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Abstract

Longnoncoding RNAs (lncRNA)play important roles in the

tumorigenesis and progression of cancers. However, the clin-

ical significance of lncRNAs and their regulatory mechanisms

innasopharyngeal carcinogenesis (NPC) are largely unknown.

Here, based on a microarray analysis, we identified 384

dysregulated lncRNAs, of which, FAM225A was one of the

most upregulated lncRNAs in NPC. FAM225A significantly

associated with poor survival in NPC. N(6)-Methyladenosine

(m6A)was highly enrichedwithin FAM225A and enhanced its

RNA stability. FAM225A functioned as an oncogenic lncRNA

that promoted NPC cell proliferation, migration, invasion,

tumor growth, and metastasis. Mechanistically, FAM225A

functioned as a competing endogenous RNA (ceRNA) for

spongingmiR-590-3p andmiR-1275, leading to the upregula-

tion of their target integrin b3 (ITGB3), and the activation of

FAK/PI3K/Akt signaling to promoteNPCcell proliferation and

invasion. In summary, our study reveals a potential ceRNA

regulatory pathway in which FAM225A modulates ITGB3

expression by binding to miR-590-3p and miR-1275, ulti-

mately promoting tumorigenesis and metastasis in NPC.

Significance: These findings demonstrate the clinical

significance of the lncRNA FAM225A in nasopharyngeal

carcinoma (NPC) and the regulatory mechanism involved

in NPC development and progression, providing a novel

prognostic indicator and promising therapeutic target.

Introduction

Nasopharyngeal carcinoma (NPC) is a unique head and neck

cancer, mainly involving the epithelial lining of the nasopharynx.

NPC is predominant in Southeast Asia, especially in China,

accounting for 40% of new cases worldwide each year (1–3).

With the combined use ofmagnetic resonance imaging, intensity-

modulated radiotherapy and concurrent chemoradiotherapy, the

prognosis of NPC patients has been substantially improved.

However, approximately 30%ofNPCpatients eventually develop

recurrence or/and distant metastasis, and the curative effect for

those patients is unsatisfactory (4, 5). Therefore, advances in the

identification of predictive biomarkers and clarification of under-

lying mechanisms are essential for the development of more

individualized treatment for NPC patients.

Accurate prognostic prediction is a prerequisite for rational

treatment of NPC patients, and the tumor–node–metastasis

(TNM) staging system is currently considered the gold standard

for guiding treatment. Based on TNM staging, NPC patients

are divided into 4 stages, and receive stratified treatments accord-

ingly. However, although NPC patients in the same stage receive

similar treatment, their clinical outcomes vary. This indicates

that anatomic TNM staging fails to adequately reflect the bio-

logical heterogeneity of cancer and is insufficient to accurately

predict NPC patients at high risk of treatment failure. To address

this limitation of TNM staging, multiple biomarkers, such as

EBV-DNA, miRNA, and gene profile, have been proposed for

predicting the clinical prognosis of NPC patients (6–8). However,

more studies are required to identify new biomarkers and treat-

ment targets.

Long noncoding RNAs (lncRNA) are a class of RNA molecules

consisting of more than 200 nucleotides without protein-coding

potential (9). Once considered transcriptional noise, lncRNAs are

now known to constitute a regulatory system that functions at the

transcriptional and posttranscriptional levels. LncRNAs are

involved in various biological processes, such as cell proliferation,

differentiation, and metastasis (10). It has been reported that

dysregulation of lncRNA plays a vital role in the occurrence and

development of tumors, includingNPC(11–15).However, only a
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fraction of the lncRNAs in the genome have been characterized

functionally (16), and the study of the functions of lncRNAs in

tumorigenesis, especially in NPC, is still at an early stage. Thus,

further insight into the lncRNA-dependent gene-regulatory

mechanisms will provide useful prognostic biomarkers and indi-

vidual treatments for NPC.

In this study, based on genome-wide microarray analysis, we

identified an NPC-associated lncRNA FAM225A, the biological

function of which in tumorigenesis has not yet been clarified. We

found that high FAM225A expression is closely related to poor

prognosis of NPC patients. The m6Amark improved the stability

of methylated FAM225A transcripts by decreasing the RNA deg-

radation rate, whichmay partially account for the upregulation of

FAM225A in NPC. In vitro and in vivo functional experiments

showed that FAM225A promotes NPC cell proliferation and

metastasis. As a competing endogenous RNA (ceRNA), FAM225A

sponges miR-590-3p andmiR-1275 to increase ITGB3 expression

and activate the FAK/PI3K/Akt pathway. Our study elucidates the

clinical significance and regulatory mechanism of FAM225A in

NPC and provides a prognostic indicator as well as a promising

therapeutic target for NPC patients.

Materials and Methods
Clinical specimens

For expression analysis, 20 freshly frozen NPC and 16 normal

nasopharynx tissue samples were obtained from the Sun Yat-sen

University Cancer Center. For prognosis analysis, another 206

paraffin-embedded NPC biopsy tissues were collected from NPC

patients with detailed clinical characteristics and long-term fol-

low-up data at the Sun Yat-sen University Cancer Center (China)

from January 2006 to December 2009. All of the patients were

diagnosed with nonmetastatic NPC, without receiving any anti-

neoplastic therapy prior to biopsy. This studywas approvedby the

Institutional Ethical Review Board of the Sun Yat-sen University

Cancer Center (GZR2018-030), and written informed consent

was obtained from all patients.

Cell culture

NineNPCcell lines (CNE-1,CNE-2,HONE-1, SUNE-1,HNE-1,

5-8F, 6-10B, C666-1, and HK-1) were maintained in RPMI-1640

(Invitrogen) supplemented with 10% fetal bovine serum (FBS;

Gibco), and the other 2 NPC cell lines (S18 and S26) were

cultured in DMEM (Invitrogen) supplemented with 10% FBS.

The human immortalized nasopharyngeal epithelial cell lines

(NP69 and N2Tert) were cultured in keratinocyte/serum-free

medium (Invitrogen) supplemented with bovine pituitary extract

(BD Biosciences). All cell lines that had been authenticated were

generously provided by Dr. M. Zeng (Sun Yat-sen University

Cancer Center). In addition, the 293T cells obtained from the

ATCC were cultured in DMEM supplemented with 10% FBS.

Microarray analysis

LncRNA expression was analyzed using the Arraystar Human

LncRNA Microarray v3.0 by KangChen Bio-tech as previously

described (17). The GeneSpring GX v12.1 software package

(Agilent Technologies) was used for data normalization and

subsequent processing. Differentially expressed lncRNAs were

identified using a stringent filtering criteria (fold change � 2,

P < 0.05). Heat map and volcano plots were generated with the

"pheatmap" and "ggplot2" packages in R (version 3.4.4). The

microarray data have been deposited in the National Center for

Biotechnology Information's Gene-Expression Omnibus (acces-

sion number GSE126683).

RNA extraction, reverse transcription, and real-time RT-PCR

Total RNA from cell lines and freshly frozen tissues or paraffin-

embedded tissues were isolated by TRIzol reagent (Invitrogen) or

the QIAGEN FFPE RNeasy kit (QIANGEN). Reverse transcription

was performed using M-MLV reverse transcriptase (Promega)

with Bulge-Loop miRNA-specific RT primers (RiboBio) for

miRNA or random primers (Promega) for mRNA and lncRNA.

The Platinum SYBR Green qPCR SuperMix-UDG reagents

(Invitrogen) were used in quantitative RT-PCR analysis with

the Bio-Rad CFX96 Touch sequence detection system (Bio-Rad

Laboratories Inc.). GAPDH or U6 was used as an endogenous

control for normalization. All primer sequences are listed in

Supplementary Table S1. The relative fold changes in expression

were analyzed using the 2�DDCT method.

m6A RNA methylation quantification

Total m6A levels of the extracted RNA were measured by the

EpiQuikm6ARNAMethylationQuantificationKit (Colorimetric;

Epigentek) according to the manufacturer's instructions. Poly-A-

purified RNA (200 ng) was used for each sample analysis.

RNA immunoprecipitation

The EZ-Magna RIP kit (Millipore) was used for RNA immu-

noprecipitation (RIP) according to the manufacturer's instruc-

tions. Briefly, 24 hours after transfection, cells were harvested to

perform RIP experiments using an m6A antibody (2 mg/sample;

Synaptic Systems) or Ago2 antibody (5 mg/sample; Abcam). IgG

was used as a negative control. The coprecipitated RNAswere then

detected by quantitative RT-PCR as previously described. When

analyzing RIPed RNA, a comparative Ct (DDCt)methodwas used.

The input fractionCt valuewas used tonormalize theRNA sample

preparation differences in each group, and the negative controls

(IgG)Ctwas used to adjust background fraction. The primers used

for themeasurement ofm6A-modified FAM225A levels or detect-

ing FAM225A involved in the RNA-induced silencing complex

(RISC) are provided in Supplementary Table S1.

Gene set enrichment analysis

The gene set enrichment analysis (GSEA) software (version 3.0,

www.broadinstitute.org/

gsea/) was used to identify gene signatures between groups with

high (top 25%, n ¼ 8) and low (bottom 25%, n ¼ 8) FAM225A

expression based on the GSE12452 data set (Supplementary

Table S2). The results of GSEA are expressed using normalized

enrichment scores that take into account the size and degree of

overrepresentation of the gene set at the top or bottom of the

aligned gene list [P < 0.05 and false discovery rate (FDR)� 0.25].

Transient transfection and generation of stably transfected

cell lines

The shRNAs against FAM225A or integrin b3 (ITGB3) were

synthesized according to the sequences shown in Supplementary

Table S3. The coding sequence of FAM225A was synthesized

by GENEWIZ and cloned into the lentiviral plasmid pSin-EF2-

puromycin (Addgene). The pENTER-ITGB3 plasmid and

pENTER-vector were purchased from Vigene Biosciences. The

miR-590-3p or miR-1275 mimics, inhibitor, and negative

FAM225A Sponges miR-590-3p/-1275 to Upregulate ITGB3 in NPC
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controlswere purchased fromRiboBio (Supplementary Table S4).

Cells were transfected using Lipofectamine 3000 reagent (Invi-

trogen) or RNAiMAX Reagent (Invitrogen). The cells were har-

vested for assays at 48 hours after transfection.

The shRNA-FAM225A 2# or control scrambled shRNA was

inserted into pLKO.1 vector, and cotransfected into 293T

cells with the psPAX2 packaging plasmid (Addgene) and

the pCMV-VSV-G envelope plasmid (Addgene) using poly-

ethyleneimine (PEI; Polysciences). After transfection, the cell

supernatants were harvested and used to infect SUNE-1 and

HNE-1 cells, and the stably transfected cells were selected using

puromycin (1 mg/mL) and validated by quantitative RT-PCR.

Lentiviral plasmid overexpressing ITGB3 (GeneCopoeia) was

further transfected the selected stably cells to obtain SUNE1

cells stably coexpressing shRNA-FAM225A 2# and ITGB3.

CCK-8 and colony formation assays

For CCK-8 assays, cells were seeded into 96-well plates at a

density of 1,000 cells/well, and 10 mL of CCK-8 (Dojindo) was

added per well on days 0 to 5. The cells were subsequently

incubated at 37�C for 2 hours, and the optical density was

measured at 450 nm. For the colony formation assays, 400 cells

were inoculated into 6-well plates and cultured at 37�C for

10 days. The colonies were then fixed with methanol and stained

with hematoxylin.

Wound-healing, transwell migration, and invasion assays

For wound-healing assays, cells were seeded in 6-well plates

and cultured to the subfusion state. After being starved in serum-

free medium for 24 hours, the monolayer cells were scraped

linearly to introduce an artificial wound that was captured at

0 hours and 24/48 hours. For the transwell migration and inva-

sion assays, transwell chambers (Corning) with a membrane

pore size of 8 mm were coated without or with Matrigel (BD

Biosciences). Subsequently, 5� 104 or 1� 105 cells suspended in

serum-free medium were seeded in the upper chambers, and

medium supplemented with 10% FBS was placed in the lower

chambers. After incubation for 12 or 24 hours, the cells were

fixed, stained, and counted using an inverted microscope.

Subcellular fractionation and fluorescence in situhybridization

Nuclear and cytoplasmic RNA was separated with the NE-PER

Nuclear and Cytoplasmic Extraction Reagents (Invitrogen), and

then analyzed by quantitative RT-PCR. For fluorescence in situ

hybridization (FISH) assays, cells were first grown for 24 hours

in 24-well plates with glass cover slips. After immobilization

and permeabilization, cells were hybridized with 20 mmol/L

Cy3-labeled FAM225A or U6 FISH probe mix (RiboBio), and

6-diamidino-2-phenylindole (DAPI) was used to stain nuclei.

Images were observed with a confocal laser-scanningmicroscope

(Olympus FV1000, Japan).

Luciferase reporter assay

The wild-type or mutant FAM225A fragment or ITGB3 30-UTR

containing the predicted binding sites of miR-590-3p or

miR-1275 were subcloned into a psiCHECK2 Dual-luciferase

vector (Promega). The luciferase reporter plasmids were cotrans-

fected into NPC cells with miR-590-3p or miR-1275 mimics or

the negative control. The relative luciferase activity was measured

with the Dual-Luciferase Reporter Assay System (Promega)

according to the manufacturer's instructions.

Biotin-labeled miRNA pulldown assay

Biotin-labeled miRNA pulldown assays were performed to

identify their target RNAs (18, 19). Briefly, cells were transfected

with biotin-labeled miR-590-3p or miR-1275 or miR-Ctrl

(50 nmol/L), and then cell lysates were harvested 48 hours later.

Simultaneously, streptavidin-Dyna beads (Invitrogen) were coat-

ed with yeast tRNA (Invitrogen) and incubated with rotation at

4�C for 2 hours. Then the beads were washed with splitting buffer

and resuspended with lysis buffer. Sample lysates were mixed

with precoated beads and incubated overnight at 4�Con a rotator.

Beads were then pelleted to remove unbound materials and

washed 5 times with ice-cold lysis buffer. RNA was isolated and

subjected to quantitative RT-PCR analysis.

Western blot analysis

Cell lysates were separated by SDS-polyacrylamide gel (4%–

10%) electrophoresis, and then transferred to polyvinylidene

fluoride (PVDF) membranes (Millipore). The membranes

were then blocked with 5% skimmed milk and incubated over-

night at 4�C with the following primary detection antibodies:

anti-METTL3 (1:1,000; Abcam), anti-ITGB3 (1:1,000; Abcam),

anti-FAK (1:1,000; CST), anti-p-FAK (1:1,000; CST), anti-Akt

(1:1,000; CST), anti-p-Akt (Ser-473; 1:1,000; CST), or anti-b-actin

(1:5,000; Proteintech). The species-matched secondary anti-

bodies were then incubated for 1 hour at room temperature, and

the proteins were detected using BeyoECLPlus (Beyotime).

In vivo nude mouse models

All of the experimental procedures involving animals were

approved by the Institutional Animal Care and Use Committee

of the Sun Yat-sen University Cancer Center (L102012018070R).

Female BALB/c nude mice (ages 4–5 weeks, 18–20 g) were

purchased from the Charles River Laboratories. For the tumor

growth model, 1� 106HNE1-Scrambled or HNE1-shFAM2225A

2# cellswere injected into the axilla of themice, and the tumor size

was measured every 3 days. On day 30, the mice were killed, and

the tumors were dissected and weighed. For the lung meta-

stasis model, SUNE1-Scrambled or SUNE1-shFAM2225A 2#

cells (1 � 106) were injected into the tail veins of the mice. After

8 weeks, the mice were killed and the lung tissues were fixed

and paraffin-embedded for hematoxylin and eosin staining. For

the inguinal lymph node metastasis model, 2 � 105 SUNE1-

Scrambled or SUNE1-shFAM2225A 2# cells were inoculated into

the footpads of the mice. After 6 weeks, the mice were killed, and

their footpad tumors and inguinal lymph nodes were detached.

The sections of the inguinal lymph nodes were stained with anti-

CK (pan) antibody (ZSGB-Bio) to determine whether the lymph

nodes contain metastatic tumor cells, and the metastatic ratios

were calculated for each group.We also constructed tumor growth

model and inguinal lymph node metastasis model using SUNE1

cell that stably expressing sh-FAM2225A 2#, sh-FAM2225A 2# þ

ITGB3, or scrambled control.

In situ hybridization

An in situ hybridization kit (Boster Bio-Engineering Company)

was used to perform in situ hybridization (ISH) according to the

manufacturer's instructions. Briefly, after deparaffinization and

rehydration, sections were digested with pepsin for 15minutes at

37�C and subsequently dehydrated. The sections were hybridized

with FAM2225A-specific probe (20 mL/section; Boster) or miR-

590-3p/miR-1275-specific probe (2.5 mmol/L, 20 mL/section;

Zheng et al.
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GeneBio) overnight at 42�C. After stringent washes and blocking,

the sections were incubatedwith biotinylatedmouse anti-digoxin

antibody (Boster). Then, the sections were stained with biotiny-

lated peroxidase, and hybridization was visualized with 3,30-

diaminobenzidine (DAB) substrate. The probe sequences of

FAM225A, miR-590-3p, and miR-1275 were provided in Supple-

mentary Table S5.

IHC

Sectionswere deparaffinized, rehydrated, and then subjected to

high-pressure for antigen retrieval in EDTA antigen retrieval

buffer. Endogenous peroxidase activity was inactivated by incu-

bation with 3% hydrogen peroxide and nonspecific binding was

blockedwith 1%bovine serum albumin. Sectionswere incubated

with rabbit anti-ITGB3 monoclonal antibody (1: 400, Abcam)

overnight at 4�C, and normal goat serum was used as a negative

control. IHC staining was visualized using the DAKO REAL

EnVision Inspection System (DAKO).

Statistical analysis

All data were presented as mean � SD/SEM of at least 3

independent experiments. The differences between groups were

assessed by the Student t test or x
2 test. The Kaplan–Meier

method was utilized to determine, overall, disease-free, and

distant metastasis-free survival rates, and the P values were

calculated with the long-rank test. The univariate and multi-

variate Cox proportional hazards models were used to analyze

the effects of variables on survival. Spearman correlation anal-

ysis was used to calculate the correlation between FAM225A

and miR-590-3p/miR-1275/ITGB3 expression. All statistical

analyses were performed using SPSS 22.0 software. All tests

were two-tailed, and P value of <0.05 was considered to indi-

cate statistical significance.

Results
FAM225A is overexpressed in NPC and correlates with poor

clinical outcome

To identify lncRNAs involved in NPC progression, we per-

formed genome-wide analysis of lncRNA expression in 3 pairs of

NPC and normal nasopharynx tissues. We identified 384 dysre-

gulated lncRNAs (fold change �2 and P < 0.05; Supplementary

Fig. S1A and S1B), of which, FAM225Awas one of themost highly

upregulated lncRNAs in NPC (Fig. 1A; Supplementary Table S6).

Additionally, FAM225A expression was evaluated in 20 NPC

tissues and 16 normal nasopharynx tissues by quantitative

RT-PCR. The results showed that FAM225A was significantly

upregulated in freshly frozen NPC tissue samples compared with

that in normal nasopharynx tissues (Fig. 1B, P ¼ 0.017). Simi-

larly, FAM225A expression was significantly higher in 11 NPC

cell lines than that in immortalized NP69 and N2Tert cells

(Fig. 1C, P < 0.01). Furthermore, analysis of RNA-seq data from

the Cancer Genome Atlas (TCGA) showed that FAM225A was

upregulated in 9 types of tumors (Supplementary Fig. S1C). Col-

lectively, these results indicated that FAM225A overexpression is a

common phenomenon in multiple tumor types, including NPC.

To investigate its clinical significance, we detected FAM225A

expression in a cohort of 206 paraffin-embedded NPC biopsy

samples using quantitative RT-PCR. All NPC patients were divid-

ed into highor low FAM225A expression groups using themedian

value as cutoff point, and statistical analysis showed that a higher

FAM225A level was significantly associated with patients' sex,

distant metastasis, and death (all P < 0.05; Supplementary

Table S7). Furthermore, Kaplan–Meier survival analysis revealed

that patients with high FAM225A expression had worse overall,

disease-free, and distant metastasis-free survivals (Fig. 1D–F, all

P < 0.01). Subsequently, multivariate Cox regression analyses

suggested that FAM225A expression and TNM stage were inde-

pendent prognostic factors (Supplementary Table S8).

Furthermore, we constructed a prognostic model combining

FAM225A expression and TNM stage, and NPC patients were

classified into low (FAM225A low expression and early TNM

stage, n ¼ 61), intermediate (FAM225A high expression or

advanced TNM stage, n ¼ 104) and high (FAM225A high expres-

sion and advanced TNM stage, n ¼ 41) risk groups. Survival

analysis showed significant differences in the overall, disease-free,

and distant metastasis-free survival rates among the 3 patient

groups (Fig. 1G–I, all P < 0.01). Our findings suggested that TNM

stage combinedwith FAM225A expression is a promising indictor

of NPC prognosis.

Them6Amodification is enriched in FAM225Aand improves its

transcripts stability

Recently, frontier studies have suggested that m6A modifica-

tion in mRNA and lncRNA is extremely widespread, and func-

tionallymodulates the eukaryotic transcriptome to influenceRNA

splicing, export, localization, translation, and stability (20–22).

To study whether m6A modification exists in FAM225A, we first

predicted the m6A sites located in FAM225A using an online

bioinformatics tools m6Avar (http://m6avar.renlab.org/) and

found2RRACUm6A sequencemotifs in the last exon (at position

2,808 and 5,460). Next, we performed methylated RNA immu-

noprecipitation (Me-RIP) assays in 2 nasopharyngeal epithelial

cells (NP69 andN2Tert) and 2NPC cells (SUNE-1 andHONE-1).

The results showed that them6A level was higher in HONE-1 and

SUNE-1 cells than that inNP69 andN2Tert cells (Fig. 1J).We then

performed shRNA-mediated silencing of METTL3, a core com-

ponent of m6A methylase complex (23), and found that down-

regulation ofMETTL3 resulted in the decreasedm6A level of both

total RNA and FAM225A RNA (Supplementary Fig. S2A and

S2B; Fig. 1K). We then investigated whether m6A modification

could affect RNA metabolism of FAM225A. Knockdown of

METTL3 leads to approximately 50% to 60% lower expression

of total FAM225A (Fig. 1L). We then measured the loss of

FAM225A RNA after blocking new RNA synthesis with actino-

mycin D. The results indicated that FAM225A showed lower RNA

stability after silencing ofMETTL3 (Fig. 1M). These findings raise

the possibility that the m6A level of FAM225A is higher in NPC,

and m6A modification in FAM225A improved its transcripts

stability, which may partially account for the significantly upre-

gulation of FAM225A in NPC.

FAM225A promotes NPC cell proliferation, migration, and

invasion

To investigate the potential role of FAM225A in NPC, we first

performed GSEA based on the GSE12452 data set. This analysis

showed significant enrichment of high FAM225A expression in

gene sets related to cell proliferation and metastasis (Fig. 2A). To

evaluate the influence of FAM225A on NPC cell proliferative and

metastatic abilities, we transfected HNE-1 and SUNE-1 cells

with 2 different shRNAs against FAM225A (sh-FAM225A 1# and

sh-FAM225A 2#) or transfected NP69, N2Tert, HNE-1, and

FAM225A Sponges miR-590-3p/-1275 to Upregulate ITGB3 in NPC
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Figure 1.

m6A-modified FAM225A is overexpressed in NPC and is associated with poor clinical outcome. A, Heat map of the most differentially expressed lncRNAs

between three pairs of NPC and normal nasopharynx tissues (fold change�2; P < 0.05 and raw signal intensity >1,500). B, Relative expression of FAM225A in

NPC (n¼ 20) and normal nasopharyngeal epithelial tissues (n¼ 16). GAPDHwas used as the endogenous control. Data represent the mean� SEM. C, FAM225A

expression level in the immortalized NP69 and N2Tert cells and 11 NPC cell lines. D–F, Kaplan–Meier analysis of the correlation between FAM225A expression and

overall survival (D), disease-free survival (E), and distant metastasis-free survival (F) in a cohort of 206 NPC patients. G–I, Kaplan–Meier analysis of overall

survival (G), disease-free survival (H), and distant metastasis-free survival (I) according to the NPC prognostic prediction model in patients with low-risk

(FAM225A low expression and early TNM stage, n¼ 61), intermediate-risk (FAM225A high expression or advanced TNM stage, n¼ 104), and high-risk (FAM225A

high expression and advanced TNM stage, n¼ 41) groups. J,m6Amethylation level of FAM225A in normal nasopharyngeal epithelial cells (NP69 and N2Tert)

and NPC cells (SUNE-1 and HONE-1) was determined by MeRIP-qPCR assays. K, Changes in m6A-modified FAM225A levels uponMETTL3 slicing. The input RNA

fraction Ct value was used to account for RNA sample preparation differences, and negative control groups (IgG) were used to adjust background fraction.

L, Transcript levels ofMETTL3 and FAM225A in negative control and sh-METTL3 SUNE-1 cells.M, Reduction of FAM225A RNA stability inMETTL3 knockdown

SUNE-1 cells as compared with control. Cells were treated with 5 mg/mL actinomycin D and RNAwas isolated at 0, 2, and 4 hours. Data represent the mean� SD.
� , P < 0.05; �� , P < 0.01. The experiments were independently repeated at least three times.
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SUNE-1 cellswith aFAM225A-overexpressing plasmid (pSin-EF2-

FAM225A) and confirmed the transfection efficiency by quanti-

tative RT-PCR analysis (Fig. 2B and C). CCK-8 and colony for-

mation assays revealed significant inhibition of growth and

proliferation of NPC cells transfected with sh-FAM225A com-

pared with those transfected with scrambled vectors, whereas the

opposite effects were observed following FAM225A overexpres-

sion (Fig. 2 D–G; Supplementary Fig. S3A–S3C; all P < 0.01).

Moreover, wound-healing and transwell assays showed that

FAM225A silencing inhibited NPC cell migration and invasion

(Fig. 3A and B, all P < 0.01). In contrast, FAM225A overexpression

enhanced cell migration and invasion (Fig. 3C and D; Supple-

mentary Fig. S3D and S3E; all P < 0.01). Taken together, these

findings suggested that FAM225A functions as an oncogenic

lncRNA in NPC.

FAM225A acts as a ceRNA and competitively absorbs

miR-590-3p and miR-1275

To explore how FAM225A exerts its function, we predicted its

subcellular localization by lncATLAS (http://lncatlas.crg.eu/).

FAM225A was predicted to be located mainly in the cytoplasm

of all the available cell types (Fig. 4A). Quantitative RT-PCR

analysis of FAM225A in the nucleus and cytoplasm showed

that FAM225A was localized mainly in the cytoplasm of NPC
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Figure 2.

FAM225A promotes NPC cell proliferation and colony formation. A, GSEA revealed that proliferation- and metastasis-related biological functions were enriched

in response to high FAM225A expression based on the public GSE12452 data set. B and C, Expression of FAM225A in HNE-1 and SUNE-1 cells transfected with

shRNA-FAM225As or scrambled control (B) and in NP69 and N2Tert transfected with pSin-EF2-FAM225A or empty vector (C). D, CCK-8 assay of HNE-1 and

SUNE-1 cells transfected with shRNA-FAM225As or scrambled control. E, CCK-8 assay of NP69 and N2Tert cells transfected with pSin-EF2-FAM225A or empty

vector. F, Representative images (left) and quantification (right) of the colony formation assay in HNE-1 and SUNE-1 cells transfected with shRNA-FAM225As

or scrambled control. G, Representative images (left) and quantification (right) of the colony formation assay of NP69 and N2Tert cells transfected with

pSin-EF2-FAM225A or empty vector. Data represent the mean� SD. � , P < 0.05; �� , P < 0.01. The experiments were independently repeated at least three times.
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Figure 3.

FAM225A promotes NPC cell migration and invasion.A, Representative images (left) and quantification (right) of wound-healing assays in HNE-1 and SUNE-1

cells transfected with shRNA-FAM225As or scrambled control. B, Representative images (left) and quantification (right) of transwell migration and invasion

assays in HNE-1 and SUNE-1 cells transfected with shRNA-FAM225As or scrambled control. C, Representative images (left) and quantification (right) of wound-

healing assays in NP69 and N2Tert cells transfected with pSin-EF2-FAM225A or empty vector. D, Representative images (left) and quantification (right) of

transwell migration and invasion assays in NP69 and N2Tert cells transfected with pSin-EF2-FAM225A or empty vector. Data represent the mean� SD.
�� , P < 0.01. The experiments were independently repeated at least three times.
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Figure 4.

FAM225A acts as a ceRNA and competitively absorbs miR-590-3p and miR-1275. A, FAM225A was predicted to be located mainly in the cytoplasm

using the bioinformatics tools in lncATLAS. B, Quantitative RT-PCR analysis of subcellular FAM225A expression in the nucleus and cytoplasm of

SUNE-1, HONE-1, and HNE-1 cells. GAPDH, b-actin, and U3 were used as endogenous controls. C, Subcellular localization of FAM225A in SUNE-1 and

HNE-1 cells detected by RNA-FISH. FAM225A, red (Cy3); nuclei, blue (DAPI). D, Schematic diagram of the Ago2-RIP process. E, Fold enrichment of

FAM225A in HNE-1 and SUNE-1. F and G, Enrichment of FAM225A in HNE-1 and SUNE-1 cells transfected with miR-590-3p, miR-1275 mimic, or

miR-Ctrl (F). Ago2 protein immunoprecipitated by Ago2 antibody or IgG was detected by Western blot analysis (G). H, The predicted miR-590-3p

and miR-1275 binding sites in the FAM225A transcript. The red nucleotides represent mutant sequences of target sites. I and J, The luciferase

activities in HNE-1 (I) and SUNE-1 (J) cells cotransfected with WT or mutant (590Mut/1275Mut) FAM225A plasmid together with miR-590-3p or

miR-1275 mimic or miR-Ctrl. K, Enrichment of FAM225A pulled down by biotin-miR-590-3p, biotin-miR-1275, or negative control. L and M, Relative

levels of miR-590-3p (L) and miR-1275 (M) in HNE-1 and SUNE-1 cells transfected with sh-FAM225A #2 or scrambled control. N, Relative levels of

FAM225A in HNE-1 and SUNE-1 cells transfected with miR-590-3p or miR-1275 mimics or miR-Ctrl. Data represent the mean � SD. � , P < 0.05;
�� , P < 0.01. The experiments were independently repeated at least three times.
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cells, which was verified by FISH assay (Fig. 4B and C; Sup-

plementary Fig. S4A and S4B, P < 0.05). Based on these results,

we hypothesized that FAM225A functions as a ceRNA. Because

Ago2 is a core component of the RISC that participates in

miRNA-mediating mRNA destabilization or translational

repression, we conducted RIP assays using an anti-Ago2 anti-

body (Fig. 4D), which showed that endogenous FAM225A

was preferentially enriched in Ago2-RIPs compared with con-

trol IgG-RIPs (Fig. 4E, P < 0.01). These findings suggested that

FAM225A acts as a ceRNA to promote NPC cell development

and progression.

We then predicted miRNAs that can bind with FAM225A

using the publicly available DIANA Tools, and selected the

top 30 miRNAs for further analysis (Supplementary Table S9).

Ago-2-RIP assay showed that miR-590-3p and miR-1275 were

the highest enriched miRNAs in the FAM225A overexpression

group than in the vector group (Supplementary Fig. S5). To

validate this, the Ago2-RIP assay also demonstrated that the

FAM225A enrichment was much higher in miR-590-3p or

miR-1275 overexpression groups than that in the miR-Ctrl

group (Fig. 4F and G, P < 0.01), indicating that FAM225A and

miR-590-3p/miR-1275 are in the same RISC. Next, using dual-

luciferase reporter assays, we showed that overexpression of

miR-590-3p or miR-1275 reduced luciferase activity of the

wild-type FAM225A reporter gene, but not the FAM225A-590Mut

or FAM225A-1275Mut vector (Fig. 4H–J, P < 0.05). Moreover,

biotin-labeled miRNA pulldown assays showed markedly

elevated FAM225A expression in NPC cells transfected with bio-

tin-labeled miR-590-3p and miR-1275 compared with that in

the control (Fig. 4K, P < 0.01). Finally, FAM225A silencing

significantly increased the expression of miR-590-3p and

miR-1275 (Fig. 4L andM,P<0.01),whereas FAM225A expression

was obviously suppressed by overexpression of miR-590-3p

or miR-1275 (Fig. 4N, P < 0.01). Then, quantitative RT-PCR

and ISH demonstrated that the expression of FAM225A was

negatively correlated with miR-590-3p and miR-1275 expression

(Supplementary Fig. S6A–S6C, P < 0.001). These results indi-

cated that FAM225A directly "sponges" miR-590-3p and

miR-1275.

We first transfected NP69 and N2Tert cells with miR-590-

3p-inhibitor, miR-1275-inhibitor, and inhibitor control (Sup-

plementary Fig. S7A) and found that silencing miR-590-3p

and miR-1275 could promote the cell growth and prolifera-

tion (Supplementary Fig. S7B, all P < 0.01), as well as the

migration and invasion (Supplementary Fig. S7C, all P < 0.01)

of NP69 and N2Tert cells. These data indicated that silencing

of miR-590-3p and miR-1275 endows NP69 and N2Tert cells

with carcinogenicity in vitro. Furthermore, we investigated the

involvement of miR-590-3p and miR-1275 in the mechanism

by which FAM225A promotes NPC development and progres-

sion. NPC cells were cotransfected with pSin-EF2-FAM225A

plasmids together with miR-590-3p/miR-1275 mimics. In vitro

function experiments revealed that the proliferative, migrato-

ry, and invasive abilities of NPC cells were obviously sup-

pressed by overexpression of miR-590-3p or miR-1275, which

further reversed the ability of FAM225A overexpression to

promote the proliferative, migratory, and invasive abilities of

NPC cells (Supplementary Fig. S8A–S8J, P < 0.01). These

results suggested that the carcinogenic effect of FAM225A is

partially mediated by negative regulation of miR-590-3p and

miR-1275.

FAM225A decoys miR-590-3p and miR-1275 to upregulate

their common target, ITGB3

To find out genes sharing the regulatory role of miR-590-3p

and miR-1275 with FAM225A, we first predicted the common

target genes of miR-590-3p and miR-1275 using TargetScan.

Among the predicted target genes, the integrin family genes

(such as ITGA1, ITGA3, ITGA11, ITGB3, etc.) caught our atten-

tion because our previous study reported that the integrin

family genes play important roles in NPC progression (24, 25).

Then, we found that only ITGB3 could be affected by the

modulation of miR-590-3p/miR-1275 expression (Fig. 5A and

B, P < 0.01); thus, it was selected for further analysis. Luciferase

reporter assays showed that overexpression of miR-590-3p,

miR-1275, or both repressed luciferase activity in NPC cells

transfected with the wild-type (WT) ITGB3 30-UTR reporter

plasmid, whereas no obvious inhibition was observed in cells

transfected with the mutant reporter plasmid (Fig. 5C–E).

Furthermore, Biotin-labeled miRNA pulldown assays verified

that ITGB3 is the target gene of miR-590-3p and miR-1275

(Fig. 5F, P < 0.01).

Further investigations showed that upregulation and

downregulation of FAM225A positively affected ITGB3

expression at both the mRNA and protein levels (Fig. 5G

and H, P < 0.01). We also detected a positive correlation

between FAM225A and ITGB3 expression in NPC based on

the GEO data set (GSE12452, Fig. 5I, P < 0.001), which

was also found in 12 other cancer types in TCGA database

(Supplementary Fig. S9). These findings indicated the

existence of a FAM225A-miR-590-3p/miR-1275-ITGB3 regu-

latory axis.

ITGB3 has been reported to promote tumorigenesis

by activating the FAK/PI3K/Akt pathway (26, 27). There-

fore, we investigated the ability of modulation of the

FAM225A-miR-590-3p/miR-1275-ITGB3 axis to influence FAK/

PI3K/Akt pathway activation. FAM225A silencing decreased

ITGB3 protein levels and the phosphorylation levels of

FAK (p-FAK) and Akt (p-Akt); these effects were partially

reversed by cotransfection with miR-590-3p/miR-1275 inhibi-

tors (Fig. 5J). In contrast, FAM225A overexpression increased

ITGB3 protein levels and the phosphorylation levels of FAK

(p-FAK) and Akt (p-Akt), effects that were partially reversed by

cotransfection with miR-590-3p/miR-1275 mimics (Fig. 5K).

These findings indicated that FAM225A decoys miR-590-3p

and miR-1275 to upregulate their common target ITGB3 and

activate the FAK/PI3K/Akt pathway.

ITGB3 is responsible for FAM225A-mediated cell proliferation,

migration, and invasion

To verify the ability of FAM225A to promote tumor pro-

gression in an ITGB3-dependent manner, we transfected

HNE-1 and SUNE-1 cells stably expressing sh-FAM225A or

scrambled vector with the ITGB3-overexpression vector or

the corresponding empty vector. In vitro function experi-

ments demonstrated that restoration of ITGB3 expression

partially rescued the suppressive effects of FAM225A knock-

down on NPC cell proliferation, migration, and invasion

(Fig. 6A–G, P < 0.01). Moreover, rescue experiments showed

that ITGB3 overexpression increased the phosphorylation

levels of FAK and Akt inhibited by FAM225A downregu-

lation, whereas as ITGB3 knockdown had the opposite effect

(Fig. 6H and I).
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These findings demonstrated that FAM225A is an oncogenic

lncRNA that promotes NPC cell proliferation, migration, and

invasion via the FAM225A-miR-590-3p/miR-1275-ITGB3-FAK/

PI3K/Akt signaling pathway (Fig. 6J).

FAM225A promotes NPC cell tumorigenesis and metastasis

in vivo

We then confirmed the ability of FAM225A to promote NPC

proliferation and metastasis in vivo. The tumor growth model
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Figure 5.

FAM225A functions as a decoy for miR-590-3p andmiR-1275 to increase ITGB3 expression. A, Relative mRNA and protein levels of ITGB3 in HNE-1 and SUNE-1

cells transfected with miR-590-3p or miR-1275mimics or miR-Ctrl. B, Relative mRNA and protein levels of ITGB3 in HNE-1 and SUNE-1 cells transfected with

miR-590-3p or miR-1275 inhibitor or anti-Ctrl. C, The predicted binding sites of miR-590-3p andmiR-1275 in the 30-UTR of ITGB3. The red nucleotides represent

mutant sequences of target sites. D and E, Luciferase activities in HNE-1 (D) and SUNE-1 (E) cells cotransfectedWT or mutant (590Mut/1275Mut) ITGB3 plasmid

together with miR-590-3p or miR-1275 mimic or miR-Ctrl. F, Enrichment of ITGB3 pulled down by biotin-labeled miR-590-3p, biotin-labeled miR-1275, or

negative control. G and H, Relative mRNA and protein levels of ITGB3 in HNE-1 and SUNE-1 cells transfected with sh-FAM225As or its scrambled control (G), as

well as pSin-EF2-FAM225A or its empty vector (H). I, Correlation between FAM225A and ITGB3 expression based on the GEO database (GSE12452). J, Expression

of ITGB3 and phosphorylation levels of FAK (p-FAK) and Akt (p-Akt) in cells cotransfected with shFAM225A #2 or scrambled control together with miR-590-3p

or miR-1275 inhibitor. K, Expression of ITGB3, p-FAK, and p-Akt in cells cotransfected with psin-EF2-FAM225A or empty vector together with miR-590-3p or

miR-1275 mimic. Data represent the mean� SD. � , P < 0.05; �� , P < 0.01. The experiments were independently repeated at least three times.
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showed that FAM225A knockdown significantly inhibited tumor

growth (Fig. 7A–C, P< 0.05).Moreover, quantitative RT-PCR, ISH

and IHC assays confirmed that FAM225A knockdown resulted in

downregulation of ITGB3 expression (Fig. 7D and E). The lung

metastasis model showed that the number of macroscopic and

microscopic metastatic nodules formed in lungs was significantly

lower in the FAM2225A knockdown group (Fig. 7F and G,

Supplementary Fig. S10A, P < 0.05). In addition, using the
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Figure 6.

ITGB3 is responsible for FAM225A-mediated proliferation, migration, and invasion.A and B, CCK-8 assay of HNE-1 (A) and SUNE-1 (B) cells cotransfected with

shFAM225A #2 or scrambled control together with psin-EF2-ITGB3 or empty vector. C, Representative images (left) and quantification (right) of the colony

formation assay in the above-mentioned NPC cells. D–G, Representative images and quantification of transwell migration and invasion assays in the above-

mentioned NPC cells. H,Western blot analysis of ITGB3, FAK, p-FAK, Akt, p-Akt in the NPC cells cotransfected with shFAM225A #2 or scrambled control together

with pENTER-ITGB3 or empty vector. I,Western blotting analysis of ITGB3, FAK, p-FAK, Akt, p-Akt in HNE-1 and SUNE1 cells cotransfected with pSin-EF2-

FAM225A or empty vector together with sh-ITGB3 or scrambled control. J, Proposed model of the mechanism underlying the expression and function of

FAM225A in NPC cell proliferation andmetastasis. Data represent mean� SD. � , P < 0.05; �� , P < 0.01. The experiments were independently repeated at

least three times.
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Figure 7.

FAM225A promotes NPC cell tumorigenesis and metastasis in vivo. A–C, HNE-1 cells stably expressing sh-FAM225A #2 or scrambled control were

transplanted into the axilla of nude mice to construct tumor growth model. Representative images (A), tumor volume growth curves (B), and weight

(C) of the formed tumors. D and E, FAM225A and ITGB3 expression in tumors detected by quantitative RT-PCR (D), ISH and IHC (E). F and G, SUNE-1

cells stably expressing sh-FAM225A #2 or scrambled control were injected into the tail vein of mice to construct a lung metastasis model.

Representative images (F) and quantification (G) of macroscopic metastatic nodules on lung surfaces. H–L, SUNE1 cells stably expressing

sh-FAM225A #2 or scrambled control were injected into footpads of mice to construct an inguinal lymph node metastasis model. Representative

images of the primary foot pad tumor and metastatic inguinal lymph node (H) and the microscopic primary tumors in footpads following hematoxylin

and eosin staining (I); representative images (J) and quantification (K) of the volumes of the inguinal lymph nodes, and metastatic ratios of inguinal

lymph nodes (L). Data represent mean � SD. �� , P < 0.01.
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inguinal lymph node metastatic model (Fig. 7H), we found that

the tumors in the sh-FAM225A groupwere less aggressive in terms

of invasion toward the skin and muscle (Fig. 7I). Moreover, the

volumes of the inguinal lymph nodes were smaller, with fewer

pan-cytokeratin–positive tumor cells in the FAM225A knock-

down group (Fig. 7J and K). Strikingly, the inguinal lymph node

metastasis ratio wasmarkedly lower in the FAM225A knockdown

group (Fig. 7L; Supplementary Table S10; Supplementary

Fig. S10B–S10D). Finally, we found that restoration of ITGB3

expression partially rescued the suppressive effects of FAM225A

knockdown on tumor growth and metastasis (Supplementary

Fig. S11A–S11F; Supplementary Table S10). These data suggested

that FAM225A contributes to NPC tumorigenesis and metastasis

in vivo.

Discussion

Accumulating evidence indicates that lncRNAs dysregu-

lation plays important roles in the tumorigenesis and pro-

gression of various types of cancers. Here, we found that

lncRNA FAM225A was obviously upregulated and associat-

ed with worse survival in NPC. FAM225A promoted NPC

cell growth and metastasis in vitro and in vivo by acting as a

ceRNA to sponge miR-590-3p/miR-1275, leading to increas-

ed ITGB3 expression. These findings suggest that FAM225A

plays a carcinogenic role in the occurrence and development

of NPC and may be used as a prognostic indicator in NPC

patients.

In the clinic, the risk of recurrence or distant metastasis in

NPC patients cannot be precisely distinguished by the current

anatomic-based TNM staging system. Thus, the large variation in

the clinical outcomes of NPC patients calls for novel prognostic

biomarkers. Emerging evidence suggests that lncRNAs might

serve as novel prognostic indicators (28). In this study, we also

detected FAM225A expression levels in paraffin-embedded NPC

tissue samples by quantitative RT-PCR for risk stratification

and prognostic prediction. Although nucleic acids are extensively

degraded in paraffin-embedded tissues, they are still valuable

assets for clinical translational research. Thus, we used primers to

generate short FAM225A amplicons (approximately 60 bp) for

the enhancement of the quantification efficiency and reliability

as previously described (29–30). Survival analysis revealed

that NPC patients with a high FAM225A expression had worse

clinical outcomes, indicating the potential of FAM225A as a

promising prognostic biomarker to guide the development of

personalized therapies for NPC patients.

Them6Amodification is widespread throughout the transcrip-

tome, accounting for about 0.2% of total adenosine of cellular

RNA (31). The dynamic and reversible modification of m6A

installed and erased by N6-methyltransferases (such as METTL3,

METTL14, and KIAA1429, etc.) and demethylases (such as FTO

and ALKBH5) regulates gene expression and cell fate (32). m6A

modification has been shown to participate in the occurrence and

development of various cancers (33–35). The fate of m6A-

modified RNA depends on the function of the different proteins

that identify them, which has impacts on stability, translation

efficiency, secondary structure, subcellular localization, and alter-

native polyadenylation (36–38). Here, we found that m6A is

enriched on FAM225A in NPC cells. Modification of m6A in

FAM225A leads to the improvement of its RNA stability, which

may partially account for upregulation of FAM225A in NPC. In

addition to m6A modification, there might exist other mechan-

isms that are involved in the elevation of FAM225A, such as DNA

methylation, histone modification, and miRNA dysregulation

(39–41), which deserve further exploration.

Growing evidence supports the existence of a novel and exten-

sive interaction network involving ceRNAs (42–45), in which

lncRNAs regulate miRNAs by competitively binding their target

sites on protein-coding mRNA molecules. For example,

LINC01234 functions as a ceRNA to regulate CBFB expression

by sponging miR-204-5p to promote gastric cancer cell prolifer-

ation (42), DANCR functions as a ceRNA to promote ROCK1-

mediated proliferation and metastasis by acting as a decoy for

miR-335-5p and miR-1972 in osteosarcoma (46), and UICLM

promotes colorectal cancer metastasis by acting as a ceRNA that

sponges miRNA-215 to regulate ZEB2 expression (47). In this

study, we found that FAM225A was located mainly in the cyto-

plasm of NPC cells, and acted as a sponge for miR-590-3p and

miR-1275.

MiR-590-3p is reported to be downregulated in various

types of cancers and functions as a tumor suppressor miRNA

(48, 49). Moreover, lncRNA UCA1 is reported to function as

a ceRNA to enhance CREB1 expression by competitively spong-

ing miR-590-3p in gastric cancer (50). In addition, miR-1275

is reported not only to suppress G1/S transition via inhibition

of HOXB5 and thus suppress NPC cell growth (28), but also

to inhibit hepatocellular carcinoma cell growth by simulta-

neously regulating IGF2BPs and IGF1R (51). Our findings

reveal the significance of the interaction between FAM225A

and miR-590-3p/miR-1275 in tumorigenesis. FAM225A plays a

carcinogenic role in NPC by promoting cell proliferation and

metastasis, which can be partially rescued by overexpression

of miR-590-3p or miR-1275.

In general, as a ceRNA, the function of lncRNAs depends on

the miRNA target. Using an online database, we predicted ITGB3

as a potential target of both miR-590-3p and miR-1275, which

was confirmed by luciferase reporter and biotin-labeled miRNA

pulldown assays. Furthermore, overexpression of miR-590-3p

or miR-1275 inhibited ITGB3 mRNA and protein expression.

ITGB3 belongs to the family of integrins, which are transmem-

brane receptors that mediate intercellular and extracellular

matrix binding and promote signal transduction via the PI3K

and MAPK pathways. Integrin heterodimers, comprising a and b

subunits, regulate cell proliferation, survival, and migration,

predominantly via focal adhesion kinase and Src kinase family

members (52, 53). ITGB3 has been reported to be associated

with tumor aggression and metastasis by activating FAK and

Akt signaling (26, 54). In the present study, we demonstrated

that FAM225A upregulates ITGB3 expression and activates the

FAK/PI3K/AKT signaling pathway by competitively sponging

miR-590-3p and miR-1275, thus promoting NPC cell prolifera-

tion and metastasis.

In conclusion, we identified FAM225A as an oncogenic

lncRNA in NPC. Functional and mechanistic analyses reveal-

ed that FAM225A promotes NPC cell proliferation, migration,

and invasion by acting as a ceRNA that sponges miR-590-3p

and miR-1275, leading to enhanced ITGB3 expression and

activation of the FAK/PI3K/Akt pathway. Our study demon-

strates that FAM225A plays an important role in NPC tumor-

igenesis and progression, and highlights its importance as

a prognostic indicator and promising therapeutic target

in NPC.
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