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Abstract

Purpose: To investigate the potential roles that p16 (CDKN2A)
and RB activation have in sensitization to MEK inhibitor in
resistant KRAS-mutant non-small cell lung cancer cells (NSCLC)
in vitro and in vivo.

Experimental Design: Cell viability was measured with MTS
assays. Effects of administration of radiation and combination
drug treatments were evaluated by clonogenic assay, flow cyto-
metry, and Western blots. DNA repair was assessed using immu-
nofluorescent analysis. Finally, lung cancer xenografts were used
to examine in vivo effects of drug treatment and radiation therapy.

Results: In this study, we showed that sensitivity to MEK
inhibitor correlated to the RB/p16/CDK4 pathway and knock-
down of RB induced resistance in cell lines sensitive to MEK
inhibitor. Also, overexpression of p16 and inhibition of CDK4
had the ability to sensitize normally resistant cell lines. Our data

Introduction

Lung cancer is one of the leading causes of mortality worldwide
(1). Non-small cell lung cancers (NSCLC) represent 85% of all
lung cancers and generally present at advanced stages, requiring
intensive multimodal therapy. Despite these medical interven-
tions, 5-year survival rates are less than 5% (2). With the advance-
ment in understanding about activating mutations in NSCLCs,
many treatments have been developed with success against the
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indicated that the MEK inhibitor (trametinib, GSK112012) coop-
erated with the CDK4/6 inhibitor (palbociclib, PD0332991) to
strongly reduce cell viability of KRAS-mutant NSCLCs that were
resistant to the MEK inhibitor in vitro and in vivo. In addition, we
report for the first time that resistance of KRAS-mutant NSCLCs to
MEK inhibitor is, at least partly, due to p16 mutation status, and
we described a drug combination that efficiently reactivates the RB
tumor suppressor pathway to trigger radiosensitizing effects,
apoptosis, and cell-cycle arrest.

Conclusions: Our findings suggest that MEK inhibitor in
combination with CDK4/6 inhibitor has significant anti-KRAS-
mutant NSCLC activity and radiosensitizing effect in preclinical
models, potentially providing a novel therapeutic strategy
for patients with advanced KRAS-mutant NSCLCs. Clin Cancer Res;
22(1); 122-33. ©2016 AACR.

array of different mutations identified in NSCLCs, such as EGFR,
ALK, etc (3-7). The benefits that patients have seen with these
treatment models have not translated well for NSCLCs harboring
KRAS mutations (8-10).

Present in roughly 20% of patients with NSCLC, KRAS muta-
tions lead to the constitutive activation of mitogen-activated
protein kinase (MAPK) pathways resulting in increased levels of
proliferation. This mutation leads to decreased efficacy and resis-
tance to chemotherapeutics and radiotherapy (11-14). Previous
efforts have shown the use of MEK inhibitor (MEKi) in cancer cells
harboring KRAS mutations (13, 15, 16). However, pharmacologic
agents targeting activated RAS proteins have been unsuccessful to
date due to the development of cellular resistance.

Use of a MEKi is an attractive therapeutic option because of its
limited cross-interactions (17, 19). However, no effective therapy
exists for KRAS-mutant cancers, largely because KRAS itself has
proven difficult to target directly with small molecules (20).
Targeting single KRAS effector pathways has also failed to induce
clinical responses (21) likely because KRAS activates multiple
critical effectors such as the MEK/ERK, PI3K/AKT, and NF-xB
pathways (22, 23). The complications seen in KRAS mutant
NSCLCs responsiveness to treatments makes finding alternative
pathways that sensitize KRAS cell lines to MEKi an important task.

Puyol and colleagues unveiled a synthetic lethal interaction
between KRAS and cyclin-dependent kinase 4 (CDK4) in a mouse
tumor model that closely mirrors NSCLCs (24). CDK4 alleles
were targeted in advanced KRAS-mutant tumors, inducing apo-
ptosis and preventing tumor progression. A recent study has also
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Translational Relevance

Although KRAS mutations were identified in non-small cell
lung cancer (NSCLC) tumors more than 20 years, 5-year
survival rates remain poor, and it is resistant to chemotherapy,
radiotherapy, and EGF receptor tyrosine kinase inhibitors
(EGFR TKI). Thus, there is an urgent need to improve clinical
outcomes. The present study identified inherent resistance of
KRAS-mutant NSCLC to MEK inhibitor due to p16 mutation
status. The combination of MEK inhibitor and CDK4/6 inhib-
itor, with the addition of radiation, could sensitize KRAS-
mutant NSCLC, which led to a significant increase in cell
death and a reduction in overall tumor volume. The drug
combination efficiently reactivates the RB tumor suppressor
pathway to trigger radiosensitizing effects, apoptosis, and cell-
cycle arrest. The critical role that p16 status has in KRAS-
mutant NSCLC responsiveness to MEK inhibitor shows that
this could be used as a biomarker to guide treatment of these
patients and improve outcomes.

shown that the mutation of KRAS can result in an increased
expression of CDK4 and cyclin D1, which facilitates cell prolif-
eration and promotes tumorigenesis (25). Therefore, this explains
why targeting CDK4 may facilitate lethality in KRAS-mutant
tumors, which could shed new light on treatments for KRAS-
mutant NSCLCs.

Recent studies in colon cancers have shown the retinoblastoma
(RB)-reactivating activity of trametinib (GSK1120212), which is
an allosteric inhibitor of MEK1/2 (13, 26). CDK4/RB pathway
involvement in MEKi sensitivity led us to investigate this cell-cycle
regulatory pathway. The present study sought to examine the
impact of RB pathway proteins on MEKi activity. We wanted to
examine whether additional therapeutic strategies might improve
initial response and therapeutic resistance to MEKi in KRAS-
mutant NSCLCs.

Materials and Methods

Cell culture and small-molecule inhibitors

The human NSCLC cell lines A549, H23, H460, Calu-1, SK-LU-
1,and H358 were purchased from the ATCC and authenticated via
short tandem repeat profiling before experiments. Cells used for
this study were cryopreserved within 6 months of authentication.
All cells were cultured in RPMI-1640 (Invitrogen), supplemented
with 10% FBS (Invitrogen) and 1% penicillin/streptomycin (Invi-
trogen) at 37°C in a humidified 5% CO, atmosphere.
GSK1120212 (trametinib) was provided by GlaxoSmithKline
Pharmaceutical. PD0332991 was purchased from Selleck Che-
micals. A stock solution was prepared in 100% DMSO (Sigma)
and stored at —20°C. The drug was diluted in fresh media prior to
each experiment.

siRNA reagents and plasmid transfection

All siRNAs were obtained from Dharmacon and were used as
"SMARTpools" according to the manufacturer's instructions. The
day before siRNA transfection, 20 x 10* and 2,000 cells were
plated in 6- and 96-well plates, respectively, and incubated in
antibiotic-free medium with 10% FBS. After 24 hours, the medi-
um was changed with antibiotic-free Opti-MEM Reduced-Serum
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Medium. Lipofectamine RNAiMax (Invitrogen) was used to trans-
fect on-target siRNA or nontarget siRNA into cells. Both on-target
siRNA and nontarget siRNA were used at the same concentration
in all experiments. The efficiency of inhibition was determined by
Western blotting after 48-hour transfection. pCMV-p16™** plas-
mid was purchased from Addgene and transfected using Lipo-
fectamine 2000 (Invitrogen).

Cell viability assay

MTS assays were performed using tetrazolium-based CellTiter
96 AQueous One Solution Cell Proliferation assay (Promega).
Cells were seeded in 96-well plates at 3,000 cells per well.
Following adhesion of cells to the well, cells were treated with
increasing concentrations of GSK1120212. Control groups were
exposed to the same concentration of DMSO. MTS assay was
performed at 72 hours after treatment. At 37 °C in humidified 5%
CO,, plates were read at the absorbance of 490 nm on a micro-
plate reader (SpectraMax M5). Relative cell viability of an indi-
vidual sample was calculated by normalizing their absorbance to
that of the corresponding control. The combination index value
was determined from the fraction affected (Fa) value of each
combination according to the Chou-Talalay method by using
CompuSyn software (ComboSyn, Inc.), and a combination index
value below 1 represents synergism (27). All experiments were
done in triplicate.

Clonogenic survival assay

Cells were grown exponentially in a 100-mm dish where they
were trypsinized and counted. Cells were diluted serially to appro-
priate densities and plated in triplicate in 60-mm dishes. After
adhesion, cells were treated with vehicle (final DMSO concentra-
tion of 0.1%; we confirmed that this DMSO concentration did
not affect the proliferation of NSCLC cell lines), 10 nmol/L
GSK1120212, or 1 pumol/L PD0332991 for 1 hour, then irradiat-
ed using a PanTak 310 keV X-ray machine at 0.25-mm Cu plus
1-mm Al added filtration at 125 cGy/min. After irradiation, the
cells were washed with PBS and cultured in drug-free medium
for 10 to 14 days. The number of colonies containing at least
50 cells was determined. After correcting for drug toxicity, plating
efficiency, survival fractions, and dose enhancement ratios (DER)
were calculated according to previously described methods. Experi-
ments were repeated 3 independent times.

Western blots

Cells were washed twice with ice-cold PBS and then lysed in
M-Per mammalian lysis buffer (Thermo Scientific). The protein
concentration of the lysates was determined with the Bradford
reagent (Bio Rad), and equal amounts of protein were sub-
jected to SDS-PAGE. Separated proteins were transferred to a
nitrocellulose membrane. This was then exposed to 5% nonfat
dried milk in TBS containing 0.1% Tween-20 (0.1% TBST) for 1
hour at room temperature and then incubated overnight at 4°C
with antibodies against phospho-ERK (Thr202/Tyr204), phos-
pho-RB (Ser807/811), BIM, CDK4 (from Cell Signaling Tech-
nology), ERK, p16, RB, PARP (from Santa Cruz Biotechnology),
and B-actin (Sigma-Aldrich). The membranes were then washed
with 0.1% TBST before incubation with horseradish peroxi-
dase-conjugated goat antibodies to rabbit or mouse (Santa
Cruz Biotechnology). Specific bands were detected using the
enhanced chemoluminescence reagent (ECL plus; Thermo
Fisher Scientific) before exposing film.
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Flow cytometry (FACS)

For cell-cycle analysis, cells were trypsinized, washed with cold
PBS, fixed with 70% ethanol, and stored at —20°C. Fixed cells were
washed with 0.5% BSA and incubated in a solution containing
0.1% Triton X-100, 0.2 mg/mL RNase A, and 25 pug/mL propidium
iodide (PI). After 15 minutes of incubation at room temperature,
samples were analyzed by BD LSR II cytometer (BD Biosciences).
The Annexin V-FITC binding assay was performed to determine the
apoptosis rate of cells in vitro. Briefly, cells were seeded in a 6-well
plate overnight, harvested 48 hours after treatment, and incubated
with 5 uL of Annexin V-FITC and 5 uL PI for 15 minutes at room
temperature in the dark. Cells were analyzed using BD LSR II
cytometer (BD Biosciences). Each experiment was performed 3
times. Data were analyzed using Flow]Jo software (Tree Star, Inc.).

Immunofluorescent analysis of yYH2AX foci

Cells grown in chamber slides, were fixed in 2% paraformal-
dehyde for 15 minutes at room temperature, and permeabilized
with 1% Triton X-100 for 10 minutes on ice.

Slides were incubated in anti-phospho YH2AX (Millipore)
overnight, an Alexa Fluor 594 Donkey Anti-Mouse secondary
antibody (Invitrogen) for 1 hour at room temperature and
mounted with ProLongGold Antifade Reagent with DAPI (Invi-
trogen) to visualize nuclei. Cells were analyzed on a Leica upright
fluorescent microscope. The percentage of cells containing more
than 50 foci was determined in 150 cells for each condition.
Experiments were carried out in triplicate.

Animals and tumor xenograft assay

Five- to 6-week-old female athymic nude mice were obtained
from Taconic Farms. Mice were caged in groups of 5, keptona 12-
hour light/dark cycle, and provided with sterilized food and water
ad libitum. Animals were allowed to acclimate for at least 7 days
before any handling. Exponentially growing A549 cells were
trypsinized and washed with PBS and diluted into 2 x 10° cells
per 100 UL PBS. The cell suspension was injected subcutaneously
into the right flank of mice. Tumors were grown until the average
tumor volume reached approximately 100 mm>. Mice were
randomized into the vehicle group, GSK1120212 only group,
PD0332991 only group, irradiation only group, GSK1120212
combined with PD0332991 group, GSK1120212 combined with
irradiation group, PD0332991 combined with irradiation group,
and GSK1120212 combined with PD0332991 and irradiation.
Each treatment group contained 8 mice. GSK1120212 was dis-
solved in sterile 100% DMSO and diluted 1:9 in sterile-filtered 1%
carboxymethylcellulose and 0.4% Tween-80 (Sigma). The solu-
tion was then administered orally at doses of 3 mg/kg for 7
consecutive days. PD-0332991 was dissolved in sterile-filtered
sodium lactate buffer (50 mmol/L, pH 4.0) and delivered by oral
gavage as previously described (28). Tumors were irradiated with
afractionated schedule of 2 Gy daily over 5 consecutive days using
a PanTak 310keV X-ray machine at 0.25-mm Cu plus 1-mm Al
added filtration at 125c¢Gy/min. Tumors were measured 2 to 3
times weekly using a Vernier caliper and calculated by the for-
mula: volume (V) = length (a) x width (b) x width (b) x 0.52.
Body weights were measured using an electronic scale.

Immunohistochemistry

Formalin-fixed, paraffin-embedded tumor sections were
stained with cleaved caspase-3, phospho-ERK (Cell Signaling
Technologies), and Ki-67 (DAKO). The bound antibodies were
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detected with horseradish peroxidase (HRP)-conjugated second-
ary antibodies and 3,3'-diaminobenzidine (DAB), which was
conducted in the Thomas Jefferson University Pathology Core
laboratory (Philadelphia, PA) using standard protocols. The
number of positive cells per x400 field were scored and graphed
by averaging 3 repeated assessments.

Analysis of The Cancer Genome Atlas dataset

Anormalized mRNA expression dataset in The Cancer Genome
Atlas (TCGA) Lung Adenocarcinoma (29) was downloaded from
the cBioPortal for cancer genomics and used to evaluate coex-
pression and overall survival of KRAS- and P16-mutant transcript
levels. This dataset includes mRNA profiles for 230 lung adeno-
carcinoma tumor samples. Spearman correlation coefficiency was
calculated for these transcripts for all primary tumor samples.
Differences were considered significant with P < 0.05.

Statistical analyses

Data are shown as the mean £ SD. The Student t test was used to
determine the significance between groups. Significance was
defined at the level of P < 0.05. The combination index value
was determined from the Fa value of each combination according
to the Chou-Talalay method by using CompuSyn software
(ComboSyn, Inc; ref. 30).

Results

MEK inhibitor decreases cellular proliferation and activates p16
and RB

We first evaluated the sensitivity of MEK inhibitor (MEKi) on
cell viability when used in a panel of different KRAS-mutant
NSCLCs with ranging drug sensitivities. Cells received varying
concentrations of MEKi (0-1,000 nmol/L) at 4 different time
points (24, 48, 72, and 96 hours). MTS assays were performed
on separate cell lines (Fig. 1A and Supplementary Fig. S2A),
where they exhibited sensitivity to the MEKi in a time- and
dose-dependent manner. All 3 cell lines had decreased survival
rates; however, there was a differential in sensitivity to MEKi-
induced effects. The sensitive cell line (H358) exhibited the
greatest overall decrease in survival rates, whereas the more
resistant cell lines (A549 and H460) had less of a response to
increasing concentrations of MEKi. One interesting finding of
MEKi administration was that the level of pERK was decreased
within 15 minutes and almost abrogated at 30 minutes with a
concentration of 10 nmol/L MEKi. (Supplementary Fig. S1A).
This indicates that differential antiproliferative activity is due to
differences in the intrinsic cellular nature rather than the
inhibition of pERK by MEKi.

To determine whether or not the decrease in cell survival was
due to apoptosis and cell-cycle arrest, we performed a cell-cycle
analysis and a Western blotting to examine the cleaved PARP
levels. We found that both cell-cycle arrest (Fig. 1B) and cellular
apoptosis (Fig. 1C) were present with MEKi in a dose-dependent
manner. We found a markedly increased percentage of cells
arrested in G;-G, phase in the H358 (30% increase G;-G, phase
MEK inhibitor vs. control, P < 0.05). Western blot analyses were
performed on the 3 cell lines to observe the effects of MEKi on the
expression levels of key cell-cycle regulatory proteins. MEKi acti-
vated RB (reduction of pRB) and induced expression of p16 in the
H358 cell line, compared with no effect in the A549 and H460 cell
lines (Fig. 1C).
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Figure 1.

Effects of MEK inhibitor (GSK1120212) on cell viability, cell cycle, and epigenetic markers. A, MTS assays were performed on 3 cell lines H358, A549, and H460

with increasing concentration of MEK inhibitor (trametinib) at 2 separate time po

ints, 72 and 96 hours. Data are the mean + SD of triplicate determinations.

B, cell-cycle analysis was performed to quantify the distribution of cell-cycle progression. The treatment with trametinib for 24 hours dose dependently
increased the G; phase with a decrease in the S-phase. C, Western blot analyses were performed on the 3 cell lines to analyze the administration of increasing
concentration of MEK inhibitor (0-1,000 nmol/L) on the levels of apoptosis and key cell-cycle regulatory proteins.

p16/CDK4/RB regulatory protein status determines cellular
sensitivity to MEK inhibitor

Cellular database information was obtained indicating the
deletion of CDKN2A (i.e., p16 or INK4a) in MEKi-resistant cell

www.aacrjournals.org

lines (Supplementary Fig. S2B). By performing a search in TCGA,
we determined that this deletion has a negative impact on overall
cell survival when compared with the wild-type p16 status. The
Kaplan-Meier analysis was conducted to evaluate the difference
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in overall survival of patients with lung adenocarcinoma (n =
230), among which 79 cases harbor KRAS mutation. In this
cohort, 16 patients have p16 mutation and the other 63 are of
wild-type. We found that patients of KRAS-mutant NSCLC who
harbor wild-type p16 status had significant higher overall survival
than those with p16 mutation (P < 0.05; Fig. 2A). To determine
whether the sensitivity of MEKi was dependent upon p16 status,
we performed overexpression experiments with p16 plamids on
the resistant cell lines (i.e., A549 and H460), which do not express
an active p16. We found that presence of a functional p16, when
exposed to increasing concentrations of MEKi, could sensitize the
normally resistant cell lines A549 and H460 to MEKi (Fig. 2B).
Western blot analyses demonstrated that a functional p16 corre-
lated to a reduction of pRB in A549 and H460 cell lines.

Because CDK4 is the downstream of p16 (31) and the resistant
cell lines (A549 and H460) have a deficient p16 status, we
performed knockdown experiments with siRNA against CDK4.
An MTS assay was performed to observe the effects CDK4 knock-
down had in this p16-deficient cell line. Both on-target siRNA and
nontarget siRNA were used at the same concentration in all
experiments. The efficiency of inhibition was determined by
Western blot 48 hours after transfection. We observed a decrease
in cell survival with increasing concentration of MEKi (0-100
nmol/L) when CDK4 siRNA was used (Fig. 2C) and that increas-
ing concentrations of MEKi could sensitize the resistant cell lines.
In A549 cell line, treatment with 10 and 100 nmol/L MEKi and
siRNA against CDK4 reduced cell viability by about 30% com-
pared with MEKi alone (Fig. 2C). While in H460 cell line, we
found no synergism in treatment with 10 nmol/L MEKi and siRNA
CDK4, but 20% reduction in cell viability by treatment of 100
nmol/L MEKi and knockdown of CDK4 compared with MEKi
alone (Fig. 2C; P < 0.05), which might be an off-target effect.

To determine the role of RB in mediating MEKi effects, we
performed MTS assays after knockdown of RB in the sensitive cell
line. MTS assays demonstrated the introduction of resistance into
the sensitive cell line (H358) when RB was knocked down. RB
depletion in H358 cells restored cell proliferation in the presence
of MEK:i (Fig. 2D), suggesting that RB inactivation partly renders
cells insensitive to the MEKi. Following RB knockdown, H358
cells treated with MEKi showed decreased levels of cleaved PARP
as shown by Western blot analyses (Fig. 2E), compared with cells
that were treated with control siRNA and MEKi. This indicated less
induction of apoptosis in these cells.

MEK inhibitor and CDK4/6 inhibitor coadministration leads to
cell-cycle arrest and decreases proliferation through a
synergistic interaction

Because CDK4 knockdown showed an ability to sensitize the
resistant cell lines (A549 and H460) to MEKi, we next introduced a
pharmacologic CDK4/6 inhibitor (CDKi). To test whether target-
ing of CDK4 sensitizes NSCLC cells to MEK inhibitor, NSCLC cells
were treated with GSK1120212, PD0332991, and their combi-

Trametinib and Palbociclib Sensitize KRAS-Positive NSCLC

nation with different concentration for 72 hours, cell viability was
measured using MTS assay. A synergistic effect was observed when
GSK1120212 was combined with PD0332991 at doses that had
comparatively minor effects in the single-agent treatments (Fig.
3A and Supplementary Fig. S2A). The combination index (CI)
values and the Fa for each dose were used to generate the Fa-CI
plots by CompuSyn software. CI < 1 represents synergism (Fig.
3B). Isobologram analysis also indicated a strong synergism of
GSK1120212 with PD0332991 (Supplementary Fig. S4).

Because the RB protein plays a critical role in cell-cycle progression
(32), we examined the cell-cycle effects that CDK4 inhibition has on
resistant cell lines. A cell-cycle analysis was performed on the 2
resistant cell lines (Fig. 3C) to observe the impact that coadminis-
tration of the CDKi and MEKi exerts on the previously resistant cell
lines. Compared with either drug alone, the combination treatment
led to increased rates of G, arrest and a dramatic decrease in S-phase
in both cell lines. MEKi alone led to a 10% to 15% increase in G,
arrest (Fig. 1B) compared with 30% (P < 0.05) increase in the
combination drug treatment (Fig. 3C). Taken together, our results
indicate that coadministration with MEKi and CDKi synergistically
increased cytotoxicity and leads to cell-cycle arrest.

MEK inhibitor enhances radiosensitivity of KRAS-mutant
NSCLC cell lines leading to increased cell death

To examine the radiosensitizing effects of MEKi in NSCLC cell
lines, clonogenic assays were performed to investigate the radio-
sensitivity of these cell lines under conditions where pERK activity
is suppressed by MEK inhibitor. The 3 cell lines were treated with
10 nmol/L MEKi for 1 hour and were then exposed to increasing
radiation dosage intervals (0, 2, 4, and 6 Gy). As shown in Fig. 4,
treatment with MEKi led to a significant radiosensitization in the
H358 cell line (DER=1.621; P<0.001), compared with the more
resistant cell lines: A549 (DER = 1.244; P<0.05) and H460 (DER
= 1.263; P < 0.05). Exposure of the 3 cell lines to concurrent
treatment of MEKi and radiation therapy led to increased cell
death compared with either treatment alone. Western blot anal-
yses demonstrated that MEK inhibitor enhanced radiosensitizing
effect via activated RB in the sensitive cell line H358, with little
effect on the more resistant A549 and H460 cell lines (Supple-
mentary Fig. S5).

The combination of MEK inhibitor and CDK4/6 inhibitor
radiosensitize resistant cell lines leading to prolonged DNA
damage repair and increased apoptosis

Our previous experiments demonstrated the effectiveness of
combination (MEKi and CDKi) drug treatment and MEKi led to a
significant radiosensitization in sensitive cell line compared with
the more resistant cell lines. So we next performed clonogenic
assays on the resistant cell lines A549 and H460. We found that
they exhibited a decrease in overall survival fraction when CDK4
inhibitor and MEK inhibitor were coadministered with radiother-
apy (Fig. 5A). Combination treatment of MEK inhibitor and

Figure 2.

p16/CDK4/RB regulatory protein status determines cellular sensitivity to MEK inhibitor. A, TCGA provided data on overall survival depending upon p16 status in lung
adenocarcinoma tumor samples. Wild-type versus mutant, n = 230, P < 0.05. B and C, A549 and H460 exhibited decreased cell viability when p16 plasmid
vectors were accompanied with increasing concentrations of MEKi (*, P < 0.05 compared with the control group). D and E, MTS assays showed that
knockdown of CDK4 in pl6-deficient cell lines (A549 and H460) increases the effectiveness of GSK1120212 on cell viability. RB depletion restores growth in the
presence of MEK inhibitor. F, relative viability of H358 cells treated with 10 or 100 nmol/L GSK1120212 after knockdown of RB. G, Western blot analyses were
run 48 hours after transfection with RB siRNA to determine the apoptotic effects with or without GSK1120212.
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CDK4/6 inhibitor with radiotherapy in the resistant cell lines
increased apoptosis compared with either treatment alone. Both
cell lines (A549, H460) were pretreated with 10 nmol/L
GSK1120212 and 1 pmol/L PD0332991 for 1 hour. Cells were
then treated with or without 6 Gy irradiation, and after 48 hours,
the cells were stained with Annexin V and PI for analysis by flow
cytometry. The Annexin V/PI data indicated that combination
therapy of MEK inhibitor and CDK4/6 inhibitor with radiother-
apy led to a significant increase in cell apoptosis rate (Fig. 5B).
Western blot analyses performed after 48 hours demonstrated
increased levels of apoptosis (e.g. cleaved PARP) when the resis-
tant cell lines were treated with both drugs and radiotherapy
compared with either treatment alone (Fig. 5C). One interesting
finding was that CDKi and radiotherapy led to equal decreases in
PRB compared with both drugs and radiotherapy. The main
discovery differentiating this similarity was the respective levels
of cleaved PARP (drug combination and radiotherapy had highest
levels of apoptosis). This is in line with previous studies that
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demonstrate MEKi can result in increased levels apoptosis (33).
Therefore, this further validated the sensitizing effects that coad-
ministration of these 2 drugs have in resistant cell lines.

Further experiments were carried out on A549 cell line to
evaluate the induction and repair of DNA double-strand breaks
by counting phosphorylated histone H2AX (yH2AX) foci. The
percentage of cells displaying more than 50 foci was determined at
1, 6, and 24 hours after cells were treated with CDK4/6 and MEK
inhibitors as in the clonogenic assay and treated with 6-Gy
irradiation. Exposure to MEK inhibitor, CDK4/6 inhibitor, or
combination group followed by 6 Gy resulted in a number of
YH2AX foci not significantly higher than that observed with 6 Gy
alone at 1 hour, suggesting that these treatments do not impact
immediate DNA damage after radiation. Coadministration of
MEK inhibitor and CDK4/6 inhibitor led to an overall increase
in the percentage of cells displaying greater than 50 YH2AX foci
after 24 hours compared with vehicle or CDK4/6 inhibitor- and
radiotherapy-treated cells (Fig. 5D) but not in MEK inhibitor and
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MEK inhibitor enhances radiosensitivity of KRAS-mutant NSCLC cell lines. A, clonogenic assays were performed on the 3 cell lines (H358, A549, H460) to measure
the radiosensitization effects. Cells were treated with 10 nmol/L GSK1120212 or DMSO for 1 hour prior to radiation. Twenty-four hours after irradiation,

media were removed and fresh drug-free media were added. Colony-forming efficiency was determined 10 to 12 days later, and survival curves were generated after
normalizing for cell killing by drug alone. Values shown represent the mean + SD of 3 independent experiments. DER for H358 was 1.621 (P < 0.001), A549

was 1.244 (P < 0.05), and H460 was 1.263 (P < 0.05).

radiotherapy group. A second analysis of the damaged DNA foci
was performed to create a higher benchmark on effectiveness of
treatment. Our data showed that after 24 hours, the combination
treatment with radiation had more cells with >100 foci compared
with MEKi and radiotherapy (P < 0.05), indicating that combi-
nation group resulted in inhibition of DNA repair (Fig. 5E).

Combination of MEK inhibitor and CDK4/6 inhibitor
sensitizes lung cancer xenografts to radiotherapy

To evaluate whether the enhancement of radiation sensitiza-
tion observed in vitro could be translated into an in vivo tumor
model, we performed in vivo studies on combined drug treatment
and radiation therapy. Athymic nude mice bearing A549 tumor
xenografts were used for tumor growth delay assay (Fig. 6A). Once
a tumor was palpable (~100 mm?), mice were randomized into
vehicle control and treatment groups (n = 6/group). We found
that, in the absence of radiation, neither MEK inhibitor nor CDK4/
6 inhibitor had a significant effect on tumor growth. In combi-
nation with fractioned radiation, MEK inhibitor produced signif-
icant radiosensitization compared with radiation alone (P <
0.05), whereas CDK4/6 inhibitor produced little radiosensitiza-
tion. Finally, treatment with combination of MEK inhibitor,
CDK4/6 inhibitor, and radiation caused no obvious systemic
toxicity as assessed by weight loss (Fig. 6B). Histologic sections
were also obtained to visualize Ki-67, pERK, and cleaved caspase-
3 expression levels in the tumor models. Consistent with our in
vitro data, decreased levels of phosphorylation of ERK were noted
for groups treated with MEK inhibitor (Fig. 6C). In addition,
immunostaining of Ki-67 and cleaved caspase-3 revealed dimin-
ished proliferation and increased apoptosis within tumors from
mice treated with MEK inhibitor in combination with CDK4/6
inhibitor and radiation (Fig. 6D and E). Taken together, these in

www.aacrjournals.org

vivo data indicate that MEK inhibitor and CDK4 inhibitor are well-
tolerated when coadministered and produce dramatically signif-
icant radiosensitization in human lung tumor models.

Discussion

While many treatments have been developed for NSCLCs that
have activating mutations in signal transduction pathways, KRAS-
mutant NSCLCs have continually led down a path of therapeutic
resistance (12-13). Recent findings highlight that KRAS muta-
tions act as a negative predictive marker for tumor response in
patients with NSCLCs treated with adjuvant chemotherapy or
anti-EGFR therapies (7, 27, 34, 35). An effective therapeutic
strategy for KRAS-mutant NSCLC is urgently needed to improve
clinical outcomes.

In the present study, we identified resistance of KRAS-mutant
NSCLCs to MEK inhibitor in cell lines that harbor CDK2NA
mutations. We described a drug combination that was able to
sensitize the resistant KRAS-mutant cell lines and also reactivate
the RB tumor suppressor pathway leading to increased levels of G,
-Gy arrest and apoptosis. Previous reports have shown the diver-
sity of KRAS-mutant NSCLCs and the need to look at these cell
lines comprehensively to prevent resistance in treatments (36,
37). Approaching signaling pathways in different ways may
provide a new opportunity in the treatment and prognosis of
KRAS-mutant NSCLCs. It has been suggested that treatments that
target intrinsic cancer biology yield opportunities to effectively
treat and manage disease (38, 39). The key signal transduction
pathways that have been implicated in the pathogenesis of
NSCLCs are EGFR, Ras/Raf/Mek/Erk, ALK, and PI3K/Akt (40).
Drugs that selectively target these molecules might, therefore,
provide therapeutic potential.
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CDK inhibitor and MEK inhibitor radiosensitize resistant cell lines leading to prolonged DNA damage response and apoptosis. Clonogenic assays (A) were performed
on the resistant cell lines A549 and H460 showing the decreased levels of cell survival that coadministration of CDKi and MEKi have when the cells are
treated with radiation therapy (0, 2, 4, 6 Gy) compared with either treatment alone. Purple line, control; pink line, MEKi (10 nmol/L); red line, CDK4i (1 umol/L); and
light blue line, MEKi 4 CDK4i. B, after 48 hours and exposure to 6 Gy, cells were prepared for Annexin V/PI analysis by flow cytometry. Data are represented
as mean + SEM (n = 3independent experiments), where *, P<0.05 and ***, P< 0.001 compared with MEKi group. Western blot analyses (C) showed the cells treated
with GSK1120212 alone or combined with PD0332991 prior to irradiation with 6 Gy. Immunofluorescent analysis of YH2AX foci was performed on A549 cell line, the
percentage of cells displaying >50 foci (D) per cell at the indicated time points and >100 foci (E) per cell at 24 hours after irradiation were determined.

By studying multiple KRAS-mutant NSCLC cell lines, that are kinases that connect the RAS/RAF/MEK/ERK proliferative
exhibit different levels of sensitivity and resistance, we were able  pathway. In their active phosphorylated state, they play a critical
to determine differences when exposed to MEK inhibitor. MEK1/2  role in tumor growth and progression, particularly in KRAS-
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Combination of MEKi and CDKi sensitizes lung cancer xenografts to radiotherapy. Subcutaneous injections of 2 x 10° A549 cells were performed in athymic nude
mice. When A549 tumors reached 100 mm? in size, mice were treated with various combinations of MEKi, CDKi, and RT as described in Materials and
Methods. Tumor volumes were calculated using the formula: v = length x width x width x 0.52. Data, means + SE; n = 8 animals in each group. The 2-sided Student ¢
test was used for comparisons between 2 groups. Statistical significance is designated as: P < 0.05 versus vehicle. A, body weights were measured and are
expressed as mean = SD. B, histologic sections were obtained from mice harboring A549 tumors at day 4 after various treatments. Immunohistochemical
staining of formalin-fixed, paraffin-embedded tumor tissue for Ki-67 (C), phospho-ERK (D), and cleaved caspase-3 (E). Data for quantified IHC was shown as
mean + SEM for n = 4 tumors in each group (E and F). *, P < 0.05, **, P < 0.01, ***, P < 0.001, compared with vehicle.
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mutant tumor cells (41). Mutations in KRAS lead to constitutive
activation of the RAS pathway, which allows for downstream
effectors of ERK1/2 (e.g., cyclin D1, cyclin D1-CDK4 complex) to
also be upregulated (42). The MEKi used in this present study is an
allosteric inhibitor of MEK1/2 activity preventing the subsequent
phosphorylation of ERK1/2 (43). Our study showed that MEKi
had the ability to halt cellular growth and survival in KRAS-
mutant NSCLCs in a time- and dose-dependent manner. The
differences exhibited in cell survival rates with concomitant
decreased levels of pERK indicated that this was due to differences
in their intrinsic cellular nature. Our data suggested that some of
the KRAS-mutant NSCLC cells are intrinsically resistant to MEK
inhibition alone. MEKi failed to induce sustained growth arrest
and senescence at concentrations that initially block ERK activity
as evidenced by decreased ERK phosphorylation.

After performing a TCGA database search, we determined thata
mutation in p16 leads to a reduction in overall survival when
compared with the wild-type. The data showed that patients with
p16 mutation have lower overall survival rate than patients with
p16 wild-type (Fig. 2A). Next, we profiled the nature of 6 KRAS-
mutant cell lines that harbor different gene mutation and found
that cells deficient in p16 exhibited a resistance to the use of MEK
inhibitors (Supplementary Fig. S2A and S2B). Because one of the
mechanisms of this MEKi is reactivation of RB protein, we decided
to test the introduction of p16 plasmids into the cells lacking p16
protein. The introduction of p16 plasmid with concomitant use of
MEKi led to the sensitization of previously resistant cell lines
compared with either treatment alone (Fig. 2B).

The critical role of RB and p16 status in KRAS-mutant NSCLCs
responsiveness to MEK inhibition led us to examine the pharma-
cologic introduction of synthetic CDK4/6 inhibitors. There is
normally a balance between RB proteins binding E2F transcrip-
tion factors preventing progression of cell cycle and phosphory-
lation of RB by CDK4/6—cyclin D inhibiting RB-E2F activation.
E2Fs regulate transcription of proteins involved in cell-cycle
progression, nucleotide biosynthesis, DNA replication, and
mitotic progression (44). Studies on glioblastomas have also
shown the importance of RB when exposed to CDK4 inhibitors.
This study showed that a lack of a functional RB protein when
exposed to CDKi led to a decreased effect on cell-cycle arrest and
senescence (45). The RB pathway, therefore, represents a critical
piece in modulating anticancer treatments (44, 46-48).

Recent advances in clinical studies have identified PD0332991
(e.g., palbociclib) as a potent and highly specific inhibitor of
CDK4/6. It has, therefore, been shown to be an effective antipro-
liferative agent against retinoblastoma (Rb)-positive tumor cells in
vitro, inducing an exclusive G, arrest, with a concomitant reduction
of phospho-Ser’®°/Ser”*® on the Rb protein (45, 49, 50). Recent
studies have also shown that pharmacologic inhibition of MEK
triggers modest cell-cycle arrest and radiosensitizes KRAS-mutant
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