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regulating EMT
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Background and aims: The complex process of cancer metastasis remains the least

understood. Tumor cells alter their protein expression profile to survive from the tumor

metastasis. Fibronectin 1 (FN1 gene coding protein) is a member of the glycoprotein family

that has been shown to play an important role in cancer metastasis. However, its effects on

melanoma metastasis are still unclear.

Methods: We detected the FN1 expression between metastatic cells and primary cells by

using Western blot and RT-qPCR assays. And, we analyzed the expressed feature of FN1 in

different tissues and examined the clinical relevance of upregulated FN1 in melanoma

progression by bioinformatic analysis. Furthermore, we downregulated the expression of

FN1 by small interfering RNA technique to reveal the effect of FN1 on melanoma phenotype

and expression of related genes. Finally, we used bioinformatics to reveal the possible

mechanism of FN1 regulating melanoma progression.

Results: We reported that the expression of FN1 was changed during melanoma metastasis.

In this study, we established two metastatic cell lines of melanoma through mouse model,

and found that metastatic cells exhibited stronger mesenchyme phenotype and possessed

higher FN1 expression level compared to primary cells. Besides, we examined the clinical

relevance of upregulated FN1 in tumor progression. Small interfering RNA (siRNA)-

mediated downregulation of FN1 suppressed the migration, invasion, adhesion, proliferation

capabilities and induced apoptosis of melanoma cells. We detected a diminished EMT-related

gene signature including increased expression of E-cadherin and decreased expression of N-

cadherin and Vimentin. Downregulation of FN1 also increased Bax/Bcl-2 ratio which might

result in apoptosis of melanoma cells. Bioinformatics analysis revealed that FN1 most likely

involved in focal adhesion and PI3K-Akt signaling pathway to regulate EMT process and

apoptosis.

Conclusions: Taken together, these findings demonstrated a role of FN1 in promoting

melanoma metastasis by inhibiting apoptosis and regulating EMT.

Keywords: cancer metastasis, epithelial-mesenchymal transition, survival protein,

migration, invasion

Introduction
Recent progress in cancer diagnosis and treatment has contributed to better treatment

outcomes and survival rate. However, the complex process of cancer metastasis

remains the least understood. Cancer metastasis is still the leading cause of death in

cancer patients.1 Melanoma is the most dangerous type of skin cancer.2 There were

3.1 million with active disease which resulted in 59,800 deaths.3 Metastatic melanoma
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continues to be a challenging disease to treat.4 The 10-year

survival rate for patients with metastatic melanoma is less

than 10%.5,6 Thus, elucidation of the molecular mechanism

is critical to alert and prevent melanoma metastasis.

Only specific tumor phenotypes that result from mole-

cular alterations can penetrate the walls of lymphatic or

blood vessels, and therefore are able to circulate in the

bloodstream to other tissues in the body.7 Tumor cells

must alter expression level of some proteins to survive in

blood or lymph and arrive at distant sites.8 Epithelial-

mesenchymal transition (EMT), an essential step in

tumor progression, was reportedly involved in cancer

metastasis. EMT is usually associated with the loss of

cell polarity and cell–cell adhesion and acquires migratory

and invasive properties and variations of morphological by

multiple pathways. Cell surface proteins, E-cadherin (bio-

marker of epithelial cells) or integrin are replaced by

mesenchymal markers (N-cadherin, Vimentin) in EMT

process.9–11

Fibronectin 1 (FN1) is a member of the glycoprotein

family that is widely expressed by multiple cell types.12

FN1 plays a major role in cell adhesion, growth, migration

and differentiation, and it is important for processes such as

wound healing and embryonic development.13 Degradation

or organization of FN1 expression has been associated with

cancer progression,14 such as squamous cell carcinoma,15

nasopharyngeal carcinoma,16 ovarian cancer, renal cancer17

and thyroid cancer.18 Recent studies have shown that

increased expression of FN1 in tumor cells is negatively

correlated to the prognosis of patients.19 Furthermore,

researcher suggested that increased FN1 expression may be

associated with lung tumor growth/survival and resistance to

therapy.20 Our studies showed that FN1 survived from mel-

anoma metastasis and its expression was upregulated in

metastatic tumor cells as compared to primary tumor cells.

Despite the wealth of existing data about the role of FN1

in cancer, its clear picture is yet to be elucidated in melanoma

metastasis. To reveal the underlying significance of upregu-

lated FN1 in melanoma metastasis, we examined the clinical

relevance of FN1 in tumor progression using public data-

bases of cancer patients and demonstrated that downregu-

lated FN1 expression inhibiting proliferation and metastasis

of melanoma cells by inducing apoptosis and suppressing

EMT. Meanwhile, we revealed that downregulated FN1

expression significantly decreased the expression of Bcl-2

and increased the expression of Bax. We thus propose that

FN1 may function as a metastasis promoter and could be

a target for alerting and preventing melanoma metastasis.

Materials and methods
Antibodies and reagents
FN1 was purchased from Cell Signaling Technology, Inc.

(Danvers, MA, USA). Rabbit primary antibodies Bax, Bcl-2,

CyclinD1, E-cadherin, N-cadherin and enhanced chemilumi-

nescence (ECL) kit were all obtained from Wanlei

Biotechnology. Goat anti-rabbit secondary antibodies conju-

gated with horseradish peroxidase (HRP) and β-actin
were purchased from DingguoChangsheng Biotechnology

(Beijing, China). Fetal bovine serum (FBS), RPMI medium

and Trizol reagent were obtained from Thermo Fisher

Scientific, Inc. (Waltham, MA, USA). Propidium iodide

(PI), dimethyl sulfoxide (DMSO), Triton X-100, RNAse,

4% paraformaldehyde and a bicinchoninic acid (BCA) pro-

tein assay kit were purchased from Sigma-Aldrich (Merck

Kgaa, Darmstadt, Germany). Trypsin-EDTA (0.25%), peni-

cillin/s-treptomycin (100×), tetramethylethylenediamine

(TEMED), ammonium persulfate (AP), trihydroxymethyl

aminomethane (Tris), glycine, Tween-20, sodium dodecyl

sulfonate (SDS), apoptosis assay kit, RIPA lysis buffer and

bovine serum albumin (BSA) were obtained from Genview

Scientific, Inc. (El Monte, FL, USA). A PrimeScript® RT

reagent kit and SYBR®Premix Ex TaqTM PCR kit were

purchased from Takara Bio, Inc. (Otsu, Japan).

Polyvinylidene difluoride (PVDF) membranes, 30% polya-

crylamide were purchased from Bio-Rad Laboratories, Inc.

(Hercules, CA, USA).

Animals and ethics statement
Female C57BL/6 mouse and female BALB/C nude mouse

were purchased from Shanghai SLAC Laboratory. All ani-

mal studies were performed in accordance with animal

protocol procedures approved by the Institutional Animal

Care and Use Committee (IACUC) of Fuzhou University,

which are consistent with AAALAS guidelines. All animal

experiments were also approved by the IACUC of Fuzhou

University and were monitored for abnormal behaviors to

minimize animal pain and suffering. Animals were eutha-

nized if excessive deterioration of animal health was noted.

Cell lines and cell culture
The human melanoma cell line A375 and mouse mela-

noma cell line B16F10 were purchased from the Type

Culture Collection of the Chinese Academy of Sciences

(Shanghai, China). Cells were cultured in RPMI (obtained

from HyClone) medium containing 10% FBS (obtained

from GEMINI) and 1% penicillin/streptomycin. The
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corresponding pulmonary metastases were obtained by

injecting primary melanoma cells into mouse through tail

vein. Briefly, 50,000 B16F10 cells and 4,000,000 A375

cells were injected into C57BL/6 mouse and BALB/C

nude mouse, respectively. Six C57BL/6 mice and six

BALB/C nude mice are injected with parental B16F10

and A375, respectively, and all mice developed the meta-

static spread after 50 days. Pulmonary nodules dissected

from BALB/C nude mouse and C57BL/6 mouse were

named A375M and B16F10M, respectively.

Apoptosis assay and cell cycle analysis
For cell apoptosis assay, B16F10M and A375M cells were

plated in 6-well culture dishes and transfected with negative

control siRNA or FN1 siRNA for 48 hrs. Cells were washed,

trypsinized, harvested and re-suspended in 400 μL binding

buffer. Then, 5 μL Annexin V-FITC and 5 μL propidium

iodide (PI) were added to the cell suspension. After incubation

for 15 mins following the manufacturer’s instructions at room

temperature, these cells were performed on BD FACS Aria III

flow cytometer. We collected at least 10,000 cells per sample.

Data were analyzed by FlowJo software (FLOWJO, Ashland,

OR). Cells stained with only Annexin V-FITC or PI were used

as compensation controls. For cell cycle assay, B16F10M and

A375M cells were plated in 6-well culture dishes and trans-

fected with negative control siRNA or FN1 siRNA for 48 hrs.

Then they were collected, washed with PBS and fixed with

75% ethanol at 4°C for 24 hrs. Fixed cells were washed once

with PBS (phosphate buffer saline) and incubated for 30 mins

with propidium iodide (PI) solution (20 μg/mL) containing

RNAase A (0.1 μg/mL) and TritonX-100 (0.1%). Cell cycle

was determined by using the FACS Aria III flow cytometer

and analyzed by using the Modfit software.

Western blotting analysis
Whole-cell protein lysates were extracted from cells using

ice-cold radio immunoprecipitation assay buffer containing

0.01% protease and phosphatase inhibitor and incubated on

ice for 30 mins. The protein concentration was determined

using the BCA protein assay. The samples were denatured by

adding SDS running buffer. The equal amounts of denatured

protein samples were separated by 8% or 12% (w/v) sodium

dodecyl sulfate (SDS)-polyacrylamide gel, then transferred

to polyvinylidene difluoride (PVDF) membranes, followed

by blocking with 5%BSA in Tris-buffered saline with Tween

20 (TBST) and incubating with corresponding primary anti-

bodies overnight. Membranes were then incubated for 2 hrs

at room temperature with horseradish peroxidase-linked

secondary antibodies, and intensities were measured on

ChemiDoc XPS system (Bio-Rad Laboratories, Inc.) using

an enhanced chemiluminescence (ECL) kit. The β-actin was
used as internal control. The bands were quantified with

Image J software.

Quantitative real-time PCR (RT-qPCR)

analysis
Total RNAwas extracted from melanoma cells using Trizol

reagent (Invitrogen) according to the manufacturer’s proto-

col. The cDNA synthesis was performed with 450 ng RNA

per 10 μL by using PrimeScript® RT Reagent Kit (Takara,

Japan) according to themanufacturer’s instructions. The real-

time PCR was carried out on the CFX96TM Real-Time PCR

Detection Systems (Bio-Rad) with cDNA (<100 ng) per 25

μL reaction volume using SYBR® Premix Ex Taq™ PCR

Kit (TaKaRa, Japan). PCR primers are listed in Table 1. Each

experiment was performed independently at least three times.

Relative expression levels were normalized to β-actin and

calculated by 2−ΔΔct method.

Cell transfection
The B16F10M cells were plated in 6-well dishes and grew to

70–80% confluence, and then siRNA targeting mouse FN1

mRNA and a non-specific scramble siRNA sequence (nega-

tive control siRNA) purchased from Sangon Biotech were

transiently transfected into B16F10M cells using lipofecta-

mine 3,000 (Invitrogen) according to the manufacturer's

instruction. Similarly, siRNA targeting human FN1 mRNA

and a non-specific scramble siRNA sequence (negative

Table 1 Sequences of RT-qPCR primers and siRNAs

Gene Position Sequences (5´- 3´)

FN1a Forward TGCAAGGCCTCAGACCGGGT

Reverse GCGCTCAGGCTTGTGGGTGT

β-actina Forward AGAAAATCTGGCA CCACACC

Reverse AGAGGCGTACAGGGATAGCA

FN1b Forward TGACAACTGCCGTAGACC

Reverse ATCCCAGACCAAACCATAA

β-actinb Forward GGCTGTATTCCCCTCCATCG

Reverse CCAGTTGGTAACAATGCCATGT

FN1-siRNAa Sense CCAUUUCACCUUCAGACAATT

Antisense UUGUCUGAA GGUGAAAUGGTT

FN1-siRNAb Sense GCAAGCAGCAAGCCAAUUUTT

Antisense AAAUUGGCUUGCUGCUUGCTT

Notes: a is for human; b is for mouse.
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control siRNA) were transfected into A375M cells. The

sequences of RNAi primer are listed in Table 1. The amount

of siRNA is 150 pmol per well. Knockdown of FN1 was

determined by western blotting and RT-qPCR.

Cell proliferation and colony formation

assay
Cell transfection experiment was conducted as

described previously. Cell proliferation was measured

using MTT assay. Transfected metastatic cells and con-

trol cells were plated in five replicates of wells in a 96-

well plate. Cells were incubated with 200 μL MTT

solution for 4 hrs. Then, the MTT solution was

replaced by 100 μL dimethyl sulfoxide (DMSO), and

the plate was shaken at 100 rpm for 30 mins. The

result was quantitated using a microplate reader

(TECAN, M200PRO, Switzerland) at 490 nm. In col-

ony formation assay, the transfected metastatic cells

and control cells were plated into 6-well dishes at

a density of 1,000 cells per well and cultured for 2

weeks. Colonies were fixed with cold 4% paraformal-

dehyde for 30 mins and stained with 0.1% crystal

violet for 30 mins. Each experiment was repeated in

triplicate.

Invasion and migration assay
For the transwell invasion and migration assay, we

prepared transwell culture chambers (24-well, 8 μm
pore size, Costar, Corning Incorporated, USA) coated

with/without 60 μL Matrigel (Corning, TewksBury,

MA). After incubation at 37°C for 2 hrs, the trans-

fected or control cells (1×105 cells) in 200 μL RPMI

(0.1% BSA）were added into the upper compartment

of the chambers, and 800 μL medium containing 20%

FBS was used as the attractant and placed in the

bottom chambers. After incubation for 48 hrs at 37°C

and 5% CO2, non-invaded cells on the upper chamber

were scraped off with a cotton swab. The invaded cells

on the lower membrane were fixed with 4% parafor-

maldehyde and stained with 0.1% crystal violet (gen-

view) for 30 mins. The invading cells were counted

and photographed (five random fields) by using optical

microscope (Zeiss, Germany).

Wound-healing migration assay
Cells were plated into 6-well plates and grew to confluence.

The monolayer was wounded using the tip of a sterile 200 μL

pipette. Cell debris was removed bywashing twice with PBS.

These cells were then cultured in 1% serum medium.

Photomicrographs were taken at 0 hrs and 24 hrs of the

same wounded areas using the inverted microscope (Zeiss,

Germany). The percentage (%) change in migration was used

to evaluate the cell migration capability.

Adhesion assay
Briefly, we prepared 12-well plates coated with 1 mL 1%

gelatin per well and put the plates in cell culture incubator

overnight. Then the unsolidified gelatin was removed and

each well was blocked with 5% BSA at room temperature

for 30 min. Cells stained with rhodamine-123 for 30 min

were added into plates. After incubation at 37°C for 30

mins, the non-adhered cells were removed from the plate

by washing twice with PBS, and then the adhered cells

were counted and photographed (five random fields) under

a fluorescence microscope (Zeiss, Germany).

Bioinformatics analysis
The Gene Expression Profiling Interactive Analysis

(GEPIA; http://gepia.cancer-pku.cn/) database was used

to reveal the expression of FN1 in melanoma cancer

tissues and normal tissues. GEPIA is a web server

used to analyze cancer and normal gene expression

profiling and interaction.21 The boxplot was performed

to visualize the relationship. We collected raw sequen-

cing data and clinical information from TCGA database

(https://cancergenome.nih.gov/). The Cancer Genome

Atlas (TCGA) is a public funded project that aims to

catalog and discover major cancer-causing genomic

alterations to create a comprehensive “atlas” of cancer

genomic profiles.22 In this study, only those samples

with complete age, TNM stage were included in the

analysis, of which 62 are metastatic samples and 94

are primary samples. We used R to analyze the expres-

sion level of FN1 between primary and metastatic mel-

anoma patients by using Wilcoxon Rank test and then

performed the boxplot. Remaining156 melanoma sample

were classified into the high-FN1 group (n=78) and low-

FN1 group (n=78) using the median expression value of

capability FN1 as the cutoff point. Then, the correlation

between mRNA expression of FN1 and clinical charac-

teristics of Skin Cutaneous Melanoma was assessed

using Chi-square test. The PPI network of protein that

closely correlates with FN1 was made by Search Tool

for the Retrieval of Interacting Genes (STRING).
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Statistical analysis
Data were analyzed by using the unpaired, two-tailed

Student’s t-test with GraphPad Prism 5.0 software

(GraphPad Software, La Jolla, CA, USA). Values are

presented as the mean ± standard deviation. Differences

were considered to be statistically significant at p<0.05

and highly significant at p<0.01.

Results
Metastatic melanoma cells exhibited

stronger EMT phenotype compared to

primary melanoma cells
We gained two metastatic cell lines of melanoma by inject-

ing primary melanoma cells into mice through tail vein. The

metastatic cells from C57BL/6 mice and BALB/C nude

mice were named B16F10M and A375M, respectively.

Furthermore, we compared the EMT-related phenotype

between primary cells and metastatic cells through migra-

tion, invasion and proliferation assays in vitro. The results

showed that the metastatic melanoma cells possessed stron-

ger invasion, migration and proliferation ability compared

to primary melanoma cells (Figure 1A–C).

The expression of FN1 was upregulated

in metastatic melanoma cells compared

to primary melanoma cells and its

overexpression was associated with poor

prognosis
RT-qPCR and western blot assay showed that the expres-

sion of FN1 was upregulated in metastatic melanoma cells

both in mRNA and protein level compared to primary

melanoma cells (Figure 2A and B). In addition, we

Figure 1 Cell migration, invasion and proliferation comparison between primary melanoma cells (B16F10 and A375) and metastatic melanoma cells (B16F10M and A375M).

(A) Cell invasion was evaluated by transwell assay. (B) Cell proliferation was validated by colony formation assay. (C) Cell mobility was analyzed by wound-healing assay.

Metastatic melanoma cells showed obviously higher invasion, migration and proliferation capabilities compared to primary melanoma cells. Representative pictures and

quantification of each assay were shown. Data were presented as mean ± SD. **P<0.01.
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detected higher FN1 expression in metastatic sample than

in primary sample from TCGA (Figure 2C). Examination

of the correlation between FN1 upregulation and clinical

pathological characteristic showed that increased FN1

expression was correlated with advanced stage metastases

(Figure 2D).

Downregulation of FN1 inhibits

proliferation, adhesion, invasion,

migration and mobility of metastatic

melanoma cells
To reveal the effect of FN1 on metastasis-related phenotypes,

B16F10M and A375M cells were transfected with negative

control siRNA (NC-siRNA) or FN1-siRNA. RT-qPCR assays

showed that FN1-siRNA transfection in B16F10M and

A375M cells decreased the mRNA levels of FN1 (Figure

3A). We performed adhesion assay to explore the effect of

FN1 on tumor cell adhesion to matrix. As shown in Figure 3B,

downregulation of FN1 in B16F10M and A375M cells

significantly inhibited the adhesion of rhodamine-labeled

cells to gelatin. For transwell invasion assay, downregulation

of FN1 significantly decreased the cells penetrating the matri-

gel (Figure 3C). For migration assay, B16F10M and A375M

cells transfected with FN1-siRNA significantly reduced the

cell migration capability (Figure 4A). The cell proliferation

was assessed using MTTassay and colony formation assay. In

FN1-siRNA-treated B16F10M and A375M cells, the cell pro-

liferation capability was significantly decreased (Figure 4B

and D). The wound-healing assay showed that reduced FN1

expression inhibited tumor cells mobility (Figure 4C).

Downregulation of FN1 blocks the cell

cycle progress cycle and induces

apoptosis of metastatic melanoma cells

In order to investigate the role of FN1 in cell cycle,

B16F10M and A375M cells were transfected with FN1-

siRNA or NC-siRNA. Then, the cell cycle of these cells

was measured by using the FACS AriaIII flow cytometer.

Figure 2 FN1 was upregulated in metastatic melanoma cells compared to primary melanoma cells, and increased expression of FN1 was associated with poor prognosis in

SKCM patients. (A) The RT-qPCR result showed that the FN1 transcriptional level was increased in metastatic melanoma cells compared to primary melanoma cells. (B)
Western blotting showed FN1 protein expression level was higher in metastatic melanoma cells than in primary melanoma cells. (C) FN1 expression in distant metastatic

tumors was higher than that in primary tumors. Statistical significance was derived using Wilcoxon Rank test. The raw data were downloaded from TCGA. (D) The

relationship between expression of FN1 and clinical characteristics of skin cutaneous melanoma. The result showed that upregulation of FN1 was positively correlated with

advanced stage and metastases. Statistical significance was derived using Chi-square test. Data were presented as mean ± SD. *P<0.05; **P<0.01.
Abbreviations: FN1, fibronectin 1; TCGA, The Cancer Genome Atlas; SKCM, Skin Cutaneous Melanoma.
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Results indicated that the cell number of G0/G1 phase

notably increased and cell number of G2/M phase

decreased in FN1-decreased cells (Figure 5A).

Cell apoptosis was determined by using the FACS

AriaIII flow cytometer. As shown in Figure 5B, down-

regulation of FN1 in B16F10M and A375M cells signifi-

cantly increased the cell apoptosis compared to NC-siRNA

treated cells. Moreover, we found downregulation of FN1

significantly decreased the expression of Bcl-2 and

increased the expression of Bax (Figure 6A and B).

Downregulation of FN1 suppresses the

expression of EMT markers in metastatic

melanoma cells
To further reveal the possible mechanism of FN1 regulat-

ing melanoma cells metastasis, firstly, we studied the role

of FN1 in EMT. Western blot showed that FN1-siRNA

effectively reduced the FN1 protein levels in metastatic

cells. Besides, we found that the expression of E-cadherin

increased while N-cadherin and Vimentin decreased in

FN1 knockdown cells (Figure 6A and B). In consistent

with previous studies, FN1 knockdown reduced the cell

migration, invasion and adhesion capabilities dramatically.

Furthermore, the protein–protein interaction (PPI) network

of proteins that closely correlated with FN1 was estab-

lished using STRING (Figure 7A). A positive correlation

among FN1, ITGB1, ITGA5, TGFB1, HGF, ITGA4 and

ITGB3 was uncovered (Figure 7B). In addition, the Kyoto

Encyclopedia of Genes and Genomes (KEGG) pathway

analysis of this protein in the PPI network showed that

FN1 was tightly associated with focal adhesion, PI3K-

AKT signaling pathway and ECM-receptor interaction

(Figure 7C). These data suggest that FN1 regulates EMT

via interacting with integrin and downstream signaling

pathways. Further research is needed to confirm this.

Figure 3 Downregulation of FN1 in metastatic melanoma cells significantly inhibited cell adhesion and invasion. (A) The RT-qPCR assay was used to validate the

interference of FN1 in metastatic melanoma cells. (B) The cells' adhesive ability was analyzed by adhesion assay. (C) Cell invasion was measured by transwell invasion

assay. FN1-decreased cells showed obviously lower penetration and adhesion ability compared to NC group. Representative pictures of these data were shown. Data are

presented as mean ± SD. **P<0.01.
Abbreviations: FN1, fibronectin 1; NC, negative control.
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Discussion
Metastasis is the major cause of mortality in cancer

patients. Although there are many treatment strategies for

primary cancer, there is a lack of effective warning and

prevention methods for tumor metastasis. Thus, identify-

ing specific markers associated with tumor metastasis may

be useful for alertness and prevention of cancer metastasis.

It has been reported that cancer cells must make molecular

Figure 4 Knockdown of FN1 in metastatic melanoma cells significantly inhibited cell proliferation, migration and viability. (A) The cell migration was measured by transwell

assay. (B) The growth curves were generated based on MTT assay. (C) The cell mobility was performed by wound-healing assay. (D) The cell proliferation was measured by

clone formation assay. Representative pictures of the data were shown. The results showed that knockdown of FN1 in metastatic cells significantly inhibited cell proliferation,

migration and viability. Data were presented as mean ± SD. *P<0.05; **P<0.01.
Abbreviations: FN1, fibronectin 1.
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alterations to get specific phenotypes for completing

metastasis. In this study, we focused on the changes in

expression of FN1 that survived from melanoma metasta-

sis and tried to explain the effects of changed FN1 expres-

sion on melanoma metastasis. We established two

metastatic cell lines of melanoma through mouse model

(Figure S2) and confirmed that FN1 was upregulated in

metastatic melanoma cells compared to primary cells

in vitro both in protein and mRNA level. Overexpression

of FN1 was also reported in hepatocellular carcinoma,

renal carcinoma, gastrointestinal carcinoma and head/

neck cancer.23,24 Clinical study had revealed that upregu-

lated FN1 was significantly associated with poor prognosis

in renal cancer and led to lymphangiogenesis and lymph

node metastasis in oral squamous cell carcinoma.25,26

Similarly, we demonstrated increased FN1 expression

was evidently associated with metastases and advanced

stage in melanoma. In consistence with those known fea-

tures of FN1, the data from GEPIA confirmed that FN1

expression in tumorous tissues was higher than that in

Figure 5 Downregulation of FN1 blocks the cell cycle progress and induces apoptosis of metastatic melanoma cells. (A) Downregulation of FN1 decreased cell number of

G2/M phase in metastatic melanoma cells. (B) Downregulation of FN1 triggered cell apoptosis in metastatic melanoma cells. Representative pictures were shown. Data were

presented as mean ± SD.

Abbreviations: FN1, fibronectin 1.
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normal non-tumorous tissues (Figure S1A) and the data

from the Cancer Cell Line Encyclopedia showed that FN1

was highly expressed in melanoma compared with other

cell types (Figure S1B). In addition, we demonstrated that

FN1 expression in metastatic tumor was higher than that in

primary tumor by using raw sequence data and clinical

information from TCGA database. It has been reported

that FN1 is an important protein associated with cell

migration, apoptosis, invasion and metastasis. The expres-

sion of FN1 is tightly related to the development of var-

ious malignant tumors. All these data suggest that

FN1 upregulation might play an important role in mela-

noma metastasis.

EMT is a process by which epithelial cells lose their

cell polarity and cell–cell adhesion to become mesench-

ymal-like cells which acquire migratory and invasive

properties.27 EMT is important for the cancer metastasis.

In our study, we found that metastatic melanoma cells

exhibited stronger EMT phenotype with increased cap-

abilities of migration, invasion and proliferation com-

pared to primary cells. This is in consistence with the

notion that metastatic tumor cells survived from metas-

tasis possess stronger metastasis-related abilities. To

further reveal the role of FN1 in EMT and cell apopto-

sis, we disturbed the expression of FN1 in metastatic

cells. Similar to previous studies,28,29 our results showed

that downregulation of FN1 suppressed cell prolifera-

tion, migration, invasion and induced cell apoptosis.

Moreover, we found that downregulation of FN1 led to

an increased expression of E-cadherin and a decreased

expression of N-cadherin and Vimentin. Notably, FN1

knockdown in metastatic tumor cells suppressed the

EMT process. These data also implied that down-

regulation of FN1 induced apoptosis by increasing

Figure 6 Effect of FN1 on protein expression in metastatic melanoma cells. (A) Mouse metastatic melanoma cells and (B) human metastatic melanoma cells were

transfected with NC-siRNA or FN1-siRNA, and the expression of FN1, BCL2, E-cadherin, N-cadherin and Bax were measured by western blot. The results showed that

downregulation of FN1 increased the expression of E-cadherin and Bax, and decreased the expression of N-cadherin, Vimentin and Bcl2. Data were presented as mean ± SD.

**P<0.01.
Abbreviations: FN1, fibronectin 1; NC, negative control.
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Figure 7 The possible signaling pathways by which FN1 regulated cancer metastasis. (A) The PPI network of proteins that were tightly associated with FN1. Search Tool for

the Retrieval of Interacting Genes (STRING) was used to make the PPI network. (B) The correlation among FN1, ITGB1, ITGA5, TGFB1, HGF, ITGA4 and ITGB3 was

analyzed by GEPIA, and the positive correlations were shown. (C) KEGG pathway analysis of proteins in PPI network showed that FN1 was closely associated with tumor

progression including focal adhesion, PI3K-AKT and ECM-receptor signaling pathway.

Abbreviations: FN1, fibronectin 1; PPI, protein–protein interaction; FDR, False Discovery Rate; KEGG, Kyoto Encyclopedia of Genes and Genomes.
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Bax/Bcl-2 ratio. Thus, we revealed that FN1 upregula-

tion in melanoma might promote melanoma proliferation

and metastasis by inhibiting apoptosis and regulat-

ing EMT.

Several signaling pathways including PI3K-AKT, TGF-

β, EGF, FGF, FAK and Wnt/β-catenin have been shown to

regulate EMT.30–32 In this study, we collected some proteins

tightly associated with FN1 and made a protein–protein

interaction network through STRING. Then, a positive cor-

relation among FN1, ITGB1, ITGA5, TGFB1, HGF, ITGA4

and ITGB3 was uncovered. The KEGG pathway analysis of

these proteins in the PPI network showed that FN1 was

tightly associated with focal adhesion, PI3K-AKT and

ECM-receptor signaling pathway. These data suggest that

EMT regulated by FN1 via interacting with integrin and

downstream signaling pathways in melanoma. Extensive

studies are needed for the precise mechanism.

Conclusion
Our study found that FN1 survived frommelanomametastasis

and that FN1 expression level was increased in metastatic

tumor cells. The suppression of the FN1 resulted in impaired

cell proliferation, increased apoptosis and reduced migration

and invasion through regulating EMT process. All these data

suggested that FN1 might play a pivotal role in melanoma

metastasis, and could be a therapeutic target to alert and pre-

vent melanoma metastasis. However, we have only predicted

some signaling pathways regulating EMT process, and further

studies are needed to validate this prediction in melanoma.
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Supplementary Materials

Figure S1 Clinical evidences for the overexpression of FN1 in melanoma. (A) The data from GEPIA confirmed that FN1 expression in tumorous tissues was higher than in

normal non-tumorous tissues. (B) The data from the Cancer Cell Line Encyclopedia showed that FN1 was highly expressed in melanoma compared with other cell types.

Figure S2 Schematic of the experiment metastatic model used in the study. B16F10 cells and A375 cells were intravenously injected into mice through the tail vein, and the

pulmonary metastases were stripped for the later experiment.
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