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Endocrine therapy and radiotherapy are the main treatments for luminal A breast 
cancer. However, drug and radiotherapy resistance could occur during long-term 
treatment, leading to local recurrence and distant metastasis. Some studies have 
found that drug resistance might be related to human epidermal growth factor recep-
tor-3 (HER3) overexpression. However, whether HER3 plays a role in radiotherapy 
resistance is unknown. The purpose of this study is to elucidate the effect of HER3 in 
radiotherapy and to assess whether HER3 could be a potential target for radiosensi-
tivity. We used retroviruses to construct stable low expression of HER3 in MCF-7 
and ZR75-1cells. The CCK-8 assay was used to observe proliferation. Colony-forming 
assay was used to detect radiosensitivity. Flow cytometry was used to observe the 
cell cycle and apoptosis. Immunofluorescence assay was used to detect the number 
of γH2AX foci in the nucleus with or without ionizing radiation (IR). Western blot 
analysis was used to verify the change of relative proteins. Nude mice were used to 
observe tumor growth in vivo. In our study, silencing HER3 reduced cell proliferation 
and clone formation ability after IR, so silencing HER3 increased the sensitivity of 
luminal A breast cancer cells to radiotherapy. In terms of radiosensitivity mecha-
nisms, it is suggested that the silencing of HER3 enhanced IR-induced DNA damage, 
reduced DNA repair, and increased apoptosis and G2/M arrest. In addition, silencing 
HER3 combined with IR clearly inhibited the transplanted tumor growth in vivo. 
Therefore, we concluded that HER3 played a role in radiotherapy resistance. Silencing 
HER3 increased the radiosensitivity of luminal A breast cancer cells and HER3 could 
be a potential target for radiosensitivity.
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1  | INTRODUC TION

The 13th St. Gallen International Breast Cancer Conference (2013) 
reached a new consensus on the molecular subtypes of breast 

cancer. Among them, the luminal A molecular phenotype is estrogen 
receptor-positive, progesterone receptor-positive, human epider-
mal growth factor receptor-2 (HER2)-negative, and Ki-67 <20%. The 
consensus also points out that luminal A breast cancer is sensitive 
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to endocrine therapy and radiotherapy (RT) is necessary for mas-
tectomy and breast-conserving therapy.1 However, some patients 
have developed resistance to endocrine therapy and distant me-
tastasis during long-term treatment. Previous studies have shown 
that the occurrence of appeal was related to the high expression 
of HER3 and downstream RAS/RAF/MAPK and PI3K/AKT signaling 
pathways.2-8

Human epidermal growth factor receptor-3 is a member of the 
human epidermal growth factor receptor (EGFR) family (EGFR/HER1, 
HER2, HER3, and HER4). It consists of three major domains, namely 
the extracellular ligand binding domain, the transmembrane region, 
and the intracellular tyrosine kinase-binding domain. Due to its weak 
tyrosine kinase activity, HER3 mainly forms heterodimers with other 
members of the EGFR family, particularly with EGFR and HER2, re-
sulting in the phosphorylation of the carboxyl-terminal tyrosine res-
idue of HER3, thereby activating RAS/RAF/MAPK and PI3K/AKT 
signaling pathway, playing an important role in cell proliferation and 
survival.8-10

Radiotherapy is one of the major means for breast can-
cer treatment. It plays an important role in the local control of 
breast cancer. It can significantly reduce the local recurrence 
rate and mortality in breast-conserving surgery and mastectomy 
patients.10,11 However, local recurrence and distant metasta-
sis might also occur during long-term treatment, resulting in RT 
resistance. Increasing the sensitivity of breast cancer patients 
to RT is one of the effective ways to solve RT resistance. Given 
the important role of HER3 in endocrine therapy resistance, we 
therefore wonder whether HER3 also plays an important role in 
RT resistance.

In the present study, we used human luminal A breast cancer 
cells MCF-7 and ZR75-1 as experimental subjects, in which the 
expression of HER3 is higher than that of normal breast epithelial 
cells.12,13 We constructed cell lines with low expression of HER3, 
then we designed experiments to observe whether knockdown 
of HER3 increased radiosensitivity and explored the mechanisms 
of radiosensitization. We found that silencing HER3 increased 
the sensitivity of luminal A breast cancer cells to RT. Possible 
mechanisms are that silencing HER3 enhanced IR-induced DNA 
damage, reduced DNA repair, increased apoptosis and G2/M 
arrest. Our data indicated that HER3 is a potential target for 
radiosensitization.

2  | MATERIAL S AND METHODS

2.1 | Cell culture and irradiated methods

Human breast cancer cell lines MCF-7 and ZR75-1 were provided by 
the Shanghai Institute of Cell Biology (Shanghai, China) and cultured 
in DMEM. All culture media were supplemented with 10% FBS, 
100 units/mL penicillin, and 100 μg/mL streptomycin. Both cell lines 
grew at 37°C in a humidified atmosphere containing 5% CO2. Cells in 
the IR groups were subjected to 2, 4, 6, or 8 Gy X-ray irradiation from 

a medical linear accelerator (Precise accelerator, Elekta, Sweden) at 
room temperature.

2.2 | Small interfering RNA and shRNA-mediated 
HER3 knockdown

Small interfering RNAs and retroviral vectors expressing shRNA were 
obtained from (Shanghai Gene Pharma Pharmaceutical Technology, 
Shanghai, China). The sequences for siRNAs targeting HER3 were 
5′-GGACUCGAGCAACAUUGAUTT-3′, 5′-GCGACUAGACAUCAAG 
CAUTT-3′, and 5′-GCUUGUCCUGUCGAAAUUATT-3′. The sequence 
for control siRNA was 5′-UUCUCCGAACGUGUCACGUTT-3′. After 
verification, the final selected sequence for shRNA targeting HER3 
was 5′-GGACUCGAGCAACAUUGAUTT-3′. According to the manu-
facturer’s instructions, at 72 hours post-transfection the transfected 
cells were plugged with puromycin. One week after drug selection, 
stably transfected cell lines were obtained.

2.3 | Western blot analysis

Cells were lysed in RIPA buffer supplemented with protease and 
phosphatase inhibitors (Kaygen, Nanjing, Jiangsu Province, China). 
The protein concentration was quantified by a BCA kit (Beyotime 
Biotechnology, Shanghai, China). Equal amounts of the proteins 
were separated by SDS-PAGE and transferred to PVDF membranes 
(Millipore, Bas-Rhin, France). The membranes were soaked with 5% 
skim milk, incubated with primary Abs against GAPDH, HER3, P-
HER3, AKT, P-AKT, poly (ADP-ribose) polymerase (PARP), γH2AX, 
Bcl-2, Bax, and Bad at 4°C for 1 night and incubated with second-
ary Abs (BioWorld, Saint Louis, MN, USA) at room temperature for 
1 hour. Immunoblotted proteins were detected by the ChemiDoc 
XRS imaging system (Quantity One Quantitation software; Bio-Rad 
Laboratories, Hercules, CA, USA).

2.4 | Cell viability assay

Cell proliferation was measured by a CCK-8 assay. Cells were di-
gested and plated at a concentration of 5 × 103 cells/well in 96-well 
plates at 37°C. A CCK8 cell proliferation and cytotoxicity assay kit 
(Beyotime Biotechnology) was used for an additional 2 hours after 
24, 48, and 72 hours of culture. The absorbance was measured at 
a wavelength of 450 nm in a microplate reader (ELx800, BioTek, 
Winooski, VT, USA).

2.5 | Clonogenic survival assay

Cells were seeded in 6-well plates. After overnight culture, cells 
were then irradiated with 6 MV X-rays at doses of 2, 4, 6 and 
8 Gy at room temperature. The cells were then cultured in a 5% 
CO2 incubator at 37°C for 10 to 14 days. The colonies were fixed 
and stained with crystal violet to count the number of colonies 
(>50 cells/colony).
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2.6 | Flow cytometry analysis

Cells were seeded at a concentration of 2 × 105 cells/well in 6-well 
plates. After incubation for 24 hours, the cells were exposed to 8 Gy 
X-rays. After 24 hours, an FITC Annexin V Apoptosis Detection Kit 
(BD Biosciences, Oxford, UK) was used to detect the apoptotic cells 
and PI/RNase Staining Buffer (BD Biosciences) was used to detect 
cell cycle by flow cytometry.

2.7 | Immunofluorescence assay

Cells were seeded a concentration of 5 × 104 into confocal laser 
small dishes and harvested at 0.5, 1, 6, 24 hours post IR. Cells were 
subsequently fixed in 4% paraformaldehyde at room temperature 
for 30 minutes and permeabilized in 0.1% Triton X-100 (Sigma, Santa 

Clara, CA, USA) for 15 minutes. The cells were then blocked with 
5% BSA (Gibco, NY, USA) for 1 hour and incubated with primary an-
tibody γH2AX (1 μg/mL; Abcam, Cambridge, Cambridgeshire, UK) 
overnight at 4°C. Cells were washed in TBST 3 times every 5 minutes 
before incubating with a secondary Ab (Beyotime Biotechnology) 
for 1 hour. Cells were treated with 2 μg/mL DAPI (Beyotime 
Biotechnology) for 5 minutes and then visualized using confocal 
fluorescence microscopy (Leica, Frankfurt, Germany).

2.8 | Xenograft mouse model

Female BALB/c nude mice (5-6 weeks of age) were purchased 
from the Nanjing Medical University Animal Centre (Nanjing, 
China). The mice were randomly assigned to 4 groups (n = 6): (i) sh-
Control; (ii) sh-Control and IR (8 Gy); (iii) sh-HER3; and (iv) sh-HER3 

F IGURE  1 Silencing human epidermal growth factor receptor-3 (HER3) reduces cell proliferation and clone formation ability with ionizing 
radiation (IR). sh-Control, stably transduced with lentivirus vector; sh-HER3, stably transduced with lentivirus-mediated HER3 shRNA. A., 
Silencing HER3 by three different siRNAs in MCF-7 and ZR75-1 cells. HER3 protein was determined by western blot. B, Stable knockdown of 
HER3 was successfully established in both cells by shRNA. C, Cell proliferation was detected by CCK-8 at different times. *P < .05, **P < .01. 
D, Survival curve was fitted according to the multitarget single-hit model
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and IR (8 Gy). Nude mice were injected with 0.2 mL PBS contain-
ing 5 × 106 cells into the right armpit to establish the xenografts. 
When the tumor size reached 50-100 mm3 (day 1), tumors were 
irradiated. Mice were killed on day 9 after IR (8 Gy). Body weights 
and tumor volumes were measured every other day. Tumor vol-
umes were calculated by measuring the length [L] and width [W] 
of tumors using callipers. The formula tumor volume = (L × W2)/2 
was used to calculate the tumor volume. The Ethics Committee of 
Nanjing Medical University approved animal experiments.

2.9 | Data analysis

Mean ± SD from triplicate assays were calculated and the 
differences between treatment groups were determined using  

TABLE  1 Radiosensitization activity of MCF-7 and ZR75-1 breast 
cancer cells stably transduced with lentivirus-mediated human 
epidermal growth factor receptor-3 shRNA (sh-HER3) or control

K N D0 Dq SF2 SER

MCF-7

sh-Control 0.61 1.53 1.65 0.30 0.42

sh-HER3 0.66 1.06 1.51 0.04 0.28 1.49

ZR75-1

 sh-Control 0.61 2.21 1.64 0.56 0.54

 sh-HER3 0.67 1.68 1.50 0.34 0.40 1.34

D0, mean lethal dose; Dq, quasithreshold dose; K, a passivation constant, 
derived directly from the fitting equation; N, extrapolation number, de-
rived directly from the fitting equation; SER, sensitization enhancement 
ratio; SF2, survival fraction (2 Gy).

F IGURE  2 Silencing human epidermal growth factor receptor-3 (HER3) increases ionizing radiation (IR)-induced DNA damage and 
reduces DNA repair. A,B, DNA damage was revealed by immunofluorescence detection of γH2AX foci with or without 6 Gy IR for different 
times (0.5, 1, 6, and 24 hours) in MCF-7 and ZR75-1 cells. *P < .05, **P < .01. C,D, γH2AX and poly (ADP-ribose) polymerase (PARP) proteins 
were detected after 24 hours of IR by western blot. GAPDH was an internal reference
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t tests, one-way ANOVA, and two-way ANOVA. Statistical anal-
ysis was carried out by using GraphPad Prism 5.0 (GraphPad 
SoftWare, San Diego, Ca, USA) and a P value <0.05 was consid-
ered statistically significant (*P < .05, **P < .01).

3  | RESULTS

3.1 | Silencing HER3 reduces cell proliferation and 
increases radiosensitivity

First, we silenced HER3 protein with three siRNAs. As shown in 
Figure 1A, we have chosen the best 1305 sequences in the follow-
ing experiments. We developed MCF-7 and ZR75-1 cells with low 
expression of HER3 by shRNA (Figure 1B). Then we validated the 
cell proliferation using the CCK-8 assay and cell survival fraction by 
clone formation assay in control groups and silenced HER3 groups. 
Experimental results showed that the proliferation rate significantly re-
duced in HER3 knockdown cells with the extension of cell culture time 
(P < .05) (Figure 1C). The clone formation assay for cell survival frac-
tion analysis showed that silencing HER3 resulted in weakened clonal 
formation ability compared with controls (Figure 1D). The survival frac-
tion (SF) of MCF-7 and ZR75-1 cells by silencing HER3 with 2 Gy was 
0.28 and 0.40, respectively (Table 1). The single-hit multitarget model 
formula [SF = 1−(1−e−D/D0) ^n] was used to calculate the SF value. 
The sensitization enhancement ratio in shHER3-MCF-7 and shHER3-
ZR75-1 cells was 1.49 and 1.34, respectively (Table 1). These results 
suggested that silencing HER3 significantly enhanced radiosensitivity 
in luminal A breast cancer cells.

3.2 | Silencing HER3 increases IR-induced DNA 
damage and reduces DNA repair

In order to explore whether silencing HER3 could regulate IR-induced 
DNA damage and repair, we used immunofluorescence to detect 
the number of γ-H2AX foci after IR at different times. The average 
number of γH2AX foci per cell was calculated as a marker, which was 
thought to reflect the degree of DNA damage and repair.14-17 The in-
creased number of γH2AX foci means an increase of DNA damage, 
and the disappearance of γH2AX foci means the completion of DNA 
repair.18-20 As we expected, silencing HER3 increased the number of 
γ-H2AX foci in the nucleus without IR. After 6 Gy IR, the number of 
γH2AX foci in both groups peaked at 30 minutes, and in the silenced 
HER3 group, the number increased significantly compared to the con-
trol group. Next, we continued to observe the number of disappeared 
γH2AX foci at 1 hour, 6 hours, and 24 hours after IR. Our study 
showed that, as time progressed, the number of disappeared γH2AX 
foci in the control group was higher compared with the silenced HER3 
group at the same time point (P < .05) (Figure 2A,B). Furthermore, we 
verified related proteins, such as γH2AX and PARP. Poly (ADP-ribose) 
polymerase rapidly recognizes and binds to DNA breaks to facilitate 
DNA repair.21 Our results showed that, after silencing HER3 with 
IR, the expression of γH2AX was clearly increased compared with 
silencing HER3 or IR alone (Figure 2C,D). The level of PARP increased 
in IR alone but decreased in the silenced HER3 group, especially in 
the combined silenced HER3 and IR groups (Figure 2C,D). These data 
suggested that silencing HER3 resulted in an increase of DNA dam-
age and reduction of DNA repair when combined with IR.

F IGURE  3 Silencing human epidermal growth factor receptor-3 (HER3) prolongs ionizing radiation (IR)-induced G2/M arrest. A, Cell cycle 
was detected by flow cytometry after 8 Gy IR after 24 hours. B, Proportion of G2/M phase in entire cell cycle. *P < .05, **P < .01
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F IGURE  4 Silencing human epidermal growth factor receptor-3 (HER3) increases ionizing radiation (IR)-induced apoptosis. A,B, Flow 
cytometry was used to analyze apoptosis in MCF-7 and ZR75-1 cells after 8 Gy IR for 24 hours. *P < .05, **P < .01. C, Western blot was used 
to detected HER3/PI3K/AKT signaling and apoptosis-related proteins Bax, Bad, and Bcl-2 after 8 Gy IR for 24 hours
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3.3 | Silencing HER3 prolongs IR-induced 
G2/M arrest

Sensitivity to IR is different in different cell cycles. The G2/M phase 
is the most radiosensitive.22 We used flow cytometry analysis to 
clarify the cell cycle progression. We found that IR blocked cells in 
the G2/M phase after 24 hours and the result was the same as silenc-
ing HER3 alone (P < .05) (Figure 3A,B, Table S1). Silencing HER3 with 
IR could significantly increase the proportion of the G2/M period 
compared with single treatment (P < .05) (Figure 3A,B, Table S1). 
It was determined that silencing HER3 increased IR-induced G2/M 
arrest. Therefore, we could have inferred that silencing HER3 in-
creased radiosensitivity by inducing G2/M arrest.

3.4 | Silencing HER3 increases IR-induced apoptosis

To further illustrate the role of silencing HER3 and IR in apopto-
sis, we evaluated apoptosis by flow cytometry and western blot 
analyses. The total apoptosis rate, including early and late apopto-
sis populations, was calculated. In our research, IR alone-induced 
apoptosis did not increase significantly (P > .05); however, silenc-
ing of HER3 combined with IR can significantly increase the rate 
of apoptosis in MCF-7 cells (P < .05) (Figure 4A,B, Table S2). By 
contrast, in ZR75-1 cells, IR alone-induced apoptosis increased 
(P < .05), when combined with silenced HER3, the rate of apop-
tosis further increased (P < .05) (Figure 4A,B). To further validate 

our findings, we examined the upstream HER/PI3K/AKT pathway 
and downstream apoptosis-related proteins: Bax (pro-apoptotic 
protein), Bad (pro-apoptotic protein), and Bcl-2 (anti-apoptotic 
protein). The results showed that the effect was not obvious on 
the expression of HER3 or phosphorylation of HER3 in either cell 
line after 24 hours of IR. Silencing HER3 could significantly reduce 
HER3 and phosphorylation of HER3 expression. When combined 
with IR, the downstream phosphorylation of AKT expression sig-
nificantly reduced. In agreement, Bax and Bad protein levels were 
upregulated and the Bcl-2 protein level was downregulated when 
IR and HER3 silencing were combined, compared with IR or HER3 
silencing alone (Figure 4C).

3.5 | Silencing HER3 inhibits tumor growth in breast 
cancer xenograft nude mice

As shown in Figure 5, the combination of HER3 silencing and IR 
significantly decreased tumor growth. Tumor volume increased 
at a much slower rate in nude mice in the sh-HER3 and IR group 
compared with the control group (P < .05) (Figure 5B), while tumor 
weight was significantly lower in the sh-HER3 and IR group (P < .05) 
(Figure 5C). The relative tumor proliferation rate (T/C [%]) was meas-
ured to evaluate antitumor activity. The T/C (%) of the sh-Control 
and IR, sh-HER3, and sh-HER3 and IR groups were 60.4%, 90.5%, 
and 24.1%, respectively (Figure 5D), and tumor inhibition rates 
reached 39.7%, 9.5% and 75.9%, respectively.

F IGURE  5 Silencing human epidermal growth factor receptor-3 (HER3) inhibits tumor growth in breast cancer xenograft nude mice. 
MCF-7 (sh-Control and sh-HER3) cells were used to form transplant tumor. A. Weight of nude mice was measured every other day after 
8 Gy ionizing radiation (IR) in different groups. *P < .05, **P < .01. B,C, Volume and weight were measured every other day after 8 Gy IR in 
different groups. *P < .05, **P < .01. D, Relative tumor proliferation rate T/C (%) was calculated in different groups. E, Sizes of nude mice and 
xenografts were photographed and compared in different groups
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4  | DISCUSSION

Radiotherapy is a primary treatment for local control of breast can-
cer, and many patients who receive RT have excellent long-term 
outcomes. However, different molecular subsets of patients with 
breast cancer experience different recurrence rates following RT. 
More than 20%-40% of 5-year locoregional recurrence rates have 
been reported following treatment with RT. One approach to im-
proving the efficacy of RT for breast cancer patients is to improve 
the radiosensitivity.23,24 Radiosensitivity of tumor cells largely 
depends on their ability to repair IR-induced DNA damage.25 The 
phosphorylated form of H2AX (γH2AX) is recognized as a histone 
involved in the event of DNA damage, and there is a one-to-one 
relationship between the numbers of γH2AX foci with DNA breaks 
caused by IR. γH2AX has been well used as a marker of DNA 
double-strand breaks.26 Poly (ADP-ribose) polymerase is a target 
for RT. It binds to DNA breaks rapidly leading to DNA repair and 
some PARP inhibitions have shown sensitivity to RT in vitro.27,28 
We have found that silencing HER3 increased IR-induced DNA 
damage and reduced DNA repair. In response to DNA damage, the 
cell cycle checkpoint is activated and cell cycle progression is ar-
rested, thereby allowing time to repair DNA breaks before they are 
passed on to the next generation.29,30 Our study also found that si-
lencing HER3 prolonged IR-induced G2/M arrest, and we obtained 
the same conclusion from a previous study.28 Studies have shown 
that PARP activation is related to the EGFR-ERK signaling path-
way and IR-induced G2/M arrest is associated with ERK1/2 activa-
tion.28,31 Interestingly, HER3 could form heterodimers with other 
members of the EGFR family, such as EGFR and HER2, activating 
the MAPK/ERK signaling pathway.32,33 This provided the basis for 
our further study. Therefore, in the next study we need to find the 
key molecules that HER3 uses to regulate DNA damage and repair 
and G2/M arrest.

Previous studies have shown that activation of HER3 signaling en-
hanced cell proliferation,29 and we obtained the same experimental 
result in luminal A breast cancer cells. Human epidermal growth fac-
tor receptor-3 binds to PI3K and activates downstream AKT, causing 
a series of responses, including anti-apoptotic effects.34,35 Evidence 
indicates that the rate of IR-induced apoptosis closely correlates with 
the double-strand breaks.36 Our study found that silencing HER3 
with IR inhibited the activation of the PI3K/AKT pathway to inhibit 
apoptosis. It was a relatively clear pathway in our experiment.

Using a xenograft nude mouse model, we showed that silenc-
ing HER3 with IR enhanced the radiosensitivity of luminal A breast 
cancer cells in vivo. The combination of HER3 silencing and IR no-
tably suppressed tumor weight compared with the other treatment 
groups.

In conclusion, we found that silencing HER3 enhanced the radio-
sensitivity of luminal A breast cancer cells in vitro and in vivo. The 
mechanisms of radiosensitization might be aggravating DNA dam-
age, weakening DNA repair, and inducing G2/M arrest and apoptosis. 
Human epidermal growth factor receptor-3 is a potential molecular 
target of radiosensitization.
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