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Sex differences in human adipose tissue gene
expression and genetic regulation involve adipogenesis
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Metabolism, Wake Forest University School of Medicine, Winston-Salem, North Carolina 27101, USA

Sex differences in adipose tissue distribution and function are associated with sex differences in cardiometabolic disease.
While many studies have revealed sex differences in adipocyte cell signaling and physiology, there is a relative dearth of
information regarding sex differences in transcript abundance and regulation. We investigated sex differences in subcuta-
neous adipose tissue transcriptional regulation using omic-scale data from ~3000 geographically and ethnically diverse hu-
man samples. We identified 162 genes with robust sex differences in expression. Differentially expressed genes were
implicated in oxidative phosphorylation and adipogenesis. We further determined that sex differences in gene expression
levels could be related to sex differences in the genetics of gene expression regulation. Our analyses revealed sex-specific
genetic associations, and this finding was replicated in a study of 98 inbred mouse strains. The genes under genetic regula-
tion in human and mouse were enriched for oxidative phosphorylation and adipogenesis. Enrichment analysis showed that
the associated genetic loci resided within binding motifs for adipogenic transcription factors (e.g., PPARG and EGRI). We
demonstrated that sex differences in gene expression could be influenced by sex differences in genetic regulation for six
genes (e.g., FADSI and MAPIB). These genes exhibited dynamic expression patterns during adipogenesis and robust expres-
sion in mature human adipocytes. Our results support a role for adipogenesis-related genes in subcutaneous adipose tissue

sex differences in the genetic and environmental regulation of gene expression.

[Supplemental material is available for this article.]

Sex differences have been implicated in the etiology, symptoma-
tology, prognosis, prevalence, and genetics of common diseases
(Ober et al. 2008; Gilks et al. 2014; Winham et al. 2015;
Khramtsova et al. 2019). For instance, sex differences have been
observed in obesity and type 2 diabetes (Kautzky-Willer et al.
2016; Zore et al. 2018). Adipose tissues are known contributors
to metabolic dysregulation, and sex differences in adipose tissue
distribution and function have been associated with cardiometa-
bolic diseases (Karastergiou et al. 2012; Lumish et al. 2020). Data
indicate that gene expression in adipose tissue influences adipose
distribution patterns (Shungin et al. 2015), and adipose tissue dis-
tribution patterns influence type 2 diabetes and cardiovascular dis-
ease risk (Emdin et al. 2017). However, the molecular mechanisms
underlying sex-specific regulation of adipose tissue function and
cardiometabolic disease are poorly understood. Improving our un-
derstanding of sex-specific disease mechanisms could facilitate
clinical efforts in precision medicine (Humphries et al. 2017;
Segarra et al. 2017; Reusch et al. 2018).

A wealth of data have described sex differences in adipose tis-
sue distribution, physiology, and cell signaling. However, relative-
ly little is known about how sex differences in transcript

Corresponding authors: warrena@virginia.edu, mete@virginia.edu
Article published online before print. Article, supplemental material, and publi-
cation date are at http://www.genome.org/cgi/doi/10.1101/gr.264614.120.

abundance and regulation contribute to sex differences in adipose
metabolism (Fried et al. 2015). While several relevant gene expres-
sion analyses have been undertaken, sample sizes have typically
been small (Linder et al. 2004). Large-scale studies have been con-
ducted (hundreds of samples), though the degree to which the re-
sults are replicable across diverse human cohorts is unclear
(Emilsson et al. 2008; Sharma et al. 2016; GTEx Consortium
2017). Complementary to sex differences in adipose tissue func-
tion, sex differences in the genetic underpinnings of adipose tissue
distribution and cardiometabolic disease risk have been demon-
strated (Pulit et al. 2017). Females have higher heritability for adi-
pose tissue distribution. Correspondingly, sex-stratified genome-
wide association studies (GWASs) have shown that females have
more single nucleotide polymorphism (SNP) associations with ad-
ipose tissue distribution, as compared to males (Pulit et al. 2017).
Bioinformatic analyses support a role for adipocyte and adipose tis-
sue gene expression in coordinating sex differences in adipose tis-
sue distribution (Shungin et al. 2015). However, it has not been
addressed whether there are sex differences in the genetic
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underpinnings of gene expression in human adipose tissue, as has
been shown in mouse (Hasin-Brumshtein et al. 2014).

In this study, we addressed two central themes. The first
aim was to evaluate the consistency in subcutaneous adipose tis-
sue gene expression sex differences observed across large-scale
studies from geographically and ethnically diverse human co-
horts. The second aim was to test whether there are sex differ-
ences in the genetic architecture of gene expression in human
subcutaneous adipose tissue. We specifically addressed mecha-
nistic underpinnings of our findings throughout our analyses
(Fig. 1A).

Results

Robust sex differences in adipose tissue gene expression

A number of publicly available genome-wide gene expression data
sets have been derived from adult human adipose tissue samples.
However, an analysis documenting the consistent sex differences

A human subcutaneous
adipose tissue
gene expression data

sex-specific gene expression analysis

across studies has not been reported. To investigate whether robust
sex differences exist in subcutaneous adipose tissue gene expres-
sion across geographically and ethnically diverse human popula-
tions, we evaluated expression differences using data from three
large human cohorts. We considered the African American
Genetics of Metabolism and Expression cohort (AAGMEX)
(Sharma et al. 2016), the Icelandic deCODE Genetics cohort
(Emilsson et al. 2008), and the multi-ethnic Genotype-Tissue
Expression cohort (GTEx) (Table 1; GTEx Consortium 2017). We
identified sex differences in gene expression for each cohort (|
fold change|>5%, false discovery rate [FDR]<0.05) (Fig. 1B;
Supplemental Fig. S1C). Our analysis revealed 162 differentially
expressed genes (DEGs) with directionally consistent sex differenc-
es in gene expression across cohorts (P< 1.0 x 107'¢, multiset inter-
section exact test) (Fig. 1B,C). In each data set, the 162 genes with
sex-biased expression exhibited elevated expression variance ex-
plained by sex in univariate linear models, by comparison to all
genes analyzed (P<1.0x 1076, permutation test) (Supplemental
Fig. S1D). In a recent study of the
Stockholm-Tartu Atherosclerosis Reverse
Network Engineering Task (STARNET)
cohort of healthy individuals from Esto-
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Figure 1.

Robust sex differences in human adipose tissue gene expression. (A) The general study de-
sign involved analyses of sex-dependent gene expression patterns and sex-dependent genetic regulation
of gene expression. (B) Fold changes are shown for 162 genes that were significantly differentially ex-
pressed across three data sets (73% of the genes showed elevated expression in females). (C) We found
that 162 genes were differentially expressed in a directionally consistent manner across three data sets. Of
the 162 differentially expressed genes (DEGs), 57% were also differentially expressed in subcutaneous
adipose tissues from obese individuals; 15% of the DEGs were differentially expressed in visceral adipose
tissue; 43% of the DEGs were differentially expressed in at least one metabolically active tissue (including
visceral adipose, liver, skeletal muscle, left ventricle, cardiac atrium, blood, and 13 brain tissues). Of 122

sues from obese individuals (Greenawalt
et al. 2011). We found that 57% of the
162 DEGs were differentially expressed
in obese adipose tissue (P<1.0x 1071,
hypergeometric test) (Fig. 1C). This
high degree of overlap is consistent
with the impact of sex on DEGs in vari-
ous metabolic states. To further investi-

identified murine orthologs, 28% showed differential expression consistent with the DEGs. For all com-

parisons, differential expression was defined for |fold change|> 5%, FDR<0.05, and effect direction was

required to be consistent across studies.

gate the context-specificity of the DEGs,
we evaluated differential expression in a
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Table 1. Cohort sample characteristics: sample sizes, data attributes, and acquisition information

Study/sample/cell line F M Age

Data

Description

Data accession

Healthy human adult subcutaneous adipose tissue

AAGMEx 117 135 41 (18-60)

deCODE 400 295 48 (18-85)

GTEx 194 387 52 (21-70)

STARNET 161 369 66 (39-83)
Obese human adult subcutaneous adipose tissue

MGH 432 173 45 (18-75)
Murine 16 wk epididymal adipose tissue

HMDP 98 98 16 wk
Chromatin contacts

Primary 0 1 65
ChromHMM

Roadmap 3 0 44 (31-59)

Roadmap 1 0 Unreported
ATAC-seq data

SGBS 0 1 Cell line

METSIM 0 3 56 (51-62)

ENCODE 1 0 53
Adipocyte data

SGBS 0 1 Cell line

ASC 3 1 25(19-32)

3T3-L1 0 1 Cell line

Microarray gene expression
Microarray gene expression
RNA-seq gene expression
RNA-seq gene expression

Microarray gene expression
Microarray gene expression
Promoter-capture Hi-C

Histone marks, HMM model
Histone marks, HMM model

ATAC-seq open chromatin
ATAC-seq open chromatin
ATAC-seq open chromatin

Microarray gene expression
Microarray gene expression
RNA-seq gene expression

African American, USA
Icelandic population
Multi-ethnic American, USA
Estonian population

Obese population, USA
Murine inbred strains
Primary human pre-adipocyte

Human pre-adipocytes
Human adipocytes

Human SGBS cells
Human adipose tissue
Human adipose tissue

Human SGBS cells
Human adipose stromal cells
Murine 3T3-L1 cells

GEO: GSE95674
GEO: GSE7965
GTEx portal
Bjorkegren Lab

GEO: GSE24335
GEO: GSE64769
GEO: GSE110619

Roadmap: E025
Roadmap: E023

GEO: GSE110734
GEO: GSE110734
ENCODE

GEO: GSE76131
GEO: GSE77532
GEO: GSE95533

(F) Female sample size, (M) male sample size, (Age) mean age in years (age range), (AAGMEx) African American Genetics of Metabolism and
Expression, (GTEx) Genotype-Tissue Expression, (STARNET) Stockholm-Tartu Atherosclerosis Reverse Network Engineering Task, (MGH) Massachusetts
General Hospital, (HMDP) Hybrid Mouse Diversity Panel, (SGBS) Simpson Golabi Behmel Syndrome, (METSIM) Metabolic Syndrome in Men,
(ENCODE) Encyclopedia of DNA Elements, (ASC) Adipose-derived Stromal Cell, (3T3-L1) murine pre-adipocyte fibroblasts from the 3T3 cells, (HMM)

hidden Markov model.

set of metabolic tissues including visceral adipose, liver, skeletal
muscle, left ventricle, atrium, blood, and 13 brain tissues. While
only 15% of the subcutaneous adipose tissue DEGs were differen-
tially expressed in visceral adipose tissue (P< 1.0 x 107°, hypergeo-
metric test), 43% of the DEGs were differentially expressed in at
least one other metabolically active tissue (P< 1.0 x 1076, hyper-
geometric test) (Fig. 1C). This high degree of overlap is consistent
with the absence of tissue-specificity for the DEGs. Furthermore,
subcutaneous adipose tissue is among the highest sampled tissue
from GTEx (GTEx Consortium 2017), and it is therefore likely
that we have underestimated the degree to which DEGs are ob-
served in multiple tissues due to power limitations. See
Supplemental Table S1 for summary data. These results suggest
that many differentially expressed genes may have context-inde-
pendent functions, while a subset of these genes are health
state-specific.

To evaluate the degree of conservation for sex-biased gene ex-
pression, we compared our results to a complementary analysis of
epididymal adipose tissue from 98 strains of inbred mice. We iden-
tified murine orthologs for 122 of the 162 DEGs. We found that
28% of the orthologs showed directionally consistent sex differ-
ences in expression (P<1.0x107'®, hypergeometric test) (Fig.
1C; Supplemental Table S2). These analyses highlight a set of genes
for which a wealth of data are consistent with a conserved sex dif-
ference in adipose tissue-specific function in a healthy metabolic
state.

Sex differences in adipose tissue gene expression are associated
with oxidative phosphorylation and adipogenesis

We investigated the potential biological functions associated with
the 162 sex-biased genes. We first implemented gene set enrich-

ment analysis (GSEA) to determine whether genes with greater de-
grees of sex differences were enriched for functional annotations
(Subramanian et al. 2005). We performed GSEA for each of the
three cohort data sets separately. In addition to evaluating enrich-
ments with respect to the hallmark gene set collection (Liberzon
et al. 2015), we included other annotations in our analysis. In par-
ticular, we considered trans-eQTL genes associated with the KLF14
locus (Civelek et al. 2017; Small et al. 2018). The KLF14 transcript
is a cis-eQTL at this locus and is implicated in sex-specific adipo-
cyte functions involved in cardiometabolic disease (Small et al.
2018). We found one functional annotation significantly associ-
ated with differential expression for the African American cohort
(FDR < 0.1): pancreatic beta cells. This is presumably because
many genes associated with metabolism are expressed in both
pancreatic and adipose tissues. For the multi-ethnic American
and Icelandic cohorts, we observed six positively enriched anno-
tations, consistent with enrichment in genes with elevated ex-
pression in females (FDR < 0.1): adipogenesis, oxidative
phosphorylation, fatty acid metabolism, transcription factor
KLF14 targets, xenobiotic metabolism, and peroxisome function
(Fig. 2A,B). We observed positive fold change correlations for all
annotations, with correlations between the African American
and Icelandic cohorts comparable to the correlations between
the Icelandic and multi-ethnic American cohorts, suggesting
that the absence of fatty acid metabolism and KLF14 target posi-
tive enrichments for the African American cohort could be due to
a power limitation (Fig. 2C; see also Supplemental Fig. S7; Supple-
mental Results). Collectively, these findings are consistent with
enrichments for adipogenesis and metabolic function in the adi-
pose tissue DEGs.

Next, we utilized alternative approaches to interrogate the bi-
ological functions associated with the 162 sex-biased genes. Using
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Figure 2. Sex-biased genes are implicated in oxidative phosphorylation and adipogenesis. (A) Gene set
enrichment analysis (GSEA) enrichment scores are plotted as a function of the ranked degree of differen-
tial expression. Tick marks indicate genes from a specific functional annotation (e.g., oxidative phosphor-

ylation). An elevated density of tick marks to the left suggests that genes wi

females are enriched for the functional annotation. (B) Normalized peak enrichment scores are shown
for annotations with FDR < 0.1 for the multi-ethnic and Icelandic cohorts. (C) Positive fold change corre-

lations across cohorts suggest that the enrichments are directionally consi

Functional enrichment results based on Fisher’s exact test (FET) are shown for 162 differentially expressed

genes (FET P<0.001). The point size indicates the number of genes in the func
intensity indicates the negative log of the P-value. (£) We implemented

Regulation of Transcription (BART) for genes that were elevated in females (left) or elevated in males
(right). The plots show the top 10 factors for each sex, ranked according to the Wilcoxon rank-sum
test FDR (< 0.05). The point size indicates the maximal area under the receiver operator characteristic
curve, a measure of the corresponding factor’s putative regulatory influence on the gene set, and the in-

tensity indicates the negative log of the FDR.

Fisher’s exact test (Kuleshov et al. 2016), we observed functional
enrichments associated with fatty acid and lipid metabolism (P<
0.001), consistent with the GSEA results (Fig. 2D; Supplemental
Table S3). To identify transcription factors potentially associated
with the DEGs, we implemented the data-driven Binding
Analysis for Regulation of Transcription (BART) (Wang et al.
2018). In order to identify putative sex-specific transcription fac-
tors (TFs), we performed this analysis separately for genes up-regu-
lated in females and for genes up-regulated in males. We identified
45 female-associated TFs and 42 male-associated TFs (FDR < 0.05)
(Supplemental Table S4). Figure 2E shows the top 10 putative fe-
male- and male-associated TFs. This analysis identifies sets of tran-
scription factors that are putative regulators of either genes up-
regulated in females (Fig. 2E, left) or genes up-regulated in males
(Fig. 2E, right). Consistent with the GSEA results, we observed
that prominent adipogenic TFs CEBPB and PPARG were associated

pression of genes within 1Mb. We
applied this analysis to the multi-ethnic
American GTEx subcutaneous adipose
tissue data set. We identified 2408 inter-
action eQTLs (P<1x107% (Fig. 3A).
We observed a low degree of replication
for our observed associations in other
large adipose tissue cohorts (<4.2%) (see
Supplemental Results; Supplemental
Table S5).

Based on data showing that females
exhibit a higher degree of heritability for
cardiometabolic traits (Pulit et al. 2017),
we evaluated the SNP-based narrow-
sense heritability of gene expression in
a sex-stratified analysis. We found that, on average with respect
to expressed transcripts, female gene expression exhibited greater
heritability (mean h?=0.12 for females and h?=0.08 for males, P
<2.2x107', Mann-Whitney U test) (Fig. 3B). We further observed
that eQTL effect sizes for females were larger than those for males
(P<2.2x107'°, Mann-Whitney U test with effect size absolute val-
ues) (Fig. 3B). Collectively, these results suggest that there are dis-
tinct genetic underpinnings of gene expression in females and
males. Our findings also suggest that there is a greater degree of ge-
netic control over adipose tissue gene regulation in females as com-
pared to males.

To determine whether the sex-specific eQTLs are associated
with human disease and complex trait variants, we overlapped
the sex-specific eQTL SNPs with those from human GWASs.
We did not find evidence of colocalization with waist-to-hip ra-
tio loci or related cardiometabolic traits (Supplemental Results).

th elevated expression in

stent across cohorts. (D)

tional annotation and the
the Binding Analysis for
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Figure 3. Identification, classification, and genomic annotation of sex-specific eQTLs. (A) Our analysis

revealed 2408 sex-specific eQTLs (P< 1 x 10™*). We classified the sex-specific eQTLs into the following
groups: sex-specific effect, sex-specific direction, and sex-specific magnitude. (B) Here we show distribu-
tions of heritability and eQTL effect size, with data for females and males colored in red and blue, respec-
tively (the horizontal axes indicate counts for females on the left half and males on the right half). We
found that heritability was elevated for females (P<2.2x107'®, Mann-Whitney U test) and that the
sex-speaﬁc eQTL effect sizes (i.e., regression coefficients) were also elevated for females (P<2.2x
107'%, Mann-Whitney U test). (C) Quantlflcatlon of the sex-specific eQTL groups yielded the following
relatlve contributions: 33% sex-specific effect, 66% sex-specific magnitude, and 1% sex-specific direc-
tion eQTLs. (D) We used ChromHMM data to document the genomic context of the sex-specific
eQTLs in pre-adipocytes and adipocytes. Approximately 30% of the eQTL SNPs were within transcription

Mechanisms of sex differences in genetic
regulation

Expression QTLs with sex-by-SNP inter-
actions have been classified into the fol-
lowing categories: sex-specific effect,
sex-specific direction, and sex-specific
magnitude (Yao et al. 2014; Khramtsova
et al. 2019). We separated the eQTLs
into these categories by fitting indepen-
dent linear models for each sex and as-
sessing the degree of overlap for the
confidence intervals of the effect sizes
(Fig. 3A). All 2408 associations could be
unambiguously assigned to one of the
three categories: 33% of the eQTLs
showed sex-specific effects; 66% showed
sex-specific directions; and 1% showed
sex-specific magnitudes (Fig. 3C). These
results suggest that there are a number
of sites in the genome that influence
gene expression in a sex-specific manner,
and there are even more sex-specific di-
rection than sex-specific effect sites.

We sought to identify a mechanistic
basis of sex-specific eQTLs. We evaluated
whether sex-specific eQTLs overlapped
with chromatin contacts inferred from
pre-adipocyte promoter-capture Hi-C
data and obtained generally negative re-
sults (Supplemental Results). Next, we in-
vestigated whether the sex-specific eQTL
SNPs resided within regulatory regions

start sites, enhancers, or transcribed regions.

We next overlapped the sex-specific eQTL SNPs with disease- or
trait-associated SNPs identified through human GWAS analyses
(Buniello et al. 2019) based on linkage. When accounting for
linkage disequilibrium (LD 7*> 0.8), we found that 95 sex-specif-
ic eQTL associations corresponded to 138 GWAS traits
(Supplemental Tables S6, S7), including relevant cardiometabolic
traits such as LDL cholesterol, waist-to-hip ratio, and blood pres-
sure. However, further investigation would be needed to estab-
lish whether the sex-specific eQTLs are causally related to the
GWAS associations at the same loci. We identified 38/138
(26%) of the GWAS traits that could be classified as cardiometa-
bolic traits (Supplemental Table S7). Other trait classifications
included blood, immune function, bone-related, pulmonary,
cancer-related, cognitive/behavioral, and sex-related (Supple-
mental Table S7). Such widespread associations could be spuri-
ous results. Such results could also arise due to genetic
pleitropy and/or due to the pervasive impact of adipose tissue
on systemic physiology and organismal function (Luchsinger
et al. 2013; Exley et al. 2014; Decléves and Sharma 2015; Len-
gyel et al. 2018). These findings suggest that variants with sex-
specific influences on adipose tissue gene expression are also
associated with complex human phenotypes and diseases. In ge-
neral, these results are consistent with the possibility that sex
differences in the genetic architecture of adipose tissue gene ex-
pression could contribute to sex differences in common human
diseases.

that were identified in human pre-adipo-

cytes and adipocytes based on hidden

Markov models generated from histone
modification data (Roadmap Epigenomics Consortium et al.
2015). For both pre-adipocytes and mature adipocytes, ~30% of
the eQTL SNPs were within regions defined as transcription start
sites, enhancers, or transcribed regions. In contrast, ~68% of the
eQTL SNPs were within repressed or quiescent regions of chroma-
tin (Fig. 3D). However, we note that the mappings between partic-
ular histone modifications and chromatin regulation states, such
as the association between histone H3 lysine 4 monomethylation
and enhancer activity, have been disputed (Henriques et al. 2018).
Furthermore, there are reported discrepancies between patterns of
histone modifications in vitro and in vivo, and experimental per-
turbations of histone modifiers have elicited unpredictable effects
(Rando 2012).

It has been demonstrated that noncoding variants influence
gene expression by modulating transcription factor binding
(Gaftney et al. 2012). We tested whether sex-specific eQTL SNPs,
as well as SNPs in high LD (r*> 0.8), were coincident with tran-
scription factor binding sites (TFBSs) (Kumar et al. 2017). Out of
2408 associations, we identified 881 loci (37%) with overlapping
TFBSs for either the lead SNP or at least one LD variant.
Consistent with the relevance of adipogenesis to sex differences
in gene regulation, we identified 36 loci overlapping PPARG motifs
and 16 loci overlapping motifs for CEBPA or CEBPB. We found
that the FADSI locus overlapped a ZFX motif, the MAP1B locus
overlapped a PPARG-RXRA dimer motif, and the PDZD2 locus
overlapped a HAND1-TCF3 motif.
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To determine the functions associat-
ed with the TFs with binding motifs over-
lapping sex-specific eQTLs, we applied an
enrichment analysis to the set of TFs
overlapping both lead and LD SNPs. We
applied Fisher’s exact test to evaluate
the functional enrichments for a set of
160 TF genes. Our analysis revealed 113
annotated functional categories with a
considerable degree of overlap (Fig. 4A;
Supplemental Table S8). We found that
adipogenesis was associated with the
highest odds ratio for enrichment (OR=
66.4, FDR <1.0x 107'%). Out of the 160
TFs in this analysis, 17 (10.6%) were asso-
ciated with adipogenesis (e.g., PPARG,
CEBPA/B, STATSA/B, KLF5, EGR2,
SREBF1, and NR3C1) (see Fig. 4H). Other
enriched functional annotations of inter-
est included immune-related signaling,
circadian rhythm-related genes, fatty
acid, triacylglycerol, and ketone body
metabolism, and the AGE-RAGE signal-
ing pathway in diabetic complications
(Supplemental Table S8). These findings
are consistent with the contributions of
adipose tissues to inflammation and me-
tabolism (Exley et al. 2014; Grundy
2015), along with the overlaps with the
GWAS associations documented above.
These results suggest that sex-specific ge-
netic influences on adipose tissue gene
expression are associated with adipocyte
differentiation pathways.

To further interrogate the molecular
mechanisms associated with sex-specific
allelic influences on gene expression,
we integrated TF expression data with
TF motif data and sex-specific eQTL
data (Supplemental Fig. S8). We tested a
hypothesis to address the molecular
mechanisms of sex-specific effect eQTLs
(Supplemental Fig. S8B). We found nine
and seven loci for which we could ex-
plain female- and male-specific eQTLs,
respectively, based on differential expres-
sion of a TF with a binding motif overlap-
ping the sex-specific eQTL SNP. For these
loci, the sex with the observed eQTL
showed significantly elevated expression
for the TF associated with a predicted
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Figure 4. Adipogenic transcription factors are implicated in the regulation of sex-specific eQTLs. (A)
We applied Fisher’s exact test to evaluate the functions associated with transcription factors overlapping
SNPs in sex-specific eQTLs. Adipogenesis was the functional annotation with the largest odds ratio, sug-
gesting that factors regulating sex-specific eQTL genes are implicated in adipogenesis. Point sizes corre-
spond to the number of genes in each annotation (>10) and intensity corresponds to the FET false
discovery rate (FDR <0.001). (B-E) An illustrative case in which sex differences in the expression of a tran-
scription factor that binds to a sex-specific eQTL SNP can explain the sex-specificity of the eQTL. (B) Data-
driven model indicating that male-specific binding of the anti-adipogenic transcription factor EGR1 to
the GG allele of an eQTL SNP augments the expression of the associated eQTL gene FLT3. (C) The
EGR1 consensus motif corresponds to the reference allele G but not the alternate allele C at
rs61944702 (see box). (D) FLT3 expression is associated with the genotype at rs61944702 in males,
such that the homozygous reference genotype (GG) is associated with elevated expression as well as en-
hanced predicted binding of EGR1. (E) Elevated EGR1 expression in males (FDR=0.02) is consistent with
the sex-specificity of the eQTL observed for the rs61944702 SNP located within an EGR1 binding motif.
(F) For an eQTL relating the genotype at rs28372757 with the expression of BRD4, the SNP at
rs28372757 resides within a binding motif for the PPARG-RXRA dimer. Further, the SNP at
rs28372757 resides within an open chromatin region in human pre-adipocytes, adipocytes and subcu-
taneous adipose tissue. The G allele is associated with enhanced predicted binding of the PPARG-RXRA
dimer based on sequence conformity to the consensus motif. (G) The G allele is associated with elevated
BRD4 expression in females and reduced BRD4 expression in males. (H) Examples of adipogenesis genes
enriched in transcription factors (TFs) with binding motifs overlapping sex-specific eQTL SNPs or eSNPs.
Also shown are adipogenesis genes enriched in sex-specific eQTL genes or eGenes that overlap with sex-
by-genotype interaction genes identified in mouse.

TFBS alteration by the corresponding SNP genotype (Supplemen-
tal Fig. S8B). For instance, the expression of FLT3 in males was as-
sociated with a locus that overlapped an EGR1 motif (Fig. 4B-D).
EGR1 showed elevated expression in males (FDR=0.02, where
the FDR was taken with respect to genes for TFs with motifs over-
lapping eQTL SNPs) (Fig. 4E). We note that sex-specific eQTLs with
sex-specific directionalities could be explained by cases in which
multiple sex-specific TFs bind to a given SNP (Supplemental Fig.
S8C). However, such analyses were outside of the scope of the cur-
rent study. Nevertheless, we identified 310 loci with both sex-spe-
cific directional effects on gene expression and overlap with

putative binding sites for multiple TFs. Sex-specific TF binding at
these sites could be implicated in the sex-specific allelic effects.
Because gene expression regulation and TF binding are associ-
ated with regions of open chromatin, we tested whether sex-specif-
ic eQTL SNPs, and associated LD variants (2> 0.8), reside within
regions of enzyme accessible chromatin from human pre-adipo-
cytes, adipocytes, and adipose tissue samples. We assessed Assay
for Transposase-Accessible Chromatin using sequencing (ATAC-
seq) data. We considered ATAC-seq data from pre-adipocytes and
adipocytes of the Simpson Golabi Behmel Syndrome (SGBS) cell
line (Cannon et al. 2019). To assess adipose tissue chromatin
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regulation, we considered ATAC-seq data
from the Metabolic Syndrome in Men
(METSIM) cohort (Cannon et al. 2019)
and the Encyclopedia of DNA Elements
(ENCODE) consortium (The ENCODE
Project Consortium 2012). We analyzed
open chromatin peaks that denote the
genomic coordinates of putative regula-
tory regions with bound TFs and/or his-
tone modifications associated with gene
expression regulation. We documented
four sets of peaks: (1) pre-adipocyte
peaks; (2) adipocyte peaks; (3) the union
of pre-adipocyte, adipocyte, and adipose
tissue peaks; and (4) the intersection of
pre-adipocyte, adipocyte, and adipose
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sults]). The adipocyte peaks contained Figure 5. Fold change correlations reflect genotype-by-sex interactions in a population of inbred

variants associated with FADSI and
MAPIB. We further evaluated whether
sex-specific eQTL SNPs were enriched in
TF binding motifs within open chroma-
tin peaks and obtained negative results
(Supplemental Results). However, we
note that a number of functionally rele-
vant adipogenic TF motifs overlapping
sex-specific eQTL SNPs were identified
within open chromatin peaks (e.g., Fig.
4F,G; Supplemental Table S9; Supple-
mental Results). Overall, our results are
consistent with a functional influence
of adipogenesis-related TF expression on
the sex-specificity of allelic effects on
gene expression and a general role of chromatin regulation in
the sex-specific eQTLs for FADS1 and MAP1B.

Conservation of sex-by-genotype interactions implicated in
oxidative phosphorylation and adipogenesis

We next addressed whether there are sex-by-genotype interactions
underlying adipose tissue gene expression in mice. However, such
an analysis is difficult given that available populations of geneti-
cally variable mice do not offer comparable statistical power for ge-
nome-wide association analyses as described above for humans.
Furthermore, direct comparisons between murine- and human-as-
sociated loci are limited to loci in conserved regions. To address
these limitations, we employed a recently developed method—
the fold change correlation (FCC) method—to identify genes asso-
ciated with sex-by-genotype interactions in a population of “100
inbred mouse strains known as the Hybrid Mouse Diversity
Panel (HMDP) (Santolini et al. 2018). The HMDP mice have been
characterized in terms of metabolic phenotypes (Supplemental
Fig. S5) and gene expression in epididymal adipose tissue (Fig.
5). Through the FCC analysis, we could identify genes for which
expression sex differences were associated with the phenotypic

mouse strains. (A) Sex differences in body fat percentage vary substantially across 98 murine strains
from the Hybrid Mouse Diversity Panel (fc=fold change). Fat percentage is elevated in approximately
50% of the strains, with apparent symmetry in the fold change directionality profile with respect to
sex. (B) Distinct fold change correlation genes are observed for fat percentage, fat growth, and insulin
resistance, therefore suggesting disparate genetic architectures. (C) Uty shows significant differential ex-
pression with respect to sex with elevation in males (negative fc) across strains (same strain organization
as in A). (D) Due to the robust differential expression of Uty, and the variable sex-dependence of fat %
across strains, the correspondence between sex and Uty expression is not associated with the correspon-
dence between sex and fat percentage. (E) Xbp1 shows variable sex differences across strains without ap-
parent differential expression (same strain organization as in A). (F) The strain-dependent Xbp1 fold
changes are negatively associated with the fat percentage fold changes across strains. Therefore, the pu-
tative influence of sex on XbpT is associated with the putative influence of sex on fat percentage. (G)
Overlapping the differentially expressed genes (|fc|>5%, FDR <0.05) and fold change correlation genes
(Imidweight bicorrelation|>0.2, FDR < 0.05) shows that fold change correlations identify distinct sets of
genes for which sex differences in expression are consistent with sex differences in metabolic phenotypes.

sex differences across strains. For instance, consider a gene for
which strains with elevated sex differences in expression also
show greater sex differences in phenotype. Such a gene is identi-
fied as a FCC gene. For FCC genes, the relation between the degree
of phenotypic sex differences and the genotype indicates a sex-by-
genotype interaction, while the relation between the sex-depen-
dent expression and phenotype fold change supports the func-
tional relevance of the gene’s expression (Methods; Fig. 5A,C,E).
We identified three prominent clusters of cardiometabolic pheno-
types and selected the following representative metabolic pheno-
types for the FCC analysis: the body fat percentage at the age of
8 wk, the percentage of body fat growth between 0 and 8 wk due
to a high fat diet, and the Homeostatic Model Assessment of
Insulin Resistance (HOMA-IR) metric (Supplemental Fig. S5).

Our analyses revealed 3602, 894, and 1081 FCC genes associ-
ated with fat percentage, fat growth, and insulin resistance, respec-
tively (|r|>0.2, FDR<0.05) (Fig. 5B; Supplemental Table S10). Only
eight genes were identified for all three metabolic traits, consistent
with differences in the genetic architectures underlying these traits
in mice (P=1.0, multiset intersection exact test). To illustrate the
functional significance of FCC genes, we contrasted the FCCs
with instances of differential expression. For example, fat
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ificities of allelic effects. The results suggest that differential expression could be partially accounted for by differential genetic regulation at sex-specific

eQTLs.

percentage shows highly variable sex differences across strains (Fig.
5A), whereas Uty expression is generally uniform across strains with
elevated expression in males (Fig. 5C). Thus, the sex differences in
Uty expression are not expected to drive sex differences in fat per-
centage (Fig. SD). However, the sex differences in Xbp1 expression
are negatively associated with the sex differences in fat percentage
(Fig. SE,F). Thus, an FCC is consistent with a functional relation-
ship between the influence of sex on gene expression and the in-
fluence of sex on fat percentage. The underlying basis of the FCC
is a genotype-by-sex interaction in which the influence of sex is ge-
notype-dependent, as for sex-specific eQTLs observed in humans.

To establish the prevalence of FCC genes at a genome-wide
scale and determine whether these genes were also differentially
expressed between females and males, we identified the overlaps
between FCC genes and differentially expressed genes (|fold chan-
ge|>5%, FDR<0.05) (Fig. 5G). Our analysis revealed considerable
overlaps (>50% of the FCC genes for each trait; P<1.1x 107'*, hy-
pergeometric test) (Fig. 5G). However, numerous FCC genes
showed robust associations between sex differences in gene expres-
sion and metabolic traits without differential expression. This
finding highlights the fact that FCCs can arise in cases where the
sex differences in a phenotype effectively cancel, such that popu-
lation-wide differential expression is absent (Fig. SE).

Given that we identified sex-by-SNP interactions and sex-by-
genotype interactions for the regulation of adipose tissue gene ex-

pression in human and mouse, respectively, we addressed whether
there is an overlap between the genes identified for each species.
Considering FCC genes for fat percentage, fat growth, and insulin
resistance, we identified 4508 total FCC genes (Supplemental Ta-
ble $10). Out of the 4508 FCC genes, 369 genes (8.2%) matched
the human sex-specific eQTL genes (15.3% of the human sex-spe-
cific eQTL genes were identified). To further evaluate the func-
tions associated with these genes, we performed an enrichment
analysis. Our analysis revealed 79 distinct though overlapping
functional annotations (FDR<0.05, FET [Supplemental Table
S11]). Consistent with our previous findings, we identified enrich-
ments for oxidative phosphorylation (e.g., NDUFA3,10,11, SDHD,
and COX6B1I; 11 genes total, odds ratio=4.5, FDR=0.002), as well
as adipogenesis (e.g., NCOR2, EGR2, NR3C1, FOXC2, and
PPARGCI1A; 11 genes total, odds ratio=4.6, FDR=0.014) (Fig.
4H). These results suggest that sex-by-genotype interactions regu-
late the expression of a conserved set of genes, implicated in oxi-
dative phosphorylation and adipogenesis, in both mouse and
human.

Genetic regulation predicts sex differences in expression
and dynamic expression during adipogenesis

Our analyses suggest that sex differences in adipose tissue gene ex-
pression, and sex differences in the effects of genetic variants on
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expression, are related to oxidative phosphorylation and adipo-
genesis. To determine whether there are specific genes with both
sex differences in expression and sex differences in associations
with genetic variation, we determined the overlap between the
162 DEGs and the sex-specific eQTL genes. Our analysis revealed
13 genes (Fig. 6; Supplemental Figs. S9-S11; Supplemental Table
S$12). The SNP effect directionalities were congruent with the ex-
pression differences, consistent with genetic contributions to pop-
ulation-wide sex differences in gene expression.

Because all of our analyses were undertaken using data from
adipose tissues, it remains to be determined whether our observa-
tions were generated from sex differences specific to adipocytes.
We evaluated the gene expression patterns in human and mouse
adipocytes (Fig. 7; Supplemental Fig. S11) and performed a litera-
ture review (Table 2) to prioritize genes of interest. We focused
on six genes: FADSI, MAPI1B, HSPA12A, CLIC6, MMD, and
PDZD2 (Figs. 6, 7; Supplemental Results). These genes were within
the upper expression quartiles across all genes in mature human
adipocytes, therefore demonstrating their robust expression (Fig.
7). Furthermore, these genes showed temporally dependent gene
expression dynamics during human adipogenesis (FDR <2.7 x
1074, likelihood ratio test [Fig. 7]). Of note, the murine data did
not consistently match the human data (see Supplemental
Results). Our results support conserved functional roles for
FADS1 and MAPI1B in adipogenesis. In particular, the finding of
a prominent initial up-regulation of FADS1 following the applica-
tion of a differentiation stimulus to pre-adipocytes supports a role
for this enzyme in coordinating human adipogenesis.

Discussion

We performed an expansive repertoire of focused analyses to im-
prove our understanding of sex differences in human adipose tis-
sue function. While the results of our unbiased omic-scale
investigations confirmed previous findings, clinically relevant
novel findings emerged. In particular, we identified FADSI,
MAPI1B, HSPA12A, CLIC6, MMD, and PDZD?2 as genes with differ-
ential expression patterns and sex differences in genetic regula-
tion. These genes were dynamically expressed during human
adipogenesis. We discuss our findings in the context of the previ-
ous literature, and limitations of this work are described in the
Supplemental Discussion. We conclude by discussing the implica-
tions of our work.

While analyses of individual studies generate hundreds to
thousands of differentially expressed genes, we demonstrated
that only 162 of these genes showed robust sex differences. Gene
set enrichment analyses indicated that genes which were elevated
in females were implicated in oxidative phosphorylation and adi-
pogenesis. Complementary analyses supported an association be-
tween adipogenesis and sex-biased expression. There was a small
degree of overlap between genes that were differentially expressed
in human and mouse adipose tissues. This could be due to the fact
that we compared available data from human subcutaneous adi-
pose tissue and murine epididymal adipose tissue (Rosen and
Spiegelman 2014). In general, it remains to be established whether
particular cellular mechanisms, as well as specific depot/cell type—
specific sex differences, are conserved in mice.

Consistent with our findings, sex differences associated with
mitochondrial function and adipogenesis have been reported pre-
viously (Blouin et al. 2010; Keuper et al. 2019; see Supplemental
Discussion). In general, the cellular basis for sex differences in ad-
ipose tissue oxidative phosphorylation-related gene expression re-
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Figure 7. Sex-specific genetic regulation is associated with adipocyte
differentiation. Adipogenesis time course gene expression data are shown
for human cultured SGBS cells, human adipose-derived stromal cells
(ASCs), and murine 3T3-L1 cells. For each time course profile, we per-
formed a likelihood ratio test (LRT) to evaluate whether the gene in ques-
tion changes dynamically during differentiation. The false discovery rates
(fdrs) correspond to the LRTs. We also show the expression percentiles
(%tile) for each gene, considering all expressed genes at the time point
of terminal differentiation, thereby representing the relative degree of ex-
pression in mature adipocytes. All genes indicated show evidence for dy-
namic expression during human adipogenesis and a substantial degree
of expression in human adipocytes. Smooth curves were generated using
Loess regression, and associated 95% confidence intervals are shown in
dark gray.

mains to be established. Studies of mice in vivo are consistent with
both sex differences in adipogenesis and a functional role of adipo-
genesis in the susceptibility to type 2 diabetes and metabolic syn-
drome (Wang et al. 2008; Jeffery et al. 2016). However, the extant
literature regarding adipogenesis sex differences in humans is dif-
ficult to interpret due to variations in sampling, experimental pro-
cedures, and analysis methods. Our findings are consistent with
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Table 2. Summary of existing functional data for genes of interest (Figs. 6, 7)

Gene Sex difference  Adipose sex difference  Adipose function Adipogenesis  Adipocyte biology Mitochondrial function
FADST v 4 v 4 4

MAP1B v 4

HSPAT2A v v 4

CLIC6 v v

MMD v v

PDZD2 v v v v 4

(Sex difference) Any known relationship between the gene and a phenotypic sex difference; (adipose sex difference) sex difference in an adipose tissue
phenotype; (adipose function) a documented role in adipose tissue function; (adipogenesis) a documented role in adipocyte differentiation; (adipocyte
biology) a documented role in adipocyte biology, not including adipogenesis (e.g., fatty acid metabolism or oxidative phosphorylation); (mitochondri-
al function) a documented role in mitochondrial function, irrespective of tissue or cell type. Gene symbols and names: (FADST) fatty acid desaturase 1,
(MAP1B) microtubule associated protein 1B, (HSPA12A) heat shock protein family A (Hsp70) member 12A, (CLIC6) chloride intracellular channel 6,
(MMD) monocyte to macrophage differentiation associated, (PDZD2) PDZ domain containing 2.

sex differences in the expression levels and regulatory functions of
genes implicated in adipogenesis.

Our study revealed sex-by-SNP interactions in human subcu-
taneous adipose tissue. We found that these associations could
predominantly be categorized as either sex-specific effects (33%)
or sex-specific directionalities (66%) (Khramtsova et al. 2019).
Such eQTL interaction profiles have been observed previously in
studies of sex and tissue differences (Fu et al. 2012; Yao et al.
2014). Consistent with the functional importance of adipose tis-
sue sex-specific eQTLs, many of the eQTLs we identified over-
lapped GWAS SNPs associated with cardiometabolic traits and
diseases. These results are consistent with previous findings indi-
cating that adipose tissue eQTLs influence cardiometabolic disease
susceptibility (Civelek et al. 2017). In line with the well-character-
ized associations between eQTL/GWAS SNPs and regulatory influ-
ences on transcription (Gaffney et al. 2012; Maurano et al. 2012;
Brown et al. 2013a; Kilpinen et al. 2013; Pai et al. 2015;
Deplancke et al. 2016), we observed that adipose tissue eQTL
SNPs overlapped transcription factor binding motifs. In particular,
we observed overlaps with motifs for adipogenic factors including
EGR1 and PPARG. To investigate the mechanisms underlying sex-
by-SNP interactions, we proposed mechanistic models to explain
our results, similar to those proposed for tissue-specific eQTLs
(Fu et al. 2012). In contrast to previous work (Fu et al. 2012), we in-
corporated transcription factor gene expression data and explicitly
tested our model. Our analysis could explain some sex-specific
eQTL effects by the differential expression and putative binding
of transcription factors. However, transcription factor activity
may contribute to gene regulation, in addition to factor expression
(John et al. 2016). Further, transcription factors may regulate ex-
pression through altered binding in the vicinity of eQTL SNPs
(Deplancke et al. 2016). Hence, further work will be required to elu-
cidate the molecular mechanisms of sex-specific eQTLs.

Our heritability and sex-specific eQTL effect size data are con-
sistent with previous results demonstrating an enhanced contribu-
tion of genetic variation to metabolic phenotypes in females, as
compared to males (Pulit et al. 2017). According to the liability
threshold model, the increased heritability of a disease-related trait
is expected for the sex with lower prevalence for that trait
(Khramtsova et al. 2019). It is not clear that males exhibit increased
cardiometabolic disease prevalence, as was once thought
(Humphries et al. 2017). One possibility is that the genetic regula-
tion of adipose function is especially important in females, given
the dependence of pregnancy outcomes and early development
on maternal adipose tissue quantity and function (Straughen
et al. 2013; Tyrrell et al. 2016; Shrestha et al. 2018; Pringle et al.

2019), along with the notion that factors influencing pregnancy
outcomes are expected to be under selective pressure (Brown
et al. 2013b). Our observation of increased genetic influences on
adipose gene expression in females is consistent with studies
showing increased female heritability for a plethora of traits
(Gilks et al. 2014; Khramtsova et al. 2019). Further work will be re-
quired to understand the causes and consequences of elevated ge-
netic influences on adipose function in females.

We found that sex-specific eQTL genes from human subcuta-
neous adipose tissue overlapped with genes regulated by sex-by-ge-
notype interactions in murine epididymal adipose tissue. The
correlation fold change method employed in mice showed en-
hanced sensitivity for detecting sex-by-genotype interactions, as
compared to previous approaches involving QTL associations
(Krohn et al. 2014). The genes identified in the associations for
both species were significantly enriched for oxidative phosphory-
lation and adipogenesis pathways. Sex-specific eQTLs were recent-
ly described in mice (Norheim et al. 2019). Consistent with our
findings, the murine sex-specific eQTLs were implicated in mito-
chondrial function (Norheim et al. 2019). These observations are
especially interesting in the context of our finding that there was
a low degree of overlap for differentially expressed genes from hu-
man and mouse. These results suggest that sex differences in the
genetic architectures underlying adipogenesis and oxidative phos-
phorylation are conserved.

Our study showed that FADSI1, MAP1B, HSPA12A, CLIC6,
MMD, and PDZD2 exhibit differential expression patterns that
could be potentially explained by sex differences in genetic regula-
tion. A similar finding was obtained in a study of whole blood gene
expression (Yao et al. 2014). Sex differences in the genetic architec-
tures of gene expression have been associated with sex-biased gene
expression (Khramtsova et al. 2019), and this association can occur
as aresult of evolutionary processes (Ober et al. 2008). A number of
mechanisms exist whereby evolutionary processes can shape sex-
specific genetic architectures for complex traits and diseases
(Gilks et al. 2014; Grath and Parsch 2016).

Our results also showed that FADS1, MAP1B, HSPA12A,
CLIC6, MMD, and PDZD2 exhibit dynamic expression during hu-
man adipogenesis and robust expression in mature human adipo-
cytes. This is consistent with the possibility that the sex
differences identified in our adipose tissue analyses were derived
from sex differences in adipocytes. Few published studies have re-
ported evidence for the functions of these genes in adipogenesis
(see Table 2; Supplemental Discussion). Moreover, while there are
reported roles for these genes in adipose tissue and/or adipocyte
function, there is a relative dearth of information regarding sex
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differences in adipose tissue function. This study highlights op-
portunities for focused analyses to improve our understanding
of how these genes contribute to adipocyte functions and sex dif-
ferences therein.

Understanding the mechanistic basis for sex differences in ad-
ipose tissue gene expression could enhance efforts in precision
medicine (Humphries et al. 2017; Segarra et al. 2017; Reusch
etal. 2018). It has been established that leveraging human genetics
data facilitates drug development (Fox 2019). Males have cardio-
metabolic disease risk profiles associated with deleterious fat distri-
bution patterns (Fried et al. 2015), whereas females have elevated
prevalence for obesity (Flegal et al. 2016). Furthermore, under-
standing sex differences in adipose function could have important
implications for providing medical care to transgender individuals
(Elbers et al. 1999). Independent of sex, previous studies have
shown a decline in oxidative metabolism in adipocytes from obese
individuals (Heinonen et al. 2017). Similarly, adipogenesis has
been associated with cardiometabolic disease (Ghaben and
Scherer 2019). In future studies, it will also be important to address
sex-by-ethnicity and sex-by-age interactions underlying adipose
function and cardiometabolic disease (Winham et al. 2015;
Reusch et al. 2018). Likewise, defining how sex differences in adi-
pocyte biology relate to anatomical differences in adipose function
will improve our understanding of how systemic manipulations
influence metabolism and physiology (Rosen and Spiegelman
2014). An increasing arsenal of experimental tools for culturing
human adipocytes and adipose tissues will facilitate advances
(Fitzgerald et al. 2018). Isolated adipocytes from large cohorts of
males and females, as well as adipose-derived macrophages and
vascular cells, will promote our understanding of the cellular basis
for adipose tissue sex differences.

Methods

Our analyses were completed using R (R Core Team 2018) and the
Unix command line. We routinely used BEDTools for operations
on genomic coordinates (Quinlan and Hall 2010).

Gene expression analysis

For differential gene expression analyses, we considered (1) the
African American Genetics of Metabolism and Expression cohort
of African Americans from North Carolina, USA (117 females,
135 males; NCBI Gene Expression Omnibus (GEO; https://www
.ncbi.nlm.nih.gov/geo/) accession number GSE95674 (Sharma
et al. 2016), (2) the Genotype-Tissue Expression project with a
multi-ethnic population from the USA (194 females, 387; data ac-
cess: https://gtexportal.org/home/) (GTEx Consortium 2017), and
(3) the Icelandic deCODE Genetics cohort (400 females, 295
males; GEO accession: GSE7965) (Table 1; Emilsson et al. 2008).
We applied the Linear Models for Microarray Data (limma) analysis
to evaluate differential gene expression between females and
males (Ritchie et al. 2015). We focused on autosomal genes for
our differential expression analyses. The gene expression fold
changes were varied across cohorts (Supplemental Figs. S1, S6).
As demonstrated in the Supplemental Results, normalization
methods can contribute to such variation in fold change
(Supplemental Fig. S2). We evaluated the statistical significance
of the differentially expressed gene overlaps, identified from the
three data sets, with an exact test for multiset intersections
(Wang et al. 2015). For pairwise gene set overlap comparisons,
we employed the hypergeometric test. We used the maximal num-
ber of expressed genes as the background population size, and we

reported probabilities that the number of overlaps were greater
than or equal to the observed overlaps. See Supplemental
Methods for further details.

Functional enrichment analysis

We implemented functional enrichment analyses using Gene Set
Enrichment Analysis (GSEA) and Enrichr (Subramanian et al.
2005; Kuleshov et al. 2016). For Enrichr analyses based on
Fisher’s exact test, we considered all genes in the human genome
as a background set. We identified transcription factors implicated
in regulating sex-biased gene expression using the Binding
Analysis for Regulation of Transcription (Wang et al. 2018). See
Supplemental Methods for further details.

Expression quantitative trait locus (eQTL) analysis

We performed eQTL analysis using Matrix eQTL (Shabalin 2012),
with covariates identified using the Probabilistic Estimation of
Expression Residuals (PEER) (Stegle et al. 2012) (Supplemental
Fig. S3, S4). We identified variants in linkage disequilibrium using
PLINK (Purcell et al. 2007). We evaluated the colocalization of
eQTL and GWAS SNPs wusing the coloc R package
(Giambartolomei et al. 2014). We used the Approximate Bayes
Factor colocalization analysis to test the hypothesis that both the
eQTL gene and GWAS trait shared a single causal variant.
Following previous approaches, we considered a colocalization
probability >0.8 to indicate significance. See Supplemental
Methods for further details.

Heritability analysis

We determined the SNP-based narrow sense heritability (Visscher
et al. 2008) associated with gene expression using GCTA (Yang
et al. 2011), as described previously (Civelek et al. 2017). The anal-
ysis was performed separately for males and females from the GTEx
cohort using subcutaneous adipose tissue gene expression data.

Transcription factor binding site analysis

To evaluate whether sex-specific eQTL SNPs overlapped with puta-
tive transcription factor binding sites, we overlapped these SNPs
with sites within TF consensus motifs. We utilized the SNP2TFBS
resource of estimated effects of SNPs on predicted TF binding,
based on the conformity of motif alleles to the genome (Kumar
et al. 2017). For this analysis, we considered SNPs in LD with
sex-specific eQTL SNPs (r*> 0.8). We considered the TF at each
site for which the predicted effect on binding was largest, with re-
spect to any other overlapping TFBSs, given the SNP genotype. We
applied restrictive filtering criteria to the analysis enrichments of
TFs overlapping eQTL SNPs in functional annotations (FDR<
0.01, more than 10 genes in each functional category), consistent
with a high degree of confidence in the results of this analysis. For
plotting motif signatures, we isolated position probability matrices
corresponding to specific motifs using JASPAR 2018 core verte-
brate files (Khan et al. 2018) downloaded from the MEME website
(http://meme-suite.org/doc/download.html).

Assay for Transposase-Accessible Chromatin using sequencing
analysis

We considered both pre-adipocyte and mature adipocyte data
from the Simpson Golabi Behmel Syndrome cell line (Table 1;
Cannon et al. 2019). We also evaluated human adipose tissue
ATAC-seq data from three male donors (Cannon et al. 2019) and
one female donor from ENCODE (https://www.encodeproject
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.org/experiments/ENCSR540BML/) (The ENCODE Project
Consortium 2012). The adipose tissue data from male donors orig-
inated from the METSIM study (Cannon et al. 2019). The data
from Cannon et al. (2019) were downloaded as files documenting
the coordinates of open chromatin peaks. In contrast, the
ENCODE data were acquired in the BAM file format and further
processed to match the analysis from Cannon et al. (2019). For
the ENCODE data, we identified peaks using MACS2 with the fol-
lowing settings: --nomodel -q 0.05 --shift -100 --extsize 200 (https
://github.com/taoliu/MACS/) (Zhang et al. 2008). We merged over-
lapping peaks, removed blacklisted regions, and converted the
data to the bigWig format for visualization using the UCSC
Genome Browser (Lee et al. 2020). We merged the adipose tissue
peak coordinates and merged replicates for the SGBS peak data
sets. Following these steps, we considered sets of pre-adipocyte
peaks, adipocyte peaks, and adipose tissue peaks. We further con-
sidered four sets of peaks for overlap with the sex-specific eQTL
SNPs: pre-adipocyte peaks; adipocyte peaks; the intersection of
all three peak sets; and the union of all three peak sets. For this
analysis, we considered SNPs in LD with sex-specific eQTL SNPs
(*> 0.8).

Analysis of sex-by-genotype interactions in mouse

We used the fold change correlation (FCC) method to establish ge-
notype-by-sex interactions in mice (Santolini et al. 2018). We used
epididymal adipose tissue gene expression data from 98 HMDP
mouse strains (Table 1; Lusis et al. 2016). For our application of
the FCC method, we related sex differences in gene expression to
sex differences in metabolic phenotypes. To prioritize metabolic
phenotypes for our analysis, we evaluated the phenotypic correla-
tions across the mouse population and clustered the Pearson’s cor-
relation matrix. The analysis revealed three prominent clusters
(Supplemental Fig. S5). This suggests that distinct groups of phe-
notypes covary such that cluster representatives can be used as
proxies for the respective sets of cluster phenotypes. After inspect-
ing the clusters, we elected to further examine body fat percentage,
the percentage of body fat growth, and insulin resistance. The FCC
method entails correlating gene expression fold changes with phe-
notypic fold changes, both with respect to sex. To mitigate against
spurious correlations due to the presence of outliers, we computed
the median-based biweight midcorrelation (bicor) coefficients for
this analysis (Song et al. 2012). Both phenotype and gene expres-
sion data were approximately normally distributed, based on visu-
al inspection of the corresponding distributions, and therefore
were considered to be in the log space. The log, fold change for a
given strain was taken as the female value minus the male value
for that strain (value refers to either gene expression level or phe-
notype measure). We obtained correlations between the log,
gene expression fold changes and the log, phenotype fold
changes.

Software availability

Further analysis details can be obtained through a publicly avail-
able repository of vignettes and associated scripts (https://github
.com/WarrenDavidAnderson/manuscriptCode/tree/master/
sexDifferencesAdipose_code). Code files are available in the
Supplemental Material as Supplemental Code.
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