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Purpose: Biomarkers that predict radiosensitivity are essential for personalized radiother-
apy. We performed microarray analysis for rectal cancer patients between those with good
response and poor response to preoperative radiotherapy and found that patients with lower
expression of tripartite motif-containing protein 31 (TRIM31) showed a better response. In
this study, we confirmed the effects of TRIM31 on radiosensitivity by knockdown of
TRIM31 in colorectal cancer cells.

Methods and materials: Human colorectal cancer cell lines HT-29 and SW480, which are
TRIM31 stably knocked-down, were used for analysis. We studied the level of DNA damage
and the change of relative proteins after irradiation in TRIM31-knockdown cells. Flow
cytometry was used to test for apoptosis, cell cycle stage, and reactive oxygen species
(ROS) levels after irradiation. Cell survival was measured by cloning assay. Proteins related
to DNA damage were evaluated by Western blotting.

Results: The percentage of apoptotic cells and the levels of ROS were elevated, and the
survival fraction was reduced in TRIM31-knockdown cells. The expression levels of the
DNA damage proteins phosphorylated ataxia-telangiectasia mutation (P-ATM), DNA protein
kinases (DNA-PKs), and y-H2AX were higher in TRIM31-knockdown cells.

Conclusion: Knockdown of TRIM31 increases DNA damage and radiosensitivity in color-
ectal cancer cells.

Keywords: colorectal cancer, radiosensitivity, TRIM31

Introduction

Colorectal cancer (CRC) is the third most frequently diagnosed cancer and the third
leading cause of cancer-related deaths in the United States.' The incidence of CRC
is rising in East Asia, especially in the more economically developed cities, as a
result of Western-style diets, obesity, and smoking.”* Approximately 50% of CRC
is in the rectum, and most rectal cancer is locally advanced or metastatic at the time
of diagnosis. As the standard treatment for patients with locally advanced rectal
cancer, preoperative chemoradiotherapy (CRT) can downgrade the tumor and even

achieve a pathological complete response (pCR) and improve the local control.*>

%7 showed that preoperative chemoradiotherapy

Our previous phsssase II studies
was tolerable, effective and improved local control, and a high proportion of
unresectable rectal cancer patients became resectable after preoperative chemora-
diotherapy with many patients experiencing pCR. However, nearly 20-30% of the

patients were not radiosensitive and could not benefit from preoperative
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chemoradiotherapy. In these patients, chemoradiotherapy
even caused deterioration and greater toxicity. Therefore, it
is urgent to screen for those patients who will benefit from
chemoradiotherapy and those who will not. Biomarkers for
radiosensitivity in rectal cancer will play an important role
in this screening.

In our preliminary study, we performed a microarray
analysis between completely responsive and non-respon-
sive rectal cancer patients who underwent preoperative
chemoradiation and screened for differentially expressed
genes. Tripartite motif-containing protein 31 (TRIM31)
was among them. We found that TRIM31 expression was
much lower in the responsive patients than that in the non-
responsive patients, suggesting that TRIM31 might play a
critical role in the regulation of chemoradiosensitivity.

TRIM31 is a members of the TRIM family proteins,
which are characterized by a common tripartite motif.® The
tripartite motif consists of a RING domain, one or two B-
box domains, and a coiled-coil domain. Some TRIM family
proteins function as E3 ubiquitin ligases in ubiquitin-
mediated protein degradation pathways,® including proteins
involved in tumor development and progression.” TRIM31
is highly expressed in the gastrointestinal tract and regulates
tumor cell proliferation.'®!" In this study, we used rectal
cancer cell lines to further study the effect of TRIM31 on
the radiosensitivity of rectal cancer. We hypothesized that
TRIM31 regulates radiosensitivity in colorectal cancer by
interacting with proteins in cell damage pathways. TRIM31
may provide a novel biomarker for personalized chemora-
diation treatment.

Methods And Materials

Cell Cultures And Construction

Two colorectal cancer cell lines (SW480 and HT-29),
obtained from the American Type Culture Collection
(ATCC, MD, USA), were cultured. HT-29 was grown in
McCoy’s 5A medium, and SW480 was cultured in
Dulbecco’s modified Eagle’s medium (Life Technologies,
Grand Island, NY, USA). All media were supplemented
with 10% fetal bovine serum, 100 U/mL penicillin G, and
100 mg/mL streptomycin. All cultures were maintained in
a humidified atmosphere of 5% CO, at 37°C. The pLKO.1
cloning vector (Addgene: 10878) was used to express
shRNAs against TRIM31. In brief, 21-bp oligos targeting
TRIM31 were ligated into the pLKO.1 cloning vector to
generate the pLKO.1-shTRIM31 construct. pLKO.1-con-
trol containing scrambled non-target sShRNA was used as a

control. Both SW480 and HT-29 cell lines were stably
infected with pLKO.1-shTRIM31 and pLKO.l-control
lentiviral plasmids and were named HT-29 shTRIM3l,
SW480 shTRIM31, and control. We confirmed the knock-
down efficiency of HT-29 shTRIM31 and SW480
shTRIM31 both at the protein and mRNA levels of
TRIM31.

Irradiation

All X-ray radiation was delivered using the Xstrahl Small
Animal Radiation Research Platform (SARRP) 200
(Xtrahl life Sciences, Suwannee, GA) with a dose rate of
3.845 Gy/min (200 KV and 13 mA).

Apoptosis Analysis

To test whether TRIM31 affected tumor radiosensitivity
through apoptosis and related pathways, we first measured
the proportion of apoptotic cells after X-ray exposure using
an Annexin V/PI Apoptosis Detection Kit (BD Bioscience,
CA, USA). Briefly, HT-29 shTRIM31, SW480 shTRIM31,
and control cells were seeded in 6-well plates overnight.
After 24 h of exposure to 0 Gy and 6 Gy radiation, the cells
and the supernatant were harvested by trypsinization and
centrifuged at 1500 r/min for 8 min before being washed
twice with cold PBS and suspended in binding buffer. The
cell suspension was stained with anti-human Annexin anti-
body and propidium iodide (PI) in the dark for 30 min and
immediately analyzed by flow cytometry (Beckman
Coulter, CA, USA). The experiments were repeated three
times independently.

Cell Cycle Analysis

The effect of TRIM31 on the cell cycle redistribution of
irradiated HT-29 and SW480 cells was assessed using
propidium iodide (PI) staining by flow cytometry. Cells
were seeded in 6-well plates at 50% confluency, and the
next day a single dose of 4 Gy was delivered. Cells were
then collected at designated time points using trypsin and
washed twice with pre-chilled PBS. After ethanol precipi-
tation at —20 °C overnight, the cells were suspended and
stained with PI solution (containing 50 pg/mL propidium
iodide, 10 png/mL RNAse, and 0.02% Triton X-100) for 30
min in the dark at room temperature. Samples were
acquired using flow cytometry (Beckman Coulter), and
cell cycle distribution was analyzed using Modfit software.
The experiments were repeated three times independently.

submit your manuscript

8180

Dove

OncoTargets and Therapy 2019:12


http://www.dovepress.com
http://www.dovepress.com

Dove

Zhang et al

Reactive Oxygen Species

To test the level of reactive oxygen species (ROS) after
radiation in HT-29 and SW480 cells, the fluorescence
probe DCFH-DA (Beyotime Biotechnology, Jiangsu,
China) was used. Cells were seeded in 6-well plates at
5x10%/well overnight and then exposed to 0 Gy or 4 Gy.
The cells were collected by trypsinization 24 h after
irradiation and washed twice with cold PBS. The pro-
duction of ROS was measured by performing flow cyto-
metry using the oxidation-sensitive probe DCFH-DA
according to the manufacturer’s instructions. Briefly,
the probe was diluted with non-FBS culture medium at
a working concentration of 10 pM. The cells were
suspended with 500 pl of DCFH-DA working solution
and incubated at 37°C in the dark for 20 min, then were
slightly mixed every 5 min. The cells were then washed
three times with cold PBS to remove unbound probe and
immediately analyzed by flow cytometry. The experi-
ments were repeated three times independently.

Clonogenic Survival Assay

Colony formation was used to evaluate the radiosensitivity
in HT-29 and SW480 cells. A specific number of cells
(approximately 100 clones per well after harvest) were
seeded in 6-well plates in triplicate after being trypsinized
into single-cell suspensions. After attaching to the bottom
of the plates overnight, the cells were irradiated with a
series of doses (0, 2, 4, 6, and 8 Gy for SW480 cells, and
0, 2, 4, 6, 8 and 10 Gy for HT-29 cells). Cells were
continually incubated for two weeks after irradiation, then
fixed with 4% paraformaldehyde and stained with 1% crys-
tal violet. The colonies containing more than 50 cells were
counted. The plating efficiency (PE) was the percentage of
seeded cells that grew into colonies. The survival fraction
(SF) was calculated as SF=PE;, .giated/PEcontro1, and a survi-
val curve was fitted using a linear-quadratic model
(LQ model) with the equation S:exp—(aD+BD2), where S
denotes survival probability, D (Gy) is the radiation dose,
and o (Gy ') and B (Gy ?) are constants. The sensitization
enhancement ratio at the surviving fraction of 10% (SER ()
was calculated as follows: SER ;=D ontroi/DshTriM31- The
experiments were repeated three times independently.

Immunofluorescence Staining For y-H2AX
HT-29 cells were seeded and cultured overnight on glass cover
slides in 24-well plates at a concentration of 5x10* per well. At
different time points after 8 Gy radiation, cells were fixed with

4% paraformaldehyde for 30 min at room temperature and
then permeabilized using 0.2% Triton X-100 for 10 min on
ice. After being blocked with 5% BSA for 1 h, the cells were
incubated with anti-y-H2AX fluorescent antibody (Abcam,
Cambridge, UK) for 2 h at room temperature and washed
with PBS three times, and nuclei were stained with DAPI.
Images were captured using confocal microscopy (X63 oil)
(Leica, Wetzlar, Germany).

Immunoblot Analysis

The total proteins of HT-29 shTRIM31 and control cells
were collected with lysis buffer (Thermo Scientific,
Waltham, MA, USA), including 1% protease inhibitor cock-
tail mix (Roche, Basel, Switzerland) and 1x PhosSTOP
(Roche) at denoted times following irradiation. The protein
concentration was measured with BCA Protein Assay
Reagent (Thermo Scientific). Equal amounts of proteins
were loaded onto 7.5—15% Tris-Glycine gels and then elec-
trophoretically transferred to a PVDF membrane (Roche).
The PVDF membrane was blocked with 5% BSA in TBS-
Tween20 (0.1%, v/v) for 1 h and then incubated with the
primary antibody at room temperature for 2 h or overnight
at 4°C, followed by incubation with the appropriate horse-
radish  peroxidase-conjugated  secondary  antibody
(Millipore, Darmstadt, Germany) at a dilution of 1:5000
for 1 h at room temperature. Protein bands were visualized
through chemiluminescence (Thermo Scientific) and pro-
tein bands images were captured using a Chemiscope3300
mini (Clinx, Shanghai, China). The primary antibodies used
at a dilution of 1:1000 were as follows: rabbit anti-ATM,
anti-phospho-ATM, rabbit anti-phospho-y-H2AX, rabbit
anti-DNA-PK (Cell Signaling Technology, Danvers, MA,
USA), and mouse anti-GAPDH antibody (Santa Cruz
Biotechnology, Dallas, Texas, USA). The experiments
were repeated three times independently. Densitometrical
analysis was performed on the software of Image J
software.

Statistical Analysis

Statistical analysis was carried out using Graphpad InStat
7 software (GraphPad Software, San Diego, CA, USA).
Data showing comparisons between two groups were
assessed using Student’s t-test. Comparisons among more
than two groups were analyzed using ANOVA with the
appropriate post hoc testing. P<0.05 was considered sta-
tistically significant.
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Results
TRIM3 1 Knockdown Radiosensitized

SW480 And HT-29 Cells

We knocked down TRIM31 using a lentivirus particle
shTRIM31 and confirmed the knockdown efficiency both at
the protein and mRNA levels. As shown in Figure 1A and B,
the knockdown efficiencies of HT-29 and SW480 were 88%
and 85%, respectively, and the protein level of TRIM31
further confirmed successful knockdown (Figure 1C and D).
We first performed clonogenic survival assays to check if
TRIM31 could modulate radiosensitivity in HT-29 and
SW480 cells. As shown in Figure 1E and F, knockdown of
TRIM31 significantly radiosensitized HT-29 and SW480 cells
with enhancement ratio (SER ;o) of 1.28 and 1.64, respectively.
These data indicate that TRIM31 is a potential candidate of
radiosensitizing colorectal cancer cells.

TRIM31 Knockdown Increased Cell
Death And Changed The Cell Cycle
Distribution After Radiation In SW480
And HT-29 Cell Lines

The most severe and direct result for radiation is cell
death, while more commonly, it causes cell damage and
cell cycle arrest. Here, we first tested whether the radio-
sensitivity induced by TRIM31 knockdown was due to
activating cell apoptosis. Apoptosis analysis was per-
formed in HT-29 and SW480 cell lines with Annexin V-
FITC/PI staining using flow cytometry. As shown in
Figure 2A and B, knockdown of TRIM31 significantly
increased the radiation-induced apoptosis in both HT-29
and SW480 cell lines compared to the control cells and
was statistically different (Figure 2C and D, P<0.01). We
investigated whether there were any differences in radia-
tion-induced cell cycle arrest following TRIM31 knock-
down. HT-29 cells received 4 Gy irradiation, and the DNA
content was measured at 12 h, 24 h, and 48 h after
irradiation. Before irradiation, the distribution of the cell
cycles in both HT-29 shTRIM31 and control cells was
basically the same, which means TRIM31 itself has no
direct effect on the cell cycle. After 4 Gy irradiation,
knockdown of TRIM31 in HT-29 cells resulted in
increased radiation-induced G2/M arrest at 24 h and 48 h
compared with the control (Figure 2E, P<0.01 at 24 h, and
P<0.05 at 48 h). In addition, the proportion of cells in the
S phase decreased at 24 h after irradiation (P<0.01). This
might be one of the mechanisms by which TRIM31

modulates radiosensitivity in colorectal cancer cells. And
the effect may be most obvious at 24 h after irradiation by
both G2/M phase arrest and S phase inhibition. The poten-
tial mechanism may be that the expression of cell cycle
proteins, which are targeted by TRIM31, changes obvious
at 24 h after irradiation.

TRIM31 Knockdown Increased IR-
Induced DNA Damage And ROS

Production

Ionization radiation (IR) directly ionizes DNA molecules and
induces DNA double-strand breaks (DSBs), which is the
most critical trigger of genomic instability. To evaluate
whether knockdown of TRIM31 could aggregate DSBs
after irradiation, y-H2AX foci, which are a marker of
DSBs, were counted and analyzed in HT-29 cells at different
times after 8 Gy irradiation using immunofluorescent stain-
ing, and the foci number from 500 nuclei were determined
for individual samples. y-H2AX foci were most obvious at 3
h after 8 Gy. Figure 3A shows foci staining in HT-29 cells at
3 h after 8 Gy, and we found that y-H2AX foci were sig-
nificantly increased in the HT-29 shTRIM3 1 group compared
to the control group (P<0.001) (Figure 3B), which meant that
in HT-29 shTRIM31 cells, ionizing radiation caused much
more DNA damage.

IR can cause DNA damage directly and can also inter-
act with atoms or molecules (mainly water) in cells to
produce free radicals, such as ROS, which further exacer-
bates DNA damage. Therefore, we checked the ROS level
in HT-29 and SW480 cells. As shown in Figure 3C and D,
before irradiation, the basic levels of ROS were low in
both cell lines, and knockdown of TRIM31 did not cause
any difference, which indicated that TRIM31 itself did not
influence ROS metabolism. When cells were irradiated,
the levels of ROS increased in all cell lines after exposure
to 4 Gy X-rays 24 h. The ROS level was much higher in
HT-29 shTRIM31 cells than in control cells (70.86+£2.01
vs 43.68+1.43, P<0.01) 24 h after exposure to 4 Gy. The
results were similar in SW480 cells (Figure 3C and D),
with higher ROS levels in SW480 shTRIM31 cells than in
control (42.4+1.18 vs 28.04+0.89, P<0.01).

Knockdown TRIM31 Influenced DNA
Damage And Repair Pathways

Based on the aforementioned data, we speculated that knock-
down TRIM31 radiosensitized colorectal cancer cells by influ-
encing DNA damage and repair pathways, so we measured the
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Figure 1 TRIM3| modulates radiosensitivity in HT-29 and SW480 colorectal cancer cells. TRIM31 knockdown efficiency at the mRNA level in HT-29 (A) and SW480 (B)
cell lines. Ratio of TRIM31 mRNA expression = TRIM3| mRNA expression/TRIM31 mRNA expression in the control. Validation of TRIM3| knockdown at the protein level
in HT-29 (C) and SW480 (D) cell lines. (E) HT-29 shTRIM31 and control cells received irradiation at 0 Gy, 2 Gy, 4 Gy, 6 Gy, 8 Gy, and 10 Gy. SER,= 1.28. (F) SW480
shTRIM31 and control cells were irradiated at 0 Gy, 2 Gy, 4 Gy, 6 Gy, and 8 Gy. SER o= 1.64. SER o=survival enhancement ratio at a surviving fraction of 0.10.

levels of proteins related to DNA damage and repair in HT-29
cells, including DNA damage sensors: ATM, DNA-PKs, and
DNA damage sensor: y-H2AX. ATM and P-ATM were much
higher in HT-29 shTRIM31 than in the control group at 24 h

after 8 Gy radiation (Figure 4A), and this was statistically
significant. After 8 Gy radiation, the levels of DNA-PKs and
v-H2AX were elevated continuously in HT-29 shTRIM31
cells compared to control cells (Figure 4A), and the gray
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value difference was statistically significant between
shTRIM31 and control at 24 h and 48 h for DNA-PK, and at
12 h, 24 h, and 48 h for y-H2AX (Figure 4B), which meant that
DNA repair was deficient and DSBs existed continually.

Discussion

Exploiting molecular markers to predict radiosensitivity in
rectal cancer is an essential strategy for the development
of individual clinical therapies. TRIM31 is an E3 ubiqui-
tin-protein ligase that has a tripartite motif containing a
RING domain that confers ubiquitin ligase activity. It
plays an important role in innate immune response, in
particular by negatively regulating viral entry into host
cells; it is also a negative regulator of Src-induced ancho-
rage-independent cell growth in gastrointestinal tract,
shows altered expression in certain tumors, and may be a
negative regulator of cell growth.'®'>"'* However,
recently a study shows that TRIM31 promote glioma pro-
liferation and invasion."” In addition, it is reported that
TRIM31 overexpression confers gemcitabine resistance on
pancreatic cancer.'® TRIM31 also medicates inflammatory
effect through the NF-xB pathway.'” However, there are
no studies on the relationship between TRIM31 and radio-
sensitivity. We found that the expression of TRIM31 was
lower in radiation-responsive rectal cancer patients, and
knockdown TRIM31 radiosensitized colorectal cancer
cells by aggregating DNA damage and inducing ROS
production after radiation. During this process, TRIM31
may be involved in DNA damage and repair pathways
through interacting with ATM.

The biologic effects of radiation, like cell death and
redistribution of the cell cycle, involve many pathways,
especially DNA damage repair pathways, including the
ATM and P53 pathway.'®'? We first found that knockdown
of TRIM31 significantly increased radiation-induced apop-
tosis, which explains why TRIM31 knockdown radiosensi-
tized colorectal cancer cells in this study. Radiation-induced
G2/M arrest was also very profound after TRIM31 down-
regulation. A previous study showed that TRIM31 over-
expression decreases the protein expression of cyclin D1
and cyclin E,?® which are cell cycle regulators, which is
consistent with our results showing that TRIM31 regulates
the cell cycle. Cell cycle arrest allows injured cells to have
enough time to repair DNA damage and avoid cell death. In
this case, knockdown of TRIM31 should protect the cells
from death. So, we hypothesized that this prolonged G2/M
arrest was caused by persistent DNA damage without
repair. Indeed, we found that y-H2AX foci existed along

with the activation of ATM and DNA-PK. In addition, we
detected excessive ROS production in TRIM31-knockdown
cells after irradiation, which could prompt and aggregate
DNA damage. Radiation induces G2/M arrest by activating
the ATM/Chk2 pathway, which is followed by the activa-
tion of P53, causing cell apoptosis; furthermore, the persis-
tent DNA damage triggers the components of the DNA
damage and repair pathway.?' In TRIM31-downregulated
cells, the levels of ATM, P-ATM, and DNA-PKs were much
higher compared to those in control cells. Both ATM and
DNA-PK are DNA damage sensors and initiate DNA repair,
and ATM can phosphorylate histone H2AX at DSBs,
thereby regulating the DNA damage response.”” We noticed
that unlike DNA-PK, even without radiation, TRIM31-
knockdown cells still had a higher level of ATM protein,
although without statistical significance, which meant that
TRIM31 might regulate ATM by a different pathway. To
discriminate the potential mechanisms by whichTRIM31
regulates ATM and the DNA-PK pathway, we applied
mass spectrometry to identify its possible interaction fac-
tors, and we found that ATM was a candidate interaction
proteins. TRIM31 is an E3 ubiquitin-protein ligase that can
exert its role by promoting the degradation of its target
proteins, we inferred that TRIM31might inhibit ATM
expression via protein degradation, but this needs further
study.

In summary, knockdown of TRIM31 after irradiation
increased ROS production, exacerbated radiation-
induced DNA damage, and prolonged G2/M arrest, con-
sequently causing apoptosis and radiosensitization in
colorectal cancer cells. During this process, TRIM31
may interact with ATM to regulate this series of events
induced by radiation. Through their E3 ligase protein
degradation function, TRIM family proteins are impli-
cated in the negative regulation of the innate immune
response, which provides a good opportunity to design
drugs that target these family proteins, as there are many
potential inhibitors, and the generally low expression of
TRIM31
effects of such drugs. In addition, colorectal cancer

in human tissues could minimize the side

cells with inflammation infiltration have better survival,
and thus TRIM31 may be a useful therapeutic target for
colorectal cancer.

Conclusion

The expression of TRIM31 affects the radiosensitivity of
colorectal cancer cells via complicated mechanisms that
need further exploration to be clinically useful.
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