Biochemical and Biophysical Research Communications 456 (2015) 162-166

Contents lists available at ScienceDirect

Biochemical and Biophysical Research Communications

journal homepage: www.elsevier.com/locate/ybbrc

HAP1 gene expression is associated with radiosensitivity in breast
cancer cells

@ CrossMark
Jing Wu P, Jun-ying Zhang ¢, Li Yin ¢, Jian-zhong Wu ¢, Wen-jie Guo ", Jian-feng Wu",

Meng Chen ", You-you Xia*", Jin-hai Tang ¢, Yong-chao Ma ¢, Xia He ™*

2The Fourth Clinical School of Nanjing Medical University, Nanjing, Jiangsu, China

b Department of Radiation Oncology, Nanjing Medical University Affiliated Cancer Hospital, Cancer Institute of Jiangsu Province, Nanjing, Jiangsu, China
“Research Center of Clinical Oncology, Nanjing Medical University Affiliated Cancer Hospital, Cancer Institute of Jiangsu Province, Nanjing, Jiangsu, China
d Department of General Surgery, Nanjing Medical University Affiliated Cancer Hospital, Cancer Institute of Jiangsu Province, Nanjing, Jiangsu, China

€ Department of Hematology, First Affiliated Hospital of Nanjing Medical University, Nanjing, Jiangsu, China

ARTICLE INFO ABSTRACT

Article history:
Received 4 November 2014
Available online 22 November 2014

Objectives: The purpose of this study was to investigate the relationship between huntingtin-associated
proteinl (HAP1) gene and radiation therapy of breast cancer cells.

Methods: HAP1 gene was transfected into breast cancer MCF-7 cells, which was confirmed by quantita-
tive reverse transcription-polymerase chain reaction analysis (QRT-PCR) and Western blot in vitro. The
changes of cell radiosensitivity were assessed by colony formation assay. Apoptosis were examined by
flow cytometry. The expressions of two radiation-induced genes were evaluated by Western blot. Tumor
growth was investigated in nude mice xenograft models in vivo.

Results: Our data showed that HAP1 gene expression was significantly increased in HAP1-transfected
MCF-7 cells in comparison with the parental cells or negative control cells. The survival rate in MCF-7/
HAP1 cells was significantly decreased after irradiation (0, 2, 4, 6, 8 Gy), compared to cells in MCF-7
and MCF-7/Pb groups in vitro. HAP1 gene increased apoptosis in MCF-7 cells after irradiation. Addition-
ally, the tumor volume and weight in MCF-7/HAP1 + RT group were observably lower than in MCF-7/
HAP1 group and MCF-7/Pb + RT group.

Conclusion: The present study indicated that HAP1 gene expression was related to the radiosensitivity of
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breast cancer cells and may play an important role in the regulation of cellular radiosensitivity.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Breast cancer (BC) is one of the most prevalent malignancies
that affects women’s health [1]. Radiotherapy (RT) is the most
important and effective treatment for BC [2,3]. However, radiore-
sistance is the main reason that lead to treatment failure. There-
fore, how to increase the radiosensitivity in breast cancer is very
important. Although many studies have been conducted to further
explore the mechanisms of radiosensitivity, the molecular mecha-
nism underline BC radiosensitivity is still poorly understood.
Therefore, it is worthwhile to further understand the molecular
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mechanisms of BC radiosensitivity and to explore valuable predic-
tive markers as a new treatment.

Huntingtin-associated protein1 (HAP1) gene is a protein-coding
gene which was initially found in nervous system in patients with
Huntington’s disease (HD) [4]. With the increasing understanding
of this gene, it is not only found in nervous system but also in other
systems [5]. Some reports showed that the incidence of tumor
among patients with Huntington’s disease was much lower than
the healthy ones, and apoptosis was the main reason [6]. Others
showed that the relationship between cancer and Huntington’s
disease may share a common mechanism of disease spread via
extracellular vesicles [7]. Moreover, previous studies showed that
HAP1 overexpression resulted in suppression of tumor growth
[8]. However, the role of HAP1 in radiosensitivity of BC has not
been studied.

In the current study, we investigated the relationship between
the HAP1 gene expression and the radiosensitivity of breast cancer
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cells. In addition, expressions of Bax and Bcl-2 were also studied
and correlated with HAP1 gene expression.

2. Materials and methods
2.1. Ethics statement

Animal protocols were approved by the Institutional Animal
Care and Use Committee of Nanjing Medical University (Nanjing,
China). All animal experiments were performed under the guide-
lines of humane use and care of laboratory animals for biomedical
research published by National Institutes of Health. All efforts were
made to reduce animals’ suffering.

2.2. Cell culture

The human BC cell lines MCF-7 and transfected cell lines MCF-
7/Pb, MCF-7/HAP1 were originated from Research Center of Clini-
cal Oncology of the Affiliated Jiangsu Cancer Hospital, Nanjing
Medical University, Nanjing, China. The MCF-7/Pb and MCF-7/
HAP1 cells were established with transfected Pb-puro empty vec-
tor and Pb-puro-Hap1 plasmid, respectively. All cells were cultured
in DMEM (Corning, Manassas, VA, USA) supplemented with 10%
FBS (Gibco, USA) in a humidified atmosphere of 5% CO, at 37 °C.

2.3. Real-time PCR assays

Total RNA was extracted from MCF-7, MCF-7/Pb, and MCF-7/
HAP1 cells using TRIzol reagent (Invitrogen, Carlsbad, CA), according
to the manufacturer’s instructions. One microgram of total RNA was
reverse-transcribed using PrimeScript 1st Strand cDNA Synthesis Kit
(Takara, Dalian, China), according to the manufacturer’s instruc-
tions. Real-time PCR was performed using SYBR Green PCR Master
Mix (Applied Bio-systems, Carlsbad, CA, USA) on the ABI7300
(Applied Bio-systems). HAP1 mRNA expression was examined using
the following specific primers: forward, 5'-ATGCGCCCGAA-
GAGGTTGG-3' and reverse, 5-CTGCAGATCGTCGTGCCGATGA-3';
primers for p-actin (used as an internal control): forward, 5'-TTCTA-
CAATGAGCTGCGTCTG-3' and reverse, 5'-CAGCC TGGATAGCAACG-
TATC-3'. Cycling parameters were followed as protocol described.
All reactions were repeated 3 times for each sample. Primer quality
was analyzed by dissociation curves. Data were analyzed by com-
paring Ct values.

2.4. Colony-forming assay

Clonogenic survival assays were actualized according to the lit-
erature [9]. Briefly, cells were plated in 60 mm? culture dishes at
various cell densities (3 x 102-1 x 103 cells/well) for 12h and
were exposed to IR in doses of 0, 2, 4, 6 and 8 Gy. Then the cells
were cultured for an additional 10 days, and colonies were stained
with Giemsa. The surviving colonies (a colony was defined as
>50 cells) were counted. Lastly, plating efficiencies (PE) were calcu-
lated as the number of colonies divided by the number of cells
seeded. Survival fraction (SF) was calculated as the PE of the group
with radiation divided by the non-irradiated one. The experiments
were performed for three times.

2.5. Flow cytometric analysis

Flow cytometric analysis was performed as characterized for-
merly [10]. MCF-7, MCF-7/Pb, and MCF-7/HAP1 cells were seeded
in 6-well plates (3.5 x 10° cells/well and each cell line has a paral-
lel hole) for 12 h and three parallel holes were exposed to 4 Gy IR,

then cells were harvested after culture for 7 h and washed twice
with ice-cold PBS. AnnexinV-FITC/PI staining was used to detect
apoptotic cells. Three individual experiments were repeated.

2.6. Western blotting analysis

Total cell proteins were extracted, equivalent amounts of pro-
tein were applied for 10% SDS-PAGE gels. And then proteins were
transferred onto polyvinylidene fluoride (PVDF) membranes (Bio-
Rad, Hercules, CA, USA). The membranes were incubated subse-
quently with the relevant primary antibodies and secondary anti-
bodies. The primary antibodies used in this study included
polyclonal anti-HAP-1 (1:1000; Abcam, HK), anti-Bcl-2 (1:500;
Santa Cruz, CA), anti-Bax (1:1000; Cell Signaling Technology,
USA). B-Actin was used as a loading control and blotted protein
bands were visualized by ECL detection reagent (Millipore, Bille-
rica, MA, USA).

2.7. Animal experiment

Six week old female nude mice (BALB/c; Medical Center of
Yangzhou University, Yangzhou, China) were subcutaneously
injected into the left inguinal with MCF-7/Pb and MCF-7/HAP1
cells (5 x 10°), respectively. At the 21th days after injection, all
mice were divided into 4 groups, including Pb group (MCF-7/Pb
group), HAP1 group (MCF-7/HAP1 group), combination group 1
(MCF-7/Pb + RT group), combination group 2 (MCF-7/HAP1 +RT
group). Meanwhile, the combination group 1 and combination
group 2 received xenograft irradiation (5 Gy, once), and all groups
followed for about 3 weeks. Tumor growth was examined every
4 days; tumor volume (mm?) was monitored by gauging the length
(mm) and width (mm) of the tumors and calculated as length
(mm) x width (mm?) x 0.5. Mice were sacrificed by decapitation
and xenograft tumors were immediately removed after death.

2.8. Statistical analysis

The data were expressed as means + SD. Statistical analysis was
conducted using Student’s t-test and one-way ANOVA with Graph-
pad 5.0 and SPSS 13.0. P<0.05 was set as significant level of
difference.

3. Results
3.1. Overexpression of HAP1 gene was confirmed in vitro

HAP1 gene was significantly upregulated in MCF-7/HAP1 cells
compared with MCF-7 and MCF-7/Pb cells (P<0.01). There was
no difference between MCF-7/Pb and MCF-7 cells (Fig. 1A and B).

3.2. HAP1 gene overexpression influenced the sensitivity of MCF-7 cells
to irradiation

The survival rate of cells in MCF-7/HAP1 group was significantly
decreased after irradiation (0, 2, 4, 6, 8 Gy), compared with MCF-7
and MCF-7/Pb cells (Fig. 2A-C). The survival fraction of 2 Gy (SF2)
and the values of Dy and Dg were 0.39, 1.15 and 1.8 in MCF-7/HAP1
cells, 0.61, 1.64 and 3.64 in MCF-7/Pb, and 0.69, 1.68, 3.63 in MCF-
7, respectively (Table 1) [11,12]. These results indicated that over-
expression of HAP1 gene could increase cell sensitivity to
irradiation.
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Fig. 1. HAP1 gene overexpression was verified in vitro. (A) Relative mRNA levels of
HAP1 gene by quantitative RT-PCR analysis. n = 3 for each groups. (B) Western blot
analysis of HAP1 expression changes in all cell lines. **P < 0.01 vs MCF-7/Pb and
MCF-7.

3.3. Influence of HAP1 gene on cell apoptosis and protein expression

After radiation of 4 Gy, the apoptosis rate was significantly
higher in MCF-7/HAP1 group than in MCF-7/Pb and MCF-7 groups
(P<0.001) (Fig. 3A and B).

To investigate the potential mechanism by which HAP1 gene
regulates radiosensitivity, we detected the expression of Bax and
Bcl-2 proteins which were involved in cell apoptosis by Western
blotting. Our results showed that Bax expression was much higher
while Bcl-2 expression was much lower in MCF-7/HAP1 cells than
in MCF-7/Pb and MCF-7 cells (Fig. 3C). These results indicated that
overexpression of HAP1 gene could increase cell apoptosis after
radiotherapy.

3.4. Overexpression of HAP1 gene influenced radiosensitivity in vivo

The in vitro results suggested that overexpression of HAP1 gene
can influence radiosensitivity in BC MCF-7 cells, we investigated
whether HAP1 gene has a similar effect in vivo. Nude mice were
injected with MCF-7/Pb and MCF-7/HAP1 cells, respectively. After
irradiation, the tumor volume in MCF-7/HAP1 +RT group was
smaller than in MCF-7/HAP1 group (P < 0.001) and MCF-7/Pb + RT
group (P<0.01). The tumor weight in MCF-7/HAP1 +RT group
was lower than in MCF-7/HAP1 group (P < 0.01) and MCF-7/Pb + RT
group (P<0.05) (Fig. 4A-C). Synergistic Indices of combination
treatment with HAP1 gene and RT in vivo Xenograft models
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Table 1
Comparison of radiosensitivity in different groups.
Do Dq SF2 N
MCF-7 1.68 3.63 0.69 3.16
MCF-7/Pb 1.64 3.64 0.61 3.22
MCF-7/HAP1 115 1.8 0.39 2.57

SF, survival fraction = number of colonies formed/(number of cells seeded plating
efficiency of the control group) [12].

Doy, lethal radiation dose.

Dg, quasi-threshold dose.

SF2, fraction of cells surviving after 2 Gy irradiation.

N, cell repair capacity.

High Do, Dq and N values indicate increased radioresistance of cells.

(endpoint tumor volumes) was 1.42 (Table 2) [13]. Taken together,
there is synergistic effect between HAP1 gene and radiotherapy.

4. Discussion

Radiosensitive and radioresistant of tumor cells play important
roles in the clinical treatment [14,15]. However, the accurate
molecular mechanisms underline radiosensitivity and radioresis-
tant remains unclear. Some studies reported that many oncogenes
and tumor suppressor genes are related to the radiosensitivity in
cancer [16-20]. HAP1 gene localize on human chromosome
17q21.2-21.3 [21]. HAP1 is a cytoplasmic protein associated with
mitochondria, endoplasmic reticulum, tubulovesicles, endosomal
and lysosomal organelles, and synaptic vesicles [22]. Some reports
showed that HAP1 reactivity was associated with angiogenesis and
metastasis [23-25]. Furthermore, previous studies revealed that
the expression of HAP1 gene was reduced in BC tissues, and HAP1
gene played an important role in pathogenesis of BC [8].

In the present study, we showed that in a given dose of irradi-
ation, the survival fraction significantly reduced in MCF-7/HAP1
cells in comparison with MCF-7/Pb group and MCF-7 group. There-
fore, HAP1 gene has the effect of radiosensitization when concur-
rent with radiotherapy. Colony formation assay is one of the
most important methods to assay cell survival and is the golden
standard for testing the radiosensitivity of cells [26]. In this study,
all radiosensitization parameters were calculated by single-hit
multi-target model. The survival fraction of 2 Gy (SF2) and the val-
ues of Dy and Dy were 0.39, 1.15 and 1.8 in MCF-7/HAP1 cells after
irradiation. So HAP1 gene can modulate the radiosensitivity of BC
MCEF-7 cell lines.
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Fig. 2. Overexpression of HAP1 gene influenced the radiosensitivity of MCF-7 cells in vitro. (A and B) The colony formation assay in MCF-7 cells, MCF-7/Pb and MCF-7/HAP1
cells with or without irradiation and survival fractions with irradiation (4 Gy). (C) Survival fractions at different irradiation doses. n = 3 for each groups. *P < 0.05 vs MCF-7 and

MCF-7/Pb groups.
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Fig. 3. Overexpression of HAP1 gene influenced radiation-induced apoptosis in vitro. (A and B) Apoptotic changes in MCF-7 cells, MCF-7/Pb and MCF-7/HAP1 cells with
irradiation (4 Gy) for 7 h. n = 3 for each groups. (C) Equivalent amounts of protein were applied for 10% SDS-PAGE gels, Changes of Bax and Bcl-2 in different groups with RT
(4 Gy). P <0.001 vs MCF-7 and MCF7/Pb groups.
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Fig. 4. Overexpression of HAP1 gene influenced the radiosensitivity of BC MCF-7 cells in vivo. (A) Representative images of xenograft tumors in different groups of nude mice
with or without irradiation, before (left) or after (right) excision. (B) Tumor growth after transplantation in different groups. The day before the mice were irradiated was
specified as 0 day. (C) Quantitative determination of tumor weight of the excised tumors in different groups at the end of the research. n =3 for each groups. *P < 0.05,

**P<0.01, ™P<0.001.

Table 2
Synergistic Indices of combination treatment with HAP1 gene and RT in vivo xenograft
models (endpoint tumor volumes).

apoptotic protein survivin expression enhanced the radiosensitivity
of gastric cancer SGC7901 cells through inducing apoptosis [29].
Liu et al. demonstrated that p73 played an important role in regu-

MCE-7/HAP1  MCF-7/Pb+RT  MCF-7/HAP1 + RT SI lating the cellular response in cervical cancer to radiotherapy
MGI MGI Expected’  Observed® P! through apoptosis signaling pathway [30]. Moreover, several stud-
078 0.69 054 038 0001 1.42 ies also reported that Bcl-2 and Bax played an important role in cell

MGI, mean growth inhibition rate = growth rate of treated group/growth rate of
untreated group.

SI, synergistic index = expected growth inhibition rate/observed growth inhibition
rate. An index more than 1 indicates synergistic effect and <1 indicates less than
additive effect.

T P value (two-sided) was calculated by one-way ANOVA compared with no
treatment.

 Expected growth inhibition rate = MGI MCF-7/HAP1 x MGI MCF-7/Pb + RT.

§8 Observed growth inhibition rate = growth inhibition rate of combined treatment/
growth rate of untreated group.

As reported by previous studies, increasing cell apoptosis was
one of the most important mechanisms leading to radiotherapy
caused tumor regression [27,28]. For example, the silence of anti-

apoptosis [31,32]. We found an enhancement of apoptosis rate in
MCF-7/HAP1 group after irradiation, with increased Bax and
decrease Bcl-2 protein expression in MCF-7/HAP1 cells. So we con-
sidered this to be one mechanism of radiosensitization.

Furthermore, we confirmed that the growth of tumor was sig-
nificantly inhibited in MCF-7/HAP1 group after irradiation in com-
parison with other groups in vivo. The results revealed that HAP1
gene may play an important role in regulating the cellular response
of MCF-7 cells to radiotherapy. However, the exact mechanism of
HAP1 gene in mediating tumor cells response to radiosensitivity
is still unknown, which need to be further studied.

In summary, our study proved a significant association between
the overexpression of HAP1 gene and the cellular radiosensitivity
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in BC MCF-7 cells. However, the detailed mechanism on how HAP1
gene affect the apoptotic pathway in the consequence of irradia-
tion requires further investigation.

Acknowledgments

We thank Ning Jiang, Heda Zhang from the Research Center of
Clinical Oncology of Jiangsu province for their technical assistance
and helpful discussion.

References

[1] H. Yang, LW. Li, M. Shi, J.H. Wang, F. Xiao, et al., In vivo study of breast
carcinoma radiosensitization by targeting elF4E, Biochem. Biophys. Res.
Commun. 423 (2012) 878-883.

[2] S.C. Darby, M. Ewertz, P. McGale, et al., Risk of ischemic heart disease in
women after radiotherapy for breast cancer, N. Engl. ]. Med. 368 (2013) 987-
998.

[3] TJ. Whelan, J.P. Pignol, M.N. Levine, et al, Long-term results of
hypofractionated radiation therapy for breast cancer, N. Engl. ]. Med. 362
(2010) 513-520.

[4] J. Schulte, ].T. Littleton, The biological function of the Huntingtin protein and
its relevance to Huntington’s disease pathology, Curr. Trends Neurol. 5 (2011)
65-78.

[5] L. Dragatsis, P. Dietrich, S. Zeitlin, Expression of the Huntingtin-associated
protein 1 gene in the developing and adult mouse, Neurosci. Lett. 282 (2000)
37-40.

[6] S.A. Sorensen, K. Fenger, J.H. Olsen, Significantly lower incidence of cancer
among patients with Huntington disease, Cancer 86 (1999) 1342-1346.

[7] KM. Candelario, D.A. Steindler, The role of extracellular vesicles in the
progression of neurodegenerative disease and cancer, Trends Mol. Med. 20
(2014) 363-374.

[8] L. Zhu, X. Song, J. Tang, et al., Huntingtin-associated protein 1: a potential
biomarker of breast cancer, Oncol. Rep. 29 (2013) 1881-1887.

[9] X. Hu, L. Xing, Y. Jiao, et al., BTG2 overexpression increases the radiosensitivity
of breast cancer cells in vitro and in vivo, Oncol. Res. Featuring Preclin. Clin.
Cancer Ther. 20 (2012) 457-465.

[10] Y. Zhu, J. Wu, S. Li, et al., The function role of miR-181a in chemosensitivity to
adriamycin by targeting Bcl-2 in low-invasive breast cancer cell, Cell. Physiol.
Biochem. 32 (2013) 1225-1237.

[11] L. Yin, ]J. Wu, ]J. Wu, et al, Radiosensitization effect of nedaplatin on
nasopharyngeal carcinama cells in different status of Epstein-Barr vivus
infection, Biomed. Res. Int. 2014 (2014) 713674.

[12] H.L. Yu, X.Y. Li, S.Q. Sun, et al., c-Met inhibitor SU11274 enhances the response
of the prostate cancer cell line DU145 to ionizing radiation, Biochem. Biophys.
Res. Commun. 427 (2012) 659-665.

[13] D.H. Shin, H.Y. Min, A.K. EI-Naggar, et al., Akt/mTOR counteract the antitumor
activities of cixutumumab an anti-insulin-like growth factor I receptor
monoclonal antibody, Mol. Cancer Ther. 10 (2011) 2437-2448.

[14] D.A. Chistiakov, N.V. Voronova, P.A. Chistiakov, Genetic variations in DNA
repair genes, radiosensitivity to cancer and susceptibility to acute tissue
reactions in radiotherapy-treated cancer patients, Acta Oncol. 47 (2008) 809-
824.

[15] A. Chakravarti, A. Dicker, M. Mehta, The contribution of epidermal growth
factor receptor (EGFR) signaling pathway to radioresistance in human
gliomas: a review of preclinical and correlative clinical data, Int. J. Radiat.
Oncol. Biol. Phys. 58 (2004) 927-931.

[16] Y. Harima, A. Togashi, K. Horikoshi, et al., Prediction of outcome of advanced
cervical cancer to thermoradiotherapy according to expression profiles of 35
genes selected by cDNA microarray analysis, Int. J. Radiat. Oncol. Biol. Phys. 60
(2004) 237-248.

[17] D. Tewari, B.J. Monk, M.S. Al-Ghazi, et al., Gene expression profiling of in vitro
radiation resistance in cervical carcinoma: a feasibility study, Gynecol. Oncol.
99 (2005) 84-91.

[18] G.T. Langland, S.M. Yannone, R.A. Langland, et al., Radiosensitivity profiles
from a panel of ovarian cancer cell lines exhibiting genetic alterations in p53
and disparate DNA-dependent protein kinase activities, Oncol. Rep. 23 (2010)
1021-1026.

[19] K.A. Cengel, K.P. Voong, S. Chandrasekaran, et al., Oncogenic K-Ras signals
through epidermal growth factor receptor and wild-type H-Ras to promote
radiation survival in pancreatic and colorectal carcinoma cells, Neoplasia 9
(2007) 341-348.

[20] E.Y. Huang, Y.F. Chen, Y.M. Chen, et al., A novel radioresistant mechanism of
galectin-1 mediated by H-Ras-dependent pathways in cervical cancer cells,
Cell Death Dis. 3 (2012) e251.

[21] J. Nasir, MJ. Lafuente, K. Duan, et al., Human huntingtin-associated protein
(HAP-1) gene: genomic organisation and an intragenic polymorphism, Gene
254 (2000) 181-187.

[22] M. Michalek, E.S. Salnikov, B. Bechinger, Structure and topology of the
Huntingtin 1-17 membrane anchor by a combined solution and solid-state
NMR approach, Biophys. J. 105 (2013) 699-710.

[23] R. Abbotts, S. Madhusudan, Human AP endonuclease 1 (APE1): from
mechanistic insights to druggable target in cancer, Cancer Treat. Rev. 36
(2010) 425-435.

[24] A. Jiang, H. Gao, M.R. Kelley, X. Qiao, Inhibition of APE1/Ref-1 redox activity
with APX3330 blocks retinal angiogenesis in vitro and in vivo, Vision Res. 51
(2011) 93-100.

[25] M.W. Kang, S.K. Kang, S. Choi, et al., Upregulation of APE/ref-1 in recurrence
stage I, non small cell lung cancer, Asian Cardiovasc. Thorac. Ann. 20 (2012)
36-41.

[26] S.A. Nahas, RA. Gatti, DNA double strand break repair defects, primary
immunodeficiency disorders, and ‘radiosensitivity’, Curr. Opin. Allergy Clin.
Immunol. 9 (2009) 510-516.

[27] J.H. Hendry, C.M. West, Apoptosis and mitotic cell death: their relative
contributions to normal-tissue and tumor radiation response, Int. J. Radiat.
Biol. 71 (1997) 709-719.

[28] B. Zhivotovsky, B. Joseph, S. Orrenius, Tumor radiosensitivity and apoptosis,
Exp. Cell Res. 248 (1999) 10-17.

[29] X. Shen, J. Zheng, H. Shi, et al., Survivin knockdown enhances gastric cancer cell
sensitivity to radiation and chemotherapy in vitro and in nude mice, Am. J.
Med. Sci. 344 (2012) 52-58.

[30] S.S. Liu, R.C.Y. Leung, K.Y.K. Chan, et al., P73 expression is associated with the
cellular radiosensitivity in cervical cancer after radiotherapy, Clin. Cancer Res.
10 (2004) 3309-3316.

[31] M. Brentnall, L. Rodriguez-Menacol, R.L. De Guevara, et al., Caspase-9, caspase-
3 and caspase-7 have distinct roles during intrinsic apoptosis, BMC Cell Biol.
14 (2013) 32.

[32] J.C. Martinou, R.J. Youle, Mitochondria in apoptosis: Bcl-2 family members and
mitochondrial dynamics, Dev. Cell 21 (2011) 92-101.


http://refhub.elsevier.com/S0006-291X(14)02082-8/h0005
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0005
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0005
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0010
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0010
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0010
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0015
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0015
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0015
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0020
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0020
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0020
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0025
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0025
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0025
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0030
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0030
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0035
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0035
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0035
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0040
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0040
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0045
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0045
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0045
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0050
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0050
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0050
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0055
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0055
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0055
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0060
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0060
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0060
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0065
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0065
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0065
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0070
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0070
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0070
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0070
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0075
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0075
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0075
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0075
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0080
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0080
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0080
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0080
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0085
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0085
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0085
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0090
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0090
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0090
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0090
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0095
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0095
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0095
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0095
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0100
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0100
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0100
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0105
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0105
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0105
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0110
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0110
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0110
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0115
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0115
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0115
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0120
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0120
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0120
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0125
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0125
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0125
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0130
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0130
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0130
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0135
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0135
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0135
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0140
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0140
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0145
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0145
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0145
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0150
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0150
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0150
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0155
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0155
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0155
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0160
http://refhub.elsevier.com/S0006-291X(14)02082-8/h0160

	HAP1 gene expression is associated with radiosensitivity in breast cancer cells
	1 Introduction
	2 Materials and methods
	2.1 Ethics statement
	2.2 Cell culture
	2.3 Real-time PCR assays
	2.4 Colony-forming assay
	2.5 Flow cytometric analysis
	2.6 Western blotting analysis
	2.7 Animal experiment
	2.8 Statistical analysis

	3 Results
	3.1 Overexpression of HAP1 gene was confirmed in vitro
	3.2 HAP1 gene overexpression influenced the sensitivity of MCF-7 cells to irradiation
	3.3 Influence of HAP1 gene on cell apoptosis and protein expression
	3.4 Overexpression of HAP1 gene influenced radiosensitivity in vivo

	4 Discussion
	Acknowledgments
	References


