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Purpose: Over 90% of pancreatic adenocarcinoma PC express oncogenic mutant KRAS that constitutively activates
the Raf-MEK-MAPK pathway conferring resistance to both radiation and chemotherapy. MEK inhibitors have shown
promising anti-tumor responses in recent preclinical and clinical studies, and are currently being tested in combination
with radiation in clinical trials. Here, we have evaluated the radiosensitizing potential of a novel MEK1/2 inhibitor
GSK1120212 (GSK212, or trametinib) and evaluated whether MEK1/2 inhibition alters DNA repair mechanisms in
multiple PC cell lines.

Methods: Radiosensitization and DNA double-strand break (DSB) repair were evaluated by clonogenic assays, comet
assay, nuclear foci formation (yH2AX, DNA-PK, 53BP1, BRCA1, and RAD51), and by functional GFP-reporter assays for
homologous recombination (HR) and non-homologous end-joining (NHEJ). Expression and activation of DNA repair
proteins were measured by immunoblotting.

Results: GSK212 blocked ERK1/2 activity and radiosensitized multiple KRAS mutant PC cell lines. Prolonged pre-
treatment with GSK212 for 24-48 hours was required to observe significant radiosensitization. GSK212 treatment resulted
in delayed resolution of DNA damage by comet assays and persistent yH2AX nuclear foci. GSK212 treatment also resulted
in altered BRCA1, RAD51, DNA-PK, and 53BP1 nuclear foci appearance and resolution after radiation. Using functional
reporters, GSK212 caused repression of both HR and NHEJ repair activity. Moreover, GSK212 suppressed the expression
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and activation of a number of DSB repair pathway intermediates including BRCA1, DNA-PK, RAD51, RRM2, and Chk-1.
Conclusion: GSK212 confers radiosensitization to KRAS-driven PC cells by suppressing major DNA-DSB repair
pathways. These data provide support for the combination of MEK1/2 inhibition and radiation in the treatment of PC.

Introduction

Pancreatic adenocarcinoma is the ninth most commonly diag-
nosed malignancy and the fourth leading cause of cancer-related
death in the US.! According to the National Cancer Institute, an
estimated ~46,000 new cases of pancreatic cancer were diag-
nosed and ~40,000 deaths occurred in the US in 2014.” At pres-
ent, few therapeutic options are available for patients with this
deadly disease, and there is an urgent need for the development
of novel therapies for pancreatic carcinoma (PC). Approximately
80-85% of the patients are diagnosed with locally-advanced or
metastatic disease precluding an option of surgical resection.
Radiation alone or in combination with chemotherapy is an
available treatment for locally advanced disease, and is sometimes
used in the pre-surgical setting. It is remarkable that 90% or
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more of tumors harbor an oncogenic mutant KRAS, which other
studies have shown confers resistance to radiation both in vitro
and 77 vivo.”” Therefore, an in-depth understanding of how de-
regulated KRAS contributes to the development of radioresist-
ance in pancreatic as well as other malignancies expressing acti-
vated RAS oncogenes is critical for developing effective
treatments.

Under physiologic conditions, growth factor-activated KRAS
recruits and activates the RAF family of serine/threonine kinases,
which in turn, activate the dual protein kinases MEK1 and
MEK2 that subsequently activate MAP kinases ERK1 and
ERK2. Then, activated ERK1 and ERK2 phosphorylate their tar-
get substrates promoting cell proliferation, survival, and differen-
tiation.*” Aberrant activation of mutant KRAS results in the
constitutive activation of this signaling pathway, which enhances
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the growth, survival and migration of pancreatic cancer cells.*”
The oncogenic mutant KRAS also activates the PI3K-AKT/
mTOR pathway that plays many critical roles in tumorigene-
sis.'”!"" Importantly, we and others have demonstrated that
KRAS-induced persistent activation of both MEK-ERK and
PI3K-Akt pathways confers resistance to radiation and chemo-
therapy in pancreatic cancer.”'*'* Although radiation therapy
significantly improves local control in pancreatic cancer, radia-
tion induces an activation of the MEK-ERK pathway, possibly
promoting the proliferation and survival of tumor cells in
vitro.">'>"” Because there are apparent difficulties in targeting
deregulated KRAS activity in pancreatic cancer, we and others
have recently investigated the radiosensitizing potential of MEK
inhibitors both 77z vitro in tumor cell lines and 77 vivo in mouse
models.'>'®?  Although multiple MEK1/2 inhibitors have
exhibited promising outcomes in preclinical studies, many early
trials did not demonstrate benefit from MEK1/2 inhibition.*'
This may be due to a narrow therapeutic window to spare non-
tumor cells that rely on ERK1/2 signaling for their survival with
older generation MEK inhibitors or lack of significant efficacy in
unselected populations. However, more recent trials with more
modern MEK1/2 inhibitors have shown substantial efficacy or
improvements in clinical outcomes in BRAF/NRAS mutated
melanoma, or KRAS mutated non-small cell lung cancer.?**’

A clinically useful MEK inhibitor is expected to produce pro-
longed MEK inhibition in tumor cells with minimal systemic
toxicity resulting from targeting of non-tumor cells. To this end,
GSK1120212 (GSK212 or trametinib), a potent and selective

allosteric inhibitor of MEK1/2, has shown very promising antitu-
mor activity in BRAF-driven melanoma.”>*” This ATP-non-
competitive inhibitor produces sustained inhibition of ERK1/2
activity in human tumor cell lines expressing oncogenic BRAF
and RAS in vitro and suppresses ERK1/2 activity in multiple
tumor models when orally delivered in a single dose per day.?®

While MEK1/2 inhibitors have shown activity pre-clinically as a
radiosensitizer, a better characterization of the DNA repair pathways
altered by MEK inhibition is needed. In the current study, GSK212
has been evaluated for its radiation sensitizing potential 77 vitro in
human pancreatic cancer cells. DNA double-strand break (DSB) is
recognized as the primary mechanism for radiation-induced tumor
cell killing through the formation of chromosomal aberrations.””
Homologous recombination (HR) and non-homologous end-join-
ing (NHE]) are the 2 major pathways for repairing DSBs in mam-
malian cells and radioresistance is associated with upregulation of
these pathways.”® Currendly it is not clear whether MEK1/2 inhibi-
tors sensitize cancer cells to radiation through alteration of DNA
repair pathways. Here, we report that GSK212 significantly downre-
gulates activity of both HR and NHE] pathways through various
DNA repair intermediates, thereby conferring radiosensitization to
human pancreatic cancer cells.

Results

GSK212 produces dose- and time-dependent inhibition of
ERK1/2 phosphorylation/activation and radiosensitization in
multiple pancreatic cancer cell
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Figure 1. GSK212 is a potent MEK-1/2 inhibitor, demonstrating dose and time dependent inhibition of ERK-1/2.
(A) Western blot images showing expression of total ERK-1/2 and phospho-ERK-1/2 in MIAPaCa-2 and AsPC1
cells treated for 1 hour with increasing doses of GSK212. ERK-1/2 activity is potently inhibited at 5-10 nM. (B)
Western blot images showing rapid inhibition of ERK-1/2 activity within 30 min of treatment with 10 nM
GSK212 that is sustained throughout 24 hours. C= control (DMSO). Multiple independent experiments were
performed which showed similar results.

3714 Cell Cycle

and that complete inhibition was
sustained for 24 hr in the
continuous  presence of the
inhibitor (Fig. 1B). Similar results

were obtained with additional
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pancreatic cancer cell lines (AsPC1 and BxPC3). These data
clearly demonstrate that GSK212 at 10 nM concentration acts as
an effective inhibitor of MEK1/2 with rapid and potent suppres-
sion of ERK1/2 activity 7z vitro in the pancreatic cancer cell lines
examined.

To determine the radiosensitizing potential of GSK212 in
MIAPaCa-2 cells under conditions where ERKI1/2 activity
remained fully suppressed, radiation clonogenic survival assays
were carried out. Our results found that treatment of MIAPaCa-
2 cells for 1 hr with a low-dose of 10 nM GSK212 prior to deliv-
ering radiation (Fig. 2A) or 1 hr after irradiation (Fig. 2B) failed
to radiosensitize cells in the continuous presence of GSK212 for
24 hr. However, when pretreated with 10 nM GSK212 for 24 hr
(Fig. 2C) or 48 hr (Fig. 2D), MIAPaCa-2 cells became sensitized
to radiation. These observations were confirmed in 2 other pan-
creatic cancer cells lines, AsPC-1 and BxPC-3 (Fig. S1IA-B). As a
control, GSK212 (10 nM) treatment for 48 hr prior to irradia-
tion failed to radiosensitize a normal small intestinal epithelial
cell line FHs74Int (Fig. S1C).

Taken together, these data demonstrate that GSK212 at
5-10 nM concentrations completely inhibited the constitutive acti-
vation of ERK1/2 by 1 hr, and

Efficient repair of DNA damage induces resistance to
radiotherapy in cancer cells. The histone variant H2AX is a
critical component of DNA repair process, which is rapidly
phosphorylated by phophatidyl-inositol-3-kinase-like family
Ser/Thr kinases including ATM, ATR and DNA-PK, on a
unique C-terminal serine residue (Ser-139) to form yYH2AX
foci at nascent DSB sites.>? This is required for the mobiliza-
tion of DNA repair proteins to the DSB sites.”> Thus, an
accumulation of a large number of YH2AX molecules creates
a focus at an individual DSB site, which allows the detection
of DSBs with anti-yH2AX antibody.>* As DSBs are repaired,
YH2AX foci are resolved. Here, the impact of GSK212
(10 nM) pretreatment for 24 hr on yH2AX foci resoluton
was determined in MIAPaCa-2 and AsPC-1 cells at 1, 6,
and 24 hr after 3 or 6 Gy radiation. We found that
GSK212 pretreatment for 24 hr (followed by its continuous
presence) delayed the
YH2AX foci in multiple pancreatic cancer cell lines at 6
and 24 hr, suggesting that MEK1/2 activity is required for
efficient repair of radiation-induced DSBs in pancreatic can-

cer cells (Fig. 3B-D).
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Figure 2. Prolonged MEK1/2 inhibition is required for effective radiosensitization. MIAPaCa-2 cells treated with
10 nM GSK212 or DMSO (“0 nM”) for 1 hour before radiation (A) or 1 hour after radiation (B) does not result in
radiosensitization in clonogenic survival assays. However, pretreating cells with GSK212 for 24 (C) or 48 (D)
hours prior to radiation results in significant radiosensitization. In all cases, GSK212 was left on for an additional
24 hours after radiation before removal from the medium. (*p <0.01; **p<0.001) For all assays, multiple inde-
pendent experiments were performed which showed similar results.
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Effect of GSK212-mediated MEK1/2 inhibition on DSB
repair by HR

Since the development of radioresistance in human tumor
cells can be caused by an up-regulation of DSB repair path-
ways, we examined the impact of GSK212 on both HR and
NHE] repair pathways in irradiated MIAPaCa-2 and AsPC-1
cells. BRCA1, encoded by the breast cancer associated gene 1
(BRCAI), plays an essential role in the HR repair pathway,
and has controversial roles in the NHE] and nucleotide exci-
sion repair pathways.’>*>® In vitro studies reveal that BRCA1
deficiency is associated with increased radiosensitization result-
ing from defects in the HR repair pathway.”” Moreover,
embryonic fibroblasts derived from BRCAI™'~ mice are sus-
ceptible to radiation, implicating a central role of BRCA1 in
DNA repair.3 % These findings prompted us to examine the
effects of GSK212 on radiation-induced BRCA1 foci forma-
tion in the nuclei of MIAPaCa-2 and AsPC-1 cells. Our data
reveal that MEK1/2 inhibition in pancreatic cancer cells caused
a substantial reduction in nuclear BRCA1 foci after irradiation

(Figs. 4A-B). These data demonstrate that BRCAI foci
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Figure 3. GSK212 treatment attenuates cellular DNA repair mechanisms. (A) Pretreatment of MIAPaCa-2 cells
with 10 nM GSK212 for 24 hours prior to 10 Gy results in delayed repair compared to DMSO-treated cells, as
measured 4 hours after radiation with a neutral comet assay (*p <0.05). Inset shows representative photos
of comet tails taken with fluorescence microscopy at 4 hr after 10 Gy. (B-C) Pre-treatment of MIAPaCa-2 (B)
or AsPC-1 (C) cells with 10 nM GSK212 for 24 hr followed by 3 or 6 Gy results in delayed resolution of nuclear
yH2AX foci at 1, 6, and 24 hr after radiation compared to DMSO-treated (“Ctrl”) cells. (*p<0.001) (D) Repre-

sentative photos of yH2AX foci at 24 hr after radiation for DMSO or 10 nM GSK212-treated MIAPaCa-2 cells.
For all assays, multiple independent experiments were performed which showed similar results.
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3Gy 6Gy be visualized by immunofluores-
cence microscopy as RAD5I1
foci.”® Because overexpression of

DMSO GSK212

RAD51 upregulates the HR repair
process and increases radioresist-
ance in eukaryotic cells,* we
examined if GSK212 compro-
mises RAD51 foci formation in
irradiated pancreatic cancer cells.
We found that GSK212 also sig-
nificantly decreased the number of
RADS51 foci after irradiation of
MIAPaCa-2 cells (Fig. S2).

To further demonstrate that
GSK212-mediated MEK1/2
inhibition suppresses HR repair

in irradiated pancreatic cancer
cells, we used a previously vali-

dated MIAPaCa-2 stable

line bearing a green fluorescent

cell

protein (GFP) reporter construct
DR-GFP.*'  This  DR-GFP
construct measures homology-
directed repair of I-Scel endonu-
clease-induced DSBs within the
genome-integrated DR-GFP reporter construct.*> MIAPaCa-
2-DR-GFP cells were infected with adenovirus expressing
I-Scel, to measure HR repair activity in the presence and
absence of GSK212, by determining the percentage of GFP-
positive cells 42 hr post-infection by flow cytometry. Our
data confirm that GSK212 markedly decreased functional
HR repair in cells when MEK1/2 inhibition occurred at the
time of DNA damage induced by I-Scel, compared with
MEK1/2 inhibition applied after induction of DNA damage
(Fig. 4C, D).

Taken together, our data demonstrate that GSK212-mediated
radiosensitization of pancreatic cancer cells is associated with the
downregulation of DSB repair activity through the HR repair
pathway.

Effect of GSK212-mediated MEK1/2 inhibition on DSB
repair by NHE]

NHE] is another dominant repair pathway for radiation-
induced DSBs in mammalian cells in which Ku70/Ku80 hetero-
dimer recruits the catalytic subunit of DNA-dependent protein
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Figure 4. MEK1/2 inhibition results in attenuation of homologous recombination DNA double strand break repair. (A-B) Pre-treatment of MIAPaCa-2 (A)
or AsPC-1 (B) cells with 10 nM GSK212 for 24 hr followed by 3 or 6 Gy results in defects in the formation of nuclear BRCA1 foci at 1, 6, and 24 hr after radi-
ation compared to DMSO-treated (“Ctrl”) cells. (*p <0.001) (C) MIAPaCa-2-DR-GFP cells were treated with 5 p.L of I-Scel adenovirus to induce DNA dou-
ble-strand breaks in the target DNA recognition sequence, and subjected to flow cytometry either in the presence of DMSO (vehicle), or 10 nM GSK212
for either 24 hr (“late GSK212") or 42 hr (“early GSK212"). Red indicates the presence of GSK212 in the medium of cells in the schematics accompanying
each panel. Percent GFP-positive cells were quantified by flow cytometry. Note that early treatment of GSK212, but not late treatment, results in defects
in functional HR repair as measured by a decrease in the %GFP positive cells compared to DMSO-treated cells (15.5% DMSO, 16.3% late GSK212, 6.6%
early GSK212). (D) Mean of 3 independent experiments shown, which independently showed similar results.

kinase catalytic subunit (DNA-PKcs) to DSB sites. Subsequent
dimerization of DNA-PKcs upregulates its catalytic activity
through autophosphorylation and phosphorylation of other pro-
teins involved in the NHE] repair process.””*>** Since upregula-
tion of DNA-PK enhances the DSB repair process rendering
tumors radioresistant in preclinical ** and clinical studies,****
we determined the effects of GSK212 on radiation-induced
DNA-PK foci formation in MIAPaCa-2 and AsPC-1 cells. We
noted that GSK212 significantly increased the presence of DNA-
PK foci at various time points after radiation in both cell lines,
including persistence of nuclear foci at 6 and 24 hr after radiation
(Figs. 5A-B).

Another common marker of NHE] repair is the 53BP1 pro-
tein. DSBs induce a rapid co-localization of the p53-binding pro-
tein 53BP1 with yH2AX and other DNA repairing proteins
including BRCA1 to form discrete nuclear foci.*”*® Because

51,52

mice lacking 53BP1 are highly susceptible to radiation, we
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sought to determine the effects of GSK212 on radiation-induced
53BP1 foci formation in MIAPaCa-2 and AsPC-1 cells. Here,
we found that the kinetics of radiation-induced 53BP1 foci reso-
lution were also altered by GSK212 treatment in both cell lines
compared to DMSO-treated cells (Fig. S2). These results paral-
leled those observed with DNA-PK, with more 53BP1 foci
observed after radiation. Taken together, these data initially sug-
gested to us that activation of NHE] was compensating for loss
of HR repair activity, or that kinetics of DNA repair through
NHE] were altered/delayed.

To more directly determine whether GSK212 induces radio-
sensitivity by altering NHE] repair, a fluorescent reporter con-
struct that allows sensitive and quantitative measurement of
NHE] repair was employed. Similar to the DR-GFP construct
for HR activity, this construct (Pem-1-NHE]) contains an engi-
neered GFP gene containing recognition sites for I-Scel endonu-
clease for induction of DSBs, which does not express GFP in the
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Figure 5. MEK1/2 inhibition attenuates non-homologous end joining repair DNA double strand break repair. (A-B) Pre-treatment of MIAPaCa-2 (A) or
AsPC-1 (B) cells with 10 nM GSK212 for 24 hr followed by 3 or 6 Gy results in an increase in nuclear DNA-PK foci at 1, 6, and 24 hr after radiation in
DMSO-treated (“Ctrl”) cells. (*p <0.001) (C). MIAPaCa-2-Pem1-GFP cells were treated with 5 L of I-Scel adenovirus to induce DNA double-strand breaks
in the NHEJ reporter construct, and subjected to flow cytometry either in the presence of DMSO (control), or 10 nM GSK212 for either 24 hr (“late
GSK212") or 40 hr (“early GSK212"). Percent GFP-positive cells were quantified by flow cytometry. Note that early treatment of GSK212 (but not late treat-
ment) results in defects in functional NHEJ repair as measured by a decrease in the %GFP positive cells compared to DMSO-treated cells (8.7% DMSO,
3.1% late GSK212, 2.7% early GSK212). (D) Mean of 4 independent experiments shown, which independently showed similar results.

absence of NHE] repair of I-Scel-induced DSBs. Successful
repair of DSBs by NHE] repair results in GFP expression, and
the number of GFP positive cells counted by flow cytometry pro-
vides a quantitative measure of NHE] repair activity.”® We cre-
ated stable MIAPaCa-2-Pem1-GFP cells (clone N4) and
validated reporter activity with a DNA-PK inhibitor, NU-7441
(Fig. $4). Next, we tested MIAPaCa-2-Pem1-GFP cells with
GSK212 to determine the effects of MEK1/2 inhibition on
NHE] repair. We found that GSK212 also significantly attenu-
ated NHE] repair both when MEK was inhibited at the time of
DNA damage or after, suggesting that GSK212 also acts as an
effective inhibitor of NHE] repair in pancreatic cancer cells (Fig-

s. 5C,D).

GSK212 downregulates the phosphorylation and expression
of multiple DSB repairing proteins

To further elucidate the biochemical mechanisms underly-
ing GSK212-mediated radiosensitization of pancreatic cells,
we evaluated the alterations in expression/activation of a

3718

Cell Cycle

number of key proteins that are involved in the global DNA
damage response and repair pathways. For example, BRCAL is
phosphorylated on specific serine residues in response to radia-
tion, and is differentially regulated in S- and G2/M phases of
the cell cycle. Ionizing radiation induces phosphorylation of
Ser-988/Ser-1524 on BRCAL1 during the S phase and of Ser-
988/Ser-1423 during the G2/M phase, which is catalyzed by a
number of Ser/Thr kinases that include ATM, ATR, cdk2,
and Chk2.>* We found that GSK212 pretreatment for 24 h
markedly decreased total BRCAL1 expression (and therefore the
presence of radiation-induced phosphorylation of BRCA1 on
Ser-1524) in MIAPaCa-2 cells (Fig. 6A, B). Interestingly,
RAD51 expression was also markedly decreased in the pres-
ence of GSK212 (Fig. 6A). With regard to NHE] repair, ion-
izing radiation induces rapid phosphorylation of DNA-PKcs
on Thr-2609 cluster and on Ser-2056, which is critical for the
repair of DSBs.”> Our data also show that GSK212 pre-treat-
ment decreased total DNA-PK expression (and therefore the
presence of radiation-induced phosphorylation of DNA-PK on
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Ser-2056) in MIAPaCa-2 cells
under the conditions
(Fig. 6A). 53BP1
expression was upregulated in
cells treated with GSK212.
Ribonucleotide reductase (RR)
catalyzes the synthesis of deoxyri-
bonucleoside triphosphates neces-
sary for both DNA synthesis and
DNA repair, and is a heterodimer
consisting of 2 subunits, M1 and
M2.5¢ RRM2 expression increases
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with the progression of cell cycle
while the RRMI1

remains at a steady-state level

expression

A DMSO (24 hrs)  GSK212 (24 hrs)
HrsafterRT(6Gy) 0 1 2 4 612 24 0 1 2 4 6 12 24
pBRCA1 (51524) l------..-. J

™ am I

R

53BP1 ‘—-----.--.-.!
RADS] [ 0 = o o ]

pChk1(5345) [ -..‘ -“* - - u--d

B
DMSO (24 hrs) GSK212 (24 hrs)
Time after RT (6Gy] o 15m 30m thr 2Zhr 0 15m 30m 1hr Zhr

pBRCAL lSISZd—]F s — — - —‘

pChk1 {5345}[ - ‘

pChk2 (T68) ‘ e e~ S —— .._.‘

pP53 (515) ‘ e i —— ——-“

PATR (5428) ‘-—-- ===

pATM(Slgsl}[ e

|
P-actin '__-Il

GAPDH

throughout the cell cycle.”” We

found that RRM2 baseline and

radiation-induced expression were
markedly decreased by GSK212
pretreatment of MIAPaCa-2 cells
when compared with RRMI
expression (Fig. 6A). We have
also examined the effects of

dent of ATM, ATR, p53, or Chk2.

Figure 6. MEK1/2 inhibition results in inactivation or loss of multiple DNA repair pathway intermediates
including BRCA1, DNA-PK, RRM2, RAD51, and Chk1. MIAPaCa-2 cells were pre-treated with DMSO (control) or
GSK212 for 24 hr then radiated with 6 Gy. (A) At 0, 1, 2, 4, 6, 12, and 24 hours after 6 Gy, lysates were made
and subjected to immunoblotting. Note the loss of radiation-induced activation of BRCA1 and DNA-PK, as
well as loss of RRM2. (B) At 0.25, 0.5, 1, and 2 hr after 6 Gy, lysates were made and subjected to immunoblot-
ting. Note the attenuation or loss of radiation-induced activation of BRCA1 and Chk1, that appears indepen-

GSK212 pretreatment on total
Chkl, as well as the early phos-
phorylation status of Chkl (Ser-
345), Chk2 (Thr-68), p53 (Ser-15), ATR (Ser-428), and ATM
(Ser-1981), which are involved in the initial regulation of DNA
damage response.”® Our data show that under the present experi-
mental conditions, only total and phospho-Chkl were signifi-
cantly attenuated by GSK212 treatment of MIAPaCa-2 cells,
with the Chk2 and p53 pathways largely unaffected (Fig. 6A, B).
This reduction in Chkl phosphorylation persisted throughout 24
hr (Fig. 6A). Earlier studies have shown that phosphorylation of
Chkl on Ser-317 and Ser-345 catalyzed by the upstream kinase
ATR is critical for checkpoint activation in the S-phase and DNA
damage response in the G2-phase.”®> We therefore evaluated
this kinase as well at the ATM kinase which activates Chk2 after
radiation, but detected no differences in the activation state of
either kinase (Fig. 6B).

Together, our data reveal that MEK1/2 inhibition led to the
downregulation of multiple intermediates of the DSB repair
pathways, including BRCA1, RAD51, DNA-PK, RRM2, and
Chk-1 in irradiated cells, providing potential mechanisms for
GSK212-mediated radiosensitization.

Discussion

The use of chemotherapy and radiotherapy remains a stan-
dard practice for the treatment of unresectable pancreatic can-
cer. In addition, radiation is often utilized in the post-
operative management of resectable pancreatic cancer. Despite
this, patient outcomes for pancreatic cancer remain dismal.
Since KRAS acquires an activating oncogenic mutation in
almost all pancreatic cancer, which activates downstream
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signaling pathways (RAF-MEK-MAPK and PI3K-Akt), con-
ferring resistance to radiotherapy as well as chemotherapy,
there is an urgent need for optimizing the current therapeutic
regimens by incorporating novel agents that sensitize malig-
nant cells to radiation and/or chemotherapy. To this end, a
number of MEK inhibitors have shown promising outcome in
preclinical studies and clinical trials in different disease
sites.'®242%28 I pancreatic cancer preclinical studies, the use
of MEK inhibitors seems to show some promise either alone
or in combination with other agents, such as STAT3 inhibi-
tors or CDKA4/6 inhibitors.®*®> These combinations have
been shown to be highly effective and synergistic in certain
models, resulting in potent inhibition of tumor cell growth. A
number of preclinical studies have demonstrated the benefit of
MEK1/2 inhibition in combination with radiation with vari-
ous types of MEK-1/2 inhibitors.">'®'>%% This finding has
led to the development of a number of phase I clinical trials in
the United States testing the addition of MEK1/2 inhibition
in combination with radiation for rectal, lung, and brain can-
cer (NCT01912625; NCT02015117; NCT01740648).
GSK212 (trametinib or Mekinist'™) is a novel and potent
MEK-1/2 inhibitor, and is FDA-approved for the treatment
of BRAF V600E or V600K mutated melanoma.>>® One of
the advantages of using newer generation MEK1/2 inhibitors
such as GKS212, is that they are highly selective for their tar-
gets by virtue of binding to a unique pocket that is adjacent
to, but distinct from, the ATP-binding site. This offers the
potential for less mutation rates compared to other small
molecule inhibitors which bind to the ATP-binding site. Fur-
thermore MAP kinases ERK1 and ERK2 are the only known
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substrates for the MEK isoforms highlighting their tight spec-
ificity.®*®> Thus, blocking MEK1/2 will likely result in fewer
off-target un-intended effects.

The goal of the current study was to evaluate the radiosensitiz-
ing potential of a GSK212 in pancreatic cancer cells, which has
shown promising efficacy in BRAF-mutated melanoma.?>?® Our
key findings reported in this article are the following ones: (1)
MEK-1/2 inhibition by GSK212 radiosensitizes multiple pancre-
atic cancer cell lines including MIAPaCa-2 and AsPC-1, which
both have KRAS oncogenic mutations (G12C and GI12D,
respectively) 66:67 () Longer treatment time with GSK212 is
required for effective radiosensitization (which has implications
for clinical implementation); (3) GSK212-mediated radiosensiti-
zation is caused by functional inhibition of both HR and NHE]
repair pathways resulting in delayed DNA repair as evidenced by
comet assay and persistent YH2AX expression; and (4) GSK212-
mediated MEK1/2 inhibition decreases the expression of estab-
lished proteins directly or indirectly involved in DSB repair or
DNA damage response signaling, which include BRCAI,
RAD51, DNA-PK, RRM2, and Chk-1. These data support the
clinical investigation of GSK212 in combination with radiation
for pancreatic cancer, which harbors high rates of KRAS activat-
ing mutations which promote radioresistance. Furthermore, our
data suggest that p-BRCA1 (S1524), BRCA1, RAD51, p-DNA-
PK (52056), DNA-PK, RRM2, Chkl1, and pChk1 (§345) might
serve as useful biomarkers to predict the clinical efficacy of
GSK212 in clinical trials.

lonizing radiation kills tumor cells largely by inducing DSBs
in DNA leading to genomic instability, apoptosis, or post-
mitotic death. These DSBs are primarily repaired by HR and
NHEJ.>® However, we and others have observed that radiation
also induces MEK-ERK and PI3K-Akt pathway activation,
which provides both proliferation and survival signals in pancre-
atic cancer cells rendering them radioresistant, as blocking either
or both of these pathways induces radiosensitization.'” Up-regu-
lation of DNA repair pathways is recognized as a primary
acquired mechanism by which malignant cells become radiore-
sistant. In accord with this notion, we found that a potent and
specific MEK1/2 inhibitor GSK212 radiosensitizes pancreatic
cancer cells by inhibiting the repair of radiation-induced DSBs,
by functionally decreasing efficacy of both HR and NHE] path-
ways, which is a novel finding.

Our data reveal that GSK212 significantly reduces the
number of nuclear foci formed by both BRCA1 and RAD51,
demonstrating that the HR repair pathway is impaired by
MEK1/2 inhibition. These observations were confirmed by
using HR-specific functional reporter constructs in pancreatic
cancer cells. Our initial data on DNA-PK and 53BP1 foci
suggested to us that the cancer cells up-regulated NHE] activ-
ity in order to compensate for reductions in HR activity with
GSK212  treatment. on further evaluation, we
found that the NHE] repair pathway is also inhibited by
GSK212 as assessed by a specific and well-characterized func-
tional NHE] reporter.”® Further confirmation of the NHE]
functional reporter data was provided by immunoblotting,
which showed that GSK212 treatment resulted in significant

However,
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reductions in DNA-PK and pDNA-PK expression, a critical
NHE] repair protein.

With regard to homologous recombination, RAD51 is an
important component of HR-mediated DNA repair, as
RAD51  over-expression results in increased homologous
recombination repair and resistance to radiation.** RAD51
has been shown to be overexpressed in the majority of pan-
creatic cancer, providing further rationale for the approach of
combining GSK212 with radiation.®* Our data also show
that BRCAI-foci formation was significantly impaired when
GSK212-treated pancreatic cancer cells are exposed to radia-
tion. G2/M cell cycle arrest is one of the multiple functions
BRCA1 performs in the cellular response to DNA damage
through its interactions with different protein partners.®® Tt
has been previously shown that suppression of ERK1/2 activ-
ity using MEK1/2-specific inhibitor U0126 induces inhibi-
tion of BRCAI-mediated G2/M cell cycle arrest in breast
cancer cells, indicating that ERK1/2 activity is required for
G2/M arrest.®” This study has further established that ERK1/
2 inhibition through MEK1/2 inhibition abrogated the effects
of BRCA1 on components of the G2/M checkpoint, includ-
ing activation of Chkl kinase. Our data reveal that GSK212-
mediated ERK1/2 inhibition impairs the phosphorylation/
activation of BRCA1 and Chkl in pancreatic cancer cells,
suggesting that GSK212-mediated ERK1/2 inhibition pre-
vents proper radiation-induced G2/M checkpoint arrest to
allow for proper DNA repair. Presumably, this could lead to
lethal genomic events, as unrepaired DNA damage results in
post-mitotic cell death. This notion is supported by an earlier
study demonstrating that MEK2 activation is essential for
progression through the G2/M checkpoint arrest in cells that
are exposed to ionizing radiation.”’

Likewise, both RRM2 and Chkl have roles in DNA repair.
RRM2 is upregulated after DNA damage, and has been shown
to be important for mediating repair of a broad array of DNA
damage induced by ultraviolet radiation, ionizing radiation, gen-
otoxic stress, or genotoxic compounds such as camptothecin or
doxorubicin.”"”* Interestingly, Chk1 activation appears impor-
tant for DNA damage induced upregulation of RRM2.”" Fur-
thermore, RRM2 expression is up-regulated by oncogenic KRAS
and controls tumor cell proliferation, while downregulation of
RRM2 can sensitize cells to genotoxic compounds like gemcita-
bine, an inhibitor of RRM1.”>”* Chk1 has also been shown to
be important in DNA repair, as Chkl1 inhibition results in pan-
creatic cancer cell radiosensitization, through loss of the G2 cell
cycle checkpoint and inhibition of HR repair, as mentioned
above. ! Together, these proteins have defined roles in DNA
damage response signaling to promote DNA repair, and whose
function is down-regulated by MEK-1/2 inhibitors.

In summary, our data demonstrate that sustained suppression
of constitutive (resulting from activating KRAS mutation) and
radiation-induced activation of ERK1/2 by the MEK1/2-specific
inhibitor GSK212 sensitizes pancreatic cancer cells (but not nor-
mal small intestinal epithelial cells) to radiation by impairing
proper DSB repair through altering the functionality of both HR
and NHE] pathways. Together with the i vivo data previously
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published for MEK inhibition in combination with radiation for
pancreatic cancer,'* these data support the development of a clin-
ical trial combining MEK-1/2 inhibition and radiation for the
treatment of pancreatic cancer.

Materials and Methods

Antibodies, chemicals, and cell culture

The human pancreatic adenocarcinoma cell lines MIAPaCa-2,
AsPC-1, BxPC3, and FHs74Int were obtained from American
Type Culture Collection (Manassas, VA) and were maintained at
37°C in 5% CO2 in DMEM media (MIAPaCa-2, FHs74Int) or
RPMI 1640 (AsPC-1 and BxPC3), and supplemented with 10%
fetal bovine serum (Hyclone, Logan, UT) and penicillin/strepto-
mycin (Life Technologies, Grand Island, NY). GSK1120212
(GSK212) (ChemieTek, Indianapolis, IN) was dissolved in
DMSO and added to the cells for 48 hours unless stated differ-
ently. Total ERK-1/2, phospho-ERK-1/2 (Thr202/Tyr204),
phospho-BRCA1(Ser1524), phospho-DNAPK(Ser2056), total
BRCAI1, total DNAPK, phospho-H2AX, RADS51, 53BPI1,
RRM1,RRM2, phospho-Chk1(Ser345), phospho-Chk2(T68),
phospho-p53(Ser15), phospho-ATR(Ser428), phospho-ATM
(Ser1981) and { actin antibodies were purchased from Cell Sig-
naling Technology (Danvers, MA).

Immunoblotting

Immunoblotting was performed as described previously.”
Briefly, cell lysates were prepared using RIPA buffer (Thermo-
Fisher, Waltham MA) supplemented with 1x protease (Com-
plete, Roche, Indianapolis, IN) and phosphatase inhibitors
(PhosSTOP, Roche, Indianapolis, IN, Roche) followed by pro-
tein quantification by the Dc protein assay kit (Bio-Rad, Hercu-
les, CA). Equal amounts of protein were loaded and resolved by
SDS/PAGE and transferred to nitrocellulose membranes. Pri-
mary antibodies were allowed to bind overnight at 4°C, and used
at a dilution of 1:500-1,000. After washing in TBS-Tween,
membranes were incubated with horseradish peroxidase-conju-
gated secondary antibodies diluted 1:2,500-1:5,000 for 1 hour.
Membranes were washed with TBS-Tween and incubated for 1
minute with enhanced chemiluminescence reagent (Immobilon,

Millipore, Billerica, MA) prior to film exposure.

Radiation Clonogenic Assays

Cells were trypsinized to generate single cell suspensions and
seeded onto 60 mm tissue culture plates in triplicate. Cells were
incubated with DMSO or GSK212 at the indicated times and
then irradiated with various doses (0-8 Gy). Twenty-four hours
after radiation, medium was changed to remove DMSO or
GSK212. Ten to 14 days after seeding, colonies were fixed with
Methanol/Acetic Acid, stained with 0.5% crystal violet and the
numbers of colonies or colony forming units (CFU) containing
at least 50 cells were counted using a dissecting microscope (Leica
Microsystems, Inc.. Buffalo Grove, IL) and surviving fractions
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calculated. Experiments were repeated multiple, independent
times.

Experimental Radiation

Irradiation was performed essentially as described previously
with 160kV, 25mA at a dose rate of approximately 113c¢Gy/min
using a RS-2000 biological irradiator (RadSource,GA).”>

Neutral Comet Assay

Cells were treated with DMSO or GSK212 for different time
points as stated. Neutral comet assay was performed according to
the manufacturer’s protocol (Trevigen, USA). Briefly, cells were
suspended and mixed with low melting-point agarose at 37°C.
The mixture was pipetted onto slides and placed in the dark at
4°C for 10 minutes. Slides were immersed in cold lysis solution
overnight at 4°C. On the next day, slides were immersed in
50 ml of cold Neutral Electrophoresis Buffer for 30 minutes.
Neutral electrophoresis was performed at 110 milliAmps, 21
Volts for 45 minutes. Slides were then placed in DNA Precipita-
tion Solution for 30 minutes at room temperature followed by
70% ethanol for 30 minutes. Samples were dried at 37°C and
then diluted SYBR Gold was added to them. Slides were then
briefly rinsed and dried completely. Slides were viewed by epi-
fluorescence microscopy. At least 50 cells were counted and
imaged. CometScore software (TriTek Corp, Sumerduck, VA)

was used to quantify the average tail moment.

Immunofluorescence for Nuclear Foci

For phospho-H2AX and o tubulin: Cells plated on coverslips
were fixed with 2% paraformaldehyde, permeabilized with 1%
Triton X-100 and blocked with 3% bovine serum albumin
(BSA) in PBS. Cells were stained with anti-phospho-H2AX (Cell
Signaling, Danvers, MA) or a-tubulin (Sigma, St. Louis, MO),
washed and incubated with a fluorophore-conjugated secondary
antibody (Biotium, Hayward, CA).

For 53BP1, BRCA1, and DNA-PK: Cells were fixed with 3%,
4%, and 2% paraformaldehyde, respectively, then permeabilized
with 0.2-1% Triton X-100 and blocked with 3% BSA in PBS.
10% BSA was used for BRCAIL. Cells were stained with anti-
53BP1 (Cell Signaling, Danvers, MA), anti-BRCA1 (Santa Cruz
Biotechnologies, Santa Cruz, CA), or anti-DNA-PK (AbCam,
Cambridge, MA) followed by fluorophore-conjugated secondary
antibody.

For RAD51: Cells were fixed with 4% paraformaldehyde, per-
meabilized with 0.25% Triton X-100 and blocked in 1% goat
serum in PBS. Anti-RAD51 (Santa Cruz) was used followed by a
fluorophore-conjugated secondary antibody.

Slides were examined on a Zeiss fluorescence microscope. For
each experiment the total number of foci per cell was determined
in at least 100 cells.
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Flow cytometry

A stable clone of MIAPaCa-2 cells transfected with the
pDR-GFP plasmid has been previously characterized,*' and
was used to measure HR activity. In order to measure NHE]
activity, stable clones of MIAPaCa-2 cells transfected with
NHE]-GFP-PEM1 plasmid (generously provided by V. Gor-
bunova), were created by transient transfection using Lipo-
fectamine 2000 and selection with 1 mg/mL G418 according
to a previously published protocol.”> NHEJ-GFP-PEM1
clones were selected based on identifying clones with the
highest percentage of green fluorescent protein (GFP) positiv-
ity 24 hr after infection with the adenovirus AANGUS24i
using flow cytometry analysis. In addition, the NHE]J-GFP-
PEMI construct was validated in MIAPaCa2 cells by treat-
ment with an inhibitor of NHE]J, NU-7441 (Selleckchem,
Houston,TX) as described. For the experiments, MIAPaCa2-
DR-GFP or -NHE]-GFP-PEMI1 cells were treated with ade-
novirus expressing the I-Scel restriction enzyme that induces
double-strand DNA  breaks in the recognition sequence
within the reporter construct. Cells were also pretreated with
DMSO or GSK212 using different variations in scheduling
as described. Cells were then washed with ice-cold PBS and
fixed in cold 1% formaldehyde solution for 30 minutes. Cells
were then washed and I-Scel-induced homologous recombi-
nation (HR) and non-homologous end-joining (NHE]) were
measured by flow cytometry as the percentage of GFP posi-
tive cells. Cells were sorted through BD LSR II flow
cytometer.

Data Analysis

Data are presented as the mean =+ standard error of the mean
(s.e.m.) for clonogenic survival and foci experiments. Statistical
comparisons were made between the control and experimental
conditions using the unpaired 2-tailed Student’s ztest with sig-
nificance assessed at p-values <0.05.
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