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Abstract

Transgenic mice overexpressing growth hormone (GH) show increased hepatic protein 

content of the epidermal growth factor receptor (EGFR), which is broadly associated 

with cell proliferation and oncogenesis. However, chronically elevated levels of GH 

result in desensitization of STAT-mediated EGF signal and similar response of ERK1/2 and 

AKT signaling to EGF compared to normal mice. To ascertain the mechanisms involved 

in GH attenuation of EGF signaling and the consequences on cell cycle promotion, 

phosphorylation of signaling mediators was studied at different time points after EGF 

stimulation, and induction of proteins involved in cell cycle progression was assessed in 

normal and GH-overexpressing transgenic mice. Results from kinetic studies confirmed 

the absence of STAT3 and 5 activation and comparable levels of ERK1/2 phosphorylation 

upon EGF stimulation, which was associated with diminished or similar induction of 

c-MYC, c-FOS, c-JUN, CYCLIN D1 and CYCLIN E in transgenic compared to normal mice. 

Accordingly, kinetics of EGF-induced c-SRC and EGFR phosphorylation at activating 

residues demonstrated that activation of these proteins was lower in the transgenic 

mice with respect to normal animals. In turn, EGFR phosphorylation at serine 1046/1047, 

which is implicated in the negative regulation of the receptor, was increased in the liver 

of GH-overexpressing transgenic mice both in basal conditions and upon EGF stimulus. 

Increased basal phosphorylation and activation of the p38-mitogen-activated protein 

kinase might account for increased Ser 1046/1047 EGFR. Hyperphosphorylation of EGFR 

at serine residues would represent a compensatory mechanism triggered by chronically 

elevated levels of GH to mitigate the proliferative response induced by EGF.

Introduction

The epidermal growth factor receptor (EGFR), also called 
ERBB-1, belongs to a family of tyrosine kinase receptors 
(RTKs) that includes three additional proteins, ERBB-2,  

ERBB-3 and ERBB-4 (Yarden & Sliwkowski 2001). 
Phosphorylation of ERBB receptors leads to the recruitment 
of a number of docking and signaling proteins such as 
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GRB-2, SHC, protein tyrosine phosphatase (PTP)-1B, 
PLCγ 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 (Yarden & Pines 2012), which, in 
turn, induce several transcriptional regulators like c-MYC, 
c-FOS and c-JUN. These transcription factors promote the 
expression of molecules like CYCLINs that mediate cell 
cycle entrance from quiescence (G0) and subsequent DNA 
synthesis, cell division, and thus, cell proliferation. These 
signaling pathways are also involved in the promotion of 
cell growth and differentiation.

EGFR has been implicated in the development of 
many types of cancer (Hynes & MacDonald 2009). The 
receptor undergoes different alterations including gene 
amplification, structural rearrangements and somatic 
mutations in human carcinomas; moreover, some types of 
tumors produce EGF in excess, which leads to an increased 
activation of the receptor (Henson & Gibson 2006). These 
modifications promote constitutive receptor activation, a 
process that drives cancer development and contributes 
to its progression and resistance to antineoplastic 
therapies (Arteaga & Engelman 2014). In particular, the 
EGFR system has been implicated in hepatocarcinogenesis 
since early stages of the disease (Berasain & Avila 2014). 
ERBB1 has been frequently found overexpressed in 
hepatocellular carcinoma (HCC), which correlated with 
high proliferating activity, intrahepatic metastasis, poor 
carcinoma differentiation and bad prognosis (Ito  et  al. 
2001, Buckley et al. 2008).

Growth hormone (GH), a pituitary polypeptide 
involved in longitudinal growth promotion and 
metabolic processes, modulates EGFR expression, 
activation and ligand-induced receptor internalization 
(Jansson et al. 1988, Huang et al. 2003, González et al. 
2010, Zerrad-Saadi  et  al. 2011). Hepatic EGF binding 
is diminished in hypophysectomized and in partially 
GH-deficient mutant ‘little’ (lit/lit) mice due to reduced 
EGFR levels; GH replacement therapy restores EGF 
binding to liver cells in these animals (Jansson et al. 1988). 
In accordance, hepatic EGFR expression is increased in 
transgenic mice overexpressing GH, but decreased in 
GH receptor-knockout mice (González et al. 2010). GH 
was also shown to induce tyrosine phosphorylation of 
the epidermal growth factor receptor, which may allow 
it to serve as a scaffold for GH signaling (Yamauchi et al. 
1998). Moreover, GH was described to control EGFR 
signaling by ERK1/2-mediated phosphorylation on 

threonine residues (Huang  et  al. 2003, 2004, 2006), 
which delays EGFR downregulation and therefore 
potentiates acute EGF signaling (Huang  et  al. 2003, 
2004, 2006, Li et al. 2008).

In addition to its physiological effects over growth 
and metabolism, GH was proposed to be involved in 
tumorigenesis and tumor progression. GH overexpression 
has been associated with cancer in animals as well as in 
humans (Jenkins 2006, Loeper & Ezzat 2008). Transgenic 
mice overexpressing GH are more likely to develop 
cancer, and they have an increased tendency to develop 
liver tumors, including hepatocellular carcinoma, at 
advanced ages (Snibson 2002, Bartke 2003). Considering 
GH modulation of EGFR expression and activation, as 
well as the receptor involvement in several oncogenic 
processes, growth hormone modulation of EGFR 
expression and signaling has been studied by our 
research group in transgenic mice overexpressing the 
hormone (González et al. 2010, Díaz et al. 2012). Those 
studies aimed to determine if increased EGFR levels 
induced by high GH concentration resulted in increased 
EGF signaling and upregulation of mitogenic signals. 
Contrary to our expectations, results showed that high 
circulating levels of GH and EGFR overexpression were 
not associated with an increased response to an acute 
EGF stimulus. Actually, EGF stimulation caused similar 
levels of AKT, and ERK1/2 phosphorylation in normal 
and transgenic mice, whereas STAT3 and STAT5 were 
not activated as a consequence of EGF administration in 
the GH-overexpressing transgenic mice (González et al. 
2010). Kinetic studies of EGF-induced PI3K-AKT pathways 
were conducted to dissect possible mechanisms involved 
in the attenuation of AKT-mediated EGF signaling by 
continuously high GH levels (Díaz et al. 2012). Transient 
recruitment and activation of the tyrosine phosphatase 
SHP-2 by the EGFR were proposed to be involved in this 
process (Díaz et al. 2012).

In the present study, kinetic studies of EGF-induced 
signaling mediators were performed to ascertain possible 
molecular mechanisms underlying the previously 
described effects of GH overexpression over ERK1/2 
and STATs activation by EGF (González  et  al. 2010). To 
determine if the effects of chronically elevated GH levels 
on EGF signaling might affect the promotion of cell 
proliferation by the growth factor, induction of early genes 
and CYCLINs involved in cell cycle progression were also 
assessed in the liver of transgenic mice overexpressing GH 
after EGF stimulation.
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Materials and methods

Reagents

Recombinant human EGF, Trizma base, HEPES, 
Tween 20, Triton X-100, sodium dodecyl sulfate 
(SDS), glycine, ammonium persulphate, aprotinin, 
phenylmethylsulphonyl fluoride (PMSF), sodium 
orthovanadate, 2-mercaptoethanol, molecular-weight 
markers and BSA-fraction V were obtained from Sigma 
Chemical. PVDF membranes and high-performance 
chemiluminescence film were from Amersham Biosciences 
(GE Healthcare). ECL Plus Western Blotting Substrate 
was from Pierce, Thermo Fisher Scientific. Mini Protean 
apparatus for SDS-polyacrylamide electrophoresis, 
miniature transfer apparatus, acrylamide, bis-acrylamide 
and TEMED were obtained from Bio-Rad Laboratories. 
Secondary antibodies conjugated with HRP, anti-EGFR, 
anti-p38alpha, anti-phosphoT180/Y182-p38 and anti-
STAT5 antibodies were purchased from Santa Cruz 
Biotechnology Laboratories. The anti-phosphoY694/696-
STAT5 antibody was from Millipore. The anti-p44/42 
MAPK (anti-ERK1/2), anti-phosphoT185Y187-p44/42 
MAPK (anti-phospho-ERK1/2), anti-phosphoY705-STAT3, 
anti-phosphoY845-EGFR, anti-phosphoS1046/1047-
EGFR, anti-cMyc, anti-cJun and anti-cFos antibodies 
were from Cell Signaling Technology. M1701 MMLV 
reverse transcriptase 10,000 µ was obtained from Promega 
BioSciences. The SYBR Green Master Mix reagent was from 
Applied Biosystems and the bicinchoninic acid (BCA) 
protein assay kit was obtained from Thermo Scientific, 
Pierce Protein Research Products.

Animals

Phosphoenolpyruvate carboxykinase (PEPCK)-bGH 
mice containing the bovine GH (bGH) gene fused 
to control sequences of the rat pepck gene have been 
previously described (McGrane  et  al. 1990). Normal 
siblings of transgenic mice were used as controls. Female 
adult animals (4–6  months old) were used. The mice 
were housed 3–5 per cage in a room with controlled 
light (12-h light/day) and temperature (22 ± 2°C). The 
animals had free access to food (Lab Diet Formula 5001 
containing a minimum of 23% protein, 4.5% fat and 
a maximum of 6% crude fiber, from Purina Mills 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

PEPCK-bGH transgenic mice and their normal littermate 
controls were fasted for 6 h prior receiving an i.p. 
injection of recombinant human EGF at 2 mg/kg BW 
in 0.9% w/v NaCl. Animals were killed by cervical 
dislocation under isoflurane anesthesia 2.5, 5, 10 and 
15 min after administration of EGF (Díaz  et  al. 2012) to 
study the phosphorylation of EGF signaling mediators 
or after 1 h or 4 h to study the expression of early genes 
and Cyclins involved in the induction of cell cycle 
progression (Díaz et al. 2014). Non-stimulated mice were 
used to evaluate basal conditions (considered as time 0). 
The livers were removed and stored frozen at −70°C until 
homogenization.

Preparation of liver extracts

Liver samples were homogenized at the ratio 0.1 g/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 PMSF and 0.035 trypsin inhibitory units/mL  
aprotinin (pH 7.4) at 4°C. Liver homogenates were 
centrifuged at 100,000 g for 40 min at 4°C to remove 
insoluble material. Protein concentration of supernatants 
was determined by the BCA protein assay kit. An aliquot 
of solubilized liver was diluted in Laemmli buffer, boiled 
for 5 min and stored at −20°C until electrophoresis.

Immunoblotting

Samples were subjected to electrophoresis in SDS–
polyacrylamide gels. Electrotransference of proteins from 
gel to PVDF membranes and incubation with antibodies 
was performed as previously described (González  et  al. 
2010). Immunoreactive proteins were revealed by 
enhanced chemiluminescence. 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, 
0.0625 mol/L Tris–HCl, pH 6.7) for 40 min at 50°C while 
shaking, washed with deionized water and blocked 
with BSA.
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RNA isolation and quantitative RT-PCR

Total RNA was extracted from 50 mg liver tissue using 
TRIzol reagent (Life Technologies) according to the 
manufacturer’s instructions. The ratio of the absorbance 
at 260 and 280 nm (A260/280) was used to assess RNA 
purity. RNA integrity was evaluated by electrophoresis 
on 1% w/v agarose gel. RT reaction was performed using 
2 μg of total RNA, random hexamer primers (Biodynamics 
SRL, Buenos Aires, Argentina) and the M–MLV reverse 
transcriptase enzyme (Promega, 200 U/mL) as previously 
described (Frungieri et al. 2002).

cDNA was amplified by quantitative real-time 
PCR (qPCR) using SYBR Green Master Mix Reagent 
(Applied Biosystems) and the ABI PRISM 7500 Sequence 
Detection System (Applied Biosystems). qPCR assays 
were performed using oligonucleotide primers for 
CyclinD1 (Ccnd1) (5′-GCGAAGTGGAGACCATCCG 
and 5′-GGTCTC CTCCGTCTTGAGC), CyclinE 
(Ccne1) (5′-GGCGGACACAGCTTCGGGTC and 
5′-TGGGTCTTGCAAAAACACGGCCA), and 
Cyclophilin A (5′-GCGTCTCCTTCGAGCTGTT and 
5′-AAGTCACCACCCTGGCAC). Cyclophilin A was 
chosen as the housekeeping gene (Díaz  et  al. 2014). 
Reaction data were collected and analyzed using 
complementary computer software (Sequence Detection 
Software, Applied Biosystems, version 1.3). Applying the 
mathematical model of Pfaffl (2001), relative levels of 
mRNA expression were determined for each sample by 
calculating (E target)ΔCt (target)/E cyclophilin)ΔCt (cyclophilin), 
where E is the efficiency of the primer set, and ΔCt = Ct 
(normalization cDNA) − Ct (experimental cDNA). 
The amplification efficiency of each primer set was 
calculated from the slope of a standard amplification 
curve of log microliters of cDNA per reaction vs Ct value 
(E = 10(1/slope)). Optimal reaction efficiencies are between 
1.9 and 2.1.

Statistical analysis

Experiments were carried out analyzing all groups of 
animals in parallel, n representing the number of different 
individuals used in each group. Results are presented 
as mean ± s.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. Student’s t-test was used when only two 
groups were analyzed. Data were considered significantly 
different if P < 0.05.

Results

EGF-induced STATs and ERK1/2 phosphorylation kinetic 
studies in normal and transgenic mice

We have previously demonstrated that phosphorylation 
of STAT3 and STAT5 was not induced in the liver of 
transgenic mice overexpressing GH 10 min after EGF 
stimulation (González  et  al. 2010). Similar results were 
described for AKT activation. When EGF-induced AKT 
activation was analyzed at different times, we observed 
that phosphorylation at residues Ser473 and Thr308 of AKT 
augmented early after EGF injection and remained activated 
15 min after stimulation in normal mice (Díaz et al. 2012). 
In the liver of GH-overexpressing transgenic mice, AKT 
phosphorylation was early but transiently induced by 
EGF, showing low phosphorylation levels after 10 min 
(Díaz et al. 2012). Considering these previous studies, EGF-
induced STAT3 and STAT5 phosphorylation was analyzed 
at different time points after injection to ascertain if 
EGF induces STATs activation in transgenic mice with 
different kinetics than that in normal animals. Normal 
and transgenic mice were stimulated with EGF during 
2.5, 5, 10 or 15 min, and liver extracts were analyzed by 
immunoblotting. Phosphorylation levels of the STATs were 
related to protein content to plot the data from different 
experiments. STAT3 and STAT5 protein content did not 
vary between normal and transgenic mice or during the 
stimulation period (Fig. 1A and B). In normal mice, STAT3 
phosphorylation was significantly induced 10 min after EGF 
injection, and decreased afterward (Fig. 1A). STAT5 was also 
induced by EGF 10 min after stimulation which persisted 
at 15 min (Fig.  1B). On the contrary, neither STAT3 nor 
STAT5 phosphorylation was induced by EGF in the liver of 
transgenic mice at any time studied (Fig. 1A and B).

Similarly, EGF-induced ERK1/2 phosphorylation 
was studied at different times after stimulation with 
EGF. ERK1 and ERK2 (44 and 42 kDa, respectively) are 
activated by phosphorylation at Thr202 and Tyr204. In 
contrast to results obtained for the STATs, ERK1 and ERK2 
activation was significantly induced in the liver of normal 
and transgenic mice with similar kinetics and to a similar 
extent (Fig.  1C). However, as ERK1 and ERK2 protein 
content (in the liver of transgenic mice is higher than in 
normal animals) (Fig.  1C; González  et  al. 2010), results 
expressed as the relationship between phosphorylation 
and protein content revealed a decreased phosphorylation 
ratio for the transgenic mice (Fig. 1C). Therefore, a lower 
proportion of total ERK1/2 is activated by EGF in the 
transgenic mice.

http://dx.doi.org/10.1530/JOE-16-0606


AUTHOR COPY ONLY
179Research l gonzález and others GH modulation of hepatic 

EGF signaling

DOI: 10.1530/JOE-16-0606

Jo
u
rn

al
o
f
En

d
o
cr
in
o
lo
g
y

http://joe.endocrinology-journals.org © 2017 Society for Endocrinology
Printed in Great Britain

Published by Bioscientifica Ltd.

233:2

Effects of high GH levels over EGF induction of proteins 
that trigger cell cycle progression

Several transcriptional regulators involved in the control of 
the cell cycle like c-MYC, c-FOS and c-JUN are induced as a 
consequence of STAT3, STAT5, ERK1/2 and AKT activation 
(Karin 1995, Bromberg & Darnell 2000, Calò et al. 2003, 
Liang & Slingerland 2003); therefore, the protein content 
of these transcription factors was evaluated in the liver of 
normal and GH transgenic mice after EGF administration. 

c-MYC, c-FOS and c-JUN expression was measured in 
basal conditions and after 1 h of EGF stimulation in 
the liver of normal and transgenic mice. Basal c-MYC, 
c-JUN and c-FOS protein content was barely detected 
when samples were analyzed in parallel with those from 
stimulated mice; therefore, no significant differences in 
basal protein content could be described between normal 
and transgenic mice. The transcription factor c-MYC was 
significantly induced by EGF in normal mice, whereas its 

Figure 1
Kinetics of STAT3, STAT5 and ERK1/2 EGF-induced phosphorylation related in normal and GH-overexpressing mice liver. Normal and PEPCK-bGH 
transgenic mice were injected i.p. with saline or EGF (2 mg/kg BW), killed after 2.5, 5, 10 or 15 min, and the livers were removed. Equal amounts of 
solubilized liver protein were separated by SDS-PAGE and subjected to immunoblotting analysis. Reprobing with anti-STATs antibody demonstrated 
similar protein loading. Representative immunoblots are shown. Quantification was performed by scanning densitometry and expressed as percent of 
values measured for EGF (10 min)-stimulated normal mice. Data resulting from quantification analysis were used to calculate the pY705STAT3/STAT3 (A), 
the pY694/696STAT5/STAT5 (B), pT202Y204ERK1/ERK1 and pT202Y204ERK2/ERK2 (C) ratios for normal (black circle) and PEPCK-bGH transgenic mice (grey 
square). Data are expressed as the mean ± s.e.m. of the indicated number of subsets (n) of different individuals. Statistical analysis was performed by 
ANOVA. *and # denote significant difference at P < 0.05 compared to non-stimulated control and transgenic mice, respectively.

Figure 2
Hepatic c-MYC, c-FOS and c-JUN protein content in normal and GH-overexpressing mice. Normal and PEPCK-bGH transgenic mice were injected i.p. with 
saline or EGF (2 mg/kg BW), killed after 1 h and the livers were removed. Equal amounts of solubilized liver protein were separated by SDS-PAGE and 
subjected to immunoblotting analysis with antibodies against c-MYC (A), c-FOS (B) and c-JUN (C). Reprobing with anti-STAT5 antibody demonstrated 
similar protein loading in all lanes. Representative immunoblots are shown. Quantification was performed by scanning densitometry and expressed as 
percent of values measured for EGF-stimulated normal mice. Data are expressed as the mean ± s.e.m. of the indicated number of subsets (n) of different 
individuals. Statistical analysis was performed by ANOVA. Different letters denote significant difference at P < 0.05.
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induction by EGF was not different from basal in the liver 
of transgenic mice (Fig. 2A). c-FOS significantly increased 
upon EGF stimulation in normal and transgenic mice, 
although levels achieved in GH-overexpressing mice were 
lower than those determined for normal mice (Fig. 2B). 
c-JUN protein content was also significantly induced by 
EGF in normal and transgenic mice, but in this case, the 
levels attained were similar in normal and transgenic 
mice (Fig. 2C).

As a consequence of c-MYC induction, the 
transcription of genes that encode D-type CYCLINs and 
CYCLIN E is triggered (Nasi et al. 2001). Additionally, c-JUN 
was shown to regulate the transcriptional level of CYCLIN 
D1. Heterodimerization with c-FOS further increases the 
transcriptional capacity of c-JUN through the formation of 
more stable dimers (Shaulian & Karin 2001). As CYCLIN D1 
and CYCLIN E are induced by the early genes previously 
assessed, and considering their relevance to commit cells to 
progress through the cell cycle and therefore to proliferate, 
EGF induction of these proteins was determined in the 
liver of normal and transgenic mice. CYCLIN D1 and 
CYCLIN E levels were assessed by immunoblotting and 
quantitative RT-PCR (RT-qPCR) in basal conditions and 
after 4 h of EGF administration. CYCLIN D1 basal levels 
were not significantly different between normal and 
transgenic mice when protein levels were analyzed by 
immunoblotting in parallel with stimulated samples 
(Fig.  3A), but its expression was found to be higher in 
the transgenic mice when assessed by RT-qPCR (Fig. 3B). 
CYCLIN E basal levels were clearly increased in transgenic 
mice, this was observed both by immunoblotting (Fig. 3C) 

and RT-qPCR studies (Fig. 3D) and is in coincidence with 
previous results from our research group (Miquet  et  al. 
2013). Upon EGF injection, CyclinD1 expression was 
significantly induced both in normal and transgenic mice, 
with no significant differences between genotypes, assessed 
either by immunoblotting or RT-qPCR (Fig. 3A and B). On 
the contrary, CyclinE expression was induced by EGF in 
normal mice but not in transgenic animals (Fig. 3C and D), 
either when assessed by immunoblotting or by RT-qPCR.

Kinetic studies of phosphorylation of c-SRC, EGFR and 
p38 induced by EGF in normal and transgenic mice

c-SRC is a cytoplasmic, membrane-associated, non-
receptor tyrosine kinase that acts as a cotransducer of 
mitogenic signals emanating from a number of tyrosine 
kinase polypeptide growth factor receptors such as the 
EGFR (Belsches  et  al. 1997). To ascertain if inhibitory 
mechanisms are acting over c-SRC in the liver of transgenic 
mice, EGF-induced phosphorylation of the tyrosine kinase 
was studied after stimulation for different intervals with 
the growth factor (Fig. 4A). In coincidence with previous 
reports from our research group (Miquet et al. 2008), c-SRC 
basal phosphorylation and protein levels were increased 
in the liver of transgenic mice (Fig. 4A). Kinetic analysis of 
c-SRC phosphorylation by EGF revealed that its activation 
reached a maximum 10 min after injection in the liver of 
normal mice (Fig. 4A). On the contrary, EGF stimulation 
was not able to significantly induce c-SRC phosphorylation 
over basal levels in the GH-overexpressing animals 
(Fig.  4A). When phosphorylation levels were expressed 

Figure 3
Hepatic CYCLIN D1 and CYCLIN E protein and mRNA expression. Normal and PEPCK-bGH transgenic mice were injected i.p. with saline or EGF (2 mg/kg 
BW), killed after 4 h and the livers were removed. Equal amounts of solubilized liver protein were separated by SDS-PAGE and subjected to 
immunoblotting analysis with antibodies against CYCLIN D1 (A) and CYCLIN E (C). Reprobing with anti-STAT5 antibody demonstrated similar protein 
loading in all lanes. Representative Western blots are shown. Quantification was performed by scanning densitometry and expressed as percent of 
values measured for EGF-stimulated normal mice. CyclinD1 and CyclinE mRNA expression was also assessed by RT-qPCR (B and D). Results were expressed 
as fold change vs values measured for EGF-stimulated normal mice. Data are expressed as the mean ± s.e.m. of the indicated number of subsets (n) of 
different individuals. Statistical analysis was performed by ANOVA. Different letters denote significant difference at P < 0.05.
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relative to protein content, a lower degree of activated 
c-SRC was evidenced in transgenic animals compared to 
that in normal mice (Fig. 4A).

Results presented indicate that transgenic mice show 
a generalized attenuation of EGF signaling in the liver, as 
the relative response to acute EGF stimulation was lower 
than that achieved by normal mice or no response was 
observed depending on the transduction mediator studied. 
Therefore, we analyzed EGF-induced phosphorylation 
of the EGFR at an activating residue. For this purpose, 
phosphorylation at tyrosine 845 was assessed at different 
time points after EGF injection (Fig. 4B).

In agreement with previous results (González  et  al. 
2010), basal EGFR phosphorylation levels at Tyr 845 were 

found to be increased in the transgenic mice. Further 
phosphorylation of the receptor at this residue was 
induced in normal and transgenic mice upon stimulation 
(Fig.  4B). However, when phosphorylation levels were 
expressed in terms of protein content, results showed that 
the relative amount of EGFR phosphorylated upon EGF 
administration in the transgenic mice was significantly 
lower than that in the normal ones (Fig. 4B). The decreased 
activation of the EGFR upon exogenous stimulation 
with EGF observed in the GH-overexpressing mice is in 
accordance with the results previously described for the 
EGF signaling pathways.

Considering that chronically elevated levels of GH 
result in increased hepatic levels of EGFR but a decreased 

Figure 4
Kinetics of c-SRC and Y845-EGFR EGF-induced phosphorylation in normal and GH-overexpressing mice liver. Normal and PEPCK-bGH transgenic mice were 
injected i.p. with saline or EGF (2 mg/kg BW), killed after 2.5, 5, 10 or 15 min and the livers were removed. Equal amounts of solubilized liver protein 
were separated by SDS-PAGE and subjected to immunoblotting analysis. Reprobing with anti-STAT5 antibody demonstrated similar protein loading in all 
lanes. Representative immunoblots are shown. Quantification was performed by scanning densitometry and expressed as percent of values measured for 
EGF (10 min)-stimulated normal mice. Data resulting from quantification analysis were used to calculate the pY418c-SRC/c-SRC (A) and the pY845EGFR/EGFR 
(B) ratio for normal (black circle) and PEPCK-bGH transgenic mice (grey square). Data are expressed as the mean ± s.e.m. of the indicated number of 
subsets (n) of different individuals. Statistical analysis was performed by ANOVA. * denotes significant difference at P < 0.05 compared to non-stimulated 
control and transgenic mice.

Figure 5
Kinetics of S1046/1047-EGFR and p38 EGF-induced phosphorylation in normal and GH-overexpressing mice liver. Normal and PEPCK-bGH transgenic mice 
were injected i.p. with saline or EGF (2 mg/kg BW), killed after 2.5, 5, 10 or 15 min and the livers were removed. Equal amounts of solubilized liver 
protein were separated by SDS-PAGE and subjected to immunoblotting analysis. Reprobing with anti-STAT5 antibody demonstrated similar protein 
loading in all lanes. Representative immunoblots are shown. Quantification was performed by scanning densitometry and expressed as percent of values 
measured for EGF (10 min)-stimulated normal mice. Data resulting from quantification analysis were used to calculate the pS1046/1047 EGFR/EGFR (A) and 
the pT180/Y182p38/p38 (B) ratio for normal (black circle) and PEPCK-bGH transgenic mice (grey square). Comparison of basal phosphorylation levels is 
included in each panel. Data are expressed as the mean ± s.e.m. of the indicated number of subsets (n) of different individuals. Statistical analysis was 
performed by ANOVA or t student when two pair of subsets were analysed, * and # denote significant difference at P < 0.05 compared to non-stimulated 
control and transgenic mice, respectively, when analysis was performed by ANOVA and ** denote significant difference at P < 0.05 when basal 
phosphorylation levels were compared between normal and transgenic mice by Student t test.
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response to EGF in transgenic mice, the phosphorylation 
status of the EGFR at Ser 1046/1047, an inactivating residue 
(Theroux et al. 1992), was studied. Basal phosphorylation 
levels were found to be increased in the liver of transgenic 
mice compared to those in control animals (Fig.  5A). 
EGFR phosphorylation at Ser 1046/1047 was induced by 
EGF in the liver of normal and transgenic mice, reaching 
high phosphorylation levels 15 min after treatment. In 
contrast to results obtained for EGFR phosphorylation 
at residue Y845, EGFR Ser 1046/1047 phosphorylation 
levels were higher in the transgenic mice compared to 
those in normal animals even when phosphorylation was 
expressed with respect to the protein content (Fig. 5A).

EGFR phosphorylation at the Ser 1046/1047 has been 
described to be mainly mediated by the p38 MAP kinase 
(Adachi  et  al. 2009); therefore, p38 phosphorylation 
and protein content were assessed in the liver of 
normal and transgenic mice. As shown in Fig. 5B, basal 
phosphorylation levels were found to be increased in the 
liver of transgenic mice compared to those in control 
animals (Fig.  5B). p38 phosphorylation was induced by 
EGF in normal and transgenic mice liver. No differences 
in protein content were observed between normal and 
transgenic mice. When p38 phosphorylation levels 
were related to protein content, it was observed that 
phospho-p38 was significantly induced in normal 
and transgenic mice liver 10 min after treatment and 
remained high at 15 min. However, the phosphorylation 
levels attained upon EGF stimulation in transgenic mice 
resulted higher than phosphorylation levels reached in 
normal mice (Fig. 5B).

Discussion

To ascertain possible mechanisms underlying the 
previously described effects of high GH levels over 
EGFR signaling in the liver of GH-overexpressing mice 
(González  et  al. 2010), and the potential implications 
on EGF-promotion of the cell cycle, kinetic studies of 
EGFR signaling mediators and analysis of EGF induction 
of cell cycle modulators were performed in the liver of 
GH-overexpressing transgenic mice.

EGF-induced STAT3, STAT5 and ERK1/2 phosphoryla-
tion was analyzed at different time points after growth 
factor stimulation. Contrary to results previously obtained 
for AKT, which showed transient phosphorylation of the 
kinase at short times (Díaz et al. 2012), STAT3 and STAT5 
phosphorylation was not stimulated by EGF in transgenic 
mice liver at any time studied, and ERK1/2 phosphorylation 

relative to protein content was reduced with respect to 
normal levels during the interval considered. As it was 
previously proposed (González et al. 2010), decreased EGF 
induction of STATs phosphorylation may be attributed to 
reduced recruitment of the transcription factors by the 
receptor. In the case of STAT5, decreased association with 
the receptor was correlated with its increased binding to 
the tyrosine phosphatase SHP-2 (González  et  al. 2010). 
Diminished ERK1/2 response to EGF stimulation might 
rely on alternative attenuation mechanisms.

Considering the desensitization of STATs signaling 
and the decreased response of ERK1/2 and AKT upon EGF 
stimulation described in the liver of the GH-overexpressing 
transgenic mice, it was of interest to ascertain the 
consequences of high GH levels over EGF induction of 
regulatory proteins involved in the promotion of cell 
proliferation. c-MYC was one of the cell cycle inductors 
studied as it is a potent oncogene commonly involved 
in the pathogenesis of human cancers (Lin  et  al. 2010, 
Gabay  et  al. 2014). c-MYC is a pleiotropic signaling 
mediator that promotes growth and expansion of somatic 
cells, its activation results in the upregulation of D-type 
CYCLINs and concomitant downregulation of multiple 
negative cell cycle inhibitors like p15, p21 and p27 (Gartel 
& Shchors 2003). We have previously reported that c-MYC 
protein and mRNA content are increased in the liver of 
transgenic mice overexpressing GH (Miquet et al. 2013), 
which was not evidenced in the present study because 
analysis was performed in parallel with samples from 
stimulated mice; however, a tendency to higher c-Myc 
expression levels in the transgenic mice was noticed. EGF 
induction of c-MYC was lower in the transgenic mice 
compared to that in normal animals, in agreement with 
EGF signaling desensitization.

c-FOS and c-JUN are transcription factors rapidly and 
transiently induced upon stimulation and hence referred 
to as immediate early genes. c-Fos is a proto-oncogene 
and part of the FOS family of transcription factors (Milde-
Langosch 2005); it is upregulated in response to several 
mitogenic signals, including EGF (Curran  et  al. 1985). 
c-FOS can bind to c-JUN, a member of the JUN family of 
transcription factors, resulting in the activator protein-1 
complex (AP-1) (Chiu et al. 1988). AP-1, in turn, induces the 
expression of target genes that regulate proliferation and 
survival (Vesely  et  al. 2009). c-Fos and c-Jun-upregulated 
expression has been associated with cancer development, 
including hepatocarcinoma (Milde-Langosch 2005, 
Liu  et  al. 2012). Basal c-FOS and c-JUN protein content 
and mRNA expression were also described to be increased 
in the liver of transgenic mice overexpressing GH 
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(Miquet et al. 2013). Such increased basal levels were not 
evidenced when samples were analyzed in parallel with 
those of EGF-stimulated mice. Regarding EGF induction, 
c-FOS levels were lower in the liver of transgenic mice, but 
c-JUN levels were similar in both animal models.

Studies of early gene induction upon EGF stimulation 
were in agreement with the observed decreased activation 
by EGF of its pro-mitogenic signaling pathways in the liver 
of the transgenic mice. However, the level of expression 
of the transcription factors after EGF administration was 
different, whereas c-MYC was not significantly induced 
by EGF in the transgenic mice, c-FOS augmented upon 
stimulation but to lower levels than that in normal mice. 
On the other hand, c-JUN was induced to similar levels in 
control and transgenic mice. STAT3 and STAT5 have been 
reported to promote c-Myc expression upon stimulation 
with growth factors other than EGF (Caló  et  al. 2003, 
Wu et al. 2014). Results from these studies might imply 
that EGF signaling through the STATs could also have an 
important role in c-Myc expression in mice liver because 
absence of STATs response upon EGF administration 
was associated with desensitization of c-MYC induction. 
However, decreased expression of c-Fos upon EGF 
stimulation might be attributed to reduced activation 
of ERK1/2 and AKT (Karin 1995, Liang & Slingerland 
2003). On the other hand, c-Jun transcriptional regulation 
mainly accounts on JNK activation (Dérijard  et  al. 
1994, Karin 1995), which might not be downregulated 
in the liver of the GH-overexpressing mice. It should 
be considered that EGFR phosphorylation at different 
residues triggers different signaling pathways (Zhang et al. 
2005); the mechanisms involved in GH desensitization or 
attenuation of EGF signaling would impact preferentially 
certain signaling cascades.

Four CYCLIN families are responsible for the  
activation of the cyclin-dependent kinases (CDKs) in 
different stages of the cell cycle. Particularly, CDK4/6-
CYCLIN D and CDK2-CYCLIN E complexes are 
sequentially required to promote cell cycle entrance 
from quiescence, progression through the G1 phase and 
transition from G1 into S phase in response to mitogenic 
stimulation (Santamaria & Ortega 2006). Considering 
that CYCLINs D1 and E are directly involved in cell cycle 
promotion, their levels were analyzed by immunoblotting 
and RT-qPCR. CYCLIN D1 induction showed similar 
levels of expression to c-JUN, which is a potent activator 
of the CYCLIN; however, the expression levels of 
CyclinD1 were not reflected in CYCLIN E content, whose 
expression depends not only on CDK4/6-CYCLIN D 
activation but also on c-MYC induction. Overall, results 

suggest a reduced induction of the cell cycle by acute EGF 
stimulation in transgenic mice despite increased levels 
of EGFR protein content. Therefore, there is no direct 
correlation between EGFR levels (González  et  al. 2010) 
and the EGF induction of early genes and CYCLINs. 
GH-overexpressing transgenic mice showed increased 
EGFR hepatic levels (González  et  al. 2010) but reduced 
or similar EGF induction of c-MYC, c-JUN, c-FOS and 
CYCLINs with respect to normal siblings. These results 
are different from those described for normal mice 
receiving intermittent injections of GH during a short 
period (Díaz  et  al. 2014). In that case, the treatment 
induced a significant upregulation of the receptor and, 
concomitantly, an increased expression of early genes 
involved in cell cycle control. The difference between 
both models is the nature of GH influence over EGF 
signaling pathways; chronic and continuous circulating 
GH levels caused an upregulation of EGFR liver content 
but a desensitization of EGF signaling (González  et  al. 
2010, Díaz et al. 2012), whereas short-term treatment with 
intermittent injections of EGF also produced an increase 
in EGFR protein content but upregulated EGF signaling 
(Díaz et al. 2014). Therefore, the next goal was to elucidate 
possible mechanisms involved in the attenuation of EGF 
signal in the liver of transgenic mice. For this purpose, 
activation of molecules upstream the STATs, ERK1/2 and 
AKT, namely c-SRC and EGFR, was studied.

c-SRC activation is promoted by several growth factors, 
including EGF; it plays a critical role in the regulation of 
cell proliferation, migration, adhesion, angiogenesis and 
immune function. Induction of c-SRC kinase activity results 
in the phosphorylation of different substrates, including 
Tyr 845 residue of EGFR (Biscardi et al. 1999, Kloth et al. 
2003). c-SRC protein content and basal phosphorylation 
are increased in the transgenic mice overexpressing GH 
(Miquet  et  al. 2008); however, its activation upon EGF 
administration has not been previously studied. EGF 
stimulation during different intervals revealed that the 
kinase phosphorylation is significantly induced in normal 
mice while not in the transgenic animals.

EGFR basal phosphorylation and protein content are 
also augmented in the liver of the GH-overexpressing 
transgenic mice (Miquet  et  al. 2008). When EGFR 
phosphorylation at the activating residue Tyr845 was 
studied after different stimulation times with EGF, reduced 
EGFR activation was evidenced in the liver of transgenic 
mice compared to that in the normal animals. Results 
suggest that chronically elevated levels of GH present in 
transgenic mice affect EGFR function despite inducing an 
increase in EGFR levels.
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Phosphorylation of EGFR on serine residues represents 
a mechanism for attenuation of EGFR activity. Among 
the major sites of serine phosphorylation of the EGFR, 
serine 1046/1047 (Ser 1046/1047) is required for EGFR 
desensitization (Countaway  et  al. 1992, Theroux  et  al. 
1992). Mutational removal of these negative regulatory 
phosphorylation sites causes the potentiation of 
signal transduction by the EGFR (Theroux  et  al. 1992). 
Recently, EGFR desensitization mechanisms have been 
discriminated between those induced by EGF binding 
to its receptor (homologous desensitization) and those 
triggered by treatments other than ligand binding 
(heterologous desensitization) (Yamamoto  et  al. 2014). 
Heterologous desensitization of the EGFR would be 
induced by serine phosphorylation of the EGFR via 
the p38 mitogen-activated protein kinase (p38 MAP 
kinase) pathway in various cell lines (Adachi et al. 2009, 
2010). It was therefore of interest to study EGF-induced 
phosphorylation of EGFR at serine 1046/1047 and p38 
activation in normal and transgenic mice. Basal as well 
as EGF-induced Ser 1046/1047-EGFR levels achieved in 
the transgenic mice were higher than those described for 
normal mice, which correlated with augmented activation 
of p38 in the liver of the transgenic animals. Therefore, 
concomitant to decreased EGF-induced signaling in the 
liver of the transgenic mice, p38 activation and EGFR 
phosphorylation at the Ser 1046/1047 were increased in 
transgenic mice. Hyperactivation of p38 and increased 
phosphorylation of the EGFR at the Ser residues might 
represent a desensitization mechanism triggered by 
continuously high GH levels to attenuate response to EGF.

Results from this research work demonstrate that 
ERK1/2-, STATs- and c-SRC-mediated EGFR signaling is 
attenuated upon exogenous EGF stimulation for different 
intervals in the liver of transgenic mice overexpressing 
GH. Such effects are in accordance with a low activation 
of the EGFR upon EGF stimulation despite its elevated 
amount in the liver of the transgenic mice, as well as 
with a decreased induction of the transcription factors 
c-MYC and c-FOS and the cell cycle promoter CYCLIN E.  
Decreased induction of EGF signaling was associated 
with increased phosphorylation of the EGFR in serine 
1046/1047, which had been reported to attenuate EGFR 
signaling; and increase activation of p38, a MAPK that has 
been involved in phosphorylation of EGFR at negative 
regulatory residues.

Transgenic mice overexpressing GH display high levels 
of hepatocellular replication throughout lifespan, and old 

animals frequently develop liver tumors (Snibson 2002). 
Several hepatocellular alterations as well as dysregulation 
of oncogenic pathways have been described in the liver 
of these transgenic mice (Miquet et al. 2013). Particularly, 
immunohistochemistry and immunoblotting analysis 
of the S-phase-related proliferating cell nuclear antigen 
(PCNA) evidenced a marked increase in transgenic mice, 
which was associated with upregulation of molecules 
involved in cell proliferation like CYCLIN D1, CYCLIN E, 
c-MYC, c-JUN and c-FOS (Miquet et al. 2013). Upregulation 
of these cell cycle modulators might reflect the increased 
protein levels and basal phosphorylation of EGFR,  
c-SRC and ERK1/2 in the liver of the transgenic mice 
(Miquet  et  al. 2008, 2013). However, further induction 
of EGF signaling upon exogenous EGF administration is 
impaired in this animal model.

The function of epidermal growth factor receptor 
has been described to be negatively regulated in the 
M phase (Gomez-Cambronero 1999, Dangi & Shapiro 
2005). Ligand-induced autophosphorylation and 
downstream signaling of the EGFR were demonstrated to 
be tightly suppressed in the M phase due to a decrease 
in ligand-binding affinity (Kiyokawa  et  al. 1997). 
Hyperphosphorylation at serine and/or threonine 
residues was associated with unresponsiveness of cells to 
EGF (Kiyokawa et al. 1997). In accordance, attenuation of 
EGF signaling and decreased EGF induction of cell cycle 
mediators was observed in transgenic mice overexpressing 
growth hormone. Although elevated GH levels present in 
transgenic mice upregulate basal activation and expression 
of mitogenic mediators in liver, at the same time, trigger 
compensatory mechanisms to downregulate response to 
pro-proliferative signals. In accordance, desensitization of 
GH signaling was previously described in the transgenic 
mice overexpressing GH, which implied upregulation of 
the SOCS protein CIS (González et al. 2002, Miquet et al. 
2004). Desensitization would not be restricted to the 
signaling pathways triggered by the homologous receptor, 
it would also affect receptors that do not bind GH like the 
EGFR (González et al. 2010). In this case, the inhibitory 
mechanism would involve hyperphosphorylation of 
the EGFR at Ser residues, despite of which, additional 
inhibitory mechanisms cannot be excluded.
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