (FT). Representative gating strategy for the sorting protocol is shown in Fig 1A. Flow sorting 
obtained an average of approximately 10K to 23K neurons per sample for all four groups (Fig 1B and Suppl 
Table 1).  Surprisingly, we found that the number of neurons isolated from all of female samples from both 
groups (i.e. FN and FT,) were higher (approx. 22000 cells) compared to male groups (i.e MN and MT, approx. 
12000 cells) (Fig 1B). In potting the percentage of WGA+ neurons sorted over all live events in the samples, we 
found that percentage of WGA+ neurons isolated from female samples were significantly higher (approx. 3 fold, 
one-way ANOVA, p<0.05) than in males (Fig 1C) suggesting that female mice may have increased number of 
sensory neurons innervating the tongue tissue compared to males in mice. To further investigate this finding, we 

Marker Company Catalog Number Dilution 
TRPV1 Neuromics, Edina, 

MN 
GP14100 1:200 

CSF1R Thermofisher 
Scientific, Waltham, 
MA, USA 

14-1152-85 1:50 

C1qa Novus Biologicals, 
Centennial, CO, 
USA 

NB200-539 1:50 

IL1-Beta Novus Biologicals NB600-633 1:50 
HSP70 Novus Biologicals NBP1-77456SS 1:50 
Table 1. List of Primary Antibodies used for 
Immunohistochemistry 
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employed immunohistochemistry to evaluate nociceptive and non-nociceptive WGA+ neurons in naïve male and 
female mice. We used TRPV1 to distinguish between the two neuronal classes and found that males had a 
higher percentage of TRPV1+ tongue innervating neurons compared to females Fig 1D and E) (27.6% males 
vs 19.31% females, two-way ANOVA, p=0.0077). Accordingly, females had a higher percentage of TRPV1 
negative tongue innervating neurons than males (Fig 1D and E) (72.38% males vs 80.6% females, two-way 
ANOVA, p=0.0077). 
 
Sex-dependent differences in gene expression in lingual neurons of naïve mice  
Bulk-RNA sequencing was conducted of flow-sorted WGA+ TG neurons from all four groups: MN, MT, FN and 
FT. Data were analyzed to identify differentially expressed genes (DEGs) using the criteria: RPKM>5, FC> 1.5 
and p<0.05. In comparing FN vs MN groups, we identified a total of 81 DEGs between both sexes after excluding 
all sex-linked genes. Of these, 30 genes were exclusively expressed in females and only 2 genes exclusively 
expressed in males (Fig 2A and B.). The remaining 49 genes, while expressed in both sexes, were significantly 
upregulated in females compared to males (Fig 2C and D). Details of RPKM and FC of the top 10 genes is listed 
in Supplementary Table 2. Two genes, that were higher in males than females were Fam23a(transmembrane 
protein 236) and Ddx3y (DEAD box helicase).  In further assessing the expression of female-specific genes, we 
tested the expression of selected two genes: Csf1R and C1qa using immunohistochemistry and confirmed their 
higher expression in females than in males. Csf1R was expressed in ~ 42% of all WGA+ neurons in females 
compared to 5.5% of WGA+neurons in males (Unpaired Student T test, p<0.0001) (Fig 2E). Of all Csf1R positive 
neurons innervating the tongue in females, 18% were found to be TRPV1 positive (Fig 2F and G) (Paired 
Student’s T test, p=0.0049). Similarly, ~53% of all tongue innervating neurons expressed C1qa in females 
whereas almost no expression of this gene was found in males (Fig 2H) (Unpaired Student T test, p<0.0001). 
Majority of C1qa positive neurons in the tongue of females were TRPV1 negative (94%) with only a very small 
proportion of C1qa expression in TRPV1+ nociceptors (6%) (Fig  2I and J) (Paired Student’s T Test, p<0.001). 
 
 
Changes in Transcriptomic profile of lingual neurons upon tongue tumor growth in males and females. 
We next compared MT vs MN to elucidate the changes in transcriptome of tongue-innervating neurons upon 
HSC3-induced tongue tumor in male mice. As shown in Fig 3A and B, we observed 83 DEGs, of which 75 genes 
were upregulated and 8 genes were down-regulated in tumor-bearing group compared to control. Of the 75 up-
regulated genes, two were sex-linked genes (Fig 3B) (i.e Timp1 and Rbm3). The Top 3 genes that were 
upregulated upon tumor growth were found to be Sprr1a (small proline-rich protein 1A, FC=19.09, p<0.01), Gal 
(Galanin, FC=5.11, p<0.0001) and FGF23 (fibroblast growth factor receptor 23, FC=4.22, p<0.001) (Fig 3C). 
The top three genes downregulated in the tumor-bearing group of male mice were Gm2058 (ubiquitin-
conjugating enzyme E2H pseudogene, FC=0.211, p<0.05), Sst (somatostatin, FC=0.313, p<0.001), Ms4a3 
(membrane-spanning 4-domains, subfamily A, member 3, FC=0.327, p<0.001) (Fig 3C).  
Unlike in males, the number of DEGs in females upon tumor growth were considerably higher (Fig 3D). 
Comparing FT vs FN, we observed a total of 382 DEGs (Fig 3D and E), out of which 283 genes were upregulated 
and 99 genes were downregulated.  Four upregulated (i.e  Timp1, Arxes1, Timm17b and Rnf113a1)  and five 
downregulated  (i.e. Bmx, Gyk, Map3k15, Tmem47 and Slitrk4) genes were sex-linked (Fig 3E). The top three 
upregulated genes in FT vs FN comparison were found to be Snord49b (small nucleolar RNA C/D box 49B, FC 
=86.79, p=0.028), Gm1568 (coiled-coil domain containing 177, FC=13.196, p=0.0023) and Npy (neuropeptide 
Y, FC=5.776, p<0.0001) (Fig 3F). The top three downregulated genes in tumor-bearing group of female mice 
were Ctgf (cellular communication network factor 2, FC=0.276, p=0.0007), Cav2 (caveolin 2, FC=0.305, 
p<0.0014) and Tek (TEK receptor tyrosine kinase, FC=0.32, p<0.0021) (Fig 3F). 
Between DEGs observed from MT vs MN and FT vs FN, we found 18 genes that were common to both 
comparisons whereas majority of the genes were regulated in a sex-specific manner (Fig 3G). Interestingly 
though, out of the 18 common DEGs, 11 were upregulated in both comparisons whereas 3 genes that were 
upregulated in MT vs MN were significantly downregulated in FT vs FN (Suppl Table 3). In contrast 4 genes that 
were downregulated in MT vs MN were upregulated in FT vs FN (Suppl Table 3). 
Collectively, these data suggests that the regulation of lingual neurons by the tongue tumor may be considerably 
different in males and females.  
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Biological Processes and Molecular Function Regulated Upon Tumor Growth in Males and Females. 
We next conducted gene ontology analyses to identify key biological processes in males and females upon 
tumor growth. Fourteen distinct biological processes were identified with upregulated DEGs in males upon tumor 
growth (Fig 4A). These processes pertained to signaling mechanisms, immune process and inflammation, 
metabolic processes as well as some others including response to glucocorticoid stimulus, circadian regulation 
glial cell proliferation and apoptosis. Majority of DEGs in males were involved in signaling pathways and immune 
and inflammatory processes with predominant processes being second messenger signaling, response to 
growth factors, inflammatory response or leucocyte migration (Fig 4A and Suppl Table 4). Additionally, 
considerable number of DEGs involved in cell differentiation and cell death were found to be upregulated in 
males upon tumor growth.  Similar to males, sixteen processes were identified in females (Fig 4B), although all 
were classified under regulation of signaling pathways, immune and inflammatory processes as well as other 
processes such as cell death, transport regulation and positive regulation of angiogenesis. DEGs contributing to 
metabolic processes and cell proliferation and differentiation were not found in females, unlike in males (Fig 4B). 
Five specific processes were found to be common in both sexes. These included response to interferon-gamma, 
IL-1 signaling, leucocyte migration, inflammatory response and apoptosis (Fig 4A and B). However, the number 
and type of DEGs involved in each of these pathways were different between males and females (Suppl Table 
4 and 5). While no specific processes were identified for downregulated DEGs in males due to very few numbers 
of genes, downregulated DEGs in females were found to be associated with processes such as negative 
regulation of angiogenesis, locomotion, cell adhesion and cytoskeletal organization (Fig 4C). List of 
downregulated DEGs associated with each of the BPs in females in given in Suppl. Table 6. Additionally, we 
also identified specific transcription factors (TFs), ligands, peptides, growth factors, receptors, channels, 
enzymes, chemokines and cytokines that were differentially regulated in males and females upon tumor growth. 
Of all DEGs between both comparisons, we found 11 TFs, 19 ligands, peptides and growth factors, 24 channels 
and receptors, 65 enzymes and 14 chemokines/cytokines (Fig 4D).  While the number of TFs were higher in 
male neurons upon tumor growth, female neurons had higher number of channels and receptors, enzymes and 
chemokines and cytokines, regulated post-tumor growth (Fig 4E and F). Taken together, these data indicate 
significant differences in regulation of genes, processes and pathways by tongue tumor, between males and 
females. 
 
 
Discussion 
It is well established that chronic orofacial pain is sexually dimorphic with a higher prevalence in women than 
men for various pain conditions including temporomandibular joint disorders(53), apical periodontitis(4), oral 
mucositis(32, 33, 43), burning mouth syndrome(31) as well as oral cancer(42, 46, 47). Yet, there is a large gap 
in knowledge about the mechanisms that lead to sex-dependent differences in orofacial pain. Moreover, sex-
dependent global genomic changes in trigeminal neurons during disease is entirely unexplored. One prior study 
that reported changes in transcriptomic profiles of trigeminal ganglia in conditions of masseter muscle 
inflammation in rats, only included males (54). On the other hand, another study that investigated changes in 
gene expression of TG following neuropathic pain in males and females, did not evaluate the whole genome 
(55). Furthermore, both these studies employed whole ganglionic tissues that primarily represent non-neuronal 
population as recently confirmed by Mecklenberg et al (7). To address this drawback, a third study employed 
single-cell sequencing of human and mouse TG tissues to implicate genes and cell types in migraine. However, 
sequencing of TG tissue in this study only evaluated sex-differences under naïve conditions and genomic data 
obtained from mouse migraine models was not separated by sex(10).  Therefore, no study till date has 
investigated changes in transcriptomic profiles of the trigeminal sensory neurons during disease in both sexes. 
Furthermore, it is critical to study neurons-innervating specific tissues over all ganglionic neurons as it is indicated 
that type of sensory innervation is tissue-specific. For example, it has been reported that dental pulp innervating 
neuronal soma primarily are large diameter myelinated neurons unlike other tissues in the orofacial region such 
as the skin or mucosa(56, 57). Accordingly, percentage of TRPA1 expressing neurons are higher in the oral 
mucosal tissues than in dental pulp(57). Similarly, we have shown that about 20% of tongue innervating sensory 
neurons are CGRP positive (13) whereas almost 50% of masseter muscle innervating neurons are CGRP 
positive(15).  
Therefore, in the current study, we explored changes in genomic profile of isolated sensory neurons innervating 
mouse tongue tissue and identified sex-dependent differences. We employed the approach of bulk-RNA 
sequencing of FACS sorted retro-labeled mouse tongue innervating TG neurons, to be able to concentrate 
neuronal population from whole ganglionic tissue as well as explore tissue-specific differences in neurons 
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between sexes. Additionally, we utilized the preclinical mouse tongue cancer model as our disease model, as it 
has been shown that patients with tongue cancer are more commonly in pain than other oral cavity cancers and 
it is widely included in clinical and preclinical studies of oral cancer pain (35-40). However, till date, there is only 
a couple of studies investigating sexually dimorphic mechanism for tongue cancer pain (42, 46). While these 
studies demonstrated the role of the immune response in sex-dependent differences in oral cancer pain, 
differential gene expression in sensory neurons upon tumor growth cannot be excluded, as we and others  have 
reported that sensory neuronal activity is altered upon oral tumor growth(27, 36, 37) (58-60). 
 FACS sorting of lingual TG neurons was performed from normal and tumor-bearing animals for both 
sexes and our data indicated that female mice have higher number of tongue-innervating sensory neurons than 
males as observed by significant increased percentages of sorted cells from female samples than male samples. 
In further exploring this result, we found that female mice had higher percentage of TRPV1- and lower percentage 
of TRPV1+ neurons innervating the tongue than in male mice. However,  recently Scheff et al, demonstrated no 
difference in capsaicin sensitivity in the tongue between males and females under naïve conditions (59), 
indicating that while the percentage of TRPV1+ neurons are different between the two sexes, the total number 
of TRPV1+ lingual neurons may not be different between males and females. Therefore, given that the total 
number of tongue-innervating neurons are higher in females, our data suggests that the total number of non-
nociceptive sensory neurons in mouse tongue may be higher in females than in males. To our knowledge, this 
is the very first evidence of differences in innervation density within orofacial tissues between sexes.  Whether 
or not the increased innervation of non-nociceptive neurons contributes to sex-dependent pain observed in any 
of the chronic lingual diseased states is yet to be determined. Besides, whether this finding is specific to mice or 
exists in tongue tissues of higher order species such as human and non-human primates is unknown. 
In analyzing RNA sequencing data between naïve male and female neurons, we found that several genes (i.e 
30 genes) were exclusively expressed in females and not in males. This was in accordance to previous report 
showing increased DEGs in naïve female versus male neurons from whole mouse trigeminal ganglia(7). 
Interestingly, many of these DEGs such as CSF1R (colony- stimulating factor receptor 1)(61, 62), C1qa 
(complement component 1 q) (63-65), Sh2b3 (lymphocyte adapter protein)(66),Hhex (Hematopoetically 
expressed homeobox) (67, 68) and Retnlg (Resistin-like gamma)(69), are known to be primarily expressed in 
immune cells and have shown to play various roles in immune processes(61, 65, 70), myeloid cell 
differentiation(67, 68), cytokine signaling(66) and inflammation(69, 71). In fact, some of these genes such as 
Csf1R and C1qa are considered specific markers of mononuclear phagocytic system such as microglia, 
monocytes, macrophages and dendritic cells(61, 62, 64, 65). Csf1R in microglia and macrophages has been 
reported to be activated in neuropathic pain via its ligand Csf1 expressed in sensory neurons (70). Similarly, the 
contribution of microglia-expressed C1q proteins have also been reported in pain including orofacial pain(72-
74).  Additionally, it has been shown that Csf1R exerts its action in a sex-specific manner by favoring a response 
in males compared to females(75). However, for the first time, we report the expression of Csf1R in trigeminal 
sensory neurons, although its expression is specific to female neurons. Our immunohistochemical analyses of 
Csf1r and C1qa confirmed our RNA sequencing result and revealed that majority of these genes were expressed 
in non-TRPV1 expressing neurons, albeit Csf1R expressed in the small proportion of nociceptors as well. These 
data indicate that perhaps female sensory neurons may be functionally different than male neurons innervating 
the mouse tongue.  
Our analyses for RNA sequencing data to identify changes in lingual sensory neurons upon tongue tumor growth 
revealed altered expression of several DEGs in both sexes. However, the number of DEGs in females was 
considerably higher than in males (83 DEGs in males vs 382 DEGs in females) suggesting that male neurons 
are more tightly regulated in spite of the tumor compared to female neurons. It would be interesting to investigate 
whether this result is specific to tongue tumors or even other lingual pathologies. Moreover, there were only 18 
genes that were commonly altered between males and females, indicating that the mechanisms of neuronal 
regulation in oral cancer may be considerably different between sexes. Since the tumor developed in both sexes 
was from the same cell line, perhaps the differential regulation of neurons between males and females may be 
due to stark differences in the tumor microenvironment or alterations occurring at the ganglionic level upon tumor 
growth. Intraganglionic activation of macrophages (76) and satellite glial cells (77, 78) has been reported in pain. 
While no studies have yet probed the contribution of these cells for oral cancer pain, a similar response within 
the TG can be expected that in turn would lead to changes in the neuronal soma. On the other hand, the 
peripheral tumor microenvironment consists of various cell types including keratinocytes, fibroblasts, endothelial 
cells, Schwann cells, and immune cells. Schwann cells (79) and immune cells(42, 46) have already been shown 
to contribute to tongue cancer pain and as mentioned above, immune cells even play a sex-dependent role in 
tongue cancer pain (42, 46). Therefore, examining the role of these cell types in mediating global changes in the 
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neurons of males and females would be crucial in better understanding of the impact of the tumor 
microenvironment in sexually dimorphic tongue cancer pain.  
It is noteworthy though that despite only 18 DEGS common to both males and females, 5 biological processes  
(BPs) were found to be common between males and females post tumor growth. These included apoptosis, 
response to interferon gamma, inflammatory response, leucocyte migration and IL-1 signaling. Of the 18 
common DEGs, four genes were associated with two of the common BPs; i.e inflammatory process and 
apoptosis. These four genes were Timp 1(tissue inhibitor of metallopeptidase 1) Gal (galanin), Chi3l3 (chitinase-
like 3) and Cxcl10 (chemokine-ligand 10). Timp1 is a glycoprotein that is known to promote cell proliferation and 
anti-apoptosis; is implicated in cancer progression(80); and negatively regulates matrix metalloproteinases and 
disintegrin-metalloproteinases (ADAMs)(81). Interestingly, ADAM17 is implicated in oral cancer pain(82). 
Accordingly, Timp1 has been shown to attenuate inflammatory pain in preclinical models(83).   
Galanin is a neuropeptide and is considered a potent modulator of inflammation by promoting cytokine 
production in immune cells(84, 85). It also has been shown to induce cell death in pheochromocytoma cells(86). 
Importantly, the role of galanin in pain has been reported to have pro- and anti-nociceptive functions and whether 
or not galanin plays a role in peripheral nociceptive mechanisms is yet to be confirmed(87). Interestingly, galanin 
release from sensory neurons have been shown to promote oral cancer progression(88).  
Chitinase-like proteins belong to the family of glycoside hydrolase and are involved in the regulation of the innate 
immune response(89). Chi3l3 has been specifically reported to orchestrate recruitment of eosinophils in 
meningitis and autoimmune neuroinflammation(90, 91). However, its role in pain is not yet defined. 
Cxcl10 is an important chemokine for inflammatory processes and its function in pain has been studied in several 
pain models including neuropathic pain and inflammatory pain(92-94). 
Aside from the above-mentioned four genes, many other genes were selectively altered in each sex, yet 
associated with the common BPs. For example, the cytokine, interleukin-1beta (IL1B) was specifically shown to 
be induced in female post tumor growth and was not expressed in males. The role of IL1B has been widely 
reported in pain, with the cytokine mostly produced by immune cells and other non-neuronal cells during 
injury(95, 96). However, because most of the studies have been conducted using male animals, neuronal IL1B 
has not been reported previously. To this end, a sex-specific role of IL1B in pain has not been studied till date. 
Interestingly, while induction of neuronal IL1B was only observed in females, downstream signaling of IL1 
pathway was observed in both sexes post tumor growth indicating that perhaps IL1B in males may be increased 
in the periphery or within the ganglia in non-neuronal cells as demonstrated in other injury models(95-98).  
Another example was expression of Hspa1a which encodes for heat-shock protein 70 (Hsp70). Our RNA 
sequencing data showed that while this gene was expressed in both sexes, it was specifically upregulated only 
in males post tumor growth. Interestingly, hsp70 has been demonstrated to have a protective role in pain during 
nerve damage(99, 100), migraine (101) and opioid-induced hyperalgesia(102).Therefore, upregulation of Hsp70 
in males post-tumor growth might indicate that male neurons might express an endogenous feedback 
mechanism to suppress pain that may be lacking in females.  
In addition to the common BPs, sex-selective BPs were identified post-tumor growth. Noteworthy female-
selective BPs including cytokine/chemokine production and signaling as well as angiogenesis. The contribution 
of various cytokine/chemokines in nociception and inflammation(103-105) is widely established and our data 
showed that the number of cytokine/chemokines altered in female neurons was higher than in males (i.e. 14 in 
females versus 3 in males). This is an intriguing yet not a surprising observation as it aligns with the finding that 
female neurons express immune cell markers as described above.  
Female DEGs were also associated with angiogenesis. Interestingly, genes associated with positive regulation 
of angiogenesis (e.g Gadd45a, Dcn, Ngp, cxcl10, Hmox1,ccl11,Pgf etc)  were upregulated upon tumor growth 
and those associated with negative regulation of angiogenesis (e.g. Cav2, Ptprm, Mmrn2, Xdh, etc) were 
downregulated, indicating that sensory neuro-vascular interaction may be sex-specific.  
In contrast, male-specific BPs included growth factor signaling and ion transport. One of the top genes 
upregulated in males upon tumor growth; fibroblast growth factor 23 (Fgf23) is reported to be associated to both 
of these processes. It is not only a growth factor  that induces downstream signaling via its receptors (106) but 
also controls phosphate homeostasis (107). Furthermore, it is also considered a bone-derived hormone that is 
regulated by inflammation and associated with bone pain (108, 109).  
Taken together, our data points to significant differences in the regulation of lingual sensory neurons in males 
and females upon tongue tumor growth. The current study is significant as it is the first to comprehensively 
characterize the genomic profile tongue-innervating neurons under naïve and tumor-bearing conditions. A few 
limitations of the study include use of one cell-line to induce the tongue tumor and at this point, the study cannot 
confirm which genes and processes are common across different tongue tumor types as well as across different 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 17, 2023. ; https://doi.org/10.1101/2023.01.14.524011doi: bioRxiv preprint 

https://doi.org/10.1101/2023.01.14.524011
http://creativecommons.org/licenses/by-nd/4.0/


preclinical tongue tumor models. Besides, it would be useful to delineate the temporal effect of the tumor on 
neuronal genes and processes to further gain insight into the sex-specific mechanisms of oral cancer pain.  
 

Acknowledgements 

Study was supported by funds provided by NIH R01DE027223 (SR) and R01DE029187 (SR) and by the National 
Institute of Dental and Craniofacial Research. RNA sequencing data was generated in the Genome Sequencing 
Facility, which is supported by UT Health San Antonio, NIH-NCI P30 CA054174 (Cancer Center at UT Health 
San Antonio) and NIH Shared Instrument grant S10OD030311, and CPRIT Core Facility Award (RP220662).  

Author Contributions 
T.I. performed animal injections for tumor growth, WGA injections and conducted all immunohistochemical 
experiments, P.W. performed TG dissections and single cell suspensions for Flow sorting. A.T. performed flow 
sorting and RNA extractions, L.Z and K.W prepared cDNA libraries and performed RNA sequencing. Y.C and 
W.I analyzed RNA sequencing data along with S.R. S.R. conceptualized, designed and analyzed experiments, 
as well as wrote and edited the manuscript. All authors edited the manuscript.  
 
Conflict of Interest 
Authors declare no Conflict of Interest 
 
References 
 
1. Cairns, B. E. (2007) The influence of gender and sex steroids on craniofacial nociception. Headache 47, 

319-324 
2. Haggman-Henrikson, B., Liv, P., Ilgunas, A., Visscher, C. M., Lobbezoo, F., Durham, J., and Lovgren, A. 

(2020) Increasing gender differences in the prevalence and chronification of orofacial pain in the 
population. Pain 161, 1768-1775 

3. Liu, S., Kramer, P., and Tao, F. (2021) Editorial: Mechanisms of Orofacial Pain and Sex Differences. 
Front Integr Neurosci 15, 599580 

4. Mohaved, S. B., Shilpa, G., Li, Q., Austah, O., Bendele, M., Brock, R., and Ruparel, N. B. (2020) Apical 
periodontitis-induced mechanical allodynia: A mouse model to study infection-induced chronic pain 
conditions. Mol Pain 16, 1744806919900725 

5. Riley, J. L., 3rd, and Gilbert, G. H. (2001) Orofacial pain symptoms: an interaction between age and sex. 
Pain 90, 245-256 

6. Sessle, B. J. (2021) Chronic Orofacial Pain: Models, Mechanisms, and Genetic and Related 
Environmental Influences. Int J Mol Sci 22 

7. Mecklenburg, J., Zou, Y., Wangzhou, A., Garcia, D., Lai, Z., Tumanov, A. V., Dussor, G., Price, T. J., and 
Akopian, A. N. (2020) Transcriptomic sex differences in sensory neuronal populations of mice. Sci Rep 
10, 15278 

8. Patil, M., Hovhannisyan, A. H., Wangzhou, A., Mecklenburg, J., Koek, W., Goffin, V., Grattan, D., Boehm, 
U., Dussor, G., Price, T. J., and Akopian, A. N. (2019) Prolactin receptor expression in mouse dorsal root 
ganglia neuronal subtypes is sex-dependent. J Neuroendocrinol 31, e12759 

9. Tavares-Ferreira, D., Ray, P. R., Sankaranarayanan, I., Mejia, G. L., Wangzhou, A., Shiers, S., Uttarkar, 
R., Megat, S., Barragan-Iglesias, P., Dussor, G., Akopian, A. N., and Price, T. J. (2022) Sex Differences 
in Nociceptor Translatomes Contribute to Divergent Prostaglandin Signaling in Male and Female Mice. 
Biol Psychiatry 91, 129-140 

10. Yang, L., Xu, M., Bhuiyan, S. A., Li, J., Zhao, J., Cohrs, R. J., Susterich, J. T., Signorelli, S., Green, U., 
Stone, J. R., Levy, D., Lennerz, J. K., and Renthal, W. (2022) Human and mouse trigeminal ganglia cell 
atlas implicates multiple cell types in migraine. Neuron 110, 1806-1821 e1808 

11. Hockley, J. R. F., Taylor, T. S., Callejo, G., Wilbrey, A. L., Gutteridge, A., Bach, K., Winchester, W. J., 
Bulmer, D. C., McMurray, G., and Smith, E. S. J. (2018) Single-cell RNAseq reveals seven classes of 
colonic sensory neuron. Gut  

12. Sharma, N., Flaherty, K., Lezgiyeva, K., Wagner, D. E., Klein, A. M., and Ginty, D. D. (2020) The 
emergence of transcriptional identity in somatosensory neurons. Nature 577, 392-398 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 17, 2023. ; https://doi.org/10.1101/2023.01.14.524011doi: bioRxiv preprint 

https://doi.org/10.1101/2023.01.14.524011
http://creativecommons.org/licenses/by-nd/4.0/


13. Wu, P., Arris, D., Grayson, M., Hung, C. N., and Ruparel, S. (2018) Characterization of sensory neuronal 
subtypes innervating mouse tongue. PLoS One 13, e0207069 

14. Moayedi, Y., Duenas-Bianchi, L. F., and Lumpkin, E. A. (2018) Somatosensory innervation of the oral 
mucosa of adult and aging mice. Sci Rep 8, 9975 

15. Lindquist, K. A., Belugin, S., Hovhannisyan, A. H., Corey, T. M., Salmon, A., and Akopian, A. N. (2021) 
Identification of Trigeminal Sensory Neuronal Types Innervating Masseter Muscle. eNeuro 8 

16. Abe, M., Sogabe, Y., Syuto, T., Ishibuchi, H., Yokoyama, Y., and Ishikawa, O. (2007) Successful 
treatment with cyclosporin administration for persistent benign migratory glossitis. J Dermatol 34, 340-
343 

17. Drage, L. A., and Rogers, R. S., 3rd. (1999) Clinical assessment and outcome in 70 patients with 
complaints of burning or sore mouth symptoms. Mayo Clin Proc 74, 223-228 

18. Menni, S., Boccardi, D., and Crosti, C. (2004) Painful geographic tongue (benign migratory glossitis) in a 
child. J Eur Acad Dermatol Venereol 18, 737-738 

19. Keller, M. K., and Kragelund, C. (2018) Randomized pilot study on probiotic effects on recurrent 
candidiasis in oral lichen planus patients. Oral Dis  

20. Marable, D. R., Bowers, L. M., Stout, T. L., Stewart, C. M., Berg, K. M., Sankar, V., DeRossi, S. S., 
Thoppay, J. R., and Brennan, M. T. (2016) Oral candidiasis following steroid therapy for oral lichen 
planus. Oral Dis 22, 140-147 

21. Balasubramaniam, R., Klasser, G. D., and Delcanho, R. (2009) Separating oral burning from burning 
mouth syndrome: unravelling a diagnostic enigma. Aust Dent J 54, 293-299 

22. Grinspan, D., Fernandez Blanco, G., Allevato, M. A., and Stengel, F. M. (1995) Burning mouth syndrome. 
Int J Dermatol 34, 483-487 

23. Chaplin, J. M., and Morton, R. P. (1999) A prospective, longitudinal study of pain in head and neck cancer 
patients. Head & neck 21, 531-537 

24. Epstein, J. B., and Stewart, K. H. (1993) Radiation therapy and pain in patients with head and neck 
cancer. European journal of cancer. Part B, Oral oncology 29B, 191-199 

25. Keefe, F. J., Manuel, G., Brantley, A., and Crisson, J. (1986) Pain in the head and neck cancer patient: 
changes over treatment. Head & neck surgery 8, 169-176 

26. Saxena, A., Gnanasekaran, N., and Andley, M. (1995) An epidemiological study of prevalence of pain in 
head & neck cancers. The Indian journal of medical research 102, 28-33 

27. Chodroff, L., Bendele, M., Valenzuela, V., Henry, M., and Ruparel, S. (2016) EXPRESS: BDNF Signaling 
Contributes to Oral Cancer Pain in a Preclinical Orthotopic Rodent Model. Mol Pain 12 

28. Charalambous, M., Raftopoulos, V., Paikousis, L., Katodritis, N., Lambrinou, E., Vomvas, D., Georgiou, 
M., and Charalambous, A. (2018) The effect of the use of thyme honey in minimizing radiation - induced 
oral mucositis in head and neck cancer patients: A randomized controlled trial. Eur J Oncol Nurs 34, 89-
97 

29. Mercadante, S., Aielli, F., Adile, C., Ferrera, P., Valle, A., Fusco, F., Caruselli, A., Cartoni, C., Massimo, 
P., Masedu, F., Valenti, M., and Porzio, G. (2015) Prevalence of oral mucositis, dry mouth, and dysphagia 
in advanced cancer patients. Supportive Care in Cancer 23, 3249-3255 

30. Ghurye, S., and McMillan, R. (2017) Orofacial pain - an update on diagnosis and management. Br Dent 
J 223, 639-647 

31. Jaaskelainen, S. K., and Woda, A. (2017) Burning mouth syndrome. Cephalalgia 37, 627-647 
32. Maria, O. M., Eliopoulos, N., and Muanza, T. (2017) Radiation-Induced Oral Mucositis. Front Oncol 7, 89 
33. Villa, A., and Sonis, S. T. (2015) Mucositis: pathobiology and management. Curr Opin Oncol 27, 159-164 
34. Yang, C., Tang, H., Wang, L., Peng, R., Bai, F., Shan, Y., Yu, Z., Zhou, P., and Cong, Y. (2018) Dimethyl 

Sulfoxide Prevents Radiation-Induced Oral Mucositis Through Facilitating DNA Double-Strand Break 
Repair in Epithelial Stem Cells. Int J Radiat Oncol Biol Phys 102, 1577-1589 

35. Cuffari, L., Tesseroli de Siqueira, J. T., Nemr, K., and Rapaport, A. (2006) Pain complaint as the first 
symptom of oral cancer: a descriptive study. Oral surgery, oral medicine, oral pathology, oral radiology, 
and endodontics 102, 56-61 

36. Grayson, M., Arris, D., Wu, P., Merlo, J., Ibrahim, T., Fang-Mei, C., Valenzuela, V., Ganatra, S., and 
Ruparel, S. (2022) Oral squamous cell carcinoma-released brain-derived neurotrophic factor contributes 
to oral cancer pain by peripheral tropomyosin receptor kinase B activation. Pain 163, 496-507 

37. Grayson, M., Furr, A., and Ruparel, S. (2019) Depiction of Oral Tumor-Induced Trigeminal Afferent 
Responses Using Single-Fiber Electrophysiology. Sci Rep 9, 4574 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 17, 2023. ; https://doi.org/10.1101/2023.01.14.524011doi: bioRxiv preprint 

https://doi.org/10.1101/2023.01.14.524011
http://creativecommons.org/licenses/by-nd/4.0/


38. Ruparel, S., Bendele, M., Wallace, A., and Green, D. (2015) Released lipids regulate transient receptor 
potential channel (TRP)-dependent oral cancer pain. Mol Pain 11, 30 

39. Ye, Y., Jensen, D. D., Viet, C. T., Pan, H. L., Campana, W. M., Amit, M., and Boada, M. D. (2022) 
Advances in Head and Neck Cancer Pain. J Dent Res, 220345221088527 

40. Williams, J. E., Yen, J. T., Parker, G., Chapman, S., Kandikattu, S., and Barbachano, Y. (2010) 
Prevalence of pain in head and neck cancer out-patients. J Laryngol Otol 124, 767-773 

41. Lam, D. K., and Schmidt, B. L. (2011) Orofacial pain onset predicts transition to head and neck cancer. 
Pain 152, 1206-1209 

42. Scheff, N. N., Alemu, R. G., Klares, R., 3rd, Wall, I. M., Yang, S. C., Dolan, J. C., and Schmidt, B. L. 
(2019) Granulocyte-Colony Stimulating Factor-Induced Neutrophil Recruitment Provides Opioid-
Mediated Endogenous Anti-nociception in Female Mice With Oral Squamous Cell Carcinoma. Front Mol 
Neurosci 12, 217 

43. Gebri, E., Kiss, A., Toth, F., and Hortobagyi, T. (2020) Female sex as an independent prognostic factor 
in the development of oral mucositis during autologous peripheral stem cell transplantation. Sci Rep 10, 
15898 

44. Kusiak, A., Jereczek-Fossa, B. A., Cichonska, D., and Alterio, D. (2020) Oncological-Therapy Related 
Oral Mucositis as an Interdisciplinary Problem-Literature Review. Int J Environ Res Public Health 17 

45. Schmetzer, O., and Florcken, A. (2012) Sex differences in the drug therapy for oncologic diseases. Handb 
Exp Pharmacol, 411-442 

46. Scheff, N. N., Bhattacharya, A., Dowse, E., Dang, R. X., Dolan, J. C., Wang, S., Kim, H., Albertson, D. 
G., and Schmidt, B. L. (2018) Neutrophil-Mediated Endogenous Analgesia Contributes to Sex Differences 
in Oral Cancer Pain. Front Integr Neurosci 12, 52 

47. Connelly, S. T., and Schmidt, B. L. (2004) Evaluation of pain in patients with oral squamous cell 
carcinoma. J Pain 5, 505-510 

48. Horan, N. L., McIlvried, L. A., Atherton, M. A., Yuan, M. M., Dolan, J. C., and Scheff, N. N. (2022) The 
impact of tumor immunogenicity on cancer pain phenotype using syngeneic oral cancer mouse models. 
Front Pain Res (Lausanne) 3, 991725 

49. Cramer, J. D., Johnson, J. T., and Nilsen, M. L. (2018) Pain in Head and Neck Cancer Survivors: 
Prevalence, Predictors, and Quality-of-Life Impact. Otolaryngol Head Neck Surg 159, 853-858 

50. Picelli, S., Faridani, O. R., Bjorklund, A. K., Winberg, G., Sagasser, S., and Sandberg, R. (2014) Full-
length RNA-seq from single cells using Smart-seq2. Nat Protoc 9, 171-181 

51. Hovhannisyan, A. H., Son, H., Mecklenburg, J., Barba-Escobedo, P. A., Tram, M., Gomez, R., 
Shannonhouse, J., Zou, Y., Weldon, K., Ruparel, S., Lai, Z., Tumanov, A. V., Kim, Y. S., and Akopian, 
A. N. (2021) Pituitary hormones are specifically expressed in trigeminal sensory neurons and contribute 
to pain responses in the trigeminal system. Sci Rep 11, 17813 

52. Anders, S., and Huber, W. (2010) Differential expression analysis for sequence count data. Genome Biol 
11, R106 

53. Bueno, C. H., Pereira, D. D., Pattussi, M. P., Grossi, P. K., and Grossi, M. L. (2018) Gender differences 
in temporomandibular disorders in adult populational studies: A systematic review and meta-analysis. J 
Oral Rehabil 45, 720-729 

54. Chung, M. K., Park, J., Asgar, J., and Ro, J. Y. (2016) Transcriptome analysis of trigeminal ganglia 
following masseter muscle inflammation in rats. Mol Pain 12 

55. Korczeniewska, O. A., Husain, S., Khan, J., Eliav, E., Soteropoulos, P., and Benoliel, R. (2018) 
Differential gene expression in trigeminal ganglia of male and female rats following chronic constriction 
of the infraorbital nerve. Eur J Pain 22, 875-888 

56. Fried, K., Sessle, B. J., and Devor, M. (2011) The paradox of pain from tooth pulp: low-threshold 
"algoneurons"? Pain 152, 2685-2689 

57. Michot, B., Lee, C. S., and Gibbs, J. L. (2018) TRPM8 and TRPA1 do not contribute to dental pulp 
sensitivity to cold. Sci Rep 8, 13198 

58. Salvo, E., Campana, W. M., Scheff, N. N., Nguyen, T. H., Jeong, S. H., Wall, I., Wu, A. K., Zhang, S., 
Kim, H., Bhattacharya, A., Janal, M. N., Liu, C., Albertson, D. G., Schmidt, B. L., Dolan, J. C., Schmidt, 
R. E., Boada, M. D., and Ye, Y. (2020) Peripheral nerve injury and sensitization underlie pain associated 
with oral cancer perineural invasion. Pain 161, 2592-2602 

59. Scheff, N. N., Wall, I. M., Nicholson, S., Williams, H., Chen, E., Tu, N. H., Dolan, J. C., Liu, C. Z., Janal, 
M. N., Bunnett, N. W., and Schmidt, B. L. (2022) Oral cancer induced TRPV1 sensitization is mediated 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 17, 2023. ; https://doi.org/10.1101/2023.01.14.524011doi: bioRxiv preprint 

https://doi.org/10.1101/2023.01.14.524011
http://creativecommons.org/licenses/by-nd/4.0/


by PAR2 signaling in primary afferent neurons innervating the cancer microenvironment. Sci Rep 12, 
4121 

60. Tu, N. H., Jensen, D. D., Anderson, B. M., Chen, E., Jimenez-Vargas, N. N., Scheff, N. N., Inoue, K., 
Tran, H. D., Dolan, J. C., Meek, T. A., Hollenberg, M. D., Liu, C. Z., Vanner, S. J., Janal, M. N., Bunnett, 
N. W., Edgington-Mitchell, L. E., and Schmidt, B. L. (2021) Legumain Induces Oral Cancer Pain by Biased 
Agonism of Protease-Activated Receptor-2. J Neurosci 41, 193-210 

61. Combes, T. W., Orsenigo, F., Stewart, A., Mendis, A., Dunn-Walters, D., Gordon, S., and Martinez, F. O. 
(2021) CSF1R defines the mononuclear phagocyte system lineage in human blood in health and COVID-
19. Immunother Adv 1, ltab003 

62. Grabert, K., Sehgal, A., Irvine, K. M., Wollscheid-Lengeling, E., Ozdemir, D. D., Stables, J., Luke, G. A., 
Ryan, M. D., Adamson, A., Humphreys, N. E., Sandrock, C. J., Rojo, R., Verkasalo, V. A., Mueller, W., 
Hohenstein, P., Pettit, A. R., Pridans, C., and Hume, D. A. (2020) A Transgenic Line That Reports CSF1R 
Protein Expression Provides a Definitive Marker for the Mouse Mononuclear Phagocyte System. J 
Immunol 205, 3154-3166 

63. Chen, L. H., Liu, J. F., Lu, Y., He, X. Y., Zhang, C., and Zhou, H. H. (2021) Complement C1q (C1qA, 
C1qB, and C1qC) May Be a Potential Prognostic Factor and an Index of Tumor Microenvironment 
Remodeling in Osteosarcoma. Front Oncol 11, 642144 

64. Lu, J. H., Teh, B. K., Wang, L., Wang, Y. N., Tan, Y. S., Lai, M. C., and Reid, K. B. (2008) The classical 
and regulatory functions of C1q in immunity and autoimmunity. Cell Mol Immunol 5, 9-21 

65. Mascarell, L., Airouche, S., Berjont, N., Gary, C., Gueguen, C., Fourcade, G., Bellier, B., Togbe, D., 
Ryffel, B., Klatzmann, D., Baron-Bodo, V., and Moingeon, P. (2017) The regulatory dendritic cell marker 
C1q is a potent inhibitor of allergic inflammation. Mucosal Immunol 10, 695-704 

66. Blass, G., Mattson, D. L., and Staruschenko, A. (2016) The function of SH2B3 (LNK) in the kidney. Am J 
Physiol Renal Physiol 311, F682-F685 

67. Good-Jacobson, K. L., and Groom, J. R. (2020) Hhex drives B cells down memory lane. Nat Immunol 
21, 968-969 

68. Jang, S. W., Hwang, S. S., Kim, H. S., Kim, M. K., Lee, W. H., Hwang, S. U., Gwak, J., Yew, S. K., Flavell, 
R. A., and Lee, G. R. (2019) Homeobox protein Hhex negatively regulates Treg cells by inhibiting Foxp3 
expression and function. Proc Natl Acad Sci U S A 116, 25790-25799 

69. Pine, G. M., Batugedara, H. M., and Nair, M. G. (2018) Here, there and everywhere: Resistin-like 
molecules in infection, inflammation, and metabolic disorders. Cytokine 110, 442-451 

70. Yu, X., Basbaum, A., and Guan, Z. (2021) Contribution of colony-stimulating factor 1 to neuropathic pain. 
Pain Rep 6, e883 

71. Nagaev, I., Bokarewa, M., Tarkowski, A., and Smith, U. (2006) Human resistin is a systemic immune-
derived proinflammatory cytokine targeting both leukocytes and adipocytes. PLoS One 1, e31 

72. Asano, S., Hayashi, Y., Iwata, K., Okada-Ogawa, A., Hitomi, S., Shibuta, I., Imamura, Y., and Shinoda, 
M. (2020) Microglia-Astrocyte Communication via C1q Contributes to Orofacial Neuropathic Pain 
Associated with Infraorbital Nerve Injury. Int J Mol Sci 21 

73. Griffin, R. S., Costigan, M., Brenner, G. J., Ma, C. H., Scholz, J., Moss, A., Allchorne, A. J., Stahl, G. L., 
and Woolf, C. J. (2007) Complement induction in spinal cord microglia results in anaphylatoxin C5a-
mediated pain hypersensitivity. J Neurosci 27, 8699-8708 

74. Hong, C., Hayashi, Y., Hitomi, S., Kurisu, R., Urata, K., Shibuta, I., Toyofuku, A., Iwata, K., and Shinoda, 
M. (2022) Astrocytic and microglial interleukin-1beta mediates complement C1q-triggered orofacial 
mechanical allodynia. Neurosci Res  

75. Kuhn, J. A., Vainchtein, I. D., Braz, J., Hamel, K., Bernstein, M., Craik, V., Dahlgren, M. W., Ortiz-
Carpena, J., Molofsky, A. B., Molofsky, A. V., and Basbaum, A. I. (2021) Regulatory T-cells inhibit 
microglia-induced pain hypersensitivity in female mice. Elife 10 

76. Yu, X., Liu, H., Hamel, K. A., Morvan, M. G., Yu, S., Leff, J., Guan, Z., Braz, J. M., and Basbaum, A. I. 
(2020) Dorsal root ganglion macrophages contribute to both the initiation and persistence of neuropathic 
pain. Nat Commun 11, 264 

77. Liu, H., Zhao, L., Gu, W., Liu, Q., Gao, Z., Zhu, X., Wu, Z., He, H., Huang, F., and Fan, W. (2018) 
Activation of satellite glial cells in trigeminal ganglion following dental injury and inflammation. J Mol Histol 
49, 257-263 

78. Vit, J. P., Jasmin, L., Bhargava, A., and Ohara, P. T. (2006) Satellite glial cells in the trigeminal ganglion 
as a determinant of orofacial neuropathic pain. Neuron Glia Biol 2, 247-257 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 17, 2023. ; https://doi.org/10.1101/2023.01.14.524011doi: bioRxiv preprint 

https://doi.org/10.1101/2023.01.14.524011
http://creativecommons.org/licenses/by-nd/4.0/


79. Salvo, E., Saraithong, P., Curtin, J. G., Janal, M. N., and Ye, Y. (2019) Reciprocal interactions between 
cancer and Schwann cells contribute to oral cancer progression and pain. Heliyon 5, e01223 

80. Kim, Y. S., Kim, S. H., Kang, J. G., and Ko, J. H. (2012) Expression level and glycan dynamics determine 
the net effects of TIMP-1 on cancer progression. BMB Rep 45, 623-628 

81. Brew, K., and Nagase, H. (2010) The tissue inhibitors of metalloproteinases (TIMPs): an ancient family 
with structural and functional diversity. Biochim Biophys Acta 1803, 55-71 

82. Scheff, N. N., Ye, Y., Conley, Z. R., Quan, J. W., Lam, Y. V. R., Klares, R., 3rd, Singh, K., Schmidt, B. L., 
and Aouizerat, B. E. (2020) A disintegrin and metalloproteinase domain 17-epidermal growth factor 
receptor signaling contributes to oral cancer pain. Pain 161, 2330-2343 

83. Knight, B. E., Kozlowski, N., Havelin, J., King, T., Crocker, S. J., Young, E. E., and Baumbauer, K. M. 
(2019) TIMP-1 Attenuates the Development of Inflammatory Pain Through MMP-Dependent and 
Receptor-Mediated Cell Signaling Mechanisms. Front Mol Neurosci 12, 220 

84. Kofler, B., Brunner, S., Koller, A., Wiesmayr, S., Locker, F., Lang, R., Botz, B., Kemeny, A., and Helyes, 
Z. (2015) Contribution of the galanin system to inflammation. Springerplus 4, L57 

85. Koller, A., Brunner, S. M., Bianchini, R., Ramspacher, A., Emberger, M., Sternberg, F., Schlager, S., and 
Kofler, B. (2019) Galanin is a potent modulator of cytokine and chemokine expression in human 
macrophages. Sci Rep 9, 7237 

86. Tofighi, R., Joseph, B., Xia, S., Xu, Z. Q., Hamberger, B., Hokfelt, T., and Ceccatelli, S. (2008) Galanin 
decreases proliferation of PC12 cells and induces apoptosis via its subtype 2 receptor (GalR2). Proc Natl 
Acad Sci U S A 105, 2717-2722 

87. Fonseca-Rodrigues, D., Almeida, A., and Pinto-Ribeiro, F. (2022) A New Gal in Town: A Systematic 
Review of the Role of Galanin and Its Receptors in Experimental Pain. Cells 11 

88. Scanlon, C. S., Banerjee, R., Inglehart, R. C., Liu, M., Russo, N., Hariharan, A., van Tubergen, E. A., 
Corson, S. L., Asangani, I. A., Mistretta, C. M., Chinnaiyan, A. M., and D'Silva, N. J. (2015) Galanin 
modulates the neural niche to favour perineural invasion in head and neck cancer. Nat Commun 6, 6885 

89. Sutherland, T. E. (2018) Chitinase-like proteins as regulators of innate immunity and tissue repair: helpful 
lessons for asthma? Biochem Soc Trans 46, 141-151 

90. Starossom, S. C., Campo Garcia, J., Woelfle, T., Romero-Suarez, S., Olah, M., Watanabe, F., Cao, L., 
Yeste, A., Tukker, J. J., Quintana, F. J., Imitola, J., Witzel, F., Schmitz, D., Morkel, M., Paul, F., Infante-
Duarte, C., and Khoury, S. J. (2019) Chi3l3 induces oligodendrogenesis in an experimental model of 
autoimmune neuroinflammation. Nat Commun 10, 217 

91. Wan, S., Sun, X., Wu, F., Yu, Z., Wang, L., Lin, D., Li, Z., Wu, Z., and Sun, X. (2018) Chi3l3: a potential 
key orchestrator of eosinophil recruitment in meningitis induced by Angiostrongylus cantonensis. Journal 
of Neuroinflammation 15, 31 

92. Ju, Y. Y., Jiang, M., Xu, F., Wang, D., Ding, B., Ma, L. J., and Wu, H. (2021) CXCL10 and CXCR3 in the 
Trigeminal Ganglion Contribute to Trigeminal Neuropathic Pain in Mice. J Pain Res 14, 41-51 

93. Li, H. L., Huang, Y., Zhou, Y. L., Teng, R. H., Zhou, S. Z., Lin, J. P., Yang, Y., Zhu, S. M., Xu, H., and 
Yao, Y. X. (2020) C-X-C Motif Chemokine 10 Contributes to the Development of Neuropathic Pain by 
Increasing the Permeability of the Blood-Spinal Cord Barrier. Front Immunol 11, 477 

94. Wang, Y., Gehringer, R., Mousa, S. A., Hackel, D., Brack, A., and Rittner, H. L. (2014) CXCL10 controls 
inflammatory pain via opioid peptide-containing macrophages in electroacupuncture. PLoS One 9, 
e94696 

95. Mailhot, B., Christin, M., Tessandier, N., Sotoudeh, C., Bretheau, F., Turmel, R., Pellerin, E., Wang, F., 
Bories, C., Joly-Beauparlant, C., De Koninck, Y., Droit, A., Cicchetti, F., Scherrer, G., Boilard, E., Sharif-
Naeini, R., and Lacroix, S. (2020) Neuronal interleukin-1 receptors mediate pain in chronic inflammatory 
diseases. J Exp Med 217 

96. Ren, K., and Torres, R. (2009) Role of interleukin-1beta during pain and inflammation. Brain Res Rev 60, 
57-64 

97. Gajtko, A., Bakk, E., Hegedus, K., Ducza, L., and Hollo, K. (2020) IL-1beta Induced Cytokine Expression 
by Spinal Astrocytes Can Play a Role in the Maintenance of Chronic Inflammatory Pain. Front Physiol 
11, 543331 

98. Gui, W. S., Wei, X., Mai, C. L., Murugan, M., Wu, L. J., Xin, W. J., Zhou, L. J., and Liu, X. G. (2016) 
Interleukin-1beta overproduction is a common cause for neuropathic pain, memory deficit, and 
depression following peripheral nerve injury in rodents. Mol Pain 12 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 17, 2023. ; https://doi.org/10.1101/2023.01.14.524011doi: bioRxiv preprint 

https://doi.org/10.1101/2023.01.14.524011
http://creativecommons.org/licenses/by-nd/4.0/


99. Urban, M. J., Li, C., Yu, C., Lu, Y., Krise, J. M., McIntosh, M. P., Rajewski, R. A., Blagg, B. S., and 
Dobrowsky, R. T. (2010) Inhibiting heat-shock protein 90 reverses sensory hypoalgesia in diabetic mice. 
ASN Neuro 2, e00040 

100. Xu, B., Wang, J., Liu, S., Liu, H., Zhang, X., Shi, J., Ji, L., and Li, J. (2021) HSP70 alleviates spinal cord 
injury by activating the NF-kB pathway. J Musculoskelet Neuronal Interact 21, 542-549 

101. Wu, F., Huang, Y., Wei, G., Huang, Z., Shi, C., Lin, W., and Liao, J. (2021) Exogenous Hsp70 attenuates 
nitroglycerin-induced migraine-like symptoms in mice. Journal of neurophysiology 126, 1030-1037 

102. Lin, T. T., Qu, J., Wang, C. Y., Yang, X., Hu, F., Hu, L., Wu, X. F., Jiang, C. Y., Liu, W. T., and Han, Y. 
(2020) Rescue of HSP70 in Spinal Neurons Alleviates Opioids-Induced Hyperalgesia via the Suppression 
of Endoplasmic Reticulum Stress in Rodents. Front Cell Dev Biol 8, 269 

103. Goncalves Dos Santos, G., Delay, L., Yaksh, T. L., and Corr, M. (2019) Neuraxial Cytokines in Pain 
States. Front Immunol 10, 3061 

104. Kalpachidou, T., Riehl, L., Schopf, C. L., Ucar, B., and Kress, M. (2022) Proinflammatory cytokines and 
their receptors as druggable targets to alleviate pathological pain. Pain 163, S79-S98 

105. Solis-Castro, O. O., Wong, N., and Boissonade, F. M. (2021) Chemokines and Pain in the Trigeminal 
System. Front Pain Res (Lausanne) 2, 689314 

106. Yu, X., and White, K. E. (2005) Fibroblast growth factor 23 and its receptors. Ther Apher Dial 9, 308-312 
107. Fukumoto, S. (2008) Physiological regulation and disorders of phosphate metabolism--pivotal role of 

fibroblast growth factor 23. Intern Med 47, 337-343 
108. Czaya, B., and Faul, C. (2019) The Role of Fibroblast Growth Factor 23 in Inflammation and Anemia. Int 

J Mol Sci 20 
109. Suvannasankha, A., Tompkins, D. R., Edwards, D. F., Petyaykina, K. V., Crean, C. D., Fournier, P. G., 

Parker, J. M., Sandusky, G. E., Ichikawa, S., Imel, E. A., and Chirgwin, J. M. (2015) FGF23 is elevated 
in multiple myeloma and increases heparanase expression by tumor cells. Oncotarget 6, 19647-19660 

 
 
Figure Legends 
 
Fig 1. Isolation and Estimation of Tongue-Innervating Sensory Neurons. A,B and C. Male and Female mice 
were injected with 3 x 10^5 HSC3 cells in the tongue and at day 13 post-cell inoculation, tongue tissues were 
bilaterally injected with 1% WGA-488. Normal group received no HSC3 cells. Two days later, TG tissues were 
dissected to make single-cell suspension and subjected to flow sorting. Animals were groups into male normal 
(MN), male tumor (MT), female normal (FN) and female tumor (FT). N=3 per group. A. Gating Strategy for flow 
sorting is shown. B. Number of cells sorted for each group. C. Percentage of WGA+ neurons of total events in 
each group. Data are represented as mean ± SEM and analyzed by one-way ANOVA with Sidak’s post-hoc 
test.p<0.05.  D and E. Naïve male and female mice were injected with 1%WGA-488 and 2 days later, TG tissues 
were harvested for immunohistochemistry. Images were taken at 20x magnification using the Nikon C1 confocal 
microscope.  N=2 per group. D. Percentage of TRPV1+/WGA+ and TRPV1-/WGA+ TG neurons in naïve males 
and females. Data are represented as mean ± SEM and analyzed by one-way ANOVA with Sidak’s post-hoc 
test. E. Representative images of WGA and TRPV1 staining of TG tissues in male and females are shown. 
Arrows indicate colocalization of TRPV1 and WGA. 
 
Fig 2. Differentially Expressed Genes in Male versus Female Lingual Neurons. A-D. Flow sorted neurons 
were subjected to RNA sequencing. DEGs were identified in normal male and female mice based on RPKM>5, 
FC>1.5 and p<0.05. N=3 per group. A. Heatmap of genes that were expressed exclusively in tongue-innervating 
neurons of normal male and female mice. B. Number of genes in males and females is depicted as bar graphs. 
C. Heatmap of genes differentially expressed in female normal (FN) vs male normal (MN). D. Bar graphs shows 
number of genes upregulated and downregulated in FN vs MN. E-J. Validation of RNA sequencing data in normal 
male and female by Immunohistochemistry. N=2 per group. Images taken with C1 Nikon Confocal Microscope 
at 20x magnification. E. Percentage of WGA+neurons expressing Csf1R in males and females. Data are 
represented as mean ± SEM and analyzed by unpaired Student’s T Test at p<0.05. F. Percentage of Csf1R in 
lingual TRPV1+ and TRPV1- neurons. Data are represented as mean ± SEM and analyzed by paired Student’s 
T Test at p<0.05 G. Representative images of immunostaining of Csf1R and TRPV1 in WGA+ neurons in males 
and females. White arrows indicate colocalization of Csf1R and WGA whereas orange arrows indicate 
colocalization of Csf1R, WGA and TRPV1.  H. Percentage of WGA+neurons expressing C1qa in males and 
females. Data are represented as mean ± SEM and analyzed by unpaired Student’s T Test at p<0.05 F. 
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Percentage of C1qa in lingual TRPV1+ and TRPV1- neurons. Data are represented as mean ± SEM and 
analyzed by paired Student’s T Test at p<0.05 G. Representative images of immunostaining of C1qa and TRPV1 
in WGA+ neurons in males and females. White arrows indicate colocalization of C1qa and WGA whereas orange 
arrows indicate colocalization of C1qa, WGA and TRPV1. 
 
Fig 3. Effect of tongue tumor on transcriptomic profile of lingual neurons in male and female mice. DEGs 
were identified by conducting two comparisons. A. Volcanic Plots for all genes for MT vs MN comparison. DEGs 
identified are colored showing downregulated genes on the left and upregulated genes on the right. B. Number 
of upregulated and downregulated genes are plotted as bar graph. C. Top three upregulated and downregulated 
genes in MT vs MN are plotted as heatmap as well as tabulated for values of RPKM, Fold change (FC) and p-
value. Data for heatmap plotted as fold change. Similarly, D. Volcanic plots for FT vs FN. E. Bar graph for 
upregulated and downregulated genes for FT vs FN. F. Top 3 three upregulated and downregulated DEGs in FT 
vs FN as heatmaps and tabulated for RPKM, FC and p-values. Data in heatmap plotted as fold change. G. Venn 
Diagram indicating number of overlapping and non-overlapping between MT vs MN and FT vs FN.  
 
Fig 4. Biological Processes and Function of tongue-tumor controlled genes in males and females. 
Panther Pathway Analysis platform was used to elucidate biological processes from A. DEGs upregulated in MT 
vs MN, B. DEGs upregulated in FT vs FN and C. DEGs downregulated in FT vs FN. For each analysis, the 
number of DEGs associated with each biological process is plotted as bar graphs. D. Additional analyses was 
conducted to identify molecular function (MF) of all DEGs in males and females. Pie chart of the number of DEGs 
identified as transcription factors, ligands/receptors/growth factors (GFs), Channels/Receptors, Enzymes and 
Cytokines/Chemokines is shown. E. Heatmap of select DEGs for each of the molecular function indicate the 
differences in expression between MT vs MN and FT vs FN. Data plotted as fold change. F. Number of total 
DEGs obtained for each MF with MT vs MN and FT vs FN.  
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Supplementary Table 1. Number of sorted cells and RIN 
values of RNA of all samples within four groups. Data 
represented as mean ± SEM.MN: Male Normal. MT: Male 
Tumor. FN: Female Normal, FT: Female Tumor. N=3 per 
group.  
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Supplementary Table 2. Top 10 DEGs of FN vs MN.  
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Supplementary Table 3. DEGs common to MT vs MN and FT vs FN 
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Supplementary Table 4. Biological Processes associated with DEGs upregulated in MT vs MN 

Supplementary Table 5. Biological Processes associated with DEGs upregulated in FT vs FN 
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Supplementary Table 6. Biological Processes associated with DEGs downregulated in FT vs FN 
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