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ABSTRACT

KRAS-activating mutations are oncogenic drivers
and are correlated with radioresistance of multi-
ple cancers, including colorectal cancer, but the
underlying precise molecular mechanisms remain
elusive. Herein we model the radiosensitivity of
isogenic HCT116 and SW48 colorectal cancer cell
lines bearing wild-type or various mutant KRAS iso-
forms. We demonstrate that KRAS mutations indeed
lead to radioresistance accompanied by reduced
radiotherapy-induced mitotic catastrophe and an ac-
celerated release from G2/M arrest. Moreover, KRAS
mutations result in increased DNA damage response
and upregulation of 53BP1 with associated increased
non-homologous end-joining (NHEJ) repair. Remark-
ably, KRAS mutations lead to activation of NRF2 an-
tioxidant signaling to increase 53BP1 gene transcrip-
tion. Furthermore, genetic silencing or pharmacolog-
ical inhibition of KRAS, NRF2 or 53BP1 attenuates
KRAS mutation-induced radioresistance, especially
in G1 phase cells. These findings reveal an impor-
tant role for a KRAS-induced NRF2-53BP1 axis in the
DNA repair and survival of KRAS-mutant tumor cells
after radiotherapy, and indicate that targeting NRF2,
53BP1 or NHEJ may represent novel strategies to se-
lectively abrogate KRAS mutation-mediated radiore-
sistance.

INTRODUCTION

RAS genes encode a family of membrane-bound GTP-
binding proteins whose members include HRAS, NRAS

and KRAS (1). Deep sequencing studies have demonstrated
that KRAS mutations are the single most common mutation
in many human cancers, and these mutations result in con-
stitutively active KRAS. KRAS mutations occur with ex-
traordinarily high frequency in pancreatic (>90–95%), col-
orectal (40%) and lung cancers (20%). Under physiological
conditions, KRAS functions as a binary molecular switch,
cycling between an inactive GDP-bound and active GTP-
bound state. In the GTP-bound state, KRAS binds and
activates various downstream effectors to activate signal-
ing pathways important for cell proliferation and survival,
including mitogen-activated protein kinase (MAPK) and
phosphoinositide 3-kinase (PI3K) pathways. Upon point
mutations, most commonly at codons 12 and 13, KRAS
protein becomes constitutively active and acquires onco-
genic properties. Across tumor types, the presence of KRAS
mutations often indicate poor prognosis and predict lack of
response to targeted inhibitors of receptor tyrosine kinases,
such as small molecular inhibitor of epidermal growth fac-
tor receptor (EGFR) or anti-EGFR antibody therapy (2).
Therefore, therapies successfully directed against mutant
KRAS activity would have broad implications in the field of
oncology. However, developing clinically useful inhibitors
of mutant KRAS has proven challenging (3–6). Thus, fo-
cus has been largely on downstream KRAS targets to de-
velop a treatment that abolishes mutant KRAS activity
(7,8). Nevertheless, recent preclinical and clinical data have
shown that the responses of cancer cells to RAF or MEK
inhibitors that act downstream of KRAS are transient, ei-
ther alone or in combination, probably due to the paradox-
ical activation of RAS-extracellular signal-regulated kinase
(ERK) and PI3K-AKT signaling (9,10). Therefore, there re-
mains an urgent need to elucidate the mechanisms of the
resistance of KRAS mutant cancer cells to current thera-
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peutics and find novel targets to ultimately eradicate mutant
KRAS activity clinically.

DNA damage response (DDR) and subsequent activa-
tion of repair pathways serve to protect cells from develop-
ing harmful mutations as a result of replicative stress and ge-
nomic instability (11–13). DDR is also responsible for pro-
tecting cancer cells from DNA damages induced by radio-
therapy and genotoxic chemotherapies. DNA double strand
breaks (DSBs) and single strand breaks (SSBs) are common
after these therapies, with DSBs being the most lethal events
to the tumor cells (14). DSB repair pathways include ho-
mologous recombination (HR) and non-homologous end-
joining (NHEJ). NHEJ is especially critical for repairing
DSBs after radiotherapy and operates throughout the cell
cycle, compared to HR which operates chiefly in late S-
G2 phases (15). Key components initiating the DDR af-
ter DSB and SSBs include ATM and ATR, as well as their
downstream effectors CHK1, CHK2 and p53 (16). Radio-
therapy is an important component of cancer therapy by
improving local control through inducing tumor cell death
and is used to treat patients prior to surgery, after surgery,
or for patients who cannot have surgery due to advanced
disease (17). However, radioresistance often leads to local
failure and metastatic dissemination of cancer cells. There-
fore, it is critical to elucidate mechanisms of radioresistance
in order to engender development of novel radiosensitizers,
thereby improving local control and the outcomes of cancer
patients.

It has been well documented that hyperactivation of
KRAS can lead to development of intrinsic radioresis-
tance in tumor cells. A seminal preclinical study published
in 1988 established that over-expression of KRAS, NRAS
or HRAS induces radioresistance (18). Subsequent stud-
ies demonstrated that KRAS downregulation by siRNA or
chemical inhibitors of farnesylation radiosensitizes tumor
cells (19,20). Because patients are increasingly being tested
for tumor mutations, there is now emerging clinical evidence
that KRAS mutations are associated with resistance to radi-
ation in colorectal and lung cancer (21–24). Most recently, a
phase II clinical study of high-dose radiation for colorectal
cancer metastases showed that KRAS mutations were asso-
ciated with increased risk of failure after radiation (25). In
addition, it has been shown that radiotherapy itself activates
RAS-MAPK signaling in KRAS-mutant cells and that in-
hibition of MAPK signaling can attenuate cell survival after
radiotherapy (26). Importantly, RAS mutations are found
to be associated with increased survival of cancer cells from
oxidative and other genotoxic stress possibly by promoting
direct removal of oxidized nucleotides, DNA base excision
repair (BER) and alternative non-homologous end-joining
(alt-NHEJ) pathway (27–30). In addition, Ras-MEK sig-
naling engages ATR-Chk1 activation in various cancers
to enable their survival upon chemotherapy-induced DNA
damage (31). Expression of wild-type H- and N-RAS al-
ters mutant RAS induced oncogenic signaling and DNA
damage response, further affecting tumor progression and
chemosensitivity (32,33). Despite these studies, there has
been a lack of mechanistic understanding of how cytoso-
lic, mutated KRAS promotes radioresistance, and whether
this occurs through increased nuclear DNA repair activity
or other mechanisms. We hypothesized that KRAS muta-

tions contribute to a poor response to radiation and certain
genotoxic chemotherapies by imparting heightened DNA
DSB repair capabilities to tumor cells, and that these KRAS
mutant-dependent DNA repair pathways can be selectively
targeted in KRAS mutant tumor cells to enhance therapeu-
tic efficacy after radiation.

In this study, we utilized isogenic colorectal cancer
HCT116 and SW48 cell lines bearing wild-type or mutant
KRAS (G12C, G12D, G12V, G13D) to explore the role and
underlying mechanisms of KRAS mutation in the repair of
ionizing radiation-induced DSB. We found that KRAS mu-
tation enhances DNA damage repair by promoting NHEJ.
Mechanistic studies identified that 53BP1, a critical me-
diator of NHEJ, is upregulated in KRAS mutant tumor
cells, and that 53BP1 nuclear foci are rapidly induced in
KRAS-mutant cells after radiation and resolve earlier than
in KRAS wild-type cells. Moreover, 53BP1 depletion pref-
erentially radiosensitizes KRAS mutant cells in vitro, and
stable depletion effectively radiosensitizes tumors in vivo.
Importantly, we demonstrate that KRAS mutation upregu-
lates NRF2 and NRF2-related transcriptional targets, and
that KRAS genetic silencing or chemical inhibition reduces
both 53BP1 and NRF2 expression in KRAS mutant cells.
Furthermore, we show that NRF2 binds to 53BP1 promoter
elements to a greater extent in KRAS mutant cells than
wild-type cells. Finally, genetic or chemical suppression of
NRF2 reduces 53BP1 expression and effectively radiosen-
sitizes KRAS mutant but not KRAS wild-type tumor cells.
Thus, we have identified a KRAS-NRF2-53BP1 oncogenic
transcriptional regulatory pathway that imparts accelerated
DNA repair and survival to KRAS mutant tumor cells after
radiation. These findings suggest that targeting NRF2 and
53BP1 may represent novel strategies to selectively abrogate
KRAS mutant-driven radioresistance.

MATERIALS AND METHODS

Cell culture, chemicals and antibodies

HEK293T cells were obtained from American Type Culture
Collection and maintained in DMEM (Invitrogen, Carls-
bad, CA) with 10% FBS. The paired human colorectal can-
cer cell lines HCT116 KRAS wild-type and G13D mu-
tant cells (KRASWT/−; KRAS−/MUT) were provided by Bert
Vogelstein through the Johns Hopkins Genetic Resources
Core Facility (GRCF) and cultured in McCoy’s 5A (Invit-
rogen) with 10% FBS (GE Healthcare, Chicago, IL) and 1%
penicillin/streptomycin (Life Technologies, Carlsbad, CA).
SW48 KRAS G13D cells (SW48WT/WT; SW48WT/MUT)
were generously provided by Dr. Ching-Shih Chen and were
grown in RPMI1640 (Invitrogen) with 10% FBS and 1%
penicillin/streptomycin. Additional SW48 KRAS isogenic
cells (G12D, G12V, G12C) were obtained from Horizon
Discovery (Cambridge, UK). All cells were cultured in 37◦C
with 5% CO2 incubator. Typically, cells were kept in cul-
ture minimum two passages prior and maximum 20 pas-
sages when the experiments were performed. The identity
of all cell lines was confirmed by STR genotyping (Identi-
fier Kit, Applied Biosystems, Carlsbad, CA). For the de-
tection of mycoplasma in cell culture, the Universal My-
coplasma Detection Kit (ATCC) was used. MEK inhibitor
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GSK1120212/trametinib (GSK) (ChemieTek, Indianapo-
lis, IN) and NRF2 inhibitor Brusatol (Selleckchem, Hous-
ton, TX) were dissolved in DMSO (Sigma, St.Louis, MO).
Anti-RAS, KRAS antibodies were purchased from Santa
Cruz Biotechnology (Dallas, TX); anti-total ERK1/2,
phospho-ERK1/2 (Thr202/Tyr204), total ATM, phospho-
ATM (Ser1981), total DNA-PKcs, phospho-DNA-PKcs
(Ser2056), total BRCA1, NRF2, 53BP1, phospho-H2AX
(Ser139), Keap1, Lamin A and GAPDH antibodies were
purchased from Cell signaling Technology (Danvers, MA).
Anti-�-tubulin was from Sigma (St. Louis, MO).

DNA extraction and KRAS mutation analysis

Exon 2 of KRAS gene was amplified by polymerase chain
reaction (PCR) using the following primers: Forward 5′-
TGA CAT GTT CTA ATA TAG TCA G-3′ and reverse 5′-
ACA AGA TTT ACC TCT ATT GTT G-3′. PCR was per-
formed as previously described (34). PCR products were pu-
rified using a DNA purification kit (Zymo Research, Irvine,
CA) and direct Sanger sequencing was performed on cap-
illary electrophoresis using Applied Biosystems 3730 DNA
Analyzer (ThermoFisher, Waltham, MA).

KRAS activity assay

Ras GTP was detected using a Ras Activation ELISA as-
say kit (Millipore) according to manufacturer’s instruction.
GST-Raf-RBD was used to pull-down RAS-GTP from 50
�g of cell lysate prepared the same way as for immunoblot-
ting, and then a primary antibody for RAS (detecting pan-
RAS) or KRAS was added, followed by incubation with
an HRP-conjugated secondary antibody. After addition of
developing reagent, chemiluminescent reaction was deter-
mined with a Fluoroskan Ascent FL luminometer.

Neutral comet assay

KRAS isogenic cells were treated with 10 Gy ionizing ra-
diation to induce DNA double strand breaks. At different
time points, cells were trypsinized and subjected to neu-
tral comet assay using the Trevigen Comet assay kit (Tre-
vigen, USA) following the manufacturer’s protocol. Cells
were imaged using a Zeiss Axios Observer Z1 fluorescence
microscope (Carl Zeiss, White Plains, NY). Comet tail mo-
ment were measured and quantified using CometScore soft-
ware (TriTek Corp, Sumerduck, VA). At least 50 cells were
counted and imaged per time point.

Immunofluorescence for nuclear foci and mitotic catastrophe

Nuclear foci and mitotic catastrophe were analyzed by
immunofluorescence staining as previously described (35).
Briefly, cells were cultured and treated on glass coverslips,
washed with PBS twice, and fixed with 2% paraformalde-
hyde, permeabilized with 1% Triton X-100 and blocked with
3% bovine serum albumin (BSA) in phosphate buffer saline
(PBS). For nuclear foci analysis, cells were incubated with
anti-�H2AX, anti-53BP1, anti-RAD51, anti-DNA-PKcs,
or anti-BRCA1 antibody for 2 h in a humidified cham-
ber at room temperature. For mitotic catastrophe assay, the

cells were stained with anti-tubulin antibody. After rinsed
with PBS, the cells were stained with an Alexa Fluor 488-
conjugated secondary antibody (Biotium, Hayward, CA),
along with DAPI for 1 h. Cells were then rinsed, mounted
with coverslips, and sealed until visualization with Zeiss
Axio Observer Z1 fluorescence microscope (Carl Zeiss). For
each experiment, the number of foci per cell and mitotic
catastrophe (>2 nuclear lobes, or several micronuclei) was
determined in at least 100 cells.

Bromodeoxyuridine (BrdU) pulse-chase assay

Cells were pulsed with 10 �M BrdU for 30 min, washed
with medium containing 10 �M thymidine, irradiated, and
collected at different time points. The cells were processed
and analyzed as previously described (36) using anti-BrdU
(Pharmingen) and FITC-conjugated anti-mouse (Biotium)
antibodies in conjunction with propidium iodide staining.
Samples were analyzed on a LSRII flow cytometer (Becton
Dickinson) with FlowJo software (Tree Star).

In vivo tumor growth studies

All animal studies were conducted according to our
IACUC approved protocol. Six- to eight-week-old nude
mice (Taconic Farms Inc., NY) were housed in a pathogen-
free facility. Five million tumor cells were suspended in a
1:1 mixture of PBS/Matrigel (BD Biosciences) and injected
subcutaneously into the left flank of a mouse. When the av-
erage tumor volume reached 100–200 mm3, ionizing radia-
tion was initiated, with 2 or 4 Gy per day, for 5 continuous
days with a RS2000 radiator. Radiation was targeted to the
tumor mass in the left flank with custom lead shielding to
block the rest of the mouse. To obtain a tumor growth curve,
perpendicular diameter measurements of each tumor were
measured 2–3 times/week with digital calipers, and volumes
were calculated using the formula (L × W × W)/2. At the
end of experiments, the mice were sacrificed, and tumors
were removed.

HR and NHEJ repair analysis

HR and NHEJ were measured in cells as previously de-
scribed (37,38). Briefly, cells were transiently transfected
with NHEJ-GFP-PEM1, or HR-GFP-PEM1 plasmids, to-
gether with siRNA, and mCherry plasmids as a trans-
fection control for GFP-positive cells. Twenty-four hours
later, cells were infected with adenovirus expressing I-SceI
restriction enzyme that induces DSBs in the recognition
sequence within the reporter construct. Eighteen hours
later, virus-containing medium was replaced by normal cell
culture medium. After 24 h, GFP-positive and mCherry-
positive cells were measured on LSRII flow cytometer.
HR and NHEJ activity were calculated as the ratio of
GFP/mCherry.

Real-time quantitative PCR analysis

Total cellular RNA was isolated using Trizol (Invitrogen),
and one microgram of total RNA was reverse-transcribed
using Supercript reverse transcriptase (Bio-Rad). PCR was
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performed on iCYCLER real-time PCR machine (Bio-Rad)
using SYBR-Green chemistry (Bio-Rad). The gene expres-
sion levels were normalized to housekeeping gene GAPDH.
The sequences of the used primers are shown in Supplemen-
tary Table S1.

Chromatin immunoprecipitation (ChIP) assay

Cells were fixed with 1% formaldehyde in PBS, sonicated
to shear chromatin and subjected to ChIP as previously
described (39). The cell lysate was incubated with rabbit
anti-NRF2 antibody or normal rabbit IgG (Cell Signaling
Technology) in combination with ChIP-Grade Protein G
Magnetic Beads (Cell Signaling Technology). The beads-
bound protein/DNA complexes were recovered by incu-
bating in elution buffer (1% SDS and 0.1 M NaHCO3) at
room temperature followed by incubating in 0.2 M NaCl
for 5 h at 65◦C to reverse formaldehyde crosslinking. After
proteinase K treatment, the immunoprecipitated and input
DNA were purified with phenol/chloroform precipitation
and analyzed in triplicate by real-time qPCR. Primers for
the AREs of 53BP1 promoter region are described in Sup-
plementary Table S2. ChIP-qPCR was repeated twice for
confirmation.

Statistical analysis

The statistical significance of difference was determined by
Student’s t test. All values were expressed as mean ± stan-
dard deviation (SD). All analyses were two-sided, and the
difference with a P-value of <0.05 were considered statis-
tically significant in all analyses. Statistical correlations be-
tween expression, protein abundance, or KRAS mutation
status tested with a linear model. Survival analysis per-
formed with cox proportional hazard test and visualized
with Kaplan–Meier plots.

RESULTS

KRAS oncogenic mutations increase KRAS activation and
induce radioresistance

We assessed the effects of various KRAS mutations on
radiation sensitivity, using homologous-recombined, iso-
genic HCT116 or SW48 cell lines bearing wild-type
(WT) or G13D mutant (MUT) KRAS. To confirm
KRAS mutation in these cell lines, Sanger sequencing of
KRAS exon 2 was performed in genomic DNA isolated
from HCT116 KRAS WT/- (‘HCT116 WT/-’), HCT116
KRAS -/MUT (‘HCT116-/MUT’), SW48 KRAS WT/WT
(‘SW48 WT/WT’) and SW48 KRAS WT/MUT (‘SW48
WT/MUT’) cells. In HCT116 isogenic cells, a single G to
A transition at codon 13 was detected in the HCT116 -
/MUT cells. In SW48 isogenic cells, a G and A were both
detected at codon 13 in SW48 WT/MUT cells suggesting
heterozygosity of the mutant allele (Supplementary Fig-
ure S1A). To biologically characterize the resulting KRAS
G13D mutation in these isogenic pairs, we assessed RAS
activity in HCT116 WT/- and HCT116 -/MUT cells. We
confirmed that HCT116 -/MUT cells with G13D mutation
demonstrated both increased Pan-RAS and KRAS-specific

activity comparing with HCT116 WT/- cells (Supplemen-
tary Figure S1B). Immunoblotting confirmed there was in-
creased phosphorylation of ERK1/2 at Thr202 and Tyr204
(pERK) in HCT116 -/MUT and SW48 WT/MUT cells in
comparison to the corresponding isogenic KRAS wild-type
cells. In addition, transient exogenous expression of KRAS
G13D in HEK293T cells resulted in increased pERK levels
confirming RAS-RAF-MEK-ERK activation (Supplemen-
tary Figure S1C).

To determine whether KRAS mutation contributes to ra-
dioresistance, KRAS wild-type (HCT116 WT/- and SW48
WT/WT) and KRAS G13D mutant (HCT116 -/MUT and
SW48 WT/MUT cells) isogenic cells were treated with in-
creasing doses of ionizing radiation (IR) followed by stan-
dard radiation clonogenic assay. Compared to KRAS WT
cell lines, there was a higher surviving fraction of cells with
KRAS G13D in response to IR (Figure 1A). To determine
if this effect is specific for the G13D mutation, we also
performed radiation clonogenic assays using a set of iso-
genic SW48 cell lines bearing G12C, G12D or G12V al-
lelic mutations of KRAS. In comparison to KRAS WT
cells, all KRAS MUT cell lines showed significant ra-
dioresistance (Figure 1B). We confirmed that KRAS mu-
tation also induced profound resistance to bleomycin, a ra-
diomimetic chemotherapy that induces DSBs similar to ra-
diation (40) (Figure 1C). Additionally, we examined radi-
ation sensitivity data from a collection of over 500 Can-
cer Cell Line Encyclopedia (CCLE) cell lines from Yard et
al. (41), and pooled radiation sensitivity data for each of
the top two tumor types with KRAS mutations (colorec-
tal cancer and lung adenocarcinoma). Compared to KRAS
WT cell lines, although KRAS MUT cells showed slight in-
creases in radioresistance, the differences were not statisti-
cally significant (Supplementary Figure S2). Next, we tested
whether KRAS mutation alters radiosensitivity in vivo using
mouse xenografts. When tumors of HCT116 -/MUT and
HCT116 WT/- cell lines reached ∼100–150 mm3, the tu-
mors were treated with or without 4 Gy radiation every day
for five consecutive days (total 20 Gy). As shown in Figure
1D, radiation treatment led to durable control of HCT116
WT/- tumors, but HCT116 -/MUT tumors demonstrated
rapid and aggressive re-growth indicating radioresistance
in vivo, which corroborated our in vitro findings. Taken
together, these results support that KRAS mutation con-
tributes to radioresistance, in accordance with clinical
observations.

KRAS-mutated cells demonstrate enhanced DNA damage re-
sponse and repair ability in response to radiation

A major mechanism of cell death induced by radiation is
through induction of DSBs and subsequent post-mitotic
death. Efficient and faithful DNA damage repair is critical
to normal cell survival but is also a mechanism contributing
to tumor cell therapeutic resistance. To test if KRAS muta-
tion alters the global DNA repair process in irradiated cells,
we performed neutral comet assay, a sensitive technique for
detecting DNA damage, particularly DSBs, at the level of
individual cells (42). At 15 min and 1 h after 10 Gy, there
was significantly higher tail moment in HCT116 -/MUT
and SW48 WT/MUT cells compared to HCT116 WT/-
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Figure 1. KRAS mutation leads to radiation resistance in vitro and in vivo. (A) HCT116 and SW48 isogenic cells bearing either WT or MUT KRAS
(G13D) allele were subjected to radiation clonogenic assays with the indicated radiation doses (2, 4, 6 and 8 Gy). (B) Radiation clonogenic assays showed
that SW48 isogenic lines bearing G12C, G12D, G12V or G13D mutation all demonstrated radioresistance compared to the KRAS WT parental cells.
Data shown as mean ± SD. Experiments were performed three times with triplicates; DER, dose enhancement ratio. (C) HCT116 and SW48 KRAS
G13D isogenic cells were treated with increasing doses of bleomycin (0–50 000 ng/ml) for 72 h and cytotoxicity was measured with alamarBlue assay.
IC50 was much higher in KRAS mutant cells than in KRAS wild-type cells, indicating KRAS mutation induces resistance to bleomycin. Data shown as
mean ± SD. Experiments were performed three times with four replicates. (D) HCT116 WT and G13D MUT isogenic cells were implanted s.c. into the
left flanks of athymic nude mice and treated with sham radiation or radiation (IR, 4 Gy daily × 5 days during Days 0–4); *P < 0.05, **P < 0.001.

and SW48 WT/WT cells, suggesting altered DNA damage
response in KRAS MUT cancer cells (Figure 2A). How-
ever, after 6 and 24 h post-IR, there was reduced tail mo-
ment in HCT116 -/MUT and SW48 WT/MUT compared
to HCT116 WT/- and SW48 WT/WT cells, suggesting ac-
celerated DNA damage repair in cancer cells with KRAS
mutation. Phosphorylation of histone H2AX (�H2AX) sta-
tus also reflects the kinetics of DNA damage production
and DSB repair. We performed immunofluorescence anal-
ysis of �H2AX nuclear foci of these cells after IR. As ex-
pected, IR induced dramatic �H2AX foci in the nuclei of
all cells at 1 h after IR regardless of KRAS mutation sta-
tus (Figure 2B). However, at 6 and 24 h post-IR there were
significantly fewer �H2AX foci in KRAS MUT cells com-
pared to KRAS WT cells. Interestingly, there were signifi-
cantly fewer BRCA1 nuclear foci in KRAS MUT cells com-
pared to KRAS WT cells both early during the radiation re-
sponse (15–60 min) and during recovery from IR (6 and 24
h) (Figure 2C), suggesting that double-strand breaks may
be repaired more quickly, or at least that a KRAS mutation
is altering BRCA1’s participation (or need for involvement)
in the DNA repair process.

Mitotic catastrophe occurs if a cell cannot sufficiently re-
pair DNA damage, therefore resulting in aberrant chromo-
some segregation in mitosis, and ultimately post-mitotic cell
death. Mitotic catastrophe is the predominant form of cell
death induced by IR, and these events can be scored by the
presence of cells with > 2 nuclear lobes. To further assess
the consequences of DNA damage to cells with or with-

out KRAS mutation, we measured the incidence of mitotic
catastrophe at 72 h after IR. We found the presence of a
KRAS mutation was associated with lower levels of mitotic
catastrophe in both HCT116 and SW48 cells (Figure 3A).
Furthermore, cell cycle regulation is an important determi-
nant of IR sensitivity, with cells being most radiosensitive in
the G2/M phase, but less sensitive in the G1 phase (43,44).
We first compared cell cycle distribution of two pairs of iso-
genic asynchronously growing cells. We found that KRAS
mutant cells had slightly higher proportions of cells in G1
phase, and significantly less G2/M cells compared to wild-
type KRAS cells (Supplementary Figure S3), supporting
that KRAS mutant cells may also be more radioresistant
by virtue of different inherent cell cycle distribution. A com-
mon cellular response to IR is the activation of G2/M ar-
rest within 24 h, providing time for tumor cells to repair the
DNA damage after IR. Once repaired, the tumor cells can
re-enter the cell cycle. Using BrdU-labeling to track cell cy-
cle progression of S phase labeled HCT116 tumor cells after
IR, we also found that a KRAS mutation resulted in earlier
recovery from IR-induced G2/M arrest at 10 and 20 h after
IR, resulting in accelerated G2/M progression and re-entry
of tumor cells back into the G0/G1 phase of the cell cycle
(Figure 3B).

KRAS mutation upregulates 53BP1 to promote NHEJ repair

In order to assess how a KRAS mutation promotes height-
ened DNA repair in the nuclei of cells, we performed
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Figure 2. KRAS mutation accelerates DNA damage repair after radiation. (A) KRAS G13D isogenic cells received 10 Gy, followed by neutral comet assay
at the indicated time points after radiation. The graph showed the mean tail moment of minimum of 50 cells. (B) Immunofluorescence of �H2AX nuclear
foci at the indicated time points following IR (2 Gy). Mean percentage of cells with >10 �H2AX foci at each time point after IR from two experiments
of no <100 cells per condition are shown. (C) Immunofluorescence of BRCA1 nuclear foci of the cells treated as in (B), but with 4 Gy (HCT116) or 1 Gy
(SW48) radiation, followed by indicated repair time. The graph showed the quantitation of �H2AX and BRCA1 foci. Left: HCT116 isogenic cells, Right:
SW48 isogenic cells. Data shown as mean ± SD. Experiments were performed three times. Inset: representative pictures from comet assay (A), and foci
staining (B and C) at 24 h after IR; *P < 0.05, **P < 0.001.

reverse phase protein array (RPPA) on lysates from
untreated HCT116 KRAS isogenic cells. Of the proteins
significantly upregulated in KRAS MUT cells, the most
upregulated DNA repair protein was 53BP1 (Figure 4A).
Since 53BP1 is a nuclear protein important for the re-
sponse to DSB damage, and important for mediating ge-
nomic integrity, we focused our efforts on this protein
(45,46). Analyses of 53BP1 in publicly available RNA ex-
pression databases also demonstrated 53BP1 is upregu-
lated in colorectal cancer tissues compared with normal
tissues and has a trend for association with KRAS muta-

tion (Supplementary Figure S4). Furthermore, analysis of
TCGA data shows that higher 53BP1 expression is asso-
ciated with significantly worse disease-free survival (DFS,
log-rank P < 0.05) and trend toward worse overall sur-
vival (log-rank P = 0.068) (Supplementary Figure S5A).
We further investigated whether 53BP1 expression was as-
sociated with outcomes based on KRAS mutation status
and found that higher 53BP1 expression is associated with
worse DFS in KRAS MUT tumors but not KRAS WT
tumors (Supplementary Figure S5B). These results sug-
gest that 53BP1 might be an overall biomarker of poor
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Figure 3. KRAS mutation attenuates mitotic catastrophe and relieves cell cycle arrest after radiation. (A) KRAS G13D isogenic cells were irradiated
with 4 Gy. Seventy-two hours later, cells were co-stained with tubulin and DAPI to quantitate mitotic catastrophe events (multinucleated cells as shown
in inserts). The graph showed percentage of mitotic catastrophe cells in minimum of 100 cells. Experiments were performed three independent times. (B)
Cell cycle distribution was analyzed by BrdU incorporation assay. Left, BrdU pulsed HCT116 isogenic cells were treated with 4 Gy and collected for flow
cytometry at the indicated time points. Right, proportion of cells in the G0/G1, S or G2/M phases of the cell cycle were displayed by flow cytometry
histograms. Note higher proportion of cells re-entering G0/G1 at 10 h after radiation in KRAS MUT cells. Data shown as mean ± SD. Experiments were
performed three times; **P < 0.001.

prognosis, particularly in KRAS MUT tumors. We also
assessed 53BP1 protein expression in a tissue microarray
(TMA) of patients with rectal cancer treated preoperatively
with neoadjuvant chemoradiation (CRT) prior to surgical
resection. The TMA consisted of pre-therapy tumor biop-
sies and tumor tissue obtained post-CRT (at the time of
surgery) along with adjacent normal rectal tissues that also
received CRT. Interestingly, 53BP1 expression was signif-
icantly upregulated in tumors after CRT compared to (i)
adjacent normal rectal epithelial cells (that received CRT)
and (ii) tumor tissue pre-CRT (Supplementary Figure S6).
In addition, higher tumor 53BP1 expression in post-CRT
was correlated with adverse pathologic features including
lymphovascular invasion (P = 0.003) and perineural inva-
sion (P = 0.10).

In our isogenic cell lines, qRT-PCR confirmed increased
mRNA levels of 53BP1 in HCT116 -/MUT and SW48
WT/MUT cells in comparison to the KRAS wild-type cells
(Figure 4B). In addition, transient exogenous expression of

KRAS G13D in HEK293T cells resulted in upregulation
of 53BP1 mRNA level. At the protein level, 53BP1 was
markedly upregulated in KRAS MUT isogenic tumor cells
at baseline (no radiation), confirming RPPA findings (Fig-
ure 4C). 53BP1 was also noted to be induced by radiation,
similar to our above findings in the TMA. 53BP1 has been
shown to be required for optimal activation of ATM-Chk2
checkpoint, suggesting that over-expression of 53BP1 may
heighten and prolong an ATM-Chk2 activation response
(47). Indeed, we noted increased activation of ATM and
Chk2 early after IR in KRAS mutant cells, but at subse-
quent time points, we did not see prolongation of ATM
or Chk2 activation (Figure 4C). To further evaluate 53BP1
recruitment to DSBs, we irradiated cells and performed
immunofluorescence for 53BP1 nuclear foci. We found ac-
celerated formation and resolution of 53BP1 nuclear foci af-
ter IR in KRAS-mutant cells (Figure 4D), suggesting that
KRAS-mutant cells are ‘primed’ for a 53BP1-mediated re-
sponse following IR.
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Figure 4. KRAS mutation upregulates 53BP1 to influence DNA double strand break repair pathway choice. (A) TP53BP1 is one of the top 10 upregulated
proteins in HCT116–/MUT relative to HCT116WT/- by RPPA analysis. Left panel: RPPA analysis displaying the fold change of top 10 upregulated protein
expression or phosphorylation in KRAS mutant HCT116 cells relative to KRAS wild-type HCT116 cells. Right panel: RPPA analysis displaying the protein
expression or phosphorylation levels in HCT116 isogenic cells. (B) Exponentially growing HCT116 and SW48 KRAS G13D isogenic cells, and HEK293T
cells transfected with a plasmid expressing KRAS G13D or empty vector were subjected to qRT-PCR analysis of TP53BP1 mRNA. (C) Western blot and
densitometric quantification of proteins at the indicated hours post 4 Gy IR (NR = no radiation, time zero hours). Fold change of protein are compared to
KRAS wild-type cells without IR. (D) At the indicated hours post 4 Gy, isogenic HCT116 and SW48 cells were prepared for immunofluorescence of 53BP1
nuclear foci. Inset: representative pictures of foci at 24 h after IR. (E) HEK293T cells were transfected with KRAS G13D plasmid (G13D), empty vector,
53BP1 siRNA (si53BP1) or scrambled control siRNA (siCtr) for 48 h and subjected to immunoblotting. DNA damage reporter assays were performed by
transfecting HEK293T cells with NHEJ-GFP or HR-GFP reporter plasmid, together with KRAS G13D, empty vector (EMP), si53BP1 or siCtr plasmid
for 24 h, followed by addition of adenovirus containing I-SceI to induce DNA DSB in the reporter plasmid consensus sequence. After 24 h, the cells were
analyzed for GFP-positive cells by flow cytometry to measure NHEJ or HR repair proficiency. The values represent the mean ± SD from triplicate dishes,
and at least three independent experiments were performed. mCherry plasmid was used to normalize transfection efficiency. (F) At the indicated time post
4 Gy, isogenic HCT116 and SW48 cells were prepared for immunofluorescence of DNA-PKcs nuclear foci. Data shown as mean ± SD. Experiments were
performed three times. (G) Clonogenic assay using cells enriched in G1 phase and late S/G2/M phase. Surviving fraction at 2 Gy was normalized to KRAS
wild-type G1 cells; *P < 0.05, **P < 0.001

53BP1 is recruited to sites of DSBs and promotes NHEJ-
mediated repair (46). To more directly determine whether
KRAS G13D mutation maintains cell survival by increas-
ing 53BP1 expression to alter HR and/or NHEJ repair,
we applied fluorescent reporter constructs for sensitive and
quantitative measurement of HR (DR-GFP) or NHEJ re-
pair (Pem-1-NHEJ) in HEK293T cells transfected with a
plasmid-expressing KRAS G13D in the presence or ab-

sence of co-transfection of 53BP1 siRNA. NHEJ and HR
reporter constructs are based on an engineered GFP gene
containing recognition sites for I-SceI endonuclease for
induction of DSBs. The starting constructs are GFP neg-
ative as the GFP gene is inactivated by additional exon, or
by mutations. Successful repair of I-SceI induced DSBs by
NHEJ or HR restores the functional GFP gene. The per-
centage of GFP positive cells counted by flow cytometry
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provides a quantitative measure of NHEJ or HR efficiency
(38). We found that expression of KRAS MUT significantly
enhanced NHEJ but had minimal effect on HR (Figure 4E).
Knockdown of 53BP1 by siRNA significantly reduced the
upregulation of NHEJ activity by KRAS G13D, whereas
knockdown of 53BP1 significantly increased HR. Further-
more, assessment of nuclear foci kinetics of DNA-PKcs
(critical effector enzyme mediating NHEJ repair) after 2 Gy
of IR showed that KRAS MUT cells have increased DNA-
PK foci formation within the first 15 min after radiation
(Figure 4F), indicating a rapid NHEJ-mediated response
to DSB formation. Conversely, no consistent differences in
the kinetics of RAD51 foci were noted in the KRAS WT vs
MUT isogenic cell lines for both HCT116 and SW48 paired
cells (Supplementary Figure S7A).

Since NHEJ repair can operate throughout cell cycle
phases, while HR repair occurs predominantly in S and G2
phases, we also explored the relative radiosensitivity to 2 Gy
of cells at different cell cycle phases using an ES-Fucci re-
porter plasmid to sort cells into G1 or late S/G2/M phases.
As Figure 4G shows, G1 phase sorted cells were more ra-
dioresistant compared to late S/G2/M phase cells. With re-
gard to KRAS mutation, in G1 enriched cells, KRAS mu-
tation caused significant radiation resistance, resulting in
2.1- and 1.8-fold increased survival in HCT116 and SW48
KRAS MUT isogenic cells respectively (Figure 4G). How-
ever, in late S/G2/M phase cells there was no difference be-
tween KRAS WT and MUT cells. Taken together, these re-
sults suggest that KRAS G13D mutation enhances NHEJ
repair activity at least in part via upregulating 53BP1, which
‘primes’ the cells for an NHEJ repair response.

We next determined whether upregulation of 53BP1 con-
tributes to the radioresistance of tumor cells with a KRAS
G13D mutation. We performed radiation clonogenic assay
in our KRAS isogenic cells following genetic depletion of
53BP1 by siRNA. We found that 53BP1 knockdown did not
affect the radiosensitivity of SW48 WT/WT cells, whereas
significantly radiosensitized SW48 WT/MUT cells (Figure
5A). Similar results were obtained in HCT116 cells (Figure
5B). Furthermore, cell cycle enriched cell radiation clono-
genic assay revealed that 53BP1 genetic silencing signifi-
cantly sensitized HCT116 KRAS mutant G1 phase cells
to radiation treatment (Figure 5C). To test these results in
vivo, we established two stable HCT116 -/MUT cell lines,
each expressing an independent 53BP1 shRNA, as well as
a scrambled shRNA control stable cell line. Partial silenc-
ing was confirmed by immunoblotting (Figure 5D). Similar
to the transient knockdown of 53BP1, stable 53BP1 knock-
down sensitized HCT116 -/MUT cells to radiation (Figure
5D). Interestingly, stable 53BP1 knockdown cells demon-
strated a proliferative advantage over the control cells un-
der normal growth conditions in vitro (Figure 5E). In vivo,
we tested the ability of 53BP1 depletion to radiosensitize
radioresistant HCT116 -/MUT cells compared to shCtr
HCT116 -/MUT tumors using xenograft modeling. In-
terestingly, unirradiated stable 53BP1 knockdown tumors
grew faster than the unirradiated shCtr tumors, corroborat-
ing the in vitro cell data (Figure 5F). However, stable 53BP1
knockdown tumors demonstrated enhanced radiosensitiv-
ity compared with the HCT116 -/MUT shCtr tumors. Im-
munoblotting of tumor lysates confirmed the stable knock-

down of 53BP1 in the HCT116/MUT tumors (Supplemen-
tary Figure S7B).

KRAS mutation increases NRF2 expression that subse-
quently enhances 53BP1 gene transcription

NRF2 is an anti-oxidant response gene encoding for the
NRF2 transcription factor that has been implicated in
promoting radiation resistance. The 53BP1 gene promoter
contains three antioxidant responsive elements (ARE1, 2,
3) to which NRF2 directly binds, and it has been re-
ported that NRF2 protects cancer cells from IR by in-
ducing 53BP1-mediated DSB repair (48). Our analyses of
DNA damage and repair gene expression in the publicly
available databases revealed that NRF2 is significantly up-
regulated in colorectal cancer tissues compared with that
in normal tissues, and that NRF2 expression directly cor-
relates with 53BP1 expression (Figure 6A). We hypoth-
esized that KRAS mutation might increase 53BP1 ex-
pression via NRF2. To test this hypothesis, we first as-
sessed NRF2 protein levels in isogenic HCT116 and SW48
cells, and HEK293T cells transiently expressing exogenous
KRAS G13D by immunoblotting and found there was
dramatic increase of NRF2 expression in the presence of
KRAS mutation (Figure 6B). qRT-PCR confirmed that
there are increased mRNA levels of NRF2 (Figure 6C) and
its well-established transcriptional targets, GCLM (Figure
6D) and HMOX (Figure 6E), in HCT116-/MUT, SW48
WT/MUT and 293T cells with ectopically expressed KRAS
G13D. In addition, silencing NRF2 by siRNA markedly
decreased both the mRNA and protein levels of 53BP1
in HCT116-/MUT and SW48 WT/MUT cells (Figure 6F
and G). Moreover, ChIP assay identified that NRF2 binds
to ARE1, ARE2 and ARE3 within the 53BP1 promoter
to a greater extent in KRAS MUT HCT116 cells versus
HCT116 WT/- cells (Figure 6H). To confirm that this ob-
servation is dependent on KRAS activation and NRF2,
we treated HCT116 -/MUT cells with either MEK1/2 in-
hibitor trametinib (downstream of KRAS activation) or
NRF2 inhibitor brusatol. We found that pharmacologic in-
hibition of either MEK1/2 or NRF2 significantly reduced
the NRF2 binding to ARE1, ARE2 and ARE3 within the
53BP1 promoter (Figure 6I).

In order to assess whether NRF2 could promote KRAS-
associated radioresistance, radiation clonogenic assays were
performed in isogenic HCT116 and SW48 cells follow-
ing knockdown of NRF2 by siRNA (Figure 7A and Sup-
plementary Figure S7C). We found that NRF2 knock-
down did not affect the radiosensitivity of HCT116 WT/-
cells but significantly radiosensitized HCT116 -/MUT cells.
Furthermore, cell cycle enriched clonogenic assay indi-
cated NRF2 gene silencing sensitized KRAS mutant cells
to IR predominantly in G1 and a small amount in late
S/G2/M phases (Figure 7B). To extend our observa-
tions, we treated both HCT116 and SW48 KRAS mutant
cells with 100 nM trametinib or brusatol. Immunoblotting
showed that MEK1/2 or NRF2 inhibition suppressed the
phosphorylation of ERK1/2 (pERK) as well as NRF2 and
53BP1 levels (Figure 7C). qRT-PCR demonstrated that in-
hibition of either MEK1/2 or NRF2 also suppressed the
mRNA levels of 53BP1, NRF2 and NRF2 targets GCLM
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Figure 5. Depletion of 53BP1 sensitizes KRAS mutant cells to radiotherapy. (A and B) SW48 and HCT116 KRAS G13D isogenic cells were transfected
with si53BP1 or control scrambled siRNA (siCtr) and subjected to immunoblotting to confirm 53BP1 knockdown (top panel), and clonogenic assay to
evaluate effects of 53BP1 depletion on radiation sensitivity (bottom panel). (C) Cell cycle enriched clonogenic assay with 2 Gy (bottom panel) in HCT116
KRAS mutant cells after 53BP1 genetic silencing confirmed by qPCR (top panel). (D) Clonogenic assays shows 53BP1 stable knockdown radiosensitizes
tumor cells in both two 53BP1 stable knockdown cell lines. Inset: Immunoblotting confirmed 53BP1 stable knockdown in HCT116 -/MUT cells. (E) Cell
proliferation assay shows 53BP1 depletion increases cell proliferation rates. (F) 53BP1 stable knockdown cells were subcutaneously implanted into left
flanks of athymic mice for in vivo assessment of radiosensitivity. Once tumors reached 100–150 mm3, mice were randomized to no radiation or radiation
(2 Gy per day, days 1–5); **P < 0.001.

and HMOX (Figure 7D). Moreover, radiation clonogenic
survival revealed that pharmacologic NRF2 inhibition with
10 nM brusatol preferentially sensitized HCT116 -/MUT
but not HCT116 WT/- cells to radiation (Figure 7E).

KRAS mutation promotes NRF2 nuclear expression and
KRAS depletion inhibits NRF2-53BP1 expression leading to
radiosensitization

Previous studies have shown that RAS-RAF signaling con-
trols NRF2 gene transcription via Jun and Myc transcrip-
tion factors (49,50). To assess the importance of KRAS in
the regulation of NRF2 gene transcription and 53BP1 ex-
pression, we knocked down KRAS by siRNA in HCT116-
/MUT and SW48 WT/MUT cells. Silencing KRAS was
accompanied by decrease of NRF2 and 53BP1 at both
RNA and protein levels (Figure 8A and B). Under nor-
mal growth conditions, NRF2 is sequestrated by Keap1 in

the cytoplasm. In response to stressful conditions, such as
oxidative stress, NRF2 dissociates from Keap1 via multi-
ple mechanisms and translocates to nucleus to stimulate
transcription of genes important for the anti-oxidant re-
sponse (49). RAS-MAPK signaling also regulates NRF2 in-
tracellular localization via phosphorylating NRF2 and/or
Keap1 (49). Therefore, we assessed the intracellular distri-
bution of NRF2 by sub-cellular fractionation and found
there was increased NRF2 in the nuclear fraction of KRAS
mutant HCT116 and SW48 cells, consistent with activated
NRF2 (Figure 8C). Finally, consistent with the critical role
of NRF2 antioxidant signaling in the balance of oncogene-
induced reactive oxygen species (ROS) and subsequent
survival of cancer cells (51), we found that silencing
of KRAS sensitized KRAS mutant HCT116 and SW48
cells to radiation (Figure 8D). Finally, cell cycle enriched
clonogenic assay indicated KRAS gene silencing sensitized
KRAS mutant cells to IR in the G1 phase, with minimal
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Figure 6. KRAS mutation increases NRF2 expression and subsequent TP53BP1 gene transcription. (A) NRF2 is upregulated in colorectal cancer and
correlates with 53BP1 expression. Left: Analysis of RNA expression datasets reveals upregulation of NRF2 in Oncomine datasets (Skrzypczak colorectal)
using www.oncomine.org; Right: NRF2 (NFE2L2) and 53BP1 RNA expression are directly correlated (TCGA COAD). (B) Immunoblotting demonstrates
upregulation of NRF2 in exogenously expressed KRAS G13D (HEK293T cells), or endogenous KRAS G13D (HCT116 and SW48 isogenic cells). (C–E)
Exponentially growing HCT116 and SW48 isogenic cells, and HEK293T cells transfected with a plasmid expressing KRAS G13D or empty vector were
subjected to qRT-PCR analysis of NRF2 mRNA (C), and its downstream transcriptional targets GCLM (D) and HMOX (E). (F and G) HCT116 and
SW48 isogenic cells were transfected with NRF2 siRNA (siNRF2) or control siRNA (siCtr). After 48 h, RNA (F) and protein (G) expression levels of
NRF2 and 53BP1 were assessed by qRT-PCR and immunoblotting, respectively. (H and I) ChIP assays demonstrate that NRF2 binds to 53BP1 promoter
in a greater extent in KRAS mutant cells (H), which was prevented by pharmacological inhibition of either MEK1/2 with trametinib (GSK, 100 nM) or
Nrf2 with brusatol (BRUS, 100 nM) (I); *P < 0.05, **P < 0.001.

effect in late S/G2/M phases (Figure 8E), similar to previ-
ous findings with 53BP1 silencing.

DISCUSSION

In this study, we demonstrated an oncogenic KRAS mu-
tation induces accelerated DNA damage response and re-
pair after radiation. Our results indicate that an activating
KRAS mutation promotes gene transcription and nuclear
translocation of NRF2, which in turn stimulates 53BP1
transcription to prime the cell for NHEJ-mediated repair
activity (model shown in Figure 8F). Additionally, our find-
ings that targeting KRAS, NRF2, or 53BP1 preferentially
sensitizes tumor cells in the G1 phase of the cell cycle further
implicates an NHEJ-mediated repair mechanism over HR
repair in contributing to KRAS-mediated radioresistance.
Through this study, we have identified molecular evidence
of how an oncogenic KRAS mutation induces tumor cell ra-
dioresistance by detailing a KRAS-NRF2-53BP1 signaling
axis which promotes NHEJ-mediated repair of radiation-

induced DNA damage. Taken together, our study suggests
that targeting 53BP1, NRF2 or NHEJ could represent in-
dependent novel therapeutic strategies to improve radiation
therapy efficacy in KRAS-mutated cancers.

The frequency of KRAS, NRAS and HRAS mutations
are ∼40–45%, 5–10% and 2–4% respectively in colorec-
tal cancer (52,53). Detection of KRAS mutation status is
routine clinical practice in the diagnosis and management
of colorectal cancer, since KRAS mutations are correlated
to the resistance to anti-EGFR therapy consisting of ce-
tuximab or panitumumab (54,55). Moreover, accumulat-
ing data have shown that RAS mutations contribute to
radiotherapy resistance of various cancer types (1,18–23).
Most recently, a seminal study of patients with colorectal
cancer metastases treated with high-dose radiation demon-
strated that the presence of a KRAS mutation was associ-
ated with increased risk of tumor recurrence after radiation
(25). Available data indicate that the role of KRAS muta-
tion in tumor response to cytotoxic chemotherapies seems
cancer-type dependent (3,56–58). Our phase I rectal cancer

http://www.oncomine.org;
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Figure 7. Inhibition of NRF2 sensitizes KRAS mutant tumor cells to radiotherapy. (A) HCT116 G13D isogenic cells were transfected with NRF2 specific
siRNA (siNRF2) or control siRNA (siCtr) for 48 h before IR and subjected to radiation clonogenic assay. Inset: Immunoblotting confirmed NRF2
knockdown in HCT116 isogenic cells. (B) Cell cycle enriched clonogenic assay with 2 Gy (right panel) in HCT116 KRAS mutant cells after NRF2 genetic
silencing (left panel). (C and D) HCT116 and SW48 isogenic cells were treated with 100 nM MEK1/2 inhibitor trametinib (GSK) or 100 nM NRF2
inhibitor brusatol (BRUS) for 24 h. Total proteins were extracted for immunoblotting of the indicated proteins (C). mRNA expression levels of 53BP1,
NRF2, HMOX1 and GCLM were determined by qRT-PCR (D). (E) Isogenic HCT116 cells were cultured in media containing 10 nM brusatol 3 h prior
IR and subjected to radiation clonogenic survival assays; *P < 0.05, **P < 0.001.

trial recently found that higher pERK levels in the tumor
pre-therapy were correlated with resistance to chemoradi-
ation (59). Preclinical data also show that elevated signal-
ing of components upstream of ERK, such as receptor ty-
rosine kinases (EGFR, HER2), Raf and Mek are corre-
lated with radioresistance (41). It has been reported that
KRAS mutant cancer cells have enhanced DNA base ex-
cision repair (BER) (27), which is a principal DNA repair
system to maintain genome stability and cancer cell sur-
vival due to the increased intracellular oxidative stress expe-
rienced by proliferating cancer cells. Ramdzan et al. (2014)
reported that KRAS G12V mutation is synthetic lethal with
CUX1, an important accessory factor of OGG1 in BER
(28). In addition, MTH1, an enzyme critical for suppress-
ing oxidative damage of nucleotides, was found to be up-
regulated by KRAS and proposed to contribute to the eva-
sion of oxidative DNA damage in lung cancer cells (29).
It was also reported that KRAS mutation in human lung
cancer caused radiation resistance by osteopontin-EGFR
pathway-enhanced cancer stem cell properties (60,61). In-
terestingly, it has been shown that KRAS-mutated, but
not KRAS wild-type cells, rely on the alternative non-
homologous end-joining (alt-NHEJ) pathway on genotoxic

stress by increasing the expression of DNA ligase 3�,
poly(ADP-ribose) polymerase 1 (PARP1), and X-ray repair
cross-complementing protein 1 (XRCC1), all essential com-
ponents of the error-prone alt-NHEJ pathway (30).

In the present study, we found various KRAS mutations
led to radioresistance in isogenic colorectal cancer cells both
in vitro and in preclinical animal models. Further functional
investigation revealed that KRAS G13D enhanced classic
NHEJ, a major DNA double-strand break repair mecha-
nism operating throughout the cell cycle. Therefore, upreg-
ulation of DNA damage repair pathways appears to play an
important role in the radioresistance of KRAS mutation-
driving cancers as a KRAS mutation may harness distinct
DNA repair machinery to maintain cancer cell survival
after radiation treatment. The heightened dependency of
RAS-transformed cells on various DNA repair systems may
provide a therapeutic window that could be exploited with
drugs that specifically target these pathways.

53BP1 plays an important role in the maintenance of
genome stability (45,46). In agreement with a previous
study showing that 53BP1 over-expression enhanced ATM-
Chk2 checkpoint activation (47), we observed increased
ATM and Chk2 phosphorylation after IR in KRAS mutant
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Figure 8. KRAS mutation promotes NRF2 nuclear expression and KRAS depletion inhibits NRF2-53BP1 expression leading to radiosensitization. (A
and B) HCT116 and SW48 G13D isogenic cells were transfected with KRAS siRNA (siKRAS) or control scrambled siRNA (siCtr) for 48 h. The mRNA
(A) and protein (B) expression levels of 53BP1, NRF2 and KRAS were determined by qRT-PCR and immunoblotting, respectively. (C) Subcellular
fractionation of HCT116 and SW48 isogenic cells reveal higher levels of NRF2 in the nucleus in KRAS MUT cells. (D) Effects of KRAS knockdown
by siRNA on radiation sensitivity of HCT116 and SW48 KRAS G13D mutant cells was evaluated by radiation clonogenic assay. (E) Cell cycle enriched
clonogenic assay with 2 Gy in HCT116 KRAS mutant (top) and SW48 KRAS mutant (bottom) cells after KRAS genetic silencing. (F) Schematic model of
the regulation of DSB repair via KRAS-NRF2-53BP1 signaling axis. Activated (oncogenic) KRAS increases NRF2 translocation into the nucleus, leading
to increased binding and transcription of anti-oxidant response element genes, including 53BP1. Increased 53BP1 expression promotes NHEJ repair after
ionizing radiation, promoting cell survival and radioresistance; **P < 0.001.

cells restricted to early timepoints. In addition, we found up-
regulation of 53BP1 in KRAS mutant cells and accelerated
formation and resolution of 53BP1 nuclear foci after IR in
KRAS mutant cells. Our findings suggest that KRAS mu-
tant cells may be ‘primed’ for a 53BP1-mediated DDR and
DNA repair response after radiation or genotoxins. Fur-
thermore, we revealed that 53BP1 knockdown by RNA in-
terference preferentially radiosensitized KRAS mutant cells
both in vitro and in mouse xenograft models. Since 53BP1
translocates to sites of DSBs and promotes NHEJ, the prin-
cipal repair mechanism for DSBs (46), our results suggest
that 53BP1 may be a promising target for the development
of radiosensitizers for colorectal cancer cells.

Ionizing radiation induces various kinds of DNA lesions,
as well as reactive oxygen species (ROS), to overwhelm
the repair capacity of cancer cells (62). There is growing
evidence that the NRF2 antioxidant pathway, which pro-
tects cells from ROS, also plays an important role in cancer

cell radioresistance (63–65). In support of this, it has been
shown that RAS mutation results in increased production
of ROS and that KRAS-mutant cancers cells depend on
NRF2 antioxidant response and subsequent ROS detoxifi-
cation for survival (49,50). In the present study, we revealed
that KRAS mutant cells displayed increased NRF2 expres-
sion and elevated binding of NRF2 to the 53BP1 promoter.
More importantly, we showed that silencing by siRNA or
chemical suppression of NRF2 by brusatol reduced 53BP1
expression and effectively radiosensitized KRAS-mutant
(but not KRAS wild-type) tumor cells. Furthermore, radio-
therapy activates RAS-MAPK signaling in KRAS-mutant
cells (26). Interestingly, we revealed that brusatol also inhib-
ited the activation of RAS-ERK signaling, indicating the
potential existence of a feedback signaling loop between
RAS-ERK and NRF2 antioxidant response, which war-
rants further investigation. Therefore, targeting NRF2 may
also be a novel strategy for radiosensitization of KRAS
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mutant cancer cells, in addition to 53BP1. Additional strate-
gies to increase radiation response in KRAS-mutant cells
are currently being tested, including targeting MEK-1/2
downstream of KRAS, based on preclinical and more re-
cent clinical data (37,59,66,67).

The DDR determines both carcinogenesis (through im-
proper surveillance and repair of genotoxic insults) and can-
cer control outcomes after radiotherapy and chemother-
apy. Much of our knowledge of DDR machinery comes
from studies of human diseases derived from hereditary de-
fects in DNA damage signaling and repair pathways. Al-
terations of DSB repair pathways affect the sensitivity of
cancer cells to IR and can be exploited for effective radia-
tion therapy. For example, cancers with ATM loss are hy-
persensitive to IR (68,69). However, nonhereditary forms
of BRCA1/2-deficient tumors develop resistance to PARP
inhibitors due to genetic reversion of DDR defects and
rewiring of DDR pathways (70,71). Paradoxically, early
studies showed that, although ATM patients are cancer
prone and hypersensitive to IR, the DNA is not hypermu-
tated and the cells are proficient in the repair of IR induced
DNA damage (72,73). In addition, the rationale for the
sensitivity of DDR-mutant cancer cells to DNA-damaging
agents has been poorly understood and is often unsatisfac-
torily attributed to the more rapid growth of tumor cells
(69). Recent deep sequencing has actually shown that most
DNA damage response genes are overexpressed in most
cancer types (TCGA database, unpublished). Our results
suggest that, in response to IR, a KRAS activating muta-
tion may produce higher levels of initial DNA damage at
early timepoints (see 15 min at Figure 2A) perhaps through
higher baseline oncogene-induced replication stress and re-
active oxygen species, but that through more efficient DNA
repair (i.e. over-active NHEJ) the damage can be more effi-
ciently resolved in KRAS mutant cancer cells to allow cells
to survive and continue to grow (see 6–24 h, Figure 2A). It
is also possible that this excessive level of initial DNA dam-
age may lead to enhanced activation of ATM and DNA-PK
in the initial period after IR in KRAS mutant cells, con-
tributing to a rapid response from radiation damage (Figure
4C and F). Taken together, we found that KRAS mutation
resulted in enhanced DNA damage response and height-
ening of NHEJ-mediated repair activity of DNA strand
breaks, perhaps partly mediated by increased cell cycle re-
assortment to G1. However, other mechanisms may also
contribute to KRAS mutation mediated radioresistance, in-
cluding, but not limited to, DNA replication stress, base
excision repair (BER), alt-NHEJ, chromatin condensation,
and the stem cell phenotype which should be further ex-
plored (30,60,61,74). Moreover, it should be noted that a
significant portion of colon cancer with mutant KRAS also
have concurrent TP53 or APC mutation (75), accounting
for 50–60% of cases with KRAS mutation (TCGA data).
Since both HCT116 and SW48 cells have wild-type TP53,
further evaluation of these mechanisms in KRAS mutant
cells with concurrent TP53 mutation should be performed
in colorectal as well as other cancer types.

In summary, we have elucidated an important mechanis-
tic role for a KRAS-NRF2-53BP1 pathway in facilitating
DNA damage repair and survival of KRAS-mutant col-
orectal cancer cells following radiotherapy. Our findings

suggest that targeting NRF2, 53BP1 or NHEJ are novel
therapeutic strategies to preferentially radiosensitize KRAS
mutant cancers.
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