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Abstract

AIM: To investigate the reciprocal modulation between
microRNA (miRNA) and DNA methylation via explor-
ing the correlation between miR-373 and methyl-CpG-
binding domain protein (MBD)2.

METHODS: MiR-373 expression was examined using
the TagMan miRNA assay. Methylation of m/R-373 was
investigated using methylation-specific polymerase
chain reaction, and recruitment of methyl binding pro-
teins was studied using the chromatin immunoprecipi-
tation assay. Mutation analysis was conducted using the
QuikChange™ Site-Directed Mutagenesis kit. The activ-
ity of miR-373 gene promoter constructs and targeting
at MBD2-three prime untranslated region (3'UTR) by
miR-373 were evaluated by a dual-luciferase reporter
gene assay.
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RESULTS: In hilar cholangiocarcinoma, miR-373 de-
creased and was closely associated with poor cell dif-
ferentiation, advanced clinical stage, and shorter sur-
vival. The promoter-associated CpG island of miR-373
gene was hypermethylated and inhibited expression of
miR-373. MBD2 was up-regulated and enriched at the
promoter-associated CpG island of miR-373. Methyla-
tion-mediated suppression of miR-373 required MBD2
enrichment at the promoter-associated CpG island, and
miR-373 negatively regulated MBD2 expression through
targeting the 3'UTR.

CONCLUSION: MiR-373 behaves as a direct transcrip-
tional target and negative regulator of MBD2 activity
through a feedback loop of CpG island methylation.

© 2012 Baishideng. All rights reserved.
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INTRODUCTION
m

Hilar cholangiocarcinoma, known as Klatskin tumor, is
an uncommon cancer with an incidence of 0.01% to 0.2%
per yearm. Although it is relatively rare, hilar cholangio-
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carcinoma displays a highly aggressive malignancy and is
considered to be an incurable and rapidly lethal disease
despite recent progress in diagnostic and therapeutic
techniques. The 5-year overall survival after curative
resection ranges from 15% to 35%, but the 10-year sur-
vival is almost zero”. Patients with inoperable, recurrent,
or metastatic disease can only be treated with palliative
therapy, such as endoscopic, percutaneous biliary drain-
age in combination with radiotherapy and chemotherapy.
However, hilar cholangiocarcinoma is not sensitive to
chemotherapy and radiotherapy, and the median survival
rate of those cases is only about 5.8 mo'”.

Studies have established a direct link between aberrant
DNA methylation and regulation of gene expression in
human cancer”. Once a given sequence becomes methyl-
ated, it can directly repress transcription by either imped-
ing recognition of transcriptional activators to DNA
sequencesm, ot by recruiting methyl-CpG binding domain
proteins (MBPs) to modify chromatin compaction and
control gene silencingm. The MBP family consists of five
isoforms, including Mecp2, methyl-CpG-binding domain
protein (MBD)1, MBD2, MBD3, and MBD4. With the
exception of MBD4, which is primarily a thymine glyco-
sylase involved in DNA repairlsl, all MBPs are implicated
in transcriptional repression mediated by DNA methyla-
tion. Mecp2, MBD1, and MBD2 have been demonstrated
to be involved in methylation-based gene repression
and also affect chromatin structure”"'". MBD3 lacks a
functional MBD, but is an integral subunit of the histone
deacetylase Mi2-NuRD complex that is recruited through
MBD2".

MicroRNAs (miRNAs) are non-coding, single-strand-
ed RNAs of 18 to 24 nucleotides in length that constitute
a novel class of gene regulatorsm]. In general, miRINAs
negatively regulate gene expression by targeting the three
prime untranslated region (3’UTR), which consequently
triggers mRNA degradation or translational suppres-
sion*" on the basis of complementary value. miRINAs
have recently been shown to play important roles in
cancers, as more than 50% of miRNA genes reside in
cancer-associated genomic regions, and their expression
has been found to be dysregulated in various cancers'"’
Depending on the target genes, miRNAs can function as
tumor suppressor genes or oncogenesm.

Mature miRNAs are transcribed from #/RINA genes
by RNA polymerase II. Hence, the expression of miR-
NAs share the same genetic and epigenetic regulation of
gene function including methylation"®. Although only
subsets of miRNA genes harbor CpG islands in their
promoter regions or are embedded in CpG islands, DNA
methylation-mediated down-regulation of miRNAs have
been reported by a number of groups'”. Moreover, miR-
NA interference with DNA methylation through DNA
methyltransferases (DNMTs) 3a, 3b, and DNMT1, have
been observed™ . These results suggest that miRNA
and DNA methylation regulate one another. However, the
literature has only revealed a one-way effect of miRNA on
DNA methylation or miRNA modification by promoter
methylation™. We speculate that a particular miRNA may
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Clinicopathological features n AC: value of P value
miR-373
Age (yr)
<60 19 27.69 £ 3.76 0.059
=60 29 25.65 +4.35
Gender
Male 33 2443 +2.43 0.877
Female 15 29.01 +3.76
Tumor size (cm)
<2 29 2592 +3.64 0.606
=2 31 25.49 +2.59
Pathological type
Adenocarcinoma 44 26.71+£3.18 0.390
Mucocellulare carcinoma 2 24.63 +3.57
Adenosquamous carcinoma 1 23.94
Squamous carcinoma 0
Undifferentiated carcinoma 1 27.91
Cell differentiation
Well 14 19.09 + 3.46 0.031°
Moderately 23 21.97 £1.74
Poorly 11 28.43 £4.09
Bismuth classification
Bismuth 1 6 24.66 + 3.31 0.082
Bismuth I 13 27.65+2.71
Bismuth II 17 26.99 +4.02
Bismuth IV 12 26.22 +3.96
Lymphatic node metastasis
Absent 19 28.59 + 2.53 0.224
Present 29 25.01 £ 2.64
Clinical stages
I+1 13 18.35+2.62 0.017°
m+ IV 35 27.95+3.12

P < 0.05 is significant.

act as a bidirectional regulator by not only impacting DNA
methylation, but also #iz regulation by methylation itself.

In this study, we demonstrate that miR-373 functions
as a negative regulator of MBD2 by targeting the 3’UTR.
Inversely, miR-373 is restrained by MBD2 enrichment
at the methylated promoter-associated CpG island. We
functionally demonstrate the fact that miR-373 serves as
a one directional transcriptional target and negative regu-
lator of MBD2 through a feedback loop of CpG meth-
ylation in hilar cholangiocarcinoma.

MATERIALS AND METHODS

Patients and samples

A total of 48 patients with both tumor and normal bile
duct tissues, which were successfully obtained from op-
erations conducted from January 2005 to December 2008
at Tongji Hospital in the Tongji Medical College of the
Huazhong University of Science and Technology (China),
were used in this study. The fresh tissues were harvested
immediately after surgery, washed twice with chilled phos-
phate buffered saline, and immediately stored in liquid
nitrogen and at -80 C in our tissue bank until further use.
The detailed clinical data of these patients is provided in
Table 1. Written informed consent was obtained from
each patient before sample collection. Ethical approval
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was obtained from the Cancer Center Research Ethics
Committee of Tongji Medical College and Hospital.

Cell lines and epigenetic treatment

The QBCo cell line, originating from human common
bile duct adenocarcinoma, was kindly provided by Dr.
Shuguang Wang from Southwest Hospital of the Third
Military Medical University (China)®". The HEK293 cell
line was purchased from the Cell Bank of Chinese Acad-
emy of Sciences (China). Cells were cultured in RPMI
1640 medium supplemented with 10% fetal bovine se-
rum (Gibco-BRL; Carlsbad, CA, United States). For the
epigenetic study, QBCos cells were treated with 5.0 umol
5-Aza-2-CdR for 5 d, and 200 nmol trichostatin A (TSA;
Sigma-Aldrich; St. Louis, MO, United States) was added
on day 5.

Tagman miRNA assay

RNA was extracted using the mirVana™ miRNA Iso-
lation Kit (Applied Biosystems, Carlsbad, CA, United
States). cDNA synthesis and analysis of miR-373 expres-
sion were performed according to the TagMan MicroR-
NA Assay protocol (Applied Biosystems). U6 (RUNGB)
was used as an endogenous control. Polymerase chain
reaction (PCR) was conducted in three independent rep-
licates for each sample. Expression of miR-373 was nor-

malized to UG, and fold change was calculated based on
the 27**“ method.

Genomic DNA bisulfate modification

Genomic DNA was isolated from tissues and cells using
the DNeasy® Blood and Tissue Kit (Qiagen, Valencia,
CA, United States). For DNA methylation detection, 1.5
ug of genomic DNA was modified with sodium bisulfite
using the EpiTect Bisulfate Kit (Qiagen). CG Genome
Universal Unmethylated DNA and CG Genome Uni-
versal Methylated DNA (mDNA) (Millipore, Darmstadt,
Germany) were also modified for use as positive and
negative controls, respectively (100% values).

DNA methylation analysis

Methylation-specific PCR (MSP) and MethySYBR***
quantative methylation-specific PCR (qMSP) were pet-
formed with primers specific for fully methylated and
fully unmethylated CpG island sequences (MmiR-373,
UmiR-373). Primers for converted (ActB) and unconvert-
ed (ActG) B-actin special sequences containing no CpG
sites were used as a control to correct Cr values and for
efficiency of bisulfite conversion, respectively. Cr values of
samples MmiR-373, UmiR-373, and ActB were calculated
using corresponding standard curves, after which they were
corrected to DNA amount with ActB values. The sum of
percent of fully methylated reference (PMR) and percent
of unmethylated reference (PUR) DNA sample amounts
(MmiR-373 + UmiR-373 = 100%) was calculated.

Chromatin immunoprecipitation assay
The Chromatin immunoprecipitation (ChIP) assay was
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performed with the ChIP-IT™ Express kit (Active Motif,
Carlsbad, CA, United States) according to the manufac-
turer’s instructions using 2 ug ChlIP-validated antibodies
(Mecp2, MBD2, and mouse IgG, Active Motif; MBD1,
Invitrogen, Carlsbad, CA, United States). The presence
of target proteins at DNA segment were validated with
primers (5-~AGATCGAGACCATCCTGGCTAACA-3’;
5-TGAGAATGAGTCTTGCTCTGTCGC-3%) to a
product of 201 base pairs (bp) in size, and the enrichment
of RNA polymerase II on the glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) gene (116 bp in size)
was quantified as the endogenous control. ChIP-qPCR
reactions wete performed using SYBR® GreenER™
Assay (Invitrogen) in a genomic DNA model. Protein en-
richment was expressed as the ratio of immunoprecipitated
DNA (IP-DNA) to the total amount of DNA in the chro-
matin sample (input). Fold change was calculated as the
ratio of IP-DNA/input (target) to IP-DNA/input (RNA

polymerase II'), and was then normalized to the control.

Vectors

The promoter luciferase reporter plasmid harboring the
CpG island of wiR-373 gene was constructed accord-
ing to a previously described approach® and designated
pGL4-373-Prom. In brief, the #/R-373 gene locus was
screened in the database (http://genome.ucsc.edu/), a
5-kb fragment upstream of the pre-miR-373 sequence
was analyzed (http://www.fruitfly.org/seq_tools/pro-
motet) to figure out the putative promoter and transctip-
tional start site (TSS), and a CpG island was predicted
using Methprimer software (http://www.utogene.org/
methprimet/). The results showed 402 bases of putative
CpG islands spanning -251 to +150 bp and containing 26
CpG dinucleotides in the 5-flank region of the human
miR-373 gene (predicted TSS is recognized as +1).

A 726 bp fragment of the miR-373 gene (GenBank
accession no. NR_029866) was amplified from QBC939
cell genomic DNA using the following PCR-specific
primers: 5-CGATGGTACCTGGAAAGTGCTGCGA-
CATTT-3’ (sense), which contains an artificial Kpz I site,
and 5’-TCATGCTAGCAGAGGTTGGCCTCCAAT-
CAT-3’ (antisense), which contains an artificial Nbe I site
and four protective bases. The PCR-amplified fragments
were digested with Kpn I/Hne I and then inserted into the
pGL4.22-basic plasmid (Promega, Madison,WI, United
States) to generate the wzR-373 gene promoter luciferase
reporter plasmid designated pGIL4-373-Prom.

Precursor miR-373 clones (miRNA Accession: MI
0000781), a scrambled control clone, wild-type MBD2
3UTR vector pEZX-MBD2-3’'UTR (Gene Accession:
NM_004992.3), a scrambled control, and full-length
cDNA expression vector of MBD2 (pDONR™_MBD?2),
were putrchased from GeneCopoeia company (GeneCo-
poeia, Rockville, MD, United States). The potential bind-
ing sequences of miR-373 on the MBD2 3’UTR were
mutated using the QuikChange™ Site-Directed Mutagen-
esis Kit (Stratagene, La Jolla, CA, United States). Silencer®
Select siRNA for MBD2 and the scrambled control were
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purchased from Applied Biosystems (stRNA ID: s17081,
Target RefSeq Number: NM_003927). The recombinants

were confirmed by full-length sequencing,

SiRNA knock-down study

For protein knock-down by RNAI, 5 X 10° freshly elutriat-
ed HEK293 cells were transfected with targeting MBD2-
siRNA or scrambled control at a final concentration of
200 nmol, using HiPerfect Transfection Kit (Qiagen)
according to the manufacturer’s instructions. Seventy-two
houts after transfection, the cells were harvested.

In vitro DNA methylation

pGL4-373-prom was methylated 7z vitro using M. Sss 1
(4 U/pg DNA) (New England Biolab, Ipswich, MA, United
States) in the presence of 160 pmol S-adenosylmethionine
(SAM) for 16 h. The mDNA, re-designed as pGL4-m373-
prom, was digested with either Sa/I (blocked by M. Sss I
ot Bam 1 (not blocked by M. Sss I) restriction enzymes. Sen-
sitivity to Sa/1 and resistance to Ba 1 indicated efficient

DNA methylation.

Establishment of stable cell line

pGL4-m373-prom or pGL4-u373-prom were trans-
fected into HEK293 cells in 35-mm dishes using Li-
pofectamine™ LTX and Plus Reagent (Invitrogen).
Twenty-four hours post-transfection, cells were plated
into 100-mm dishes at various densities and incubated
in RPMI 1640 medium containing 2.0 pg/mL of puro-
mycin for 7 d, followed by maintenance with 1.0 pg/mL
puromycin. The stable cell line established was desig-
nated HEK-m373-prom and HEK-u373-prom.

Luciferase reporter gene assay

For promoter luciferase activity assay, pGL4-m373-prom
ot pGL4-u373-prom were transfected into HEK293 cells;
pRL-TK was cotransfected as an endogenous control,
and methylated and unmethylated pGL4-control were also
used as controls. For the 3’UTR luciferase reporter assay,
vectors containing WI-3’UTR or MUT-3’UTR were co-
transfected with precursor miR-373 or pre-miR-neg. Cells
were harvested 72 h after transfection, and luciferase ac-
tivity was quantified using the Dual-Luciferase® Reporter
Assay System (Promega, Madison, WI, United States) ac-
cording to the manufacturer’s protocol.

Western blotting

Proteins (50 pg) were analyzed by Western blotting with
primary antibodies against Mecp2 (1:500, Sigma-Aldrich),
MBD1 (1:1000, Millipore, Darmstadt, Germany) and
MBD?2 (1:1000, Millipore), which produced a signal of
approximately 75 kDa, 61 kDa, and 50 kDa, respectively.
GAPDH (1:5000, abcam, Cambridge, MA, United States)

was used as a loading control.

Statistical analysis
Data analysis was performed using SPSS for windows
version 14.0 (Chicago, 1L, United States. Student’s test,
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one-way analysis of variance, and Pearson were used
according to the data characteristics. Duration of hilar
cholangiocarcinoma recurrence and death measured from
the date of surgery was referenced against disease-free
survival and overall survival time. Sutrvival duration was
calculated via the Kaplan-Meier method. The log-rank
test was employed for comparison of cumulative survival
rate and disease-free survival in the patient group. P val-
ues < 0.05 were considered statistically significant.

RESULTS

Down-regulation miR-373 is associated with poor cell
differentiation, advanced clinical stage, and shorter
survival

In patients with hilar cholangiocarcinoma, significant
down-regulation of miR-373 was observed in QBCos
cells and 35 (72.92%) tumors, including seven undetect-
able samples (P < 0.01) (Figure 1A). Fold-change analysis
showed a 2.94-fold decrease in the tumor group com-
pared to the control (P < 0.01, Figure 1B). In regard to
the correlation between miR-373 expression and clini-
copathological factors, miR-373 showed low expression
in specimens with poor cell differentiation (P = 0.031)
and advanced clinical stages (stage I, IV 2s I, II) (P =
0.017) (Table 1), while no association was observed with
age, gender, tumor size, different pathological types, Bis-
muth classification, or lymphatic metastasis (P > 0.05).
Further studies were conducted to evaluate the correla-
tion between miR-373 expression and survival. Kaplan-
Meier analysis showed that down-regulation of miR-373
correlated with decreased overall survival (Figure 1C, P <
0.05, log-rank test) and disease-free survival (Figure 1D, P
< 0.05, log-rank).

Promoter-associated CpG island of miR-373 is
hypermethylated in hilar cholangiocarcinoma
According to the literature, the CpG island is a region of
at least 200 bp, a GC percentage greater than 50%, and
an observed/expected CpG ratio greater than 60%. A
402 base canonical CpG island spanning -251 to +150 bp
and containing 26 CpG dinucleotides encompasses the
transcription start site (TSS, recognized as +1, Figure 2A).
Methylation of the promoter-associated CpG island was
investigated with standard MSP and MethylSYBR. In stan-
dard MSP, methylation was present in 38 (38/48, 79.17%)
tumors, including 26 homozygous and 12 heterozygous
samples, which are indicated by a single methylation
band or by both methylation and unmethylation bands,
respectively (Figure 2B). Heterozygous methylation was
also observed in five control tissues. These results were
validated by qMSP and a fluorescent signal was detected
in same samples. The value of PMR and PUR was 87.4%
and 14.7% in the tumor and control groups, respectively
(Figure 2C, P < 0.01).

To determine the correlation between promoter meth-
ylation and miR-373 expression, we divided methylation
into four groups according to the following PMR values:
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Figure 1 Expression of miR-373 and the association with clinicopathological factors in patients with hilar cholangiocarcinoma. A: Representative expres-
sion of miR-373 decreased in tumor and in QBCs3 detected by RT-PCR (°P < 0.05 vs control); B: Tagman microRNA assay of miR-373 displayed 2.94-fold down-
regulation in tumor group (°P < 0.01 vs control); C: Relationship between miR-373 expression and overall survival in the patients with hilar cholangiocarcinoma. The
median overall survival time was 16.3 mo and 29.7 mo in low- and high- miR-373 group, respectively °P < 0.05 vs high-group; D: Kaplan-Meier disease-free survival,
the median disease-free survival time were 11.2 mo, 23.4 mo in low- and high- miR-373 group, respectively (°P < 0.05 vs high-group).

(PMR above 90.00%), hypermethylation (PMR range
from 42.00% to 89.99%), standard methylation (PMR
range from 20.00% to 41.99%), and hypomethylation
(PMR below 20.00%). Compared to its counterparts,
miR-373 expression distinctly decreased in 88.5% (23/20)
supermethylated samples (P < 0.01). There was a com-
parative reduction in seven hypermethylated samples
(P < 0.05), and a dramatic increase was seen in 10 hy-
pomethylated tumors and 43 control tissues (P < 0.01);
no difference was detected in five standard methylated
samples (P > 0.05). Interestingly, three supermethylated
tumors were characterized by relatively high miR-373 ex-
pression (samples 14, 18, and 44). Despite these three ex-
tra tumors, promoter methylation demonstrated a inverse
relationship with miR-373 expression in hilar cholangio-
carcinoma (Figure 2D).

For further study on the contribution of promoter-
associated CpG island methylation and inhibition of
miR-373, pGL4-373-prom was constructed and methyl-
ated 7n vitro followed by transfection into HEK293 cells.
As shown in Figure 3A, the relative luciferase activity in
pGL4-u373-prom presented a higher level and decrease
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3853

significantly in pGL4-m373-prom (P < 0.01).This phe-
nomenon was also proven by data showing reactivation
of miR-373 with epigenetic treatment of QBCos cells. A
3.4-fold increase in miR-373 in cells treated with 5-Aza-
2-CdR and a 3.1-fold increase in cells treated with 5-Aza-
2-CdR and TSA were detected (Figure 3B). These results
suggest that the promoter-associated CpG island acts as
a cis-element of m/R-373 gene transcription, and its func-
tion can be abrogated by methylation in hilar cholangio-
carcinomas and QBCos cells.

MBP 2 is up-regulated and enriched at the promoter-
associated CpG island of miR-373
Among the MeCPs, Mecp2, MBD1, and MBD2 have
been established to be involved in the methylation-depen-
dent repression of transcription. Therefore, we explored
protein expression using antibodies directed against
Mecp2, MBD1, and MBD2. Compared to the control,
a 2.9-fold increase in MBD2 expression was found in
tumors while no difference in MBD1 and Mecp2 expres-
sion were detected (Figure 4A).

The presence of Mecp2, MBD1, and MBD2 in the
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Figure 2 Methylation of miR-373 promoter-associated CpG island in hilar cholangiocarcinoma. A: Top panel, a schematic drawing of the putative CpG island in
the 5'-flank region of miR-373 gene; Bottom panel, sequence information of miR-373 gene including partial 5'-flank region. The transcriptional start site (TSS) in boldface
uppercase indicated by black arrow, 26 CpG dinucleotides are underlined and italic, pre-miR-373 sequences are capitalized; B: DNA methylation detected by methyla-
tion-specific polymerase chain reaction (MSP). Five representative cases were shown to indicate homozygous methylation (cases 1, 3), heterozygous methylation (cases
4, 5) and unmethylated (case 2), respectively. Lanes labeled M and U denote products amplified by primers recognizing methylated and unmethylated sequences; C:
Percent of methylated reference (PMR) of miR-373 promoter-associated CpG island in tumor group is significant higher than control (°P < 0.01 vs control); D: Relation-
ship between CpG island methylation and miR-373 expression in hilar cholangiocarcinoma. A reverse correlation between PMR values and miR-373 expression could
be observed (high ACr value indicated low expression) excluding 3 extra samples displayed high PMR values and high mRNA expression(samples 14, 18 and 44).

region of the promoter-associated CpG island was as- 0.03-fold, 0.11-fold, and 0.79-fold for Mecp2, MBD1,
sessed by the ChIP assay using ChIP-validated antibod- and MBD2 compared to the endogenous control of
ies (Figure 4B). In hilar cholangiocarcinoma, the amount RNA polymerase I enrichment of GAPDH, respec-
of CpG island fragment immunoprecipitated by MBD2 tively (P < 0.01, Figure 4B, bottom panel). These find-
was greater than the input. ChIP-qPCR analysis showed ings indicate that the fraction of promoter-associated
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Figure 3 Methylation of CpG island regulates the expression of miR-373. A: Promoter luciferase reporter gene assay for miR-373. Prior CpG methylated resulted
in dramatic decrease of luciferase activity of pGL4-m373-prom compared with pGL4-u373-prom (°P < 0.01 vs control); B: miR-373 expression was reactivated by epi-
genetic reagents of 5-Aza-2-CdR or combination with trichostatin A (TSA). °P < 0.01 vs untreated QBCsss.

CpG island is selectively immunoprecipitated by MBD2,
but not by Mecp2 and MBD1. In addition, fold enrich-
ment analysis showed a remarkable correlation between
miR-373 promoter methylation and MBD2 enrichment
in four groups with different frequencies of methylation

(P < 0.01, Figure 4C).

Methylation-mediated suppression of miR-373 requires
MBP 2 enrichment at promoter-associated CpG island
In QBCos cells and hilar cholangiocarcinoma, we evalu-
ated whether inhibition of miR-373 was closely related
to hypermethylation and enrichment of MBD2 at the
promoter-associated CpG island. Specifically, to unravel
whether the enrichment of MBD?2 is critical for inactiva-
tion of miR-373, exogenous MBD2 expression was in-
duced in stable cell lines of HEK-u373-prom or HEK-
m373-prom. The ChIP assay was performed 72 h post-
transfection, and fold change analysis showed a 6.2-fold
enrichment of MBD2 in pGL4-m373-prom compared
to wild-type HEK293 cells, while no change was found
in the pGL4-u373-prom group (Figure 5A, P < 0.01).
Further knock-down studies in QBCos were per-
formed to reduce endogenous MBD2 by a specific
siRNA. A 4.3-fold increase in miR-373 expression was
observed in knock-down cells compared to wild-type
QBCos cells (Figure 5C). Sequential ChIP assay revealed
that knock-down of MBD2 resulted in depletion of
MBD?2 enrichment at the CpG island (Figure 5B). Fur-
thermore, knock-down of MBD2 was not compensated
by the binding of MBD1 or Mecp2. In addition, in
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MBD?2 knock-down QBCos cells, 5-Aza-2-CdR and TSA
treatments had an innocent effect on MBD2 enrichment
(Figure 5D). These findings suggest that the enrichment
of MBD2 is specific to the methylated region of miR-373
promoter-associated CpG island, MBD2 likely mediates
CpG methylation-dependent inhibition of miR-373 in
hilar cholangiocarcinomas.

miR-373 negatively regulates MBPs 2 expression by
targeting the 3’UTR

One putative miR-373 binding site was predicted to
have greater specificity to MBD2 3’UTR, ranging from
dinucleotide 295 to 301 bp, as predicted by four algo-
rithms (TargetScan, PicTar, miRanda, miRbase Target)
(Figure 6A). To investigate whether the 3’UTR of MBD2
is a functional target of miR-373, wild-type MBD2-3’
UTR vector was transfected into HEK293 cells with
pre-miR-373, which led to a decrease of 55.8% reporter
activity compared to the pre-miR-neg (Figure 6B, P <
0.001). After the conserved targeting regions for miR-373
recognition were mutated, relative luciferase activity of
the reporter gene was also restored (Figure 6B). These
observations suggest that the predicted complementary
sequence in MBD 3’UTR is a functional element of
miR-373.

On the contrary, enhanced expression of miR-373 by
transfecting pre-miR-373 into QBCos cells resulted in a
significant reduction of MBD2 protein (Figure 6C). Fur-
thermore, reactivation of miR-373 expression in epigen-
etic-treated QBCoss cells (Figure 3B) led to an inhibition
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of MBD2 protein (Figure 6D). Taken together, these
findings suggest that MBD2 3’UTR carries a miR-373
regulatory site, and miR-373 can negatively regulate
MBD?2 through binding to the miRNA locus of MBD2 3
UTR.

(49

_gu;ﬁ:mg@ WJG | www.wjgnet.com

3856

DISCUSSION

In previous studies, miR-373 has displayed controversial
characteristics in different cancers. In testicular germ

27 28] 29]
cell tumors®”] esophageal cancer™, and breast cancer™
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miR-373 behaves as a novel oncogene. Whereas in pros-
[30] . . . .

tate cancer ' and malignant cholangiocytes, including
the extrahepatic cholangiocarcinoma cell line”", miR-373
shows characteristics of a tumor suppressor. Regard-

less of this divergence, it has been well established that
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miR-373 participates in tumorigenesis, invasion, and me-
tastasis by mediating gene expression.

In this study, we show that miR-373 is dramatically
down-regulated in hilar cholangiocarcinoma, and cor-
relates closely with poor cell differentiation, advanced
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clinical stages, shorter overall survival, and disease-free
survival. Our findings are in agreement with the last two
reports. Although it is difficult to definitively explain
these directly opposing results, the expression pattern of
individual miRNAs with strict tissue- and clinical-feature-
speciﬁcitymj, and the different target genes involved in
the unique regulation network of vatious cancers, could
lead to these discrepancies.

Epigenetic dysregulation of miRNAs in human can-
cer constitutes an emerging mechanism implicated in the
development of cancet”™”. Great effort has been devoted
to understanding the relevance of aberrant CpG meth-
ylation patterns, and their roles in gene transcription. The
inverse correlation between miR-373 expression and hilar
cholangiocarcinoma progression prompted us to study
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the molecular mechanisms underlying #/KR-373 gene inhi-
bition. In the present study, miR-373 promoter-associated
CpG island was found to be hypermethylated in tumor
tissues and QBCoso cells. Reciprocal assays were pet-
formed with demethylation of the CpG island by treat-
ment of QBC939 cells with 5-aza-CdR in the absence or
presence of combination with TSA, which contributes to
the reactivation of miR-373. In addition, pre-methylation
of pGLA4-373-prom /n vitro inhibited luciferase activity.
Together, the results presented here provide evidence
that promoter-associated CpG island methylation is a
major cause of mzR-373 gene suppression in hilar cholan-
glocarcinoma.

Promoter-associated CpG-methylation, along with
MBPs and HDACs, has been identified as a major epi-
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methyl-CpG-binding domain protein (MBD)2 through a feedback loop of CpG methylation. SAM: S-adenosylmethionine; DNMTs: DNA methyltransferases.

genetic event in the loss of gene expression during tumor
progression”™. In this study, we further investigated the
involvement of MBPs in methylation-mediated suppres-
sion of miR-373 in hilar cholangiocarcinoma. MBD2 is
an exclusive MBP that is aberrantly expressed in hilar
cholangiocarcinoma. ChIP assays showed that MBD2 se-
lectively bound to methylated CpG sequences. Moreovert,
silencing conferred by DNA methylation and MBD?2
enrichment in QBCos cells was reversed by treatment
with 5-aza-CdR and TSA. These findings indicate that
MBD2 plays an important role in recruiting transcription-
repressive machinery to the methylated promoter, thereby
suppressing transcriptional activation of miR-373. Con-
firming these findings, siRNA knock-down of MBD?2
triggered a stimulation of miR-373 in QBC939 cells. Tak-
en together, these data suggest that MBD2 is an important
factor in methylation-mediated inhibition of miR-373.

The reciprocal correlation of expression between
miR-373 and MBD2 encouraged us to explore whether
miR-373 is a negative regulator of MBD2. To this end,
four algorithms wete used to predict the alignment of
miR-373 with MBD2 3’UTR. In consensus, the seed
region of miR-373 matched nucleotides 295-301 of the
MBD2 3’UTR, suggesting the ability of miR-373 to di-
rectly bind to MBD2 mRNA. However, not all miRNAs
identified in this manner are likely to be functional since
factors such as steric hindrance may render them inac-
cessible to the mRNA™. Hence, functional validation
expetiments including transfection of miR-373 precut-
sors showed that miR-373 can down-regulate the relative
luciferase activity of MBD 3’UTR reporterer vectors and
MBD?2 protein in QBCos cell lines. These findings indi-
cate that miR-373 functionally regulates the expression
of MBD2 by targeting the 3’UTR.
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In this study, several interesting observations were
made. First, the heterozygous methylation of miR-373,
as indicated by both methylated and unmethylated bands
in MSP, was detected in 12 cancers and five normal bile
duct tissues. This is contrary to the ‘all-or-none’ man-
ner of DNA methylation in regulating gene expression.
Although the mechanism is unclear, there are several
points to keep in mind: (1) #R-373 gene exhibits allele-
specific DNA methylation (ASM) which means that only
one allele is methylated and the other one is unmethyl-
ated””. ASM has been documented in a number of can-
cer cases except imprinted regions and X chromosomes;
(2) samples contain normal and malignant cells although
multiple efforts have been adapted to obtain purified tis-
sues; and (3) miR-373 displays discrepant methylation in
various differentiated cells. Secondly, in primary samples,
three supermethylated tumors were characterized with
relatively high miR-373 expression. The relevant mecha-
nism underlying transcription that escapes methylation-
mediated suppression is unknown, but whether MBPs
bind effectively to the methylated CpG dinucleotides may
determine the expression level.

Based on these findings, we conclude that due to the
hypermethylation of the promoter-associated CpG island
and enrichment of MBD2, the function of miR-373
is restrained rendering it unable to inhibit MBD2. As a
result, the expression of MBD2 is predominantly en-
hanced, leading to a strong inhibitory effect on miR-373
(Figure 7). This dysregulation ultimately results in the
promotion of tumorigenesis and the development of hi-
lar cholangiocarcinoma. In conclusion, our study proves
that miRNA-373 behaves as a direct transcriptional target
and negative regulator of MBD2 through a feedback
loop of CpG methylation in hilar cholangiocarcinoma.
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COMMENTS

Background

Both DNA methylation and microRNAs (miRNAs) are epigenetic and play vital
roles in tumorigenesis and development of human malignance. DNA methyla-
tion represses transcription by impeding recognition of transcriptional activators
to DNA sequences or recruiting methyl-CpG binding domain proteins (MBPs)
to modify chromatin compaction and control gene silencing. miRNAs regulate
gene expression mainly by binding to the three prime untranslated region of
target mRNAs, leading to mRNA degradation or translation inhibition. Many
studies have reported that the expression of miRNAs gene is regulated by DNA
methylation, and in addition, DNA methyltransferases and MBPs are regulated
by miRNAs.

Research frontiers

Hilar cholangiocarcinoma displays highly aggressive malignancy. Many studies
have reported miRNA expression and DNA methylation in hilar cholangiocarci-
noma. In this study, the authors report evidence of the role of miR-373 in hilar
cholangiocarcinoma. In particular, they show that miR-373 behaves as a direct
transcriptional target and negative regulator of methyl-CpG-binding domain
protein (MBD)2 through a feedback loop of CpG methylation in hilar cholangio-
carcinoma.

Innovations and breakthroughs

It has been well established that miR-373 participates in tumorigenesis, inva-
sion, and metastasis by mediating gene expression. In this study, the authors
demonstrate that miR-373 is dramatically down-regulated in hilar cholangiocar-
cinoma, and closely correlates with poor cell differentiation, advanced clinical
stage, shorter overall survival, and disease-free survival. The authors show that
due to the hypermethylation of the promoter-associated CpG island and enrich-
ment of MBD2, function of miR-373 is restrained, rendering it unable to inhibit
MBD2. As a result, MBD2 expression is predominantly enhanced and has a
strong inhibitory effect on miR-373. This dysregulation finally promotes the tu-
morigenesis and development of hilar cholangiocarcinoma.

Applications

This study provides the first evidence showing that miR-373 behaves as a direct
transcriptional target and negative regulator of MBD2 through a feedback loop
of CpG methylation in hilar cholangiocarcinoma. These results shed light on the
mutual regulation between miRNA-373 and MBD2, which may eventually serve
as useful biomarkers as well as therapeutic targets.

Peer review

This study demonstrates the role of miR-373 in cholangiocarcinoma. In par-
ticular, the authors showed that miR-373 acts through a feedback loop of CpG
methylation. This study is well designed and performed, and is of great interest
for its novelty and impact in the field.
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