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The importance of microRNAs (miRNAs) in human malig-
nancies has been well recognized. Here, we report that the ex-
pression of mlcroRNA 210 (miR-210) is down-regulated in

human h cell and derived cell
lines. Marked decreases in the level of miR-210 were observed
pecially in poorly ‘We found that

miR-210 inhibits cancer cell survival and proliferation by in-
ducing cell death and cell cycle arrest in G,/G, and G,/M. Fi-
nally, we identified fibroblast growth factor receptor-like 1
(FGFRLI) as a target of miR-210 in esophageal squamous cell

and ds d that FGFRL1 cancer
cell proliferation by preventing cell cycle arrest in G,/G,.
Taken together, our findings show an important role for miR-
210 as a tumor-suppressive microRNA with effects on cancer
cell proliferation.

MicroRNAs (miRNAs)” are evolutionarily conserved small
noncoding RNAs (20 -23 nucleotides) that bind to comple-
mentary sequences in the 3'-untranslated region (UTR) of
target messenger RNAs (mRNAs) and regulate gene expres-
sion by the cleavage of target mRNAs and/or translational
inhibition (1). Currently, >800 human miRNAs have been
identified and registered in the miRNA database, miRBase (2).
miRNAs play important roles in the differentiation of various
cell types and in the initiation and progression of cancer, and
it has been shown that the expression of some miRNAs is al-
tered during cell dil iation and in mall ies (1,3, 4).

* This work was supported by grants from Kyoto University (to S.T.), the
Takeda Science Foundation (to 5. T), the Ministry of Education, Culture,
Sports, Science and Technology of Japan (to 5. T. and G. T), and the New
Energy and Industrial Technology Development Organization (to G. T.).

[1The on-line version of this article (available at http://www.jbc.org) con-
tains supplemental Tables 1-3.

The data reported in this paper have been deposited in the Gene Expres-
sion Omnibus (GEO) database, www.ncbi.nim.nih.gov/geo (accession no.
GSE20637).

' To whom correspondence should be addressed. Tel.: 81-75-753-4523; Fax:
81-75-753-4544; E-mail: gtsuji@pharm kyoto-u.ac jp.

2 The abbreviations used are: miRNA, microRNA; ESCC, esophageal squa-
mous cell carcinoma; FGFRL1, fibroblast growth factor receptor-like 1;
miR-210, microRNA-210; ncRNA, negative control RNA; ncsiRNA, negative
control small interfering RNA; NEST, normal esophageal squamous 1 tissue;
PI, propidium iodide; qRT-PCR,

In a recent study, we identified microRNA-210 (miR-210)
as one of the miRNAs that is markedly differentially expressed
during the process of epithelial differentiation (3). It has been
reported that miR-210 expression is down-regulated during
epithelial-mesenchymal transition, the aberrant activation of
which triggers cancer pathology (5). Carcinomas are derived
from epithelial cells, and poor prognosis in patients with car-
cinoma is associated with the disruption of characteristics of
differentiated epithelial cells, such as cell junctions and polar-
ity (6-8). Hence, given that the expression of miR-210 ap-
pears to be correlated well with epithelial differentiation,
miR-210 might play a suppressive role in carcinomas. In sup-
port of this idea, allelic deletions at the miR-210 locus have
been observed in 64% of cases of ovarian cancer (9), and ec-
topic expression of miR-210 represses tumor growth when
human cancer cell lines are implanted into immunodeficient
mice (10). However, the clinical roles of miR-210 in carcino-
mas and the mechanisms by which it represses tumor growth
remain unknown.

In this study, we investigated the functional role of miR-210
in the growth of carcinomas and the mechanism by which it
acts using clinical samples as well as cell lines of esophageal
squamous cell carcinoma (ESCC). ESCC is a highly aggressive
malignancy with a 5-year survival rate of 10% worldwide. It
has been used as a model to study the mechanisms of dys-
regulated epithelial differentiation and epithelial-mesenchy-
mal transition in carcinomas (11, 12).

EXPERIMENTAL PROCEDURES

Specimens—All tumor samples were confirmed as ESCC by
the Clinicopathologic Department at Kyoto University Hospi-
tal. All cases were classified according to the sixth edition of
the pathologic t od is (TNM) classifi
(13). Written informed consent for the research use was ob-
tained from each patient before surgery. The study was ap-
proved by the Kyoto University Institutional Review Board.

Cell Culture and Transfection—HE3 cells, which are human
primary normal esophageal epithelial cells, were established
and cultured in kerannocyte SFM (Invitrogen) containing
human bi id 1 growth factor (Invitrog
and bovine pituitary extract (Invitrogen). HEEpiC cells were
hased from ScienCell Research Laboratories (Carlsbad,
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CA) and were cultured according to the manufacturer’s in-
structions (14). The human ESCC cell lines KYSE-150, -170,
-190, and -590 were maintained as described previously (14,
15). KYSE-170 cells were transfected with oligoribonucleoti-
des for miR-210 or negative control RNA (ncRNA) (Ambion,
Austin, TX) using HiPerFect transfection reagent (Qiagen,
Valencia, CA) according to the manufacturer’s protocol for
overexpression. KYSE-170 cells were also transfected with
FGFRLI (fibroblast growth factor receptor-like 1) small inter-
fering RNAs (siRNAs) or negative control siRNA (ncsiRNA)
(Invitrogen) for knockdown of FGFRL1. The coding region of
FGFRLI was isolated from complementary DNA (cDNA)
from KTSE-170 cells, which was reverse transcribed using an
oligo(dT) primer (Invitrogen), and ligated into the pcDNA3
expression vector. This FGFRLI expression construct was
transfected into KYSE-170 cells using TransIT-LT1 transfec-
tion reagent (Mirus, Madison, W1). For inhibition of miRNAs
function, KYSE-590 cells were transfected with a specific
microRNA inhibitor for miR-210 (anti-miR-210) or its negative
control RNA (anti-ncRNA) (Ambion) using HiPerFect trans-
fection reagent.

RNA Extraction and Quantitative Reverse Transcriptase-
PCR—Total RNA was extracted from the normal esoph

database accession code of the microarray data obtained is
GSE20637.

Immunoblot Analyses—Cells were homogenized and cen-
trifuged. The resultant supernatant was subjected to SDS-
PAGE, and the separated proteins were transferred electro-
phoretically onto a PVDF membrane. An anti-FGFRLI,
NDUFA4, GPR177, or LRP5L antibody (Santa Cruz Biotech-
nology, Santa Cruz, CA) (1 100) was used as the pnmary ann—
body, respectively, and a h
1gG antibody (1:5,000) was used as the secondary antibody.
The membranes were stained using an ECL kit according to
the manufacturer’s instructions. An anti-B-actin antibody
(Sigma-Aldrich) (1:1,000) was used as a control.

Immunostaining—Sections of ESCC and NEST were
stained with an anti-FGFRLI antibody (Santa Cruz Biotech-
nology) and ChemMate ENVISION kit (Dako, Glostrup,
Denmark).

Luciferase Reporter Assay—The 3'-UTRs of FGFRLI,
WSB2, and GDI2 were isolated from cDNA from KTSE-170
cells. These 3'-UTRs and synthetic oligonucleotides of puta-
tive miR-210-target sites in the FGFRLI 3'-UTR ligated into
the pGL3 basic luciferase expression (pGL3-Luc) vector (Pro-
mega, Madison, W1) at the 3'-end of the luciferase coding

squamous llssues (NESTSs), ESCCs, and cell lines by the acid
phenol 'm method and
then used for quantitative reverse transcriptase-PCR (qRT-
PCR). To quantify mRNA expression levels, total RNA was
reverse transcribed to cDNA using random primers and
SuperScript 11 reverse transcriptase (Invitrogen), and quanti-
tative PCR was performed in a 7300 Real-Time PCR System
(Applied Biosystems) using Power SYBR Green PCR Master
Mix (Applied Bi Gene exp was
using standard curves that were generated using serially
diluted reference samples and normalized to the expression
level of glyceraldehyde-3-phosphate dehyd:
(GAPDH). The specificity of the PCR products was confirmed
by gel electrophoresis and a dissociation curve analysis.
Primer sequences are shown in supplemental Table 1. To
quantify the levels of miRNAs and RNA U6 small nuclear 2
(RNUI6-2), we used TagMan MicroRNA assays (Applied Bio-
systems), which detect mature miRNAs sp lly, foll

q (Luc), r ly. This pGL3-Luc vector contain-
ing 3’-UTR or miR-210 target sites and the pRL-TK internal
control vector (Promega) were transfected into KYSE-170
cells using FuGENE HD transfection reagent (Roche Applied
Science). Oligoribonucleotides for miR-210 or ncRNA were
transfected 24 h after transfection of their vectors, and lucif-
erase activity was measured 38 h after transfection of their
vectors using the Dual Luciferase Reporter Assay system (Pro-
mega) according to the manufacturer’s instructions.

Statistics—Results are expressed as the mean + S.E. Stu-
dent’s ¢ test was used to compare data between two groups. p
values less than 0.05 were considered to be statistically signifi-
cant. In Figs. 1C and 4E, each clinicopathologic parameter,
with the exception of age, was evaluated using Pearson’s y*
test.

the manufacturer’s protocol. The miRNA expression level was
normalized to the expression level of RNUG6-2.

Assay of Cell Proliferation, Cell Cycle, and Cell Death—The
WST-1 assay to measure cell proliferation and flow cytomet-
ric assays to analyze the cell cycle and cell death were per-
formed with KYSE-170 cells at 48 h after transfection as de-
scribed previously (15). Calculations for the analysis of the cell
cycle were performed with ModFit software (BD Biosciences).
The b d idine (BrdU) i ion assay, which
measures cell proliferation, was performed using the BrdU
Cell Proliferation ELISA kit (Roche Applied Science) accord-
ing to the manufacturer’s instructions.

Microarray Analysis—Total RNA from KYSE-170 cells that
had been transfected with either ncRNA or miR-210 was la-
beled and prepared for hybridization to a human Oligo chip
25k (Toray, Tokyo, Japan) using standard methods. The GEO
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RESULTS
MiR-210 Expression Is Si ly D lated in
ESCC, Esp in Poorly Diff Carci To

investigate the role of miR-210 in human malignancies, we
first examined the expression levels of miR-210 in clinical
samples of matched NEST and ESCC by qRT-PCR (Fig. 14).
Compared with NEST, a significant down-regulation of miR-
210 expression was noted in ESCC. On the other hand, the
expression of miR-31, which has been reported to be not al-
tered between ESCC and NEST (16, 17), showed no signifi-
cant difference (Fig. 1B). For further analysis, 82 clinical sam-
ples of ESCC were divided into two groups (miR-210-high
and miR-210-low) on the basis of their miR-210 expression
levels, and the clinicopathologic characteristics of these two
groups were assessed. A significant difference was observed
between the miR-210-high group and the miR-210-low group
with respect to histol 1 type (i.e. well, mod ly, and
poorly differentiated), but there were no significant differ-
ences between the two groups with respect to gender, age, or
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FIGURE 1. D¢ in ESCC. A and B, expression levels of miR-210 and miR-31 in NEST and ESCC assessed by qRT-PCR. The
values are shown relative to the value obtained for NEST (n = 82;*, p < 0.01).C, clinicopathologic characteristics of 82 ESCCs divided into lwo groups (n =
41) on the basis of miR-210 expression levels. D, expression levels of miR-210 in the ESCCs and th Ts in each

pared by qRT-PCR. The values are shown relative to the value obtained for NEST in the well differentiated group (**, p < 0.05; %, p < 0.01).E, Ie’ve|5 o'mlR
210 in HE3, HEEpIC, and KYSE cell lines analyzed by qRT-PCR. The values are shown relative to the value obtained for HE3 (n = 3;*, p < 0.05 versus HE3; ¥,

of miR-210

p < 0.05 versus HEEpIC). Error bars, SE.

pathologic TNM stage (Fig. 1C). Then, we compared the ex-
pression levels of miR-210 between ESCC and the matched
NEST for each histological type. Si were

was a >60-fold increase compared with ones in cells trans-
fected with ncRNA (Fig. 2B), which is within the comparable
range for the differences between normal human esophageal

observed between mod ly and poorly di d ESCC
and the matched NEST (Fig. 1D). Moreover, as the degree of
tumor differentiation decreased, the level of miR-210 showed
a corresponding decrease in the ESCC (p = 0.0875, ANOVA)
but not in the matched NEST (p = 0.8728, ANOVA), which
indicated a strong correlation between the level of miR-210
and the degree of tumor differentiation in ESCC. This obser-
vation appears to agree well with the previous finding that
miR-210 expression is up-regulated in parallel with epithelial
cell differentiation (3, 18). Furthermore, when we compared
the levels of miR-210 expression in normal human esophageal
epithelial cells (HE3 and HEEpiC) with those in ESCC cell
lines (KYSE-150, -170, and -190), we found that miR-210 ex-
pression was down-regulated significantly in the ESCC cell
lines (Fig. 1E).

MiR-210 Inhibits Cancer Cell Proliferation by Inducing Cell
Death and Cell Cycle Arrest in G,/G, and G,/M—Next, we
examined the functional role of miR-210 in ESCC by adding
synthetic miR-210 to the KYSE-170 cell line, in which miR-
210 expression is low (Fig. 1E). Given that miR-210 expres-
sion was correlated with the level of differentiation in ESCC
(Fig. 1, Cand D), we examined the effect of miR-210 on the
proliferation of ESCC cells. Transfection of miR-210 signifi-
cantly decreased the proliferation of cancer cells, whereas a
ncRNA had no inhibitory effect (Fig. 24). Then, the intro-
duced amount of miR-210 in cells transfected with miR-210

422 JOURNAL OF BIOLOGICAL CHEMISTRY

ithelial cells and KYSE-170 cells (Fig. 1E). Moreover, we
performed a BrdU incorporation assay and found that miR-
210 significantly reduced the uptake of BrdU (Fig. 2C). These
results suggested that miR-210 negatively regulates cancer cell
proliferation. Next, we examined the effect of miR-210 on the
cell cycle (Fig. 2D). Transfection of miR-210 resulted in a sig-
nificant increase in the proportion of cells in G,/G, phase as
well as a significant decrease in the proportion of cells in S
phase, whereas the proportion of cells in G,/M phase was un-
altered. These results indicate that miR-210 induces cell cycle
arrest in both G,/G, and G,/M phases because cell cycle ar-
rest only in G,/G, phase decreases the proportion of cells in
G,/M phase. In addition, overexpression of miR-210 resulted
in a significant increase in the proportion of FITC-annexin
V-positive cells (Fig. 2E, upper right and lower right) and
FITC-annexin V-negative/propidium iodide (P1)-positive cells
(Fig. 2E, upper left), and a significant decrease in the propor-
tion of FITC-annexin V-negative/Pl-negative cells (Fig. 2E,
lower left), which indicated that overexpression of miR-210
may lead to apoptosis and necrosis. Taken together, the re-
sults suggest that miR-210 may inhibit proliferation of ESCC
cells mainly by inducing cell cycle arrest and apoptosis.

Identification of Candidate Target Genes Degraded by
MiR-210—To investigate the molecular mechanism by which
miR-210 inhibits ESCC cell proliferation, we analyzed the
target genes of miR-210 in ESCC. We performed comprehen-

BEDE\.  VOLUME 286-NUMBER 1-JANUARY 7, 2011

11

1102 ‘91 Asenuer uo ‘Ausiaaiun 0104 T8 610°5GI MmMm WOl papeojumoq



MicroRNA-210 Regulates Cancer Cell Cycle and Death

B C D
12 100
& g -
' ™ i N
g ! " £ LT miA210
08 50 o8 . g 8
3 . § ¥ s
08 H ES 0s P -~ % -~
04 i o iu 2 &
nCANA miR-210 ncANA miR-210 ncRNA miR-210 e a s m e .
E ncRNA miR-210 Pl
< <
° - - - o
2 ! G160 s Gm
2 2|
2 g PR ncRNA | 52712080% | 2065:031% 17.6421.18%
o 3 ol
L e miR-210 | 71.60:1.28%* | 11.3520.50%" 17.0521.30%
cl ! ]
o el |
o9 10" 102 103 10* Fo0 107 10% 105 10*
Annexin V-FITC
Upper Left Lower Left Upper Right Lower Right
ncRNA 10.7621.84% 83.4721.68% 4.0020.22% 1.7720.15%
miR-210 15.2821.58%"" 74.4522.00%" 7.03:0.78%" 3.2520.15%"

FIGURE 2. Functions of miR-210 in KYSE-170 cells. A, effect of miR-210 on cell profiferation was investigated by the WST-1 assay. Cells were incubated for
48 h after transfection with either ncRNA or miR-210, and viability was evaluated. The values are shown relative to the value obtained with ncRNA. B, ex-
pression levels of miR-210 in cells at 48 h after transfection with either ncRNA or miR-210 were investigated by qRT-PCR. The values are shown relative to
the value obtained with ncRNA. C, 48 h after transfection, cell proliferation was evaluated by BrdU incorporation. The values are shown relative to the value
obtained with ncRNA. D, effects of mnR 210 on the cell cycle were investigated. The Pi-stained DNA content of the cells was evaluated using a FACScan flow

cytometer at 48 h after at48 h after cells ined with FITC: annexin V, and Pl and cell death was evaluated
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FIGURE 3 degraded by miR-210 in KYSE-170 cells. A, Venn diagram showing overlapping sets of genes whose
exprossion was decreased >5-fold by transfection of miR 210 and computationally predicted target genes of milt 210. B, st of four potential miR 210 tar-
get genes with asignal value of more than 50 in ncRNA-transfected cells upon microarray analysis. C~F, expression levels of the four potential mif-210 tar-
get mRNAS assessed by GRT-PCR. The values are shown relative to the value obtained with ncRNA (7 = 3; %, p < 0.01). G, Western blot analyses of FGFRL1,
NDUFA4, GPR177, LRPSL, and B-actin proteins.

sive transcriptome analysis using RNA from ESCC cells trans-
fected with either ncRNA or miR-210. Assuming that the ex-

programs microcosm (2), TargetScan (19), and PicTar (20)
(Fig. 3A and supplemental Tables 2 and 3). Four (FGFRL1,

pression of target genes of miR-210 might be down-regulated
in cells transfected with miR-210, we selected 222 genes
whose expression was decreased by more than 5-fold in miR-
210-transfected cells compared with ncRNA-transfected cells
(supplemental Table 2). Fifteen of the 222 genes were pre-
dicted to be miR-210 target genes by the target predi

NDUFA4, GPR177, and LRPSL) of these 15 genes had a signal
value of more than 50 in ncRNA-transfected cells (Fig 3B and
Table 2). Furth, , their exp was
confirmed by qRT-PCR and Western blotting; the mRNA
expression of all four genes was significantly down-regulated
by fection of miR-210, although the degree of decrease of
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FIGURE 4. Identification of candidate target genes of miR-210 in ESCC. A-D, FGFRL1, NDUFA4, GPR177, and LRPSL expression levels in ESCCs divided into
two groups on the basis of miR-210 expression levels were assessed by qRT-PCR. The values are shown relative to the value obtained for the miR-210-low
group (n = 41;**,p < 0.05;, p < 0.01)., clinicopathologic characteristics of 82 ESCCs divided into two groups (n = 41) on the basis of FGFRL expression
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correlation coefficient (r) and the p value indicate the statistical significance of the negative correlation between the x and y vavlables G immunohisto-

curve. The

chemistry for FGFRL1 on ESCC and NEST. These sections were stained by anti-FGFRL1 antibody and by hematoxylin and eosin (H&E).

LRPSL was somewhat low (Fig. 3, C-F). The expression levels
of FGFRL1, NDUFA4, and GPR177 proteins were also down-

hill

regulated by transfection of miR-210 (Fig. 3G). M ile,

expression levels of miR-210 and that of FGFRLI in ESCC (Fig.
U‘) Funhcrmon: sections of ESCC and NEST were stained by
y for FGFRL1. The results indicated that

the expression levels in LRP5L protein showed no change at
48 h after transfection of miR-210 (Fig. 3G). To validate these
genes as targets of miR-210 further, we examined their ex-
pression in clinical ESCC samples. Of the four genes, the ex-
pression of FGFRLI, GPR177, and LRPSL was significantly
down-regulated in the miR-210-high group compared with
the miR-210-low group (Fig. 4, A, C, and D), whereas
NDUFA4 was not significantly different between the two
groups (Fig. 4B). We then divided the 82 ESCC samples into
two groups (n = 41) on the basis of their FGFRL1, GPR177, or
LRPSL expression levels and compared the two groups in
terms of their clinicopathologic characteristics. A significant
association with histological type was observed for the

or LRPSL-classified ones (data not shown), which agrees well
with the finding that a decrease in miR-210 expression corre-
lates well with the poorly differentiated state of ESCC. A sta-
tistically significant negative correlation was obtained between

424 OURNAL OF BIOLOGICAL CHEMISTRY

FGFRLI protein is expressed in ESCC and the expression levels
are enhanced compared with NEST (Fig. 4G).

MiR-210 Targets FGFRL1 3'-UTR Directly—Five sites in
the FGFRL1 3'-UTR are predicted to be potential target sites
of miR-210 by microcosm (Fig. 54), although none of them is
conserved across species such as mouse, rat, and chicken. To
examine whether FGFRLI is a direct target of miR-210, we
cloned the 3'-UTR of FGFRLI into a pGL3-Luc vector (pGL3-
Luc-FGFRLI 3'-UTR) to perform reporter assay. When miR-
210 was transfected into the cells with this reporter construct
but not the mock, luciferase activity was repressed more than
50% compared with transfection of ncRNA (Fig. 5B). Mean-
while, luciferase activities in cells transfected with reporter
constructs containing the 3"-UTR of WSB2 or GDI2 were not
repressed by the transfection of miR-210 (Fig. 58). WSB2 and
GDI2 were not included in either predicted target genes of
miR-210 or 222 genes decreased in miR-210-transfected cells
(supplemental Tables 2 and 3). These results suggest that
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FIGURE 5. identification of miR-210 target sites in FGFRL1 3'-UTR. 4, sch ic di of p i mlR -210-target sl(es in FGFRL1 3'-UTR. B-G, cells
were transfected with either ncRNA or miR-210 at 24 h after transfection with the pGL3 luciferase p vector ¢ ining 3’-UTR of each gene or can-
didate miR-210 target site in FGFRL1 3'-UTR. After 14 h, reporter luciferase activity was evaluated. The values are shown relative to the value obtained with
nchNA (n = 3;%,p <0.01).

were completely abolished in all cases (Fig. 5, C-G). These
results suggested that these five sites in the FGFRLI 3'-UTR
are target sites of miR-210.

FGFRL1 Accelerates Cancer Cell Proliferation by Preventing
Cell Cycle Arrest in G ,/G,—To investigate the roles of FGFRL1
in cancer cell proliferation, we first examined the effect of
FGFRL1 knockdown by using two types of FGFRLI siRNA.
With both siRNAs, knockdown of FGFRLI significantly de-

FGFRL1 is a direct and robust target gene of miR-210 in ESCC.
For further analysis, we cloned the each putative miR-210-
target site or its point mutant in sequences corresponded to
“seed sequence” of miR-210 into a pGL3-Luc vector (Fig. 54)
and performed reporter assays (Fig. 5, C-G). When miR-210
was transfected into the cells, luciferase activity was signifi-
cantly repressed in all five sites. By contrast, when mutation
was introduced in these sites, the repressions by miR-210
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FIGURE 6. Functions of FGFRL1 in KYSE-170 cells. A, effect of FGFRL! on cell proliferation was investigated by the WST-1 assay. Cells were Incubated for
48 h after transfection with ncsiRNA, FGFRL? siRNA1 or 2, and viability was evaluated. The values are shown relative to the value obtained with ncsiRNA (n =
3;*, p < 0.01 versus ncsiRNA). B, FGFRL expression levels in A were assessed by qRT-PCR. The values are shown relative to the value obtained with ncsiRNA

; . p < 0.01 versus ncsiRNA). C, effects of FGFRL1 on the cell cycle were

investigated. The Pl-stained DNA content of the cells was evaluated using a

(n

FACScan flow cytometer at 48 h after transfection (n = 3;**,p < 0.05;*, p < 0.01 versus ncsiRNA). D, at 48 h after transfection, cells were stained with FITC-
conjugated annexin V and PI, and cell death was evaluated using a FACScan flow cytometer (n = 3). £, cells were transfected with either ncRNA or miR-210
at 24 h after transfection with the FGFRL1 expression vector or mock. After 48 h, viability was evaluated. The values are shown relative to the value obtained
with ncRNA and mock transfection (n = 3; %, p < 0.01). F, Western blot analyses of FGFRL1 and p-actin proteins in £ are shown.

creased proliferation of ESCC cells, whereas a ncsiRNA had
no inhibitory effect (Fig. 64). The level of FGFRLI expression
was reduced to ~10% of the original level with both siRNAs
(Fig. 6B). Next, we examined the effects of FGFRLI knock-
down on the cell cycle (Fig. 6C). Knockdown of FGFRLI re-
sulted in a significant increase in the proportion of cells in
G,/G, phase and a decrease in that in S and G,/M phases.
These results indicated that down-regulation of FGFRLI in-
duced cell cycle arrest in G,/G,. Down-regulation of FGFRLI
did not significantly change the proportions of FITC-annexin
V-positive cells, FITC-annexin V-negative/P1-positive cells,
and FITC-annexin V-negative/Pl-negative cells, which indi-
cated that FGFRL1 is not involved in apoptosis and necrosis
(Fig. 6D). In contrast, overexpression of FGFRLI with no 3'-
UTR significantly reduced the inhibitory effect of miR-210 on
cell p ion (Fig. 6E). Then, levels of FGFRL1
proteins are actually increased in cells transfected with a
FGFRLI expression vector without the 3'-UTR of FGFRLI
(Fig. 6F). These findings suggest that FGFRLI increases the
proliferation of ESCC cells by inhibiting cell cycle arrest in
G,/G, phase.

g MiR-210 Reg p Levels of
FGFRLI and Cancer Cell Proliferation—To examine whether
d miR-210 regulates the levels of endog-

426 JOURNAL OF BIOLOGICAL CHEMISTRY

enous FGFRLI, we examined the effect of anti-miR-210 in
KYSE-590 cells, which relatively highly expresses miR-210.
The treatment by 2'-O-methylated antisense RNA of miR-210
igni ly enh d the exp. levels of FGFRL1
mRNA and protein (Fig. 7A). Then, cancer cell proliferation
was significantly increased (Fig. 7B). These results may indi-
cate that miR-210 end ly regulates the lev-
els of FGFRL1 and cancer cell proliferation.

DISCUSSION

In the present study, we showed for the first time that ex-
pression of miR-210 is down-regulated in ESCC cell lines as
well as in clinical samples and that miR-210 induces cell cycle
arrest and apoptosis in vitro, thus inhibiting the proliferation
of cancer cells. Furthermore, we found that not only miR-210
expression was decreased in ESCC, but the degree of tumor
differentiation corresponded well with the levels of miR-210
in clinical ESCC samples; thus, more poorly differentiated
ESCCs exhibited less miR-210 expression. The results indi-
cate that the level of miR-210 expression may serve as a clini-
cal maker for the degree of tumor differentiation in vivo. We
also examined whether the lower levels of miR-210 expression
in poorly differentiated ESCC were related to the enhanced
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target sites in the 3'-UTR of a gene may function synergisti-
cally (28, 29). As suggested by the observation that overex-
pression of miR-210 in ESCC cells down-regulated expression
of FGFRLI more than that of the other predicted target genes,
we found that FGFRLI mRNA expression was down-regu-
lated in the miR-210-high group of clinical samples and that
the level of exp:essnon was correlaled inversely with the de-
gree of diffe , knockdown of FGFRLI by
SiRNA inhibited ESCC cell whereas

sion of FGFRLI effectively rescued the miR- 210-mduced sup-
pression of ESCC cell proliferation. Together, these findings
show that miR-210 might exert its tumor-suppressive effect in
ESCC mainly by targeting FGFRL1. This conclusion was sup-
ported by a recent study showing that FGFRLI could partially
rescue the phenotype (suppression of tumor growth) caused
by ectopic expression of miR-210 in tumor xenografts (10).
However, of FGFRLI by miR-210 appears to explain

(n = 3;*%, p < 0.05 versus anti-ncRNA). B, cell viability in A
the WST-1 assay. The values are shown relative to the value obtamed wlth
anti-ncRNA (n = 3;**, p < 0.05 versus anti-ncRNA).

proliferation of such carcinomas, and we found that miR-210
acts as a tumor-suppressive miRNA in ESCC.

In contrast to our study, miR-210 was reported to be up-
regulated in breast cancer, pancreatic tumors, and head and
neck cancer and to be correlated with their poor outcome
(21~24). Moreover, previous studies have shown that miR-
210 inhibits apoptosis and bypasses cell cycle arrest in cancer
cell lines such as MCF-7 and HCT116 Dicer® cells (25, 26).
Thus, our finding appears to be different from the previous
reports that miR-210 is up-regulated in cancer tissues and
enhances cell survival. The reason for this apparent discrep-
ancy is uncertain. A likely explanation in the function of miR-
210 is that it is possible that the expression of miR-210 might
only reflect the hypoxia status in these cases as a surrogate
marker for tumor hypoxia because miR-210 is the most ro-
bustly induced miRNA under hypoxia (9, 25, 26). Addition-
ally, the apparently discrepant results in cancer cell lines
might be explained by cell type-specific differences in the ex-
pression levels of target genes of miR-210. The results of our
transcriptome analysis on ESCC cells that expressed miR-210
ectopically supported this possibility because induction of
miR-210 did not affect the expressions of CASP8AP2 and
MNT (supplemental Table 2), which are target genes of miR-
210 and induce apoptosis and cell cycle arrest, respectively
(26, 27). Similar to our findings, Huang et al. have reported
recently that miR-210 represses the initiation of tumor
growth when human head and neck or pancreatic tumor cell
lines that are expressing miR-210 ectopically are implanted
into immunodeficient mice (10).

In the present study, we found that miR-210 is targeted to
the FGFRLI 3'-UTR and suppresses FGFRLI expression in
ESCC. Five sites in the 3'-UTR of FGFRLI were identified as
target sites of miR-210. The repression in the FGFRL1
3’-UTR containing these five sites was considerably larger
than that in each miR-210 target sites. These five miR-210
target sites in the FGFRLI 3’-UTR may function synergisti-
cally in the decrease in the FGFRLI expression level. It has
been actually reported that closely located multiple miRNA
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only part of the action of miR-210: down-regulation of
FGFRLI arrested the cell cycle in G,/G, phase, but not in
G,/M phase, although miR-210 induced cell cycle arrest

in both phases. Hence, miR-210-induced cell cycle arrest in
G,/M phase and apoptosis might be regulated by other targets
of miR-210. In fact, our transcnptome analysls xdenuﬁed sev-
eral genes whose was

miR-210. Further studies are clearly required to understand
fully the molecul hanism of tumor supp by
miR-210.

In conclusion, the results of our present study show that
miR-210 inhibits the proliferation of ESCC cells by inducing
cell cycle arrest and apoptosis and that the effects of miR-210
are mediated mainly by the targeting of FGFRLI. Our data
suggest that down-regulation of miR-210 might play an im-
portant role in the proliferation of ESCC and that miR-210
and FGFRLI might serve as clinical markers for tumor differ-
entiation and therapeutic targets of ESCC.
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