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Abstract

Background: Growth hormone (GH) transduction defect
(GHTD) is a growth disorder with impaired signal trans-
ducer and activator of transcription 3 (STAT3) phosphoryl-
ation mediated by overexpression of cytokine-inducible
SH2-containing protein (CIS), which causes increased
growth hormone receptor (GHR) degradation. This study
investigated the role of epidermal growth factor (EGF) in
the restoration of normal GH signaling in GHTD.
Methods: Protein expression, cellular localization and
physical contact of proteins of the GH and EGF signaling
pathways were studied by Western immunoblotting, immu-
nofluorescence and co-immunoprecipitation, respectively.
These were performed in fibroblasts of one GHTD patient
(P) and one control child (C) at the basal state and after
induction with human GH (hGH) 200 ug/L (GH200), either
with or without silencing of CIS mRNA, and after induction
with hGH 1000 pg/L (GH1000) or 50 ng/mL EGF.

Results: The membrane availability of the EGF receptor
(EGFR) and the activated EGFR (pEGFR) was increased
in P only after simultaneous GH200 and silencing of CIS
mRNA or with GH1000, whereas this occurred in C after
GH200 alone. After EGF induction, the membrane locali-
zation of GHR, STAT3 and that of EGFR were increased in
P more than in C.
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Conclusions: In conclusion, in GHTD, the EGFR seems to
participate in successful GH signaling, but induction of
GHTD fibroblasts with a higher dose of hGH is needed.
The EGF/EGFR pathway, in contrast to the GH/GHR path-
way, seems to function normally in P and is more primed
compared to C. The involvement of the EGFR in successful
GH signaling may explain the catch-up growth seen in the
Ps when exogenous hGH is administered.
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Introduction

Growth hormone (GH) is a key regulator of body growth
and metabolism via its effects on cellular function and dif-
ferentiation [1, 2]. Specifically, it plays a major role in the
metabolism of proteins, lipids and carbohydrates and in
bone turnover, immune function and DNA synthesis, as
the transcription of the specific genes required for these
processes is regulated by GH [3].

When GH binds to its receptor (GHR), the receptor-
associated Janus kinase 2 (JAK?) is activated and tyrosyl
phosphorylation is initiated of both JAK2 and the GHR.
Several signaling cascades are then induced, including
the JAK/signal transducer and activator of transcription
(JAK/STAT), mitogen-activated protein kinase (MAPK)
and phosphatidyloinositol 3 kinase (PI3K) pathways. The
JAK/STAT pathway is the principal signaling mechanism
for cell proliferation, differentiation, migration and apop-
tosis, primarily through the GH/insulin growth factor 1
(IGF1) pathway [4, 5].

Due to its significant actions, cellular responsiveness
to the GH is strictly regulated. Soon after the transduction
of the GH signal begins, regulatory mechanisms are acti-
vated. The negative regulation of the GHR involves several
mechanisms through which excessive cellular growth is
limited. Factors that are involved in the negative regula-
tion of GH-induced JAK/STAT signaling are the following:
the protein tyrosine phosphatases, the protein inhibitors
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of activated STATs (PIAS) and the suppressors of cytokine
signaling (SOCS) proteins, consisting of eight intracel-
lular proteins, SOCS 1-7 and the cytokine-induced Src
homology-2 protein (CIS) [6, 7]. CIS, an E3 ubiquitin (Ub)
ligase, inhibits GHR signaling by competing with STAT5b
for common GHR phosphotyrosine-binding sites and by
a proteasome-dependent mechanism that involves GHR
internalization and degradation using a ubiquitination
system [8-10].

Another pathway that is significant for normal cell
growth is the epidermal growth factor (EGF) signaling
pathway, which crosstalks with the GH signaling pathway.
EGF stimulates cell growth, proliferation and differen-
tiation through its receptor, EGFR. Crosstalk between
the GH and EGF signaling pathways has been previously
described, in which the GH stimulates tyrosyl phosphoryl-
ation of the EGFR, which is independent of the receptor’s
intrinsic tyrosine-kinase activity [11, 12]. Furthermore, in
3T3-F442A pre-adipocytes, the GH has been found to stim-
ulate threonine phosphorylation of the EGFR [13].

Several defects of the GH pathway resulting in IGF-1
deficiency and severe growth retardation have been
described, which cause the GH insensitivity syndrome
(GHIS), such as the Laron syndrome, STAT5b deficiency,
primary acid-labile subunit (ALS) deficiency, IGF-1 muta-
tions and IGF-1 receptors mutations [14-17]. Biosynthetic
human growth hormone (hGH) therapy is unsuccess-
ful in GHIS, which can only be treated with biosynthetic
IGF-1 therapy [18]. Our group has described an additional
GH/IGF-1 pathway disorder, the GH transduction defect
(GHTD). GHTD is characterized by severe growth retarda-
tion with normal provoked and spontaneous GH secre-
tion, abnormally low IGF-1 concentrations, significantly
increased IGF-1 concentrations after induction with hGH
during the IGF-1 generation test and significant “catch-up”
growth after hGH therapy [19]. We have also reported that
children with GHTD have increased GHR degradation due
to overexpression of CIS and ubiquitinated CIS (uCIS) [20].
In an attempt to explain the observation that children
with GHTD can overcome the GH signaling defect with the
administration of hGH, we examined the possible involve-
ment of the EGFR in this process.

Materials and methods

The study included one pre-pubertal GHTD child (P), [8 years
and 6 months old; height standard deviation score (SDS), —2.42
and bone age retardation SDS, >-3.0] and one pre-pubertal age-
matched control child (C) with normal stature. Both the chil-
dren were recruited from the Outpatient Clinic of the Division of
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Pediatric Endocrinology and Diabetes of the University Hospital of
Patras, Greece. The study was approved by the Ethics Committee of
the University Hospital of Patras, Greece. After informed parental
consent, the child with GHTD was treated with hGH and reached an
adult height of 174 cm (- 0.44 SDS).

Cell cultures

Fibroblast cultures were established from the gingival biopsies
obtained from P and C after informed parental consent and chil-
dren’s assent. The tissue pieces (0.5-1.0 mm?’; 2-3 pieces per dish)
were plated onto 60-mm? culture dishes in Dulbecco’s modified
Eagle’s medium (DMEM), supplemented with 2 mM L-glutamine
(Gibco, Invitrogen, Life technologies, Carlsbad, CA, USA), 10% fetal
bovine serum (FBS, Gibco, Invitrogen, Life technologies, Carlsbad,
CA, USA), 50 IU/mL penicillin and 50 pg/mL streptomycin (Gibco,
Invitrogen, Life technologies, Carlsbad, CA, USA), and incubated
at 37 °C in 5% CO, atmosphere. The cultures were replenished with
fresh medium every 3 days and then subcultivated in a 1: 3 split ratio
upon reaching confluency by using a trypsin/EDTA solution (Gibco,
Invitrogen, Life technologies, Carlsbad, CA, USA). All experiments
were carried out with the cultured fibroblasts between the second
and sixth passages.

GH and EGF inductions

For the GH and EGF signal transduction pathway activation experi-
ments, the P and C fibroblasts were cultured at 80% confluency,
washed twice with phosphate-buffered saline (PBS), maintained for
a 24-h period in serum-free DMEM and then treated with two differ-
ent concentrations of hGH (Humatrope, Lilly, Indianapolis, IN, USA):
200 ug/L (GH200) and 1000 pg/L (GH1000) or with EGF (human
recombinant EGF, Millipore, Billerica, MA, USA) 50 ng/mL.

Silence CIS (short interference RNA CIS/siRNA CIS)

The cellular localization of EGFR as well as the protein expression
and the cellular localization of phosphorylated EGFR (pEGFR) were
studied at baseline and after induction with GH200, either with or
without siRNA CIS.

Silence CIS (siRNA) (Santa Cruz Biotechnology Inc, Dallas, TX,
USA) was performed according to the manufacturer’s instructions. A
total of 2x10° cells/well were cultured in 2-mL antibiotic-free DMEM
supplemented with FBS until the cells were 60%-80% confluent. For
each transfection, 1 g of siRNA was diluted in 100 pL siRNA Transfec-
tion Medium (sc-36868), solution A, and 6 uL of siRNA Transfection
Reagent (sc-29528) in 100 UL siRNA Transfection Medium (sc-36868),
solution B. Solution A was added to solution B and the mixture was
incubated for 45 min at room temperature (RT).

The fibroblasts were washed once with 2 mL of siRNA Trans-
fection Medium (sc-36868). The medium was aspirated. For each
transfection, 0.8 mL of siRNA Transfection Medium was added to
each tube containing solution A and solution B and the mixture was
applied onto the washed cells. The cells were then incubated for 7 h
at 37°C in a CO, incubator. Subsequently, 1 mL of normal growth
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medium containing 2 times the normal serum and antibiotic con-
centration was added to the transfection mixture and the cells were
incubated for an additional 24 h. The medium was then aspirated
and replaced with fresh 1x DMEM for 24 h. The cells were lysed for
Western immunoblotting.

Western immunoblotting

The protein expression of CIS and its ubiquitinated isoform (uCIS),
STAT3, phosphorylated STAT3 (pSTAT3), EGFR, pEGFR and GHR was
studied by Western immunoblotting as follows: (a) at the basal state
and after induction of the children’s fibroblasts with 200 ng/mL hGH,
either with or without silencing of CIS mRNA and (b) at the basal
state and after induction of the fibroblasts for 15 min with GH200,
GH1000 or EGF.

The following antibodies were used at the indicated concentra-
tions: CIS (Santa Cruz Biotechnology Inc. Dallas, TX, USA, 1:250-
500), STAT3 (Santa Cruz Biotechnology Inc., Dallas, TX, USA, 1: 500),
PSTAT3 (Cell Signalling Technology Inc., Danvers, MA, USA, 1:250),
EGFR (Merck Millipore, MA, USA, 1:500), pEGFR (Santa Cruz Bio-
technology Inc., Dallas, TX, USA, 1:200), GHR (Novus Biologicals,
Littleton, CO, USA, 1:500) and B-tubulin (1:500), (Merck Millipore,
Billerica, MA, USA, 1:500).

The cell lysates were diluted in homemade sodium dodecyl sulfate
(SDS) sample buffer that was supplemented with B-merkaptoethanol
(Sigma Aldrich, St Louis, MO, USA) and denatured. The mean protein
concentration obtained by the used protein extraction method, before
SDS was added, was 1 ug/uL (50 ug/50 uL) of the lysate. Coomassie blue
staining of the gel was used as a loading control. Then, the cell lysates
were loaded into wells in an SDS-polyacrylamide gel (10%: pSTAT3,
PEGFR, EGFR, GHR and 12%: CIS). Fifty microliters of each sample was
loaded into each lane. A prestained standard (Benchmark Prestained
Protein Ladder, Invitrogen, Life technologies, Carlsbad, CA, USA) was
used as a molecular weight marker. Voltage was applied along the gel
and the proteins were separated depending on their size. Following
the electrophoresis, the proteins were transferred to a nitrocellulose
transfer membrane (Whatman, Protran, Sigma Aldrich, St. Louis, MO,
USA), which was then incubated with one of the primary antibodies
for 12 h and the appropriate second antibody for an additional 1 h.
Immunoreactive proteins were visualized by chemiluminescence after
the membranes were exposed to enhanced chemiluminescence (ECL)
(H,0, and luminal, GE Healthcare Biosciences AB, Sweden) and devel-
oped on photographic films. Autoradiograms were scanned and the
bands corresponding to each protein were analyzed by densitometry.
The protein expression of each protein was compared with the protein
expression of B-tubulin, by using the program Scion image (version
4.0.3.2; Scion Corporation).

The Western blots were repeated several times. In our cell
model, clear bands were not obtained, but the densitometry image
analysis program used gave us results that showed consistent repro-
ducibility and no major variability.

Immunofluorescence

The cellular localization of STAT3, pSTAT3, CIS, GHR, EGFR, pEGFR
and Ub was studied by immunofluoresence. For the first part of the
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experiments, cells at the basal state or after induction with 200 ug/L
were treated either with or without siRNA CIS. In the second part of
the experiments, after induction of the cells with hGH (200 pg/L or
1000 pg/L) or EGF (50 ng/mL) or without induction, the cells were
washed twice with PBS. The cells were fixed and permeabilized.
The fixed cells were blocked for 1 h with 1% bovine serum albu-
min (BSA). The primary antibodies were applied at an appropriate
dilution, time and temperature (pSTAT3, GHR: 1: 20, EGFR, pEGFR,
STAT3, CIS, Ub: 1:50, overnight at 4 °C, Santa Cruz Biotechnology,
Inc., Dallas, TX, USA). After the incubation with the primary anti-
body, the cover slips were washed three times with 1% BSA followed
by a I-h incubation period with the secondary antibodies (FITC anti-
rabbit, anti-mouse and anti-goat 1:100 at RT, Santa Cruz Biotech-
nology, Inc., Dallas, TX, USA). The images were acquired on a Nikon
Eclipse TE 2000-U.

Co-immunoprecipitation (Ci)

The physical contact between the GHR and the EGFR, as well as
between the uCIS and the EGFR, was studied at the baseline and after
induction with GH200, GH1000 or EGF.

Equal amounts of all cell extracts (200 pg of protein) from the
fibroblasts cultured in the absence or presence of hGH (200 pg/L)
for 15 min were subjected to Ci with the EGFR and CIS antibod-
ies. The immunocomplexes were resolved by SDS/polyacrylamide
gel electrophoresis (SDS/PAGE), electrotransferred onto nitrocel-
lulose membranes and the blot was then probed with anti-GHR
or anti-EGFR antibodies (Santa Cruz Biotechnology Inc., Dallas,
TX, USA).

Results

Our results confirmed our previous findings that in
the control fibroblasts, after silencing of CIS mRNA,
the protein expression of pSTAT3 was decreased at the
baseline and after induction with GH200, and its locali-
zation was mainly cytoplasmic. We also confirmed that
the GHTD fibroblasts, after silencing of the CIS mRNA,
exhibited a remarkable elevation of the protein expres-
sion of pSTAT3 at the baseline and after induction with
GH200, and the cytoplasmic localization became more
intense [20].

The new findings of our study were as follows: in
C, after simultaneous silencing of the CIS mRNA and
induction with GH200, EGFR changed its localization
from exclusively cytoplasmic to localization both in the
cytoplasm and on the plasma membrane. In P, the EGFR
was localized at first mainly on the plasma membrane
after GH200, but after silencing of the CIS mRNA and the
administration of GH200, the plasma membrane localiza-
tion was increased (Figure 1A).
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Figure 1: Expression of EGFR and pEGFR at the baseline and after induction with 200 ng/mL hGH, with or without siRNA CIS.
(A) Localization of EGFR and pEGFR as shown with immunofluorescence (If). (B) Western immunoblotting (Wi) of pEGFR. The densitometry
measurements are depicted in the histograms.

Also, the protein expression of the pEGFR increased GH inductions
in C and P after silencing of the CIS mRNA, at the
baseline and after GH200 (Figure 1B). After simulta- Ubiquitinated CIS
neous silencing of the CIS mRNA and induction with
GH200, the plasma membrane localization of the pEGFR In the C fibroblasts, as we have previously described [14],
increased to a greater degree in P as compared to C after induction with GH1000, the protein expression of
(Figure 1A). uCIS increased, as well as the cytoplasmic localization of
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CIS compared to the basal state and after induction with
GH200 (Figure 2A and B).

In the P fibroblasts though, after induction with
GH1000, the protein expression of uCIS was reduced
to similar levels as after induction with GH200 in C,
eliminating the overexpression of uCIS observed at the
basal state and after induction with GH200. After induc-
tion with GH1000, the localization of CIS was mainly in
the nucleus, whereas the cytoplasmic localization was
reduced compared to that after induction with GH200 or
without induction (Figure 2A and B).

Ubiquitin

Ub was overexpressed in the P fibroblasts compared to the
C fibroblasts, both at the basal state and after the GH200
and GH1000 inductions. In the C fibroblasts, Ub showed a
slight increase after GH1000 when compared to the basal
state and after GH200, whereas in the P fibroblasts, Ub
was overexpressed from the basal state and after GH200.
In the C fibroblasts, Ub showed mainly nuclear expres-
sion, whereas in the P fibroblasts, it had mainly nuclear
and cytoplasmic expressions (Figure 2A).

STAT3

In C, at the baseline and after GH200 and GH1000,
STAT3 showed mainly nuclear localization. In P, STAT3 was
localized both in the cytoplasm and in the nucleus at the
basal state and after GH200; however, after GH1000, it was
also localized on the plasma membrane. In all the states
(basal state and after induction with GH200 and GH1000),
STAT3 showed increased expression in the P fibroblasts
compared to C (Figure 2C).

pSTAT3

In C, the protein expression of pSTAT3 was increased
after induction with GH200, whereas after induction
with GH1000, it was decreased and was similar to the
phosphorylation at the basal state (Figure 2D). The
localization of pSTAT3 was observed in the cytoplasm
and in the nucleus at the basal state and after induction
with GH1000, whereas it was localized on the plasma
membrane after induction with GH200 (Figure 2C). In
contrast, in P, the protein expression of pSTAT3 and the
plasma membrane localization were increased only after
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induction with GH1000, whereas after induction with
GH200, there was almost no phosphorylation of STAT3
(Figure 2C and D).

GHR and EGFR

In C, the protein expression of the GHR and the EGFR
was increased after induction with GH200 and decreased
after induction with GH1000. In contrast, in P, the protein
expression of the GHR and the EGFR was decreased after
induction with GH200 and increased after induction with
GH1000. After induction with GH200 in C and GH1000 in
P, when the protein expression of the GHR and the EGFR
was increased, the plasma membrane localization of the
two receptors was profound (Figure 2E and F).

pEGFR

After GH200 in C and GH1000 in P, pEGFR also showed
increased protein expression and the cytoplasmic
and membrane localization of pEGFR were increased
(Figure 2G).

EGF induction
CIS, uCIS and ubiquitin

After induction with EGF, in the C fibroblasts, the expres-
sion of the total CIS was elevated, with mainly nuclear
localization but also with increased cytoplasmic locali-
zation as compared to that seen after induction with
GH200 or GH1000. The protein expression of uCIS was
also increased. In the P fibroblasts, after induction with
EGF, the expression of the total CIS was similar to that
seen after induction with GH1000 and it had mainly
nuclear localization. The protein expression of uCIS was
decreased compared to the basal state and after GH200
induction and was similar to that seen after GH1000
(Figure 2A and B).

Ubiquitin

In the C fibroblasts, Ub showed increased expression
after induction with EGF compared to the basal state
and after the hGH inductions. In the P fibroblasts, Ub
showed decreased nuclear and cytoplasmic expressions
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Figure 2: Protein expression (Wi) and localization (If) of proteins of the GH signaling pathway at baseline and after inductions with

200 pg/L GH, 1000 pg/L GH and 50 nM EGF.

(A) If of CIS and ubiquitin, (B) Wi of uClS, (C) If of STAT3 and pSTAT3, (D) Wi of pSTAT3, (E) Wi and If of GHR, (F) Wi and If of EGFR, (G) Wi and If
of pEGFR. The densitometry measurements are depicted in the histograms.

in comparison with the basal state and after GH200 induc-
tion (Figure 2A).

STAT3

In the C fibroblasts, after induction with EGF, the expres-
sion of STAT3 was increased compared to the basal state
and it was mainly localized in the nucleus (Figure 2C).
In P, after induction with EGF, the cytoplasmic and

membrane expressions of STAT3 were profoundly
increased (Figure 2C).

pSTAT3

In C, the protein expression of pSTAT3 was increased after
induction with EGF as compared to the basal state, with
nuclear and cytoplasmic localizations. In P, the cytoplas-
mic localization of pSTAT3 was increased after induction
with EGF (Figure 2C and D).
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GHR and EGFR
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In C, the EGFR was increased similarly after the EGF

and GH200 inductions and there was also localization
In C, the GHR showed no change in its protein expression on the plasma membrane in both cases. In P, the protein
or in its cytoplasmic localization after induction with EGF  expression and the membrane localization of EGFR were
compared to the basal state. In P, the GHR, in addition toits increased similarly to those seen after GH1000. The mem-
cytoplasmic localization, was also present on the plasma brane localization of EGFR was more profound in P than
membrane after induction with EGF (Figure 2E). in C (Figure 2F).
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pEGFR

In C, the protein expression of pEGFR was increased even
more than after GH200 induction and it was mainly local-
ized on the plasma membrane. In P, the protein expression
and the membrane localization of pEGFR were increased.
The membrane localization of pEGFR was greater in P
than in C (Figure 2G).

Co-immunoprecipitation and double
immunofluorescence (Di)

The GHR and EGFR were found to be in physical contact
(Ci) after the GH200 and GH1000 inductions in the C
fibroblasts, but only after GH1000 in the P fibroblasts.
In C, the membrane co-localization (Di) of the receptors
was observed after GH200 induction, whereas in con-
trast, in P, it was observed after GH1000 and EGF induc-
tions (Figure 3A). After induction with GH200 in C and
GH1000 in P, the physical contact (Ci) between the pro-
teins EGFR and uCIS decreased as well as the cytoplas-
mic/membrane co-localization (Di) of the EGFR and CIS
(Figure 3B).

Discussion

The results of our previous studies support the hypothesis
that impaired GH signaling in children with GHTD may
involve the overexpression of uCIS, which causes rapid
and excessive translocation of the GHR to the proteas-
omes for degradation. In the current study, we showed,
for the first time, that induction of the GHTD fibroblasts
with 1000 ug/L hGH (5 times the amount of hGH needed
in control fibroblasts) restored the GHR to the plasma
membrane, resulting in physiological GH signaling. This
finding provides further evidence that the pathophysiol-
ogy of GHTD may involve the reversal of the impaired intra-
cellular GH signaling with “pharmacologic”doses of hGH.

Another new finding of this study is the possible
involvement of the EGFR in the successful signaling of the
GH pathway in the GHTD fibroblasts after induction with
hGH. It is well known that GH stimulates tyrosyl phospho-
rylation of the EGFR, which then activates JAK-STAT sign-
aling [13]. In our current study, as expected, after induction
of the control fibroblasts with 200 ug/L hGH, the protein
expression and membrane co-localization of the GHR and
EGFR, as well as the protein expression of the activated
EGFR (pEGFR), increased, facilitating JAK-STAT signaling.
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It is of interest though that in the GHTD fibroblasts, this
co-localization occurred only after induction with hGH
1000 ug/L, inferring that the involvement of the EGFR in
the successful JAK-STAT signaling in GHTD may require
pharmacologic doses of hGH. It is also noteworthy that
after the induction of the fibroblasts with 200 ug/L hGH in
C and 1000 pg/L in P, the uCIS and the EGFR showed very
little physical contact and co-localization on the mem-
brane and in the cytoplasm, possibly explaining why the
EGF receptor is still available on the membrane under the
conditions where GH signaling is successful.

It is well known that EGF-induced activation of the EGFR
results in STAT3 activation [21, 22]. In accordance with this,
in the fibroblasts of C and P, after cellular induction with
EGF, the membrane expression of STAT3 was increased, as
expected, so that it could be phosphorylated. A new finding,
though, was that the membrane expression of STAT3 was
more intense in the GHTD fibroblasts after EGF induction.
Furthermore, it seems that the EGFR may have a more robust
involvement in GH signaling in the GHTD fibroblasts com-
pared to the control fibroblasts. The EGF/EGFR signaling
pathway in P in our study seemed to function normally, in
contrast to the GH/GHR pathway. This can be inferred from
the finding that after EGF induction of the GHTD fibroblasts
with the same dose of EGF as in the C fibroblasts, the protein
and the membrane expression of the EGF receptor showed
no differences between the fibroblasts of C and P. Of particu-
lar interest, though, is that the protein and the membrane
expression of the phosphorylated EGFR after induction of
the C fibroblasts with 200 ug/L hGH were similar to those
which occurred only after induction of the GHTD fibroblasts
with the higher hGH dose (1000 pg/L hGH). Furthermore,
it seems that in the GHTD fibroblasts, the activation of the
EGFR with the dose of hGH (1000 pg/L) that induced normal
transduction of the GH signal was similar to that which
occurred when EGF was the stimulus.

Also, after induction with EGF, the GHR showed
increased membrane expression compared to the basal
state, which, again, was more profound in the GHTD
fibroblasts. It may be possible that in the fibroblasts of P,
the crosstalk between the GH and EGF signaling pathways
after induction with EGF may be more intense compared to
that in the control fibroblasts. In addition, after induction
with EGF, the physical contact between the uCIS and the
EGFR as well as the co-localization of the CIS and the EGFR
on the membrane and in the cytoplasm were noted, espe-
cially in the GHTD fibroblasts. This may suggest that uCIS
plays a role in the inhibition of the EGF/EGFR pathway.
More specifically, the uCIS may either inhibit EGF signal-
ing by binding directly to the EGFR or by binding to the
GHR, which we have shown to be in physical contact with
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Figure 3: Results from Western immunoblotting (Wi) after co-immunoprecipitation, and double immunofluorescence (dIf), at baseline and

after inductions with 200 ug/L hGH, 1000 pg/L hGH or 50 nM EGF.

(A) The precipitation was made with EGFR, and GHR was detected with Wi and co-localization of EGFR-GHR on dIf. (B) The precipitation was
made with EGFR, and uCIS was detected with Wi and co-localization of CIS-EGFR on dIf.

the EGFR. After induction with EGF, the control and GHTD
fibroblasts exhibited similar levels of uCIS to those seen
after the hGH inductions at which GH signaling was suc-
cessful (200 ug/L hGH in the fibroblasts of the control and
1000 ug/L hGH in the GHTD fibroblasts).

It is well known that CIS is a negative regulator of the
GHR and GH signaling [23], and the involvement of SOCS-4
and SOCS-5 in the negative regulation of the EGFR has
been documented [24]. In addition, EGF has been shown
to induce the expression of CIS in the liver and mammary
epithelial cells of mice [25], but our study suggests, for the

first time to the best of our knowledge, that uCIS is also a
possible negative regulator of the EGFR.

Our study furthers the understanding of GH and EGF
signaling, the negative regulation of the GH and EGF
pathways and the crosstalk between these two pathways,
under normal conditions and in a pathological condition,
i.e. GHTD. Successful crosstalk between these two path-
ways seems to require the membrane localization of both
the receptors, GHR and EGFR.

Our findings support the hypothesis that in the fibro-
blasts of P, the cellular processes that are initiated after
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their induction with the higher dose of hGH (1000 pug/L)
seem to involve the EGF pathway and may be similar to
those induced when exogenous hGH is administered in
pharmacologic doses to the P fibroblasts.

In conclusion, our study offers a possible explana-
tion for the successful hGH treatment of Ps, which may
occur through the involvement of the EGFR, resulting in
increased longitudinal growth (catch-up growth) and a
normal final adult height of the children with GHTD.
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