1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Mol Cell Endocrinol. Author manuscript; available in PMC 2019 August 15.

-, HHS Public Access
«

Published in final edited form as:
Mol Cell Endocrinol. 2018 August 15; 471: 33-41. d0i:10.1016/j.mce.2017.05.025.

Genomics of sex hormone receptor signaling in hepatic sexual
dimorphism

Daoshan Zheng?, Xiao Wang?, Per AntonsonP, Jan-Ake GustafssonP¢, and Zhaoyu Li2
aDepartment of Cancer Biology, Mayo Clinic, Jacksonville, FL 32224, USA

bDepartment of Biosciences and Nutrition, Karolinska Institutet, Huddinge 14183, Sweden

¢Department of Biology and Biochemistry, University of Houston, Houston, TX 77204, USA

Abstract

The liver plays a crucial role in a variety of physiological processes. Sexual dimorphism is
markedly defined in liver disorders, such as fatty liver diseases and liver cancer, but barely
addressed in the normal liver. Distinct sex hormone signaling between male and female livers is
the major driving factor for hepatic sexual dimorphism. Over 6,000 genes are differently expressed
between male and female livers in mice. Here we address how sex hormone receptors, estrogen
receptor alpha (ERa) and androgen receptor (AR), mediate sexually dimorphic gene expression in
mouse livers. We identified 5,192 ERa target genes and 4,154 AR target genes using ChlP-Seq.
Using liver-specific ERa or AR knockout mice, we further identified direct and functional target
genes of ERa (123 genes) and AR (151 genes) that contribute to hepatic sexual dimorphism. We
also found that the most significant sexually dimorphic gene expression was initiated at birth by
comparing hepatic gene expression data from the embryonic stage E10.5 to the postnatal stage P60
during liver development. Overall, our study indicates that sex hormone receptor signaling drives
sexual dimorphism of hepatic gene expression throughout liver development.
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1. Introduction

The liver provides many essential functions, including regulation of metabolism, control of
cholesterol and serum protein biosynthesis and transport, detoxification of drugs, immune
response, and so on (1). Male and female livers show significant sex-dependent differences
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in physiological and pathological processes, such as cholesterol metabolism, detoxification
function, and the prevalence of liver diseases, including fatty liver diseases, hepatitis, and
hepatocellular carcinoma (2-7). Many studies have shown that phenotypic differences
between male and female livers are derived from sexual dimorphism of hepatic gene
expression (8-10). Distinct sex hormone signaling between male and female livers is the
major driving factor for hepatic sexual dimorphism (11).

Sex hormones, estrogen in females and androgen in males, are responsible for crucial
cellular functions, including cell proliferation, differentiation, and homeostasis, by binding
to its receptors to regulate the receptor activity. In mouse liver, estrogen receptor alpha
(ERa) and androgen receptor (AR) are the major sex hormone receptors that mediate
hepatic sex hormone signaling in females and males, respectively (12). ERa and AR have
been shown to govern the expression of sexually dimorphic genes in many hepatic processes
and disorders. For example, ERa regulated the prevention of tumorigenesis, anti-
inflammatory pathway, body weight dynamics, and lipolysis, while AR controlled the
susceptibility of tumorigenesis, DNA damage from oxidative stress, energy homeostasis, and
epigenetic regulation (13-21). These studies suggest that ERa.- and AR-mediated sex
hormone signaling plays important roles in the progression of liver diseases, such as
hepatocellular carcinoma, steatosis, and hepatitis (2—7), however, how ERa and AR regulate
sexual dimorphic gene expression in normal livers has never been addressed in a genome-
wide manner.

Hence, in this study, we performed a whole-genome gene expression analysis to identify
differently expressed genes in male and female livers using microarrays. Next, we identified
ERa or AR binding sites-associated target genes using ChlP-Seq and we further identified
ERa or AR direct target genes using liver-specific ERa or AR knockout mice to
authenticate the key functional genes that are mediated by sex hormone receptor signaling
and contributing to hepatic sexual dimorphism. Meanwhile, we also applied the pathway
analysis to address the functions of these sexual dimorphic genes. Lastly, we explored the
possible time when these sexually dimorphic genes were initiated during liver development
by comparing hepatic gene expression data from the embryonic stage E10.5 to the postnatal
stage P60. Here, we provide a comprehensive genomic profiling of sex hormone receptor
signaling in sexually dimorphic gene expression in the normal liver.

2. Materials and methods

2.1 Animals

ARIoXP/oxP mice were purchased from EMMA. AlfpCre mice were a gift from Dr. Klaus
Kaestner at the University of Pennsylvania. We crossed ARIXP/1oxP mice (control) with
AlfpCre mice to obtain liver-specific AR ablation, AR!°*P/JoxP:AlfpCre mice (mutant). All
animals were fed ad libitum and had free access to water. Livers were collected from ~12
week-old mice and stored at —80°C. All animal experiments performed were in compliance
with ethical regulations and were approved by the Mayo Clinic Institutional Animal Care
and Use Committee.
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2.2 Gene expression profiling

Total RNA was purified from both control and mutant livers using the TRIzol reagent
(Invitrogen, Carlsbad, CA) and the RNeasy Mini kits (QIAGEN, Valencia, CA) and
measured for gene expression profiles using mRNA-Seq with the HiSeq 2000 (Illumina).
Sequencing reads were aligned and analyzed using Tophat and Cufflinks to identify
differentially expressed genes between control and mutant livers. Meanwhile, we also re-
analyzed differential gene expression in livers between control and liver-specific ERa
knockout mice from microarray data (GSE36514) (22). Additionally, we also analyzed
differential gene expression in normal mouse livers between males and females using
GSE32244 data (5). Genes showing at least 2-fold changes with P values of less than 0.05
between control and mutant livers were considered as differentially expressed genes. We
also collected gene expression data in embryonic and postnatal male mouse livers from the
embryonic day 10.5 (E10.5), E11.5, E12.5, E13.5, E14.5, E16.5, the postnatal day 0 (PO,
new born) P7, P30, and P60 (two-month old) mice in the GEO database, including GSE6998
and GSE21224 (23, 24), and re-analyzed these data together using the Affy program in the
Bioconductor package.

2.3 The analysis of ERa and AR target genes

3. Results

In addition to obtain ERa- or AR-regulated genes from gene expression profiling in livers of
liver-specific ERa or AR knockout mice, we also analyzed genome-wide ERa and AR
binding of ChIP-Seq data from E-MTAB-805 (5). By intersecting ERa- or AR-regulated
genes with ERa- or AR-associated target genes from ChlIP-Seq data, we obtained directly
regulated ERa or AR target genes. Next, we performed the Ingenuity pathway analysis to
identify the functions of these ERa or AR target genes. The default settings were used for
our Ingenuity pathway analysis (version 2016). The P-values were calculated by comparing
the number of queried genes with the number of all genes in each functional pathway using
Fisher’s exact test.

3.1. Sex dimorphism in hepatic gene expression and development

To investigate sexual dimorphism of global gene expression differences in the mouse liver,
we analyzed the ratio of normalized intensities from gene expression microarrays in paired
samples (male and female livers of three-month old mice). A total of 6,612 differentially
expressed genes with at least 1.5 fold changes were identified between male and female
mouse livers (Fig. 1a). To understand the functions of these genes, we performed the
Ingenuity pathway analysis to identify the most significantly enriched pathways related to
gene functions. The pathway enrichment analysis showed that differentially expressed genes
between sexes were involved in five major pathways (Fig. 1b). Among them, the most
enriched one, composed of 4,285 differentially expressed genes, was related to cancer, and
others were related to cell growth and proliferation, tissue development, metabolic diseases,
and hepatic disorders (Fig. 1b). These enriched pathways for sexual differentially expressed
genes will pave a new way for an in-depth study on the underlying of sex dimorphism in
hepatic gene expression and functions during pathological processes, such as hepatic
tumorigenesis.
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Previous studies have shown that liver-specific gene expression was initiated during liver
development. However, when sex-related gene expression occurs during liver development is
barely understood, though early studies in 1970s suggest that sex-specific expression of a
few selected genes might be initiated in two major phases of liver development, in the early
postnatal period and at puberty. Thus, we collected and analyzed gene expression profiles in
the mouse livers from embryonic day E10.5 to E16.5 and from the postnatal day 0 (PO, new
born) to P7, P30, and P60 (two-month old) mice. The most significant changes in the
expression of sexually dimorphic genes occurred at birth (Fig. 1c¢). These results suggest that
the major sexually dimorphic genes may be initiated at birth or in the early postnatal period
during liver development.

3.2. Sexually dimorphic gene expression potentially mediated by ERa in the female mouse

liver

To examine how many of these sexually dimorphic genes were regulated by ERa in the
female mouse liver, we analyzed global ERa binding sites and associated target genes from
ERa ChIP-Seq data and identified 5,192 ERa associated target genes (Fig. 2a). By
intersecting them with 6,612 sexually differentially expressed genes, we found that 1,729
sexually differentially expressed genes were potential ERa target genes (Fig. 2a). These data
suggest that ERa may regulate sexually dimorphic gene expression in liver. The Ingenuity
pathway analysis showed that about 72% of these genes (1,241 genes out of 1,729 genes)
were enriched in the cancer pathway, indicating that the majority of these sexually
differentially expressed and also potential ERa target genes were highly correlated to cancer
(Fig. 2b). By tracing the expression of these genes during liver development, we found that
the most significant changes of these genes primarily occurred in the liver of newly born
mice and hepatic expression of these genes were markedly decreased after birth (Fig. 2c).
Varied expression of potential ERa target genes was in parallel with the changes of sexually
dimorphic genes during liver development, suggesting that ERa could mediate sexually
dimorphic gene expression in the mouse liver.

3.3. Sexually dimorphic gene expression potentially mediated by AR in the male mouse

liver

To examine whether AR participates in the regulation of sexually dimorphic gene expression
in the mouse liver, we conducted AR ChlP-Seq analysis to reveal genome-wide AR binding
sites and their associated target genes. We found 4,154 potential AR target genes in the male
mouse liver, which regulated about 1,001 sexually differentially expressed genes after
intersecting with the total 6,612 sexually dimorphic genes (Fig. 3a). The Ingenuity pathway
analysis showed that these 1,001 genes were highly involved in cancer (73%), cell growth
and proliferation, and tissue development (Fig. 3b). Further analysis also showed that the
expression of most of these genes significantly changed at birth during liver development
(Fig. 3c). Varied expression of potential AR target genes was paralleled with the changes of
sexually dimorphic genes during liver development, suggesting that AR could also
participate in modulating sexually dimorphic gene expression in the mouse liver.
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3.4. Direct and functional ERa target genes in the female mouse liver

Not all ERa-associated target genes from ChlP-Seq data are regulated by ERa.. Thus, to
identify direct and functional ERa target genes, we also need to identify ERa-regulated
genes. “Loss-of-function” analysis is usually used to identify the functionally regulated
target genes of a transcription factor. Therefore, we analyzed differentially expressed genes
in livers between female control and liver-specific ERa knockout mice and found about 953
ERa-regulated genes in the female livers, which could be regulated directly or indirectly by
ERa (Fig. 4a). By intersecting them with 5,193 ERa-associated target genes from ChIP-Seq
data, we identified 586 direct and functional ERa target genes in the female mouse liver
(Fig. 4a). Further analysis showed that about 123 ERa direct target genes were differentially
regulated between genders after intersecting with 6,612 sexual dimorphic genes (Fig. 4a).
The Ingenuity pathway analysis showed that these 123 ERa direct target genes with sexually
dimorphic expression were highly correlated to cancer (67%), cell proliferation and growth,
hepatic disorders, and tissue development (Fig. 4b). Additionally, we also found that the
majority of these 123 genes showed the most significant expression changes at birth during
liver development (Fig. 4c). Thus, this is a key list of genes that regulated sexual
dimorphism in the liver and are also modulated directly by ERa after birth.

3.5. Direct and functional AR target genes in the male mouse liver

Similar to the ERa analysis, we first identified 3,355 AR-regulated genes by extracting
differentially expressed genes in livers between male control and liver-specific AR knockout
mice (Fig. 5a). Next, by intersecting them with 4,154 AR-associated target genes, we found
about 439 direct and functional AR target genes in the male mouse liver (Fig. 5a). Further
intersecting with 6,612 sexually dimorphic genes showed that about 151 direct target genes
controlled sexually dimorphic gene expression in the male mouse liver (Fig. 5a). The
pathway enrichment analysis showed that these 151 AR direct target genes showing sexually
dimorphic expression were highly involved in cancer (72%) and other hepatic disorders (Fig.
5b). Further analysis showed that the majority of these 151 genes had the most significant
expression changes at birth during liver development (Fig. 5¢). Thus, this is a key list of
genes that regulated sexual dimorphism in the liver and are also modulated directly by AR
after birth.

3.6. Comparison of ERa and AR direct target genes for sexually dimorphic regulation in the

mouse liver

Finally, we compared the sexually dimorphic genes of direct ERa target genes (123 genes)
with direct AR target genes (151 genes) and found only nine common targets (Fig. 6a). Most
of these nine common target genes showed minor changes compared to other direct target
genes during liver development (Fig. 4c, 5c, and 6b). Figure 6¢ showed examples of a direct
ERa target gene, cyclin D1 (CCND1), and a direct AR target gene, sonic hedgehog (SSH),
regulated a group of sexually dimorphic genes from the total 6,612 sexually dimorphic genes
that we identified in the mouse liver (Fig. 1a) using the Ingenuity pathway analysis. These
data suggest that these key lists of ERa or AR direct target genes are indeed the central
regulators of sexually dimorphic gene expression in female or male livers, respectively and
differentially.
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4. Discussion

Males and females always show significant physiological differences that are mainly
determined by the signaling of sex hormones and their receptors. These differences include
metabolic, emotion, behavior, and so on. However, serological biomarkers representing
hepatic functions, such as glucose, bilirubin, bile acids, lipids, and enzymes, are largely the
same between males and females. Surprisingly, over 6,000 genes showed differential
expression between male and female livers (Fig. 1a), but the liver morphology and functions
between sexes are similar. The liver has not been considered the primary organ with sexual
dimorphism; however, the liver displays distinct differences in many physiological and
pathological processes between the two sexes. For example, the male liver had lower
mitochondrial functions and metabolic activities than females (25); sexual dimorphism in
liver has been found with significant impacts on the process of drug metabolism (3); the
morbidity of several representative hepatic pathologies are different between men and
women (4, 5); the incidence rates of fatty liver diseases, chronic hepatitis, and hepatocellular
carcinoma are much higher in males than females (2-7), while primary biliary cirrhosis and
autoimmune hepatitis are more profound in females (26). The gender-specific liver diseases
may result from hepatic gene expression differences between genders. Studies have found
sex-based expression differences in several genes, including sulfotransferases, glutathione S-
transferases, cytochrome P450, 11B-hydroxysteroid dehydrogenase and UDP-
glucuronosyltransferases 24-27 (27-31). In this study, we carried out transcriptomic
analyses of the mouse liver from both sexes and displayed comprehensive and integrated
information of sexual dimorphism of hepatic gene expression in mice. Our gene expression
profiling results for male and female livers clearly showed gene expression differences at the
global level. Interestingly, we found many gender-specific genes involved in the cancer
pathway, which became more profound in sex hormone receptor target genes. These findings
further support the observations of sexual dimorphism in hepatic tumorigenesis.

Sex hormone signaling is mediated by estrogen receptors and androgen receptors and
involves the binding of sex hormones and receptors, the translocation of hormone-receptor
complex into the nuclei, the binding to DNA response elements in the promoter or enhancer
region of the target genes to activate or repress gene transcription. Our functional analysis of
sexually dimorphic ERa and AR targeting in the mouse liver provides a comprehensive
understanding of dimorphic sex hormone signaling in the regulation of hepatic gene
expression in mice. In combination with the loss-of-function analysis using liver-specific
ERa or AR knockout mice, our ERa and AR ChIP-Seq data give a unique view to depict
the global functions of sex hormone receptors in hepatic sexual dimorphism. Thus, sex
hormones play vital roles in regulating hepatic gene expression differences between sexes.

123 out of 5,193 ERa target genes and 151 out of 4,154 AR target genes were found to be
direct and functional target genes of ERa and AR in the mouse liver, respectively. These
core target genes drive differential expression of over 6,600 genes directly and indirectly
through the regulatory cascades in the mouse liver between sexes as evidenced from our
Ingenuity pathway analysis (Fig. 6¢). Additionally, only nine common genes found in 123
ERa and 151 AR direct target genes suggests that sexually dimorphic gene expression
between female and male livers is regulated by independent ERa- and AR-mediated sex
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hormone signaling mechanisms in females and males, respectively. Although only very few
ERa or AR target genes were involved in sexually dimorphic gene expression in the normal
mouse liver, we could not exclude the possibility that additional ERa or AR binding events
could turn into direct and functional targets during multiple pathological processes as
evidenced from the pathway analysis. Indeed, increased functional ERa and AR targeting
has been observed during hepatic tumorigenesis (5). Thus, our study provide lists of
potential and functional direct target genes that are regulated by ERa or AR in normal
mouse liver, which will be beneficial for future studies of sexual dimorphism of hepatic
disorders, such as hepatocellular carcinoma, steatosis, and hepatitis. These direct and
functional target genes of hormone receptors could be the future research objectives for
gender-specific medicine on liver diseases.

Regulation of sexually dimorphic gene expression in tissue development is a new topic in
sex hormone signaling research. We discuss the role of the sexually dimorphic gene
expression from the embryonic stage to the postnatal stage during liver development. Gene
expression profiles in the embryonic and postnatal livers from both genders would be ideal
for addressing our question. Nevertheless, we found that the birth could be the key
regulatory factor to trigger sexual dimorphic gene expression in the mouse liver.

Overall, this global and integrative study demonstrates that sex hormone receptor signaling
plays the essential role in hepatic sexually dimorphic gene regulation during liver
development.
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Highlights
. Numerous sexual differences in hepatic gene expression in the normal mouse
liver;
. Hepatic estrogen receptor alpha and androgen receptor differentially drive

sexual dimorphic gene expression;

. The most significant sexually dimorphic gene expression occurs at birth
during liver development.
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a Male vs Female b
3-month Pathways P-Value N‘g‘;ﬁg’s“

Cancer 2.85E-08 4,285

Metabolic Disease 1.53E-18 606
Tissue Development 5.15E-08 1,514
Cell Growth and 1.32E-09 1,654

Proliferation
Hepatic Disorders 1.74E-07 497

Figure 1.
Sexual dimorphism in hepatic gene expression and development. (a) Total 6,612 genes

differentially expressed in male and female livers of 3-month old mice (1.5-fold). (b) The
Ingenuity pathway analysis of sexually dimorphic genes in the mouse liver. (c) Expression
profiles of sexually dimorphic genes during liver development. E10.5-E16.5, embryonic

days 10.5 to 16.5. P0O-P60, postnatal days 0 to 60.
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a b
Male vs Female ERa Targets Pathways P-Value ng:::;ﬁ

Plir g B Cancer 9.51E-05 1,241
Metabolic Disease 5.47E-05 204

Tissue Development 8.08E-05 481

Cell Growth and 9.20E-05 514

Proliferation
Hepatic Disorders 7.48E-08 180

for 1,729 genes

for 123 genes

Figure 2.

ERa-mediated sexually dimorphic gene expression in the mouse liver. (a) Expression of
1,729 ERa targets is sexually dimorphic. (b) The Ingenuity pathway analysis of sexually
dimorphic ERa target genes in the mouse liver. (c) Expression profiles of sexually
dimorphic ERa target genes during liver development. E10.5-E16.5, embryonic days 10.5 to
16.5. PO-P60, postnatal days 0 to 60. (d) Heatmap of all ERa binding sites including those
associated with 1,729 genes from Fig. 2a and 123 genes from Fig. 4a.
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a b
Male vs Female AR Targets Pathways P-Value Numbarof
6,612 4,154
- Cancer 4.09E-04 729
Metabolic Disease 2.92E-04 162
Tissue Development 3.65E-04 304
Cell Growth and 3.68E-04 329
Proliferation
Hepatic Disorders 4.58E-08 156

for 151 genes

Figure 3.

AR-mediated sexually dimorphic gene expression in the mouse liver. (a) Expression of
1,001 AR targets is sexually dimorphic. (b) The Ingenuity pathway analysis of sexually
dimorphic AR target genes in the mouse liver. (c) Expression profiles of sexually dimorphic
AR target genes during liver development. E10.5-E16.5, embryonic days 10.5 to 16.5. PO-
P60, postnatal days 0 to 60. (d) Heatmap of all AR binding sites including those associated

with 1,001 genes from Fig. 3a and 151 genes from Fig. 5a.
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Direct ERa targets in the mouse liver. (a) 123 ERa targets are identified from liver-specific
ERa-deficient livers showing sexually dimorphic expression. (b) The Ingenuity pathway

analysis for direct ERa target genes with sexually dimorphic expression in the mouse liver.
(c) Expression profiles of direct ERa target genes with sexual dimorphic expression during
liver development. E10.5-E16.5, embryonic days 10.5 to 16.5. PO-P60, postnatal days 0 to
60. (d) Validation of selected ERa targets using ChlP-qPCR.
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Figure 5.
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Cntnap1

Direct AR targets in the mouse liver. (a) 151 AR targets are identified from liver-specific
AR-deficient livers showing sexually dimorphic expression. (b) The Ingenuity pathway
analysis for direct AR target genes with sexually dimorphic expression in the mouse liver.
(c) Expression profiles of direct AR target genes with sexually dimorphic expression during
liver development. E10.5-E16.5, embryonic days 10.5 to 16.5. PO-P60, postnatal days 0 to

60. (d) Validation of selected AR targets using ChIP-qPCR.
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Figure 6.
(a) Nine common direct targets between AR and ERa in the mouse liver. (b) Expression

profiles of common direct target genes between AR and ERa during liver development.
E10.5-E16.5, embryonic days 10.5 to 16.5. P0-P60, postnatal days 0 to 60. (c) Examples of
the Ingenuity pathway analysis of ERa- or AR-regulated networks of sexually dimorphic
genes using Ingenuity. Left panel, a ERa direct target, CCND1-centered network; right
panel, a AR direct target, SSH-centered network. Red, up-regulated genes in females; green,
down-regulated genes in females; white, unchanged genes between males and females.
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