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Integrin α6/Akt/Erk signaling is 
essential for human breast cancer 
resistance to radiotherapy
Ting Hu, Rui Zhou, Yanxia Zhao† & Gang Wu†

Integrin α6 (ITGA6), a transmembrane glycoprotein adhesion receptor protein, is widely upregulated 
in many types of tumors and promotes migration and invasion in cancer cells. However, the role 
that the ITGA6-associated signaling network plays in radiosensitivity in breast cancer has not been 
described. The expression of ITGA6 was examined in human breast cancer and normal breast cell 
lines using western blot analysis. We also explored the role of ITGA6 in the regulation of radiation 
sensitivity in breast cancer using the colony formation assays, cell cycle analyses, apoptosis assays 
and immunofluorescence analyses. The results showed that the protein and mRNA expression 
levels of ITGA6 was higher in breast cancer cells than in normal cells. ITGA6 protectived responses 
to radiotherapy in breast cancer cells by altering cell apoptosis, DNA damage repair and cell-cycle 
regulation. Furthermore, ITGA6 enhanced radiation resistance via PI3K/Akt and MEK/Erk signaling. In 
addition, overexpressing ITGA6 promoted radiation resistance in cells, and this effect was neutralized 
by the PI3K inhibitor LY294002 and MEK inhibitor U0126. Taken together, these findings indicate that 
ITGA6 might be involved in a mechanism that underlies radiation resistance and that ITGA6 could be a 
potential target for therapies aimed at overcoming radiation resistance in breast cancer.

Malignant breast cancer is one of the most commonly diagnosed cancers worldwide and the second leading cause 
of cancer-related deaths among females1. Adjuvant radiotherapy reduces the risk of loco-regional relapse and pro-
vides a survival benefit in most patients following breast conserving surgery and in patients who are at high risk 
of recurrence following mastectomy2. However, a percentage of patients suffer loco-regional relapse after radio-
therapy, and the failure to maintain local control of breast cancer decreases overall survival rate in these patients3. 
Radioresistance is the primary reason for failed treatment, and identifying a molecular signature that can predict 
the outcome of radiotherapy and factors that can be targeted to sensitize radioresistant cells are therefore essential 
for improving the efficacy of radiotherapy in breast cancer.

Integrin α​6 (ITGA6), a transmembrane glycoprotein adhesion receptor that mediates cell-matrix and 
cell-cell adhesion4,5, is overexpressed in breast cancer tissue and cell lines and is associated with a poor prog-
nosis and reduced survival rates6. In particular, when used alone, ITGA6 expression has been shown to be a 
better predictor of reduced survival than other known factors, including estrogen receptor status. These data 
indicate that inhibiting ITGA6 might be an effective strategy for improving survival. In addition, ITGA6 is a 
marker of cancer stem cells7–9. Several studies have shown that ITGA6 contributes to the regulation of pro-
cesses including cell adhesion, migration, invasion and survival10–13. Studies targeting ITGA6 have demon-
strated its strong potential to sensitize cancer cells to conventional radiotherapies in prostate and esophageal 
cancers14. However, no study has determined the relationship between ITGA6 and radiation sensitivity in 
breast cancer cells, and the molecular mechanism underlying how ITGA6 confers radioresistance to tumor 
cells remains unclear.

Integrins have been shown to regulate multiple intracellular signaling pathways, including the PI3K/Akt and 
MAPK/Erk pathways, by coupling with cytoplasmic kinases, small GTPases, and scaffolding proteins and by 
interacting with and modulating the activity of other receptors at the cell surface15. PI3K inhibitors have long 
been known to sensitize or to work in combination with IR to enhance apoptosis in breast cancer cells16. In 
addition, Akt is emerging as a central mediator of resistance17. Moreover, extensive evidence indicates that the 
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activation of MAPK/Erk pathways is correlated with tumor progression, resistance to treatment and worse sur-
vival inpatients18,19.

In this study, three breast cancer cell lines with different molecular subtypes were used: MCF-7(HR+​/HER2−​),  
SKBR-3(HR−​/HER2+​) and MDA-MB-231(HR−​/HER2−​). We investigated the association between ITGA6 
expression and susceptibility to radiotherapy. Our data shows that overexpressing ITGA6 induced resistance to 
radiotherapy and that this radio-resistant effect was mediated, at least in part, through the PI3K/Akt or MEK/Erk 
signaling pathways. Overexpression of ITGA6 affect processes including cellular anti-apoptosis, cell cycle arrest 
and DNA double-strand break repair in breast cancer cells. These data suggest that individualized care could be 
implemented based on phenotypic markers such as ITGA6 that reflect individual tumor characteristics. This type 
of strategy might therefore eventually be used to direct adjuvant treatment decisions by taking into account the 
intrinsic risks of locoregional relapse. Targeting ITGA6 signaling might be an effective strategy for using adjuvant 
radiotherapy in breast cancer.

Results
ITGA6 expression is increased in breast cancer.  To determine whether ITGA6 expression is associated 
with radiation sensitivity in breast cancer, we measured the expression of ITGA6 in six breast cancer cell lines, 
including MCF7 (HR+​/HER2−), BT474 (HR+​/HER2+​), SKBR-3 (HR−​/HER2+​) and MDA-MB-231, BT549 
and HCC1937 (HR−​/HER2−​) and determined their sensitivities to the radiotherapy. Our results showed that all 
the breast cell lines express increased levels of ITGA6 at both the mRNA and protein level, compared with normal 
mammary epithelial HBL-100 cells which only showed minimal ITGA6 expression levels. The highest levels were 
observed in the MDA-MB231, BT549 and HCC1937 cells, whereas relatively lower levels were observed in MCF7, 
BT474 and SKBR-3 cells (Fig. 1A–C). Expression was not significantly associated with HER2 status, but there 
was an apparently inverse relationship between ER expression and ITGA6 expression. The clonogenic formation 
assay showed that the percentage of cells that survived in MCF7 and SKBR-3 cancer cells was much higher than 
the HCC1937 and BT549 cancer cells. These results seem to indicate that ITGA6 expression is not correlated 
with survival when cells are exposed to radiation. Short hairpin RNA (shRNA) was used to knockdown ITGA6 

Figure 1.  Protein and mRNA expression level of ITGA6 in breast cancer cell lines. (A,B) Western blot 
analysis of ITGA6 expression in HBL-100, MCF–7, MDA-MB-231, HCC1937, SKBR-3, BT474 and BT549 
group with ITGA6 antibody. β​-actin served as loading control. The intensity of ITGA6 was quantified by 
densitometry (software: Image J, NIH). (C) Relative ITGA6 mRNA expression levels were determined using 
RT-PCR. β​-actin mRNA was used as the internal control. (D,E) Western blot and RT-PCR analysis to measure 
the protein and mRNA levels of ITGA6 in breast cancer cells transfected with LZRS-IRES-zeo-α​6 and LZRS-
IRES-zeo vectors for MCF7, SKBR-3 and MDA-MB-231 cells lines. (F,G) Western blot and RT-PCR analysis of 
ITGA6 in the ITGA6 knockdown and control shRNA group. All experiments were carried out in triplicate. Data 
are presented as mean ±​ SD (n =​ 3). **P <​ 0.01 in comparison with respective group.
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expression in MCF7, SKBR-3 and MDA-MB-231 cells. Forty-eight hours after transfection, ITGA6 mRNA and 
protein were drastically decreased (Fig. 1F,G). In addition, LZRS-IRES-zeo control or LZRS-IRES-zeo-α​6 retro-
viral vector were transiently transfected into both cell lines. After concentration of zeocin used to select stable cell 
lines, ITGA6 mRNA and protein was significantly overexpressed (Fig. 1D,E).

ITGA6 expression was associated with radiation resistance in vitro.  To further validate whether 
ITGA6 affects radiation sensitivity, cell viability was determined by Clonogenic Assay. Overexpression of ITGA6 
increased clonogenic formation in MCF7, SKBR-3 and MDA-MB-231 cells compared with the cells transfected 
with the negative control (Fig. 2A). At the same time, we used 2 approaches to inhibit functional of ITGA6. First, 
we incubated cells with a blocking monoclonal antibody against CD49f (clone GoH3) to inhibit ITGA6 function. 
Alternatively, we knocked down the ITGA6 gene with shRNA technology. Both approaches induced the signifi-
cant decline in clonogenic survival in irradiated cells at all applied radiation dose (Fig. 2B,C).

ITGA6 interferes with irradiation-induced cell apoptosis.  To evaluate whether the radioresistance 
resulting from ITGA6 knockdown was due to inhibition of radiation-induced apoptosis, we subsequently per-
formed flow cytometry analysis to determine the role of ITGA6 in radiation-induced apoptosis. As expected, 
radiation-induced apoptosis is suppressed after inhibition of ITGA6 through both 2 approaches (Fig. 3B,C) in 
MCF7, SKBR-3 and MDA-MB-231 cells, whereas overexpression of ITGA6 upregulates cell apoptosis (Fig. 3A).

To confirm these findings, we detected the apoptotic effector caspase-3 and cleaved caspase-3 protein. The 
results showed that both caspase-3 and cleaved caspase-3 protein levels were markedly up-regulated after radia-
tion treatment in the control cells. Whereas, caspase-3 and cleaved caspase-3 protein were much lower in the cells 
that stably overexpressed ITGA6 (Fig. 3D). Inhibiting ITGA6 therefore increased caspase-3 and cleaved caspase-3 
expression in response to irradiation. These results indicate that ITGA6-mediated resistance to radiation involves 
the inhibition of radio-induced apoptosis.

ITGA6 depletion prolonged IR-induced G2/M arrest.  To explore how ITGA6 might contribute to the 
radioresistance response of breast cancer cells, a protocol was established that allowed cell cycle progression to be 
monitored by flow cytometry following ITGA6 depletion using shRNA and IR exposure in MCF7, SKBR-3 and 
MDA-MB-231 cells. Using a dose range of IR, it was determined that all cell lines exhibited a major increase in 
the G2/M fraction 24 hours after exposure with 8Gy IR. Hence, in these experiments, cells were first transfected 
with control (shCtrl) or ITGA6shRNA and then, after 48 hours, they were either untreated or exposed to 8 Gy 
IR. Following a further 24 hours, they were collected for analysis by propidium iodide (PI)-based flow cytometry. 

Figure 2.  Effect of ITGA6 on radiation sensitivity of breast cancer cells. Clonogenic survival assays 
were performed as described in the Materials and Methods section. The y axis represents percentage colony 
formation relative to unirradiated cells of the respective groups; the x axis represents the various radiation 
doses. Each data point represents the mean ±​ SD of three independent experiments.
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Using this protocol, no significant change was observed in the fraction of cycling cells in the G2/M phase of the 
cell cycle after ITGA6 depletion without IR. However, following IR exposure, cells depleted of ITGA6 exhibited 
a substantial increase in the G2/M fraction as compared to cells depleted with control oligonucleotides (Fig. 4).

ITGA6 enhanced DNA damage repair in irradiated cells.  Altering the frequency of DNA repair activ-
ities could also lead to radioresistance. To examine the DSB repair efficiency of ITGA6 knockdown cells com-
pared to control cell lines, phosphorylation of H2AX (γ​-H2AX) was assayed. In this assay, the persistence of 
γ​-H2AX foci following IR reflects an impaired cellular capacity to repair DNA DSBs. Thus, γ​-H2AX foci were 
assayed at different time points after the delivery of 8 Gy of IR. As shown in Fig. 4, the γ​-H2AX foci disappeared 
faster in the control cells at the 12 h and 24 h timepoints post-IR compared with the cells expressing shITGA6 
that were irradiated. These results suggest that ITGA6 may play a role in enhancing the capacity of cells to repair 
radiation-induced DNA DSBs (Fig. 5).

Figure 3.  ITGA6 interferes with irradiation-induced cell apoptosis. (A–C) Images showing the flow 
cytometric analysis of apoptosis. Representative graphs are shown (early apoptosis, lower right area; and late 
apoptosis, upper right area). Histogram represents the percentage of cells exhibiting multiple nuclei following 
the treatments indicated as described in (A) **p <​ 0.01. The results are representative of three independent 
experiments. (D) The expression level of the caspase-3 and cleaved-caspase-3 protein was determined in the 
indicated cells using western blot analysis.



www.nature.com/scientificreports/

5Scientific Reports | 6:33376 | DOI: 10.1038/srep33376

ITGA6 enhanced radioresistance via the PI3K/Akt and MEK/Erk signaling pathways.  To further 
investigate the mechanism underlying ITGA6-induced radiation resistance, we detected the expression of two key 
genes, Akt and Erk, which are known to be involved in breast tumorigenesis and radioresistance. We first exam-
ined the effect of IR on Akt and Erk phosphorylation before and after radiotherapy. As shown in Fig. 6A–C, IR 
increased the phosphorylation of Akt and Erk in MCF-7 cells. We then investigated whether ITGA6 could mod-
ulate phospho-Akt and -Erk expression. Silencing ITGA6 inhibited Akt and Erk phosphorylation when applied 
before radiotherapy, and this inhibitory effect was not reversed by IR. Conversely, we observed an additive effect 
whereby radiotherapy increased the expression of p-Akt and p-Erk in ITGA6-overexpressing cells.

We then sought to determine whether ITGA6 modulates radiosensitivity in breast cancer cells via a mech-
anism involving Akt and Erk signaling. First, the PI3K inhibitor LY294002 was used to inhibit the IR-induced 
activation of Akt because PI3K is upstream of Akt signaling. MCF-7 Cells were pretreated for1 hr with LY294002 
and then irradiated at 0–8 Gy, and their reproductive growth capability was measured using a clonogenic survival 
assay. As shown in Fig. 5D,E, treatment with LY294002 abolished IR-induced Akt phosphorylation, indicating 
that this process is dependent upon PI3K. These results were consistent with those described in other reports. In 
addition, compared to ionizing radiation alone, treatment with LY294002 resulted in significantly higher levels of 
radiosensitivity in breast cancer cells, and the radioresistance induced by ITGA6 overexpression was restored by 
inhibiting PI3K/Akt (Fig. 5G). These results indicated that inhibiting PI3K signaling plays an important role in 
repressing the response of breast cancer cells to IR treatment.

Similarly, we found that the MEK-specific inhibitor U0126 exerted a sensitization effect following irradiation 
because MEK is upstream of Erk signaling (Fig. 5D,F). Western blot analysis showed that exposing the cells to 
U0126, either before or after radiation, inhibited the basal level of Erk phosphorylation. As shown in Fig. 5H, 
inhibiting the MEK/Erk axis had the expected effect of enhancing the radiosensitivity of breast cancer cells. These 
results indicate that the MEK/Erk mediates the mechanism by which ITGA6 protects against cell damage caused 
by IR.

Discussion
Early detection methods and novel therapies have significantly improved the ability to diagnose and treat breast 
cancer in recent years2. However, breast cancer remains a major health threat because of its high incidence, and it 
continues to be the second leading cause of cancer-related deaths in women1. In this era of personalized medicine, 
developing molecular markers that can be used to predict the clinical benefits of specific interventions is of criti-
cal importance. Specifically, there is an unmet need for predictive biomarkers that can be used to identify which 
patients are likely to benefit from radiotherapy. Predictive biomarkers are defined as markers that can be used to 

Figure 4.  ITGA6 depletion prolonged IR-induced G2/M arrest. Following the protocol described in method, 
MCF7, SKBR-3 and MDA-MB-231 cells were transfected with shRNA as indicated and left untreated or treated 
with 8 Gy IR. Cells were harvested and stained with propidium iodide to determine the distribution of cells 
across the cell cycle using flow cytometry. The histogram shows the results from B as a (%). **p <​ 0.01. The 
results are representative of three independent experiments.
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identify subpopulations of patients who are most likely to respond to a given therapy. Here, we show that ITGA6 
is associated with radiation sensitivity and that perturbing this gene is sufficient to alter responses to radiation. 
We also developed a molecular signature for responsiveness to radiation in breast cancer in which biological char-
acteristics implicated in responsiveness to radiotherapy, including alterations in apoptosis, DNA damage repair 
and cell-cycle regulation, were enriched. Furthermore, we hypothesized that ITGA6 is able to identify patients 
that are unlikely to develop local recurrence after radiotherapy and those patients who have a high likelihood of 
recurrence despite undergoing standard radiotherapy.

Previous studies have shown that ITGA6 is overexpressed in breast carcinoma6. Overexpression of the ITGA6 
gene promotes cancer cell proliferation10,11, and a relationship exists between the expression of ITGA6 and radi-
oresistance in prostate cancer and esophageal cancer14. Moreover, abnormal ITGA6 expression was shown to be 
responsible for tumor-like properties in a breast cancer stem cell-like subpopulation7–9. These data suggest that 
ITGA6 serve as “functional” markers for mammary cancer stem cells (MaCSCs) because they play a role in reg-
ulating MaCSCs rather than acting simply as surface markers. Our results provide further evidence supporting 
the notion that blocking ITGA6 expression or using specific agents that target the integrin signaling pathway 

Figure 5.  ITGA6 depletion impaired repair of radiation-induced DNA DSBs. (A–C) Cells were irradiated 
with a single dose of 8 Gy X-rays followed by collection for immunofluorescence after 1 h, 12 h and 24 h. Nuclear 
staining was performed using DAPI (blue), and labeling forγ​-H2AX is shown as red points (foci). The quantitative 
analysis of the number of γ​-H2AX foci per cell showed that there were an average of over 50 cells per data point. 
**p <​ 0.01. The results are representative of three independent experiments.
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Figure 6.  The effect of IR and ITGA6 expression on Akt, MEK and Erk phosphorylation was different 
between cell lines. (A) Cell lysates were collected before and after radiation. The lysates were then immunoblotted 
using anti-pErk, anti-Erk, anti-pAkt, anti-Akt, anti-pMEK and anti-MEK antibodies. β​-actin was used as the 
loading control. (B,C) Graphical representation of the relative levels of pAkt, pMEK and pErk. The intensity was 
quantified using densitometry (software: Image J, NIH). The quantitative data are presented as the means ±​ SD 
from three independent experiments (**p <​ 0.01). (D) The cells were treated with 20 μ​M LY294002 or 10 μ​M 
U0126 for 1 h prior to IR and then irradiated with 8 Gy. Total cell lysates were harvested at 1 h after IR, and the 
lysates were subjected to Western blot analysis using the indicated antibody. (E,F) Graphical representation of 
the relative levels of pAkt and pErk. The intensity was quantified using densitometry (software: Image J, NIH). 
The quantitative data are presented as the means ±​ SD from three independent experiments (**p <​ 0.01). (G,H) 
Cells were treated with control, 20 μ​M LY294002 and 10 μ​M U0126 for 1 hrand then irradiated using the indicated 
dosage. At 4 h after IR, the cells were fed drug-free medium and incubated for another 20 h at 37 °C, after which 
they were trypsinized and seeded for clonogenic survival assays. Colony-forming efficiency was determined 14d 
later. The results were pooled from three different experiments.
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maximize the efficacy of treatments by sensitizing tumor cells to IR. These data also suggest a potential role for 
the effect of ITGA6 signaling on MaCSCs in breast cancer resistance to radiotherapy.

Early studies in radiation biology used both in vitro and in vivo models to show that various determinant 
factors contribute to differential levels of radiosensitivity. These included both extrinsic and intrinsic factors in 
addition to the tumor microenvironment (e.g., hypoxia and interactions with stromal elements) and radiation 
response elements (e.g., radiation-induced apoptosis, cell cycle distribution, antioxidant levels, and DNA repair 
capacity)20–22. The cell cycle phase determines a cell’s relative radiosensitivity, with cells being most radiosensi-
tive in the G2-M phase, less sensitive in the G1 phase, and least sensitive during the latter part of the S phase. 
This understanding has, therefore, led to the realization that one way in which chemotherapy and fractionated 
radiotherapy may work better is by partial synchronization of cells in the most radiosensitive phase of the cell 
cycle. Recent studies have shown that some anticancer-drugs could induce G2/M arrest accompanying the 
down-regulation of Akt23–25. Inhibition of the PI3-Kinase pathway by LY294002 induces a G2 arrest and apop-
tosis26. In our study, following IR exposure, cells depleted of ITGA6 exhibited a substantial increase in the G2/M 
fraction as compared to cells depleted with control oligonucleotides. ITGA6 depletion inhibited Akt phosphoryl-
ation after radiotherapy. Meanwhile, we also found that abrogating radiation-induced pAkt increase radiosensi-
tivity of cancer cells. These results indicated that ITGA6 depletion induced G2/M arrest and apoptosis possibly by 
down-regulating Akt signaling in human breast cancer cells.

DSBs are the most important cytotoxic lesion induced by IR. Cells are equipped with sensors that detect 
DNA damage and relay the signal via kinases to executors, who on their turn evoke a process that inhibits cell 
cycle progression and provokes DNA repair or, if this fails, activate the receptor and/or mitochondrial apoptotic 
cascade27. Preclinical in vitro and in vivo studies have shown that activated Akt accelerates repair of IR-induced 
DNA double-strand breaks (DNADSB) and, consequently, improves post-irradiation cell survival28. DNA dam-
age most often activates the extrinsic death receptor apoptosis pathway (Fas, CD95, Apo-1) and/or the intrinsic 
mitochondrial apoptosis pathway. This paradigm receives support from the dual function of Akt27. When DNA 
damage is not repaired, the suppression of apoptosis by Akt is abolished. Our data demonstrate that phosphoryl-
ated Akt is sufficient to alter responses to the up- or down regulation of ITGA6 after IR. PI3K inhibitor LY294002 
partially antagonized the protective effect of ITGA6 against cell death. This study provides evidence of potential 
mechanism of ITGA6 with DNA double strand damage repair via Akt pathway in breast cancer cells. In addition, 
cancer stem cells have emerged as contributors to radioresistance because they preferentially activate the DNA 
damage checkpoint response and increase DNA repair capacity29. ITGA6 serving as “functional” markers for 
mammary cancer stem cells also may be one of potential mechanism of ITGA6 contributes to DNA double strand 
damage repair.

The name integrin refers to the function of family members to integrate cell exteriors (e.g., ECM) to the cell 
interiors (e.g., the cytoskeleton)15. Integrins form heterodimeric transmembrane cell-matrix adhesion receptors. 
Integrins do more than simply attach a cell to its surroundings; they also activate intracellular signaling pathways. 
FAK activation, which leads to the activation of PI3K, has been extensively documented to be one of the central 
events that is caused by integrin signaling. Upon its activation via an integrin-mediated cell adhesion mechanism, 
FAK becomes associated with several SH2 domain-containing molecules, including Src30,31 and the p8532,33 sub-
unit of PI3K, at its autophosphorylated Y397 residue. FAK binding to the SH2 domain of Src prevents Src Y527 
from binding to it, which relieves an auto-inhibitory interaction and leads to the activation of Src. Conversely, 
activated Src phosphorylates additional sites on FAK, including the residues Y576 and Y577 in FAK’s kinase 
activation loop, which leads to a further increase in the activity of FAK. Y925 promotes the binding of the adap-
tor molecule Grb2, which mediates the activation of Ras-MAPK signaling34. The association with FAK and the 
subsequent activation of PI3K at the autophosphorylated residue Y397 leads to an increase in the production of 
3′​-phosphorylated phospholipids35, which activates Akt kinase. The activation of Akt kinase inhibits apoptosis by 
regulating various cell death machinery proteins36,37. PI3K inhibitors have long been known to sensitize cells to 
or to work in combination with IR to enhance apoptosis in breast cancer cells16. Akt has also emerged as a central 
mediator of resistance. Moreover, extensive evidence indicates that the activation of MAPK/Erk pathways is cor-
related with tumor progression, resistance to treatment and worse survival inpatients18,19. Our data demonstrate 
that both phosphorylated Akt and Erk are sufficient to alter responses to the up- or downregulation of ITGA6 
after IR. To further explore the correlation between the expression of ITGA6 and the activation of the PI3K/Akt 
and MAPK/Erk signaling pathways, we suppressed the function of PI3K/Akt using the PI3K-specific inhibitor 
LY294002 and the Erk-specific inhibitor U0126. We found that both U0126 and LY294002 partially antagonized 
the protective effect of ITGA6 against cell death, thereby enhancing the radiosensitivity of the cells.

In summary, this study provides evidence of a mechanism that ITGA6 contributes to radioresistance via an 
ITGA6/Akt/Erk pathway in breast cancer cells. Larger sample clinical studies are required to verify the clinical 
significance of ITGA6 as an independent prognostic factors for breast cancer, and an animal experiment requires 
further study. Gene therapeutic approaches may enhance the benefit of radiotherapy by targeting ITGA6 expres-
sion. Alternatively, examining the expression of ITGA6 may provide clinicians with relevant information that 
may indicate which patients are likely to respond poorly to standard radiotherapy.

Methods
Cell Culture.  The normal mammary epithelial cell line HBL-100 and a series of breast cancer cell lines, includ-
ing MCF–7, MDA-MB-231, HCC1937, SKBR-3, and BT549, were obtained from the Cell Bank of the Chinese 
Academy of Sciences (Shanghai, China). Cells were cultured in RPMI 1640 medium (HyClone) containing 10% 
fetal bovine serum (FBS) (Gibco). Platinum-A Retroviral Packaging cells (Cell BioLabs) were grown in DMEM 
medium (HyClone) with 10% FBS (Gibco), 10 μ​g/μ​lpuromycin, and 100 μ​g/μ​lBlasticidin. Cells were culturesand 
experiments were performedin a humidified 37 °C incubator with 5% CO2.
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Plasmids, shRNA and Transfections.  Retroviral vectors were obtained by ligating a human integrin 
alpha6 cDNA (generous gifted by Dr. A. Sonnenberg, Cancer Institute, Amsterdam, The Netherlands) into the 
LZRS-IRES-ZEO retroviral vector. The defective retroviral particles that were used to infect human breast cell 
lines were obtained from the conditioned media of Platinum-A Retroviral Packaging cells (Cell BioLabs) after 
transfection with LZRS-IRES-zeo or LZRS-IRES-zeo-α​6 plasmids. The shRNA targeting the integrin alpha 6 gene 
and the control shRNA (non-targeting) were synthesized by Genema (Shanghai, China). Using a transfection 
strategy, we created stable breast cancer cell lines in which ITGA6 was either overexpressed or silenced.

RNA Extraction, Reverse Transcription (RT) and Real-time PCR.  Total RNA was isolated using 1 mL  
Trizol (Invitrogen) according to the manufacturer’s recommendations. RT-PCR was performed using 
an ABI Prism7000RT system with SYBR-Green Master Mix (TaKaRa). The following primers were used: 
integrin α ​6, GAGCTTTTGTGATGGGCGATT, CTCTCCACCAACTTCATAAGGC; and β ​-actin, 
GGACTTCGAGCAAGAGATGG, AGCACTGTGTTGGCGTACAG.

Western Blot Analysis.  Protein extraction from frozen tissues and cell lines was performed using RIPA 
buffer (Sigma, USA) (RIPA:PMSF =​ 100:1). Lysates of the same amounts of protein were separated on 8–12% 
SDS-polyacrylamide gels and then transferred onto nitrocellulose membranes. The following antibodies were 
purchased: integrin α​6 (Abcam, ab124924), ITGA6 G0H3(BD), PI3K p110(Abgent, AP8016c), AKT1 (Abgent, 
AP7141h), phospho-ATK1(Abgent, AP3434a), MEK1/2(Signalway Antibody), Phospho-MEK1/2(Signalway 
Antibody), ERK1/2(Abgent, AM2189b), phospho-ERK1/2(Abgent, AP3607a), NF-κ​B (CST), phospho-NF-κ​B 
(CST), caspase 3(CST), γ​-H2AX (Abcam), and β​-actin (Santa Cruz). Membranes were developed using an ECL 
detection system after the membranes were incubated with peroxidase-conjugated secondary antibodies.

Clonogenic Assay.  The sensitivity to irradiation of cells in different treatment groups was determined using 
clonogenic assays after the cells were exposed to variable doses of radiation (0 Gy, 2 Gy, 4 Gy, 6 Gy or 8 Gy) using 
a linear accelerator. After the cells were incubated for 10–14 days, the colonies that had formed were fixed in 
methanol and stained with 1%crystal violet. Only the colonies that consisted of more than 80 cells were counted. 
The data were fitted to a linear-quadratic model using Sigma plot software. Survival curves were generated, and 
radiosensitivity parameters were calculated. The experiments were repeated three times.

Cell Apoptosis Analysis.  The effect on cell apoptosis of integrin a6 knockdown or overexpression was eval-
uated using flow cytometry. Briefly, cell apoptosis was analyzed using an Annexin V-APC/7-AAD apoptosis kit 
(KeyGen Biotech) according to the manufacturer’s instructions.

Cell Cycle Analysis.  Cell cycle analyses were performed using Cell Cycle and Apoptosis Analysis Kits 
(Beyotime, China) according to the manufacturer’s instructions. A FACScan cytometer (BD, USA) was used to 
analyze cells and to determine the percentage of cells that were in the G0/G1, S, and G2/M phases of the cell cycle 
using ModFit Software.

Immunofluorescence microscopy for γH2AX.  A total of 2 ×​ 104 cells were seeded into 35 mm dishes in 
which a glass coverslip was contained in each well. After the cells were exposed to 0 or 8 Gy irradiation, the slides 
were air-dried and fixed for 15–20 min in 4% paraformaldehyde in TBS. The cells were then rinsed in TBS, placed 
in 0.2% TritonX-100 in 4 °C methanol for 10 min, rinsed, and placed in TBS plus 5% bovine serum albumin for 
1 h. Finally, the cells were incubated overnight with diluted anti-phospho-histone H2AX mAb (Abcam, diluted 
1:500). The slides were washed and incubated with cy3-conjugated anti-mouse goat F(ab′​) fragments (Santa Cruz) 
diluted to 1:100 for 1 h at room temperature. The slides were then rinsed and immersed in Hoechst reagent for 
15 min. To prevent bias in selecting cells that displayed foci, over 800 randomly selected cells were counted. Cells 
with three or more foci of any size were classified as positive. The experiments were repeated at least three times.

Statistics.  The data analysis was performed using a 2-tailed Student’s t-test with pooled variance. The data are 
expressed as the mean ±​ SD of at least three sampled replicates unless stated otherwise. In the Figures, *denotes 
P <​ 0.05, **denotes P <​ 0.01, and #denotes P >​ 0.05.
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