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Background/aim: The importance of thyroid hormone on growth and development in children is well recognized.
In addition, linear growth is highly dependent on the response of peripheral tissues to growth hormone, a process
known as GH sensitivity, but little is known about the possible effects of T4 on this process.

Methods: We determined the effect of stimulation with recombinant human GH (rhGH; 200 ng/mL) alone or in
combination with two different concentrations of T4 (250 nM and 500 nM for 24 h) on JAK2 and STAT5 activa-
tion in skin fibroblast cultures obtained from prepubertal boys with normal height.

Results: JAK2 and STAT5 were activated under co-incubation with T4 (at both concentrations) and rhGH in the
non-nuclear fraction of the fibroblasts. In addition, after 24 h of co-incubation with rhGH and T4 (500 nM), we
observed an increase in phospho-STAT5 in the nuclear fraction, when compared to GH and T4 stimulation
alone. This effect was not observed when the fibroblasts were co-incubated with GH and the lower concentration
of T4 (250 nM).

Conclusion: Combined stimulation with GH and T4 at a concentration of 500 nM increases synergistically nuclear
phospho-STATS5 in skin fibroblasts, which may amplify tissue sensitivity to GH. These findings may help to ex-
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plain the effect of T4 administration on growth velocity in some children with idiopathic short stature.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

The importance of thyroid hormone (T4) on growth and develop-
ment in children is well recognized [1-3]. Several studies have
addressed the effects of supplementing thyroid hormone in short chil-
dren with serum thyroid hormone levels in the low-normal range [3],
but the possible mechanisms leading to the improvement in the growth
velocity of some of these children during T4 administration have not
been clarified. Linear growth is highly dependent on the response of pe-
ripheral tissues to growth hormone (GH) [4], a process known as GH
sensitivity [5]. Several parameters such as nutritional status [6,7] as
well as the circulating concentrations of sex steroids markedly influence
GH sensitivity [8-10], but little is known about the possible effects of
thyroid hormone on this process.

Responsiveness to GH in target cells is mediated by the GH receptor
(GHR). The interaction of GH with its dimerized receptor causes the ac-
tivation of multiple signaling pathways, among which the GHR/JAK/
STAT is regarded as the main GH-activated signaling pathway. Janus ki-
nase 2 (JAK2) constitutively associates with the GHR, which in turn in-
duces tyrosine phosphorylation within itself and the GHR. Upon GH
binding, members of the family of signal transducers and activators of
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transcription (STATSs) are recruited to the GHR complex. These proteins
undergo tyrosine phosphorylation by JAK kinases resulting in STAT di-
merization and nuclear translocation, where they bind to specific DNA
elements and stimulate gene transcription [11-14].

In this study, we have investigated the effects of thyroid hormone on
GH sensitivity, by performing an in vitro study regarding the effects of
co-incubation with levothyroxine over the response to GH in fibroblast
cultures obtained from prepubertal boys with normal stature. We deter-
mined the activation of JAK2 and STAT5 after stimulation with GH alone,
or in the presence of two different concentrations of T4 (250 nM and
500 nM) during 24 h. We documented that thyroid hormone supple-
mentation at the higher concentration enhances synergistically the
STATS5 response to GH stimulation in fibroblast cultures from children
with normal height.

2. Subjects and methods
2.1. Study subjects

The study population consisted of 16 prepubertal boys
(6.6 & 0.6 years of age) with normal stature and weight for age and
sex who underwent elective surgery for an unrelated condition. The
subjects were recruited at the San Borja-Arriaran Hospital, and the
study was approved by the Ethics Committee of the University of
Chile. Informed consent was obtained from the parents of the children
enrolled in the study.
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2.2. Chemicals

Recombinant human growth hormone (rhGH) was a gift from
Dr. A. F. Parlow (National hormone and peptide program, NIH, USA)
and thyroid hormone (T4) was donated by Merck-Serono. Dulbecco's
modified Eagle's medium (DMEM) containing 4.5 g/L of glucose,
Dulbecco's phosphate buffered solution (DPBS), penicillin/streptomy-
cin, and fungizone were purchased from Invitrogen (Grand Island, NY,
USA). Heat inactivated fetal calf serum (FCS) was purchased from Bio-
logical Industries (Kibbutz Beit Haemek, Israel). Prestained molecular
mass standard proteins were obtained from Fermentas (Burlington,
Ontario, Canada), and all the other chemicals were purchased from
Sigma (St. Louis, Mo, USA), unless stated otherwise.

2.3. Cell cultures

Primary fibroblast cultures were established from skin-biopsy spec-
imens obtained from the healthy control children (at the time of
surgery). The tissue (~1 mm?®) was cultured in DMEM supplemented
with 10% FCS, 10 U/mL, penicillin/streptomycin and 0.25 pg/mL
fungizone at 37 °C in a 5% CO, atmosphere. Fibroblast cultures were
used between the third and sixth passage, in order to avoid the influ-
ence of plasma factors and senescent changes over the cellular response.

2.4. T4 dose-response and time-response assay

The dose and time chosen for the different assays were based on
STATS phosphorylation. Skin fibroblast cultures seeded on 100-mm
dishes at 80 to 90% confluence were washed with DPBS and serum de-
prived for 24 h and treated with the following stimuli: (i) a sole dose
of rhGH (200 ng/mL), (ii) 4 concentrations of T4 (50 nM, 100 nM,
250 nM and 500 nM) and (iii) co-stimulation of GH plus T4 for 24 and
48 h. Higher concentrations of T4, including those employed in this
study, have been used in different in vitro protocols [ 15-17]. Differences
in STAT5 phosphorylation were observed at 24 h post-incubation and at
the highest doses of T4 (250 nM and 500 nM), concentrations which
were used in this study.

2.5. Protein extraction

Skin fibroblasts seeded on 100-mm dishes at 80 to 90% confluence
were washed with DPBS and serum deprived for 24 h, and treated
with two concentrations of T4, 250 mM and 500 mM in the presence
of 200 ng/mL rhGH for 24 h. Protein extracts were prepared as de-
scribed previously [18]. The protein content was determined by the
Bio-Rad Bradford (Richmond, CA, USA) assay. Soluble fractions from fi-
broblasts were heated at 95 °C with 0.33 vol of SDS-PAGE sample buffer.

2.6. Analysis of the protein content by Western immunoblotting

Samples were resolved by SDS-PAGE under reducing conditions and
transferred to nitrocellulose membranes (Bio-Rad, Richmond, CA, USA).
To reduce non-specific antibody binding, membranes were incubated
for 1 h at room temperature in TBS (pH 7.4) containing 0.1% (v/v)
Tween-20 (TBST) blocking buffer with 3% w/v BSA. The membranes
were then incubated overnight at 4 °C with antibodies anti-JAK2
1:2000 from Millipore (Billerica, MA, USA) and anti-TFIIB 1:400 pur-
chased from B.D Transduction Laboratories (Franklin Lakes, NJ, USA);
anti-phospho-JAK2 Tyr!%97/1%98 1:1000 purchased from Cell Signaling
Technology (Danvers, MA, USA), anti-STAT5a/b 1:800 purchased from
Abcam (Cambridge, MA, USA), anti-phospho-STAT5 Tyr54/6%° 1:1000
from Santa Cruz (Dallas, Texas, USA) and anti-3-actin 1:100.000 obtain-
ed from Sigma Aldrich (St. Louis, MO, USA).

After washing in TBST, membranes were incubated for 1 h at room
temperature with horseradish peroxidase-linked secondary antibody
(1:10.000 for peroxidase conjugated anti-rabbit IgG or peroxidase-

conjugated anti-mouse IgG) purchased from Rockland (Gilbertsville,
PA, USA). Immunoreactive proteins were visualized using the Pierce®
ECL Western Blotting Substrate Kit (Thermo Scientific, Rockford, IL,
USA), blots were captured by exposure using the Discovery 10gD
Ultralum with Ultraquant software (6.0.0344 version). The OD of the
protein bands relative to 3-actin, TFII (nuclear protein) or the respective
total content, were quantified by the Image | 1.38x (NIH, USA). For
reblotting, membranes were stripped by incubation for 2 min at room
temperature with Re-blot Mild Solution (Chemicon, Tamecula, CA,
USA). Blots were washed, reblotted and immunolabeled as described
above. Immunoreactive proteins were visualized, blots were captured
and the OD of the protein bands relative to (3-actin, TFIl (nuclear
protein) or the respective total content, were quantified by the Image
] 1.38x (NIH, USA).

2.7. Statistical analyses

The SDS for weight and height for our subjects were based on the
National Center for Health Statistics (NCHS). The differences in JAK2
and STATS5 activation after incubation for 24 h with rhGH or T4 alone,
or with the combination of both hormones with the two concentrations
of T4 were compared by the Kruskal-Wallis test. Each protein was ana-
lyzed twice in each of the fibroblast cultures from the 16 subjects stud-
ied. Statistical analysis was performed with the GraphPad Prism
program version 5.00, and P values less than 0.05 were considered
significant.

3. Results
3.1. Clinical characteristics of the control prepubertal boys

The clinical characteristics of the boys studied are shown in Table 1.
The 16 prepubertal boys had a mean age of 6.6 4+ 0.6 years, a mean
height of —0.20 + 0.2 SDS, and a mean weight of —0.06 + 0.3 SDS.

3.2. JAK2 activation

To determine whether co-incubation with T4 and hGH potentiates
the intracellular growth hormone signaling pathway, we first analyzed
the effect of these hormones on JAK2, an activator which is essential
for this signaling pathway. For this purpose, we determined the changes
in JAK2 phosphorylation after incubation with rhGH alone (200 ng/mL),
or in combination with two different concentrations of T4 (250 nM and
500 nM).

In a previous report, we showed the time-course for phosphoryla-
tion of JAK2 after GH administration in fibroblasts from healthy control
subjects. Briefly, it peaked within 15 min of the addition of rhGH
(0.97 £ 0.08 vs 1.14 4+ 0.08), and returned to basal levels after
60 min of GH stimulation [18]. Based upon this information, co-
incubation studies showed that in the presence of 250 nM of T4, JAK2
activation was similar to rhGH stimulation alone (1.11 4+ 0.1 vs
1.02 4 0.03). Similar data was obtained when a higher dose of T4
(500 nM) was used (1.1 £ 0.1 vs 1.43 4 0.31). These results shown
in Fig. 1B suggest that co-incubation with hGH and T4 does not increase
the activation of JAK2 over that obtained with rhGH alone, and phos-
phorylation levels are similar to those observed after 15 min of hormone
stimulation.

Table 1
Clinical characteristics of the subjects enrolled in the study. Values are presented as
mean =+ SEM.

Subjects Sex, male  Age, years Height, z score Weight, z score
(mean + SEM) (mean + SEM) (mean + SEM)
Prepubertal 16 6.6 + 0.1 —02 4+ 0.2 —0.06 4+ 0.33
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Fig. 1. Janus kinase (JAK)2 activation in skin fibroblasts after a 24 h GH incubation in the
absence and presence of T4. Two concentrations of T4 were tested, 250 nM and 500 nM,
and compared to rhGH (200 ng/mL). (A) Representative Western immunoblots raised
against pJAK2 and JAK2. (B) Densitometric analysis of immunoblot data. Values are
expressed as mean + SEM.

3.3. STAT5 activation

Following the growth hormone signaling pathway, our next step
was to study the time-course activation of STAT5b. For this part of the
study, the fibroblasts were incubated with 200 ng/mL of rhGH over
short periods of time (minutes), and the cytoplasmic lysates were ana-
lyzed by SDS-PAGE and immunoblotting. As shown in Fig. 2B, STAT5
phosphorylation increased after 15 min (0.91 4 0.24 vs 1.67 + 0.3),
peaked within 30 min of the addition of rhGH (0.91 £ 0.24 vs
2.01 + 0.52), and returned to basal levels after 60 min. (See Fig. 2B).

Since the STAT5 response was confirmed after GH incubation in this
in vitro cell model, we analyzed the effect of the 24 h co-incubation with
rhGH and T4 on STAT5b activation in the non-nuclear fraction. As
shown in Fig. 2C, we observed similar phosphorylation levels with the
250 nM (1.108 + 0.1 vs 1.106 4 0.03) and 500 nM concentrations of
T4 (1.11 £ 0.1 vs 0.99 4 0.04).
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3.4. STAT5 nuclear translocation

An important feature of STAT5 concerns its translocation to the
nucleus following activation and dimerization in the cytoplasm. Our
first approach was to study how nuclear phospho-STAT5 varies among
GH stimulation over short periods of time (minutes). As shown in
Fig. 3B, an increase in phospho-STAT5 was observed after 15 min
(0.77 4+ 0.15 vs 1.09 + 0.04) of stimulation, which was maintained
for 30 min (0.77 4 0.15 vs 1.08 4 0.14), and returned to basal levels
after 60 min of GH stimulation.

Co-incubation with the lower concentrations of T4 (250 nM;
Fig. 4B), showed similar levels of nuclear phospho-STAT5 when com-
pared to the 24 h GH treatment (0.98 + 0.1 vs 1.25 + 0.2). However,
when we compared the phosphorylation levels with cells treated solely
with T4 (250 nM) and rhGH (200 ng/mL) for 24 h, phosphorylation
levels were increased only in the presence of GH. When a higher con-
centration of T4 (500 nM) was used, skin fibroblasts co-incubated
with both hormones showed a significant increase in nuclear
phospho-STAT5, when compared to the levels observed with rhGH
(1.25 + 0.2 vs 2.11 £ 0.2), or T4 (500 nM) alone (0.65 + 0.18 vs
2.11 + 0.2). Phosphorylation levels observed with both doses of T4
were similar to those obtained under basal conditions, suggesting that
co-incubation with rhGH and the higher concentration of T4 increases
nuclear phospho-STAT5 synergically in human skin fibroblasts (Fig. 4B).

4. Discussion

The possible effects of thyroid hormone over the growth hormone
signaling pathway have not been studied adequately. This signal trans-
duction cascade induced by the growth hormone receptor triggers a
complex array of biochemical events, and involves a large number of
distinct molecules, mainly GHR/JAK2/STAT5.

The use of skin fibroblast cultures has gained importance in the
study of the GHR and its signaling pathway, since it maintains the intrin-
sic characteristics after being removed from its natural in vivo environ-
ment [19]. These cultures have been used to study GH action in children
with short stature caused by complete GH insensitivity (GHI) [20,21],
and in children with idiopathic short stature [22-24]. It has been dem-
onstrated that in fibroblasts obtained from normal children, IGFBP-3
mRNA and secretion increase when stimulated with 200 ng/mL rhGH
and compared to fibroblasts obtained from children with GHI [20].
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Fig. 2. Signal transducers and activators of transcription (STAT)5 activation in the non-nuclear fraction of skin fibroblasts. (A) Representative Western immunoblots raised against pSTAT5
and STATS5 for time-course and co-incubation studies. (B) Time-course of STAT5 activation in skin fibroblasts after recombinant human growth hormone (rhGH) stimuli. (C) STAT5 acti-
vation after a 24 h rhGH (200 ng/mL) incubation in the absence and presence of T4 (250 nM and 500 nM). Values are expressed as mean 4 SEM. *p < 0.05.
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Fig. 3. Time course STAT5 phosphorylation in the nuclear fraction of skin fibroblasts cul-
tures. (A) Representative Western immunoblots raised against pSTAT5 and STAT5. (B) Nu-
clear time-course of STAT5 phosphorylation in skin fibroblasts after recombinant human
growth hormone (rhGH) stimuli. Values are expressed as mean + SEM. *p < 0.05.

The activation of the JAK/STAT signaling pathway is also activated in
these cell cultures when a GH concentration of 200 ng/mL is used. GH
rapidly activates STAT signaling in normal skin fibroblasts, where
STATs1 and 5 appear to bind DNA [21]. Local IGF-I production in these
cells has also been reported [25], however expression of GHR mRNA
and protein is relatively low [19,26].

In this study, we investigated the effects of rhGH alone, or in combi-
nation with two different concentrations of T4 over JAK and STAT5 acti-
vation in fibroblast cultures from prepubertal children with normal
stature. Our first approach was to establish the activation level of
these mediators on the GH signaling pathway following solely GH stim-
ulation. JAK2 and STATS5 activation was observed in the cytoplasm
following 15 and 30 min of rhGH administration, respectively. The infor-
mation provided by these assays, gave us valuable information which
was used for comparison in the co-incubation studies.
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Following the GH signaling pathway, we determined the activation
of JAK2 after 24 h stimulation with both hormones, either alone or in
combination. Our results showed that JAK2 activation, is similar in fibro-
blasts cultured with rhGH alone, or in combination with the two con-
centrations of T4. These findings suggest that the activation of JAK2
appears to be independent of the concentrations of T4 used in our
study, and appears to be due solely to GH stimulation.

Our next step was to evaluate whether co-incubation with rhGH and
T4 had any differential effect over STAT5 activation when compared to
incubation with GH alone. The results of these studies indicate that
the activation of STAT5 was similar in the non-nuclear fraction of the fi-
broblasts when they were incubated with rhGH alone, or in combina-
tion with any of the two concentrations of T4. This suggests that the
activation for STAT5 in the non-nuclear fraction is mostly due to GH.

An important issue for activated STATS5 is related to its translocation
to the nucleus, where it acts as a transcription factor for specific genes.
Our study documented a different pattern for nuclear STAT5 phosphory-
lation after co-incubation with rhGH and the higher concentration of T4.
At a T4 concentration of 250 nM, nuclear phospho-STAT5 was similar to
that observed with rhGH alone showing only significant phosphorylation
levels when compared to T4 250 nM alone, which are similar to basal
levels. The phosphorylation behavior was different when we increased
the T4 concentration to 500 nM in our cultures. Nuclear phospho-
STATS5 was significantly higher when compared to incubation with GH
alone, and to T4 500 nM alone. This 1.6 fold increase in nuclear
phospho-STAT5 compared to GH stimulation, or 3 fold increase com-
pared to basal levels, suggests a synergistic effect of T4 on GH, which
was exclusively observed in the presence of higher concentrations of T4.

The mechanisms which may explain the increase in STAT5 nuclear
translocation after co-incubation with 200 ng/mL rhGH and 500 nM
concentrations of T4 are not known. Both isoforms of STAT5, STAT5a
and STAT5b, translocate to the nucleus even in the absence of phosphor-
ylation, and this process may be GH-independent [27]. An important
issue is that phospho-STATS5 is dephosphorylated in the nucleus, prior
to being recycled to the cytoplasm.

The model proposed by Zeng R et al, (2002) for the nucleo-
cytoplasmic transport of STAT5b indicates that in the absence of
cytokine-stimulation, the non-phosphorylated momoneric form of
STAT5b shuttles continuously between the nucleus and the cytoplasm.
This non-phosphorylated form is mainly located in the cytoplasm, so
the nuclear export rate may be much faster than the nuclear import
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Fig. 4. STAT5 phosphorylation in the nuclear fraction of skin fibroblasts cultures. (A) Representative Western immunoblots raised against pSTAT5 and STAT5 in co-incubation studies.
(B) STAT5 phosphorylation after a 24 h rhGH (200 ng/mL) incubation in the absence and presence of T4 (200 nM and 500 nM). Basal phosphorylation levels (white bar) are also

shown. Values are expressed as mean 4 SEM. *p < 0.05.
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rate. Upon stimulation, STAT5 dimerizes and is phosphorylated masking
the region responsible for nuclear export, leading to nuclear transloca-
tion. After stimulation is terminated, STAT5b dimers are tyrosine de-
phosphorylated, and the monomers are sent back to the cytoplasm.

Considering that this model explains STAT5 translocation and acti-
vation under GH-stimulation, one possible mechanism for T4 signal am-
plification might be to sustain the dimer in its active-phosphorylated
form inside the nucleus. This mechanism might explain the increase in
phosphorylated nuclear STAT5 levels that we observed with the higher
concentrations of T4.

In conclusion, our results indicate that co-incubation with rhGH and
T4 at a concentration of 500 nM during 24 h increases synergistically
nuclear phospho-STATS5 in cultured skin fibroblasts from prepubertal
children with normal stature. These findings suggest that T4 may en-
hance GH sensitivity, and may help to explain the beneficial effect of
T4 administration on linear growth in short children with hypothyroid-
ism and in some children with idiopathic short stature.
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