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ABSTRACT

Recent reports have confirmed highest levels of growth hormone (GH) receptor 
(GHR) transcripts in melanoma, one of the most aggressive forms of human cancer. 
Yet the mechanism of GH action in melanoma remains mostly unknown. Here, using 
human malignant melanoma cells, we examined the effects of GH excess or siRNA 
mediated GHR knock-down (GHRKD) on tumor proliferation, migration and invasion. 
GH promoted melanoma progression while GHRKD attenuated the same. Western 
blot analysis revealed drastic modulation of multiple oncogenic signaling pathways 
(JAK2, STAT1, STAT3, STAT5, AKT, mTOR, SRC and ERK1/2) following addition of 
GH or GHRKD. Further, we show that GH excess upregulates expression of markers 
of epithelial mesenchymal transition in human melanoma, while the effects were 
reversed by GHRKD. Interestingly, we observed consistent expression of GH transcript 
in the melanoma cells as well as marked modulation of the IGF receptors and binding 
proteins (IGF1R, IGF2R, IR, IGFBP2, IGFBP3) and the oncogenic HGF-MET mRNA, in 
response to excess GH or GHRKD. Our study thus identifies the mechanistic model of 
GH-GHR action in human melanoma and validates it as an important pharmacological 
target of intervention.

INTRODUCTION

In the current year, melanoma is considered the 
most aggressive and treatment-resistant form of human 
skin cancer with an annual incidence of 76,380 in 2016 
[1] and a total of approximately 1,000,000 patients in the 
USA. The numbers of new cases have been rising steadily 
in the last 30 years, during which the five-year survival 
rates increased from 86% (1985) to 93% (2012), albeit 
with a poor quality of life [2].The estimated mortality 
from melanoma in the US in 2016 is 10,130 and includes 
children, adolescents and adults [1]. In spite of the 
recent breakthroughs in targeted and immunotherapy 
in melanoma [3, 4], there is a standing need [5–8] for 
identification of novel targets in all forms of cancer, 
especially melanoma.

Over the last few decades, the tumor driving 
properties of GH and GHR had been established in cancers 
of the breast, colon and prostate [9–12]. The presence of 

growth hormone receptor (GHR) RNA in human skin 
cells, especially melanocytes, was reported more than 20 
years ago [13], followed by identification of autocrine 
levels of GH as well as IGF1 in normal and basal cell 
carcinoma [14]. Along with several reports of elevated 
GHR RNA and proteins in human melanoma biopsies 
[15–19], the melanoma cell cycle was also considered 
to be under an orchestrated regulation of endogenous 
GH, prolactin (PRL) and adrenocorticotropic hormone 
(ACTH) [20]. Moreover, primary human melanoma 
specimens were even found to have high levels of GH 
releasing hormone (GHRH) receptor (GHRHR) [21], 
while GHRH-analogs were successful in suppressing 
malignant melanoma growth in vivo [22]. GH action is 
mediated by binding to a pre-dimerized cognate receptor 
[GH receptor (GHR)], and may involve direct or indirect 
activation of well-known intracellular signaling pathways 
downstream of JAK2 as well as the SRC family kinases 
[23–34]. These pathways including ERK1/2, STAT1, 
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STAT3, STAT5, AKT and mTOR are known to drive 
the tumoral progression in melanoma cells [35] and are 
found to be crucial in the interactions of melanoma with 
its microenvironment and progression to metastasis [36]. 
Therefore, it was reasonable to hypothesize that GH 
putatively occupies a central regulatory role in melanoma 
cell physiology and the GHR can be targeted to abrogate 
multiple mechanisms of growth and progression of this 
type of cancer. Yet no definitive studies have investigated 
or confirmed the plausible mechanisms and extent of 
GH action in malignant melanoma or the mediators 
involved therein.

In this project we assessed the effects of siRNA 
mediated GHR- knock-down (GHRKD) or of excess 
GH on four human melanoma cell lines selected from 
the NCI60 panel of human cancer cells and which were 
also part of a recent report identifying high levels of GHR 
in human melanoma cells [19]. Tumoral phenotypes of 
migration, invasion and proliferation were upregulated 
by GH excess and downregulated by GHRKD. Our RT-
qPCR and western blot analysis revealed that critical 
oncogenic signaling networks in the melanoma cell are 
GH-dependent and were significantly suppressed when 
the GHR was targeted and reduced. This resulted in 
regressive tumoral phenotypes including a reversal in 
the expressions of markers of epithelial mesenchymal 
transition which is a critical event in the initiation of 
metastatic and chemoresistance properties in cancer [37–
40]. Our observations collectively present a mechanistic 
model of GH-GHR action regulating multiple aspects of 
melanoma progression.

RESULTS

GHRKD suppresses human melanoma cell 
migration, invasion, colony formation and 
proliferation

The four human melanoma cells selected for 
this study have been reported to express GHR and are 
responsive to exogenous hGH treatment [19]. Prior 
to investigation of GH effect, we intended to confirm 
the presence and efficient knock-down of the GHR on 
these cells. Our RT-qPCR analysis of RNA confirmed 
high levels of GHR RNA in all four melanoma cells 
which were reduced by almost 90% following GHR-
KD (Supplementary Figure 1a). Western-blot analyses 
of lysates of GHRKD cells also showed an 75%-90% 
decrease in GHR protein following the siRNA treatment, 
when compared to the corresponding scramble(scr)-siRNA 
transfected controls (Supplementary Figure 1 (b, c)) We 
further validated our results using immunofluorescence 
(IF) staining for GHR on these cells, following GHRKD. 
We observed differential yet high levels of expression of 
GHR in the cells (Supplementary Figure 1 (d, e, f)), with 
the GHR protein level increasing in order from SKMEL-5, 

MDAMB-435, MALME-3M and SKMEL-28 (data not 
shown). Following transfection with GHR-siRNA, the 
GHR IF levels reduced markedly, indicating reduced GHR 
protein expression compared to the scr-siRNA treated 
controls (Supplementary Figure 1 (d, e, f)).

After confirming successful GHRKD, we analyzed 
its effect on tumoral phenotypes of proliferation, 
migration, invasion and clonogenicity. Migration and 
invasion are critical parameters in tumoral interaction 
with its microenvironment and cancer metastasis [41, 
42]; and different assays are employed to quantify these 
parameters [43, 44]. In our choice of an appropriate assay, 
we considered the fact that siRNA mediated knock-down 
of gene expression is stable up to seven days following 
transfection. Therefore, to analyze the effects of GHRKD 
within a relevant time, we chose a commercially available 
3-dimensional spheroid assay with a three-day time-point 
to visualize and quantitate the invasion of melanoma 
spheroids into a basement membrane protein containing 
hydrogel matrix with all four cell types, starting 48 hr. post-
transfection with scr- or GHR-siRNA. Invasion capacity 
decreased by a minimum of 28% in MDA-MB-435 cells 
to as much as 62% in SK-MEL-28 following GHRKD 
(Figure 1 (a-c), Supplementary Figure 2 (j-l)). To assay 
the migratory capacity of the melanoma cell lines, the 
transfected cells could converge on a small circular area in 
the center of the culture well for up to 48 hr. The percentage 
free area at the end time point was calculated using ImageJ. 
We observed a 2-fold reduction in migration level of SK-
MEL-28 cells following GHRKD, while for MALME-3M 
cells the difference was 15-fold when compared against 
scr-siRNA treated controls (Figures 1(d-g), Supplementary 
Figure 2 (a-i)). We also performed the colony formation 
on soft agar assay which is a perhaps the most widely 
used method for evaluating the malignant transformation 
of cells [45] with a high-throughput fluorescent readout. 
Our experiments showed a significant reduction ranging 
from 19% (SK-MEL-28) to 28% (SK-MEL-5) in colony 
formation following GHRKD, despite the presence of 
hGH in the media (Figure 1 (h)). We did not observe a 
marked increase in melanoma migration, invasion and 
clonogenicity on incubation with excess GH (up to 150 
ng/mL) although there was a trend towards increase (data 
not shown). We next evaluated the cell proliferation of the 
four melanoma cell lines in response to increasing doses 
(5, 50 and 150 ng/mL) of recombinant hGH. A significant 
difference in cell proliferation was observed at and above 
GH concentration of 50 ng/mL. GH-excess induced 
increase in cell proliferation ranged between 10% (SK-
MEL-5) to as much as 248% (MALME-3M) at 50 ng/mL 
hGH; while at the supra-physiological levels (150 ng/mL), 
the increase in proliferation ranged from 22% (SK-MEL-5) 
to more than 300% (MALME-3M) (Figure 2 (a1-a4)). 
We observed a similar pronounced drop in proliferation 
levels in all the cell lines when GHR was knocked down. 
Melanoma cell proliferation decreased by 24% (MDA-
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MB-435) to 40% (MALME-3M) even when no GH was 
added externally; while the trend remained similar even 
when 50 ng/mL hGH was present in the media (Figure 2 
(b1-b4)). The results support previous observations and 
hypotheses [20] and clearly indicate that human melanoma 
cells utilize GH-GHR interaction to drive aggressive tumor 
phenotypes. We next investigated possible intracellular 
signaling networks under GH control that were responsible 
for translating the GH-GHR interaction to our described 
effects on tumor progression.

GH-GHR action regulates phosphorylation 
states of critical intracellular signaling 
intermediates in human melanoma cells

To assess the effects of GHRKD on the activation 
states of GH regulated shared oncogenic signaling pathways, 
we treated scr- or GHR-siRNA transfected human melanoma 
cells, at 60 hr. post-transfection, with 50 ng/mL hGH for 20 
minutes and phosphorylation levels of intracellular signaling 
intermediates were analyzed by western blot (WB). We 

Figure 1: Growth hormone receptor knock-down (GHRKD) attenuates invasion, migration and clonogenicity in 
human melanoma cells. a-c. SK-MEL-28 cells transfected with scramble (scr) (a1-a4) or GHR-siRNA (b1-b4) were seeded onto 
U-bottom 96-well plates at 5000 cells/well and allowed to form a spheroid. A hydrogel invasion matrix was added above the spheroid and 
cells were monitored for up to 72 hr. in presence of 50 ng/mL hGH. Total pixels representing structural extensions from the spheroid were 
calculated using ImageJ software and reflected the invasive ability of the melanoma cells (c). A significant decrease in spheroid invasion 
was noted following GHRKD. d-g. SK-MEL-28 cells transfected with scr- (e1-e3) or GHR-siRNA (f1-f3) as well as un-transfected controls 
(d1-d3) were allowed to migrate into a 0.68 mm circular spot at the center of the well, in presence of 50 ng/mL hGH for up to 48 hr. The 
percentage free area was calculated using ImageJ software and reflected the decrease/inhibition in migration (g). A significant decrease 
in migration was noted following GHRKD. Similar results for migration and invasion assays with MALME-3M, MDA-MB-435 and 
SK-MEL-5 cells are presented in Supplementary Figure 2. h. SK-MEL-5, SK-MEL-28 and MDA-MB-435 cells transfected with 20 nM 
scramble or GHR-siRNA were allowed to form colonies on soft agar for 7 days in presence of 50 ng/mL hGH. The cells were lysed at 
the end time point and total DNA was quantified using a fluorescent readout. A significant decrease in total number of colonies was noted 
following GHRKD. [*, p < 0.05, Students t-test, n = 3].
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Figure 2: GH-excess promotes and GHRKD attenuates human melanoma cell proliferation. a1. SK-MEL-28, a2. MALME-
3M, a3. MDA-MB-435 and a4. SK-MEL-5 cells were treated with increasing doses of hGH for 48 hr. and cell proliferation was estimated 
using a resazurin-based metabolic assay. A significant increase in cell proliferation was noted at and above 50 ng/mL hGH treatment. 
b1. SK-MEL-28, b2. MALME-3M, b3. MDA-MB-435 and b4. SK-MEL-5 cells were transfected with 20 nM scramble or GHR-siRNA for 
24 hr. and grown for 48 hr. in presence or absence of 50 ng/mL hGH. Cell proliferation was estimated using resazurin-based metabolic assay. 
A significant decrease in cell proliferation was noted following GHRKD. Averages of at least four independent experiments performed in 
quadruplicate were taken. [*, p < 0.05, Students t-test].
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observed a clear dependence of key signaling pathways on 
the GH-GHR interaction in all four human melanoma cells 
(Figure 3a, Supplementary Figure 3i). Densitometry analyses 
revealed that GH induced a robust increase in phosphorylation 
levels of JAK2 (Figure 3b, Supplementary Figure 3a) as well 
as of SRC (Figure 3f, Supplementary Figure 3e) supporting 
previous findings in other cellular models [26, 31, 32]. In fact, 
the increases in GH-induced phosphorylation of JAK2 [1.7-
fold (SK-MEL-5) to 6.1-fold (SK-MEL-28)] and SRC [1.7 
fold (MALME-3M) to 3.5-fold (SK-MEL-28)], were found 
to be dose-dependent (Figure 3 (b, f)). Even in presence 
of 50 ng/mL hGH in the medium, GHRKD resulted in as 
much as 75%-90% lower activation of JAK2 and SRC than 
corresponding control, often to below the basal activation 
states observed across the four cell lines (Figure 3 (b, f)).

We additionally found other routes of GH induced 
signaling downstream of JAK2 and SRC [24–32], including 

GH-induced increases in phosphorylation states of STAT5 
(Figure 3c, Supplementary Figure 3b), STAT1 (Figure 3d, 
Supplementary Figure 3c), STAT3 (Figure 3e, Supplementary 
Figure 3d) as well as of AKT (Figure 3g, Supplementary 
Figure S3f), mTOR (Figure 3h, Supplementary Figure 3g), 
and ERK1/2 (Figure 3i, Supplementary Figure 3h) in all 
four human melanoma cell lines. STAT5 phosphorylation 
increased by 4.1-(SK-MEL-28) to 5.8-fold (MALME-3M) 
at 50 ng/mL hGH; while GHRKD effected an 80%-90% 
reduction of the same (Figure 3c, Supplementary Figure 3b). 
STAT1 and STAT3 phosphorylation levels were markedly 
upregulated at 50 ng/mL hGH particularly in MALME-3M 
(2.2-fold and 11.9-fold respectively) and SK-MEL-28 (2.4-
fold and 1.9-fold respectively); while GHRKD suppressed 
phosphorylation significantly across all four cells (Figure 3 
(d, e), Supplementary Figure 3 (c, d)). Activated (tyrosine 
phosphorylated) GHR, in presence of 50 ng/mL hGH, 

Figure 3: GH-excess promotes and GHRKD attenuates multiple critical intracellular signaling pathways in human 
melanoma cells. a. Representative images of western blot (WB) analyses of phosphorylation levels b. JAK2, c. STAT5, d. STAT1, 
e. STAT3, f. SRC, g. AKT, h. mTOR and i. ERK1/2, in excess human-GH treated or GHRKD human melanoma cell lysates. SK-MEL-28 
cells, 24 hr post-transfection with either scramble (scr)-siRNA or GHR-siRNA were treated for ten mins with GH and lysed as described. 
WB was performed using appropriate antibodies. Densitometry analyses of individual blots was performed using ImageJ software and 
the ratio of phosphorylated vs. total protein levels against untreated scr-siRNA transfected controls. Overall, excess GH increased while 
GHRKD decreased phosphorylation states. Similar results for MALME-3M, MDA-MB-435 and SK-MEL-5 human melanoma cells are 
presented in Supplementary Figure 3. Blots from individual experiments were quantified and the mean of three blots per antibody was 
taken. Protein levels were normalized against expression of β-actin. [*, p < 0.05, Students t test, n = 3].
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was found to increase AKT and its downstream target 
mTOR phosphorylation level rates up to 4-fold and 15-fold 
respectively in SK-MEL-5 cells, while GHRKD suppressed 
the same by more than 90% in all cases (Figure 3 (f, g)). The 
ERK1/2 levels were similarly upregulated by GH in three 
off four melanoma cell lines, with a 5-fold increase in SK-
MEL-5 cells (Supplementary Figure 3h). Consistent with 
our previous observations, GHRKD also suppressed ERK1/2 
phosphorylation by 80% in human melanoma cell lines, even 
in presence of GH. These signaling pathways are well-known 
oncogenic drivers in several human cancers, especially 
melanoma [46–54]. Thus, our results at both excess GH 
and GHR depletion, show that the GH-GHR pair regulates 
aggressive tumor phenotypes by exerting extensive control 
over the activation states of important oncogenic signaling 
mediators.

GH-GHR action is a driver of EMT in human 
melanoma cells

Recent results reported autocrine GH can 
mediate direct regulation of EMT via activation of the 
miRNA-96-182-183 cluster [55]. Our observations 
described above, as well as previous reports of abundant 
expression of GHR and readily detectable RNA levels 
of GH in all four melanoma cells [13–19], in addition to 
our observation of distinct growth hormone regulation of 
JAK2, SRC, STAT5, STAT3, AKT, mTOR and ERK1/2 
pathways [56–60] – all converge upon initiation and 
progression of EMT in several forms of cancer. This 
naturally prompted us to query at changes in known 
markers of EMT. Our RT-qPCR analysis of 24 hr hGH 
treated human melanoma cells showed a significant dose-
dependent increase of mesenchymal markers N-cadherin 
[> 2-fold in SK-MEL-28, Figure 4a, Supplementary 
Figure 4 (a, d, g)]] and vimentin [>2-fold in SK-MEL-28, 
Figure 4b, Supplementary Figure 4 (b, e, h)] RNA. On 
the other hand, GHRKD reduced N-cadherin and vimentin 
RNA levels by as much as 40% (Figure 4 (a, b)). GH 
significantly suppressed the epithelial marker E-cadherin 
RNA levels in MDA-MB-435 cells while GHRKD 
resulted in a 2-fold (SK-MEL-28) to 3-fold (MDA-
MB-435) increase (Figure 4c, Supplementary Figure 4f). 
Western-blot analysis was consistent with our observation 
of RNA levels. While the effect of GH excess in changing 
protein levels of N-cadherin, vimentin, and E-cadherin was 
not significant (data not shown), GHRKD caused marked 
downregulation (~50%) of N-cadherin (Figure 4 (d, g))
and vimentin (Figure 4 (e, g)) proteins in all melanoma 
cell lines. GHRKD effects were more pronounced in 
upregulating E-cadherin protein levels where we saw a 
2.8-fold (SK-MEL-5) to 11.3-fold (SK-MEL-28) increase 
following transfection (Figure 4 (f, g)). This set of 
observations thus identifies a critical and unknown role 
of GH-GHR action in driving the drug-resistance and 
metastasis inducing EMT pathway in human melanoma.

Targeting GHR remodels RNA expression 
of members of the IGF axis and suppresses 
oncogenic receptors in human melanoma cells

GH-GHR induced intracellular signaling is innately 
associated with that of several other hormones including 
prolactin (PRL), insulin (Ins), insulin-like growth factors 
1 and 2 (IGF-1, and IGF-2) and their respective cognate 
receptors – PRL receptor (PRLR), insulin receptor (IR), 
IGF-1 receptor (IGF1R) and IGF-2 receptor (IGF2R) [61, 
62] . In addition, GH action is strongly correlated with 
expression of IGF binding proteins (IGFBP) e.g. IGFBP-2 
and IGFBP-3. GH and PRL belong to the same family of 
class I cytokines, with multiple similar actions on tissues. 
Additionally, human skin is an extra-pituitary site where 
both these cytokines and their cognate receptors (GHR and 
PRLR) are expressed [63]. In view of these facts and our 
identification of a profound GH mediated regulation of 
melanoma progression, we wanted to look at presence of 
endogenous RNA levels of GH as well as PRL and PRLR 
in human melanoma. In all four melanoma cells, there 
was a readily detectable expression of GH RNA (Figure 5 
(a1, a2), Supplementary Figure 5 (a1, b1, c1)). We could 
also detect PRL and PRLR but at levels 4-fold and 110-
fold lower than GH and GHR levels respectively in SK-
MEL-28 cells (Figure 5a1). We observed a similar level 
of RNA expression across all four melanoma cell lines. In 
the SK-MEL-28 cells, GHR knockdown resulted in a 1.7-
fold rise in GH as well as PRL (Figure 5 (a2, a3)), which 
was closely reflected in other cell lines (Supplementary 
Figure 5 (a3, b1, b3, c1)). Intriguingly, we found a 6 to 
10-fold rise in PRLR levels with a concomitant 8 to 10-
fold drop in GHR levels in SK-MEL-28 cells (Figure 5 
(a4, a5)). This significant rise in PRLR with drop in GHR 
expression was seen in MALME-3M as well as MDA-
MB-435 cells (Supplementary Figure 5 (a4, b4)). This 
data-set hints at a possible compensatory rise in PRL 
dependency of the melanoma cells, in absence of GH 
action due to abrogation of GHR expression.

A recent study showed IGF1 to be significantly 
elevated in circulation of 77 melanoma patients 
compared to 137 non-melanoma human subjects [64], 
while IGF1-IGF1R system has been implicated in an 
autocrine/paracrine regulation of melanoma growth 
[65]. The network of insulin (Ins), IGF1 and IGF2. their 
cognate receptors (IR, IGF1R, IGF2R and heterologous 
pairs) and binding proteins (IGFBPs) are important 
determinants of melanoma disease progression [66, 67]. 
In the context of the known importance of each of these 
molecules in oncogenicity and cancer aggressiveness, we 
specifically chose to investigate their levels following the 
perturbation of the GH-GHR axis by either addition of 
exogenous hGH or GHRKD. We detected no IGF2 or 
insulin RNA expression in the melanoma cell lines. In 
agreement with recent comprehensive reports of IGF 
gene expressions in melanoma [68], we found low levels 
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of IGF1 and very high levels (25-fold greater than GHR) 
of IGF1R and IGF2R expression (Figure 5a1). Insulin 
receptors (IRs) were also detected at equivalent levels 
with GHR (Figure 5a1). Although GH-excess did not 
cause any consistent variation in the levels of the low 
amounts of IGF1 RNA detected, GHRKD resulted in 
a 2-fold [MDA-MB-435] to 8.6-fold [MALME-3M] 
increase of IGF1 RNA in the four melanoma cells (Figure 
5b1, Supplementary Figure 6a, 7a, 8a). Although excess 
GH caused no consistent variation in their RNA levels, 
we observed a differential pattern of regulation of the IGF 
receptors following GHRKD. In SK-MEL-28 (Figure 
5b) and MALME-3M (Supplementary Figure 6) cells, 
GHRKD resulted in a significant increase in the level of 
IGF1R (1.5-fold) and IR (2-fold) and a significant drop 
in IGF2R (2-fold). The net effect of this remodeling of 

IGF receptor distribution might not be a random event 
but of significance in understanding the dynamicity in 
targeting receptor tyrosine kinases in melanoma [68]. 
IGF-binding proteins 2 (IGFBP2) and 3 (IGFBP3) 
were expressed at relatively high levels in SK-MEL-28 
(Figure 5a1) and are known to have differential roles in 
melanoma progression [69–73]. Importantly, increasing 
IGFBP2 level has been correlated with progression to 
metastasis [69] and actively drives proliferation [70] in 
melanoma. We found an increase in IGFBP2 RNA levels 
in SK-MEL-28 cells at high GH levels and a significant 
decrease following GHRKD (Figure 5b2). This 2-fold 
(SK-MEL-28) to 4-fold (MALME-3M) decrease in 
IGFBP2 levels after GHRKD, was consistently observed 
in all melanoma cell lines (Supplementary Figure 6b, 
S7b, S8b). On the other hand, the IGFBP3 is known 

Figure 4: GH-excess promotes and GHRKD attenuates markers of epithelial mesenchymal transition (EMT) in human 
melanoma cells. a-c. Relative RNA expression was quantified for N-cadherin (a), vimentin (b) and E-cadherin (c) in SK-MEL-28 
melanoma cells following addition of 5, 50 and 150 ng/mL hGH or 24 hr following GHRKD, in presence or absence of 0 and 50 ng/mL 
hGH. Similar results for MALME-3M, MDA-MB-435 and SK-MEL-5 human melanoma cells are presented in Supplementary Figure 4. In 
all cases, RNA expressions were normalized against β-actin and GAPDH values as reference genes and compared against untreated control. 
[*, p < 0.05, Wilcoxon sign rank test, n = 4] d-f. Densitometry analyses of relative protein expressions of N-cadherin (d), vimentin (e), and 
E-cadherin (f) as estimated by western blot (WB) of lysates of SK-MEL-28, MALME-3M, MDA-MB-435 and SK-MEL-5 cells, collected 
60 hr post-transfection with either scramble (scr)-siRNA or GHR-siRNA in presence of GH. g. Representative images of WB analyses 
of phosphorylation levels of N-cadherin, vimentin and E-cadherin in four melanoma cell lines. WB was performed using appropriate 
antibodies. Densitometry analyses of individual blots was performed using ImageJ software and the ratio of phosphorylated vs. total protein 
levels against untreated scr-siRNA transfected controls. Overall, excess GH promoted while GHRKD reversed EMT in human melanoma 
cells. Blots from individual experiments were quantified and the mean of three blots per antibody was taken. Protein levels were normalized 
against expression of β-actin. [*, p < 0.05, Students t test, n = 3].
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to bind IGF1 as well as IGF2 and have an anti-tumor 
effect in several types of cancers and its concentration 
decreases markedly in circulation of cancer patients 
[71]. However, IGFBP3 has also been shown to have an 
oncogenic potential with drastic increase in expression in 
cultured human melanoma cells [72]. In our study, except 
for SK-MEL-28 cells (Figure 5b3), GHRKD increased 
IGFBP3 levels by as much as 3-fold (Supplementary 
Figure 6c, 7c, 8c). Thus, our RNA analysis of IGF axis in 
human melanoma in response to variations in GH action, 
reflect an intricate pattern of regulation. The overall 
change in responsiveness to circulating or paracrine 

insulin and IGFs, induced by blockade of GH action, can 
be a subject of future studies.

Lastly, in course of studying two spectrums of GH 
action – GH excess and GHRKD – on human melanoma 
cells, we also identified significant modulation with 
response to changes in GH action in a set of three genes 
- the autocrine system of hepatocyte growth factor 
(HGF) and its cognate receptor tyrosine kinase MET, 
and the Erb-B2 receptor tyrosine kinase 3 (ERBB3 
or HER3) - reported to be induced by GH in different 
tissues [74] as well as known to be critical drivers of 
aggressive disease progression and melanoma drug 

Figure 5: RT-qPCR analysis of GH-IGF axis in human melanoma cells. a1. Relative levels of RNA expressions for GH, GHR, 
PRL, PRLR, IGF1, IGFBP2, IGFBP3, IGF1R, IGF2R, IR, MET, ERBB3, and HGF expressed as 1/1000th part of β-actin expression level in 
SK-MEL-28 melanoma cells. RNA levels of GH a2. GHR a3. PRL a4. and PRLR a5. as well as IGF1 b1. IGFBP2 b2. IGFBP3 b3. IGF1R 
b4. IGF2R b5. and IR b6. following RT-qPCR of RNA extracted from SK-MEL-28 cells following addition of 0, 5, 50 and 150 ng/mL hGH 
or following GHRKD, in presence or absence of 0 and 50 ng/mL hGH. Results are discussed in the text. Similar results for MALME-3M, 
MDA-MB-435 and SK-MEL-5 human melanoma cells are presented in Supplementary Figures 5, 6, 7, and 8. In all cases, exogenous hGH 
treatment was for 24 hr. RNA levels were normalized against expression of β-actin and GAPDH as reference genes. [*, p < 0.05, Wilcoxon 
sign rank test, n = 4].
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resistance [75–80]. RT-qPCR analysis of 17 human 
melanoma samples have identified and subsequent 
experiments have confirmed the existence of a tumor 
driving HGF-MET axis [68]. In confirmation of that 
and other studies, we also found low levels of HGF and 
consistently high levels of MET and ERBB3 RNA in 
the four melanoma cell lines used in this study (Figure 
5a1). Both HGF and MET expression levels were 
significantly upregulated in a dose-dependent manner 
with added GH in SK-MEL-28 (Figure 6a1, a2) and 
MALME-3M (Figure 6b1, b2) cells to more than 2-fold 
at maximum GH concentrations. In comparison, this 
GH-excess mediated increase in expression was more 
than 50% reduced by GHRKD in all the four cell lines 
(Figure 6 (a1-d1, a2-d2)). ERBB3 showed a similar 
upregulation under GH stimulation while GHRKD 
caused a marked drop in its levels (Figure 6 (a3-d3)). 
SOCS2 was used as an internal control to monitor 
GHRKD effects in all RT-qPCR experiments (Figure 
6 (a4-d4)). Therefore, our results provide an initial 
mechanistic detail of GH-GHR activity in melanoma 
and validates it as a target of interest to abrogate 
melanoma growth and proliferation.

DISCUSSION

Human melanoma continues to be a serious cause 
of global mortality. Excellent new targeted and immune-
therapies against human melanoma have been introduced 
since 2011 [81]. Unfortunately, several reports of 
resistance against even the latest chemotherapy, [7, 8] 
point to a pressing need for identifying novel targets in this 
cancer type which can help in diagnosis and therapy [2]. 
The highly proliferative effect of an induced autocrine-
hGH system in endometrial and mammary carcinoma as 
well as upregulated migration, anchorage-free growth and 
propensity to epithelial mesenchymal transition is known 
[9, 10, 82–84]. The autocrine/paracrine action of human 
GH in oncogenic incidents has been further established 
in autocrine GH-driven miR-96-182-183 mediated 
upregulation of epithelial mesenchymal transition 
(EMT) in breast cancer [55, 63]. Multiple studies have 
also reported nuclear localization of GHR, indicating an 
intracrine role of GH, also considered being particularly 
relevant in upregulation of tumor proliferation [85, 
86]. The studies on the effects of reduced GH-action in 
humans leading to a significantly reduced cancer burden, 

Figure 6: GH-excess increases and GHRKD decreases HGF, MET, ERBB3 RNA-levels in human melanoma cells. 
Relative RNA levels of MET (a1, b1, c1, d1), HGF (a2, b2, c2, d2), and ERBB3 (a3, b3, c3, d3), following RT-qPCR of RNA extracted 
from SK-MEL-28 (a), MALME-3M (b), MDA-MB-435 (c) and SK-MEL-5 (d) cells following addition of 0, 5, 50 and 150 ng/mL hGH or 
following GHRKD, in presence or absence of 0 and 50 ng/mL hGH. SOCS2 (a4, b4, c4, d4), was used as an internal control for GH action. 
Results are discussed in the text. In all cases, exogenous hGH treatment was for 24 hr. RNA levels were normalized against expression of 
β-actin and GAPDH as reference genes. [*, p < 0.05, Wilcoxon sign rank test, n = 4].
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have been highlighted by the pioneering studies noting 
an almost non-existent cancer and diabetes incidence in 
Laron syndrome patients [87] and in GHD patients[88]. 
However therapeutic intervention or short life of untreated 
acromegaly patients hinder us from a similar comparison 
of cancer incidence in acromegaly patients with increased 
GH-action [89–92].

In this study, we add to the list of growing 
evidence implicating GH-GHR pair in human cancer, 
by presenting mechanistic details of GH-GHR action in 
human melanoma cells. We observed readily detectable 
levels of hGH RNA and protein and its cognate GHR 
on human melanoma cells. Basal level phosphorylation 
of GH-regulated intracellular signaling networks like 
JAK2, STATs 1, 3, 5, ERK1/2, SRC, AKT and mTOR 
in absence of externally added GH suggested the 
presence of an autocrine ligand-receptor loop existent 
and critical in these four melanoma cell lines. This 
observation concurs with the knowledge of aberrant gene 
expressions in tumors [63, 93] and indicates that GH-
GHR pair could be an important marker of metastatic 
melanoma. Previous reports of histological analysis of 
human melanoma have confirmed this. Although none 
of the published reports phenotype the GHR [94–96], 
we have very recently been able to evaluate GHR 
expression in B16F10 mouse melanoma cells and found 
a high expression of GHR in these cells. The results are 
presently being verified and studied in detail in appropriate 
syngeneic mouse-models of variable GH-action as well 
as by using purified recombinant GHR-antagonist (John 
Kopchick, personal communication). Endocrine as well as 
paracrine/autocrine GH appears to directly activate critical 
intracellular signaling pathways and drive aggressive 
tumor phenotypes and EMT in human melanoma, as we 
have presented above. Further dissecting the autocrine vs. 
intracrine roles of this ligand-receptor pair using human 
melanoma as a model might be of substantial interest. 
Skin is an extra-pituitary site of GH as well as PRL 
expression and autocrine effect [63]. PRL and expression 
of PRLR on tumor tissues have been strongly implicated 
in breast and prostate cancers for a considerable time via 
its mitogenic and angiogenic properties [97–99]. We found 
low but consistent RNA levels of both PRL and PRLR and 
consistent marked rise in PRLR levels following GHR-
KD in SK-MEL-28, MALME-3M and MDA-MB-435 
cells. The presence of excess GH potentiated the effect. 
PRL-PRLR signaling engages intracellular mediators 
like JAK2, PI3K, ERK1/2 and STAT5 which overlaps 
with GHR signaling pathway. Also hGH is known to bind 
and activate PRLR [97]. The siRNA mediated GHRKD 
could lead to a compensatory non-canonical binding of 
GH-PRLR and subsequent downstream signaling. We 
noticed significant basal phosphorylation of the ERK1/2 
and AKT/mTOR components in all four melanoma cell 
lines which can be explained because of a constitutively 
active RAS, harboring the V600E mutation in these 

cell lines. However, on GHRKD, we further observed a 
significant decrease in ERK1/2, AKT, and mTOR in all 
cases often below the basal levels, irrespective of presence 
of hGH. This significant downregulation indicates that 
suppression of an active autocrine GH-GHR interaction 
contributes significantly to down regulation of the basal 
phosphorylation states of these signaling pathways. The 
residual phosphorylation observed following GHRKD, 
although significantly low, could be induced by GH 
binding and activation of PRLR as well as other shared 
signaling pathways. Importantly, we show that exogenous 
GH and GHRKD had significant enhancing and 
suppressing effects respectively, on relevant intracellular 
signaling pathways. Similarly, the effect of increased 
PRLR from endocrine or paracrine PRL cannot be ruled 
out. Like our studies, PRLR-inhibited/down regulated 
models can provide a mechanistic detail of PRL action 
and a putative salvage pathway involving GH-PRLR 
interaction specifically in melanoma. However, we 
observed that the RNA levels of PRLR in these melanoma 
cells are more than 100-fold lower than the GHR RNA 
levels, and we observed no significant variation due to 
altered autocrine PRL-PRLR level on GHRKD induced 
effects in either the phosphorylation levels of intracellular 
signaling intermediates or in the tumoral phenotypes of 
migration, invasion and proliferation.

The role of IGF axis in human melanoma is also 
of considerable importance and prompted us to analyze 
RNA levels of insulin-IGF axis in human melanoma 
cells during GH-excess and GHRKD. We did not detect 
any endogenous insulin or IGF2 RNA or protein levels in 
any of the four melanoma cells tested, but our RT-qPCR 
studies revealed presence of IGF1 RNA that is supported 
by recent reports [68]. IGF1 & IGF2 and their cognate 
receptors are important regulators of multiple human 
cancers, including melanoma [67, 100–103]. We found 
high levels of RNA of the corresponding cognate receptors 
– IR, IGF1R, and IGF2R in all the four melanoma cells 
studied here. There are yet no known studies to characterize 
the role of IGF2 action in melanoma but some isolated 
studies have pointed at a tumor suppressing role of IGF2 in 
mammary carcinoma cells expressing IGF2R [104]. In our 
analysis, we found significant suppression of IGF2R on all 
melanoma cells following GHRKD but a significant rise in 
IGF1R and IR RNA levels following GHRKD especially 
when treated with excess GH. A state of insulin resistance, 
which includes a high level of circulating insulin, has been 
associated with a higher risk of melanoma incidence [66]. 
As we report here, the melanoma cells indeed appear to be 
in a state of heightened insulin/IGF sensitivity via abundant 
expression of IR, IGF1R and IGF2R as seen in all four 
melanoma cells in this study. Interestingly, we observed 
increased levels of IGFBP3 following GHRKD for the 
four cell lines with a concomitant increase in IGF1 levels. 
We speculate that this could possibly be an IGF1 mediated 
increase in IGFBP3 levels, as have been reported in retinal 
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epithelial cells [73]. However, the regulatory role of IGF 
axis in human melanoma appears to be limited at the early 
stage of disease progression and not in case of metastatic 
malignant melanoma [67, 100, 105, 106]. Additionally, as 
with PRL and PRLR, the base RNA levels of IGF1 were 
3-fold lower than GH levels and the modulated-GH-action 
induced changes in IGF axis apparently had no observable 
variation on intracellular signaling or tumor phenotypes 
as described above. However, the role of endocrine or 
paracrine IGF1, insulin or IGF2 in an entire organism might 
reveal additional effects and provide for a holistic analysis 
of this aspect of IGF regulation in melanoma. Overall, in 
most cancer treatments, achieving a therapeutic reduction in 
endocrine IGF1 levels appears to be immensely favored in 
halting tumor progression [107–109]. Moreover, starvation 
induced reduction in circulating IGF1 is known to 
preferentially protect normal cells but sensitize melanoma 
cells to chemotherapy [110]. Our study, along with these 
facts, indicates an excellent opportunity of using GHR-
antagonists in melanoma therapy, which on one hand can 
potentially reduce tumor cell proliferation by targeting 
the increased GHR expression on tumor cells and also 
reduce circulating IGF1 levels by decreasing hepatic IGF1 
output [111]. Therefore, our study hints at the mechanistic 
rationale of combining GHR antagonism with IGF1R 
inhibition [112], as a logical treatment combination in 
malignant human melanoma.

Another important finding of our study was the 
identification of GH regulation of the autocrine hepatocyte 
growth factor (HGF) and its cognate receptor MET (or 
c-MET) on the four melanoma cell lines supporting and 
adding to recent observation [68]. Although intrinsic RNA 
levels of HGF were low, there was significant increase 
when treated with excess hGH in SK-MEL-28 and MDA-
MB-435 cells as well as a significant downregulation 
following GHRKD. Moreover, there was very high RNA 
levels of the HGF-receptor MET on all four melanoma cells 
and exhibited a dose dependent rise with added hGH. On 
the other hand, GHRKD significantly suppressed the same, 
even in presence of excess hGH. This set of results suggest a 
possible transcriptional control of MET and HGF expression 
by hGH. Additionally, the ERBB family members EGFR, 
ERBB1, ERBB2 and ERBB3 are known to be involved in 
driving several oncogenic processes in melanoma [36, 77, 
113]. We showed here that RNA levels of ERBB3 were 
upregulated in response to excess GH in SK-MEL-28 
and MDA-MB-435 and a consistent suppression occurred 
following GHRKD. Both MET and EGFR are known to 
strongly activate the SRC signaling pathway [75, 78]. GH is 
known to activate EGFR in liver regeneration [114]. Thus, 
our results indicate a regulatory role of GH on expression 
of HGF, MET and ERBB3 in human melanoma cells. 
Identifying the underlying mechanisms of transcriptional 
regulation and downstream intracellular targets can add 
value to the extent of dependence of malignant metastatic 
melanoma on the GH-GHR axis.

STAT3 activation in melanoma drives multiple 
critical transformations including EMT, angiogenesis 
and inhibition of apoptosis by increasing expressions of 
intrinsic oncogenic factors like microphthalmia associated 
transcription factor (MITF) and also cooperatively 
induces downstream factors like c-fos [36, 115–117]. 
Robust GH-mediated STAT3 regulation is of further 
importance especially in melanoma following the recent 
report of the implication of the transcription factor 
in reprogramming senescent melanomal precursors 
towards tumorigenicity [118] and demands new studies 
investigating role of GH in cellular reprogramming and 
cancer initiating cells. STAT3 is also a converging point 
in signaling networks for multiple different upstream 
regulators, e.g. SRC, JAK2 as well as ERBB family 
members like EGF4 and ERBB3 [50]. Our results agree 
with previous observations of the presence of constitutive 
activation of SRC and STAT1, 3, and 5 proteins in 
melanoma tumors. We found the known pattern of GH-
induced activation of STAT proteins [119] to be active 
in melanoma. In our results, the significant decrease of 
STAT activation below basal levels, even in presence 
of excess GH, with GHRKD suggests (i) attenuation 
of the autocrine GH-mediated activation, as well as (ii) 
sensitivity and dependence of the melanoma cells on 
GH-GHR interaction and activation of either JAK2 or 
SRC or both. The presence of basal phosphorylation of 
both JAK2 and SRC kinases as well as their respective 
changes with GHRKD and/or excess GH as observed 
in all cell lines, indicates that both signaling mediators 
to be highly responsive to GH in melanoma. A separate 
analysis of the mutually independent roles of JAK2 and 
SRC in downstream signaling activation and cell fate, 
similar to studies done in pre-adipocytes and human 
hepatoma cells [32, 120], would be of interest and value 
to resolve in further studies. The distinct upregulation of 
the basal STAT1 phosphorylation levels, agrees with and 
puts forth GH action to explain observations in recurrent 
melanoma phenotypes [121]. The STAT5 dependence on 
GH-GHR induced activation as observed in this study 
also establishes the role of GH-GHR action in activating 
STAT5, which is already an established oncogenic driver 
in melanoma and protects the cell against interferon-based 
immunotherapies [122, 123]. In melanoma cells, STAT5 
acts to mediate resistance to apoptosis and is reported 
to be activated by both JAK2 and SRC kinases [47]. 
Thus, our results indicating significant basal activation 
of JAK2, SRC, STATs 1, 3, and 5, in melanoma aids in 
resolving finer aspects of STAT1 vs. STAT3 as well as 
acts as a springboard for dissecting studies on cytokine-
induced STAT mediated cross-talks between JAK and 
SRC pathways [31, 124]. We show that melanoma cells 
orchestrate increased proliferation, invasion and migration 
using GH regulated intracellular signaling pathways and 
also upregulate oncogenic pathways like HGF-MET and 
ERBB3. However, another and one of the most important 
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role of the GH-GHR axis in melanoma might be in 
driving the EMT process, as presented above.

EMT plays a physiological role in wound-
healing, fibrosis as well as in progression of cancer 
[36]. Melanomas break free from the homeostatic 
control of keratinocytes by loss in expression of 
E-cadherin, upregulation of expression of fibroblast 
interacting cadherins like N-cadherin, and upregulation 
of mesenchymal markers like vimentin [36, 125]. 
Numerous studies have reviewed the importance of 
EMT in cancer metastasis [37, 126]. Recent research 
using EMG lineage tracing studies established a critical 
role of EMT as a regulator of drug resistance in lung 
cancer [40]. Recent results also reported an autocrine GH 
mediated direct regulation of EMT via activation of the 
miRNA-96-182-183 cluster [55]. This provided a sound 
scientific rationale to investigate the effects of GHRKD 
on the EMT markers in melanoma cells. Our observations 
of reappearance or increase of epithelial markers 
(E-cadherin) and a marked concomitant downregulation 
of mesenchymal markers like N-cadherin and vimentin 

following GHRKD, at both RNA and protein levels thus 
describe a unique role of GH as an important regulator 
of EMT and aggressive phenotypes of melanoma multi-
drug resistance and metastasis. In vivo validation of the 
entire set of our observations in appropriate mouse models 
is vital in affirming the versatile role of GH in regulating 
melanoma.

In summary, we present a mechanistic model of GH 
regulation in human malignant melanoma cells (Figure 
7). Endocrine or paracrine as well as autocrine GH binds 
to abundantly expressed GHR on human melanoma and 
activates the JAK2 as well as SRC kinases. This activation 
leads to phosphorylation of STAT1, STAT3, STAT5, ERK1/2, 
AKT and mTOR and goes on to drive EMT and promote 
invasion, migration, and proliferation for tumor progression. 
Together our results identify novel regulatory roles of GH 
in one of the most aggressive and disease-resistant forms 
of cancer. Using GHRKD, we demonstrate that targeting 
GHR can be a validated point of intervention in melanoma 
therapeutics and deserves prompt attention in the present 
context of continual occurrence of chemotherapy resistance.

Figure 7: Model of GH regulation in melanoma. Endocrine/paracrine/autocrine GH binds to GHR expressed at high levels in 
human malignant melanoma cells and activates JAK2 and SRC kinases. This leads to downstream activation of STAT1, STAT3, STAT5, 
ERK1/2, AKT and mTOR. Subsequent transcription of target genes lead to aggressive phenotypes of tumor cell migration, invasion and 
proliferation and upregulate autocrine HGF-MET loop, ERBB3 and also drives epithelial-mesenchymal-transition. In our study excess GH 
upregulated (in green) while siRNA mediated GHR knock-down (GHRKD) downregulated (in red) these effects.
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MATERIALS AND METHODS

Cell culture and GH treatment

Human malignant melanoma cell lines (part of NCI-
60 panel of human cancer cells) - SK-MEL-5, SK-MEL-28, 
MALME-3M, MDA-MB-435S and normal human skin 
fibroblast cells MALME-3 cells were obtained from 
American Type Culture Collection (ATCC; Manassas, VA). 
SK-MEL-5 and SK-MEL-28 were grown and maintained 
in EMEM media (ATCC), while MALME-3M and MDA-
MB-435S were grown in IMDM (ATCC) and RPMI-1640 
(ATCC) respectively, as indicated by ATCC protocols. 
Complete growth media was supplemented with 10% fetal 
bovine serum (FBS; ATCC) and 1X antibiotic-antimycotic 
(Thermo Fisher Scientific, Waltham, MA). MALME-3 cells 
were grown in McCoy’s medium (ATCC) supplemented with 
15% FBS and 1X antibiotic-antimycotic. Cells were grown 
at 37C / 5% CO2 in a humidified incubator. Half the media 
was replaced every 48 hr. No hGH was present in the media 
or added externally unless specifically mentioned. For hGH 
treatment, 16 hr. after seeding (or 24 hr. post-transfection), 
the cells were serum-starved for 2 hr. in serum free growth 
media and hGH (PBS as control) was added at the mentioned 
concentrations (5, 50, 150 ng/mL). Cells were subsequently 
incubated for 24 hr. before RNA extraction. Recombinant 
hGH was purchased from Antibodies Online (Atlanta, GA).

Transfection

Transfection was performed using siLentFect 
lipid reagent (Biorad, Hercules, CA) following the 
manufacturers protocol. Pre-designed siRNA duplexes 
against human GHR (Origene, Rockville, MD) at different 
concentrations were evaluated and 20 nM was found to 
be optimum for decreasing the GHR RNA by >85%. 
Mock transfections were performed using universal 
scrambled negative control siRNA-duplex (Origene). 
TYE-563-fluorescent labeled siRNA duplex (Origene) was 
used as the transfection control. Cells were trypsinized, 
counted using a Countess automated cell counter (Life 
Technologies, Carlsbad, CA) and seeded at 25,000 
cells/cm2 and allowed to attach overnight, followed by 
replacing the media with fresh antibiotic free complete 
growth medium just prior to transfection. A pre-incubated 
mix of 20nM siRNA duplex (scramble or GHR specific) 
and siLentFect reagent at 1:1 molar ratio was added to the 
cells and incubated at 37C / 5% CO2. Media was changed 
to complete growth medium plus antibiotics after 24 hr. 
RNA was extracted 48 hr post transfection while protein 
was extracted 60 hr post transfection.

RNA extraction and RT-qPCR

RNA extraction was done using the IBI-Trizol 
based total RNA purification kit (MidSci, St. Louis, 

MO), and reverse transcription was performed using 
Maxima First Strand cDNA synthesis kit (Thermo Fisher 
Scientific) following the manufacturers’ protocol. Real 
time-quantitative PCR and melt curve analysis were 
performed using Maxima SYBR-Green qPCR master 
mix (Thermo Fisher Scientific) and a T100 thermal 
cycler (Biorad). RNA and DNA concentrations were 
estimated using Nanodrop2000 (Thermo Fisher Scientific) 
spectrophotometer. Primers were obtained from Sigma-
Aldrich (St. Louis, MO) for the following human genes 
and primer efficiency was confirmed: GAPDH, ACTB 
β-Actin, GH1, GHR, GHRHR, SOCS2, IGF1, IGF1R, 
IGF2, IGF2R, PRL, PRLR, Ins, IR, IGFBP2, IGFBP3, 
EGFR, HGF, MET and ERBB3. Each sample represents a 
pool of two replicates per experiment: Experiments were 
done at least three times. Each qPCR for individual genes 
and every treatment for every cell type was performed 
in triplicates.

Protein extraction

Total protein was collected 60 hr post transfection. 
The conditioned growth media for each treatment type 
were collected separately for subsequent analysis of 
secreted proteins. Total protein was extracted from the 
cells using RIPA buffer (Sigma-Aldrich), mixed with 1.5X 
Halt protease and phosphatase inhibitor cocktail (Thermo 
Fisher Scientific), following the manufacturer’s protocol. 
Briefly, cells were washed twice with chilled sterile 1X 
phosphate buffered saline (PBS). Thereafter, chilled RIPA 
buffer at 1 mL per million cells were added and incubated 
for 5 min / 4C. Then the cells were rapidly scraped for 
cell lysis. The cell lysate was clarified by centrifuging at 
8,000Xg / 10 min / 4C and the supernatant was collected 
and stored at -80C for subsequent use. Each sample 
was a pool of three replicates per experiment and each 
experiment was done three times.

Protein concentration was estimated using the 
Bradford reagent (Sigma-Aldrich) and 1 mg/mL bovine 
serum albumin (BSA) as standard. Absorbance at 595 nm 
was measured using Spectramax250 (Molecular Devices, 
Sunnyvale, CA) and SoftmaxPro v4.7.1 software.

Western blotting (WB)

Western blotting was performed as described [127]. 
Briefly cell lysates were separated by SDS-PAGE and 
transferred to PVDF membranes, blocked with 5% non-
fat dry milk or 5% BSA in 1X TBS-T (Tris buffered saline, 
pH7.2 with 0.1% Triton-X100), incubated with primary 
antibody (at specific dilutions given below) overnight 
and finally incubated with corresponding secondary 
antibodies (at specific dilutions given below) for 2 hr / 
25C. Membranes were then washed and treated with West 
Femto Chemiluminiscence detection reagents (Thermo 
Fisher Scientific) and the chemiluminiscence signal was 
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captured using a GelDoc (Biorad) fluorescence reader. 
Densitometry analysis of the blots was done by measured 
band-intensity from the area-under-curve using ImageJ 
software.

Primary antibodies at specific dilutions were used to 
detect the following human proteins: GH (Rabbit, 1:100, 
Abcam #ab155276), GHR (Mouse, 1:300, SCBT #137185; 
Goat, 1:100, R&D Systems #AF1210; Rabbit, 1:200, 
Abcam #ab134078), STAT5 (Rabbit, 1:100, CST #9358S), 
P(Y694/Y699)-STAT5 (Rabbit, 1:100, ActiveMotif 
#39617, 39618), P(Y701)-STAT1 (Rabbit, 1:100, CST 
#7649), P(Y705)-STAT3 (Rabbit, 1:100, CST #9145), 
STAT3 (Rabbit, 1:200, CST #4904), STAT1 (Rabbit, 
1:200, CST #9175), p44/42 MAPK (Erk1/2) (Rabbit, 
1:2000, CST #9102S), P-p44/42 MAPK (Erk1/2) (Rabbit, 
1:3000, CST #4370P), Akt (Rabbit, 1:2000, CST #4685S), 
P-Akt (Rabbit, 1:1000, CST #4058S), P-Jak2 (Rabbit, 
1:200, GeneTex#61122; Rabbit, 1:100, CST #8082), 
JAK2 (Mouse, 1:200, Sigma Aldrich # SAB4200483), 
mTOR (Rabbit, 1:1000, CST #2983), P-mTOR (Ser2448) 
(Rabbit, 1:2000, CST #5536), P-mTOR (Ser2481) (Rabbit, 
1:2000, CST #2974), Raptor (Rabbit, 1:500, CST #2280), 
Rictor (Rabbit, 1:500, CST#2114), GbL (Rabbit, 1:1000, 
CST #3274), β-Actin (Goat, 1:3000, SCBT #sc1616), 
GAPDH (Goat, 1:3000, SCBT #sc20357), P(S1524)-
BRCA1 (Rabbit, 1:500, CST#9009), P(S139)-histone 
H2A.X (Rabbit, 1:1000, CST #9718), histone H2A.X 
(Rabbit, 1:1000, CST #2595), Caspase-3(Rabbit, 1:1000, 
CST#9665), cleaved (Asp175)-Caspase-3 (Rabbit, 
1:1000, CST #9664), P(Y416)-SFK (Rabbit, 1:200, CST 
#2101), P(Y416)-SRC (Rabbit, 1:200, CST #6943), SRC 
(Rabbit, 1:500, AbcaM #47405). Secondary antibodies 
used were anti-rabbit HRP-linked IgG (Donkey, 1:2000, 
CST #7074P2; 1:2000, GE #NA934), anti-goat HRP-
linked IgG (Donkey, 1:1000, SCBT #sc2020), anti-mouse 
HRP-linked IgG (Rat, 1:1000, Antibodies Online 
#ABIN1589975).

Immunofluorescence (IF)

Cells were seeded at 10,000 cells/cm2 in 8-well 
chamber slides and transfection was performed as 
described above. Transfection media was replaced with 
antibiotic containing complete growth media after 24 
hr and cells were fixed after 36 hr more (a total of 60 hr 
post-transfection), and cells were fixed with 4% freshly-
prepared formaldehyde (pH6.9) / 15 min / 25C (using 
100% methanol for fixation gave equally good results). 
Cells were permeabilized with 0.2% Triton-X100 in 1X 
PBS / 15 min / 25C, followed by blocking with 1% BSA / 
4 hr / 25C. Incubation time was 12hr / 4C for primary 
antibody and 2 hr / 25C for secondary antibody. Finally, 
the slides were washed four times with 1X PBS and the 
sample was mounted with Fluoroshield mounting medium 
containing DAPI (Abcam #ab104139, Cambridge, UK), 
covered with a 60 mm coverslip and the edges were 

sealed with nail-polish and stored at 4C for microscopy. 
Microscopic imaging was done using a Nikon Eclipse 
E600 compound fluorescent microscope fitted with a 
Nikon DS-Fi1CC camera (Nikon, Tokyo, Japan) and 
NIS-Elements BR3.2 imaging software. Sera used were 
rabbit anti-human-Ki67 monoclonal antibody with 
AlexaFluor488 tag (Abcam #ab154201, 1:300 dilutions); 
rabbit anti-human GHR monoclonal antibody (Abcam 
#ab134078, 1:250 dilution); goat anti-rabbit secondary 
antibody with AlexaFluor488 tag (Life Technologies 
#R37116, 1:500 dilution).

Cell proliferation assay

A 1% (w/v) resazurin (Sigma-Aldrich) solution 
in 1X PBS was made and filter-sterilized. The final 
concentration of resazurin in the assay was 0.004%. 
Inside the proliferating cells mildly fluorescent blue 
resazurin is reduced to a bright pink fluorescent product 
called resorufin (stable for 4 hr), which is a quantitative 
measure of the percentage of proliferating cells [128]. In 
all cases, cells were incubated at 37C / 5% CO2 for 45-
60 minutes for adequate sensitivity of detection. Briefly, 
cells were seeded at 10,000 cells/cm2 into 96-well plates 
and transfected as described above. The resazurin assay 
was performed 60 hr after transfection (unless specified 
otherwise) and resorufin absorbance was measured 
at 570 nm (reference wavelength = 600 nm) using 
Spectramax250 (Molecular Devices) and SoftmaxPro 
v4.7.1 software.

Cell migration assay

Cell migration assays are standard methods of 
estimating the repair and regenerative properties of cells 
[129]. For our purpose, we used the Radius Cell Migration 
Assay design from Cell Biolabs (Cell Biolabs #CBA-125, 
San Diego, CA) and experiments were performed as per 
manufacturer’s protocol. In this assay, a 24-well plate 
containing a non-toxic, 0.68 mm biocompatible hydrogel 
spot is present at the center of the well, where cells cannot 
attach. siRNA treated cells were trypsinized 48 hr. after 
transfection, counted and seeded at 5000 cells/well in a 
pretreated hydrogel spot containing 24-well plate. The 
hydrogel spot was gently removed after 24 hr incubation at 
37C / 5% CO2. The cells were allowed to migrate for up to 
48 hr at 37C / 5% CO2. Images were captured every 24 hr 
using a 4X objective (total magnification 40X) employing 
an inverted Olympus IX70 microscope fitted with a Retiga 
1300 camera (QImaging, Surrey, BC). Total uncovered area 
at the beginning and end of assay were quantitated using 
ImageJ software. Experiments were done in triplicates.

Cell invasion assay

The 96-well 3D spheroid BME cell invasion assay 
(Trevigen, Gaithersburg, MD) was used to evaluate 
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the ability of cells to invade surrounding tissue. Tumor 
spheroids are better representatives of tumors in-vivo, 
compared to tumor cells in a Boyden chamber, as is used 
in multiple invasion assay designs [44]. Briefly, siRNA 
(scramble or GHR specific) treated melanoma cells were 
trypsinized 48 hr. after transfection, counted and seeded at 
5000 cells/well in a 96-well spheroid formation plate and 
incubated for 72 hours at 37C / 5% CO2 to allow spheroid 
formation. Thereafter, the invasion matrix was added, 
followed by 50 ng/mL hGH-containing culture medium as 
a chemoattractant. The invasive behavior of the cells was 
monitored every 24 hr. for up to 72 hr. Images were taken 
every 24 hr using a 4X objective (total magnification 40X) 
using an inverted Olympus IX70 microscope fitted with a 
Retiga 1300 camera (QImaging, Surrey, BC). Total pixels 
at the beginning and end of assay were quantitated using 
ImageJ software. Experiments were done in triplicate.

Clonogenicity assay

Colony formation on soft agar or anchorage 
independent colonization is considered to be a very 
stringent test for malignant transformation of cells and a 
hallmark of cancer. Ability of the tumor cell to develop 
colonies on soft agar reflects a reduced dependence for 
extracellular growth promoting factors, independence from 
the control of neighboring cells (like keratinocytes in the 
case of melanocytes) and infinite capacity to proliferate. 
For our purpose, we chose the CytoSelect 96-well format 
(Cell Biolabs #CBA-130, San Diego, CA), which provides 
a timely and quantitative (fluorimetric) readout of the total 
colonies formed. Experiments were performed as per the 
manufacturer’s protocol. Briefly, a 0.6% base agar medium 
containing 1X RPMI-1640 (10% FBS) was prepared and 
allowed to settle for 30 min / 4C. siRNA treated cells were 
trypsinized 48 hr. after transfection, counted and seeded 
at 5000 cells/well in a 0.4% top agar layer also containing 
1X RPMI-1640 (10% FBS) and allowed to settle for 
15 min / 4C. Finally, 100 uL of pre-warmed culture 
media containing 50 ug/mL hGH was added on top and 
incubated for 14 days at 37C / 5% CO2. The media was 
then removed, the agar was solubilized and the cells were 
lysed in situ. Total DNA content was measured using the 
CyQuant GR dye (kit component) and fluorescence was 
measured at 485 (ex) / 520 nm (em) using a spectramax 
M2 fluorescence plate reader (Molecular Devices) and 
SoftMax Pro v6.2.1 software. Experiments were done 
three times and in quadruplicate.

Statistical analyses

Parametric and non-parametric statistical analyses 
for comparing RNA levels were done using R software 
(ver3.0.2). For RT-qPCR analysis of RNA, the levels 
were first normalized against two reference genes 
(GAPDH and beta-actin) and the 2^(-ddCt) values were 

compared by Wilcoxon signed rank test for significance. 
A p-value less than 0.05 was considered as significant. 
The densitometry analyses, clonogenicity, migration and 
invasion, and resazurin based assays, were compared by a 
paired students T-test and ANOVA was performed (using 
GraphPad Prism software) to compare for significance 
(p<0.05 is considered significant).
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