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IGF-I is abundantly expressed in the liver under the stimulation of GH. We showed previously that
expression of hepatocyte nuclear factor (HNF)-3�, a liver-enriched transcription factor, was
strongly stimulated by GH in bovine liver. In this study, we determined whether GH-increased
HNF-3� might contribute to GH stimulation of IGF-I gene expression in bovine liver and the
underlying mechanism. A sequence analysis of the bovine IGF-I promoter revealed three putative
HNF-3 binding sites, which all appear to be conserved in mammals. Chromatin immunoprecipita-
tion assays showed that GH injection increased binding of HNF-3� to the IGF-I promoter in bovine
liver. Gel-shift assays indicated that one of the three putative HNF-3 binding sites, HNF-3 binding
site 1, bound to the HNF-3� protein from bovine liver with high affinity. Cotransfection analyses
demonstrated that this HNF-3 binding site was essential for the transcriptional response of the
IGF-I promoter to HNF-3� in CHO cells and to GH in primary mouse hepatocytes. Using similar
approaches, we found that GH increased binding of the signal transducer and activator of tran-
scription 5 (STAT5) to the HNF-3� promoter in bovine liver, that this binding occurred at a con-
served STAT5 binding site, and that this STAT5 binding site was necessary for the HNF-3� promoter
to respond to GH. Taken together, these results suggest that in addition to direct action, GH-
activated STAT5 may also indirectly stimulate IGF-I gene transcription in the liver by directly
enhancing the expression of the HNF-3� gene. (Molecular Endocrinology 23: 2026–2037, 2009)

IGF-I is a polypeptide hormone that plays important roles
in growth, development, and metabolism in an endocrine,

paracrine, and/or autocrine manner (1, 2). In addition to its
physiological roles, IGF-I has also been implicated in cancer
(3, 4), diabetic retinopathy (5–7), and aging (8). Although
many organs and tissues in the body produce IGF-I (9, 10),
the liver is the major source of circulating IGF-I (11, 12).
Liver production of IGF-I is primarily controlled by the pi-
tuitary GH at the transcriptional level (10, 13).

Significant insight has been recently gained into the
mechanism by which GH stimulates IGF-I gene transcrip-
tion in the liver. Earlier studies found that the signal trans-
ducer and activator of transcription 5 (STAT5) is essential
for this regulation (14–16). This finding led to the subse-
quent identification of multiple STAT5 binding sites, with

which STAT5 interacts to activate IGF-I gene transcrip-
tion in response to GH (17–20). Because IGF-I mRNA is
expressed in the liver at a much higher level than in other
tissues (9, 10), we hypothesized that GH stimulation of
IGF-I gene transcription in this tissue involve liver-
enriched transcription factors in addition to STAT5. The
liver-enriched transcription factors include hepatocyte
nuclear factor (HNF)-1�, -1�, -3�, -3�, -3�, -4�, -4�, -6�,
and -6�, albumin D-element binding protein (DBP), and
CCAAT/enhancer-binding proteins (C/EBP)-� and -�
(21–23). The IGF-I gene promoter contains binding sites
for HNF-1, C/EBP, and HNF-3 (24–27). Therefore, it is
possible that HNF-1�, C/EBP-� and -�, and HNF-3�,
-3�, and -3� participate in GH regulation of IGF-I gene
transcription in the liver.
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In this study, we focused on the potential role of HNF-3�,
also known as Foxa3 (28, 29), in GH stimulation of IGF-I
gene transcription in bovine liver. We chose this focus be-
cause we previously observed that HNF-3� expression is
more potently stimulated by GH than any other liver-
enriched transcription factors in bovine liver (30). In the
present study, we also determined the mechanism by which
GH stimulates HNF-3� gene expression in bovine liver.

Results

The IGF-I promoter contains three putative HNF-3
binding sites

Sequence analysis of a 2-kb bovine IGF-I promoter (chro-
mosome 5: 711195851-71198044, Bovine October 2007
Assembly) revealed three putative HNF-3 binding sites (Fig.
1A). All of them are nearly identical to the consensus HNF-3
binding sequence, WRRRYMAAYA, where W is A or T, R

is A or G, Y is C or T, and M is A or C
(31). The putative HNF-3 binding site 1
was located 2021 bp upstream from the
major transcription start site for class 2
IGF-I mRNA (32); the putative HNF-3
binding sites 2 and 3 were located 1747
and 1690 bp upstream from this tran-
scription start site (Fig. 1A). A sequence
alignment of the corresponding DNA re-
gions of the bovine, mouse, rat, horse,
dog, human, and chimpanzee genomes
revealed that all of the three putative
HNF-3 binding sites are conserved
among these species (data not shown).

GH increased HNF-3� binding to
the IGF-I promoter in the liver

GH is known to increase HNF-3� ex-
pression in bovine liver (30) (also see Fig.
4D below). To determine whether GH in-
creases HNF-3� binding to the IGF-I pro-
moter region that contains putative
HNF-3 binding sites, we performed chro-
matin immunoprecipitation (ChIP) as-
says on liver chromatin from cattle before
and after GH administration. As shown
in Fig. 1B, the HNF-3� antibody precipi-
tated significantly more of the IGF-I pro-
moter DNA from the liver after GH injec-
tion than before GH injection, indicating
that GH injection increased HNF-3�

binding to the IGF-I promoter in the liver.
The GH treatment had no effect on
HNF-3� binding to the glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) promoter (Fig. 1B), a
promoter that does not contain putative HNF-3 binding
sites. In the HNF-3� antibody-immunoprecipitated chro-
matin from the liver before GH injection, the IGF-I pro-
moter was enriched compared with the GAPDH promoter
(Fig. 1B), indicating that there was HNF-3� binding to the
IGF-I promoter even when the animals were not injected
with GH. A ribonuclease protection assay of liver IGF-I
mRNA from the same animals revealed that GH-increased
binding of HNF-3� to the IGF-I promoter was associated
with an approximately 3-fold increase in IGF-I mRNA ex-
pression in the liver (P � 0.05, Fig. 1C).

Two of the three putative HNF-3 binding sites in
the IGF-I promoter could bind to liver HNF-3�

protein in vitro
EMSA were performed to determine whether the pu-

tative HNF-3 binding sites in the IGF-I promoter can bind
to the HNF-3� protein from bovine liver. As shown in

FIG. 1. GH administration increased binding of HNF-3� to the IGF-I promoter and IGF-I mRNA
expression in bovine liver. A, Three putative HNF-3 binding sites in the bovine IGF-I promoter.
Shown is the partial sequence of the bovine IGF-I promoter 2. Nucleotides of the sequence are
numbered relative to the major transcription start site, numbered �1, for class 2 IGF-I mRNA. B,
ChIP assay of HNF-3� binding to the IGF-I promoter in liver of cattle before and after GH
administration (indicated by �GH and �GH, respectively). In this assay, liver chromatin was
precipitated with an anti-HNF-3� antibody, and the putative HNF-3 binding sites-containing IGF-I
promoter and the GAPDH promoter that does not contain a putative HNF-3 binding site in the
immunoprecipitates were amplified by PCR. Shown are a representative gel image of the PCR
products and average IGF-I promoter enrichment of ChIP assays on three different animals. The
abundance of the IGF-I promoter DNA in the immunoprecipitates was normalized to that in the
input chromatin. *, P � 0.05 (n � 3) compared with �GH. C, Ribonuclease protection assay of
liver IGF-I mRNA in cattle before and after GH administration. Shown are a gel image of the
assay and result of a densitometric analysis of the bands in the gel image. The ribonuclease-
protected probe fragments representing IGF-I and GAPDH mRNA are indicated with arrows. The
detected density of IGF-I mRNA in each sample was normalized to that of GAPDH mRNA. *, P �
0.05 (n � 6) compared with �GH.
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Fig. 2A, the oligonucleotides corresponding to the puta-
tive HNF-3 binding sites 1 and 2 each formed a DNA-
protein complex with liver nuclear proteins from cattle
both before and after GH injection, whereas the putative
HNF-3 binding site 3 did not. The complex formed with
the putative HNF-3 binding site 1 was much stronger
than that with the binding site 2 (Fig. 2A). To determine
whether the DNA-protein complex was formed with
HNF-3�, the putative HNF-3 binding site 1 oligonucleo-
tide was further analyzed in competitive gel-shift and su-
pershift assays. As shown in Fig. 2B, the DNA-protein
complex formed with the radiolabeled HNF-3 binding

site 1 oligonucleotide was increasingly
diminished by an increasing molar ex-
cess of unlabeled the same oligonucleo-
tide but was not affected by an excess of
an oligonucleotide that did not contain
an HNF-3 binding site (Table 1). In
the supershift assay, a supershift of the
DNA-protein complex was generated
by the HNF-3� antibody but not by the
preimmune serum (Fig. 2C), demon-
strating the presence of HNF-3� in the
DNA-protein complex. The HNF-3�

antibody appeared to reduce the inten-
sity of the DNA-protein complex (Fig.
2C). This reduction may be caused by
competition of the HNF-3� antibody
with the DNA oligonucleotide for bind-
ing to the same portion of the HNF-3�

protein or by formation of a DNA-
protein-antibody complex that was un-
able to enter the gel. Therefore, part of
the DNA-protein complex might con-
tain the HNF-3� protein. The HNF-3�

antibody did not cause a supershift of or
disrupt the DNA-protein complex (Fig.
2C), indicating that the DNA-protein
complex did not contain the HNF-3�

protein.

HNF-3� activated the IGF-I promoter through the
putative HNF-3 binding site 1

Cotransfection analyses were performed to determine
whether HNF-3� could activate the IGF-I promoter. As
shown in Fig. 3A, luciferase activity expressed from the
IGF-I promoter in the presence of the HNF-3� expression
plasmid was more than eight times that in the presence of
the corresponding empty vector pcDNA3.1 (P � 0.05),
indicating that HNF-3� can transactivate the IGF-I pro-
moter. We next determined whether the putative HNF-3
binding sites 1 and 2, which were demonstrated to bind to

FIG. 2. Two putative HNF-3 binding sites in the bovine IGF-I promoter could bind to bovine
liver HNF-3� protein in vitro. Panel A, EMSA of the putative HNF-3 binding sites. In this
assay, a 32P-labeled double-stranded oligonucleotide corresponding to each of the three
putative HNF-3 binding sites (see Fig. 1A and Table 1) was incubated with liver nuclear
protein extracts from cattle before (�GH) and after (�GH) GH injection, followed by gel
electrophoresis. B indicates a DNA-protein complex. Panel B, Competitive gel-shift assay of
the putative HNF-3 binding site 1. In this assay, the 32P-labeled oligonucleotide
corresponding to the putative HNF-3 binding site was incubated with GH-treated liver
nuclear protein extracts in the presence of 1�, 10�, and 100� molar excess of unlabeled
the same oligonucleotide or an unrelated oligonucleotide. Panel C, Supershift assay of the
putative HNF-3 binding site 1. In this assay, the 32P-labeled oligonucleotide was incubated
with GH-treated liver nuclear protein extracts in the presence of an anti-HNF-3�, anti-HNF-
3�, or anti-HNF-3� antibody or an equal protein amount of goat preimmune serum. S
indicates a supershift of the DNA-protein complex B. These assays were repeated at least
two times; shown are representative results.

TABLE 1. Gel-shift oligonucleotides used in this study

Name Sequence (5�–3�) Chromosomal location
STAT5 binding site 1 CCTCTCCTTCTGCGAAGCCC chr18: 53169792–53169811
STAT5 binding site 2 GAGGCTTCTGGGAAATGGA chr18: 53169897-53169916
HNF-3 binding site 1 TTGTAGATAAATGTGA chr5: 71198005-71198020
HNF-3 binding site 2 TTGAAGGTAAATATTT chr5: 71197737-71197752
HNF-3 binding site 3 GTGTACTGTTTGCTTCT chr5: 71197683-71197699
Non-STAT5 oligo GATTATTGACTTAG
Non-HNF3 oligo CAGGGGTGGGCGGAGAGGAAGG

All sequences correspond to the sense strand of the binding sites. The core sequences of the STAT5 and HNF-3 binding sites are indicated in bold.
The chromosomal locations listed correspond to the locations in the Bovine Genome October 2007 Assembly at the UCSC Genome Browser
(http://genome.ucsc.edu).
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liver HNF-3� by the gel-shift experiments (Fig. 2), are
necessary for the HNF-3 response of the IGF-I promoter.
As shown in Fig. 3B, mutation of the HNF-3 binding site
1 decreased the HNF-3� response of the IGF-I promoter
by 64% (P � 0.05); mutation of the HNF-3 binding site 2
did not significantly affect (P � 0.1) the response of the
promoter or further reduce the HNF-3� response of the
site 1-mutated IGF-I promoter. These data indicated that
most of the response of the IGF-I promoter to HNF-3�

was mediated by the HNF-3 binding site 1, which ap-
peared to bind to HNF-3� at much higher affinity than
the HNF-3 binding site 2 (Fig. 2A). The data also showed
that mutation of the HNF-3 binding site 1 or both this
and the HNF-3 binding site 2 did not completely block
the response of the IGF-I promoter to HNF-3� (Fig. 3B).
Mutation of the putative HNF-3 binding site 1, 2, or both
did not affect luciferase activity expressed from the IGF-I
promoter cotransfected with the empty vector pcDNA3.1
(data not shown), indicating that those putative HNF-3
binding sites do not mediate the basal activity of the IGF-I
promoter in CHO cells.

The HNF-3� promoter contains a conserved
putative STAT5 binding site

We next determined the mechanism by which GH in-
creases HNF-3� mRNA expression in bovine liver. Unlike
the IGF-I promoter, the bovine HNF-3� promoter had
not been characterized before this study. Therefore, we
first mapped the transcription start site of the bovine
HNF-3� gene. A ribonuclease protection assay of bovine
liver RNA using a probe expected to cover the putative

transcription start site generated three pro-
tected fragments (Fig. 4B), each fragment cor-
responding to a possible transcription start site.
Based on the sequencing ladder of the same
239-bp DNA fragment, the most abundant
protected fragment corresponded to HNF-3�

mRNA transcribed from the nucleotide 29 bp
downstream from the putative TATA box (Fig.
4A). The two less abundant ribonuclease-pro-
tected bands placed two additional transcription
start sites, 23 and 33 bp downstream from the
TATA box (Fig. 4B). These locations of the tran-
scription start sites of the bovine HNF-3� gene
were similar to those of the mouse and human
HNF-3� genes (33, 34).

A search of the bovine HNF-3� promoter
sequence revealed two putative STAT5 binding
sites at approximately 720 and 620 bp upstream
from the major transcription start site (Fig. 4A),
and both sites conform to the consensus STAT5
binding sequences, TTCNNNGAA, where N is
any nucleotide (35). A sequence alignment of the

corresponding DNA regions of the bovine, mouse, rat,
horse, dog, human, and chimpanzee genomes revealed that
the proximal putative STAT5 binding site (i.e. the putative
STAT5 binding site 2 in Fig. 4A) was conserved across these
species and that the putative STAT5 binding site 1 was not
conserved (data not shown).

GH increased binding of STAT5 to the HNF-3�

promoter in the liver
Because the HNF-3� promoter contains two putative

STAT5 binding sites, we next determined whether GH in-
duced STAT5 to bind to this promoter in bovine liver, using
ChIP assays. As shown in Fig. 4C, the anti-STAT5 antibody
precipitated 10 times more of the HNF-3� promoter region
containing the two putative STAT5 binding sites from the
liver of cattle after GH injection than before GH injection
(P � 0.05). The anti-STAT5 antibody did not precipitate
detectable GAPDH promoter DNA, which does not contain
a putative STAT5 binding site, either before or after GH
injection (Fig. 4C). These data indicated that GH increased
binding of STAT5 to the HNF-3� promoter in the liver. A
ribonuclease protection assay showed that this increase was
accompanied by a 2-fold increase in HNF-3� mRNA ex-
pression in the liver (P � 0.05, Fig. 4D).

The conserved putative STAT5 binding site in the
HNF-3� promoter could bind to liver STAT5 in vitro

We performed EMSA to determine whether the two
putative STAT5 binding sites in the HNF-3� promoter
can bind to the STAT5 protein from bovine liver. As
shown in Fig. 5A, the oligonucleotide corresponding to
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FIG. 3. HNF-3� could activate the bovine IGF-I promoter through one of the
putative HNF-3 binding sites. A, Cotransfection analysis of the bovine IGF-I promoter
in CHO cells. In this analysis, the IGF-I promoter-luciferase reporter plasmid pGL2B-
bIGF-IP was cotransfected with the bovine HNF-3� expression plasmid pcDNA3.1-
bHNF-3� or the empty vector pcDNA3.1 and the transfection efficiency control
plasmid pRL-CMV plasmid. Luciferase activity was measured 24 h after the
transfection. *, P � 0.05 (n � 4) compared with pcDNA3.1. B, Cotransfection
analysis of the HNF-3 binding sites-mutated IGF-I promoter. In the pGL2B-bIGF-IP
plasmid, both putative HNF-3 binding sites 1 and 2 were intact. In pGL2B-bIGF-
IPm1, the HNF-3 binding site 1 was mutated. In pGL2B-bIGF-IPm2, the HNF-3
binding site 2 was mutated. In pGL2B-bIGF-IPm1m2, both HNF-3 binding sites 1 and
2 were mutated. Fold activation on the y-axis corresponds to the ratio of the
luciferase activity in the presence of pcDNA3.1-bHNF-3� to that in the presence of
pcDNA3.1. Bars not labeled with the same letter are different (P � 0.05, n � 4).
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the putative STAT5 binding site 2 formed two DNA-
protein complexes (denoted B1 and B2 in the figure) with
liver nuclear protein extracts from cattle after GH injec-
tion; these complexes were not detectable when the oli-
gonucleotide was incubated with liver nuclear proteins
from cattle before GH injection. The STAT5 protein can
bind to its target DNA element in the form of a dimer or
a tetramer (36). Because the B1 complex moved more
quickly than the B2 complex, the B1 complex might con-
tain a dimeric form of STAT5, and B2 a tetrameric form
of STAT5, or protein(s) in addition to a STAT5 dimer.
The same DNA-protein complexes were not formed by
the oligonucleotide corresponding to the putative STAT5
binding site 1 (Fig. 5A), indicating that this putative

STAT5 binding site is not a real STAT5
binding site. Competitive gel-shift and
supershift assays were performed to
confirm the specificity of and the pres-
ence of STAT5 in the DNA-protein
complexes formed by the putative
STAT5 binding site 2. As shown in Fig.
5B, the two DNA-protein complexes
were diminished by a molar excess (1�,
10�, and 100�) of the unlabeled oligo-
nucleotide corresponding to the puta-
tive STAT5 binding site 2 but were not
affected by the same excess of an unre-
lated oligonucleotide (Table 1). The two
DNA-protein complexes were super-
shifted by the anti-STAT5 antibody but
not by the preimmune serum (Fig. 5C).
These data demonstrated that the puta-
tive STAT5 binding site 2 of the bovine
HNF-3� promoter can form DNA-
protein complexes with GH-activated
STAT5 protein from bovine liver.

The HNF-3� promoter was GH
responsive and this response
depended on the identified STAT5
binding site

We next determined whether the
HNF-3� promoter could mediate GH-
induced STAT5 activation of reporter
gene expression, using a cotransfec-
tion analysis. In this analysis, a bovine
HNF-3� promoter-reporter plasmid was
cotransfected with a GHR expression
plasmid and a STAT5b expression plas-
mid into CHO cells. As shown in Fig. 6,
GH treatment of the transfected CHO
cells caused a 2-fold increase in lucif-
erase activity expressed from the

HNF-3� promoter (P � 0.05). We further determined
whether this GH response of the HNF-3� promoter was
dependent on the putative STAT5 binding site 2 in the
promoter. As shown in Fig. 6, mutation of this STAT5
binding site completely abolished the response of the
HNF-3� promoter to GH (P � 0.05), indicating that this
STAT5 binding site is essential for the HNF-3� promoter
to be activated by GH-induced STAT5.

GH could activate the IGF-I promoter through the
HNF-3 binding sites in primary hepatocytes

The above results suggest that in addition to directly
stimulating IGF-I gene transcription, GH-activated
STAT5 might indirectly stimulate IGF-I gene transcrip-

FIG. 4. GH increased binding of STAT5 to the HNF-3� promoter and HNF-3� mRNA
expression in bovine liver. A, Two putative STAT5 binding sites in the bovine HNF-3�
promoter. Shown is the partial sequence of the bovine HNF-3� promoter. The nucleotides
are numbered relative to the major transcription start site, numbered �1, of the bovine HNF-
3� gene (see B). The two putative STAT5 binding sites are underlined. B, Mapping of the
transcription start site of the bovine HNF-3� gene. The mapping was done by ribonuclease
protection assay of bovine liver total RNA using a probe covering a 239-bp HNF-3� DNA
region spanning the putative transcription start site. The ribonuclease-protected fragments
were resolved in parallel with a sequencing ladder (G, A, T, C) of the same 239-bp DNA.
Three ribonuclease-protected bands (indicated with asterisks) place three transcription start
sites, which are 23, 29, and 33 bp downstream from a putative TATA box (see A). C, ChIP
assay of STAT5 binding to the HNF-3� promoter in bovine liver. Liver chromatin from �GH
and �GH cattle was precipitated with an anti-STAT5 antibody. The abundance of the
putative STAT5 binding sites-containing HNF-3� promoter region and the GAPDH promoter
region, which does not contain a STAT5 binding site, in the immunoprecipitates was
quantified by PCR. Shown are a representative gel image of the PCR and average
enrichment of the HNF-3� promoter by the anti-STAT5 antibody. The density of the HNF-3�
promoter DNA in the anti-STAT5 antibody immunoprecipitates was normalized to that in the
input chromatin. *, P � 0.05 (n � 3) compared with �GH. D, Ribonuclease protection assay
of liver HNF-3� mRNA in cattle before and after GH administration. This assay was done as
described for Fig. 1C. Shown are a representative gel image of the ribonuclease protection
assay and result of a densitometric analysis of the bands in the gel image. The detected
density of HNF-3� mRNA in each sample was normalized to that of GAPDH mRNA. *, P �
0.05 (n � 6) compared with �GH.
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tion in bovine liver through up-regulation of HNF-3�

gene expression. To further study this possibility, we de-
termined the effect of the two HNF-3 binding sites on the
transcriptional response of the bovine IGF-I promoter to
GH in primary mouse hepatocytes. We chose to use pri-
mary mouse hepatocytes over bovine primary hepato-
cytes because the latter are difficult to isolate and culture.
As shown in Fig. 7, GH stimulated a 3-fold increase in
luciferase activity expressed from the transfected bovine
IGF-I promoter in mouse hepatocytes (P � 0.05). Dele-
tion of the HNF-3 binding site 1 completely blocked this
increase (P � 0.1), deletion of the second HNF-3 binding
site had no effect on this increase, and deletion of both
HNF-3 binding sites was not different from deletion of
the HNF-3 binding site 1 in terms of blocking the tran-
scriptional response of the IGF-I promoter to GH. Dele-
tion of either HNF-3 binding site did not affect the tran-
scriptional activity of the IGF-I promoter in mouse
hepatocytes not treated with GH (data not shown). These
data further supported the indication of earlier exper-
iments that GH might indirectly stimulate IGF-I gene
transcription in bovine liver through up-regulation of
HNF-3� gene expression and binding to the IGF-I
promoter.

Discussion

Based on the facts that GH increases
HNF-3� mRNA expression in the liver
(30) and that the IGF-I promoter con-
tains conserved putative HNF-3 bind-
ing sites, we hypothesized that GH-
increased HNF-3� might contribute to
GH stimulation of IGF-I gene transcrip-
tion in the liver. This hypothesis is sup-
ported by the following results of this
study; 1) There was binding of HNF-3�

to the IGF-I promoter in the liver of pi-
tuitary-intact cattle, and this binding is
increased by exogenous GH; 2) two of
the three putative HNF-3 binding sites
in the IGF-I promoter bound to
HNF-3� from bovine liver in vitro; 3)
overexpression of HNF-3� activated
the IGF-I promoter, and this activation
was dependent on one of the identified
HNF-3 binding sites; and 4) deletion of
the HNF-3 binding sites blocked the
transcriptional response of the IGF-I
promoter to GH in primary cultured
mouse hepatocytes.

The IGF-I promoter contains three
HNF-3 binding sites, but only two (i.e.
the putative HNF-3 binding sites 1 and

2) of them bind to HNF-3� in vitro, and one of them (i.e.
the putative HNF-3 binding site 1) is essential for the
IGF-I promoter to be activated by HNF-3�. The HNF-3
binding site 1 does not match the HNF-3 binding consen-
sus sequence more than the other two (31) but is identical
to one of the two HNF-3 binding sites in the human IGF-I
promoter (37). In the EMSA (Fig. 2C), this HNF-3 bind-
ing site bound to HNF-3� and perhaps also HNF-3� but
not to HNF-3� from bovine liver (Fig. 2C), suggesting
that this HNF-3 binding site might be a HNF-3� and
HNF-3�-specific binding site. However, because the
same site from the human IGF-I promoter can bind to
both overexpressed HNF-3� and HNF-3� (37), an alter-
native explanation of the EMSA result is that the HNF-3
binding site did not form a detectable DNA-protein com-
plex with HNF-3� in bovine liver nuclear extracts be-
cause HNF-3� is expressed at a lower level than HNF-3�

and HNF-3� in bovine liver (30). Even if HNF-3� and
HNF-3� bind to the IGF-I promoter, HNF-3� is probably
the major HNF-3 protein that mediates GH regulation of
IGF-I gene expression in bovine liver, because HNF-3�

expression is not affected by GH and HNF-3� expression
is only transiently increased by GH in bovine liver

FIG. 5. One of the two putative STAT5 binding sites in the HNF-3� promoter could bind to
bovine liver STAT5 in vitro. A, EMSA of the two putative STAT5 binding sites. In this assay, a
32P-labeled double-stranded oligonucleotide corresponding to the putative STAT5 binding
site 1 or site 2 (see Fig. 4A and Table 1) was incubated with liver nuclear protein extracts
from �GH and �GH cattle followed by gel electrophoresis. B1 and B2 indicate two DNA-
protein complexes. B, Competitive gel-shift assay of the putative STAT5 binding site 2. In this
assay, the 32P-labeled oligonucleotide corresponding to this STAT5 binding site was
incubated with liver nuclear protein extracts from �GH cattle in the presence of 1�, 10�,
and 100� molar excess of the same unlabeled oligonucleotide or an unrelated
oligonucleotide. C, Supershift assay of the putative STAT5 binding site 2. In this assay, the
32P-labeled oligonucleotide corresponding to this STAT5 binding site was incubated with
liver nuclear protein extracts from �GH cattle in the presence of an anti-STAT5 antibody or
an equal amount of rabbit preimmune serum. S1 and S2 indicate probable supershifts of the
DNA-protein complexes B1 and B2, respectively. These assays were repeated at least two
times; shown are representative results.
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(HNF-3� mRNA was increased at 6 h but not at 24 h or
a week after injection of GH formulated for a 2-week
release) (30). In rat, GH increases liver expression of both
HNF-3� and HNF-3� (38, 39). GH seems to also stimu-
late liver expression of HNF-3� in mouse because mice
with an intracellular domain-truncated GH receptor had
reduced expression of HNF-3� in the liver (40). However,
transgenic or adenoviral overexpression of HNF-3� re-
duces liver IGF-I mRNA expression in mice (41, 42), sug-
gesting that the GH-increased HNF-3� might inhibit
rather than stimulate IGF-I gene expression in the liver.

In the cotransfection analysis using CHO cells, muta-
tion of the two confirmed HNF-3 binding sites did not
completely abolish the response of the IGF-I promoter to
HNF-3� (Fig. 3B). This suggests that the IGF-I promoter

may contain additional binding sites for HNF-3� or an-
other HNF-3�-dependent factor. One such additional
HNF-3 binding site might be located 16 bp downstream
from the HNF-3� binding site 2 identified in this study,
because the corresponding region of the human IGF-I
promoter is a HNF-3 binding site (37). This potential
HNF-3 binding site was not investigated in this study
because it was not identified as a putative HNF-3 binding
site by the TF search program we used to search for the
putative HNF-3 binding sites (43). However, in the trans-
fection analysis using mouse hepatocytes, mutation of the
confirmed HNF-3 binding site 1 completely blocked the
transcriptional response of the IGF-I promoter to GH.
This suggests that even though the IGF-I promoter con-
tains additional HNF-3 binding sites, they may be dis-
pensable for the IGF-I promoter to respond to GH. We
further speculate that this may be because these HNF-3
binding sites are less competitive than the identified
HNF-3 binding site in binding to the GH-induced HNF-
3�, which is likely limited in amount compared with the
overexpressed HNF-3�.

Based on the prediction that the bovine HNF-3� pro-
moter contains two putative STAT5 binding sites and the
fact that STAT5 is an important component of the signal-
ing pathway from the GH receptor (44), we thought that
GH stimulation of HNF-3� expression in bovine liver
might be mediated by direct interaction of STAT5 with
the HNF-3� promoter. In this study, we found that one
(i.e. the proximal one) of the two putative STAT5 binding
sites in the bovine HNF-3� promoter was able to bind to
liver STAT5 protein in vitro and to mediate GH-induced
STAT5 activation of the HNF-3� promoter and that GH
increased binding of STAT5 to the HNF-3� promoter and
HNF-3� mRNA expression in the liver. These results sup-
port the hypothesis that GH stimulates HNF-3� mRNA
expression in bovine liver through direct interaction of
STAT5 with the HNF-3� promoter. The distal putative
STAT5 binding site in the HNF-3� promoter did not bind
to GH-activated STAT5 from the liver, although it is iden-
tical to the STAT5 binding consensus sequence (45, 46).
Unlike the proximal one, the distal putative STAT5 bind-
ing site is not conserved among other mammals. In a
previous study, we also found that some putative STAT5
binding sites, despite conforming to the consensus se-
quences, did not bind to STAT5 (18). Thus, the consensus
sequence for STAT5 binding sites (as well as that for
HNF-3 binding sites) needs to be refined, and this requires
the identification of many additional in vivo STAT5 (and
HNF-3) binding sites.

The HNF-3 proteins affect gene transcription by open-
ing the highly compacted chromatin in a manner not re-
quiring the SWI/SNF chromatin remodeling complex
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FIG. 7. GH could activate the bovine IGF-I promoter in primary mouse
hepatocytes through the HNF-3 binding site 1. The hepatocytes from
male mice were cotransfected with the plasmid pGL2B-bIGF-IP, pGL2B-
bIGF-IPm1, pGL2B-bIGF-IPm2, or pGL2B-bIGF-IPm1m2 and the
transfection efficiency control plasmid pRL-CMV. The cells were
cultured in serum-containing medium for 24 h followed by serum-free
medium for 8 h and then treated with 500 ng/ml GH or an equal
volume of PBS for 24 h before dual-luciferase assay. Fold activation on
the y-axis corresponds to the ratio of the luciferase activity in the
presence of GH to that in the presence of PBS. Bars not labeled with
the same letter are different (P � 0.05, n � 3). The difference between
pGL2B-bIGF-IP and pGL2B-bIGF-IPm1 tends to be significant (P � 0.1).
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promoter through the identified STAT5 binding site. This was
demonstrated by a cotransfection analysis. In this analysis, the plasmid
pGL2B-bHNF3�P, in which the putative STAT5 binding site 2 was
intact, or pGL2B-bHNF3�Pm, in which the binding site was mutated,
was cotransfected with a GHR expression plasmid and a STAT5b
expression plasmid into CHO cells. Twenty-four hours after the
transfection, the cells were serum starved for 16 h and then treated
with 500 ng/ml GH or PBS (indicated as �GH) for 8 h before luciferase
assay. Variation in transfection efficiency was controlled by
cotransfecting the pRL-CMV plasmid. *, P � 0.05 (n �4) compared
with �GH.
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(47–49) and thereby enhancing the binding of RNA poly-
merase II to the gene promoters (49) and/or promoting
binding of other transcription factors (47). The HNF-3�

protein is known to induce DNA bending, which may
facilitate interaction between proteins bound to distant
sites (50). STAT5 mediates GH regulation of IGF-I gene
expression by binding to multiple DNA regions distantly
located from the IGF-I promoter (17–20). Therefore, it is
tempting to speculate that binding of HNF-3� to the
IGF-I promoter may induce bending of the IGF-I DNA in
a way to facilitate binding of STAT5 to the IGF-I gene
and/or interaction of distantly bound STAT5, resulting in
sustained IGF-I gene transcription. STAT5 and HNF-3�

cooperate in mediating GH regulation of cytochrome
P-450 gene expression in the liver (51). Therefore, it is
also tempting to speculate that HNF-3� and STAT5
might cooperate in activating IGF-I gene transcription.
However, HNF-3� and STAT5 did not appear to do so in
stimulating reporter gene expression from the IGF-I pro-
moter in CHO cells (data not shown). It remains to be
determined whether such cooperation exists in the liver.

In summary, this study shows that GH increases gene
transcription of the liver-enriched transcription factor
HNF-3� in bovine liver through STAT5 interaction with
a conserved STAT5 binding site in the HNF-3� promoter
and that GH-increased HNF-3� may increase gene tran-
scription of IGF-I by binding to a conserved HNF-3 bind-
ing site in the IGF-I promoter. These results suggest that in
addition to direct stimulation, GH-activated STAT5 may
also indirectly stimulate IGF-I gene transcription by en-
hancing gene expression of the liver-enriched transcrip-

tion factor HNF-3� in the liver. Such an indirect mecha-
nism may explain in part why IGF-I mRNA is expressed
at a much higher level in liver than in other tissues and
why IGF-I mRNA expression continues to increase,
whereas STAT5 activation is temporary in response to
GH (52). Because both the HNF-3 binding site and the
STAT5 binding site identified in this study are conserved
in various mammals, we speculate that the GH-STAT5-
HNF-3�-IGF-I relationship identified in this study may
exist in animals in addition to cattle.

Materials and Methods

Animal experiments
Nonlactating and nonpregnant Angus crossbred cows (3–5

yr of age, 510–550 kg weight) were used in this study. Liver
biopsy samples were taken from each cow 1 wk before and 24 h
after injection of 500 mg recombinant bovine GH formulated
for sustained (2 wk) release (Monsanto Co., St. Louis, MO). The
liver biopsy procedure was performed as previously described
(30). Upon collection, the tissue samples were immediately pro-
cessed for chromatin isolation or nuclear protein extraction or
stored at �80 C for RNA isolation. These as well as the follow-
ing animal-related procedures were approved by the Virginia
Tech Institutional Animal Care and Use Committee.

Plasmid construction
A 2185-bp bovine IGF-I promoter, between nucleotide

�2058 and nucleotide �146 relative to the major transcription
start site, numbered �1, for class 2 IGF-I mRNA (32), was
amplified from bovine genomic DNA by standard PCR with
sequence-specific primers bIGF-IP1921F1 and bIGF-IPR2
(Table 2) and cloned into the promoterless luciferase reporter

TABLE 2. PCR primers used in this study

Name Sequence (5�–3�) Application Amplicon size (bp)
bHNF3gRPAF1 GAGCGGGCGGGATCCGAGG PCR 239
bHNF3gRPAPR1 CATCTTCACTGAGCCCAGCAT
bHNF3gPF1 ATGCTAGCCGCCGGGAAATGGAGTC PCR 961
bHNF3gPR1 GCAAGCTTCATCTTCACTGAGCCCAGCAT
bHNF3gPChIPF1 AGCCCTTCATTTCCGTCTTT ChIP 120
bHNF3gPChIPR1 AGGGAGCAGAGTCTTCGTGA
HNF3gF GAGAATTCATGCTGGGCTCAGTGAAGAT3 PCR 1082
HNF3gR CCAGCGGCCGCACCCCTGCTAGGATGCATTA
bIGF-IP1921F1 TTCGGTACCACAGTGTCTGTGTTTTGTA PCR 2185
bIGF-IPR2 AAACTCGAGCAGCAAAATTTGAGGGCAAT
bIGF-IPChIPF1 TTTGCCAGAAGAGGGAGAGA ChIP 161
bIGF-IP1ChIPR1 GCAGGCTCTATCTGCTCTGAA
bGAPDHPF1 ACTACTCTCCCGCAGTGCTC ChIP 185
bGAPDHPR1 AGTAGTCGGCCTACCGCTTT
bHNF3gPm2F TGGAGGCTGCGGCCGCATGGAGTTCA STAT5 site 2 mutagenesis
bHNF3gPm2R TGAACTCCATGCGGCCGCAGCCTCCA STAT5 site 2 mutagenesis
bIGF-IP1921m1F1 TTCGGTACCACAGTGTCTGTGTTTTGTGCGGCCGC

GTGAGGATTTTCTCTAAAT
HNF-3 site 1 mutagenesis

bIGF-IP1921m2F1 GTGATTTCTTGAGCGGCCGCGCGATTTCTTACTC HNF-3 site 2 mutagenesis
bIGF-IP1921m2R1 GAGTAAGAAATCGCGGCCGCGCTCAAGAAATCAC HNF-3 site 2 mutagenesis

The top sequence of a pair of primers is the forward primer and the bottom sequence the reverse primer. Underlined are restriction enzyme
recognition sites added for cloning or mutagenesis.
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vector pGL2-basic (Promega, Madison, WI) at the restriction
sites KpnI and XhoI to generate the plasmid pGL2B-bIGF-IP. A
239-bp bovine HNF-3� DNA region, predicted to cover the
putative transcription start site based on the 5� end sequences of
the human, mouse, and rat HNF-3� mRNA (GenBank acces-
sion numbers NM_004497, NM_008260, and NM_017077,
respectively), was amplified by a standard PCR with primers
bHNF3gRPAF1 and bHNF3gRPAR1 (Table 2). This PCR
product was cloned into the pGEM-T Easy vector (Promega) to
generate the plasmid, pGEM-TEbHNF-3�239. A standard PCR
was used to amplify a 961-bp promoter region, between nucle-
otide �811 and nucleotide �149 relative to the major transcrip-
tion start site (�1) of HNF-3� mRNA, of the bovine HNF-3�
gene with primers bHNF3gPF1 and bHNF3gPR1 (Table 2).
This PCR product was cloned into the pGL2B vector between
the NheI and HindIII sites to generate the plasmid pGL2B-
bHNF-3�P. A 1063-bp bovine HFN-3� cDNA, which was ex-
pected to encode the full-length HNF-3� protein, was amplified
from bovine liver total RNA by standard RT-PCR using primers
HNF-3gF and HNF-3gR (Table 2). This PCR product was
cloned into the expression vector pcDNA3.1 (Invitrogen, Carls-
bad, CA) at the EcoRI and NotI sites to generate the plasmid
pcDNA3.1-bHNF-3�.

The putative HNF-3 binding site 1, site 2, or both, in the IGF-I
promoter insert of the pGL2B-bIGF-IP plasmid were mutated into
NotI restriction sites to generate the plasmids pGL2B-bIGF-Ipm1,
pGL2B-bIGF-Ipm2, and pGL2B-bIGF-Ipm1m2, respectively. The
mutations were made by PCR-based site-directed mutagenesis as
described previously (19), using primers bIGF-IP1921m1F1, bIGF-
IP1921m2F1, and bIGF-IP1921m2R1 (Table 2). Similarly, the pu-
tative STAT5 binding site in the HNF-3� promoter insert in
pGL2B-bHNF-3�P was mutated to generate the plasmid pGL2B-
bHNF-3�Pm, using primers bHNF3gPm2F and bHNF3gPm2R
(Table 2).

Other plasmids used in this study included the GH receptor
expression plasmid pcDNA3.1-bGHR (19), the wild-type
STAT5b expression plasmid pMX-STAT5b (53), and cDNA
plasmids to generate antisense riboprobes for ribonuclease pro-
tection assay of HNF-3�, IGF-I, and GAPDH mRNA (30, 54).

All inserts and mutations of the plasmids made in this study
were verified by DNA sequencing. The ability of pcDNA3.1-
bHNF-3� to express HNF-3� protein was confirmed by gel
electrophoresis of products of in vitro transcription and trans-
lation of this plasmid in the presence of [35S]Met, and this was
done essentially as previously described (19).

Ribonuclease protection assay
Total RNA from liver samples was isolated using TRI re-

agent (Molecular Research Center, Cincinnati, OH), essentially
according to the manufacturer’s instructions. Ribonuclease pro-
tection assays were performed to analyze IGF-I, HNF-3�, and
GAPDH mRNA levels and also to determine the transcription
start site of the HNF-3� gene in bovine liver. The antisense
riboprobes for the assays were synthesized as described previ-
ously (18). The assays were carried out using the RPA II kit
(Ambion, Austin, TX). Briefly, 20 �g of total RNA were mixed
with 1 � 105 dpm of HNF-3� or IGF-I antisense probe in a total
volume of 20 �l hybridization buffer. In the assay of IGF-I and
HNF-3� mRNA, 1 � 104 dpm GAPDH antisense probe synthe-
sized at 10 times lower specific activity was included as a loading
control. The mixture was incubated at 42 C for 16 h and then
digested with ribonucleases A and T1 at 37 C for 45 min. The

protected RNA fragments were precipitated and resolved on 6%
polyacrylamide gels containing 7 M urea and were visualized by
phosphorimaging. The densities of the protected bands were
measured using the ImageJ software (http://rsb.info.nih.gov/ij).

A sequencing ladder of the antisense strand of the 239-bp
HNF-3� DNA fragment was generated by using the fmol DNA
sequencing system (Promega) and primer 5�-CATCTTCACT-
GAGCCCAGCAT-3�. The primer was labeled with [32P]�-ATP
and T4 polynucleotide kinase as described previously (55). This
sequencing ladder served as a reference in the ribonuclease pro-
tection assay of the HNF-3� mRNA start site.

ChIP assay
The nuclei from fresh liver samples were prepared as de-

scribed previously (18). The nuclei were subsequently sheared
on ice with 10 pulses of 20 sec sonication using a sonic dismem-
brator model 100 at setting 3 (Fisher Scientific, Pittsburgh, PA).
Under these conditions, the chromatin was sheared to fragments
200–500 bp long. The sheared chromatin was either immedi-
ately immunoprecipitated or stored at �80 C. Immunoprecipi-
tation of the sheared chromatin was performed using a ChIP-IT
kit (Active Motif, Carlsbad, CA), following the manufacturer’s
directions. Briefly, the sheared chromatin from approximately
200 mg tissue was mixed with 25 �l protein G-Dynal magnetic
beads, 3 �g STAT5 antibody (sc-835; Santa Cruz Biotechnol-
ogy, Inc., Santa Cruz, CA), or 3 �g HNF-3� antibody (sc-5361;
Santa Cruz Biotechnology) in a final volume of 200 �l ChIP
buffer 1 (from the kit) and was incubated overnight at 4 C. The
immunocomplexes binding to the protein G-Dynal magnetic
beads were collected using a magnetic stand. The magnetic
beads were washed, and the chromatin was eluted using the
reagents from the ChIP-IT kit, according to the manufacturer’s
instructions. The eluted chromatin was reverse cross-linked by
overnight incubation at 65 C. Meanwhile, 10% of the sonicated
chromatin before immunoprecipitation (i.e. the input chroma-
tin) was also reverse cross-linked. The DNA from the reverse
cross-linked samples was extracted by proteinase K digestion
followed by phenol-chloroform extraction.

Abundance of the IGF-I or HNF-3� promoter DNA in the
HNF-3� antibody or STAT5 antibody-precipitated chromatin
or input chromatin was determined by semiquantitative PCR
using 2� PCR Master Mix (Promega) and sequence-specific
primers (Table 2). The abundance of the GAPDH promoter in
these chromatin samples was also analyzed by PCR as a loading
control. The GAPDH promoter was not expected to be bound
by STAT5 or HNF-3 because it does not contain a putative
STAT5 or HNF-3 binding site and is not regulated by GH (30).
The PCR conditions were 30 cycles of 94 C for 30 sec, 60 C for
1 min, and 72 C for 2 min. The PCR products were resolved
through standard agarose gels. Densities of DNA bands were
measured using the ImageJ software. The density of a DNA
fragment in an antibody-precipitated chromatin sample was
normalized to that of the same fragment in the corresponding
input chromatin to control for variation in PCR efficiency.

EMSA
Nuclear proteins from liver samples were prepared as de-

scribed previously (18). Double-stranded oligonucleotides cor-
responding to the putative HNF-3 binding sites in the IGF-I
promoter or the putative STAT5 binding sites in the HNF-3�
promoter were end-labeled with 32P using T4 polynucleotide
kinase (Promega). The sequences of these oligonucleotides are
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shown in Table 1. Ten micrograms of bovine liver nuclear pro-
teins were incubated with 1 � 105 dpm 32P-labeled oligonucle-
otide probe in a reaction buffer containing 20% glycerol, 20 mM

Tris-HCl (pH 7.5), 100 mM KCl, 1 mM dithiothreitol, 1 mM

EDTA, and 2 �g poly(deoxyinosine-deoxycytosine) for 90 min
at 4 C. After the incubation, the DNA-protein mixtures were
resolved on native 6% polyacrylamide gels. After electrophore-
sis, the gels were dried and visualized by phosphorimaging. For
supershift assays of the STAT5 binding site, the nuclear protein
extracts were incubated with 2 �g anti-STAT5 antibody (sc-
835; Santa Cruz) or 2 �g rabbit preimmune serum in the reac-
tion buffer for 1 h at 4 C before being incubated with the radio-
labeled oligonucleotide. For supershift assays of the HNF-3
binding sites, the nuclear protein extracts were incubated
with 2 �g anti-HNF-3� (sc-6553), anti-HNF-3� (sc-6554),
anti-HNF-3� (sc-5361) (Santa Cruz), or goat preimmune serum
at 4 C overnight before the labeled oligonucleotide was added.
For the competitive gel-shift assays, the 32P-labeled oligonucle-
otide was incubated with the nuclear protein extracts in the
presence of 1�, 10�, and 100� molar excess of the same un-
labeled oligonucleotide or an unrelated oligonucleotide (Table
1) before gel electrophoresis.

Transfection of CHO cells and luciferase assay
The Chinese hamster ovary cell line CHO cells were grown in

MEM supplemented with 1 mM sodium pyruvate, 2 mM L-glu-
tamine, 100 U/ml penicillin, 100 �g/ml streptomycin, and 10%
fetal bovine serum. All reagents used in cell culture were pur-
chased from Sigma-Aldrich, Inc. (St. Louis, MO). The cells were
cultured at 37 C in a humidified 5% CO2 atmosphere. Approx-
imately 24 h before transfection, the cells were plated in 24-well
plates at a density of 5 � 104 per well. In the transfection
analyses to determine the ability of HNF-3� to activate the IGF-I
promoter, CHO cells in each well were transfected with 0.5 �g
of the IGF-I promoter construct pGL2B-bIGF-IP, pGL2B-bIGF-
Ipm1, pGL2B-bIGF-Ipm2, or pGL2B-bIGF-Ipm1m2, 0.5 �g
pcDNA3.1-bHNF-3� or pcDNA3.1 (empty vector), and 1 ng of
the transfection efficiency control plasmid pRL-CMV (Pro-
mega), using FuGENE 6 as the transfection reagent (Roche Ap-
plied Science, Indianapolis, IN). The cells were lysed 48 h after
the transfection. In the transfection analyses to determine GH
response of the HNF-3� promoter, the cells in each well were
transfected with 0.5 �g of the HNF-3� promoter construct
pGL2B-bHNF-3�P or pGL2B-bHNF-3�Pm, 0.5 �g pcDNA3.1-
bGHR, 0.5 �g pMX-STAT5b, and 1 ng pRL-CMV. About 24 h
after the transfection, the medium was replaced with serum-free
MEM, and the cells were further cultured for 16 h. Subse-
quently, the cells were treated with 500 ng/ml recombinant bo-
vine GH (National Hormone and Peptide Program, Torrance,
CA) or an equal volume of PBS (the vehicle for GH) for 8 h. Cell
lysis and dual-luciferase assay were performed using the dual-
luciferase reporter assay system (Promega), according to the
manufacturer’s instructions. The luciferase activity expressed
from a promoter construct was divided by that from pRL-CMV
in the same well to normalize the variation in transfection
efficiency.

Isolation and transfection of mouse hepatocytes
Mouse hepatocytes were isolated from livers of male

C56BL/6 mice 6–8 wk of age using the two-step perfusion pro-
cedure (56). Briefly, the mouse was anesthetized with 0.5 mg/g
body weight of Avertin, and a catheter was inserted and ad-

vanced into the inferior vena cava for perfusion. The liver was
first perfused with the Krebs Ringer buffer containing 0.1 mM

EGTA. The liver was subsequently perfused and digested with
Ca2�-activated collagenase D at 1 mg/ml (Roche) in Krebs
Ringer buffer. The hepatocytes were collected from the perfused
liver and washed with precooled MEM supplemented with 10%
fetal bovine serum. The hepatocytes were pelleted by centrifu-
gation at 50 � g for 2 min. Viability of the hepatocytes was
determined by trypan blue staining. Only the isolations contain-
ing more than 85% viable hepatocytes were used in transfection
experiments. The hepatocytes were plated into 24-well plates at
2 � 105 per well. Twenty-four hours later, the hepatocytes in
each well were transfected with 0.5 �g of the IGF-I promoter
construct pGL2B-bIGF-IP, pGL2B-bIGF-IPm1, pGL2B-bIGF-
IPm2, or pGL2B-bIGF-IPm1m2, and 5 ng pRL-CMV, using
GeneJet as the transfection reagent (SignaGen Laboratories,
Gaithersburg, MD). About 24 h after the transfection, the hepa-
tocytes were serum starved for 8 h, followed by 24 h treatment
with 500 ng/ml recombinant bovine GH or an equal volume of
PBS. Cell lysis and dual-luciferase assay were performed as de-
scribed above.

Statistical analyses
The statistical significance of the difference between two

means in a given experiment was determined using Student’s t
test. Means of more than two groups were compared using
ANOVA followed by Tukey’s test. These analyses were per-
formed using the general linear model of SAS (SAS Institute,
Inc., Cary, NC). All data are expressed as mean � SEM.

Acknowledgments

Address all correspondence and requests for reprints to: Honglin
Jiang, 3130 Litton Reaves Hall, Virginia Polytechnic Institute and
State University, Blacksburg, Virginia 24061-0306. E-mail:
hojiang@vt.edu.

This work was supported by National Institutes of Health
Grant DK67961 and United States Department of Agriculture
Cooperative State Research, Education, and Extension Service
Grant no. 2009-35205-05221 (to H.J.).

Current address for S.E.: Division of Experimental Hematol-
ogy and Cancer Biology, Cincinnati Children’s Hospital Medi-
cal Center, Cincinnati, Ohio 45229.

Current address for Y.W.: Eton Bioscience, Inc., Research
Triangle Park, North Carolina 27709.

J.Y. is a visiting scholar from Institute of Animal Nutrition,
Sichuan Agricultural University, China.

Disclosure Summary: The authors have nothing to disclose.

References

1. Stewart CE, Rotwein P 1996 Growth, differentiation, and survival:
multiple physiological functions for insulin-like growth factors.
Physiol Rev 76:1005–1026

2. LeRoith D 2008 Clinical relevance of systemic and local IGF-I:
lessons from animal models. Pediatr Endocrinol Rev 5(Suppl 2):
739–743

3. Pollak M 2008 Insulin and insulin-like growth factor signalling in
neoplasia. Nat Rev Cancer 8:915–928

4. Samani AA, Yakar S, LeRoith D, Brodt P 2007 The role of the IGF
system in cancer growth and metastasis: overview and recent in-
sights. Endocr Rev 28:20–47

Mol Endocrinol, December 2009, 23(12):2026–2037 mend.endojournals.org 2035

The Endocrine Society. Downloaded from press.endocrine.org by [${individualUser.displayName}] on 07 July 2014. at 12:43 For personal use only. No other uses without permission. . All rights reserved.



5. Meyer-Schwickerath R, Pfeiffer A, Blum WF, Freyberger H, Klein
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Cloning and characterization of seven human forkhead proteins:
binding site specificity and DNA bending. EMBO J 13:5002–
5012

51. Park SH, Waxman DJ 2001 Inhibitory cross-talk between STAT5b
and liver nuclear factor HNF3�: impact on the regulation of growth
hormone pulse-stimulated, male-specific liver cytochrome P-450
gene expression. J Biol Chem 276:43031–43039

52. Ram PA, Park SH, Choi HK, Waxman DJ 1996 Growth hormone
activation of Stat 1, Stat 3, and Stat 5 in rat liver. Differential
kinetics of hormone desensitization and growth hormone stimula-
tion of both tyrosine phosphorylation and serine/threonine phos-
phorylation. J Biol Chem 271:5929–5940

53. Ariyoshi K, Nosaka T, Yamada K, Onishi M, Oka Y, Miyajima A,
Kitamura T 2000 Constitutive activation of STAT5 by a point
mutation in the SH2 domain. J Biol Chem 275:24407–24413

54. Kobayashi Y, Boyd CK, Bracken CJ, Lamberson WR, Keisler DH,
Lucy MC 1999 Reduced growth hormone receptor (GHR) messenger
ribonucleic acid in liver of periparturient cattle is caused by a specific
down-regulation of GHR 1A that is associated with decreased insulin-
like growth factor I. Endocrinology 140:3947–3954

55. Xu Q, Walther N, Jiang H 2004 Chicken ovalbumin upstream
promoter transcription factor II (COUP-TFII) and hepatocyte nu-
clear factor 4� (HNF-4�) and HNF-4� regulate the bovine growth
hormone receptor 1A promoter through a common DNA element.
J Mol Endocrinol 32:947–961

56. Seglen PO 1976 Preparation of isolated rat liver cells. Methods Cell
Biol 13:29–83

Mol Endocrinol, December 2009, 23(12):2026–2037 mend.endojournals.org 2037

The Endocrine Society. Downloaded from press.endocrine.org by [${individualUser.displayName}] on 07 July 2014. at 12:43 For personal use only. No other uses without permission. . All rights reserved.




