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Abstract. The migration of lens epithelial cells towards the 
posterior capsule is a key event in the development of poste-
rior capsule opacification (PCO). Accumulating evidence has 
described crosstalk between growth factors and adhesive 
signaling pathways in wound healing and cell migration. 
The aim of the present study was to elucidate an aberrant 
transforming growth factor (TGF)‑β2 signaling pathway 
that regulated the migration of lens epithelial cells in the 
pathological context of PCO. The expression of fibronectin, 
focal adhesion kinase (FAK) and phosphorylated (p)‑FAK in 
HLE‑B3 cells following TGF‑β2 treatment was determined 
by western blot analysis and the expression of integrin α5β1 
was detected by flow cytometry. Cell migration capacity 
was measured by wound healing and Transwell assays in the 
presence of 1,2,4,5-tetraaminobenzene tetrahydrochloride, 
a selective FAK inhibitor, fibronectin small interfering 
RNA interference, arginylglycylaspartic acid peptides or 

α5β1‑integrin neutralizing antibodies. The 1,2,4,5‑tetraami-
nobenzene tetrahydrochloride was administered daily to 16 
rabbits following cataract surgery. Fibronectin and TGF‑β 
expression were increased in the PCO group, demonstrated by 
immunofluorescence assays. PCO grading was conducted by 
slit-lamp biomicroscopy and evaluation of posterior capsule 
opacification software. It was observed that TGF‑β2 promoted 
HLE‑B3 cell migration and upregulated fibronectin expression, 
which was followed by an increased phosphorylation of FAK. 
In addition, TGF‑β2 treatment and fibronectin surface coating 
significantly increased cell migration and FAK activation, 
which was inhibited by disrupting fibronectin‑integrin α5β1 
interaction with the arginylglycylaspartic acid peptide, 
α5β1‑integrin neutralizing antibody or fibronectin depletion. 
Finally, suppression of FAK signaling by its inhibitor signifi-
cantly decreased cell migration in vitro and attenuated PCO 
development in vivo. In summary, TGF‑β2 was indicated to 
promote the migration of lens epithelial cells through the 
TGF‑β2/fibronectin/integrin/FAK axis. Inhibition of FAK 
activity decreased TGF‑β2-mediated cell migration in vitro 
and improved the symptoms of PCO in a rabbit model.

Introduction

Cataracts affect millions of patients worldwide, a significant 
proportion of whom achieve good visual restoration through 
surgical intervention. However, remnant lens epithelial 
cells (LECs) may proliferate, transdifferentiate and undergo 
a wound healing response driven by continuous pathological 
factors caused by surgery, including cascade reactions. The 
residual LEcs migrate towards the posterior capsule, prolif-
erate abnormally and secrete extracellular matrix (ECM), 
causing obscuration of the central visual axis and a secondary 
loss of vision, referred to as posterior capsule opacifica-
tion (PCO) (1,2). A thorough mechanistic understanding of 
PCO is crucial for the prevention and identification of effective 
treatment options for this condition.
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A variety of structural and signaling proteins have been 
demonstrated to facilitate PCO development: Transforming 
growth factor (TGF)‑β expression is increased in response to 
injury (3) and it has been demonstrated that TGF‑β not only 
induces epithelial‑to‑mesenchymal transition (EMT) in LECs, 
but also regulates cell migration, which are each considered 
key events in the initiation of PCO (4). In addition to the 
canonical Mothers against decapentaplegic signaling pathway, 
which mediates essential functions of TGF‑β, non-canonical 
signaling pathways also exist and are involved in cell type- or 
process‑specific events (5). Accumulating evidence indicates 
the presence of crosstalk between growth factors and adhe-
sive signaling pathways. Firstly, TGF‑β may regulate integrin 
signaling through physical interaction between TGF‑β recep-
tors (TGF‑βR) and integrins (6), stable interactions between 
the Type II TGF‑β receptor (TβRII) and α5β1 integrin have 
also been described in rapid fibrillogenesis (7), and the asso-
ciation of integrin αvβ3 with TGF‑βR has been suggested to 
enhance TGF‑β-induced invasion of breast cancer cells and 
contribute to abnormal wound healing in lung fibroblasts (8,9). 
Secondly, TGF‑β may upregulate integrin expression: TGF‑β 
signaling increased α5β1 integrin expression in keratinocytes 
during wound healing and promoted carcinoma cell migra-
tion (10). Finally, TGF‑β may indirectly regulate the integrin 
signaling pathway by modulating the ECM: TGF‑β signaling 
exerts critical effects on the expression of genes encoding EcM 
components (6). In response to TGF‑β stimulation, fibronectin 
is produced and assembled into fibers that are connected with 
the terminal portion of α-smooth muscle actin-positive stress 
fibers through focal adhesion (11). TGF‑β1-induced phosphory-
lation of focal adhesion kinase (FAK) only occurs when cells 
adhere to fibronectin secreted by TGF‑β‑stimulated cells (12). 
Following cataract surgery, increased levels of active TGFβ2 
are present in the aqueous humor (13,14) and induce aberrant 
expression of ECM proteins, including fibronectin (15). While 
it has been hypothesized that the microenvironment in certain 
disease states may alter integrin function and facilitate PCO 
development (16), the underlying mechanism remains unknown.

FAK serves a key role in normal cell migration and is 
implicated in the metastasis of a wide variety of human cancer 
cells, including hepatocellular carcinoma cells (17), GS‑Tg 
microglia (18), glioblastoma cells (19) and breast cancer 
cells (20). Upon extracellular stimuli, FAK is activated by 
phosphorylation and initiates a signaling cascade that promotes 
cell migration (21). Previous studies have demonstrated that 
FAK is required for TGF‑β-induced EMT in hepatocytes and 
lung fibroblasts (12,22). The downregulation of FAK abrogates 
platelet-derived growth factor-BB-stimulated cell migra-
tion and cell motility toward fibronectin and collagen (23). 
However, at present, the role of FAK in TGF‑β2-induced 
human LEC migration in PCO has not been investigated.

Integrin signaling mediates important functions of TGF‑β, 
including cell adhesion and migration (24). The aim of the 
present study was to investigate the crosstalk between integrins 
and TGF‑β2 signaling, and the role of FAK in the context of 
PCO, in order to determine whether TGF‑β2 interacts with 
integrin/FAK by regulating fibronectin expression, and whether 
inhibition of FAK activity decreases TGF‑β2-enhanced 
cell migration in vitro. The efficacy of FAK inhibition in 
improving the symptoms of PCO was also investigated in a 

rabbit model. The present results demonstrate that TGF‑β2 
promotes the migration of lens epithelial cells through the 
TGF‑β2/fibronectin/integrin/FAK axis and inhibition of 
FAK activity decreases TGF‑β2‑mediate cell migration; thus 
improving the symptoms of PCO in a rabbit model.

Materials and methods

Cell culture and reagents. HLE-B3 cells were obtained from 
American Type Culture Collection (ATCC; Manassas, VA, 
USA) and cultured in Eagle's Minimum Essential Medium 
(EMEM; ATCC) supplemented with 20% fetal bovine serum 
(Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) 
and 1% penicillin‑streptomycin. The cells were cultured at 37˚C 
in a humidified atmosphere containing 5% CO2, and the culture 
medium was changed every 2 days. Cells were used between 
passages 2 and 8 for all experiments. Recombinant human 
TGF‑β2 was purchased from PeproTech, Inc. (Rocky Hill, 
NJ, USA) and FAK inhibitor‑1,2,4,5‑tetraaminobenzene tetra 
hydrochloride which prevents FAK autophosphorylation at 
Tyr397, was obtained from Santa Cruz Biotechnology, Inc. 
(Dallas, TX, USA). The α5β1-integrin neutralizing antibody 
was purchased from EMD Millipore (Billerica, MA, USA).

Cell treatment. HLE-B3 cells were treated with different doses 
(0, 0.1, 0.5, 1, 5 and 10 ng/ml) of TGF‑β2 for 48 h at 37˚C, or for 
various times (0, 24, 48, 72 h) at a concentration of 10 ng/ml. 
HLE‑B3 cells were otherwise seeded on fibronectin‑ (Advanced 
Biomatrix, Inc., San Diego, CA, USA; cat. no. 0505; 1:10), 
collagen‑ (Advanced Biomatrix, Inc.; cat. no. 5007; 1:30) or 
polylysine‑coated surfaces (Sigma‑Aldrich; Merck KGaA, 
Darmstadt, Germany; cat. no. P4707, 1:10) for 1 h at 37˚C; 
and were then treated with 1,2,4,5-tetraaminobenzene tetra-
hydrochloride (1 µM, 2 µM) for 12 h at 37˚C prior to TGF‑β2 
(10 ng/ml) for an additional 48 h.

Western blot analysis. Following treatment, cell culture 
medium was removed, the HLE-B3 cells were washed and 
whole‑cell lysates were harvested by 1X loading buffer (diluted 
from 2X Laemmli sample buffer; Bio‑Rad Laboratories, Inc., 
Hercules, CA, USA). Bicinchoninic acid assay was used to 
quantify the protein concentration and 20 µg per lane was 
loaded to 8% SDS‑PAGE gels and then electrotransferred 
onto polyvinylidene fluoride membranes. The membranes 
were blocked with 5% bovine serum albumin (BSA; Thermo 
Fisher Scientific, Inc.) for 1 h at room temperature, and then 
incubated with primary antibodies overnight at 4˚C. Primary 
antibodies against fibronectin (Santa Cruz Biotechnology, 
Inc.; cat. no. Sc‑9068), phosphorylated FAK (Cell Signaling 
Technology, Inc., Danvers, MA, USA; cat. no. 3283s), FAK 
(Cell Signaling Technology, Inc.; cat. no. 13009) and β-actin 
(Sigma‑Aldrich; Merck KGaA; cat. no. A2066) were diluted 
in TBS with 0.1% Tween‑20 (TBST) at a dilution of 1:1,000. 
Following washing, the membranes were incubated with 
a horseradish peroxidase‑conjugated secondary antibody 
(Sigma‑Aldrich; Merck KGaA; cat. no. AP156P; 1:1,000) 
at room temperature for 1 h. The results of the western blot 
analysis were visualized using enhanced chemiluminescence 
substrate solution (Genshare Biological, Shaanxi, China) 
and the protein expression levels were measured using 



INTERNATIONAL JOURNAL OF MOLEcULAR MEdIcINE  42:  3591-3601,  2018 3593

densitometry with ImageJ 1.50i software (National Institutes 
of Health, Bethesda, MD, USA).

Flow cytometry analysis. The HLE-B3 cells were collected 
from the culture following treatment with TGF‑β2 (10 ng/ml) 
for different time intervals (0, 24, 48 and 72 h), resuspended 
at a concentration of 4x106 cells/ml in complete medium and 
washed three times with washing buffer (PBS containing 
2% BSA and 0.05% NaN3). Subsequently, the cells were 
blocked in 100 µl blocking buffer [1X PBS with 2% fetal bovine 
serum and 1:10,000 IgG (Thermo Fisher Scientific, Inc.; cat. 
no. NB410280885)] for 15 min. The α5β1-integrin neutralizing 
primary antibody (cat. no. MAB 1969; 1:100) was added and 
incubated on ice (4˚C) for 1 h. Subsequent to washing twice, 
the cells were resuspended with an Alexa Fluor‑conjugated goat 
anti‑mouse secondary antibody (Thermo Fisher Scientific, Inc.; 
cat. no. A28175; 1:400) for 30 min on ice. The cells were washed 
twice with PBS and fixed at room temperature in 500 µl 4% form-
aldehyde for 30 min prior to analysis via flow cytometry on 
a CytoFLEX system (Beckman Coulter, Inc., Brea, CA, USA).

Wound healing assay. cell culture dishes were coated with 
fibronectin (50 µg/ml) at 4˚C overnight. To create a cell‑free 
gap, the Ibidi Culture‑Insert from Ibidi GmbH (Martinsried, 
Germany) was used according to the manufacturer's protocol, 
as the regular scratch method was hypothesized to disrupt the 
fibronectin on the dish surface. HLE‑B3 cells were incubated 
with arginylglycylaspartic acid (RGD) peptide (50 µg/ml) or the 
aforementioned α5β1‑integrin neutralizing antibody (1:100) 
for 1 h. An HLE‑B3 cell suspension (70 µl) at 3x105 cells/ml 
was seeded in the designated areas and then cultured at 37˚C 
for 24 h to form a confluent layer. Following gentle removal of 
the Culture‑Insert Well, non‑adherent cells were washed away 
by PBS and cell‑free medium (2 ml) was added. The cells 
were incubated at 37˚C for an additional 24 h and images were 
captured at the indicated times (0, 6, 12 and 24 h). The wound 
area was analyzed using ImageJ 1.50i software.

Small interfering RNA (siRNA) knockdown and cell 
migration assay. Fibronectin siRNAs were obtained from 
Shanghai GenePharma Co., Ltd. (Shanghai, China). Briefly, 
1.5x105 HLE-B3 cells were seeded into 6-well plates, and 
transfected 24 h later with 1.25 µl fibronectin siRNAs 
(Sangon Biotech Co., Ltd., Shanghjai, China; 20 µm) for 
48 h using RNAiMAX transfection reagents (Thermo Fisher 
Scientific, Inc.) according to the manufacturer's protocol. 
The sequence of fibronectin siRNA was 5'‑GCA CAA 
CUU CGA AUU AUG ATT‑3', and that of the non‑specific 
scrambled siRNA (niR16) of a similar length was 5'‑AAU 
AUU GGC GUU AAG AUU CUA‑3'. Following siRNA trans-
fection, HLE‑B3 cells were exposed to TGF‑β2 (10 ng/ml) 
for 48 h prior to seeding onto costar Transwell permeable 
chambers (Corning Incorporated, Corning, NY, USA) with 
an 8.0 µm polycarbonate membrane pore size in 24‑well 
plates. Complete EMEM (1 ml) was placed in the basolateral 
chamber, and 200 µl cell resuspension in serum‑free medium 
was placed in the upper chamber. Cells were incubated at 
37˚C for an additional 24 h and fixed at room temperature 
with 4% paraformaldehyde for 10 min. The cells were subse-
quently stained with 0.5% crystal violet solution for 5 min at 

room temperature and then washed with PBS 3 times. Light 
microscopy images were captured at a magnification of x20. 
The total number of cells that had migrated to the lower side 
of the membrane was quantified.

In vivo animal cataract surgery model. A total of 16 male 
Chinese white rabbits (provided by Animal Experimentation 
Center Affiliated to the Medical School of Xi'an Jiaotong 
University, Xi'an, China; maintained at 25˚C with 0.04% 
cO2 and food and water provided ad libitum), aged 3 months 
and weighing 2.0±0.2 kg, were used in the present study. 
All animal experiments complied with the ARRIVE 
guidelines (25) and the 2013 AVMA Guidelines for the 
Euthanasia of Animals (26) and were approved by the 
Animal Experimentation Center Affiliated to the Medical 
School of Xi'an Jiaotong University. Pre‑examination was 
conducted on the rabbits under a slit lamp to ensure that 
they were eye disease‑free. Phacoemulsification and surgery 
were performed on the right eye of each rabbit by the same 
senior surgeon who was blinded to the treatment groups. The 
animals in the control (n=8) and experimental groups (n=8) 
were administered topical steroid drops containing 3.5% 
lidocaine hydrochloride ophthalmic solution (Akorn, Inc., 
Lake Forest, IL, USA) to control postoperative inflammation 
and daily subconjunctival injection of abstractum: Epineph-
rine and cyclopentolate hydrochloride (Tianjin Jinyao Amino 
Acid Co., Ltd., Tianjin, China; 1:1) to maintain pupil dilation. 
As there was a high circulation rate in the aqueous humor and, 
therefore, the drug was rapidly diluted by intraocular injec-
tion. Daily drug delivery was performed by subconjunctival 
injection of 10 µl dimethyl sulfoxide (DMSO) in the control 
group and 10 µl 1,2,4,5‑tetraaminobenzene tetrahydrochlo-
ride (10 µM) in the treatment group for 60 days. Anterior 
chamber inflammatory reaction grading was conducted as 
previously described (27). PCO development grading was 
performed by slit lamp microscopy (clinical scoring was 
based on the combination of the area and severity of the 
opacity (28) and evaluation via EPCO2000 posterior capsule 
opacification software (http://www.epco2000.de/) (27). 
Images were captured using retroillumination. All the PCO 
images were graded by an experienced ophthalmologist 
twice, with an interval of 1 week. The rabbits were eutha-
nized on the 60th day.

Surgical procedures. All surgical procedures were performed 
under general anesthesia by injecting sodium pentobarbital 
(30 mg/kg intravenously) from the ear base and topical 
anesthesia by administering 3.5% lidocaine hydrochloride 
ophthalmic solution to the eye surface. Pupil dilation was 
achieved by application of 1% cyclopentolate hydrochloride 
30 min prior to surgery, and the eyelids were retracted with a 
wire lid speculum. A 3.0 mm blade was used to make a small 
corneal incision, and sodium hyaluronate was injected into the 
anterior chamber to fill the opening and protect the corneal 
endothelium. Continuous curvilinear capsulorhexis was then 
performed, and cortical materials and the nuclei were removed 
by phacoemulsification. Repeated irrigation and aspiration 
were performed to remove all cortical materials, which was 
followed by implantation of an intraocular lens (Oculens; Rafi 
Systems Inc., Diamond Bar, CA, USA) in the capsular bag.
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Immunofluorescence. The lens capsule was dissected from 
the post‑operative rabbits and then fixed at room temperature 
for 2 h in 4% paraformaldehyde. Lens were then incubated in 
20% sucrose overnight at 4˚C and frozen in Optimal Cutting 
Temperature compound (Thermo Fisher Scientific, Inc.). 
Cryosections (10 µm) were then produced for an immuno-
fluorescence assay. For this assay, sections were blocked at 
room temperature for 1 h using blocking solution (2% goat 
serum, 1% BSA and 0.25% Triton X‑100). Primary anti-
bodies including anti‑fibronectin antibody (Sigma‑Aldrich; 
Merck KGaA; cat. no. F0791) and anti‑TGF‑β antibody (Abcam, 
Cambridge, UK; cat. no. ab113670) were used, and fluorescein 
isothiocyanate‑conjugated goat anti‑mouse antibody (Jackson 
ImmunoResearch Laboratories, Inc., West Grove, PA, USA; 
cat. no. 115096146; 1:500) and Alexa Fluor® 647‑conjugated 
goat anti‑rabbit antibody (Jackson ImmunoResearch. Inc. PA, 
USA; cat. no. 111606003, 1:500) for were applied as secondary 
antibodies for fibronextin and TGF‑β, respectively. Sections 
were then mounted with Vectasheild mounting media with 
DAPI and examined using a Zeiss confocal microscope (Zeiss 
AG, Oberkochen, Germany) at a magnification of x10.

Statistical analysis. The data are presented as the mean ± stan-
dard error of the mean of at least three repeats. A one‑way 
analysis of variance followed by Least Significant Difference 
post-hoc-test was used to compare mean difference among 

multiple groups. The mean differences from two groups 
were analyzed by a paired Student's t‑test. All statistical 
analyses were conducted using GraphPad Prism 6.0c software 
(GraphPad Software, Inc., La Jolla, CA, USA). P<0.05 was 
considered to indicate a statistically significant difference.

Results

TGF‑β2 promotes the migration of LECs and enhances 
fibronectin expression. Migration of LEcs to the posterior 
pole of the lens capsule is an essential step during the 
development of PCO (29). TGF‑β2 has been demonstrated 
to be a pro‑migratory factor for a number of cell types (30). 
TGF‑β2 has also been used to treat human lens epithelial 
cells to promote epithelial‑mesenchymal transition and PCO 
progression (31). In the present study, HLE‑B3 cells were 
treated with different doses (0, 5 and 10 ng/ml) of TGF‑β2 
for 48 h and cell migration was analyzed with the Transwell 
assay. TGF‑β2 was demonstrated to promote HLE-B3 cell 
migration in a dose‑dependent manner (Fig. 1A and B). The 
expression of fibronectin, an EcM component implicated 
in cell migration, was also analyzed by western blot 
analysis. TGF‑β2 induced fibronectin expression dose‑ and 
time‑dependently (Fig. 1C‑F). Therefore, TGF‑β2 increased 
the migration capacity of HLE-B3 cells and induced the 
expression of fibronectin.

Figure 1. TGF‑β2 promotes the migration of lens epithelial cells and increases Fn expression. (A) HLE‑B3 cells were treated with TGF‑β2 (0, 5 and 10 ng/ml) 
for 48 h prior to Transwell assay. Staining with crystal violet solution was used to visualize cells. Scale bar=100 µm. (B) TGF‑β2 promoted cell migration 
in a dose‑dependent manner. (C) HLE‑B3 cells were treated with TGF‑β2 at the indicated concentrations for 48 h and examined by western blot analysis. 
(D) Quantification of the western blot analysis results. (E) HLE‑B3 cells were treated with TGF‑β2 (10 ng/ml) for 0, 24, 48 and 72 h, and examined by western 
blot analysis. (F) Quantification of the western blot analysis results. A one‑way analysis of variance followed by a Least Significant Difference post‑hoc‑test 
was used to compare mean differences from multiple groups. Data from three independent experiments are presented as means ± standard error of the mean. 
*P<0.05, **P<0.01 and ***P<0.001. TGF‑β2, transforming growth factor-β2; HLE, human lens epithelial cells; Fn, fibronectin.
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Fibronectin is required for the pro‑migration effect of TGF‑β2 
on HLE‑B3 cells. TGF‑β2-enhanced migration of HLE-B3 
cells is associated with upregulated fibronectin expression (32). 
Therefore, the present study aimed to investigate whether 
fibronectin mediated the pro‑migration function of TGF‑β2. 

The role of fibronectin in cell migration was first examined by 
wound healing assay. The rate of wound closure was signifi-
cantly increased in the presence of fibronectin (Fig. 2A and B). 
Additionally, disruption of the binding of fibronectin to its 
receptor, α5β1‑integrin, with the RGD peptide or α5β1-integrin 

Figure 2. Fn is required for the pro‑migration effect of TGF‑β2 on HLE‑B3 cells. HLE‑B3 cells were pre‑treated with RGD peptide (50 µg/ml) or α5β1-integrin 
blocking antibody (1:100) for 1 h prior to seeding on the culture surface coated with Fn (50 µg/ml) for 24 h, allowing cell attachment and recovery. Images were 
captured at the indicated time points. (A) Wound healing at 0 and 24 h. The wound area was measured and analyzed with ImageJ software. (B) The relative 
wound area (remaining wound area/total) is presented in the line graph. A larger wound ratio indicated slower wound closure and there was a significant 
difference at 24 h. (C) HLE‑B3 cells were cultured to 30% confluence and then continuously exposed to control siRNA or Fn siRNA for 48 h prior to treat-
ment with 10 ng/ml TGF‑β2 for an additional 48 h. The cells were the collected to perform (C) western blot analysis or (D) Transwell assay for 24 h. Scale 
bar=100 µm. (E) Quantification of the Transwell assay results. A one‑way analysis of variance followed by a Least Significant Difference post‑hoc‑test was 
used to assess mean differences from multiple groups. Data from three independent experiments are presented as means ± standard error of the mean. *P<0.05; 
**P<0.01, ***P<0.001 and ****P<0.0001. TGF‑β2, transforming growth factor-β2; HLE, human lens epithelial cells; Fn, fibronectin; RGD, arginylglycylaspartic 
acid; siRNA, small interfering RNA; ctrl, control.
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neutralizing antibody, inhibited the migration-promoting effect 
of fibronectin, indicating that fibronectin serves an important 
role in the migration of HLE‑B3 cells. It was then determined 
whether TGF‑β2-induced cell migration is dependent on the 
upregulation of fibronectin. siRNA was used to knock down 
fibronectin expression in HLE‑B3 cells. As demonstrated in 
Fig. 2C, siRNA effectively depleted basal and TGF‑β2-induced 
expression of fibronectin. Notably, fibronectin knockdown 
almost completely inhibited TGF‑β2-induced cell migration 
(Fig. 2D and E), confirming that this effect of TGF‑β2 is depen-
dent on the upregulation of fibronectin.

FAK is the downstream effector of the TGF‑β2/fibronectin 
axis. FAK is required for the signaling cascade initiated by 

the interaction between integrins and EcM proteins, which 
also promotes cell migration (21). To investigate whether FAK 
was the downstream effector of the TGF‑β2/fibronectin axis, 
HLE‑B3 cells were first treated with different doses (0, 0.1, 0.5, 
1, 5 and 10 ng/ml) of TGF‑β2 and FAK activity was analyzed 
by western blot analysis. TGF‑β2 dose-dependently activated 
FAK, as reflected by the phosphorylation of FAK at Y397 after 
48 h of treatment (Fig. 3A and B). Notably, the activation of 
FAK by TGF‑β2 was a delayed event, as the increase in FAK 
phosphorylation was not detected before 24 h of treatment (data 
not shown). To assess whether FAK activity is required for the 
pro‑migration effect of TGF‑β2, FAK activity was blocked 
using the FAK inhibitor, 1,2,4,5‑tetraaminobenzene tetrahy-
drochloride. Treatment with FAK inhibitor at a non‑toxic dose 

Figure 3. FAK is the downstream effector of the TGF‑β2/Fn axis. (A) HLE‑B3 cells were treated with TGF‑β2 at the indicated concentrations for 48 h, and 
examined using western blot analysis. (B) Quantification of the western blot analysis results. The HLE‑B3 cells were then treated with 1,2,4,5‑tetraaminoben-
zene tetrahydrochloride for 12 h prior to TGF‑β2 (10 ng/ml) for an additional 48 h, and then examined by (C) western blot analysis and (D) Transwell assays. 
Scale bar=100 µm. (E) Quantification of the Transwell assay results. (F) The HLE‑B3 cells were seeded on culture surfaces coated with Fn (50 µg/ml), Poly‑L 
or Col (50 µg/ml) for 1 h and then collected for western blot analysis to investigate the levels of p‑FAK. (G) Quantification of the western blot analysis results. 
(H) Western blot analysis indicated that knockdown of Fn by siRNA decreased the activation of FAK by TGF‑β2. (I) Quantification of the western blot analysis 
results. A one‑way analysis of variance followed by a Least Significant Difference post‑hoc test was used to assess mean differences from multiple groups. Data 
from three independent experiments are presented as means ± standard error of the mean. *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001. FAK, focal adhesion 
kinase; TGF‑β2, transforming growth factor-β2; HLE, human lens epithelial cells; p, phosphorylated; Fn, fibronectin; FAKi, FAK inhibitor; Col, collagen; 
Poly‑L, polylysine; siRNA, small interfering RNA.
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(1‑2 µM) efficiently inhibited FAK Y397 phosphorylation and, 
notably, decreased the migration capacity of HLE-B3 cells 
(Fig. 3C‑E). These results indicated that FAK serves as a down-
stream target of TGF‑β2 to promote cell migration. As FAK 
signaling is activated upon the binding of EcM proteins with 
their cell surface binding partners, integrins, it was hypoth-
esized that the TGF‑β2-induced expression of fibronectin 
may participate in the activation of FAK. Indeed, HLE‑B3 
cells seeded on the culture surface coated with fibronectin 
exhibited markedly increased levels of FAK phosphorylation 
compared with cells seeded on collagen- or polylysine-coated 
surfaces (Fig. 3F and G). Conversely, knockdown of fibro-
nectin significantly decreased the activation of FAK by 
TGF‑β2 (Fig. 3H‑I). Taken together, these results confirmed 

the presence of a TGF‑β2/fibronectin/FAK signaling axis in 
the migration regulatory network of the HLE‑B3 cells.

Integrin α5β1 mediates FAK activation by fibronectin in HLE‑B3 
cells. Integrin α5β1 is a major binding partner and signal trans-
ducer of fibronectin in several types of cells (33). Flow cytometry 
was used to investigate the expression of α5β1-integrin in 
HLE‑B3 cells. Integrin α5β1 is highly expressed on the surface of 
HLE‑B3 cells, and treatment with TGF‑β2 for various time inter-
vals (24‑72 h) did not affect the levels of α5β1 integrin on the cell 
surface (Fig. 4A). To determine the significance of α5β1 integrin 
in fibronectin‑induced phosphorylation of FAK, HLE‑B3 cells 
were pretreated with an α5β1 integrin neutralizing antibody for 
1 h prior to seeding on a culture surface coated with fibronectin. 

Figure 4. Integrin α5β1 mediates FAK activation by Fn in HLE‑B3 cells. HLE‑B3 cells were treated with transforming growth factor‑β2 (10 ng/ml) for various 
time intervals (0, 24, 48 and 72 h) and stained with α5β1 integrin antibody (1:100). (A) Flow cytometry was performed. HLE‑B3 were pretreated with anti‑α5β1 
integrin antibody (1:100) for 1 h and then seeded on a culture surface coated with fibronectin (50 µg/ml) or polylysine for 1 h. (B) Western blot analysis was 
performed to examine levels of p‑FAK. (C) Quantification of western blot analysis results. A one‑way analysis of variance followed by a Least Significant 
Difference post‑hoc‑test was used to assess mean differences from multiple groups. Data are presented as means ± standard error of the mean. *P<0.05 and 
**P<0.01. FAK, focal adhesion kinase; HLE, human lens epithelial cells; p, phosphorylated; FITC‑A, fluorescein isothiocyanate A; Fn, fibronectin.
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The western blot analysis results demonstrated that inactivation 
of α5β1 integrin inhibited fibronectin‑induced phosphorylation 
of FAK at Y397 (Fig. 4B and C). Therefore, while TGF‑β2 does 
not affect the surface expression of α5β1 integrins in HLE-B3 
cells, these integrins are mediators of fibronectin-dependent 
activation of FAK.

Inhibition of FAK activity attenuates PCO development 
in vivo. Considering the key role of FAK in TGF‑β2-enhanced 
cell migration, the present study aimed to investigate whether 
the inhibition of FAK activity prevented or delayed the develop-
ment of PCO in a rabbit model. Cataract surgery was performed 
to generate PCO models. To confirm the upregulation of TGF‑β 
and fibronectin in the rabbit model, immunofluorescence 
staining was performed, and clearly demonstrated increased 
TGF‑β and fibronectin levels in the PCO mild group but not 
in the clear group (Fig. 5). Subsequent to establishing the 
PCO model, rabbit eyes were subconjunctivally injected with 
FAK inhibitor or DMSO on a daily basis, and the in vivo 
toxicity and the effect on PCO development were monitored. 
Anterior chamber inflammatory reaction grading results are 
summarized in Table I. The results of PCO images grading 
by experienced ophthalmologist are presented in Table II. 
Notably, DMSO‑treated eyes developed PCO, as determined 

by opacification of the posterior capsule on day 60, while FAK 
inhibitor-treated eyes exhibited markedly less severe symp-
toms (Fig. 6). These results suggested that inhibition of FAK 
activity may attenuate PCO development in vivo.

Discussion

LEcs, functionally coupled to one another, regulate the 
majority of the homeostatic functions of the lens (34,35). 
Following cataract surgery residual aberrant epithelial cells 
in injured tissues trigger a dysregulated repair process, char-
acterized by cell migration towards the posterior capsule and 
ECM deposition, which results in secondary visual loss (36). 
TGF‑β2 is considered the most important cytokine responsible 
for this ectopic wound healing process (37). It was previously 
demonstrated that TGF‑β2 even participates in non-canonical 
pathways to amplify and accelerate PCO formation (38). 
Studies in humans and rodents demonstrate that TGF‑β 
levels become increased in the aqueous humor in response to 
trauma (39,40). In addition, it was identified that short intervals 
of exposure of TGF‑β2 may result in long-term changes to lens 
epithelial cells and their underlying matrix (41). Concurrently, 
CAT‑152 (a specific anti‑TGF‑β2 human antibody) is capable 
of suppressing the actions of TGF‑β2. A single application of 
an antibody similar to this at the time of surgery may there-
fore confer long-term protective effects to prevent sustained 
TGF‑β2 actions in PCO (41). A previous study also indicated 
that anti‑fibronectin antibodies may inhibit migration of LEC 
in patients (32). Combinational therapy that inhibits integrins 
and mitogenic growth factors appears to be promising for the 
prevention of PCO (42). In summary, the data from the present 
study indicated that, in the pathogenesis of PCO, fibronectin 
was an essential mediator in the crosstalk between integrins 
and TGF‑β signaling by the activation of FAK, and inhibi-
tion of FAK activity markedly decreased TGF‑β-induced cell 
migration and PCO formation in vitro and in vivo.

Combinatorial signaling involving integrin and TGF recep-
tors has been well established in fibrotic diseases and tumor 
metastasis (43‑45); however, whether they cooperate in the 
development of PCO and how they communicate remains 
unclear. In the present study, it was demonstrated that TGF‑β2 
activated FAK phosphorylation and promoted human LEC 
migration in a dose‑dependent manner. Inhibition of FAK 
activity by 1,2,4,5-tetraaminobenzene tetrahydrochloride, a 
selective FAK inhibitor, abrogated TGF‑β2-induced cell migra-

Table I. Anterior chamber inflammatory reaction grading following surgery.

 Treatments
 --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
 dimethyl sulfoxide, n  Focal adhesion kinase inhibitor, n 
 ---------------------------------------------------------------------------------------- ---------------------------------------------------------------------------------------
Grades day 1 day 7 day 14 day 1 day 7 day 14

None 0 0 6 0 1 7
Mild 1 3 1 0 3 1
Moderate 2 4 1 1 4 0
Severe 5 1 0 7 0 0

Figure 5. Immunofluorescence staining of lens capsule cryosections from 
non‑PCO and mild PCO rabbits. Red indicates TGF‑β staining; green 
represents Fibronectin staining and blue staining denotes DAPI staining 
(original magnification, x10). Yellow arrows indicate the posterior capsules. 
PCO, posterior capsule opacification.
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tion. This suggested that FAK signaling may be involved in 
TGF‑β2‑mediated disorders. Notably, FAK activation occurred 
in a delayed and cell adhesion-dependent manner: Only when 
human LEcs were treated with various concentrations of 
TGF‑β2 for 48 h was the phosphorylation of FAK detected and 
increased dose‑dependently. However, fibronectin may increase 
the FAK activity as soon as the cells adhere. This indicates 
that fibronectin may serve a mediating role in the crosstalk 
between integrins and TGF‑β signaling. A previous study 
identified that secreted fibronectin assisted ovarian cancer 
OvCa cells in establishing an initial metastatic colony (46). 
Secretion and polymerization of fibronectin in the ECM is 
required for promoting cell migration. This may explain why 
the activation of FAK was relatively delayed in the present 
study. Downregulation of fibronectin attenuated cell migration 
in gastric cancer (GC) cells (47). Furthermore, in late‑stage 
human colorectal cancer, fibronectin depletion significantly 
inhibited the migration of shARNT cells (48). In the present 
study, inhibition of fibronectin function by the RGD peptide 
attenuated cell adhesion and motility. Similarly, knockdown of 
fibronectin abolished TGF‑β2‑induced FAK activation and cell 
migration. These results are consistent with our hypothesis that 
the increased synthesis of ECM proteins by TGF‑β2 stimulation 
may also be involved in and amplify TGF‑β2-induced dysregu-
lation. Integrin α5β1 is a specific receptor for fibronectin that 
is highly expressed on human LECs. A previous study in 
human mesangial cells demonstrated that TGF‑β regulates 

integrins by increasing their expression level or upregulating 
their activity (49). In the present study, α5β1-integrin was not 
upregulated following TGF‑β2 treatment, but blocking the 
receptor with a neutralizing antibody significantly inhibited 
FAK activation by fibronectin. These results suggested that 
TGF‑β regulated integrin signaling by increasing the expres-
sion of its ligand, rather than the receptor itself.

Previously, FAK has been identified as a major drug target, 
and FAK‑targeting inhibitors have entered clinical trials in 
a wide range of human cancer types (50). The present study 
provided in vitro evidence that the inhibition of FAK activity 
abrogated TGF‑β2-induced cell migration in a dose-dependent 
manner. An in vivo rabbit model also demonstrated that daily 
subconjunctival injection of FAK inhibitor decreased PCO 
formation and limited its severity. A recent study indicated 
that deletion of Integrin β-1 triggers stress response and cell 
death (51). Inhibition of FAK is likely to exert a similar effect 
of deletion of Integrin β‑1. It may therefore by hypothesized 
that, compared with DMSO treated rabbit groups, LECs in 
FAK inhibitor (1,2,4,5‑tetraaminobenzene tetra hydrochlo-
ride) treated rabbits may undergo increased apoptosis and 
decreased migration. More detailed studies are required to 
address this. In summary, the data of the present study estab-
lished the central role of the TGF‑β2/fibronectin/integrin/FAK 
axis in the regulation of LEc migration, and provided novel 
insight into the potential application of FAK inhibitors in the 
prevention/treatment of PCO.
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