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Abstract
Epidermal growth factor (EGF) is a key regulator of cell

survival and proliferation involved in the pathogenesis and

progression of different types of cancer. The EGF receptor

(EGFR) is activated by binding of the specific ligand but also by

transactivation triggered by different growth factors including

GH.Chronically, elevatedGH levels have been associatedwith

the progression of hepatocellular carcinoma.Considering EGF

and GH involvement in cell proliferation and their signaling

crosstalk, the objective of the present study was to analyze GH

modulatory effects on EGF signaling in liver. For this purpose,

GH receptor-knockout (GHR-KO) and GH-overexpressing

transgenic mice were used. EGFR content was significantly

decreased in GHR-KO mice. Consequently, EGF-induced

phosphorylation of EGFR, AKT, ERK1/2, STAT3, and

STAT5 was significantly decreased in these mice. In contrast,

EGFR content as well as its basal tyrosine phosphorylation was
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increased in transgenic mice overexpressing GH. However,

EGF stimulation caused similar levels of EGFR, AKT, and

ERK1/2 phosphorylation in normal and transgenic mice,

while EGF induction of STAT3 and STAT5 phosphorylation

was inhibited in the transgenic mice. Desensitization of

the STATs was related to decreased association of these

proteins to the EGFR and increased association between

STAT5 and the tyrosine phosphatase SH2-containing

phosphatase-2. While GHR knockout is associated with

diminished expression of the EGFR and a concomitant

decrease in EGF signaling, GH overexpression results in

EGFR overexpression with different effects depending on

the signaling pathway analyzed: AKT and ERK1/2 pathways

are induced by EGF, while STAT3 and STAT5 activation is

heterologously desensitized.
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Introduction

The relevance of growth factors to the pathogenesis of human

cancer has long been established. Different mechanisms may

contribute to amplify the signal driven by growth factors:

the overexpression of growth factors or the overexpression

and/or hyperactivation of their receptors or molecules

involved in their signaling cascades. Among the growth

factors and growth factor receptors that have been shown

to be involved in the pathogenesis and progression of

different carcinoma types is the epidermal growth

factor (EGF) family of peptide growth factors and the

EGF receptor (EGFR; Ito et al. 2001, Normanno et al.

2001, 2006).

EGFR (ErbB-1) belongs to a family of receptors, which

comprises three additional proteins ErbB-2, ErbB-3, and

ErbB-4. ErbB receptors are activated by binding of growth

factors of the EGF family, which are produced in an autocrine

or paracrine way. EGF binding to its receptor leads to ErbB1

homodimerization or heterodimerization with the other

ErbB receptors (Jorissen et al. 2003). This leads to the
activation of the receptor tyrosine kinase domain and

phosphorylation of multiple tyrosine residues within their

intracellular domains (Boeri Erba et al. 2005, Wu et al. 2006).

EGFR phosphorylation leads to recruitment of a number of

docking and signaling proteins such as Grb-2, SHC, protein

tyrosine phosphatase (PTP)-1B, PLCg and SRC, among

others. These interactions trigger intracellular signaling

cascades such as the Ras/RAF/MEK/ERK (p44/p42

MAPK), p38 MAPK, the PKC, the PI3K/AKT, and the

STAT pathways, involved in cell proliferation, survival, and

motility (Jorissen et al. 2003, Henson & Gibson 2006,

Normanno et al. 2006).

ErbB receptors are activated not only by direct binding of

specific ligands but also by transactivation. Growth factors

such as GH and prolactin (PRL) can indirectly activate

ErbB receptors through tyrosine kinase JAK2 (Yamauchi

et al. 1997, 1998, 2000). GH was first described to induce

Tyr1068 EGFR phosphorylation both in vitro and in vivo

(Yamauchi et al. 1997, 1998). GH was also shown to

induce EGFR phosphorylation at residues Tyr845, Tyr992,

and Tyr1173 in mouse preadipocytes (Kim et al. 1999,
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Huang et al. 2003). GH and PRL can also control EGFR

turnover by threonine phosphorylation, thus modulating

EGFR signaling (Kim et al. 1999, Huang et al. 2003, 2004).

GH is a pituitary hormone involved in longitudinal

growth promotion and metabolic processes. GH binding to

its receptor (GHR) triggers enhanced association with and

activation of JAK2, which subsequently phosphorylates

diverse signaling mediators (Waters et al. 2006, Lanning &

Carter-Su 2007, Brooks et al. 2008). Three major signaling

systems are activated in response to GH: the STATs, PI3K/

AKT, and p44/p42 MAPK (ERK1/2) signaling pathways.

Concerning the STATs, GH has been reported to activate

STAT1, STAT3, and, mainly, STAT5, which regulates the

transcription of the insulin-like growth factor 1 (Igf1) gene

(Zhu et al. 2001, Woelfle & Rotwein 2004).

Several recent studies have suggested that, in addition to

its effects on growth and metabolism, GH is involved in

tumorigenesis and tumor progression. GH overexpression has

been associated with cancer in animal models as well as

in humans; indeed, acromegalic patients show an increased

incidence of this pathology (Webb et al. 2002, Jenkins 2004,

Siegel & Tomer 2005). Moreover, proliferative diseases in

humans have been associated with the overexpression of GH

(Raccurt et al. 2002). Transgenic mice overexpressing GH are

more susceptible to develop cancer (Orian et al. 1990, Wanke

et al. 1991, Snibson 2002) and they have an increased

tendency to develop hepatocellular carcinoma at advanced

ages (Snibson 2002, Bartke 2003). On the contrary, absence

or low GH levels are associated with reduced tendency to

develop malignancies spontaneously (Anisimov 2001, Ikeno

et al. 2003) or in response to administration of carcinogens

(Styles et al. 1990, Pollak et al. 2001).

The increased susceptibility of transgenic mice over-

expressing GH to develop liver cancer could be attributed

to high levels of circulating IGF1. However, IGF1 has been

described to induce discrete metabolic effects and only a slight

increase of DNA synthesis in liver (Hartmann et al. 1990,

Kimura & Ogihara 1998, Grunnet et al. 1999). Moreover,

IGF1 binding to hepatocytes is barely detectable (Barreca

et al. 1992, Santos et al. 1994). What is more, transgenic mice

overexpressing IGF1 do not show the hepatic histopatho-

logical alterations that are observed in the liver of

GH-overexpressing transgenic mice (Bartke 2003). Even

when up-regulation of proliferative and anti-apoptotic

cascades has been reported in mice overexpressing GH

(Miquet et al. 2008), the main GH signaling pathway, JAK2/

STAT5, is desensitized in liver of mice overexpressing GH

(González et al. 2002, Miquet et al. 2004, 2005). This implies

that this signaling pathway would not be involved in the

proliferative effect of overexpressed GH.

A possible explanation to justify the association between

hepatocellular carcinoma and high GH levels involves the

modulatory role of GH over the action of liver mitogens like

EGF. GH has been previously described to regulate hepatic

EGFR expression. The receptor expression is diminished

in hypophysectomized mice, and in partially GH-deficient
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mutant mice, this deficiency was reversed by exogenous GH

administration (Jansson et al. 1988, Johansson et al. 1989).

Moreover, EGFR content was found to be increased in

transgenic mice overexpressing GH (Miquet et al. 2008).

The objective of this study was to analyze how GH

modulates EGF signaling. For this purpose, EGF signaling

pathways were analyzed in two different in vivo models: one

resistant to the actions of GH (GHR-KO mouse); and the

other with increased circulating GH levels (transgenic mice

overexpressing bovine GH (bGH)).
Materials and Methods

Reagents

Highly purified ovine GH (oGH) of pituitary origin was

obtained through the National Hormone and Pituitary

Program, NIDDK, NIH, USA. Recombinant human EGF,

BSA-fraction V, and protein A Sepharose were obtained

from Sigma Chemical Co.; PVDF membranes and

enhanced chemiluminescence (ECL)-Plus from Amersham

Biosciences. Secondary antibodies conjugated with HRP,

agarose-conjugated anti-Grb2, and antibodies anti-STAT5

(C-17) and anti-EGFR (1005) were purchased from Santa

Cruz Biotechnology Laboratories (Santa Cruz, CA,

USA). Antibody anti-phospho-STAT5a/b Tyr694/696

was from Upstate Laboratories (Lake Placid, NY,

USA). Antibodies anti-phospho-AKT Ser473, anti-AKT,

anti-p44/42 MAP kinase, anti-phospho-p44/42 MAP

kinase Thr202/Tyr204, anti-Grb2, anti-phospho-STAT3

Tyr705, anti-phospho-EGFR Tyr845, anti-phospho-EGFR

Tyr992, and anti-phospho-EGFR Tyr1068 were from Cell

Signaling Technology Inc. (Beverly, MA, USA). Antibodies

anti-STAT3 and anti-SH2-containing phosphatase-2

(SHP-2) were purchased from Transduction Laboratories

(Lexington, KY, USA). All other chemicals were of

reagent grade.
Animals

GHR-KO mice (K/K) were developed as described

previously (Zhou et al. 1997). GHR-KO mice and normal

littermate controls were produced by mating heterozygous

(C/K) carriers of the disrupted GHR/GHBP gene or

homozygous knockout (K/K) males with C/K females.

The genetic background of these animals is derived from 129/

Ola embryonic stem cells and from BALB/c, C57BL/6, and

C3H-inbred strains. Phosphoenolpyruvate carboxykinase

(PEPCK)-bGH mice containing the bGH gene fused to

control sequences of the rat Pepck (Pck1 as listed in the MGI

Database) gene (McGrane et al. 1990) were derived from

animals kindly provided by Drs T E Wagner and J S Yun

(Ohio University, Athens, OH, USA). The hemizygous

transgenic mice were derived from a founder male, and

were produced by mating transgenic males with normal
www.endocrinology-journals.org
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C57BL/6!C3H F1 hybrid females purchased from the

Jackson Laboratory (Bar Harbor, ME, USA). Mating

produced approximately equal proportion of transgenic and

normal progeny. Normal siblings of transgenic mice were

used as controls.

GHR-KO and PEPCK-bGH adult animals (4–7 months

old) were used. The mice were housed 3–5 per cage in a room

with controlled light (12 h light/day) and temperature

(22G2 8C). The animals had free access to food (Lab Diet

Formula 5001; PMI Inc., St Louis, MO, USA) and tap water.

The appropriateness of the experimental procedure, the

required number of animals used, and the method of

acquisition were in compliance with federal and local laws,

and with institutional regulations.
Animal treatments

GHR-KO mice, PEPCK-bGH transgenic mice, and their

respective normal littermate controls were fasted for 6 h prior

to i.p. injection with 2.5 mg oGH per kg of body weight

(BW) (2.5 mg/kg BW) in 0.9% w/v NaCl or with

recombinant human EGF at 2 mg/kg BW in 0.9% w/v

NaCl. Additional mice were injected with saline to evaluate

basal conditions. Mice were killed 7.5 min after GH injection

or 10 min after EGF administration; the livers were removed

and stored frozen at K70 8C until liver homogenization.
Preparation of liver extracts

Liver samples were homogenized at the ratio 0.1 g:1 ml in

buffer composed of 1% v/v Triton, 0.1 mol/l HEPES,

0.1 mol/l sodium pyrophosphate, 0.1 mol/l sodium fluoride,

0.01 mol/l EDTA, 0.01 mol/l sodium vanadate, 0.002 mol/l

phenylmethylsulfonyl fluoride, and 0.035 trypsin inhibitory

units/ml aprotinin (pH 7.4) at 4 8C. Liver homogenates were

centrifuged at 100 000 g for 40 min at 4 8C to remove

insoluble material. Protein concentration of supernatants was

determined by the method of Bradford (1976). An aliquot

of solubilized liver was diluted in Laemmli buffer, boiled

for 5 min, and stored at K20 8C until electrophoresis.
Immunoprecipitation

Aliquots of solubilized liver containing 4 mg protein were

incubated at 4 8C overnight with anti-STAT5, anti-STAT3,

anti-SHP-2, or agarose-conjugated anti-Grb2 antibodies.

In the case of non-conjugated antibodies, after incubation,

20 ml protein A Sepharose (50% v/v) was added to the

mixture. The preparation was further incubated with constant

rocking for 2 h and then centrifuged at 3000 g for 1 min at

4 8C. The supernatant that resulted after protein immuno-

precipitation was discarded, and the precipitate was washed

three times with washing buffer (0.05 mol/l Tris, 0.01 mol/l

vanadate, and 1% v/v Triton X-100, pH 7.4). The final pellet
was resuspended in 35 ml Laemmli buffer, boiled for 5 min,

and stored at K20 8C until electrophoresis.
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Western blot analysis

Samples were subjected to electrophoresis in SDS-polyacryl-

amide gels using Bio-Rad Mini Protean apparatus (Bio-Rad

Laboratories). Electrotransference of proteins from gel to

nitrocellulose PVDF membranes was performed for 1 h at

100 V (constant) using the Bio-Rad miniature transfer

apparatus in 0.025 mol/l Tris, 0.192 mol/l glycine, and 20%

v/v methanol, pH 8.3. To reduce non-specific antibody

binding, membranes were incubated 2 h at room temperature

in T-TBS buffer (0.01 mol/l Tris–HCl, 0.150 mol/l NaCl,

and 0.02% v/v Tween 20, pH 7.6), containing 3% w/v BSA.

The membranes were then incubated overnight at 4 8C

with the primary antibodies. After washing with T-TBS,

the membranes were incubated with a secondary antibody

conjugated with HRP for 1 h at room temperature and

washed in T-TBS. Immunoreactive proteins were revealed by

ECL-Plus (Amersham Biosciences) using preflashed Kodak

XAR film (Eastman 222 Kodak). Band intensities were

quantified using Gel-Pro Analyzer 4.0 software (Media

Cybernetics, Silver Spring, MD, USA).

To reprobe with other antibodies, the membranes

were washed with acetonitrile for 10 min and then

incubated in stripping buffer (2% w/v SDS, 0.100 mol/l

2-mercaptoethanol, and 0.0625 mol/l Tris–HCl, pH 6.7)
for 40 min at 50 8C while shaking, washed with deionized

water, and blocked with BSA.
Statistical analysis

Experiments were performed by analyzing all groups of

animals in parallel, n representing the number of different

individuals used in each group. Results are presented as

meanGS.E.M. of the number of samples indicated. Statistical

analyses were performed by ANOVA followed by the

Newman–Keuls multiple comparison test using the

GraphPad Prism 4 statistical program by GraphPad Software,

Inc. (San Diego, CA, USA). Data were considered

significantly different if P!0.05.
Results

Activation of EGF signaling pathways in liver of GHR-KOmice

EGFR phosphorylation at Tyr845, Tyr992, and Tyr1068 and

protein content were analyzed by western blotting of liver

solubilizates with specific antibodies (Fig. 1). EGFR protein

levels were lower in GHR-KO mice than in normal control

mice (Fig. 1A). Basal phosphorylation at Tyr845, Tyr992, and

Tyr1068 was not different between normal and GHR-KO

mice, but EGF-induced phosphorylation of EGFR was

significantly decreased in GHR-KO mice compared to

EGF-induced phosphorylation in normal mice (Fig. 1B–D

and Supplementary Figure 1, see section on supplementary

data given at the end of this article). When EGF-induced
Journal of Endocrinology (2010) 204, 299–309
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Figure 1 EGFR content and phosphorylation in normal and GHR-
KO mice. Normal and GHR-KO mice were injected i.p. with saline
or EGF (2 mg/kg), killed after 10 min, and the livers were removed.
Equal amounts of solubilized liver protein were separated by SDS-
PAGE and subjected to immunoblot analysis. Representative results
of immunoblots with anti-EGFR (A), anti-phospho-EGFR Tyr845 (B),
anti-phospho-EGFR Tyr992 (C), and anti-phospho-EGFR Tyr1068
(D) are shown. Quantification was performed by scanning
densitometry and expressed as percent of values measured for EGF-
stimulated normal mice. Data resulting form quantification analysis
were used to calculate the ratio pY845, 992, 1068 EGFR/EGFR
content. Data are expressed as the meanGS.E.M. of the indicated
number of subsets (n) of different individuals. Different letters
denote significant difference at P!0.05. Representative results from
two samples per experimental condition are shown.
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phosphorylation at Tyr845, Tyr992, and Tyr1068 of the

receptor was correlated with the EGFR content, no

significant differences were observed between EGF-induced

phosphorylation of EGFR from GHR-KO and normal

mice (Fig. 1).

AKT protein content and phosphorylation at the activating

residue Ser473 in response to EGF stimulation were also

analyzed. Neither AKTexpression nor basal phosphorylation

differed between GHR-KO and normal mice (Fig. 2A and

Supplementary Figure 2A, see section on supplementary data

given at the end of this article), but EGF-stimulated AKT
Journal of Endocrinology (2010) 204, 299–309
phosphorylation was reduced in GHR-KO mice compared

to normal mice (Fig. 2A and Supplementary Figure 2A).

Similar results were observed when ERK1/2 content and

phosphorylation at residues Thr202 and Tyr204 were studied.

While ERK1/2 expression and basal phosphorylation did

not significantly differ between GHR-KO and normal mice,

EGF activation of ERK1/2 was significantly diminished in

GHR-KO mice (Fig. 2B and Supplementary Figure 2B).

Similarly, EGF signaling through STAT3 and STAT5 was

analyzed in GHR-KO and normal mice. As expected in

the context of an extended decrease of EGF signaling in

GHR-KO mice, STAT3 and STAT5 phosphorylation due to

EGF stimulus was diminished in GHR-KO mice without

any changes in protein content and basal phosphorylation

between normal and GHR-KO mice (Fig. 2C, D, and

Supplementary Figure 2C and D).
Activation of EGF and GH signaling pathways in GH
transgenic mice

EGF signaling was subsequently analyzed in a mouse model

of GH overexpression. As already mentioned earlier,

transgenic mice overexpressing GH display higher EGFR

expression and increased basal phosphorylation at residue

Tyr845 (Fig. 3A and B; Miquet et al. 2008). Basal

phosphorylation at residues Tyr992 and Tyr1068 of the

EGFR is also increased in these mice (Fig. 3C, D, and

Supplementary Figure 3, see section on supplementary data

given at the end of this article). However, in transgenic

animals, EGF-induced phosphorylation of EGFR was found

to be similar to the corresponding EGF-stimulated control

siblings (Fig. 3A–C, and Supplementary Figure 3). When

phosphorylation of the EGFR at the different tyrosine

residues was correlated with EGFR content, this analysis

showed that EGF-induced response of the receptor is

diminished in transgenic animals compared with normal

mice (Fig. 3). It was reported that GH induces EGFR

phosphorylation at Tyr1068, Tyr845, and Tyr992 in liver

(Yamauchi et al. 1998, Kim et al. 1999, Huang et al. 2003).

Nevertheless, in our experimental conditions, we were not

able to detect EGFR phosphorylation after acute GH

stimulation in liver of normal or transgenic mice (Fig. 3A–C).

AKT and ERK1/2 protein contents and phosphorylation

were also analyzed in liver homogenates from normal and

transgenic mice stimulated with EGF, GH, or saline. AKT

protein content as well as its basal phosphorylation was

increased in PEPCK-bGH transgenic mice (Fig. 4A and

Supplementary Figure 4A, see section on supplementary data

given at the end of this article), while for ERK1/2, its

expression was increased in transgenic mice compared to

normal siblings (Fig. 4B and Supplementary Figure 4B;

Miquet et al. 2008), but not its basal phosphorylation (Fig. 4B

and Supplementary Figure 4B). EGF stimulation caused

similar levels of AKT and ERK1/2 phosphorylation in

normal and transgenic mice (Fig. 4A, B and Supplementary

Figure 4A and B); however, in coincidence with results
www.endocrinology-journals.org
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Figure 2 AKT, ERK1/2, STAT5, and STAT3 content and phosphorylation in normal and GHR-KO mice. Normal and GHR-KO mice were
injected i.p. with saline or EGF (2 mg/kg), killed after 10 min, and the livers were removed. Equal amounts of solubilized liver protein were
separated by SDS-PAGE and subjected to immunoblot analysis. Representative results of immunoblots with anti-phospho-AKT Ser473 and
anti-AKT (A), anti-phospho-p44/42 MAP kinase Thr202/Tyr204 and anti-p44/42 MAP kinase (B), anti-phospho-STAT5a/b Tyr694/696 and
anti-STAT5 (C), and anti-phospho-STAT3 Tyr705 and anti-STAT3 (D) are shown. Quantification was performed by scanning densitometry
and expressed as percent of values measured for EGF-stimulated normal mice. Data resulting form quantification analysis were used to
calculate the ratio between the rate of phosphorylated protein and the protein content. Data are expressed as the meanGS.E.M. of the
indicated number of subsets (n) of different individuals. Different letters denote significant difference at P!0.01. Representative results
from two samples per experimental condition are shown.
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obtained for EGFR, EGF-induced phosphorylation of AKT

and ERK1/2 related to their protein content demonstrated

that AKT and ERK1/2 response is diminished in the

transgenic mice (Fig. 4A and B). On the other hand, GH

did not significantly induce AKT and ERK1/2 phosphoryl-

ation in normal and transgenic mice liver (Fig. 4A and B;

Miquet et al. 2008).

Subsequently, STAT3 and STAT5 activation by EGF was

analyzed in normal and transgenic mice and compared with

activation of these transcription factors by GH. In contrast to

results observed for AKT and ERK1/2 phosphorylation,

STAT3 and STAT5 activation was not significantly induced

by EGF in transgenic mice (Fig. 4C, D, and Supplementary

Figure 4C and D), resembling previously described desensi-

tization of GH signal through these proteins (González et al.

2002, Miquet et al. 2004, 2005, 2008). STAT3 and STAT5

protein contents were similar in normal and transgenic

animals (Fig. 4C, D, and Supplementary Figure 4C and D).

In order to investigate a possible mechanism involved in

STAT3 and STAT5 desensitization upon EGF stimulus, we

performed immunoprecipitation assays to analyze STAT

association to the EGFR. For this purpose, STAT3 and

STAT5 were immunoprecipitated from solubilized liver, and

associated EGFR was determined by western blotting of

immunoprecipitated samples. As shown in Fig. 5, association

of EGFR to STAT3 and STAT5 was significantly diminished

in transgenic mice (Fig. 5A and B). As expected from previous
www.endocrinology-journals.org
results (Fig. 4C and D), immunoprecipitated STAT proteins

levels were similar between normal and transgenic mice livers

(Fig. 5A and B).

The adaptor protein GRB2 plays a critical role in coupling

signal from EGFR with Ras/MAPK pathway. GRB2 has

been demonstrated to negatively regulate STAT3 activation

by the EGF. The proposed mechanism involved in such

desensitization implies GRB2 binding to the EGFR,

inhibiting the interaction between STAT3 and EGFR by

competitive binding to the same region of the receptor

(Zhang et al. 2003). Because we observed inhibition of EGF-

induced activation of STAT3 in the transgenic mice over-

expressing GH, we studied whether GRB2 expression was

increased in the transgenic mice, as this could be involved in

STAT3 desensitization. However, no significant differences in

the expression of this protein were detected between normal

and transgenic mice (Fig. 6A). Alternatively, association of

GRB2 to EGFR could be increased in the transgenic mice.

To analyze this possibility, co-immunoprecipitation of EGFR

with GRB2 was determined. The association of GRB2 to

the EGFR was not augmented in the transgenic mice as

shown in Fig. 6B.

Previous results from our laboratory have demonstrated

that the tyrosine SHP-2 content was increased in liver

microsomes from transgenic animals, while the abundance of

this protein in whole solubilized liver was the same in normal

and transgenic mice (Miquet et al. 2004). SHP-2 has
Journal of Endocrinology (2010) 204, 299–309
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Figure 3 EGFR content and phosphorylation in normal and
GH-overexpressing mice. Normal and PEPCK-bGH transgenic
mice (GH-Tg) were injected i.p. with saline, GH (2.5 mg/kg BW), or
EGF (2 mg/kg BW), killed after 7.5 or 10 min respectively, and the
livers were removed. Equal amounts of solubilized liver protein
were separated by SDS-PAGE and subjected to immunoblot
analysis. Representative results of immunoblots with anti-EGFR (A),
anti-phospho-EGFR Tyr845 (B), anti-phospho-EGFR Tyr992 (C), and
anti-phospho-EGFR Tyr1068 (D) are shown. Quantification was
performed by scanning densitometry and expressed as percent of
values measured for EGF-stimulated normal mice. Data resulting
form quantification analysis were used to calculate the ratio
pY845, 992, 1068 EGFR/EGFR content. Data are expressed as the
meanGS.E.M. of the indicated number of subsets (n) of different
individuals.Different letters denote significant difference atP!0.05.
Representative results from two samples per experimental
condition are shown.
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been implicated in the negative regulation of GH signaling

to STAT5 (Stofega et al. 2000), and association between

SHP-2 and STAT5 has previously been described in

hematopoietic and mammary cells (Chughtai et al. 2002,

Chen et al. 2004). Increased SHP-2 association of STAT5 in

transgenic mice liver could lead to inactivation of the

transcription factor. To test this hypothesis, we analyzed
Journal of Endocrinology (2010) 204, 299–309
co-immunoprecipitation of SHP-2 with STAT5 and

observed a significant increase in the basal association of

SHP-2 and STAT5 in transgenic mice liver, which did not

vary upon hormone stimulation (Fig. 6C).
Discussion

Crosstalk between GH and EGF signaling pathways compris-

ing diverse signaling mediators has been described, while

EGFR expression has been demonstrated to be regulated by

GH (Jansson et al. 1988, Johansson et al. 1989). Partially,

GH-deficient mutant mice and hypophysectomized mice

showed reduced expression of the EGFR in liver. Moreover,

GH administration to thesemice induced the expression of the

receptor approaching EGFR levels found in normal mice

(Johansson et al. 1989). GH has also been demonstrated to

induce EGFR phosphorylation at tyrosines 845, 992, 1068,

and 1173 (Yamauchi et al. 1997, 1998, Kim et al. 1999, Huang

et al. 2003). Another level of interaction between GH and

EGF signaling involves GH-induced EGFR phosphorylation

at threonine residues (Huang et al. 2003). Such phosphoryl-

ation reduces EGF-induced EGFR degradation, thus mod-

ulating EGFR trafficking and signaling (Huang et al. 2003).

Considering the evidence implying EGF or EGFR

overexpression and/or hyperactivation of the receptor with

the development of liver cancer (Normanno et al. 2006),

given that numerous studies have demonstrated an important

association between high GH levels and development of

hepatocarcinoma (Snibson 2002, Bartke 2003) and taking

into account that GH and EGF share many signaling pathways

as well as the control of expression and activation of proteins

involved in the modulation of the signal, the aim of this study

was to analyze GHmodulatory effects on EGF signaling in the

liver. Our hypothesis was that high GH levels would result in

the exacerbation of EGF signaling, leading to augmented cell

proliferation, while loss of GH action would render decreased

EGF signaling. EGF signal transduction pathways were then

studied in two different in vivo models: GHR-KO mice, in

which GH action is abolished, and GH transgenic mice, a

model of high GH levels.

EGFR was decreased in GHR-KO mice, which agrees

with previous results obtained in hypophysectomized and

partially GH-deficient, genetic mutant ‘little’ (lit/lit) mice

(Jansson et al. 1988, Johansson et al. 1989). Consistent with

diminished EGFR expression in GHR-KO mice, EGF-

induced phosphorylation of the receptor at tyrosines 845,

992, and 1068 was also decreased (Fig. 1 and Supplementary

Figure 1). Correlation between phosphorylation and protein

content indicates that the diminished response of the receptor

can be attributed to its down-regulation (Fig. 1).

Activation of the different signaling pathways triggered by

EGF was also diminished or suppressed in GHR-KO mice.

EGF-induced hepatic STAT5 and ERK1/2 phosphorylation

was reduced in GHR-KO mice, while EGF did not activate

STAT3 and AKT in these animals (Fig. 2). These results are in
www.endocrinology-journals.org
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Figure 4 AKT, ERK1/2, STAT5, and STAT3 content and phosphorylation in normal and GH-overexpressing mice. Normal and PEPCK-bGH
transgenic mice (GH-Tg) were injected i.p. with saline, GH (2.5 mg/kg BW), or EGF (2 mg/kg BW), killed after 7.5 or 10 min respectively,
and the livers were removed. Equal amounts of solubilized liver protein were separated by SDS-PAGE and subjected to immunoblot
analysis. Representative results of immunoblots with anti-phospho-AKT Ser473 and anti-AKT (A), anti-phospho-p44/42 MAP kinase
Thr202/Tyr204 and anti-p44/42 MAP kinase (B), anti-phospho-STAT5a/b Tyr694/696 and anti-STAT5 (C), and anti-phospho-STAT3 Tyr705
and anti-STAT3 (D) are shown. Quantification was performed by scanning densitometry and expressed as percent of values measured for
EGF-stimulated normal mice. Data resulting form quantification analysis were used to calculate the ratio between the rate of
phosphorylated protein and the protein content. Data are expressed as the meanGS.E.M. of the indicated number of subsets (n) of different
individuals. Different letters denote significant difference at P!0.01. Representative results from two samples per experimental condition
are shown.
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accordance with the hypothesis of diminished EGF signaling

in a context of suppressed GH action. However, certain

signals are only reduced, while others cannot be induced by

the exogenous EGF stimulus. Such discrepancy could be

attributed to the different degree of activation of the several

signaling pathways in response to EGF. Indeed, EGF

induction of STAT5 and ERK1/2 was more pronounced

than the activation of STAT3 and AKT in normal mice

(Fig. 2). In summary, decreased EGFR levels lead to reduced

signaling, evidenced by a reduction of the activation of

potently induced molecules such as STAT5 and ERK1/2,

whereas for moderately stimulated proteins, such as STAT3

and AKT, the signal is inhibited.

Abrogation of GH action and diminished levels of the

hormone have been associated with life extension and delayed

occurrence of fatal neoplastic disease in different mouse

mutants (Anisimov 2001, Ikeno et al. 2003). Moreover,

several studies have demonstrated that GH-deficient rodents

are more resistant than their normal siblings for development

of different types of tumors in response to carcinogen

administration (Styles et al. 1990, Pollak et al. 2001, Swanson

& Unterman 2002). Results from our current study show that

blunted GH action is associated with reduced expression of

the EGFR and, concomitantly, reduced EGF signaling.

Considering the pro-proliferative actions of EGF, the out-

comes suggest that GH receptor and GH signaling mediators
www.endocrinology-journals.org
could be targets of anti-tumoral therapies, perhaps in

association with EGFR inhibitors or EGF antagonists.

In this context, one could envision that increased levels of

GH would hypersensitize EGF signaling and promote cell

proliferation. To test this hypothesis, EGF signaling was

analyzed in transgenic mice overexpressing GH.

EGFR content has been shown to be increased in

transgenic mice overexpressing GH (Miquet et al. 2008),

which was corroborated in this study. Considering the

increase in EGFR expression, EGF-induced EGFR phos-

phorylation relative to protein content was found to be

diminished in the transgenic animals (Fig. 3). Analysis of the

signaling molecules ERK1/2 and AKT, which have been

extensively associated with proliferative and survival cellular

events, revealed that they were overexpressed in the

transgenic mice (Fig. 4). Consistent with results obtained

for the EGFR, EGF-induced phosphorylation of AKT and

ERK1/2 relative to protein content was also diminished

(Fig. 4). EGF activation of STAT3 and STAT5 was not

significantly induced in transgenic mice (Fig. 4), resembling

previously described desensitization of GH signal through

these proteins in GH-overexpressing mice (González et al.

2002, Miquet et al. 2004, 2008). In conclusion, over-

expression of GH induces the increase in EGFR expression

but does not result in up-regulation of EGF signaling. Indeed,

the effects of high GH levels differ depending on the signaling
Journal of Endocrinology (2010) 204, 299–309



Figure 5 EGFR co-immunoprecipitation with STAT5 and STAT3 in
normal and GH-overexpressing transgenic mice. Normal and
PEPCK-bGH transgenic mice (GH-Tg) were injected i.p. with saline,
GH (2.5 mg/kg BW), or EGF (2 mg/kg BW), killed after 7.5 or
10 min respectively, and the livers were removed. Equal amounts of
solubilized liver protein were immunoprecipitated with anti-STAT5
or anti-STAT3 antibodies. Samples were separated by SDS-PAGE
and subjected to immunoblot analysis. Representative results of
immunoblots with anti-EGFR or immnuprecipitating antibodies
(A and B) are shown. Quantification was performed by scanning
densitometry and expressed as percent of values measured for
EGF-stimulated normal mice. Data are the meanGS.E.M. of the
indicated number of subsets (n) of different individuals. Different
letters denote significant difference at P!0.05. Representative
results from two samples per experimental condition are shown.

Figure 6 GRB2 content, GRB2/EGFR co-immunoprecipitation, and
STAT5/SHP-2 co-immunoprecipitation in normal and GH-over-
expressing transgenic mice. Normal and PEPCK-bGH transgenic
mice (GH-Tg) were injected i.p. with saline, GH (2.5 mg/kg BW), or
EGF (2 mg/kg BW), killed after 7.5 or 10 min respectively, and the
livers were removed. Equal amounts of solubilized liver protein
were separated by SDS-PAGE and subjected to immunoblot analysis
with anti-Grb2 (A) or were immunoprecipitated with anti-Grb2 or
anti-STAT5 antibodies, separated by SDS-PAGE and subjected
to immunoblot analysis with anti-EGFR and anti-Grb2 (B) or
anti-SHP2 and anti-STAT5 (C) respectively. Representative results of
immunoblots are shown. The amount of immunoprecipitated
protein was determined by immunoblotting with the corresponding
antibody. Quantification was performed by scanning densitometry
and expressed as percent of values measured for EGF-stimulated
normal mice. Data are the meanGS.E.M. of the indicated number of
subsets (n) of different individuals. Different letters denote
significant difference at P!0.05. Representative results from two
samples per experimental condition are shown.
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pathway analyzed: AKT and ERK1/2 pathways show

diminished activation, while STAT3 and STAT5 activation

is abrogated. These observations suggest that differential

mechanisms and control systems are involved in GH

modulation of EGF signaling. Selective desensitization of

EGF signaling through the STATs has been previously

reported in a different cellular and hormonal context,

breast cancer cells overexpressing the estrogen receptor

(Boerner et al. 2005).

The activation of the STATs is highly regulated but

incompletely understood. GRB2 and suppressors of cytokine

signaling (SOCS) can inhibit STAT-mediated EGFR signal-

ing. GRB2 inhibits STAT3 activation by binding to the

STAT-docking site on the EGFR, while SOCS3 inhibits

STAT3 phosphorylation by binding to JAK (Endo et al. 1997,

Quesnelle et al. 2007). To investigate possible intracellular

mechanisms triggered by GH which specifically act on

STATs signaling, STAT3 and STAT5 association to EGFR

was analyzed in solubilized liver from normal and transgenic

mice. Diminished association between EGFR and the STATs

was found in the transgenic mice (Fig. 5), which suggests that

the mechanisms involved in STATs desensitization to EGF

stimulation may implicate inhibition of recruitment of the
Journal of Endocrinology (2010) 204, 299–309
STATs to activated EGFR. Regarding SOCS3 involvement

in STATs desensitization, we have previously described

that expression of this SOCS protein is diminished in

GH-overexpressing mice (González et al. 2002, Miquet

et al. 2004). Decreased SOCS3 expression could probably

be involved in the increased basal tyrosine phosphorylation of

STAT3 observed in these transgenic mice but cannot explain

STAT3 insensitivity to EGF stimulus. However, GRB2

overexpression could be involved in STAT3 desensitization

upon EGF stimulus. Following EGF stimulation, GRB2

directly binds to the cytoplasmic domain of the EGFR at

phosphorylated residues Tyr1068 and Tyr1086 to initiate the
www.endocrinology-journals.org
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activation of the Ras/MAPK pathway (Batzer et al. 1994).

Multiple tyrosine residues, including Tyr1068 and Tyr1086,

were also reported to be required for receptor binding and

activation of STAT3 in EGF signaling (Coffer & Kruijer

1995). The mechanism involved in the negative regulation of

STAT3 by GRB2 implies competitive binding to the EGFR.

We evaluated whether desensitization of EGF-induced

STAT3 phosphorylation could be associated with GRB2

up-regulation and/or increased association of Grb2 to the

EGFR in the transgenic mice overexpressing GH, but no

significant differences in GRB2 protein content or GRB2

association to EGFR between normal and transgenic mice

were found (Fig. 6A and B).

SHP-2 is a Src homology 2 domain-containing PTP

involved in signal transduction of a variety of cytokines and

growth factors. SHP-2 plays a negative role in certain

intracellular processes, while in others the phosphatase

enhances the signaling, thus having dual functions (Chong

& Maiese 2007). SHP-2 has been described to negatively

regulate GH signaling to STAT5 activation (Stofega et al.

2000). The phosphatase was described to be significantly

increased in liver membranes from transgenic mice over-

expressing GH, while the abundance of this protein in

solubilized liver was the same in normal and transgenic mice

(Miquet et al. 2004). Considering studies describing

association between SHP-2 and STAT5 in models other

than liver (Chughtai et al. 2002, Chen et al. 2004), we

analyzed co-immunoprecipitation of SHP-2 with STAT3 and

STAT5 in liver from normal and transgenic mice. Our results

demonstrate that SHP-2 associates with STAT5 indepen-

dently of exogenous stimulation. This association is increased

in GH-overexpressing transgenic animals (Fig. 6C). Increased

recruitment of SHP-2 to liver membranes induced by

overexpressed GH (Miquet et al. 2004) might sequestrate

and inhibit STAT5 activation by growth factors, EGF among

them. However, the proposed mechanism cannot explain

STAT3 desensitization as we were not able to detect

association between SHP-2 and STAT3 in the liver.

In conclusion, modulation of EGF signaling by GH is not

directly correlated to EGFR expression. While abrogation of

GH biological action results in decreased EGFR expression

and a concomitant decrease in EGF signaling, high circulating

levels of GH induce EGFR overexpression but this is not

associated with an increase of the response to an acute EGF

stimulus. Moreover, effects triggered by high GH levels differ

depending on the signaling pathway analyzed: AKT and

ERK1/2 are activated – albeit to a minor extent – by the

exogenous EGF stimulus in normal and transgenic mice,

while STAT3 and STAT5 responses to administrated EGF

are abrogated.

This study provides evidence not only for the crosstalk

between GH and EGF signaling in the liver but also for

different mechanisms controlling EGF-induced signaling

pathways. Inhibitory effects of high GH levels on the

STATs appear not to be the result of general inhibition of

EGF signaling since ERK1/2 and AKT were activated
www.endocrinology-journals.org
following EGF stimulation in this mouse model. EGFR-,

ERK1/2-, and AKT-diminished phosphorylation relative to

protein content could be due to overexpression of non-

functional protein or to other compensatory mechanisms

that may be triggered by GH overexpression, which could

account for attenuation of EGFR signaling through AKTand

ERK1/2; further studies will be needed to unravel

these observations. Increased association between SHP-2

and STAT5 could contribute to the observed effects of

overexpressed GH over STAT5-mediated EGF signaling.

Considering that the STATs have been proposed as targets for

therapeutic regimens for several cancers (Yu & Jove 2004) and

given that dominant-negative forms of STAT5 have been

demonstrated to prevent tumor growth in xenograft studies

(Yamashita et al. 2003), modulation of STATs may provide

a unique opportunity for anti-tumor-targeted therapy

(Quesnelle et al. 2007). A combination of therapeutic agents

acting on both GH and EGF signaling is also a possibility but,

before developing this approach, it is essential to extensively

dissect the crosstalk between GH and EGF signaling.
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