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Sex differences in liver gene expression are dictated by sex differences in circulating GH profiles.
Presently, the pituitary hormone dependence of mouse liver gene expression was investigated on
a global scale to discover sex-specific early GH response genes that could contribute to sex-specific
regulation of downstream GH targets and to ascertain whether intrinsic sex differences characterize hepatic responses to plasma GH stimulation. Global RNA expression analysis identified two
distinct classes of sex-specific mouse liver genes: genes subject to positive regulation (class I) and
genes subject to negative regulation by pituitary hormones (class II). Genes activated or repressed
in hypophysectomized (Hypox) mouse liver within 30 –90 min of GH pulse treatment at a physiological
dose were identified as putative direct targets of GH action (early response genes). Intrinsic sex
differences in the GH responsiveness of a subset of these early response genes were observed. Notably,
45 male-specific genes, including five encoding transcriptional regulators that may mediate downstream sex-specific transcriptional responses, were induced by GH within 30 min in Hypox male but not
Hypox female mouse liver. The early GH response genes were enriched in 29 male-specific targets of
the transcription factor myocyte enhancer factor 2, whose activation in hepatic stellate cells is associated with liver fibrosis leading to hepatocellular carcinoma, a male-predominant disease. Thus, the
rapid activation by GH pulses of certain sex-specific genes is modulated by intrinsic sex-specific factors,
which may be associated with prior hormone exposure (epigenetic mechanisms) or genetic factors
that are pituitary-independent, and could contribute to sex differences in predisposition to liver
cancer or other hepatic pathophysiologies. (Molecular Endocrinology 24: 667– 678, 2010)

ex-specific gene expression in the liver is a characteristic of more than 1000 genes and affects a wide range
of biological processes, including steroid, lipid, and foreign compound metabolism (1–3). This sexual dimorphism is determined by sex differences in circulating GH
profiles (4 – 6). In many species, including rats, mice, and
humans, the temporal pattern of pituitary GH secretion is
sex-dependent (episodic in males and more frequent in
females) and leads to sex differences in downstream signaling pathways in liver and perhaps other target tissues.
In mice, GH is secreted in episodic bursts ranging up to 100

S

ng/ml in both sexes; however, female mice have more frequent peaks than males over a given time period (7). This
differential frequency of plasma GH stimulation is an essential element for sex-specific liver gene expression (5).
GH signaling is initiated by the binding of GH to the
extracellular domain of GH receptor, which activates
multiple intracellular signaling pathways, including signaling by the transcription factor signal transducer and
activator of transcription 5b (STAT5b) (8). Liver sexual
dimorphism is ablated in male mice with STAT5b deficiency (1, 9). Liver STAT5b is directly responsive to the
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male plasma GH profile, as demonstrated by the direct
correlation between the occurrence of a plasma GH pulse
and the presence of activated STAT5b in the nucleus in
male rats, with active STAT5b being low or undetectable
during the GH-free interpulse intervals (10). In contrast,
in adult female rats, the near continuous presence of
GH in circulation partially down-regulates GH signaling to STAT5b in hepatocytes, resulting in activated
STAT5b levels that are generally low compared with
peak male levels (11). Nuclear STAT5b activity is also
reported to exhibit sexual dimorphism in mouse liver
(12). The strong, repeated activation of liver STAT5 by
each incoming plasma GH pulse that occurs in male but
not female rats (10, 13) enables STAT5 to bind dynamically to chromatin in males at both low- and high-affinity
binding sites, whereas in females, STAT5 binding to chromatin displays selectivity for high-affinity binding sites
(14). Although STAT5b is required for sexual dimorphism of the liver, it is not sufficient, on its own, to establish and maintain sex-specific liver gene expression
(10, 15). This finding suggests a requirement for additional factors, some of which may themselves be targets of
STAT5b. This possibility, that GH and STAT5b activate
indirect regulatory pathways and mechanisms, is consistent with the rather slow feminization of male-specific
gene expression seen in intact male mice given a continuous GH infusion (female-like GH pattern) (16).
Global gene expression studies have provided important insights into the cellular and molecular mechanisms
that determine liver sexual dimorphism. In one study, GH
was shown to play a global regulatory role in sexually
dimorphic gene expression in rat liver (17). Another study
revealed a key role for STAT5b in sexual dimorphic gene
expression in mouse liver, as demonstrated by the nearglobal loss of sex-specific gene expression in STAT5bdeficient male mice (1). A specific role for STAT5a, a
minor liver STAT5 form, has been observed in female
mouse liver (18). Genes directly activated (19) or repressed (20) by GH/STAT5b have been identified in rat
liver; however, sex-specific early GH response genes were
not investigated. In rats, hypophysectomy has a major
impact on liver gene expression (21), including sex-specific gene expression (3). In the mouse, the impact of
pituitary hormone ablation and the effects of GH restoration at a supraphysiological dose have been investigated
for select genes using traditional assays of gene expression
(16); however, the global impact of hypophysectomy on
sex-specific genes and the ability of short-term physiological GH replacement to reverse the effects of pituitary
hormone ablation have not been investigated. Finally, although several in vitro and in vivo studies have suggested
sex differences in the intrinsic GH responsiveness of cer-
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tain sex-specific genes and signaling pathways (22–26),
such intrinsic sex differences have not been investigated
on a genome-wide scale.
The present study used genome-wide expression microarrays: 1) to investigate the pituitary hormone dependence of liver sexual dimorphism and to identify sexspecific early GH response genes in a mouse model, and 2)
to discover any intrinsic sex differences in the responsiveness of mouse liver to GH pulse stimulation. These studies
used the hypophysectomized (Hypox) mouse model to
eliminate potentially confounding effects of sex steroids
or other pituitary-dependent factors. Importantly, GH
was used at a physiological replacement dose to avoid
artifacts that may be associated with the 10- to 100-fold
supraphysiological doses of GH that have been widely
used in earlier studies monitoring GH-induced changes in
liver gene expression. Our findings reveal early GH responses in male liver that are not seen in female liver and
that affect 45 male-specific genes, 29 of which are targets
of the transcription factor myocyte enhancer factor 2
(Mef2).

Results
Experimental design
Expression microarrays were used to investigate the
impact of hypopohysectomy on mouse liver gene expression, with a focus on sexually dimorphic gene expression,
and to establish the short-term responsiveness of these
genes to a physiological replacement dose of GH. RNA
was isolated from livers of adult mice that were: intact
males and intact females; Hypox males and Hypox females; Hypox male and Hypox female mice treated with
a single GH pulse and killed either 30 or 90 min later; and
Hypox male and Hypox female mice treated with two GH
injections, spaced 4 h apart, and killed 30 min after the
second GH injection (Hypox ⫹ two GH). Liver RNA
samples representing each of these 10 treatment groups
were analyzed in 11 sets of competitive hybridizations
to 41,174-feature Agilent oligonucleotide microarrays.
Normalized ratios and P values were calculated for all 11
datasets using Rosetta Resolver software; 7046 microarray probes met the threshold criteria for differential expression (average expression ratio ⬎2-fold and a significance of P ⬍ 0.005) for at least one of the 11 datasets after
elimination of redundant probes (Supplemental Table 1
published on The Endocrine Society’s Journals Online
web site at http://mend.endojournals.org).
Sex specificity in intact and Hypox mouse liver
Sex-specific expression in intact mouse liver was found
for 1380 of the 7046 genes of interest (20%), with 864
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TABLE 1. Sex specificity of liver-expressed genes in
intact and Hypox mice
Sex-specificity in
intact mouse liver
Male-specific

Sex specificity in
Hypox mice

Gene count

%

Female
Male
Nonspecific
Total

9
36
819
864

1
4
95

Female
Male
Nonspecific
Total

35
9
472
516

7
2
91

Female
Male
Nonspecific
Total

99
135
5432
5666

2
2
96

Female-specific

Sex-independent

The 7046 liver-expressed genes meeting the criteria described in
Materials and Methods are listed based on the sex specificity of their
expression in intact mice and secondarily based on the sex specificity of
their expression in Hypox mice.

genes showing male specificity (male/female ⬎2.0) and
516 genes showing female specificity (male/female ⬍0.5)
(Table 1). Hypophysectomy abolished sex specificity
for 95% of the male-specific genes and 91% of the
female-specific genes (Table 1). Moreover, many of the
71 genes that retained sex specificity in Hypox mice
showed a reduced sex specificity ratio. Overall, 94% of
the genes showing sex specificity in mouse liver are pituitary hormone-dependent and perhaps GH-dependent
(Table 1). This conclusion was also evident from the hierarchical clustering of sex-specific genes, presented as a
heat map in Fig. 1A. The Hypox male vs. Hypox female
array formed a branch on its own, reflecting the major
effect of hypophysectomy on sex specificity. Sex-specific
genes not affected by hypophysectomy (i.e. pituitary hormone-independent genes) include the Y chromosome-encoded male-specific genes Ddx3y, Eif2s3y, Jarid1d/Kdm5d,
and Uty and the female-specific genes Xist and Tsix, which
are involved in X-inactivation.
Sex-specific response to hypophysectomy
Hypophysectomy had a significantly greater impact on
sex-specific gene expression in male than in female mouse
liver (Fig. 1A, lane 1 vs. lane 2). Substantial fractions of
the male-specific genes (70%) and female-specific genes
(54%) whose expression changed after hypophysectomy
were affected in Hypox males only (Table 2). Moreover,
of the sex-specific genes whose expression was changed in
Hypox male liver only, 479 of the 480 male-specific genes
were decreased in expression, whereas 183 of the 185
female-specific genes were increased in expression. In
contrast, of the (many fewer) genes whose expression

FIG. 1. Heat maps representing expression of 1380 sex-specific genes
clustered by gene and by sample. Genes are depicted based on their
average expression ratios across the 11 microarray experiments.
Colors range from bright green (up-regulation) to bright red (downregulation). Hierarchical clustering was performed based on Pearson’s
correlation of log ratios. A, Heat map showing expression of the 1380
sex-specific genes in the three male vs. female comparisons [Sham,
Hypox, and Hypox ⫹ GH (30 min)] and the two Hypox vs. Sham
comparisons (male and female). B, Heat map showing expression of
the 1380 sex-specific genes in the two Hypox vs. Sham comparisons
and the six GH-treated vs. Sham comparisons. The dendrogram at top
identifies arrays that show the greatest similarity in their patters of
expression.

changed in Hypox female liver only, 50 of 58 male-specific genes were increased in expression, whereas 77 of 81
female-specific genes were decreased (Table 2). Thus, the
male pituitary hormone profile maintains the expression
of these male-specific genes and suppresses the expression
of the female-specific genes in male liver, whereas the
female pituitary hormone profile maintains female-specific gene expression and suppresses male-specific gene
expression in female liver. Furthermore, many more sexspecific genes are dependent on male pituitary hormones
as compared with female pituitary hormones for expression in mouse liver. In contrast, in the rat model, fewer
sex-specific genes were altered in Hypox males only (41%
of male-specific genes and 19% of female-specific genes),
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TABLE 2. Impact of hypophysectomy on liver gene expression
Changed in
M-Hypox only
Effect of Hypox on
gene expression
Male-specific genes
Increase
Decrease
Total
Female-specific genes
Increase
Decrease
Total

Changed in
F-Hypox only

Changed in both
M-Hypox and F-Hypox

Gene count

%

Gene count

%

Gene count

%

1
479
480

0
70

50
8
58

7
1

21
112
145a

3
16

183
2
185

53
1

4
77
81

1
22

39
20
80b

11
6

The 7046 liver-expressed genes meeting the criteria described in Materials and Methods were initially sorted by sex specificity in intact, untreated
mice and secondarily by response to hypophysectomy in males only, in females only and in both males and females. Percentages are calculated
based on the 683 male-specific genes and 346 female-specific genes that respond to hypophysectomy. Many of the other sex-specific genes are
affected by hypophysectomy but do not reach the threshold of more than 2.0-fold change in expression and P ⬍ 0.005; however, those genes do
lose their sex specificity in hypophysectomized mice (⬍2.0-fold sex difference).
a
Includes 12 male-specific genes down-regulated in M-Hypox and up-regulated in F-Hypox.
b
Includes 21 female-specific genes down-regulated in F-Hypox and up-regulated in M-Hypox.

and many more sex-specific genes were changed in expression in Hypox females only (30% of male-specific
genes and 48% of female-specific genes) (3). Given the
major role of GH as a determinant of liver sex specificity
(17), these findings indicate that male and female plasma
GH profiles both make substantial contributions to liver
sex specificity in rats, whereas the male plasma GH profile dominates in mice.
Classification of sex-specific genes
Two distinct classes of sex-specific genes were identified: genes whose expression decreases after hypophysectomy, indicating pituitary hormone is required for full
expression (class I sex-specific genes), and genes whose
expression increases after hypophysectomy, indicating repression by pituitary hormone (class II sex-specific genes)
(Table 3). A large majority (88%) of the male-specific

genes affected by hypophysectomy are class I genes (i.e.
are induced by the male pituitary hormone profile), with
only 10% being class II genes. In contrast, a majority
(64%) of the pituitary-dependent female-specific genes
are class II genes (i.e. are suppressed by male pituitary
hormone profile).
The class I and II sex-specific genes were further subdivided based on their responses to hypophysectomy in
males and females (Table 3). Class IA male genes are
positively regulated by the male but not the female pituitary hormone profile (479 genes), whereas class IB male
genes require pituitary hormone for full expression in
both sexes (112 genes). Class IC male genes are positively
regulated by the male pituitary hormone profile and are
repressed by the female pituitary hormone profile (12
genes). Class IIA male genes do not require the male pi-

TABLE 3. Classification of pituitary hormone-dependent male- and female-specific genes
Sex specificity:
class
Male-specific class I
Male-specific class II

Gene count Subclass
603 (88%)
IA
IB
IC
71 (10%)
IIA
IIB

Female-specific class I

118 (34%)

Female-specific class II

222 (64%)

IA
IB
IC
IIA
IIB

Response in Response in
M-Hypox
F-Hypox
Down
—
Down
Down
Down
Up
—
Up
Up
Up
—
Down
Up
Up
Up

Down
Down
Down
—
Up

Gene
count
479
112
12
50
21
683 totala
77
20
21
183
39
346 totala

Examples (genes)
Ckmt2, Cml4, Gstp1, Myh1
Cyp7b1, Elovl3, Hsd3b4, Mup1/3/4/5
Acta1, Cyp4a12a, Myh4
Alas2, Mcm10, Nox4
Gsta1/Gsta2, Grem2, Lpl
A1bg, Cyp3a41, Fmo3, Trim24
Ly6c2, Mfsd2, Ptgds
Acot3, Cyp2g1, Npal1
Cyp2b9, Cyp4a10, Hao3, Nnmt, Tox
Cyp4a14, Serpinb1a, Serpinb1b,

The 1029 sex-specific genes affected by hypophysectomy in males only, in females only, or in both males and females (Table 2) were classified
based on whether expression is suppressed (class I) or induced (class II) by hypophysectomy in males and females. The subclass indicates if the
impact of hypophysectomy is seen in only one sex (A) or in both sexes (B). Subclass C includes genes that responded to hypophysectomy in both
sexes but in the opposite direction. Percentages (column 2) are based on 683 male-specific and 346 female-specific genes. Columns 4 and 5
indicate whether the genes are down-regulated, up-regulated, or not changed significantly (dash) after hypophysectomy.
a
Gene totals include nine other male-specific genes and six other female-specific genes.
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tuitary hormone profile for expression but are repressed
by the female pituitary hormone pattern (50 genes),
whereas class IIB male genes are repressed by pituitary
hormones in both sexes (21 genes). Class IA female genes
are positively regulated by the female but not male pituitary hormone profile (77 genes), whereas class IB female
genes require pituitary hormone for full expression in
both sexes (20 genes). Class IC females genes are positively regulated by the female pituitary hormone profile
but are repressed by the male pituitary profile (21 genes).
Class IIA female genes are repressed by the male but not
by the female pituitary hormone pattern (183 genes),
whereas class IIB female genes are repressed by pituitary
hormone in both males and females (39 genes).
Clustering by significance and
differential expression
The 7046 genes that met the threshold criteria for at
least one of the 11 datasets (Supplemental Table 1) were
clustered using a binary flagging system (1), whereby each
gene is assigned to a specific category, termed total flagging sum (TFS), based upon its expression ratio and P in
each of the 11 microarrays (Supplemental Fig. 1). Genes
were thus classified into groups and subgroups based on
their sex specificity in intact mice, their response to hypopohysectomy in both males and females, their sex specificity in Hypox mice, and their response to either one or
two GH injections in Hypox male and Hypox female
mice. These groupings are very useful in identifying major
groups of genes (both sex specific and sex independent)
based on their patterns of response under the 11 conditions investigated in this study, as summarized in Supplemental Tables 2 and 3. Select gene groups are discussed
below.
Sex difference in response to short-term GH
pulse treatment
We hypothesized that a subset of the sex-specific genes
affected by hypophysectomy is a direct target of GH that
can be detected as a rapid response to GH treatment. This
was investigated in Hypox mice killed 30 or 90 min after
a single GH injection, and in Hypox mice given two GH
injections and killed 30 min after the second injection.
These GH treatments were administered to both males
and females to identify any sex differences in the early
responses to GH. A majority of the class I sex-specific
genes (74%) did not respond to short-term GH treatment;
these genes may be regulated by GH indirectly (hence no
rapid response to GH), or may require pituitary hormone(s) other than GH for expression. However, 147
class I male-specific genes and 17 class I female-specific
genes were induced by short-term GH treatment in livers
of Hypox male and/or Hypox female mice (Supplemental

mend.endojournals.org

671

Table 4A; genes listed in Supplemental Table 4C). These
responses to short-term GH treatment were sex-dependent: 70 of the 147 short-term GH-responsive class I
male-specific genes were induced in Hypox males only,
and 37 of the 147 genes were induced in Hypox females
only. Moreover, GH induced 12 of the 17 short-term
GH-responsive class I female genes in a sex-specific manner (Supplemental Table 4A).
Sex differences were also apparent from the time course
of induction of the male-specific genes, which was more
rapid in Hypox males than in Hypox females (Fig. 2;
Supplemental Table 4B). Thus, 46 of the 70 class I male
genes induced in Hypox males only were induced by either the 30- or 90-min time point, whereas none of the 37
class I male genes that responded to short-term GH treatment in Hypox females only were induced until 30 min
after the second GH injection (i.e. 4.5 h after the first GH
injection). Similarly, 32 of the 40 male-specific genes induced by GH in both Hypox males and Hypox females
were up-regulated by either the 30- or 90-min time point
in Hypox males, whereas 37 of the 40 genes required two
GH injections (4.5 h) to respond in Hypox females. In
contrast, the time course of response to short-term GH
treatment was very similar in males and females for class
I female-specific genes (Supplemental Table 4B). These
sex differences in early GH responsiveness were evident
from Fig. 1B, where the three GH-treated Hypox male
arrays clustered together, and were most similar to Hypox females given two GH injections, indicating that

FIG. 2. Class I male-specific genes that respond to GH rapidly in
M-Hypox and F-Hypox liver. Shown are the numbers of genes that are
rapidly induced by a pulse of GH (within 30 or 90 min), or not until 30
min after a second pulse of GH given 4 h after the first pulse. The class
I male-specific genes are divided into groups based on whether they
are induced by short-term GH treatment in Hypox males only, Hypox
females only, or in both sexes, as indicated on the x-axis. Early GH
induction responses dominated in Hypox males, whereas the GH
responses seen in Hypox females were almost exclusively late
responses. See Supplemental Table 4B for further details.
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genes that respond to GH after a single injection in Hypox
males require two injections in Hypox females.
These findings indicate that the liver maintains intrinsic sex differences in GH responsiveness several weeks
after hypophysectomy, i.e. despite the chronic absence of
GH and other pituitary-dependent hormones (e.g. sex steroids). This sex difference in GH responsiveness was confirmed by a direct microarray comparison of the rapid (30
min) GH pulse-induced changes in liver gene expression
seen in Hypox male vs. Hypox female mice (Supplemental
Table 1, array 11). Notably, 45 of the class IA malespecific genes whose sex specificity was lost after hypophysectomy showed consistent early GH responses in males
compared with females (genes listed in Supplemental Table 4D; quantitative PCR verification for select genes in
Supplemental Figs. 2 and 3 and Supplemental Table 5).
Five of these 45 genes have Gene Ontology terms indicating DNA binding or transcriptional regulation activity
(see below).
Rapid repression of sex-specific genes by GH
pulse treatment
Rapid down-regulation of gene expression is often difficult to detect by microarray analysis of mature RNAs
due to the delay imposed by the intrinsic stability of preexisting RNAs. Nevertheless, 15 of the male-specific
genes and 37 of the female-specific genes that were upregulated in Hypox mouse liver (class II genes) were
down-regulated by GH treatment in either one or both
sexes (Supplemental Table 4E). Down-regulation was not
apparent until 4.5 h after the first GH injection, as seen
for 9 of the 15 male-specific genes and 30 of the 37 female-specific genes. Several of the short-term GH downregulated class IIA female genes are also derepressed in
male mouse liver upon ablation of STAT5b (1), suggesting that STAT5b mediates the short-term suppression by
GH. These genes include 9030611O19Rik, Abcb1a,
Abcd2, Akr1b7, Gadd45b, Odz3, Rab30 (1), and Tox,
which encodes a class IIA female-specific transcription
factor (27).
GH responsiveness of sex-independent genes
In contrast to the sex differences in GH responsiveness
of the sex-specific genes, no major sex differences were
apparent in the time course of GH responsiveness of the
sex-independent genes, a majority of which were not induced or suppressed until 4.5 h after the first GH injection
in both sexes (Supplemental Table 6). Genes showing
consistent early GH responses are listed in Supplemental
Table 7. Of note, six genes were up-regulated within 30
min and then remained elevated in both males and females; four of these genes encode well-established targets
of the GH-activated transcription factor STAT5: Igf1,
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Cish, Socs2, and a Socs2-like sequence. The other two,
Phlda1 and an uncharacterized transcript (AK053952),
may be novel targets of STAT5. Phlda1 encodes a prolinehistidine rich nuclear protein that may play an important
role in the antiapoptotic effects of Igf1 (28).
DNA-binding proteins and
transcriptional regulators
Forty-one male-specific genes and 28 female-specific
genes were identified as DNA-binding proteins and transcriptional regulators by their Gene Ontology descriptors
(Supplemental Table 8). Seven of these are male class IA
genes that were induced by GH within 30 –90 min in male
but not female liver and could mediate the downstream
transcriptional effects of GH on other sex-specific genes.
These genes include: Tbx15, which encodes a transcriptional repressor required for skin and skeletal development (29); Foxg1, a corepressor of the androgen receptor
that is overexpressed in hepatoblastoma (30, 31); Vgll2, a
transcriptional cofactor required for skeletal muscle differentiation (32); and three members of the ankyrin repeat and suppressor of cytokine signaling box-containing
protein family (Asb11, Asb12, and Asb15), of which
Asb15 plays a role in counteracting Igf1-induced myoblast differentiation (33). Two genes encoding sex-independent DNA-binding proteins and transcriptional regulators, Onecut1 and Mbd1, were down-regulated in both
Hypox male and Hypox female liver and were up-regulated in both sexes within 90 min of GH treatment (Supplemental Table 9). Onecut1 encodes the liver-enriched
transcription factor HNF6, and Mbd1 encodes a methylCpG binding domain protein that can repress transcription from methylated gene promoters and contributes to
epigenetic gene silencing (34).
Gene set enrichment analysis
Gene set enrichment analysis (GSEA) was used to investigate whether any of the 11 microarray datasets
shows enrichment for known transcription factor motifs,
as determined using a set of 837 motif gene sets, comprised of genes for which a conserved motif is found
within a 4-kb window centered on the transcription start
site (35). Twelve motif gene sets associated with the transcription factor Mef2 (36) were enriched among genes
up-regulated in three of the 11 microarray datasets: Hypox males ⫹ 30-min GH treatment, Hypox males ⫹ two
GH (4.5-h GH time point), and Hypox female ⫹ two GH,
all compared with the corresponding Hypox controls
(Supplemental Table 10A). Moreover, GH induced a similar number of Mef2 target genes in Hypox males at the
90-min time point as at the other two time points (Supplemental Table 10B). Examination of the 41 Mef2 target
genes induced at two or more of the six-GH time points

Mol Endocrinol, March 2010, 24(3):667– 678

(30 min, 90 min, and 4.5 h, in both males and females)
(Supplemental Table 11) revealed that 29 Mef2 target
genes (71%) were male specific, all but one being class I
male-specific genes. In contrast, only 25% of the nonMef2 target genes showing the same pattern of up-regulation by GH were male specific (Supplemental Table
10C). The Mef2 target genes induced by GH are involved
in diverse processes, most notably muscle cell development and differentiation (Supplemental Table 12).
Comparisons of sex specificity between mouse
and rat
Genes common to the present mouse microarray platform and the rat microarray platform used in Ref. 3 were
compared for liver sex specificity and response to hypophysectomy and GH treatment across species; 268 of
the genes common to both species showed the same sex
specificity at P ⬍ 0.005 (12 and 20% of the sex-specific
genes in mouse and rat liver, respectively; Supplemental
Fig. 6A). Many sex-specific genes are assigned speciesspecific gene names (e.g. members of the Cyp and Mup
gene families), and this contributes to the low number of
genes showing species-conserved sex specificity. To compare responses with hypophysectomy across species, the
268 sex-specific genes were classified as class I, class II, or
nonresponsive to hypophysectomy. Approximately half of
the 268 sex-specific genes belong to the same class in both
species (Supplemental Fig. 6B), and showed class patterns
similar to all sex-specific genes in the species (Supplemental
Fig. 7 and Supplemental Table 13). Of the 37 genes that are
class I male-specific genes in both species, 13 genes were
induced by GH in Hypox male mice and 8 genes were induced by GH time in Hypox male rats. Genes common to
both species and showing sex specificity in at least one species are listed in Supplemental Table 14.

Discussion
A large-scale gene expression study was conducted to investigate the pituitary hormone dependence of sex-specific gene expression in mouse liver and to identify sexspecific early GH response genes that might contribute to
downstream signaling pathways. Sex-specific liver gene
expression was shown to be highly pituitary hormone
dependent, as indicated by the near global loss (94%) of
sexual dimorphism in Hypox mice. Two distinct classes
of sex-specific mouse liver genes were identified. Class I
sex-specific genes, which are positively regulated by the
pituitary gland, as shown by their down-regulation after
hypophysectomy, comprise 88% of the pituitary-dependent genes that are male specific but only 34% of those
that are female specific. In contrast, class II sex-specific
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genes, which are pituitary hormone repressed, comprise
64% of the female-specific genes but only 10% of the
male-specific genes. Furthermore, the male pituitary hormone profile was shown to have a greater influence on
mouse liver sexual dimorphism than the female hormone
profile, as indicated by the greater impact of hypophysectomy on the expression of sex-specific genes in males.
Finally, an intrinsic sex difference in the GH pulse responsiveness of the liver was identified, with a subset of sexspecific genes responding rapidly to a physiological pulse
of GH in Hypox male but not Hypox female mouse liver.
These studies were carried out using GH at a dose, 125
ng/g body weight, that approximates a physiological replacement dose, activates hepatic STAT5 rapidly, and
gives plasma GH levels similar to peak levels in intact
adult males (10, 37). Supraphysiological GH doses, routinely used in hormone replacement studies in Hypox rats
and mice, can activate nonphysiological GH signaling
pathways, such as tyrosine phosphorylation of STAT1
(37) and potentially other transcriptional regulators and
signaling pathways and may contribute to GH responses
seen in studies where high GH doses are used (e.g. Refs.
19, 20). Finally, it should be noted that the absence of
other pituitary-dependent hormones (e.g. thyroid hormone and corticosteroids) might influence the GH response profiles reported in this study.
The global role of the pituitary gland in regulating
mouse liver sexual dimorphism through both positive regulation (class I genes) and negative regulation (class II
genes) shown here is consistent with the dominant role of
plasma GH profiles in determining liver sex specificity,
demonstrated in rat liver at both the RNA and protein
level (17, 38). GH induced a subset of class I sex-specific
genes within 30 –90 min; these genes are putative direct
targets of GH. Several of the early GH response genes are
transcription factors (Supplemental Table 8), which
could mediate the inductive effects of GH on downstream
sex-specific genes. Class I genes induced after a second
GH injection may be primary response genes whose induction is delayed, or could be secondary GH response
genes. Some of the class I genes that did not respond to
GH during the time frame of our experiments (4.5 h)
might have a requirement for pituitary hormones other
than GH. However, many of the class I sex-specific
genes are likely to be regulated by GH indirectly, as
indicated by the finding that several days of continuous
GH stimulation are required to feminize liver gene expression in intact male mice (16). The 603 class I malespecific genes identified here include seven male-specific genes previously shown by quantitative PCR to be
pituitary hormone-dependent in mouse liver (16), validating our microarray results. Individual examples of the
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222 pituitary hormone-repressed class II female-specific
genes were also identified previously (16). However,
whereas examples of class II male-specific genes [e.g.
Cyp2a2 (39, 40)] and class I female-specific genes [e.g.
Cyp2c12 (23, 41)] were previously identified in the rat
model, the 71 class II male-specific mouse genes and the
118 class I female-specific mouse genes (Table 3) represent novel classes of sex-specific mouse liver genes.
Genes that are up-regulated in Hypox mouse liver
(class II genes) and repressed by short-term GH treatment
are candidates for direct targets of the inhibitory action of
GH. Although direct suppression by GH was observed for
relatively few class II sex-specific genes, this may be the
result of mRNA half-lives that are longer than the 4.5-h
time frame of our GH-treatment experiments. Precedent
is provided by a recent study in Hypox rats identifying
sex-specific genes whose rapid suppression by GH was
apparent at the hnRNA level but not at the mRNA level
(3). Class II sex-specific genes that responded to GH
slowly or not at all in the present study may be secondary
GH response genes or perhaps may be repressed via the
action of other pituitary hormones. Intrinsic sex differences in the inhibitory action of GH on sex-specific genes
were also apparent.
The rapid induction by GH of liver gene expression
(including sex-specific gene expression) may be mediated
by STAT5b, which was previously shown to be essential
for liver sexual dimorphism by microarray analysis (1)
and in studies of the effect of GH pulse replacement in
Hypox STAT5b-deficient mice (16, 42). Consistent with
this hypothesis, several genes with characterized STAT5
response elements, including Igf1 (43), Cish (44), Spi2.1
(Serpina3 family) (45), and Onecut1/Hnf6 (14, 46), were
rapidly induced by GH. The rapid induction by GH of
certain female-specific genes (Supplemental Table 4C)
could be mediated by STAT5a, a minor liver STAT5 form
that is ⬎90% identical to STAT5b but is apparently more
important for sex-specific gene expression in female than
male mouse liver (18). The short-term GH inhibitory effects on certain sex-specific genes (Supplemental Table
4E) may be dependent on STAT5b, which can effect rapid
GH suppression in rat liver (20). Class II male-specific
genes may be directly repressed by STAT5b during each
plasma GH pulse and then derepressed during the
plasma GH-free interpulse interval, as suggested by the
rapid down-regulation of class II male-specific hnRNAs in Hypox rat liver after GH pulse treatment (3). In
this manner, GH could both activate and repress sexspecific genes via the same transcription factor, namely
STAT5b.
GSEA analysis was carried out to identify other transcription factors that might be involved in the short-term
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responses to GH. These analyses identified the transcription factor Mef2, which regulates processes such as neural
survival and muscle differentiation (36). Mef2 target
genes were induced at all three GH-treatment time points
in Hypox males (30 min, 90 min, and 4.5 h/two GH
injections), but induction was delayed until the 4.5-h time
point in Hypox females, consistent with the sex difference
in short-term GH-responsiveness discussed above. Strikingly, the GH-responsive Mef2 target genes were substantially enriched in class I male-specific genes (28 out of 41
GH-responsive Mef2 target genes) and account for 17%
of all short-term GH-responsive class I male-specific
genes (Supplemental Table 10D). The functional significance of the rapid activation of Mef2 target genes by GH
in male liver is unknown. Two of the four vertebrate Mef2
genes, Mef2a and Mef2d, are expressed at significant levels in mouse liver, and the other two forms are expressed
at low levels, as judged by their microarray signal intensities. The Mef2 genes themselves did not respond to GH
treatment, suggesting that GH may regulate Mef2 activity
posttranslationally, e.g. by phosphorylation. Other studies have reported that Mef2a, Mef2c, and Mef2d RNA
and protein are present in hepatic stellate cells, which
comprise 5– 8% of resident liver cells and are activated in
a Mef2-dependent manner to a myofibroblast-like phenotype under pathological conditions leading to liver
fibrosis and cirrhosis (47, 48). The association of Mef2regulated genes with myofibroblast/smooth muscle function is consistent with the preferential expression of Mef2
protein in this liver cell type and with the activation of
these Mef2 genes under conditions of hepatic stellate cell
activation (47). Furthermore, hepatic stellate cells are
strongly activated in hepatocellular carcinoma, where
Mef2 protein is highly expressed (49), suggesting that
Mef2 plays a key role in hepatocellular carcinoma pathogenesis. In this context our observation that male liver is
more responsive to rapid GH induction of Mef2 target
gene expression is intriguing, insofar as it suggests that
GH activation of Mef2 signaling could be an important
factor in the widespread greater susceptibility of males to
liver cancer (50). Although STAT5 is a known mediator
of GH-mediated gene regulation in the liver, its target
genes were not enriched in our GSEA analysis, which was
limited to transcription factors whose conserved binding
sites are within 2 kb of the transcription start site, which
is frequently not a characteristic of STAT5 binding sites
(14, 51). Finally, the mechanism whereby GH induces
Mef2 target genes in liver is unknown. The Mef2 target
genes up-regulated by GH are involved in diverse processes, most notably muscle cell development and differentiation (Supplemental Table 12). Of note, during muscle cell
differentiation, p38 signaling leading to the activation of
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Mef2 converges with Igf1 activation of phosphatidylinositol kinase/AKT signaling at the level of chromatin to
induce Mef2 target gene expression (52). Conceivably,
there may be similar cooperation between Mef2 and Igf1
in the induction of GH-responsive genes in liver. Further
study is required to determine whether Mef2 responses in
liver are limited to hepatic stellate cells, or whether they
might also contribute to GH responses associated with
hepatocytes, the major liver cell type.
Hypophysectomy is presently shown to have a greater
impact on sex-specific gene expression in male than in
female mouse liver. Given the central role of pituitary GH
secretory profiles in establishing and maintaining liver
sexual dimorphism, discussed above, this implies that in
the mouse, the male plasma GH profile is the dominant
determinant of liver sexual dimorphism. This conclusion
is consistent with our earlier finding that loss of GHactivated STAT5b has a much greater impact on sexspecific gene expression in male than in female mouse
liver (1). By contrast, in the rat model, hypophysectomy
of males had a greater effect on the expression of malespecific genes, whereas hypophysectomy of females had a
greater impact on female-specific genes (3), indicating
that both the male and the female GH profile make important contributions to liver sexual dimorphism in that
species. This species difference likely results from the distinct plasma GH profiles of rats and mice, with GH circulating in a near continuous manner in female rats,
whereas in female mice the plasma GH profile is highly
pulsatile, albeit with noticeably shorter interpulse intervals than in male mice (7). It is unclear, however, how
these species differences in plasma GH profiles might contribute to the species-dependent effects of hypophysectomy reported here.
A subset of the sex-specific genes responded to GH
rapidly in Hypox male but not Hypox female mice. Given
that this sex difference was seen in mice deficient in pituitary-dependent hormones, including gonadal hormones,
for a period of several weeks, we conclude that intrinsic
sex differences characterize the liver’s response to GH.
These intrinsic sex differences could result from an epigenetic memory set by the distinct male and female pituitary
hormonal environments prior to hypophysectomy. Alternatively, they might be mediated by sex-specific genes
encoding other modulatory factors that are expressed in
the liver in a pituitary-independent manner, which would
enable them to continue to impose their modulatory effects on pituitary/GH-responsive sex-specific genes after
hypophysectomy. Indeed, several of the sex-specific genes
whose expression is pituitary hormone-independent are
chromatin modifying enzymes, e.g. the Y-chromosome
genes Jarid1d, a histone H3 lysine 4 demethylase (53),
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and Uty, which exhibits 84% sequence similarity to the
histone H3 lysine 27 demethylase Utx (54). These findings are reminiscent of intrinsic sex differences reported
for the GH responsiveness of certain sex-specific cytochrome P450 genes (24 –26), which may be linked to reduced activation of the JAK2/STAT5b signaling pathway
in female as compared with male hepatocytes (22). An intrinsic, more extensive desensitization of JAK2/STAT5b signaling in female as compared with male hepatocytes could
explain the reduced GH responsiveness and the delayed induction of certain sex-specific genes in Hypox female liver.
Five of the male-specific genes rapidly induced by GH
within 30 min in Hypox males but not Hypox females
code for transcription factors (Foxg1, Asb11, Asb12,
Tbx15, and Vgll2). Further studies will be required to
determine whether any of these factors contribute to the
GH-dependent regulation of downstream sex-specific
genes, and to elucidate the cellular and molecular mechanisms that dictate the intrinsic sex differences in GH
responsiveness of the liver.

Materials and Methods
Animal treatments and liver RNA isolation
Male and female crl:CD1 (ICR strain) mice were untreated
or Hypox at 8 wk of age. Hypox male and female mice were
given a single ip injection of rat GH (125 ng/g body weight) and
killed 30 or 90 min later. Other Hypox male and Hypox female
mice were given two ip injections of GH, spaced 4 h apart, and
killed 30 min after the second GH injection. This dose of GH
increases plasma GH to within the physiological range and stimulates robust activation of STAT5b tyrosine phosphorylation in
Hypox rats (10, 37) and dwarf mice (55); it contrasts to the
12-fold higher GH replacement dose used in earlier studies investigating primary targets of STAT5b (19, 20). [Of note, activation/tyrosine phosphorylation of liver STAT1 is observed at
supraphysiological GH doses (56) but is substantially weaker at
physiological hormone replacement doses (37).] Total liver
RNA was isolated from individual livers for the following 10
groups of mice (n ⫽ 6 – 8 mice/group): sham surgery-treated and
vehicle-injected males and females (M-Sham and F-Sham, respectively), male and female Hypox mice (M-Hypox and FHypox, respectively), M-Hypox and F-Hypox mice given a single GH injection and killed 30 or 90 min later [M-Hypox ⫹ GH
(30), F-Hypox ⫹ GH (30), M-Hypox ⫹ GH (90), and F-Hypox ⫹
GH (90), respectively], and M-Hypox and F-Hypox mice given
two GH injections spaced 4 h apart and killed 30 min after the
second injection (M-Hypox ⫹ two GH and F-Hypox ⫹ two
GH, respectively). RNA integrity was validated using an Agilent
Bioanalyzer 2100 (Agilent Technology, Palo Alto, CA).

Microarrays and data analysis
Liver RNA pools were prepared for two independent sets of
biological replicates and used in 11 sets of competitive hybridization experiments in a loop design: 1) M-Sham vs. F-Sham, 2)
M-Hypox vs. M-Sham, 3) M-Hypox ⫹ GH (30) vs. M-Hypox,
4) M-Hypox ⫹ GH (90) vs. M-Hypox, 5) M-Hypox ⫹ two GH
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vs. M-Hypox, 6) F-Hypox vs. F-Sham, 7) F-Hypox ⫹ GH (30)
vs. F-Hypox, 8) F-Hypox ⫹ GH (90) vs. F-Hypox, 9) F-Hypox ⫹
two GH vs. F-Hypox, 10) F-Hypox vs. F-Hypox, and 11) MHypox ⫹ GH (30) vs. F-Hypox ⫹ GH (30). Hybridization of
fluorescent labeled RNA to Agilent Whole Mouse Genome oligonucleotide microarrays (catalog no. G4122F; Agilent Technology) was carried out (57), with dye swapping to eliminate
dye bias, giving a total of 22 microarrays. Linear and LOWESS
normalization and data analysis employed Rosetta Resolver
software (58). The full set of normalized expression ratios
and P values is available as Gene Expression Omnibus series
GSE17644 (available at http://www.ncbi.nlm.nih.gov/geo). A
filter (P ⬍ 0.005) was applied to the P values to determine the
significance of each gene’s differential expression for each of the
11 microarray experiments. A fold change filter of 2.0-fold was
combined with the above P filter to reduce the false discovery
rate to 0.78%. A system of binary and decimal flags (TFS) was
applied for clustering the probes (genes) based on expression
ratios obtained in all 11 microarray experiments, as described
(Supplemental Fig. 1) (1). Microarray probe annotation is detailed in Supplemental Materials and Methods. Where two or
more probes assigned the same gene name gave the same pattern
of regulation, as indicated by assignment to the same TFS group
(i.e. redundant probes), only the probe with the best P was
retained. Probes associated with the same gene name but different TFS groups were retained. The number of regulated probes
meeting the threshold criteria was thus reduced from 7775 to
7046. Hierarchical clustering and heat map generation for the
1380 genes identified as sex-specific was carried out using GenePattern (59). GSEA (60) was used to identify sets of regulated
genes that have a common transcription factor binding set motif
usingtheC3motifgenesets(availableathttp://www.broadinstitute.
org/gsea/index.jsp); cut-offs were set as false discovery rate less
than 0.05 and normalized enrichment score more than or equal to
3. Mef2 target genes up-regulated at two or more GH-treatment
time points were analyzed for enrichment of Gene Ontology, protein domain, pathway, and functional categories using DAVID
(available at http://david.abcc.ncifcrf.gov).

Comparisons between mouse and rat
Sex differences in liver gene expression and response to hypophysectomy and GH treatment were compared between
mouse liver (the present study) and rat liver (3). Comparisons
were made for 11,295 genes represented by probes in both microarray platforms (defined as probes with the same gene
name), and a threshold of P ⬍ 0.005 was used to identify regulated probes common to both species.
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