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Abstract

Aberrant cell cycle progression is a hallmark feature of cancer cells. Cyclin-dependent kinases 4 

and 6 (CDK4/6) drive progression through the G1 stage of the cell cycle, at least in part, by 

inactivating the tumor suppressor, retinoblastoma (RB). CDK4/6 are targetable and the selective 

CDK4/6 inhibitor, palbociclib, was recently FDA approved for the treatment of estrogen receptor-

positive, HER2-negative advanced breast cancer. In cutaneous melanoma, driver mutations in 

NRAS and BRAF promote CDK4/6 activation suggesting that inhibitors such as palbociclib are 

likely to provide therapeutic benefit in combination with BRAF inhibitors and/or MEK inhibitors 

that are FDA-approved. However, the determinants of the response to CDK4/6 inhibitors alone and 

in combination with other targeted inhibitors are poorly defined. Furthermore, in vivo systems to 

quantitatively and temporally measure the efficacy of CDK4/6 inhibitors and determine the extent 

that CDK activity is reactivated during acquired resistance are lacking. Here, we describe the 

heterogeneous effects of CDK4/6 inhibitors, the expression of anti-apoptotic proteins that 

associate with response to CDK4/6 and MEK inhibitors, and the development of a luciferase-

based reporter system to determine the effects of CDK4/6 inhibitors alone and in combination with 

MEK inhibitors in melanoma xenografts. These findings are likely to inform on-going and future 

clinical trials utilizing CDK4/6 inhibitors in cutaneous melanoma.

Corresponding author: Andrew E. Aplin, Tel: (215) 503-7296; Fax: (215) 923-9248; Andrew.Aplin@Jefferson.edu. 

Conflict of interest: This research was funded in part by Pfizer, Inc.

HHS Public Access
Author manuscript
Cancer Res. Author manuscript; available in PMC 2017 September 15.

Published in final edited form as:
Cancer Res. 2016 September 15; 76(18): 5455–5466. doi:10.1158/0008-5472.CAN-15-3384.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Introduction

Melanoma is the most lethal form of skin cancer and the prognosis of patients with 

metastases remains poor. Recent FDA-approved mono-therapies including immunotherapies 

and mutant BRAF inhibitors have provided effective treatment options for late-stage 

melanoma patients. However, immune checkpoint inhibitors have 20-60% response rates and 

are associated with serious toxicities (1). Mutant BRAF targeting achieves higher response 

rates but responses are short-term (2). The combination of BRAF and MEK inhibition 

displays response rates of almost 80% in mutant BRAF melanoma patients; nevertheless, 

median progression free survival remains under 12 months (3-6). Thus, there is a clear need 

for additional strategies to provide long-term clinical benefit to all genetic subtypes of 

melanoma patients.

Aberrant cell cycle progression is a hallmark feature of cancer (7). The cell cycle consists of 

distinct phases:G0 (quiescence), G1 (pre-DNA synthesis), S (DNA synthesis), G2 (pre-

division) and M (cell division) and is tightly regulated by a network of cyclin dependent 

kinases (CDKs), cyclins and CDK inhibitors (CDKI). Commitment to the cell cycle occurs 

in G1 phase and involves CDK4/6 in association with D-type cyclins contributing to the 

inactivation of the tumor suppressor, retinoblastoma (RB). Although interphase CDKs are 

targetable, early generation CDK inhibitors were non-selective and showed limited 

therapeutic value in melanoma patients (8). The clinical actions of the selective CDK4/6 

inhibitor, palbociclib (IBRANCE/PD-0332991) in estrogen receptor (ER)-positive/HER2-

negative breast cancer (9-11) and mantle cell lymphoma (12) has rekindled interest in 

targeting cell cycle progression in cancer.

In melanoma, multiple mechanisms drive aberrant progression through the cell cycle, 

providing a rationale for therapeutically targeting CDK4/6. Mutations in BRAF and NRAS 

frequently activate the MEK-ERK1/2 pathway, which upregulates cyclin D1 (13). 

Inactivation of RB1 also occurs through CDK4 mutation, loss of functional CDKI proteins 

such as p16INK4A and p14ARF, and, to a lesser degree, loss of RB1 itself. This knowledge 

has led to studies analyzing the effects of targeting CDK4/6 in melanoma. In vitro studies 

show that loss of functional p16INK4A correlated with palbociclib sensitivity (14). Mutant 

NRAS extinction in an inducible NRAS genetically engineered mouse model decreased cell 

cycle progression via effects on the expression of CDK4 and increased apoptosis following 

MEK-ERK1/2 pathway inhibition (15).

Given the promising development of cell cycle intervention in melanoma, it will be crucial 

to understand the determinants of response to CDK4/6 inhibitors alone and in combination 

with other targeted agents. This will identify subgroups likely to benefit from CDK4/6 

inhibitors and to assist in patient selection in clinical studies. Here, we found that concurrent 

targeting of CDK4/6 and MEK resulted in enhanced cell death in both BRAF and NRAS 

mutant melanoma cells. Mechanistic investigation uncovered one potential mediator of 

response to CDK4/6 plus MEK inhibitors as survivin. Furthermore, we corroborated our in 
vitro results to demonstrate significant tumor regressions in vivo with simultaneous CDK4/6 

and MEK inhibition compared to single agents alone. The efficacy of the combination was 

demonstrated using a novel in vivo E2F activity reporter melanoma xenograft system to 
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temporally quantitate the effect of the inhibitors and allow for the quantitative and temporal 

analysis of pathway reactivation during acquired resistance.

Materials and Methods

Cell culture

CHL-1 and A375 cells (purchased from ATCC, Manassas, VA in 2013 and 2005 

respectively) were cultured in DMEM with 10% FBS. WM lines, SBcl2 and 1205Lu cells 

(donated by Dr. Meenhard Herlyn, Wistar Institute, Philadelphia, PA in 2005) were cultured 

in MCDB153 with 2% FBS, 20% Leibowitz L-15 medium, 5 μg/ml insulin. BOWES cells 

(donated by Dr. Mark Bracke, University Hospital, Ghent, Belgium in 2013) were cultured 

in MEM with 10% FBS and nonessential amino acids. SKMEL207 cells (donated by Dr. 

David Solit, Memorial Sloan Kettering, New York, NY in 2010) were cultured in RPMI with 

10% FBS. Cell lines were authenticated by sequencing at the NRAS, BRAF and CDK4 loci 

and by STR analysis (completed January 2015). WM1346 are a morphologically distinct 

subclone of WM1366.

Reagents

Palbociclib (PD0332991) was provided by Pfizer, Inc (New York, NY). Trametinib 

(GSK1120212) and PD0325901 were purchased from Selleck Chemicals (Houston, TX).

Western blot analysis

Protein lysates were prepared in Laemmli sample buffer, separated by SDS-PAGE and 

proteins transferred to PVDF membranes. Immunoreactivity was detected using horseradish 

protein conjugate secondary antibodies (CalBioTech, Spring Valley, CA) and 

chemiluminescence substrate (ThermoScientific, Waltham, MA) on a Versadoc Imaging 

System (Bio-Rad, Hercules, CA). Primary antibodies used are listed in Supplementary 

Materials and Methods.

Reverse phase protein array (RPPA) analysis

A375 cells (2×105) were plated per 33 mm well and treated with DMSO, 5 nM trametinib, 

0.5 μM palbociclib or the combination for 24 hours. Cells and tumor samples were lysed and 

proteins analyzed, as described (16).

Cell viability assay (MTT)

Cells (2×103) were cultured in 96 well plates with indicated inhibitors. Viable cells were 

measured at day 4. Thiazolyl Blue Tetrazolium Bromide (Sigma) was added to growth 

medium, incubated for 4 hours at 37°C and then solubilized overnight with equal volume of 

10% sodium dodecyl sulfate/0.1 N HCl. A 96 well plate reader, Multiskan™ Spectrum 

(Thermo Scientific) was used to measure absorbance at 570 nM.
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Colony formation assay

Cells (4×103) were plated per 33 mm well. Inhibitors were added and replenished every 3 

days. After 7 days, cells were stained with crystal violet in formalin and imaged by a 

scanner.

Annexin V staining

After indicated treatments, cells were resuspended in 100 μl of binding buffer, stained with 

annexin V-APC for 15 minutes. Apoptosis was analyzed by flow cytometry on the FACS 

Calibur (BD Biosciences, San Jose, CA). Data were analyzed using Flowjo software (Tree 

Star Inc., Ashland, OR).

Cell cycle analysis

Cells were plated at 2×105 per 33 mm dish and treated, as indicated. Adherent and floating 

cells were pooled, pelleted, washed twice with ice-cold PBS and fixed by drop-wise addition 

of ice-cold 70% ethanol. Fixed cells were washed twice and resuspended in PBS, treated 

with RNase A solution (Sigma) at 100 mg/ml and stained with propidium iodide (Sigma) at 

10 mg/ml for 30 min. Cell-cycle analysis was performed on BD LSR II (BD Biosciences). 

Data were analyzed using Flowjo software.

PCR array

A375 and SBcl2 cells (2×105) were treated as indicated for 24 hours before RNA was 

extracted using the RNeasy Plant Mini Kit (Qiagen, Valencia, CA) according to 

manufacturer's instructions. Reverse transcription was carried out using RT2 First Strand Kit 

from SuperArray Biosciences. PCR reactions were performed using the human apoptosis 

RT2 Profiler PCR Array (PAHS-012Z) containing 84 apoptosis-related genes on the BioRad 

MyIQ using RT2 SYBR Green with Fluorescein master mix.

Generation of reporter cells

1205LuTR, WM1366 and SKMEL207 cells were transduced with E2F-EGFP-firefly 

luciferase. Reporter expressing cells were selected for with 500 μg/ml geneticin (Invitrogen, 

Carlsbad, CA). 1205LuTR and WM1366 reporter cells expressing high basal EGFP 

following transduction were enriched by cell sorting for in vivo experiments. 1205LuTR and 

WM1366 cells were also transduced with tdTomato fluorescent protein.

siRNA transfection

Cells were transfected for 4 hours with chemically synthesized siRNA at a final 

concentration of 25 nMol/L using Lipofectamine RNAiMAX (Invitrogen) transfection 

reagent. RNAiMAX reagent was used for knockdowns (2 μl for all cells except SBcl2 cells 

for which 1.5 μl was utilized). Cells were harvested after 72 hours of knockdown. Non-

targeting control and Bim#2 (#D-004383-05) siRNAs were purchased from Dharmacon, Inc. 

(Lafayette, CO). BIRC5 (#6351S and #6546S) and Bim#1 (#6461S) siRNAs were purchased 

from Cell Signaling.
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Immunohistochemical analysis

1205Lu xenograft samples were obtained from mice that were fed control chow for 23 days 

and MEK inhibitor, CDK4/6 inhibitor or MEK+CDK4/6 inhibitor chow for 51 days. Tissue 

were fixed in formalin and paraffin-embedded. Sections were stained with anti-Ki67 

antibody (#MAI-90584) from Thermo Scientific. The intensity of staining and percentage of 

positive cells were evaluated by A. Goldberg, MD in a blinded manner using the Aperio 

ScanScope® XT slide scanning system and quantification was done with the Aperio eSlide 

Manager software. Entire areas of staining were analyzed.

Human patient melanoma tumor explant treatment

Tumors were collected following patient consent at Thomas Jefferson University Hospital 

under IRB-approved protocol (#10D.341). Less than 24 hours post-surgery, excess adipose 

and stromal tissue was removed and tumors were cut into 1 mm3 pieces. Vetspon absorbable 

hemostatic gelatin 1 cm3 sponges (Novartis, Basel Switzerland) were pre-soaked in 12-

welled plates for 15 minutes at 37°C in DMEM/10% FBS containing drugs or DMSO. To 

avoid concerns of intra-tumoral heterogeneity, up to three 1 mm3 pieces from different 

locations of the original tumor were placed per sponge per treatment condition. Medium was 

replaced every 24 hours. Tumor pieces were homogenized in modified RPPA lysis buffer 

(16).

Analysis of synergy data

For in vitro drug combination studies, single agents were added simultaneously at fixed 

ratios (1:100). Cell viability was determined using MTT assay. Data were analyzed by 

Calcusyn software using the Chou-Talalay method (17).

Luciferase assay

Cells were lysed after 48 hours of treatment and firefly activity was measured using the dual 

luciferase assay system kit (Promega) on a Glomax Luminometer (Promega).

In vivo experiments

Animal experiments were performed in a facility at Thomas Jefferson University that is 

accredited by the Association for the Assessment and Accreditation of Laboratory Animal 

Care. Studies were approved by the Institutional Animal Care and Use Committee. For all 

experiments, female athymic mice (NU/J, Homozygous, Jackson, 6-8 weeks, 20-25g) were 

used. Xenografts were allowed to reach a 50-100 mm3 volume before they were sorted into 

four cohorts. For the 1205Lu palbociclib experiment, mice were fed with control (AIN-76A, 

n=4) and CDK4/6 inhibitor (AIN-76A with 429 mg/kg palbociclib, n=8). For the 1205Lu 

combination experiment, mice were fed with control (AIN-76A, n=6), MEK inhibitor 

(AIN-76A with a diet dose of 7 mg/kg PD0325901, n=10), CDK4/6 inhibitor (n=9) and 

combination chow (n=9). For WM1366 xenografts, mice were fed with control (n=5), MEK 

inhibitor (n=5), CDK4/6 inhibitor (n=5) and combination chow (n=6). All diets were 

produced by Research Diets, Inc. (New Brunswick, NJ). Digital caliper measurements 

calculated tumor volumes using the formula: volume = length × (width2/2). In vivo 
bioluminescence was conducted using the Caliper IVIS Lumina-XR System (Caliper Life 
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Sciences, Hopkinton, MA) and data acquisition was conducted using LivingImage Version 

4.0 software. For firefly luciferase, mice were imaged after 10 minutes of intraperitoneal 

injection of D-luciferin (100 μl of 15 mg/ml stock). Pharmacokinetic studies are described in 

Supplementary Materials and Methods.

Statistical analysis

In vitro data were analyzed using a two-tailed t test assuming unequal variance with error 

bars representing SD. In vivo statistical analysis is described in Supplementary Materials 

and Methods.

Results

CDK4/6 inhibition induces cell cycle arrest but not apoptosis in melanoma cells

To determine the sensitivity to CDK4/6 inhibition, we examined the GI50 for palbociclib in 

a genetically diverse panel of melanoma cell lines (Figure 1A, Table S1). The response to 

palbociclib was heterogeneous with wild-type (WT) BRAF and NRAS melanoma cell lines, 

CHL-1 and BOWES, showing the highest sensitivity (Figure 1B). By contrast, the mutant 

BRAF, RB1-null cell line, SKMEL207, showed the lowest sensitivity. No clear correlation 

was observed between CDKN2A mutational status or INK4 family protein expression and 

the response to palbociclib (Figure 1A, 1B and Table S1). For example, SBcl2 cells are 

p16INK4A-deficient concurrent with high CDK4 and cyclin D1 expression but were 

relatively resistant to CDK4/6 inhibition. Phosphorylation of RB1 and cyclin A2 expression 

were decreased within 24 hours of exposure to palbociclib with effects more evident at low 

concentrations (0.05 μM) in the more sensitive cell lines (Figure S1). Irrespective of the 

GI50, acute treatment with 0.5 μM palbociclib resulted in decreased phosphorylation/

expression of RB1 and cyclin A2 in all cell lines except SKMEL207 (Figure 1C). We further 

treated a panel of cells with palbociclib and performed propidium iodide (PI)-based cell 

cycle analysis. Twenty-four hour treatment of palbociclib induced a G0/G1 cell cycle arrest 

but not cell death represented by a lack of subG1 accumulation (Figure 1D). Furthermore, 

palbociclib as a single agent initially suppressed 1205Lu tumor growth in vivo but 

progressive growth ensued (Figure 1E). The mean plasma concentrations of palbociclib in 

mice were 690 ng/ml and 670 ng/ml after 8 and 15 days of treatment (Figure S2). Taken 

together, these results show that the response of melanoma cells to palbociclib is 

heterogeneous, may not clearly stratify to any one genotype, and leads to cytostatic effects 

but neither cell death nor tumor regression.

CDK4/6 and MEK inhibitors synergize to inhibit the growth of BRAF- and NRAS- mutant 
melanoma cell lines

Due to the inability of single agent palbociclib to induce cell death, we explored whether 

CDK4/6 targeting sensitized melanoma cells to MEK targeting. Treatment with the MEK 

inhibitor, trametinib, blocked the growth of all cell lines tested although SKMEL207 cells 

displayed decreased sensitivity (18) (Figure S3). Since the CDK4/6 plus MEK inhibitor 

combination represents a targeted inhibitor option that is applicable across all melanoma 

genotypes, cell lines were treated with palbociclib alone, trametinib alone or both inhibitors 

in combination over a fixed-ratio, 7-point concentration range for 96 hours. The combination 
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of palbociclib and trametinib reduced the viability of BRAF and NRAS mutant cell lines 

compared to single agent treatments (Figure 2A). On the other hand, there was only a 

modest effect of the combinatorial treatment on CHL-1 and BOWES cells (both WT 

BRAF/WT NRAS) and SKMEL207. Calcusyn analysis revealed a strong synergism between 

the drug combination in mutant BRAF and mutant NRAS cells at median effective dose 

(ED50) but only moderate to slight synergism in CHL-1, BOWES and SKMEL207 cells 

(Figure 2B). Effective long-term responses to the combinatorial treatment in A375 and 

SBcl2 cells were also confirmed by colony formation assay (Figure 2C). Again, the 

palbociclib plus trametinib combination was less effective in CHL-1 and SKMEL207 cells 

compared to the other cell lines tested.

Down-regulation of survivin is associated with a synergistic response to CDK4/6 plus MEK 
inhibitor combination

Next, we explored whether the enhanced effect seen with the combination of CDK4/6 and 

MEK inhibition was due to apoptosis. We observed increased annexin V staining when 

CDK4/6 and MEK were simultaneously inhibited in some cells (e.g. A375 and SBcl2) but 

not others (Figure 3A). In WM793 and 1205Lu cells, MEK inhibition alone was sufficient to 

induce apoptosis. Consistent with these data, trametinib increased cleaved PARP levels in 

cell lines that showed enhanced effects to the combination (Figure S4). To analyze effects on 

signaling, we performed RPPA profiling on A375 cells treated with either single agent or 

with the combination (Figure 3B). Phospho-RB1 and FOXM1, two established substrates of 

CDK4/6, were cooperatively repressed by co-inhibition of CDK4/6 and MEK. The pro-

apoptotic protein, Bim-EL, was up-regulated by trametinib treatment but unaffected by 

palbociclib. Effects on Bim-EL levels in A375 cells were validated by Western blotting and 

also observed in combination inhibitor sensitive BRAF and NRAS mutant lines (Figure 3C). 

We detected moderate changes in Bim-EL levels in response to trametinib in the 

combination-resistant cell lines, CHL-1, BOWES and SKMEL207. Knockdown of Bim in 

1205Lu cells partially inhibited trametinib plus palbociclib-induced apoptosis as detected by 

reduced annexin V staining (Figure 3D) showing a requirement of Bim.

Since Bim-EL was induced by MEK inhibition alone, we further explored the mechanistic 

basis of the drug synergy by testing for modulation of apoptotic genes on a quantitative PCR 

array. Among the 84 survival-related genes, BIRC5 exhibited the greatest change in levels in 

response to concurrent inhibition of MEK and CDK4/6 that was consistent between the two 

most sensitive cell lines, A375 and SBcl2 (Figure 3E, Figure S5). BIRC5 encodes for 

survivin, a protein belonging to the inhibitor of apoptosis (IAP) family (14). By Western 

blot, concurrent treatment with trametinib and palbociclib ablated survivin expression in 

sensitive cell lines, which coincided with the dephosphorylation of RB1 (Figure 3F). By 

contrast, the combination of trametinib and palbociclib did not affect survivin levels in less 

sensitive lines, CHL-1, BOWES, and SKMEL207. Although RNA expression of pro-

survival protein, BCL-2, was modestly affected, we did not detect alterations at the protein 

level (Figure 3F, Figure S5). Finally, we utilized a primary human tumor explant culture to 

interrogate whether the combinatorial treatment led to an enhanced apoptotic response. Ex 
vivo treatment of NRAS-mutant melanoma tissue for 48 hours with single agents alone led 

to decreased survivin expression that was further suppressed in combination-treated tumors 
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(Figure 3G). Bim-EL expression and cleaved PARP levels were also enhanced in 

combination-treated lysates. These data suggest that Bim-EL up-regulation and survivin 

down-regulation may be markers of the response to CDK4/6 and MEK inhibitor 

combinations.

Survivin is required for the survival of melanoma cells

To investigate whether survivin is required for survival, we silenced its expression in a panel 

of melanoma cells expressing various levels of survivin (Figure 4A, Figure S6). Knockdown 

of survivin led to a decrease in cell viability as compared to control transfectants in MTT 

assays (Figure 4B). In addition to its role in resistance to apoptosis, mitotic properties of 

survivin have been described (19); thus, we next examined whether depletion of survivin 

leads to cell cycle arrest in G2/M phase or cell death in melanoma cells by PI and annexin V 

staining. Survivin knockdown in a panel of melanoma cells led to accumulation in the sub-

G1 phase post-knockdown indicative of apoptotic cell response but not G2/M accumulation 

after 72 hours (Figure 4C). Depletion of survivin at earlier time points (24 hours) did not 

induce an arrest in G2/M (data not shown). Similarly by annexin V staining, survivin 

depletion induced significant apoptosis in the majority of the cell lines we tested across 

different genotypes (Figure 4D). Next, we determined whether knockdown of survivin was 

capable of sensitizing combination-resistant CHL-1 cells to the CDK4/6-MEK inhibitor 

combination. Depletion of survivin in conjunction with combination treatment increased cell 

death in CHL-1 cells (Figure 4E). These data indicate that survivin depletion contributes to 

the response of melanoma cells to the combination of CDK4/6 and MEK inhibitors.

Combined CDK4/6 and MEK inhibition in vivo potently inhibits E2F reporter activity and 
regresses melanomas

Based on encouraging in vitro data suggesting the benefit of combined CDK4/6 and MEK 

inhibition, we extended our studies in vivo. We developed E2F-dependent luciferase reporter 

cell lines to enable temporal quantification of the effects of CDK4/6 inhibitor based 

treatments in a quantitative, non-invasive, and tumor-selective manner. In this reporter 

system, hyper-phosphorylation of RB1 leads to the uncoupling of E2F and E2F-mediated 

induction of firefly luciferase activity (Figure 5A). 1205Lu cells were chosen based on their 

ability to form tumors in vivo and their utility in a previously developed ERK1/2 reporter 

system (20). Tumor cells were also transduced with tdTomato fluorescent protein to 

selectively monitor tumor growth. In vitro, 1205Lu reporter cells showed a 60% reduction in 

firefly luciferase activity following 48 hours of treatment with palbociclib (Figure 5B). On 

the other hand, RB1-null SKMEL207 reporter cells did not show significant changes in 

firefly luciferase activity with palbociclib treatment suggesting that RB1 is required to 

modulate E2F activity (Figure 5B).

Next, 1205Lu reporter cells were intradermally injected into immunodeficient nude mice. 

Tumors were allowed to form before treatment with control chow, MEK inhibitor 

(PD0325901) chow, CDK4/6 inhibitor (palbociclib) chow or chow containing both 

inhibitors. In the single agent and combination treatment cohorts, there was suppression of 

reporter activity that was more rapid in the CDK4/6 inhibitor-based treatments (Figures 5C, 

5D and 5E). While MEK inhibitor initially maintained tumor volumes at a static level and 
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even led to one complete regression (mouse #6), dramatic tumor regrowth was detected by 

treatment day 44 that was frequently preceded by strong E2F reactivation (Figures 5C, 5D, 

5E and S7). Tumors from mice treated with CDK4/6 inhibitor alone showed low but 

continuous growth with persistent inhibition of the E2F pathway. Levels of E2F activity also 

remained low in tumors from mice treated with the combination of MEK plus CDK4/6 

inhibitor and this regimen was the only treatment to produce significant tumor regressions in 

1205Lu xenografts. Although combining inhibitors can induce toxicities, the weight of the 

mice in all four cohorts was comparable from the starting time to the time of termination 

(Figure S8).

Similar results on tumor growth were observed with a second reporter model in an NRAS-

mutant melanoma background (Figure 5F, Figure S9). In contrast to the 1205Lu model, the 

response of WM1366 tumors to single agent treatment groups was heterogeneous; however, 

combination treatment resulted in uniform tumor regressions and resulted in two out of six 

complete responses (Figure 5F). E2F activity was diminished in the tumor (mouse #7) that 

showed complete response to the combination treatment (Figures S10 and S11). Fluctuations 

in E2F activity occurred in one tumor that did not completely regress (mouse #1) and E2F 

reactivation also preceded the increase in tumor volume/tdTomato activity in combination-

resistant tumors (mouse #2 and #5).

Analyses of the harvested tumors from the 1205Lu reporter model showed fewer 

proliferating Ki67 positive cells in combination-treated samples compared to single agent 

treatments (Figure 5G and 5H). These data show that an E2F reporter xenograft model may 

be used to quantitate drug target inhibition and its association with tumor growth inhibition 

in vivo. Furthermore, the combination of a MEK inhibitor with palbociclib provides an 

effective therapeutic strategy for BRAF and NRAS-mutant melanomas.

E2F reactivation and rapid tumor regrowth from combo drug withdrawal

In the 1205Lu reporter model, five out of nine mice treated with the palbociclib/MEK 

inhibitor combination achieved complete response, as defined by undetectable caliper 

measurements (Figure 6A); however, we detected weak tdTomato signal (<0.8×1010 

p/sec/cm2/sr) in position of the tumors in all five mice (Figure S12). To determine whether 

the complete responses were durable, these five mice were released from drug treatment 

(treatment day 51). Within one week off drug, a rapid reactivation of the E2F pathway and 

tumor regrowth were observed in all mice except one (mouse #1) (Figure 6B). The tumors 

re-responded rapidly to the combination drug as evident bydramatic inhibition of pathway 

activity. Overall there was only one complete response with no palpable tumor, residual 

tdTomato signal or E2F activity (mouse #2). We noticed fluctuations in E2F activity in the 

other four mice followed by tumor regrowth. Reactivation of the pathway was evident and 

predictive of tumors that would later acquire resistance to the combination therapy (e.g. 

mouse #6). These data suggest that residual disease remains after first-line treatment with 

CDK4/6 and MEK inhibitor combination and that tumors that regrow from residual disease 

off drug are likely to acquire resistance following re-treatment.

Finally, we utilized RPPA data to identify proteins regulated by tumor resistance. We 

clustered all samples based on a list of significant antibodies to reduce noise from random 
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differences between groups. This separated the tumors into two major distinct clusters 

(Figure 6C). Notably, combination resistant tumors that regrew from subsequent withdrawal 

and retreatment of the inhibitors formed a clear cluster with CDK inhibitor resistant tumors. 

MEKR#9/#10 and Combo-R #8 formed their own clusters, as well as the control samples. 

Combo-R #8 was a sample that regressed on-treatment and was isolated during regression. 

Furthermore, pathway enrichment analysis resulted in Combo-R tumors versus CDK-R 

tumors having the fewest number of deregulated pathways whereas CDK-R tumors versus 

MEK-R tumors showed the largest number of deregulated pathways (Figure S13). Several 

significantly regulated proteins from the RPPA analysis were also validated in tumor 

samples. For instance, two proteins highly up-regulated in MEK-R tumors but absent in 

CDK-R and Combo-R tumors were stemness transcription factor, SOX2 and growth factor 

receptor, HER3/ERBB3 (Figure S14). Conversely, fibronectin and superoxide dismutase, 

SOD2 were up-regulated in CDK-R and Combo-R tumors. Taken together, these data 

suggest that combination-resistant tumors were molecularly similar to tumors that slowly 

progressed on palbociclib.

Discussion

Due to intratumoral heterogeneity and resistance mechanisms, single agent therapies 

frequently elicit transient effects in cutaneous melanoma patients (21, 22). It is critical to 

develop improved preclinical models that will monitor response and resistance to targeted 

agents in vivo. We describe enhanced response to combined CDK4/6 and MEK targeting in 

mutant BRAF and mutant NRAS melanomas both in vitro and in vivo. Combinatorial 

treatment-sensitive cells exhibited loss of survivin expression, indicating this may be a 

potential biomarker of response. Furthermore, we established a reporter system that allows 

the temporal quantification of changes in E2F activity in response to CDK4/6 and MEK 

inhibitors in melanoma cells. We show that reactivation of E2F occurs during acquired 

resistance in both MEK inhibitor and combination treated tumors.

Palbociclib is the first FDA-approved CDK4/6 selective inhibitor (9). Trials utilizing 

CDK4/6 inhibitors (palbociclib and LEE011) alone or in combination are underway in 

subsets of melanoma; however, to avoid their use in non-stratified clinical trials, the 

determinants of response must be examined. Preclinical studies in ER-positive breast cancer 

cells indicate that increased RB1 and cyclin D1 expression and loss of p16INK4A are 

associated with sensitivity to palbociclib (10). Similar alterations in patient tumors may 

indicate likelihood of response to CDK4/6 inhibition (14). Our studies did not show a clear 

correlation between genotypes or CDKN2 status and sensitivity to palbociclib; however, 

RB1 loss did confer resistance, as seen in other models (23).

Palbociclib likely inhibits tumor progression by inducing senescence in melanoma cells (24). 

Interestingly, transformed melanocytes but not normal primary melanocytes were 

susceptible to palbociclib-induced senescence. We evaluated the effects of palbociclib with a 

MEK inhibitor, a combination strategy that is broadly applicable to melanoma genotypes 

and may address the clinically unmet need of the lack of targeted therapies for BRAF wild-

type patients. Recently, published data combining another CDK4/6 inhibitor, LY2835219 

(25) with a BRAF inhibitor, vemurafenib, in BRAF mutant A375 xenografts led to additive 
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effects in tumor growth inhibition (26). Here, we show increased cell death and tumor 

regression with concurrent inhibition of CDK4/6 and MEK in both BRAF and NRAS-

mutant xenograft models. While Bim-EL was upregulated in MEK-inhibited cells only, the 

anti-apoptotic protein, survivin was further downregulated by the combination treatment. 

These data are consistent with survivin being an E2F-regulated gene (27). Furthermore, 

knockdown of survivin was sufficient to render primary resistant CHL-1 cells sensitive to 

the drug combination. While survivin has not been shown to interact with caspases directly, 

it heterodimerizes with and stabilizes XIAP, which in turn directly inhibits caspases 3, 7, and 

9. Survivin functions in cytokinesis, inhibition of cell death and tumor cell invasion and 

metastasis (28,29). As part of the chromosomal passenger complex, survivin regulates the 

spindle assembly checkpoint by physically associating with inner centromere protein, aurora 

B and borealin. We do not rule out the possibility of cell death by mitotic catastrophe and 

multi-nucleation, as demonstrated by others (30). Survivin is not a traditional drug target and 

current targeting strategies involve interfering with survivin expression at the transcription 

level (31). Given the multiple functions of survivin and its association with worse outcomes 

in melanoma patients, survivin may not just be a determinant of response to CDK4/6 and 

MEK inhibitors but also a general pro-survival target.

We also describe the generation of an E2F reporter melanoma xenograft system to measure 

response and resistance to CDK4/6 inhibitors in vivo. This system measures pathway 

activity in a quantitative and tumor-specific manner. Analysis is non-invasive and, thus, 

permits, temporal measurements as opposed to single time point analysis provided by 

immunohistochemical staining. The system also determines re-activation of the pathway 

associated with acquired resistance. Finally, the inclusion of tdTomato allows the detection 

and regrowth of residual tumor, which is not completely removed by the combination 

treatment. Using the 1205Lu reporter model, we show differential effects on E2F firefly 

luciferase activity depending on the targeted agent treatment. Associated with acquired 

resistance to MEK inhibitor, E2F activity was dramatically induced and correlated with 

tumor regrowth. Under cytostatic actions of CDK4/6 inhibitor monotherapy, effective 

inhibition of E2F activity was sustained despite incremental but continual growth of tumors. 

The kinetics of tumor growth on CDK4/6 inhibitor monotherapy is distinct from the rapid 

regrowth associated with acquired resistance phenotype and presumably caused by a slower 

cell division rate.

Our data suggest that while the combination therapy was successful in leading to significant 

tumor regressions and removing tumor bulk, the remaining subpopulation of drug tolerant 

cells led to eventual resistance to the combination therapy after rounds of drug removal and 

retreatment. We observed fluctuations in E2F/firefly luciferase activity following retreatment 

of the tumors. Increases in tumor size as measured by tdTomato activity at specific time-

points (e.g. day 129) could explain relatively lower E2F activity. We postulate that the 

tumors could have also acquired mutation(s) or signals that are E2F-independent. Detection, 

isolation and characterization are some of the challenges of studying dormant/drug tolerant 

tumor cells. Recent preclinical studies with BRAF inhibitors have suggested the use of an 

intermittent dosing schedule to delay the onset of resistance (32). Ongoing studies in our lab, 

comparing intermittent versus continuous scheduling of CDK4/6 plus MEK inhibitors will 

determine schedules that effectively delay the onset of resistance or reduce the population of 
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dormant cells. Understanding the mechanisms by which these residual tumor cells survive 

treatment is a future priority.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Differential response of melanoma cells to CDK4/6 inhibition
A. Western blot of potential biomarkers of response to palbociclib in melanoma lines. B. 

Sensitivity of melanoma cells to palbociclib. GI50 values were generated from dose-

dependent curves from MTT cell viability assays. Each bar represents the average of three 

independent experiments. C. Palbociclib-treated melanoma cells were Western blotted for 

RB1 phosphorylation and expression of RB1 and cyclin A. D. Cells were treated with 

palbociclib for 24 hours and analyzed by PI staining. The relative distribution of cells in the 

subG1, G1, S and G2M phases of the cell cycle is shown. E. Mice bearing 1205Lu 

xenografts were treated with control chow (n=4) or palbociclib chow (n=8). (Error bars 

represent SEM, *p<0.05).
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Figure 2. Enhanced effects of combined MEK and CDK4/6 inhibition in BRAF and NRAS 
mutant lines in vitro
A. MTT cell viability assays of WT/WT, BRAF and NRAS mutant lines treated for four 

days with single agent (trametinib or palbociclib) or a fixed-ratio (1:100) combination 

(trametinib plus palbociclib) of both compounds (error bars represent SD). B. Calcusyn 

combination indices at median effective dose (ED50) generated from MTT assays in Figure 

A. C. Melanoma cells were plated at low density, treated with DMSO, trametinib (10 nM), 

palbociclib (1 μM) or the combination. After 1 week, cultures were stained with crystal 

violet.
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Figure 3. Sensitivity to combined CDK4/6 and MEK inhibition is associated with survivin 
depletion in sensitive cells
A. Representative annexin V staining of melanoma lines treated with trametinib (5 nM) and 

palbociclib (0.5 μM) treatment alone or a combination of both compounds for 48 hours 

(n=3, error bars=SD from triplicate samples, *p<0.05). B. A375 cells were treated with 

single agent or combination of trametinib and palbociclib for 24 hours. Lysates were 

analyzed by RPPA. The heatmap shows the most significantly regulated proteins (p<0.01). 

C. Elevated levels of Bim-EL in trametinib and combo-treated lysates. D. 1205Lu cells were 

transfected with siRNA to Bim in the presence or absence of trametinib and palbociclib. 

Knockdown of Bim rescued apoptotic phenotype elicited by trametinib and palbociclib 

treatments. E. Fold change in BIRC5/survivin regulation after 24 hours of treatment with 

indicated inhibitors. Two independent sets of tests were carried out and representative data is 

shown. F. Western blotting for survivin in resistant (CHL-1, Bowes, SKMEL207) and 

sensitive (A375, WM793, 1205Lu, SBcl2, WM1346, WM1366) cell lines in basal state as 

well as following treatment with trametinib and/or palbociclib for 48 hours. G. NRAS 

mutant melanoma tumor explant treated with DMSO, trametinib (50 nM), palbociclib (0.5 

μM) or the combination.
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Figure 4. Survivin is essential for the survival of melanoma cells
A. Cells were transfected with control or survivin-targeting siRNA #1 and #2 for 72 hours 

and lysates were analyzed by Western blot. B. Knockdown of survivin leads to decreased 

cell viability (n=4, error bars=SD *p<0.01). C. Cell cycle analysis after 72 hours of 

transfection with two distinct siRNA specific for survivin. Bar graphs were generated from 

averages of three independent knockdown experiments. D. Cells were transfected with 

control or two distinct survivin-targeting siRNA for 72 hours before they were analyzed for 

annexin V staining by flow cytometry (n=3, error bars=SD, *p<0.05). E. CHL-1 cells were 

transfected with control or survivin siRNA before they were treated with either DMSO or 

the combination of trametinib (5 nM) plus palbociclib (0.5 μM) (n=3, error bars=SD, 

*p<0.05 **p<0.01).
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Figure 5. The combination of CDK4/6 and MEK inhibition is synergistic in vivo
A. E2F reporter system for measuring the efficacy of CDK4/6 and MEK inhibitors in vivo. 

B. 1205LuTR and SKMEL207 reporter cells were treated with DMSO or palbociclib 

(0.5μM) for 48 hours (error bars=SD, *p<0.001, NS=not significant, n=3). C. Mice 

bearing1205Lu xenografts were treated with control, MEK inhibitor (PD0325901, 1 mg/kg 

daily dose) alone, CDK4/6 inhibitor (palbociclib, 75 mg/kg daily dose) alone, or in 

combination (error bars=SEM, *p<0.001 comparing combo to single agents and control). 

CR=complete response. D. Analysis of E2F reporter activity normalized to tdTomato 

fluorescent protein activity in 1205Lu xenografts. E. Images from individual mice bearing 

1205Lu xenografts with tumor progression associated with high E2F reactivation in MEK 

inhibitor-treated mice and low E2F reactivation in CDK4/6 inhibitor and combo-treated 

inhibitor mice. F. Mice bearing WM1366 xenografts were treated with control, MEK 

inhibitor (PD0325901, 1mg/kg daily dose), CDK4/6 inhibitor (palbociclib, 75 mg/kg daily 

dose), or in combination (error bars=SE, *p<0.001 comparing combo to single agents and 

control). CR=complete response. G. Representative images of 1205Lu xenografts analyzed 

for Ki67. H. Quantitation of Ki67 positive cells taken from mice fed vehicle (n=2), MEK 

inhibitor (n=4), CDK4/6 inhibitor (n=4) and combo-laced chow (n=4). Combo versus single 

regiments, *p<0.05, **p<0.001.
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Figure 6. Tumor regrowth following MEK and CDK4/6 inhibitor withdrawal
A. Mice bearing 1205Lu xenografts that showed complete response from the combination 

therapy were removed from treatment at day 51 and monitored for durable response. Mice 

were retreated with combination regimen at day 67. B. Modulation of E2F activity in 

combination treated mice following drug removal and retreatment. E2F reactivation is 

predictive of tumors that would later acquire resistance to the combination treatment. The 

tumor from mouse #5 exhibited necrosis by day 129 and was excluded from luciferase and 

tdTomato analysis. C. RPPA analysis on resistant tumors. Combination resistant (combo-R) 

tumors clustered with CDK inhibitor resistant (CDK-R) tumors using unsupervised 

hierarchical clustering. Combo-R 8 is a regressing tumor that was isolated during regression 

on treatment. MEK-R 9/10 was least similar to any other groups.
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