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ABSTRACT

Triple-negative breast cancer (TNBC) is one of the most difficult breast cancers to
treat because there is no targeted treatment, and conventional cytotoxic chemotherapy
followed by adjuvant radiation therapy is the standard of care for patients with TNBC.
We herein reported that ionizing radiation (IR) induced Wnt3a, LRP6 and B-catenin
expression and consequently activated Wnt/B-catenin signaling in TNBC MDA-MB-231,
MDA-MB-468 and Hs578T cells. Moreover, depletion of B-catenin by shRNA sensitized
TNBC cells to IR, whereas treatment of Wnt3a protein or overexpression of B-catenin
resulted in radioresistance of TNBC cells. Niclosamide, a potent inhibitor of Wnt/-
catenin signaling, not only inhibited constitutive Wnt/B-catenin signaling, but also
blocked IR-induced Wnt/B-catenin signaling in TNBC cells. In addition, niclosamide
sensitized TNBC cells to IR, prevented Wnt3a-induced radioresistance, and overcame
B-catenin-induced radioresistance in TNBC cells. Importantly, animals treated with
the combination of niclosamide and y-ray local tumor irradiation had significant
inhibition of MDA-MB-231 tumor growth compared with treated with local tumor
irradiation alone. These findings indicate that Wnt/B-catenin signaling pathway
plays an important role in the development of radioresistance of TNBC cells, and
that niclosamide had significant radiosensitizing effects by inhibiting Wnt/B-catenin
signaling in TNBC cells. Our study also provides rationale for further preclinical and
clinical evaluation of niclosamide in TNBC management.

INTRODUCTION cancer patients [6]. Recent studies further demonstrated
that Wnt/B-catenin signaling activation was preferentially
Breast cancer is the most common cancer in women found in TNBC [7, 8], such that Wnt receptor frizzled-7
worldwide and is the second leading cause of death (FZD7) and Wnt co-receptor LRP6 were found to be up
in women in many wealthy countries. Triple-negative regulated in TNBC [9-11]. Therefore, LRP6 and Fzd7
breast cancer (TNBC), which lacks estrogen receptor could serve as novel therapeutic targets for the treatment
(ER) and progesterone receptor (PR) expression as well of TNBC [12].
as human epidermal growth factor receptor 2 (HER2) With no targeted treatments currently available,
amplification, is one of the most difficult breast cancers to conventional cytotoxic chemotherapy followed by
treat because there is no targeted treatment [1, 2]. Wnt/B- adjuvant radiation therapy is the standard of care for
catenin signaling plays an important role in embryonic patients with TNBC. Studies have demonstrated that
development and stem cell maintenance, and its aberration patients with TNBC who received standard adjuvant
activation can lead tumor formation [3-5]. Activation of chemotherapy plus radiation therapy had decreased risk
Wnt/B-catenin signaling, as defined by B-catenin nuclear of locoregional recurrence and increased overall survival
expression and overexpression of the Wnt/B-catenin target in comparison to those that received chemotherapy alone
cyclin D1, is associated with a poorer prognosis in breast [13-15]. However, many breast cancer patients fail to
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respond to conventional radiotherapy/chemotherapy,
leading to tumor recurrence [1, 2]. Ionizing radiation
(IR) treatment can activate multiple signaling pathways
in tumor cells, which are associated with radioresistance
in many types of cancer [16]. Studies have demonstrated
that IR can selectively enrich for breast cancer stem cells
with activated Wnt/B-catenin signaling, which mediates
radioresistance of breast cancer cells [17—19]. Therefore,
Wnt inhibitors could have a therapeutic potential to
overcome radioresistance of TNBC.

Niclosamide, an antihelminthic drug, has been
approved for use in humans for over 50 years [20, 21].
Recent studies have identified niclosamide as a potential
anticancer agent by targeting multiple intracellular signaling
pathways [22]. It has been demonstrated that niclosamide
inhibits Wnt/B-catenin signaling by enhancing Wnt receptor
Fzdl internalization, promoting Wnt co-receptor LRP6
degradation, and inhibiting -catenin/T-cell factor (TCF)
complex formation [23-26]. Notably, niclosamide inhibited
Wnt/B-catenin signaling by enhancing LRP6 degradation in
TNBC cells and suppressed TNBC cell proliferation in vitro
and tumor growth in vivo [25, 27]. In the present study, we
demonstrated that IR activated Wnt/B-catenin signaling in
TNBC cells, and that activation of Wnt/B-catenin signaling
resulted in radioresistance of TNBC cells. Moreover,
niclosamide had significant radiosensitizing effects by
suppressing Wnt/B-catenin signaling in TNBC cells,
providing experimental evidence that combined treatment
with niclosamide and radiation is a potential new treatment
for TNBC patients.

RESULTS

IR induces activation of Wnt/B-catenin signaling
in TNBC cells

It has been reported that IR enriches stem cell-like
breast progenitor cells with highly activated Wnt/p-catenin
signaling [17]. To test whether IR activates Wnt/B-catenin
signaling in TNBC cells, we performed Western blotting to
examine Wnt/B-catenin signaling in TNBC MDA-MB-231,
MDA-MB-468 and Hs578T cells. As shown in Figure 1A
and 1B, IR induced Wnt3a expression, Wnt co-receptor
LRP6 expression and phosphorylation, and [3-catenin
expression in TNBC cells. It has been demonstrated that
the activity of Wnt/B-catenin signaling can be enhanced by
phosphorylation of B-catenin at Ser675 [28, 29]. We also
found that IR induced B-catenin phosphorylation at Ser675
(Figure 1A and 1B). In addition, the transcript and protein
levels of Wnt targets C-myc and survivin were significantly
increased after IR in TNBC cells (Figure 1A, 1B and 1C).
Together, these results indicate that IR activates Wnt/p-
catenin signaling in TNBC cells.

It was recently reported that IR increased -catenin
protein expression, but did not change the B-catenin
mRNA level in osteoblastic cells [30]. We performed real-

time RT-PCR to test whether IR regulates the expression
of Wnt3a, LRP6 and B-catenin at the transcriptional level
in TNBC cells. As shown in Supplemental Figure S1,
mRNA levels of Wnt3a, LRP6 and B-catenin were not
significantly changed after IR in MDA-MB-231, MDA-
MB-468 and Hs578T cells.

Niclosamide inhibits IR-induced activation of
Whnt/B-catenin signaling in TNBC cells

It has been demonstrated that niclosamide inhibits
Whnt/B-catenin signaling by suppressing LRP6 expression
in TNBC cells [25]. Therefore, we tested whether
niclosamide is able to inhibit IR-induced Wnt/p-catenin
signaling in TNBC cells. As expected, niclosamide at 1.5
pM in the absence or presence of 6 Gy IR suppressed
the levels of LRP6 expression, LRP6 phosphorylation,
B-catenin  phosphorylation at Ser675, [-catenin
expression, and expression of Wnt targets C-myc and
survivin in MDA-MB-231, MDA-MB-468 and Hs578T
cells (Figure 2A and 2B). It was noted that niclosamide
markedly suppressed IR-induced Wnt3a expression
in TNBC cells, although it had no obvious effects on
endogenous Wnt3a expression (Figure 2A and 2B).
Moreover, immunofluorescence staining demonstrated that
niclosamide significantly decreased IR-induced B-catenin
nuclear localization in MDA-MB-231 and MDA-MB-468
cells (Figure 2C and 2D). Together, these results indicate
that niclosamide not only inhibited constitutive Wnt/p-
catenin signaling, but also blocked IR-induced Wnt/p-
catenin signaling in TNBC cells.

Niclosamide enhances IR-induced apoptosis and
sensitizes TNBC cells to IR

Given that niclosamide can inhibit IR-induced Wnt/
B-catenin signaling in TNBC cells, we then examined
whether niclosamide sensitizes TNBC cells to IR. Initially,
we found that the cell viability IC, values of niclosamide
on MDA-MB-231 and Hs578T cells after 24 h treatment
were 13.63+0.43 and 25.32+0.54 uM, respectively.
Therefore, we tested niclosamide at 1.0, 1.2 and 1.5 uM
for 24 h, which were not cytotoxic (less than 20% of the
IC, values) and had no effects on the plating efficiency
(PE) of TNBC cells. It was found that niclosamide at
1.5 uM significantly enhanced IR-induced apoptosis in
MDA-MB-231 and MDA-MB-468 cells (Figure 3A and
3B). Importantly, pretreatment of niclosamide at 1.0,
1.2 or 1.5 uM for 24 h significantly sensitized MDA-
MB-231, MDA-MB-468 and Hs578T cells to IR with the
sensitizer enhancement ratio (SER) between 1.20 to 1.63
(Figure 3C).

In addition, cell cycle analysis indicated that
niclosamide blocked MDA-MB-231 cells at G1 phase
and MDA-MB-468 cells at G2/M phase, and had little
effect on cell cycle phases of Hs578T cells (Supplemental
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Figure S2), suggesting that the radiosensitizing effects of Niclosamide suppresses p-catenin-induced

niclosamide in TNBC cells is unrelated to the blockage of radioresistance in TNBC cells
mitotic cell cycle. Furthermore, we found that niclosamide
was unable to sensitize non-TNBC T-47D and MCF- B-catenin is a central component in the Wnt/B-
7 cells to IR (Supplemental Figure S3), suggesting that catenin signaling pathway. The binding of Wnt protein to its
niclosamide specifically sensitize TNBC cells to IR. receptor Fzd and co-receptor LRP6 results in stabilization of
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Figure 1: IR induces activation of Wnt/B-catenin signaling in TNBC cells. A. MDA-MB-231, MDA-MB-468 and Hs578T
cells were irradiated with indicated doses of y-ray IR. After 6 h incubation, levels of Wnt3a, p-LRP6 (S1490), LRP6, p-B-catenin (S675),
f-catenin, C-myc, survivin were analyzed by Western blotting. All the samples were also probed with anti-p-actin and anti-vinculin antibody
to verify equal loading. B. The bands of each protein in above experiments were quantified by densitometric analysis, and normalized to the
corresponding level of B-actin. C. MDA-MB-231, MDA-MB-468 and Hs578T cells were irradiated with indicated doses of y-ray IR. After
6 h incubation, the mRNA levels of C-myc and survivin were examined by real-time RT-PCR. Values are averages of three independent
experiments with the standard deviations indicated by error bar. ‘P<0.05, "P<0.01, **P<0.001 versus corresponding non-irradiated cells.
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cytosolic B-catenin, which then translocates into the nucleus
where it interacts with T-cell factor/lymphoid enhancing
factor (TCF/LEF) to induce the expression of downstream
target genes [3—5]. To confirm that niclosamide-induced
radiosensitization is associated with its ability to inhibit
Wnt/B-catenin signaling, we tested whether B-catenin
modulates the radiosensitivity of TNBC cells. We found that
knockdown of B-catenin by shRNA significantly sensitized

MDA-MB-231 cells to IR (Figure 4A and 4B), whereas
overexpression of [-catenin reduced radiosensitivity
of MDA-MB-231 cells (Figure 4C and 4D). Notably,
niclosamide was able to overcome B-catenin overexpression-
induced radioresistance of MDA-MB-231 cells (Figure 4D).
Together, these results suggest that the inhibition of
Wnt/B-catenin signaling by niclosamide contributes its
radiosensitizing effects in TNBC cells.
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Figure 2: Niclosamide inhibits Wnt/B-catenin signaling in TNBC cells. A, B. MDA-MB-231, MDA-MB-468 and Hs578T cells
were treated with y-ray IR (6 Gy) in the absence or presence of niclosamide (1.5 puM) for 24 h. Levels of Wnt3a, p-LRP6 (S1490), LRP6,
p-B-catenin (S675), B-catenin, C-myc and survivin were analyzed by Western blotting. All the samples were also probed with anti-p-actin
antibody to verify equal loading. The bands of each protein were quantified by densitometric analysis, and normalized to the corresponding
level of B-actin. Values are averages of three independent experiments with the standard deviations indicated by error bar. C, D. MDA-
MB-231 and MDA-MB-468 cells were treated with the same conditions as in (A). The cells were fixed, permeabilized and immunolabeled
for B-catenin. -catenin nuclear staining was detected by fluorescent microscopy (1000xmagnification; Scale bar, 10 pm). The relative
mean fluorescence intensity of nuclear B-catenin staining was calculated out of a total number of 200 cells per sample. Values are averages
of three independent experiments with the standard deviations indicated by error bars. "P<0.05, "P<0.01, *"P<0.001 versus corresponding
cells treated with DMSO control; $p<0.01, %5p<0.001 versus corresponding cells treated with IR alone. Niclo, niclosamide.
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Niclosamide suppresses Wnt3a-induced Wnt/f- radiosensitization is associated with its ability to inhibit

catenin signaling in TNBC cells and prevents Wnt3a-induced Wnt/B-catenin signaling in TNBC cells. It
Whnt3a-induced radioresistance was found that treatment of recombinant Wnt3a protein
at 50 ng/ml resulted in a decrease of radiosensitivity of
Wnt3a can induce Wnt/B-catenin signaling after its MDA-MB-231 cells (Figure 5A), and that niclosamide
binding to Fzd and LRP6. Given that Wnt3a expression was able to prevent Wnt3a-induced radioresistance of
was up-regulated in TNBC cells after IR (Figure 1), MDA-MB-231 cells (Figure 5A). As expected, both
we then examined whether niclosamide-induced Wnt3a and IR (8 Gy) activated Wnt/B-catenin signaling,
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Figure 3: Niclosamide sensitizes TNBC cells to IR. A, B. MDA-MB-231 cells were treated with y-ray IR (6 Gy) and MDA-MB-468
cells were treated with X-ray IR (8 Gy) in the absence or presence of niclosamide (1.5 pM) for 24 h. Levels of apoptosis were examined
by TUNEL staining at 48 h post-irradiation (400x magnification; Scale bar, 10 um). Values are averages of three independent experiments
with the standard deviations indicated by error bars. "“P<0.001 versus corresponding cells treated with DMSO control; $p<0.05 versus
corresponding cells treated with IR alone. C. MDA-MB-231, MDA-MB-468 and Hs578T cells were seeded into 60-mm dishes in duplicate,
and were treated with y-ray IR at indicated doses in the absence or presence of niclosamide at indicated concentrations for 24 h. After
incubation for 10 to 14 days, the colonies with more than 50 cells were counted. The plating efficiency (PE) and the sensitizer enhancement
ratio (SER) were determined as described in MATERIALS AND METHODS. Values are averages of three independent experiments with
the standard deviations indicated by error bars. "P<0.05, ""P<0.01, *"P<0.001 versus corresponding control cells. Niclo, niclosamide.
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which was inhibited by niclosamide (1.5 pM) in MDA-
MB-231 cells (Figure 5B).

Effect of niclosamide and IR on established
MDA-MB-231 tumors

Having established that niclosamide suppresses Wnt/
B-catenin signaling in TNBC cells and sensitizes TNBC
cells to IR, we then examined the combinational effects of
niclosamide and IR in an MDA-MB-231 tumor xenograft
model. Animals received 12 intraperitoneal injections of
20 mg/kg of niclosamide every other day, or a single 10
Gy vy-ray local irradiation of tumors at day 7 after tumor
implantation, or both treatments and were compared with
nude mice that received a vehicle control (Figure 6A). The
nude mice that received y-ray local irradiation alone had
a significant inhibition of tumor growth (Figure 6B and
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6C). While animals treated with niclosamide alone had
no obvious effects on tumor growth, animals treated with
the combination of niclosamide and y-ray local irradiation
had significant tumor growth inhibition compared with
treated with y-ray local irradiation (Figure 6B and 6C).
On the other hand, the body weight of the treated nude
mice, both with a single treatment and the combination did
not decrease over time (Figure 6D). Immunohistochemical
studies revealed that niclosamide was able to significantly
inhibit B-catenin expression induced by IR in tumors
(Figure 6E), suggesting that niclosamide suppresses
IR-induced activation of Wnt/B-catenin signaling in
tumors. We also characterized tumors for expression of
cell proliferation marker Ki67, and found that y-ray local
irradiation of tumors resulted in a significant inhibition
of Ki67 expression, which was further significantly
decreased when the nude mice received the combinational
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Figure 4: Niclosamide suppresses p-catenin-induced radioresistance in TNBC cells. A. MDA-MB-231 cells were transfected
with B-catenin shRNA or control vector. After 48 h incubation, the levels of B-catenin were examined by Western blotting. B. MDA-MB-231
cells in 60-mm dishes in duplicate were transfected with control vector, 3-catenin shRNA, or control vector with niclosamide treatment,
and treated with y-ray IR at indicated doses. The colonies with more than 50 cells were counted after 12 to 14 days. C. MDA-MB-231
cells were transfected with [3-catenin cDNA or vector. After 48 h incubation, the levels of B-catenin were examined by Western blotting. D.
MDA-MB-231 cells in 60-mm dishes in duplicate were transfected with B-catenin cDNA or vector, and treated with y-ray IR at indicated
doses in the absence or presence of niclosamide (1.5 uM) for 24 h. After incubation for 10 to 14 days, the colonies with more than 50 cells
were counted. PE and SER were determined as described in MATERIALS AND METHODS. Values are averages of three independent
experiments with the standard deviations indicated by error bars. For SF curve, "P<0.05, "P<0.01, *"P<0.001 versus corresponding cells
treated with DMSO control. For SER value, ""P<0.01, "*P<0.001 versus corresponding cells transfected with control vector and treated with
DMSO; ##P<0.001 versus corresponding cells transfected with B-catenin plasmid. Niclo, niclosamide.
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treatment (Figure 6F). Moreover, Western blotting analysis
of tumor tissues demonstrated that niclosamide enhanced
IR-induced caspase-3 activation (Figure 6G), indicating
the combinational effect of niclosamide and IR on TNBC
cell apoptosis in vivo.

DISCUSSION

Mounting evidences indicate that activation of
Wnt/B-catenin signaling may be a key mechanism of
radioresistance in cancer cells [17-19, 31-35]. It has
been demonstrated that Wnt/B-catenin signaling plays
an important role in the maintenance of radioresistant
aldehyde dehydrogenase positive (ALDH") prostate cancer
cells [32], and that silencing of the Wnt transcription
factor TCF4 sensitizes colorectal cancer cells to (chemo-)
radiotherapy [33]. IR selectively enriches for breast cancer
stem cells with highly activated Wnt/B-catenin signaling
[17-19]. In the present study, we found that IR induced
Wnt3a expression and activated Wnt/B-catenin signaling
in TNBC cells. Moreover, treatment of Wnt3a protein or

overexpression of B-catenin resulted in radioresistance of
TNBC cells, whereas depletion of B-catenin sensitized
TNBC cells to IR. Together, our findings indicate that the
Whnt/B-catenin signaling pathway is an important pathway
to control radiosensitivity in TNBC cells.

We noted that MDA-MB-468 cells were more
radiosensitive than MDA-MB-231 and Hs578T cells
(Figure 3C), which is consistent with the findings by other
groups [36, 37]. It has been reported that the status of the
retinoblastoma tumor suppressor (pRB) in TNBC cells
dictates response to radiation treatment, and that pRB-
negative TNBC cell lines such as MDA-MB-468 and
BT549 are highly sensitive to IR compared to pRB-positive
TNBC cell lines such as MDA-MB-231 and Hs578T [37].
The E2F1 transcription factor is a key downstream target
of pRB, and a potent and specific inhibitor of Wnt/p-
catenin signaling in colorectal cancer cells [38]. Wnt/B-
catenin signaling activation is preferentially found in
TNBC [7, 8, 12]. Therefore, further studies are necessary
to determine whether E2F1 plays a role in Wnt/B-catenin
signaling and radiosensitivity in TNBC cells.
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Figure 5: Niclosamide suppresses Wnt3a-induced Wnt/f-catenin signaling in TNBC cells and prevents Wnt3a-induced
radioresistance. A. MDA-MB-231 cells were seeded into 60-mm dishes in triplicate, and were treated with X-ray IR at indicated doses
in the absence or presence of niclosamide (1.5 uM) for 24 h and Wnt3a (50 ng/ml) for 8 h. After incubation for 10 to 14 days, the colonies
with more than 50 cells were counted. PE and SER were determined as described in MATERIALS AND METHODS. Values are averages
of three independent experiments with the standard deviations indicated by error bars. “P<0.01, ™P<0.001 versus corresponding cells
treated with DMSO control. #*P<0.001 versus corresponding cells treated with Wnt3a alone. B. MDA-MB-231 cells were seeded into 60-
mm dishes, and were treated with X-ray IR (8Gy) in the absence or presence of niclosamide (1.5 pM) for 24 h and Wnt3a (50 ng/ml) for 8
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samples were also probed with anti-f-actin antibody to verify equal loading. Niclo, niclosamide.
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Given that activation of the Wnt/B-catenin signaling
pathway is a key radioprotective mechanism in irradiated
cancer cells, therapies that specifically target this pathway
could be a promising strategy to enhance the efficacy of
radiotherapy. Indeed, inhibition of Wnt/B-catenin signaling
by the tankyrase inhibitor XAV939 led to radiosensitization
of prostate cancer cells and glioblastoma cells [31, 32].
In the present study, we found that niclosamide was able

to sensitize TNBC cells to IR by inhibiting IR-induced
Wnt/B-catenin signaling, indicating that the Wnt/B-catenin
signaling pathway is not only important for acquiring
radioresistance, but is also a therapeutic target for
overcoming radioresistance in TNBC cells.

While survivin, a dual regulator of cancer cell
proliferation and cell death, is a transcriptional target

of Wnt/B-catenin signaling [39, 40], overexpression
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Figure 6: In vivo antitumor efficacy of niclosamide and IR in the TNBC MDA-MB-231 xenograft mouse model. A.
The treatment schedule of niclosamide and IR. B. Growth curve of tumor of nude mice treated with vehicle (DMSO:Tween 80:H,O=
3:4:8), niclosamide (20 mg/kg/dose), IR (10 Gy y-ray at day 7), and niclosamide plus IR as described in MATERIALS AND METHODS.
C. Nude mice were sacrificed and the tumors excised and weighed at the end of experiments. D. Body weights of nude mice treated with
vehicle, niclosamide, IR, and niclosamide plus IR at the dosage and schedule as described in (B). E. Immunohistochemical staining with
anti-B-catenin antibody of MDA-MB-231 tumors (400xmagnification; Scale bar, 25 pm). F. Immunohistochemical staining with anti-Ki67
antibody of MDA-MB-231 tumors (400xmagnification; Scale bar, 25 pm). G. Levels of cleaved caspase-3 in MDA-MB-231 tumors were
examined by Western blotting. Data shown in (B-F) are averages from five nude mice. "P<0.05, "P<0.01, ""P<0.001 versus nude mice
treated with vehicle control; #p<0.05, #p<0.01, #p<0.001 versus nude mice treated with IR alone. Niclo, niclosamide.
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of survivin has been reported as the mediator of
radioresistance, and inhibition of survivin is associated
with increased radiosensitivity in several types of cancer
[41-46]. In the present study, we demonstrated that IR
induced Wnt3a expression, activated Wnt/B-catenin
signaling and significantly enhanced survivin expression
in TNBC cells. Importantly, niclosamide not only
inhibited IR-inducedWnt3a expression and Wnt/p-catenin
signaling activation in TNBC cells, but also suppressed
the downstream target survivin expression and sensitized
TNBC cells to IR. Together, our results suggest that
survivin is a potential radioresistance factor in TNBC
cells.

Niclosamide is an FDA approved anthelmintic
drug, and has been used in humans for over 50 years [20,
21]. Recent studies found that niclosamide is a potential
anticancer agent by inhibits multiple signaling pathways
including the Wnt/B-catenin, mTORC1, STAT3, NF-xB
and Notch signaling pathways in cancer cells [22]. In the
present study, we demonstrated that niclosamide not only
suppressed constitutive Wnt/p-catenin signaling, but also
blocked IR-induced Wnt/B-catenin signaling in TNBC
cells by inhibiting Wnt3a expression, LRP6 expression
and LRP6 phosphorylation. Moreover, niclosamide could
not only overcome B-catenin-induced radioresistance but
also prevent Wnt3a-induced radioresistance in TNBC
cells. Our findings indicate that the inhibition of Wnt/f-
catenin signaling by niclosamide is associated with its
radiosensitizing effects in TNBC cells. Recently, You
et al. reported that niclosamide was able to reverse
radioresistance of human lung cancer by blocking the
STAT3/Bcl2/Bel-XL survival signaling pathway [47].
Therefore, more studies are required to determine
whether niclosamide inhibits other signaling pathways
to contribute its radiosensitizing effects in TNBC cells in
the future. Nevertheless, our findings provide rationale for
further preclinical and clinical evaluation of niclosamide
in TNBC management.

MATERIALS AND METHODS

Cell culture and transfection

TNBC MDA-MB-231, MDA-MB-468 and
Hs578T cell lines were purchased from the Cell Bank
of the Chinese Academy of Sciences (Shanghai, China).
Cells were cultured in high glucose DMEM medium
containing 10% fetal bovine serum (FBS), 2 mM of
L-glutamine, 100 units/ml of penicillin, and 100 pg/ml
of streptomycin under standard cell culture conditions at
37°C in a humidified atmosphere with 5% CO,. TNBC
cells were transfected with B-catenin shRNA, B-catenin
cDNA and the corresponding empty vector plasmids
using Lipofectamine® 2000 (Invitrogen/ThermoFisher
Scientific, Grand Island, NY) according to manufacturer’s
specifications, respectively. B-catenin shRNA cloned in

pLKO.1 vector, B-catenin cloned in pcDNA3 vector and
the corresponding empty vector plasmids were obtained
from Addgene (Cambridge, MA).

Irradiation

TNBC cells were irradiated at room temperature
using a ¥’Cs irradiator (Gammacell 40, MDS Nordion
International Inc., Ottawa, Ontario, Canada) at a dose
rate of 0.74 Gy/min or an X-Rad 320 biological irradiator
(Precision X-Ray, Inc., North Branford, CT) at a dose rate
of 1.83 Gy/min. Subcutaneous tumors at the right rear
thighs of female athymic nude mice were local irradiated
with rest of the body shielded with lead.

Clonogenic assay

TNBC cells were plated into 60 mm culture dishes at
various cell densities (2x102-2x10* cells/dish) and treated
with niclosamide for 18 h. The cells were then exposed
to IR at doses of 0, 2, 4 and 6 Gy y-ray or X-ray. The
cell culture media were changed at 6 h post-irradiation.
The cells were further cultured for an additional 10~14
days, and colonies were fixed and stained with Giemsa.
The colony is defined to consist of at least 50 cells. The
plating efficiency (PE) was calculated as the number of
colonies divided by the number of cells seeded, and the
surviving fraction (SF) was determined by dividing the
PE of the treated cells by the PE of the controls. The cell-
survival curve was prepared with the multi-target single-
hit model using Origin 9.2 software, and the mean lethal
dose (D,) was calculated. The sensitizer enhancement ratio
(SER) was determined as the D, value of irradiated group
divided by the D, value of irradiation plus niclosamide-
treated group [48].

Western blotting

TNBC cells were plated into 60 mm culture
dishes and treated with niclosamide for 18 h. The
cells were then exposed to 6 Gy y-ray or 8 Gy X-ray
IR. After 6 h incubation, the cells were lysed in
radioimmunoprecipitation assay (RIPA) buffer containing
1% protease inhibitor cocktail, 1% phosphatase inhibitor
cocktail, 1 mM phenylmethylsulfonyl fluoride (PMSF)
and 1 mM sodium orthovanadate at 4°C for 30 min. Equal
quantities of protein were subjected to SDS-PAGE under
reducing conditions, and transferred to the polyvinylidene
fluoride (PVDF) membrane. Membranes were blocked
with 5% non-fat milk in Tris-buffered saline and Tween
20 (TBST) for 1 h at room temperature, and incubated
overnight at 4°C with anti-Wnt3a (1:1000, Abcam (Hong
Kong) Ltd., HK, China), anti-p-LRP6 (S1490) (1:1000,
Cell Signaling Technology, Danvers, MA), anti-LRP6
(1:1000, Cell Signaling Technology), anti-p-B-catenin
(S675) (1:1000, Cell Signaling Technology), anti-B-
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catenin (1:1000, Cell Signaling Technology), anti-C-
myc (1:5000, Epitomics, Burlingame, CA), anti-Survivin
(1:5000, Epitomics), anti-B-actin (1:2000, HuaAn
Biotechnology, Hangzhou, Zhejiang Province, China),
and anti-Vinculin (1:10000, Abcam) antibodies diluted
in the blocking buffer. After several washes with PBS
containing 0.1% Tween 20, membranes were incubated in
the blocking buffer with horseradish peroxide conjugated
secondary antibody for 60 min at room temperature.
After washing, the immunoreactive proteins were then
detected using the ECL system. Blots were quantitated
by densitometric analysis using a ChemiDoc XRS system
(Bio-Rad Laboratories Inc., Hercules, CA) and normalized
to a housekeeper gene B-actin or vinculin.

Real-time RT-PCR assay

TNBC MDA-MB-231, MDA-MB-468 and Hs578T
cells were plated into 60 mm culture dishes. Cells
were then irradiated at room temperature using a *’Cs
irradiator (Gammacell 40, MDS Nordion International
Inc.) at a dose rate of 0.74 Gy/min. Total RNA was
isolated from cell cultures using RNA-prep Pure Cell/
Bacteria Kit (TIANGEN Biotech, Beijing, China).
First-strand cDNA synthesis was performed in a 20 pl
of reaction mixture containing 2 pug of total RNA with
FastQuant RT Kit (TTANGEN). For analysis of Wnt3a,
LRP6, B-catenin, C-myc and survivin expression, real-
time RT-PCR was carried out using 2 pl of cDNA in a
total volume of 20 pl after 40 cycles as described by
TIANGEN SuperReal PreMix Plus kit, and B-actin was
used as a control. The forward and reverse primers for
B-actin are 5-TGACGTGGACATCCGCAAAG-3 and
5-CTGGAAGGTGGACAGCGAGG-3. The forward and
reverse primers for Wnt3a are 5-ATCCTCTGC
CTCAAATTCT-3 and 5-TTCGTCTAACTCCGTTGG-3.
The forward and reverse primers for LRP6 are 5-GATTA
TCCAGAAGGCATGGCAG-3 and 5-TCCCATCACCAT
CTTCCA-3. The forward and reverse primers for f-catenin
are 5-GTACGTCCATGGGTGGGACA-3 and 5-GGCTC
CGGTACAACCTTCAACTA-3. The forward and reverse
primers for C-myc are 5-CAGCTGCTTAGACGCTG
GATTT-3 and 5-ACCGAGTCGTAGTCGAGGTCAT-3.
The forward and reverse primers for survivin are 5-CCAC
CGCATCTCTACATTCA-3 and 5-TATGTTCCTCTA
TGGGGTCG-3. The polymerase chain reaction data were
analyzed according to the 24T method.

Immunofluorescent staining of p-catenin in
TNBC cells

TNBC cells growing on coverslips were treated with
niclosamide (1.5 uM) for 18 h. The cells were then exposed
to 6 Gy y-ray IR. After 6 h incubation, the cells were fixed
in 4% paraformaldehyde, permeabilized with 0.5% Triton
X-100, blocked with 10% (v:v) FBS in phosphate-buffered
saline (PBS), labeled with rabbit monoclonal -catenin

(6B3) antibody (1:200, Cell Signaling Technology),
and detected with Alexa Fluor 488 donkey anti-rabbit
IgG (1:500, Molecular Probes/ThermoFisher Scientific,
Grand Island, NY). The nuclei were counter stained with
DAPI (Santa Cruz Biotechnology Inc., Santa Cruz, CA),
and the images were examined under an Olympus BX51
fluorescent microscope. The mean fluorescence intensity
of nuclear B-catenin staining was calculated out of a total
number of 200 cells per sample, and was normalized to
that of a control sample for the calculation of the relative
fluorescence intensity.

Apoptosis detection

TNBC cells growing on coverslips were treated
with niclosamide (1.5 puM) for 18 h. The cells were
then exposed to 6 Gy y-ray or 8 Gy X-ray IR. After
48 h incubation, the cells were subjected to terminal
deoxynucleotidyl transferase-mediated dUTP biotin
nick end labeling (TUNEL) staining using a TUNEL
Apoptosis Detection Kit (Vazyme Biotech, Nanjing,
Jiangsu Province, China) for in situ detection of
apoptosis according to the manufacturer’s instructions.
The cells were counter-stained with mounting medium
containing DAPI (Santa Cruz Biotechnology), and
the FITC-labeled TUNEL-positive cells were imaged
using an Olympus BX51 fluorescent microscope. The
percentage of TUNEL-positive cells was calculated
out of a total number of 100 cells per sample that were
detected in different and randomly chosen microscopic
fields.

Antitumor efficacy studies

Female athymic nude mice at 4-5 weeks of age
were purchase from Shanghai Silaike Laboratory Animal
Co. Ltd. (Shanghai, China) and housed under specific-
pathogen-free condition. The nude mice received
autoclaved diet and water ad libitum. MDA-MB-231
cells (5x10° cells) were suspended in 0.1 ml of PBS, and
injected subcutaneously into the right rear thighs of the
nude mice. The day of tumor implantation was designated
as day 0, and the nude mice were randomly assigned
into four groups (5 nude mice per group). Niclosamide
at a dosage of 20 mg/kg/dose was given every other day
by intraperitoneal injection. A single 10 Gy y-ray local
irradiation of tumor was given at day 7. Tumor dimensions
and body weights were measured every other day. Tumor
volume was determined by caliper measurements (mm)
and using the formula for an ellipsoid sphere: L x W2/2
(mm?), where L and W refer to the larger and smaller
perpendicular  measurements, respectively. Nude
mice were sacrificed by decapitation and tumors were
immediately removed after death. All animal protocols
were reviewed and approved by the Animal Research
Ethics Committee of School of Pharmacy of Fudan
University prior to experimentation.
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Immunohistochemistry staining for tumor
tissues

The sections from paraffin-embedded tumor tissues
were analyzed by immunohistochemical (IHC) staining
using anti-B-catenin (6B3) antibody (1:200, Cell Signaling
Technology) or anti-Ki-67 (8D5) antibody (1:400, Cell
Signaling Technology), respectively. At least 5 random
fields of each section were examined using an Olympus
IX51 microscope. The average number of positive cells
per field was determined from five independent tumor
samples.

Statistical analysis

All data are expressed as the mean + standard
deviation. Statistical analyses of the data were performed
using SPSS 18.0 software (SPSS Inc., Chicago, IL).
Student’s t-test was applied to analyze the difference
between two means. P value of less than 0.05 was
considered to indicate statistical significance.
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