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Abstract Melanoma remains one of the most therapy-resistant
forms of human cancer despite recent introductions of highly
efficacious targeted therapies. The intrinsic therapy resistance
of human melanoma is largely due to abundant expression of a
repertoire of xenobiotic efflux pumps of the ATP-binding cas-
sette (ABC) transporter family. Here, we report that GH action
is a key mediator of chemotherapeutic resistance in human
melanoma cells. We investigated multiple ABC efflux pumps
(ABCB1, ABCB5, ABCB8, ABCC1, ABCC2, ABCG1, and
ABCG2) reportedly associated with melanoma drug resistance
in different human melanoma cells and tested the efficacy of
five different anti-cancer compounds (cisplatin, doxorubicin,
oridonin, paclitaxel, vemurafenib) with decreased GH action.
We found that GH treatment of human melanoma cells
upregulates expression of multiple ABC transporters and in-
creases the EC50 of melanoma drug vemurafenib. Also,
vemurafenib-resistant melanoma cells had upregulated levels
of GH receptor (GHR) expression as well as ABC efflux
pumps. GHR knockdown (KD) using siRNA in human mela-
noma cells treated with sub-EC50 doses of anti-tumor

compounds resulted in significantly increased drug retention,
decreased cell proliferation and increased drug efficacy, com-
pared to mock-transfected controls. Our set of findings identify
an unknown mechanism of GH regulation in mediating mela-
noma drug resistance and validates GHR as a unique therapeu-
tic target for sensitizing highly therapy-resistant human mela-
noma cells to lower doses of anti-cancer drugs.

Introduction

Human melanoma has remained the most aggressive form of
skin cancer and one of the most therapy-resistant forms of
cancer worldwide. In some countries, recent reports have
claimed it to be of epidemic proportions [1–6]. Studies indi-
cate increased UV exposure, use of tanning-beds, hormone
replacement therapies, as well as improved and increased di-
agnostic screening as the underlying causes of heightened
melanoma incidence [3, 7–9]. Developing a melanoma vac-
cine have had limited success [10] while, in the last 5 years, a
number of highly efficacious immunotherapies (CTLA-4 an-
tibody, ipilimumab; PD-1/PD-L1 antibody, pembrolizumab)
and targeted therapies (V600E BRAF inhibitor, vemurafenib)
had been approved by the FDA [11–16] while several are in
various stages of development [17]. Despite the success, che-
motherapeutic interventions for melanoma often result in drug
resistance that may occur by several cellular mechanisms leav-
ing persistent concerns for clinicians and patients [18–24].
Effective therapy with one of the most successful drugs,
pembrolizumab, has been reported to necessitate
pre-existence of active cytotoxic T cells [25] while resistance
to most other known chemotherapies, including ipilimumab
and vemurafenib, have been reported [26].

Melanoma is unique among other types of cancers in
possessing multiple mechanisms of chemotherapeutic
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resistance, including a repertoire of drug efflux pumps
[27–29], as well as upregulation of epithelial-mesenchymal
transition (EMT) markers [30–32]. Molecular mechanisms
defining melanoma drug resistance are lacking. Studies with
MCF-7 breast cancer cells indicated an upregulated doxorubi-
cin resistance in presence of supra-physiological doses
(1000 ng/mL) of GH [33] while over the last decade Lobie
and colleagues have reported GH-induced chemotherapy re-
sistance in acromegaly patients [34], autocrine GH-induced
resistance to radiation therapy in breast and endometrial can-
cers [35, 36], and increased propensity to EMT in breast can-
cer [37]. A number of clinical reports have pointed towards a
distinct association of human GH (hGH) with melanoma [9,
38, 39]. Significantly elevated levels of the hGH receptor
(GHR) were observed by immune-staining of different stages
of melanoma tumors, where 34 of 37 tested cases were mod-
erate to strongly positive for GHR expression [40]. We previ-
ously showed that the GHR RNA level was highest specifi-
cally in human melanoma cells in the entire NCI60 panel of 9
different cancer types [41]. Recently, we reported a compre-
hensive mechanism of GH-GHR action in human melanoma
cells regulating key intracellular signaling pathways like the
JAK, STAT (1, 3, and 5), SRC, ERK1/2, AKT, and mTOR
[42] which are known to be critical mediators of early gene
activation and drug resistance in several forms of cancer, es-
pecially melanoma [43–48]. We also observed robust expres-
sion of endogenous GH and GH-dependent modulation of
HGF, MET, and ERBB3 RNAs in human melanoma cells
which indicate a GH driven mechanism of therapy refractori-
ness [49–52]. Most importantly, the GH-GHR interaction was
found to positively drive EMT in human melanoma cells [42],
a mechanism deemed increasingly important in the incidence
of drug refractoriness [53–56]

Here, we specifically investigated the effect of siRNA me-
diated GHR knockdown (KD) on the drug resistance property
of four human melanoma cells (SK-MEL-28, MALME-3M,
MDA-MB-435, and SK-MEL-5) which express both GH and
GHR. We compared changes in RNA expression of seven
different ATP-binding cassette (ABC) transporter family ef-
flux pumps, following treatment with sub-EC50 doses
(EC50 = effective concentration for 50% of maximum ob-
served effect to occur) of the following selected anti-tumor
drugs: cisplatin, doxorubicin, oridonin, paclitaxel, and
vemurafenib under basal and excess GH (50 ng/mL) condi-
tions as well as in the absence of GH action (GHRKD). We
report that prolonged exposure to GH alone leads to increased
resistance to anti-cancer drugs whereas GHRKD results in
significant suppression of the effects. The incidence of drug
resistance coincided with increased GHR levels while in-
creased drug sensitivity followed GHRKD. Collectively, we
present a critical mechanism of abetting drug resistance by
GH in human melanoma cells. Our results indicate that
targeting GHR is an effective mechanism to curb drug efflux

and markedly sensitize highly therapy-resistant melanoma
cells to different classes of established and developing anti-
cancer compounds.

Methods

Cell Culture

Human melanoma cells SK-MEL-5 (#HTB-70), SK-MEL-28
(#HTB-72), MALME-3M (#HTB-64), MDA-MB-435S
(#HTB-129), and normal melanocyte ST-MEL (ATCC #
30-2001) were purchased from American Type Culture
Collection (ATCC; Manassas, Virginia) and grown in recom-
mended media with 10% fetal bovine serum (FBS; ATCC #
30-2020) and 1X antibiotic-antimycotic (Thermo Fisher
Scientific #15240) at 37 °C/5% CO2 in a humidified incuba-
tor. Recombinant human (h) GH (Antibodies Online #
ABIN2017921) was added to media at 50 ng/mL as an acute
dose o r a t 20 ng /mL fo r p ro longed exposu r e .
Vemurafenib-resistance cell line was developed in vitro as
described by McDermott et al. [57] by continuous exposure
of SK-MEL-28 and SK-MEL-5 cells to 10 nM vemurafenib
for eight cycles of 3-day exposure to vemurafenib followed by
drug free growth to confluency (4–5 days) with or without
20 ng/mL hGH (replaced every feeding cycle 3 days) in the
media. Following eight cycles, the different subtypes of cells
were frozen separately until use. On subsequent thawing and
re-growth for 4 cycles (media containing 10% FBS and 1X
antibiotic-antimycotic), the cells were used for evaluation of
EC-50 and RNA analysis.

Transfection

Transfection was performed using siLentFect lipid reagent
(Biorad #170-3360, Hercules, CA) following the manufacturer’s
protocol. Pre-designed siRNA duplex against human GHR
(Origene #SR301794, Rockville, MD) at 20 nM was used
(siRNA-B: AGCUAGAAUUGAGUGUUUAAAGUTC) that
resulted in a >80% decrease in GHR transcript in all four mela-
noma cells while a universal scrambled siRNA duplex (Origene
#SR30004) was used as control. Cells were seeded at 25,000–
30,000 cells/cm2, incubated overnight and siRNA duplex
(scramble or GHR specific) and siLentFect reagent at 1:1M ratio
was added to the cells and incubated at 37 °C/5% CO2. Media
was changed after 24 h. RNA levels were analyzed 48 h
post-transfection while protein levels were analyzed at 60 h
post-transfection. For drug treatment, drugs at the specified con-
centrations noted below were added to the cells 48 h post-
transfection and treated for 24 h prior to quantitation of RNA
levels.
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Drug Treatments

For treatment of melanoma cells, the following five
anti-tumor compounds were obtained from the sources
mentioned: cisplatin (Calbiochem #232120, Darmstadt,
Germany), doxorubicin (Sigma-Aldrich #D-1515, St.
Louis, MO), oridonin (Sigma-Aldrich #O-9639, St.
Louis, MO), Paclitaxel (Sigma-Aldrich #C-7191), and
vemurafenib/PLX4032 (ApexBio #A-3004, Houston,
TX). We performed evaluation of EC50 values for each
drug in each cell line and observed the following EC-50
ranges for the four melanoma cell lines; cisplatin (3–
15 uM), doxorubicin (25–100 nM), oridonin (2–8 uM),
paclitaxel (2–8 nM), and vemurafenib (5–15 nM). In the
subsequent experiments, the following drug concentra-
tions were used unless specified otherwise: cisplatin
(0.5 uM), doxorubicin (10 nM), oridonin (0.5 uM), pac-
litaxel (1 nM), and vemurafenib (2 nM). Treatments were
performed for 24 h starting 48 h post-transfection with
siRNA for GHRKD cells, and for 24 h for 50 ng/ml GH
treated cells, prior to RNA extraction and analysis.

RNA Extraction and RT-qPCR

IBI-Trizol based total RNA purification kit (MidSci
#IB47632, St. Louis, Missouri) was used for RNA extraction
from the cells, and reverse transcription was performed using
the Maxima First Strand cDNA synthesis kit (Thermo Fisher
Scientific #K1642, Waltham, MA) following the manufac-
turers’ protocols. Real-time-quantitative PCR and melt curve
analysis were performed using Maxima SYBR-Green qPCR
master mix (Thermo Fisher Scientific #K0241) and a T100
thermal cycler (Biorad #1861096, Hercules, CA). RNA and
DNA concentrations were estimated using Nanodrop2000
(Thermo Fisher Scientific, Waltham, MA) spectrophotometer.

Primers were obtained from Sigma-Aldrich for the follow-
ing human genes and primer efficiencies were confirmed:
GAPDH, β-Actin, GH1, GHR, E-Cadherin (CDH1),
N-Cadherin(CDH2), Vimentin, ABCB1, ABCB5, ABCB8,
ABCG1, ABCG2, ABCC1, and ABCC2. Each sample was
a pool of two replicates per experiment; RNA expression anal-
ysis by qPCR was done in triplicates from three different
experiments.

Protein Extraction

Total cellular protein was collected 60 h post-transfection
using RIPA buffer (Sigma-Aldrich #R-0278, St. Louis,
Missouri) containing 1X Halt protease and phosphatase
inhibitor cocktail (Thermo Fisher #78442, Waltham, MA)
following the manufacturer’s protocol. Briefly, cells were
washed twice with 1X phosphate-buffered saline (PBS)
and RIPA buffer at 1 mL per million cells was added and

incubated for 5 min/4 °C. Cell lysate was clarified by
centrifuging at 8000×g/10 min/4 °C and the supernatant
was collected and stored at −80 °C for subsequent anal-
ysis. Each sample was a pool of three replicates per
experiment; each experiment was done three times.
Protein concentration was estimated using the Bradford
reagent (Sigma-Aldrich #B6916), Spectramax250 spec-
t rophotometer (Molecular Devices , Sunnyvale ,
California) and SoftmaxPro software (ver4.7.1).

Western Blotting

Western blottingwas performed following standard laboratory
protocol with a few modifications [58]. Briefly, intracellular
proteins were separated by SDS-PAGE and transferred onto a
PVDFmembrane and blocked with 5% bovine serum albumin
(BSA) in 1X TBS-T (Tris-buffered saline, pH 7.2 with 0.1%
Triton-X100) for 12–16 h/4 °C. Membranes were incubated
with primary antibody (at specific dilutions mentioned below)
for 12–16 h at 4 °C followed by three washes with 1X TBS-T
and then incubated with the corresponding secondary antibod-
ies (at specific dilutions mentioned below) for 2 h/25 °C.
Membranes were then washed four times with 1X TBS-T
and treated with WestFemto Chemilumiscence detection re-
agents (Thermo Fisher Scientific) and the chemiluminiscent
signal was captured using a GelDoc (Biorad) fluorescence
reader. Densitometry analysis of the blots was done using
ImageJ software.

Primary antibodies were used to detect the following hu-
man proteins: GHR (Mouse, 1:300, SCBT #137185; Goat,
1:100, R&D Systems #AF1210; Rabbit, 1:200, Abcam
#ab134078), Actin (Goat, 1:3000, SCBT #sc1616), GAPDH
(Goat, 1:3000, SCBT #sc20357), Vimentin (Rabbit, 1:3000,
CST #5741), E-cadherin (Rabbit, 1:1000, CST #3195),
N-cadherin (Rabbit, 1:500, CST #13116), Vimentin (Rabbit,
1:3000, CST #5741), ABCG1 (Rabbit, 1:100, Abiocode
#R0254), ABCB8 (Rabbit, 1:100, SAB #31025), and
ABCB1/MDR1 (Mouse, 1:100, SCBT #sc55510). The sec-
ondary antibodies were anti-rabbit HRP-linked IgG (Donkey,
1:2000, CST #7074P2), anti-goat HRP-linked IgG (Donkey,
1:1000, SCBT #sc2020), anti-rabbit HRP-linked IgG
(Donkey, 1:2000, GE #NA934), and anti-mouse HRP-linked
IgG (Rat, 1:1000, Antibodies Online #ABIN1589975).

Immunofluorescence

Cells were seeded at 10,000 cells/cm2 in 8-well chamber
slides and transfection was performed as described
above. The cells were treated 48 h post-transfection with
10 nM doxorubicin or 1 nM paclitaxel for 24 h.
Subsequently, cells were fixed with 100% methanol,
permeabilized with 0.2% Triton-X100 in 1X PBS for
15 min at 25 °C, and blocked with 1% BSA for 4 h at
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25 °C. Incubation time was 12 h at 4 °C for the primary
antibody and 2 h at 25 °C for the secondary antibody.
Finally, the slides were washed four times with 1X PBS
and the sample was mounted with Fluoroshield mounting
medium conta in ing DAPI (Abcam #ab104139,
Cambridge, UK), covered with a 60-mm coverslip and
stored at 4 °C for microscopy. Microscopic imaging
was done using a Nikon Eclipse E600 compound fluo-
rescent microscope fitted with a Nikon DS-Fi1CC cam-
era (Nikon, Tokyo, Japan) and NIS-Elements BR3.2 im-
aging software. The antibodies used were Rabbit
ant i -human-Ki67 monoclonal ant ibody with an
AlexaFluor488 tag (Abcam #ab154201, 1:300 dilutions),
and Goat an t i - rabbi t secondary ant ibody wi th
AlexaFluor488 tag (Life Technologies #R37116, 1:500
dilution).

Quantification of immunofluorescence expression was per-
formed from images of three separate experiments. Images of
six different areas from each coverslip were counted using
ImageJ, per experiment to have a minimum of 4000 cells
per treatment group. Ki67-positive (Ki67+) cell number was
normalized against DAPI+ cell numbers per image and the
Ki67+/DAPI+ ratio was used to quantitate cell proliferation.

Cell Proliferation Assay

We performed a resazurin-based absorption assay measuring
cell proliferation, as a measure of drug effect. There are sev-
eral commonly practiced assays using tetrazolium (MTT,
MTS, XTT), or resazurin which give a quantitative reflection
of cell viability. Although ATP detection assay is the most
sensitive of the available options, resazurin-based assay is
considered adequate and is routinely used to measure com-
pound EC50s or cell viability following cytotoxic treatments
[59, 60]. A stock solution of 1% (w /v) resazurin
(Sigma-Aldrich #R7017) in 1X PBS was made and filter-ster-
ilized. The final concentration of resazurin in the assay was
0.004%. Proliferating cells can be quantified by spectropho-
tometric measurement of a bright pink fluorescent product
called resorufin (stable for 4 h) formed when mildly fluores-
cent blue resazurin enters a reducing intracellular environment
characteristic of proliferating cells [61]. Cells were seeded at
10,000 cells/cm2 into 96-well plates and transfected as de-
scribed above. The resazurin assay was performed 60 h after
transfection (unless specified otherwise) and resorufin absor-
bance was measured at 570 nm (reference wave-
length = 600 nm) using Spectramax250 (Molecular Devices,
Sunnyvale, CA) and SoftmaxPro software. In all cases, cells
were incubated at 37 °C/5% CO2 for 45–60 min following
resazurin addition for adequate sensitivity of detection. The
resazurin assay for cell proliferation was used to measure EC-
50 of relevant drugs and Graph Pad Prism was used to

calculate EC-50 shifts (EC50 shift = EC50 of treated cell
line/EC50 of parental cell line as described [57].

Drug Retention Assay

The presence of multiple drug resistance pumps along
the cellular membrane is key to the resistance against
ch emo the r a py i n some ce l l s l i k e me l anoma .
ABC-transporter pumps in the MDR and MRP family
are involved in exclusion of xenobiotics from inside the
cells to outside. This reduces the retention time of drugs
inside a cell and confers decreased sensitivity to the drug
effects. For our purpose, we chose the Vybrant multidrug
resistance assay kit (Molecular Probes #V13180, Eugene,
OR) which was developed initially by Tiberghein and
Loor [62]. The assay uses the non-fluorescent calcein
acetoxymethylester (calcein-AM) as a drug-mimic and a
substrate for the melanoma cel l eff lux pumps.
Calcein-AM is highly lipid soluble and permeates the
cell membrane where it is converted to a fluorescent
calcein by the intracellular esterases. In the absence or
decreased activity of the efflux pumps, the intensely
fluorescent calcein is retained and can be measured as
an indication of drug retention inside the cell. The assay
was performed as per the manufacturer’s protocol with
some necessary optimizations. Briefly, the siRNA treated
cells were trypsinized 48 h after transfection, counted
and seeded at 50,000 cells/well in a black, clear bottom
Costar 96-well plate (Corning #3603, Corning, NY) and
then calcein-AM was added at a final concentration of 2
uM, and incubated at 37 °C for 2 h. After thorough
washing, fluorescence was measured at 494 (excS) /
517 nm (emi) in a spectramax M2 fluorescence plate
reader (Molecular Devices, Sunnyvale, CA) and
SoftMax Pro v6.2.1 software. Experiments were done
in quadruplicate.

Statistical Analyses

Parametric and non-parametric statistical analyses were per-
formed using R software (ver3.0.2). For RT-qPCR analysis of
RNA, the levels were normalized first against two reference
genes (GAPDH and beta-actin) and the relative values
(ΔΔCt) were compared by Wilcoxon signed rank test for
significance. One-way ANOVA and Bonferroni post-hoc tests
were done for comparing Ki67+/DAPI+ ratios. A p value less
than 0.05 was considered as significant. The densitometry
analyses and resazurin-based assays were compared by a
paired Student’s t test and ANOVA was performed (using
GraphPad Prism software) to compare for significance
(p < 0.05 is considered significant).
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Results

GHRKD Exacerbates Drug Effects on Melanoma Cell
Proliferation

We and others had previously shown that human melano-
ma cells have robust expression of GH and GHR and GH
action regulates critical oncogenic pathways in this type
of cancer including driving epithelial-to-mesenchymal
transition (EMT), cell migration, invasion, colony forma-
tion and proliferation [42]. In the four cell lines tested, we
observed GHR RNA and protein levels in the order of
SK-MEL-28 > MALME-3 M > MDA-MB-435 > SK-MEL-5.
A reduction in cell proliferation was assayed by quantify-
ing the levels of Ki67, a commonly used marker for cel-
lular proliferation [63]. To evaluate the effect of combin-
ing anti-cancer compounds in GHRKD-induced suppres-
sion of cell proliferation levels [post-transfection
RT-qPCR analyses showed 85–90% reduction in GHR
RNA levels for al l melanoma cel l l ines except
SK-MEL-5 (50% reduction in GHR was observed); Fig
S1(a-d)], we performed immunofluorescence studies on
scramble (scr) or GHR-siRNA-transfected samples, fol-
lowing 24 h treatment with sub-EC50 doses of the
anti-cancer compounds; doxorubicin (10 nM), cisplatin
(0.5 uM), oridonin (0.5 uM), paclitaxel (1 nM), or
vemurafenib (2 nM). From the results of cell proliferation
assay using resazurin, we observed that GHRKD in com-
bination with anti-cancer drugs exerted a marked suppres-
sion of cell proliferation in SK-MEL-28 human melanoma
cells when exposed to cisplatin, doxorubicin and
vemurafenib (Figs 1a, b). Similar effects of significantly
decreased cell proliferation following GHRKD was ob-
served in MALME-3M cells in response to cisplatin,
doxorubicin, paclitaxel, and vemurafenib (Figs 1c, S2).
The effects were less pronounced in MDA-MB-435 (cis-
platin, vemurafenib) and SK-MEL-5 (pacli taxel,
vemurafenib) melanoma cells, which were previously ob-
served to have a lower expression of GHR compared to
SK-MEL-28 and MALME-3M (Figs 1d, e, S3, S4).
Quantification and normalization of Ki67-positive
(Ki67+) cells with DAPI-positive (DAPI+) cells show that
in the melanoma cells, GHRKD alone significantly de-
creased cell proliferation (ranging from 30.7% reduction
in MALME-3M to 17.2% reduction in MDA-MB-435
cells) except SK-MEL-5; whereas the anti-cancer drugs
alone, administered at sub-EC50 doses did not cause more
than 10% reduction in cell proliferation (Fig. 1).
However, combining GHRKD with the drugs at the same
doses resulted in a significantly higher reduction in cell
proliferation than either treatment alone, and was ob-
served differently in the four human melanoma cell lines
in response to specific drugs only, as described above.

This variation in the extent of GHRKD effects can be
due to several additional intrinsic genetic differences
influencing drug efficacy between the samples. The re-
sults suggest that GHRKD appears to have an effect of
either increasing the anti-cancer potency of the drugs or in
sensitizing the melanoma cells to low doses of the drugs.
Melanoma cells are unique in having a robust expression
of ABC transporters for drug efflux, which serves as one
of the most critical mechanisms of developing chemother-
apy refractoriness. Therefore, we chose to assess the
changes in the levels of selected ABC drug efflux pumps
that are abundantly expressed in human melanoma can-
cers [28, 64, 65].

GHRKD significantly Suppresses Expression
of ABC-Transporter Pumps in Human Melanoma Cells

Melanoma cell express a subset of the 47 different human
ABC efflux pumps of which we specifically investigated the
RNA levels of ABCB1 [66], ABCB5 [67, 68], ABCB8 [27],
ABCC1 [69], ABCC2 [19], ABCG1 [70], and ABCG2 [71],
based on reports of their presence and drug resistance activ-
ity in human melanoma. The RNA levels of these seven
different ABC drug efflux pumps were evaluated following
a 24 h exposure to sub-EC50 doses of cisplatin, doxorubi-
cin, oridonin, paclitaxel, and vemurafenib, and compared
between GHRKD or mock-transfected cells. GHRKD result-
ed in a significant suppression of ABC efflux pump RNA
levels, but in varying levels to different drugs, in different
cell lines (Figs. 2 and S5-S8). The results for the significant
variations off all 35 combinations (five drugs × seven trans-
porters) for each of the four-different human melanoma cell
lines are depicted in Fig. 2b and tabulated in Table 1.
Following addition of the five different drugs, the GHRKD
SK-MEL-28 cells, in comparison to corresponding
scr-siRNA treated samples, showed reduced RNA levels of
different sets of ABC transporters against cisplatin (ABCB1,
ABCB5, ABCB8, ABCG1) doxorubicin (ABCB8, ABCG1,
ABCG2), oridonin (ABCB5, ABCC1, ABCG1), paclitaxel
(ABCB5, ABCC1, ABCG1, ABCG2), or vemurafenib
(ABCB8, ABCC2, ABCG1, ABCG2) (Fig. 2a, b).
Figure 2b summarizes similar sets of transporter expression
changes for each drug in each cell line. We further checked
the levels of protein expression of these efflux pumps and
could consistently detect markedly reduced levels of
ABCB8 and ABCC1 proteins, following GHRKD, in all
four cell lines, compared to mock-treated controls
(Fig. 2c). These results indicate of a unique role of GH in
cancer cells, namely the regulation of drug efflux pumps and
subsequent drug resistance. This prompted us to investigate
the role of excess GH exposure to the drug responsiveness
of human melanoma cells.
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Fig. 1 Effect of drug treatment on cell proliferation in growth hormone
receptor knockdown (GHRKD) SK-MEL-28 cells. a SK-MEL-28 cells
were exposed to either DMSO (a), or 0.5 um cisplatin (b), or 10 nM
doxorubicin (c), or 0.5 uM oridonin (d), or 1 nM paclitaxel (e), or
15 nM vemurafenib ( f ) for 24 h. Treatments were done 48 h post-
transfection with either scr-siRNA (1 and 2) or GHR-siRNA (3 and 4).
Panels 1 and 3 show cellular DNA stained with DAPI while panels 2 and
4 show fluorescence signals from AF488-tagged anti-Ki67 antibody.
Picture was taken at ×40 magnification; scale bar represents 500 um.

Similar profiles for MALME-3M (Fig S2), MDA-MB-435 (Fig S3),
and SK-MEL-5 (Fig S4) melanoma cells are in supplementary. b–e
Quantitation of Ki67+ and DAPI+ cells in drug-treated GHRKD and
control cells in SK-MEL-28 (b), MALME-3M (c), MDA-MB-435 (d),
and SK-MEL-5 (e) using ImageJ. The Ki67+/DAPI+ ratio represents
proliferating cells normalized to cell number. GHRKD significantly
reduced cell proliferation in combination with drug treatment.
[*p < 0.05, one-way ANOVA, n = 3]
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Extended GH Treatment significantly Increases
Expression of GHR, ABC-Transporter Pumps
andChemotherapeutic Drug-EC50s inHumanMelanoma
Cells

We and others have had previously observed GH production
by human melanoma and other forms of human cancer [34,
42, 72–74]. In order to determine whether sustained exposure
or an acute dose to exogenously added GH affects our obser-
vations following GHRKD, we cultured SK-MEL-28 and
SK-MEL-5 human melanoma cell lines for 8 weeks with
20 ng/mL of recombinant hGH (changed every 3 days) in
the culture media. The same type of melanoma cells
(SK-MEL-28 and SK-MEL-5) were also grown with
vemurafenib, for developing vemurafenib resistance, in either
presence or absence of 20 ng/mL hGH as described in the
BMethods^ section. We found that hGH treatment alone re-
sulted in an ~5-fold increase in vemurafenib EC-50 in
SK-MEL-28 and a 2-fold increase in SK-MEL-5 human mel-
anoma cell lines (Figs 3a, b). In SK-MEL-28 cells, the
vemurafenib-EC50 shifted from 9 to 38 nM (Fig. 3a) while
in SK-MEL-5 cells, the EC-50 value increased from 10.2 to
24.6 nM (Fig. 3b). Vemurafenib-resistant (VemR) cells that
were grown in absence of GH in media showed an EC50 shift
for vemurafenib to 139 nM (>11-fold shift) for SK-MEL-28
and to 75.3 nM (> 6-fold shift) for SK-MEL-5 cells. The
presence of GH in the media during culture to develop

VemR cells, lead to an even greater increase in vemurafenib
resistance in both melanoma cell types. SK-MEL-28 had an
EC50 of 278 nM (>25-fold shift), and SK-MEL-5 cells had an
EC50 of 98.8 nM (>8-fold shift) for vemurafenib, when
grown in presence of GH (Fig. 3a, b).

We further determined RNA levels of GH and GHR in
these VemR cells, and found that while GH levels were mostly
unchanged, the GHR levels were significantly upregulated in
SK-MEL-28 (>8-fold increase in GH alone and >12-fold in
vemurafenib treated) and SK-MEL-5 (<2-fold increase) cells
(Fig. 3c, d). In the light of our previous findings that GH-GHR
in human melanoma drives epithelial-to-mesenchymal transi-
tion (EMT), we inquired into the RNA levels of E-cadherin
(CDH1), N-cadherin (CDH2), and vimentin, in these VemR
cell lines. GH in presence or absence of vemurafenib treat-
ments caused robust downregulation of CDH1 levels in both
SK-MEL-28 (3-fold) and SK-MEL-5 (2-fold) cells (Fig. 3c,
d). On the other hand, SK-MEL-28 VemR cells grown with
GH, were found to have a >10-fold increase in CDH2 and
>3-fold increase in vimentin levels (Fig. 3c).

Subsequently, we analyzed the changes in RNA levels of
ABC transporters in the VemR cell lines. Consistent with the
drug resistant phenotypes induced by GH-GHR as shown
above, hGH treatment alone resulted in a drastic upregulated
expression of ABCB1 (>25-fold in GH alone, >13-fold in
vemurafenib treated), ABCB8 (>2-fold in GH treated and
>3-fold in GH + vemurafenib treated), ABCC2 (>5-fold in

Table 1 List of ABC-transporter
pumps with significantly
downregulated RNA expression
following 24 h exposure to anti-
tumor compounds in GHR-
siRNA-transfected melanoma
cells compared to corresponding
scr-siRNA-transfected controls

Cell line Drug treatment Efflux pumps (expression level change, p < 0.05)

SK-MEL-28 Cisplatin ABCB1a, ABCB5a, ABCB8, ABCG1a

Doxorubicin ABCB8, ABCC1, ABCG1a, ABCG2

Oridonin ABCB5, ABCC1, ABCG1a

Paclitaxel ABCB5, ABCC1a, ABCG1a, ABCG2

Vemurafenib ABCB8, ABCC2a, ABCG1, ABCG2

MALME-3M Cisplatin ABCB1a, ABCG1a

Doxorubicin ABCB8a, ABCC1a, ABCG1a, ABCG2

Oridonin ABCB1a, ABCB5, ABCG1a

Paclitaxel ABCB8a, ABCC1a, ABCG1a

Vemurafenib ABCB5, ABCG2a

SK-MEL-5 Cisplatin ABCB1a, ABCC1a, ABCC2a, ABCG2

Doxorubicin ABCB1a, ABCB8a, ABCG2

Oridonin ABCC1, ABCC2a

Paclitaxel ABCB8a, ABCC1a, ABCC2a

Vemurafenib ABCC2a, ABCG2

MDA-MB-435 Cisplatin ABCB1a, ABCB8a, ABCC2a, ABCG1, ABCG2a

Doxorubicin ABCB1a, ABCB5a, ABCB8a, ABCC2, ABCG1a

Oridonin ABCB1a, ABCB5a, ABCG1a

Paclitaxel ABCB5, ABCB8a, ABCC1a, ABCG1a, ABCG2

Vemurafenib ABCB1a, ABCB5a, ABCB8a, ABCC1a, ABCC2a, ABCG1a

a >2-fold downregulation
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GH alone, >6-fold in vemurafenib treated), and ABCG1
(>15-fold in both GH and vemurafenib treated) in
SK-MEL-28 cells (Fig. 4b). Additionally, we saw similar
results in SK-MEL-5 cells where RNA levels of ABCB8
(>2-fold in both vemurafenib and GH + vemurafenib treat-
ed) and ABCG1 (>3-fold in GH alone, >2-fold in
vemurafenib treated) was particularly elevated with hGH
treatment and drug resistance (Fig. 3d). The results for
ABC efflux pumps whose expressions significantly in-
creased with GH and/or vemurafenib treatment are listed in
Table 2. This consistent change in ABC-transporter levels
observed following a more chronic exposure or pretreatment
with GH (Fig 3e2) were not observed for a 24-h acute treat-
ment with 50 ng/mL GH given along with drug exposure
(Fig 3e1). The acute treatment with GH caused upregulation
as well as downregulation of several ABC transporters
(listed in Table 3). Although some of those variations were
consistent with GHRKD results, the results were not conclu-
sive. The observations indicate that a rather sustained GH
exposure might lead to a more aggressive chemo-refractory
form of melanoma.

GHR Knockdown Leads to significantly Higher Drug
Retention and Sensitizes Human Melanoma Cells to Low
Doses of Chemotherapy

In view of the above findings, it was reasonable to expect that
targeting GHR by siRNA mediated KD might cripple impor-
tant mechanisms of drug efflux in melanoma cells. In that
case, GHRKD should also result in increased intracellular
drug retention, leading to cytotoxicity and cell-death for the
tumor cells. In the fluorometric calcein retention assay, which
quantifies ABC efflux pumpmediated drug efflux activity, we
indeed observed a significantly lower concentration of
retained calcein in the human melanoma cells compared to
melanocyte (Fig. 4a). Following GHRKD, significantly
higher concentration of calcein was retained inside
GHR-siRNA-transfected melanoma cells compared to the
scramble siRNA-transfected controls (Fig. 4b). The results
corroborated our above observations demonstrating the criti-
cal role of the GH action in multidrug resistance in melanoma.

A significant suppression of expression of several efflux
pumps leading to a longer retention of xenobiotic compounds
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Fig. 3 Effect of GH treatment in vemurafenib resistance in human
melanoma cells. SK-MEL-28 and SK-MEL-5 cells grown in normal
media (C), or in presence of 20 ng/mL GH (CGH), or with 3-day
cycles of 20 nM vemurafenib (V) or with 3-day cycles of 20 nM
vemurafenib in presence of 20 ng/mL GH (VGH). EC-50 of all four
groups per cell line was measured and the ratio to untreated control (C)
was expressed as EC50 ratio for SK-MEL-28 (a) and SK-MEL-5 (b).
Relative RNA expression in SK-MEL-28 (c) and SK-MEL-5 (d) cells
of ABCB1, ABCB5, ABCB8, ABCC1, ABCC2, ABCG1, ABCG2 and
GH, GHR, CDH1, CDH2, and vimentin. e Heat-map showing the

statistically significant variations in RNA expressions of ABC
transporters in three human melanoma cell lines, following treatment
with all five drugs, in presence of 50 ng/mL GH for 24 h (e1) or 20 ng/
mL GH treatment for 8-weeks (e2). Detailed comparison for SK-MEL-28
(Fig S9), MALME-3M (Fig S10), and SK-MEL-5 (Fig S11) melanoma
cells are in supplementary. In all cases, drug treatment was for 24 hr with
0.5% final DMSO concentration. RNA expressions were quantified by
RT-qPCR and normalized against expression of ACTB and GAPDH as
reference genes [*p < 0.05, Wilcoxon sign rank test, n = 3]
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inside the GHRKD melanoma cells compared to the scr-
siRNA-treated controls should cause an increased growth in-
hibition and lower the required amount of drug required for
required anti-tumor effects. Therefore, we quantified the cell
proliferation levels of SK-MEL-28 and MALME-3M cells
following exposure to EC-50 levels of cisplatin (10 uM) and
paclitaxel (5 nM) with and without siRNA-mediated KD of
GHR. We observed drastic inhibition (>90%) in all cases
(Fig. 4c, d). The results underscore the effect of targeting
GHR in sensitization of the human melanoma cells to low
doses of anti-cancer drugs.

Discussion

The ATP-binding cassette (ABC) transporters are
ATP-dependent xenobiotic efflux pumps which are employed
by various cancer cells as an important mechanism of lowering
the intracellular accumulation of cytotoxic anti-cancer drugs
[64, 65, 75–77]. ABCB1 is expressed in of several tissues
and has been extensively reported to function in conferring
resistance to a number of anti-tumor drugs in different forms
of human cancers including melanoma in vitro [65, 77] and in
mice [78]. In our study, we observed robust downregulation of
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Fig. 4 GHRKD resulted in increased drug retention and drastically
reduced proliferation of melanoma cells. Changes in amounts of calcein
retained inside cells following treatment with calcein-AM ester was
analyzed by the fluorescence readout from intracellular calcein.
Increased abundance of transporter pumps is reflected by decreased
levels of intracellular calcein. a Significantly lower calcein retention in
human melanoma cells compared to human melanocyte ST-MEL. b
Human melanoma cells exhibit significantly higher levels of
intracellular calcein following GHRKD. Assays were performed 48 h

post-transfection with either scr-siRNA or GHR-siRNA. Effect of
GHRKD on cell proliferation following 24 h exposure to EC50 levels
of cisplatin and paclitaxel was tested. c SK-MEL-28 and dMALME-3M
cells were exposed to DMSO (vehicle), or 10 um cisplatin (Cis), or 5 nM
paclitaxel (Pac) for 24 h. Treatments were done 48 h post-transfection
with either scr-siRNA (scr) or GHR-siRNA (GHR). Mean of three
independent experiments performed in triplicate was taken [*p < 0.05,
Student’s t test, n = 3]

Table 2 List of ABC-transporter
pumps with significantly
upregulated RNA expressions in
human melanoma cells (i) treated
with GH for 8 weeks, (ii)
vemurafenib-resistant (VemR),
and (iii) VemR in presence of GH,
all compared to corresponding
mock-treated controls (discussed
in text)

Cell line Type Efflux pumps (expression level change, p < 0.05)

SK-MEL-28 (i) GH ABCB5, ABCB8, ABCG1

(ii) VemR ABCC2, ABCG1, ABCG2

(iii) VemR + GH ABCC2, ABCB8, ABCG1

SK-MEL-5 (i) GH ABCB1, ABCB5, ABCC2, ABCG1

(ii) VemR ABCB1, ABCC2, ABCG1

(iii) VemR + GH ABCB1, ABCB5, ABCB8, ABCC1, ABCC2, ABCG1

a>2-fold upregulation
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ABCB1 following GHRKD especially with cisplatin treatment
across all four melanoma cell lines. Further ABCB1 expression
was increased to >25-fold by GH treatment alone and also
>13-fold in vemurafenib-resistant SK-MEL-28 cells, which in-
dicates GH conferred drug resistance to melanoma tumors and
subsequent sensitization following GHR blockade. ABCB8
was one of the most abundantly expressed ABC drug efflux
pumps in human melanoma cells. Although the physiological
role of ABCB8, located at the inner mitochondrial membrane is
not well-defined [65], its distinct role in protecting the mito-
chondrial genome against doxorubicin in melanoma has been
identified [27]. In this study, we observed that ABCB8 levels in
response to doxorubicin treatment were significantly downreg-
ulated by GHRKD across all four melanoma cell lines.
GHRKD also successfully suppressed ABCB8 levels in re-
sponse to paclitaxel and vemurafenib in three out of four cell
lines tested. ABCC1 and ABCC2 together with ABCG1 and
ABCG2 have also been extensively observed to be critical
mediators of cancer drug resistance in several forms of human
cancer [71, 78, 79] and more prominently in melanoma [28,
69]. They have overlapping substrates in drug efflux [65] and
have been reported to be involved with melanoma resistance to
multiple drugs including vemurafenib [69, 77] and cisplatin
[19]. We observed that following GHRKD, ABCC1 levels in
response to paclitaxel was consistently suppressed across all
four melanoma cell lines whereas ABCC2 levels in response
to vemurafenib was suppressed in three out of four melanoma
cell lines. ABCG1 was especially important in SK-MEL-28,
MALME-3M, andMDA-MB-435 cells where GHRKD signif-
icant ly lowered i ts express ion compared to the
scr-siRNA-transfected controls for all five drugs tested. In ad-
dition, GH treatment especially upregulated ABCG1 levels by
>10-fold in SK-MEL-28 cells, wherein we also observed a

>5-fold shift in the vemurafenib EC50. Lastly, GHRKD mark-
edly suppressed ABCG2 levels in response to doxorubicin and
vemurafenib treatments compared to corresponding controls in
all melanoma cell lines except MDA-MB-435. It was particu-
larly interesting to find significantly reduced cell proliferation
rates of human melanoma cells, even up to >50% in some
cases, when GHRKD was combined with sub-EC50 doses of
the drugs. This was corroborated with complete inhibition of
proliferation of the same melanoma cells when GHRKD was
combined with EC50 doses of the drugs. We had a further
confirmation of the GH-mediated drug resistance in melanoma
cells from the 5–25-fold increase in vemurafenib EC50 when
the cells were grown in presence of GH. Therefore, our results
show a sensitization to chemotherapy of the human melanoma
cells due to the GHR blockade, and indicate that a lower dose
of anti-tumor drugs could be more efficacious when combined
with GHR inhibition. These results could act as a springboard
for subsequent detailed analysis of this unique aspect of
GH-regulated drug efflux in melanoma cells in a drug type or
ABC-transporter class specific manner.

The results identify that GHRKD attenuates expression of
ABC transporters mediating multidrug resistance in human
melanoma and reveal a cell-specific and multiple
drug-specific variations of seven different ABC transporters.
The pattern of response between different melanoma cell lines
to anti-cancer drugs following GHRKD is variable, and allows
us to arrive at the following important inferences: (i) ABCG1,
an important protein for conferring drug resistance in melano-
ma, is consistently downregulated by GHRKD in
SK-MEL-28, MALME-3M, and SK-MEL-5 following all
five drug treatments; (ii) ABCC1, found to confer paclitaxel
resistance in melanoma side-population cells [80], was down-
regulated in all fourmelanoma cell lines following GHRKD in

Table 3 List of ABC-transporter
pumps with significantly
upregulated RNA expressions
following 24 h exposure to anti-
tumor compounds in presence of
50 ng/mL GH, compared to
corresponding mock-treated
controls

Cell line Drug treatment Efflux pumps (expression level change, p < 0.05)

SK-MEL-28 Cisplatin ABCB8

Doxorubicin ABCB1, ABCB8

Oridonin ABCG2a

Paclitaxel ABCB1, ABCG1a, ABCG2

Vemurafenib ABCB1a, ABCB8, ABCC1, ABCG1a

MALME-3M Cisplatin ABCB1, ABCB8

Doxorubicin ABCC2a, ABCG1

Oridonin ABCB1

Paclitaxel –

Vemurafenib –

SK-MEL-5 Cisplatin ABCB5a, ABCB8, ABCG2

Doxorubicin ABCB5a, ABCC1, ABCC2, ABCG2

Oridonin ABCB5a, ABCB8, ABCC1, ABCC2, ABCG2a

Paclitaxel ABCB5a, ABCG2

Vemurafenib ABCB5a, ABCB8, ABCC2, ABCG2a

a >2-fold upregulation
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response to paclitaxel treatment; (iii) ABCB1 levels in re-
sponse to cisplatin treatment and ABCB8 levels in response
to doxorubicin were significantly suppressed by GHRKD in
all melanoma cells tested; and (iv) in SK-MEL-28 and
SK-MEL-5 cells, GHRKD suppressed levels of ABCC2,
and ABCG2 in response to vemurafenib treatment. Thus, we
hypothesize that targeting GHR can be an effective modality
for specific classes of chemotherapeutic treatments in sensi-
tizing melanoma to the drug action. For example, GHR antag-
onism coupled with vemurafenib or paclitaxel for
GH-responsive (GHR expressing) tumors using in vivo
models can readily verify our hypothesis.

Melanomas are one of the most drug resistant forms of
human cancer and were also found to express one of the
highest levels of GHR among all human cancers in the
NCI’s panel of human cancer cell lines [41]. Significant re-
duction in expression of multiple different ABC-transporter
pumps following a decrease in GHR indicates a GH action
dependent mechanism regulating drug efflux from melanoma
cells. In fact, we recently reported the existence of
GH-GHR-mediated regulation of the mTOR pathway in mel-
anoma cells [42] and GH-induced activation of the pathway is
known to be necessary for rapid activation of protein synthesis
[17, 81] as might be expected to be required in the case of
expression of transporter pumps in response to exposure to
drugs. Further, the ubiquitous transcription factor NF-Y,
known to be involved in several processes including upregu-
lating transcription of ABC drug transporters [82–84], has
been found to work in conjunction with the GH-regulated
transcription factor STAT5 in female hamster liver cells [85].
We are currently verifying our observations in vivo using ap-
propriately designed mouse models of differential growth hor-
mone action: transgenic (bGH), GH antagonist transgenic
mice (GHRA) or GHR deficient (GHR−/−) mice [86].

In conclusion, this study presents a novel GH action in
mediating multidrug resistance in a human melanoma cells.
This study is in alignment with our observation of a significant
GH-dependent variation in RNA and protein levels of several
intracellular mediators of oncogenic signaling pathways in
melanoma and adds important and unknown information of
the downstream effects of our earlier findings. Decreased drug
efflux machinery, increased drug retention, a reversal in EMT
markers, and a markedly reduced cell proliferation at low
doses of chemotherapy following GHRKD together support
the idea of approaching GH-GHR interaction as a suitable
chemotherapeutic target of intervention as a combination ther-
apy for several classes of anti-tumor compounds. If effective
in vivo, this approach can have several important downstream
effects in cancer therapy: (i) a significantly lower drug dose
and possibly shorter duration of chemotherapy can be applied
in combination or following pretreatment with GHR antago-
nists. This in effect might significantly reduce the harsh side
effects associated with chemotherapy. (ii) GHR inhibition as a

means of sensitizing the tumor cells should be a valuable
approach in drug development. Combination of GHR inhibi-
tion and chemotherapy can not only markedly improve the
efficacy of available anti-melanoma drugs but may also assist
the development of novel chemotherapeutic compounds.
Decreased drug retention in tumors is a major hurdle in estab-
lishing efficacy of numerous drug candidates in pharmaceuti-
cal research and development. Our study identifies a possible
breakthrough in this problem by identifying that GH-GHR
interaction is a critical mediator of melanoma drug resistance
and targeting this interaction may successfully lead to im-
proved drug action and might greatly benefit millions of mel-
anoma and cancer patients worldwide.
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