Altered Methylation at MicroRNA-Associated CpG Islands in
Hereditary and Sporadic Carcinomas: A Methylation-
Specific Multiplex Ligation-Dependent Probe Ampilification
(MS-MLPA)-Based Approach

Walter Pavicic,' Esa Perkié,"” Sippy Kaur,' and Péivi Peltomiiki’

1Department of Medical Genetics, Haartman Institute, University of Helsinki, Helsinki, Finland; and 2*Departrnent of Biochemistry,

Faculty of Biological and Environmental Sciences, University of Helsinki, Helsinki, Finland

MicroRNAs (miRNAs) are small noncoding RNAs that contribute to fumorigenesis by acting as oncogenes or tumor suppressor

genes and may be important in the diagnosis, prognosis and treatment of cancer. Many miRNA genes have associated CpG is-
lands, suggesting epigenetic regulation of their expression. Compared with sporadic cancers, the role of miRNAs in hereditary or
familial cancer is poorly understood. We investigated 96 colorectal carcinomas, 58 gastric carcinomas and 41 endometrial car-
cinomas, occurring as part of inherited DNA mismatch repair (MMR) deficiency (Lynch syndrome), familial colorectal carcinoma
without MMR gene mutations or sporadically. Methylation-specific multiplex ligation-dependent probe amplification (MS-MLPA)
assays were developed for 11 miRNA loci that were chosen because all could be epigenetically regulated through the associ-
ated CpG islands and some could additionally modulate the epigenome by putatively fargeting the DNA methyltransferases or
their antagonist retinoblastoma-like 2 (RBL2). Compared with the respective normal tissues, the predominant alteration in tumor
tissues was increased methylation for the miRNAs 1-1, 124a-1, 124a-2, 124a-3, 148a, 1562 and 18b; decreased methylation for 200a
and 208a; and no major change for 373 and let-7a-3. The frequencies with which the individual miRNA loci were affected in tu-
mors showed statistically significant differences relative to the fissue of origin (colorectal versus gastric versus endometrial), MMR
proficiency versus deficiency and sporadic versus hereditary disease. In particular, hypermethylation at miR-148a and miR-152 was
associated with microsatellite-unstable (as opposed to stable) tumors and hypermethylation at miR-18b with sporadic disease (as
opposed to Lynch syndrome). Hypermethylation at miRNA loci correlated with hypermethylation at classic fumor suppressor pro-
moters in the same tumors. Our results highlight the importance of epigenetic events in hereditary and sporadic cancers and sug-
gest that MS-MLPA is an excellent choice for quantitative analysis of methylation in archival formalin-fixed, paraffin-embedded
samples, which pose challenges to many other techniques commonly used for methylation studies.
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INTRODUCTION

In addition to covalent modifications
of DNA and histone proteins, microRNAs
(miRNAs) have emerged as important
epigenetic regulators that control gene
expression without altering the DNA se-
quence itself. MicroRNAs are small non-
coding RNAs that exert their regulatory
effect by repressing translation or direct-

ing degradation of mRNA, after binding
to a complementary sequence usually lo-
cated in the 3’-untranslated region of tar-
get genes. The human genome encodes
nearly 1,000 miRNAs that may regulate
one-third of all human transcripts (1).
MicroRNAs are important for normal de-
velopment, differentiation and cellular
growth and their aberrant function may
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give rise to human disease (2). In cancer,
miRNAs may act as tumor suppressors
when they have proto-oncogene tran-
scripts as targets (for example, miR-124a,
which targets CDK6) (3) and as onco-
genes when they target tumor suppres-
sor gene (TSG) transcripts (for example,
miR-372 and miR-373, which target
LATS2) (4). Different cancers display
both shared and unique signatures of
miRNA alterations, reflecting broader
patterns of genetic and epigenetic insta-
bility characteristic of such cancers (5-7).
Epigenetic changes can promote tu-
morigenesis in two main ways, by alter-
ing the activity of specific genes and by
inducing genomic instability. DNA hyper-



Table 1. Basic molecular and clinicopathological characteristics of the study series.
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CRC GC
Sporadic  Sporadic Sporadic  Sporadic EC
MSS MSI Lynch FCCX MSS MSI Lynch Lynch
Total number of tumors 30 14 34 18 34 11 13 41
Mean age of diagnosis (years) 71.9 76.6 45.6 56.4 71.1 76.5 57.5 49.7
Germline mutation present in N/A N/A° 34 0 N/A N/A 13 41
MMR genes (fotal)
MLHT 32 11 35
MSH2 2 2 3
MSH6 0 0 3
High MSI 0 14 33 1 0 11 13 26°
Tumor stage (Dukes/WHO/FIGO)©
A/l/l 4/29 2/14 8/25 3/11 11/34 1/11 2/13 13/26
B/II/II 13/29 9/14 12/25 6/11 6/34 5/11 5/13 8/26
C/u/m 10/29 1/14 5/25 2/11 11/34 3/11 5/13 1/26
D/IV/IV 2/29 2/14 0/25 0/11 6/34 2/ 1/13 4/26

“Due to the MLHT promoter methylation (present in 12 of 14 (86%) of sporadic MSI CRCs and 8 of 11 (73%) of sporadic MSI GCs). N/A, not

applicable.

PIn the same series, MMR protein corresponding to the germline mutation was lost in 29 of 29 (100%) cases available for

immunohistochemical analysis.

®According to the Dukes (A-D), World Health Organization (WHO) (I-IV) and International Federation of Gynecology and Obstetrics
(FIGO) (I-IV) staging system for CRC, GC and EC, respectively. The denominator indicates the number of tumors for which the data were

available.

methylation is important in silencing criti-
cal TSGs. Cancer cells often show mani-
festations of the CpG island methylator
phenotype (CIMP), the basic mechanisms
of which remain elusive (8,9). Further-
more, promoter methylation of the DNA
mismatch repair (MMR) gene MLH1 un-
derlies microsatellite instability (MSI) and
explains the majority of sporadic MMR-
deficient colorectal carcinomas (CRCs)
(10). DNA hypomethylation activates
oncogenes, and global hypomethylation
of DNA induces chromosomal instability
(11). One-third of all human miRNAs has
a CpG island in the upstream region and
may be regulated by DNA methylation
(12). Some microRNAs (called “epi-
miRNAs”) may even target the epigenetic
machinery itself, such as the DNA methyl-
transferases (DNMTs) or their antagonist
retinoblastoma-like 2 (RBL2), suggesting
that the epigenome and miRNome are
closely connected (13). A better under-
standing of the epigenetic processes that
contribute to cancer development pro-
vides tools for anticancer therapy (14).
Current knowledge of cancer associa-
tions of miRNAs is mainly based on cell

lines and sporadic forms of cancer. We
have previously shown that, in hereditary
or familial CRC or endometrial carcinoma
(EC) syndromes, TSG promoter methyla-
tion reflects tumor type and family cate-
gory (15).We now wanted to find out how
DNA methylation profiles apply to
miRNA loci, by focusing on miRNAs that
could be targets of epigenetic regulation
on the one hand and target the epigenome
on the other hand, theoretically allowing
for self-amplified loops. Our series con-
sisted of archival formal-fixed paraffin-
embedded samples, which prompted us
to test novel methods (custom-made
methylation-specific multiplex ligation-
dependent probe amplification [MS-
MLPA]) for the present purposes.

MATERIALS AND METHODS

Patients and Samples

This study was on the basis of 195
tumor and paired normal tissue samples,
including 96 CRCs, 58 gastric carcinomas
(GCs) (41 of which were intestinal and 17
were diffuse) and 41 ECs (Table 1). The
series was further stratified according to
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germline mutation status into Lynch syn-
drome (having germline mutations in
MSH?2, MLH1 or MISH6); familial colorec-
tal carcinoma, type X (FCCX; familial
nonpolypotic CRC without MMR gene
mutations); and sporadic cases. Among
the latter, microsatellite-stable (MSS) and
MSI subgroups were distinguished
(15,16), ultimately resulting in eight pa-
tient categories. DNA was extracted from
paraffin-embedded tumors from selected
areas with high tumor percentages and
matching normal tissue by a method
modified from Isola et al. (17). Addition-
ally, commercial cell lines representing
colon cancer (HCT116, HCT15, HCA?,
RKO, LIM1215, KM12, SW48, LoVo) or
EC (HEC59) were used for methodolog-
ical optimization. The appropriate insti-
tutional review boards of the Helsinki
University Central Hospital approved
this study.

Data Mining

The following repositories and com-
puter tools were used: miRBase
(http:/ /www.mirbase.org) (18) for basic
information of miRNAs, miRanda
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(http:/ /www.microrna.org) (19) and
TargetScan (http:/ /www.targetscan.org)
(20) for miRNA target gene identifica-
tion, CpG Island Searcher (http://www.
uscnorris.com/cpgislands2) (21) for
CpG island delineation, miRGator
(http:/ /genome.ewha.ac.kr/miRGator/
miRGator.html) (22) for functional
information of miRNAs and Ensembl
(http:/ /www.ensembl.org) for genomic
sequences flanking the miRNA loci.

Bisulfite Modification and Sequencing

DNA was modified by using the
CpGenome DNA Modification Kit
(Chemicon, Temecula, CA, USA).
Bisulfite-converted DNA was amplified
with methylation-unbiased primers
specified in Supplementary Table S4
and used for sequencing directly or
after cloning. For the latter purpose,
amplification products were cloned into
a pCR2.1-TOPO vector by using the
TOPO TA Cloning System (Invitrogen,
Carlsbad, CA, USA), and all resulting
white colonies were used for DNA ex-
traction and sequencing.

Custom-Made MS-MLPA

The methylation statuses of all CpG
sites in a miRNA-associated CpG island
were determined in normal tissues and
cancer cell lines by bisulfite sequencing
(see above) and representative CpG din-
ucleotides that were part of the restric-
tion site for the methylation-sensitive
enzyme Hhal (GCGC) chosen for the de-
sign of probes for custom-made MS-
MLPA. In MS-MLPA (23), a signal peak
is generated if the sample DNA is
methylated, which protects the DNA
probe hybrids against Hhal digestion,
and the ligated probes can be amplified
by the polymerase chain reaction. For
the synthetic MS-MLPA probe design,
the manufacturer’s instructions
(http:/ /www.mrc-holland.com) were
followed. An MS-MLPA probe pair con-
sists of two oligonucleotides: the left
probe oligonucleotide (LPO) and the
right probe oligonucleotide (RPO). Cus-
tom-made MS-MLPA probes (Table 2)
were added to the SALSA MLPA P300-

Al Reference-2 kit (MRC-Holland, Am-
sterdam, the Netherlands), to make a
complete MS-MLPA assay.

All MS-MLPA reactions were per-
formed according to the manufacturer’s
instructions (http:/ /www.mrc-holland.
com) by using 100-150 ng DNA. The
MS-MLPA products were separated by
capillary electrophoresis (on an ABI 3730
Automatic DNA Sequencer [Applied
Biosystems, Carlsbad, CA, USA]) and
analyzed by using GeneMapper4.0 geno-
typing software (Applied Biosystems).
The methylation dosage ratio was ob-
tained by the following calculation:

Dm = (Px/Pctrl)Dig/(Px/Pctrl)Undig’

where D is the methylation dosage
ratio, P_is the peak area of a given
probe, P, is the sum of the peak areas
of all control probes, Dig stands for Hhal
digested sample and Undig stands for
undigested sample. D_ can vary
between 0 and 1.0 (corresponding to
0-100% of methylated DNA). The D
value of 0.20 divided the test specimens
into two distinct categories (methylation
present versus absent) when evaluated
against bisulfite sequencing (Figure 1A),
and D values of =0.20 were therefore
considered to reliably indicate methyla-
tion by the present MS-MLPA assays.
Thresholds for hypermethylation or hy-
pomethylation in tumor DNA, com-
pared with normal DNA, were deter-
mined on the basis of methylation levels
in normal DNAs of the same tissue type,
as described below in Results.

miRNA Expression Analysis by
Microarrays

Information of expression of the pres-
ent miRNAs was derived from a global
investigation of miRNA expression pat-
terns in cancer cell lines that will be pub-
lished separately (S. Kaur et al., unpub-
lished data). We used Human miRNA
Microarray G4470B (Agilent Technolo-
gies, Santa Clara, CA, USA), which con-
tains 723 human and 76 human viral
miRNAs, sourced from the Sanger miR-
Base (version 10.1). Signals obtained by
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using Agilent’s Feature Extraction soft-
ware (version 10.7.3.1) were processed
according to standard procedures (24) by
GeneSpring GX11.0.2 and compared with
methylation data.

Statistical Analysis

Statistical analyses were performed by
using SPSS Statistics (IBM SPSS, Chi-
cago, IL, USA). Statistical significance
for the differences between frequencies
or distributions was evaluated with
Fisher exact probability test or ¢ test (or
Wilcoxon signed ranks test for series
that were not normally distributed), re-
spectively. For correlations, the Pearson
product-moment correlation coefficient
(r) for linear correlation was determined.
P values <0.05 (two-tailed) were consid-
ered significant.

All supplementary materials are available
online at www.molmed.org.

RESULTS

Study Design

We investigated 195 carcinomas
equally from many patients representing
familial /hereditary or sporadic cases
(Table 1) by using a candidate gene ap-
proach described in Figure 2. The final
selection included 11 miRNA loci that
could all be regulated by methylation by
virtue of CpG islands associated with
these loci. All but one (208a [25]) were in-
tergenic according to available databases.
A significant proportion could in theory
additionally contribute to aberrant
methylation by targeting the DNMTs or
their antagonist RBL2. The latter, so-
called “epi-miRNAs,” included three
miRNAs with verified targets in the epi-
genetic machinery (miR-1-1 targeting
HDACH4 [26], miR-148a targeting
DNMT3B [27] and miR-152 targeting
DNMTT1 [28]) and three additional miR-
NAs with putative epigenetic targets
(18b and 200a predicted to target RBL2,
and 373 predicted to target DNMT1,
DNMT3A and RBL2; additionally, miR-1-
1 and miR-148a were predicted to target
DNMT1 besides their verified targets).
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Figure 1. Design and validation of custom MS-MLPA using miR-152 as an example (see
Supplementary Figure S4 for the remaining miRNASs). Borders of the CpG island(s) relo-
tive to the mature miRNA (yellow arrow) were first defined by CpG Island Searcher (A,
top) followed by bisulfite sequencing of normal tissues and cell lines to select a repre-
sentative region for MS-MLPA probe design (A, bottom). Results from direct bisulfite se-
qguencing are displayed on the left. The relative proportions of DNA with the parficular
two Hhal sites methylated were quantified by MS-MLPA and by choosing one sample
of each type for cloning after bisulfite conversion (shown on the righf). D, values by
MS-MLPA were well in agreement with results from the cloning analysis. The probes for
multiple miRNAs that performed well together were combined fo make a custom assay
(B). Methylation dosage ratios (D,,) were concordant with bisulfite sequencing in the
test samples (values for miR-152 are shown in A, righf); in a Lynch syndrome patient
with EC (B), a typical methylation pattern was evident in normal tissue (compare to Fig-
ure 3) combined with some altered methylation in tumor tissue (for miRNAs 200a,
124a0-1, 124a-2 and 1240-3). Peaks without a label correspond to control probes used
for normalization.

Optimization and Validation of
Custom-Made MS-MLPA

The boundaries of CpG islands associ-
ated with the miRNA loci in question
were defined by appropriate computer
programs, and all CpG sites within an
island were analyzed for methylation by
bisulfite sequencing. Regions that
showed stable patterns of methylation

over long stretches of DNA (and con-
tained one or several Hhal sites, which
was a prerequisite for the method used)
were chosen for MS-MLPA probe design
(Figure 1A, Supplementary Figure 54,
Table 2). Custom MS-MLPA assays were
validated against bisulfite sequencing by
using normal tissues and cell lines. On
the basis of comparison of MS-MLPA
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data with bisulfite sequencing results
with and without cloning, optimization
was considered successful when there
were no false-positive results (methyla-
tion dosage ratio was <0.20 by MS-
MLPA against T/T by direct bisulfite se-
quencing) and no false-negative results
(methylation dosage ratio was =0.20
against C/T or C/C by bisulfite se-
quencing; see the Figure 1A legend). The
present 11 miRNA loci were examined in
two multiplex assays, kit 1 and kit 2 (kit
1 included two probe pairs for 18b,
which gave highly concordant results,
and the values obtained with 18b-I are
presented in this report). An example of
the outcome of the validated kit 1 using
normal and tumor tissue from a patient
included in the present study is shown
in Figure 1B.

Microarray-based expression analysis
of cell lines and normal tissues against
methylation at the miRNA loci of interest
showed that increasing methylation
dosage ratios by MS-MLPA significantly
correlated with reduced expression of the
mature miRNAs 148a, 152 and 200a (the
remaining miRNAs either were uninfor-
mative because of similar patterns in all
samples or displayed no correlation)
(Supplementary Figure S5).

DNA Methylation Patterns at miRNA
Loci in Normal versus Tumor Tissues

MS-MLPA analysis of the individual
miRNAs revealed three groups in nor-
mal tissues on the basis of the degree of
methylation (expressed as the methyla-
tion dosage ratio, D) (Figure 3). The
first group consists of loci with absent
(D, <0.20) or low-level methylation
(D, <0.30 on average) and includes
miRNAs 124a-1, 124a-2, 124a-3, 1-1, 148a,
and 152 (Figure 3A). The second group
comprises miRNAs 18b and 200a with
intermediate methylation (D, around
0.5; Figure 3B). The third group consists
of miRNAs 208a, 373, and let-7a-3 with
high methylation (D close to 1.0; Fig-
ure 3B). In paired tumor tissues, the
predominant change was increased
methylation for all miRNAs from the
first group as well as for miR-18b,
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Figure 2. Flowchart of this investigation.

whereas miR-200a and miR-208a
showed decreased methylation. Finally,
miR-373 and let-7a-3 displayed mainly
minor alterations and no consistent
pattern.

Among the eight different patient cat-
egories examined (please see key in Fig-
ure 3B), those that showed statistically
significant differences between normal
and tumor tissues are indicated by aster-
isks in Figure 3. Whereas some miRNA
loci (notably, miR-124a-1, miR-124a-2
and miR-124a-3) invariably showed a
statistically significant difference in
tumor versus normal tissue regardless of
colorectal, gastric or endometrial origin,
or the patient category in question, other
miRNA loci were involved in a more se-
lective manner. The number of miRNA
loci with a statistically significant
methylation difference between tumor
and normal tissue varied from 3 to 8
(out of 11) per patient category, where 8
was attributable to Lynch CRC and
FCCX CRC.

Methylation Alterations at miRNA Loci
in Tumors: Relationship to Tissue of
Origin, MSI Status and Sporadic versus
Hereditary Disease

The nine miRNA loci, each of which
showed a predominant pattern of alter-
ations in Figure 3, were used to assign
frequencies of hypermethylation or hy-
pomethylation to the individual groups
of tumors (Table 3). Methylation dosage
ratios (D) in normal tissues (Supplemen-
tary Table S6) were first used to deter-
mine the thresholds for hypermethylation
(for the seven hypermethylation-prone
markers) and hypomethylation (for the
two hypomethylation-prone markers) in
a tissue-specific manner. Specifically, a
tumor sample was considered to be hy-
permethylated at a given miRNA locus if
the D, value in that particular specimen
was equal to or higher than the mean D
plus 1 standard deviation calculated for
all normal specimens of the same tissue
type (colorectal, gastric or endometrial).
(If D, plus 1 standard deviation was

MOL MED 17(7-8)726-735, JULY-AUGUST 2011
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<0.20, the value of 0.20 was used instead,
because it was our threshold for a reliable
detection of methylation by the present
method [see Materials and Methods].)
Similarly, a tumor sample was considered
to be hypomethylated if the D value in
the specimen was equal to or lower than
the mean D, minus 1 standard deviation
calculated for all normal specimens of
that tissue type.

The miRNAs 124a-1, 124a-2, 124a-3
and 18b were associated with the highest
frequencies of hypermethylation in tu-
mors (41-100% for the 124a family and
18-86% for 18b; Table 3). When assessed
against the tissue of origin (set I of com-
parisons in Table 3), the miRNAs 124a-1,
124a-3 and 18b were significantly more
often hypermethylated in CRC (and to a
lesser extent, GC) compared with EC. In
contrast, hypermethylation at miR-152
was typical of EC, occurring in 54% of
such tumors, as opposed to 24% of CRC
(P <0.01) and 17% of GC (P < 0.01).

Sporadic CRCs and GCs with both
MSS and MSI subgroups available were
used to evaluate the role of the MSI sta-
tus (set II in Table 3). The miRNAs 148a
and 152 provided the best discrimination
between MSS and MSI tumors among
both CRCs and GCs, with hypermethyla-
tion being significantly associated with
MSI tumors. A similar association was
seen for miR-1-1 in CRC and for miR-
124a-1, miR-124a-3 and miR-18b in GC.

MSI cancers were used to assess the
possible impact of the disease setting
(sporadic versus Lynch syndrome). In
this regard, the most informative miRNA
was 18b, which showed a hypermethyla-
tion frequency of 86% among sporadic
CRCs with MSI and 73% among sporadic
GCs with MSI, compared with only 18%
(P <0.01) and 23% (P = 0.015), respec-
tively, among the corresponding tumors
from Lynch syndrome patients.

For the two miRNAs with consistent
hypomethylation in tumors, miR-200a
and miR-208a, hypomethylation frequen-
cies were significantly higher for CRC
(and to a lesser extent, GC) compared
with EC (Table 3). Evaluation of hy-
pomethylation against MSI status did not
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Figure 3. Average methylation dosage ratio + 1 standard deviation in fumor (T) versus nor-
mal (N) tissues for miRNA loci that displayed low (A) or infermediate/high methylation (B)
in normal tissues. The results are given separately for each patient category out of eight
listed in B, and the exact numerical values are available in Supplementary Table S5. Aster-
isks indicate statistical significance for the difference between T and N on the level of *P <
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reveal any statistically significant differ-
ences. Hypomethylation at miR-200a dis-
tinguished sporadic microsatellite-
unstable GC from the Lynch counterpart
(55% versus 8%, P = 0.023).

Hypermethylation at miRNA-
Associated versus TSG-Associated
CpG Islands

Among the seven miRNAs with con-
sistent hypermethylation in tumors
(124a-1, 124a-2, 124a-3, 1-1, 148a, 152 and
18b), the average number of miRNAs
showing hypermethylation per tumor
was calculated for each tumor category
(Table 3, right). This value showed statis-
tically significant differences (P < 0.01)
relative to the tissue of origin (higher in
CRC [3.6] than in GC [3.0] or EC [2.9]),
MSI status (higher in MSI versus MSS tu-
mors) and sporadic versus hereditary
disease (higher among sporadic cases).
We previously determined the occur-
rence of hypermethylation at 24 tradi-
tional TSG promoters in the same tumors
(15,16). Hypermethylation at miRNA-as-
sociated CpG islands was tightly corre-
lated with the number of hypermethy-
lated TSGs in the same tumors (r = 0.481,
P < 0.001, calculated for the entire tumor
series).

DISCUSSION

Concerted methylation at multiple CpG
islands (CIMP) is common in various
types of cancers and is measured by using
combinations of CpG island—containing
sequences, some of which reside in pro-
moter regions of TSGs, whereas others
are not associated with any known genes
(15,29,30). Available information of the
role of miRNA loci in CIMP is limited as
far as primary human malignancies are
concerned and even more so for familial
and hereditary cancers. We examined a
large series of sporadic and hereditary
carcinomas, stratified into clinically rele-
vant subcategories, for methylation at 11
miRNA loci that could all be targets of
epigenetic regulation through associated
CpG islands. Some even target the
epigenome by themselves, on the basis of
computer predictions and existing func-
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Table 3. Percentage of tumors with hypermethylation and hypomethylation.

Percentage of tumors with methylation change® Average number

Hypermethylation Hypomethylation of hypermethylated
Tumor category Number 124a-1 1240-2 124a-3 1-1 148a 152 18b 200a 208a mIRNA out of 7 TSG out of 24°
(a) Sporadic CRC MSS 30 Q0 97 100 7 0 7 70 53 43 3.7 3.4
(b) Sporadic CRC MSI 14 93 93 100 29 29 50 86 50 14 4.7 7.3
(c) Lynch CRC 34 74 82 44 32 35 32 18 38 35 3.2 3.4
(d) FCCX CRC 18 72 78 83 22 28 17 28 56 67 3.3 3.9
(e) CRC total 96 81 88 77 22 22 24 46 48 41 3.6 4.1
(f) Sporadic GC MSS 34 44 85 53 0 0 3 29 32 35 2.2 2.0
(9) Sporadic GC MSI 11 91 100 91 9 27 45 73 55 55 4.4 6.1
(h) Lynch GC 13 92 92 85 23 46 31 23 8 54 3.9 4.1
(i) GC total 58 64 90 67 7 16 17 36 31 43 3.0 3.2
()) Lynch EC 41 66 83 41 10° 18 54 22° 20 20 29 3.1
P value®
|e
(e) versus (i) 0.026 ns ns 002 ns ns ns ns ns <0.01 0.049
(e) versus () 0.048 ns <0.01 ns ns <001 0019 <0.01 0.028 <0.01 0.019
(i) versus (j) ns ns 0.019 ns ns <001 ns ns 0.025 ns ns
Il
(a) versus (b) ns ns ns 0048 <001 <001 ns ns ns <0.01 <0.01
(f) versus (Q) 0.012 ns 0.032 ns 0012 <0.01 0.015 ns ns <0.01 <0.01
Il
(b) versus (c) ns ns <0.01 ns ns ns <0.01 ns ns <0.01 <0.01
(9) versus (h) ns ns ns ns ns ns 0.015 0.023 ns ns 0.027

Gray shading indicates values corresponding to the total cases in each group of tissue of origin.
“Using cutoffs determined by methylation in the respective normal fissues (Supplementary Table S6).
®Data from Joensuu et al. (15) and Gylling et al. (16).

“Percentage based on 40 tumors.

9Determined by Fisher exact test except for average number of hypermethylated miRNA out of 7, where ttest was used.

¢Comparison groups: |, tissue of origin; II, MSS versus MSI; Ill, sporadic versus hereditary disease.

ns, Nonsignificant.

tional evidence. The miR-124a family was
selected because it was known to be fre-
quently hypermethylated in sporadic
cancers (3,31), but no prior expectations
existed regarding the other miRNA loci.
That in fact most miRNA loci were in-
volved in methylation changes is consis-
tent with observations that miRNA gene
methylation in cancer may be even
higher than that for protein-coding genes,
perhaps because miRNA genes are sub-
ject to a more stringent expression control
(32). Whatever the basic mechanism of
CIMP, frequent hypermethylation at
miRNA loci and its correlation with hy-
permethylation at traditional TSG loci
shows that miRNA loci are no less effi-
ciently targeted by this process than other
types of genes. Co-occurrence of hyper-
methylation at miRNA and TSG loci is

concordant with the findings by
Lehmann et al. (33) from sporadic carci-
nomas of the breast. Besides miR-124a,
miR-1-1 (26,34,35) and miR-148a (33,36)
have also been reported to show reduced
expression and/or hypermethylation in
colorectal and other cancers. The miRNA
18b stood out as a novel marker of hyper-
methylation in our investigation. The bio-
logical function of miR-18b is largely un-
known, except that it may regulate tumor
growth by targeting ESR1 (37).

Current evidence of a possible associa-
tion between certain miRNAs and MSI
status is derived from expression profil-
ing of CRCs (35,38,39). In our investiga-
tion, hypermethylation at a total of six
miRNA loci (124a-1, 124a-3, 1-1, 148a,
152 and 18b) was associated with MSI in
CRC or GC. The association observed for
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miR-1-1 in CRC is supported by expres-
sion and/or methylation results from co-
lorectal (35) and hepatocellular carcino-
mas (26); we were unable to find any
published MSI-related data for the re-
maining loci. The MSI connections of
miRNA gene methylation may be clini-
cally important, since the presence ver-
sus absence of CIMP combined with the
mode of genomic instability is a prognos-
tic indicator in colorectal cancers (40).

In comparison to the silencing of multi-
ple TSGs in CIMP, there are reports of co-
ordinated activation of multiple proto-
oncogenes by promoter hypomethylation
(41,42). The mechanism(s) leading to coor-
dinated hypomethylation as well as the
relationship to CIMP, if any, are unknown.
Our marker panel included three miRNAs
with almost complete methylation in nor-
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mal tissues (208a, 373 and let-7a-3) and
another two with approximately 50%
methylation (18b and 200a), and these loci
could a priori be hypomethylated in tu-
mors. Whereas miR-18b was prone to hy-
permethylation instead (see above), miR-
200a and miR-208a were associated with
frequent hypomethylation in tumors
(Table 3). While the level at which hy-
pomethylation becomes functionally sig-
nificant is unknown, our observation of
hypomethylation at miR-200a is in agree-
ment with reported overexpression of this
miRNA in CRC (43). Furthermore, the
number of hypomethylated miRNA loci
was significantly associated with ad-
vanced stage (Dukes C or D) among the
present CRCs (data not shown). Finally,
the miRNAs 373 and let-7a-3 revealed
variable patterns with minor alterations in
our tumor series. Hypomethylation at the
let-7a-3-associated CpG island may de-
pend on the cancer type, since a function-
ally significant hypomethylation (in the
same region that we studied) was ob-
served in lung cancer (44) and epithelial
ovarian cancer (45).

Methylation changes at miRNA loci
were able to distinguish sporadic from
hereditary disease. Among tumors with
MSI, hypermethylation at miR-18b was
significantly more frequent in sporadic
CRC and GC compared with the same
cancers arising in the Lynch syndrome
(Table 3). Among MSS tumors, CRCs
from FCCX patients showed a statisti-
cally significant difference for eight
miRNA loci relative to the paired normal
mucosae (Figure 3), including increased
methylation (miR-124a-1, miR-124a-2,
miR-124a-3, miR-1-1, miR-152 and miR-
18b) and decreased methylation (miR-
200a and miR-373). The etiology of FCCX
is likely to be heterogeneous, since
among FCCX tumors reported by Goel et
al. (46), hypermethylation at CACNAGI,
SOCS1, RUNX3, NEUROGI and MLH1
loci was infrequent, but a distinguishing
feature was a low degree of LINE-1
methylation (surrogate marker for global
hypomethylation). In our FCCX tumors,
the occurrence of global hypomethyla-
tion is unknown.

Archival formalin-fixed, paraffin-em-
bedded samples provide a valuable
source of biological specimens for epige-
netic studies; however, both the quality
and quantity of DNA may limit subse-
quent analyses. We could overcome such
common limitations by using the MS-
MLPA approach, where custom-made as-
says were designed for the analysis of 11
miRNA loci in two multiplex polymerase
chain reaction (PCR)-based reactions
without the need of bisulfite conversion.
Similar assays can be developed for any
miRNA loci of interest. The observed
methylation changes are likely to be func-
tionally important on the basis of correla-
tion between methylation and expression
of miRNAs (Supplementary Figure S5),
literature evidence of expression conse-
quences of the miRNAs and ensuing ef-
fects on target mRNAs (see Introduction
and Discussion) and connections to
broader patterns of CIMP and clinico-
pathological parameters (see Results).
Further studies are needed to investigate
in depth the functional consequences of
methylation changes at individual
miRNA loci. Because a single miRNA is
able to target multiple genes that may be
involved in several pathways, methyla-
tion alterations that we observed at
miRNA-associated CpG islands may
have widespread biological and clinical
significance.

ACKNOWLEDGMENTS

We thank the patients and our clinical
collaborators and other collaborators for
samples. We also thank Eva Tas for help-
ing with bioinformatics and Saila Saari-
nen and Taina Nieminen for assisting in
laboratory assays.

This work was supported by the Acad-
emy of Finland Grant 121185, the Sigrid
Juselius Foundation, the Finnish Cancer
Organizations, Biocentrum Helsinki and
the European Research Council (FP7-
ERC-232635) (to P Peltomaki).

DISCLOSURE

The authors declare that they have no
competing interests as defined by Molec-
ular Medicine, or other interests that

734 | PAVICIC ET AL. | MOL MED 17(7-8)726-735, JULY-AUGUST 2011

might be perceived to influence the re-
sults and discussion reported in this

paper.

REFERENCES

1. Chang TC, Mendell JT. (2007) microRNAs in ver-
tebrate physiology and human disease. Annus.
Rev. Genomics Hum. Genet. 8:215-39.

2. Garzon R, Calin GA, Croce CM. (2009) MicroR-
NAs in cancer. Annu. Rev. Med. 60:167-79.

3. Lujambio A, et al. (2007) Genetic unmasking of
an epigenetically silenced microRNA in human
cancer cells. Cancer Res. 67:1424-9.

4. Voorhoeve PM, et al. (2006) A genetic screen impli-
cates miRNA-372 and miRNA-373 as oncogenes
in testicular germ cell tumors. Cell. 124:1169-81.

5. Rosenfeld N, et al. (2008) MicroRNAs accurately
identify cancer tissue origin. Nat. Biotechnol.
26:462-9.

6. Schilling E, Rehli M. (2007) Global, comparative
analysis of tissue-specific promoter CpG methy-
lation. Genomics. 90:314-23.

7. Calin GA, Croce CM. (2006) MicroRNA signatures
in human cancers. Nat. Rev. Cancer. 6:857—66.

8. McCabe MT, Brandes JC, Vertino PM. (2009)
Cancer DNA methylation: molecular mecha-
nisms and clinical implications. Clin. Cancer Res.
15:3927-37.

9. Sharma S, Kelly TK, Jones PA. (2010) Epigenetics
in cancer. Carcinogenesis. 31:27-36.

10. Kuismanen SA, Holmberg MT, Salovaara R, de la
Chapelle A, Peltomaki P. (2000) Genetic and epi-
genetic modification of MLH1 accounts for a
major share of microsatellite-unstable colorectal
cancers. Am. J. Pathol. 156:1773-9.

11. Lengauer C, Kinzler KW, Vogelstein B. (1997)
DNA methylation and genetic instability in colo-
rectal cancer cells. Proc. Natl. Acad. Sci. U. S. A.
94:2545-50.

12. Zhou X, Ruan J, Wang G, Zhang W. (2007) Char-
acterization and identification of microRNA core
promoters in four model species. PLoS Comput.
Biol. 3:e37.

13. Valeri N, et al. (2009) Epigenetics, miRNAs, and
human cancer: a new chapter in human gene
regulation. Mamm. Genome. 20:573-80.

14. Lima SC, Hernandez-Vargas H, Herceg Z. (2010)
Epigenetic signatures in cancer: implications for
the control of cancer in the clinic. Curr. Opin. Mol.
Ther. 12:316-24.

15. Joensuu EI, et al. (2008) Epigenetic signatures of
familial cancer are characteristic of tumor type
and family category. Cancer Res. 68:4597-605.

16. Gylling A, et al. (2007) Is gastric cancer part of the
tumour spectrum of hereditary non-polyposis co-
lorectal cancer? A molecular genetic study. Gut.
56:926-33.

17. Isola J, DeVries S, Chu L, Ghazvini S, Waldman F.
(1994) Analysis of changes in DNA sequence
copy number by comparative genomic hy-
bridization in archival paraffin-embedded tumor
samples. Am. J. Pathol. 145:1301-8.



18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Griffiths-Jones S, Saini HK, van Dongen S, En-
right AJ. (2008) miRBase: tools for microRNA ge-
nomics. Nucleic Acids Res. 36:D154-8.

John B, et al. (2004) Human microRNA targets.
PLoS Biol. 2:e363.

Lewis BP, Burge CB, Bartel DP. (2005) Conserved
seed pairing, often flanked by adenosines, indi-
cates that thousands of human genes are mi-
croRNA targets. Cell. 120:15-20.

Takai D, Jones PA. (2003) The CpG island
searcher: a new WWW resource. In. Silico Biol.
3:235-40.

Nam S, Kim B, Shin S, Lee S. (2008) miRGator: an
integrated system for functional annotation of
microRNAs. Nucleic Acids Res. 36:D159-64.
Nygren AO, et al. (2005) Methylation-specific
MLPA (MS-MLPA): simultaneous detection of
CpG methylation and copy number changes of
up to 40 sequences. Nucleic Acids Res. 33:€128.
Lopez-Romero P, Gonzalez MA, Callejas S,
Dopazo A, Irizarry RA. (2010) Processing of Agi-
lent microRNA array data. BVIC Res. Notes. 3:18.
Van Rooij E, et al. (2009) A family of microRNAs
encoded by myosin genes governs myosin ex-
pression and muscle performance. Dev. Cell.
17:662-73.

Datta J, et al. (2008) Methylation mediated silenc-
ing of microRNA-1 gene and its role in hepato-
cellular carcinogenesis. Cancer Res. 68:5049-58.
Duursma AM, Kedde M, Schrier M, le Sage C,
Agami R. (2008) miR-148 targets human
DNMT3b protein coding region. RNA. 14:872-7.
Braconi C, Huang N, Patel T. (2010) MicroRNA-
dependent regulation of DNA methyltransferase-
1 and tumor suppressor gene expression by in-
terleukin-6 in human malignant cholangiocytes.
Hepatology. 51:881-90.

Toyota M, et al. (1999) CpG island methylator
phenotype in colorectal cancer. Proc. Natl. Acad.
Sci. U. S. A. 96:8681-6.

Weisenberger D], et al. (2006) CpG island methyla-
tor phenotype underlies sporadic microsatellite in-
stability and is tightly associated with BRAF muta-
tion in colorectal cancer. Nat. Genet. 38:787-93.
Ando T, et al. (2009) DNA methylation of mi-
croRNA genes in gastric mucosae of gastric can-
cer patients: its possible involvement in the for-
mation of epigenetic field defect. Int. |. Cancer.
124:2367-74.

Weber B, Stresemann C, Brueckner B, Lyko F.
(2007) Methylation of human microRNA genes in
normal and neoplastic cells. Cell Cycle. 6:1001-5.
Lehmann U, ef al. (2008) Epigenetic inactivation
of microRNA gene hsa-mir-9-1 in human breast
cancer. J. Pathol. 214:17-24.

Schetter AJ, et al. (2008) MicroRNA expression
profiles associated with prognosis and therapeu-
tic outcome in colon adenocarcinoma. JAMA.
299:425-36.

Sarver AL, et al. (2009) Human colon cancer pro-
files show differential microRNA expression de-
pending on mismatch repair status and are char-
acteristic of undifferentiated proliferative states.
BMC Cancer. 9:401.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Lujambio A, et al. (2008) A microRNA DNA
methylation signature for human cancer metasta-
sis. Proc. Natl. Acad. Sci. U. S. A. 105:13556-61.
Leivonen SK, ef al. (2009) Protein lysate microar-
ray analysis to identify microRNAs regulating
estrogen receptor signaling in breast cancer cell
lines. Oncogene. 28:3926-36.

Lanza G, et al. (2007) mRNA /microRNA gene ex-
pression profile in microsatellite unstable colo-
rectal cancer. Mol. Cancer. 6:54.

Earle JS, et al. (2010) Association of microRNA ex-
pression with microsatellite instability status in co-
lorectal adenocarcinoma. J. Mol. Diagn. 12:433-40.
Issa JP. (2008) Colon cancer: it's CIN or CIMP.
Clin. Cancer Res. 14:5939-40.

Sato N, et al. (2003) Frequent hypomethylation of
multiple genes overexpressed in pancreatic duc-
tal adenocarcinoma. Cancer Res. 63:4158-66.
Smith IM, et al. (2009) Coordinated activation of
candidate proto-oncogenes and cancer testes
antigens via promoter demethylation in head
and neck cancer and lung cancer. PLoS One.
4:e4961.

Cummins JM, et al. (2006) The colorectal microR-
NAome. Proc. Natl. Acad. Sci. U. S. A. 103:3687-92.
Brueckner B, et al. (2007) The human let-7a-3
locus contains an epigenetically regulated mi-
croRNA gene with oncogenic function. Cancer
Res. 67:1419-23.

Lu L, Katsaros D, de la Longrais IA, Sochirca O,
Yu H. (2007) Hypermethylation of let-7a-3 in ep-
ithelial ovarian cancer is associated with low in-
sulin-like growth factor-II expression and favor-
able prognosis. Cancer Res. 67:10117-22.

Goel A, et al. (2010) Aberrant DNA methylation
in hereditary nonpolyposis colorectal cancer
without mismatch repair deficiency. Gastroen-
terology. 138:1854-62.

MOL MED 17(7-8)726-735, JULY-AUGUST 2011

RESEARCH ARTICLE

PAVICIC ET AL.

735




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 266
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 266
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 900
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly true
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <>
    /CHT <>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF che devono essere conformi o verificati in base a PDF/X-1a:2001, uno standard ISO per lo scambio di contenuto grafico. Per ulteriori informazioni sulla creazione di documenti PDF compatibili con PDF/X-1a, consultare la Guida dell'utente di Acrobat. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 4.0 e versioni successive.)
    /JPN <>
    /KOR <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die moeten worden gecontroleerd of moeten voldoen aan PDF/X-1a:2001, een ISO-standaard voor het uitwisselen van grafische gegevens. Raadpleeg de gebruikershandleiding van Acrobat voor meer informatie over het maken van PDF-documenten die compatibel zijn met PDF/X-1a. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 4.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents that are to be checked or must conform to PDF/X-1a:2001, an ISO standard for graphic content exchange.  For more information on creating PDF/X-1a compliant PDF documents, please refer to the Acrobat User Guide.  Created PDF documents can be opened with Acrobat and Adobe Reader 4.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /HighResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




