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Impact statement

Mut L homolog-1 (MLH1)-mediated DNA
mismatch repair has biological significance
following ionizing radiation (IR), under-
scoring the need to determine the biologi-
cal significance of MLH1 on the radiosen-
sitivity of tumor cells responding to IR.
MLH1-proficient human colorectal cancer
HCT116 cells (MLH") demonstrated
increased radio-resistance with decreased
G2 population, a low level of yH2AX pro-
tein, a reduced ratio of phosphorylated
PRKACu to total PRKAC, and an elevated
level of total PRKAC and phosphorylated
PRKACSII following IR compared with the
MLH1-deficient HCT116 cells. Importantly,
silencing PRKAC in HCT116 (MLH1™) cells
increased the cellular radiosensitivity.
These results suggest that MLH1 may
increase cellular resistance to IR by acti-
vating PRKAC. Our finding is the first to
demonstrate the important role of PRKAC
in MLH1-mediated radiosensitivity, sug-
gesting that PRKAC has potential as a
biomarker and a therapeutic target for
increasing radio-sensitization.

Abstract

Mut L homolog-1 (MLH1) is a key DNA mismatch repair protein which participates in the
sensitivity to DNA damaging agents. However, its role in the radiosensitivity of tumor cells is
less well characterized. In this study, we investigated the role of MLH1 in cellular responses
to ionizing radiation (IR) and explored the signaling molecules involved. The isogenic pair of
MLH1 proficient (MLH1") and deficient (MLH1") human colorectal cancer HCT116 cells was
exposed to IR for 24 h at the dose of 3cGy. The clonogenic survival was examined by the
colony formation assay. Cell cycle distribution was analyzed with flow cytometry. Changes
in the protein level of MLH1, DNA damage marker yH2AX, and protein kinase A catalytic
subunit (PRKAC), a common target for anti-tumor drugs, were examined with Western
blotting. The results showed that the HCT116 (MLH1") cells demonstrated increased
radio-resistance with increased S population, decreased G2 population, a low level of
yH2AX, a reduced ratio of phosphorylated PRKACu«f to total PRKAC, and an elevated
level of total PRKAC and phosphorylated PRKAC/II following IR compared with the
HCT116 (MLH1") cells. Importantly, silencing PRKAC in HCT116 (MLH1™) cells increased
the cellular radiosensitivity. In conclusion, MLH1 may increase cellular resistance to IR by
activating PRKAC. Our finding is the first to demonstrate the important role of PRKAC in
MLH1-mediated radiosensitivity, suggesting that PRKAC has potential as a biomarker and a
therapeutic target for increasing radio-sensitization.
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Introduction

Cancer is a global problem and one of the main causes of
death in human beings." With changes in people’s lifestyle
and living environment, especially the consequent aging of
the population, the incidence and mortality of cancer in
China have been increasing year by year.”> Radiotherapy
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is one of the three main treatment methods for cancer. More
than 70% of tumor patients need radiotherapy at different
stages of treatment.* However, the radiosensitivity of
tumors varies considerably among individuals, leading to
wide differences in radiotherapy efficiency.* Although
some radiosensitive tumors can be treated reliably by
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radiotherapy, most tumors have low sensitivity to radio-
therapy. Due to the limited tolerance of normal tissues
around the tumor to radiation, the tumor dose is limited,
and this eventually leads to tumor recurrence.” Therefore,
improving the radiotherapy sensitivity of tumor cells and
avoiding or reducing the damage of normal tissues using a
radiotherapy sensitizer, targeted therapy, concurrent che-
motherapy, and other means are important ways to
reduce tumor recurrence.’

Ionizing radiation (IR) produces many types of DNA
damage and the efficiency of a cell to repair DNA
damage will affect cellular response to IR.” DNA mismatch
repair (MMR) is a highly conserved DNA repair pathway
for maintaining genomic integrity, and it is involved in the
repair of the IR-induced DNA damages.® The link between
MMR-deficiency and hereditary nonpolyposis colorectal
cancer is well documented. Many other cancers can also
arise from sporadic MMR gene mutations.** Mut L
homolog-1 (MLH1) is a key MMR protein participating in
the repair of endogenous and exogenous mispairs in the
daughter strands during S phase.'”™® Accumulating data
suggest that MMR proteins may be involved in the DNA
damage response to IR, but the status of how MLH1 affects
the cellular responses to IR remains controversial. Yan et al.
implicated a role for MLH1-proficiency in the hypersensi-
tive response observed in HCT116 cells to prolonged low-
dose rate IR.'® Conflicting data provided by Davis
et al. showed that MLHI-deficient HCT116 cells had
decreased survival after IR compared with MLHI1-
proficient HCT116 cells.'” Flanagan et al. also demonstrated
that MLH1-deficient HCT116 cells were unable to repair
drug-induced DNA mismatches and were more easily
radiosensitized than MLHI-proficient HCT116 cells."®
Therefore, MLH1-mediated MMR has biological signifi-
cance following IR, underscoring the need to determine
the biological significance of MLH1 on the radiosensitivity
of tumor cells responding to IR.

In this study, we expressed MLH1 in MLH1-deficient
HCT116 cells and evaluated the radiosensitivity of the
MLH1-proficient cells responding to IR by assessing the
cell survival, cell cycle, and DNA damage. In addition,
we also examined whether protein kinase A catalytic sub-
unit (PRKAC), a common target for anti-tumor drugs, was
involved in MLH1-mediated radiosensitivity. The findings
may provide insights into the role of MLH1 in cellular
responses to IR. This may be of interest in the development
of molecular labelling for assessing radiosensitivity and a
new strategy for radiosensitization.

Materials and methods

Cell culture and IR

Human colon carcinoma cell line HCT116 deficient in the
MLH1 gene was used in this study. The HCT116 cells
expressing MLH1 (MLH1") were obtained by transfecting
pcDNA3.1-MLH1 vector (iCarTAB BioMed Inc., Suzhou,
China) for 24h. The HCT116 cells transfected with
pcDNA3.1 vector were HCT116 (MLH1") cells and used
as the negative control. In addition, HCT116 (MLH1")
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and HCT116 (MLH1") were transfected with PRKAC
siRNA (sense: 5-CCUGUUGUAUGAAAUGCUUTT-3;
antisense: 5-AAGCAUUUCAUACAACAGGAC-3) and
negative control siRNA (sense: 5'- UUCUCCGAACGAGU
CACGUTT-3’; antisense: 5- ACGUGACUCGUUCGGAGA
ATT-3") for 48h. The lipofectamine 2000 (Thermo Fisher
Scientific) was used as the transfection carrier. All cell
lines were grown in Dulbecco’s Modified Eagle Medium
(Thermo Fisher Scientific, Waltham, MA, USA) with 10%
fetal bovine serum (Thermo Fisher Scientific), 2 mmol/L
glutamine (Thermo Fisher Scientific), 0.1 mmol/L nones-
sential amino acids (Thermo Fisher Scientific), and 100 U/
ml penicillin-streptomycin (Genom, Hangzhou, Zhejiang,
China) grown in a humidified incubator at 37°C with 5%
COs,. For IR, all cell lines were irradiated by an iridium-192
source at the dose rate of 3cGy for 24h in a humidified
incubator at 37°C with 5% CO..

Western blot

Cell lysates were prepared in phosphate-buffered saline
(PBS) containing 1% Triton X-100, 1x protease inhibitor
cocktail (Thermo Fisher Scientific), and 1mM phenylme-
thylsulfonyl fluoride (Thermo Fisher Scientific). Protein
concentration was determined using a Pierce® bicincho-
ninic acid protein assay kit (Thermo Fisher Scientific).
Aliquots of 20 ug of proteins were separated on 12% (w/
v) sodium dodecyl sulphate polyacrylamide gel electro-
phoresis and transferred onto an Immoblion-FL Transfer
polyvinylidene  difluoride = membrane  (Millipore,
Burlington, MA, USA). Subsequently, the membrane was
blocked with 5% non-fat milk or bovine serum albumin
(BSA, for antibody against phosphorylated protein) at
room temperature for 1h and incubated with anti-MLH1
antibody (1:1000, Cell Signaling Technology (CST),
Danvers, MA, USA), anti-yH2AX antibody (1:1000, CST),
anti-PRKAC antibody (1:1000, Abcam plc., Cambridge,
MA, USA), anti-phosphorylated PRKACa/f antibody
(1:1000, CST), and anti-phosphorylated PRKACPSII (1:1000,
CST) at 4°C overnight. Following this, the membrane was
incubated with goat anti-rabbit or anti-mouse IgG conju-
gated horseradish peroxidase (1:10,000, Proteintech Group,
Inc., Rosemont, IL, USA) at room temperature for 1h, and
bands on the membrane were visualized using the
enhanced chemiluminescent assay (Thermo Fisher
Scientific). The protein level was quantified as the gray
value of target bands detected by the corresponding anti-
bodies normalized to those detected by f-ACTIN (loading
control) using Image ] software (version 1.44, National
Institutes of Health, MD, USA). Each experiment was
repeated at least three times.

Colony formation assay

Log-phase cells were plated into a six-well cell culture plate
(Thermo Fisher Scientific) at the cell numbers of about 3000
cells per well for twoweeks until colony formation. The
cells were washed by PBS and fixed by methanol for
20min. After washed by PBS, the cells were stained by
0.1% crystal violet solution (Beyotime Biotechnology,
Beijing, China) for 20min. The staining solution was
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removed by washing with PBS, and the stained colonies
were imaged and counted.

Flow cytometry analysis

The determination of the cell cycle profile was described
previously.'® An aliquot of 1 x 10° fixed cells was incubated
with 50 ug/ml propidium iodide (Sigma-Aldrich, St. Louis,
MO, USA) for 30 min. The stained cells were analyzed by an
Attune NXT Flow Cytometer (Thermo Fisher Scientific).
The flow cytometric data were analyzed with Modfit 3.0
(Verity Software, Topsham, ME, USA).

Statistical analysis

All of the statistical analyses were performed by the statis-
tics software GraphPad Prism (version 6.02, GraphPad
Software, San Diego, CA, USA). Data are expressed as the
mean +£SEM. Differences between two groups were
assessed using the unpaired t test, while differences
among multiple groups were assessed using one-way anal-
ysis of variance and the Dunnett’s test. Statistically signif-
icant differences were determined at P < 0.05.

Results

Expressing MLH1 in HCT116 cells increases cellular
resistance to radiation

The colony formation assay was performed to examine the
colony-formation ability of HCT116 (MLH1") and HCT116
(MLHT") cells before and after IR. A valid comparison of
colony-formation ability was made by always irradiating
both the cell lines simultaneously. The HCT116 (MLH1™)
cells showed increased colony-formation ability compared
with the HCT116 (MLH1") cells no matter whether cells are
exposed to IR or not (P < 0.05, Figure 1(a) and (b)). We next
carried out a flow cytometry analysis to assess the cell cycle
profile of the two HCT116 cells responding to IR at the dose
of 3 Gy. The result showed that there is no significant dif-
ference in GI1 cell cycle distribution between these two
HCT116 cells after 3Gy IR (P >0.05, Figure 1(c) and (d)),
while there is statistically higher percentage of S population
in the HCT116 (MLH1") cells compared with the HCT116
(MLHT") cells after 3Gy IR (P < 0.05, pcDNA3.1 +3Gy vs.
MLH1 + 3Gy, Figure 1(c) and (d)). 3Gy IR induced G2-M
cell cycle checkpoint arrest in the HCT116 (MLH1") cells
(pcDNA3.1+0Gy vs. pcDNA3.1+ 3Gy, Figure 1(c) and
(d)), while the IR-induced G2-M cell cycle checkpoint
arrest was relieved in the HCT116 (MLH1") cells compared
with the HCT116 (MLH1") cells (pcDNA3.1+3Gy vs.
MLH1 + 3Gy, Figure 1(c) and (d)).

The changes of MLH1, yH2AX, PRKAC, and
phosphorylated PRKAC levels in the HCT116 (MLH1™)
and HCT116 (MLH1") cells responding to IR

The MLH1 protein could not be detected in HCT116
(MLHT") cells whether exposed to IR or not (Figure 2(a)),
while the MLH1 protein level was decreased in the HCT116
(MLH1™) cells after a 24-h exposure to IR at the dose of 3 Gy
(Figure 2(a) and (b)). Since the MLH1 protein has been

implicated in DNA damage repair, we examined the level
of a double strand-break (DSB) marker, yH2AX, in the
HCT116 (MLH1") and HCT116 (MLHI1") cells before or
after IR by Western blot. The results showed that yH2AX
protein levels were significantly increased in the HCT116
(MLH1") and HCT116 (MLH1") cells after a 24-h exposure
to IR at the dose of 3Gy (P <0.05, Figure 2(a) and (c)).
Although the increasing rate of yH2AX in the HCT116
(MLH1") cells was higher than that in the HCT116
(MLHT") cells, the level of yH2AX proteins were lower in
the HCT116 (MLH1") cells than that in the HCT116
(MLHT") cells after 3Gy IR treatment (Figure 2(a) and
(c)). Expressing MLH1 in HCT116 cells significantly
increased the total PRKAC level before or after IR
(P <0.05, Figure 2(a) and (d)), but the total PRKAC level
was not significantly changed in either HCT116 (MLH1")
cells or HCT116 (MLHI") cells after a 24-h exposure to IR at
the dose of 3 Gy (P > 0.05, Figure 2(a) and (d)). In addition,
we also examined the level of phosphorylated PRKAC in
the HCT116 (MLH1") and HCT116 (MLH1") cells respond-
ing to IR. The phosphorylated PRKACo/f (p-PRKACu/ )
and PRKACPII (p-PRKACSII) were significantly increased,
while the ratio of p-PRKACua/ f to total PRKAC was signif-
icantly decreased in the HCT116 (MLH1™) cells compared
with the HCT116 (MLH1") cells (P <0.05, Figure 2(a) and
(e) to (g)). The p-PRKACu/ 5, the ratio of p-PRKACu/f to
total PRKAC, p-PRKACSII, and the ratio of p-PRKACSII to
total PRKAC were all significantly decreased in the
HCT116 (MLH1") cells after a 24-h exposure to IR at the
dose of 3Gy (P < 0.05, Figure 2(a) and (e) to (h)). The ratio of
p-PRKACu/ f to total PRKAC and p-PRKACSII were lower
and higher, respectively, in the HCT116 (MLH1") cells than
those in the HCT116 (MLHI") cells after a 24-h exposure to
IR at the dose of 3Gy (P <0.05, Figure 2(a), (f), and (g)).
Both p-PRKACSII and the ratio of p-PRKACSII to total
PRKAC were decreased in the HCT116 (MLHI1") cells
after a 24-h exposure to IR at the dose of 3Gy (P <0.05,

Figure 2(a), (g), and (h)).

Silencing PRKAC in the HCT116 (MLH1%*) and HCT116
(MLH1") cells

PRKAC siRNA significantly decreased the protein level of
total PRKAC, p-PRKACu«f, and p-PRKACPII in both
HCT116 (MLH1") and HCT116 (MLH1") cells (Figure 3(a)
to (c) and (e)). PRKAC siRNA did not affect the ratio of p-
PRKACuf to total PRKAC in both HCT116 (MLH1") and
HCT116 (MLHT") cells (Figure 3(a) and (d)), but it signifi-
cantly lowered the ratio of p-PRKACSII to total PRKAC in
the HCT116 (MLH1") cells (Figure 3(a) and (f)). In addition,
expressing MLH1 in HTC116 cells compromised the silenc-
ing effect of PRKAC siRNA on p-PRKACSII level
(pcDNA3.1+siR-PRKAC vs. MLH1"siR-PRKAC, Figure 2

(@), (e), and (f)).

Effects of silencing PRKAC in the HCT116 (MLH1*) and
HCT116 (MLH1") cells on cellular resistance to IR

We examined whether silencing PRKAC affected the
colony-formation ability in the HCT116 (MLH1+) and
HCT116 (MLH1") cells responding to IR. The HCT116
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Figure 1. The colony-formation ability and cell cycle distribution of HCT116 cells. The human colon carcinoma cell line HCT116 deficient in the MLH7 gene was used in
this study. The HCT116 cells expressing MLH1 (MLH17) were obtained by transfecting the pcDNA3.1-MLH1 vector for 24 h. The HCT116 cells transfected with
pcDNAB3.1 vector were HCT116 (MLH1") cells and used as the negative control. The colony formation assay was performed to examine the colony-formation ability of
HCT116 (MLH1") and HCT116 (MLH1") cells before and after IR at the dose of 3 Gy (a and b). The flow cytometry analysis was performed to assess the cell cycle profile
of the HCT116 (MLH1") and HCT116 (MLH1") cells before and after IR at the dose of 3Gy (c). The flow cytometric data were analyzed with Modfit 3.0 (d). Each
experiment was repeated at least three times. Data are expressed as the mean + SEM. *P < 0.05. One-way analysis of variance. (A color version of this figure is

available in the online journal.)

(MLH1") cells showed a significantly increased cellular
resistance to IR compared with the HCT116 (MLH1") cells
(pcDNA3.1+43Gy+siR-NC  vs.  MLH1 + 3Gy+siR-NC,
P <0.05, Figure 4(a) and (b)), while silencing PRKAC in
the HCT116 (MLH1') and HCT116 (MLH1) -cells
decreased  the cellular resistance to radiation
(pcDNA3.1 4 3Gy+siR-NC  vs.  pcDNA3.1+ 3Gy+siR-
PRKAC and MLH1 + 3Gy+siR-NC vs. MLH1 + 3Gy+siR-
PRKAC, Figure 4(a) and (b)).

Discussion

The MLH1 protein participates in the repair of endogenous
and exogenous mispairs in the daughter strands,"'* and it
was also implicated in the response to environmentally
induced DNA lesions.””'*" The role of MLH1 in the
DNA damage response to IR has also been reported

previously; however, how the status of MLH1 affects the
cellular responses to IR remains unclear.'®™ In this study,
we evaluated the differences in cell survival, cell cycle, and
DNA damage between MLH1 proficient and deficient
HTC116 cells in response to IR. MLH1-proficient HTC116
cells showed increased survival, relieved G2-M cell cycle
checkpoint arrest, and a low level of yH2AX after IR com-
pared with MLH1-deficent HTC116 cells. We also found
that PRKAC was involved in MLH1-mediated radiosensi-
tivity. The findings may provide insights into the role of
MLHT1 in cellular responses to IR.

MHL1 was reported to be involved in the radiotherapy
sensitivity of tumor cells; however, different research
groups have shown conflicting data.® In this study, we
found that the MLHI-proficient HCT116 cells had an
increased colony-formation ability after 24-h IR at the
dose of 3Gy compared with the MLH1-deficient HCT116
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Figure 2. The protein levels of MLH1, yH2AX, and PRKAC in the HCT116 cells before and after IR. The proteins were extracted from HCT116 (MLH1") and HCT116
(MLH1") cells before and after IR at the dose of 3 Gy. The protein levels of MLH1, yH2AX and total PRKAC, phosphorylated PRKACuf (p-PRKACuf), and phos-
phorylated PRKAC/II (p-PRKACII) were examined by Western blot (a) and quantified as the gray value of target bands detected by the corresponding antibodies
normalized to those detected by -actin (loading control) using Image J software (b-h). Each experiment was repeated at least three times. Data are expressed as the
mean £+ SEM. *P < 0.05. One-way analysis of variance.
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Figure 3. Effects of silencing PRKAC on the protein level of PRKAC in the HCT116 cells. PRKAC was silenced in HCT116 cells using PRKAC siRNA (siR-PRKAC). The
negative control siRNA (siR-NC) was used. The proteins were extracted from HCT116 cells transfected with siR-PRKAC and siR-NC for 48 h. The protein levels of total
PRKAC, phosphorylated PRKACuf (p-PRKACuf3), and phosphorylated PRKACII (p-PRKACII) were examined by Western blot (a) and quantified as the gray value of
target bands detected by the corresponding antibodies normalized to those detected by f-actin (loading control) using Image J software (b—f). Each experiment was
repeated at least three times. Data are expressed as the mean + SEM. *P < 0.05. One-way analysis of variance.
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Figure 4. Effects of silencing PRKAC on the colony-formation ability in the HCT116 cells after IR. The colony formation assay was performed to examine the colony-
formation ability of HCT116 cells transfected with siR-PRKAC and siR-NC after IR at the dose of 3Gy (a and b). Each experiment was repeated at least three times.
Data are expressed as the mean = SEM. *P < 0.05. One-way analysis of variance. (A color version of this figure is available in the online journal.)

cells. This result supported the findings reported by Davis
et al.'” and Flanagan et al.'® These results could be explained
and understood. MLH1 is a key protein in the repair of
DNA damage as a response to IR.'*"? Expressing MLH1
in HCT116 cells significantly reduced the yH2AX level
before or after IR, indicating that MLH1 was involved in
the repair of DNA damage no matter whether cells are
exposed to IR or not. In addition, MLH1 in the HCT116
(MLH1™") cells relieved the IR induced G2-M cell cycle
checkpoint arrest. These results supported the finding
that expressing MLH1 in HCT116 cells increases cellular
resistance to IR.

Although previous studies have investigated the cellular
responses in MLH1-mediated radiosensitivity, the signal-
ing pathway involved is not clear.'®™ Davis et al. examined
the role of the P53-mediated pathway, an extensively char-
acterized signaling pathway in response to IR,* in MLH1-
mediated radiosensitivity, and they found that the MLH1
function was not influenced by the P53-mediated path-
way.'” In this study, we found that expressing MLH1 in
HCT116 cells increased the level of total PRKAC, p-
PRKACu/, and p-PRKACPSII no matter if the cells were
exposed to IR. Silencing PRKAC in the HCT116 (MLH1™)
and HCT116 (MLH1") cells decreased the cellular resistance
to radiation. These results suggested that PRKAC was
involved in MLH1-mediated radiosensitivity. The PRKAC
is the catalytic subunit of protein kinase A (PKA) which
mediates cAMP-dependent cell processes such as DNA
replication and cell proliferation.” Human tumors, such
as breast, colon, and lung cancers, overexpress PKA, and
PKA overexpression has been associated with a poor prog-
nosis.”? PKA inhibitors have demonstrated radiosensitiza-
tion of various cancer cell lines.” The present study is the
first to demonstrate the important role of PKA in MLH1-
mediated radiosensitivity. However, the mechanism under-
lying how MLH1 affect the protein and phosphorylation

levels of PRKAC and what downstream molecular(s)
and/or pathway(s) are involved in PRKAC related radio-
sensitization have not been explored in the study, and thus
further experiments are required in the future work.

In conclusion, the present study provided the evidence
that expressing MLH1 in HCT116 cells increased the cellu-
lar resistance to IR and relieved the IR-induced G2-M cell
cycle checkpoint arrest after IR. In addition, our finding is
the first to demonstrate the important role of PKA in
MLH1-mediated radiosensitivity, suggesting that PKA
has potential as a biomarker and a therapeutic target for
increasing radiosensitization.
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