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Sex‑dependent differences 
in the genomic profile of lingual 
sensory neurons in naïve 
and tongue‑tumor bearing mice
Tarek Ibrahim 1, Ping Wu 1, Li‑Ju Wang 2,3, Chang Fang‑Mei 1, Josue Murillo 1, Jaclyn Merlo 1, 
Sergey S. Shein 4, Alexei V. Tumanov 4, Zhao Lai 2,5, Korri Weldon 2,5, Yidong Chen 2,3 & 
Shivani Ruparel 1*

Mechanisms of sex‑dependent orofacial pain are widely understudied. A significant gap in knowledge 
exists about comprehensive regulation of tissue‑specific trigeminal sensory neurons in diseased 
state of both sexes. 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) 
FACS sorting obtained higher number of neurons from female trigeminal ganglia (TG) compared to 
males; (2) Naïve female neurons innervating the tongue expressed immune cell markers such as Csf1R, 
C1qa and others, that weren’t expressed in males. This was validated by Immunohistochemistry. 
(3) Accordingly, immune cell markers such as Csf1 exclusively sensitized TRPV1 responses in female 
TG neurons. (4) Male neurons were more tightly regulated than female neurons upon tumor growth 
and very few differentially expressed genes (DEGs) overlapped between the sexes, (5) Male DEGs 
contained higher number of transcription factors whereas female DEGs contained higher number 
of enzymes, cytokines and chemokines. Collectively, this is the first study to characterize the effect 
of sex as well as of tongue‑tumor on global gene expression, pathways and molecular function of 
tongue‑innervating sensory neurons.

Sex-dependent differences in orofacial pain has been clinically well- established with higher prevalence in women 
in several different pathological  conditions1–6; 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  conditions7–10. 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  type7,11–14. Accordingly, we have previously identified subsets 
of sensory neurons expressed in mouse  tongue13 that are varied from those innervating the masseter  muscle15. 
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  life16–29. 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  syndrome23–26,30–42. Interestingly, sex-dependent differences 
in the manifestation of pain have been reported for each of these  conditions30,31,35,36,43–48.
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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  patients23–26,49. 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.

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 sub-
sequently 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 10 K to 23 K 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 sam-
ples from both groups (i.e. FN and FT,) were higher (approx. 22,000 cells) compared to male groups (i.e. MN 
and MT, approx. 12,000 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. threefold, 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 fur-
ther investigate this finding, we 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) (25.3% males vs. 18.89% females, two-way ANOVA, p = 0.0197). Accordingly, females had a 
higher percentage of TRPV1 negative tongue innervating neurons than males (Fig. 1D and E) (74.39% males vs. 
81.10% females, two-way ANOVA, p = 0.0168).

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. Our RNA sequencing data of markers of neuronal and non-neuronal cells confirmed that our samples 
from all four groups were enriched in neurons post- flow sorting (Supplementary Fig. 1). In comparing FN versus 
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 = 0.041) (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 = 0.035). Similarly, ~ 52% 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 = 0.025). 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 = 0.0005).

To assess whether the genes exclusively expressed in females may have a role in nociception, we tested 
the function of Csf1R in sensitizing nociceptors due to its expression in TRPV1 + neurons. Accordingly, we 
explored whether its ligand Csf1 sex-selectively increases TRPV1 responses in TG neurons. As shown in Fig. 3A, 
proportion of WGA + and WGA- neurons that were responsive to CAP did not change with Csf1 treatment in 
females. However, Csf1 significantly increased CAP-evoked calcium accumulation of WGA + as well as WGA- 
cells (Fig. 3B and C). Expectedly, Csf1 treatment neither altered the percentage of CAP responsive neurons 
(Fig. 3D) nor CAP-evoked calcium accumulation in male neurons (Fig. 3E and F). These data indicate that Csf1R 
in sensory neurons may sex-specifically contribute to nociceptive responses.

Changes in transcriptomic profile of lingual neurons upon tongue tumor growth in males and 
females. We next compared MT versus MN to elucidate the changes in transcriptome of tongue-innervating 
neurons upon HSC3-induced tongue tumor in male mice. As shown in Fig. 4A and B, we observed 83 DEGs, of 
which 75 genes were upregulated and 8 genes were down-regulated in tumor-bearing group compared to con-
trol. Of the 75 up-regulated genes, two were sex-linked genes (Fig. 4B) (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. 4C). 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. 4C).
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Unlike in males, the number of DEGs in females upon tumor growth were considerably higher (Fig. 4D). 
Comparing FT versus FN, we observed a total of 382 DEGs (Fig. 4D 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. 4E). The 
top three upregulated genes in FT versus 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. 4F). 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. 4F).

Between DEGs observed from MT versus MN and FT versus FN, we found 18 genes that were common to 
both comparisons whereas majority of the genes were regulated in a sex-specific manner (Fig. 4G). Interest-
ingly though, out of the 18 common DEGs, 11 were upregulated in both comparisons whereas 3 genes that were 
upregulated in MT versus MN were significantly downregulated in FT versus FN (Suppl Table 3). In contrast 4 
genes that were downregulated in MT versus MN were upregulated in FT versus FN (Suppl Table 3).

Figure 1.  Isolation and Estimation of Tongue-Innervating Sensory Neurons. (A, B and C) Male and Female 
mice were injected with 3 × 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 grouped into male 
normal (MN), male tumor (MT), female normal (FN) and female tumor (FT). N = 3 samples per group. (A) 
Gating Strategy for flow sorting is shown. (B) Number of cells sorted for each group. Data points represent 
numbers of cells in each sample. (C) Percentage of WGA + neurons of total events in each group. Data points 
represent percentage of cells in each sample. 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 
20 × magnification using the Nikon C1 confocal microscope. N = 2 mice per group. (D) Percentage of TRPV1 + /
WGA + and TRPV1-/WGA + TG neurons in naïve males and females. Each data point represents average 
percentage of neurons per mouse. A total of 10 images were taken per mouse. Data in bar graphs 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.
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Collectively, these data suggests that the regulation of lingual neurons by the tongue tumor may be consider-
ably different in males and females.

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. 5A). These processes pertained to signaling mechanisms, immune process and inflam-
mation, metabolic processes as well as some others including response to glucocorticoid stimulus, circadian reg-
ulation 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. 5A and Suppl Table 4). Additionally, con-
siderable 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. 5B), 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. 5B). 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. 5A 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. 5C). 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. 5D). 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. 5E and F). Taken together, these data indicate significant differences in regu-
lation 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  disorders50, apical  periodontitis4, oral 
 mucositis32,33,43, burning mouth  syndrome31 as well as oral  cancer42,46,47. 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  males51. 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  genome52. 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  sex10. Therefore, no study till date has investigated changes in transcrip-
tomic profiles of the trigeminal sensory neurons during disease in both sexes. Furthermore, it is critical to study 

Figure 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) versus male normal (MN). 
(D) Bar graphs shows number of genes upregulated and downregulated in FN versus MN. (E–J) Validation of 
RNA sequencing data in normal male and female by Immunohistochemistry. N = 2 mice per group. Images 
taken with C1 Nikon Confocal Microscope at 20 × magnification. (E) Percentage of WGA + neurons expressing 
Csf1R in males and females. Each data point represents average percentage of neurons per mouse. 6–7 images 
were taken per mouse. 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. Each data point represents average 
percentage of neurons per mouse. 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. Each 
data point represents average percentage of neurons per mouse. 6–7 images were taken per mouse. Data are 
represented as mean ± SEM and analyzed by unpaired Student’s T Test at p < 0.05 (F) Percentage of C1qa in 
lingual TRPV1 + and TRPV1- neurons. Each data point represents average percentage of neurons per mouse. 
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.
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Figure 3.  Effect of Csf1 in CAP-evoked calcium influx in male and female TG Neurons. (A), (B) and (C) 
Naïve female and (D), (E) and (F) naïve male mice were injected with 0.5% WGA and 2 days later, TG neuronal 
cultures were treated with either vehicle (Veh) or 100 ng/ml Csf1 overnight. Following treatment, neurons were 
recorded for 15 nM CAP-evoked calcium response. (A) and (D). Data are presented as mean ± SEM of percent 
neurons responsive to CAP in WGA + and WGA- neurons. Data analyzed by two-way ANOVA with Sidak 
post-hoc test at p < 0.05 (B) and (E). Data are presented as mean ± SEM of delta values calculated by subtracting 
baseline (BL) from peak CAP response in WGA + and WGA- neurons. Data analyzed by two-way ANOVA with 
Sidak post-hoc test at p < 0.05. (C) and (F). Representative traces of CAP response in Veh and CSF1 treated 
neurons is shown. Experiments were performed twice on two different days for each sex. 250–300 neurons were 
recorded per group.

Figure 4.  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 versus 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 versus 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 versus 
FN. (E). Bar graph for upregulated and downregulated genes for FT versus FN. (F). Top 3 three upregulated and 
downregulated DEGs in FT versus 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 
versus MN and FT versus FN.
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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  mucosa53,54. 
Accordingly, percentage of TRPA1 expressing neurons are higher in the oral mucosal tissues than in dental  pulp54. 
Similarly, we have shown that about 20% of tongue innervating sensory neurons are CGRP  positive13 whereas 
almost 50% of masseter muscle innervating neurons are CGRP  positive15.

Therefore, in the current study, we explored changes in genomic profile of isolated sensory neurons inner-
vating 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 neu-
ronal population from whole ganglionic tissue as well as explore tissue-specific differences in neurons 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  pain35–40. However, till date, there is only a 
couple of studies investigating sexually dimorphic mechanism for tongue cancer  pain42,46. 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  growth27,36,37,55–57.

FACS sorting of lingual TG neurons was performed from normal and tumor-bearing animals for both sexes 
and our data indicated that female mice may 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  conditions56, indicating 
that while the percentage of TRPV1 + neurons were found to be different between the two sexes, the total num-
ber 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 perhaps the total number 
of non-nociceptive sensory neurons in mouse tongue may be higher in females than in males. Whether or not 

Figure 5.  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 versus 
MN, (B) DEGs upregulated in FT versus FN and (C). DEGs downregulated in FT versus 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 versus MN and FT versus FN. Data plotted as fold change. (F) 
Number of total DEGs obtained for each MF with MT versus MN and FT versus FN.
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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. To our knowledge, this is the very first evidence of differ-
ences in number of neurons innervating orofacial tissues between sexes. Further validation of this finding using 
different tracer dyes, strain of mice and alternative approaches such as whole tissue imaging of retro-labeled TG 
tissues, is warranted. 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 show-
ing increased DEGs in naïve female versus male neurons from whole mouse trigeminal  ganglia7. Interestingly, 
many of these DEGs such as CSF1R (colony- stimulating factor receptor 1)58,59, C1qa (complement component 
1 q)60–62, Sh2b3 (lymphocyte adapter protein)63,Hhex (Hematopoetically expressed homeobox)64,65 and Retnlg 
(Resistin-like gamma)66, are known to be primarily expressed in immune cells and have shown to play various 
roles in immune  processes58,62,67, myeloid cell  differentiation64,65, cytokine  signaling63 and  inflammation66,68. 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  cells58,59,61,62. Csf1R in microglia and mac-
rophages has been reported to be activated in neuropathic pain via its ligand Csf1 expressed in immune cells or 
in sensory  neurons67. Additionally, it has been shown that Csf1R exerts its action in a sex-specific manner by 
favoring a response in males compared to  females69. 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 while majority of C1qa was 
expressed in non-TRPV1 expressing neurons, Csf1R was expressed in nociceptive and non-nociceptive neurons. 
Moreover, we also found that Csf1R signaling by its ligand Csf1 sensitizes TRPV1 responses in female sensory 
neurons but not in males indicating that at least some of the DEGs exclusively expressed in females may contrib-
ute to nociception. Interestingly, this effect was observed in WGA + and WGA- cells suggesting the role of Csf1/
Csf1R signaling in females may not be restricted to the tongue tissue. Similar to Csf1R, the contribution of C1q 
proteins in pain including orofacial pain as been reported to be in  microglia70–72. Therefore, the sensory neuronal 
role of C1q proteins in pain is entirely unexplored possibly due to the fact that most studies are conducted in 
males that do not express neuronal C1q. Our data show that unlike Csf1R, C1q in females, is primarily expressed 
in TRPV1- neurons and not in TRPV1 + neurons. Therefore, further experiments are needed to fully characterize 
its expression in TRPV1- nociceptor and non-nociceptor subtypes, that will provide insights on the whether C1q 
may be involved in peripheral, secondary or central sensitization during tongue cancer or even other orofacial 
conditions. Nonetheless, our data from normal male and female animals indicate that perhaps female sensory 
neurons may be functionally different than male neurons innervating the mouse tongue.

Our analyses for gene expression changes post 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. Notably, while we observed similar pain behaviors (as measured by previously 
reported feeding behavior and von Frey thresholds in the virbissal  pad27) and tumor growth at the selected time 
point between both sexes (Fig S2A, B and C), 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, even if pain manifestation is similar. The concept of differences in sex-specific mechanisms with 
similar pain behaviors is not novel and has been described in neuropathic pain models by others. For example, 
it has been reported that pain behavior responses are not different between sexes post spared nerve  injury73,74; 
however processing of pain through either microglial  function74 or the gene expression profile in sensory neurons 
is sex-specific75. Clinically, association of gender differences in oral cancer pain has been varied. While, several 
studies report no association of gender and oral cancer  pain76–85, one study reported that initial presence of pain 
may be more common in  men35 and another study reported higher levels of function-related pain in men than 
 women47. However, three other studies report worse pain scores for women than  men86,87. Pre-clinically, differ-
ences in pain behaviors appears to be varied as well and may depend on the tumor model used. For example, 
Scheff et al.46, showed that females had worse gnawing behavior in the 4NQO tongue cancer model compared to 
males whereas we observed no difference in pain behaviors in the current study with HSC3 tongue tumors (Fig 
S1). Nonetheless, our data has clinical implications as it is crucial to understand the differences in mechanisms of 
oral cancer pain between males and females, to be able to understand if there may be potential differences in treat-
ment responses between the sexes to ultimately be able to develop effective therapeutic strategies for both sexes.

Since the tumor developed in both sexes was from the same cell line (i.e. HSC3), 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  macrophages88 
and satellite glial  cells89,90 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  cells91 and 
immune  cells42,46 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  pain42,46. Therefore, examining the role of these cell types 
in mediating global changes in the 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 pro-
cesses (BPs) were found to be common between males and females post tumor growth. These included apop-
tosis, response to interferon gamma, inflammatory response, leucocyte migration and IL-1 signaling. Of the 18 
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common DEGs, four genes were associated with two of the common BPs; i.e. inflammatory process and apop-
tosis. 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  progression92; and negatively regulates matrix metalloproteinases and 
disintegrin-metalloproteinases (ADAMs)93. Interestingly, ADAM17 is implicated in oral cancer  pain94. Accord-
ingly, Timp1 has been shown to attenuate inflammatory pain in preclinical  models95.

Galanin is a neuropeptide and is considered a potent modulator of inflammation by promoting cytokine 
production in immune  cells96,97. It also has been shown to induce cell death in pheochromocytoma  cells98. Impor-
tantly, 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  confirmed99. Interestingly, galanin 
release from sensory neurons have been shown to promote oral cancer  progression100.

Chitinase-like proteins belong to the family of glycoside hydrolase and are involved in the regulation of the 
innate immune  response101. Chi3l3 has been specifically reported to orchestrate recruitment of eosinophils in 
meningitis and autoimmune  neuroinflammation102,103. 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  pain104–106.

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 (IL1β) was specifically shown 
to be induced in female post tumor growth and was not expressed in males. The role of IL1β has been widely 
reported in pain, with the cytokine mostly produced by immune cells and other non-neuronal cells during 
 injury107,108. However, because most of the studies have been conducted using male animals, neuronal IL1β has 
not been reported previously. To this end, a sex-specific role of IL1β in pain has not been studied till date. Inter-
estingly, while induction of neuronal IL1β was only observed in females, downstream signaling of IL1 pathway 
was observed in both sexes post tumor growth indicating that perhaps IL1 β in males may be increased in the 
periphery or within the ganglia in non-neuronal cells as demonstrated in other injury  models107–110.

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  damage111,112,  migraine113 and opioid-induced  hyperalgesia114.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  inflammation115–117 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 down-
regulated, 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  receptors118 but also 
controls phosphate  homeostasis119. Furthermore, it is also considered a bone-derived hormone that is regulated 
by inflammation and associated with bone  pain120,121.

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 of tongue-innervating neurons under naïve and tumor-bearing conditions. 
Our data lays the foundation for future investigations to identify potential sex-specific targets in sensory neu-
rons and study their functional and mechanistic contribution in tumor-induced pain. Of interest are the DEGs 
belonging to the class of transcription factors in males and enzymes and cytokine/chemokines in females as the 
total number of DEGs in these classes were higher in the respective sexes. One limitation of the study include 
use of one cell-line to induce the tongue tumor and at this point, the study cannot confirm which DEGs and 
processes are common across tumors induced by different OSCC cell lines. We also note that the study was 
conducted using the xenograft model with athymic mice that lack the response of T lymphocytes. While this 
model allows to explore the regulation of sensory neurons by human tumors, it excludes the involvement of T 
cells in tumor-induced pain. Therefore, identifying DEGs in both sexes that are common to the xenograft as well 
as the syngeneic model will be important in selecting relevant targets for functional studies. Besides, it would 
be useful to delineate the temporal effect of the tumor on neuronal genes and processes to further gain insight 
into sex-specific regulation of sensory neurons in oral cancer.

Materials and methods
Animals. Six- to eight-week-old adult Balb/c male and female athymic nude mice (Jackson Labs, Bar Har-
bor, 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). The study is reported in accordance to the ARRIVE guidelines. 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 
line: HSC3, tongue tumors were induced in mice as described by us  previously27,36,37. HSC3 cells were purchased 
from Health Science Research Resources Bank, Japan. Animals were anesthetized with isoflurane inhalation and 
50 ul of 3.5 × 10^5 HSC3 cells were injected unilaterally in the ventral side of the tongues using insulin syringes. 
Normal group similarly received 50 ul of 3.5 × 10^5 human normal oral keratinocyte (NOK) cell line; OKF6-
TERT2 as described  previously27,36,37. NOK cell line was kindly provided by Dr. Cara Gonzales at UTHSCSA. 
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  previously13. Briefly, animals were anesthetized with isoflurane inhalation and 10 uls 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 h 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 5 ul of 50 ng/ml dispase (type 2, Sigma) and 75 ul of 2.5 mg/ml liberase (Roche) for 60 min 
at 37 °C for enzymatic digestion. Following this, tissues were centrifuged at 2 min at 1000 rpm and washed with 
5mls of DMEM containing 5% FBS and resuspended in 1.5 ml DMEM with 5% FBS and triturated with a Pas-
teur 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. Consecu-
tive 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 diges-
tion 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  protocol122, 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 50  bp 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).

Analyses of RNA sequencing data. Sequencing data was analyzed as previously  described123. Briefly, 
differential expression analysis was performed using  DESeq124 algorithm (R/Bioconductor) to estimate the dif-
ferential 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 compar-
ing 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  us13,36. Mice were anes-
thetized with ketamine (75 mg/kg)/ dexmedotomidine (1 mg/kg) solution and perfused with 4% paraformalde-
hyde (PFA) and trigeminal ganglia was dissected bilaterally from each mouse. Tissues were post-fixed in PFA, 
washed in 0.1 M 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. 
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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 20 × 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.

Primary culture of TG neurons. Mouse TG neurons were cultured for calcium imaging experiments. 
Naïve male and female mice were injected with WGA as described above, bilaterally in the tongue and 2 days 
later, TGs were dissected for neuronal cultures as described  previously125. Tissues were washed in HBSS and then 
dissociated with 1 mg/ml of collagenase and dispase (Roche, Indianapolis, IN, USA) for 45 min at 37 degrees. 
Following washing out the enzymes, cultures were plated on poly-D-lysine/laminin coated glass coverslips (BD 
Biosciences, San Jose, CA, USA) and grown overnight in either DMEM media supplemented with glutamine, 
penicillin/streptomycin and 2% Fetal bovine serum (for vehicle group) or the same media with 100 ng/ml recom-
binant colony-stimulating factor 1 (Csf1, Cell Signaling, Boston, MA, USA). Csf1 stock was diluted in saline.

Calcium imaging. Calcium accumulations of cultured sensory neurons was determined by fluorescence 
imaging as described  previously125. TG cultured were incubated with calcium-sensitive dye, Fura-2 AM (2 μm; 
Molecular Probes, Carlsbad, CA, USA) in Hanks modified buffer. Imaging was performed with a Nikon TE 
2000U microscope fitted with a × 40/1.35 NA Fluor objective. Following selection of small-to-medium neurons 
and baseline measurements, cells were applied with 15 nM capsaicin (CAP) to record TRPV1 responses. The net 
changes in calcium influx were calculated by subtracting the average baseline intracellular calcium [Ca2 +]i level 
from the peak [Ca2 +]i value achieved after exposure to CAP.

Feeding behavior. Feeding behavior was performed as previously described by  us27,36. Briefly, animals were 
food deprived for 18 h in their cages with bedding, following which, animals were placed in individual cages 
without bedding to acclimate for 30 min to an hour. Premeasured standard chow was then provided to the ani-
mals to feed freely for 1 h. At the end of the hour, food intake was measured by calculating the difference (in g) 
from the initial amount and the remaining amount of food. Baseline measurements and food intake at day 15 
post HSC3 cell inoculation was determined for male and female mice.

vonFrey threshold in the face. Mechanical thresholds in the vibrissal pad were determined using von 
Frey filaments as previously described by  us27,36. Briefly, animals were first acclimatized to von Frey filaments 
a day prior to experimentation by exposing the animals to the lowest force of the filament. Following this, 
mechanical responses at baseline and at day 15 post-cell inoculation were recorded by applying sequential series 
of calibrated von Frey filaments (bending forces ranging from 0.008 to 6  g of force) to the vibrissal pad of 
each mouse. Each filament was applied 5 times and the percent response was recorded for each filament. Head 
withdrawal, face swipe, or grimace were considered a positive response. Stimulus–response curve was plotted 
and analyzed via non-linear regression analysis.  EF50 was calculated as the force at which animals show a 50% 
response rate.

Tumor volume measurement. Tumor volumes were measured at day 15 post HSC3 cell inoculation in 
male and female mice as described  previously36. Animals were anesthetized with 2% isoflurane inhalation and 
tongue tumors were measured by determining length, width and height of the tumors using calipers. Tumor 
volumes were calculated by the formula π/6 (length × width × height) and presented as mm3.

Statistical analyses. Sample sizes were calculated using G-power application to obtain 80% power at a 
two-sided tail with α 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. Statisti-
cal 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.

Table 1.  List of Primary Antibodies used for Immunohistochemistry.

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
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Data availability
Data that support presented findings are available as figures, materials and methods as well as supplementary 
tables. Additionally, all RNA-seq data is uploaded to NCBI (Accession Number GSE220448) and released as soon 
as manuscript is accepted for publication.

Received: 13 May 2023; Accepted: 9 August 2023

References
 1. Cairns, B. E. The influence of gender and sex steroids on craniofacial nociception. Headache 47, 319–324. https:// doi. org/ 10. 

1111/j. 1526- 4610. 2006. 00708.x (2007).
 2. Haggman-Henrikson, B. et al. Increasing gender differences in the prevalence and chronification of orofacial pain in the popula-

tion. Pain 161, 1768–1775. https:// doi. org/ 10. 1097/j. pain. 00000 00000 001872 (2020).
 3. Liu, S., Kramer, P. & Tao, F. Editorial: Mechanisms of orofacial pain and sex differences. Front. Integr. Neurosci. 15, 599580. 

https:// doi. org/ 10. 3389/ fnint. 2021. 599580 (2021).
 4. Mohaved, S. B. et al. Apical periodontitis-induced mechanical allodynia: A mouse model to study infection-induced chronic 

pain conditions. Mol. Pain 16, 1744806919900725. https:// doi. org/ 10. 1177/ 17448 06919 900725 (2020).
 5. Riley, J. L. 3rd. & Gilbert, G. H. Orofacial pain symptoms: An interaction between age and sex. Pain 90, 245–256. https:// doi. 

org/ 10. 1016/ S0304- 3959(00) 00408-5 (2001).
 6. Sessle, B. J. Chronic orofacial pain: Models, mechanisms, and genetic and related environmental influences. Int. J. Mol. Sci. 

22(13), 7112. https:// doi. org/ 10. 3390/ ijms2 21371 12 (2021).
 7. Mecklenburg, J. et al. Transcriptomic sex differences in sensory neuronal populations of mice. Sci. Rep. 10, 15278. https:// doi. 

org/ 10. 1038/ s41598- 020- 72285-z (2020).
 8. Patil, M. et al. Prolactin receptor expression in mouse dorsal root ganglia neuronal subtypes is sex-dependent. J. Neuroendocrinol. 

31, e12759. https:// doi. org/ 10. 1111/ jne. 12759 (2019).
 9. Tavares-Ferreira, D. et al. Sex differences in nociceptor translatomes contribute to divergent prostaglandin signaling in male 

and female mice. Biol. Psychiatry 91, 129–140. https:// doi. org/ 10. 1016/j. biops ych. 2020. 09. 022 (2022).
 10 Yang, L. et al. Human and mouse trigeminal ganglia cell atlas implicates multiple cell types in migraine. Neuron 110, 1806–1821. 

https:// doi. org/ 10. 1016/j. neuron. 2022. 03. 003 (2022).
 11. Hockley, J. R. F. et al. Single-cell RNAseq reveals seven classes of colonic sensory neuron. Gut https:// doi. org/ 10. 1136/ gutjnl- 

2017- 315631 (2018).
 12. Sharma, N. et al. The emergence of transcriptional identity in somatosensory neurons. Nature 577, 392–398. https:// doi. org/ 10. 

1038/ s41586- 019- 1900-1 (2020).
 13. Wu, P., Arris, D., Grayson, M., Hung, C. N. & Ruparel, S. Characterization of sensory neuronal subtypes innervating mouse 

tongue. PLoS One 13, e0207069. https:// doi. org/ 10. 1371/ journ al. pone. 02070 69 (2018).
 14. Moayedi, Y., Duenas-Bianchi, L. F. & Lumpkin, E. A. Somatosensory innervation of the oral mucosa of adult and aging mice. 

Sci. Rep. 8, 9975. https:// doi. org/ 10. 1038/ s41598- 018- 28195-2 (2018).
 15 Lindquist, K. A. et al. Identification of trigeminal sensory neuronal types innervating masseter muscle. eNeuro 8(5), 

ENEURO.0176-21.2021. https:// doi. org/ 10. 1523/ ENEURO. 0176- 21. 2021 (2021).
 16. Abe, M. et al. Successful treatment with cyclosporin administration for persistent benign migratory glossitis. J. Dermatol. 34, 

340–343. https:// doi. org/ 10. 1111/j. 1346- 8138. 2007. 00284.x (2007).
 17. Drage, L. A. & Rogers, R. S. 3rd. Clinical assessment and outcome in 70 patients with complaints of burning or sore mouth 

symptoms. Mayo Clin. Proc. 74, 223–228. https:// doi. org/ 10. 4065/ 74.3. 223 (1999).
 18. Menni, S., Boccardi, D. & Crosti, C. Painful geographic tongue (benign migratory glossitis) in a child. J. Eur. Acad. Dermatol. 

Venereol. 18, 737–738. https:// doi. org/ 10. 1111/j. 1468- 3083. 2004. 01032.x (2004).
 19. Keller, M. K. & Kragelund, C. Randomized pilot study on probiotic effects on recurrent candidiasis in oral lichen planus patients. 

Oral Dis. https:// doi. org/ 10. 1111/ odi. 12858 (2018).
 20. Marable, D. R. et al. Oral candidiasis following steroid therapy for oral lichen planus. Oral Dis. 22, 140–147. https:// doi. org/ 10. 

1111/ odi. 12399 (2016).
 21. Balasubramaniam, R., Klasser, G. D. & Delcanho, R. Separating oral burning from burning mouth syndrome: Unravelling a 

diagnostic enigma. Aust. Dent. J. 54, 293–299. https:// doi. org/ 10. 1111/j. 1834- 7819. 2009. 01153.x (2009).
 22. Grinspan, D., Fernandez Blanco, G., Allevato, M. A. & Stengel, F. M. Burning mouth syndrome. Int. J. Dermatol. 34, 483–487 

(1995).
 23. Chaplin, J. M. & Morton, R. P. A prospective, longitudinal study of pain in head and neck cancer patients. Head Neck 21, 531–537 

(1999).
 24 Epstein, J. B. & Stewart, K. H. Radiation therapy and pain in patients with head and neck cancer. Eur. J Cancer Part B Oral Oncol. 

29B, 191–199 (1993).
 25. Keefe, F. J., Manuel, G., Brantley, A. & Crisson, J. Pain in the head and neck cancer patient: Changes over treatment. Head Neck 

Surg. 8, 169–176 (1986).
 26. Saxena, A., Gnanasekaran, N. & Andley, M. An epidemiological study of prevalence of pain in head & neck cancers. Indian J. 

Med. Res. 102, 28–33 (1995).
 27 Chodroff, L., Bendele, M., Valenzuela, V., Henry, M. & Ruparel, S. EXPRESS: BDNF signaling contributes to oral cancer pain 

in a preclinical orthotopic rodent model. Mol. Pain 12, 174480691666684. https:// doi. org/ 10. 1177/ 17448 06916 666841 (2016).
 28. Charalambous, M. et al. 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. https:// doi. org/ 10. 1016/j. ejon. 2018. 04. 003 (2018).
 29. Mercadante, S. et al. Prevalence of oral mucositis, dry mouth, and dysphagia in advanced cancer patients. Support. Care Cancer 

23, 3249–3255. https:// doi. org/ 10. 1007/ s00520- 015- 2720-y (2015).
 30. Ghurye, S. & McMillan, R. Orofacial pain - An update on diagnosis and management. Br. Dent. J. 223, 639–647. https:// doi. org/ 

10. 1038/ sj. bdj. 2017. 879 (2017).
 31. Jaaskelainen, S. K. & Woda, A. Burning mouth syndrome. Cephalalgia 37, 627–647. https:// doi. org/ 10. 1177/ 03331 02417 694883 

(2017).
 32. Maria, O. M., Eliopoulos, N. & Muanza, T. Radiation-induced oral mucositis. Front. Oncol. 7, 89. https:// doi. org/ 10. 3389/ fonc. 

2017. 00089 (2017).
 33. Villa, A. & Sonis, S. T. Mucositis: Pathobiology and management. Curr. Opin. Oncol. 27, 159–164. https:// doi. org/ 10. 1097/ CCO. 

00000 00000 000180 (2015).
 34. Yang, C. et al. 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. https:// doi. org/ 10. 1016/j. ijrobp. 2018. 07. 2010 (2018).
 35 Cuffari, L., Tesseroli de Siqueira, J. T., Nemr, K. & Rapaport, A. Pain complaint as the first symptom of oral cancer: A descriptive 

study. Oral Surg. Oral Med. Oral Pathol. Oral Radiol. Endodont. 102, 56–61. https:// doi. org/ 10. 1016/j. tripl eo. 2005. 10. 041 (2006).

https://doi.org/10.1111/j.1526-4610.2006.00708.x
https://doi.org/10.1111/j.1526-4610.2006.00708.x
https://doi.org/10.1097/j.pain.0000000000001872
https://doi.org/10.3389/fnint.2021.599580
https://doi.org/10.1177/1744806919900725
https://doi.org/10.1016/S0304-3959(00)00408-5
https://doi.org/10.1016/S0304-3959(00)00408-5
https://doi.org/10.3390/ijms22137112
https://doi.org/10.1038/s41598-020-72285-z
https://doi.org/10.1038/s41598-020-72285-z
https://doi.org/10.1111/jne.12759
https://doi.org/10.1016/j.biopsych.2020.09.022
https://doi.org/10.1016/j.neuron.2022.03.003
https://doi.org/10.1136/gutjnl-2017-315631
https://doi.org/10.1136/gutjnl-2017-315631
https://doi.org/10.1038/s41586-019-1900-1
https://doi.org/10.1038/s41586-019-1900-1
https://doi.org/10.1371/journal.pone.0207069
https://doi.org/10.1038/s41598-018-28195-2
https://doi.org/10.1523/ENEURO.0176-21.2021
https://doi.org/10.1111/j.1346-8138.2007.00284.x
https://doi.org/10.4065/74.3.223
https://doi.org/10.1111/j.1468-3083.2004.01032.x
https://doi.org/10.1111/odi.12858
https://doi.org/10.1111/odi.12399
https://doi.org/10.1111/odi.12399
https://doi.org/10.1111/j.1834-7819.2009.01153.x
https://doi.org/10.1177/1744806916666841
https://doi.org/10.1016/j.ejon.2018.04.003
https://doi.org/10.1007/s00520-015-2720-y
https://doi.org/10.1038/sj.bdj.2017.879
https://doi.org/10.1038/sj.bdj.2017.879
https://doi.org/10.1177/0333102417694883
https://doi.org/10.3389/fonc.2017.00089
https://doi.org/10.3389/fonc.2017.00089
https://doi.org/10.1097/CCO.0000000000000180
https://doi.org/10.1097/CCO.0000000000000180
https://doi.org/10.1016/j.ijrobp.2018.07.2010
https://doi.org/10.1016/j.tripleo.2005.10.041


13

Vol.:(0123456789)

Scientific Reports |        (2023) 13:13117  | https://doi.org/10.1038/s41598-023-40380-6

www.nature.com/scientificreports/

 36. Grayson, M. et al. 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. https:// doi. org/ 10. 1097/j. pain. 00000 00000 002382 
(2022).

 37. Grayson, M., Furr, A. & Ruparel, S. Depiction of oral tumor-induced trigeminal afferent responses using single-fiber electro-
physiology. Sci. Rep. 9, 4574. https:// doi. org/ 10. 1038/ s41598- 019- 39824-9 (2019).

 38. Ruparel, S., Bendele, M., Wallace, A. & Green, D. Released lipids regulate transient receptor potential channel (TRP)-dependent 
oral cancer pain. Mol. Pain 11, 30. https:// doi. org/ 10. 1186/ s12990- 015- 0016-3 (2015).

 39 Ye, Y. et al. Advances in head and neck cancer pain. J. Dent. Res. 101(9), 1025–1033. https:// doi. org/ 10. 1177/ 00220 34522 10885 
27 (2022).

 40. Williams, J. E. et al. Prevalence of pain in head and neck cancer out-patients. J. Laryngol. Otol. 124, 767–773. https:// doi. org/ 
10. 1017/ S0022 21511 00004 0X (2010).

 41. Lam, D. K. & Schmidt, B. L. Orofacial pain onset predicts transition to head and neck cancer. Pain 152, 1206–1209. https:// doi. 
org/ 10. 1016/j. pain. 2011. 02. 009 (2011).

 42. Scheff, N. N. et al. 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. https:// doi. org/ 10. 3389/ fnmol. 
2019. 00217 (2019).

 43. Gebri, E., Kiss, A., Toth, F. & Hortobagyi, T. Female sex as an independent prognostic factor in the development of oral mucositis 
during autologous peripheral stem cell transplantation. Sci. Rep. 10, 15898. https:// doi. org/ 10. 1038/ s41598- 020- 72592-5 (2020).

 44 Kusiak, A., Jereczek-Fossa, B. A., Cichonska, D. & Alterio, D. Oncological-therapy related oral mucositis as an interdisciplinary 
problem-literature review. Int. J. Environ. Res. Public Health 17, 2464. https:// doi. org/ 10. 3390/ ijerp h1707 2464 (2020).

 45 Schmetzer, O. & Flörcken, A. Sex differences in the drug therapy for oncologic diseases. In Sex and Gender Differences in Phar-
macology (ed. Regitz-Zagrosek, V.) 411–442 (Springer Berlin Heidelberg, 2012). https:// doi. org/ 10. 1007/ 978-3- 642- 30726-3_ 
19.

 46. Scheff, N. N. et al. Neutrophil-mediated endogenous analgesia contributes to sex differences in oral cancer pain. Front. Integr. 
Neurosci. 12, 52. https:// doi. org/ 10. 3389/ fnint. 2018. 00052 (2018).

 47. Connelly, S. T. & Schmidt, B. L. Evaluation of pain in patients with oral squamous cell carcinoma. J. Pain 5, 505–510. https:// 
doi. org/ 10. 1016/j. jpain. 2004. 09. 002 (2004).

 48 Horan, N. L. et al. The impact of tumor immunogenicity on cancer pain phenotype using syngeneic oral cancer mouse models. 
Front. Pain Res. (Lausanne) 3, 991725. https:// doi. org/ 10. 3389/ fpain. 2022. 991725 (2022).

 49. Cramer, J. D., Johnson, J. T. & Nilsen, M. L. Pain in head and neck cancer survivors: Prevalence, predictors, and quality-of-life 
impact. Otolaryngol. Head Neck Surg. 159, 853–858. https:// doi. org/ 10. 1177/ 01945 99818 783964 (2018).

 50. Bueno, C. H., Pereira, D. D., Pattussi, M. P., Grossi, P. K. & Grossi, M. L. Gender differences in temporomandibular disorders in 
adult populational studies: A systematic review and meta-analysis. J. Oral Rehabil. 45, 720–729. https:// doi. org/ 10. 1111/ joor. 
12661 (2018).

 51. Chung, M. K., Park, J., Asgar, J. & Ro, J. Y. Transcriptome analysis of trigeminal ganglia following masseter muscle inflammation 
in rats. Mol. Pain 12, 174480691666852. https:// doi. org/ 10. 1177/ 17448 06916 668526 (2016).

 52. Korczeniewska, O. A. et al. Differential gene expression in trigeminal ganglia of male and female rats following chronic constric-
tion of the infraorbital nerve. Eur. J. Pain 22, 875–888. https:// doi. org/ 10. 1002/ ejp. 1174 (2018).

 53. Fried, K., Sessle, B. J. & Devor, M. The paradox of pain from tooth pulp: Low-threshold “algoneurons”?. Pain 152, 2685–2689. 
https:// doi. org/ 10. 1016/j. pain. 2011. 08. 004 (2011).

 54. Michot, B., Lee, C. S. & Gibbs, J. L. TRPM8 and TRPA1 do not contribute to dental pulp sensitivity to cold. Sci. Rep. 8, 13198. 
https:// doi. org/ 10. 1038/ s41598- 018- 31487-2 (2018).

 55. Salvo, E. et al. Peripheral nerve injury and sensitization underlie pain associated with oral cancer perineural invasion. Pain 161, 
2592–2602. https:// doi. org/ 10. 1097/j. pain. 00000 00000 001986 (2020).

 56. Scheff, N. N. et al. Oral cancer induced TRPV1 sensitization is mediated by PAR2 signaling in primary afferent neurons inner-
vating the cancer microenvironment. Sci. Rep. 12, 4121. https:// doi. org/ 10. 1038/ s41598- 022- 08005-6 (2022).

 57. Tu, N. H. et al. Legumain induces oral cancer pain by biased agonism of protease-activated receptor-2. J. Neurosci. 41, 193–210. 
https:// doi. org/ 10. 1523/ JNEUR OSCI. 1211- 20. 2020 (2021).

 58 Combes, T. W. et al. CSF1R defines the mononuclear phagocyte system lineage in human blood in health and COVID-19. 
Immunother. Adv. 1, itab003. https:// doi. org/ 10. 1093/ immadv/ ltab0 03 (2021).

 59. Grabert, K. et al. A transgenic line that reports CSF1R protein expression provides a definitive marker for the mouse mononuclear 
phagocyte system. J. Immunol. 205, 3154–3166. https:// doi. org/ 10. 4049/ jimmu nol. 20008 35 (2020).

 60. Chen, L. H. et al. 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. https:// doi. org/ 10. 3389/ fonc. 2021. 642144 (2021).

 61. Lu, J. H. et al. The classical and regulatory functions of C1q in immunity and autoimmunity. Cell Mol. Immunol. 5, 9–21. https:// 
doi. org/ 10. 1038/ cmi. 2008.2 (2008).

 62. Mascarell, L. et al. The regulatory dendritic cell marker C1q is a potent inhibitor of allergic inflammation. Mucosal Immunol. 
10, 695–704. https:// doi. org/ 10. 1038/ mi. 2016. 87 (2017).

 63. Blass, G., Mattson, D. L. & Staruschenko, A. The function of SH2B3 (LNK) in the kidney. Am. J. Physiol. Renal Physiol. 311, 
F682–F685. https:// doi. org/ 10. 1152/ ajpre nal. 00373. 2016 (2016).

 64. Good-Jacobson, K. L. & Groom, J. R. Hhex drives B cells down memory lane. Nat. Immunol. 21, 968–969. https:// doi. org/ 10. 
1038/ s41590- 020- 0763-9 (2020).

 65. Jang, S. W. et al. Homeobox protein Hhex negatively regulates Treg cells by inhibiting Foxp3 expression and function. Proc. Natl. 
Acad. Sci. U. S. A. 116, 25790–25799. https:// doi. org/ 10. 1073/ pnas. 19072 24116 (2019).

 66. Pine, G. M., Batugedara, H. M. & Nair, M. G. Here, there and everywhere: Resistin-like molecules in infection, inflammation, 
and metabolic disorders. Cytokine 110, 442–451. https:// doi. org/ 10. 1016/j. cyto. 2018. 05. 014 (2018).

 67. Yu, X., Basbaum, A. & Guan, Z. Contribution of colony-stimulating factor 1 to neuropathic pain. Pain Rep. 6, e883. https:// doi. 
org/ 10. 1097/ PR9. 00000 00000 000883 (2021).

 68. Nagaev, I., Bokarewa, M., Tarkowski, A. & Smith, U. Human resistin is a systemic immune-derived proinflammatory cytokine 
targeting both leukocytes and adipocytes. PLoS One 1, e31. https:// doi. org/ 10. 1371/ journ al. pone. 00000 31 (2006).

 69 Kuhn, J. A. et al. Regulatory T-cells inhibit microglia-induced pain hypersensitivity in female mice. Elife https:// doi. org/ 10. 7554/ 
eLife. 69056 (2021).

 70. Asano, S. et al. Microglia-astrocyte communication via C1q contributes to orofacial neuropathic pain associated with infraorbital 
nerve injury. Int. J. Mol. Sci. 21, 6834. https:// doi. org/ 10. 3390/ ijms2 11868 34 (2020).

 71. Griffin, R. S. et al. Complement induction in spinal cord microglia results in anaphylatoxin C5a-mediated pain hypersensitivity. 
J. Neurosci. 27, 8699–8708. https:// doi. org/ 10. 1523/ JNEUR OSCI. 2018- 07. 2007 (2007).

 72. Hong, C. et al. Astrocytic and microglial interleukin-1beta mediates complement C1q-triggered orofacial mechanical allodynia. 
Neurosci. Res. https:// doi. org/ 10. 1016/j. neures. 2022. 10. 009 (2022).

 73. Millecamps, M., Sotocinal, S. G., Austin, J. S., Stone, L. S. & Mogil, J. S. Sex-specific effects of neuropathic pain on long-term 
pain behavior and mortality in mice. Pain 164, 577–586. https:// doi. org/ 10. 1097/j. pain. 00000 00000 002742 (2023).

https://doi.org/10.1097/j.pain.0000000000002382
https://doi.org/10.1038/s41598-019-39824-9
https://doi.org/10.1186/s12990-015-0016-3
https://doi.org/10.1177/00220345221088527
https://doi.org/10.1177/00220345221088527
https://doi.org/10.1017/S002221511000040X
https://doi.org/10.1017/S002221511000040X
https://doi.org/10.1016/j.pain.2011.02.009
https://doi.org/10.1016/j.pain.2011.02.009
https://doi.org/10.3389/fnmol.2019.00217
https://doi.org/10.3389/fnmol.2019.00217
https://doi.org/10.1038/s41598-020-72592-5
https://doi.org/10.3390/ijerph17072464
https://doi.org/10.1007/978-3-642-30726-3_19
https://doi.org/10.1007/978-3-642-30726-3_19
https://doi.org/10.3389/fnint.2018.00052
https://doi.org/10.1016/j.jpain.2004.09.002
https://doi.org/10.1016/j.jpain.2004.09.002
https://doi.org/10.3389/fpain.2022.991725
https://doi.org/10.1177/0194599818783964
https://doi.org/10.1111/joor.12661
https://doi.org/10.1111/joor.12661
https://doi.org/10.1177/1744806916668526
https://doi.org/10.1002/ejp.1174
https://doi.org/10.1016/j.pain.2011.08.004
https://doi.org/10.1038/s41598-018-31487-2
https://doi.org/10.1097/j.pain.0000000000001986
https://doi.org/10.1038/s41598-022-08005-6
https://doi.org/10.1523/JNEUROSCI.1211-20.2020
https://doi.org/10.1093/immadv/ltab003
https://doi.org/10.4049/jimmunol.2000835
https://doi.org/10.3389/fonc.2021.642144
https://doi.org/10.1038/cmi.2008.2
https://doi.org/10.1038/cmi.2008.2
https://doi.org/10.1038/mi.2016.87
https://doi.org/10.1152/ajprenal.00373.2016
https://doi.org/10.1038/s41590-020-0763-9
https://doi.org/10.1038/s41590-020-0763-9
https://doi.org/10.1073/pnas.1907224116
https://doi.org/10.1016/j.cyto.2018.05.014
https://doi.org/10.1097/PR9.0000000000000883
https://doi.org/10.1097/PR9.0000000000000883
https://doi.org/10.1371/journal.pone.0000031
https://doi.org/10.7554/eLife.69056
https://doi.org/10.7554/eLife.69056
https://doi.org/10.3390/ijms21186834
https://doi.org/10.1523/JNEUROSCI.2018-07.2007
https://doi.org/10.1016/j.neures.2022.10.009
https://doi.org/10.1097/j.pain.0000000000002742


14

Vol:.(1234567890)

Scientific Reports |        (2023) 13:13117  | https://doi.org/10.1038/s41598-023-40380-6

www.nature.com/scientificreports/

 74. Sorge, R. E. et al. Different immune cells mediate mechanical pain hypersensitivity in male and female mice. Nat. Neurosci. 18, 
1081–1083. https:// doi. org/ 10. 1038/ nn. 4053 (2015).

 75. Barry, A. M., Zhao, N., Yang, X., Bennett, D. L. & Baskozos, G. Deep RNA-seq of male and female murine sensory neuron 
subtypes after nerve injury. Pain https:// doi. org/ 10. 1097/j. pain. 00000 00000 002934 (2023).

 76. Lee, M. T., Gibson, S. & Hilari, K. Gender differences in health-related quality of life following total laryngectomy. Int. J. Lang 
Commun. Disord. 45, 287–294. https:// doi. org/ 10. 3109/ 13682 82090 29942 18 (2010).

 77. Maciejewski, O. et al. Gender specific quality of life in patients with oral squamous cell carcinomas. Head Face Med. 6, 21. https:// 
doi. org/ 10. 1186/ 1746- 160X-6- 21 (2010).

 78. Murphy, B. A. et al. Reliability and validity of the vanderbilt head and neck symptom survey: A tool to assess symptom burden 
in patients treated with chemoradiation. Head Neck 32, 26–37. https:// doi. org/ 10. 1002/ hed. 21143 (2010).

 79. Pourel, N. et al. Quality of life in long-term survivors of oropharynx carcinoma. Int. J. Radiat. Oncol. Biol. Phys. 54, 742–751. 
https:// doi. org/ 10. 1016/ s0360- 3016(02) 02959-0 (2002).

 80. Schliephake, H. & Jamil, M. U. Prospective evaluation of quality of life after oncologic surgery for oral cancer. Int. J. Oral Maxil-
lofac. Surg. 31, 427–433. https:// doi. org/ 10. 1054/ ijom. 2001. 0194 (2002).

 81. Singer, S. et al. Validation of the EORTC QLQ-C30 and EORTC QLQ-H&N35 in patients with laryngeal cancer after surgery. 
Head Neck 31, 64–76. https:// doi. org/ 10. 1002/ hed. 20938 (2009).

 82. Dirix, P., Nuyts, S., Vander Poorten, V., Delaere, P. & Van den Bogaert, W. The influence of xerostomia after radiotherapy on 
quality of life: Results of a questionnaire in head and neck cancer. Support Care Cancer 16, 171–179. https:// doi. org/ 10. 1007/ 
s00520- 007- 0300-5 (2008).

 83. Sato, J., Yamazaki, Y., Satoh, A., Notani, K. & Kitagawa, Y. Pain is associated with an endophytic cancer growth pattern in patients 
with oral squamous cell carcinoma before treatment. Odontology 98, 60–64. https:// doi. org/ 10. 1007/ s10266- 009- 0107-6 (2010).

 84. Sato, J. et al. Pain may predict poor prognosis in patients with oral squamous cell carcinoma. Oral Surg. Oral Med. Oral Pathol. 
Oral Radiol. Endod. 111, 587–592. https:// doi. org/ 10. 1016/j. tripl eo. 2010. 11. 033 (2011).

 85. Smit, M., Balm, A. J., Hilgers, F. J. & Tan, I. B. Pain as sign of recurrent disease in head and neck squamous cell carcinoma. Head 
Neck 23, 372–375. https:// doi. org/ 10. 1002/ hed. 1046 (2001).

 86. Hammerlid, E. et al. A prospective study of quality of life in head and neck cancer patients. Part I: At diagnosis. Laryngoscope 
111, 669–680. https:// doi. org/ 10. 1097/ 00005 537- 20010 4000- 00021 (2001).

 87. Infante-Cossio, P., Torres-Carranza, E., Cayuela, A., Gutierrez-Perez, J. L. & Gili-Miner, M. Quality of life in patients with oral 
and oropharyngeal cancer. Int. J. Oral Maxillofac. Surg. 38, 250–255. https:// doi. org/ 10. 1016/j. ijom. 2008. 12. 001 (2009).

 88. Yu, X. et al. Dorsal root ganglion macrophages contribute to both the initiation and persistence of neuropathic pain. Nat. Com-
mun. 11, 264. https:// doi. org/ 10. 1038/ s41467- 019- 13839-2 (2020).

 89. Liu, H. et al. Activation of satellite glial cells in trigeminal ganglion following dental injury and inflammation. J. Mol. Histol. 49, 
257–263. https:// doi. org/ 10. 1007/ s10735- 018- 9765-4 (2018).

 90. Vit, J. P., Jasmin, L., Bhargava, A. & Ohara, P. T. Satellite glial cells in the trigeminal ganglion as a determinant of orofacial 
neuropathic pain. Neuron Glia Biol. 2, 247–257. https:// doi. org/ 10. 1017/ s1740 925x0 70004 27 (2006).

 91. Salvo, E., Saraithong, P., Curtin, J. G., Janal, M. N. & Ye, Y. Reciprocal interactions between cancer and Schwann cells contribute 
to oral cancer progression and pain. Heliyon 5, e01223. https:// doi. org/ 10. 1016/j. heliy on. 2019. e01223 (2019).

 92. Kim, Y. S., Kim, S. H., Kang, J. G. & Ko, J. H. Expression level and glycan dynamics determine the net effects of TIMP-1 on 
cancer progression. BMB Rep. 45, 623–628. https:// doi. org/ 10. 5483/ bmbrep. 2012. 45. 11. 233 (2012).

 93. Brew, K. & Nagase, H. The tissue inhibitors of metalloproteinases (TIMPs): An ancient family with structural and functional 
diversity. Biochim. Biophys. Acta 1803, 55–71. https:// doi. org/ 10. 1016/j. bbamcr. 2010. 01. 003 (2010).

 94. Scheff, N. N. et al. A disintegrin and metalloproteinase domain 17-epidermal growth factor receptor signaling contributes to 
oral cancer pain. Pain 161, 2330–2343. https:// doi. org/ 10. 1097/j. pain. 00000 00000 001926 (2020).

 95. Knight, B. E. et al. TIMP-1 Attenuates the development of inflammatory pain through MMP-dependent and receptor-mediated 
cell signaling mechanisms. Front. Mol. Neurosci. 12, 220. https:// doi. org/ 10. 3389/ fnmol. 2019. 00220 (2019).

 96. Kofler, B. et al. Contribution of the galanin system to inflammation. Springerplus 4, L57. https:// doi. org/ 10. 1186/ 2193- 1801-4- 
S1- L57 (2015).

 97. Koller, A. et al. Galanin is a potent modulator of cytokine and chemokine expression in human macrophages. Sci. Rep. 9, 7237. 
https:// doi. org/ 10. 1038/ s41598- 019- 43704-7 (2019).

 98. Tofighi, R. et al. 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. https:// doi. org/ 10. 1073/ pnas. 07123 00105 (2008).

 99 Fonseca-Rodrigues, D., Almeida, A. & Pinto-Ribeiro, F. A new gal in town: A Systematic review of the role of galanin and its 
receptors in experimental pain. Cells 11, 839. https:// doi. org/ 10. 3390/ cells 11050 839 (2022).

 100. Scanlon, C. S. et al. Galanin modulates the neural niche to favour perineural invasion in head and neck cancer. Nat. Commun. 
6, 6885. https:// doi. org/ 10. 1038/ ncomm s7885 (2015).

 101. Sutherland, T. E. Chitinase-like proteins as regulators of innate immunity and tissue repair: Helpful lessons for asthma?. Biochem. 
Soc. Trans. 46, 141–151. https:// doi. org/ 10. 1042/ BST20 170108 (2018).

 102. Starossom, S. C. et al. Chi3l3 induces oligodendrogenesis in an experimental model of autoimmune neuroinflammation. Nat. 
Commun. 10, 217. https:// doi. org/ 10. 1038/ s41467- 018- 08140-7 (2019).

 103. Wan, S. et al. Chi3l3: A potential key orchestrator of eosinophil recruitment in meningitis induced by Angiostrongylus canton-
ensis. J. Neuroinflam. 15, 31. https:// doi. org/ 10. 1186/ s12974- 018- 1071-2 (2018).

 104. Ju, Y. Y. et al. CXCL10 and CXCR3 in the trigeminal ganglion contribute to trigeminal neuropathic pain in mice. J. Pain Res. 14, 
41–51. https:// doi. org/ 10. 2147/ JPR. S2882 92 (2021).

 105. Li, H. L. et al. 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. https:// doi. org/ 10. 3389/ fimmu. 2020. 00477 (2020).

 106. Wang, Y. et al. CXCL10 controls inflammatory pain via opioid peptide-containing macrophages in electroacupuncture. PLoS 
One 9, e94696. https:// doi. org/ 10. 1371/ journ al. pone. 00946 96 (2014).

 107. Mailhot, B. et al. Neuronal interleukin-1 receptors mediate pain in chronic inflammatory diseases. J. Exp. Med. https:// doi. org/ 
10. 1084/ jem. 20191 430 (2020).

 108. Ren, K. & Torres, R. Role of interleukin-1beta during pain and inflammation. Brain Res. Rev. 60, 57–64. https:// doi. org/ 10. 
1016/j. brain resrev. 2008. 12. 020 (2009).

 109. Gajtko, A., Bakk, E., Hegedus, K., Ducza, L. & Hollo, K. IL-1beta induced cytokine expression by spinal astrocytes can play a 
role in the maintenance of chronic inflammatory pain. Front. Physiol. 11, 543331. https:// doi. org/ 10. 3389/ fphys. 2020. 543331 
(2020).

 110. Gui, W. S. et al. Interleukin-1beta overproduction is a common cause for neuropathic pain, memory deficit, and depression 
following peripheral nerve injury in rodents. Mol. Pain 12, 1744806916646784. https:// doi. org/ 10. 1177/ 17448 06916 646784 
(2016).

 111. Urban, M. J. et al. Inhibiting heat-shock protein 90 reverses sensory hypoalgesia in diabetic mice. ASN Neuro 2, e00040. https:// 
doi. org/ 10. 1042/ AN201 00015 (2010).

 112. Xu, B. et al. HSP70 alleviates spinal cord injury by activating the NF-kB pathway. J. Musculoskelet Neuronal. Interact. 21, 542–549 
(2021).

https://doi.org/10.1038/nn.4053
https://doi.org/10.1097/j.pain.0000000000002934
https://doi.org/10.3109/13682820902994218
https://doi.org/10.1186/1746-160X-6-21
https://doi.org/10.1186/1746-160X-6-21
https://doi.org/10.1002/hed.21143
https://doi.org/10.1016/s0360-3016(02)02959-0
https://doi.org/10.1054/ijom.2001.0194
https://doi.org/10.1002/hed.20938
https://doi.org/10.1007/s00520-007-0300-5
https://doi.org/10.1007/s00520-007-0300-5
https://doi.org/10.1007/s10266-009-0107-6
https://doi.org/10.1016/j.tripleo.2010.11.033
https://doi.org/10.1002/hed.1046
https://doi.org/10.1097/00005537-200104000-00021
https://doi.org/10.1016/j.ijom.2008.12.001
https://doi.org/10.1038/s41467-019-13839-2
https://doi.org/10.1007/s10735-018-9765-4
https://doi.org/10.1017/s1740925x07000427
https://doi.org/10.1016/j.heliyon.2019.e01223
https://doi.org/10.5483/bmbrep.2012.45.11.233
https://doi.org/10.1016/j.bbamcr.2010.01.003
https://doi.org/10.1097/j.pain.0000000000001926
https://doi.org/10.3389/fnmol.2019.00220
https://doi.org/10.1186/2193-1801-4-S1-L57
https://doi.org/10.1186/2193-1801-4-S1-L57
https://doi.org/10.1038/s41598-019-43704-7
https://doi.org/10.1073/pnas.0712300105
https://doi.org/10.3390/cells11050839
https://doi.org/10.1038/ncomms7885
https://doi.org/10.1042/BST20170108
https://doi.org/10.1038/s41467-018-08140-7
https://doi.org/10.1186/s12974-018-1071-2
https://doi.org/10.2147/JPR.S288292
https://doi.org/10.3389/fimmu.2020.00477
https://doi.org/10.1371/journal.pone.0094696
https://doi.org/10.1084/jem.20191430
https://doi.org/10.1084/jem.20191430
https://doi.org/10.1016/j.brainresrev.2008.12.020
https://doi.org/10.1016/j.brainresrev.2008.12.020
https://doi.org/10.3389/fphys.2020.543331
https://doi.org/10.1177/1744806916646784
https://doi.org/10.1042/AN20100015
https://doi.org/10.1042/AN20100015


15

Vol.:(0123456789)

Scientific Reports |        (2023) 13:13117  | https://doi.org/10.1038/s41598-023-40380-6

www.nature.com/scientificreports/

 113. Wu, F. et al. Exogenous Hsp70 attenuates nitroglycerin-induced migraine-like symptoms in mice. J. Neurophysiol. 126, 1030–
1037. https:// doi. org/ 10. 1152/ jn. 00314. 2021 (2021).

 114. Lin, T. T. et al. 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. https:// doi. org/ 10. 3389/ fcell. 2020. 00269 (2020).

 115 Goncalves Dos Santos, G., Delay, L., Yaksh, T. L. & Corr, M. Neuraxial cytokines in pain states. Front. Immunol. 10, 3061. https:// 
doi. org/ 10. 3389/ fimmu. 2019. 03061 (2019).

 116. Kalpachidou, T., Riehl, L., Schopf, C. L., Ucar, B. & Kress, M. Proinflammatory cytokines and their receptors as druggable targets 
to alleviate pathological pain. Pain 163, S79–S98. https:// doi. org/ 10. 1097/j. pain. 00000 00000 002737 (2022).

 117. Solis-Castro, O. O., Wong, N. & Boissonade, F. M. Chemokines and pain in the trigeminal system. Front. Pain Res. (Lausanne) 
2, 689314. https:// doi. org/ 10. 3389/ fpain. 2021. 689314 (2021).

 118. Yu, X. & White, K. E. Fibroblast growth factor 23 and its receptors. Ther. Apher. Dial. 9, 308–312. https:// doi. org/ 10. 1111/j. 
1744- 9987. 2005. 00287.x (2005).

 119. Fukumoto, S. Physiological regulation and disorders of phosphate metabolism–pivotal role of fibroblast growth factor 23. Intern. 
Med. 47, 337–343. https:// doi. org/ 10. 2169/ inter nalme dicine. 47. 0730 (2008).

 120. Czaya, B. & Faul, C. The role of fibroblast growth factor 23 in inflammation and anemia. Int. J. Mol. Sci. https:// doi. org/ 10. 3390/ 
ijms2 01741 95 (2019).

 121. Suvannasankha, A. et al. FGF23 is elevated in multiple myeloma and increases heparanase expression by tumor cells. Oncotarget 
6, 19647–19660 (2015).

 122. Picelli, S. et al. Full-length RNA-seq from single cells using Smart-seq2. Nat. Protoc. 9, 171–181. https:// doi. org/ 10. 1038/ nprot. 
2014. 006 (2014).

 123. Hovhannisyan, A. H. et al. Pituitary hormones are specifically expressed in trigeminal sensory neurons and contribute to pain 
responses in the trigeminal system. Sci. Rep. 11, 17813. https:// doi. org/ 10. 1038/ s41598- 021- 97084-y (2021).

 124. Anders, S. & Huber, W. Differential expression analysis for sequence count data. Genome Biol. 11, R106. https:// doi. org/ 10. 1186/ 
gb- 2010- 11- 10- r106 (2010).

 125. Ruparel, S., Green, D., Chen, P. & Hargreaves, K. M. The cytochrome P450 inhibitor, ketoconazole, inhibits oxidized linoleic 
acid metabolite-mediated peripheral inflammatory pain. Mol. Pain 8, 73. https:// doi. org/ 10. 1186/ 1744- 8069-8- 73 (2012).

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). 
A.V.T and S.A.S. were supported by the Cancer Prevention and Research Institute of Texas (CPRIT) (RP210105, 
RP220470) and NIH (NS112263). The Flow Cytometry Shared Resource at UT Health San Antonio is supported 
by a grant from the National Cancer Institute (P30CA054174) to the Mays Cancer Center, a grant from the CPRIT 
(RP210126), a grant from the National Institutes of Health (1S10OD030432), and support from the Office of the 
Vice President for Research at UT Health San Antonio.

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. S.A.S. and A.V.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. J.M. (Murillo) performed behavior 
assays. J.M. (Merlo) and C.F.M. performed calcium imaging experiments. S.R. conceptualized, designed and 
analyzed experiments, as well as wrote and edited the manuscript. All authors edited the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 023- 40380-6.

Correspondence and requests for materials should be addressed to S.R.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023

https://doi.org/10.1152/jn.00314.2021
https://doi.org/10.3389/fcell.2020.00269
https://doi.org/10.3389/fimmu.2019.03061
https://doi.org/10.3389/fimmu.2019.03061
https://doi.org/10.1097/j.pain.0000000000002737
https://doi.org/10.3389/fpain.2021.689314
https://doi.org/10.1111/j.1744-9987.2005.00287.x
https://doi.org/10.1111/j.1744-9987.2005.00287.x
https://doi.org/10.2169/internalmedicine.47.0730
https://doi.org/10.3390/ijms20174195
https://doi.org/10.3390/ijms20174195
https://doi.org/10.1038/nprot.2014.006
https://doi.org/10.1038/nprot.2014.006
https://doi.org/10.1038/s41598-021-97084-y
https://doi.org/10.1186/gb-2010-11-10-r106
https://doi.org/10.1186/gb-2010-11-10-r106
https://doi.org/10.1186/1744-8069-8-73
https://doi.org/10.1038/s41598-023-40380-6
https://doi.org/10.1038/s41598-023-40380-6
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Sex-dependent differences in the genomic profile of lingual sensory neurons in naïve and tongue-tumor bearing mice
	Results
	Isolation of lingual TG neurons revealed differences in number of innervating neurons between males and females. 
	Sex-dependent differences in gene expression in lingual neurons of naïve mice. 
	Changes in transcriptomic profile of lingual neurons upon tongue tumor growth in males and females. 
	Biological processes and molecular function regulated upon tumor growth in males and females. 

	Discussion
	Materials and methods
	Animals. 
	In vivo orthotopic xenograft tongue tumor model. 
	Retro-labeling of tongue-innervating TG neurons. 
	Preparation of single-cell suspension and flow sorting. 
	RNA isolation. 
	Bulk RNA sequencing. 
	Analyses of RNA sequencing data. 
	Immunohistochemistry. 
	Primary culture of TG neurons. 
	Calcium imaging. 
	Feeding behavior. 
	vonFrey threshold in the face. 
	Tumor volume measurement. 
	Statistical analyses. 

	References
	Acknowledgements


