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Aberrant modulation of ribosomal protein S6 phosphorylation
confers acquired resistance to MAPK pathway inhibitors in

BRAF-mutant melanoma

Ming-zhao Gao'?, Hong-bin Wang'?, Xiang-ling Chen'?, Wen-ting Cao’, Li Fu', Yun Li', Hai-tian Quan'?, Cheng-ying Xie'? and

Li-guang Lou'~

BRAF and MEK inhibitors have shown remarkable clinical efficacy in BRAF-mutant melanoma; however, most patients develop
resistance, which limits the clinical benefit of these agents. In this study, we found that the human melanoma cell clones, A375-DR
and A375-TR, with acquired resistance to BRAF inhibitor dabrafenib and MEK inhibitor trametinib, were cross resistant to other
MAPK pathway inhibitors. In these resistant cells, phosphorylation of ribosomal protein S6 (rpS6) but not phosphorylation of ERK or
p90 ribosomal S6 kinase (RSK) were unable to be inhibited by MAPK pathway inhibitors. Notably, knockdown of rpS6 in these cells
effectively downregulated G; phase-related proteins, including RB, cyclin D1, and CDK®, induced cell cycle arrest, and inhibited
proliferation, suggesting that aberrant modulation of rpS6 phosphorylation contributed to the acquired resistance. Interestingly,
RSK inhibitor had little effect on rpS6 phosphorylation and cell proliferation in resistant cells, whereas P70S6K inhibitor showed
stronger inhibitory effects on rpS6 phosphorylation and cell proliferation in resistant cells than in parental cells. Thus regulation of
rpS6 phosphorylation, which is predominantly mediated by BRAF/MEK/ERK/RSK signaling in parental cells, was switched to mTOR/
P70S6K signaling in resistant cells. Furthermore, mTOR inhibitors alone overcame acquired resistance and rescued the sensitivity of
the resistant cells when combined with BRAF/MEK inhibitors. Taken together, our findings indicate that RSK-independent
phosphorylation of rpS6 confers resistance to MAPK pathway inhibitors in BRAF-mutant melanoma, and that mTOR inhibitor-based
regimens may provide alternative strategies to overcome this acquired resistance.
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INTRODUCTION

Melanoma, the most lethal skin cancer, is among the most
aggressive and treatment-resistant human cancers [1]. More than
50% of melanomas harbor mutations in the proto-oncogene BRAF
[2], with amino acid substitution of valine to glutamic acid at
position 600 (V600E) accounting for approximately 75-90% of
BRAF mutations [3]. BRAFY®°%, acting as a driver mutation, leads
to constitutive phosphorylation and activation of mitogen-
activated extracellular signal-regulated kinase 1/2 (MEK1/2), which
in turn activates extracellular signal-regulated kinase 1/2 (ERK1/2)
to phosphorylate downstream effectors [4]. The RAF/MEK/ERK
mitogen-activated protein kinase (MAPK) cascade regulates
cellular responses, including proliferation, differentiation, and
survival signaling [5]. Thus inhibition of this pathway provides
new therapeutic opportunities in malignant melanoma.

In recent years, several relevant inhibitors of this signaling
pathway have been introduced for treating melanoma and have
significantly improved overall survival in metastatic melanoma
patients with BRAFY®®%F mutations. These agents include the
selective BRAFY®°F inhibitors vemurafenib and dabrafenib [6, 7],
the MEK inhibitors trametinib and cobimetinib [8-10], and also the

combination of dabrafenib/vemurafenib and trametinib/cobime-
tinib [11-13]. Although these single and combinatorial regimens
produce robust positive responses, the clinical benefit is usually
transient, owing to the rapid emergence of acquired resistance.

Several mechanisms responsible for the acquired resistance to
BRAF- or MEK-targeted agents have been reported, including
feedback reactivation of the MAPK pathway [14] and activation of
parallel signaling pathways [15-17]. The tumor micro-environment
also plays an important role in drug resistance. Long-term drug
exposure leads to increased expression of melanoma antigens and
decreased expression of the immunosuppressive cytokines
interleukin-6 (IL-6) and IL-8 [3, 18].

Ribosomal protein S6 (rpS6) is a component of the 40S subunit
of eukaryotic ribosomes and is therefore thought to be involved in
regulating translation [19, 20]. rpS6 can be phosphorylated by p70
ribosomal S6 kinase (P70S6K), which is the downstream effector of
mammalian target of rapamycin (mTOR) [20, 21]. Notably,
accumulating evidence suggests that p90 ribosomal S6 kinase
(RSK), an effector of the MAPK signaling pathway, is also capable
of phosphorylating rpS6 on Ser235/236 through an mTOR-
independent mechanism [22, 23]. Thus rpS6 represents a point
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of convergence of mTOR and MAPK signaling pathways. It has
been reported that phosphorylated rpSé is able to interact with
cellular proteins and thus affect cellular physiological processes,
including cell proliferation, cell size, and glucose homeostasis [24-
27] Phosphorylation can be induced by a wide range of stimuli,
such as growth factors, tumor-promoting agents, and mitogens
[22, 26, 28]. Therefore, rpS6 has been proved to be instructive for
neoplastic transformation.

Here we report a new mechanism of acquired resistance to
dabrafenib and trametinib in BRAF-mutant melanoma. We found
that constitutive phosphorylation of rpS6 in dabrafenib- and
trametinib-resistant cells after treatment with dabrafenib/trame-
tinib assisted cells in breaking through Go/G; arrest by positively
regulating the expression of cell cycle checkpoint proteins,
thereby promoting cell proliferation. Furthermore, we demon-
strate that constitutive activation of rpS6 in resistant cells is
attributable to a switch in the regulation of rpS6 phosphorylation
from the RSK to the P70S6K pathway. Importantly, we further
show that mTOR inhibitor-based regimens are capable of over-
coming acquired resistance to MAPK pathway inhibitors in BRAF-
mutant melanoma.

MATERIAL AND METHODS

Materials

Dabrafenib, trametinib, BEZ235, and AZD2014 were obtained from
Selleckchem (Shanghai, China). LY2584702, BI-D1870, GDC0994
and SCH772984 were obtained from Melonepharma (Dalian,
China). Antibodies against rpS6, p-rpS6 (Ser235/236), P70S6K, p-
P70S6K (Thr398), B-tubulin, p-ERK1/2 (Thr202/Tyr204), RSK, p-RSK
(Ser380), AKT, p-AKT (Ser473), and p-mTOR (Ser2448) were
purchased from Cell Signaling Technology (Beverly, MA, USA).
Antibodies against ERK were from Santa Cruz Biotechnology
(Santa Cruz, CA, USA).

Cell culture and treatment

A375 cells were purchased from the American Type Culture
Collection (Manassas, VA, USA) and were cultured in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal bovine
serum. A375-TR (A375-trametinib resistant) and A375-DR (A375-
dabrafenib resistant) cell lines were established from A375 cells by
chronic treatment with gradually increasing concentrations of
trametinib or dabrafenib, as described previously [29], and were
selected for monoclones using the limiting dilution method.

Cell proliferation assay

Cell proliferation was determined by sulforhodamine B assay [30].
Cells were incubated with serial dilutions of drugs alone or as two-
drug combinations in complete culture medium for 72 h. At least
three independent experiments were performed. The curve-fitting
software, GraphPad Prism version 5 (GraphPad Software, San-
Diego, CA, USA), was used to calculate half-maximal inhibitory
concentration values.

Cell cycle analysis

Cells were fixed with 70% ethanol at —20°C overnight after
treatment with drugs or small interfering RNA (siRNA) and then
stained with propidium iodide. The cell cycle distribution was
determined by fluorescence-activated cell sorting (FACS) using a
FACScan flow cytometer (BD Biosciences, San Jose, CA, USA) and
analyzed with the ModFit LT 3.0 software (Verity Software House,
Topsham, ME, USA) and the CellQuest Pro software (BD
Biosciences, San Jose, CA, USA).

Western blotting

Cells were washed with phosphate-buffered saline and lysed with
sodium dodecyl sulfate (SDS) sample buffer. Cell lysates were
separated by SDS-polyacrylamide gel electrophoresis and
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Table 1. A375-DR and A375-TR cells exhibit resistance to MAPK
pathway inhibitors
Drug ICs50 (NM, mean £SD, n=3)
A375 A375-DR (RF) A375-TR (RF)
Trametinib  1.1+0.1 244 +39 (22.2) 21.3+1.3 (16.4)
Dabrafenib  5.2+2.0 692.4+93.3 (133.2) 123.1+37.2 (23.7)
Selumetinib 26.5+0.6 626.4+291.1 (23.6) 512.8+69.5 (19.4)
GDC0994 316.3+58.0 8074.0 £360.0 4161.0 £458.2
(25.5) (13.2)
GDC0941 3625.0+ 2947.0+1399.4 3474.0 £ 1356.2
1154.0 (0.8) (1.0
Paclitaxel 16.1+£6.1 11.2+4.3 (0.7) 19.7+7.0 (1.2)
Adriamycin  26.9+2.2 19.4+5.2 (0.7) 36.4+6.7 (1.4)
A375, A375-DR, and A375-TR cells were treated with different concentra-
tions of drugs for 72 h, and ICs, (half maximal inhibitory concentration)
values were determined by cell proliferation assay (n = 3)
RF (resistance factor) =1Csq (a375-or/-TR)/ICs0 (a375)

transferred to polyvinylidine difluoride membranes. Immunoreac-
tive proteins were analyzed using an enhanced chemilumines-
cence system (Thermo-Fisher Scientific, Waltham, MA, USA).

Clonogenic assay

Cells were seeded in six-well plates at low density (400 cells/well)
and cultured for 15 days, after which colonies were fixed with
methanol:acetic acid (3: 1) and stained with 1x crystal violet. The
number of clones was counted using Photoshop CS5.

siRNA transfection

For siRNA studies, cells were transfected with siRNAs against rpS6
(sirpS6#1, sirpS6#2) or negative control siRNA (GenePharma,
Shanghai, China) using the Lipofectamine 2000 transfection
reagent (Thermo-Fisher Scientific). The siRNA sequences were as
follows: sirpS6#1, 5-CUAGCAGAAUCCGCAAACUTT-3’ (sense) and
5-AGUUUGCGGAUUCUGCUAGTT-3" (antisense); sirpS6#2, 5'-
CUUCGUACUUUCUAUGAGATT-3’ (sense) and 5-UCUCAUAGAAA-
GUACGAAGTT-3' (antisense).

Microarray analysis

After treatment with trametinib for 12 h, A375 and A375-TR cells
were lysed, and total RNA was extracted using an RNeasy Mini Kit
(Qiagen, Germany). Agilent human genome 4x44K microarrays
and Agilent 2100 Bioanalyzer were used to analyze the mRNA
expression. Gene expression was compared using significant
microarray analysis tools and gene set enrichment analysis. All
sequencing and data analyses were performed at Shanghai
Biotechnology Corporation (Shanghai, China).

Statistical analysis

The significance of differences between indicated groups was
determined by Student’s t-tests using the GraphPad Prism Version
5 software (GraphPad Software, Inc., San Diego, USA).

RESULTS

A375-DR and A375-TR cells are specifically resistant to MAPK
pathway inhibitors

A375 cells were grown in medium containing increasing
concentrations of the MEK inhibitor trametinib and BRAF inhibitor
dabrafenib, ultimately yielding A375-TR and A375-DR cell lines,
respectively. A375-TR cells were substantially less sensitive to
trametinib than parental cells (resistance factor, 16.4) and were
cross-resistant to selumetinib (MEK inhibitor), GDC0994 (ERK
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Fig. 1

MAPK pathway inhibitors do not inhibit rpS6 phosphorylation in A375-DR and A375-TR cells. a Whole-cell lysates were prepared and

analyzed by Western blotting using the indicated antibodies. b A375, A375-DR, and A375-TR cells were treated with the indicated
concentrations of trametinib or dabrafenib for 3 h. Cell lysates were analyzed by Western blotting with the indicated antibodies. ¢ A375, A375-
DR, and A375-TR cells were treated with the indicated concentrations of GDC0994 for 3 h. Cell lysates were analyzed by Western blotting with

the indicated antibodies

inhibitor), and dabrafenib (Table 1). Similarly, A375-DR cells were
substantially less sensitive to dabrafenib than parental cells
(resistance factor, 133.2) and were also cross-resistant to
selumetinib, GDC0994, and trametinib. However, the cytotoxic
agents, paclitaxel and doxorubicin, and the phosphoinositide-3
kinase (PI3K) inhibitor, GDC0941, exhibited the same potency in
the two resistant cells as in the parental cell line (Table 1). These
results demonstrate that A375-DR and A375-TR cell lines are
specifically resistant to MAPK pathway inhibitors, suggesting that
sustained MAPK signaling might underlie acquired resistance to
BRAF and MEK inhibitors.

rpS6 is constitutively phosphorylated in resistant melanoma cells
Given that the majority of previously described resistance
mechanisms involve reactivation of MAPK or PI3K signaling
pathways [14-17, we next investigated the expression of proteins
involved in these two pathways in resistant cells. Phosphorylated
ERK (p-ERK), RSK (p-RSK), and rpS6é (p-rpS6) levels were increased
in A375-DR cells and p-AKT levels were increased in A375-TR cells,
when compared to those of parental cells. However, the observed
hyperphosphorylation of AKT was not related to the acquired
resistance, as evidenced by the similar potency of GDC0941, in
resistant cells and parental cells (Table 1). In addition, the
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expression levels of p-P70S6K and rpS6 were similar to those of
A375 parental cell line (Fig. 1a).

Next, we examined the downstream effectors of MAPK signaling
following treatment of these two resistant cell lines and parental
A375 cells with dabrafenib or trametinib. Surprisingly, both
trametinib and dabrafenib blocked ERK activation in resistant
cells with a potency similar to that in parental A375 cells but did
not block the activation of the downstream effector, rpS6, in either
resistant cell line. A similar pattern was observed in resistant cells
after treatment with the ERK inhibitor GDC0994, which decreased
the levels of p-RSK but not those of p-rpS6 (Fig. 1c). Thus
hyperphosphorylation of ERK/RSK/rpS6 in A375-DR cells plays no
role in acquired dabrafenib resistance. Taken together, these
results suggest that dysregulation of rpS6 phosphorylation might
be involved in acquired resistance to MAPK pathway inhibitors.

rpS6 knockdown induces G, phase arrest and inhibits proliferation
of resistant melanoma cells

Previous reports have demonstrated that deletion of rpS6 blocks
cellular proliferation [26, 31]. To determine whether rpS6 is
essential for promoting proliferation of resistant cells, we next
knocked down rpS6 using rpSé-targeted siRNA. Transfection of
cells with two different rpS6-trageted siRNAs, sirpS6#1 and
sirpS6#2, decreased the expression of rpS6 (Fig. 2a) and inhibited
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Fig.2 rpS6 knockdown suppresses cellular proliferation and induces cell cycle arrest in resistant cells. a After transfecting A375-DR and A375-
TR cells with rpS6-targeted siRNA (sirpS6#1, sirpS6#2) or negative control siRNA (siCon), whole-cell lysates were prepared and probed for rpS6
and p-rpS6 by Western blotting. b After transfecting A375-DR and A375-TR cells with rpS6-targeted siRNA (sirpS6#1, sirpS6#2) or negative
control siRNA (siCon), cellular proliferation was determined by cell proliferation assay. Results are presented as means + SD (n = 3). The relative
cell counts at 0 h is defined as 1.0. ¢ Twenty-four hours after transfecting A375-DR and A375-TR cells with sirpS6#2 or siCon, cells were
collected and analyzed by flow cytometry. Left: Representative experiment. Right: Summary data showing the percentage of Go/G; phase cells
in each cell line transfected with sirpS6#2 or control siRNA, expressed as means + SD (n = 3; *P < 0.05). d A375, A375-TR, and A375-DR cells
were treated with dabrafenib (100 nM) or trametinib (3 nM) for 48 h, then collected and analyzed by flow cytometry. Top: Representative
experiment. Bottom: Summary data showing the percentage of Go/G; phase cells in each cell line, expressed as means+SD (n=3;
***¥P < 0.001; NS, not significant)
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proliferation of both A375-TR and A375-DR cells (Fig. 2b). Resistant
cells transfected with control (scrambled) siRNAs exhibited a time-
dependent proliferation within 96 h similar to that of untreated
parental cells. These results indicate that the melanoma cells
resistant to MAPK pathway inhibitors could be targeted by rpS6
inhibition.

Because it has been reported that rpS6 positively regulates the
cell cycle [31], we next sought to determine whether the acquired
resistance was attributable to rpS6-mediated promotion of cell
cycle progression. Consistent with this possibility, siRNA targeting

rpS6 (sirpS6#2) strongly induced Go/G, phase arrest in both A375-
DR and A375-TR cells (Fig. 2c). Furthermore, both A375-TR and
A375-DR cells could break through the Go/G; arrest caused by
dabrafenib or trametinib; conversely, dabrafenib and trametinib
induced a significant Go/G; arrest in parental A375 cells (Fig. 2d),
consistent with previous reports [32, 33]. Taken together, these
findings suggest that rpS6 plays an important role in promoting
cell cycle progression and proliferation in resistant cells and is
involved in acquired resistance to MAPK pathway inhibitors in
melanoma cells.
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Fig. 3 Cell cycle checkpoint proteins regulated by constitutively active rpSé6 are persistently expressed in resistant cells. a Heatmaps showing
changes in genes known to be associated with regulation of cell proliferation in A375 and A375-TR cells. b A375, A375-TR, and A375-DR cells
were treated with trametinib (1 nM) or dabrafenib (100 nM) for 48 h, after which cell cycle checkpoint proteins were detected by Western
blotting. ¢ Twenty-four hours after transfection of A375-DR and A375-TR cells with rpS6-targeted siRNA (sirpS6#2), cell cycle checkpoint
proteins were determined by Western blotting. d A375-TR were incubated with trametinib (Tra; 3 nM) and/or PD0332991 (PD; 100 nM) for 48 h
and A375-DR cells with dabrafenib (Dab; 100 nM) and/or PD0332991 (PD; 100 nM) for 48 h. The percentages of cells in different phases were
analyzed by flow cytometry. Representative data are presented as means = SD (n =3)
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Fig. 4 Phosphorylation of rpS6 is primarily dependent on P70S6K in resistant cells. a A375, A375-DR, and A375-TR cells were incubated with
the indicated concentrations of BI-D1870 for 3 h, after which p-ERK1/2, ERK1/2, p-RSK, RSK, p-rpS6, and rpS6 were determined by Western
blotting. b Clonogenic assay of A375, A375-DR, and A375-TR cells after a 15-day treatment with BI-D1870. Top: Representative experiment.
Bottom: Summary data showing inhibition rate, expressed as means+SD (n=3; *P<0.05). ¢ A375, A375-DR, and A375-TR cells were
incubated with the indicated concentrations of LY2584702 for 3 h, after which p-P70S6K, P70S6K, p-rpS6, and rpS6 were determined by
Western blotting. d Clonogenic assay of A375, A375-TR, and A375-DR cells after a 15-day treatment with trametinib (Tra; 3 nM), dabrafenib
(Dab; 100 nM), and/or LY2584702 (LY; 3 uM). Top: Representative experiment. Bottom: Summary data showing inhibition rate, expressed as
means + SD (n = 3; *P < 0.05; **P < 0.01). e A375-TR cells were treated with LY2584702 (3 pM) and/or trametinib (10 nM) for 3 h, and A375-DR
cells were treated with LY2584702 (3 pM) and/or dabrafenib (100 nM) for 3 h, after which p-rpS6 and rpS6 were determined by Western
blotting

Dysregulation of rpS6-regulated G; phase-related proteins

contributes to the acquired resistance to MAPK pathway inhibitors
To elucidate the mechanism by which constitutive rpS6 phos-
phorylation causes resistance to trametinib/dabrafenib, we
analyzed global changes in gene expression in A375-TR and
A375 cells after treatment with trametinib using a human gene

Acta Pharmacologica Sinica (2019) 40:268 - 278

expression array. Trametinib treatment led to the alteration of
global transcription profile, including upregulation of 1562 genes
and downregulation of 1254 genes in A375 cells and upregulation
of 771 genes and downregulation of 917 genes in A375-TR cells.
Gene Ontology Enrichment analysis showed that the changed
genes of A375 cells after trametinib treatment were involved in

SPRINGER NATURE



Aberrant modulation of rpS6 phosphorylation in melanoma

MZ Gao et al.
274
the regulation of cell proliferation and cell cycle (Fig. 3a), which RB after siRNA-mediated knockdown of rpS6. The expression of
was in accord with previous studies [34]. Upon further analysis, we these proteins was decreased in both A375-TR and A375-DR cells
found that some cell cycle checkpoint-related genes, including transfected with sirpS6#2 (Fig. 3c). In addition, co-treatment of
cyclin-dependent kinase 6 (CDK6) and CCND1 (cyclin D1), which A375-TR cells with the CDK4/6 inhibitor PD0332991 increased
are downstream effectors of rpS6 [26, 31], were much less affected trametinib-induced Go/G; phase arrest, indicating that targeting
by trametinib treatment in A375-TR cells than in A375 cells. CDK4/6 alleviates the resistance of melanoma cells to MAPK
Subsequent Western blotting assays confirmed the results of gene pathway inhibitors (Fig. 3d). A similar effect was observed in A375-
chip analyses, showing that trametinib and dabrafenib signifi- DR cells co-treated with PD0332991 and dabrafenib (Fig. 3d).
cantly decreased the expression of the cell cycle-related proteins, Taken together, these observations indicate that acquired
CDK®, cyclin D1, and p-RB in A375 cells but caused little change in resistance to dabrafenib/trametinib is due, in part, to the
their expression in both A375-TR and A375-DR cells (Fig. 3b). persistent expression of cell cycle checkpoint proteins mediated
To determine whether the lack of change in these cell cycle- by constitutively phosphorylated rpS6.
related proteins was attributable to the constitutive phosphoryla-
tion of rpS6, we assessed the expression of CDK6, cyclin D1, and p-
a b
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Fig. 5 Inhibition of mTOR overcomes acquired resistance to MAPK pathway inhibitors. a Clonogenic assay of A375, A375-TR, and A375-DR

cells after 15-day treatment with BEZ235 (3 nM) or AZD2014 (100 nM). Top: Representative experiment. Bottom: Summary data showing
inhibition rate, expressed as means = SD (n = 3; **P < 0.01). b A375, A375-TR, and A375-DR cells were treated with the indicated concentrations
of AZD2014 or BEZ235 for 3 h, after which whole-cell lysates were analyzed by Western blotting using the indicated antibodies. ¢ A375-DR and
A375-TR cells were incubated with the indicated concentrations of each compound or their combinations for 72 h. Inhibition rate, expressed

as means+SD (n=

3), was determined by cell proliferation assay. Cl, combination index. d A375-DR and A375-TR cells were treated with

trametinib (10 nM), dabrafenib (100 nM), and/or BEZ235 (10 nM) or AZD2014 (100 nM) for 3 h, after which cells were collected and analyzed by

Western blotting
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rpS6 phosphorylation is predominantly dependent on P70S6K in
resistant melanoma cells

It has been previously reported that the RAF/MEK/ERK/RSK
signaling cascade mediates rpS6 phosphorylation in BRAF-
mutant melanoma [22]. Here we found that the RSK inhibitor BI-
D1870, at a concentration of 10 uM, significantly decreased the
phosphorylated rpS6 levels in parental A375 cells but not in A375-
DR or A375-TR cells (Fig. 4a). Furthermore, A375 cells were more
sensitive to BI-D1870 than that of A375-DR and A375-TR cells
(Fig. 4b). BI-D1870 at a concentration of 1uM significantly
decreased the viability of A375 cells but only slightly decreased
the viability of resistant cells (P < 0.05). These results indicate that
phosphorylation of rpS6 is less dependent on RSK in these
resistant melanoma cells.

Because P70S6K is also an upstream regulator of rpS6 [20], the
P70S6K inhibitor LY2584702 was used to investigate the possible
modulation of rpS6 in resistant cells. Interestingly, LY2584702
more potently inhibited rpS6 phosphorylation in resistant cells
than in parental cells (Fig. 4c). LY2584702 (3 uM) significantly
decreased the phosphorylated rpSé6 levels in A375-TR and A375-
DR cells but not in A375 cells. Consistent with this, clonogenic
assays showed that A375-TR and A375-DR cells were more
sensitive to LY2584702 than that of A375 cells (Fig. 4d).

Next, we investigated the effects of combined treatment with
LY2584702 and dabrafenib or trametinib in resistant cell lines.
Combined treatment with dabrafenib/trametinib augmented the
inhibitory effects of LY2584702 on rpS6 phosphorylation (Fig. 4e)
and cell viability (Fig. 4d) in both A375-DR and A375-TR cells
compared with each single agent alone. Although previous
studies have demonstrated that rpS6 is predominantly regulated
by RSK in cells in which MAPK signaling is hyperactivated [22], our
results indicate that rpS6 is predominantly regulated by P70S6K in
resistant cells, and chronic inhibition of P70S6K effectively and
substantially inhibits the growth of melanoma cells that are
resistant to MAPK pathway inhibitors.

Inhibition of mTOR overcomes resistance to MAPK pathway
inhibitors
P70S6K is among the best-characterized downstream effectors of
mTOR [35, thus, based on results obtained using the P70S6K
inhibitor LY2584702, inhibition of mTOR would be expected to
overcome the resistance to MAPK pathway inhibitors. Treatment
with PI3K/mTOR inhibitor (BEZ235) or mTOR inhibitor (AZD2014)
alone significantly reduced colony formation in A375-TR and
A375-DR cells. Resistant cells were even more sensitive to BEZ235
and AZD2014 than that of parental A375 cells (Fig. 5a). Consistent
with this, the inhibitory effect of rpS6 was more evident in A375-
TR and A375-DR cells than in parental A375 cells after treatment
with mTOR inhibitors (Fig. 5b). Phosphorylated AKT levels showed
the same decreasing trends at the same concentrations of
AZD2014 and BEZ235 in all three cell lines, further supporting
the conclusion that hyperphosphorylation of AKT is merely an
epiphenomenon in A375-TR cells (Fig. 1a). Taken together, these
results indicate that mTOR/P70S6K might have roles in resistant
cells different from those in parental cells and that rpS6
phosphorylation is more dependent on the mTOR/P70S6K
signaling pathway in resistant BRAF-mutant melanoma cells.
Previous studies have shown that combined inhibition of BRAF
and mTOR signaling produces a greater response than single-
agent treatments in BRAF-mutant cells [36, 37]. In light of this, we
evaluated how combining mTOR inhibitors with RAF/MEK
inhibitors affected the proliferation of resistant cells. mTOR
inhibitor-based regimens were capable of re-sensitizing resistant
melanoma cells to trametinib or dabrafenib treatment to a certain
extent, as both AZD2014 and BEZ235 exerted synergistic
antiproliferative effects on A375-DR and A375-TR cells when
combined with trametinib or dabrafenib (Fig. 5c). The combina-
tion index (Cl) values for BEZ235 and AZ2014 combined with
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dabrafenib in A375-DR cells were 045 and 0.63, and the
corresponding Cl values for BEZ235 and AZ2014 with trametinib
in A375-TR cells were 0.56 and 0.67. To analyze the mechanism
underlying these synergistic antiproliferative effects, we per-
formed Western blotting analyses in A375-DR and A375-TR cells.
These analyses showed that the combined treatment regimens
exerted augmented inhibitory effects on rpS6 phosphorylation in
both cell lines compared with each single agent alone (Fig. 5d).
Taken together, these findings indicate that constitutive rpS6
phosphorylation plays an important role in therapy-resistant
melanoma cells and that mTOR inhibitors alone or combined
with MAPK pathway inhibitors are capable of overcoming this
resistance.

DISCUSSION
The MAPK signaling pathway is highly activated in the majority of
malignant melanomas harboring activating mutations of the BRAF
oncogene [4, 38]. Inhibition of key signaling proteins in this
signaling pathway therefore represents an attractive strategy for
treating melanoma. In the past 10 years, a number of small
molecular inhibitors of MAPK signaling have been developed and
shown to exert antitumor activity and improved survival of
melanoma patients [7, 39, 40]. Unfortunately, the initially
impressive response rates are limited by the resistance that
rapidly and inevitably emerges, with most patients relapsing after
long-term treatment [41]. Therefore, understanding the mechan-
ism underlying drug resistance and developing strategies to
overcome it is of paramount clinical importance [42]. Given the
heterogeneity of melanomas, additional resistance mechanisms
are likely to arise, and novel therapeutic strategies will be needed.
In this study, we demonstrate that constitutive activation of rpSe6,
a downstream effector of RSK, confers acquired resistance to
MAPK pathway inhibitors in BRAF-mutant melanoma cells and
that mTOR inhibitors are capable of overcoming this resistance.

The majority of the previously described resistance mechanisms
involve reactivation of MAPK signaling, including amplification
and secondary mutations of NRAS, MEK, or BRAF [14, 43], and RSK
hyperphosphorylation [44]. In this study, we examined the
sequences of NRAS, MEK, and BRAF and found no secondary
mutations relevant to resistance in the cell lines with acquired
resistance to MAPK pathway inhibitors (data not shown). Different
from the previous studies [44], we found that the phosphorylation
of ERK and RSK could still be decreased in A375-TR and A375-DR
cell lines following treatment with MAPK pathway inhibitors.
Activation of parallel signaling pathways, including receptor
tyrosine kinase upregulation [17], growth factor secretion [15,
45], and dysregulation of the AKT pathway, have also been
reported to be involved in resistance to MAPK pathway inhibitors
[16, 46]. Here resistant cells and parental cells were found to be
equally sensitive to the PI3K inhibitor GDC0941; moreover, AKT
phosphorylation showed the same decreasing tendency in
resistant and parental cells after the treatment with BEZ235 or
AZD2014. Meanwhile, p-P70S6K, the downstream effector of
mTOR, remained unchanged in both A375-TR and A375-DR cells.
Collectively, these results indicate that the phosphorylation level
of AKT/mTOR/P70S6K signaling pathway does not underlie
resistance in these cell lines. Although our study showed that
MAPK signaling and AKT/mTOR/P70S6K signaling were not
consistently changed in these two resistant cell lines, both cell
lines were specifically resistant to MAPK pathway inhibitors, and
inhibition of MEK or BRAF decreased phosphorylation of rpS6
protein, a convergence of these two signaling pathways, in
parental cells but not in the two resistant cell lines.

rpS6 is involved in mRNA binding and its phosphorylation
might have a regulatory role in the translation of some cell cycle-
related proteins [26, 31]. There have been some reports that
address the contribution of rpS6 to unfavorable survival outcomes
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Fig.6 Schematic diagram of molecular signaling pathways relevant to the resistance to MAPK pathway inhibitors. Schematic summary of key
molecular players in parental and resistant cells. MAPK and mTOR/P70S6K signaling pathways simultaneously promote cellular proliferation.
Phosphorylation of rpS6 on Ser235/236 is positively primarily regulated by hyperactivated MAPK signaling in A375 cells. However, in A375-DR
and A375-TR cells, phosphorylation of rpS6 at Ser235/236 is more dependent on the mTOR/P70S6K signaling pathway, which mediates the
resistance to MAPK pathway inhibitors. Dotted lines indicate weak regulation, and triple arrows denote strongly positive regulation

in non-small cell lung cancer and gastric cancer patients [31, 47],
and constitutive p-rpS6 expression has also been addressed to
indicate drug resistance in breast cancer cells [48]. Also, previous
study has reported that the primary resistance of some BRAF-
mutant melanoma cells to RAF or MEK inhibitor is related to
maintenance of rpS6 phosphorylation [49]. Here we delve into the
mechanism that could be involved in the regulation of rpS6
phosphorylation in cells with acquired drug resistance and report
for the first time that switched modulation of rpS6 phosphoryla-
tion from RSK to P70S6K leads to acquired resistance to MAPK
pathway inhibitors in BRAF-mutant melanoma, by inducing
persistent expression of cell cycle checkpoint proteins, including
CDK®, cyclin D1, and p-RB, thereby attenuating cell cycle arrest.
The CDK inhibitor PD0332991 also partly restored sensitivity of
resistant cells and overcame acquired resistance to MAPK pathway
inhibitors. Thus phosphorylation of rpS6 can be used as a
diagnostic marker to evaluate the sensitivity of agents that target
MAPK signaling in BRAF-mutant melanoma. This finding falls in
line with the role of rpS6 as a predictive biomarker in cancers,
proposed by Corcoran RB et al. [49] and Knoll et al. [50].

Cells are in a dynamic state and their signaling properties can
be ‘rewired’ at any time. As a nodal cellular protein, p-rpS6 can
switch from its reliance on one upstream regulator to another. In
fact, rpS6 phosphorylation is predominantly regulated by P70S6K
under normal circumstances but is more dependent on RSK under
conditions in which MAPK signaling pathway is hyperactivated
[28]. Interestingly, as shown in Fig. 6, our study showed that rpS6
phosphorylation was predominantly regulated by mTOR/P70S6K
signaling in resistant cells, as evidenced by the stronger inhibition
of rpS6 phosphorylation after treatment with mTOR/P70S6K
inhibitors, as well as the diminished inhibition of rpS6 phosphor-
ylation by an RSK inhibitor in resistant cells compared with
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parental cells. Accordingly, resistant cells were more sensitive to
both mTOR inhibitors and P70S6K inhibitors and were insensitive
to an RSK inhibitor than that of parental cells. Although our study
showed that the predominant modulation of rpS6 phosphoryla-
tion switched from RSK to P70S6K in resistant cells, it remains
important to understand the mechanism underlying this
regulation.

Several other mechanisms have been reported to account for
the acquisition of resistance including dysregulation of metabolic
reprogramming [18, 51], negative immune checkpoint regulation
[52], and deregulation of enzymes during metastatic transition of
melanomas [53]. Our preliminarily microarray analysis results
showed obvious dysregulation of pathways associated with
chemokine receptor binding and cytokine-cytokine receptor
interaction. Accordingly, we speculate that long-term drug
exposure leads to metabolic reprogramming, such that some
secreted factors disrupt signaling associated with the binding of
P70S6K and rpS6. Collectively, our results proved a new paradigm
for interactions between mTOR/P70S6K and MAPK signaling
cascades in regulating the phosphorylation of rpS6. Further
studies will be needed to identify the upstream regulators of rpS6.

Although hyperactive MAPK signaling in melanomas has
received the most research attention, accumulating evidence
points to an important role for mTOR/P70S6K signaling in
melanoma cells [54]. In a recent clinical study, dual inhibition of
mTOR and MAPK signaling pathways doubled the progression-
free survival benefit relative to either monotherapy [36, 371. In this
study, we found that mTOR inhibitors combined with MAPK
pathway inhibitors exerted synergistic antitumor activity and
overcame acquired drug resistance in BRAF-mutant melanoma.
The combination led to enhanced inhibition of rpS6 phosphoryla-
tion, further supporting the role of p-rpS6 in the resistance to
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BRAF/MEK inhibitors. Thus combined inhibition of mTOR and
MAPK signaling may be a promising strategy against BRAF-mutant
melanoma, particularly for patients with tumors who are resistant
to MAPK pathway inhibitors.

Taken together, our results conclusively prove that RSK-
independent constitutive phosphorylation of rpS6 is responsible
for the resistance to MAPK pathway inhibitors in BRAF-mutant
melanoma and offer new insights into the downstream effectors
of the MAPK pathway in cancer cells, especially for those nodal
proteins. The predominant P70S6K-dependent phosphorylation of
rpS6 in MAPK pathway inhibitor-resistant melanoma may provide
a compelling rationale for clinical trials. Moreover, combination
strategies targeting these two pathways merit further evaluation
as a potential approach for treating melanomas that are refractory
to MAPK pathway inhibitors.
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