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Abstract: Cisplatin, as one of the front-line chemotherapeutic drugs, is employed for the treatment of esophageal 
squamous cell carcinoma (ESCC). However, the occurrence of cisplatin resistance and metastasis remain as chal-
lenges in clinical therapy. To investigate the mechanism involved in cisplatin resistance, in this study, we established 
cisplatin resistant cell lines (Res) from Eca109 and TE-1 parental cells (Par), and we observed that fibronectin (FN)-
mediated cell migration and spreading abilities are significantly increased in Res cells when compared to Par cells. 
Furthermore, we found that the integrin α5 expression is remarkably upregulated in Res cells, and inhibition of α5 
results in more apoptosis and endows the Res cells resensitize to cisplatin in vitro and in vivo. In a mechanistic man-
ner, we identified the expression of BARD1 is significantly increased in Res cells, and silencing of BARD1 reverse 
the effects of α5 on cisplatin resistance. Moreover, we found that the α5/FAK/PI3K/AKT signal axis is activated in 
Res cells, which mediates the increased expression of BARD1, as well as the cisplatin resistance and cell survival. 
Thus, our results demonstrate that α5 is required for cisplatin resistance through the promotion of FAK/PI3K/AKT/
BARD1 signaling to prevent cells from apoptosis and enhance the DNA damage repair ability. Taken together, our 
study provides plausible mechanisms of α5-mediated cisplatin resistance in ESCC cells, highlighting that inhibition 
of α5 may be a potential target for improving efficacy in cisplatin-based chemotherapy. 
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Introduction

Esophageal cancer (EC) is the sixth most com-
mon aggressive cancer with a high mortality 
rate worldwide [1]. The pathological forms of EC 
have been categorized into two major subtypes, 
esophageal squamous cell carcinoma (ESCC) 
and esophageal adenocarcinoma (EAC) [2]. In 
China, the incidence of ESCC is more than 90%, 
which is much higher than that of EAC [3]. 
Although significant advances have been made 
in diagnostic and treatment strategies, the can-
cer-related mortality caused by metastasis still 
ranks fourth and 5-year survival rate was less 

than 10% [4, 5]. Cisplatin-based chemothera-
pies, as the front-line treatment for ESCC, often 
gain initial responses and play vital roles in 
patients with postoperative recurrence and 
metastasis. However, cisplatin treatment even-
tually leads to the development of chemore- 
sistance, resulting in therapeutic failure [6, 7]. 
Therefore, elucidating the potential mecha-
nisms of cisplatin resistance is critical for 
reversing the chemotherapy resistance in 
ESCC.

The prominent anticancer effects of cisplatin 
include induction of DNA damage and mito-
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chondrial apoptosis [8, 9]. Therefore, a prevail-
ing hypothesis is that the development of cis-
platin resistance can be attributed to the acti-
vation of DNA damage repair and anti-apopto-
sis ability. Homologous recombination (HR) and 
non-homologous end joining (NHEJ) are two 
major repair pathways in cisplatin-induced DNA 
damage response [10]. Aberrant expression of 
major components involved in HR and NHEJ 
pathways were responsible for the drug resis-
tance. For instance, BRCA1, as a critical gene 
of the HR system, regulates DNA damage repair 
and cell proliferation by forming heterodimer 
with BARD1 (BRCA1-associated ring domain 1). 
BRCA1/BARD1 deficient was associated with 
suppressed DNA damage repair, and cancer 
cells restored sensitivity to platinum compo- 
unds or DNA damaging chemotherapeutic dr- 
ugs in several cancer types including ovarian 
cancer, lung cancer and breast cancer [11-13]. 
It was also reported that activation of the PI3K/
AKT pathway can enhance DNA damage repair 
by increasing expression of BRCA1 and BARD1 
[13, 14]. Additionally, the PI3K/AKT pathway 
plays an important role in cell apoptosis and 
survival [15]. Thus, the PI3K/AKT pathway is a 
hot target to overcome chemoresistance. In 
spite of the efforts that have been devoted to 
the mechanisms of cisplatin resistance, there 
is still a lack of an effective target to reverse 
cisplatin resistance and to improve the 
response to cisplatin-based therapy.

Integrins are a large family of heterodimeric 
membrane receptors that function as adhesion 
molecules and contribute to diverse biological 
processes such as cell adhesion, migration, 
and apoptosis by activation of intracellular sig-
naling triggered by the ligation of integrins with 
extracellular matrix (ECM) [16]. Growing evi-
dence has highlighted its pro-survival and anti-
apoptosis functions in the regulation of res- 
ponse to therapeutic modalities [17, 18]. As 
examples, the interaction between integrins 
and ECM promotes chemoresistance via pro-
tecting cells from drug-induced apoptosis in 
several cancer types including small lung can-
cer, myeloma and ESCC [19-21]. Focal adhe-
sion kinase (FAK), a key signal transduction 
component downstream of integrins, can fur-
ther activate PI3K/AKT signaling cascades 
which is pivotal in cancer cell survival and che-
moresistance [22]. Considering the importance 
of the FAK/PI3K/AKT pathway in chemoresis-

tance and also the integrin subunits can serve 
as an independent prognostic factor in ESCC 
[23-25], we hypothesized that certain integrin 
may participate in the cisplatin resistance in 
ESCC.

In the present study, we treated the Eca109 
and TE-1 parent ESCC cell lines (Par) with grad-
ually increasing concentrations of cisplatin to 
establish the resistant cells (Res) and found 
fibronectin (FN)-induced cell adhesion and 
migration abilities were significantly enhanced 
in Res cells. Furthermore, we found integrin α5 
was remarkably increased in Res cells. Me- 
chanistically, α5 modulates cisplatin-induced 
DNA damage and apoptosis via the upregula-
tion of BARD1 which was induced by the FAK/
PI3K/AKT signaling pathway. Moreover, block-
ing α5 expression restored the sensitivity to 
cisplatin by decreasing the efficiency of DNA 
damage repair and promoting apoptosis. The 
overall results indicated the importance of α5 
in chemoresistance, which may provide new 
insights into the molecular mechanisms for 
reversing the resistance of cisplatin-based 
therapy in ESCC.

Material and methods

Antibodies and reagents

The experiments were performed using the fol-
lowing antibodies: Mouse monoclonal antibod-
ies (mAbs) against α5 integrin, β1 integrin, FAK, 
and p-FAK were from BD Biosciences, β1 sub-
unit (P5D2) was from Abcam, BARD1 obtained 
from Santa Cruze Biotechnology (Santa Cruz, 
CA, USA), Src was purchased from upstate  
biotechnology, α5 integrin inhibitory antibody 
(MAB-1956) and α5β1 integrin was from 
Millipore. Rabbit mAbs against AKT, p-AKT, 
p-Src, and γH2AX were from Cell Signaling 
Technology, glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) was purchased from Santa 
Cruz. The peroxidase-conjugated goat antibod-
ies against mouse and rabbit were obtained 
from Promega and Cell Signaling Technology, 
respectively. Alexa Fluor® 488 goat anti-mouse 
IgG and Alexa Fluor 546-phalloidin were ob- 
tained from Invitrogen (Thermo Fisher Scientific, 
Waltham, MA), and the control mouse IgG anti-
body was obtained from Millipore. Cisplatin was 
from Sigma-Aldrich, St Louis, MO, USA. The cell 
adhesion kit (ECM Array) was from Cell Biolabs. 
BKM120 was from Selleckchem. iScript com-
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plementary DNA (cDNA) Synthesis Kit and iTaq 
Universal SYBR Green Kit were from Bio-Rad. 
TRIzol reagent was obtained from Invitrogen. 

Cell lines and cell culture

HEK293T and Human ESCC cell lines (Eca109 
and TE-1) were purchased from the Cell Bank of 
the Chinese Academy of Sciences (Shanghai, 
China). Eca109 and TE-1 cells were maintained 
at 37°C in RPMI 1640 medium with 10% fetal 
bovine serum (FBS) and 1% penicillin/strepto-
mycin, under a humidified atmosphere contain-
ing 5% CO2. Eca109- and TE-1-Res cells were 
established from Par cells using continuous 
treatment with step-wise concentrations of cis-
platin. The resistant cell lines were cultured in a 
complete medium containing 4 μM cisplatin. 
Res cells were cultured without cisplatin for 3 
days before certain experiments. The degree of 
cisplatin resistance of each cell lines was eval-
uated before each experiment. The stable cell 
lines used in this study were established as 
mentioned below.

Cell viability assay

Eca109 and TE-1 -Par or -Res cells (5 × 103) 
were seeded into 96-well plates in triplicates 
overnight and then treated with interest drugs 
(0-160 μM cisplatin, 0.5 μM BKM120) for 48 h. 
Then the viability of indicated cells was estimat-
ed by the MTS ([3-(4,5-Dimethylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium]) cell proliferation assay using 
the CellTiter-96-Aqueous One Solution Cell 
Proliferation Assay reagent (Promega, Fitch- 
burg, WI, USA), according to the manufacturer’s 
recommendations. 

Overexpression and knockdown vectors of 
Integrin α5 and BARD1 

The cDNA of human Integrin α5 (a generous gift 
from Dr. Jianguo Gu, Tohoku Medical and Ph- 
armaceutical University, Japan) was inserted 
into a cloning entry vector (pDONR201, Invi- 
trogen) use the GatewayTM cloning system kit. 
The cDNA of the human BARD1 was amplified 
by PCR from the reverse-transcribed product of 
Eca109 cell total RNA to yield the fragment 
flanked by the NheI and XhoI sites for 5’ and 
just before the stop codon using a mutagenic 
PCR primer. This complete cDNA of the BARD1 
was cloned into a cloning vector (pGEMT-Easy; 

Promega, Madison, WI) and then subcloned 
into the pENTR1A vector. The resultant cDNAs 
were confirmed by sequence. We used the 
GatewayTM cloning system kit to acquire all of 
the expression vectors. Briefly, the LR clonase 
enzyme (Invitrogen) was used to transfer the 
cDNAs of integrin α5 and BARD1 from the entry 
vectors into pLenti-CMV-Hygro DEST (w117-1) 
(Addgene, Plasmid #17454) or pLenti-CMV-
Blast DEST (706-1) (Addgene, Plasmid #17451) 
vectors.

For expressing short hairpin RNA, we used the 
pLKO.1-puro lentiviral vector. Inserted oligonu-
cleotide sequences were listed as follows: 
shRNA1 against ITGA5, 5’-CCGGCCATGATGA- 
GTTTGGCCGATTCTCGAGAATCGGCCAAACTCA- 
TCATGGTTTTT-3’; shRNA2 against ITGA5, 5’- 
CCGGCTCCTATATGTGACCAGAGTTCTCGAGA- 
ACTCTGGTCACATATAGGAGTTTTT-3’; and shRN- 
A1 against BARD1, 5’-CCGGTGGTTTAGCCC- 
TCGAAGTAAGCTCGAGCTTACTTCGAGGGCTAA- 
ACCATTTTTG-3’; shRNA2 against BARD1, 5’- 
CCGGTGAAAGTATGAAATCGCTATTCTCGAGA- 
ATAGCGATTTCATACTTTCATTTTTG-3’.

Virus production and infection 

Virus production and infection were performed 
as described previously [26, 27]. In brief, the 
lentivirus vectors were cotransfected with 
pCAG-HIVgp and pCMV-VSV-G-RSV-Rev into 
293T cells. After transfection for 48 h, the len-
tivirus supernatants were collected. The indi-
cated cells were infected with the resultant 
viral supernatant for 72 h, cells were selected 
by puromycin (pLKO.1-puro), hygromycin (pLen-
ti-CMV-Hygro), or blasticidin (pLenti-CMV-Blast) 
to get resistant cells against these antibiotics. 
Stable cell lines were used in subsequent 
studies.

Western blot (WB)

Cells were seeded in 60-mm dishes overnight, 
then washed with ice-cold PBS and lysed in 
RIPA lysis buffer (Beyotime, China) with prote-
ase and phosphatase inhibitors (Beyotime, 
China) for 30 min. After centrifugation, the 
supernatants were collected and protein con-
centrations were determined using a BCA pro-
tein assay kit (Beyotime, China). The protein 
lysates were subjected to 10% SDS-PAGE. After 
electrophoresis, the proteins were transferred 
to a PVDF membrane (Millipore). The mem-
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brane was incubated with the indicated primary 
and secondary antibodies, and the proteins 
were visualized by an enhanced ECL kit (Be- 
yotime, China). The intensity of each band was 
quantified with ImageJ software. 

Flow cytometric analysis

For detecting integrin surface expressions, 
cells were grown to about 90% confluency, 
detached using trypsin containing 1 mM EDTA, 
washed with PBS and stained with indicated 
primary antibodies for 1 h on ice, followed by 
incubation with Alexa Fluor 647 goat anti-
mouse IgG (Invitrogen) for 30 min on ice. Finally, 
the cells were washed three times with PBS 
and analyzed by flow cytometry (BD Bio- 
sciences).

For the apoptosis assay, indicated cells were 
treated with different concentrations of cispla-
tin. After 48 h treatment, the cells were har-
vested and stained with AnnexinV-FITC/PI (Mu- 
ltisciences, China) and then analyzed by flow 
cytometry.

Immunofluorescence staining

Cells were cultured on micro coverslips for 48 h 
and fixed with ice-cold methanol and permeabi-
lized with 0.2% Triton-X-100. Antibodies against 
pFAK were used, followed by incubation with 
anti-mouse Alexa Fluor 488 secondary anti-
body (Invitrogen) and Alexa Fluor 546 phalloidin 
(Invitrogen). The confocal images were ob- 
served by confocal microscopy.

Cell migration assay

For the wound-healing assay, a confluent mono-
layer of indicated cells seeded in a 6-well plate 
and a “scratch” with a p200 pipet tip was made 
through the cell layer. After washing with PBS, 
RPMI 1640 medium containing 10% FBS was 
added in each well. Wounded areas were pho-
tographed under a light microscope (10 × 
objective) at 0 h and 48 h. All experiments were 
repeated three times.

For transwell migration assay, cells were 
starved in serum-free medium overnight, tryp-
sinized, and suspended in RPMI 1640 medium 
containing 10% FBS. The suspended cells were 
centrifuged, and the supernatants were re- 
moved. Cells were resuspended with serum-

free medium and diluted to 1.4 × 105 cells/ml. 
Each transwell (Corning transwell cell culture 
inserts, 8.0-mm inserts; Corning), 500 µl ali-
quots of the cell suspension were added; then 
the cells were incubated at 37°C for the appro-
priate time. After incubation, cells on the upper 
side were removed by scraping with a cotton 
swab. The membranes of each transwell were 
fixed with 4% paraformaldehyde and stained 
with 0.5% crystal violet for 2 h. Cells that had 
migrated to the lower side were counted using 
a phase-contrast microscope.

Cell adhesion and spreading assays

The difference between Par and Res cells on 
cell adhesion was evaluated using the Cy- 
toSelect cell adhesion assay (Cell Biolabs, San 
Diego, USA). Indicated cell suspensions were 
allowed to attach to an ECM-coated 48-well 
plate for 40 min at 37°C. Adherent cells were 
stained and extracted according to the manu-
facturer’s protocols. Extracted samples were 
measured at 560 nm wavelength in a plate 
reader. Triplicate wells were used for each 
group, and the average of results was ca- 
lculated. 

The cell spreading assay was performed as 
described previously [28, 29]. Briefly, 6-well 
plates were coated with FN (10 µg/ml) in PBS at 
4°C overnight and then blocked with 1% bovine 
serum albumin (BSA) in RPMI 1640 medium for 
1 h at 37°C. The indicated cells were detached 
and suspended in serum-free RPMI 1640 medi-
um with 0.1% BSA at 6 × 104 cells/ml. After 40 
min incubation on FN-coated plates, non-
adherent cells were gently removed by PBS, 
and the attached cells were fixed with 4% para-
formaldehyde (PFA) in PBS, and images were 
then taken by phase-contrast microscopy.

RNA isolation and qPCR

Total RNA was extracted from cells using TRIzol 
reagent (Invitrogen) according to the manufac-
turer’s protocol. Then reverse transcribed with 
an iScript complementary DNA (cDNA) Sy- 
nthesis Kit. The resulting cDNA was used for 
real-time PCR with the iTaq Universal SYBR 
Green Kit. Primers are listed in Table 1. GAPDH 
was used as a control. Real-time PCR and data 
collection were performed on the ABI PRISM 
7700 Sequence Detector (Applied Biosystems). 
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Xenograft assay

The Eca109-Con or Eca109-α5-KD2 cells (1 × 
107, suspended in 0.1 ml PBS) were injected 
into the subcutaneous tissue of 5 weeks old 
BALB/c-nude mice. Tumor growth was moni-
tored every 5 days. Once the tumor size reached 
~ 100 mm3, the Con and α5-KD2 group mice 
were randomly divided into two groups (5 mice/
group): PBS group and cisplatin group (ip, 4 
mg/kg, twice a week). The tumor tissues were 
harvested after 30 days and their volumes and 
weights were measured. All experiments were 
conducted according to the protocols approved 
by the Institutional Animal Care and Use 
Committee of Yangzhou University.

Statistical analysis 

Statistical analyses were performed via a 
Student’s t test using GraphPad Prism5. The 
results are presented as the means ± standard 
derivation. Statistical significance was defined 
as P < 0.05 (not signifcant (n.s.); *P < 0.05; **P 
< 0.01; ***P < 0.001).

Results

Cell migration ability is enhanced in cisplatin 
resistant ESCC cells

To explore the mechanism of chemoresistance 
to cisplatin in ESCC cells, cisplatin resistant 
(Res) cell lines were established from parental 
(Par) Eca109 and TE-1 cells via a continuous 
treatment with gradually increasing concentra-
tions of cisplatin (Cis). Cell viability assay was 
performed to examine the sensitivity of Par and 
Res cells to cisplatin via MTS reagents. As 
shown in Figure 1A (upper panel), Res cells 
exhibited significant higher MTS activity com-
pared with that in Par cells after treatment with 
the indicated concentration of cisplatin for 48 
h. The curves also indicated that the IC50 value 
of Par and Res cells were 5.676 μM and 31.46 
μM in Eca109 cells, 4.329 μM and 28.58 μM in 
TE-1 cells, respectively, which means the Res 
cells showed about 6-folds increase in resis-
tance to cisplatin compared with Par cells. 
Consistently, exposure to cisplatin for 48 h can 
induce the expression level of γH2AX, a DNA 

Table 1. Primer sequences for qRT-PCR
Target Forward primer (5’-3’) Reverse primer (5’-3’)
ITGA4 GCTTCTCAGATCTGCTCGTG GTCACTTCCAACGAGGTTTG
ITGA5 TGCAGTGTGAGGCTGTGTACA GTGGCCACCTGACGCTCT
ITGA8 ACATTCTGGTGGACTGTGG AATCCCTTGTTGTTGCGTTC
ITGAV AATCTTCCAATTGAGGATATCAC AAAACAGCCAGTAGCAACAAT
ITGB1 GAAGGGTTGCCCTCCAGA GCTTGAGCTTCTCTGCTGTT
ITGB3 CCGTGACGAGATTGAGTCA AGGATGGACTTTCCACTAGAA
ITGB6 TCAGCGTGACTGTGAATATCC GTGACATTTGGAGCTGTTCAC
ITGB7 TGCAGCTCATCATGGATGCTTA CCGTCTTCTCAGGACCCTTACA
53BP1 GCCTGATCAATGGACCCTACTGGAAGTCAGG CCGCTCGAGTTAGTGAGAAACATAATCGTGTTT
MDC1 TGCTCTTCACAGGAGTGGTG GGGCACACAGGAACTTGACT
BRCA1 CTGAAGACTGCTCAGGGCTATC AGGGTAGCTGTTAGAAGGCTGG
BARD1 AGCGTAGGGATGGACCTCTT CCATTGAGAATCCCAAGCAT
CHK1 ATATGAAGCGTGCCGTAGACT TGCCTATGTCTGGCTCTATTCTG
CHK2 AAGAAGTTGTTGGTAGTG TTCCTCAGACAGAAGATC
LIG4 TGCTGCTGAGTTGCATAATGT AGCAGCTAGCATTGGTTTTGA
RAD50 TCCACGATAGGTACTTCGCC TGAGGACAACAGAACTTGTGAAC
RAD51 GGTCTGGTGGTCTGTGTTGA GGTGAAGGAAAGGCCATGTA
RAD52 CTGGCACTGTCCAAAGCATA TAGATCGAGCTCCCTGTGTG
NHEJ1 TGCAGATTCATGACAAAGGG ACTACCAGGAGAGTGGGGCT
XRCC3 CGTCTTCCGTGCAGATGTAG CATCACTGAGCTGGCCG
XRCC4 TTTCAGCTGAGATGTGCTCC AGGAGACAGCGAATGCAAAG
XRCC5 GAAGGCTCGGATGCAGTCTA CCTGCTGAAAACTTCCGTGT
XRCC6 TGGTTCATTTGTTTCCCGAT AGACCAGGAAGCGAGCACT
GAPDH GGAGCGAGATCCCTCCAAAAT GGCTGTTGTCATACTTCTCATGG
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Figure 1. Comparison of cell proliferation and migration ability in Par and Res ESCC cells. A. The viability curve of Eca109- and TE-1-Par, Res cells under different 
concentrations of cisplatin treatment (0, 2.5, 5, 10, 20, 40, 80, 160 μM for Eca109 cells and 0, 1.875, 3.75, 7.5, 15, 30, 60, 120 μM for TE-1 cells) for 48 h (upper 
panel). Data were represented from three independent experiments. Cell lysates from indicated cells treated with or without cisplatin (Cis) were immunoblotted by 
anti-γH2AX and anti-H2AX antibodies (lower panel). B. The growth of indicated cells was measured by the MTS proliferation assay. Relative MTS activities were nor-
malized to those at 0 h (n=3 individual experiments). C. The indicated cells were cultured until confluence. A scratch was made with a p200 pipet in each well, and 
photographs were taken at 0 h and 48 h (left panel; Scale bar, 250 µm). Quantitative data were from three independent experiments (right panel). D. The migration 
ability was analyzed by transwell assay. The representative images were recorded by phase-contrast microscopy (left panel; Scale bar, 350 µm). The quantitative 
number of migrated cells was obtained from three independent experiments (right panel). The p values were determined by a two-tail unpaired t-test (n.s., P > 0.05; 
**, P < 0.01).
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damage marker [30], in both Par and Res cells, 
however, the response of Res cells was remark-
ably attenuated, indicating less cytotoxic 
effects were induced in Res cells (Figure 1A, 
lower panel). Then the cell behaviors, such as 
proliferation and migration of both cells were 
compared. As shown in Figure 1B, there was no 
significant difference between Par and Res 
cells in cell growth. Interestingly, the Res cells 
exhibited an increased cell migration ability 
when compared to Par cells, as showed by 
wound healing assay (Figure 1C) and boyden 
chamber analysis (Figure 1D).

Cisplatin resistant cells exhibit increased FN-
induced cell-matrix adhesion

Since cell-matrix adhesion plays essential roles 
in tumor cell migration and invasive potentials 
[31], we detected the ECM binding profiles of 
Par and Res cells. As shown in Figure 2A, Res 
cells attached strongly to fibronectin (FN) com-
pared with other ECM proteins, indicating that 
the increased migration ability of Res cells may 
be related to the inducement of the adhesive-
ness to FN. This phenomenon was further con-
firmed via cell spreading assay on FN-coated 

Figure 2. Detecting the FN-induced cell adhesion, FAK signaling and actin filament formation in Par and Res cells. 
A. Adhesion ability of Eca109-Par and Res cells upon various ECM proteins. Cell suspensions were planted on the 
ECM-coated plate for 40 min at 37°C. Attached cells were stained and checked by colorimetric detection. The quan-
titative data were presented as the means ± standard derivation from three independent experiments (***, P < 
0.001 by two-tail unpaired t-test). B. Eca109-Par and Res cells were detached, suspended in serum-free RPMI 1640 
for 1 h, and then plated on the FN-precoated (10 µg/ml) dishes. After incubation for 40 min, spread cells were fixed 
with PFA, and the representative photos were taken (left panel; Scale bar, 50 µm). The percentages of adherent 
cells were statistically analyzed as the means ± standard derivation of three independent experiments (***, P < 
0.001 by two-tail unpaired t-test). C. Eca109-Par and Res cells were plated on the FN-precoated (10 µg/ml) dishes 
for indicated times. Cell lysates were collected and then immunoblotted by anti-pFAK and anti-FAK antibodies. D. Im-
munofluorescence staining of p-FAK (top) and phalloidin (bottom) in Eca109-Par and Res cells. Cells were cultured 
on FN-coated coverslips, then cells were fixed, permeabilized, and visualized with p-FAK and phalloidin-Alexa Fluor 
549 (actin), respectively. The images were taken by confocal microscopy. Scale bar, 20 µm.
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condition, the Res cells exhibit enhanced 
spreading ability compared with Par cells 
(Figure 2B). It is well known that FAK is involved 
in focal adhesion formation via tyrosine phos-
phorylation during the cell adhesion process, 
which can facilitate intracellular signaling ev- 
ents [32]. To investigate whether the FN- 
mediated FAK signaling was aberrantly activat-
ed in Res cells, the phosphorylation level of 
FAK was detected using cell lysates collected 
after adhesion to FN at indicated times. As 
shown in Figure 2C, the response of the FN- 
induced activation of FAK was attenuated in 
Par cells, compared with Res cells. Consistently, 
immunofluorescence staining showed that a 
significant increase in both the size and inten-
sity of p-FAK in Res cells as compared to that in 
Par cells (Figure 2D, upper panel). Additionally, 
the formation of actin stress fibers was also 
more abundant in Res cells, as detected by 
phalloidin staining (Figure 2D, lower panel). 
Taken together, these observations indicate 
that cell-FN adhesion for migration is upregu-
lated in cisplatin resistant cells.

Upregulated integrin α5 affects the sensitivity 
of cisplatin in Res cells

FN is one of the extracellular matrix glycopro-
teins which binds to specific integrins and plays 
an important role in cell adhesion [33]. To iden-
tify which integrin subunit was responsible for 
the enhanced adhesion and migration of Res 
cells, we analyzed the expression of FN-ass- 
ociated integrins via qPCR analysis and found 
that integrin α5 was significantly upregulated 
more than 10-folds in Eca109-Res cells com-
pared to Par cells (Figure 3A). Western blot and 
FACS analysis were performed to further 
confirm the upregulated integrin α5 in the 
Eca109-Res cells (Figure 3B). Importantly, a 
similar result was observed in TE-1-Par and Res 
cells (Figure 3B). Thus, these data indicated 
that integrin α5 might be a key regulator 
involved in cisplatin resistance of ESCC cells. 
To test this hypothesis, we established integrin 
α5-knockdown (KD) Res cells and then restored 
α5 expression in the KD cells (Rescue) (Figure 
3C). As expected, α5-KD cells showed a signifi-
cant decrease in cell migration as compared 
with the Con cells, and restoration of α5 largely 
rescued this phenotype in both Eca109 and 
TE-1 cells (Figure 3D). To further study whether 
the cisplatin resistance is induced by the 
increased expression of α5, the sensitivity to 
cisplatin was measured. As shown in Figure 3E, 

silencing of α5 remarkably resensitize Res cells 
to cisplatin (Eca109, IC50=4.214/3.336 μM 
for α5-KD1/KD2; TE-1, IC50=4.37/2.696 μM 
for α5-KD1/KD2) compared with Con group 
(Eca109, IC50=33.71 μM; TE-1, IC50=27.47 
μM), and this effect can be largely abolished by 
restoration of α5 (Eca109, IC50=21.97 μM; 
TE-1, IC50=16.33 μM). Furthermore, FACS 
analysis also demonstrated that cisplatin 
induced more apoptosis in Res cells upon α5 
knockdown (Figure 3F). Importantly, the resto-
ration of α5 in the KD cells largely abolished 
the sensitivity. Together, these results suggest 
that α5 mediates the cisplatin resistance in 
ESCC cells. 

Integrin α5 regulates cisplatin-induced DNA 
damage through BARD1

Considering that the induction of DNA damage 
was one of the major prominent anticancer 
effects upon cisplatin treatment [9], we hypoth-
esized the effect of α5 on cisplatin resistance 
was mediated by DNA damage repair. We found 
that silencing of α5 endowed Res cells more 
sensitive to cisplatin-induced DNA damage, 
and restored α5 resensitized the cells to cispla-
tin, as reflected by the expression of γH2AX 
(Figure 4A). This means increased α5 contrib-
utes to DNA damage repair and further results 
in cisplatin resistant in ESCC cells. HR and 
NHEJ were two major pathways responsible for 
DNA repair, we then investigated the genes 
involved in these pathways. Subsequent qPCR 
results showed the mRNA levels of several 
repair-related genes, especially BARD1, were 
much higher in Res cells than that in Par cells 
(Figure 4B). Additionally, among these genes, 
only BARD1 and BRCA1 were significantly 
downregulated in α5-KD cells in presence of 
cisplatin, when compared to Res cells (Figure 
4B), indicating that α5 induces BARD1/BRCA1 
expression. Therefore, we hypothesized BARD1 
was the major downstream effector of α5 to 
regulate the cisplatin response. To test it, the 
effect of BARD1 on cisplatin resistance was 
assessed by cell viability assay, as shown in 
Figure 4C, overexpression of BARD1 in α5-KD2 
cells enable the Res cells to recapitulate the 
ability of resistance to cisplatin. Furthermore, 
the silencing of BARD1 reversed α5-induced 
resistance in Res cells, and this effect can be 
largely abolished by restoration of BARD1 
(Figure 4D). Collectively, these results indicate 
that α5 mediated-cisplatin resistance is at 
least partly through BARD1. 
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The fundamental roles of α5 in PI3K/AKT/
BARD1-induced DNA damage repair and α5 
inhibition restores the sensitivity to cisplatin in 
vitro and in vivo

To elucidate the potential mechanisms involved 
in the upregulation of BARD1 induced by α5 in 

Res cells, we compared the downstream signal-
ing of integrin α5 in Par and Res cells. As shown 
in Figure 5A, the phosphorylated levels of FAK, 
AKT, and Src were remarkably increased in Res 
cells, compared with Par cells, suggesting that 
the PI3K pathway was activated in Res cells. 
Given the evidence that PI3K/AKT participates 

Figure 3. The effect of upregulated α5 on the sensitivity of chemotherapy in Res cells. A. The mRNA levels of ITGA4, 
ITGA5, ITGA8, ITGAV, ITGB1, ITGB3, ITGB6 and ITGB7 in Eca109-Par and Res cells were determined by qPCR. The 
columns represented the fold increase of mRNA in Res cells as compared to Par cells. The quantitative data were 
obtained from three independent experiments. B. Cell lysates from indicated cells were immunoblotted by anti-β1 
and anti-α5 antibodies, GAPDH was used as a loading control (left panel). Indicated cells were collected and incu-
bated with anti-β1 (bold line) and anti-α5 (dotted line) or with anti-IgG antibody (grey shadow), followed by incubation 
with Alexa Fluor 647 goat anti-mouse IgG subjected to FACS analysis (right panel). C. Cell lysates from Con, α5-KD1, 
α5-KD2, α5-KD2+α5-Rescue Eca109 and TE-1 Res cells were immunoblotted with anti-α5 antibody, GAPDH was 
used as a loading control. D. The migration of indicated cells treated with or without cisplatin was determined by 
transwell assay. Representative photos were taken and then the migrated cells were counted. The quantitative data 
were obtained from three independent experiments (***, P < 0.001, by two-tail unpaired t-test). E. The viability 
curve of Con, α5-KD1, α5-KD2, α5-KD2+α5-Rescue Eca109 (left panel), and TE-1 (right panel) Res cells under 
different concentrations of cisplatin treatment. Data were represented as the means ± standard derivation (n=3). 
F. The apoptosis of Con, α5-KD1, α5-KD2, α5-KD2+α5-Rescue Eca109 and TE-1 Res cells treated with or without 
cisplatin for 48 h were detected by FACS analysis through AnnexinV-FITC/PI staining. The percentages of apoptotic 
cells were statistically analyzed as the means ± standard derivation of three independent experiments (n.s., P > 
0.05; ***, P < 0.001, by two-tail unpaired t-test).
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in chemoresistance via regulating the cell cycle, 
inhibiting apoptosis and upregulating DNA dam-
age repair associated genes, including BRCA1, 
BRCA2 and BARD1 [13, 34], we hypothesized 
that knockdown α5 reversed cisplatin resis-
tance through the down-regulation of BARD1 
might be due to the suppression of PI3K path-
way. To test this, anti-α5 blocking antibody and 
BKM120 (a pan PI3K inhibitor) were used to 
check whether they can overcome the cisplatin 
resistance in ESCC cells. As shown in Figure 
5B, both blocking α5 and inhibition of PI3K led 
to decreased BARD1 expression and increased 
γH2AX expression, which indicated the defi-
ciency of DNA damage repair in Res cells. 
Moreover, BKM120 can significantly inhibit not 
only the expression of pAKT, but also the levels 
of BARD1 (Figure 5B), confirming that the PI3K 
pathway is responsible for the upregulated 
BARD1 in Res cells. Furthermore, although 
both α5 and PI3K inhibition led the Res cells 
susceptible to cisplatin as reflected by cell via-
bilities and apoptosis, the effects of α5 inhibi-

tion group were more obvious (Figure 5C and 
5D), suggesting that α5 plays fundamental 
roles in DNA damage repair and re-sensitizing 
the Res cells to cisplatin. Moreover, we evalu-
ate the impact of α5 on cisplatin resistance in 
vivo. As the results shown in Figure 5E-G, cis-
platin treatment has no obvious effect on Res 
cells, however, knockdown of α5 rendered 
tumor xenografts significantly more sensitive to 
cisplatin, indicating that inhibition of α5 can 
also resensitize Eca109-Res cells to cisplatin in 
vivo. Taken together, our results highlight the 
vital roles of α5/PI3K/AKT/BARD1 in cisplatin 
resistance in ESCC cells. 

Discussion

A growing body of evidence implicated the inter-
action between members of the integrin family 
and ECM ligands induced intracellular signaling 
pathway was critical for cancer cell survival and 
chemoresistance [17, 31, 35]. In the present 
study, we found that integrin α5 and BARD1 

Figure 4. α5-mediated cisplatin resistant was through BARD1. A. Cell lysates of Con, α5-KD1, α5-KD2 and α5-
KD2+α5-rescue Eca109-Res cells treated with or without cisplatin for 48 h, then were immunoblotted by anti-
γH2AX and anti-H2AX antibodies. B. The mRNA levels of 53BP1, MDC1, BRCA1, BARD1, CHK1, CHK2, LIG4, RAD50, 
RAD51, RAD52, NHEJ1, XRCC3, XRCC4, XRCC5 and XRCC6 in Eca109-Par, Res, and Res-α5-KD2 cells treated with 
or without cisplatin were determined by qPCR. Graphic representation of the fold increases of mRNA in Res cells as 
compared to Par cells (gray column), and the effect of cisplatin in α5-KD2 Res cells compared to Res cells (dark col-
umn), respectively. The quantitative data were statistically analyzed as the means ± standard derivation (n=3, ***, 
P < 0.001, by two-tail unpaired t-test). C. Immunoblotting of α5 and BARD1 in Con, α5-KD2, and α5-KD2+BARD1-OE 
Eca109-Res cells, GAPDH used as a loading control (left panel). The cell viability under different concentrations of 
cisplatin treatment (0, 5, 20, 80 μM) for 48 h. Data were represented as the means ± standard derivation of three 
independent experiments (right panel). D. Immunoblotting of α5, BARD1 in Con, α5-OE, α5-OE+BARD1-KD1, α5-
OE+BARD1-KD2, and α5-OE+BARD1-KD1+BARD1-Rescue Eca109-Res cells, GAPDH was used as a loading control 
(left panel). The cell viability under different concentrations of cisplatin treatment (0, 10, 40, 160 μM) for 48 h. Data 
were represented as the means ± standard derivation of three independent experiments (right panel).
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were highly expressed in cisplatin resistant 
ESCC cell lines, which resulted in the activation 
of DNA damage repair and anti-apoptosis 
effects via FAK/PI3K/AKT signaling pathway. 
Blocking α5 attenuated signal transduction, 
reduced BARD1 expression and restored the 
sensitivity to cisplatin in vitro and in vivo.

Integrin α5β1, as a major FN receptor, was 
involved in the modulation of tumor progres-
sion, metastasis, and chemoresistance through 
the downstream signaling pathways and the 
cross-talk with receptor tyrosine kinases (RTKs) 
[17, 18]. Our data showed that the expression 
of α5 was significantly enhanced in Res cells 
compared with other integrin subunits, as 
expected, the Res cells exhibited a significant 
increase in FN-induced cell adhesive and 

migratory properties. Although it was difficult to 
exclude the possible involvement of other α 
subunits (e.g. αV) in drug resistance, the sensi-
tivity to cisplatin was significantly affected by 
knockdown or rescue α5 gene which provided 
evidence to some extent that α5 was of pivotal 
importance in this process. In line with our 
observations, Xie, et al. reported that upregu-
lated α5 promoted tumor progression and was 
an independent prognostic factor in ESCC [24], 
and Martinkova, et al. demonstrated that α5β1 
antagonists regulate chemotherapy-induced 
p53 signaling and decrease aggressiveness in 
glioblastoma cells [36]. These results suggest-
ed that upregulated α5 might be associated 
with malignant phenotype and cisplatin resis-
tance in ESCC cells. Furthermore, our results 
indicated that the resistance of ESCC cells to 

Figure 5. Inhibition of α5 restores the sensitivity to cisplatin in vitro and in vivo. (A) Cell lysates of Eca109-Par and 
Res cells were immunoblotted by anti-pFAK, anti-FAK, anti-pAKT, anti-AKT, anti-pSrc, and anti-Src antibodies. (B) 
Cell lysates of Eca109-Res cells treated with or without cisplatin, IgG (10 μg/ml), α5 blocking antibody (10 μg/ml), 
or BKM120 (0.5 μM) were immunoblotted by anti-γH2AX, anti-H2AX, anti-pAKT, anti-AKT, and anti-BARD1 antibod-
ies, GAPDH was used as a loading control. (C) The sensitivity of Res cells treated with IgG, α5 blocking antibody, or 
BKM120 to different concentrations of cisplatin for 48 h. Data were represented as the means ± standard deriva-
tion of three independent experiments. (D) The percentage of apoptotic cells of Eca109-Res cells treated with IgG, 
α5 blocking antibody, BKM120 and then treated with or without cisplatin for 48 h. The percentages of apoptotic 
cells were statistically analyzed as the means ± standard derivation of three independent experiments (n.s, P > 
0.05; ***, P < 0.001, by two-tail unpaired t-test). (E-G) Represent tumor images (E), tumor growth curves (F), and 
tumor weight (G, at day 30) of BALB/c-nude mice with subcutaneous injection of Con and α5-KD2 Eca109-Res 
cells with or without cisplatin treatment. Tumor volume was measured every 5 days after injection and the cisplatin 
(4 mg/kg) were intraperitoneally injected twice a week. Values are presented as the means ± standard derivation 
(n=5, **, P < 0.05, ***, P < 0.001 by two-tail unpaired t-test). Scale bar, 1 cm.
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cisplatin was mediated by α5-induced the sig-
nal axis consisting of FAK, Src and PI3K/AKT. 
Consistent with our observation, several stud-
ies have reported that integrins were involved 
in anti-apoptosis and chemotherapy via various 
mechanisms. For example, Aoudjit, et al. de- 
scribed the inhibitory effect of β1 in paclitaxel- 
and vincristine-induced apoptosis in breast 
cancer cells was mediated by activation of PI3K 
signaling, which prevented the downregulation 
of Bcl-2 [18]; Hodkinson et al. reported that 
α2β1, α3β1, α6β1, and αvβ1 mediated activa-
tion of PI3K signaling could override drug-in- 
duced apoptosis by preventing cell cycle arrest 
through downregulation of cyclins and promo-
tion the expression of p21 and p27 [37]; Cordes 
et al. reported attachment to FN and laminin 
protected lung cancer and breast cancer cells 
from cytotoxic drug ukrain- and radiation-
induced apoptosis [38]. Given the fact that the 
chemosensitivity mediated by integrins was 
majorly depended on PI3K signaling evens, it 
was necessary to identify whether these effects 
were targetable. Indeed, we found the resis-
tance to cisplatin in ESCC cells can be more 
effectively overcome by inhibition of α5 as com-
pared to the PI3K inhibitor, which means dis-
ruption of α5-mediated cell adhesion and sig-
naling appears to be a key event in the restora-
tion of cisplatin sensitivity. It was reasonable 
that integrin-mediated signaling events were 
critical for cell adhesion, invasion and survival 
in different death factors-induced incidences 
[39, 40], however, detail mechanisms are 
required for better understanding of α5 in mod-
ulating cisplatin sensitivity.

Considering cisplatin was a DNA-damaging 
drug and also our data showed that knockdown 
α5 can promote cisplatin-induced apoptosis 
and inhibit the PI3K/AKT signaling, we specu-
lated that the development of cisplatin resis-
tance was caused by enhanced DNA damage 
repair and anti-apoptosis abilities. In agree-
ment with this hypothesis, previous reports 
showed integrins provided survival advantage 
against death receptors, such as Fas- and 
TRAIL-mediate cell apoptosis, which was impor-
tant for cancer immune escape and chemo-
therapy [41, 42]. Our data also showed the 
attachment of α5 to FN induced FAK/PI3K/AKT 
signaling pathway which contributed to the 
upregulation of BARD1 and apoptosis induced 
by cisplatin. It is worth noting that BARD1 was 
significantly increased in Res cells as com-

pared with other DNA damage repair associat-
ed genes including BRCA1. Therefore, we spec-
ulated BARD1 might be the major effector 
involved in the cisplatin resistance in ESCC 
cells. It was conceivable since BARD1 acts as a 
tumor suppressor in a BRCA1-dependent or 
independent manner. Briefly, in addition to 
forming a heterodimer with BRCA1 to partici-
pate in DNA damage repair [43], BARD1 can 
also control apoptosis and stabilize p53 by 
directly binding with it or other oncogenic path-
way proteins including BCL3, and poly (ADP-
ribose) (PAR) [44-46]. Another explanation 
might be the expression patterns during the 
cell cycle of the two proteins were different. 
BARD1 gradually increased in cell cycle and 
mostly expressed in mitosis, while the maximal 
levels of BRCA1 occurred during S-phase [47]. 
Taken together, the possibility to explain the 
fundamental roles of BARD1 in ESCC chemore-
sistance was that BARD1 exerts its DNA dam-
age repair and pro-apoptosis functions by form-
ing a complex with BRCA1 in S phase and in a 
BRCA1-independent manner in mitosis. Fur- 
ther evidence is needed for confirming the 
hypothesis. 

PI3K/AKT/mTOR signaling cascade plays a cen-
tral role in governing several key cellular pro-
cesses, such as cell growth, survival, and apop-
tosis [15]. We showed that the expression level 
of BARD1/BRCA1 was increased and PI3K/AKT 
was activated in Res cells, which implicated in 
the cisplatin resistance in ESCC cells. Con- 
sistently, previous reports showed that activat-
ed PI3K pathway is responsible for the en- 
hanced BARD1/BRCA1/2 via mitogen-activat-
ed protein kinase/extracellular regulated kin- 
ase (MAPK/ERK), inhibiting PI3K significantly 
decreased the complex expression, impaired 
the HR repair and thus resensitized the tumor 
to chemotherapy [13, 14]. These results above 
confirmed the implication of integrin/PI3K/AKT 
signaling in both cell survival and chemoresis-
tance was a general complicity phenomenon in 
ESCC cells.

In summary, the current study delineated the 
mechanisms of upregulated α5 implicated in 
cisplatin resistant in ESCC cells. α5 regulated 
chemoresistance by promoting the hyperacti-
vation of PI3K/AKT signaling for cell survival 
and upregulated BARD1 to enhance DNA dam-
age repair. Moreover, blocking α5 can re-sensi-
tive the Res cells to cisplatin. Our results sug-
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gested that α5 might be a potential novel bio-
marker for predicting cisplatin response and 
anti-α5 therapy was worth considering to over-
come cisplatin resistance in ESCC.
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