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FAT1 Hypermethylation Promotes
pithelial-Mesenchymal Transition
nd Metastasis in Nasopharyngeal
arcinoma by Activating ITGA6
ranscription1,2
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Abstract
DNA methylation is an important epigenetic change in carcinogenesis. However, the function and mechanism of
DNA methylation dysregulation in nasopharyngeal carcinoma (NPC) is still largely unclear. Our previous genome-
wide microarray data showed that NFAT1 is one of the most hypermethylated transcription factor genes in NPC
tissues. Here, we found that NFAT1 hypermethylation contributes to its down-regulation in NPC. NFAT1
overexpression inhibited cell migration, invasion, and epithelial-mesenchymal transition in vitro and tumor
metastasis in vivo. We further established that the tumor suppressor effect of NFAT1 is mediated by its
inactivation of ITGA6 transcription. Our findings suggest the significance of activating NFAT1/ITGA6 signaling in
aggressive NPC, defining a novel critical signaling mechanism that drives NPC invasion and metastasis and
providing a novel target for future personalized therapy.
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asopharyngeal carcinoma (NPC) is a malignant tumor with the
ghest incidence rate in Southern China and Southeast Asia [1–3].
ecent advances in intensity-modulated radiotherapy and the
plication of chemoradiotherapy have greatly improved prognosis,
t approximately 30% of NPC patients eventually develop
currence and/or distant metastasis [4]. Therefore, better under-
anding the underlying molecular mechanisms that regulate NPC
etastasis is essential for the development of novel treatment
rategies for NPC patients.
Epigenetic modification, including DNA methylation, can change
ne expression without altering nucleotide sequence. Aberrant DNA
ethylation plays a vital role in carcinogenesis and progression of
ncers, and its dynamic nature and reversible changes make it a
eritorious target for cancer treatment [5,6]. Accumulating evidence
monstrates that hypermethylation in the promoter region of genes
a major mechanism involved in the inactivation or silencing of
mor suppressor genes (TSGs) in various cancers [7–10]. It has also
en reported that promoter hypermethylation of TSGs is a common
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ent in NPC [11,12]. Dai et al. found that almost 91% of
fferentially methylated CpG sites in NPC were hypermethylated
3]. These findings suggest that TSG hypermethylation may play
itical roles in NPC development and progression, and further
udies are warranted to elucidate their functions and mechanisms.
Our previous genome-wide methylation study identified nuclear
ctor of activated T cells (NFAT1) as one of the top-ranked
permethylated transcription factor genes in NPC [14]. NFAT1,
so known as NFATc2/NFATp, can modulate cellular transforma-
on by regulating the expression of cell cycle-related proteins [15–17]
d can play a tumor-suppressor role by reversing the transformed
enotype of neoplastic cells [18–20]. However, the role and
echanism of NFAT1 remains unclear in NPC. In this study, we
monstrate that promoter hypermethylation of NFAT1 contributes
its down-regulation in NPC, thereby promoting NPC cell

ithelial-mesenchymal transition (EMT) and metastasis by activat-
g the transcription of integrin subunit alpha 6 (ITGA6). Our
ndings reveal the role of NFAT1/ITGA6 signaling in NPC,
oviding novel therapeutic targets for individualized NPC therapy.
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aterials and Methods

ell Culture and Clinical Specimens
Human NPC cell lines (CNE1, CNE2, SUNE1, HONE1,
NE1, 5-8F, and 6-10B) were cultured in Roswell Park Memorial
stitute (RPMI)-1640 (Invitrogen, USA) supplemented with 10%
tal bovine serum (FBS; Gibco). Normal human nasopharyngeal
ithelial cell lines (NP69 and N2-Tert) were grown in Keratinocyte
rum Free Medium (Invitrogen) supplemented with bovine
tuitary extract (BD Biosciences, San Jose, CA). HEK-293 T cells
ere cultured in Dulbecco's modified Eagle's medium (DMEM;
vitrogen) supplemented with 10% FBS. Nasopharyngeal epithelial
d NPC cell lines were treated with or without 10 μmol/L 5-aza-2′-
oxycytidine (DAC; Sigma-Aldrich) for 72 h, with the drug/media
placed every 24 h. Twenty-seven freshly-frozen NPC and 23
rmal nasopharyngeal epithelium tissue samples were collected from
n Yat-sen University Cancer Center. This study was authorized by
e Institutional Ethical Review Boards of Sun Yat-sen University
ancer Center, and written informed consents were provided by all
tients for use of their biopsy tissue samples.

lasmids, Virus Production, and Transfection
The pSin-EF2-puro-NFAT1-HA or pSin-EF2-puro-vector plasmids
ere obtained from Land Hua Gene Biosciences. pEnter-ITGA6-HIS
d pEnter-vector plasmids were obtained from Vigene Bioscience. The
ort hairpin RNA targeting NFAT1 (shNFAT1) (Table S1) was
nthesized and then cloned into pLKO.1-puromycin-GFP. For
ansient transfection, plasmids (2 μg) were transfected with Lipofecta-
ine 2000 reagent (Invitrogen) and then harvested for assays 48 h after
ansfection. To generate stably transfected cell lines, lentivirus assembly
pression plasmids were co-transfected into 293 T cells. Virus-
ntaining supernatants were used to infect NPC cells for 48 h, and
able clones were selected using 0.5 μg/ml puromycin. The transduction
ficiency was validated using RT-PCR and Western blot assays.

NA Isolation and Bisulfite Pyrosequencing Analysis
DNA from NPC tissues or cell lines was isolated using the AllPrep
NA/DNA Mini Kit (Qiagen, USA) or EZ1 DNA Tissue Kit
iagen), and 1–2 μg DNA was then treated with sodium bisulfite
ing the EpiTect Bisulfite kit (Qiagen) according to the manufac-
rer's instructions. Bisulfite pyrosequencing primers are shown in
able S1. The PyroMark Q96 System (Qiagen) was used for the
quencing reactions and methylation level quantification.

uantitative Reverse Transcription (RT)-PCR
Total RNA fromNPC cell lines and tissues was isolated with TRIzol
agent (Invitrogen) as instructed. cDNA was synthesized using a
everse Transcription Kit (Promega, Madison, WI). Quantitative
alysis was performed using SYBRGreen Real-Time PCRMasterMix
it (Invitrogen). The experiments were performed in triplicate for each
mple and normalized to expression of the housekeeping gene
APDH. The analysis was calculated by relative quantification
-ΔΔCT). The primer sequences are shown in Table S1.

estern Blot
Total protein was extracted using RIPA buffer, and then quantified
ing Pierce BCA protein assay (Thermo Scientific). Equal amounts
protein were separated by SDS-polyacrylamide gel electrophoresis
DS-PAGE) and electrophoretically transferred to PVDF mem-
anes (Millipore, Billerica, MD). The membranes were then blocked
ith 5% skim milk and incubated with anti-NFAT1 (1:1000,
bcam), anti-ITGA6 (1:500, Proteintech, Chicago, USA), anti-E-
dherin (1:500, BD Biosciences), anti-Vimentin (1:500, BD
iosciences), or anti-α-tubulin (1:1000, Proteintech) primary
tibody overnight at 4°C. The species-matched secondary antibodies
ere then incubated at room temperature for 1 hour and the proteins
ere detected by enhanced chemiluminescence (Thermo Scientific).

ound Healing Assay
Cells were seeded onto 6-well culture plates and cultured to a
bconfluent state in complete medium. After 24 h starvation in
rum-free medium, cell monolayers were linearly scraped with a P-
0 pipette tip. Cells that had detached from the bottom of the wells
ere gently aspirated and the remaining cells were incubated in
rum-free medium. The width of the scratch was monitored under a
icroscope and quantified in terms of the difference between the
iginal width of the wound and the width after cell migration.

igration and Invasion Assays
Transwell plates (8-μm pores) (Costar/Corning, Lowell, MA) were
ed for the Transwell migration or invasion assays. 5 × 104 or 1 × 105

lls resuspended in serum-free medium were placed in the upper
amber of each insert, either uncoated or coated with Matrigel (BD
iosciences). The lower chamber contained culture medium with 10%
BS to act as a chemoattractant. The cells were incubated for 12 h or 24
and were then fixed and stained. Cells on the undersides of the filters
ere observed and counted under 200× magnification.

ell Proliferation and Colony Formation Assays
For the CCK-8 assay, cells (1 × 103) were seeded into 96-well
ates, incubated for 0–4 days, stained with 10 μl CCK-8 (Dojindo,
pan), and incubated for 2 h. Afterwards, absorbance at 450 nm was
easured. For the colony formation assay, cells (0.3 × 103) were
eded into 6-well plates, cultured for 1 or 2 weeks, and the colonies
en fixed in methanol, stained with crystal violet, and counted.

SEA Analysis
Gene Set Enrichment Analysis (GSEA) was performed as
eviously described [2]. A microarray dataset (GSE12452) deposited
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the Gene Expression Omnibus (GEO) was applied to identify the
sociation of NFAT1 expression with EMT gene signature.

munofluorescence
Immunofluorescence analysis was performed as described previously
1]. Briefly, cells were fixed and incubated with the primary antibodies
-cadherin (610,181, 1:500, BD Biosciences) or Vimentin (610,193,
500, BD Biosciences) overnight at 4°C. After washing with PBS, cells
ere then incubated with fluorescence-conjugated secondary antibody
nvitrogen). Images were captured after staining with DAPI solution.

hromatin Immunoprecipitation Assays
An EZ-Magna ChIP kit (Millipore, Billerica, MD) was used to
rform the ChIP assay according to the manufacturer's instructions.
brief, cells were harvested for cross-linking and sheared by
gure 1. The NFAT1 promoter is hypermethylated in NPC. (A) Schem
rosequencing region. TSS: transcription start site; cg13844474: CG s
d text: CG sites for bisulfite pyrosequencing; bold red text: most sign
alysis of the NFAT1 promoter region (B) and the average methylation
13844474 CG site. (D) Bisulfite pyrosequencing analysis ofNFAT1 prom
sopharyngeal epithelial cell lines (NP69 and N2Tert) and NPC (CNE1, C
nication. The resultant chromatin fraction was immunoprecipi-
ted using anti-HA (Abcam, ab9110) or negative control anti-IgG
igma) antibody. The DNA fragments were subsequently isolated
ing Qiagen MinElute column purification. 1 μg of ChIP DNA was
ed for ChIP-seq library preparation using Mondrian and directed to
bp sequencing using HiSeq 2500 (The Beijing Genomics

stitute, China). ChIP quantitative PCR was performed using
ecific primers (GENEWIZ, China) (Table S1).

uciferase Reporter Assays
pGL3 luciferase reporter plasmids containing wild type or mutant
omoter of ITGA6 were constructed. Cells were co-transfected with the
dicated luciferase reporters (200 ng) and a pRL construct containing
e Renilla luciferase reporter (1 ng), as well as NFAT1 overexpression
asmid or empty vector (2 μg). After 36 h, luciferase activity was
atic illustration of the NFAT1 promoter CpG islands and bisulfite
ite identified in our previous genome-wide methylation analysis;
ificantly altered CG site in NFAT1. (B, C) Bisulfite pyrosequencing
levels (C) in normal (n = 8) and NPC (n = 8) tissues. Red text:
oter region, as determined by bisulfite pyrosequencing analysis, in
NE2, SUNE1, HONE1, HNE1, 5-8F, and 6-10B) cell lines.
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Figure 2. NFAT1 promoter hypermethylation contributes to its down-regulation in NPC. (A, B) Quantitative RT-PCR analysis of NFAT1
mRNA expression in normal nasopharyngeal epithelial cell lines (NP69 and N2Tert) and NPC cell lines (CNE1, CNE2, SUNE1, HONE1,
HNE1, 5-8F, and 6-10B) (A), together with normal nasopharyngeal epithelial tissues (n = 10) and NPC tissues (n = 14) (B). (C) Relative
expression ofNFAT1 in NPC patients without (n = 5) or with (n = 9) lymph nodemetastasis. (D, E)Western blot analysis of NFAT1 protein
in nasopharyngeal epithelial cell lines and NPC cell lines (D), normal nasopharyngeal epithelial tissues (N, n = 5), and NPC tissues (T, n =
5) (E). (F, G) NFAT1 methylation levels were measured by bisulfite pyrosequencing analysis (F) and relative NFAT1 mRNA levels were
measured by real-time RT–PCR (G) with (DAC+) or without (DAC−) DAC treatment in nasopharyngeal epithelial cell lines and NPC cell
lines. P-values were calculated using Student's t-test.
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easured using the Dual luciferase Reporter Assay Kit (Promega). The
lue of firefly luciferase activity was normalized to the Renilla activity.

opliteal Lymph Node Metastasis Model
All animal research protocols were approved by the Animal Care and
se Ethics Committee of SunYat-senUniversityCancer Center. Twenty
male BALB/c nude mice (4–5-weeks-old) were obtained from Charles
iver Laboratories (Beijing, China). Cells (3 × 105 in 0.1mLof sterilized
BS) stably overexpressing NFAT1 or vector were inoculated into the
otpads of mice (n = 10/group). The mice were sacrificed on day 28,
d the primary tumors and popliteal lymph nodes were detached and
raffin-embedded. Then, sections of the primary tumors and lymph
des were subjected to H&E staining for histological examination.
etastatic tumor cells in the lymph nodes were identified with an anti-
n-cytokeratin antibody (Thermo Scientific) and the images were
ptured using a NIKON ECLIPSE 80i microscope (Japan).

munohistochemistry (IHC)
Sections of primary tumors and popliteal lymph nodes were
paraffinized with xylene and rehydrated with a descending ethanol
adient. After treatment with citrate buffer, the sections were pre-
cubated with hydrogen peroxide, blocked with goat serum,
cubated with primary antibodies (NFAT1, 1:100; ITGA6, 1:100;
-cadherin, 1:100; Vimentin, 1:100), and then labeled with an
idin–biotin peroxidase complex (Dako) followed by diaminoben-
dine development (Sigma). Finally, sections were counterstained
ith hematoxylin, and images were captured using a NIKON
CLIPSE 80i microscope (Japan).

tatistical Analysis
Statistical analysis was performed with SPSS 18.0 (SPSS Inc.).
udent's t-test (two-tailed) was used to compare means between two
oups. All bars represent mean ± SD derived from three independent
periments. P values b.05 were considered statistically significant. All
ta from this study has been deposited at Sun Yat-sen University
ancer Center for future reference (number RDDB2018000416).
esults

he NFAT1 Promoter is Hypermethylated in NPC
Our previous genome-wide methylation microarray (GSE52068)
owed that NFAT1 is one of the top-ranked hypermethylated
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Figure 3. NFAT1 inhibitsNPCcellmigration and invasion in vitro. (A)Woundhealing assays inSUNE1andHONE1cells stably overexpressingNFAT1
or empty vector. (B) Transwellmigration and invasionassayswithorwithoutMatrigel. (C)Woundhealingassay inSUNE1andHONE1cells transiently
expressing control NC orNFAT1-shRNAs (sh-1 and sh-2). (D) Transwell migration and invasion assays with or withoutMatrigel. Magnification ×200;
scale bar, 100 μm. All experiments were repeated at least three times; data are mean ± SD. P-values were calculated using Student's t-test.
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anscription factor genes in NPC tissues, which was also identified in
e Hong Kong dataset (GSE62336) (Figure S1). We validated the
omoter methylation level of NFAT1 by bisulfite pyrosequencing in
dependent NPC (n = 8) and normal tissues (n = 8). The CpG
lands and region selected for bisulfite pyrosequencing in the NFAT1
omoter region are shown in Figure 1A. The methylation level of
FAT1 (cg13844474) in NPC tissues was significantly increased
mpared with normal tissues (Figure 1, B and C). Similarly, in NPC
ll lines (CNE1, CNE2, SUNE1, HONE1, HNE1, 5-8F, and 6-
B), the methylation level ofNFAT1 (cg13844474) was higher than
at in normal nasopharyngeal epithelial cell lines (NP69 and
2Tert) (Figures 1D, S2). These results indicate that the NFAT1
omoter is hypermethylated in NPC.

FAT1 Down-Regulation is Associated With Its Promoter
ypermethylation
To understand the relationship between NFAT1 expression and its
omoter methylation status in NPC, we performed quantitative RT-
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Figure 4.NFAT1 inhibits NPC cell epithelial-mesenchymal transition (EMT) in vitro. (A) GSEA enrichment plots revealed that enrichment of
apical junction pathways was associated with down-regulation of NFAT1. (B) Western blot analysis of EMT marker (E-cadherin and
Vimentin) expression levels in SUNE1 and HONE1 stably overexpressing vector or NFAT1. (C, D) Immunofluorescence staining of E-
cadherin (C) and Vimentin (D) in SUNE1 and HONE1 cells with NFAT1 overexpression (×400).
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CR and found that NFAT1 mRNA was significantly down-regulated
NPC cell lines and tissues, especially in those with lymph node
etastasis (Figure 2, A–C). Furthermore, Western blot showed
FAT1 protein expression was down-regulated in both NPC cell
es and tissues (Figure 2,D and E). To determine whether the down-
gulation of NFAT1 results from its promoter hypermethylation, we
eated immortalized normal nasopharyngeal epithelial cell lines and
PC cell lines with or without DAC. Bisulfite pyrosequencing and
antitative RT-PCR showed that NFAT1 methylation levels were
bstantially decreased while NFAT1 mRNA levels were significantly
creased in NPC cell lines but not in normal nasopharyngeal epithelial
ll lines (Figures 2, F and G, S2; P b .05). These findings suggest that
FAT1 is down-regulated in NPC and that its down-regulation is
sociated with its promoter hypermethylation.

FAT1 Inhibits NPCCellMigration, Invasion, and EMT InVitro
To investigate the role of NFAT1 in NPC malignancy, we
bjected SUNE1 and HONE1 cells stably overexpressing NFAT1 or
e control vector to CCK8, colony formation, wound healing, and
ranswell assays. Ectopic expression of NFAT1 significantly
ppressed NPC cell migration (Figure 3, A and B) and invasion
igure 3B). In contrast, silencing NFAT1 using two different
RNAs clearly increased the migratory and invasive abilities of NPC
lls (Figures 3, C and D, S3, A-C). CCK8 and colony formation
says demonstrated that overexpression or silencing of NFAT1 had
tle effects on NPC cell viability and colony formation (Figure S3,
–G). GSEA analysis based on the GSE12452 database showed
at NFAT1 was associated with EMT and hallmark apical junction
igure 4A). Western blot and immunofluorescence staining showed
at overexpression of NFAT1 was associated with increased
pression of the epithelial marker E-cadherin and decreased
pression of the mesenchymal marker Vimentin (Figure 4, B–D).
ollectively, these findings indicate that NFAT1 suppresses NPC cell
igration, invasion, and EMT in vitro.

FAT1 Represses the Transcription of ITGA6 in NPC
To identify target genes of NFAT1, ChIP-Seq was performed using
A tag antibody. Sequence motif search of the NFAT1-binding
aks showed greatest enrichment for the consensus NFAT1 motif
GAAA) (Figure 5A). The peak intensity profile of these sites
nking the TSS is shown in Figure 5B, and a conservation analysis
owed that sequences within and flanking the NFAT1 binding sites
e evolutionarily conserved. To further identify downstream target
nes of NFAT1, we performed Gene Ontology analysis and selected
genes for validation that overlapped among proteoglycans in

ncer, regulation of cytoskeleton, cell adhesion, and focal adhesion
igure 5C). Quantitative RT-PCR showed that ITGA6 was among
e most down-regulated genes associated with NFAT1 overexpres-
on (Figure 5D). Correlation analysis further demonstrated that
GA6 mRNA expression inversely correlated with NFAT1 mRNA
pression in the GSE12452 database (Figure 5E; R = −0.357,
b .05).
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Figure 5. NFAT1 represses ITGA6 transcription. (A) The top consensus sequence motif compiled from NFAT1-binding peaks centered on
the binding summits. (B) The distribution of NFAT1 bindingmotif position relative to TSS. (C) Venn Diagram: Number of regulated genes in
proteoglycans in cancer, regulation of cytoskeleton, cell adhesion, and focal adhesion. Note, 10 genes are commonly regulated in cancer
and apical junction. (D) Validation of 10 differentially expressed genes by RT-PCR. (E) Correlations between NFAT1mRNA expression and
ITGA6 expression in GSE12452 dataset. (F) ChIP real-time PCR assays were conducted to assess the enrichment of NFAT1 in the ITGA6
promoter region in NFAT1 overexpressing NPC cells. Data are means ± standard deviation. **P b .01 compared with IgG; Student's t-
tests. (G) Wild type (Wt) or mutant (Mt) NFAT1 target sequence of the ITGA6 promoter. (H) Relative luciferase activity of the vector or
NFAT1 overexpressing NPC cells after transfection with Wt or Mt. ITGA6 promoter reporter genes. All experiments were repeated at least
three times; data are means ± standard deviation. P-values were calculated using Student's t-test. (I) Western blot analysis of ITGA6
expression in the vector or NFAT1 overexpressing NPC cells.
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ChIP real-time PCR assay using an anti-HA antibody confirmed
at restoration of NFAT1 increased the occupancy of NFAT1 at the
GA6 promoter region (Figure 5F). A luciferase reporter gene assay
as performed to determine whether ITGA6 is a direct target of
FAT1. We cloned the wild type or mutantNFAT1 target sequences
the ITGA6 promoter into luciferase reporter vectors (Figure 5G).
fter co-transfection with NFAT1 plasmids, the luciferase activity of
e ITGA6 reporter gene was significantly reduced, whereas the
tivity of the mutant reporter gene was not affected (Figure 5H),
nfirming that NFAT1 can bind to the ITGA6 promoter. Western
ot further showed that overexpression of NFAT1 significantly
duced ITGA6 protein expression. Taken together, these findings
ggest that NFAT1 can negatively regulate ITGA6 expression by
pressing the transcription of ITGA6.

GA6 is a Functional Target of NFAT1 in NPC
To determine whether NFAT1-mediated ITGA6 down-regulation
ntributed to its inhibitory effect on NPC cell migration and
vasion, we restored ITGA6 expression in NPC cells stably
erexpressing NFAT1. Co-transfection with ITGA6 significantly
olished the inhibitory effects of NFAT1 on NPC cell migration and
vasion (Figure 6, A–D). In addition, the expression level of E-
dherin induced by NFAT1 was substantially decreased, and
imentin was clearly increased following co-transfection with
GA6 (Figure 6, E and F). These findings demonstrate that
GA6 is a functional target of NFAT1 in NPC cells.

FAT1 Inhibits NPC Aggressiveness In Vivo
To determine whether NFAT1 affects NPC metastasis in vivo, we
tablished a popliteal lymph node metastasis mouse model by
oculating the footpads of nude mice with HONE1 cells stably
erexpressing NFAT1 or vector alone (Figure 7A). H&E staining
owed that primary tumors in the NFAT1 overexpression group
hibited sharp edges that expanded as spheroids, indicating a less
gressive phenotype with invasion towards the skin and muscle
igure 7B). Furthermore, the popliteal lymph node volumes were
aller, and pan-cytokeratin-positive tumor cells were fewer in the
FAT1 overexpression group than in the vector group (Figure 7, C–
). Taken together, these findings imply that NFAT1 suppresses
PC cell metastasis in vivo.
To further examine whether NFAT1 suppresses ITGA6 expression
vivo, IHC was used to assess NFAT1 and ITGA6 protein levels in
imary tumors. ITGA6 expression was significantly decreased in the
FAT1 overexpression group compared with the vector group
igure 7F). In addition, overexpression of NFAT1 increased E-
dherin expression, but decreased Vimentin expression. In summary,
ese results suggest that NFAT1 up-regulation is associated with a
duction in ITGA6 expression in vivo.
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Figure 6. ITGA6 is a functional target of NFAT1 in NPC. ITGA6 plasmid was transfected in SUNE1 and HONE1 cells stably overexpressing
NFAT1 or the empty vector (V) (A, B) Wound healing assay. (C, D) Transwell migration and invasion assays with or without Matrigel. (E, F)
E-cadherin, Vimentin, ITGA6 and NFAT1 expression levels were measured via Western blot. All experiments were repeated at least three
times; data are means ± standard deviation. P-values were calculated using Student's t-test.

318 NFAT1 hypermethylation promotes NPC metastasis Zhang et al. Neoplasia Vol. 21, No. 3, 2019
iscussion
his study identified the novel role of NFAT1 in NPC progression.
ur findings establish that NFAT1 down-regulation in NPC is
sociated with its promoter hypermethylation. Restoration of
FAT1 significantly suppressed epithelial-mesenchymal transition
d metastasis in vitro and in vivo. The tumor suppressor role of
FAT1 might depend on its transcriptional repression of ITGA6.
verall, our findings uncovered a novel mechanism by which NFAT
gulates ITGA6 expression and its role in NPC progression.
DNA methylation, one of the best characterized epigenetic
terations, can lead to long-term repression of gene expression
2]. Approximately sixty percent of genes have one or more CpG
lands in their promoter and can therefore be potentially silenced by
NA methylation. DNA methylation patterns are largely modified in
ncer cells and the alteration of DNA methylation patterns is a
llmark of cancer [23]. Numerous studies have found that repression
tumor suppressor genes (TSGs) by DNA hypermethylation

ntributes to dysregulation of various cellular pathways (cell cycle,
optosis, and metastasis) during carcinogenesis [24–26]. Our
evious genome-wide methylation microarray study showed that
NA hypermethylation is frequent in NPC [14], and that NFAT1
as one of the most differentially hypermethylated transcriptional
ctor genes in NPC tissues. However, the function and mechanism
NFAT1 in NPC remained unclear.
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Figure 7. NFAT1 suppresses NPC aggressiveness in vivo. HONE1 cells stably overexpressing NFAT1 or empty vector (n = 10 per group)
were injected into the footpads of mice to construct inguinal lymph node metastasis models. (A) Representative images of primary
footpad tumor andmetastatic popliteal lymph node. (B) Representative images of microscopic primary tumors in the footpad stained with
hematoxylin and eosin (H&E). Magnification ×200; scale bar, 100 μm. (C) Representative images and quantification of the average
volumes of the popliteal lymph nodes. Mean ± standard deviation; **P b .01compared with vector; Student's t-test. (D)
Immunohistochemical staining for pan-cytokeratin-positive tumor cells in popliteal lymph nodes (×4 and ×200). Scale bar, 100 μm. (E)
Metastatic ratios of popliteal lymph nodes; Chi-squared test. (F) Immunohistochemical staining for NFAT1, ITGA6, E-cadherin, and
Vimentin in primary footpad tumors (×100 and ×200). Each mouse sample was considered as an independent experiment; three
technological replicates were repeated in each sample.
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NFAT1, one member of the NFAT family, is a transcription factor
at has profound effects on the proliferation and migration of T cells
7]. All NFAT family proteins share a highly conserved Rel-
mology domain (RHD), which endows the NFAT members with a
mmon DNA-binding specificity [28]. In addition, these calcium-
sponsive NFAT isoforms (NFAT1-NFAT4) have another con-
rved NFAT homology domain (NHD), which can bind to
omoter elements and initiate gene transcription. Recent studies
ggest that NFATs may be involved in many aspects of cancer,
cluding cancer cell survival [29,30], apoptosis [31–34], migration
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d metastasis [35–37], angiogenesis [38–40], and the tumor
icroenvironment [41]. There is little knowledge regarding the role
at NFAT1 plays in NPC. In this study, we demonstrated that
FAT1 is significantly down-regulated in NPC tissues and cell
es as a result of promoter hypermethylation. Overexpression of
FAT1 inhibited NPC cell migration, invasion, EMT, and
etastasis, but had little influence on cell proliferation. Therefore,
e conclude that NFAT1 acts as a tumor suppressor in NPC
ogression, a role which has also been described for NFAT1 in
ioma [42]. It has been reported that NFAT1 functions as an
cogene in melanoma [43], indicating that NFAT1 exerts different
nctions in different tumor types.
EMT is a normal physiological process during which epithelial cells
quire enhanced motility and invasiveness typical of mesenchymal
lls. Recent studies suggest that multiple morphogenic and
vironmental signals, such as transforming growth factor-β
GF-β), WNT, epidermal growth factors and platelet-derived
owth factors, inflammatory cytokines, and integrin receptor ligands
l promote EMT [2,21,44,45]. After screening downstream NFAT1
rgets, we found that expression of ITGA6 is the most significantly
fected by NFAT1. Consistent with this observation, we found that
FAT1 could directly bind to the promoter region of ITGA6 and
hibit its transcription. ITGA6, an extracellular integrin receptor,
uld promote EMT and invasive and metastatic behavior in
rcinoma progression [46,47]. Restoration of normal ITGA6 levels
NPC cells via NFAT1 overexpression significantly reversed the
hibitory effects of NFAT1 on migration, invasion, and EMT,
dicating that ITGA6 is a functional target of NFAT1 in NPC.

onclusions
summary, we report that NFAT1 is epigenetically silenced by
omoter methylation in NPC. Epigenetic silencing of NFAT1
omotes EMT and metastasis in NPC by activating ITGA6
anscription. These findings underscore the significant role of
FAT1 as well as ITGA6 in NPC metastasis, and provide a specific
rget for the development of novel therapeutic strategies for patients
ith metastatic NPC in the future.
Supplementary data to this article can be found online at https://
i.org/10.1016/j.neo.2019.01.006.
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