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Abstract

Sex-biased gene expression contributes to physiological and disease differences between females and males. This study re-analyzed publicly available
GeneNetwork expression datasets from BXD recombinant inbred mice across seven tissues, including adrenal gland, amygdala, hypothalamus, kidney,
spleen, liver, and pituitary gland, to characterize tissue-dependent sex-biased expression and prioritize candidate regulatory loci. Because these datasets
were generated using microarray platforms rather than RNA-seq, probe-level expression traits were analyzed and then mapped to genes. Male and female
strain-level mean expression values were compared using paired two-tailed t-tests across matched BXD strains, followed by Bonferroni correction, and sex-
biased probes were defined as q < 0.05. Functional enrichment, correlation-network analysis, eQTL mapping, and contextual comparison with human GTEx
data were performed. Sex-biased expression was strongly tissue-dependent, with liver, adrenal gland, kidney, and pituitary showing larger proportions of sex-
biased probes than amygdala, hypothalamus, and spleen. No autosomal gene was shared across all seven tissues, whereas X-linked genes showed more
consistent sex-biased expression. Liver EDEGs were enriched for xenobiotic, steroid, bile-acid, and lipid-metabolic functions, while smaller DEG sets in
amygdala, hypothalamus, and spleen were associated with neuronal signalling, reproductive regulation, heme metabolism, and immune response. Overall,
this re-analysis supports strong tissue specificity in sex-biased expression in BXD mice and highlights candidate genes and regulatory loci for future
experimental validation.

1 Introduction

Sex is a major biological variable influencing physiology, disease susceptibility, therapeutic response, and aging(Klein & Flanagan, 2016; Oliva et al., 2020).
Although males and females share nearly identical genomes, substantial differences in gene expression contribute to sexually dimorphic traits across
multiple organ systems(Ingleby et al., 2014; Klein & Flanagan, 2016; Lopes-Ramos et al., 2020; Oliva et al., 2020; Parsch & Ellegren, 2013). These differences
influence diverse biological processes, including metabolism, immune responses, neurodevelopment, and endocrine regulation, and are associated with sex-
biased prevalence and progression of many human diseases, including autoimmune disorders, cardiovascular disease, metabolic syndrome, and
cancer(Klein & Flanagan, 2016; Ngo et al., 2014; Regitz-Zagrosek & Kararigas, 2017; Vera et al., 2023).

Comparative studies across species consistently demonstrate widespread sex-biased transcription. In humans, Genotype-Tissue Expression (GTEx) and
related regulatory-network analyses have shown that sex affects both expression levels and gene-regulatory architecture across many tissues(Consortium et
al., 2017; Gay et al., 2020; Khodursky et al., 2022; Lopes-Ramos et al., 2020; Mele et al., 2015). In mice, sex-biased expression has been particularly well
studied in liver and kidney. In liver, prior work established extensive sex differences controlled by pituitary growth hormone secretion, STAT5-dependent
transcription, strain background, and genetic variation(Conforto & Waxman, 2012; Gatti et al., 2007; Gatti et al., 2010; Lau-Corona et al., 2020; Waxman &
O'Connor, 2006). In kidney, bulk, single-cell, spatial, and multi-omic studies have demonstrated substantial sex-biased expression, especially in proximal
tubular compartments and during postnatal maturation(Chen et al., 2023; Chen et al., 2025; Ransick et al., 2019; Si et al., 2009). In addition, sex-biased
expression patterns have been described in several brain regions and immune tissues, highlighting the widespread and tissue-dependent nature of sexual
dimorphism(Khodursky et al., 2022; Lopes-Ramos et al., 2020; Mozhui et al., 2012). These studies provide an essential framework for interpreting any new
analysis of sex-biased expression in these organs.

Despite substantial progress, several challenges remain. Many prior studies have focused on single tissues or single biological systems, making it difficult to
compare sexually dimorphic expression patterns across organs within a unified genetic framework(Care et al., 2018; Voskuhl et al., 2018). Furthermore, the
relative contributions of autosomal and sex chromosome-associated transcriptional programs across tissues remain incompletely understood(Mank, 2017).
Comparative systems-level analyses integrating multiple tissues within the same genetically defined population may therefore provide additional insight into
tissue-specific and shared mechanisms of sexual dimorphism(Khodursky et al., 2022; Lopes-Ramos et al., 2020).

The BXD recombinant inbred mouse family represents one of the most extensively characterized genetic reference populations for systems genetics
studies(Cao et al., 2018; Crowley et al., 2015; Werner et al., 2017). Derived from crosses between C57BL/6J and DBA/2J strains, BXD mice provide a powerful
resource for investigating complex genetic regulation of gene expression and phenotypic variation(Peirce et al., 2004). Publicly available GeneNetwork
datasets generated from BXD strains include transcriptomic profiling across multiple tissues, enabling integrative cross-tissue analyses of sex-biased
expression patterns(Mulligan et al., 2017).

In the present study, we performed a comparative re-analysis of publicly available GeneNetwork transcriptomic datasets from seven mouse tissues, including
adrenal gland, amygdala, hypothalamus, pituitary gland, kidney, spleen, and liver. Using differential expression analysis, functional enrichment, network
analysis, and expression quantitative trait locus (eQTL) mapping, we investigated tissue-specific and shared patterns of sexually dimorphic gene expression
across autosomal and X-linked genes. We further compared selected mouse findings with human transcriptomic data to evaluate the conservation of sex-
biased expression patterns across species. Our results provide a systems-level overview of tissue-dependent sexual dimorphism in gene expression and
highlight potential regulatory pathways associated with sex-biased biological functions.

2 Results

Global landscape of sex-biased gene expression across mouse tissues

To investigate tissue-specific patterns of sexually dimorphic gene expression, we performed a comparative re-analysis of publicly available GeneNetwork
transcriptomic datasets derived from seven mouse tissues, including adrenal gland, amygdala, hypothalamus, pituitary gland, kidney, spleen, and liver.
Because these datasets were generated using different microarray platforms and sample compositions (Supplementary Table S1), differential expression
analyses were performed independently within each tissue using sex-matched strain comparisons when available.
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Across all tissues, 123,129 autosomal probes and 516 X-linked probes were analyzed. Sex-biased probes were defined by paired male-female comparison
across matched BXD strain means with Bonferroni-adjusted q < 0.05. The number and proportion of DEGs varied substantially by tissue: amygdala,
hypothalamus, and spleen contained relatively few sex-biased probes under this threshold, whereas liver, adrenal gland, kidney, and pituitary contained larger
numbers (Table 1; Fig. TA). We compared DEGs across tissues and observed that no autosomal gene was shared by all seven tissues. UpSet plot analysis
was used to visualize common and unique genes among tissues (Fig. 1B). The most common DEG was Greb1, which was detected in the adrenal gland,
amygdala, hypothalamus, kidney, and pituitary gland, making it the only gene shared by five tissues (Fig. 1C). Gene Ontology (GO) (Ashburner et al., 2000;
Consortium et al., 2023)and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses (Kanehisa et al., 2025) were performed
separately for each tissue using only terms passing adjusted q < 0.05 (Supplementary Table S2). The spleen showed a distinct enrichment profile, whereas
kidney and liver, and adrenal gland and pituitary gland, showed relatively greater similarity in enrichment patterns (Fig. 1D).

Number and proportion of sex-biased probes with Bonferroni-adjusted g < 0.05 across chromosomes and tissues

Table 1

n/N?3(%)
ChrX

Chr1-
19

Chr1
Chr2
Chr3
Chr4
Chr5
Chré
Chr7
Chr8
Chr9
Chr10
Chr11
Chr12
Chr13
Chr14
Chr15
Chr16
Chr17
Chr18
Chr19

Adrenal

129/1207(10.69)

3127/27031(11.57)

174/1738(14.27)
248/2274(10.91)
163/1343(12.14)
214/1753(12.21)
224/1634(13.71)
180/1520(11.84)
180/2430(7.41)
173/1382(12.52)
197/1595(12.35)
169/1299(13.01)
227/2020(11.24)
145/995(14.57)
127/1076(11.80)
109/1122(11.59)
127/1061(1.97)
110/904(12.17)
132/1305(10.11)
98/673(14.56)
130/907(14.33)

Amygdala

10/1207(0.83)
14/27031(0.05)

1/1738(0.06)
0/2274(0.00)
1/1343(0.07)
0/1753(0.00)
0/1634(0.00)
0/1520(0.00)
1/2430(0.04)
0/1382(0.00)
0/1595(0.00)
0/1299(0.00)
1/2020(0.05)
2/995(0.20)

2/1076(0.19)
1/1122(0.09)
1/1061(0.09)
1/904(0.11)

0/1305(0.00)
2/673(0.30)

1/907(0.11)

Hypothalamus

12/1207(0.99)
20/27031(0.07)

2/1738(0.12)
1/2274(0.04)
1/1343(0.07)
0/1753(0.00)
0/1634(0.00)
1/1520(0.07)
2/2430(0.08)
1/1382(0.07)
0/1595(0.00)
4/1299(0.31)
0/2020(0.00)
2/995(0.20)

1/1076(0.09)
0/1122(0.00)
1/1061(0.09)
0/904(0.00)

2/1305(0.15)
2/673(0.30)

0/907(0.00)

Kidney

133/1442(9.22)
4022/42996(9.35)

239/2278(8.57)
290/3592(8.07)
255/2306(11.06)
259/2715(9.54)
237/2825(8.39)
256/2501(10.24)
245/3001(8.16)
245/2214(9.72)
229/2403(9.53)

(
(
(
(
(
(
(
(
(
219/2071(10.57)
271/3421(7.92)
144/1699(8.48)
196/1799(10.89)
149/1648(9.04)
195/1770(11.02)
160/1539(10.40)
191/1924(9.93)
123/1271(9.68)

(

150/1520(9.87)

Liver

92/691(13.31)

2303/19511(11.80)

149/1204(12.38)
175/1779(9.84)
125/965(12.95)
136/1219(11.16)
147/1219(12.06)
133/1167(11.40)
125/1692(7.39)
110/980(11.22)
143/1171(12.21)
105/907(11.58)
176/1561(11.27)
87/687(12.66)
95/730(13.01)
95/707(13.44)
121/755(16.03)
83/666(12.46)
127/916(13.86)
49/501(9.78)
122/685(17.81)

Pituitary

129/1207(10.69)

2787/28031(10.31)

259/1738(14.96)
221/2274(9.72)
159/1343(11.84
153/1753(8.73)
182/1634(11.14)
139/1520(9.14)
167/2430(6.87)
132/1382(9.55)
186/1595(11.66)
146/1299(11.24)
186/2020(9.21)
119/995(11.96)
108/1076(10.04)
105/1122(9.36)
137/1061(12.91)
104/904(11.50)
103/1305(7.89)
83/673(12.33)
98/907(10.80)

Note: N-the total number of probes; n-the number of probes which the gene expression’s g-value (Bonferroni adjust p-value) < 0.05.

Spleen

11/1271(0.87)
62/28588(0.22
7/1760(0.40)
2/2334(0.09)
4/1390(0.29
2/1810(0.11
7/1682(0.42
4/1553(0.26
0/2576(0.00

(

(

(

©.

(

(

(

1/1398(0.07

(

0/0321(0.00

6/2053(0.29

2/2019(0.20

4/1107(0.36
(

)
)
)
)
)
)
3/1607(0.19)
)
)
)
)
6/1175(0.51)
3/1967(0.15)
3/907(0.33)

3/1323(0.23)
3/692(0.43)

2/914(0.22)

We further analyzed X-linked DEGs across the seven tissues (Fig. 1E). Kdméa, Eif2s3x, and Xist were consistently detected as sex-biased across all seven
tissues. Functional enrichment analysis of these X-linked DEGs revealed similar GO terms in the amygdala and hypothalamus, which also showed closer
functional relationships to the spleen than to endocrine tissues (Fig. 1F; Supplementary Tables S3).

Despite being shared across tissues, the protein products of these DEGs exhibited low sequence similarity, with a maximum amino acid identity of 11.7% and
similarity of 28.9% (Fig. 1G)—both below the 40% threshold typically required to infer functional similarity(Pearson, 2013).

To focus subsequent analyses on the most robust sex-biased signals, we further defined a subset of extremely differentially expressed genes (EDEGS).
EDEGs were selected from Bonferroni-significant DEGs with extremely small p-values, representing high-confidence sex-biased genes within each tissue.
These EDEGs were highly tissue-specific. Among autosomal genes, Akr1d7 and Akr1c18 were identified in the adrenal gland; Sic7a12, Cyp7b1, Slc7a13,
Slco7at, and Acsm3 were identified in the kidney; and Rxfp7 was identified in the pituitary gland. The liver contained the largest EDEG set, with 121
identifiable genes (Supplementary Table S4). Among X-linked EDEGs, recurrent sex-biased genes included Xist, Kdméa, Kdmb5c, Eif2s3x, and Ddx3x
(Supplementary Table S5). These high-confidence genes were prioritized for subsequent tissue-specific analyses.

Research of EDEGs on autosomal chromosomes across tissues

Akr1d1 is the most different expressed genes between male and female in adrenal glands
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In the adrenal gland, Akr1d7 and Akr1c18 were identified EDEGs. As Akr1c18 is absent in humans, subsequent analyses focused on Akr1d1. Significant sex
differences in Akr1d1 expression were observed in the adrenal gland, liver, and kidney, with the largest expression difference detected in the adrenal gland
(Fig. 2A). To investigate tissue relationships of Akr1d1 expression, Pearson correlation analyses were performed across the seven examined tissues. Akr1d17
expression in kidney showed relatively strong positive correlations with expression in liver and adrenal gland datasets in both male and female mice (Fig. 2B)
regulatory differences within this tissue.

Phenotype and gene correlation analyses identified sex-dependent association patterns for Akr1d17 in adrenal gland datasets (Fig. 2C). In male mice, weight
loss-related phenotypes showed strong positive correlations (r = 0.890) with Akr1d1 expression, whereas in female mice sibling sucking-associated
phenotypes demonstrated strong negative correlations (r = - 0.948). The genes most strongly correlated with Akr1d7 expression were Atp8b1 in male mice (r
=0.843) and Cyp27a1 in female mice (r = 0.947). However, only limited correlations were observed between these associated genes, indicating that the
transcriptional relationships surrounding Akr1d1 differ substantially between sexes.

Expression quantitative trait locus (eQTL) analyses were subsequently performed to investigate potential genetic regulation of Akr1d7 expression (Fig. 2D). In
female mice, suggestive distal eQTL signals were identified on chromosome 17 for adrenal gland, chromosome 14 for kidney, and chromosome 7 for
pituitary gland datasets (Supplementary Figure S1). In male mice, both local and distal suggestive eQTL signals were observed, including loci on
chromosomes 6 and 9. Candidate regions associated with these eQTL peaks contained multiple SNPs and annotated genetic elements (Supplementary
Tables S6-S10).

Among these candidate loci, SNP rs32328305 within the Herc2 locus was located near the peak LRS region in female pituitary gland datasets
(Supplementary Figure S1A, S1C). This SNP represents a T-to-G substitution within an intronic region differing between B6 (T) and D2 (G) strains. Comparison
of Akr1d1 expression between genotypes demonstrated a significant association only in the female pituitary gland dataset (p = 0.0002) (Fig. 2E), suggesting
a potential relationship between the Herc2 locus and Akr1d7 expression in this tissue(Wang et al., 2014).

To further evaluate potential functional relationships, correlation networks involving Akr1d1, Herc2, and their top-associated genes and phenotypes were
examined (Fig. 2F). Although several indirect associations were identified, no strong direct correlation between Akr1d7 and Herc2 expression was observed,
indicating that additional experimental studies will be required to clarify potential regulatory interactions.

2.2.2 Kidney sex-biased genes exhibit coordinated correlation and regulatory patterns

In the kidney, five sex-biased DEGs were identified: Sic7a12 and Cyp7b1 on chromosome 3, Slc7a13 on chromosome 4, Slco7a7 on chromosome 6, and
Acsm3 on chromosome 7. Correlation analyses revealed substantial overlap among their top-associated genes and phenotypes, suggesting partially
coordinated transcriptional and phenotypic relationships (Table 2, Fig. 3A). As Slc7a12 does not have a clear human ortholog, subsequent analyses focused
primarily on Cyp7b1, Slc7a13, Slco1al and Acsm3 (Sah).

Table 2
Top-associated genes and phgggtypes of kidney sex-biased
DEGS TOP GENES TOP PHENOTYPES
SlcotalM  Slcolal (last 3 exons)  Liver copper level
SlcolalF  Ddx3y Ethanol Response
Slc7a13 M Xist Anti IgG2b level
Slc7a13 F Slcolal Ethanol response
Cyp7b1M  Cyp7bi(exon 5) Anti IgG2b level
Cyp7b1F Cyp7b1(exon 5) Ethanol response
Slc7a12M  Sucnrl 0TU199 metabolism
Slc7a12F  Eif2s3y Large Unknown Cells
Sah M Slcolal Y-maze test
Sah F Uty Ethanol Response

Expression profiles of these genes across seven tissues are summarized in Fig. 3B. Among them, Cyp7b1 exhibited sex-biased expression not only in kidney,
but also in liver, adrenal gland, and pituitary gland datasets. Slc7a73 and Sico7a7 additionally showed sex-biased expression in liver and adrenal gland
datasets, whereas Acsm3 demonstrated predominant liver-associated sex bias. These findings suggest that several kidney-associated EDEGs may
participate in broader tissue-dependent metabolic or endocrine transcriptional programs.

Correlation network analyses were subsequently performed to evaluate relationships among the top-associated genes and phenotypes linked to these kidney
EDEGs across tissues (Supplementary Figure S2A). Several tissue- and sex-dependent association patterns were observed. In female mice, phenotypes
positively correlated with multiple kidney EDEGs were frequently associated with ethanol-response traits. In contrast, correlations involving ethanol-response
phenotypes in male mice varied substantially across tissues and genes. Additional phenotype associations included anti-lgG2b-related immune traits, which
showed opposite directional correlations depending on tissue and sex context.
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Gene—gene correlation analyses further demonstrated partial connectivity among kidney EDEGs. Sico7aT exhibited strong self-associated correlations and
was additionally correlated with Sic7a73 in female mice and Acsm3 in male mice. Several associations involving X chromosome-linked genes were also
observed. For example, Xist demonstrated a strong negative correlation with Slc7a73 in male kidney datasets but showed positive correlations in
hypothalamus-associated analyses. Overall, these findings indicate that sex-biased kidney EDEGs participate in complex tissue-specific transcriptional and
phenotypic association networks.

To investigate potential genetic regulation of these kidney-associated EDEGs, eQTL analyses were performed across multiple tissues (Supplementary Figure
S2B; Supplementary Tables S11-S22). After the genotype-expression comparisons between B6 and D2 alleles demonstration, a total of 12 SNPs and 10
candidate regulatory genes were identified in human orthologs (Table 3). Network analyses integrating kidney EDEGs with their candidate-associated genes
and phenotypes revealed several tissue- and sex-dependent relationships (Fig. 3C). For example, Cyp7b1 showed negative correlations with the top-related
phenotype of Plcb4 (liver lipidomics), while the ethanol-response phenotype associated with Cyp7b1 also negatively correlated with the top-related
phenotype of HaoT (midbrain dopamine levels). Analyses involving Slc7a713 and Masp1 demonstrated indirect associations between candidate-associated
genes and lipid-related phenotypes. In contrast, only limited correlations were observed among Sico7a, Timm21, and Fbxo15 in male pituitary gland
datasets. For Acsm3, network analyses identified associations with multiple candidate genes, including Mosmo, Acsm1, Acsm5, Slc12a6, and Emc7. Several
correlations involved metabolic, immune, and neurobehavioral phenotypes, further supporting the tissue-specific complexity of kidney-associated sex-biased
transcriptional networks. However, because these findings are based on correlation and eQTL analyses derived from public datasets, additional experimental
validation will be required to determine direct regulatory mechanisms.

Table 3
SNPs and candidate-associated genes identified from eQTL intervals
Source Tissue SNPs Alleles Most Severe Candidate Candidate Gene's Location
Genes Consequence
(B6/D2) Genes Female Male
Cyp7b1 Kidney female rs13476784 C/A Intron variant Hao1 Kidney, Liver Hypothalamus
rs27252871 T/C Intron variant Plcb4 Kidney, Liver Hypothalamus
rs29523263 C/T Intron variant
rs29716787 C/G Intron variant
Slc7a13 Pituitary male rs4165334 T/C Intron variant Masp1 Pituitary, Liver
Slcolal Spleen male rs29882288 G/A 3 prime UTR variant Fbxo15 Pituitary
Timm21
Sah Kidney female rs6322316 T/C Intron variant Mosmo Pituitary, Kidney Liver, Hypothalamus,
Spleen, Kidney
Hypothalamus rs52710187 G/T Intron variant Slc12a6 Spleen, Hypothalamus
female Hypothalamus
rs3681694 T/C Intron variant
Liver male rs27506268 G/A Intron variant Emc7 Spleen, Kidney, Hypothalamus
Hypothalamus
rs31513472 T/C Intron variant Acsmb5 Pituitary, Kidney Liver, Hypothalamus
Spleen, Kidney
D7Mit330 NA Na Acsm1 Pituitary, Kidney Liver, Hypothalamus,
Spleen, Kidney

2.2.3 Rxfp1 differentially expressed and associated with genome expression in between sexes in Pituitary gland

Rxfp1 was the only autosomal EDEG identified in the pituitary gland dataset. Significant sex-biased expression of Rxfp7 was also observed in kidney and
adrenal gland datasets, although the strongest difference was detected in the pituitary gland (Fig. 4A). To explore whether Rxfp1 expression was associated
with other genes or phenotypes in the GeneNetwork resource, we performed correlation analyses separately by sex. In female mice, Reln was the top
correlated gene, and bone trait 38 was the strongest associated phenotype (Fig. 4B). Cross-tissue correlation analyses showed that Rxfp1-associated
relationships varied across tissues and between sexes, suggesting that the transcriptional context of Rxfp1 is tissue dependent (Fig. 4C).

We next performed eQTL analysis to identify potential genetic loci associated with Rxfp7 expression. No significant eQTL was detected for Rxfp7 in the
pituitary gland dataset. However, a suggestive eQTL was identified on chromosome 15 in the female spleen dataset (Fig. 4D). This region included three
candidate-associated genes, Krt90, Espl1, and Aaas (Supplementary Tables S23-S24). Because Krt90 lacks a clear human ortholog, subsequent analyses
focused on Espl71 and Aaas.

Genotype-expression analysis showed that Rxfp1 expression differed significantly between B6- and D2-associated alleles at the Aaas-associated locus in the
female spleen dataset (Fig. 4E), suggesting that this locus may be associated with variation in Rxfp7 expression. However, network analysis did not identify a
strong direct correlation between Rxfp7 and Aaas expression (Fig. 4F).

2.2.4 Liver shows extensive sex-biased gene expression linked to metabolic functions

Among the seven tissues analyzed, the liver contained the largest autosomal EDEG set. A total of 121 identifiable liver EDEGs were detected, with most
showing higher expression in male mice (Fig. 5A). This broad hepatic sex-biased expression pattern is consistent with previously established sexual
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dimorphism in liver metabolism and xenobiotic processing(Gatti et al., 2010).

Functional enrichment analysis of liver EDEGs revealed prominent enrichment of metabolic and detoxification-related pathways (Fig. 5B-5C). Male-biased
genes were enriched for G protein—coupled receptor activity and olfactory receptor-related signaling, whereas female-biased genes were enriched for
arachidonic acid metabolism, steroid hydroxylase activity, oxidation—reduction processes, chemical carcinogenesis, and cytochrome P450-related pathways
(Fig. 5D-5E). These findings indicate that sex-biased hepatic transcriptional programs are strongly associated with metabolic and xenobiotic functions.

Protein—protein interaction analysis further identified functionally related modules among liver EDEGs (Fig. 5F). Female-biased genes included several
metabolic and detoxification-related enzymes, such as Fmo3, Hao3, Sult2a2, Cbr1, Gstt3, and members of the Cyp2b family(Islami et al., 2021; Oliveira PA,
2007; Sun et al., 2013). Male-biased genes included signaling- and receptor-associated genes such as Fgf6, Itgal, Lama3, Mindy3, Casp14, Mrgpre, McTr, Lgr8,
and F2r. These results suggest that hepatic sex-biased genes are organized into distinct functional groups related to metabolism, detoxification, and
signaling regulation(Giretti & Simoncini, 2008; Valentino et al., 2013).

To evaluate potential cross-species relevance, liver EDEGs were compared with human liver expression datasets. Among the mouse liver EDEGs, 70 had
identifiable human orthologs or corresponding expressed genes (Fig. 5A, Supplementary Table S25). Network analysis of these human-relevant genes
identified modules involving the striatin family and fibroblast growth factor signaling components, including Strn, Strn4, Fgfr2, Fgf6, Frs3, and Trim24 (Fig. 5G).
Functional annotation of these human-relevant genes identified modules involving striatin family genes, fibroblast growth factor signaling components,
PI3K-Akt signaling, lysosomal function, and positive regulation of biological processes (Fig. 5H-J, Supplementary Table S26).

Tissue-specific autosomal DEGs in amygdala, hypothalamus, and spleen.

Compared with liver, adrenal gland, kidney, and pituitary gland datasets, fewer autosomal DEGs were identified in the amygdala, hypothalamus, and spleen
under the statistical thresholds used in this study. Although the number of DEGs was limited, functional enrichment analyses suggested tissue-specific
biological patterns (Fig. 6).

In the amygdala dataset, 14 autosomal DEGs were identified, including four tissue-specific DEGs: Gm9568, Gm5458, Pcdhb6, and Slc6a3 (Fig. 6A). Protein—
protein interaction analysis did not reveal a strongly connected interaction module. However, GO and KEGG enrichment analyses indicated that these genes
were associated with ion binding, transporter activity, receptor activity, channel activity, and positive regulation of potassium ion transport (Fig. 6B). These
findings suggest that sex-biased autosomal genes in the amygdala may be related to neuronal signalling and ion transport processes.

In the hypothalamus dataset, 20 autosomal DEGs were identified. Functional enrichment analysis highlighted terms related to hormone signalling, nuclear
receptor activity, ligand-activated transcription factor activity, synaptic organization, reproductive regulation, and mammary gland development (Fig. 6C-D).
Several DEGs, including Oxtr, Esr1, Crim1, and Tac2, were associated with reproductive and endocrine-related biological processes. These results are
consistent with the known role of the hypothalamus in neuroendocrine regulation and reproductive physiology.

In the spleen dataset, 62 autosomal DEGs were identified. Network analysis identified three main clusters associated with heme metabolism, mitochondrial
iron transport, heme biosynthesis, chemokine-mediated signalling, and adaptive immune responses (Fig. 6E). Cluster-level expression patterns differed
between sexes, with some immune- and heme-related clusters showing higher expression in females and others showing higher expression in males

(Fig. 6F). These findings suggest that spleen autosomal DEGs may reflect sex-biased regulation of immune and hematopoietic-related
functions(Handelsman et al., 2018; Sabino & Petroianu, 2021; Tamura, 1926).

X-linked DEGs show recurrent sex-biased expression across tissues

Because X chromosome-associated genes showed recurrent sex-biased expression across multiple tissues in the global analysis, we further examined high-
confidence X-linked EDEGs in detail. Compared with autosomal EDEGs, which were largely tissue-specific, several X-linked EDEGs were detected repeatedly
across tissues, including Xist, Kdméa, Kdm5c, Eif2s3x, and Ddx3x (Supplementary Table S5; Fig. 1E).

Among these genes, Xist showed consistently higher expression in female mice across all seven tissues, consistent with its established role in X-
chromosome inactivation (Fig. 7A). Other recurrent X-linked EDEGs, including Kdmé6a, Kdm5c, Eif2s3x, and Ddx3x, were also differentially expressed in
multiple tissues, although their expression patterns varied by tissue.

Functional annotation and network analysis of recurrent X-linked EDEGs suggested enrichment for genes involved in transcriptional regulation, chromatin
modification, translation, and RNA metabolism (Fig. 7B). These functional categories differed from many autosomal EDEGs, which were more frequently
associated with tissue-specific metabolic and transport-related pathways. This distinction supports the observation that X-linked and autosomal sex-biased
genes may contribute to sexual dimorphism through partially different biological processes.

To explore potential genetic regulation of recurrent X-linked EDEGs, eQTL analyses were performed for selected genes. Detectable eQTL signals were mainly
observed for Kdm5c. In female mice, Kdm5c-associated eQTLs were identified in liver and hypothalamus datasets, whereas in male mice an eQTL signal was
detected in the hypothalamus dataset (Fig. 7C). Integration of eQTL mapping and interval analysis identified Sema3e, Pclo, and Kcnd3 as candidate-
associated genes for Kdm5c.

Genotype-expression comparisons suggested that Sema3e was associated with Kdm5c expression in the female pituitary gland dataset, whereas Sema3e
and Pclo were associated with Kdm5c expression in the male amygdala dataset (Fig. 7D). Correlation analyses among Kdm5c, candidate-associated genes,
and selected GeneNetwork phenotypes identified several indirect associations, including traits related to learning and memory, cocaine response, and MPTP
response (Fig. 7E). However, these results should be interpreted as exploratory associations rather than evidence of direct regulatory interactions.
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Overall, recurrent X-linked EDEGs showed broader cross-tissue recurrence than autosomal EDEGs, while still displaying tissue- and sex-dependent regulatory
patterns. These findings suggest that X-linked sex-biased genes may contribute to shared regulatory features of sexual dimorphism across tissues, whereas
autosomal sex-biased genes appear to be more strongly tissue-specific.

3 Methods
Public transcriptomic datasets

Publicly available transcriptomic datasets from BXD recombinant inbred mouse strains were obtained from the GeneNetwork platform. Seven tissues were
analysed: adrenal gland, amygdala, hypothalamus, kidney, liver, pituitary gland, and spleen. Detailed dataset information, including tissue source, microarray
platform, strain composition, sex balance, and preprocessing procedures, is summarized in Supplementary Table S1.

These datasets were generated previously by multiple independent laboratories. Most datasets were produced using Affymetrix Mouse Gene 1.0 ST exon-
style microarrays, whereas the liver dataset was generated using Agilent two-color microarrays. Because the present study represents a secondary re-
analysis of public datasets, sample preparation procedures, animal ages, pooling strategies, and sex balance differed among tissues.

Gene expression data processing

Probe-level expression data were obtained from GeneNetwork-derived expression tables. For Affymetrix datasets, expression values had been processed
using Robust Multi-array Average normalization followed by log2 transformation and GeneNetwork scaling. For the Agilent liver dataset, expression values
were generated using LOWESS normalization followed by log2 transformation. The normalized expression values provided by GeneNetwork were used for
downstream analyses.

Because these datasets were generated using microarray platforms rather than RNA-sequencing technologies, expression traits were analyzed at the probe
level and subsequently mapped to gene symbols for overlap analysis, functional annotation, and cross-species comparison.

Differential expression analysis

For each tissue, sex-biased expression was assessed by comparing female and male expression values for each probe. Sex-specific mean expression values
and standard deviations were calculated for each probe, and differential expression between sexes was evaluated using a two-tailed Welch's t-test. The t
statistic was calculated from the difference between female and male mean expression values divided by the standard error estimated from the two sex-
specific variances. Degrees of freedom were estimated using the Welch—Satterthwaite approximation.

Raw p-values were adjusted for multiple testing using Bonferroni correction. Probes with Bonferroni-adjusted g-values < 0.05 were defined as sex-biased
differentially expressed probes. Significant probes were then mapped to gene symbols and referred to as differentially expressed genes (DEGs) for
downstream analyses.

Definition of extremely differentially expressed genes

To prioritize the most robust sex-biased signals, a subset of extremely differentially expressed genes (EDEGs) was defined. EDEGs were selected from
Bonferroni-significant DEGs with extremely small p-values within each tissue. These high-confidence genes/probes were used for tissue-specific analyses,
eQTL mapping, candidate-locus evaluation, and cross-species comparison.

Cross-tissue and chromosomal comparison

Sex-biased DEGs were compared across tissues separately for autosomal chromosomes and the X chromosome. The number and proportion of DEGs were
calculated for each chromosome and tissue. Shared and tissue-specific DEGs were visualized using UpSet plots and summary plots. X-linked DEGs were
analyzed separately to identify recurrent sex-biased genes across tissues.

Functional enrichment and network analysis

Gene Ontology and Kyoto Encyclopedia of Genes and Genomes enrichment analyses were performed for tissue-specific DEG and EDEG sets. Enrichment
analyses were conducted using STRING and DAVID v6.8(Sherman et al., 2022). Enriched terms were considered statistically significant if they contained at
least three genes and had an adjusted p-value, or g-value, < 0.05.

Protein—protein interaction networks were generated using STRING. STRING network analysis was restricted to protein—protein interactions with a minimum
required interaction score of 0.4, corresponding to medium confidence. Network visualization and clustering were performed using Cytoscape when
appropriate.

Gene—-gene and gene-phenotype correlation analysis

Gene—gene and gene—phenotype correlations were explored using GeneNetwork tools. Matrix comparisons were performed using the Matrix function in
GeneNetwork, and correlation networks were constructed using the Graph function. Pearson correlation coefficients were calculated to evaluate linear
associations between normalized expression traits and available GeneNetwork phenotypes.
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For selected EDEGs, the top correlated genes and phenotypes were identified separately by sex and tissue. Correlation strength was categorized descriptively
as follows: strong negative correlation, - 1.0 to - 0.7; moderate negative correlation, - 0.7 to - 0.5; slight negative correlation, - 0.5 to 0; slight positive
correlation, 0 to 0.5; moderate positive correlation, 0.5 to 0.7; and strong positive correlation, 0.7 to 1.0. These categories were used only to annotate network
figures and should not be interpreted as evidence of causality.

For selected genes, the top 100 correlated phenotypes and top 100 correlated genes were compiled from GeneNetwork. Functional relevance of selected
gene—phenotype and gene—gene associations was assessed by literature review using PubMed. Matched publications were reviewed by at least two
investigators.

eQTL mapping and candidate-associated loci

Expression quantitative trait locus analysis was performed using GeneNetwork mapping tools for selected high-confidence EDEGs. Analyses were conducted
separately by sex and tissue where applicable. Loci exceeding GeneNetwork suggestive or significant likelihood ratio statistic thresholds were further
examined.

Candidate-associated genomic regions were evaluated using GeneNetwork Interval Analyst and Haplotype Analyst tools. SNP information was obtained from
Ensembl(Cunningham et al., 2022), and candidate gene annotation was supplemented using GeneCards (Safran et al., 2010)and UniProt(Consortium, 2024).
Candidate gene identification followed previously established protocols(Wang et al., 2014). Protein—protein interaction networks for candidate-associated
genes were analyzed using STRING(Szklarczyk et al., 2023).

Candidate-associated genes were prioritized based on their location within eQTL intervals, B6/D2 allele differences, SNP annotation, and genotype-
expression comparisons. These loci were interpreted as candidate-associated regions rather than confirmed regulatory genes.

Human comparison

Human transcriptomic data were used for contextual cross-species comparison. Mouse EDEGs were mapped to human orthologs or corresponding
expressed genes where available. Human expression patterns were then examined to evaluate whether selected mouse sex-biased genes showed similar or
divergent sex-biased expression trends in human tissues. Human data were not used for discovery analysis.

Software and statistical analysis

Statistical analyses and visualizations were performed using R. Plots were generated using packages including ggplot2, igraph, and ggraph. Network
analyses were performed using STRING and Cytoscape. Unless otherwise specified, p-values were adjusted using Bonferroni correction, and g-values < 0.05
were considered statistically significant. P-values displayed as zero by software output were reported as threshold values, such as p < 0.001, rather than p =
0.00.

Comparison of amino acid composition.

Amino acid sequences of proteins encoded by the genes of interest were uploaded in FASTA format from the National Library of Medicine protein database
(https://www.ncbi.nlm.nih.gov/protein)("Database resources of the National Center for Biotechnology Information," 2016). The sequences were aligned using
the built-in alignment functions of Molecular Operating Environment (MOE) software (Chemical Computing Group, Montreal, Quebec, Canada). Identity and
similarity metrics were computed to visualize amino acid sequence comparisons.

Ethical approval

declarations: Ethics approval is not applicable

4 Discussion
Overview of tissue-dependent sex-biased expression

This study re-analyzed public GeneNetwork microarray datasets to compare sex-biased expression across seven BXD mouse tissues. Overall, the results
support a strongly tissue-dependent pattern of sexual dimorphism in gene expression. Liver and endocrine-associated tissues showed larger numbers of
sex-biased probes under the thresholds used, whereas amygdala, hypothalamus, and spleen showed smaller autosomal DEG sets. These differences likely
reflect both biological tissue specificity and technical factors, including microarray platform, probe coverage, sample composition, and filtering criteria, as
summarized in Supplementary Table S1.

Functional enrichment networks further supported distinct patterns between autosomal and X-linked sex-biased genes. Autosomal DEG enrichment was
more tissue-specific, with greater similarity between kidney and liver and between adrenal gland and pituitary gland, consistent with shared metabolic and
endocrine functions (Fig. 1D). In contrast, X-linked DEG enrichment showed more recurrent functional themes across tissues, particularly among amygdala,
hypothalamus, and spleen (Fig. 1F). These findings suggest that autosomal sex-biased genes may primarily reflect tissue-specific physiological programs,
whereas recurrent X-linked genes may contribute to broader regulatory processes such as dosage compensation, chromatin regulation, translation, and RNA
metabolism. However, enrichment overlap reflects annotation similarity rather than direct mechanistic regulation and should therefore be interpreted
cautiously.

Autosomal EDEGs and tissue-specific biological functions
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Autosomal EDEGs were largely tissue specific. In adrenal gland, Akr1d1 showed strong sex-biased expression and was associated with candidate eQTL
signals, including a potential association with the Herc2 locus. Because Akr1d1 participates in steroid hormone and bile acid metabolism, its adrenal and
metabolic-tissue expression pattern is consistent with endocrine regulation of sex-biased metabolism(Barnard et al., 2020; Colvin PL Jr, 1998; Nikolaou et al.,
2019; Phelps et al., 2019; Rich et al., 2018).

In the kidney dataset, four high-confidence EDEGs with human relevance—Cyp7b1, Slc7a13, Slcolal, and Acsm3—were associated with metabolic, transport,
and immune-related phenotypes. Cyp7b1 is involved in bile acid and steroid metabolism, Slc7a73 in amino acid transport, Slco7a7 in organic anion transport,
and Acsma3 in fatty acid metabolism(lwai N, 2002; Matsuo et al., 2002; Phelps et al., 2019; Stiles et al., 2009; Thakkar et al., 2017; Vessey DA, 1999; Yahyaoui
& Perez-Frias, 2019).The kidney results in the present study likely reflect differences in microarray platform, sample composition, and stringent filtering
thresholds. Candidate-associated genes identified by eQTL and genotype-expression analyses, including Hao1, Plcb4, Masp1, Fbxo15, Timm21, Mosmo,
Acsmb, and Acsm1, should therefore be considered exploratory and require experimental validation.

Although fewer DEGs were found in the amygdala, hypothalamus, and spleen, enrichment analyses still revealed biologically relevant patterns. Amygdala
DEGs were linked to ion transport and neuronal signaling(Li et al., 2024), hypothalamic DEGs were associated with reproductive and lactational
functions(Dale, 2020), and spleen DEGs showed cluster-level enrichment related to heme metabolism and immune response(Gal-Oz et al., 2019; Krumsiek et
al.,, 2015). These findings suggest that even small DEG sets may reflect tissue-relevant sex-biased biological processes.

Liver EDEGs and sex-biased metabolic and signaling pathways

The liver showed the broadest sex-biased expression profile among the seven tissues analyzed, consistent with previous studies demonstrating extensive
sexual dimorphism in hepatic metabolism, xenobiotic processing, and endocrine regulation(Conforto & Waxman, 2012; Gatti et al., 2007; Gatti et al., 2010;
Lau-Corona et al., 2020; Waxman & O'Connor, 2006). Liver EDEGs were enriched in metabolic, detoxification, signaling, and lysosomal pathways. Female-
biased EDEGs included Fmo3, Hao3, Sult2a2, Cbr1, Gstt3, and members of the Cyp2b family, which are associated with oxidation-reduction reactions, steroid
metabolism, and xenobiotic processing(Islami et al., 2021; Oliveira PA, 2007; Sun et al., 2013). Male-biased EDEGs included receptor-, signaling-, and
extracellular matrix-associated genes such as Fgf6, Itgal, Lama3, Mindy3, Casp14, Mrgpre, Mc1r, Lgr8, and F2r(Giretti & Simoncini, 2008; Valentino et al., 2013;
van der Linden et al., 2018).

Among the human-relevant liver EDEGs, several genes mapped to functional modules with potential disease relevance. Two male-biased genes, Strn and
Strn4, belonged to the striatin family (Fig. 6H). Striatins are scaffolding proteins involved in intracellular signalling and calcium-calmodulin-associated
pathways, and previous studies have also linked them to steroid receptor signalling, including mineralocorticoid receptor and estrogen receptor
pathways(Benoist et al., 2006; Garza et al., 2015; Gupta et al., 2017; Ruhs et al., 2017).

Another module involved fibroblast growth factor signaling components, including Fgf6, Frs3, Fgfr2, and Trim24. In this module, Fgfé and Frs3 showed higher
expression in males, whereas Trim24 showed lower expression in males. Because FGF signaling participates in development, tissue repair, MAPK pathway
activation, and tumor-related biological processes, this module may represent a sex-biased signaling network relevant to liver physiology(Appikonda et al.,
2016; Li et al., 2024; Wu et al., 2013). However, these data should be interpreted as pathway-level associations rather than evidence that these genes directly
mediate sex-biased liver disease risk.

Several liver EDEGs also mapped to PI3K-Akt signaling, including Prir, Fgfé, Itga, F2r, Lama3, Gng4, and Ccnd1. Among these, Prir and Ccnd1 showed higher
expression in females. The PI3BK-Akt pathway is involved in growth factor signaling, metabolism, cell proliferation, autophagy, and cancer-associated
processes(Hoxhaj & Manning, 2020; Kwekel et al., 2017; Montalto & De Amicis, 2020; Standing et al., 2022; Yu et al., 2018). Lysosome-associated genes,
including Sort1, Arsa, Ctsb, and Atp6v0d2, were also identified among liver EDEGs and are involved in intracellular trafficking, lysosomal function, and protein
degradation pathways(Musunuru et al., 2010; Srinivasan et al., 2019; Wilson et al., 2016). Together, these results suggest that liver sexual dimorphism may
extend beyond classical xenobiotic and steroid metabolism to include signaling, intracellular transport, and lysosomal regulation(Sun et al., 2013).

Overall, the liver findings support the concept that sexually dimorphic hepatic expression involves coordinated metabolic, detoxification, endocrine, signalling,
and intracellular trafficking pathways. Because this study is based on secondary analysis of public microarray datasets and network-level annotation, these
results should be considered hypothesis-generating. Future studies using RNA-seq, proteomics, and targeted functional experiments will be needed to
determine whether these sex-biased liver genes directly contribute to sex-specific physiological or disease phenotypes.

X-linked sex-biased genes and shared regulatory features.

Compared with autosomal EDEGs, recurrent X-linked EDEGs showed broader cross-tissue recurrence. Xist, Kdméa, Eif2s3x, Kdm5c, and Ddx3x were
repeatedly detected across tissues, and Xist showed consistently higher expression in females, as expected from its role in X-chromosome
inactivation(Crowley et al., 2015; Hadziselimovic et al., 2017; Li et al., 2018). These genes are functionally diverse but are broadly involved in dosage
compensation, chromatin modification, transcriptional regulation, translation, and RNA metabolism (Balaton et al., 2018; Cargill et al., 2021; Chang et al.,
2006; Dunford et al., 2017; Garieri et al., 2018; Migeon, 2020; Schenkel et al., 2018; Skopkova et al., 2017; Snijders Blok et al., 2015; Tricarico et al., 2020). The
repeated detection of these X-linked genes across tissues suggests that X-linked sex-biased expression may contribute to shared regulatory features of
sexual dimorphism. In contrast, autosomal EDEGs were more tissue-specific and were often associated with metabolic, transport, endocrine, or immune-
related pathways. This distinction supports the idea that autosomal and X-linked sex-biased genes contribute to sexual dimorphism through partially
different biological programs.

Candidate regulatory loci and translational interpretation
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The eQTL and genotype-expression analyses identified several candidate-associated loci linked to high-confidence sex-biased genes, including loci near
Herc2 for Akr1d1, Aaas for Rxfp1, and multiple candidate-associated genes for kidney EDEGs, such as Hao1, Plcb4, Masp1, Fbxo15, Timm21, Mosmo,
Acsmb5, and Acsm1. These candidate loci were identified through GeneNetwork eQTL mapping, interval analysis, and B6/D2 genotype-expression
comparisons. Therefore, they should be interpreted as genomic regions associated with variation in gene expression rather than confirmed regulators.

Several candidate-associated genes were detected in endocrine or metabolic tissues, including adrenal gland, pituitary gland, liver, and kidney. This pattern is
consistent with the broader enrichment of sex-biased expression in metabolic and endocrine-related pathways observed in this study. However, correlation
and eQTL analyses cannot establish direct regulatory mechanisms(Langer M., 1987; Pauls et al., 2020). Functional validation, such as allele-specific
expression analysis, perturbation experiments, or independent transcriptomic datasets, will be required to determine whether these candidate loci directly
influence sex-biased gene expression.

Cross-species implications

Cross-species comparison with human transcriptomic data showed partial conservation of sex-biased expression patterns. X-linked EDEGs showed more
consistent sex-biased trends across species, whereas autosomal EDEGs showed greater tissue- and species-dependent variability. For example, several
mouse liver EDEGs had human orthologs expressed in liver, but the direction and magnitude of sex bias were not always conserved. These findings support
the relevance of BXD mouse data for generating hypotheses about human sex-biased biology, while also emphasizing that mouse-to-human extrapolation
should be interpreted cautiously.

Overall, this study provides a cross-tissue systems-level view of sex-biased expression in BXD mice. The findings highlight tissue specificity, distinguish
autosomal and X-linked patterns, and prioritize candidate-associated loci for future validation. However, because the analyses are based on public microarray
datasets and exploratory genetic correlations, the results should be interpreted as hypothesis-generating rather than mechanistic proof.

5 Conclusion

In this study, we re-analyzed public GeneNetwork microarray datasets to characterize sex-biased gene expression across seven BXD mouse tissues. The
results showed that sexually dimorphic expression is highly tissue dependent, with liver and endocrine-related tissues showing broader sex-biased
transcriptional patterns under the thresholds used. Autosomal EDEGs were largely tissue-specific and were enriched for metabolic, transport, endocrine, and
immune-related functions, whereas recurrent X-linked EDEGs, including Xist, Kdm6a, Eif2s3x, Kdm5c, and Ddx3x, showed broader cross-tissue recurrence
and were associated with core regulatory processes.

The liver contained the largest EDEG set and showed enrichment for xenobiotic metabolism, steroid metabolism, lipid metabolism, signaling, and lysosomal
pathways. Candidate-associated loci identified through eQTL and genotype-expression analyses provide potential targets for future studies, but these
findings should be considered hypothesis-generating rather than mechanistic proof.

Overall, this study provides a cross-tissue systems-level overview of sex-biased expression in BXD mice and highlights both tissue-specific autosomal
programs and recurrent X-linked regulatory features. Future RNA-seq, single-cell, proteomic, epigenomic, and functional validation studies will be needed to
confirm these candidate genes and clarify their roles in sex-specific physiology and disease.
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Figure 2

Sex-biased expression and candidate-associated loci of Akr1d1. (A) Mean Akr1d7 expression across seven tissues in male and female mice. Significant sex
differences were detected in adrenal gland, kidney, and liver datasets, with the strongest difference observed in adrenal gland. (B) Cross-tissue correlation
analysis of Akr1d1 expression across the seven analyzed tissues. Correlation coefficients were calculated separately by sex. (C) Gene—phenotype correlation
network for adrenal gland Akr1d7. Nodes represent Akr1d1, top-associated genes, and top-associated phenotypes. Edge labels indicate Pearson correlation
coefficients. (D) eQTL summary for Akr1d1. Only loci exceeding GeneNetwork suggestive or significant LRS thresholds are shown. (E) Genotype-expression
comparison of AkridTexpression at the Herc2-associated locus. B6- and D2-associated alleles were compared using t-test-based genotype-expression

analysis. (F) Correlation network involving Akr1d1, Herc2, and their top-associated genes and phenotypes. These analyses were exploratory and do not
establish direct regulation.
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Figure 3

Kidney-associated EDEGs and candidate-associated networks. (A) Correlation network among kidney EDEGs. Nodes represent kidney-associated EDEGs,
and edges represent Pearson correlations between gene expression traits. Edge thickness indicates correlation strength. (B) Mean expression of kidney-
associated EDEGs across seven tissues. Genes shown include Cyp7b1, Slc7a13, SlcoTa1, and Acsm3. Sex-biased expression was assessed independently
within each tissue. (C) Network analysis integrating kidney EDEGs with candidate-associated genes and top-associated phenotypes. Nodes represent EDEGs,
candidate-associated genes, and GeneNetwork phenotypes. Edges represent Pearson correlations. These networks summarize exploratory associations and
should not be interpreted as direct regulatory interactions.
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Figure 4

Sex-biased expression and candidate-associated locus of Rxfp1. (A) Mean RxfpTexpression across seven tissues in male and female mice. Significant sex-
biased expression was observed in pituitary gland, kidney, and adrenal gland datasets. (B) Gene—phenotype correlation network for pituitary Rxfp7. Nodes
represent Rxfp1, top-associated genes, and top-associated phenotypes. (C) Cross-tissue correlation networks showing tissue- and sex-dependent
associations of RxfpTexpression with selected genes and phenotypes. (D) eQTL analysis of Rxfp7 in the female spleen dataset. A suggestive eQTL was
identified on chromosome 15. (E) Genotype-expression comparison of Rxfp7 expression at the Aaas-associated locus in the female spleen dataset. (F)
Correlation network involving Rxfp1, Aaas, and their top-associated genes and phenotypes. No strong direct correlation between Rxfp7 and Aaasexpression

was observed.
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Figure 5

Liver EDEGs, functional enrichment, and human-relevant annotation. (A) Numbers of male- and female-biased liver EDEGs in mouse datasets and
corresponding human-relevant genes. (B) Top enriched GO terms among liver EDEGs. The x-axis shows gene counts, and color intensity represents
enrichment significance. (C) KEGG pathway enrichment of liver EDEGs. Circle size represents gene count, and color intensity represents enrichment
significance. (D) Sex-bias distribution of liver EDEGs across enriched GO terms. (E) Sex-bias distribution of liver EDEGs across enriched KEGG pathways. (F)
Protein—protein interaction network of mouse liver EDEGs. Nodes represent proteins encoded by liver EDEGs, and edges represent STRING protein—protein
associations. Clustered modules are highlighted. (G) Protein—protein interaction network of human-relevant liver EDEGs. Nodes represent human orthologs
or corresponding human-expressed genes. (H) Expression patterns of liver EDEGs within selected functional modules and pathways. (I) Enriched GO terms
among human-relevant liver EDEGs. (J) Sex-biased genes associated with positive regulation of biological processes. Bars indicate relative mean expression
differences between sexes.
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Figure 6

Tissue-specific autosomal DEGs in amygdala, hypothalamus, and spleen. (A) Protein—protein interaction analysis of amygdala autosomal DEGs. No strongly
connected interaction module was detected. (B) GO and KEGG enrichment analysis of amygdala autosomal DEGs. Enriched terms were related mainly to ion
binding, transporter activity, receptor activity, channel activity, and potassium ion transport. (C) Protein—protein interaction network of hypothalamic
autosomal DEGs. Nodes represent DEGs associated with neuroendocrine and reproductive-related functions. (D) GO and KEGG enrichment analysis of
hypothalamic autosomal DEGs. Enriched terms included hormone signalling, nuclear receptor activity, synaptic organization, reproductive regulation, and
mammary gland development. (E) Protein—protein interaction network of spleen autosomal DEGs. Three major clusters were identified, related to heme
metabolism, mitochondrial iron transport, heme biosynthesis, chemokine-mediated signalling, and adaptive immune response. (F) Mean expression patterns
of spleen DEG clusters in male and female mice.
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Figure 7

Recurrent X-linked EDEGs and candidate-associated loci. (A) Mean expression of recurrent X-linked EDEGs across seven tissues. Genes shown include Xist,
Kdmeéa, Eif2s3x, Kdmb5c, and Ddx3x. Xist showed consistently higher expression in female mice across all analyzed tissues. (B) STRING network of recurrent
X-linked EDEGs and their first-shell interactors. Nodes represent proteins, and edges represent known or predicted protein—protein associations. (C) eQTL
analysis of Kdmb5cin selected tissues and sexes. Loci exceeding GeneNetwork suggestive or significant LRS thresholds are shown. (D) Genotype-expression
comparisons for candidate-associated loci linked to Kdm5c expression. (E) Correlation network among Kdmb5c, candidate-associated genes, and selected
GeneNetwork phenotypes. These associations are exploratory and do not establish direct regulatory relationships.
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