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Abstract

In the last few years, microRNAs (miRNA) have started a
revolution in molecular biology and emerged as key players
in the carcinogenesis. They have been identified in various
tumor types, showing that different sets of miRNAs are usually
deregulated in different cancers. To identify the miRNA
signature that was specific for oral squamous cell carcinoma
(OSCC), we first examined expression profiles of 148 miRNAs
in a panel of 18 OSCC cell lines and the immortalized oral
keratinocyte line RT7 as a control. Compared with RT7,
the expression of 54 miRNAs (36.5%) was frequently down-
regulated in OSCC lines (<0.5-fold expression, z66.7% of 18
lines). Among these 54 miRNAs, we further analyzed four of
these miRNAs (i.e., miR-34b, miR-137, miR-193a , andmiR-203),
located around CpG islands, to identify tumor-suppressive
miRNAs silenced through aberrant DNA methylation. The
expression of those four genes was restored by treatment with
5-aza-2¶-deoxycytidine in OSCC cells lacking their expression.
In addition, expression levels of the four miRNAs were
inversely correlated with their DNA methylation status in
the OSCC lines. In primary tumors of OSCC with paired
normal oral mucosa, down-regulation of miRNA expression
through tumor-specific hypermethylation was more frequently
observed for miR-137 and miR-193a than for miR-34b and
miR-203 . Moreover, the ectopic transfection of miR-137 or
miR-193a into OSCC lines lacking their expressions signifi-
cantly reduced cell growth, with down-regulation of the trans-
lation of cyclin-dependent kinase 6 or E2F transcription factor
6, respectively. Taken together, our results clearly show that
miR-137 and miR-193a are tumor suppressor miRNAs epige-
netically silenced during oral carcinogenesis. [Cancer Res
2008;68(7):2094–105]

Introduction

MicroRNAs (miRNA) are endogenous small non–protein-coding
RNAs off22 nucleotides. These single-strand RNAs are considered
to play crucial roles in many normal cellular processes, such as
proliferation, development, differentiation, and apoptosis, by
regulating target gene expression through imperfect pairing with
target mRNAs of protein-coding genes, inducing direct mRNA

degradation or translational inhibition (1–4). In human cancer,
recent studies have shown the deregulation of miRNA expression
and the contribution of miRNAs to the multistep processes of
carcinogenesis either as oncogenes or tumor suppressor genes
(TSG; refs. 5, 6). Tumor-specific down-regulation of subsets of
miRNAs has generally been observed in various types of human
cancer (7), suggesting that some of these miRNAs act as TSGs in
specific tumors. Because the down-regulation of many known TSGs
in human cancer has been tightly linked to the hypermethylation
of CpG sites located within CpG islands with promoter activity, the
same mechanism could play an important role in the silencing
of tumor-suppressive miRNAs in tumors. Indeed, only a few
miRNA genes were reported to be located within homozygous or
hemizygous deleted regions (8–10), and several possible tumor-
suppressive miRNAs, including miR-124a (11) and miR-127 (12),
were also reported as targets for DNA methylation for silencing
in cancer cells, prompting us to screen for more tumor-suppressive
miRNAs silenced through aberrant DNA methylation in a tumor-
specific manner.
Oral cancer, predominantly oral squamous cell carcinoma

(OSCC), is the most common head and neck neoplasm, affecting
f270,000 people worldwide in 2002 (13). In Japan, OSCC is
relatively common, accounting for >5,500 deaths in 2003 (14). The
carcinogenesis, including OSCC (15), is generally considered to
arise through the progressive accumulation of multiple genetic
abnormalities, which may impair the functions of oncogenes or
TSGs that play a crucial role in the development of this disease. In
addition, evidence has emerged that epigenetic mechanisms, such
as altered DNA methylation patterns, play a significant role in the
silencing of TSGs and contribute to malignant transformation
during oral carcinogenesis (16). Recently, genome-wide screenings
of DNA copy number alterations for exploring OSCC-associated
oncogenes or TSGs have been reported, including by us (17–21).
However, there is no report about abnormal expression of miRNA
genes and their genetic or epigenetic alterations in OSCC.
We describe here the identification of tumor suppressor miRNAs,

miR-137 and miR-193a , frequently silenced by DNA methylation in
OSCC. To explore the putative presence of DNA methylation-
associated silencing of miRNAs specifically in OSCC cells, we used
an approach with a series of sequential analyses. We first examined
a panel of 18 OSCC cell lines and an immortalized oral keratinocyte
line, RT7, for the presence of abnormal levels of expression in 148
miRNAs and then focused on four miRNAs whose down-regulated
expression related to their DNA methylation status within CpG
islands around them. Among four miRNAs, methylation and
expression analyses using 11 primary OSCC cases with paired
normal oral mucosa showed that miR-137 and miR-193a show
reduced expression in tumors through tumor-specific DNA
methylation. Ectopic expression of miR-137 and miR-193a in OSCC
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Figure 1. Strategy of this study and expression analysis for miRNAs in OSCC cell lines. A, schematic strategy for the identification of epigenetically silenced tumor
suppressor miRNAs in OSCC. B, profiles of 148 miRNA expression in 18 OSCC cell lines relative to RT7 obtained with a Taqman MicroRNA Assays Human
Panel Early Access kit. Expression levels of miRNA were based on the amount of target message relative to the RNU6B control to normalize the initial input of total
RNA. Stars, 21 miRNAs located on/around CpG islands. RT7 cells were cultured in KGM-2 BulletKit (Cambrex) supplemented with 25% DMEM and 2.5% fetal
bovine serum for 7 d. C, expression levels of candidate miRNAs, located on/around CpG islands, in 18 OSCC cell lines. Bar graphs in each cell line show the ratio
of the expression level in each cell line to that in RT7. *, frequencies of OSCC cell lines, in which a remarkable down-regulation of candidate miRNA expression
(<0.5-fold expression) was observed compared with that in RT7.
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cell lines lacking their expression inhibited cell growth through
G0-G1 arrest and caspase-mediated apoptosis, respectively, suggest-
ing their tumor-suppressive activity. Moreover, we identified that
cyclin-dependent kinase 6 (CDK6) and E2F transcription factor 6
(E2F6) were potential targets of miR-137 and miR-193a , respec-
tively, in OSCC. The present study is the first to show that epige-
netic silencing of miR-137 and miR-193a may play a pivotal role
during oral carcinogenesis.

Materials and Methods

Cell lines and primary tumor samples. Derivations and culture

conditions of cell lines have been reported previously (21). To analyze
the restoration of genes of interest, cells were cultured with or without

10 Amol/L of 5-aza-2¶-deoxycytidine (5-aza-dCyd) for 5 d. A total of 11

frozen primary samples were obtained from OSCC patients (T1, 0 case; T2,

10 cases; T3, 0 case; and T4, 1 case) treated at Tokyo Medical and Dental
University with written consent from each patient in the formal style and

after approval by the local ethics committee. The tumor-node-metastasis

classification of the International Union Against Cancer was used.

Real-time reverse transcription-PCR. Real-time reverse transcription-
PCR (RT-PCR) was performed using an ABI Prism 7500 Fast Real-time PCR

System (Applied Biosystems), Taqman Universal PCR Master Mix (Applied

Biosystems), Taqman Reverse Transcription kit (Applied Biosystems),
Taqman MicroRNA Assays (Applied Biosystems), and Human Panel Early

Access kit (Applied Biosystems) according to the manufacturer’s instruc-

tions. Expression levels of miRNA genes were based on the amount of the

target message relative to that of the RNU6B transcript as a control to
normalize the initial input of total RNA.

Methylation analysis. Genomic DNA was treated with sodium bisulfite

and subjected to PCR using primer sets designed to amplify regions of

interest (Supplementary Table S1). For the combined bisulfite restriction
analysis (COBRA), PCR products were digested with BstUI or TaqI, which

recognizes sequences unique to methylated alleles but cannot recognize

unmethylated alleles, and electrophoresed (22). For the bisulfite sequencing
analysis, the PCR products were subcloned and then sequenced.

Transfection with synthetic miRNAs. Pre-miR miRNA Precursor

Molecule (10 nmol/L; Ambion) mimicking miR-137 or miR-193a , or control

Table 1. Frequencies of OSCC cell lines with remarkable
differences of miRNA expression from that in RT7
(z66.7% of OSCC cell lines)

miRNA Locus Frequency (%)

miRNAs frequently up-regulated in OSCC cell lines
(>1.5-fold expression)

miR-374 Xq13.2 100.0

miR-340 5q35.3 83.3
miR-224 Xq28 83.3

miR-10a 17q21.32 77.8

miR-140 16q22.1 77.8

miR-181a* 1q31.3 77.8
miR-146a 5q33.3 72.2

miR-126 9q34.3 66.7

miR-31 9p21.3 66.7

miR-9 miR-9-1 , 1q22;
miR-9-2 , 5q14.3;

miR-9-3 , 15q26.1

66.7

miR-9* miR-9-1 , 1q22;

miR-9-3 , 15q26.1

66.7

miRNAs frequently down-regulated in OSCC cell lines

(<0.5-fold expression)

miR-27a 19p13.12 100.0
miR-34b 11q23.1 100.0

miR-34c 11q23.1 100.0

miR-203 14q32.33 100.0

miR-302c* 4q25 100.0
miR-23a 19p13.12 94.4

miR-27b 9q22.32 94.4

miR-34a 1p36.23 94.4

miR-215 1q41 94.4
miR-299 14q32.31 94.4

miR-330 19q13.32 94.4

miR-337 14q32.31 94.4
miR-107 10q23.31 88.9

miR-133b 6p12.2 88.9

miR-138 miR-138-1 , 3p21.33;

miR-138-2 , 16q13

88.9

miR-139 11q13.4 88.9

miR-223 Xq12 88.9

miR-204 9q21.11 88.9

miR-370 14q32.31 88.9
let-7d 9q22.32 83.3

miR-95 4p16.1 83.3

miR-302a 4q25 83.3
miR-367 4q25 83.3

let-7g 3p21.1 77.8

miR-23b 9q22.32 77.8

miR-128a 2q21.3 77.8
miR-148a 7p15.2 77.8

miR-155 21q21.3 77.8

miR-200c 12p13.31 77.8

miR-302b 4q25 77.8
miR-368 14q32.31 77.8

miR-122a 18q21.31 77.8

miR-371 19q13.41 77.8

let-7a let-7a-1 , 9q22.32;
let-7a-2 , 11q24.1;

let-7a-3 , 22q13.31

72.2

miR-26b 2q35 72.2
miR-30e-5p 1p34.2 72.2

miR-96 7q32.2 72.2

miR-125a 19q13.33 72.2

Table 1. Frequencies of OSCC cell lines with remarkable
differences of miRNA expression from that in RT7
(z66.7% of OSCC cell lines) (Cont’d)

miRNA Locus Frequency (%)

miRNAs frequently down-regulated in OSCC cell lines
(<0.5-fold expression)

miR-132 17p13.3 72.2

miR-200b 1p36.33 72.2
miR-199b 9q34.11 72.2

miR-296 20q13.32 72.2

miR-373* 19q13.41 72.2

miR-137 1p21.3 72.2
miR-197 1p13.3 72.2

miR-193a 17q11.2 72.2

let-7e 19q13.33 66.7

miR-30d 8q24.22 66.7
miR-331 12q22 66.7

miR-342 14q32.2 66.7

miR-338 17q25.3 66.7

miR-199a miR-199a-1 , 19p13.2;
miR-199a-2 , 1q24.3

66.7

miR-372 19q13.41 66.7

miR-184 15q25.1 66.7
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nonspecific miRNA (Pre-miR Negative Control #1, Ambion) was transfected

into OSCC cell lines using Lipofectamine RNAiMAX (Invitrogen) according
to the manufacturer’s instructions. The numbers of viable cells 24 to

72 h after transfection were assessed by the colorimetric water-soluble

tetrazolium salt (WST) assay (Cell Counting Kit-8, Dojindo Laboratories).
Results were normalized to the cell numbers in control cells transfected

with nonspecific miRNA. Cell cycle was evaluated 48 h after transfection by

fluorescence-activated cell sorting (FACS) analysis as described elsewhere

(21). Apoptosis was detected 24 h after transfection by enzymatic labeling of
DNA strand breaks using a terminal deoxynucleotidyl transferase–mediated

dUTP nick end labeling (TUNEL) staining kit (MEBSTAIN Apoptosis Kit

Direct, MBL) according to the manufacturer’s directions. To evaluate the

effects of caspase inhibitors on miRNA-induced growth inhibition, cells
were treated with caspase-3 inhibitor zDEVD-fmk, caspase-8 inhibitor

zIETD-fmk, general caspase inhibitor zVAD-fmk (R&D Systems), or vehicle

1 h before transfection, and the numbers of viable cells were assessed

48 h after transfection by WST assay.

miRNA target predictions, Western blotting, and luciferase activity
assay. Predicted targets for miR-137 or miR-193a and their target sites
(Supplementary Table S2) were analyzed using miRanda,7 TargetScan,8

and PicTar.9

The protein expression levels of predicted targets in transiently
transfected cells were analyzed 48 h after transfection by Western blotting

using anti-E2F6, anti-KRAS, anti–myeloid cell leukemia 1 (MCL1), anti-

NCOA2/TIF2, anti-PTK2/FAK (Abcam), anti-CDK6 (Cell Signaling Technol-

ogy), anti-MYCN (Santa Cruz Biotechnology), and anti–h-actin monoclonal
antibodies (Sigma) and anti–Bcl-2, anti–Bcl-XL (Abcam), and anti-E2F1

rabbit polyclonal antibodies (Santa Cruz Biotechnology).

Figure 2. Analysis for the correlation between methylation status and expression of five candidate miRNA genes in OSCC cell lines. A, maps of miRNAs, CpG islands,
CpG sites, and PCR products used for COBRA and bisulfite sequencing. Dark gray box, CpG islands; light gray box, miRNAs; vertical tick marks, CpG sites;
horizontal bars with arrowheads, PCR product; vertical arrows, restriction enzyme sites. PCR product sizes (horizontal arrows ) are as follows: miR-34b region,
1,428 bp (restricted by BstUI); miR-34b region, 2,549 bp (restricted by BstUI); miR-132 region, 1,453 bp (restricted by BstUI); miR-132 region, 2,599 bp (restricted
by BstUI); miR-132 region, 3,442 bp (restricted by BstUI); miR-132 region, 4,408 bp (restricted by BstUI); miR-137 region, 1,444 bp (restricted by Taq I); miR-193a
region, 1,524 bp (restricted by BstUI); miR-193a region, 2,522 bp (restricted by Taq I); miR-193a region, 3,458 bp (restricted by Taq I); miR-203 region, 1,405 bp
(restricted by BstUI); miR-203 region, 2,655 bp (restricted by BstUI); and miR-203 region, 3,287 bp (restricted by BstUI). B, the results of COBRA in OSCC cell
lines and RT7. Expression pattern of candidate miRNA genes in 18 OSCC cell lines is indicated above the results of COBRA. Arrows, unmethylated alleles;
arrowheads, methylated alleles; stars, samples detected the restricted fragments from methylated alleles. *, frequencies of OSCC cell lines, in which DNA methylation
accorded with a remarkable down-regulation of each candidate miRNA expression. Note that the denominator is the number of OSCC cell lines, in which
restricted fragments from methylated alleles were detected, and the numerator is the number of OSCC cell lines, in which both DNA methylation around miRNA
genes and a down-regulation of expression were detected.

7 http://microrna.sanger.ac.uk/sequences/index.shtml
8 http://www.targetscan.org/
9 http://pictar.bio.nyu.edu/

miRNAs Silenced by Hypermethylation in Oral Cancer

www.aacrjournals.org 2097 Cancer Res 2008; 68: (7). April 1, 2008



Luciferase constructs were made by ligating oligonucleotides containing

the 3¶-untranslated region (UTR) target sites of CDK6, E2F6, MCL1, NCOA2/
TIF2 , and PTK2/FAK (Supplementary Table S3) into downstream of the

luciferase gene in pMIR-REPORT luciferase vector (Ambion). An equal

amount (400 ng) of each reporter construct and 10 nmol/L of Pre-miR

miRNA Precursor Molecule mimicking miR-137 or miR-193a , or Pre-miR
Negative Control #1 was introduced into cells with 20 ng of an internal

control vector (pRL-hTK, Promega) using Lipofectamine 2000 (Invitrogen).

Firefly luciferase and Renilla luciferase activities were each measured

48 h after transfection using the Dual-Luciferase Reporter Assay System
(Promega); relative luciferase activities were calculated and normalized

versus Renilla luciferase activity. Each transfection was repeated twice in

triplicate.

Statistical analysis. Differences between subgroups were tested with the
Mann-Whitney U test.

Results

miRNA expression profiles in 18 OSCC cell lines relative to
those in RT7. The present study, strategy and partial results
of which are shown in Fig. 1A , was designed to identify tumor
suppressor miRNAs silenced by tumor-specific DNA methylation
in OSCC. To identify differentially expressed miRNAs in OSCC, we
first performed expression profiling for 157 mature miRNAs in 18

OSCC cell lines and their normal counterpart RT7, an immortalized
human oral keratinocyte line, using a highly sensitive Taqman
MicroRNA Assays Human Panel Early Access kit (Fig. 1B). Among
157 miRNAs, miR-124b, miR-144, miR-199-s , and miR-104 were
excluded from analysis in this study because individual Taqman
MicroRNA Assays for these miRNAs are not available. In addition,
expression levels of miR-154, miR-211, miR-220, miR-302c , and miR-
323 in OSCC cells were unevaluated because their expression in
RT7 for normalization was undetermined by real-time RT-PCR
analysis. Compared with expression levels in RT7, frequent up-
regulation (>1.5-fold expression, z66.7% of OSCC lines) was found
only in 11 of 148 (7.4%) miRNAs, whereas frequent down-regulation
(<0.5-fold expression, z66.7% of OSCC lines) was observed in 54
of 148 (36.5%) miRNAs (Table 1), suggesting that some subsets of
miRNAs are generally down-regulated in OSCC lines compared
with normal oral keratinocytes.
Methylation analysis of candidate miRNAs in OSCC cell

lines.We next searched the human genome database (University of
California Santa Cruz Genome Bioinformatics)10 for the existence

Figure 2 Continued. C, bisulfite sequencing of RT7 and representative OSCC cell lines with (+) or without (�) candidate miRNA expression in regions within/around
candidate miRNA genes. Maps of miRNAs, CpG sites, and PCR products used for COBRA and bisulfite sequencing are indicated above the results of bisulfite
sequencing. Light gray box, miRNAs; vertical tick marks, CpG sites; horizontal bars with arrowheads, PCR product; vertical arrows, restriction enzyme sites. Open and
filled squares represent unmethylated and methylated CpG sites, respectively, and each row represents a single clone.

10 http://genome.ucsc.edu/
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of CpG islands around these 157 miRNA genes and confirmed that
21 miRNAs were located on/around (within 1,000 bp) CpG islands
(Supplementary Table S4). Among those 21 miRNAs, we focused on
miR-34b, miR-132, miR-137, miR-193a , and miR-203 due to their
frequent down-regulation in a panel of 18 OSCC cell lines: the
percentage of OSCC lines with a remarkable down-regulation in
these five miRNA genes compared with RT7 (<0.5-fold expression)
were 100% (18 of 18), 72.2% (13 of 18), 72.2% (13 of 18), 72.2% (13
of 18), and 100% (18 of 18), respectively (Fig. 1C). The expression of
the five miRNAs was restored by demethylation with 5-aza-dCyd at
a high frequency in OSCC cells lacking their expressions (Supple-
mentary Table S5), suggesting that aberrant DNA methylation
suppressed expression of these five miRNAs.
To determine the correlation between the DNA methylation

status of these five miRNAs and their expression patterns in the
18 OSCC cell lines and RT7, we performed COBRA. The physical
relationships between these miRNA genes, CpG islands, and the
primers for COBRA are shown in Fig. 2A . Aberrant DNA methy-
lation within CpG islands around miR-34b, miR-137, miR-193a , and
miR-203 , except miR-132 , was detected in all of the OSCC lines
having down-regulation of their expression (Fig. 2B). Consistent
with the results of COBRA, aberrant DNA methylation was also
shown by bisulfite sequencing in the OSCC lines lacking the
expression of four candidate miRNAs but not in RT7 and the cell
lines expressing these miRNAs (Fig. 2C). Therefore, we further
analyzed miR-34b, miR-137, miR-193a , and miR-203 as possible
candidates.
Methylation and expression analysis of selected miRNAs in

primary OSCC cases. To determine whether the methylation of the
four miRNAs also occurs in primary OSCC tumors in a tumor-

specific manner, the correlation between DNA methylation status
and expression patterns of the four genes in primary OSCCs with a
corresponding noncancerous oral mucosa was examined using
COBRA and Taqman real-time RT-PCR analysis, respectively.
In COBRA, tumor-specific DNA methylation of miR-34b, miR-137,
miR-193a , and miR-203 was detected in 36.4% (4 of 11),
63.6% (7 of 11), 72.7% (8 of 11), and 45.5% (5 of 11) of primary
OSCC cases, respectively (Fig. 3A). Positive cases of miR-137 and
miR-193a showed conspicuous fragments from methylated alleles
in a tumor-specific manner. On the other hand, most of the positive
cases of miR-34b and miR-203 showed a trace of fragments from
methylated alleles in tumor specimens, indicating that frequencies
of aberrant methylation aroundmiR-34b andmiR-203 in tumor cells
were very low. Although there were a few cases in which restricted
fragments from methylated alleles were observed in normal tissues,
we considered tumor specimens, in which large amounts of
restricted fragments from methylated alleles were more clearly
detected compared with paired normal tissues, to be positive cases
having tumor-specific hypermethylation.
In the Taqman real-time RT-PCR analysis, expression levels of

miR-34b, miR-137, miR-193a , and miR-203 in tumors compared
with paired normal oral mucosa were reduced in 27.2% (3 of 11),
54.5% (6 of 11), 45.5% (5 of 11), and 63.6% (7 of 11) of primary OSCC
cases, respectively (Fig. 3B). Consequently, both tumor-specific
DNA methylation and down-regulated expression of miR-34b,
miR-137, miR-193a , and miR-203 were observed in 25% (1 of 4),
71.4% (5 of 7), 62.5% (5 of 8), and 40% (2 of 5) of primary OSCC
cases, respectively; note that the denominator is the number of
primary OSCC cases, in which restricted fragments from methyl-
ated alleles were detected by COBRA, and the numerator is the

Figure 3. Methylation and expression
analyses in 11 primary OSCC cases.
A, COBRA for candidate miRNA
genes in surgically resected primary
OSCC tumors (T ) and corresponding
noncancerous oral mucosa (N).
Presence of restriction enzyme
processing is indicated with plus or
minus above the results of COBRA.
Stars, cases in which tumor-specific
methylation was detected.
*, frequencies of cases in which
aberrant methylation of candidate
miRNA was detected by COBRA.
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number of primary OSCC cases, in which both DNA methylation
around miRNA genes and down-regulation of their expressions
were detected by COBRA and Taqman real-time RT-PCR analysis,
respectively. Those results suggest that miR-137 and miR-193a
are most likely miRNAs frequently silenced through tumor-
specific hypermethylation in OSCC. Bisulfite sequencing of those
miRNAs in representative primary OSCC tumors clearly con-
firmed the results of COBRA (Fig. 3C). Therefore, it finally became
our prime.
Tumor-suppressive effects of miR-137 and miR-193a on the

growth of OSCC cell lines. Because our expression and
methylation analyses identified miR-137 and miR-193a as candi-
date miRNAs silenced via tumor-specific hypermethylation in
OSCC, we examined growth-inhibitory effects of miR-137 or miR-
193a through the transient transfection of double-strand RNA
(dsRNA) mimicking either miR-137 or miR-193a into OSCC cell
lines lacking the expression of these two miRNAs. Restoration of
miR-137 or miR-193a expression significantly reduced cell growth
in all of OSCC cell lines tested (Fig. 4A), suggesting that both
miR-137 and miR-193a have a tumor suppressor function in oral
epithelia. In addition, we noticed that the apoptotic change was
more serious in transfectants of miR-193a than those of miR-137
under the phase-contrast microscope (Fig. 4A). At 72 h after
transfection, a large number of transfectants of miR-193a were

rounded and floating compared with the control counterpart,
whereas these morphologic changes were much weaker in trans-
fectants of miR-137 . In FACS analysis (Fig. 4B), 48 h after
transfection of both miR-137 or miR-193a resulted in a decrease
in S and G2-M phase cells. Notably, miR-137 mainly induced the
accumulation of G0-G1 phase cells, whereas miR-193a induced the
accumulation of sub-G1 phase cells, suggesting that miR-137 and
miR-193a might be predominantly associated with cell cycle arrest
at the G1-S checkpoint and apoptotic change, respectively, in OSCC
cells. Using the TUNEL assay, we tested whether these morphologic
changes were caused by apoptosis. Twenty-four hours after the
transfection of miR-193a , apoptotic cells were detected in both
HSC-2 (Fig. 4C) and HO-1-N-1 (data not shown) cells but not
clearly detected in transfectants of miR-137 (data not shown).
Moreover, we examined the effects of caspase inhibitors on miR-
193a–induced reduction of cell growth in HSC-2 and HO-1-N-1
cells (Fig. 4D). Reduction of cell growth was partially but
significantly inhibited by all three caspase inhibitors in both cells,
suggesting that miR-193a may induce the reduction of cell growth
at least in part through caspase-mediated apoptosis. In addition,
effects of zDEVD-fmk or zVAD-fmk were more remarkable
compared with zIETD-fmk in both cell lines, suggesting that
activation of caspase-3, one of effector caspases, may be crucial in
miR-193a–induced apoptosis in OSCC.

Figure 3 Continued. B, quantitative real-time RT-PCR analysis for expression levels of candidate miRNAs in primary OSCC tumors compared with paired normal
oral mucosa. Stars, cases in which tumor-specific methylation was detected by COBRA. *, frequencies of cases, in which a remarkable down-regulation of candidate
miRNA expression (<0.5-fold expression) was observed compared with paired normal oral mucosa, among cases found to have the tumor-specific methylation by
COBRA. C, results of bisulfite sequencing of representative cases. Horizontal bars with arrowheads, PCR product; vertical arrows, restriction enzyme sites. Open and
filled squares represent unmethylated and methylated CpG sites, respectively, and each row represents a single clone.
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Screening of predicted targets of miR-137 and miR-193a .
To explore oncogenic targets of miR-137 or miR-193a , we focused
on CDK6, E2F6, and NCOA2/TIF2 as miR-137 targets, and E2F1,
E2F6, KRAS, MCL1, MYCN, and PTK2/FAK as miR-193a targets
according to computational prediction7-9 and the reported func-
tion of predicted genes. We first performed Western blot analysis
of these predicted targets 48 h after transfection of dsRNA

mimicking either miR-137 or miR-193a into OSCC lines lacking
the expression of these miRNAs (Fig. 5A). Protein expression levels
of CDK6, E2F6, and NCOA2/TIF2 were clearly reduced in all
miR-137 transfectants compared with their control counterparts. In
all miR-193a transfectants, protein levels of E2F6 and PTK2/FAK
were remarkably decreased compared with their control counter-
parts. In addition, down-regulation of MCL1, an antiapoptotic

Figure 4. Tumor-suppressive effects of miR-137 and miR-193a on OSCC cell lines lacking their expression. A, growth curves (top ) and phase-contrast micrographs
(bottom ) of OSCC cell lines in which 10 nmol/L of Pre-miR miRNA Precursor Molecule mimicking miR-137 or miR-193a , or control nonspecific dsRNA (Pre-miR
Negative Control #1) was transfected using Lipofectamine RNAiMAX. The numbers of viable cells 24 to 72 h after transfection were assessed by WST assay.
Points, mean of triplicate determinations in these experiments; bars, SE. Phase-contrast micrographs show the cells cultured for 72 h after transfection. *, P < 0.05,
statistical analysis used the Mann-Whitney U test. B, representative results of the population in each phase of cell cycle assessed by FACS using cell lines
48 h after transfection of Pre-miR miRNA Precursor Molecule mimicking miR-137 or miR-193a , or Pre-miR Negative Control #1. Because HSC-6 cell line contains two
different populations, diploid (2n) and tetraploid (4n) clones, which show complicated pattern in cell cycle analysis by FACS, we did not include this cell line for
the analysis.
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Bcl-2 family member, was also detected in all OSCC cell lines
transfected with miR-193a compared with negative control dsRNA,
although we found no noticeable differences in the protein levels of
Bcl-2 and Bcl-XL between miR-193a and control transfectants.
To further determine whether the predicted target sites against
these two miRNAs in 3¶-UTR of mRNAs of CDK6, E2F6, MCL1,
NCOA2/TIF2 , and PTK2/FAK (see Supplementary Table S3) were
responsible for the translational regulation by dsRNA, we next
performed luciferase assays with vectors containing these 3¶-UTR
target sites downstream of the luciferase reporter gene (Fig. 5B).
The statistically significant reduction of luciferase activity was
observed in NA cells cotransfected with miR-137 and a reporter
vector containing the CDK6 3¶-UTR target site and those cotrans-
fected with miR-193a and a vector containing the E2F6 3¶-UTR
target site compared with control transfectants. No notable
alteration of luciferase activity was detected between miR-137 or
miR-193a transfectant and control counterpart in other genes.
These data suggest that at least CDK6 and E2F6 are possible targets
for miR-137–mediated and miR-193a–mediated translational

down-regulation in oral epithelia, respectively, and that activation
of these molecules through methylation-mediated silencing of
those two miRNAs may contribute to the pathogenesis of OSCC.

Discussion

The present study clearly shows that an integrated and
sequential approach using expression and methylation analyses
makes it possible to efficiently identify tumor suppressor miRNAs
silenced by tumor-specific DNA methylation in cancer cells.
In our miRNA expression profiles of OSCC cell lines, 36.5%
(54 of 148) of miRNAs were remarkably down-regulated, which is
consistent with the previous reports that miRNA expression
seemed globally lower in tumors than normal tissues (7, 23).
These findings suggest that the global decrease in expression
levels of miRNAs contributes to carcinogenesis through the acti-
vation of oncogenic pathways, which potential targets for these
miRNAs might affect greatly. In addition, recent studies also
showed that miR-127 was decreased by aberrant alterations in

Figure 4 Continued. C, left, representative images of TUNEL staining in HSC-2 cells at 24 h after transfection of Pre-miR miRNA Precursor Molecule mimicking
miR-193a or Pre-miR Negative Control #1 under the fluorescence microscope; right, quantitative analysis of apoptotic cells among HSC-2 cells 24 h after
transfection of miR-193a or control nonspecific dsRNA under the fluorescence microscope. DAPI, 4¶,6-diamidino-2-phenylindole. D, effects of caspase inhibitors on
cell growth in HSC-2 (left) and HO-1-N-1 (right ) cell lines transfected with miR-193a . *, P < 0.05 versus vehicle-treated cells, statistical analysis used the
Mann-Whitney U test.
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DNA methylation and histone modification in bladder cancer cells
(12) and that miR-124a was inactivated by CpG island hyper-
methylation in several types of human cancers (11), suggesting
tumor-specific DNA methylation to be an important molecular
mechanism for the down-regulation of miRNA expression, similar
to classic TSGs, in human cancers. Therefore, we were particular
about a screening based on methylation analyses, and advanced
the present study.
In the course of a program to screen a panel of 18 OSCC cell

lines for tumor suppressor miRNAs silenced by aberrant DNA

methylation, we selected miR-34b, miR-137, miR-193a , and miR-203
as possible candidate genes. Our data showed that these miRNA
expressions were frequently decreased in OSCC cell lines and that
treatment with 5-aza-dCyd restored their expression levels in cells
lacking their expressions. Moreover, complete consistency in the
correlation between DNA methylation status around these four
genes and their expression patterns was confirmed in a panel of
18 OSCC cell lines, strongly suggesting that DNA methylation
around CpG islands seemed to deregulate the expression of these
genes in OSCC cell lines. Recently, miR-34 family genes, including

Figure 5. Screening of predicted targets of miR-137 and miR-193a. A, representative results of Western blotting of predicted targets for miR-137 or miR-193a
in OSCC cell lines lacking expression of miR-137 (NA, HSC-6, and HSC-7; top ) or miR-193a (NA, HSC-2, and HO-1-N-1; bottom ) 48 h after transfection of
Pre-miR miRNA Precursor Molecule mimicking these two miRNAs, or control nonspecific dsRNA (Pre-miR Negative Control #1) using Lipofectamine RNAiMAX.
B, luciferase assays of miR-137–nonexpressing and miR-193a–nonexpressing NA cells 48 h after cotransfection of pMIR-REPORT luciferase vectors containing
3¶-UTR target sites of CDK6, E2F6 , and NCOA2/TIF2 for miR-137 or those of E2F6, PTK2/FAK , and MCL1 for miR-193a (see Supplementary Table S3),
Pre-miR miRNA Precursor Molecule mimicking miR-137 or miR-193a , respectively, or Pre-miR Negative Control #1, and pRL-hTK internal control vector using
Lipofectamine 2000 (Invitrogen). *, P < 0.05 versus vehicle-treated cells, statistical analysis used the Mann-Whitney U test.
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miR-34b , were shown to be direct transcriptional targets of p53
(24), indicating that miR-34b may play a pivotal role in the p53
tumor suppressor network, although marked deregulation of the
expression of miR-34b in human cancers has not been reported.
The precise functions of miR-137, miR-193a , and miR-203 have not
been characterized, but a few studies indicated their abnormal
expressions in human cancers. Decreases in miR-137 expression
were described in colorectal cancer (25), central nervous system
tumor cell lines (26), and neuroblastoma (27), suggesting that
miR-137 may be a TSG. Although an increase in expression levels
of miR-193a was found in a microarray analysis for human B-cell
chronic lymphocytic leukemia (28), there has been no detailed
report about the aberrant expression of miR-193a in human
cancers thus far. Down-regulation of miR-203 expression was
described in central nervous system tumor cell lines (26) and
thyroid anaplastic carcinoma (29), whereas its up-regulation was
also shown in breast cancer (30), lung cancer (31), and colorectal
cancer (25).
In analyses using primary OSCC cases with both tumors and

paired normal tissues, miR-34b and miR-203 were excluded from
our list of possible candidate genes for two reasons: (a) frequencies
of aberrant methylation around miR-34b and miR-203 in tumor
cells were very low and (b) frequencies of primary cases, in which
down-regulation of these genes was consistent with tumor-specific
hypermethylation around these genes, were very low. Although it
was unknown why these frequencies were even lower in OSCC
cases than in OSCC cell lines, hypermethylation around miR-34b
and miR-203 might be one of the aberrant epigenetic events in a
process of establishment of cell lines in vitro . On the other hand,
frequencies of primary OSCC cases, in which down-regulation of
miR-137 and miR-193a expression was consistent with tumor-
specific hypermethylation around these genes, were relatively high,
similar to results in OSCC cell lines. miR-137 is located in
chromosomal region 1p21.3, and loss of heterozygosity (LOH) in
this region has been reported in meningioma (32), pheochromo-
cytomas (33), and paraganglioma (34). LOH at 17q11.2, where
miR-193a is located, has also been described in Barrett’s eso-
phageal tumors (35), neurofibromatosis 1 (36), ovarian adenocar-
cinoma (37), cervical carcinoma (38), and breast cancer (39).
These previous studies indicated that TSGs mapped to these loci
and that miR-137 and miR-193a might be the targets of these
losses. Moreover, we found that miR-137 and miR-193a might be
predominantly associated with cell cycle arrest at the G1-S check-
point and apoptotic change, respectively, indicating that miR-137
and miR-193a seem to have a tumor suppressor function in oral
epithelia.

Here, we also showed that miR-137 and miR-193a target CDK6
and E2F6 , respectively, in OSCC cell lines. CDK6 regulates major
cell cycle transitions as an oncogene and has been reported the
potential target of miR-124a , which is epigenetically silenced in
human cancers (11). E2F6 is a transcriptional repressor in the E2F
family (40), and its potential oncogenic capacity was also shown
recently (41). Our Western blotting also showed that the protein
levels of E2F6 and NCOA2/TIF2 were remarkably down-regulated
in miR-137 transfectants, and those of MCL1 and PTK2/FAK were
in miR-193a transfectants, although the inhibition of luciferase
activity through a possible 3¶-UTR target sequence of each gene
inserted into downstream of the luciferase gene within reporter
vectors was not observed in those target genes, suggesting a
possible indirect target effect. NCOA2/TIF2, a member of the
p160 family of coactivators, and PTK2/FAK, a member of cyto-
plasmic nonreceptor protein tyrosine kinases, have been described
to be associated with human cancer development (42, 43). MCL1
is an antiapoptotic Bcl-2 family protein, which contributes to
cancer progression, resistance to chemotherapy, and poor clinical
outcome (44). These results suggest that miR-137 and miR-193a
may induce the down-regulation of these proteins by either direct
binding to their target mRNAs or their unknown indirect effects
other than direct binding, resulting in cell cycle arrest at the G1-S
checkpoint and apoptosis, respectively, in oral squamous cells.
In conclusion, our study showed for the first time that (a) tumor-

specific hypermethylation in OSCC was an important molecular
mechanism causing the global down-regulation of miRNAs, in
a similar manner to that shown for classic TSGs; (b) miR-137
and miR-193a were tumor suppressor miRNAs silenced by
tumor-specific hypermethylation in OSCC, suggesting that the epi-
genetic silencing of these miRNAs plays a pivotal role during oral
carcinogenesis; and (c) CDK6 and E2F6 were potential targets for
miR-137 and miR-193a , respectively.
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