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Many reports have indicated that the abnormal expression
of microRNAs (miRNAs) is associated with the progression
of disease and have identified miRNAs as attractive targets
for therapeutic intervention. However, the bifunctional
mechanisms of miRNA guide and passenger strands in
RNA interference (RNAi) therapy have not yet been dari-
fied. Here, we show that miRNA (miR)-582-5p and -3p,
which are strongly decreased in high-grade bladder cancer
dinical samples, regulate tumor progression in vitro and in
vivo. Significantly, the overexpression of miR-582-5p or-3p
reduced the proliferation and invasion of UM-UC-3 human
bladder cancer cells. Furthermore, transurethral injections
of synthetic miR-582 molecule suppressed tumor growth
and metastasis in an animal model of bladder cancer. Most
interestingly, our study revealed that both strands of miR-
582-5p and -3p suppressed the expression of the same set
of target genes such as protein geranylgeranyltransferase
type I beta subunit (PGGT1B), leucine-rich repeat kinase 2
(LRRK2) and DIX domain containing 1 (DIXDCT). Knock-
down of these genes using small interfering RNA (siRNA)
resulted in the inhibition of cell growth and invasiveness of
UM-UC-3. These findings uncover the unique regulatory
pathway involving tumor suppression by both strands of
a single miRNA that is a potential therapeutic target in the
treatment of invasive bladder cancer.

Received 9 September 2012; accepted 26 November 2012; advance
online publication 8 January 2013. doi:10.71038/mt.2012.269

INTRODUCTION

RNA interference (RNAi), a natural cellular process that regulates
gene expression, is the most significant recent contribution to
the field of cell biology.! Recently, RNAi-based therapies, which
are harnessed to control the expression of pathogenic proteins,
have been demonstrated in humans and have provided alternative
powerful approaches fo the traditional small molecule therapies.
There has been an increase in the development of RNA| therapies
for accessible tissues, such as the skin, retina, liver, and airways,
due to their ability to be efficiently and safely delivered without
unwanted side effects.*

Urinary bladder cancer remains one of the most costly can-
cers with regard to treatment and the monitoring of cytological
changes, such as surveillance cystoscopy and periodic imaging.®
However, despite the existence of appropriate therapies, patients
are continually under the threat of ongoing recurrence and pro-
gression to muscle.> Therefore, the development of new treat-
ment strategies to reduce the risk of recurrence and progression
based on novel molecular networks is strongly desired. The facts
described above provide an insight into an innovative approach
that harnesses the power of the RNAi pathway; i.e., the bladder
maximizes the effect of RNAi therapy because of its accessibility
and closed environment, Although some previous studies showed
that the intravesical injection of small interfering RNA (siRNA)
has potential as a treatment,™ whether an intravesical strategy can
overcome the progression to muscle and metastasis in invasive
bladder cancer remains unclear.

In cancer research, the copy number variation of DNA was a
focus during the 1990s and the beginning of the 2000s as a result
of the development of technologies such as array-based compara-
tive genomic hybridization and microsatellite analysis,*** because
copy number gains or losses were believed to be specific markers
for functional protein-coding genes. However, if protein-coding
genes were notlocated in these aberrant regions, disease candidate
regions were excluded from the functional analysis. On the other
hand, recent studies found that microRNAs (miRNAs), which
are key post-transcriptional regulators, are the main candidates
for cancer-predisposing genes and that approximately half of the
miRNAs are located at chromosomal regions that are genetically
altered in cancers.'** Indeed, since their discovery, a widespread
dysregulation of miRNAs caused by copy number variation is
commonly observed in human cancers and has been shown to
be involved in diverse physiological/pathological processes.’>**
In this study, we hypothesized that a novel tumor-suppressive
miRNA or onco-miR can be identified more efficiently and more
expeditiously by utilizing a vast amount of previously generated
information about aberrant chromosomal regions related to blad-
der cancer.

Cytogenetic studies of bladder cancer have revealed a num-
ber of genetic aberrations.”® For discrimination of miRNAs which
denote the abnormal expression in poorly prognostic patients
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on bladder cancer, we focused on the copy number variation in
UM-UC-3 cells which is one of the most invasive bladder can-
cer cell lines. It was reported that a number of genomic regions
were deficient or amplified in that cell line® Furthermore, in
those genomic regions, 3pl1-12, 4q33-34, and 5ql12-13 were
selected as analysis sets because the correlations between the copy
number loss and bladder cancer progression in clinical samples
had been reported by at least two groups.**-2* Although these
regions include some miRNA genes, such as miR-1305, miR-1324,
miR-578, miR-582-5p, and miR-582-3p, the modulation of the
miRNA expression profiles and the exact functional mechanism
are not thoroughly understood. In the present study, we report
that miR-582-5p and miR-582-3p are concurrently downregu-
lated in invasive bladder cancer, which is correlated with a copy
number loss of chromosome 5q12. These significant reductions
of miR-582-5p and -3p were also observed in clinical samples and
strongly correlated with tumor grade. Furthermore, the restora-
tions of miR-582-5p or -3p strongly inhibit cell proliferation and
invasion. In the lung metastasis mouse model of human bladder
cancer, involving orthotopic transplantation, the injection of the
miR-582/cationic liposome complex prevented tumor growth and
lung metastasis. This demonstration is the first, to our knowledge,
to show inhibition of tumor metastasis in an orthotopic model by
intravesical miRNA injection.

Two mature miRNAs can be generated from the same stem-
loop pre-miRNA.» These 5p and 3p miRNAs, although excised
from a single primary transcript, have different sequences and
therefore target different mRNAs. Despite nearly a decade of stud-
ies on miRNA, the effect of strand-specific mature miRNAs has
not yet been fully understood. In the present study, we also pro-
vide evidence that the expression of protein geranylgeranyltrans-
ferase type I beta subunit (PGGTIB), leucine-rich repeat kinase
2 (LRRK2), and DIX domain containing 1 (DIXDCI), which are
involved in the cell growth and the invasiveness, is bifunctionally
regulated by the effects of both strands of miR-582-5p and -3p.
These findings suggest that a novel pathway involving miR-582
and cancer-related genes has the potential to be a critical target for
the therapeutic treatment of invasive bladder cancer.

RESULTS

Downregulation of miR-582-5p and -3p in bladder
cancer cell lines

To identify miRNAs downregulated in bladder cancer cell lines,
we performed quantitative reverse transcription-PCR (qRT-PCR)
for miR-1305, miR-1324, miR-578, and miR-582-5p and -3p,
which are located in aberrant genomic regions correlated with
tumor progression (Supplementary Tables S1 and $2). The results
showed no downregulation of miR-1305 in bladder cancer cells
(Supplementary Figure Sla), and the expression of miR-1324
and miR-578 was not detected in either bladder cancer cell lines
or normal bladder tissue RNA, but we found that miR-582-5p and
-3p are strongly downregulated in invasive bladder cancer cell lines
(UM-UC-3, 5637, MBT2, J82, TCCSUP) (Figure 1a). Furthermore,
the copy number of chromosome 5q12, in which the miR-582
gene is located, was lower in UM-UC-3 cells than in HT1376 cells
(Figure 1b). HT1376 cells were reported to not have aloss in 5q12.%
However, the degree of downregulation of miR-582 expression in
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Figure 1 Expression leve! of miR-582-5p and -3p in human bladder
cancer cell lines. (@) Expression level of miR-582-5p and ~3p in human
bladder cancer cell lines and a mouse bladder cancer cell line (MBT2).
The relative expression of miR-582 for each of the cell lines was calcu-
lated compared with the level in normal bladder tissue RNA. () Copy
number change of the miR-582 loci on chromosome 5q12. The HT1376
cell line was used as the control for this experiment.

UM-UC-3 cells seems too strong compared with the reduction of
the copy number. This means that a remarkable reduction of miR-
582-5p and -3p expression might be invoked by a combination of
copy number loss and other factors. To identify whether the expres-
sion of these mature miRNAs are reduced in a transcriptional or
biogenic process, we assessed the expression levels of pri-miR-582
and phosphodiesterase 4D (PDE4D) because miR-582 is located in
the intronic region of PDE4D. The expression levels of pri-miR-
582 and PDE4D are strongly reduced in UM-UC-3 and 5637 cells
(Supplementary Figure S1b,c). These results indicate that the
expression of miR-582-5p and -3p is reduced by the combination of
copy number loss and transcriptional attenuation.

Downregulation of miR-582-5p and -3p in clinical
samples

We examined the expression levels of miR-582-5p and -3p in laser
capture-microdissected bladder cancer tissue regions (n = 53)
and matched adjacent normal regions (v = 31) derived from 28
patients (Supplementary Table $3). Relative to normal regions,
the tumor regions showed markedly lower miR-582-5p and -3p
expression levels (Figure 2a). In particular, we found that these
levels tend to decrease more remarkably in invasive tumors (tumor
stage 2pT1) than in superficial tumors (tumor stage pTis and pTa)
(Figure 2b) (miR-582-5p: superficial tumor P = 0.006, invasive
tumor P = 0.003; miR-582-3p: superficial tumor P = 0.035, inva-
sive tumor P < 0.001). Furthermore, a strong correlation was

611



miRNA Therapy for Invasive Bladder Cancer

a miR-582-5p miR-582-3p
* *
B, T
i3
83 2y
5@
52 ; |
2E
52
& 0
Normal Tumor Normal Tumor
bladder bladder
b miR-582-5p miR-582-3p
. 3 5
Q -
g@25
3y 4
5§ BE 3
T 82615
E o 2
(- @ =
5 gig 1
E 5705 1
5 0 . 04
g Normal Tumor Normal Tumor
.% bladder bladder
o =
v> 2 B
2 5:15 2
€ o5 1 15
gL 1
E 05 1 05
) . = , 04 g e :
Normal Tumor Normai Tumor
bladder bladder

© The American Sodiety of Gene & Cell Therapy

] miR-582-5p miR-582-3p
2.5 3
_ 2 25
o)}
T 15 2
5 15
1 s
05 05
04 ; 0
Normal Tumor Normal Tumor
N bladder bladder
3
o
s
-g 25 5
-“z - 2 4 4
E 2 15 3-
g £ 2
§ o '
8 05 1
3
0 0
-2 Normal Tumor
2 bladder
[

1.2 4
0.8
0.4

Grade i

Tumor

Normal
bladder

Figure 2 Expression level of miR-582-5p and -3p in bladder cancer tissue samples, (@) Expression of miR-582-5p and -3p in clinical samples,
which show the downregulation in the tumor region compared with the adjacent normal tissues (tumor: n = 53, normal bladder: n = 31). The boxes
and whiskers range from 25% to 75% and from 10% to 90%, respectively. *P < 0.01 versus normal bladder. (b) Comparison with the tumor stages
in carcinoma cells paired with normal bladder tissue (superficial tumor: n = 18, invasive tumor: n = 10). () Comparison with the tumor grades in
carcinoma cells paired with normal bladder tissue. All values for the miRNA expression levels were normalized to hsa-miR-103 as an intemal control

(Grade k: n=9, Grade ll: n=12, Grade li: n=7).

Table 1 Downregulation in clinical samples (fold change >2.5)

Superficial Invasive
(pTis, pTa) (2pT1) Gradel Gradell Gradelli

miR-582-5p (%) 7/18(38.9) 9/10(90) 3/9(33.3) 6/12(50) 7/7 (100)
miR-582-3p (%) 9/18 (50) 7/10(70) 2/9 (22.2) 8/12(66.7) 6/7 (85.7)

also observed between tumor grade and the downregulation of
miR-582-5p and -3p (Figure 2¢) (miR-582-5p: Grade I P = 0.042,
Grade II P = 0.028, Grade III P = 0.006; miR-582-3p: Grade I P =
0.206, Grade Il P = 0.270, Grade III P = 0.046). In addition to this,
the ratio of samples showing strong downregulation greater thana
2.5-fold change increased as the tumor stage and grade advanced
(Table 1). These data suggested that miR-582-5p and -3p levels
vary with the malignancy potential and are potential therapeutic
markers in the treatment of invasive bladder cancer.

Effect of miR-582-5p and -3p on cell profiferation and
invasive ability

To investigate the functional role of miR-582-5p and -3p in blad-
der cancer, we performed a cell proliferation assay and a cell
invasion assay. UM-UC-3, J82, and TCCSUP cells were trans-
fected transiently with miR-582, miR-582-5p, miR-582-3p, and
negative control (NC) siRNA. miR-582 is synthesized to mimic
endogenous mature miR-582, whereas miR-582-5p and -3p are

612

designed to match perfectly and complementarily to each strand,
similar to siRNA. Three days after transfection, the cell viability
was decreased from 30% to 80% in the miR-582-, miR-582-5p-,
or miR-582-3p-transfected cells compared with the NC cells
(Figure 3a). The matrigel invasion assay showed that the cell inva-
sion ability was significantly (>70%) decreased in miR-582-, miR-
582-5p-, or miR-582-3p-transfected UM-UC-3, J82, and TCCSUP
cells (Figure 3b,c). These results suggest that the cell proliferation
and invasive abilities of bladder cancer cells were severely affected
only by either strand of miR-582-5p or miR-582-3p. In addition,
a reduction of invasiveness was observed in 5637 cells, although
T24 cells did not show a significant response to miR-582 in the
cell proliferation and cell invasion assays (Supplementary Figure
$2a,b). The expression and functional data suggest that the tumor-
suppressive role of miR-582 is correlated with the reduction of its
expression level in bladder cancer cells.

To ensure that the functions of miR-582-5p and -3p are not at
a supraphysiological level, we repeated these experiments using a
stable miRNA. vector that synthesizes mature miRNAs by biologi-
cal processing. UM-UC-3 cells were transduced with a lentiviral
construct stably expressing precursor miR-582, and the expression
level was examined (Supplementary Figure $3a). Furthermore,
the functional analysis revealed that UM-UC-3 cells stably express-
ing miR-582 (UM-UC-3-miR-582) show a significant repression
of cell proliferation and invasion (Supplementary Figure S3b,c).
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growth by miR-582 treatment in a murine orthotopic xenograft model of human bladder cancer. The mice were injected with 5 x 10° UM-UC-3-luc
cells into the bladder on day 0. miR-582 and miR-582-scramble (101g) with cationic liposomes in a 70l volume were injected into the bladder on
days 4, 6, 8, 11, 13, and 15 after tumor injection. (e,f) The growth curves of the orthotopically transplanted UM-UC-3-luc cells were measured by
IVIS. Filled diamonds: treatment with miR-582-scramble; Open squares: treatment with miR-582 (scramble: n = 8, miR-582: n= 10). (g) Inhibition of
lung metastasis by miR-582 treatment in an orthotopic bladder cancer mouse model. The images were obtained by VIS on day 26 after transplanta-
tion. () Quantitation of bioluminescence emitted from the whole lungs of mice on day 26. The boxes and whiskers range from 25% to 75% and
from 10% to 90%, respectively. *P < 0.05 versus scramble. NC, negative control,

the bladder at5, 7, 9, 11, 13, and 15 days after tumor transplantation
(Figure 3d). These results demonstrated that miR-582 successfully
suppressed tumor growth in vivo; in particular, we found that miR-
582 provided a greater than fourfold reduction of the tumor growth
in the fourth week (Figure 3¢). Furthermore, there was a signifi-
cant difference in fold changes relative to the photon counts in the
first week (miR-582 = 2,253.5 + 851.7, scramble = 187.1 £ 108.9,
P =0.042) (Figure 3f). At the end of the experiment, 4 weeks after
transplantation, the mice treated with miR-582-scramble showed a
more frequent presence of tumors in the lung (5 of 8; 63%) than in

By contrast, as shown in a loss-of-function assay using the locked
nucleic acid~modified anti-miRNA oligonuleotides against each
strand of miR-582-5p and -3p, cell proliferation and invasion are
promoted in UM-UC-3-miR-582 cells (Supplementary Figure
$3d.e). These results indicate that the presence of either miR-582-5p
or -3p was sufficient to suppress tumor growth and invasiveness.

Inhibition of tumor growth and metastasis in vivo
with miR-582 treatment
To assess the therapeutic potential of miR-582, we used an ortho-

topic bladder cancer mouse model featuring UM-UC-3-luc cells,.

which have the capacity to form tumors in the bladder and spread
to the lungs of mice. The cationic liposome, LIC-101 (Nippon
Shinyaku, Tsukuba, Japan), was used to deliver miR-582 into the
tumor cells in the mouse bladder. The miR-582/LIC-101 or miR-
582-scramble/LIC-101 complexes were injected transurethrally into
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the miR-582 group (1 of 10; 10%) (Figure 3g). Moreover, there was
a significant difference between the two groups regarding the lumi-
nescence of the lung (Figure 3h). These results indicated that the
intravesical administration of the miR-582/LIC101 complex could
be a novel therapeutic strategy for the inhibition of tumor progres-
sion and metastasis in bladder cancer.
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Figure 4 ldentification of PGGTTB, LRRK2, DIXDCT, RAB27A, and KCNCT as miR-582-5p and -3p target genes, Target validations of KCNCJ,
PGGT1B, LRRK2, RAB27A, and DIXDCT were confirmed by qRT-PCR, western blot analysis, and cell proliferation, cell invasion, and luciferase reporter
assays. (@) qRT-PCR was performed in UM-UC-3 cells at 24 hours after transfection with miR-582. The relative expressions of the target mRNAs were
calculated compared with the level in NC (1 = 3). (b) Western blot analysis was performed in UM-UC-3 cells at 48 hours after transfection. Actin was
used as the loading control. (¢) Effect of target siRNAs on the proliferation of UM-UC-3. The proliferation values were normalized to values from cells
treated with NC (n = 6). (d)) Effect of target siRNAs on the invasion of UM-UC-3. The invasive values were normalized to the values from cells treated
with NC (n = 3). (&) Each luciferase reporter construct containing a target 3'UTR was cotransfected with miR-582, miR-582-5p or -3p, or NC into
UM-UC-3 cells (n = 6). *P < 0.05 versus NC. NC, negative control; gRT-PCR, quantitative reverse transcription-PCR.

Table 2 Summary of the number of target sites for miR-582-5p
and -3p

Number of predicted binding site

Target 3'UTR miR-582-5p miR-582-3p
KCNC1 Site-1 1 0
Site-2 1 1
PGGT1B 5 1
LRRK2 1 2
RAB27A 4 0
DIXDC1 Site-1 2 2
Site-2 0 1

Identification of miR-582-5p and -3p target genes

To identify miR-582-5p and -3p target genes, hemagglutinin
(HA)-tagged Ago2-immunoprecipitation (Ago2-IP) and mRNA
array analysis were performed. The UM-UC-3-Ago2 cells stably
expressing HA-tagged-Ago2 were transfected with miR-582, and
the Ago2-RNA complexes were precipitated with the anti-HA
antibody, which was followed by the microarray analysis. The
total RNA from UM-UC-3-Ago2 cells transiently transfected with
miR-582 and from UM-UC-3-miR-582 cells was also analyzed
(Supplementary Figure S4a). As a result, 259 genes were iden-
tified as candidates for directly targeted genes, and 1,559 genes
were identified as candidates for indirectly targeted genes that are
downstream of the direct targets (Supplementary Tables $4 and
85). In addition to these experimental approaches, we used two

614

target prediction algorithms (TargetScan: http://www.targetscan.
org, miRanda: http://www.microrna.org) as iu silico approaches.
After calculating the fold change and conducting an overlap-
ping prediction analysis, we validated the identified 42 genes
by qRT-PCR (Supplementary Figure S4b), western blotting
analysis, and cell proliferation, cell invasion, and 3*UTR reporter
assays. The results of the qRT-PCR and western blotting analyses
demonstrated that the expression levels of the mRNA and pro-
tein of five genes—potassium voltage-gated channel subfamily C
member 1 (KCNC1), PGGT1B, LRRK2, DIXDCI, and ras-related
GTP-binding protein (RAB27A)—were more downregulated by
transfection with miR-582, or miR-582-5p, or -3p than the NC
siRNA-treated cells (Figure 4a,b). Furthermore, silencing of these
target genes by siRNAs showed a remarkable inhibition of cell
proliferation and cell invasion in UM-UC-3 cells (Figure 4c,d).
These five genes have several putative binding sites for miR-
582-5p or -3p in their 3'UTRs (Table 2 and Supplementary Table
§6). Indeed, the expression of each luciferase reporter gene fused
with the 3’UTR of PGGT1B, LRRK2 and DIXDCI was suppressed
by transfection with miR-582, miR-582-5p, or -3p (Figure 4e).
Conversely, the expression of that of RAB27A was suppressed by
miR-582 and miR-582-5p. There was no significant difference
in the expression of that of KCNCI. These results indicated that
miR-582-5p and -3p regulate the expression of PGGTIB, LRRK2,
and DIXDCI by binding their 3UTRs. One strand, miR-582-5p,
can directly bind 3"UTR of RAB27A and regulate the expression.
In contrast, the downregulation of KCNC1 by transfection with
miR-582-5p and -3p is not a direct consequence of miR-582.

www.iioleculartherapy.org vol. 21 no. 3 mar. 2013



© The American Society of Gene & Cell Therapy

Normal bladder Tumor

KCNCt

Stage/grade
The expression level
(miR-582-5p/miR-582-3p)

PGGT1B

pla/G1
14

LRRK2

DIXDCH

RAB27A

P
& 19

miRNA Therapy for Invasive Bladder Cancer

pTa/G2
CHOpEANE

pT1/G3
o

pTa/G2
b 1P

pT1/G3
$d 1 b

pTa/
oo

pT1/G3
EA IR
f@%" 3

RPN

pla pT2/
EHOpOn Sl P

Figure 5 Representative examples of immunochistechemical expression of different gene products in human bladder cancer. Target gene
localization in clinical samples by IHC. Left panel: representative normal bladder biopsy (scale bar: 100pm); Right panel: representative bladder
cancer with strong staining observed. A black arrow shows the fold change of the downregulation of miR-582-5p or -3p in tumor tissue compared
with the adjacent normal tissues (single black arrow: fold change <2.0, double black arrows: fold change = 2.0 ~ 5.0, triple black arrows: fold change

>5.0). Magnification: x20. IHC, immunchistochemistry.

In addition, we performed an immunohistochemical analy-
sis to observe the expression of these target genes in clinical
samples of human bladder cancer. Strong nuclear or cytoplas-
mic staining was observed in the tumors but not in the adja-
cent normal bladder tissues (Figure 5). Furthermore, there was
a positive correlation between the expression levels of target
genes and tumor stage or grade of bladder cancer, and miR-582
was downregulated, whereas, in the low-stage or -grade blad-
der cancer, a high expression of target genes was not notably
observed. These results suggest that the expressions of these
cancer-related genes are a clinically relevant biological process,
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and the levels of the expressions are correlated with malignancy
potential in bladder cancer.

DISCUSSION

Genetic changes potentially affect all medical conditions and are
associated with thousands of diseases.” The amplification of onco-
genes or deletion of tumor-suppressor genes can broadly influence
tumor initiation and progression.??* Although many previous
reports have indicated the correlation between region-specific
gain or loss of DNA and tumor progression in bladder cancer,
it has not yet been fully elucidated as to which genes, including
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noncoding RNAs, are responsible for these different observations.
In particular, the losses of chromosomes 3p11-12, 4q32-34, and
5q12-13 loci were reported to be associated with clinicopathologi-
cal factors in bladder cancer.!***-** Here, we provided evidence on
the relationship between the copy number loss of 5q12 and tumor
progression via post-transcriptional regulation by miRNA. We
demonstrated a novel pathway of paired tumor-suppressive miR-
NAs, miR-582-5p and -3p located on 5q12, which are specifically
attenuated in invasive bladder cancer cells by copy number loss.
Furthermore, the expression levels of miR-582-5p and -3p were
remarkably lower in bladder cancer tissues and correlated with the
tumor grade. These clear correlations suggest an important role
for miR-582 on bladder cancer progression.

Despite these considerable dysregulations, there are no reports
concerning the expression profiling and functional role of miR-582
in bladder cancer. Thus, focusing on miR-582 as a new candidate
tumor-suppressive miRNA in bladder cancer is natural. As expected,
therestoration of miR-582-5p or -3p expression inhibited the cell pro-
liferation and invasion in UM-UC-3 cells. Generally, most miRNA
duplexes can be functionally asymmetric due to unequal election for
assembly into RISC and distinct sequence features. Although previ-
ous reports showed that miR199a-5p and -3p or miR-297b-5p and
-3p target same mRNAs,*”* for this reason, it is extremely rare that
* each strand of mature miRNA, 5p and 3p, has an identical prop-
erty in the same physiological/pathological processes. The present
experiment indicated that both strands of miR-582-5p and -3p have
tumor-suppressive activities based on their sequences.

The number of RNAi-based preclinical and clinical trials has
grown over the past several years, and these trials provide oppor-
tunities for success.>* These studies were conducted mainly in spe-
cific organs, such as eyes, dermis, and lung, which were relatively
accessible by topical or local administration. Thus, accessibility is
a key requirement for successful RNAIi in vivo to be delivered tis-
sue specifically or cell specifically. Here, in a closed environment
of the bladder, the intravesical injection of miRNA. is expected to
offer high specificity to a tissue and noninvasive administration.
Indeed, a previous study showed that the low-toxic cationic lipo-
some, LIC-101, and the dsRNA complex could be successfully
delivered into the bladder tissue and were able to affect tumor
growth.” However, whether transurethral injection is effective
against a severe problem, such as invasion into the muscle and
metastasis, remains unknown. In this study, we were successful at
providing evidence for this procedure by showing that the instil-
lation of the synthetic miR-582/LIC-101 complex inhibited both
lung metastasis and tumor growth. For the first time, our findings
have provided a new insight into the availability of a bladder can-
cer lung metastasis model mouse in RNAi therapeutic trials.

miRNAs are known to have the potential to target thousands
of different mRNAs, and each mRNA is also targeted by multiple
miRNAs.** Although target prediction algorithms (TargetScan,
miRanda) such as in silico approaches based on prior experimental
studies can help to predict miRNA-binding targets, computational
algorithms are imperfect and insufficient to identify some essential
or novel target genes. Hence, in addition to i# silico analysis, as an
optimized and high-throughput biochemical assay, we evaluated
the use of Ago2-IP>-* The validation studies revealed that miR-
582-5p and -3p have a tumor-suppressive function by both the
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inhibition of translation and the degradation of KCNC1, PGGT1B,
LRRK2, DIXDCI, and RAB27A. Although miR-582 did not regulate
KCNC1 expression directly; it is very interesting that KCNCI has a
novel remarkable function in cell proliferation (Figure 4c), because
it usually works as a potassium jon transporter. PGGT1B is involved
in the geranylgeranylation of RhoA and the activation of MMP-9,
resulting in the disruption of F-actin organization and the progres-
sion of cell motility, invasion, and metastasis.*** The kinase domain
of LRRK2 is homologous to B-RAF kinase, which is well known
to drive malignant melanoma. Furthermore, LRRK2 is related fo
the direct phosphorylation of Aktl, resulting in cell survival and
the prevention of apoptosis.**” DIXDCI, which works as a recep-
tor of the Wnt signaling pathway, is related to the upregulation of
CyclinD1 and the downregulation of p21. The siRNA knockdown of
DIXDCI was reported to cause G1/S phase arrest in colon cancer.®*
RAB27A, a member of the RAS oncogene family; is well known to
be a driver of melanoma and breast cancer, promoting cell profifera-
tion, invasion, and metastasis potential * It is also involved in the
regulation of membrane trafficking and exosome formation.” This
study carries considerable potential to provide novel insights into
the pathogenic mechanisms of exosomes regulated by miR-582-5p
in invasive bladder cancer.

In conclusion, this study provides two novel findings in blad-
der cancer. First, we presented evidence of a unique regulatory
pathway involving a couple of tumor-suppressive miRNAs, miR-
582-5p and -3p, that are downregulated in invasive bladder can-
cer. The significant dysregulation of the miR-582 network may
contribute to the progression of other invasive cancers, and we are
actively investigating this hypothesis. Second, an in vivo experi-
ment showed the possibility of the application to a therapeutic
target against the continued threat of progression to muscle-inva-
sion and metastasis. Importantly, our findings provide an insight
into the unique regulatory pathway, which has a coordinated role
between miRNA-5p and -3p. These novel findings also provide a
potential value of an extreme contribution to the developroent of
the cancer therapy as a prominent class of RNAi therapy.

MATERIALS AND METHODS

Cell culture. 'The human bladder cancer cell lines UM-UC-3, 5637, J82,
TCCSUP, T24, HT1376, and RT4 and the mouse bladder cancer cell line
MBT2 were abtained from the American Type Culture Collection (Manassas,
VA). The UM-UC-3, J82, TCCSUP, T24, and MBT2 cells were cultured in
Modified Eaglés Medium (Sigma-Aldrich, St Louis, MO) containing 10%
heat-inactivated fetal bovine serum (Invitrogen, Carlsbad, CA) and an antibi-
otic-antimycotic (Invitrogen) at 37°C in 5% CO,, The 5637 cells were cultured
in RPMI (Invitrogen) containing 10% heat-inactivated fetal bovine serum
and an antibiotic-antimycotic at 37°C in 5% CO,. The T24 and RT4 cells were
cultured in McCoy’5A (Sigma-Aldrich) containing 10% heat-inactivated fetal
bovine serum and an antibiotic-antimycotic at 37°C in 5% CO,,

Patients and human samples. All human bladder tissue samples were
derived from the resected bladders of 29 patients who underwent tran-
surethral resection or radical cystectomy at the Department of Urology, St.
Marianna University between 2009 and 2011. The samples of tumor and
normal epithelium were fixed in formalin, embedded in paraffin, and sec-
tioned for use in microscopic analysis and laser capture microdissection.
All materials were obtained with written informed consent, and the study
protocols were approved by the Institutional Review Board at the National
Cancer Center Research Institute and St. Marianna University.
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RNA extraction. Total RNA was extracted from cultured cells using the
QIAzol and miRNeasy Mini Kit (Qiagen, Hilden, Germany) according to
the manufacturer’s protocol.

Real-time PCR (qRT-PCR). The expression of miRNA was quantified by
TaqgMan miRNA assays (Applied Biosystems, Foster City, CA). The PCR
was performed in 96-well plates using the 7300 Real-Time PCR System
(Applied Biosystems). All reactions were performed in duplicate. Human-
RNUS6B or hsa-miR-103 was used as an invariant control.#*

For the mRNA expression analysis, total RNAs were reverse-
transcribed with the High Capacity cDNA Reverse Transcription Kit
(Applied Biosystems) using a random hexamer primer. The synthesized
cDNAs were quantified by TaqMan Gene expression analysis or SYBR
Green I qQRT-PCR. The B-actin housekeeping gene was used to normalize
the variation in the ¢DNA levels. The primer pairs used for gene
amplification are listed in Supplementary Table S7.

Quantitative PCR of miR-582 loci on chromosome 5q12. Genomic
DNA was extracted from cultured cells using a GenEjute Mammalian
Genomic DNA Miniprep Kit (Sigma-Aldrich). The qPCR for the miR-
582 locus on chromosome 5q12 was performed using Platinum SYBR
Green gPCR SuperMix-UDG (Invitrogen), and the primer sequences were
5’-ccacaacaagtcaatctgtge-3’ and 5'-tattgaaggggatictggts-3’. The house-
keeping gene RNase P was also quantified as a control reference gene using
Platinum Quantitative PCR SuperMix-UDG (Invitrogen) and the TagMan
RNase P Detection Reagents Kit (Applied Biosystems).

Transient miRNA/SIRNA transfection, Synthetic hsa-miR-582, hsa-miR-
582-5p, hsa-miR-582-3p, and hsa-miR-582-scramble duplexes were
obtained from the Bonac (Kurume, Japan). The Allstars Negative Control
siRNA was purchased from Qiagen. The siRNAs targeting KCNCI,
PGGTI1B, DIXDCI, LRRK2, and RAB27A were purchased from the Bonac.
The cells were transfected with 25nmol/l of either the miRNA or siRNA
using DharmaFECT 1 (Thermo Fisher Scientific, San Jose, CA) accord-
ing to the manufacturer’s protocol. The miRNA and siRNA sequences are
given in Supplementary Table S8.

Cell proliferation assay (MTS assay). For the cell proliferation assay, 24
hours after transfection, 3 x 10° cells were seeded in a 96-well plate. After 3
days of culture, the cell viability was measured using the Tetra Color One
assay kit (Seikagaku Kohgyo, Tokyo, Japan) according to the manufactur-
er’s instructions. The absorbance at 450 nm was measured using Envision

(PerkinElmer, Norwalk, CT).

Cell invasion assay. The invasive ability of the bladder cancer cells was
assayed in 24-well Biocoat Matrigel invasion chambers (8 um pore size;
Becton Dickinson, Franklin Lakes, NJ) according to the manufacturer’s
protocol. Briefly, the cells were transfected with miRNA or siRNA and,
on the following day, 1 x 10° cells were plated in the upper chamber. The
lower chamber was supplemented with a medium containing 10% fetal
bovine serum. After 24 hours incubation, the cells on the upper surface
were scraped off, and the invasive cells attached to the lower surface of the
membrane inserts were fixed and stained with Diff-Quik (Sysmex, Kobe,
Japan). The invading cells were observed and counted under a microscope
in four random fields. All assays were performed in triplicate.

Generation of stable cell lines expressing miR-582 or HA-tagged Ago2
or luciferase. To construct a lentiviral vector for miR-582, pre-miRNA
encompassing the stem-loop was amplified from genomic DNA isolated
from HT'1376 cells by PCR. The PCR product was digested and cloned
into the pCDH ¢DNA cloning lentivector (Cat#CD513B-1; SBI, Mountain
View, CA). To construct a lentiviral vector for luciferase, the luc construct
was amplified from the pGL4 luciferase reporter vector by PCR. The
PCR product was digested and doned into the pLenti6/V5 Directional
TOPO vector (Promega, Madison, WI). The lentiviral vector Lenti-miR-
582, Lenti-scramble shRNA (Cat#MZIPOOOPA-1, SBI), Lenti-HA-Ago2
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(RA703B-1, SBI), or Lenti-Luc and the lentiviral packaging plasmids
(Invitrogen) were cotransfected into 1293T cells. After 48 hours, the lenti-
viruses in the supernatant were collected and used to infect the UM-UC-3
cells. After antibiotic selection for 2 weeks, stable clones were obtained.

Analysis of miR-582 treatment in a mouse model of bladder cancer.
The animal experiments in this study were performed in compliance with
the guidelines of the Institute for Laboratory Animal Research, National
Cancer Center Research Institute. For the generation of the lung metasta-
sis mouse model, we referred to some previous studies.” Six- to seven-
week-old female Balb/c athymic nude mice (CLEA Japan, Shizuoka, Japan)
were anesthetized by exposure to 3% isoflurane on day zero and subsequent
days. The murine bladder was injected with UM-UC-3-luc cells intravesi-
cally at 5 x 10° cells/50 pl/bladder after 15 minutes of trypsin treatment.
The development of subsequent tumor growth and metastasis was moni-
tored once a week by in vivo imaging, In brief, the mice were injected with
150 mg/kg D-luciferin (Promega) intraperitoneally and imaged 10 minutes
later to count the photons from the whole bladder or lung using the IVIS
imaging system (Xenogen, Alameda, CA) according to the manufacturer’s
instructions. The data were analyzed using the LivingImage software (ver-
sion 2.5; Xenogen). On day 4, the bioluminescence from the implanted
cancer cells was measured, and the mice were divided into two treatment
groups with equivalent levels of bioluminescence. The transurethral treat-
ment with the miR-582 and LIC101 (Nippon Shinyaku, Kyoto, Japan)
complexes at a ratio of 1:16 (w/w) in a volume of 701 (10 pg/site) was
performed on days 5,7,9 11, 13, and 15.

Ago2-fP. The RNA-binding protein immunoprecipitation was performed
using an immunoprecipitation kit (RNA-binding protein immunoprecipi-
tation—assay kit for microRNA; MBL, Nagoya, Japan) following the manu-
facturer’s instructions. In brief, UM-UC-3 cells stably expressing HA-Ago2
were transfected with either miR-582 or NC for 48 hours and immunopre-
cipitated using anti-HA agarose beads (Wako, Osaka, Japan). The Ago2-
bound RNA was eluted from beads with the HA peptide (Wako), and the
QIAzol reagent was added to extract the total RNA. Ago2-bound total
RNA was dleaned further using miRNeasy columns and then subjected to
microarray analysis.

Microarray analysis. Total RNA was harvested from UM-UC-3-miR-582,
UM-UC-3-shNC, and UM-UC-3-HA-Ago2 cells that were transfected
transiently with miR-582 or NC for 48 hours. The Ago2-bound RNA
was prepared from the Ago2-IP experiments. The total RNA was labeled
with Cy3 using a Low Input Quick Amp Labeling Kit (Agilent, Palo Alto,
CA) and hybridized to a SurePrint G3 Human GE 8x60 K array (Agilent)
according to the manufacturer’s instructions. The data analysis was per-
formed using GeneSpring GX11.5,

Luciferase reporter assay. The 3’-UTRs of human KCNCI, DIXDC],
LRRK2, PGGT1B, and RAB27A were amplified by PCR from genomic
DNA and cloned at the Notl and Xbol sites into pGMT Easy vector
(Promega). The PCR primers and oligonucleotide sequences for the con-
structs are listed in Supplementary Table $9. All the constructs were fur-
ther confirmed by sequencing.

For the luciferase activity analysis, each construct was cotransfected
with the miRNA duplex in a 96-well plate using the DharmFECT Duo
transfection reagent (Thermo Fisher Scientific) for 24 hours, and the
Iuciferase assays were performed with the Dual-Glo Luciferase assay
system (Promega) according to the manufacturer’s instructions.

Western blotting. Forty-eight hours after transfection, the cells were

- homogenized in an M-PER mammalian protein extraction reagent (Pierce,

Rockford, IL). The proteins in the total cell Iysate or bound to the anti-HA
agarose beads were separated by SDS-PAGE gels, which were calibrated
using Precision Plus protein standards (Bio-Rad, Richmond, CA). The
primary antibodies against KCNC1 (1: 250, ab84823), DIXDC1 (1: 250,
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ab67763), LRRK2 (1: 250, ab57329), PGGTIB (1: 250, ab55615), and
RAB27A (1: 200, ab55667) were purchased from Abcam (Cambridge,
MA), and the primary antibody against ACTIN (1:10,000, MAB1501) was
purchased from Millipore (Billerica, MA). The dilution ratio of each anti-
body is indicated in parentheses. The HRP-linked anti-mouse secondary
antibody (GE Healthcare, Buckinghamshire, UK) was used at a dilution
of 1:5,000. The bound antibodies were visualized by chemiluminescence
using the ECL Plus Western blotting detection system (GE HealthCare),
and luminescent images were analyzed using a LuminoImager (LAS-3000;
Fuji Film, Inc., Tokyo, Japan).

Immunohistochemistry. All tamors resected from human bladders were
fixed with 10% buffered formalin and embedded in paraffin. Sections with
a 5-jum thickness were examined using immunohistochemistry. The sec-
tions were deparaffinized, the antigens were retrieved by autoclaving in a
10mmol/l citrate buffer (pH 6.0), and the endogenous peroxidase activ-
ity was blocked with the Immuno Pure Peroxidase Suppressor (Pierce,
Chester, UK). The primary antibodies used in this study were the same as
those used in the western blotting analysis (1:50), followed by incubation
with peroxidase-coupled anti-mouse IgG (ImmPRESS Reagent; Vector
labs, Burlingame, CA). The immunoreactions were visualized with diamin-
obenzidine, and the sections were counterstained with hematoxylin.

Statistical analysis. Results are expressed as the mean & SE. The statisti-
cal analyses were conducted using the Bonferroni multiple-comparison
test, and the analyses of the luminescence of the Jung were conducted
using the nonparametric Mann-Whitney-Wilcoxon test. These analy-
ses were performed with the Expert StatView analysis software (version
4; SAS Institute, Cary, NC). P < 0.05 was considered to be statistically
significant.
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Abstract: Members of the microRNA-29 (miR-29) family directly target the DNA
methyltransferases, DNMT3A and DNMT3B. Disturbances in the expression levels

-of miR-29 have been linked to tumorigenesis and tumor aggressiveness. Members of the

miR-29 family are currently thought to repress DNA methylation and suppress
tumorigenesis by protecting against de novo methylation. Here, we report that members of
the miR-29 family repress the activities of DNA methyltransferases and DNA
demethylases, which have opposing roles in control of DNA methylation status. Members
of the miR-29 family directly inhibited DNA methyltransferases and two major factors
involved in DNA demethylation, namely tet methylcytosine dioxygenase 1 (TET1) and
thymine DNA glycosylase (TDG). Overexpression of miR-29 upregulated the global DNA
methylation level in some cancer cells and downregulated DNA methylation in other
cancer cells, suggesting that miR-29 suppresses tumorigenesis by protecting against
changes in the existing DNA methylation status rather than by preventing de novo
methylation of DNA.



Int. J. Mol. Sci. 2013, 14 14643

Keywords: cancer; DNA demethylation; microRNA; miR-29; TDG; TET1

1. Introduction

DNA methylation is a conserved epigenetic silencing mechanism that is involved in many
important biological processes, including defense against transposon proliferation, control of genomic
imprinting and regulation of transcription [1-3]. The DNA methylation status is modified in cancer [4];
aberrant patterns of DNA methylation are associated with tumor type, stage, prognosis and response to
chemotherapy. Therefore, maintenance of the DNA methylation status is important for prevention of
tumorigenesis. DNA methyltransferases (DNMTs) and DNA demethylases are responsible for the
control of DNA methylation. DNMT3A and DNMT3B possess de novo methylation activity in
mammalian cells [5,6], and mutations in DNMT3A occur in acute myeloid leukemia [7]. Active
demethylation of DNA is mediated by thymine DNA glycosylase (TDG) and the ten-eleven
translocation (TET) family of proteins [8]. In fact, TET1, TET2 and TET3 were recently identified
as a new family of enzymes that alter the methylation status of DNA [9]. TET proteins are
2-oxoglutarate- and Fe(lI)-dependent dioxygenases that catalyze the hydroxylation of
5-methylcytosine to 5-hydroxymethylcytosine and the subsequent generation of 5-formylcytosine and
S-carboxylcytosine, both of which are removed by TDG and base excision repair [10,11]. TET1 and
TET?2 are involved in tumorigenesis; TET1 is a fusion partner of the mixed lineage leukemia protein in
acute myeloid leukemia and acute lymphoblastic leukemia, and loss-of-function mutations in the TE72
gene are frequently observed in acute myeloid leukemia (AML), as well as a variety of
myelodysplastic syndromes and myeloproliferative disorders [12]. A recent analysis of the exome in
colon cancer also revealed mutations in the TET1, TET2 and TET3 genes [13].

The microRNA-29 (miR-29) family is implicated in epigenetic regulation, because DNMT3A and
DNMT 3B are direct targets of miR-29 [14]. This miRNA family is also implicated in cancer; miR-29b
suppresses prostate cancer metastasis by regulating epithelial-mesenchymal transition signaling
pathways [15]. In addition, increased expression of miR-29a is associated with a longer disease-free
survival period in stage II colon cancer patients [16], and lower levels of miR-29 expression are
associated with shorter survival periods in mantle cell lymphoma patients [17]. Expression of the
miR-29 family is also commonly downregulated in lung cancer [18,19].

The study of DNA demethylation is entering a period of rapid discovery, because DNA
demethylases, such as TDG and members of the TET family, have recently been identified. Some
DNA demethylases are now known to play important roles in biological phenomena and diseases that
were previously poorly understood. Therefore, an understanding of the regulation of DNA
demethylases is required. In this study, we report that the miR-29 family targets the 3-UTRs
of TETI and TDG.
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2. Results and Discussion
2.1. Identification of miRNAs Targeting TETI and TDG

The miRNAs that target TET1 and TDG, which are two key components of
DNA demethylation, were identified using the target prediction software miRanda [20]. Although
several miRNAs that target TET1 were identified, only six of these miRNAs were conserved between
human and mouse: miR-29a, miR-29b, miR-29¢c, miR-590-3p, miR-376b and miR-653. Fourteen
miRNAs that target TDG were identified: miR-29a, miR-29b, miR-29¢, miR-186, miR-124, miR-30a,
miR-30b, miR-30¢, miR-30d, miR-30¢, miR-26a, miR-26b, miR-410 and miR-495. We focused on the
miR-29 family, because members of this family target both TET1 and TDG and because expression of
miR-29 is downregulated in lung cancers [18,19]. TET1 (Figure 1) and TDG (Figure 2) were found to
contain multiple target interaction sites for miR-29. '

Figure 1. Three miR-29 target sites are present in the 3-UTR of TET1.
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Figure 2. Three miR-29 target sites are present in the 3'-UTR of thymine DNA glycosylase (TDG).
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2.2. The miR-29 Family Targets and Regulates Expression of TETI and TDG

To validate the predicted interactions of TET1 and TDG with miRNA-29, chimeric constructs in
which the TET1 or TDG 3-UTR was inserted into the 3'-UTR of the firefly luciferase gene were
generated, and the chimeric constructs were cotransfected with miR-29a, miR-29b, miR-29¢ or control
miRNA into A549 and PC9 lung adenocarcinoma cell lines. Since DNMT3A and DNMT3B are
known targets of miR-29, chimeric luciferase reporter constructs containing the miRNA-29 target sites
in these genes were also generated, and parallel experiments were performed. Compared with the
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effect of the control miRNA, the three miR-29 species significantly reduced the luciferase activities of
the TET1 and TDG constructs (Figure 3). As expected, the three miR-29 miRNAs also reduced the
luciferase activities of the DNMT3A and DNMT3B reporter constructs (Figure 3) [14]. To investigate
whether ectopic expression of miR-29 downregulates endogenous expression of TET! and TDG
mRNAs, quantitative RT-PCR analyses of RNA extracted from A549 and PC9 cells transfected with
miR-29a, miR-29b, miR-29¢ or control miRNA were performed. Compared with the effect of the
control miRNA, transfection of cells with the three miR-29 constructs resulted in reduced expression
of TETI and TDG mRNAs (Figure 4a). Expression levels of DNMT34 and DNMT3B mRNAs were
also downregulated in A549 cells transfected with miR-29a, miR-29b or miR-29¢ (Figure 4a), as
previously reported for this cell line [14]. Conversely, expression of DNMT34 mRNA was not
downregulated in PC9 cells transfected with miR-29b (Figure 4a), whereas DNMT3B mRNA
expression was downregulated in PC9 cells transfected with the miR-29 constructs (Figure 4a). We
performed Western blot for TET1, TDG, DNMT3A and DNMT3B (Figures 4b and S1-S6).
MiR-29s effectively reduced the protein levels of TET1 and TDG in PC9 cells, while not in A549
cells. On the other hand, MiR-29s could not effectively reduce the protein level of DNMT3A in both
cells and only effectively reduced the protein level of DNMT3B in A549 cells, while not in PC9 cells.
The discrepancy between the results of quantitative PCR and Western blot could be explained by the
difference in stability of these proteins in each cell line. If TET1 protein is stable in A549 and unstable
in PC9, the reduction of TET1 mRNA by miR-29 efficiently reduces TET1 protein level in PC9;
however, TET1 protein level is not efficiently reduced in AS549. ’

Figure 3. Members of the miR-29 family target the 3'-UTRs of TET1 and TDG. Luciferase
activity of the TET1, TDG, DNMT3A and DNMT3B constructs was measured 48 h after
cotransfection of A549 or PC9 cells with miR-29 or control miRNA. For each construct and
cell line, data are normalized to the activity of cells transfected with control miRNA. Data
show the mean + SD for # = 3 repeats. * p <0.01, * p <0.05, compared with control miRNA.
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Figure 4. Members of the miR-29 family impact endogenous 7E7! and 7TDG.
(a) Expression of mRNA. Quantitative RT-PCR analyses of the expression levels of 7ET1,
TDG, DNMT34 and DNMT3B mRNAs were performed 48 h after transfection of A549 or
PC9 cells with miR-29 or control miRNA. The actin gene was used to normalize the
quantification of expression. Data are normalized to the mRNA expression in cells
transfected with control miRNA. Data show the mean + SD for n = 3 repeats. * p < 0.01,
compared with control miRNA; (b) Protein level. Western blots of TET1, TDG, DNMT3A
and DNMT3B were performed 48 h after transfection of A549 or PC9 cells with miR-29 or
control miRNA. The tubulin protein was used as endogenous control.
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2.3. The miR-29 Family Regulates DNA Methylation

Targeting of TET1 and TDG by miR-29 suggests that members of this miRNA family contribute to
the regulation of DNA methylation in cancer. To address this hypothesis, A549 and PC9 cells were
transfected with miR-29a, miR-29b, miR-29¢ or control miRNA, and then global DNA methylation
levels were measured 48 h after transfection using a luminometric methylation assay (LUMA) [21].
Compared with the control miRNA, all three miR-29 constructs significantly reduced the level of
global DNA methylation in A549 cells (Figure 5a), as previously reported [14]. This response is most
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likely attributable to repression of DNMT3B by miR-29. DNMT3A, whose protein level was not
reduced in A549, might not be the major de novo DNA methyltransferase and might not significantly
contribute to DNA methylation. On the other hand, miR-29a and miR-29¢ significantly upregulated
global DNA methylation in PC9 cells (Figure 5a), which may be due to repression of TET1 and TDG
by these miRNAs. Similar trends were also observed in the methylation of tumor suppressor RASSF1
gene (Figure 5b). One of the possible explanations for why A549 cells show decreased methylation by
ectopic miR-29s, while PC9 cells acquire increased methylation levels, is that miR-29s were less
effective on DNMT3 in PC9 cells than in A549 cells, while miR-29s were less effective on TET1 and
TDG in AS549 cells than in PC9 cells (Figure 4b), so that only demethylation was suppressed in PC9
cells and only methylation was suppressed in A549 cells. However, methylation differences are
extremely low despite being significant; we should be extremely careful when drawing any conclusion
from this experiment.

Figure 5. The DNA methylation level of cells transfected with miR-29 or control miRNA.
(a) The global DNA methylation level. A luminometric methylation assay (LUMA) assay
was performed 48 h after transfection of A549 or PC9 cells with miR-29a, miR-29b,
miR-29¢ or control miRNA. Data are normalized to the DNA methylation ratio of cells
transfected with control miRNA. Data show the mean + SD for n = 3 repeats. * p < 0.01,
compared with control miRNA; (b) The DNA methylation level of RASSF1. A
quantitative methylation-specific PCR of RASSF1 was performed. * p < 0.01, " p < 0.05,

compared with control miRNA.
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Members of the miR-29 family directly target the de novo DNA methyltransferases, DNMT3A and
DNMT3B. Disturbances in expression levels of these miRINAs have been linked to tumorigenesis and
tumor aggressiveness; in fact, miR-29 can repress DNA methylation, but is also able to suppress
tumorigenesis by preserving the DNA methylation status. In this study, we demonstrate that members
of the miR-29 family repress two important components of the DNA demethylation pathway, namely
TET1 and TDG. Therefore, miR-29 represses the activities of both DNA methyltransferases and DNA
demethylases, which have opposing functions in the control of DNA methylation (Figure 6). In
accordance with its proposed competing roles, miR-29 upregulated DNA methylation in PC9 cells and
downregulated methylation in A549 cells (Figure 5), suggesting that miR-29 suppresses tumorigenesis
by protecting against changes in the existing DNA methylation status and by acting as a stabilizer of
DNA methylation, Reduced expression of miR-29 is related to cancer metastasis [15], colon cancer
recurrence [16], shorter survival rates of mantle cell lymphoma patients [17] and lung cancer
progression [18,19]. Therefore, reduced expression of miR-29 could destabilize the DNA methylation
status, leading to aberrant methylation and subsequent tumorigenesis. In fact, A549 had lower miR-29s
expression level and lower basal global DNA methylation level (data not shown) compared to PC9,
suggesting that a lower miR-29s expression level would destabilize global DNA methylation level.

Figure 6. Regulation of DNA methylation by miR-29. Activities of DNMTs and DNA
demethylases (TET, TDG) are repressed by miR-29. C, cytosine; SmC, S-methylcytosine;
5hmC, 5-hydroxymethylcytosine; 5fC, 5-formylcytosine; ScaC, 5-carboxylcytosine.
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3. Experimental Section
3.1. Cell Culture

A549 and PC9 human lung adenocarcinoma-derived cell lines were cultured in MEM medium
containing 10% FBS or RPMI1640 medium containing 10% FBS, respectively.



