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Abstract
Background/Aims: Triple-negative breast cancer (TNBC) is a high-risk breast cancer phenotype 
without specific targeted therapy options and is significantly associated with increased local 
recurrence in patients treated with radiotherapy. CAVEOLIN-1 (CAV-1)-mediated epidermal 
growth factor receptor (EGFR) nuclear translocation following irradiation promotes DNA 
repair and thus induces radiation resistance. In this study, we aimed to determine whether 
knockdown of CAV-1 enhances the radiosensitivity of basal-like TNBC cell lines and to 
explore the possible mechanisms. Methods: Western blotting was used to compare protein 
expression in a panel of breast cancer cell lines. Nuclear accumulation of EGFR as well as 
DNA repair and damage at multiple time points following irradiation with or without CAV-1 
siRNA pretreatment were investigated using western blotting and confocal microscopy. The 
radiosensitizing effect of CAV-1 siRNA was evaluated using a clonogenic assay. Flowcytometry 
was performed to analyse cell apoptosis and cell cycle alteration. Results: We found that CAV-
1 is over-expressed in basal-like TNBC cell lines and barely expressed in HER-2-positive cells; 
additionally, we observed that HER-2-positive cell lines are more sensitive to irradiation than 
basal-like TNBC cells. Our findings revealed that radiation-induced EGFR nuclear translocation 
was impaired by knockdown of CAV-1. In parallel, radiation-induced elevation of DNA repair 
proteins was also hampered by pretreatment with CAV-1 siRNA before irradiation. Silencing 
of CAV-1 also promoted DNA damage 24 h after irradiation. Colony formation assays verified 
that cells could be radiosensitized after knockdown of CAV-1. Furthermore, G2/M cell cycle 
arrest and apoptosis enhancement may also contribute to the radiosensitizing effect of CAV-
1 siRNA. Conclusion: Our results support the hypothesis that CAV-1 knockdown by siRNA 
causes increased radiosensitivity in basal-like TNBC cells. The mechanisms associated with this 
effect are reduced DNA repair through delayed CAV-1-associated EGFR nuclear accumulation 
and induction of G2/M arrest and apoptosis through the combined effects of CAV-1 siRNA 
and radiation.
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Introduction

Breast cancer is one of the most common malignant diseases and a major cause of death 
among women worldwide [1]. It is widely recognized that breast cancer is a heterogeneous 
disease with subtypes that express various molecular biomarkers and are diverse in their 
biological behaviour and response to therapy [2]. Gene microarray profiling of human 
breast carcinomas has led to categorization of invasive breast carcinomas into five distinct 
subtypes: luminal A (ER+, PR+, HER-2-), luminal B (ER+, PR+, HER-2+), normal breast-like, 
HER-2 over-expressing, and basal-like breast cancer (BLBC) [2]. The BLBC subtype, which 
accounts for 15% of breast cancers, is associated with the most aggressive behaviour and 
poor survival and often lacks ER, PR, and HER-2 expression but expresses one or more of the 
specific basal markers CK5, CK14, CK17, and epidermal growth factor receptor (EGFR) [3].

Radiotherapy is widely used to treat cancer patients because of its ability to create 
DNA damage and induce apoptosis in a variety of cancer types [4, 5]. Because efficient 
targeted treatments for basal-like triple-negative breast cancer (TNBC) phenotype are 
scarce, radiotherapy is often used as adjuvant therapy for basal-like TNBC patients, 
although radiotherapy has not consistently led to a gain in overall survival [6-8]. Evidence 
to explain the factors governing radioresistance in basal-like TNBC patients who develop 
local recurrence and distant metastasis is still unclear. Aberrant expression or activity 
of EGFR has been strongly linked to the pathogenesis of many human tumours [9, 10]. It 
was demonstrated that unlike EGF treatment that induced endocytosis and subsequent 
lysosomal degradation of EGFR, unspecific stimuli such as UV-radiation, oxidative stress and 
radiation could induce EGFR nuclear accumulation [11-14]. Emerging evidence indicates 
that nuclear EGFR promotes DNA repair by interacting with DNA-dependent protein kinase 
(DNA-PK) [15, 16]. Most recently, the ability of nuclear EGFR to modulate chromatin access 
upon radiation treatment suggests that nuclear EGFR enhances resistance to radiation 
[17]. Blockage of nuclear EGFR transport by cetuximab decreased DNA-PK activity and 
consequently increased residual DNA damage and reduced survival after radiation treatment 
[18]. These observations demonstrate a crucial role of nuclear EGFR in regulation of non-
homologous end-joining (NHEJ) DNA repair following DNA damage events and suggest a 
potential therapeutic target for cancer treatment.

CAVEOLIN-1 (CAV-1), which is the principal structural protein of caveolae, plays a pivotal 
role in signalling transduction and intracellular trafficking of cellular components [19-21]. 
Khan et al. reported that exposure to oxidative stress can lead to CAV-1-dependent peri-
nuclear accumulation of EGFR [13]. It was also demonstrated that, in A549 cells, radiation-
induced EGFR internalization is associated with CAV-1 [14]. Blocking src signalling with PP2 
led to decreased phosphorylation of CAV-1 at Y14 and prevented radiation-induced EGFR 
transport into the nucleus [14]. In pancreatic cell lines, knockdown of CAV-1 sensitized tumour 
cells to ionizing radiation [22]. The role of CAV-1 in cancer development and progression 
is contentious and varies with tumour type. CAV-1 was initially reported to have tumour 
suppressive properties in rectal cancer, glioblastoma and breast cancer [23-25]. By contrast, 
there are several lines of evidence to suggest that CAV-1 may have oncogenic properties in 
colon cancer, lung cancer, prostate cancer and hepatocellular cancer [26-29]. Some studies 
reported that CAV-1 is a marker of myoepithelial cells because it is over-expressed and 
amplified in BLBC subtype human tissue samples [30, 31]. These findings contradicted 
those indicating that CAV-1 is a cancer suppressing gene that is often lost in breast cancer, 
leading to tumour growth and metastasis [25]. Because the function of CAV-1 in basal-like 
TNBC cells is not fully understood, in the present study, we focused on evaluating whether 
high expression of CAV-1 in basal-like TNBC cell lines is correlated with radioresistance and 
endeavoured to discover a possible therapeutic strategy to enhance radiosensitivity as well 
as to determine possible underlying mechanisms.
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Materials and Methods

Antibodies and reagents
Antibodies specific for CAV-1 and Histone H3 were purchased from Cell Signaling Technologies 

(Danvers, MA, USA); EGFR antibody was from BD Biosciences (CA, USA); phosphorylated DNA-PKcs (DNA-
PK catalytic subunit) (Thr2609) antibody was purchased from Biolegend (San Diego, CA, USA); antibodies 
against Histone H2A.x phosphor (pS139) and GAPDH were from Epitomics (CA, USA); KU70/80 antibody 
was obtained from Anbo Biotechnology Co. Ltd. (CA, USA), and 4’,6-diamidino-2-phenylindole (DAPI) and 
Antifade mounting media were purchased from Beyotime Institute of Biotechnology (Shanghai, China).

Cell culture
The human breast cancer BT474, SKBR3, Hs578T and MDA-MB-231 cell lines were purchased from the 

Cell Bank of the Chinese Academy of Sciences (Shanghai, China). The Hs578T cell line was cultured in high-
glucose DMEM (Gibco, Grand Island, NY, USA) supplemented with 10% foetal bovine serum (FBS) (Gibco) 
and 0.01 mg/ml insulin (Invitrogen, Carlsbad, CA, USA). BT474 cells were grown in high-glucose DMEM 
supplemented with 10% FBS. SKBR3 and MDA-MB-231 cell lines were cultivated in RPMI-1640 medium 
(Gibco) supplemented with 10% FBS. All cells were incubated in a humidified incubator at 37˚C with a 5% 
CO2 atmosphere and maintained in a logarithmic growth phase for all the experiments.

Radiation exposure
Specific irradiation at a dose ranging from 2 to 8 Gy was generated using a 1060 kV industrial RS 2000 

Biological X-ray irradiator (Rad Source Technologies, Inc., Alpharetta, GA). Cell samples were seeded either 
in plates or cell culture flasks and placed inside the exposure chamber. Cells were treated with the indicated 
single dose of X-rays at a dose rate of 1.151 Gy/min at room temperature (RT), and a radiation output of 160 
kV, 25 mA with a 0.3 mm Cu Filter.

Cell transfection
Three siRNA oligonucleotides directed against CAV-1 and a negative control siRNA (RiboBio Co. 

Ltd., Guangzhou, China) were applied in the present study. The sequences of small interfering RNA 
(siRNA) targeting CAV-1 were as follows: si-h- CAV-1_001, (sense) 5‘-CAGGGCAACAUCUACAAGCdTdT-3‘ 
and (antisense) 3‘-dTdTGUCCCGUUGUAGAUGUUCG-5‘; si-h-CAV-1_002, (sense) 
5‘-GCAAAUACGUAGACUCGGAdTdT-3‘ and (antisense) 3‘-dTdTCGUUUAUGCAUCUGAGCCU-5‘; si-h-CAV-1_003, 
(sense) 5‘-GCAGUUGUACCAUGCAUUAdTdT-3‘ and (antisense) 3‘-dTdT CGUCAACAUGGUACGUAAU-5‘. Briefly, 
1×105 cells were plated in 6-well plates, incubated for 24 h and then transfected with siRNA (50 nM) using 
Lipofectamine 2000 reagent (Carlsbad, CA, USA) and OPTI-MEM reduced serum media (Gibco). After 4-6 h, 
the medium was replaced. At 48 h after transfection, cells were collected for western blot analysis with or 
without irradiation treatment.

Subcellular fractionation and western immunoblotting
Cytoplasmic and nuclear extracts were prepared according to the instructions of a Nuclear and 

Cytoplasmic Protein Extraction Kit (Beyotime) at the indicated times following irradiation. Total cell lysates 
were collected using Cell Lysis Buffer for western blotting and IP (Beyotime). The protein concentration 
was determined using a BCA protein assay kit (Beyotime). Equal amounts of protein were separated on 
8-12% SDS-PAGE gels and transferred to PVDF membranes (Millipore, USA). Membranes were then blocked 
with 5% non-fat milk containing 0.1% Tween-20 at RT for 1 h, incubated with primary antibodies at 4˚C 
overnight [antibodies against EGFR (1:1, 000), CAV-1 (1:2, 000), GAPDH (1:10, 000), Histone H3 (1:1, 000), 
and KU70/80 (1:500)] and subsequently incubated with secondary antibody. To confirm equal protein 
loading, GAPDH was used as a cytoplasmic internal control, and Histone H3 was used as a nuclear internal 
control. Peroxidase activity was visualized with Pierce Super Signal West Pico Chemiluminescent Substrate 
(Pierce, USA). The signal intensity was determined densitometrically using Quantity One Software, version 
1.5 (Bio-Rad, CA, USA).

Immunofluorescence and confocal microscopy
A total of 2 x 104 cells was seeded onto glass slides that were placed in 24-well plates. After 24 h to 

allow cell adherence, siRNA transfection was performed. After 48 h, cells were irradiated with 4 Gy X-ray 
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and then incubated at 37˚C for the indicated times. Thereafter, cells were fixed with 4% paraformaldehyde 
for 15 min, washed with phosphate-buffered saline (PBS) (3 times, 5 min each) and then permeabilized 
with 0.5% Triton X-100 diluted in PBS for 15 min. After being washed with PBS, samples were blocked 
with blocking buffer (5% normal goat serum) at RT for 1 h and incubated with primary antibody diluted in 
blocking buffer at 4˚C overnight [antibodies against p-DNA-PKcs (1:100), γ-H2A.x (1:50), and EGFR (1:50)]. 
After being washed with PBS, cells were incubated with Alexa Fluor 555-donkey anti-rabbit IgG (H+L)- or 
Alexa Fluor 488-donkey anti-mouse IgG (H+L)-conjugated secondary antibody (1:200) at RT for 1 h in the 
dark. After being washed, cells were incubated with DAPI at RT for 10 min. Glass slides were then washed 
with PBS and were mounted in antifade mounting media. Fluorescence images were obtained using a 
Leica confocal laser scanning microscope equipped with Leica Confocal Software (Wetzlar, Germany) or an 
Olympus fluorescence microscope. At least 300 cells were counted and assessed in a blinded manner for 
each data point. Image analysis was performed using IPP Software, version 6.0.

Colony formation assay
Cells were transfected with 003 CAV-1 siRNA or negative siRNA for 48 h, and trypsinized cells were 

seeded in 60 mm2 plates. Then, 24 h after plating, cells were exposed to X-ray doses ranging from 2-10 Gy, 
and 10-14 days after irradiation, cells were fixed with 95% ethanol and stained with 0.1% crystal violet 
(dissolved in 1:19 ethanol: PBS) at RT for 15 min. Excess dye was removed by gentle washing with distilled 
water. The colonies (>50 cells) were manually counted with the aid of a microscope. Plating efficiencies were 
calculated as follows: number of colonies formed/number of cells plated (non-irradiated). The surviving 
clonogenic fraction of irradiated cells was normalized to the plating efficiency of non-irradiated controls 
and calculated as follows: numbers of colonies formed (irradiated)/ [numbers of cells plated (irradiated) 
× plating efficiency]. Each point on the survival curve represents the mean surviving fraction from three 
independent experiments. GraphPad Prism 5 was used to fit the cell survival curve.

Apoptosis detection
Cells were seeded in 6-well plates at a density of 1 x 105 cells/well. At 48 h after siRNA transfection, 

cells were left untreated or irradiated with a single dose of 6-8 Gy and then incubated at 37˚C for another 
48 h. Both attached and detached cells were collected for apoptosis analysis using an Annexin V-fluorescein 
isothiocyanate (FITC) Apoptosis Detection Kit (KeyGen Biotech, Nanjing, China). FACS analysis was 
performed on FACScan flow cytometer (Becton-Dickinson Co., USA) using CellQuest software (Becton-
Dickinson).

Cell cycle analysis
Cells were treated and harvested as described above, and a Cell Cycle and Apoptosis Analysis Kit 

(Beyotime) was used for cell analysis. DNA content analysis was performed using a FACScan flow cytometer 
(Becton-Dickinson) with ModFit LT software (Becton-Dickinson).

Statistical analysis
Student’s t-test was used to compare data between two groups. Values are expressed as the mean ± SD 

of three independent experiments. P-values <0.05 were considered statistically significant and are indicated 
where appropriate in the figures and legends. To control Type I errors, the Bonferroni correction was used 
when n dependent or independent data set hypotheses were tested, with an adjusted statistical significance 
level of 0.05/n (n indicates the number of separate tests). All statistical analyses were performed using SPSS 
software version 17.0 (Chicago, IL, USA).

Results

Protein expression and inherent radiosensitivity in breast cancer cell lines
As shown in Fig. 1A, the expression of HER-2, EGFR and CAV-1 protein was evaluated 

in four breast cancer cell lines. We found that EGFR and CAV-1 are both over-expressed in 
two BLBC cell lines (Hs578T and MDA-MB-231) [32]. In contrast, the other two cell lines 
(BT474 and SKBR3), which are HER-2 positive, barely express CAV-1 independent of EGFR 
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expression. Next, we examined the inherent radiosensitivity of BT474, MDA-MB-231 and 
Hs578T cell lines. We observed that the BT474 cell line is more sensitive to irradiation 
than radioresistant MDA-MB-231 and Hs578T cells (Fig. 1B). These results indicated that 
overexpression of CAV-1 might be a factor governing radioresistance in BLBC cell lines.

Radiation-induced EGFR nuclear translocation was abrogated by CAV-1 siRNA treatment
In other cancer cell lines, EGFR has been reported to translocate to the nucleus following 

radiotherapy and confer resistance to radiation [33, 34]. In the present study, we evaluated 
whether EGFR translocates to the nucleus after ionizing radiation in two BLBC cell lines. At 
multiple time points following irradiation, cytoplasmic and nuclear extracts were examined 
for EGFR expression. As seen in Fig. 3, radiation exposure of two cell lines gradually increased 
EGFR within the nuclear fraction, while the amount of EGFR in the cytosolic fraction 
declined, indicating translocation of EGFR from the cytoplasm to the nucleus rather than 
increased protein expression. In Fig. 1, we observed that radioresistance in BLBC cells might 

Fig. 1. (A) Western blot analysis showing HER-2, EGFR, 
and CAV-1 expression levels in four breast cancer cell 
lines. GAPDH served a loading control. The data shown 
are representative of three independent experiments. 
(B) Inherent radiosensitivity differs in breast cancer 
cell lines with distinguishable CAV-1 expression. Cells 
were exposed to radiation (2, 4, 6, 8 and 10 Gy), and 
culture medium was changed every 3-5 days. Cells 
were cultured for 10-14 days to allow colony forma-
tion and then stained. Colonies with >50 cells were 
counted, and survival curves were constructed based 
on calculation of the survival fraction after each dose of 
radiation. The data shown are the mean ± SD of three 
independent experiments. *p<0.05 compared to MDA-
MB-231 cells.

 
  

Fig. 2. (A) Comparison of 
the silencing effect of CAV-
1 siRNA (001, 002 and 
003) on the Hs578T cell 
line. (B) Specific inhibi-
tion effect of CAV-1 siRNA 
on two breast cancer cell 
lines. Con: Control (cells 
without treatment); 003 si: 
003 CAV-1 siRNA; Mock: all 
reagents without siRNA; NC 
si: Negative siRNA. GAPDH 
was used as the internal 
control. The histogram pre-
sents the means ± SD (n=3). 
*p<0.008 vs. control group.
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be correlated with CAV-1 overexpression, and activation of CAV-1 has been reported to be 
involved in EGFR nuclear trafficking [14]. Hence, knock down of CAV-1 was next conducted to 

Fig. 3. Effect of radiation, 
CAV-1 siRNA or both on 
EGFR nuclear translocation 
and proteins associated 
with DNA repair. (A) 
Hs578T and MDA-MB-231 
cells were exposed to 4 Gy 
in the absence or presence 
of CAV-1 siRNA (pretreated 
48 h prior to radiation) and 
collected at specified time 
points following radiation. 
GAPDH was used as a 
cytoplasm loading control; 
Histone H3 was used as a 
nucleus loading control. (B) 
The data in the bar graph 
represent the mean ± SD 
of triplicate samples. Solid 
line: 4 Gy; long dashlines: 
CAV-1 siRNA + 4 Gy.*p<0.05 
vs. 4 Gy control group; 
#p<0.05 vs. basal level.

 

  

Fig. 4. (A) Immunofluorescence (IF) confocal microscopy analysis of EGFR localization at the indicated time 
points after 4 Gy irradiation in the presence of NC siRNA or CAV-1 siRNA in Hs578T and MDA-MB-231 cell 
lines. Cells were stained for DNA (DAPI, blue) and EGFR (Alexa Fluor 488, green). One representative image 
of three independent experiments is displayed (magnification × 400). (B) The ratio of cytoplasmic EGFR to 
nuclear EGFR was plotted against time of IF analysis after 4 Gy irradiation. The data shown are the mean ± 
SD of three independent experiments. *p<0.003 vs. NC siRNA + 4 Gy group; #p<0.003 vs. basal level.
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illustrate its role in the process of EGFR nuclear localization. As shown in Fig. 2A, a reduction 
in CAV-1 in the Hs578T cell line was most obvious in 003 CAV-1-siRNA transfected cells. 
Thus, we chose 003 CAV-1 siRNA for the following experiments. Two BLBC cell lines were 
transfected with control siRNA or CAV-1 siRNA, and cells were collected 48 h later to validate 
transfection efficiency (Fig. 2B). In cells transfected with CAV-1 siRNA, the radiation-induced 
nuclear EGFR translocation process was impaired and the EGFR peak was delayed (Fig. 3). 
These observations were further confirmed with confocal microscopy (Fig. 4). EGFR (green) 
disappeared from its peri-nuclear location and was detected within the nucleus (DNA in 

Fig. 5. Effect of radiation, CAV-1 siRNA or both on DNA repair and damage in Hs578T and MDA-MB-231 
cell lines. Cells were exposed to 4 Gy in the presence of NC siRNA or CAV-1 siRNA (pretreated 48 h prior 
to radiation) and collected at various time points following irradiation. IF was used to analyse the nuclear 
expression of p-DNA-PKcs and γ-H2AX. (A) Shown are representative nuclei stained for p-DNA-PKcs (Alexa 
Fluor 488, green) and DNA (DAPI, blue) after the specified treatments (magnification × 400). (B) Shown are 
representative nuclei stained for γ-H2AX (Alexa Fluor 555, red) and DNA (DAPI, blue) after the specified 
treatments (magnification × 400). (C and D) The mean number of residual p-DNA-PKcs and γ-H2AX foci 
was plotted against time of IF analysis after 4 Gy irradiation. The data shown are the mean ± SD of three 
independent experiments. *p<0.003 vs. NC siRNA + 4 Gy group; #p<0.003 vs. basal level.
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blue) in cells transfected with negative siRNA. In contrast, in cells transfected with CAV-1 
siRNA, radiation-induced EGFR nuclear transport was inhibited.

Fig. 6. Knockdown of CAV-1 sensitized 
MDA-MB-231 cells to radiation-induced cell 
death. MDA-MB-231 cells were transiently 
transfected with CAV-1 siRNA or Negative 
siRNA (NC siRNA), replated and irradiated 
with single doses of 2-10 Gy. Cells were 
cultured for 10-14 days, and survival curves 
were constructed based on calculation of the 
survival fraction after each dose of radiation. 
The data shown are the mean ± SD of three 
independent experiments. *p<0.05 vs. the 
untransfected control group.

  

Fig. 7. Effect of radiation, CAV-1 siRNA or both on cell apoptosis induction in Hs578T and MDA-MB-231 cell 
lines. (A) Hs578T and MDA-MB-231 cells were exposed to a single radiation dose of 8 Gy or 6 Gy respec-
tively in the presence or absence of siRNA treatment. Then, 48 h after irradiation, detached and adherent 
cells were collected. Flow cytometry analysis using Annexin V-FITC and propidium iodide (PI) double stain-
ing was performed to detect the apoptosis ratio. (B) Comparison of the total apoptosis rate, including early 
and late apoptosis populations. Early apoptotic cells were positive for Annexin V-FITC and negative for PI. 
Late apoptotic cells were positive for both Annexin V-FITC and PI. The displayed data are the mean ± SD of 
three independent experiments. *p<0.005 vs. control group. #p<0.005 vs. CAV-1 siRNA group. $p<0.005 vs. 
radiation only (8 Gy or 6 Gy) group.
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CAV-1 siRNA treatment followed by ionizing radiation compromised DNA repair and 
prolonged DNA damage
To determine whether CAV-1-mediated blockage of nuclear EGFR transport affects DNA 

repair following irradiation, we observed the expression of the nuclear proteins p-DNA-PKcs 
and KU70/80 via immunofluorescence and western blotting (Fig. 5A and 3A). Irradiation 
resulted in a time-dependent increase in p-DNA-PKcs and KU70/80 expression, indicating 
that DNA repair proteins emerged after irradiation. Pretreatment with CAV-1 siRNA led to 
declination of p-DNA-PKcs and KU70/80 expression at the indicated times post-irradiation 
compared to radiation alone in two BLBC cell lines, which showed that DNA repair was 
impeded. Next, we quantified residual DNA-double strand breaks (DSBs) at 12 h and 24 h 
after radiation exposure in two cell lines. As depicted in Fig. 5B, few foci representing γ-H2AX, 
which is a marker of DNA damage, could be observed in non-irradiated cells [35]. Radiation 
induced a significant increase in γ-H2AX 12 h after irradiation in the presence or absence of 
CAV-1 siRNA. However, γ-H2AX decreased after 12 h in cells transfected with negative siRNA 
and returned to almost baseline levels within 24 h after irradiation. In contrast, γH2AX foci 
formation was prolonged and remained constant 24 h after irradiation in cells exposed to 
CAV-1 siRNA, supporting a loss of DNA repair ability and sustained DNA damage.

Basal-like TNBC cell line was sensitized to ionizing radiation by knockdown of CAV-1
The radiosensitivity of MDA-MB-231 cells transfected with CAV-1 siRNA and MDA-

MB-231 cells transfected with negative siRNA was assessed using a colony formation assay. 
As shown in Fig. 6, cells transfected with CAV-1 siRNA were markedly radiosensitized, with 

Fig. 8. Effect of radiation, CAV-1 siRNA or both on cell cycle distribution in Hs578T and MDA-MB-231 cell 
lines. (A) Hs578T and MDA-MB-231 cells were exposed to a single radiation dose of 8 Gy or 6 Gy respectively 
in the presence or absence of siRNA treatment. Then, 48 h after irradiation, detached and adherent cells 
were harvested. (B) Comparison of the percentage of the G2/M fraction. The displayed data are the mean 
± SD of three independent experiments. *p<0.005 vs. control group. #p<0.005 vs. CAV-1 siRNA group. 
$p<0.005 vs. radiation only (8 Gy or 6 Gy) group.
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reduced radiation survival after varying doses of radiation and a sensitivity enhancement 
ratio (SER) of 1.359, while cells transfected with negative siRNA were not sensitized to 
irradiation.

Knockdown of CAV-1 enhanced radiation-induced cell apoptosis
In this study, the radiosensitizing effects of CAV-1 siRNA were also investigated by 

examining the pro-apoptotic effects of CAV-1 siRNA combined with radiation in two BLBC cell 
lines. The proportion of apoptotic cells was determined with flow cytometry after treatment. 
The total apoptosis rate, including early and late apoptosis populations, was determined. 
The results revealed that in both cell lines, each treatment alone induced modest apoptosis, 
but the combined treatments enhanced the apoptosis rate to a greater extent (Fig. 7).

Knockdown of CAV-1 altered cell cycle distribution
Because the distribution of cells in the division cycle is an important determinant of 

radiosensitivity, with S-phase cells being the least radiosensitive and G2/M cells being the 
most radiosensitive, we examined cell cycle alterations 48 h after transfection, irradiation 
or both [36]. We found that irradiation alone augmented the G2/M phase fraction of MDA-
MB-231 cells, and CAV-1 siRNA treatment alone induced a slight G2/M arrest. However, the 
combination of si-CAV-1 and radiation increased G2/M arrest more significantly. Similar data 
were obtained in Hs578T cells (Fig. 8).

Discussion

The role of CAV-1 as a tumour suppressor gene or as a tumour promoter seems to strictly 
depend on cell type and tumour stage [37]. Given the controversy regarding the distribution 
of CAV-1 in breast cancer subtypes and its significance in breast carcinogenesis, we first 
analysed the protein level of CAV-1 in a panel of breast cancer cell lines with distinctive 
molecular profiles [32]. We found that there is no expression of CAV-1 in HER-2-positive 
cell lines (BT474 and SKBR3), which showed an inverse correlation between HER-2 and 
CAV-1. This is consistent with the finding that CAV-1 is a tumour suppressor gene that is 
seldom expressed in HER-2 (+) invasive ductal breast cancer [38]. Meanwhile, our results 
showed that CAV-1 is highly expressed in two BLBC cell lines with EGFR expression, which 
is in accordance with previous studies that CAV-1 expression was strongly associated with 
‘basal-like’ immunophenotype breast tissue samples [31]. Witkiewicz et al. were the first to 
verify that the prognostic value of CAV-1 in TNBC patients is compartment-specific: loss of 
stromal CAV-1 expression predicts poor clinical outcome in triple-negative and basal-like 
breast cancers, while the levels of tumour epithelial CAV-1 had no prognostic significance 
[39]. In our study, we examined the total CAV-1 expression in several cell lines, which did not 
discriminate between epithelial and stromal cells. The results called into question whether 
highly expressed CAV-1 in BLBC cell lines plays a functional role in radiation resistance aside 
from its role as a surrogate marker for basal differentiation.

It is generally accepted that EGFR localizes to the nucleus upon ligand-independent 
stimuli [12-14]. Our results again revealed that in EGFR over-expressing BLBC cell lines, EGFR 
translocates from the cytoplasm to the nucleus following ionizing radiation. EGFR inhibition 
has proven to be ineffective in both preclinical experiments and in clinical trials as adjuvant 
treatment for TNBC patients [40, 41]. Hence, new targeted therapy that can inhibit EGFR 
nuclear trafficking is being extensively investigated. Dittamann et al. provided evidence that 
ionizing radiation resulted in fast src kinase stabilization, activation and subsequent src-
mediated CAV-1 Y14 and EGFR Y845 phosphorylation [14]. Blockage of src activity with the 
src-specific inhibitor PP2 inhibits CAV-1 phosphorylation and decreases nuclear transport 
of EGFR [14]. Dasatinib, a highly potent dual src/bcr-abl kinase inhibitor, has recently been 
reported as a radiosensitizer by interfering with EGFR nuclear localization in HNSCC cells 
[42]. Consistent with the findings of other researchers, though using a different methodology, 
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we confirmed that specific CAV-1 siRNA alone could abrogate EGFR nuclear translocation 
upon irradiation. We and others have demonstrated that the activation and presence of CAV-
1 both play a prominent role in ionizing radiation-induced EGFR nuclear accumulation.

Approximately 19.5% of TNBC patients are BRCA1 and BRCA2 mutation carriers 
and thus have defective DNA repair abilities [43]. The two BLBC cell lines used in our 
experiments both express wild-type BRCA1 protein and are proficient in radiation-induced 
DNA DSB repair [44, 45]. KU70/80 and DNA-PKcs are of vital importance in NHEJ, the 
predominant pathway for the repair of radiation-induced DSBs in human cells [45]. Our 
results showed that in two BLBC cell lines, when cells were pretreated with CAV-1 siRNA, 
DNA-PKcs phosphorylation at T2609 and the increase in KU70/80 following irradiation were 
specifically abolished, accompanied by increased and sustained DNA damage. Moreover, Zhu 
et al. observed decreased levels of phospho-ATM (Ser 1981) and phospho-checkpoint kinase 
2 (CHK2) (Thr 68) and fewer BRCA1 foci upon caveolin-1 knockdown [46]. Taken together, 
both our data and that of others have demonstrated that caveolin-1 knockdown mitigates 
the ability of cells to repair DNA damage.

Kimple and colleagues suggested that the cell cycle distribution is altered at different 
times after irradiation; G2 arrest was most obvious 24 h after radiation, followed by a 
reduction at 48 h [47]. Hence, the cell cycle re-distribution we analysed 48 h post-radiation 
might not correlate with the maximum G2/M arrest, but a prolonged and persistent radiation-
induced G2/M cell cycle arrest was observed in the combined group. Our experiments 
also revealed that CAV-1 siRNA alone exhibited a pro-apoptotic function in two BLBC cell 
lines (Fig. 7). When used in combination with radiation, the proportion of apoptotic cells 
increased. Several studies have also suggested that caveolin-1 acts as a suppressor of breast 
cancer invasiveness and metastasis [48, 49]. Although the role of CAV-1 in tumorigenesis 
is controversial, taken together, our data confirmed that CAV-1 can act as a pro-survival 
factor in BLBC, and CAV-1 siRNA itself has certain antitumor effects in vitro. Bonuccelli et al. 
reported that the P132L mutation in CAV-1 significantly increased cell migration, invasion 
and metastasis formation [50]. Therefore, further examination of sporadic CAV1 mutations 
and radiosensitivity are ongoing in our laboratory.

Although CAV-1 siRNA enhanced radiosensitivity in both MDA-MB-231 and Hs578T 
cells, inherent radiosensitivity varied between the two cell lines [51]. We noted that p-DNA-
PKcs could be detected as early as 20 min after exposure of cells to 4 Gy radiation and was 
evident at 1 h in Hs578T cells (Fig. 5A). Meanwhile, irradiation-induced p-DNA-PKcs was first 
detected after 1 h and peaked 2 h post-irradiation in MDA-MB-231 cells. Other researchers 
have shown that EGFR physically interacts with DNA-PK and regulates its activity [15]. This 
is in accordance with the time that EGFR began to traffic from the cytoplasm to the nucleus in 
each cell line. The differential timing of EGFR mobilization and DNA-PKcs phosphorylation 
in two BLBC cell lines in response to irradiation may, to some extent, reflect a plausible 
phenomenon that different start times of nuclear EGFR-mediated DNA repair may be 
related to different radiosensitivities of cell lines: the sooner the nuclear EGFR emerged, 
the earlier DNA-PKcs was phosphorylated at T2609, and then, the cells are more likely to be 
radioresistant and vice versa. Consistent with this speculation, the results of the apoptosis 
analysis we performed showed that the radiation dose in MDA-MB-231 cell line was 6 Gy 
and was enough to result in apoptosis. However, in the Hs578T cell line, a 6 Gy single dose of 
radiation could not induce a comparative extent of apoptosis until the dose increased to 8 Gy, 
which manifests the likelihood of stronger radioresistance in Hs578T cells.

To sum up, in the present study, we not only found that CAV-1 is highly expressed in 
radioresistant BLBC cell lines compared to radiosensitive cells but also for the first time 
verified that CAV-1 might play a pro-survival role in the biology of basal-like and triple-
negative breast tumours and demonstrated that CAV-1 siRNA could be a radiosensitizer in 
BLBC cells. In our experiments, this radiosensitizing function might be due in part to blockage 
of nuclear EGFR translocation, which led to retardation of DNA repair following radiation-
induced DSBs, and may be partially correlated with cell cycle re-distribution and apoptosis 
induction. These findings suggest that treatment strategies that incorporate CAV-1 siRNA 
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may be considered promising for sensitization of BLBC cells to irradiation. The combination 
of CAV-1 siRNA and radiation warrants further investigation in tumour models in vivo for 
potential translation into clinical practice.
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