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Background: Esophageal squamous-cell carcinoma (ESCC) metastasis is the major cause

of death of this severe and common malignancy. Focal adhesion kinase (FAK) is one of the

key components of the focal adhesion complex, which is a multi-protein structure that

controls cell adhesion, migration and invasion and regulates tumor metastasis.

Purpose: To identify the roles and mechanisms of FAK in the regulation of Epithelial-to-

mesenchymal transition (EMT) of ESCC cells.

Methods: The expression of FAK and miR-4324 in both ESCC tissues and cells were

evaluated by qRT-PCR and Immunohistochemistry analysis. Dual luciferase assays were

performed for the confirmation of miR-4324’s specific binding to 3’UTR of FAK mRNA.

Besides, the trans-well assays and wound healing assays were employed to evaluate the

effects of FAK /miR-4324 axis on the EMT regulation of ESCC cells. Furthermore, the

relationship between miR-4374/FAK expression and clinical pathologic parameters & patient

survival were also statistically analyzed.

Results: In this study, we identified the upregulation of FAK and downregulation of miR-

4324 in both ESCC cells and tissues. Overexpression of miR-4324 mimic, which signifi-

cantly decreased cellular FAK levels, can impair the invasion potential and migration ability

of ESCC cells. Besides, co-transfection of FAK can attenuate the function of miR-4324

mimic. Further experimental results demonstrated that miR-4324 mimic remarkably down-

regulated epithelial-to-mesenchymal transition (EMT) phenotype, which can also be effec-

tively prevented by overexpressing FAK in ESCC cells. What’s more, low miR-4324 and

high FAK tissue levels have significant association with poor cell differentiation, tumor size

and invasion depth as well as overall number of metastatic lymph nodes. Patients with high

miR-4324 and low FAK levels in tumoral tissues lived longer than their counterparts,

respectively.

Conclusions: In conclusion, miR-4324/FAK axis could be a promising therapeutic target and

potential prognostic biomarker for ESCC, which deserves further investigation in the clinic.

Keywords: miRNA-4324, focal adhesion kinase, esophageal squamous-cell carcinoma,

epithelial-to-mesenchymal transition, cancer progression

Introduction
Globally, Esophageal carcinoma (EC) is the ninth most common malignancy

(with an age-standardized incidence rate of 6.3/100,000) and seventh leading

cause of cancer mortality (with an age-standardized mortality rate of 5.5/

100,000).1 According to estimates from the American Cancer Society (ACS),

the number of new EC cases and deaths in the United States will reach 17,650
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and 16,080 in 2019, respectively.2 People'sRepublic of

China owns the world’s highest incidence of EC, with

Esophageal squamous-cell carcinoma (ESCC) occupying

the vast majority (over 80%).3 Despite significant

advances in cancer diagnosis and treatment, the prog-

nosis of ESCC remains poor, with a 5-year survival rate

of <20%.4,5 The high morbidity and mortality of ESCC

are largely due to late diagnosis and rapid metastatic

spread in the clinic.6 Most patients are firstly diagnosed

with locally advanced or metastatic disease, lacking the

opportunity for radical resection.2,7 In addition, the

application of chemotherapy and radiotherapy is strongly

limited because of the severe and often intolerable side-

effects.8 Although a variety of dysregulated molecules

and potential targets of ESCC have gradually been char-

acterized, the molecular mechanism involved in tumor-

igenesis and progression remains complex and largely

unknown.9,10

Epithelial-to-mesenchymal transition (EMT) is

a pivotal step in the process of cancer metastasis, during

which non-invasive cancer cells lose epithelial phenotype

and acquire invasiveness.11 Hallmarks of EMT include the

dissolution of cell–cell contacts, downregulation of epithe-

lial markers (such as E-cadherin), increased levels of

mesenchymal characterizations (such as Vimentin and

N-cadherin) and induction of focal adhesion turnover,

etc.12 Focal adhesion kinase (FAK) is one of the key

components of the focal adhesion complex, which is

a multi-protein structure that connects the extracellular

matrix to the cytoskeleton of the cytoplasm, thus control-

ling cell adhesion, migration and invasion.13 Currently,

overexpression of FAK is reported to be correlated with

tumor invasiveness in several tumors, including hepatocel-

lular carcinoma,14 colorectal cancer,15 leukemia,16 breast

cancer,17 and lung adenocarcinoma18, etc. However, evi-

dence of FAK implication in the EMT and metastasis of

ESCC is limited.

Micro RNA (miRNA) is an endogenous small non-

coding RNA, which inhibits the expression of target

genes by inhibiting the translation or increasing the degra-

dation of mRNA, and plays a wide range of biological

functions in cell proliferation, apoptosis, invasion, differ-

entiation, and other important cellular processes.19 More

than 30% of human genes can be regulated by various

miRNAs, and it has been confirmed that abnormal miRNA

expression is involved in the tumorigenesis and develop-

ment of numerous malignancies.20,21

In this study, we identified that FAK, which is a direct

and important biological target of miRNA-4324 (miR-

4324), is remarkably overexpressed in both human ESCC

cells and tissues. And upregulation of miR-4324 can sup-

press the EMT through downregulating FAK in ESCC

cells. What is more, low miR-4324 and high FAK tissue

levels have significant association with poor cell differen-

tiation, tumor size and invasion depth as well as overall

number of metastatic lymph nodes. Patients with high

miR-4324 and low FAK levels in tumoral tissues lived

longer than their counterparts, respectively. In conclusion,

miR-4324/FAK axis could be a promising therapeutic tar-

get and potential prognostic biomarker for ESCC, which

deserves further investigation in the clinic.

Materials and methods
Cells, tissues and patients
TE-1 and Eca109 human ESCC cell lines and normal

human esophageal epithelial cells (HEECs) were pur-

chased from the American Type Culture Collection. All

the cells were maintained in DMEM (Thermo Fisher

Scientific, Carlsbad, USA) supplemented with 10% FBS

(Thermo Fisher Scientific, Carlsbad, USA) and maintained

at 37°C with 5% CO2 in an atmosphere of moist air.

Pairs of human ESCC and para-carcinoma tissues

(n=50) were obtained from patients who underwent

radical resection of EC between January 2010 and

September 2011 at Affiliated Yixing Hospital of

Jiangsu University (Jiangsu, People'sRepublic of

China). All patients had received no chemotherapy or

radiotherapy before surgery, and signed informed con-

sent before enrollment. The research was conducted in

accordance with the Declaration of Helsinki. The Ethics

Committee of Affiliated Yixing Hospital of Jiangsu

University approved the whole research programme.

Surgical evaluation was employed to determine the clin-

ical stage by clinicians, while experienced pathologists

used histopathologic analysis to assess the cancer type

and grade.

Immunohistochemistry (IHC)22

The tissue slides were deparaffinized in xylene and rehydrated

in gradient alcohol. Endogenous peroxidases were eliminated

by 3% H2O2 at 37°C for 20 mins. After blocking with 1%

BSA at room temperature (RT) for 1 hr, the slides were

incubated with anti-FAK Rabbit mAb (1:500, #71433, Cell
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Signaling Technology,Massachusetts, USA) at 4°C overnight.

After being washed with PBS, the slides were incubated with

horseradish peroxidase (HRP)-linked anti-rabbit IgG antibody

(1:2,000, #7074, Cell Signaling Technology, Massachusetts,

USA) for 1 hr at RT and visualized with a DAB substrate

(Millipore, Darmstadt, Germany).

Quantitative real-time PCR assessment
Total tissue and cellular RNAs were isolated using Trizol

Reagent (Thermo Fisher Scientific, California, USA) fol-

lowing the manufacturer’s protocols. The isolated RNAs

were then reverse transcribed into complementary DNA,

equal amounts of which were employed as templates for

quantitative real-time PCR (qRT-PCR) amplification (the

primer sequences are listed in Table S1). The △△CT

method was employed to analyze the experimental data.23

Western blotting24

Cells and tissues were lysed by a total protein extraction buffer

(Beyotime Biotechnology, Shanghai, People'sRepublic of

China). Equal amounts of lysate samples were then separated

by SDS-PAGE and immunoblotted with primary antibodies

and corresponding HRP-labeled secondary antibodies.

Immuno-reactive protein bands were visualized in dark room

after incubated with a DAB substrate (Millipore, Darmstadt,

Germany). The primary and secondary antibodies employed

in this work including anti-FAK Rabbit mAb (1:1,000,

#71433), anti-E-Cadherin Rabbit mAb (1:1000, #3195), anti-

N-Cadherin Rabbit mAb (1:1,000, #13116), anti-Vimentin

Rabbit mAb (1:1000, #5741), anti-β-Actin Rabbit mAb

(1:1,000, #4970) and (HRP)-linked anti-rabbit IgG antibody

(1:2000, #7074), which were all obtained from Cell Signaling

Technology (Massachusetts, USA).

Dual-luciferase report assay25

The 3ʹUTR of FAK gene that was wildtype (FAK-WT) and

mutated at the miR-4324 binding-site (FAK-MT) was

cloned into the pGL3-basic vector. ESCC cells were

grown in a 24-well plate at approximately 80% conflu-

ence, and then transfected with both miR-4324 mimic and

pGL3-FAK vector. After 24 hrs, Dual-Luciferase Reporter

Assay System kit (Promega, USA) was employed to ana-

lyze the experimental results.

Wound healing assays
ESCC cells of different groups were planted into 6-well

plates and grew up to 100% confluence, and a wound was

then generated gently by using a 1000 μl pipette tip. Then,

cells were cultured in BSA-free medium for another 48

hrs. Cells in the wounded monolayer were observed and

photographed at various time points, and the percent gaps

were measured by Image J software (Version: 2.1.4.7). The

wound healing percentage was calculated by the following

equation:

Wound Healing Percentage %ð Þ ¼ Percent Gaps0h � Percent Gaps48h

Percent Gaps0h

Trans-well assays
Cell migration assays were performed using 24-well Trans-

well plates following previous descriptions with minor

modifications.26 Briefly, the under the surface of themembrane

was coated with fibronectin (10 mg/mL) in PBS at 37°C for 2

hrs. The lower chamber was filled with 0.6 mL of DMEM

supplemented with 10% FBS. Before the experiment, cells

were serum-starved overnight (DMEM plus 0.5% BSA),

then 1×106 cells in a volume of 0.1 mL migration medium

(DMEM plus 0.5% BSA) were added to the upper chamber.

After incubation at 37°C for 12 hrs, cells on the upper surface

of the membrane were removed. The migrant cells attached to

the lower surface were fixed in 10% formalin and stained with

DAPI (10 μg/mL, Beyotime Biotechnology, Shanghai,

People'sRepublic of China). The number of migrated cells on

the lower surface of the membrane was counted under

a fluorescence microscope.

Statistical analysis
The statistical analysis involving two groups was per-

formed by umpaired Student’s t-test, whereas ANOVA

was employed to compare more than two groups. The Chi-

squared test was employed to examine possible correla-

tions between the clinicopathologic parameters and miR-

4324/FAK expression. Kaplan–Meier methods were

employed for survival analysis. All data were processed

with SPSS software (Version: 16.0), and p<0.05 was con-

sidered statistically significant.

Results
Elevated expression of FAK in ESCC

tissues and cells
In order to determine the protein levels of FAK in ESCC

tissues, 50 pathologist-confirmed and clinically annotated

ESCC surgical specimens were subjected to IHC staining

in the present study, and the FAK expression was defined

as “-, +, ++, +++” according to the staining degree and

area of each slide (Figure S1). The representative IHC
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photos of FAK in ESCC and para-carcinoma tissues were

illustrated in Figure 1A, with the statistical analysis indi-

cating that (Figure 1B) the protein levels of FAK is

remarkably elevated in ESCC tissues. Consistently, qRT-

PCR results indicated that the average mRNA expression

of FAK (overexpressed in 88% cases) is significantly
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Figure 1 Expression of FAK and miR-4324 in ESCC tissues and cells. (A) Representative IHC photos for FAK in tumor and paired para-carcinoma tissues (magnification

times: 200× and 400×, Scale bars: 200 μm). (B) The number of specimens displaying different FAK levels in the group of tumor and para-carcinoma tissues. (C) Relative

expression of FAK in tumor and paired para-carcinoma tissues by qRT-PCR analysis. (D) The expression of FAK for each paired sample was represented as log2 fold change

of the tumor relative to para-carcinoma tissue (T/N). (E) Relative expression of different miRNAs in ESCC tumors and paired para-carcinoma tissues were determined by

qRT-PCR analysis. The miRNA expression for each paired sample was represented as fold change of the tumor relative to normal para-carcinoma tissue (T/N). (F) Relative
expression of miR-4324 in tumor and paired para-carcinoma tissues by qRT-PCR analysis. (G) The expression of miR-4324 for each paired sample was represented as log2
fold change of the tumor relative to para-carcinoma tissue (T/N). (H) The expression of FAK was inversely correlated with miR-4324 in ESCC tissues in all the enrolled

surgical specimens. (I) Western blotting analysis for the expression of FAK in ESCC cells (TE-1 and Eca109) and normal human esophageal epithelial cells (HEEC). (J) qRT-
PCR analysis for the relative expression of FAK and miR-4324 in ESCC cells (TE-1 and Eca109) and normal human esophageal epithelial cells (HEEC). Data are shown as

mean ±SD (n=3), **p<0.01.
Abbreviations: FAK, focal adhesion kinase; ESCC, esophageal squamous cell carcinoma; IHC, Immunohistochemistry; qRT-PCR, quantitative real-time polymerase chain

reaction; HEEC, human esophageal epithelial cells; SD, standard deviation.
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increased in ESCC tissues (**p<0.01, Figure 1C–D). In

accordance, both the protein and mRNA levels of FAK in

two ESCC cell lines (TE-1 and Eca-109) were signifi-

cantly higher than that in normal HEECs (Figure 1I–J).

Inverse correlation exists between

miR-4324 and FAK levels in ESCC tissues
According to the prediction of online software (http://

www.targetscan.org) and previous publications,27–30 FAK

might be regulated by a wide variety of micro RNAs, such

as miR-4324, miR-7, miR-379, miR-543, etc. Among

these micro RNAs, qRT-PCR results indicated that miR-

4324 is the only one that is dysregulated in ESCC tissues

(Figure 1E). Figure 1F–G indicates that the downregula-

tion of miR-4324 exists in 88% cases of ESCC tissues

(**p<0.01). Interestingly, we identified that the tumoral

miR-4324 expression was negatively correlated with

FAK levels in the collected 50 ESCC tissues (R2=0.8236,

Figure 1H). Similar results were acquired in cultured can-

cer cells, which reveals that miR-4324 is significantly

downregulated in both TE-1 and Eca109 cells when com-

pared with that in HECC cells (Figure 1I, **p<0.01).

Subsequently, we explored the direct regulatory relation-

ships between miR-4324 and FAK. Bioinformatic analysis

reveals one potential miR-4324 binding site in the 3′ UTR

(untranslated regions) of FAK mRNA (988–1008 amino acid,

Figure 2A). Dual-Luciferase reporter assay system with plas-

mids containing WT (pGL3-FAK-WT) or mutated (pGL3-

FAK-MT) FAK mRNA 3′UTR was employed to validate the

specific and direct binding between miR-4324 and FAK

mRNA. The results in Figure 2B indicated that overexpres-

sion of miR-4324 mimic dramatically reduced the luciferase

reporter activity of WT but not mutated pGL3-FAK system.

Besides, the intracellular FAK significantly decreased after

miR-4324 mimic transfection in both mRNA (Figure 2C,

**p<0.01) and protein levels (Figure 2D).

miR-4324 impairs ESCC cell invasion and

migration in vitro
The wound healing and trans-well assays were performed

for evaluating the effects of miR-4324 and FAK on ESCC

cell invasion and migration. Figure 3A–B reveals that both

ESCC cells with miR-4324 mimic transfection exhibited

significantly weaker motility than cells in WT and empty

vehicle transfected (NC) groups (**p<0.01). Consistently,

the results of trans-well experiments demonstrated that

miR-4324 mimic significantly impaired the migration

activity and invasion potential in both TE-1 and Eca109

cells (**p<0.01) (Figure 3C–D). The most important is

that the regulating roles of miR-4324 on cell invasion

and migration can be effectively attenuated by overexpres-

sing FAK in both ESCC cells (Figure 3A–D).
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Figure 2 FAK is directly regulated by miR-4324 in ESCC cells. (A) Bioinformatics analysis demonstrates that one miR-4324 binding sites in 3ʹUTR of FAK. (B) Dual

luciferase reporter assessment showing significant suppression of luciferase activity only when miR-4324 mimic was partnered with wild type (WT) but not mutated (MT)
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reaction; WB, Western Blotting; SD, standard deviation.
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The EMT phenotype of ESCC cells is

regulated by miR-4324/FAK axis
As shown in Figure 3E, miR-4324 mimic increased the

E-cadherin expression but attenuated the N-cadherin and

Vimentin expression in both ESCC cells. Likewise, these

alterations caused by miR-4324 mimic was remarkably

prevented by the co-transfection of FAK. As the downregu-

lation of E-cadherin and upregulation of N-cadherin &

Vimentin are principal characterizations of cellular EMT,12

these results indicate that miR-4324 mimic can significantly

prevent the EMT process in ESCC cells, and the downregu-

lation of FAK is involved in this EMT preventing effect.
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Figure 3 The functional significance of miR-4324 and FAK in ESCC cells. (A) Wound healing assays comparing the invasion potential of WT, mock-vehicle (NC) and miR-

4324/FAK transfected ESCC cells (magnification times: 100×, Scale bars: 100 μm). (B) Statistical analysis for the wound healing percentage of ESCC cells in different groups.
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Clinical implication of miR-4324/FAK axis

in ESCC patients
In order to better understand the biological function and

clinical implication of miR-4324 and FAK, 50 ESCC

patients ranged from 44 to 71 years were enrolled in this

study. The relative expression of miR-4324 and FAK in

resected ESCC specimens were measured by qRT-PCR

with the results showing in Figure 1. Statistical analysis

(Table 1) reveals that low tumoral miR-4324 remarkably

correlates with poor cell differentiation (*p=0.015), tumor

size (**p=0.007) and invasion (**p=0.007), as well as

numbers of metastatic lymph nodes (**p=0.008), and

high FAK was correlated with these clinic-pathological

characterizations with the p-values of, respectively,

0.008, 0.004, 0.022 and 0.031. Subsequently, the

Kaplan–Meier method was employed to evaluate the

implication of miR-4324/FAK on the overall survival of

the above mentioned 50 ESCC patients by a retrospective

cohort study. As we can see, patients with higher tumoral

miR-4324 (Figure 4A) or lower FAK (Figure 4B) (Red

curve) lived longer than their counterparts (Green curve),

respectively.

Table 1 Relationship between miR-4374/FAK expression and clinical pathologic parameters

Variables N=50 miR-4374 expression p-value FAK expression p-value

High(n=21) Low(n=29) High(n=32) Low(n=18)

Age(years) 0.661 0.962

≤50 22 10 12 14 8

>50 28 11 17 18 10

Gender 0.634 0.793

Male 29 13 16 19 10

Female 21 8 13 13 8

Tumor diameter 0.007 ** 0.004 **

≤2 cm 20 13 7 8 12

>2 cm 30 8 22 24 6

Cell differentiation 0.015* 0.008 *

Poor 29 8 21 23 6

Well to moderate 21 13 8 9 12

Tumor invasion (T) 0.007 ** 0.022 *

T1/T2 20 13 7 9 11

T3/T4 30 8 22 23 7

Nodal status (N) 0.008* 0.031 *

N0~1 18 12 6 8 10

N2 32 9 23 24 8

Notes: *p<0.05, **p<0.01
High: Relative expression FAK≥5 miR-4324≥2
Low: Relative expression FAK<5 miR-4324<2
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Figure 4 (A) Kaplan–Meier curve of prognosis of ESCC patients with high and low miR-4324 expression. (B) Kaplan–Meier curve of prognosis of ESCC patients with high

and low FAK expression.

Abbreviations: ESCC, esophageal squamous cell carcinoma; FAK, focal adhesion kinase.
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Discussion and conclusions
Despite significant advances in disease treating and diag-

nosing, ESCC still owns a dismal 5-year survival rate of

merely 19% in the United States according to a latest

statistical reports released by the ACS,2 the fact of which

calls for the identification of potential effective therapeutic

and diagnostic targets. Presently, aberrant expression of

FAK has been reported in a variety of malignancies. The

abnormal expression, together with its well-established

tumorigenic activities, highlights FAK as an attractive

diagnostic and therapeutic target in curing cancers.31

Vassiliki Kostourou et al’s study found that forced expres-

sion of FAK in endothelial cells enhances the angiogenesis

of melanoma and lung carcinoma in mouse transplanted

tumor models.32 Mengmeng Gu et al’s study demonstrates

that as a new FAK regulator, the p53-inducible gene 3

(PIG3) increased cancer metastasis, which could be con-

sidered as a novel and efficient prognostic biomarker and

therapeutic target in treating lung adenocarcinoma

metastasis.33 Stefanie Tiede and his colleagues found that

repressing FAK activity by a FAK inhibitor (BI 853,520)

significantly inhibits breast tumor cell proliferation and

invasion in both in and ex vivo experiments.34 However,

the roles of FAK on the initiation and progression of

ESCC was rarely reported. Herein, for the first time we

identified that the expression of FAK is significantly upre-

gulated in both ESCC tissues & cells (Figure 1).

Therefore, relevant experiments were conducted to find

out potential mechanisms of FAK regulation in ESCC.

MicroRNA is an emerging regulator with remarkable

variety of biological function, contributing to the initiation

and progression of various malignancies.35 It has been

reported that FAK can be regulated by various micro

RNAs in previous studies.27–30 However, miR-4324 is the

only one significantly dysregulated in ESCC tissues among

the 12 micro RNAs (Figure 1E). Interestingly, we found that

the expression of FAK and miR-4324 was negatively corre-

lated (Figure 1H). The intracellular levels of FAK experi-

enced a significant decrease when ESCC cells were

transfected with miR-4324 mimic (Figure 2), the results of

which matched bioinformatics analysis predicting one

potential miR-4324 binding site in the 3ʹUTR of FAK

mRNA. What is more, miR-4324 overexpression impaired

the migration activity and invasion potential in ESCC cells,

which can be remarkably attenuated by the co-transfection

of FAK (Figure 3 A-D). It seems that although one indivi-

dual gene might be regulated by a variety of miRNAs, and

one miRNA may regulate numerous targets,35 FAK is the

most important among miR-4324 targets playing crucial

roles in the tumorigenesis and development of ESCC.

It is generally considered that FAK is involved in the

regulation of EMT, which is a pivotal step during cancer

metastasis.11,31 During the process of EMT, non-invasive

cancer cells lose their epithelial phenotype and acquire inva-

siveness, characterized by the reduced expression of

E-cadherin and upregulation of N-Cadherin & Vimentin.36

In this study, we identified that miR-4324 mimic remarkably

downregulated EMT phenotype, which can also be prevented

by FAK. The results of which may explain the underlying

mechanisms of metastasis regulating functions of miR-4324/

FAK axis. Besides, the vital functions of miR-4324/FAK axis

were verified by statistically analyzing the relevance between

their tumoral expression and patient-clinic-pathological char-

acteristics, with the results demonstrating that low miR-4324

and high FAK expression are, respectively, associated with

poor cell differentiation, tumor size and invasion, as well as

numbers of metastatic lymph nodes. Besides, survival ana-

lysis indicates that patients with higher tumoral miR-4324

levels and lower FAK levels, respectively, lived longer than

their counterparts (Figure 4). All these results demonstrated

that miR-4324-FAK axis could be a promising prognostic

biomarker and potential therapeutic target for ESCC, which

deserves further investigation in the clinic.
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Figure S1 Representative IHC staining for FAK staining in ESCC tissues, the expression level was scored as “-, +, ++, +++” (Magnification times: 200× and 400×, Scale bars: 200 μm).

Abbreviations: IHC, Immunohistochemistry; FAK, focal adhesion kinase; ESCC, esophageal squamous cell carcinoma.

Table S1 Oligonucleotide sequences used in this study

Oligonucleotide Sequences

FAK primer Forward: 5ʹ-GTGCTCTTGGTTCAAGCTGGAT-3ʹ

Reverse: 5ʹ- ACTTGAGTGAAGTCAGCAAGAT-3’

GAPDH primer Forward: 5ʹ-TGCCACTCAGAAGACTGTGG-3ʹ

Reverse: 5ʹ- TTCAGCTCTGGGATGACCTT-3’

miRNA 4324 5-CCCUGAGACCCUAACCUUAA-3′.
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