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Abstract. The molecular mechanisms underlying the biological
effects of carbon ions are unclear. The aim of this study was
to explore the Wnt/f-catenin pathway in regulating carbon
ion (">C*) radiation-induced cellular toxicity. HLY78 is a
Wht-specific small molecular modulator, whose effects on
12C%* radiation-induced damage are mostly unknown. HLY78,
in combination with '?C% radiation was investigated on HeLa
cell viability, cell cycle progression, DNA damage, and the
expression of apoptotic and Wnt-related proteins. '*C** radiation
suppressed cell viability in a time-dependent manner, whereas
the addition of HLY78 to cells significantly reduced this stress.
Moreover, after irradiation with 2C%, HeLa cells exhibited
increased cell apoptosis, G2/M phase arrest, and a number of
v-H2AX foci. However, Wnt signaling activation alleviated
these effects. Furthermore, when compared with the radiation
alone group, supplementation with HLY78 markedly increased
the expression of anti-apoptotic and Wnt-related proteins, and
significantly decreased the expression of apoptotic proteins. The
present results indicated that activation of the Wnt/B-catenin
signaling pathway by HLY78 reduced 'C%* radiation-induced
HeLa cell dysfunction, suggesting that the Wnt/f-catenin
signaling pathway plays an important role in regulating '*C®*
radiation-induced cellular toxicity in HeLa cells.

Introduction

Worldwide each year, approximately 500,000 women are
diagnosed with cervical cancer, and more than 300,000 deaths
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are recorded from this malignancy (1). In most cases, persis-
tent infection with high-risk human papillomavirus (HPV)
is reported to be the cause of the cervical carcinoma (2).
Approximately 90% of new cases and deaths from cervical
cancer occur in low- and middle-income countries, where
mortality rates are 18 times higher than developed coun-
tries (1,3). Traditional treatments for cervical cancer involve
radical hysterectomy, chemotherapy, radiotherapy, or a combi-
nation of both. Currently, nearly 70% of cancer patients will
undergo radiotherapy, which is considered to be an effective
treatment modality for locally advanced cervical cancer (4).

During conventional radiotherapy, most of the X-ray
energy or y-irradiation is deposited in normal tissue before
reaching tumors, therefore, it may not be possible to
deliver sufficient radiation target doses using single-field
irradiation (5). As an advancement of current radiotherapy
approaches, '?C% radiotherapy provides a promising
therapeutic option for various malignancies resistant to
conventional photon radiotherapy. The unique factors that
improve the killing effects on tumor cells when compared
to X-ray or y-irradiation include: i) superior physical
dose distribution as a result of the spread-out Bragg peak
effect (6), enabling radiation to intensively target cancer cells
while sparing surrounding tissues (7,8); ii) increased relative
biological effectiveness (9); iii) lower oxygen enhancement
ratios and almost constant radio-sensitivity within the cell
cycle (10,11), thereby inducing more cell cycle- and oxygen-
ation-independent, irreparable DNA damage, and killing
more radio-resistant tumor cells than photon beams (12).
A large body of evidence has revealed that '*C%* radiation
exhibits strong cell-killing effects, approximately 2-3 times
greater than photon techniques (13,14). Ever since the first
clinical experience in 1977, approximately 20,000 patients
worldwide have received '?C* radiotherapy, with patient
numbers growing steadily (15,16). In spite of heavy-ion
therapy alone exhibiting favorable therapeutic effects on a
variety of tumors, the approach does not achieve a satisfac-
tory overall 5-year survival rate for patients with cervical
cancer (17). Thus, there is a growing interest in combined
modalities for cervical cancer, especially for molecularly
targeted therapies.
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The Wnt/B-catenin signaling pathway is crucial during
cell development, and is implicated in numerous biological
events, including embryogenesis, cell proliferation (18),
invasion (19), apoptosis, and cellular differentiation (20,21).
During normal adult stage, the Wnt signaling pathway is
inactive or silent. However, once the body is stimulated by
inflammation, neurological disease and cancer, Wnt signaling
becomes dysregulated (22,23). Accumulating evidence
suggests that the canonical Wnt signaling pathway is indis-
pensable for tumorigenesis and tumor propagation (24).
Activation of Wnt signaling contributes to tumor prolifera-
tion and metastasis, while Wnt signaling suppression blocks
cancer stemness, and induces cell senescence (25). Previous
studies have revealed that activation of the Wnt/B-catenin
signaling pathway is implicated in a number of tumor
types, such as gastrointestinal, breast, melanoma, glioblas-
toma (26), colorectal, lung and liver (27,28). Moreover, it
has been reported that the aberrant activation of canonical
Whnt signaling is involved in the multistep pathogenesis and
progression of cervical cancer (29,30). Previously, we demon-
strated that Wnt signaling pathway inhibition enhances
radiosensitivity in human cervical cancer HeLa cells (31).
Thus, the Wnt/p-catenin signaling pathway is involved in the
tumorigenesis of numerous cancers, indicating its potential
value as a target for cancer treatment.

HLY78 is a new small-molecule activator of the
Wnt/fB-catenin signaling pathway, that acts in a Wnt
ligand-dependent manner. Mounting evidence suggests that
HLY78 directly binds to the DAX domain of Axin, enhancing
the interaction of Axin-LRP6, which promotes LRP6 phos-
phorylation and Wnt signal transduction (32-34). A previous
study has revealed that zebrafish embryo supplementation with
HLY78 significantly reduced developmental toxicity induced
by carbon ion radiation alone (34). Although the protective
effects of HLY78 on cancer cell damage have been reported,
its effects on ionizing radiation (IR)-induced damage have not
been well defined.

In the present study, a HeLa cell model was used to explore
Wht signaling pathway functions in cervical cancer progres-
sion. To provide a biological basis for the combined use of
the Wnt agonist with '2C% beam radiotherapy, the effects of
HLY78 on IR-induced damage in HeLa cells was evaluated.
These findings may provide new insights into potential thera-
peutic applications relevant to the Wnt signaling pathway.

Materials and methods

Cell culture and treatments. Human cervical carcinoma
cells (HeLa) were gifted by the First Hospital of Lanzhou
University, and cultured in Dulbecco's modified Eagle's
medium (DMEM), supplemented with 10% fetal bovine serum
(FBS; both from HyClone™; GE Healthcare Life Sciences).
All cells were maintained in a humidified 5% CO, atmosphere
at 37°C.

Chemical and irradiation exposure. HeLa cells in exponential
growth were cultured in 35-mm culture dishes, and incu-
bated overnight to facilitate adherence. The Wnt activator,
HLY78 (purity =98%) was dissolved in dimethyl sulfoxide
(DMSO; both from Sigma-Aldrich; Merck KGaA). Cells
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were pre-incubated with DMSO and HLY78 for 2 h before
12C% jrradiation, and maintained in the medium until the
samples were collected.

Then, HeLa cells were exposed to '*C* beam at an energy
of 80 MeV/u and linear energy transfer (LET) of 50 keV/um,
with a dose rate of 4 Gy/min. Heavy-ion beam irradiation was
performed at the Heavy Ion Research Facility in Lanzhou
(HIRFL; Institute of Modern Physics, Chinese Academy of
Sciences, Lanzhou, China). All experiments were separately
completed three times.

Cell Counting Kit-8 (CCK-8) cell viability assay. Cells from
various treatment groups (control, HLY78, IR, IR+HLY78)
were transferred to 96-well plates at a density of 3,000 cells/
well, and cultured for 6, 12, 24, 48, 72 and 96 h in a humidi-
fied 5% CO, incubator. At the end of incubation, 20 ul CCK-8
(Dojindo Molecular Technologies, Inc.) reagent was added to
each well 2 h before assaying. Cell viability was determined
by colorimetry, with optical density at 450 nm measured on a
microplate reader (Tecan Infinite 200 M).

Clonogenic survival assay. Immediately after irradiation,
cells from various treatment groups (control, HLY7S, IR,
IR+HLY78) were detached and plated in triplicate onto 60-mm
culture dishes at 1,000 cells/well. All cells were cultured for
10-14 days at 37°C in a humidified 5% CO, incubator. After
this period, surviving colonies were fixed in ice-cold 4% para-
formaldehyde for 15 min, and then stained with 1% crystal
violet for 20 min. The number of colonies containing at least
50 cells were scored as surviving units. Plating efficiency (PE)
was calculated as the number of colonies formed, divided by
the cell inoculation number in the control. The surviving frac-
tion (SF) of the irradiated group was defined as: SF = colonies
counted/(cells seeded x PE). The parameters of the survival
curve were determined using a linear-quadratic equation.

Cell apoptosis assay. Following incubation for 24 h at
37°C, various treatment group of cells (control, HLY7S,
IR, IR+HLY78) were detached and washed twice in chilled
PBS, diluted to 100 gl in 1X binding buffer, then mixed
with 5 ul FITC Annexin V and 5 pl propidium iodide (PI)
(Annexin V-FITC Apoptosis Detection Kit I; BD Biosciences).
Samples were incubated in the dark for 15 min at 25°C,
after which flow cytometry (Amnis FlowSight; Luminex
Corporation) was performed to quantify cell apoptosis. A
minimum of 10,000 cells were counted in each sample.
IDEAS Application v6.0 (Merck Millipore) software was used
to identify apoptotic cells.

Cell cycle assay. After incubation for 24 h at 37°C, various
treatment group of cells (control, HLY78, IR, IR+HLY78)
were detached and fixed overnight in ice-cold 70% ethanol
at -20°C. Then, the cells were centrifuged at 1,000 rpm for
4 min, and the supernatant was removed. To the pellet, 2-5 ml
PBS was added to rehydrate the cells for 15 min. Finally, the
cells were gently resuspended in 75 ul DNA staining solution
(MultiSciences Biotech Co., Ltd.) for 30 min, and maintained
in the dark at room temperature (RT) until analysis. Data were
processed using FlowJo-V10 software (FlowJo, LLC) with at
least 10,000 cells examined per sample.
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Figure 1. HLY78 attenuates the inhibitory effects of '>C®* radiation on cell viability in human cervical carcinoma, HeLa cells. (A) A CCK-8 assay revealing
cell proliferation affected by various HLY78 concentrations. (B) Cell viability at 6, 12,24 and 48 h after '>C°* radiation, as assessed by CCK-8 assay. The line
chart shows cell viability when exposed to 2 Gy high-LET 2C6* beam, with or without 2.5 xM HLY78 administration, respectively. Data are expressed as the
mean = SEM, from triplicate experiments. "P<0.05 (vs. the control group). “P<0.05 (vs. the radiation group). CCK-8, Cell Counting Kit-8; LET, linear energy

transfer.

Immunofluorescence. Phosphorylated histone H2AX
(y-H2AX) and cytosolic and nuclear -catenin expression in
HeLa cells was detected using immunofluorescence. After
irradiation for 4 h, cells were exposed to various treatments
(control, HLY78, IR, IR+HLY78) and fixed overnight at 4°C
in 4% paraformaldehyde. The following day, the cells were
permeabilized with 0.5% Triton X-100 for 5 min, and rinsed
three times in PBS, followed by blocking in 10% bovine serum
albumin (BSA) in TBS with 0.1% Tween-20 (TBST) for 1 h
at RT. Subsequently, the cells were incubated with rabbit
anti-y-H2AX (1:200; ab11174) (Abcam), or anti-B-catenin
(1:300; GTX26302) (GeneTex, Inc.) overnight at 4°C, and
then the cells were incubated with a 1:1,000 dilution of
FITC-labelled secondary antibody, goat anti-rabbit IgG (H&L)
(cat. no. RS3211; ImmunoWay Biotechnology Company) for
1 h in the dark. Cells were counterstained with DAPI (Vector
Laboratories, Inc.) for nuclear staining. A Zeiss LSM-700
confocal microscope (Carl Zeiss AG) captured cell images
(magnification, x400).

Western blotting. Following '*C®* irradiation for 24 h, cells
(treated and untreated) were lysed in RIPA buffer (Beijing
Solarbio Science & Technology Co, Ltd.) supplemented with
protease inhibitors for 30 min on ice. Protein concentrations
were quantified using the BCA™ protein assay kit (Pierce;
Thermo Fisher Scientific, Inc.). Equivalent protein lysates
(30 pg) were fractionated on 15% SDS-PAGE and transferred
to PVDF membranes (EMD Millipore). To prevent non-specific
binding, the membranes were first blocked in TBST containing
5% BSA for 1 h at RT, and then probed with primary rabbit
antibodies for anti-p53 (1:1,000; cat. no. GTX50438), anti-Bax
(Bcl-2-Associated X protein) (1:500; cat. no. GTX32465),
anti-Bcl-2 (B-cell lymphoma-2) (1:500; cat. no. GTX100440),
anti-Wnt5a (1:500; cat. no. GTX111187), anti-Wnt3a
(1:1000; cat. no. GTX128101) and anti-p-catenin (1:4000;
cat. no. GTX26302) (all from GeneTex, Inc.) at 4°C over-
night. After washing three times in TBST for 15 min, the
corresponding HRP-conjugated secondary antibody, goat

anti-rabbit IgG (H+L) (1:10,000; cat. no. BS13278; Bioworld
Technology, Inc.) was added to membranes and incubated
for 1 h at RT. Subsequently, the protein expression was
visualized by ECL reagent (WBKLS0500; EMD Millipore).
Densitometric analysis was performed using the AlphaView
imaging software (version 3.4.0; ProteinSimple). GAPDH
(1:5,000; cat. no. GTX100118; GeneTex, Inc.) was used as a
loading control to normalize data.

Statistical analyses. All assays were repeated at least three
times and values were presented as the mean + standard error
of the mean (SEM). Statistical analyses were performed using
IBM SPSS Statistics 20 software (IBM, Corp.). One-way anal-
ysis of variance (ANOVA), with Tukey's post hoc tests were
applied to detect statistically significant differences between
groups. Differences with a P-value <0.05 were considered
statistically significant. Figures were plotted using Origin 8.0
(OriginLab).

Results

Determination of optimal HLY78 concentrations in HeLa
cells. Firstly, HLY78 cytotoxicity was evaluated in HeLa
cells over the dose range, 0.625-20 uM. A CCK-8 assay indi-
cated that cell viability was significantly decreased between
2.5-20 uM, and that the decrease was dose-dependent. There
were no obvious toxic effects at doses <2.5 pM in comparison
with the control cells (Fig. 1A), therefore, 2.5 uM HLY78 was
used for all subsequent experiments in cells.

Combinatorial effects of ?C®* radiation and HLY78 on HeLa
cell viability. To investigate the effects of HLY78 on HeLa
cells exposed to high-LET '2C°* beams, cell viability was
assessed after irradiation at 2 Gy '2C% beams. The present
data revealed a significant difference in cell viability among
groups (P<0.05). '*C** radiation induced a significant decrease
in cell viability, whereas the addition of HLY78 markedly
attenuated the cellular inhibitory effects induced by irradiation
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Figure 2. HLY78 protects HeLa cells from cellular toxicity after '>C®* radiation. (A) Representative images from colony formation assays of proliferating HeLa
cells treated with HLY78, and exposed to '*C®* radiation. (B) Surviving fraction of cells, with and without HLY78 after '>C®* radiation. HeLa cells were plated
immediately after ?C®* beam alone, or in combination with 2.5 uM HLY78 for 14 days. Data are expressed as the mean = SEM, from triplicate experiments.
Three independent measurements were performed, each in triplicate. “P<0.05 (vs. the control group). “P<0.05 (vs. the radiation group).

alone (P<0.05). The results (Fig. 1B) revealed that treatment
with both DMSO and HLY78 alone had no effects on cell
proliferation within 48 h, when compared with the controls
(P>0.05). Cell viability was reduced by ~40.62% (P<0.05) at
48 h after '*C*" irradiation when compared with the controls.
For cells administered HLY78 plus irradiation, viability
was significantly increased from 62.77+1.98 to 71.53+1.83%
(P<0.05) when compared with irradiation-only cells. These
data indicated that HLY78 protects HeLa cells from cellular
toxicity after '>C°* radiation.

HeLa cytotoxicity at 2 Gy 'C%" irradiation alone, and
in combination with HLY78 was evaluated by clonogenic
survival assay. The results (Fig. 2) revealed that treatment with
HLY78 alone exerted no notable effects on colony forming
efficiency. Moreover, there was a significant decrease in colo-
nies formed in the radiation group at 2 and 4 Gy (~2.57- and
4.42-fold, respectively), in comparison with the control group
(P<0.05). However, when '>C* beam-exposed HeLa cells
were pre-treated with HLY78, colony formation efficiency
was increased when compared with the irradiation alone
cells (from 38.96+4.00 to 49.78+1.45% for 2Gy+HLY78; and
22.60+4.39 to 36.32+1.72% for 4Gy+HLY78 respectively)
(Fig. 2B), indicating that HLY78 decreased radiation-induced
radio-sensitivity.

Combinatorial effects of carbon ion radiation and HLY78 on
Wnt-related protein expression in HeLa cells. Western blotting
evaluated the net effects of combined HLY78 and *C® radia-
tion on Wnt-related protein expression in HeLa cells. The
present data indicated that HLY78 alone induced a significant
increase in 3-catenin (1.94-fold, P<0.05), Wnt3a (1.59-fold,
P<0.05) and Wnt5a (1.39-fold, P<0.05) expression, relative to
the control group. Moreover, when compared with HeLa cells
treated with '2C% beam alone, 3-catenin, Wnt3a and Wnt5a
expression levels were increased by ~1.70-, 1.53- and 1.83-fold,
respectively in HeLa cells that received combined treatment
of HLY78 after radiation (Fig. 3A and B). Moreover, immu-
nofluorescence staining was used to examine the expression

and location of B-catenin in HeLa cells treated with the
HLY78-irradiation combination. These data revealed that
HLY78 significantly reduced the inhibitory effects of the *C*
beam on nuclear [3-catenin protein expression in HeLa cells
(Fig. 3C and D). Thus, HLY78 may protect HeLa cells from
IR-induced damage by promoting Wnt-related protein expres-
sion. Collectively, these data indicated that the Wnt signaling
pathway was responsible for the radio-sensitivity of HeLa cells.

Combinatorial effects of carbon ion radiation and HLY78
on cell cycle progression in HeLa cells. Increasing evidence
suggests that alterations in cell cycle distribution post-irra-
diation, are closely associated with sensitivity in tumor cell
lines (35). Hence, the effects of '>C%* radiation alone and in
combination with HLY78 on cell cycle progression were
examined by flow cytometry after irradiation for 24 h. The
results (Fig. 4) revealed that treatment with HLY78 alone
without radiation, did not induce an appreciable G2/M
arrest. However, the proportion of cells in the G2/M phase
increased upon '>C®* radiation alone, when compared with the
control (33.30+1.60 vs. 21.70+£1.00%, P<0.05). In addition, a
significant decrease was observed in the proportion of cells
in the G2/M phase (23.70+2.20 vs. 33.30+1.60%, P<0.05)
after combined treatment with radiation and HLY78, when
compared with cells exposed to '2C* radiation alone.

Combinatorial effects of carbon ion radiation and HLY78
on DNA damage in HeLa cells. The expression of y-H2AX
expression, which is an important biomarker of DNA
double-strand breaks (DSBs), was assessed after irradiation
treatment. Immunofluorescence was used to examine the
effects of HLY 78 on the accumulation of DNA damage in irra-
diated HeLa cells. The results (Fig. 3E and F) revealed that the
addition of HLY78 significantly decreased y-H2AX expres-
sion, when compared with cells that received '*C®* radiation
alone. These data indicated that HLY78 potentially blocked
the accumulation of unrepaired lethal DNA lesions to protect
HeLa cells from radiation-induced damage.
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Figure 3. HLY78 promotes cervical cancer progression by altering Wnt-related protein expression. (A) Representative western blot images. (B) Quantitative
analysis of Wnt5a, Wnt3a and B-catenin protein expression in HeLa cells after treatment with HLY78 alone, or combined with '?C®* radiation for 24 h. GAPDH
was used as a loading control. (C) The effects of HLY78 on the subcellular localization of -catenin (green) in HeLa cells after exposure to 2C** radiation for
4 h, using confocal microscopy. Nuclei are counterstained with DAPI (blue). (D) The mean fluorescence intensity of f-catenin in various treatment groups.
(E) Phosphorylation levels of y-H2AX in various treatment groups were assessed by immunofluorescence. Representative confocal microscopy images are
presented. (F) The percentage of y-H2AX-positive cells in total cells. y-H2AX, phosphorylated histone H2AX. All experiments were performed in triplicate.
Values are expressed as the mean + SEM. "P<0.05 (vs. the control group). “P<0.05 (vs. the radiation group).

Combinatorial effects of carbon ion radiation and HLY78 on
HelLa apoptosis. Apoptotic HeLa cells were assessed using
flow cytometry, after irradiation with 2 Gy '*C® beam for
24 h. The results (Fig. 5A and B) revealed that treatment with
HLY78 in the absence of >C® beam irradiation, exerted no
significant changes in HeLa apoptosis. However, a significant
increase was observed in apoptosis after '>C®* irradiation,
when compared with the control (17.95+1.25 vs. 1.97+0.42%,

P<0.05, respectively). When compared to the irradiation group
alone, the combined treatment, HLY78 and radiation group
generated a significant decrease in apoptosis, and thus an
advantage for HeLa cell survival (17.95+1.25 vs. 5.63+0.47%,
P<0.05).

Since HLY78 administration had significant responses
in '2C% radiation-induced apoptosis, the potential functional
mechanisms were investigated. Induction of apoptosis by '2C°*
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radiation group). LET, linear energy transfer.

radiation, with or without HLY78, was analyzed by western
blotting. As revealed in Fig. 5C and D, in cells treated with
HLY78 immediately after '*CS* irradiation, p53 and Bax
expression were significantly decreased (by ~1.40- and
1.21-fold, respectively, P<0.05), whereas Bcl-2 expression
was significantly increased (by ~1.44-fold, P<0.05), when
compared to cells receiving the '>C®* beam alone. These data
indicated that the canonical Wnt signaling pathway effectively
regulated irradiation-induced apoptosis in HeLa cells.

Discussion

Although ?C% radiotherapy has become a promising thera-
peutic option for locally advanced cervical cancer, due to its
unique physical and biological effects, the 5-year survival rate
for patients is unsatisfactory. Therefore, there is an urgent need
to identify effective therapeutic targets to improve efficacy
approaches for cervical cancer. Previously, aberrant activation
of the Wnt/p-catenin signaling pathway was implicated in the
initial steps and progression of a variety of cancers, including
cervical cancer (36). HLY78, as a small-molecule activator
of the Wnt/p-catenin pathway protects cancer cells against
damage; HLY78 was revealed to exert cytoprotective effects
against resveratrol-induced cellular toxicity in breast cancer
cell lines (37). However, its effects on '>C®* radiation-induced
damage in HeLa cells are unknown.

HLY78 was used to improve our understanding of
the Wnt/B-catenin signaling pathway in regulating irra-
diation-induced toxicity in HeLa cells. A previous study
indicated that the upregulation of the Wnt pathway by HLY78,
significantly attenuated decreases in gastric cancer cell
viability, induced by the overexpression of oxysterol-binding
protein-related protein 8 (ORP8) (38). Moreover, other
studies have indicated that Wnt/B-catenin pathway activation
promotes cell growth and proliferation in cervical cancer (39).

Considering that HLY78 may have protective effects on
irradiated HeLa cells, HLY78-mediated cytotoxicity in these
cells was firstly evaluated using a CCK-8 assay. The present
data data indicated that increasing drug concentrations (2.5,
5, 10 and 20 uM) caused cell proliferation to decrease in a
dose-dependent manner. Similarly, there were no significant
differences in cell proliferation rates as incubation duration
increased (6, 12, 24, and 48 h). Therefore, HLY78 at 2.5 uM
was used in the present study.

Continuous activation of Wnt/B-catenin signaling is
closely related to the uncontrolled, self-renewal of tumor
cells (24,40). The present study also demonstrated that cell
viability decreased after '*C®* irradiation at a dose of 2 Gy,
when compared with control cells. Notably, this decrease
in cell viability was effectively alleviated by HLY7S,
indicating that HLY78 exerted protective effects against
radiation-induced damage. Similar data were observed for
the colony-formation abilities of HeLa cells treated with
HLY78 and irradiation; colony forming efficiencies were
increased in comparison with radiation alone. These obser-
vations agreed with previous research which revealed that
the aberrant activation of the Wnt/f3-catenin pathway could
prevent radiation-induced damage to salivary glands (41),
and rescue intestinal stem cells against radiation (42).
Similarly, another study identified HLY78 as having a
protective role against '2C®* radiation-induced developmental
toxicity in zebrafish (33). Collectively, these results indi-
cated that the Wnt signaling pathway is implicated in '2C°*
radiation-induced cytotoxicity.

Next, the possible mechanisms behind HLY78-mediated
protective effects were explored. Increasing evidence has
revealed that HLY78 acts upstream of the [3-catenin degra-
dation complex, and functions by stabilizing cytosolic and
nuclear B-catenin in the presence of the Wnt3a ligand (43).
p-Catenin is known as the central effector of the canonical
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Wnat signaling pathway, thus when the Wnt/f3-catenin pathway
is activated, f-catenin translocates to the nucleus from the
cytoplasm in coordination with the TCF/LEF complex and
co-activators, to regulate the expression of downstream
target genes (39,44). Research has revealed that high levels of
[-catenin are expressed during tumor progression in cervical
cancer tissues (45), and the protein is a poor prognostic factor
of cervical carcinoma (27). Furthermore, HLY78 protected
zebrafish embryos from IR-induced damage, by activating
the Wnt/B-catenin pathway (34). In the present study, the
expression levels of Wnt-related proteins (f-catenin, Wnt3a,
and Wnt5a) were evaluated using western blotting, revealing
that the expression of these three proteins was significantly
increased when HLY78 was administered immediately after
12C%* radiation. In our previous study, nuclear -catenin
concentrations, after combined treatments with XAV939
(Wnt signaling pathway inhibitor) and '*C°* radiation, were
significantly lower than irradiation alone treatments (31).
Immunofluorescence staining revealed that $-catenin expres-
sion in the nucleus was notably increased when HLY78 was
administrated after '*C®* radiation, in comparison to radiation
alone cells. These data when combined with western blotting
results, indicated that HLY78 altered the nuclear localization
of B-catenin, leading to increased canonical Wnt signaling,
and the promotion of cell survival. Collectively, these results
revealed that HLY78 promoted the progression of cervical
cancer via activation of the Wnt/B-catenin signaling pathway.
Notably, the non-canonical Wnt pathway appears to be acti-
vated, however, the mechanism remains poorly understood.
Evidence has revealed that '*C®* particles produce high
levels of clustered DNA damage, including DSBs, which are
implicated in cell lethality after irradiation (46,47). Since
v-H2AX has been demonstrated to form nuclear foci upon
DSB, and previous studies have revealed that after irradiation
with 2C%, a number of y-H2AX foci increased at 4 h (48,49),
in the present study, y-H2AX expression was assessed 4 h
post-irradiation, and further detected by immunofluores-
cence. The results indicated that after irradiation with >C®*,
HeLa cells exhibited an increased number of y-H2AX foci.
However, Wnt signaling activation by HLY78 alleviated
this effect. This result could support our theory that the
Whnt/B-catenin pathway activator HLY78 could reduce the
DNA damage to protect HeLa cells from radiation-induced
damage. Research has revealed that prolonged cell cycle
arrest occurs after exposure to high-LET ionizing radia-
tion (47). In addition, it is reported that aberrant activation
of Wnt signaling by HLY78 could significantly alleviate the
overexpression of ORP8-induced mitochondrial apoptotic
events in gastric cancer cells (38). In the present study, HeLa
cells irradiated with '>C® exhibited increased cell apoptosis,
and G2/M phase arrest at 24 h, in comparison with control
cells. The addition of HLY78 significantly intensified the
effects induced by '*C®* radiation alone. p53 activation and the
mitochondrial apoptotic pathway contribute to IR-induced
cellular damage (34). Equally, Wnt signaling may prevent
apoptosis by antagonizing p53 and mitochondrial apoptosis
pathways. The present findings revealed that the addition of
HLY78 after '*C°* radiation, suppressed the increase of p53
and Bax expression, and the decrease of Bcl-2 expression
induced by radiation alone. This was in agreement with our
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previous study, which indicated that HLY78 had a protective
role against '*C%* radiation-induced cell apoptosis (34). Thus,
HLY78, as a specific Wnt synergistic activator, exhibited
protective roles against IR-induced cytotoxicity. Overall,
the Wnt/p signaling pathway may be a promising molecular
target for the treatment of cervical cancer.

In conclusion, the association between the canonical Wnt
signaling pathway and cervical cancer was investigated. It was
observed that HLY 78 promoted the growth and proliferation of
12C%* radiated HeLa cells through the Wnt/B-catenin pathway.
These key observations revealed that the Wnt/B-catenin
signaling pathway played particularly important roles in '2C°*
radiation-induced cytotoxicity, and may provide fundamental
clinical applications relevant to the Wnt pathway in cancer
therapeutics.
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