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Knockdown of TC-1 enhances radiosensitivity of non-small cell
lung cancer via the Wnt/β-catenin pathway

ABSTRACT
Thyroid cancer 1 (TC-1, C8ofr4) is widely expressed in vertebrates
and associated with many kinds of tumors. Previous studies indicated
that TC-1 functions as a positive regulator in the Wnt/β-catenin
signaling pathway in non-small cell lung cancer (NSCLC). However,
its exact role and regulation mechanism in radiosensitivity of NSCLC
are still unclear. The expression level of TC-1 was measured by qRTPCR and western blot in NSCLC cell lines. Proliferation and apoptosis
of NSCLC cells in response to TC-1 knockdown or/and radiation were
determined by MTT assay and flow cytometry, respectively. The
activation of the Wnt/β-catenin signaling pathway was further
examined by western blot in vitro and in vivo. Compared to TC-1
siRNA or radiotherapy alone, TC-1 silencing combined with radiation
inhibited cell proliferation and induced apoptosis in NSCLC cell lines
by inactivating of the Wnt/β-catenin signaling pathway. Furthermore,
inhibition of the Wnt/β-catenin signaling pathway by XAV939, a Wnt/βcatenin signaling inhibitor, contributed to proliferation inhibition and
apoptosis induction in NSCLC A549 cells. Combinative treatment of
A549 xenografts with TC-1 siRNA and radiation caused significant
tumor regression and inactivation of the Wnt/β-catenin signaling
pathway relative to TC-1 siRNA or radiotherapy alone. The results
from in vitro and in vivo studies indicated that TC-1 silencing
sensitized NSCLC cell lines to radiotherapy through the Wnt/βcatenin signaling pathway.
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INTRODUCTION

Lung cancer is one of the most prevalent malignancies and the
leading cause of cancer-related death worldwide (George et al.,
2015; Pérol et al., 2016). Around 90% of patients with lung cancer
experienced external-beam radiation therapy (RT), which is
currently the potentially curative nonsurgical approach for the
treatment of most solid tumors (Henson et al., 2013; Liao et al.,
2015). However, therapeutic resistance is the main factor that leads
to the treatment failures of cancers, including non-small cell lung
cancer (NSCLC) (Aktipis et al., 2011; Cao et al., 2004). Most
patients with NSCLC present cellular desensitization, which limits
the effectiveness of tumoricidal radiation and in turn results in
resistance and recurrence (Brognard et al., 2001; Li et al., 2015).
Therefore, finding molecular target or agents to overcome
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radioresistance may contribute to effectiveness of radiotherapy
and, thereby, overall survival of NSCLC.
Thyroid cancer 1 (TC-1, C8ofr4), a novel 106-residue protein, was
originally found to be overexpressed in papillary thyroid cancer
(Chua et al., 2000; Sunde et al., 2004). TC-1 overexpression in
normal thyroid cells increased proliferation rates, enhanced
anchorage-independent growth in soft agar, and decreased
apoptosis rates (Sunde et al., 2004). Accumulated evidence have
shown that TC-1 overexpression was detected in a wide range of solid
tumors, including gastric cancer (Kim et al., 2006a), colon cancer
(Friedman et al., 2004), breast cancer (Yang et al., 2007), and lung
cancer (Su et al., 2013). The data from these studies were involved in
the poor cell differentiation and aggressive biological behavior of
malignancies. In breast cancer cell lines and tissues, the expression of
TC-1 was found to be significantly upregulated, thereby implicating
the important role of this protein in the breast cancer development
(Ray et al., 2004). TC-1 was also detected to be overexpressed in both
gastric cancer cell lines and tissues, and it is correlated with tumor
stage, poor differentiation, lymphatic infiltration, lymph node
metastasis, and poor survival (Kim et al., 2006a).
Additional studies have indicated that TC-1 is a positive regulator
of the Wnt/β-catenin signaling pathway, which are implicated in
invasiveness and aggressive behavior of cancers (Jung et al., 2006;
Karim et al., 2004; Su et al., 2013; Urakami et al., 2006; Yang et al.,
2007). TC-1 activated the Wnt/β-catenin signaling pathway by
releasing β-catenin from Chibby, which is a conserved nuclear
protein that blocks β-catenin-mediated transcriptions (Kim et al.,
2006b; Takemaru et al., 2003). In 299 gastric cancers, TC-1
expression was in correlation with a subset of β-catenin target genes,
including laminin γ2, metalloproteinase-7 and metalloproteinase14, cyclin D1, c-Met, and CD44 (Kim et al., 2006a). High
expression of TC-1 was common in 109 cases of oral tongue
squamous cell carcinomas (OTSCCs) and correlated with the
expression of β-catenin and cyclin D1, indicating the carcinogenesis
of TC-1 in OTSCCs by enhancing the activity of Wnt/β-catenin
signaling pathway (Zhang et al., 2015). TC-1 was also observed in
97 of the 147 primary tumor specimens of NSCLC, and it was
correlated with the TNM stage as well as regional lymph node
metastasis, which was in line with the results of in vitro experiments
demonstrating that it promoted the proliferation and invasion of lung
cancer cells through Wnt/β-catenin signaling pathway (Su et al.,
2013).
In this study, we investigated the role of targeted deletion of TC-1
in radiosensitivity of NSCLC using a series of in vitro and in vivo
studies. We also assessed whether Wnt/β-catenin pathway was
involved in this process.
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RESULTS
TC-1 expression in siRNA-treated cells
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To study the effect of deletion of TC-1 on proliferation and
radiosensitivity, NSCLC cell lines A549 and SPC-A-1 were
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transfected with TC-1 siRNA or control siRNA, and the stable
expression clones were selected. Western blot and qRT-PCR were
used to confirm TC-1 expression (Fig. 1A,B). The results showed
that the protein and mRNA levels of TC-1 were significantly
decreased in cells transfected with TC-1 siRNA.
Knockdown of TC-1 sensitized NSCLC cell lines to radiation
therapy

To investigate the effects of TC-1 silencing on radiation-induced
cytotoxicity in NSCLC cell lines A549 and SPC-A-1, MTT assay
was used to determine the growth of cells transfected with TC-1
siRNA or control siRNA, and flow cytometry was used to detect the
apoptosis of cells treated with TC-1 siRNA alone, radiation alone or
TC-1 siRNA combined with radiation. The results showed that all of
the two cell lines transfected with TC-1 siRNA displayed lower
proliferation rates compared with cells with control siRNA, and
control siRNA had no significant effect on the cell proliferation
compared with control group (Fig. 2A). Moreover, the apoptosis
rates in A549 and SPC-A-1 cells treated with TC-1 siRNA or 4 Gy
of X-rays were significantly increased compared with control cells,
and the combination treatment showed a stronger inhibitory effect
(Fig. 2B).
To further understand the underlying mechanism of this effect,
we assessed the activity of the Wnt/β-catenin pathway and the
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expression of its target genes. Expression levels of β-catenin, c-myc,
c-met, and cyclinD1 were measured by western blot to evaluate the
effect of TC-1 knockdown on the Wnt/β-catenin signaling pathways
(Fig. 2C). In both A549 and SPC-A-1 cells, TC-1 siRNA or
radiation alone inhibited the expression levels of these proteins
compared with control cells, and combinative treatment potentiated
these effects.
XAV939 inhibited cell proliferation and induced apoptosis in
NSCLC cell lines

Our data indicated that the Wnt/β-catenin pathway was involved in
the effect of TC-1 silencing on radiation-induce anti-tumor
therapy. We sought to determine whether the inactivity of the
Wnt/β-catenin pathway by XAV939 (a Wnt/β-catenin signaling
inhibitor) inhibited cell proliferation and induced apoptosis in
A549 and SPC-A-1 cells. The results from MTT assay showed
that 10 μM XAV939 (Sigma-Aldrich) significantly inhibited cell
proliferation compared with control group after XAV939 treatment
for 24, 48, 72, 96 h (Fig. 3A). As shown in Fig. 3B, XAV939
treatment significantly increased apoptosis in NSCLC cells
compared with control group (P<0.01). Furthermore, the
expression levels of β-catenin, c-myc, c-met, and cyclinD1 were
markedly down-regulated in XAV939-treated cells compared with
control group (Fig. 3C).
Fig. 1. Detection of TC-1 expression in A549 and
SPC-A-1 cells. (A) After transfection with TC-1
siRNA, the expression level of TC-1 was
significantly decreased. (B) qRT-PCR was
employed to detect the mRNA levels of TC-1.
Mean±s.d.; *P<0.05 and **P<0.01 compared to
control group. Control, A549 or SPC-A-1 cells;
control siRNA, A549 or SPC-A-1 cells transfected
with control siRNA; TC-1 siRNA, A549 or SPC-A-1
cells transfected with TC-1 siRNA; β-actin was used
as a loading control.
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Fig. 2. TC-1 silencing sensitized A549 and SPCA-1 cells to radiation therapy. (A) Proliferation rate
calculated for A549 and SPC-A-1 cells. (B) Flow
cytometry analysis was used to detect the apoptosis
in A549 and SPC-A-1 cells treated with siRNA or/
and radiation. (C) The expression levels of β-catenin,
c-myc, c-met and cyclinD1 in A549 and SPC-A-1
cells treated with siRNA or/and radiation, with β-actin
as loading control. Mean±s.d.; aP<0.05 compared to
control group, bP<0.05 compared to TC-1 siRNA
group, cP<0.05 compared to radiation group.

We next examined the effect of TC-1 siRNA alone, radiation alone
or TC-1 siRNA combined with radiation on A549 tumor xenografts.
TC-1 siRNA alone or radiation alone significantly inhibited the
growth of the tumor model compared with control group. However,
when TC-1 siRNA combined with radiation, there was a
considerable inhibition of tumor growth compared with TC-1
siRNA alone or radiation alone. After the mice were euthanized,
tumor weight measurement of A549 tumor xenografts was also
carried out, and a similar inhibition in the alone and combinative
treatment was observed (Fig. 4B). Moreover, we measured the
expression levels of Ki67, Bax, Bcl-2, β-catenin, c-myc, c-met, and
cyclinD1 in the A549 xenograft model. The results showed that
compared with control group TC-1 siRNA or radiation alone
significantly up-regulated the Bax expression while down-regulated
the other proteins, and the effect of combinative treatment was
stronger (Fig. 4C).
494

DISCUSSION

TC-1 has been reported to express in various human tissues like the
heart, liver, and lung, which indicated the important role of TC-1 in
biological functions (Kim et al., 2009; Wang et al., 2008; Xu et al.,
2013; Zhang et al., 2011, 2015). In many kinds of tumors, TC-1 is
detected to be overexpressed (Friedman et al., 2004; Kim et al.,
2006a; Su et al., 2013; Yang et al., 2007). Data from
immunohistochemistry showed that TC-1 was expressed in all
ovarian carcinoma samples where high expression of TC-1 was
84%, which correlated with poor differentiation of ovarian
carcinoma. Moreover, TC-1 was highly expressed in 100% of
nine metastatic ovarian cancer, whereas only 31% of 16 metastatic
colorectal cancers was observed (Lee, 2010; Xu et al., 2013). For
these studies, we hypothesized that TC-1 knockdown might
inhibit aggressive behavior through the Wnt/β-catenin signaling
pathway in lung cancer, and thereby sensitizing NSCLC cell lines to
radiation therapy. To confirm this hypothesis, in our study, we
firstly deleted TC-1 by siRNA transfection in NSCLC cell lines
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tumor growth in A549 tumor xenografts
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A549 and SPC-A-1. Our data showed that TC-1 silencing combined
with radiation inhibited cell proliferation and induced apoptosis in
NSCLC cell line relative to TC-1 siRNA alone. The combinative
treatment of TC-1 siRNA and radiation showed an even stronger
effect on tumor xenografts amelioration in nude mouse models than
the TC-1 siRNA alone. Moreover, the Wnt/β-catenin signaling
pathway was inhibited both in vitro and in vivo.
Several studies have shown that TC-1 played crucial roles in
cell cycle control and multiple signaling pathways (Jung et al.,
2014; Kim et al., 2009; Wang et al., 2008). It has been reported
that TC-1 is a positive regulator of the Wnt/β-catenin signaling
pathway in many kinds of human cancers, including breast
cancer, gastric cancer, and lung cancer. In many cell lines, TC-1
positively regulated β-catenin target genes through interaction
with Cby, which is an endogenous inhibitor of the canonical Wnt
signaling pathway (Jung et al., 2006; Kim et al., 2006a). At the

C-terminus of β-catenin, the Cby binds to the interaction domain
of the LEF/TCF transcription complexes and thereby inhibits
interaction of β-catenin with LEF/TCF transcription factors,
which results in a suppression of β-catenin-mediated transcription
within the signaling cascade (Takemaru et al., 2003). TC-1
competes with β-catenin for the interaction with Cby, and thereby
up-regulates the signaling pathway through relieving the block by
Cby (Yang et al., 2007). Here, after NSCLC A549 and SPC-A-1
cells were treated with siRNA, proliferation rates were
significantly decreased and apoptosis rates were increased in
cells treated with TC-1 siRNA compared with control group.
TC-1 siRNA also inhibited gastric tumorigenesis in nude mouse
models. Furthermore, the Wnt/β-catenin signaling pathway was
down-regulated by TC-1 siRNA treatment. A far more striking
result is that combinative treatment of TC-1 siRNA and radiation
showed a stronger inhibitory effect in vitro and in vivo, indicating
495
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Fig. 3. Inactivation of the Wnt/β-catenin signaling
pathway inhibited cell proliferation and induced
apoptosis in A549 and SPC-A-1 cells. Cells were
treated with 10 μM Wnt/β-catenin signaling pathway
inhibitor, XAV939 for 24 h. (A) XAV939 treatment
significantly inhibited the growth of A549 and SPC-A-1
cells compared with control group. (B) XAV939
treatment significantly induced apoptosis in A549 and
SPC-A-1 cells compared with control group. (C) The
expression levels of β-catenin, c-myc, c-met, and
cyclinD1 were markedly down-regulated in XAV939treated cells compared with control group. β-actin was
used as a loading control. Mean±s.d.; *P<0.05 and
**P<0.01 compared to control group.
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the positive role of TC-1 knockdown in potentiating the
cytotoxicity of radiation treatment in NSCLC.
A battery of Wnt/β-catenin target genes, including CLDN1,
CCND1, c-myc, c-met and cyclinD1, were highly expressed in cell
lines presenting TC-1 over expression (Smalley and Dale, 2001).
Our present study also showed that in vitro and in vivo treatment
of NSCLC with TC-1 siRNA caused down regulation of the βcatenin target genes c-myc, c-met and cyclinD1. However, the
exact mechanisms regulating Wnt/β-catenin and its target genes
are complex and a lot of other factors besides Cby that interact
with TC-β-catenin to regulate the transcriptional activation
(Clevers, 2006; Gordon and Nusse, 2006). Taken together, our
data suggested that targeting pathways that enhance
radiosensitivity through down-regulation of TC-1 may represent
an effective new strategy for treating lung cancer and perhaps
other cancers as well.
In conclusion, the results of the present study suggest TC-1
knockdown inhibited cell proliferation and induced apoptosis in
NSCLC in vitro and in vivo via the Wnt/β-catenin signaling
pathway, thereby increasing susceptibility of NSCLC to
radiotherapy.
MATERIALS AND METHODS
Cell culture

The NSCLC cell lines A549 and SPC-A-1 were purchased from the Cell
Bank of Type Culture Collection of Chinese Academy of Sciences
(Shanghai, China). The cells were cultured at 37°C in humidified
chambers with 5% CO2 in RPMI 1640 medium containing 10% fetal
bovine serum and penicillin (100 U/ml) and streptomycin (100 µg/ml).
Cells were transfected with 100 nmol/l of TC-1 siRNA or control siRNA
(Invitrogen, Carlsbad, CA, USA) using Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s instructions, and stable expression clones
were selected by G418 (Sigma-Aldrich, St Louis, MO, USA). Cells were
grown under standard conditions for a further 48 h before being examined
by qRT-PCR or western blot analysis.
Radiation treatment

Forty-eight hours after transfection, cells were irradiated with 0, 2, 4, 6,
8, and 10 Gy of X-rays using 6-MeV X-ray linear accelerator (Siemens,
Munich, Bavaria, Germany). Cells were cultured for a further 24 h before
being examined by MTT assay, flow cytometry and western blot
analysis. For tumors, when tumor volume reached the required size (0.81.0 cm3), mice were immobilized, and tumors were vertically irradiated in
the 2.0 cm×2.0 cm radiation field. Radiation was delivered at a dose rate
of 4 Gy/min. During therapy, the tumor volume was measured using
calipers and calculated as 0.5×largest diameter×smallest diameter2 per
two days.

Fig. 4. The effect of combination of TC-1 silencing and radiotherapy on
A549 tumor xenografts. (A) Combination of TC-1 silencing and radiation
inhibited the growth of A549 xenografts. (B) Tumor weights were measured
when the mice were euthanized 15 days after the treatment. Combination of
TC-1 silencing and radiation decreased tumor weight compared with TC-1
siRNA or radiation alone. (C) siRNA or radiation alone significantly increased
the Bax expression while decreased the expression levels of Ki67, Bcl-2,
β-catenin, c-myc, c-met, and cyclinD1 (with β-actin as loading control),
and the effect of combinative treatment was stronger. Mean±s.d.; aP<0.05
compared to control group, bP<0.05 compared to TC-1 siRNA group, cP<0.05
compared to radiation group.
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Animal experiments were consistent with the regulations of animal use for
biomedical experiments issued by Ministry of Science and Technology of
China and approved by the Committee on Experimental Animals of Huaihe
Hospital of Henan University. Female athymic BALB/c nu/nu mice (6- to 8week-old, 15-20 g) were purchased from Shanghai Experimental Animal
Center (Shanghai, China). Xenografts were generated by subcutaneous
injection of 1×107 A549 cells in a volume of 20 µl into the right hind leg of
the female athymic BALB/c nu/nu mice. When tumor volume reached the
required size, mice were assigned to the following groups (five mice per
group): control (no treatment), TC-1 siRNA alone (5 µg siRNA daily for
5 days by intratumoral injection), radiation alone (4 Gy once per day for
5 days, total 20 Gy), or TC-1 siRNA+radiation. TC-1 siRNA was mixed
with a PEI (Sigma-Aldrich) according to the manufacturer’s instructions
was given 1 h before radiation. The final complex was prepared immediately
before intratumoral injection. All the mice were euthanized 15 days after the
treatment, and the tumors were resected for tumor weight measurement and
western blot analysis.
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Quantitative RT-PCR (qRT-PCR)
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Western blot analysis

Protein concentrations of cell or tumor lysates were measured by the BCA
protein assay kit (Thermo Fisher Scientific, USA) and proteins were
electrophoresed on SDS-PAGE gels. Separated proteins were then
transferred onto PVDF membranes (Millipore, Bedford, MA, USA)
followed by the incubation with specific antibodies against β-catenin (BD,
Transduction Laboratories, KY, USA), c-myc (Roche Applied Sciences,
Indianapolis, IN, USA), c-met (Santa Cruz, Biotechnology Inc., CA, USA),
cyclin D1 (Santa Cruz Biotechnology), TC-1 (Santa Cruz Biotechnology),
and β-actin (Sigma), and immunoblotted with the appropriate secondary
antibody (Cell Signaling, Beverly, MA, USA). Chemiluminescent detection
was performed using an ECL system (Amersham Pharmacia, Piscataway,
NJ, USA).
Cell proliferation assay

Cell proliferation was detected using MTT assay. After 48 h of the treatment
with TC-1 siRNA, cells (5×103 cells/well) were seeded on 96-well culture
plates for 48 h. Then, 20 µl of MTT (5 mg/ml) was added to each well and
cells were incubated at 37°C for 4 h. The MTT-supplemented medium was
replaced with 150 μl/well of DMSO (Sigma-Aldrich). After shaking the
plates for 10 min, the optical density (OD) value was determined at 490 nm.
All experiments were repeated three times, and the cell proliferation rates
were calculated based on the OD value of non-irradiated cells.
Flow cytometry analysis of cell apoptosis

Apoptosis of NSCLC cells was detected by the Annexin V-PI Apoptosis
Detection Kit (BioVision, California, USA). Briefly, cells were harvested
by trypsinization and collected in centrifuge tubes, and washed with icecold PBS. Then, the cells were suspended in 500 ml of binding buffer and
incubated with Annexin V-FITC and propidium iodide (PI). The apoptosis
rate was analyzed by flow cytometry (FACSCalibur; BD, Franklin Lakes,
NJ, USA).
Statistical analysis

All values were expressed as mean±standard deviation (s.d.). One-way
ANOVA or Student’s t-test was applied to evaluated the significant
differences. GraphPad Prism 6 software (GraphPad Prism Software, Inc.,
San Diego, CA, USA) was used for the statistical analysis. P<0.05 was
considered statistically significant.
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