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miR-211 sponges lncRNA MALAT1 to suppress tumor
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ABSTRACT:Accumulatingevidencehas indicated thatmicroRNAs (miRNAs)playanimportant role in theoccurrence
and progression of ovarian cancer (OC). However, the function ofmiRNAs implicated inOC remains unclear. This
study investigated the potential role ofmiR-211 inOC. Gene ExpressionOmnibus database analysis indicated that
miR-211 expressionwas significantly down-regulated inOC tissues comparedwithnormal specimens. In addition,
miR-211 overexpression apparently inhibited proliferation, migration, xenograft growth, and induced apoptosis in
HEY-T30 and SKOV3 cells. Moreover, PHF19, a component of the polycomb group of proteins, was found to be a
direct target of miR-211 based on the luciferase reporter assay and Western blot analysis. Consistently, survival
analysis indicated that high PHF19 expression was associated with shorter survival time in patients with OC.
Importantly, silence of PHF19 reduced proliferation, induced cell cycle arrest, promoted apoptosis, suppressed
migration, and inhibited xenograft growth in SKOV3 cells. Restoration of PHF19 expressionmarkedly reversed the
inhibitory effect of miR-211 on OC. Moreover, our results indicate that the long noncoding RNA MALAT1 could
sponge miR-211 as a competing endogenous RNA and potentially up-regulate PHF19 expression, thus facilitating
theOCprogression. These findings suggest that theMALAT1/miR-211/PHF19 axismay act as a keymediator inOC
andprovidenew insight into thepreventionof thisdisease.—Tao, F.,Tian, X.,Ruan, S., Shen,M.,Zhang,Z.miR-211
sponges lncRNAMALAT1 to suppress tumor growth and progression through inhibiting PHF19 in ovarian carci-
noma. FASEB J. 32, 6330–6343 (2018). www.fasebj.org
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Ovarian cancer (OC) is the second leading cause of cancer-
associated deaths worldwide among gynecologic malig-
nancies.Due to a lack of effective early screeningmethods,
patients with OC are frequently diagnosed at the ad-
vanced stage of disease. In addition, tumor recurrence
frequently occurs in the majority of patients with OCwho
undergo surgery followed by chemotherapy at a median
of 15mo fromdiagnosis (1). Most deaths from this disease
are attributed to remote metastasis, and the 5-yr survival
rate forpatientswithOCremains,30%(2–4).Conversely,

the mechanisms underlying OC cell proliferation, migra-
tion, and metastasis have not been fully defined. There-
fore, understanding the molecular events and exploring
the precise processes of OC initiation, progression, and
metastasis are critical to developing new strategies for the
treatment of OC.

As a class of small endogenous nonprotein-coding
RNAs, microRNAs (miRNAs) suppress cellular protein
expression by binding the 39-untranslated regions (39-
UTRs) of targetmRNAs (5, 6). Accumulating evidence has
shown thatmiRNAsplay key roles inmultiple physiologic
and pathologic processes, including cancer initiation, pro-
gression, and metastasis. A wide range of miRNAs have
been reported to be up-regulated or down-regulated inOC
and involved in the pathogenesis ofOC (6–8). For instance,
miR-34a reportedly suppresses OC cell proliferation and
chemoresistance via targeting HDAC1 (9). MiR-409-3p
decreases cisplatin sensitivity of OC cells through blocking
cellular autophagy mediated by Fip200 (10). MiR-211, an
miRNA encoded by the sixth intron of the TRPM1 gene at
15q13-q14, has been observed to be deregulated in many
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tumors (11–15). For instance,miR-211has strong inhibitory
effects onmelanoma cell growth, invasion, andmetastasis.
However, only 1 publication has mentioned the role of
miR-211 inOCuntil now. In that paper, Xia et al. (16) found
that miR-211 inhibits OC proliferation and induces cell
cycle arrest by suppressing CCND1 and CDK6, but its
function and underlying mechanisms in OC invasion, mi-
gration, and metastasis remain unknown.

Long noncoding RNAs (lncRNAs) represent a class of
nonprotein-codingRNAswhose transcripts are.200nt in
length (17). Recent studies have shown that lncRNAs
contribute to the pathogenesis ofmultiple humandiseases
and tumorigenesis of various cancers (17, 18). InOC, some
lncRNAsareup-regulatedasoncogenes, suchasMALAT1
and TUG1, whereas others are down-regulated and act as
tumor suppressors, including BC200 and GAS5 (19–23).
Mechanistically, lncRNAs can interact with miRNAs to
form competing endogenous RNAs (ceRNAs) and regu-
late each other’s expression with the miRNA response el-
ements (24–26). An increasing body of studies has shown
that the function of most lncRNAs in carcinogenesis is
mediated by ceRNA crosstalk (26–28). For instance,
NEAT1 sponges miR-194 to regulate paclitaxel resistance
of OC cells through up-regulating ZEB1 expression (29).
Metastasis-associated lung adenocarcinoma transcript 1
(MALAT1) is one of the highly conserved lncRNAs that
has extensive functions in the formation and progression
of most types of cancers (30–33). In OC, Pa et al. (19) in-
dicated that MALAT1 promotes viability, invasion, and
migration of OC cells by regulating miR-200c expression.
Jin et al. (34) have reported that MALAT1 promotes epi-
thelial OC cell proliferation andmetastasis viamodulation
of the PI3K-AKT pathway. Wu et al. (35) have also shown
that MALAT1 is elevated in OC and is involved in cell
proliferation, apoptosis, and migration. However, the
molecular mechanisms underlying MALAT1 in OC pro-
gression, especially the interaction betweenMALAT1 and
miRNA, are not fully understood.

As a member of the polycomb repressive complex 2
complex, PHF19 mediates transcriptional repression of
developmental regulatory genes and modulates embry-
onic stemcell differentiation (36). Inmicewith rheumatoid
arthritis, Phf19 could exert a critical regulatory function to
raise germinal center reactions by regulating key mole-
cules associated with proliferation, survival, and differ-
entiation of B cells and follicular helper T cells (37). The
expression of PHF19 is also frequently increased in several
types of cancer, including colon, skin, lung, rectal, cervical,
uterus, and liver cancers (38).Ghislin et al. (39) have shown
that silence of PHF19 suppresses melanoma cell pro-
liferation and increases the transendothelial migration. In
hepatocellular carcinoma, PHF19promotes tumor growth
and is targeted by the tumor-suppressor miR-195-5p (40).
In addition, Li et al. (41) showed that PHF19 is up-
regulated in patient samples with glioblastoma and posi-
tively correlated with astrocytoma grades. These findings
suggest that PHF19 may be a critical cancer-promoting
gene in tumors. However, to the best of our knowledge,
the role of PHF19 in OC has not been reported.

In the present study, the expression, function, and in-
teraction of miR-211, MALAT1, and PHF19 in OC were

investigated. Our data indicate that miR-211 could inhibit
cell proliferation andmigration and promote apoptosis by
targeting PHF19. Meanwhile, lncRNA MALAT1 antago-
nized the effect of miR-211 on OC. These results may
provide a novel and functional therapeutic target for OC.

MATERIALS AND METHODS

Gene expression and overall survival analyses

We searched the Gene Expression Omnibus (GEO) database
(http://www.ncbi.nlm.nih.gov/geo/) to obtain microarray profiles.
The following strategy was used to search in GEO datasets:
(cancer or carcinoma or tumor or neoplasm) and (ovarian). The
search results were then specified by using the following filters:
GSE [entry type], Homo sapiens [organism]. The resulting re-
cords include miRNA microarray and RNA-seq datasets. The
datasets were then selected according to the inclusion criteria as
follows:miR-211, PHF19, orMALAT1 expressionwas examined
in OC tissues and noncancerous tissues. Data were considered
ineligible according to the following exclusion criteria: 1) miR-
211,PHF19,orMALAT1 isnot included;2) controlgroupsarenot
included; 3) cell line samples are used; and 4) the internal control
U6 or glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is
not included. The miRNA array expression profile databases
GSE83693, GSE61485, GSE47841, GSE53829, GSE52460, and
GSE71477 were then obtained to determine the differential ex-
pressions of miR-211 between normal ovarian tissues and OC
samples. The mRNA array expression profile databases
GSE54388, GSE6008, GSE74448, GSE66957, and GSE29450 were
selected for exploring the differential expressions of MALAT1
and PHF19. All the primary expression data of miR-211,
MALAT1, and PHF19 were normalized by the housekeeping
genes U6 (for miR-211) or GAPDH (for MALAT1 and PHF19).
AllGEOdatawere furtherprocessedbyusingSPSS21.0 software
(IBM SPSS Statistics, IBM Corp., Armonk, NY, USA), and the
unpaired, 2-tailedStudent’s t testwasused for statistical analysis.

The overall survival analyses of MALAT1 and PHF19 in
OC were assessed according to the mRNA expression pro-
files with clinical information for patients with OC in The
Cancer Genome Atlas (TCGA) data portal (https://cancer-
genome.nih.gov/) and the GEO datasets (http://www.ncbi.nlm.
nih.gov/geo/). Originally, a total of 1777 OC samples were
obtained from the TCGA datasets. Samples were collected
according to the following inclusion criteria: 1) histopatho-
logic diagnosis was OC; 2) data of samples were available on
expression of MALAT1 and PHF19; and 3) characteristics of
patients are available. Data were considered ineligible
according to the following exclusion criteria: 1) first histo-
pathologic diagnosis was not OC; and 2) patients were di-
agnosed with other types of cancer except OC. Among these
1777 OC samples, 614 patients with related clinical in-
formation were chosen for further analysis. Both the mRNA
expression data and clinical characteristics are open-access,
and Ethics Committee approval was not needed. To avoid
the impact of unrelated causes of death, cases with ,1 mo
overall survival and death from other diseases or accidents
were excluded in this study. Patients were stratified into
values below and above the median value (PHF19: low, 309;
high, 305; MALAT1: low, 307; high, 307). The data were
analyzed by using Kaplan-Meier survival curves and log-
rank statistics. We also performed survival analyses for
PHF19 and MALAT1 based on individual GEO datasets
with PHF19 and MALAT1 expression and clinical in-
formation. The inclusion criteria and exclusion criteria were
chosen following the TCGA analysis. Three GEO datasets
were then selected: GSE9891, GSE26193, and GSE63885.
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Quantitative RT-PCR and semiquantitative RT-PCR

Quantitative RT-PCR and semiquantitative RT-PCR were per-
formed as previously described (42). The primers were used as
follows: 59-GTCGTATCCAGTGCAGGGTCCGAGGTATTCG-
CACTGGATACGACAGGCGA-39 (miR-211, RT), 59-GTGCA-
GGGTCCGAGGT-39 (miR-universal forward), 59-GCAAGG-
GAAACAGTAGGAAG-39 (miR-211, reverse); 59-CTCGC-
TTCGGCAGCACA-39 (U6, forward), 59-AACGCTTCAC-
GAATTTGCGT-39 (U6, reverse); 59-CTACCTCGGGAA-
GATCAAGAG-39 (PHF19, forward), 59-CTAGGCAGAT-
GTTGCACTTGG-39 (PHF19, reverse); 59-GGGTGTTTAC-
GTAGACCAGAACC-39, (MALAT1, forward), 59-CTTCC-
AAAAGCCTTCTGCCTTAG-39 (MALAT1, reverse); and 59-
GCACCGTCAAGGCTGAGAAC-39 (GAPDH, forward), 59-
ATGGTGGTGAAGACGCCAGT-39 (GAPDH, reverse).

miRNA mimic and siRNA transfection

Transfection with miRNA mimic or siRNA was performed by
using Lipofectamine RNAiMAX (Thermo Fisher Scientific,
Waltham, MA, USA) according to the manufacturer’s manual.
The siRNA sequences ofMALAT1were as follows: si-MALAT1-
1: 59-TCTAGATTTTTCTTAACAG-39 (sense), 59-CTGTTAA-
GAAAAATCTAGA-39 (antisense); si-MALAT1-2: 59-GATCCA-
TAATCGGTTTC-39 (sense), 59-GAAACCGATTATGGATC-39
(antisense); and si-PHF19: 59-CACCTCAAGTCATCTATCA-39
(sense), 59-TGATAGATGACTTGAGGTG-39 (antisense).

Lentiviral shRNAs and PHF19
overexpressed lentivirus

pGCSIL-PURlentivirus encodinghumanMALAT1shorthairpin
RNA (shRNA) (sh-MALAT1) and PHF19 shRNA (sh-PHF19)
and Lenti-OE lentivirus overexpressing PHF19were constructed
by GeneChem (Shanghai, China) and applied for indicated ex-
periments following the manufacturer’s protocols. The oligonu-
cleotides synthesized for construction of these shRNAs were as
follows: sh-MALAT1: 59-CCGGCCGATCCATAATCGGTT-
TCCTCGAGGAAACCGATTATGGATCGGTTTTTG-39 (sense),
59-AATTCAAAAACCGATCCATAATCGGTTTCACTCGAG-
GAAACCGATTATGGATCGG-39 (anti-sense); and sh-PHF19:
59-CCGGCCCACCTCAAGTCATCTATCACTCGAGTGA-
TAGATGACTTGAGGTGGGTTTTTG-39 (sense), 59-AAT-
TCAAAAACCCACCTCAAGTCATCTATCACTCGAGTG-
ATAGATGACTTGAGGTGGG-39 (anti-sense).

Cell proliferation assay

AnMTT assaywas applied for determining the cell proliferation
rate. Briefly,HEY-T30andSKOV3cells (53 103)were seeded in a
96-well plate and cultured for indicated times. After that, 40ml of
MTT reagent (100 mg/ml; Beyotime, Shanghai, China) were
added into the treated cells with 200 ml of culture medium. After
4 h of incubation at 37°C, the supernatant was removed. Then,
150 ml of DMSO (MilliporeSigma, Shanghai, China) were added
into theplates for 15min todissolve theproduct of formazan.The
optical density was evaluated by using a microplate reader
(Molecular Devices, Sunnyvale, CA, USA) at 570 nm following
the manufacturer’s instruction.

Cellomics staining

The cellomics method was performed to evaluate the pro-
liferation rate of SKOV3 cells infected with PHF19 shRNA.

Briefly, 20,000 SKOV3 cells infectedwith PHF19 shRNA (labeled
with green fluorescent protein) or control shRNA were seeded
into 96-well plates and incubated at 37°C with 5% CO2. Plates
were processed with the ArrayScan high-content screening
software (Thermo Fisher Scientific) for each day’s analysis.

Colony formation assay

Treated cells (500 cells/well) were seeded into the 6-well plate in
triplicate with complete culture medium. Twelve days later, the
colonieswere fixedwith 4%paraformaldehyde (MilliporeSigma)
and stained by 0.04% crystal violet (MilliporeSigma). Individual
colonies with.50 cells were counted.

Determination of apoptosis

The percentages of apoptotic cells were evaluated by using the
Annexin V-FITC apoptosis detection kit (Beyotime) according to
manufacturer’sprotocol. Briefly, treatedcellswereharvestedand
washed twice with 1 time PBS. The cells were then resuspended
in 100 ml of 1 time staining buffer with 5 ml Annexin V and
incubated for 30 min. Stained cells were examined within 1 h by
using the BD FACSCalibur flow cytometer (BD Biosciences, San
Jose, CA, USA) and analyzed by using FlowJo 7.6.5 software
(Tree Star, Inc., Ashland, OR, USA).

Boyden chamber transwell migration assay

Treated cells (5 3 104 cells/well) were harvested and resus-
pended into the upper chamber of an insert containing 200 ml
of culture medium with 1% FBS. Culture medium with 10%
FBS were added into the lower chamber of each insert. After
24 h incubation, the nonmigrating cells were removed with
cotton wool. The migrated cells in the lower surface were fixed
byusing 4%paraformaldehyde (MilliporeSigma) for 30min and
stained with 0.1% crystal violet (MilliporeSigma) for 15 min.
Stained cells were photographed under the microscope (Carl
Zeiss, Thornwood, NY, USA). The stained crystal violet was
then dissolved with 33% acetic acid (MilliporeSigma) and
measured by using a microplate reader (Molecular Devices) at
570 nm.

Western blot

Western blot was performed as described previously (42). The
following primary antibodies were used: PHF19 (77271, 1:1000;
Cell Signaling Technology, Beverly, MA, USA), E-Cadherin
(ab219332, 1:2000; Abcam, Cambridge, MA, USA), Vimentin
(ab92547, 1:2000; Abcam), and b-ACTIN (TA-09, 1:3000;
Zhongshan Golden Bridge Biotechnology, Beijing, China).

Luciferase reporter assay

The cDNA fragment of MALAT1 and the 39-UTR segment of
PHF19 were cloned into the downstream of Renilla luciferase
reporterofpsiCheck2vector (Promega,Madison,WI,USA)at the
SgfI and PmeI restriction enzyme recognition sites. Luciferase
reporter assays were determined by using the psiCheck2 dual
luciferase system (Promega) following the manufacturer’s in-
structions. The FastMutagenesis System (Beyotime)was applied
for construction of MALAT1 and PHF19 39-UTR reporter
gene plasmids with a mutant (mut) miR-211 binding site.
Primers were as follows: 59-GCGCGATCGCCAACCACAC-
GGAGGAGGCGAG-39 (MALAT1-wild type (WT), forward),
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59-GCGTTTAAACGAAATTGTCTCAATTTGGCTATC-39
(MALAT1-WT, reverse); 59-TCGTACTGAGGTGTGGGA-
AAGTTTATATGGGGACGTAGGCC-39 (MALAT1-mut, forward),
59-GGCCTACGTCCCCATATAAACTTTCCCACACCTCAGT-
ACGA-39 (MALAT1-mut, reverse); 59-GCGCGATCGCCACTT-
CCAGGGCCCAGGTGC-39 (PHF19-WT, forward), 59-GC-
GTTTAAACGAGGCCACAGCAGCAGTTG-39 (PHF19-WT,
reverse); and 59-ATCATTTGGTTCCCTCGGGAAAGGGCC-
CTTGCCAGTGGGGGTTTG-39 (PHF19-mut, forward), 59-
CAAACCCCCACTGGCAAGGGCCCTTTCCCGAGGGAA-
CCAAATGAT-39 (PHF19-mut, reverse).

Subcutaneous xenograft growth experiment

In vivo xenograft experiments were performed following the
guidelines of the Animal Care and Use Committee of Zhejiang
Chinese Medical University. SKOV3 cells (1 3 107) transfected
control in shRNA, MALAT1 shRNA, PHF19 shRNA, control
miRNA antagomir, or miR-211 antagomir were subcutaneously
injected into the right side of the flank area of 6-wk-old female
BALB/c nude mice for 44 d. Tumor volumes were evaluated
(0.53 length3width2) in indicated days after palpable tumors
appeared.

Prediction of miRNA binding sites

The online software TargetScan v.7.1 (http://www.targetscan.org/
vert_71/) was applied for searching the potential binding sites of
miR-211.

Statistical analysis

Statistical analysis was conducted by using GraphPad Prism 5
(GraphPad Software, San Diego, CA, USA) and IBM SPSS 22.0.
Differences between the 2 groups were statistically analyzed by
using the unpaired, 2-tailed Student’s t test, and values of
P ,0.05 were considered statistically different. ANOVA was
used in cases in which .2 groups were being compared. Cor-
relation between expression levels of MALAT1 and PHF19 was
determined by using Spearman’s correlation test. To evaluate
the prognostic value of PHF19 and MALAT1 expression in pa-
tients with OC from the TCGA dataset, the log-rank test and
univariate Cox regression analysis were performed.

RESULTS

miR-211 suppresses cellular proliferation,
migration, and xenograft growth and induces
apoptosis in OC

Initially, to explore the role of miR-211 in the formation
and progression of OC, we evaluated the expression of
miR-211 in OC tissues compared with normal ovarian
tissues. The results showed that miR-211 expression
was significantly lower in OC tissues compared with
those in normal ovarian specimens (Supplemental Fig.
S1A and S2A–F). We next overexpressed miR-211 in
HEY-T30 and SKOV3 cells by transfecting miR-211
mimic (Fig. 1A, B). Colony formation and MTT assay
were performed to determine the effect of miR-211 on
the proliferation of HEY-T30 and SKOV3 cells. Com-
pared with the control group, the colony number and

the MTT absorbance of cells transfected with miR-211
mimic were dramatically decreased (Fig. 1C–G). These
results suggest that miR-211 inhibits the proliferation
of HEY-T30 and SKOV3 cells. To evaluate the role of
miR-211 in programmed cell death in OC, the in-
cidence of apoptosis after overexpression of miR-211
was confirmed by using flow cytometry. The results
showed that ectopic expression of miR-211 markedly
increased cellular apoptosis (Fig. 1H, I). In addition,
migration assay indicated that transfection with miR-
211 mimic significantly inhibited migration both in
HEY-T30 and SKOV3 cells (Fig. 1J, K). To further in-
vestigate the tumor-suppressing effect of miR-211 in
vivo, a subcutaneous SKOV3 xenograft tumor model
was established to investigate the influence of miR-211
on the tumor growth ability. This model showed that
the growth rate and average volumes of SKOV3 xe-
nograft tumors were markedly reduced by over-
expression of miR-211 using agomir (Fig. 1L–N).

PHF19 is a direct target of miR-211 in OC

To explore the potential target genes of miR-211, bio-
informatics analysis was performed by using TargetS-
can v.7.1. The results predicted thatmiR-211may target
the 39-UTR region of PHF19 (Fig. 2A). To determine
whether the 39-UTR of PHF19 is a direct target of miR-
211 in OC, we then constructed a luciferase reporter
vector containing the 39-UTR region of PHF19 or a mut
sequence and cotransfected them into HEY-T30 and
SKOV3 cells along with control mimic or miR-211
mimic. Overexpression of miR-211 significantly de-
creased the luciferase activity of Rellina reporter genes
with theWT 39-UTR region of PHF19 (Fig. 2B, C). These
changes were diminished in cells transfected with mut
39-UTR vector. Furthermore, quantitative RT-PCR and
Western blot were performed to evaluate the effect of
miR-211 on PHF19 expression. The results indicate that
overexpression of miR-211 (Fig. 2D) markedly sup-
pressed the expression of PHF19 both in mRNA (Fig.
2E, F) and in protein (Fig. 2G, H) levels.

Silence of PHF19 suppresses cellular
proliferation, migration, and xenograft
growth and promotes programmed cell
death in HEY-T30 and SKOV3 cells

Based on the GEO database analysis, we found that the
relative expression of PHF19 was significantly up-
regulated in OC tissues compared with control healthy
specimens (Supplemental Fig. S1B and S2G–K). To
elucidate the precise role of PHF19 in OC, we then
evaluated whether PHF19 expression correlates with
prognosis in OC in the TCGA cohort and 3 individual
GEO datasets. In 614 patients in the TCGA cohort,
higher levels of PHF19 expression were significantly
correlated with shorter survival times (Fig. 3A). Similar
observations were seen in the GEO datasets: GSE9891,
GSE26193, and GSE63885 (Supplemental Fig. S3A–C).
We then transfected PHF19 siRNA into SKOV3 cells

MALAT1/miR-211/PHF19 AXIS REGULATES OVARIAN CANCER 6333

Downloaded from www.fasebj.org by NTU Medical Library (140.112.213.167) on April 29, 2019. The FASEB Journal Vol. ${article.issue.getVolume()}, No. ${article.issue.getIssueNumber()}, pp. 6330-6343.

http://www.targetscan.org/vert_71/
http://www.targetscan.org/vert_71/


Figure 1. Overexpression of miR-211 suppresses cell proliferation, migration, and xenograft growth and induces cell apoptosis in
OC. A, B) Semiquantitative RT-PCR to determine the expression of miR-211 after transient transfection with miRNA-211 mimic
(100 nM) in HEY-T30 (A) and SKOV3 (B) cells, respectively. C, D) MiR-211 overexpression decreases the colony formation rate of
HEY-T30 (C) and SKOV3 (D) cells. Representative photographs of the colony formation assay are shown. E) The relative colony
formation numbers are shown. Data are means 6 SD. Three independent experiments were performed, and each experiment
contains 3 replicates. An unpaired, 2-tailed Student’s t test was conducted to analyze the differences between the control and
miR-211 groups, **P , 0.01 vs. control mimic. F, G) MTT assay to demonstrate the proliferation rate of 100 nM of miR-211

(continued on next page)
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and evaluated its effect on cell proliferation. Colony
formation assay showed that silence of PHF19 reduced
the colony numbers comparedwith the control group in
HEY-T30 and SKOV3 cells (Fig. 3B, C). Cellomics

analysis also showed that a significant decreased
number of cells was counted in the group infected with
PHF19 lentivirus compared with the control group
(Fig. 3D, E). Furthermore, silence of PHF19 markedly

mimic-transfected HEY-T30 (F) and SKOV3 (G) cells. Data are means 6 SD, n = 6; unpaired, 2-tailed Student’s t test. *P , 0.05,
**P , 0.01 vs. control mimic. H, I) Transfection with 100 nM of miR-211 mimic in HEY-T30 and SKOV3 cells induces cellular
apoptosis. Quantitative analysis of apoptosis was shown. Data are means 6 SD; 3 independent experiments were performed and
each experiment contains 3 replicates, unpaired, 2-tailed Student’s t test. **P , 0.01 vs. control mimic. J, K) Overexpression of
miR-211 with miR-211 mimic suppresses cellular migration ability in HEY-T30 and SKOV3 cells, which was determined by using a
transwell assay. Scale bars, 100 mm. Data are means 6 SD, n = 6; unpaired, 2-tailed Student’s t test. **P , 0.01 vs. control mimic.
L–N) SKOV3 cells transfected with miR-211 agomir or control agomir were subcutaneously injected into female BALB/c nude
mice. Representative xenografts from each cohort are illustrated (L). Transfection with miR-211 agomir significantly inhibited
tumor growth (M). Weight comparison of xenografts from L is shown in N. Data = means6 SD, n = 6; unpaired, 2-tailed Student’s
t test. *P , 0.05, **P , 0.01 vs. control mimic.

Figure 2. MiR-211 directly targets the 39-UTR of PHF19. A) Schematic view to show the potential binding sites (3243–3264) for
miR-211 in the 39-UTR of the human PHF19 gene (PHF19 39-UTR-WT). The mutated sequence is shown below (PHF19 39-UTR-
mut). B, C) Effect of miR-211 overexpression with 100 nM of miR-211 mimic on the luciferase reporter activity of psiCHECK2-
PHF19 39-UTR-WT and psiCHECK2-PHF19 39-UTR-mut. HEY-T30 (B) and SKOV3 (C) cells cotransfected with either miR-211
mimic (100 nM) or control mimic along with psiCHECK2-PHF19 39-UTR-WT and psiCHECK2-PHF19 39-UTR-mut. The Renilla
luciferase activities were assessed at 48 h after transfection, and the firefly luciferase activities were used as internal control. Data
are means6 SD, n = 6; unpaired, 2-tailed Student’s t test. **P , 0.01 vs. control mimic. D) Semiquantitative RT-PCR to determine
the expression of miR-211 in HEY-T30 and SKOV3 cells with miR-211 mimic (50 or 100 nM) or control mimic transfection. E, F)
Quantitative RT-PCR analysis of PHF19 mRNA expression in HEY-T30 (E) and SKOV3 (F) cells transfected with control or miR-
211 mimic (50 or 100 nM). Data are means 6 SD, 3 independent experiments were performed and each experiment contains 3
replicates; unpaired, 2-tailed Student’s t test. *P , 0.05, **P , 0.01, vs. control mimic. G, H) Western blot detecting PHF19
protein level in control or miR-211 mimic transfected HEY-T30 (G) and SKOV3 (H) cells.
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Figure 3. Silence of PHF19 in SKOV3 cells suppresses cell proliferation, migration, and xenograft growth and induces cellular
apoptosis. A) Kaplan-Meier plot of overall survival in subjects with low (n = 309) vs. high (n = 305) PHF19 mRNA expression.
Higher levels of PHF19 expression are associated with worse prognosis in OC. Log-rank tests and univariate Cox regression
analysis were performed, P = 0.00057. B, C) Effect of silence of PHF19 (transfected with 100 nM of siRNA) on the colony
formation of SKOV3 cells, which were determined by using colony formation assay. Data are means 6 SD, 3 independent
experiments were performed and each experiment contains 3 replicates; unpaired, 2-tailed Student’s t test. **P, 0.01 vs. control

(continued on next page)
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induced cell apoptosis in SKOV3 (Fig. 3F, G). To
investigate the role of PHF19 in OC progression, mi-
gration assay was performed in SKOV3 cells trans-
fected with PHF19 siRNA. The results indicate that
silence of PHF19 significantly suppressed cell mi-
gration (Fig. 3H, I). Western blot analysis revealed
that PHF19 knockdown up-regulated the epithelial
marker E-cadherin and down-regulated the mesen-
chymalmarker VIMENTIN (Fig. 3J). In vivo xenograft
assay also indicated that silence of PHF19 with
PHF19 shRNA lentivirus in SKVO3 cells significantly
suppressed tumor growth (Fig. 3K–M). Taken together,
these studies suggest that PHF19 may act as an onco-
gene in OC.

PHF19 overexpression counteracted the
suppressive role of miR-211 in OC

To investigate whether overexpression of PHF19 can
counteract the function of miR-211 in OC, we cotrans-
fected miR-211 mimic (Fig. 4A) and PHF19 overex-
pressed lentivirus (Fig. 4B) into SKOV3 cells. We
found that PHF19 overexpression restored cell pro-
liferation suppressed by miR-211 mimic (Fig. 4C) and
ameliorated apoptosis promoted by miR-211 (Fig.
4D, E). Meanwhile, ectopic expression of PHF19 pro-
moted cell migration, which was arrested by miR-211
(Fig. 4F, G). These findings indicate that PHF19 over-
expression counteracts the inhibitory function of miR-
211 in OC.

miR-211 is sponged by MALAT1 in OC

Accumulating studies have shown that lncRNAs can
interact with miRNAs via miRNA response elements
and regulate each other’s expression. We therefore
used the bioinformatics database starBase v2.0 (http://
starbase.sysu.edu.cn/) to search for the potential lncRNA(s)
that can spongemiR-211. Interestingly,MALAT1, awell-
known oncogenic lncRNA, has a potential binding
site for miR-211 (Fig. 5A). Subsequently, we investi-
gated the correlation between miR-211 and MALAT1
in HEY-T30 and SKOV3 cells. To confirm the direct
binding potential between MALAT1 and miR-211, a
luciferase assay was performed. The MALAT1 frag-
ment containing predicted miR-211 binding site or its
mut type was fused into the downstream of the Rellina

reporter gene in the psiCHECK2 vector. A significant
decrease of luciferase activity was observed when the
MALAT1-WT vector was cotransfected with the miR-211
mimic but not with the control miRNA mimic (Fig. 5B, C).
This decrease was diminished in cells cotransfected
with miR-211 mimic and MALAT1-mut. In addition,
semiquantitative RT-PCR showed that transfection
with miR-211 mimic in HEY-T30 and SKOV3 cells
significantly suppressed themRNA level of MALAT1
(Fig. 5D, E). Moreover, silence of MALAT1 dramati-
cally decreased the expression of PHF19 both in
mRNA (Fig. 5F, G) and protein (Fig. 5H, I) levels.
Taken together, these data indicate that MALAT1
may function as an inducer of PHF19 via sponging
miR-211.

MALAT1 functions as an oncogenic lncRNA
in OC

Based on analysis of the GEO database, we found that
MALAT1 expression was up-regulated in OC tissues
compared with normal ovarian tissues, although the P
value was slightly higher than 0.05 (P = 0.0595) (Sup-
plemental Fig. S1C and Fig. S2L–P). We also evaluated
whether MALAT1 are related to PHF19 in these clini-
cal samples. A significant positive correlation was
noted between MALAT1 and PHF19 (Supplemental
Fig. S1D). Meanwhile, TCGA cohort analysis showed
that higher expression of MALAT1 was correlated
with shorter survival times for patients with OC (Fig.
6A). A similar observation was seen in the GEO data-
sets: GSE9891, GSE26193, and GSE63885 (Supple-
mental Fig. S3D–F). To confirm the role of MALAT1 in
OC, we further knocked down the expression of
MALAT1 in SKOV3 cells (Fig. 6B, C). The results show
that silence of MALAT1 significantly inhibited cell
proliferation (Fig. 6D) and colony formation ability in
SKOV3 cells (Fig. 6E, F). Moreover, an increasing
number of apoptotic cells were observed in MALAT1-
silenced SKOV3 cells (Fig. 6G, H). In addition, silence
of MALAT1 also dramatically suppressed the migra-
tion of SKOV3 cells (Fig. 6I, J). In vivo, the xenograft
experiment showed that infection with MALAT1
shRNA lentivirus in SKOV3 cells significantly re-
duced the tumor growth rate (Fig. 6K–M). These data
suggest that MALAT1 may be an oncogenic lncRNA
in OC.

siRNA. D, E) Cellomics method was applied to determine the effect of PHF19 knockdown on cell proliferation in SKOV3 cells.
Scale bars, 192 mm. Data are means 6 SD, n = 6; unpaired 2-tailed Student’s t test. **P , 0.01 vs. control siRNA. F, G) Flow
cytometry analysis of SKOV3 cells transfected with control or PHF19 siRNA to determine the effect of PHF19 knockdown on cell
apoptosis. Data are means 6 SD, 3 independent experiments were performed and each experiment contains 3 replicates;
unpaired, 2-tailed Student’s t test. **P , 0.01 vs. control siRNA. H, I ) SKOV3 cells transfected with control or PHF19 siRNA were
subjected to migration assay. Scale bars, 100 mm. Data are means 6 SD, n = 6; unpaired, 2-tailed Student’s t test. **P , 0.01 vs.
control siRNA. J) Western blot analysis to determine the protein levels of E-Cadherin, Vimetin and PHF19 in SKOV3 cells
transfected with control or PHF19 siRNA. K) Schematic representation of SKOV3 xenograft tumors after 44 d of injection in the
sh-PHF19 and negative control groups. L) Tumor growth curve of the SKOV3 xenograft in the sh-PHF19 and negative control
groups. M) Tumor weights between the sh-PHF19 and negative control groups. Data are means 6 SD, n = 6; unpaired, 2-tailed
Student’s t test. *P , 0.05, **P , 0.01 vs. control siRNA.
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Overexpression of PHF19 reverses the
suppressive effect of MALAT1 knockdown
on SKOV3 cells

We then examined whether ectopic expression of PHF19
attenuates the inhibitory effect ofMALAT1knockdownon
OC formation andprogression (Fig. 7A,B). TheMTTassay
showed that ectopic expression of PHF19 in SKOV3 cells
re-elevated the cell proliferation rate suppressed by
MALAT1 siRNA-2 (Fig. 7C) and reduced cell apoptosis
inducedbyMALAT1knock-down (Fig. 7D,E). Inaddition,
PHF19 overexpression also restored cell migration, which
was suppressed by silence of MALAT1 (Fig. 7F, G). These
data indicate that PHF19 may be a critical downstream
responsive gene for the function of MALAT1 in OC.

Taken together, these study results reveal that there is a
reciprocal repression between MALAT1 and miR-211 in
OC (Fig. 8). Furthermore, this research highlights the

significance of the MALAT1/miR-211/PHF19 axis in tu-
morigenesis, which adds a new piece of puzzle to the
noncoding RNA regulatory networks.

DISCUSSION

In the human genome, ;70% of the DNA sequence is
actively transcribed, in which 98% of the transcripts are
referred to as noncoding RNAs, and only 2% of RNA
sequences encode proteins (43). Noncoding RNAs can
be grouped into lncRNAs (.200 nt in length) and small
noncodingRNAs (#200 nt in length), includingmiRNAs.
Mounting evidence has shown that deregulated
miRNAs and lncRNAs function as key regulators in the
initiation and progression of multiple cancers, in-
cluding OC, via many different pathways (44–46). Our
present study, for the first time, revealed a novel ceRNA

Figure 4. Overexpression of PHF19 antagonizes the suppressive effect of miR-211 on OC. A, B) The miR-211 and PHF19
expression levels in SKOV3 cells transfected with control mimic or miR-211 mimic (100 nM) with or without infection of PHF19
expression lentivirus, which were determined by using semiquantitative RT-PCR (A) and Western blot (B). C) An MTT assay was
performed to determine the cell proliferation abilities of SKOV3 cells with indicated treatment. Data are means 6 SD, n = 6;
statistical analyses were performed by using 1-way ANOVA analysis. *P , 0.05; **P , 0.01: miR-211 mimic or miR-211+LV-Ctrl vs.
Ctrl mimic; #P , 0.05; ##P , 0.01: miR-211+LV-PHF19 vs. miR-211+LV-Ctrl. D, E) FACS analysis revealed apoptotic cells in
SKOV3 with indicated treatment (D). The percentages of apoptotic cells are summarized in bar charts (E). Data are means 6 SD.
Three independent experiments were performed, and each experiment contains 3 replicates. Statistical analyses were performed
by using 1-way ANOVA analysis. **P, 0.01: miR-211 mimic or miR-211+LV-Ctrl vs. Ctrl mimic; ##P, 0.01: miR-211+LV-PHF19 vs.
miR-211+LV-Ctrl. F, G) Representative images (F) and quantification (G) of migrated cells in SKOV3 with indicated treatment,
which were determined by using transwell migration assay. Data are means 6 SD. Three independent experiments were
performed, and each experiment contains 3 replicates. Statistical analyses were performed by using 1-way ANOVA analysis. **P,
0.01: miR-211 mimic or miR-211+LV-Ctrl vs. Ctrl mimic; ##P , 0.01: miR-211+LV-PHF19 vs. miR-211+LV-Ctrl.
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model, in which the MALAT1/miR-211/PHF19 reg-
ulatory axis participate in the pathogenesis of OC. We
have found that MALAT1 acts as a ceRNA by spong-
ing miR-211 and potentially rescues the expression of
PHF19, thereby promoting the tumorigenesis of OC
both in vitro and in vivo. Elucidation of the MALAT1/
miR-211/PHF19 pathway may contribute to the
beginnings of a better understanding of OC patho-
genesis, and the components of this pathway, MALAT1,
miR-211, and PHF19, can be used as novel diagnostic and
prognostic markers for clinical prevention and treatment
of OC.

miR-211 is abnormally expressed in awide range of
cancers and functions as a tumor-promoting gene or a
tumor suppressor (16, 47–50). Searching the litera-
ture, Xia et al. (16) found that miR-211 arrests cells at
the G0/G1 stage, suppresses cellular proliferation,
and induces apoptosis. CCND1 and CDK6 are iden-
tified as direct targets of miR-211. In this study, by
reviewing publicly available microarray results, we
found that miR-211 is significantly up-regulated in OC
tissues compared with normal controls. In addition, the
effect of miR-211 on OC proliferation, apoptosis, and

xenograft growth was confirmed, and we further
evaluated the role of miR-211 in the migration of OC.
Herein, our findings not only revealed the suppres-
sive role of miR-211 OC formation but also demon-
strated their inhibitory effect on OC progression.

Wenext chose to investigate themolecularmechanisms
wherebymiR-211 suppresses the growth and progression
of OC cells, especially its interaction with lncRNAs.
LncRNAs are emerging as key players in cancer formation
and development. MALAT1, also known as nuclear-
enriched transcript 2, is themostwell-known lncRNA that
plays an important role in the pathogenesis and progres-
sion of different tumors (51–56). Elevated expression of
MALAT1 promotes cell proliferation, invasion, migra-
tion, and metastasis in OC. In the present study, pa-
tientswithOCand highMALAT1 expression presented
with a shorter survival based on TCGA and GEO
analyses. In addition, silence of MALAT1 ameliorated
the aggressive behavior of OC cells by suppressing cell
proliferation and migration and inducing apoptosis. In
the next investigation, we evaluated the association of
MALAT1 with miR-211 in OC. Importantly, we dem-
onstrated for the first time that MALAT1 suppresses

Figure 5. MALAT1 functions as a ceRNA to sponge miR-211. A) Schematic view to present the WT and mut binding sites of miR-
211 in the mRNA sequence of MALAT1. B, C) Luciferase assay to determine the direct binding between miR-211 and MALAT1.
HEY-T30 and SKOV3 cells were cotransfected with miR-211 mimic (100 nM) or control mimic and luciferase reporter plasmid
containing WT binding sites or mut sequence. Data are means 6 SD, n = 6; unpaired, 2-tailed Student’s t test. *P , 0.05, **P ,
0.01 vs. control mimic. D, E) Semiquantitative RT-PCR to show that overexpression of miR-211 suppresses MALAT1 mRNA level
in HEY-T30 (D) and SKOV3 (E) cells. F, G) Silence of MALAT1 inhibits the mRNA level of PHF19 in HEY-T30 (F) and SKOV3
(G) cells, which was evaluated by semiquantitative RT-PCR. H, I) Western blot analysis indicates that MALAT1 knockdown
reduces the protein level of PHF19 in HEY-T30 (H) and SKOV3 (I) cells.
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Figure 6. Silence of MALAT1 suppresses SKOV3 cell proliferation, migration, and xenograft growth and induces cell apoptosis.
A) Correlation between MALAT1 expression and the overall survival of patients with OC, which was shown as Kaplan-Meier
survival curves; log-rank tests and univariate Cox regression analysis were performed, P = 0.00036. B, C) Semiquantitative (B) and
quantitative (C) RT-PCR to evaluate the expression levels of MALAT1 in SKOV3 cells transfected control siRNA or MALAT1
siRNAs (100 nM). D–F) Silence of MALAT1 suppresses cell proliferation in SKOV3 cells, which was determined by an MTT (D)
and a colony formation (E, F) assay. Data are means 6 SD, n = 6; unpaired, 2-tailed Student’s t test. *P , 0.05, **P , 0.01 vs.
control siRNA. G,H) Flow cytometry analysis indicates that silence of MALAT1 induces apoptosis of SKOV3 cells. Data are means6 SD,
3 independent experiments were performed and each experiment contains 3 replicates; unpaired, 2-tailed Student’s t test. **P ,
0.01 vs. control siRNA. I, J ) Silence of MALAT1 with siRNAs inhibits migration of SKOV3 cells. Data are means 6 SD, n = 6;
unpaired, 2-tailed Student’s t test. **P , 0.01 vs. control siRNA. K) Depletion of MALAT1 with shRNA lentivirus shows inhibitory
effect in the OC mouse model. L, M) Effect of MALAT1 knockdown on the growth (L) and weight (M) of xenografts derived
from SKOV3 cells. Data are means 6 SD, n = 6; unpaired 2-tailed Student’s t test. *P , 0.05, **P , 0.01.
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miR-211 by acting as a sponge in OC and MALAT1/
miR-211 interaction plays an important role in the
progression of OC.

As a component of polycomb repressive complex 2,
PHF19 is a pivotal member of the polycomb group of
proteins to maintain the repressive transcriptional state of
developmental associatedgenes. PHF19hasbeen reported
tobeup-regulated in several cancer types, including colon,
skin, lung, rectal, cervical, uterus, and liver cancers (38).
For instance, Xu et al. (40) have reported that PHF19 pro-
motes the progression of hepatocellular carcinoma and is
regulated by the tumor suppressor miRNA, miR-195-5p.
Ghislin et al. (39) have indicated that PHF19 and its up-
streamregulatorAKTcontrol theswitchofmelanomacells
from proliferative to invasive states. With analysis of data
downloaded from GEO datasets, the present study in-
dicated that PHF19 expression exhibited significant dif-
ferences between patients with OC and normal subjects.

We also found that PHF19 functions as a direct target of
miR-211 and a key regulator to promote OC proliferation,
migration, and xenograft growth, which suggest that
PHF19 may be a critical oncogene in OC. However, di-
agnosis and targeted therapy based on the PHF19 require
further molecular research.

There are several limitations to the present study. First,
a positive correlation between PHF19 and MALAT1 was
shown in this study by using the Pearson test of selected
GEO datasets. Meanwhile, for the effect of MALAT1 on
PHF19, silence of MALAT1 was found to suppress
PHF19 expression in HEY-T30 and SKOV3 cells both in
mRNA and protein level (Fig. 5F–I). However, because
the total length of MALAT1 is 8779 nt, and it is difficult
to overexpress MALAT1 ectopically, the effect of
MALAT1 overexpression on PHF19 in OC cells was not
evaluated in the present study. Second,we only verified
the MALAT1/miR-211/PHF19 axis in OC cell lines,

Figure 7. Overexpression of PHF19 attenuates the suppressive function of MALAT1 knockdown in the progression of OC. A)
Semquantitative RT-PCR to determine the expression of MALAT1 in SKOV3 cells transfected with control siRNA or MALAT1
siRNA2 (100 nM) with or without PHF19 overexpression lentivirus. B) SKOV3 cells were transfected with control siRNA or
MALAT1 siRNA2 with or without PHF19 expression lentivirus and subjected to Western blot analysis to determine the expression
of PHF19. C) An MTT assay to evaluate the proliferation rate of SKOV3 cells with indicated treatment. Data are means 6 SD, n = 6;
statistical analyses were performed by using 1-way ANOVA analysis. **P , 0.01: si-MALAT1-2 or si-MALAT1-2+LV-Ctrl vs. si-
Control or si-MALAT1-2+LV-PHF19. D, E) Percentages of apoptotic cells were analyzed with flow cytometry in SKOV3 cells with
indicated treatment. F, G) Transwell assay to determine the migration ability of SKOV3 cells with indicated treatment. Scale bar,
100 mm. Data are means 6 SD. Three independent experiments were performed, and each experiment contains 3 replicates.
Statistical analyses were performed by using 1-way ANOVA analysis. **P , 0.01: si-MALAT1-2 or si-MALAT1-2+LV-Ctrl vs. si-
Control; ##P , 0.01: si-MALAT1-2+LV-PHF19 vs. si-MALAT1-2+LV-Ctrl.
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which might not fully reflect the precise processes in
vivo and which should be confirmed in animal models.
Third, apart from OC carcinogenesis, the present find-
ings regarding the MALAT1/miR-211/PHF19 axis
must still be verified in other cancer types and biologic
processes. In addition, as a member of polycomb group
proteins, PHF19 functions to maintain the repressive
state of developmental genes and cell cycle regulators
(36, 57). The effect of MALAT1 and miR-211 on PHF19
downstream genes needs to be further investigated in
future studies.

In summary, our findings indicate that MALAT1
may improve PHF19 expression by competing for
miR-211, subsequently mediating OC formation and
progression.
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