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Targeted disruption of the signal transducer and
activator of transcription 5b gene (STAT5b) leads
to decreased expression in male mouse liver of a
male-predominant cytochrome (Cyp) 2d protein,
whereas female-predominant Cyp2b proteins are
increased. Presently, we characterize the effects
of STAT5b deficiency on 15 specific, individual Cyp
RNAs and other sexually dimorphic liver gene
products. All seven male-specific RNAs investi-
gated were decreased to normal female levels in
STAT5b-deficient male liver, whereas five of eight
female-specific RNAs, designated class I female
genes, were increased in expression up to 200-fold
or more. STAT5b deficiency had a much more
modest effect on the expression of these genes in
females. Hypophysectomy and GH replacement
studies demonstrated positive GH pulse regulation
of all seven male RNAs and negative GH pulse
regulation of class I, but not class II, female RNAs
in wild-type, but not in STAT5b-deficient, male

mice. A majority of the sex-specific genes re-
sponded in parallel to the loss of STAT5b and the
loss of hepatocyte nuclear factor 4�, indicating
that both transcription factors are essential and
suggesting they may coregulate sexually dimor-
phic liver gene expression. Continuous GH treat-
ment of intact male mice, which overrides the en-
dogenous male, pulsatile plasma GH pattern,
down-regulated all seven male RNAs and induced
expression of the five class I female RNAs within
4–7 d; however, induction of class II female RNAs
was delayed until d 7–14. Given the slow responses
of all 15 genes to changes in plasma GH status, GH
regulation of sex-specific Cyp expression is pro-
posed to be indirect and mediated by STAT5b- and
hepatocyte nuclear factor 4�-dependent factors
that may include repressors of female-specific
Cyps and other targets of GH action. (Molecular
Endocrinology 20: 647–660, 2006)

GH IS A PITUITARY-derived polypeptide hormone
that regulates the tissue-specific expression of

numerous genes involved in growth and metabolism.
Pituitary GH secretion is sexually differentiated in ro-
dents and other species, including humans, resulting
in sexually dimorphic plasma GH profiles (1, 2). In the
adult male rat, plasma GH levels peak at about 200
ng/ml approximately every 3.5 h, with virtually no
plasma GH detectable between pulses. In female rats,
GH secretion is more frequent, resulting in the near-
continuous presence of GH in circulation at concen-
trations of 20–30 ng/ml or higher. These sexually di-
morphic plasma GH patterns dictate the sexually
dimorphic expression of a large number of hepatic

enzymes, including cytochromes P450 (Cyps) and
other enzymes involved in steroid and foreign com-
pound metabolism (3–5). Mice also exhibit sexually
dimorphic plasma GH profiles, with male mice having
a longer interval between GH pulses than females (6).
Hypophysectomy (hypox) and GH pulse replacement
studies have established that the interpulse intervals
of no or low plasma GH seen in males are required for
the male-specific pattern of liver gene expression (7).

GH binds to its dimerized cell surface receptor and
induces a conformational change associated with ac-
tivation of the receptor-associated tyrosine kinase Ja-
nus kinase 2 (JAK2) (8). JAK2 phosphorylates key ty-
rosine residues in the GH receptor cytoplasmic
domain, creating docking sites for downstream cyto-
plasmic signaling proteins, including signal transducer
and activator of transcription 5b (STAT5b), one of
seven mammalian STAT proteins. STAT5b, in turn,
becomes phosphorylated on tyrosine 699, which en-
ables it to dimerize and translocate to the nucleus,
where it binds specific DNA response elements and
activates gene transcription (9, 10). Investigation of the
temporal pattern of STAT5b tyrosine phosphorylation
in rat liver led to the discovery that STAT5b is directly

First Published Online October 20, 2005
Abbreviations: Cyp, Cytochrome P450; HNF4�, hepato-

cyte nuclear factor 4�; hypox, hypophysectomy; Mup, major
urinary protein; Gst, glutathione-S-transferase; qPCR, quan-
titative real-time PCR; Slp, sex-limited protein; STAT5b, sig-
nal transducer and activator of transcription 5b.

Molecular Endocrinology is published monthly by The
Endocrine Society (http://www.endo-society.org), the
foremost professional society serving the endocrine
community.

0888-8809/06/$15.00/0 Molecular Endocrinology 20(3):647–660
Printed in U.S.A. Copyright © 2006 by The Endocrine Society

doi: 10.1210/me.2005-0328

647
 on February 23, 2006 mend.endojournals.orgDownloaded from 

http://mend.endojournals.org


and repeatedly activated by each incoming plasma
GH pulse in males, whereas in females, nuclear
STAT5b activity is generally low (11–13). A corre-
sponding male-specific pattern of STAT5b activation
has been described in mouse liver (14). STAT5b thus
corresponds to a GH pulse-activated transcription
factor and was proposed to mediate the stimulatory
effects of male plasma GH pulses on male-specific
liver Cyp expression (11).

This hypothesis is given strong support by the phe-
notype of mice with a targeted disruption of the
STAT5b gene (15, 16). The loss of STAT5b results in
GH pulse insensitivity associated with the loss of
male-characteristic body growth rates (17). Western
blot analysis of livers from STAT5b-deficient male
mice revealed two male-predominant liver proteins,
from the Cyp2d and the major urinary protein (Mup)
families, that decrease in abundance, as well as fe-
male-specific Cyp2b-immunoreactive proteins that
are increased, indicating a loss of sex-specific liver
gene expression (15, 17). However, the specific, indi-
vidual Cyp and Mup genes that are regulated by
STAT5b have not been identified, hampering further
mechanistic studies of this regulatory pathway. The
mouse Cyp2d subfamily is comprised of at least six
genes with 73–93% nucleotide identity, and the Cyp2b
subfamily contains at least five genes with 55–92%
nucleotide identity (18–21). Mup genes are also part of
a multigene family containing at least seven members
showing up to 97% identity (22–24).

Although STAT5b may be required for the expres-
sion of sex-dependent Cyps and Mups, STAT5b does
not induce sexually dimorphic hepatic gene expres-
sion when it is activated precociously by pulsatile GH
injections given to prepubertal rats (12). Moreover,
STAT5b binding sites localized to the promoters of
several male-specific liver Cyp genes confer weak
transcriptional responses in GH-stimulated cells (25,
26). Thus, STAT5b may not be sufficient to induce an
adult male pattern of liver Cyp gene expression in the
absence of additional liver transcription factors. Fac-
tors reported to interact with and/or modulate STAT5
transcriptional activity include nuclear factor Y (27),
glucocorticoid receptor (28, 29), peroxisome prolifera-
tor-activated receptor (30), yin-yang 1 (31), and nu-
clear factor I (32). Hepatocyte-enriched nuclear factors
(HNFs) may also contribute to STAT5b-regulated liver
gene expression. Several HNFs are regulated by GH
(4, 33) and contribute to liver Cyp expression (34),
including GH-regulated liver Cyp expression (25,
35–38).

HNF4� contributes to the sex specificity of liver
gene expression through positive regulation of a sub-
set of male-specific Cyp genes and through negative
regulation of certain female-specific Cyps in male
mouse liver (39), as was shown using a liver-specific
HNF4�-deficient mouse model (40). Presently, we use
this model as well as a STAT5b-deficient mouse model
(15) to investigate the GH-regulated expression of 15

sex-specific hepatic Cyps and other genes. Our find-
ings reveal that many of these genes are codependent
on STAT5b and HNF4� for sex-dependent expression.
These findings together with our observation that sex-
ually dimorphic Cyp RNAs respond slowly to the fem-
inizing effects of continuous GH infusion lead us to
propose that STAT5b and HNF4� act in concert, and
by an indirect mechanism, to mediate the GH-depen-
dent expression of Cyps and other sexually dimorphic
liver genes.

RESULTS

STAT5b Dependence of Male-Specific Genes

To associate the effects of STAT5b deficiency with
specific Cyp gene family members, we designed
quantitative, real-time PCR (qPCR) primers that dis-
tinguish between the closely related genes that re-
spectively comprise mouse Cyp gene subfamilies 2b,
2d, and 3a. Primers that distinguish between Mup
genes were also prepared. The levels of the male-
specific genes Cyp2d9 (41) and Mup3 (also known as
Mup15) (23, 24) were quantified by SYBR Green-
based qPCR. Mup genes 1, 2, 6, and 8 exhibit up to
97% nucleotide identity; their expressions were there-
fore quantified as a group using primers that distin-
guish them from other genes in the Mup superfamily.
Male-specific expression was confirmed for Cyp2d9,
Mup3, and Mup1/2/6/8, with male/female expression
ratios of 8.5, 3.6, and 7.1, respectively. Moreover,
STAT5b gene disruption substantially reduced the ex-
pression of all three genes in both males and females
(Fig. 1, A–C).

Next, we investigated whether a similar dependence
on STAT5b characterizes four other mouse genes that
exhibit male-specific expression in liver, namely,
Cyp7b1 (42), Cyp4a12 (43), glutathione-S-transferase
pi (Gst�) (44), and sex-limited protein (Slp) (45). Male/
female expression ratios were 7.9 (Cyp7b1), 2.9
(Cyp4a12), 10.3 (Gst�), and 74 (Slp) (Fig. 1, D–G). All
four genes were down-regulated in STAT5b-deficient
male mice compared with the corresponding STAT5b
wild-type controls. In the case of Slp, the loss of
expression was essentially complete (Fig. 1G). The
expression of Cyp7b1 was also decreased in STAT5b-
deficient females (Fig. 1D) as were the expressions of
Cyp2d9, Mup3, and Mup1/2/6/8 (Fig. 1, A–C). STAT5b
thus plays a positive regulatory role for these four
male-specific genes in both males and females (class
II male genes; Table 1). In contrast, Cyp4a12, Gst�,
and Slp were substantially down-regulated in STAT5b-
deficient male liver, but were unaffected by STAT5b
deficiency in female liver (Fig. 1, E–G). Thus, the pos-
itive regulation of these latter genes by STAT5b is
exclusively associated with males (class I male genes;
Table 1).
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Impact of STAT5b Gene Disruption on Female-
Specific Genes

Next, we investigated the effects of STAT5b gene
disruption on six female-predominant members of the
Cyp2b and Cyp3a gene subfamilies, namely, Cyp2b9,
Cyp2b10 (46), Cyp2b13 (19), Cyp3a16 (47), Cyp3a41,
and Cyp3a44 (48). qPCR analysis confirmed that all six
genes were much more highly expressed in female
than in male mouse liver, with female/male expression
ratios ranging from 33–50 for Cyp2b10 and Cyp2b13
to 500-fold or more for Cyp2b9, Cyp3a16, Cyp3a41,
and Cyp3a44 (Fig. 2). Remarkably, disruption of
STAT5b in male liver led to strong up-regulation of all
three Cyp2b genes, suggesting that STAT5b actively
represses the expression of these genes in male mice,

either directly or indirectly (Fig. 2, A–C). Moreover, the
loss of STAT5b in female liver led to decreases in the
expressions of these same three genes, such that sex
specificity was largely abolished in the STAT5b-
knockout strain. Two other female-specific genes,
Cyp2a4 and Cyp17a1, were also up-regulated in male
liver in the absence of STAT5b, leading to a loss of
sex-specific expression (Fig. 2, D and E). In contrast,
the three female-specific Cyp3a genes did not show
substantial or consistent increases in expression in
STAT5b-deficient male liver (Fig. 2, F–H), such that
female-specific expression was maintained in the
STAT5b knockout mice. These patterns of regulation
are summarized in Table 1, where the female-specific
genes are grouped into two classes, I and II, based on
their responses to the loss of STAT5b in male liver.

Hypox and GH Pulse Replacement Studies

Next, we investigated the GH dependence of sex-
dependent gene expression in wild-type and STAT5b-
deficient male mice. Pituitary hormone ablation by hy-
pox led to substantial decreases in the expression of
all seven male-specific genes in wild-type male liver
(Fig. 3, bar 3 vs. bar 2 in each panel). In contrast, hypox
of STAT5b-deficient male mice decreased the expres-
sion of only one of the seven male-specific genes
(Mup1/2/6/8; Fig. 3C). This lack of effect of hypox in
STAT5b-deficient mice may be due to the fact that
pulsatile GH-induced STAT5b signaling is already
abolished in these animals. To test this hypothesis,
hypox male mice were treated with GH pulses given
twice daily for 1 wk using a schedule that restores
body weight gain in wild-type hypox mice (17). GH
pulse treatment increased the expression of all seven
male-specific genes, although in two cases (GST� and
Slp) the response did not reach statistical significance
(Fig. 3, bar 4 vs. bar 3). Two of the genes were restored
to intact male levels (Mup3 and Cyp4a12), whereas
restoration of the other genes was incomplete, indi-
cating a requirement for additional pituitary factors for
full expression. No GH pulse-dependent increases
were seen in the STAT5b-deficient hypox mice (Fig. 3,
bar 7 vs. bar 6), demonstrating that STAT5b is required
for GH pulse induction of male-specific liver gene
expression.

The effects of hypox and GH pulse treatment on the
expression of female liver genes are presented in Fig.
4. Cyp2b9 and Cyp2b13 were increased 200-fold or
more after hypox of wild-type males (Fig. 4, A and B,
bar 3 vs. bar 2), similar to the increases seen in re-
sponse to STAT5b deficiency in intact males (bar 5 vs.
bar 2). No additional increases in expression were
seen after hypox of STAT5b-deficient mice. Moreover,
GH pulse treatment substantially repressed Cyp2b9
and Cyp2b13 in wild-type hypox mice, but not in
STAT5b-deficient hypox mice (Fig. 4, A and B, bar 4
vs. bar 3, compared with bar 7 vs. bar 6). The four
other female-specific genes examined (Cyp17a1 and
the three Cyp3a genes) were largely unresponsive to

Fig. 1. Male-Specific Liver Gene Expression Is Dependent
on STAT5b

Wild-type (WT) and STAT5b-deficient (KO) mouse livers
were analyzed for the expression of the seven indicated
male-specific genes by qPCR as described in Materials and
Methods. Data are graphed as fold activation values (mean �
SE), normalized to the 18S rRNA content of each sample, for
six (wild-type males and STAT5b-deficient males), five (wild-
type females), and seven (STAT5b-deficient females) individ-
ual livers per group. Mean wild-type male RNA levels were set
at 1. Statistical analyses were carried out by t test: �� and
�, P � 0.01 and P � 0.05, respectively, for wild-type male vs.
wild-type female or for STAT5b-deficient male vs. STAT5b-
deficient female; ** and *, P � 0.01 and P � 0.05, respec-
tively, for wild-type male vs. STAT5b-deficient male or for
wild-type female vs. STAT5b-deficient female.
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hypox or GH pulse treatment in either wild-type or
STAT5b-deficient mice (Fig. 4, C–F). These four female
genes also did not display the large increases in ex-
pression that the Cyp2b genes showed in STAT5b-
deficient males (Fig. 4, bar 5 vs. bar 2), indicating they
are not subject to negative regulation by GH pulse-
activated STAT5b. Taken together, these studies dem-
onstrate that STAT5b, when activated by male GH
pulses, positively regulates male liver gene expression
while it negatively regulates a subset of female-spe-
cific genes.

HNF4� Dependence of Sex-Specific Liver Genes

Our previous work with the liver HNF4�-deficient
mouse model revealed a requirement for HNF4� for
the expression of Cyp2d9, a male-specific gene, in
both male and female mouse liver, whereas two other
male-specific genes, Gst� and Cyp4a12, require
HNF4� for full expression in males, but not females
(39) (also see Table 2). It is now apparent that the

dependence of these three male-specific genes on
HNF4� mirrors their dependence on STAT5b (Fig. 1),
as summarized in Table 1. We therefore investigated
whether the other STAT5b-dependent, male-specific
genes characterized in this study also exhibit a code-
pendence on HNF4�. qPCR analysis revealed that the
expression of Mup3 and Mup1/2/6/8 was strongly de-
pendent on HNF4� in both sexes (Table 2), just as
these genes were dependent on STAT5b for full ex-
pression in both sexes (Fig. 1, B and C). Moreover,
Cyp7b1 and Slp were found to be highly dependent on
HNF4� for expression in males (Table 2), where they
were also highly dependent on STAT5b (Fig. 1, D and
G). We could not determine whether the latter two
genes require HNF4� for expression in female liver,
because their expression in females was too low to
measure. We conclude that all seven male-specific
genes are codependent on STAT5b and HNF4� for
their sex-specific expression (Table 1).

The expression of two female-specific genes,
Cyp2b9 and Cyp2a4, was previously shown to be

Table 1. Regulation of Sex-Dependent Liver Gene Expression by STAT5b and HNF4�

STAT5b Regulation HNF4� Regulation GH Regulationa

Males Females Males Females Male
hypox

Male hypox
� GH pulse

Male � GH
continous

Male-specific (class I)
Cyp4a12, GST�, Slp 1 � 1 � 2 1 2

Male-specific (class II)
Cyp2d9, Cyp7b1 1 1 1 1b 2 1 2
Mup3, Mup1/2/6/8

Female-specific (class IA)
Cyp2a4, Cyp2b9, Cyp17a1 2 �c 2 � 1d 2d 1

Female-specific (class IB)
Cyp2b10,Cyp2b13 2 �c � 1 1e 2e 1

Female-specific (class II)
Cyp3a16, Cyp3a41, Cyp3a44 � � � 1 � � 1f

Sex-specific genes are grouped into each of the indicated classes based on their dependence on STAT5b and HNF4� for
expression in male and female mouse livers. In the first four columns, an up arrow indicates the gene is positively regulated by
STAT5b or HNF4�, i.e. gene expression is decreased in STAT5b- or HNF4�-deficient liver. A down arrow indicates negative
regulation, i.e. the gene is up-regulated (derepressed) in the absence of STAT5b or HNF4�. A dash indicates no substantial
change in gene expression. Genes belonging to three of the five classes (male classes I and II and female class IA) exhibit common
patterns of dependence on STAT5b and HNF4� in both males and females. Male class I and male class II genes differ in their
dependence on STAT5b and HNF4� in female liver, whereas female class IA and female class IB genes differ in their dependence
on HNF4� in both sexes. The columns at the right indicate whether gene expression is decreased (down arrow) or increased (up
arrow) in wild-type male liver after hypox, and whether gene expression increases (up arrow) or decreases (down arrow) after GH
pulse treatment of hypox male mice or after treatment of intact males with a continuous GH infusion for 7–14 d. The effect of liver
HNF4� deficiency on the expression of Slp, Cyp7b1, Mup1/2/6/8, Cyp17a1, and Cyp3a16 was based on this study; the effects
of HNF4� knockout on the expression patterns of the remaining genes are based on Ref. 39 and are included in Table 2 for
reference.
a GH regulation in wild-type male mice. The effects of hypox and GH pulse treatment of wild-type mice summarized here were
not seen in STAT5b-deficient mice (c.f. Figs. 3 and 4). Cyp2a4 and Cyp2b10 were not evaluated for the effects of hypox and GH
pulse treatment on liver gene expression (see Fig. 4 legend). Cont, Continuous GH treatment for up to 14 d (see Figs. 5 and 6).
b Cyp7b1 expression was too low to ascertain its dependence on HNF4� in female liver.
c Down-regulation was seen for several female class IA and class IB genes in STAT5b-deficient female liver, with statistical
significance in the case of Cyp2b9 (see Fig. 2).
d Cyp2b9 only. Cyp17a1 was not affected by hypox or GH pulse treatment in male liver. The effect of hypox and GH pulse
treatment was not determined for Cyp2a4.
e Cyp2b13 only. The effect of hypox and GH pulse treatment was not determined for Cyp2b10.
f Slow increase in expression; full effects were not manifest until 14 d of GH treatment.
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unaffected by the loss of HNF4� in female liver, but
was up-regulated in HNF4�-deficient male liver (39)
(also see Table 2). These same Cyps were correspond-
ingly up-regulated in STAT5b-deficient male liver (Fig.
2). We therefore investigated whether this regulatory
pattern, namely, up-regulation in males (but not fe-
males) in the absence of either STAT5b or HNF4�,
is a characteristic of other female-specific genes.
Cyp2b10 and Cyp2b13 were up-regulated in STAT5b-
deficient males (Fig. 2, B and C); however, as shown
previously (39), they were not substantially up-regu-
lated in HNF4�-deficient males. Moreover, the expres-
sion of these Cyp2b genes was abolished in HNF4�-
deficient females (39). The three female-specific
Cyp3a genes also did not exhibit the regulatory pattern
of Cyp2b9 and Cyp2a4, insofar as their expression
was likewise abolished in HNF4�-deficient female

liver. By contrast, the loss of HNF4� expression in
male, but not female, liver was associated with strong
up-regulation of the female-specific Cyp17a1 (Table
2). Thus, STAT5b and HNF4� both exert negative reg-
ulation on three of the eight female-specific genes
(Cyp2a4, Cyp2b9, and Cyp17a1) exclusively in males
(Table 1; class IA female-specific genes). By contrast,
HNF4� confers a unique positive regulation in female
liver on female-specific genes belonging to class IB

Fig. 2. Derepression of a Subset of Female-Specific Genes
in STAT5b-Deficient Male Liver

Liver RNA isolated from wild-type (WT) and STAT5b-defi-
cient (KO) mice, as described in Fig. 1, was analyzed for the
expression of the eight indicated female-specific genes by
qPCR as described in Materials and Methods. Data presen-
tation and statistical analysis were carried out as described in
Fig. 1, with the mean wild-type male RNA levels set at 1. The
small increases in Cyp3a16 and Cyp3a41 RNAs in the
STAT5b-deficient vs. wild-type males reflect a small increase
in expression in one of the six livers analyzed. Cyp2b9 and
Cyp3a16 were at or below the limit of detection in wild-type
male liver, resulting in the exceptionally high female/male
expression ratios shown on the y-axis.

Fig. 3. Response of Male-Specific Genes to Hypox and GH
Pulse Replacement

Liver RNA was isolated from livers prepared from the fol-
lowing groups of mice: intact wild-type females (F, bar 1; n �
3 livers) and males (M, bar 2; n � 4), hypox wild-type males
without GH treatment (Hx, bar 3; n � 6), and hypox wild-type
males given twice daily pulsatile GH injections for 1 wk (GH,
bar 4; n � 6); intact STAT5b-deficient males (KO, bar 5; n �
4), and hypox STAT5b-deficient males without (Hx, bar 6; n �
4) or with pulsatile GH treatment (GH, bar 7; n � 5). Data
shown are the mean � SE values for each of the indicated
RNAs normalized to the 18S RNA content of each sample,
with the intact male (bar 2) set at a value of 1. Statistical
analysis was carried out by t test: ** and *, P � 0.01 and P �
0.05, respectively, for hypox vs. intact comparisons within
each strain; �� and �, P � 0.01 and P � 0.05, respectively,
for GH pulse-treated hypox vs. untreated hypox comparisons
within each strain. Male, female, and STAT5b-deficient male
groups were comprised of different liver samples from those
analyzed in Figs. 1 and 2.
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and class II (Cyp3a16, Cyp3a41, Cyp3a44, Cyp2b10,
and Cyp2b13).

Time Course for Feminization of Liver Gene
Expression by Continuous GH Infusion

GH treatment given as a continuous infusion via an
Alzet osmotic minipump overrides the male plasma
GH profile and, in the rat model, feminizes liver gene
expression (49–51). This feminization is associated
with the suppression of liver nuclear STAT5b activity
(11). The impact of continuous GH on sexually dimor-
phic mouse liver gene expression was assayed as a
function of time of GH treatment. Continuous GH sup-
pressed the expression of all seven male-specific
genes, with suppression to near female liver levels
generally achieved within 7 d (Fig. 5). In the case of
Cyp7b1, GH-induced suppression was complete by
2 d, whereas full suppression of the other male-spe-
cific genes required at least 4 d. Mup3 showed a

decrease in expression by 4 d, followed by an appar-
ent increase in expression after 14 d of GH treatment;
however, this increase was largely due to the lack of
response in two of the six individual livers examined.
Apparent half-lives for decay of the male-specific
RNAs ranged from 7 h (Cyp7b1) to 49 h (Slp) (Fig. 5),
suggesting that differences in the time course of GH
suppression may in part reflect differences in the intrinsic
stability of each RNA. However, the onset of suppression
was apparently delayed for at least 10 h for all male
genes analyzed, except Slp (Fig. 5G). This observation
taken together with the finding that continuous GH treat-
ment of cultured liver cells for 2–3 h decreases activated
(tyrosine-phosphorylated) STAT5b to approximately 10–
20% of its peak GH pulse-induced level (52) indicate that
the observed decreases are an indirect response to the
loss of the normal male, pulsatile plasma GH profile.

Continuous GH treatment induced the expression of
all eight female-specific genes; however, the increases
in expression were unexpectedly slow, requiring up to
7–14 d for full effect (Fig. 6). Four genes, namely, the
three Cyp2b genes and Cyp2a4, were near-maximally
induced by d 7 of GH treatment (Fig. 6, A–D). These
same Cyp2b genes were also subject to negative reg-
ulation by GH pulse-activated STAT5b (Fig. 4, A and
B), suggesting that the feminization of these genes by
continuous GH (Fig. 6) is due to the loss of this neg-
ative regulation. Cyp17a1 responded by d 2–4, but
subsequently declined (Fig. 6E). Cyp2b13 did not re-
spond to continuous GH infusion until d 7, and its RNA
never reached untreated female liver levels, even after
14 d of treatment (Fig. 6C). An even slower response
characterized the genes that were not subject to neg-
ative regulation by STAT5b or GH pulses, i.e. the three
Cyp3a genes. Substantial feminization of Cyp3a16
and Cyp3a41 expression was not seen until d 14 (Fig.
6, F and G), when Cyp3a16 RNA was increased to a
level approximately 3.5-fold higher than the reference
female control value. The delayed response of all eight
female-specific genes indicates that GH induces their
expression by an indirect mechanism(s). These mech-
anisms could include derepression of female gene
expression secondary to the loss of a STAT5b-depen-
dent, GH pulse-regulated, male-specific repressor in
the case of the class I female genes, or induction of
gene expression secondary to the synthesis of a fe-
male-specific activator in the case of the class II fe-
male genes (Fig. 7).

DISCUSSION

The GH-pulse activated transcription factor STAT5b is
required for sex-dependent expression of several liver
proteins, including male-specific Cyp2d and Mup pro-
teins and female-specific Cyp2b proteins (15, 17). In
the present study we used qPCR methods and prim-
ers that distinguish closely related mouse Cyp and
Mup genes to characterize the STAT5b dependence of

Fig. 4. Effects of Hypox and GH Pulse Treatment on Fe-
male-Specific Gene Expression

Liver RNA samples, described in Fig. 3, were analyzed for
the six indicated female RNAs. Data presentation and statis-
tical analyses were carried out as detailed in Fig. 3. The intact
male liver sample (bar 2) was set at 1. Cyp2b10 and Cyp2a4
did not exhibit significant sex differences in expression in this
set of livers and were therefore excluded. The lack of sex-
specific Cyp2b10 expression may reflect the 129/J contribu-
tion to the mixed strain used for these studies (65). The y-axis
differences compared with Fig. 2 are due to differences in the
basal level of female gene expression seen in males for the
individual wild-type livers analyzed in this figure compared
with Fig. 2.
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15 individual sex-dependent, GH-regulated genes.
Three of the male-specific genes examined were de-
pendent on STAT5b for expression in males, but not in
females (class I male-specific genes), consistent with
the high nuclear STAT5b activity found in male, but not
female, liver (11, 13) and with the proposal that
STAT5b is an essential mediator of the effects of male
plasma GH pulses on male-specific liver gene expres-
sion. By contrast, four other male-specific genes were
down-regulated in the absence of STAT5b in females
as well as males (class II male-specific genes). This
latter finding may be explained by the presence of
nuclear STAT5b activity in female liver, albeit at a
much lower level than in males (13).

Five of the eight female-specific genes investigated
were derepressed in STAT5b-deficient male liver, sug-
gesting these genes may be negatively regulated by
STAT5b (class IA and class IB female-specific genes).
Some loss in expression was also seen in STAT5b-
deficient female liver, leading to an overall loss of sex
specificity in the absence of STAT5b. STAT5b may
repress these female genes in male liver by a direct
mechanism, or its effects may be indirect, e.g. medi-
ated by a STAT5b-dependent, male-specific tran-
scriptional repressor. However, the three class II fe-
male-specific genes, all members of the Cyp3a gene
family, showed little or no change in expression with
the loss of STAT5b in either males or females. This
finding contrasts with the up-regulation of a female-
specific, Cyp3a-immunoreactive protein seen previ-
ously in STAT5b-deficient males (15). This presumably
corresponds to a cross-reactive, but distinctly regu-

lated, mouse Cyp3a family member. The STAT5b in-
dependence of the three female-specific Cyp3a genes
characterized in this report coupled with their lack of
response to pituitary hormone ablation in males and
their unusually slow induction in continuous GH-
treated males (discussed below) indicate that GH reg-
ulates female-specific liver gene expression by multi-
ple mechanisms, only some of which require STAT5b.

Hypox and GH pulse replacement studies carried
out in wild-type and STAT5b-deficient mice demon-
strated that the class I and class II male-specific genes
are positively regulated by plasma GH pulses, and that
these effects of GH require STAT5b. In the case of two
of the genes, Mup3 and Cyp4a12, a normal male level
of liver gene expression was restored to the hypox
mice by pulsatile GH replacement, in agreement with
our previous observation for Mup protein in mouse
urine (17), whereas only partial restoration was ob-
served for the other male genes. The incomplete re-
sponse of the latter genes may reflect the inadequacy
of the twice-daily GH injection protocol to mimic the
normal male mouse plasma GH profile (6), or it may
indicate a requirement for additional pituitary hor-
mones for high level male liver gene expression. Hy-
pox of male mice led to dramatic induction (i.e. dere-
pression) of two class I female genes, Cyp2b9 and
Cyp2b13, and GH pulse treatment substantially re-
versed these effects in wild-type mice, but not in
STAT5b-deficient mice. By contrast, the class II fe-
male genes were not up-regulated in response to hy-
pox, in agreement with a previous report (48) and
consistent with our finding that these genes were not

Table 2. Sex-Specific Liver Gene Expression in Liver-Specific HNF4�-Deficient Male and Female Mice

Gene HNF4�-Flox Male HNF4�-Deficient Male HNF4�-Flox Female HNF4�-Deficient Female

18S rRNA 1.00 � 0.01 0.99 � 0.01 0.98 � 0.04 1.01 � 0.02
Cyp2d9 1.00 � 0.10 0.06 � 0.02a 0.09 � 0.02b �0.01a

Mup3 1.00 � 0.10 �0.01a 0.21 � 0.03b �0.01a

Mup1/2/6/8 1.00 � 0.11 �0.01a 0.20 � 0.02b �0.01a

Cyp7b1 1.00 � 0.20 �0.01a �0.01b 0.01 � 0.01
Cyp4a12 1.00 � 0.16 0.43 � 0.06a 0.14 � 0.01b 0.17 � 0.04
Gst� 1.00 � 0.18 0.45 � 0.03a 0.12 � 0.01b 0.31 � 0.05a

Slp 1.00 � 0.34 �0.01a �0.01b �0.01
Cyp2b9 0.01 � 0.01 0.93 � 0.13a 1.00 � 0.14b 1.13 � 0.08
Cyp2b10 0.26 � 0.09 0.15 � 0.06 1.00 � 0.19b 0.06 � 0.02a

Cyp2b13 �0.01 0.08 � 0.01a 1.00 � 0.14b 0.07 � 0.01a

Cyp2a4 0.30 � 0.06 0.79 � 0.11c 1.00 � 0.36d 0.95 � 0.12
Cyp17a1 0.08 � 0.02 0.84 � 0.29c 1.00 � 0.30d 0.46 � 0.11
Cyp3a16 �0.01 �0.01 1.00 � 0.39d 0.30 � 0.02c

Cyp3a41 0.10 � 0.00 0.09 � 0.01 1.00 � 0.33b 0.20 � 0.07a

Cyp3a44 0.05 � 0.02 0.02 � 0.01 1.00 � 0.50d �0.01c

qPCR analysis was carried out using cDNA prepared from total liver RNA isolated from HNF4�-flox male, HNF4�-deficient male,
HNF4�-flox female, and HNF4�-deficient female mice (n � 8 livers/group). Data shown represent fold activation values (mean �
SE) normalized to the 18S rRNA content of each sample. Statistical differences were determined by t test. Data for Cyp2d9,
Cyp4�12, Gst�, Cyp2b9, Cyp2b10, Cyp2b13, Cyp2a4, Cyp3a41, and Cyp3a44 were obtained from Ref. 39. HNF4�-Flox livers
correspond to (control) livers that express normal levels of HNF4�.
a P � 0.01, HNF4�-flox vs. HNF4� deficient.
b P � 0.01, HNF4�-flox male vs. HNF4�-flox female.
c P � 0.05, HNF4�-flox vs. HNF4� deficient.
d P � 0.05, HNF4�-flox male vs. HNF4�-flox female.
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induced upon loss of GH pulse-induced STAT5b sig-
naling in STAT5b-deficient mice. Thus, although the
sex specificity of the female class I genes and the male
genes of both classes can be attributed to the
STAT5b-dependent actions of pulsatile GH, the sex
specificity of the female class II genes involves a dis-
tinct mechanism, one that requires GH, but is inde-
pendent of STAT5b. Conceivably, this mechanism

may involve a STAT5b-independent GH signaling
pathway, such as MAPK or phosphotidylinositol 3-ki-
nase, or the participation of other sex-dependent en-
docrine factors, such as steroid hormones. Indeed,
glucocorticoids have been shown to contribute to the
GH-dependent regulation of Cyp3a41 expression (53).

Continuous GH infusion of adult male mice femi-
nized the overall pattern of liver gene expression, with

Fig. 5. Time Course for Feminization of Male Gene Expression by Continuous GH
Male mice were treated with GH as a continuous infusion over a period of 10 h to 14 d using Alzet osmotic minipumps, and

livers were analyzed for expression of the indicated male-specific genes by qPCR as described in Materials and Methods. Data
were normalized to the 18S rRNA content of each sample and are graphed relative to the average RNA level of the male sham
controls (n � 14 livers), which was set at 1. The female liver RNA level of each gene is indicated by a horizontal dashed line. Data
represent the mean � SE for six or seven livers per group. Analysis of the rates of RNA decay after initiation of GH treatment was
determined as described in Materials and Methods, with t1/2 and r2 values as indicated. The half-life value could not be determined
for Mup3.
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all seven male-specific RNAs down-regulated to fe-
male levels within 4–7 d. This time course could in part
be a reflection of the intrinsic half-lives of these RNAs.
Liver P450 RNA half-lives range from approximately
7 h (rat CYP2B) (54) to 14–19 h (rabbit CYP1A and
CYP3A) (55) to 24 h or more (human CYP1A) (56),
similar to the apparent RNA decay rates presently
seen in GH-treated male livers. However, an apparent
delay of at least 10 h characterized the down-regula-
tion of six of the seven male RNAs that we studied. By
contrast, no such delay characterized the induction of
the early GH response gene suppressor of cytokine
signaling 2, whose RNA is more highly expressed in

female than in male mouse liver and was substantially
induced after 10 h of GH treatment (our unpublished
observations). Given the rapid down-regulation of nu-
clear STAT5b activity seen in continuous GH-treated
liver cells (52) and in liver in vivo (11), the delay in the
continuous GH down-regulation of male liver gene
expression that we report points to a multistep mech-
anism, by which continuous GH initially down-regu-
lates a STAT5b-induced, male-specific activator or,
perhaps, up-regulates a normally female-specific re-
pressor of the male genes, which, in turn, mediates the
observed down-regulation of male-specific Cyp and
Mup genes.

Fig. 6. Up-Regulation of Female-Specific Gene Expression by Continuous GH Treatment
Continuous GH-treated male mouse liver RNA samples, described in Fig. 5, were assayed for expression of the indicated

female-specific genes by qPCR. Data are presented as in Fig. 5, except that the RNA levels were graphed relative to the mean
untreated female control liver RNA level (horizontal dashed line; n � 5 livers), which was set at 1. Three genes showed apparent
stress-dependent (but GH-independent) increases in expression at the early time points after Alzet minipump implantation:
Cyp2b10 showed GH-independent increases at 10 h, 1 d, and 2 d; Cyp2a4 at 10 h and 1 d; and Cyp17a1 at 10 h (data not shown).
For these genes, data shown at the above-mentioned time points were adjusted for the stress response by setting the expression
levels of the sham pump controls to that of the untreated male controls.
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The induction of female gene expression in the con-
tinuous GH-treated male mice proceeded with an even
more striking delay compared with the loss of male
gene expression. Thus, class IA and class IB female-
specific genes generally required approximately 7 d of
GH treatment for maximal induction, and in the case of
the class II female genes, up to 14 d were required for
feminization. The observed increases in female gene
expression are thus likely to be secondary events, e.g.
subsequent to the decay of a long-lived male-specific
repressor (Fig. 7). Other GH-stimulated target genes,
such as suppressor of cytokine signaling genes, are
activated rapidly, within 20–30 min of GH treatment
(57), and in this context, the sexually dimorphic he-
patic genes examined in this study may all be consid-
ered secondary response genes.

Taken together, the present findings support our
earlier conclusion, based on the analysis of a limited
number of Cyp- and Mup-immunoreactive proteins
(15), that STAT5b is essential for the sexual dimor-
phism of male mouse liver and furthermore demon-
strate that STAT5b has limited effects in female mouse
liver, where many of the genes studied were largely
unaffected by the loss of STAT5b. Although STAT5b is
thus necessary, it is not sufficient to induce an adult
male pattern of liver gene expression. This conclusion
is supported by the finding that an adult male pattern
of liver gene expression is not achieved when STAT5b

is activated precociously in prepubertal rats given ex-
ogenous GH pulses (12) or when STAT5b is activated
by very low-amplitude GH pulses given to hypox rats
(58). These observations together with the weak tran-
scriptional response associated with STAT5b binding
to certain male-specific liver Cyp promoters (25, 26)
indicate a requirement for additional regulatory fac-
tors. These factors are likely to include HNF4�, a liver-
enriched transcription factor that plays an essential
role in liver Cyp expression (34, 40) and can positively
regulate two male-specific genes while inhibiting the
expression of a subset of female-specific genes in
male liver (39). Our further investigation of the role of
HNF4� revealed that expression of the class II male
genes requires HNF4� in both sexes, whereas expres-
sion of the class I male genes requires HNF4� in males
only. Interestingly, these same regulatory patterns
were seen in STAT5b-deficient mice. Moreover, the
three class IA female genes showed a common de-
pendence on STAT5b and HNF4� for negative regu-
lation of expression in males.

These findings lead us to propose, as a working
hypothesis, that HNF4�- and GH pulse-activated
STAT5b work in a cooperative manner to activate
male-specific genes while concomitantly repressing
class IA female-specific genes in male liver. One
mechanism could involve direct transcriptional stimu-
latory or inhibitory actions of STAT5b and HNF4�,
acting in concert, on the sex-specific liver promoters.
Indeed, several STAT5b and HNF4� consensus DNA
binding motifs have been identified in the 5�-regulatory
regions of multiple Cyp genes, including Cyp2d9 and
Cyp2a4 (25, 39, 59), supporting the possibility that
these factors directly regulate the sex-specific pro-
moters. However, the apparent 10-h delay that char-
acterized the down-regulation of six of the seven male
genes by continuous GH compared with the 2–3 h
required for continuous GH to suppress STAT5b ac-
tivity (52), noted above, strongly suggests that the
effects of GH on these male genes are indirect. Fur-
thermore, the fact that STAT5b is well characterized as
a transcriptional activator, but is not known to serve as
a strong, direct-acting transcriptional repressor, sup-
ports the proposal that STAT5b indirectly suppresses
female gene expression in male mouse liver.

We therefore favor the hypothesis that STAT5b and
HNF4� control sex-dependent liver Cyp and Mup
gene expression by an indirect mechanism. One pos-
sibility is that the loss of STAT5b in the hypothalamus
interrupts the feedback inhibitory action of GH on pi-
tuitary GH release leading to feminization of plasma
GH profiles, which could help explain the loss of male
liver gene expression and the induced expression of
female genes seen in STAT5b-deficient males. How-
ever, the apparent GH pulse-insensitivity of hypox
STAT5b-deficient mouse liver (Figs. 3 and 4) suggests
a more direct liver regulatory role of STAT5b. Accord-
ingly, a second possibility is that intermediary tran-
scriptional activators and repressors that are directly
induced by GH pulse-activated STAT5b and/or HNF4�

Fig. 7. Time Course for Feminization of Sex-Dependent
Liver Genes by Continuous GH Infusion

Shown is a diagram of the time course for feminization of
liver gene expression in male mice given a continuous infu-
sion of GH lasting from 10 h up to 14 d, based on data shown
in Figs. 5 and 6. The figure presents the responses of the
major groups of sex-specific liver genes, classified on the
basis of their regulation by STAT5b and HNF4� (Table 1).
Strong decreases in the expression of class I and class II
male genes were observed by d 4–7 of GH treatment (dotted
line), followed by induced expression of class I female genes.
Class II female genes, belonging to the Cyp3a subfamily,
were induced by continuous GH at a later time point (long
dashes). Also shown is the hypothetical role of repressors
and activators, which are proposed to mediate the effects of
STAT5b and HNF4�, on each of the classes of sex-depen-
dent liver genes (arrows with question marks).
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regulate sex-specific liver Cyp genes. For example,
STAT5b and HNF4� may positively regulate the
class I male genes by inducing the expression of an
immediate-early response gene that corresponds to a
male-specific transcriptional activator. Precedent is
provided by the finding that GH-activated STAT5b
acts in cooperation with HNF4� to transcriptionally
activate another liver transcription factor, HNF6 (60).
Similarly, STAT5b, acting in concert with HNF4�,
could induce the expression of a liver-specific repres-
sor that, in turn, inhibits the expression of class IA
female genes. The increase in class I female RNAs
closely follows the down-regulation of all seven male
liver RNAs examined, suggesting that one of the
down-regulated male genes could be a repressor that
contributes to the observed up-regulation of the class
I female genes. Similarly, the female-specific genes
up-regulated in mice deficient in STAT5b or HNF4�
could include transcriptional repressors that target
male genes and contribute to the major decreases in
expression seen for both class I and class II male-
specific genes in the absence of these transcription
factors.

In conclusion, our findings using STAT5b- and
HNF4�-deficient mouse models lead us to propose
that these two transcription factors mediate the sex-
dependent effects of GH on liver gene expression
primarily in an indirect manner, via their regulation of
immediate-early response genes, which may include
transcriptional activators and repressors that act on
downstream Cyps and other sex-dependent, GH-reg-
ulated targets. Additional studies, including genome-
wide microarray analysis, will be required to test this
hypothesis and identify these putative STAT5b- and
HNF4�-dependent regulators of sex-specific gene ex-
pression. The present studies thus provide important
new insight into the sexual dimorphism that charac-
terizes mouse liver gene expression. These findings
may further our understanding of sexually dimorphic
CYP expression and GH regulation in human liver,
which are characteristic of CYP3A4 (61–63) and
CYP2B6 (64), two CYP enzymes that play important
roles in drug and steroid metabolism in humans.

MATERIALS AND METHODS

Knockout Mice

STAT5b and HNF4� gene-disrupted mice have been de-
scribed previously (15, 40). Briefly, STAT5b-deficient mice
(129 � BALB/c) were generated by insertion of a neomycin
resistance cassette at the BamHI site interrupting the codon
for amino acid 181 (15). Liver tissues from 8- to 9-wk-old
wild-type and STAT5b-deficient mice, originally obtained
from Dr. Helen Davey (AgResearch, Hamilton, New Zealand),
were used in this study. Hypox and GH pulse replacement by
ip injection at 2 �g/g body weight/injection, twice daily for 1
wk, were carried out as described previously (17). Liver-
specific HNF4�-deficient mice (129/SV � C57B6 � FVB)
were generated by albumin promoter-regulated Cre-loxP-
mediated deletion of exons 4 and 5 of the HNF4� gene (40).

Livers from 48-d-old liver-specific HNF4�-deficient and
HNF4�-flox (control) mice obtained from Y. Inoue and F. J.
Gonzalez (National Cancer Institute, Bethesda, MD) were
described previously (39). Livers were snap-frozen in liquid
nitrogen at the time of collection and stored at �80 C until
use.

Continuous GH Treatment

Male and female mice of the ICR strain, 8–10 wk of age, were
purchased from Taconic Farms, Inc. (Germantown, NY). Mice
were housed in a temperature- and humidity-controlled en-
vironment with a 12-h light, 12-h dark cycle. Untreated male
and female mice (n � 5/group) were killed by cervical dislo-
cation, their livers were collected, snap-frozen in liquid nitro-
gen, and stored at �80 C until use. Alzet osmotic pumps
[models 1003D (3-d pump), 1007D (7-d pump), and 1002
(2-wk pump), purchased from Durect Corp., Cupertino, CA]
were filled with recombinant rat GH (purchased from Dr. A. F.
Parlow, National Hormone and Peptide Program, Harbor-
University of California-Los Angeles Medical Center, Tor-
rance, CA) dissolved in buffer [30 mM NaHCO3 (pH 8.3) and
0.15 M NaCl containing 100 �g/ml rat albumin]. Pumps were
filled with buffer alone in the case of sham-treated mice.
Pumps were implanted s.c. under ketamine and xylazine
anesthesia. GH was infused at a rate of 20 ng/g body
weight�h (7) for periods ranging from 10 h to 14 d. Livers were
collected from six or seven GH-treated male mice and from
two or three mice implanted with buffer-filled pumps at each
time point. Mice were killed by cervical dislocation, and livers
were removed and stored at �80 C. Animal procedures were
approved by the institutional animal care and use committee
at Boston University.

Primer Design and qPCR Analysis

Each of the 15 sex-specific mouse liver genes chosen for
analysis gave similar sex-specific expression patterns across
all three wild-type mouse strains analyzed in this study, min-
imizing the impact of strain background differences among
the various mouse models. qPCR primers specific to each
gene of interest were designed using Primer Express soft-
ware (Applied Biosystems, Foster City, CA). To ensure the
specificity of each primer pair, sequences of closely related
members of each Cyp and Mup gene family were aligned with
each other, and primers were designed in the regions of
greatest sequence divergence. Primers were selected to in-
clude at least two nucleotide mismatches with each related
RNA. The specificity of each primer was validated using the
National Center for Biotechnology BLAST program. qPCR
primers selected for Mup1/2/6/8 were unable to distinguish
among Mup genes 1, 2, 6, and 8, because the percent nu-
cleotide identities of these genes ranged up to 97%. Simi-
larly, the Gst� primers did not distinguish Gst�1 and Gst�2
RNAs (�98% identity) (44). Expression profiles obtained us-
ing these Mup and Gst� primers therefore reflect the expres-
sion pattern of the most abundant RNAs in each group.
Primer sequences are shown in Table 3 or were described
previously (39). Quantification of relative levels of hepatic
RNAs was achieved by real-time qPCR using SYBR Green I
chemistry. Total RNA was isolated from individual mouse
livers (�0.1 g frozen liver tissue) using TRIzol reagent (Invitro-
gen Life Technologies, Inc., Carlsbad, CA) according to the
manufacturer’s protocol. The isolated RNA was treated with
1 U RQ1 ribonuclease-free deoxyribonuclease (Promega
Corp., Madison, WI), followed by heating for 5 min at 75 C.
cDNA was synthesized by reverse transcription of 0.5 or 1 �g
total RNA in 20-�l reactions containing random hexamers
and murine leukemia virus reverse transcriptase (Applied Bio-
systems). Triplicate samples of each qPCR mixture, each
containing 4 �l SYBR Green I PCR Master Mix (Applied
Biosystems), were pipetted into separate wells of a 384-well
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plate and run through 40 cycles on an ABS 7900HT sequence
detection system (Applied Biosystems) (39). Dissociation
curves were generated after each qPCR run to ensure that a
single, specific product was amplified. Data are graphed as
fold activation values, normalized to the 18S rRNA content of
each sample. Statistical analyses were carried out by t test
using PRISM software version 4 (GraphPad, Inc., San Diego,
CA) for pairwise comparisons indicated in each figure. P �
0.05 was considered significant. Apparent half-lives for decay
of the male-specific liver RNAs in continuous GH-treated
livers were determined using a nonlinear curve fit and a
one-phase exponential decay equation (GraphPad PRISM).
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