YAP induces MM cell proliferation
T Mizuno et al

respectively (Figures 3e and f). Taken together, these results
suggested that YAP contributes to expression of a wide range of
cell cycle-promoting genes and induces MM cell proliferation,
although knockdown of individual YAP target genes shows
moderate effects.

In conclusion, we showed that YAP induces multiple gene
expression, which includes cell cycle-promoting genes such as
CCND1 and FOXM1 in MM cells. Our findings thus serve to
elucidate some important aspects of dysregulated cell cycle
control mechanisms in MM cells through YAP activation. As
individual inhibition of YAP target genes did not suppress MM
proliferation sufficiently, we speculate that a wide range of genes
evoked by YAP activation induce MM cell proliferation and
progression as a whole. Thus, our results suggest that YAP itself
may be a key target molecule for the development of a new
molecular target therapy for MM.
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Integrated analysis of genetic and epigenetic alterations reveals CpG island methylator
phenotype associated with distinct clinical characters of lung adenocarcinoma
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DNA methylation affects the aggressiveness of human malignan-
cies. Cancers with CpG island methylator phenotype (CIMP),
a distinct group with extensive DNA methylation, show charac-
teristic features in several types of tumors. In this study, we ini-
tially defined the existence of CIMP in 41 lung adenocarcinomas
(AdCas) through genome-wide DNA methylation microarray
analysis. DNA methylation status of six CIMP markers newly
identified by microarray analysis was further estimated in a total
of 128 AdCas by bisulfite pyrosequencing analysis, which revealed
that 10 (7.8%), 40 (31.3%) and 78 (60.9 %) cases were classified as
CIMP-high (CIMP-H), CIMP-low and CIMP-negative (CIMP-N),
respectively. Notably, CIMP-H AdCas were strongly associated
with wild-type epidermal growth factor receptor (EGFR), males
and heavy smokers (P = 0.0089, P = 0.0047 and P = 0.0036,
respectively). In addition, CIMP-H was significantly associated
with worse prognosis; especially among male smokers, CIMP-H
was an independent prognostic factor (hazard ratio 1.7617, 95%
confidence interval 1.0030-2.9550, P = 0.0489). Compellingly, the
existence of CIMP in AdCas was supported by the available pub-
lic datasets, such as data from the Cancer Genome Atlas. Intrigu-
ingly, analysis of AdCa cell lines revealed that CIMP-positive
AdCa cell lines were more sensitive to a DNA methylation inhib-
itor than CIMP-N ones regardless of EGFR mutation status. Our
data demonstrate that CIMP in AdCas appears to be a unique
subgroup that has distinct clinical traits from other AdCas. CIMP
classification using our six-marker panel has implications for per-
sonalized medical strategies for lung cancer patients; in particu-
lar, DNA methylation inhibitor might be of therapeutic benefit to
patients with CIMP-positive tumors.

Introduction

Lung cancer is the leading cause of human cancer death worldwide
(1). Recent targeted therapies have improved the survival of patients
with certain types of lung cancer, especially adenocarcinoma (AdCa),

Abbreviations: AdCa, adenocarcinoma; CIMP, CpG island methylator phe-
notype; CIMP-H, CIMP-high; CIMP-L, CIMP-low; CIMP-N, CIMP-negative;
EGFR, epidermal growth factor receptor; MCAM, methylated CpG island
amplification microarray; TCGA, the cancer genome atlas; TKI, tyrosine
kinase inhibitor;

a common type of non-small cell lung cancer. AdCas with epidermal
growth factor receptor (EGFR) mutation benefit particularly from
EGFR tyrosine kinase inhibitors (TKIs) (2), whereas those harboring
EMIA4-ALK fusion are highly sensitive to anaplastic lymphoma ki-
nase (ALK) inhibitors (3). Despite these recent advances in targeted
therapy for AdCas, a considerable number of patients with lung can-
cer still suffer from recurrence of disease. AdCas without such muta-
tions are generally less sensitive to these targeted therapies than
tumors with mutations. Given the evidence that the frequency of
EGFR mutations account for up to 30% of AdCas, and even
EMIA-ALK fusions are found in AdCas albeit at a lower frequency,
elucidating the underlying mechanisms other than such gene altera-
tions in lung carcinogenesis is desirable to facilitate the development
of new strategies for lung cancer treatment.

Studies have shown that in addition to genetic alterations, accumu-
lation of epigenetic alterations play an important role in tumorigenesis
of lung cancer (4). DNA methylation, an important epigenetic factor,
affects the chromatin structure and is closely associated with gene
regulation (5). Simultaneous dysregulation of multiple genes, includ-
ing those involved in cell cycle, cell growth, cell death or cell adhe-
sion, by DNA methylation may be a strong driving force to undergo
transformation, sometimes in correlation with potentiated aggressive-
ness of the tumors (6).

Recent studies in colon cancer have shown that a subset of tumors
suffer from a remarkably high rate of aberrant promoter DNA meth-
ylation at a large number of loci, referred to as CpG island methylator
phenotype (CIMP) (7). CIMP tumors in colon exhibit distinct genetic
and clinical features, such as high rates of BRAF and KRAS mutations,
low frequency of TP53 mutation, specific histology, proximal location
and characteristic clinical outcome, suggesting that CIMP-related
cancers may proceed through a unique pathway (8). In lung cancer,
some studies have shown the existence of a subgroup of tumors with
the characteristic methylation status of CIMP (9-13). However, in
comparison with the considerable research of CIMP markers per-
formed in colon cancers (7,14-16), no studies have assessed which
DNA methylation markers can predict the most extensively methyl-
ated subgroups (i.e. CIMP) in lung AdCas due to the lack of accom-
panied genome-wide DNA methylation analysis in multiple samples.
Since different panels of markers may lead to different classification
of lung cancer (9,11), it is important to define markers that can
accurately identify CIMP.

To examine whether CIMP exists as a characteristic subgroup in
AdCas, we initially performed global screening for genes with aber-
rant DNA hypermethylation by the methylated CpG island amplifica-
tion microarray (MCAM) analysis, which provides reproducible
results with a high validation rate (16-20). Using the six CIMP
markers newly identified by MCAM analysis, we characterized a dis-
tinct subgroup of AdCas exhibiting CIMP. In addition, several AdCa
cell lines with different CIMP status were treated with a DNA meth-
ylation inhibitor, and the relationship between DNA methylation sta-
tus and drug sensitivity was assessed. Our data provide evidence for
a new strategy for lung cancer treatment.

Materials and methods

Cell lines

A549 was purchased from the American Type Culture Collection (Rockville,
MD) and PC9 was purchased from Immuno-Biological Laboratories (Fujioka,
Gunma, Japan). NCI-H23, NCI-H358, NCI-H920, NCI-H2009, NCI-H1573,
NCI-H1650 and HCC4011 were kind gifts from Dr Adi F. Gazdar (University
of Texas Southwestern Medical Center, Dallas, TX) and Dr Mitsuo Sato (Nagoya
University Graduate School of Medicine, Nagoya, Japan). Y-ML13 (ML13) and
ACC-H1 (H1) were established in our institute. All cell lines were maintained in
RPMI-1640 medium (Sigma-Aldrich, St Louis, MO) supplemented with 10%

© The Author 2012. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions @oup.com 1277

- 136 -



K.Shinjo et al.

fetal bovine serum (Invitrogen, Carlsbad, CA) and antibiotic—-antimycotic reagent
(Invitrogen) at 37°C in a humidified incubator with 5% CO,.

5-Aza-dC treatment of cells

Cells were treated with 50 nM-1 pM 5-aza-2'-deoxycytidine (5-Aza-dC;
Sigma-Aldrich) as described previously (17) or the TKI AG1478 (Calbiochem,
San Diego, CA) for 72 h. DNA was extracted on the seventh day following
treatment. Changes in proliferation were determined by using the TetraColor
ONE (Seikagaku, Tokyo, Japan) system, containing 2-(2-methoxy-4-nitrophen-
y1)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, monosodium salt
and 1-methoxy-5-methylphenazinium methylsulfate as the electron carrier.
After 1 h incubation at 37°C, absorbance was read at 450 nm with a multi-
plate reader. Growth inhibition was expressed as a mean ratio of absorbance
reading from treated versus untreated cells. Cell numbers were also counted
under a light microscope at the same time point.

Tissue samples

We collected 128 AdCa samples and 26 normal lung tissues from patients who
underwent surgical resection at the Aichi Cancer Center Central Hospital,
Okayama Rosai Hospital, Nagoya University Hospital and its affiliated hospi-
tals in Japan, in accordance with the institutional policy. Samples and clinical
data were collected after appropriate institutional review board approval was
received and written informed consent had been obtained from all the patients.
Histological and cytological examination of normal lung tissues, which were
obtained from the lung cancer patients, revealed no remarkable findings as
malignant tissues. In the normal tissues, no aberrant methylation was detected
in 10 genes by pyrosequencing analysis (Supplementary Table 1, available at
Carcinogenesis Online). A sample size of 124 patients was calculated to be
sufficient to provide a survival rate difference of 25% with a significance level
of 0.05 and power of 80%, when the frequency of CIMP-AdCa was estimated
to be ~20% as is observed in colorectal cancer (8); therefore, we collected 128
AdCas to analyze the significance of CIMP (Table I).

DNA preparation

Genomic DNA was extracted using a standard phenol-chloroform method.
Fully methylated DNA was prepared by treating genomic DNA with SssI

methylase (New England Biolabs, Ipswich, MA), and unmethylated DNA
was prepared by treating genomic DNA with phi29 DNA polymerase (Genomi-
Phi DNA Amplification Kit; Amersham Biosciences, Uppsala, Sweden) ac-
cording to the manufacturers’ protocol.

DNA methylation analysis

We performed bisulfite treatment as described previously (21,22).The DNA
methylation levels were measured using pyrosequencing technology (Pyrose-
quencing AB, Uppsala, Sweden). Primer sequences and polymerase chain
reaction conditions are shown in Supplementary Table 2, available at Carci-
nogenesis Online. All the primers were designed to examine the methylation
status of CpGs within 0.5 kb of the transcription start site. A methylation level
>15% was considered methylation positive since lower values could not be
easily distinguished from background (17-20).

Methylated CpG island amplification microarray

For MCAM analysis, we randomly selected 41 cases from the 128 AdCas
without any bias (average age was 61.9 years, ranging from 36 to 83 years
old; Table I). A detailed protocol of MCA has been described previously
(16-20). Briefly, amplicons from individual AdCas were labeled with Cy5
dye and cohybridized against amplicons from normal controls labeled with
Cy3 dye on 15 K custom-promoter microarrays from Agilent Technologies
(G4497A; Agilent Technologies, Santa Clara, CA) containing 6157 unique
genes, which we had initially validated in a previous study (17). A Cy5/Cy3
signal in excess of 2.0 in MCAM was considered methylation positive (17-19).
Comparison of the MCAM signal ratio (Cy5/Cy3 > 2.0 or Cy5/Cy5 < 2.0) with
the methylation status (positive or negative) from the pyrosequencing analysis
showed a good concordance between the two analyses (sensitivity, 68.0% and
specificity, 88.7%; Supplementary Table 3, available at Carcinogenesis Online).

Hierarchical clustering analysis

Cluster analysis was performed using an agglomerative hierarchical clustering
algorithm (18,23). For specimen clustering, pairwise similarity measures
among specimens were calculated using the Cluster 3.0 software (http://
rana.lbl.gov/EisenSoftware.htm) or Minitab 15 statistical software (http://
www.minitab.com), based on the DNA methylation intensity measurements

Table I. Clinical and molecular features according to the CIMP status

All cases (%) CIMP-N (%) CIMP-L (%) CIMP-H (%) P value
Cases 128 (100) 78 (60.9) 40 (31.3) 10 (7.8)
Age (mean = SD) 64,7 +9.8 63.9 = 10.0 664 £9.8 63.8+7.0 0.4043
Gender
Male 71 (55.5) 35 (44.9) 27 (67.5) 9 (90.0) 0.0047
Female 57 (44.5) 43 (55.1) 13 (32.5) 1(10.0)
Stage®
1 75 (59.5) 51 (67.1) 21 (52.5) 3 (30.0) 0.2259
11 19 (15.1) 70.2) 8 (20.0) 3 (30.0)
I 29 (23.0) 16 (21.1) 10 (25.0) 4 (40.0)
v 3(24) 2(2.6) 12.5) 0
Smoking status
Heavy smoker 41 (32.3) 21 (27.6) 12 (30.8) 8 (80.0) 0.0036
Light smoker 29 (22.8) 15 (19.7) 13 (33.3) 1(10.0)
Never-smoker 57 (44.9) 42 (55.3) 14 (35.9) 1 (10.0)
Differentiation®
Well 15 (17.4) 11 (21.2) 3(10.7) 1(16.7) 0.3552
Moderate 55 (64.0) 30 (57.6) 22 (73.6) 3 (50.0)
Poorly 16 (18.6) 11 (21.2) 3(10.7) 2 (33.3)
Recurrence”
(-) 41 (42.3) 27 (43.5) 14 (46.7) 0 (0) 0.1394
() 56 (57.7) 35 (56.5) 16 (53.3) 5 (100)
EGFR mutation
=) 80 (62.5) 42 (53.8) 28 (70.0) 10 (100) 0.0089
-+ 48 (37.5) 36 (46.2) 12 (30.0) 0 (0)
KRAS mutation
(-) 118 (92.2) 74 (94.9) 36 (90.0) 8 (80.0) 0.2113
(-+) 10 (7.8) 4(5.1) 4 (10.0) 2 (20.0)
p53 mutation®
(-) 89 (69.5) 57 (74.0) 28 (73.7) 4 (40.0) 0.16
+) 35 (27.3) 20 (26.0) 10 (26.3) 5 (50.0)
BRAF mutation
(-) 86 (100) 56 (100) 23 (100) 7 (100) NA
) 0(0) 0 0(0) 0(0)

“Data were not available in some cases. Recurrence was observed within 5 years after surgery.

1278

- 137 -



across all genes. K-means consensus clustering was performed with the R
statistical package. A dendrogram and heat map were constructed using either
TreeView (hitp://rana.lbl.gov/EisenSoftware.htm) or R statistical computing
environment (http://cran.r-project.org).

Nearest neighbor classification

Using the DNA methylation status of six CIMP markers (positive or negative by
pyrosequencing analysis), nearest neighbor classification was employed to clas-
sify the validation set consisting of 87 independent AdCas (24). In this analysis,
each validation case was classified into one of the three clusters identified in the
training set. The number of nearest neighbors was set as k = 4 because the
smallest cluster (cluster 1) was consisted of four cases. The analysis was
conducted using R statistical computing environment (http://cran.r-project.org).

Mutation analysis

Mutations in KRAS (codons 12 and 13) were analyzed by direct sequencing and
the pyrosequencing method (25,26). EGFR mutations (exons 18-21) and TP53
mutations (exons 5-8) were examined using direct sequencing (19,25). Muta-
tion of BRAF (codon 600) was determined by the pyrosequencing method as
previously reported (27). The polymerase chain reaction primer sequences
used are listed in Supplementary Table 2, available at Carcinogenesis Online.

The Cancer Genome Atlas data

We obtained the methylation data of AdCa samples from the The Cancer
Genome Atlas data (TCGA) web site (http://tcga-data.nci.nih.gov/tcga/tcga-
Home2.jsp), and data of 85 AdCa samples (batches 34 and 37) were included
in the analysis, which was conducted using the Illumina Infinium Human DNA
Methylation 27 platform. The 3833 most variant probes from 27 578 CpG
dinucleotides were used for further analysis, and a B value > 0.4 was consid-
ered as methylation positive.

Statistical analysis for clinical features

All statistical analyses were performed using the JMP statistical software
version 5.1 (SAS Institute, Cary, NC). Fisher’s exact test was used to determine
non-random associations between two categorical variables. Kruskal-Wallis
analysis was used to evaluate the extent of differences among more than three
groups. All reported P values are two sided, with P < 0.05 taken as statistically
significant. Patients were followed until incidence of death or until October
2010, whichever came first. Survival information was available for 118
of the 128 cases. Overall survival was calculated from the date of surgery until
the date of death or the date the patient was last known to be alive (censored).
The median follow-up time was 42.5 months. Overall survival curves were
generated via the Kaplan-Meier method, and the log-rank test was used for
statistical analysis. A multivariate analysis using the Cox proportional hazards
model was performed to estimate the hazard ratio. All variables for the mul-
tivariate analysis were categorical variables (age, stage and CIMP status).

Results

Identification of a distinct subgroup with characteristic DNA
methylation profiling in AdCas

First, we evaluated the genome-wide DNA methylation status in a train-
ing set of 41 AdCas using MCAM analysis (18-20). Among 6157 genes
on the microarray, we selected 1156 genes that are commonly methyl-
ated across >10% of AdCas and performed consensus average linkage
hierarchical clustering analysis (28). In terms of DNA methylation,
AdCas could be divided into three clusters, with clustering stability
increasing for k = 2 to k = 3 but not for more than k£ = 3 (Figure 1A,
Supplementary Figure 1, available at Carcinogenesis Online). Intrigu-
ingly, all four cases in cluster 1 stably fell into the same cluster regardless
of k values (2-5), whereas 12 cases (92%) and 24 cases (96%) fell into
clusters 2 and 3, respectively, indicating a high similarity of their meth-
ylation profile among each of the three-cluster member. The number of
DNA methylated genes showed bimodal distribution in AdCas; DNA
methylation was highly accumulated in two AdCas, both of which fell
into cluster 1# (Figure 1B). Consistently, a majority of the genes were
commonly methylated across more than half of the AdCas in cluster 1,
whereas common methylation targets were detected in <50% of the
AdCas in clusters 2 and 3 (P < 0.001, Figure 1C). In addition, the
average number of methylated genes was 766.8 + 70.4, 485.7 = 40.6
and 319.2 = 28.1 in clusters 1, 2 and 3 (k=3), respectively (P < 0.001)
(Figure 1D). These observations indicated that extensively methylated
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CIMP in lung AdCa

AdCas exist, which appear to be characterized by correlated CpG island
DNA methylation of a subset of genes in a subset of tumors, whereas
AdCas with less extensive DNA methylation or with rare DNA methyl-
ation were classified into discrete subgroups (7,14-16).

Identification of CIMP markers in AdCas

MCAM analysis suggested the existence of a distinct subgroup with
extensive DNA methylation in AdCas. Because CIMP status is closely
associated with clinical outcome in forming a distinct subgroup in co-
lon cancer, glioma and breast cancer (29-31), it is useful to accurately
identify CIMP tumors without performing microarray analysis, which
may reveal the etiology and clinical correlates of CIMP in AdCas. First,
we examined whether the DNA methylation status of the classical
CIMP markers (pl16, MINTI, MINT2, MINT3] and MLHI), which
are effective for diagnosis of CIMP in colon cancer (32), reflected
the methylation profile, especially CIMP, determined by MCAM anal-
ysis in AdCas (Figure 2A, left panel). CIMP-positive AdCas defined by
the classical CIMP markers were not consistent with all the extensively
methylated AdCas in cluster 1, suggesting that these markers are not
always accurate for diagnosis of the extensively methylated AdCas.

To establish a new panel of a minimum number of CIMP markers
without reducing the classification power, which was readily applied
to a large number of tumor samples, we eliminated the genes from the
target genes of methylation in MCAM analysis (Figure 2B). The
initial definition of CIMP was based on concordant methylation of
Type C loci (cancer-specific methylation) (7). Therefore, we first
excluded markers that showed evidence of DNA methylation in nor-
mal tissues, which means Type A loci (age-related methylation) (7).
Then, we selected 232 genes that were methylated in >75% of AdCas
in cluster 1 but were methylated in <30% in the other clusters.
Among these genes, 10 genes fulfilled the criteria of (i) concomitant
array signals in all the probes for the same genes on the microarray,
(ii) methylation-positive probes were located within 500 bp from
transcription start sites and (iii) enable to design the stable and
reproducible pyrosequencing assay using the candidate genes. Finally,
we selected six candidate markers, CCNAI, ACAN, GFRAI, EDAR-
ADD, MGC45800 and p16 (CDKN2A), to determine CIMP in AdCas
using a statistical model based on recursive descent partition analysis
with the pyrosequencing data of 10 genes (33).

DNA methylation status of this panel of six markers was examined
in 41 AdCas using pyrosequencing analysis. These six markers were
frequently methylated in four (10%) AdCas of cluster 1, which
showed DNA methylation in five or more of the six markers
(Figure 2A, right panel). We designated this subgroup as CIMP-high
(CIMP-H). In contrast, 26 (63%) AdCas were rarely methylated; none
or one marker was methylated in this subgroup. The majority of
AdCas (21 cases, 81%) in this subgroup fell into cluster 3, which
showed the lowest frequency of DNA methylation. We defined
AdCas with methylation in none or only one of the six markers as
CIMP-negative (CIMP-N). The intermediate subgroup (11 cases, 27%)
between CIMP-H and CIMP-N showed DNA methylation in two to
four markers of the six selected CIMP markers. We designated this
subgroup as CIMP-low (CIMP-L), in which 7 (64%) of 11 AdCas fell
into cluster 2 and showed intermediate frequency of DNA methylation.

Validation analysis of newly identified CIMP markers

It is important to note that this initial selection of the six candidate
markers did not introduce a bias for detecting CIMP only in the training
set. Therefore, the newly identified panel of six markers was indepen-
dently confirmed in a validation set of 87 AdCas. Among them, we
found 6 (7%) CIMP-H, 30 (34%) CIMP-L and 51 (59%) CIMP-N
tumors, which were of a similar frequency as observed in the training
set of 41 AdCas (Supplementary Figure 2, available at Carcinogenesis
Online). To estimate whether the classification by the six CIMP
markers in the validation set was compatible with the CIMP classifica-
tion in the training set, we performed the nearest four neighborhood
prediction analysis (Figure 2C, see Materials and Methods). This
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analysis defined 6 of 87 AdCas in the validation set as cluster 1, all of
which were also categorized as CIMP-H tumors according to our cri-
teria using the six-marker panel. Furthermore, 51 AdCas that were
classified as cluster 3 with a probability >80% by the nearest neighbor
classification analysis were also classified as CIMP-N tumors by our six
CIMP marker panel. These results indicate that the three clusters are
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highly reproducible, and our panel of six markers is capable of accu-
rately categorizing cases into these three clusters.

Identification of AdCa-~CIMP in the Cancer Genome Atlas data set

Next, we examined whether the six CIMP markers could also be
applicable in classifying AdCas deposited in TCGA (http://tcga-
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data.nci.nih.gov/tcga/tcgaHome2.jsp) (30). DNA methylation data of
85 AdCas were obtained from the TCGA database, which were ana-
lyzed by the Infinium BeadChip containing 27 578 probes corre-
sponding to 14 473 genes. Among those probes, we found that
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some probes corresponding to three of our new CIMP markers
(ACAN, CCNAI and GFRAI) were located close to the regions where
we conducted the pyrosequencing analysis. In contrast, no probes
corresponding to the other three CIMP markers (CDKNZ2A,
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MGC45800 and EDARADD) were located within 500 bp of transcrip-
tion start sites, which was a condition of our pyrosequencing analysis.
Therefore, we examined the classification power of the three CIMP
markers (ACAN, CCNAI and GFRAI) in the 85 AdCas obtained from
the TCGA. None, 4 (4.7%), 14 (16.5%) and 67 (78.8%) AdCas
showed DNA methylation in three, two, one or none of the three
CIMP markers, respectively (DNA methylation positive, B value >
0.4, Figure 2D, upper panel). AdCas with DNA methylation in one or
two CIMP markers had more methylated probes among the 3833 most
variant probes than those who had no methylation in the CIMP
markers (average methylated probes: 1430.8 + 39.5, 2116.4 + 86.3
and 2288.8 + 161.5, in AdCas with none, one or two methylated
CIMP markers, respectively, P < 0.001; Figure 2D, lower panel).
These data suggested that the methylation status of the three CIMP
markers is also predictive for highly methylated AdCas in the TCGA
data set.

Clinical significance of CIMP tumors in lung AdCa

Next, we assessed whether CIMP-positive AdCas form a distinct sub-
group with characteristic clinical features. We combined two sets of
AdCa cohorts (training set and validation set) for the analysis of
CIMP signatures, with a total of 128 cases. We did not access any
clinical information before CIMP classification of both sets of AdCas
to avoid any bias in the analysis of the clinical significance of CIMP
tumors. Of the 128 pooled AdCas, 10 (7.8%) were classified as CIMP-
H, 40 (31.3%) as CIMP-L and 78 (60.9%) as CIMP-N (Figure 3A).
CIMP-H tumors were more prevalent in males (P = 0.0047) and
associated with frequent exposure to smoking (pack year > 40,
P = 0.0036). Intriguingly, we found a tight association between CIMP
and EGFR status (P = 0.0089; Table I). None of the 10 CIMP-H
AdCas contained any EGFR mutations, whereas 36/78 (46.2%)
CIMP-N and 12/40 (30.0%) CIMP-L. AdCas had EGFR mutations.
In contrast, no such tendency was observed between CIMP status and
KRAS, TP53 and BRAF mutations.

To investigate whether CIMP status had any impact on overall
survival, we performed Kaplan—-Meier survival analysis and found
that CIMP-H was a significantly negative prognostic factor
(P = 0.0115, log-rank test; Figure 3B). Since EGFR mutations have
been indicated as a potential positive prognostic factor for survival in
advanced non-small cell lung cancer patients treated with chemother-
apy with or without TKI (34), we analyzed overall survival according
to the EGFR mutation status. Among the AdCas harboring wild-type
EGFR, CIMP-H tumors still correlated with poor survival
(P = 0.0312, log-rank test; Figure 3C). In addition to a worse prog-
nosis in patients with AdCas who were smokers (P = 0.0373, log-rank
test; Figure 3D), we found that CIMP-H was an independent prog-
nostic factor among male smokers (hazard ratio 1.7617, 95% confi-
dence interval 1.0030-2.9550, P = 0.0489; Figure 3E). Taken
together, these findings indicated that CIMP-H tumors have unique
clinical features that distinguish them from the other AdCas.

Clinical implication of epigenetic therapy for lung AdCa

To evaluate the relationship between CIMP status and effects of the
DNA methylation inhibitor, 5-Aza-dC, as an antitamor agent, we first
analyzed DNA methylation status of the six CIMP markers in 14
AdCa cell lines, including one CIMP-H (H358), seven CIMP-L
(H23, H1, PC9, H2009, H3255, H1975 and H1650) and six CIMP-
N cell lines (H920, A549, HCC827, ML13, H1573 and HCC4011)
(Supplementary Table 4, available at Carcinogenesis Online). CIMP-
H cells (H358) harbor wild-type EGFR, whereas the CIMP-L and
CIMP-N cells harbor either wild-type (H23, H1, H2009, H1975,
H920, A549, HCC827, ML13 and H1573) or mutated (PC9, H3255,
H1650 and HCC4011) EGFR. Regardless of the CIMP status, cells
with wild-type EGFR showed resistance to the TKI, AG1478
(Figure 4A). Intriguingly, antitumor activity of 5-Aza-dC appeared
to be associated with CIMP status. Each cell line showed different
IC50, which were significantly lower in the CIMP-positive cells (av-
erage, CIMP-H and CIMP-L) than in the CIMP-N cells (P = 0.02,
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average 1C50 was 68, 229 and 982 nM, respectively, Figure 4B). To
determine a more accurate relationship between DNA demethylation
and antitumor activity, we used level of LINE-1 demethylation, which
represents the global level of methylation, as a surrogate marker of
5-Aza-dC treatment. We examined the power of growth inhibition at
a concentration of ~20% of LINE-1 demethylation. Cell growth of
CIMP-H and CIMP-L cells was significantly inhibited at each con-
centration of 5-Aza-dC, in contrast to CIMP-N cells, the majority of
which did not respond to the treatment (Figure 4B). These data sug-
gest that in addition to CIMP-H AdCas, tumorigenesis of CIMP-L
AdCas may also depend on DNA methylation silencing pathway to
some extent.

Discussion

In the current study, we performed a comprehensive genome-wide
DNA methylation analysis and identified a distinct molecular sub-
group (CIMP-H) in human AdCas. This subgroup showed a remark-
ably high rate of DNA methylation in correlated cancer-specific CpG
island hypermethylation of a subset of genes, indicating the existence
of CIMP in AdCas (7).

Previously, studies suggested the existence of CIMP in lung cancer.
The first study defined a CIMP-positive case as having a tumor with
aberrant methylation in either CDHI3 or CRBPI and found that
CIMP-positive cases showed poorer prognosis than the CIMP-N ones
(9). Although a consistent clinical feature, poor prognosis of CIMP-
positive cases, was observed between our study and the previous ones,
frequencies of CIMP and the other clinicopathological features asso-
ciated with CIMP were varied, probably due to the different panels of
CIMP marker examined (9,11-13). Thus, it is still unclear which
DNA methylation markers can define the most extensively methylated
subgroups (CIMP) due to the lack of accompanied genome-wide
analysis in the previous AdCa studies. If CIMP affects only a subset
of CpG islands in a subgroup of AdCas, collection of data for a large
numbers of markers from numerous tumor samples is required to
identify CIMP in AdCas. Indeed, we found in the current study that
CIMP-positive tumors diagnosed by the original CIMP markers de-
fined in the colon cancer study (7) were not consistent with the
extensively methylated AdCas, suggesting that these markers are
not always applicable for diagnosis of CIMP tumors other than colon
cancers. Thus, the existence of CIMP in AdCas from the global point
of view has remained elusive before the current study. Our genome-
wide MCAM analysis successfully identified six practical and repre-
sentative markers for the prediction of CIMP in AdCas.

Integrated analysis of the DNA methylation status of the six CIMP
markers with several cancer-associated gene mutations, including
EGFR, TP53, KRAS and BRAF, revealed that CIMP-H tumors in both
the training and the validation sets did not harbor any EGFR muta-
tions, suggesting that the two events are mutually exclusive, whereas
mutations in the other three genes did not show such strong associa-
tions with CIMP status. Thus, our six novel markers enabled us to
decipher the negative association between CIMP and EGFR muta-
tions, which had been only suggested by previous studies (35). Indeed,
CIMP-H tumors are significantly associated with males, frequent
exposure to smoking and high relapse rate of disease, which clearly
differ from the typical features of EGFR-mutant AdCas, such as
association with females, non-habit forming smoking and better prog-
nosis. Interestingly, colorectal cancers also show strong association
between CIMP status and smoking (36,37). Thus, smoking may be
one of the potential causes of CIMP. These data suggested that a par-
ticular set of genes are methylated in CIMP-H AdCas, and their target
genes are involved in activation of an alternative pathway, in which
tumorigenesis may be minimally dependent on EGFR mutation.

The association of better clinical outcome with CIMP-positive
tumors has been reported in breast cancer, colon cancer and glioma.
Fang et al. (31) showed that there was significant overlap of CIMP
targets in those different types of cancers. Among the 33 overlapped
CIMP targets between the cancers, we found that the DNA methyla-
tion status of 19 genes was available from our MCAM analysis. Using
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(D) Kaplan-Meier analysis for overall survival by smoking status. (E) Multivariate analysis showed that CIMP-H was an independent prognostic factor among

male smokers (n = 37).

the methylation status of these 19 genes, we found that AdCas in our
training set were divided into three clusters; the three most extensively
methylated AdCas were consistent with the CIMP-H AdCas, suggest-
ing that a panel of 19 genes may also be a potent predictor for CIMP-
H in AdCas (Supplementary Figure 3, available at Carcinogenesis
Online). However, given the worse prognosis of patients with
CIMP-H AdCas, the impact of CIMP to survival in lung cancer might
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be different from the CIMP in colon cancer, glioma and breast cancer.
Indeed, a study in myelodysplastic syndromes also showed that the
presence of CIMP was significantly associated with poor prognosis
and risk of leukemia transformation (38). The contrasting impacts of
CIMP to clinical outcome might be due to the distinct DNA methyl-
ation profiles specific to each tumor type; CIMP confers poor prog-
nosis in lung AdCas and myelodysplastic syndromes via inactivation
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of genes critical for tumor progression and for response to
chemotherapy.

We found another epigenomic subgroup (CIMP-L) of AdCas
within the major subclasses classified by DNA methylation status.
This subtype showed moderate accumulation of DNA methylation.
Indeed, our cell line study showed that CIMP-L cells were sensitive to
5-Aza-dC treatment. These data suggest that tumorigenesis pathway
of CIMP-L AdCas might also be affected by DNA methylation to
a certain extent. However, we could not find any specific features of
this subtype. This might be due to the lack of suitable markers to
further classify CIMP-L, resulting in a mixture of subpopulations as
was found in the colon cancer study (39,40). Sensitive and specific
markers for CIMP-L. in AdCas are needed to further characterize
CIMP-L. Additional studies will be required to address this problem.

CIMP-positive lung AdCa cell lines appeared to be more sensitive
to 5-Aza-dC treatment, in which demethylation effectively occurred
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even at low doses of 5-Aza-dC, regardless of EGFR mutation status.
Epigenetic drugs targeting DNA methylation, such as 5-Aza-dC and
S-azacytidine, have shown clinical effectiveness in cancer treatment,
especially for hematological malignancies (41,42). For the treatment
of thoracic malignancies, studies showed that a certain population of
patients with AdCas clinically benefit from 5-Aza-dC treatment
(43,44). One of the important issues of research is the identification
of biomarkers predictive of response to DNA methylation inhibitors
(45). Our cell line analysis showed that CIMP status appeared to be
associated with response to 5-Aza-dC, suggesting that epigenetic
therapy might be a useful approach, especially for those individuals
who have been diagnosed with CIMP. If this possibility was validated,
our findings would be significant for the use of DNA methylation
inhibitors in lung tumors.

In conclusion, we demonstrated here that six newly identified
CIMP markers may be useful in the accurate and practical epigenomic
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classifications of lung cancer. Our findings may enable the develop-
ment of new molecular diagnostics tools for personalized medicine
for lung cancers and confer a new paradigm for cancer treatment.

Supplementary material

Supplementary Figures 1-3 and Tables 1-4 can be found at http://
carcin.oxfordjournals.org/.
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Suppression via a Polycomb-mediated Silencing Mechanism
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Background: Molecular mechanisms underlying heterogeneity of glioblastoma are poorly understood.

Results: Newly identified microRNA-1275, which is controlled by a polycomb-mediated silencing mechanism, regulates expres-
sion of oligodendroglial lineage protein, Claudinll, in glioma stem-like cells.

Conclusion: MicroRNA-1275 may contribute to the establishment of tissue heterogeneity via epigenetic mechanisms.
Significance: We identified a microRNA that is associated with tumor cell differentiation in the oligodendroglial lineage.

Glioblastomas show heterogeneous histological features, and
tumor cells show distinct phenotypic states that confer different
functional attributes and an aggressive character. However, the
molecular mechanisms underlying the heterogeneity in this dis-
ease are poorly understood. Glioma stem-like cells (GSCs) are
considered able to aberrantly differentiate into diverse cell types
and may contribute to the establishment of tumor heterogene-
ity. Using a GSC model, we investigated differentially expressed
microRNAs (miRNAs) and associated epigenetic mechanisms
that regulate the differentiation of GSCs. miRNA profiling using
microarray technology showed that 13 and 34 miRNAs were
commonly up-regulated and down-regulated in two independ-
ent GSC lines during differentiation, respectively. Among this
set of miRNAs, quantitative PCR analysis showed that miRNA-
1275 (miR-1275) was consistently down-regulated during GSC
differentiation, along with the up-regulation of its target,
CLDN11, an important protein during oligodendroglial lineage
differentiation. Inhibition of miR-1275 with a specific antisense
oligonucleotide (anti-miR-1275) in GSCs increased the expres-
sion of CLDN11, together with significant growth suppression.
Epigenetic analysis revealed that gain of histone H3 lysine 27
trimethylation (H3K27me3) in the primary microRNA-1275
promoter was closely associated with miR-1275 expression.
Treatment with 3-deazaneplanocin A, an inhibitor of H3K27
methyltransferase, attennated CLDN11 induction by serum
stimulation in parallel with sustained miR-1275 expression. Our
results have illuminated the epigenetic regulatory pathways of
miR-1275 that are closely associated with oligodendroglial dif-
ferentiation, which may contribute to the tissue heterogeneity
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seen in the formation of glioblastomas. Given that inhibition of
miR-1275 induces expression of oligodendroglial lineage pro-
teins and suppresses tumor cell proliferation, this may be a
potential therapeutic target for glioblastomas.

Glioblastoma is the most common and deadly primary brain
tumor, which is characterized by intratumoral and intertu-
moral heterogeneity with histologically different types of cells
(1). Such multiple distinct subpopulations of cancer cells within
tumors link to the existence of cells that survive surgery and
chemotherapy to form recurrent lesions that are resistant to
further treatments. Cumulative effort aimed at developing tar-
geted therapies for glioblastomas has been somewhat ham-
pered by complexities arising from tissue heterogeneity (2).
Therefore, elucidating the molecular mechanisms underlying
tissue heterogeneity of glioblastoma is a fundamental require-
ment for the development of effective treatments for this
dreadful disease.

Evidence from several groups has shown that glioblastoma
contain a rare, highly tumorigenic, self-renewing subpopula-
tion of cells, called glioma stem-like cells (GSCs)* (3, 4).
According to recent studies in a breast cancer model, cancer
stem-like cells were able to aberrantly differentiate into diverse
cell types by signals within the tumor microenvironments; such
phenotypic plasticity between stem-like cells and differentiated
nonstem-like cells may contribute to the establishment of
tumor heterogeneity (5, 6). Indeed, the presence of such a can-
cer stem-like cell subpopulation has been shown in NOD-SCID
mouse models to recapitulate the observed heterogeneity of

2 The abbreviations used are: GSC, glioma stem-like cell; NSC, neural stem cell;
miRNA, microRNA; miR, microRNA; pri-miR-1275, primary miR-1275; pre-
miR-1275, precursor miR-1275; CLDN 11, Claudin11; PRC, polycomb repres-
sor complex; DZNep, 3-deazaneplanocin A; GFAP glial fibrillary acidic pro-
tein; MAP2, microtubule-associated protein 2; OLIG2, oligodendrocyte
lineage transcription factor 2; KD, knockdown; S-BTC, serum-induced brain
tumor cell; qPCR, quantitative PCR.
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different types of human tumors (7-9). Thus, GSCs might be a
good model for studying tumor cell differentiation and associ-
ated tissue heterogeneity.

microRNAs (miRNAs) are known to down-regulate the
expression of genes by targeting 3'-untranslated regions (3'-
UTRs) of mRNAs via direct mRNA degradation or translational
inhibition (10). Studies have shown that miRNAs are potential
key regulators of cellular differentiation and proliferation,
which have been implicated in many types of cancers (11, 12).
The roles of miRNAs in glioblastoma have also been studied.
miR-9/9* is highly abundant in CD133+ cells, and inhibition of
miR-9/9* leads to reduced neurosphere formation (13). miR-21
and miR-17-92 cluster were highly expressed in glioblastoma
and appear to function in an anti-apoptotic role (14, 15). miR-
221 and miR-222 were also up-regulated in glioblastoma and
shown to be involved in cell cycle regulation via down-regula-
tion of CDKNIB (16). Although the oncogenic or tumor-sup-
pressive roles of these miRNAs in glioblastoma cells have been
studied, the regulation of subtype-specific genes by miRNAs in
tumor cells, especially in respect to differentiation of GSCs as
linked to the establishment of tissue heterogeneity, has not
been well studied.

Besides known genetic alterations, aberrant epigenetic alter-
ations have emerged as common hallmarks of many cancers
including glioblastoma (17-19). Epigenetic mechanisms can
also regulate the expression of miRNAs (20, 21). Emerging data
suggest a role for epigenetic controls in regulating tumor cell
plasticity, where they can generate multiple distinct cellular
subpopulations, thereby contributing to intratumoral hetero-
geneity (22). Histone H3 lysine 27 trimethylation (H3K27me3),
which is catalyzed by polycomb repressor complex 2 (PRC2)
and recognized by PRCI1, is regarded as an easily reversible
modification (23, 24). Recent data imply that PRC could act not
only to maintain stemness and determine the proper lineage in
pluripotent stem cells, but also to guide their further develop-
mental processes by proper regulation of subtype-specific
genes in progenitor cells (25).

Here, we investigated the molecular effects of the newly iden-
tified miR-1275 in GSC differentiation, whose expression is
regulated via a PRC2-H3K27me3-dependent epigenetic mech-
anism in response to environmental cues, and assessed the rela-
tionship between stem-like cell differentiation and tissue het-
erogeneity, especially the oligodendroglial component in
glioblastomas. Our results suggest that this developmental
microRNA is regulated via an epigenetic pathway that contrib-
utes to the phenotypic diversity of glioblastoma tissues, which
may in turn provide a better understanding of the heterogeneity
of glioblastoma in the context of human neurodevelopment.

EXPERIMENTAL PROCEDURES

Cell Cultures—Glioblastoma tissue samples were obtained
from patients undergoing surgical treatment at Nagoya Univer-
sity Hospital, Japan, after they provided written informed con-
sent. The procedures used for derivation of GSCs (1228-GSC,
316-GSC, and 222-GSC) were described previously (26, 27).
Briefly, dissociated tumor cells were cultured in neurobasal
medium comprising Neurobasal media, with N2 and B27 sup-
plements (Invitrogen), along with human recombinant basic
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fibroblast growth factor (bFGF) and epidermal growth factor
(EGF) (20 ng/ml each; R&D Systems, Minneapolis, MN).
Serum-induced brain tumor cells (S-BTCs) were established by
culturing GSCs in DMEM (Invitrogen) containing 10% fetal
bovine serum (FBS). T98, MDA231, MCF7, SKBR3, and PC3
cell lines were grown in DMEM with 10% FBS. A human neural
stem cell (NSC) line was generated from the human fetal telen-
cephalon as described previously (28). This human NSC line is
capable of self-renewal and can differentiate into cells of neu-
ronal and glial lineages, both in vive and in vitro. NSCs were
cultured in DMEM containing 0.1 mm 2-mercaptoethanol.
After 2 days, NSCs were transferred to DMEM containing 0.5
uM retinoic acid (Sigma-Aldrich) and incubated for two addi-
tional days to induce differentiation. For the inhibition of PRC2
activity, GSCs were plated in dishes for 24 h before 3-deazane-
planocin A (DZNep) treatment (5 uM). GSCs were treated with
DZNep or PBS (control) for 2—-7 days. For the generation of
stable knockdown of EZH2 in GSC (EZH2-KD GSC), retroviral
vectors were used as reported previously (29).

miRNA Microarray—Human miRNA Microarray V3 kits
(G4470C; Agilent Technologies, Santa Clara, California) were
used according to the manufacturer’s protocols. This microar-
ray system contains probes for all 866 human and 89 human
viral miRNAs reported from the Sanger database v12.0 (miR-
Base). Each miRNA species is printed 20 times with replicate
probes on the array. Total RNA was isolated from GSCs (1228,
316) and corresponding S-BTCs (continuous serum exposure
for 21 days) with TRIzol reagent (Invitrogen). One hundred ng
of total RNA was labeled with pCp-Cy3 (Agilent Technologies)
and 15 units of T4 RNA ligase (GE Healthcare, Little Chalfont,
Buckinghamshire, UK) at 16 °C for 2 h. Labeled samples were
purified with Micro Bio-Spin 6 columns (Bio-Rad) and hybrid-
ized to microarrays at 55 °C with rotation at 20 rpm for 20 h.
Microarrays were scanned by an Agilent Scanner (Agilent Scan
Control 7.0 software) and analyzed using Agilent Feature
Extraction 10.7 software for miRNA microarray profiling. Raw
data were normalized and analyzed with the use of GeneSpring
software (version 11.5; Silicon Genetics, Redwood City, CA).
The data of our microarray are available in the ArrayExpress
database with accession code: GSE36201. To analyze the target
genes of differentially expressed miRNAs, we performed com-
putational analysis using two miRNA target databases, namely
TargetScan and the microRNA Search software from the
Memorial Sloan-Kettering Cancer Center.

Quantitative Reverse Transcription-Polymerase Chain Re-
action Analyses—One pg of RNA was reverse-transcribed
with SuperScript Il reverse transcriptase (Invitrogen). Tag-
Man PCR and SYBR Green quantitative PCR (qPCR) were
carried out for the target genes in duplicate. TagMan PCR
assays (Applied Biosystems) and oligonucleotide primers
used were as follows: miR-1275 (AB Assay ID 002840); miR-
205 (AB Assay ID 000509); RNU6B (AB Assay ID 001093);
GAPDH (AB Assay ID Hs00266705_gl); EZH2 (AB Assay ID
Hs00544830_m1); glial fibrillary acidic protein (GFAP) (AB
Assay ID Hs00157674_m1); neuron-specific class III B-tubulin
(Tujl) (AB Assay ID Hs00964962_gl1); Claudinll (CLDN11),
sense, 5'-CTGGTGGACATCCTCATCCT-3', and antisense,
5'-CCAGCAGAATGAGCAAAACA-3'.
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RT-PCR—To evaluate the transcript of pri-mir-1275, RT-
PCR was performed using primers 1F, 5'-CTCTGTGAGAAA-
GGGTGTGG-3' and 1R, 5-TCTGCCTTGGGGAAAAT-
AAG-3'; 2F, 5'-GCAGAAATACCTCACCAAGTTTTTA-3'
and 2R, 5'-TTTGGCATACTTACAGACACAAGAC-3'; 3F,
5'-CTCTGAAGTCTCTGGGTATTGCTCT-3" and 3R, 5'-
CACTCCATGTCTCTCCAGCTC-3'; and 4F, 5'-TGATC-
CTTATGTGGTAGTTTTAGGG-3' and 4R, 5'-CAAAG-
AGTAATTGGAAGGAGAAGC-3'. Strand-specific reverse
transcription was performed by SuperScript I first-strand
synthesis system (Invitrogen) according to the manufacturer’s
instructions using 50 ng of total RNA or genomic DNA with
strand-specific primers (1R, 2R, 3R, or 4R). Synthesized cDNA
was amplified using FastStart Taqg DNA polymerase (Roche
Applied Science).

Western Blot Analysis—To perform Western blot analysis,
the primary antibodies used were anti-CLDN11 (ab53041,
Abcam; Cambridge, UK), anti-PAX5 (ab15164, Abcam), anti-
NEUROD?2 (ab109406, Abcam), and anti-B-actin (4967, Cell
Signaling Technology, Danvers, MA) rabbit polyclonal anti-
bodies. The secondary antibody used was HRP-linked anti-rab-
bit IgG antibody (7074, Cell Signaling Technology).

Manipulation of miR-1275 in Cell Lines—To examine the
effects of miR-1275 (accession number, NR_031681), cells were
transfected with the precursor molecules mimicking miR-1275
(pre-miR-1275 precursor, final concentration of 30 or 100 nm,
Applied Biosystems) or negative control miRNA (pre-miR neg-
ative control 1, 30 or 100 nm, Applied Biosystems) according to
the manufacturer’s instructions. Inhibition of miR-1275 was
performed using an anti-miR-1275 inhibitor (anti-miR-1275
inhibitor, 30 or 100 nM, Applied Biosystems) or a negative con-
trol anti-RNA (anti-miR inhibitor negative control 1, 30 or 100
nmM, Applied Biosystems) according to the manufacturer’s
instructions.

Dual-Luciferase Reporter Assay—Two fragments of the
CLDNI11 3'-UTR region (1,381 bp and 431 bp to give pmir-
CLDN11-3’-UTR and CLDN11 1/2) were prepared for
luciferase constructs, which contain one or two potential
target sites of miR-1275 (+1772 to +2202 and +822 to +2202
relative to the transcription start site, respectively (accession
number, NR_031681); see supplemental Fig. 2). The fragments
were amplified by PCR with the following primers: for
pmir-CLDN11-3'-UTR, sense, 5'-GCTCGCTAGCCTCGAG-
TATAAGAGGGCT-3', and antisense, 5'-GCAGGTCGACT-
CTAGATACCTCTGGATACAAC-3’; and for CLDN11 1/2,
sense, 5'-GCCTCGAGAACCATGGTTTTCCTGAAAT-3’,
and antisense, 5'-ACTCTAGATACCTCTGGATACAACAG-
AAGATT-3'. miRNA target site mutants were generated with
the QuikChange site-directed mutagenesis kit (Stratagene, La
Jolla, CA) using the following primers: Mut-1F, 5'-AACTTCT-
CCCCATTTCTTTTGGTTGCCT-3', and Mut-1R, 5'-AGG-
CAACCAAAAGAAATGGGGAGAAGTT-3'; and Mut-2F,
5'-CACATTTTTAAAGCTTCTTTTCTCTCTATTTG-3', and
Mut-2R 5'-CAAATAGAGAGAAAAGAAGCTTTAAAAAT-
GTG-3’, and sequence was verified. These primers produced
CLDN11 3'-UTR fragments with deletion of seed sequences
(5'-UCCCCCA-3'). The fragments of pmir-CLDN11-3'-UTR
and CLDN11 1/2 were then ligated into the Xbal site of the
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pmirGLO luciferase reporter vector (Promega, Madison, WI).
For the reporter assay, luciferase constructs (500 ng) were
transfected into the cells using Lipofectamine 2000 (Invitrogen)
with 30 or 100 nm miR-1275 (see above). Luciferase activity was
measured 72 h after transfection using a Dual-Luciferase
reporter assay system (Promega). To obtain the relative lucifer-
ase activity, firefly luminescence was normalized by the Renilla
luminescence.

Cell Growth Assay—GSCs (5 X 10%) were plated in 96-well
culture dishes for 24 h before transfection of the anti-miR-1275
inhibitor, siRNAs against CLDN11 (100 nm; siRNA 1, s9925 or
siRNA 2, 9926, Applied Biosystems), or negative control (100
nM, AM4611, Applied Biosystems). The number of viable cells
was counted on days 3 and 7 after transfection. Experiments
were performed independently in triplicate.

Chromatin Immunoprecipitation (ChIP)—ChIP assays were
performed based on a modification of previously published
methods (30). Briefly, cells (1 X 10°) were treated with 1% form-
aldehyde for 8 min to cross-link histones to DNA. After soni-
cation of cell pellets, the lysate was incubated with 10 ul of
anti-histone H3 (Abcam, ab1791), anti-K9 acetylated histone
H3 (Abcam, ab6002), anti-K27 trimethylated histone H3
(Abcam, ab6002), or anti-YY1 antibodies (sc-281; Santa Cruz
Biotechnology, Santa Cruz, CA). To collect the immunopre-
cipitated complexes, protein G-Sepharose beads (GE Health-
care) were added and incubated for 1 h at 4°C. DNA was
extracted by the phenol/chloroform method, ethanol-precipi-
tated, and resuspended in water. ChIP products were assayed
by SYBR Green ChIP-qPCR using the following sets of primers:
sense, 5'-GTGACCTGCGGCTACACC-3', and antisense, 5'-
AGGATGAGGATGTCCACCAG-3' encompassing CLDN11
promoter region; sense, 5'-GCAGAAATACCTCACCAAGT-
TTTTA-3’, and antisense, 5'-TTTGGCATACTTACAGA-
CACAAGAC-3' encompassing the pri-miR-1275 promoter
region.

Immunohistochemistry—Paraffin-embedded sections were
immunostained with anti-CLDN11 antibody (sc-25711, Santa
Cruz Biotechnology), anti-MAP2 antibody (ab11267, Abcam),
anti-GFAP antibody (Z0334; DAKO, Glostrup, Denmark), or
anti-OLIG2 antibody (MABN50, Millipore). Primary antibody-
antigen complexes were visualized using horseradish peroxi-
dase-conjugated secondary antibodies followed by diamino-
benzidine or anti-mouse Alexa Fluor 546 and anti-rabbit Alexa
Fluor 488 secondary antibodies (Molecular Probes, Eugene,
OR). Nuclei were counterstained using 4, 6-diamidino-2-phe-
nylindole (DAPI).

Bisulfite Pyrosequencing Methylation Analysis—DNA was
treated with sodium bisulfite as reported previously (31).
Briefly, 2 ug of genomic DNA was denatured with 2 M NaOH
for 10 min followed by incubation with 3 M sodium bisulfite
(Sigma, pH 5.0) for 16 h at 50 °C. After treatment, DNA was
purified via a Wizard miniprep column (Promega) and resus-
pended in 30 pl of diluted water. CLDN11 promoter methyla-
tion was examined using pyrosequencing technology (Pyrose-
quencing AB, Uppsala, Sweden) as was reported previously
(31). The primer sets used were as follows: sense, 5'-GAGAG-
GGGTTATAAGAAGAGAAATTAG-3', and antisense, 5'-
GGGACACCGCTGATCGTTTAAATAACCCCAAAAAAA-
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CCATTAA-3'; universal biotinylated primer, 5'-GGGACA-
CCGCTGATCGTTTA-3'; and sequencing primer, 5 -TGG-
AATTGTTTTATTTTGTA-3'.

Statistics—The statistical significance of the differences
observed was determined by paired Student’s ¢ test or one-way
analysis of variance (StadView software version 5.0; Abacus
Concepts, Berkeley, CA). All reported p values were two-sided,
with p < 0.05 considered statistically significant.

RESULTS

miRNA Expression Profiling during GSC Differentiation and
Target Prediction—Glioblastoma spheroid cultures, which are
enriched with GSCs, converted into differentiated adherent
cells in response to serum within 48 h and were termed S-BTCs
along with contributing to an attenuation of tumorigenicity in
NOD-SCID mice as was reported previously (4, 26). To inves-
tigate the miRNAs involved in GSC differentiation, we exam-
ined miRNA expression before and after exposure to differ
entiation-promoting serum condition in two GSC models
(316- and 1228-GSCs) using miRNA expression microarrays.
Among the 866 human miRNAs on the microarray, 32 and 43
miRNAs were up-regulated, and 128 and 56 miRNAs were
down-regulated with a greater than 2-fold difference before and
after serum exposure in 1228-GSCs and 316-GSCs, respectively
(supplemental Tables S1 and S2). Among these differentially
expressed miRNAs, 13 and 34 miRNAs were commonly up-
regulated and down-regulated in both 1228-GSCs and 316-
GSCs, respectively (Fig. 14).

We computationally analyzed the list of target genes of these
differentially expressed miRNAs in two GSC lines using two
independent publicly available database-related software pro-
grams, TargetScan and the microRNA Search software,
because each program uses its own unique algorithms to meas-
ure complimentarily. Among the list of miRNAs and their tar-
gets, we focused on the miRNAs for which relevant targets are
closely associated with neural cell differentiation. A profound
relationship was found between miR-1275 and CLDN11 (also
known as oligodendrocyte-specific protein, OSP), a tight junc-
tion protein that is a major and essential component of central
nervous system myelin and has been shown to increase in
expression when oligodendrocyte progenitors develop into
mature oligodendrocytes (32). Predicted target genes of miR-
1275 that were commonly identified within two databases are
listed in supplemental Table 3. miR-1275 appeared to have a
strong target bias for the 3'-UTR mRNA of CLDN11; it has two
predictive seed sequences in this 3'-UTR (Fig. 1B). Consistent
with the microarray analysis, quantitative RT-PCR showed that
the expression of miR-1275 was down-regulated during GSC
differentiation, together with up-regulation of CLDNI11I in
three independent GSC lines (1228-, 316-, and 222-GSCs; Fig.
1, C and D). Expression of the other significant miR-1275 tar-
gets, such as GATA2B, CEBPG, PAXS, and NEUROD?2 that are
listed in the database and were validated by gPCR or Western
blot analysis, did not appear to be significantly concordant
with miR-1275 expression in our model, although PAXS and
NEUROD?2 are associated with neural differentiation (33, 34)
(supplemental Fig. 1, A and B). We also analyzed the expression
levels of miR-205 in GSCs, which has been reported as a poten-
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tial regulator of CLDN11 in human embryonic stem cell differ-
entiation (35), and found that miR-205 expression was at an
extremely low level, and there was no evidence of dynamic
alteration in response to serum in GSCs (supplemental Fig. 1C).
Intriguingly, an inverse correlation between miR-1275 and
CLDNI11 expression was also found in the NSCs. miR-1275
expression was down-regulated during the differentiation of
NSCs induced by retinoic acid, together with CLDN11 up-reg-
ulation (supplemental Fig. 1D).

Interaction between miR-1275 and Its Binding Sites in the
CLDNI11 3'-UTR—Because miRNAs negatively regulate
mRNA expression by repressing translation or directly cleaving
the targeted mRNA via imperfect binding to their 3'-UTR, we
experimentally assessed the interaction between miR-1275 and
the 3’-UTR of the CLDNI1I mRNA. First, we examined the
levels of miR-1275 expression in five cancer cell lines, namely
glioma cell line (T98), three breast cancer cell lines (MDA-MB-
231, MCF7, and SKBR3), and a prostate cancer cell line (PC3),
and in NSC by quantitative RT-PCR analysis. Low level of miR-
1275 expression was observed in T98, whereas all the breast
cancer cell lines and the prostate cancer cell line, as well as
NSCs, showed moderate to high levels of miR-1275 expression
(Fig. 24).

To investigate the potential relationship between CLDN11
3'-UTR and miR-1275, the CLDN11 3'-UTR, which contained
two predictive miR-1275 target sites, was cloned just down-
stream of the firefly luciferase coding sequence (pmir-
CLDN11-3'-UTR) and transfected into the MDA231, MCF7,
SKBR3, PC3, and T98 cell lines. Significant repression of lucif-
erase activities was observed in the MDA-MB-231, MCF7,
SKBR3, and PC3 cell lines, which expressed a high level of miR-
1275, as compared with the control luciferase activity (Fig. 2B).
On the other hand, no obvious changes of luciferase activity
were observed in the T98 line, which expressed a substantially
lower level of miR-1275.

Next, to further examine the direct interaction of miR-1275
with the potential target sites in the CLDN11 3'-UTR, we co-
transfected the pmir-CLDN11-3'-UTR together with expres-
sion plasmids for miR-1275 into T98 cells. Significant repres-
sion of luciferase activities was observed under the miR-1275
expression condition (Fig. 2C). However, although it is statisti-
cally significant, the effect of robust miR-1275 up-regulation
(more than 600 times higher than untransfected cells) in T98
cells transfected with pre-miR-1275 resulted in relatively small
changes (decreases of around 30-40%) in CLDNI113'-UTR
luciferase activity. In contrast, CLDNII 3'-UTR luciferase
activity was prominently down-regulated in MDA231, MCF7,
SKBR3, and PC3 cells as compared with T98 cells, although the
difference in miR-1275 expression between these two groups
was less than 10 times (Fig. 2, A and B). These data suggest the
existence of another mechanism, such as other types of microR-
NAs in addition to miR-1275, that is involved in the regulation
of CLDN11 expression in T98 cells.

Conversely, repression of luciferase activities in PC3 was
impaired by down-regulation of miR-1275 with a specific miR-
1275 inhibitor (anti-miR-1275, 100 nm) (supplemental Fig. 24).
In addition, pmir-CLDN11-3'-UTR constructs with one or two
mutated miR-1275 binding sites showed stepwise increase in

JOURNAL OF BIOLOGICAL CHEMISTRY 27399

- 148 -

€102 ‘€1 YdIep U0 ‘AdYHEIT IVHLINTO AINN YAODVYN e Bioogf mas woy pepeojumoq



Epigenetic Regulation of GSC Differentiation

A

fi$a-mif-127-3p B
figamiR-181h
figa-miR-485-3p
figa-miR-377”
hrgarnif-222
Frsa-miR-409-3p
fga-riR-788
hEa-raiR-779-5p
hegamif-181e-27
higaraiR-381

e rniR-309-5p
e miR-854-5p
hea-miRk-382 C
hea-miR-550
heamiR-210
hzg-riR-28¢
hagmik-385
hea-mik-324-5p
heg-miR-103
hag-miR-1207-5p
hga-miR-455-3p
hea-mik-10a
haa-miRk-1275
hea-miR-18h
hga-rniR-1226%
hsa-miR-130h
fisg-miR-301a
hsamif-148a
1se-mif-155

: hoa-miR-1280
hea-miRk-g*

- hsa-miR-203
hsa-miR-20b

- hea-miR-371-8p
hea-miR-135b
hse-miR17

. hsa-miR-874
hsa-miR-874-4p
hsa-miR-1368
hsa-miR-48
hee-miR-E30
hea-niR-188-5p
hsa-miR-BH3
hsa-miR-THS
hsa-miR-34a D
hsa-miR-311b

hisa-mik-8
1228 316
Fold change to GSC (log2)
e —_—

3 cuguc@G?@IisG?GG??g %’ miR-127%
154: &’ cucccémimécéému 3¢ CLDN11

W

i

37 cugUCGGAGAGGEEGYy 5’ miR-1275

1134: & uaai‘;é«-étf}f:ﬂllééé:ééic 3‘ CLDN11

miR-1275
o 1.2 - r‘
@0
© 90 -
2
§ 08
o
g 06 - a6se
o
8g.
& o4 S-BTC
o
2
3 02-
&
316 222
06 . CLDN11
Q'S
H
28 o04.
£% .
x % 0.3 . agsc
'S 8 S,
S S-BTC
3
5L o
316
1228 316 222
GSC S-BYC GSC S-BTC GSC S-BYC
CLDN11

Bractin

FIGURE 1. miRNA microarray analysis in GSC lines. A, heat map showing 13 miRNAs and 34 miRNAs that were commonly up-regulated (red) and down-
regulated (blue) after serum exposure in two GSC lines (1228- and 316-GSCs). hsa, Homo sapiens. B, the predicted binding sites of miR-1275 are indicated
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luciferase activity in PC3 cells (supplemental Fig. 2B). Taken
together, these results indicated that miR-1275 directly regu-
lates CLDN11 expression by targeting the two binding sites in
the 3'-UTR of CLDNI11 mRNA.

miR-1275 Inhibits CLDN11 Protein Expression in GSC Cell
Lines—To further assess the direct relationship between miR-
1275 and CLDNI11 expression in GSCs, which showed a high
level of miR-1275 and a low level of CLDN11 mRNA expres-
sion, we examined the effects of anti-miR-1275 on CLDN11
expression in GSC cell lines. GSC lines were treated with anti-
miR-1275, a negative control miRNA inhibitor (anti-N), or
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without any antisense molecules (mock control). In response to
anti-miR-1275, mRNA expression of CLDN11 was up-regu-
lated along with the down-regulation of miR-1275 in three GSC
lines (Fig. 3A). Consistently, both CLDN11 protein level and the
number of CLDN11-positive cells were significantly increased
in GSC spheroids after treatment with anti-miR-1275 in the
three GSC lines (Fig. 3B).

We also found that GSCs treated with anti-miR-1275
showed significant growth suppression as compared with those
treated with anti-N control, suggesting that inhibition of this
miRNA could induce CLDN11 expression with rapid inhibition
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treatments as compared with pmir-emp control (p < 0.05).

of GSC proliferation (Fig. 3C). Further, we confirmed that inhi-
bition of CLDNI11 by siRNA suppressed cell proliferation of
GSCs (Fig. 3D).

miR-1275 Is Regulated by PRC2-mediated H3K27me3—Epi-
genetic control of developmental genes has emerged as a key
mechanism for differentiation of NSCs in response to differen-
tiation-inducing cues. Notably, a PRC2-H3K27me3-mediated
gene silencing mechanism plays an essential part in the repres-
sion of key development-associated genes (36). To investigate
whether this epigenetic mechanism is involved in the regula-
tion of miR-1275, we examined the association between epige-
netic status of the promoter region of pri-miR-1275 and miR-
1275 expression in GSC lines. The transcriptional start site of
pri-miR-1275 was determined by the DBTSS database (Fig. 4A4)
and confirmed by RT-PCR (supplemental Fig. 3) (37). Concord-
ant with miR-1275 down-regulation during GSC differentia-
tion into S-BTC, ChIP-PCR analysis showed that enrichment of
H3K27me3 repressive mark and YY1 protein, together with
loss of H3K9 acetylation (H3K9Ac) active mark in S-BTCs (Fig.
4A). Compellingly, treatment of GSCs with a potent PRC2
inhibitor, DZNep, showed sustained miR-1275 expression
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along with a small effect on CLDN11 expression in the presence
of serum (Fig. 4B, supplemental Fig. 44). To clarify whether
miR-1275 is regulated by an epigenetic pathway, especially
PRC2-mediated mechanism, we further examined the effect of
EZH2, a catalytic component of PRC2, inhibition on expression
of miR-1275 and CLDN11 using an shRNA system (EZH2-KD).
EZH2-KD impaired serum-induced miR-1275 repression,
resulting in disruption of CLDNII induction (supplemental
Fig. 4B). These data suggested that induction of miR-1275 by
differentiation-promoting serum conditions was responsible
for increased expression of CLDN11 via the PRC2-H3K27me3
epigenetic regulatory pathway.

Immunohistochemical Analysis of CLDNII in Clinical
Samples—To assess the impact of our findings in respect to the
clinical features of glioblastoma, we investigated the expression
pattern of CLDN11 in glioblastoma (# = 3) and normal brain
(n = 3) tissues. CLDN11 was highly expressed in mature oligo-
dendrocytes in normal brain (Fig. 5, A and B) (38). By contrast,
in all three glioblastoma specimens, a major part of the tumor
tissue was CLDN11-negative. Only one specimen showed a cer-
tain area composed of CLDN11-positive tumor cells (Fig. 5,
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FIGURE 3. miR-1275 targets CLDN17 in GSCs. A, expression levels of miR-1275 (leff) and CLDN11 (right) in three GSC lines are indicated. Cells were transfected
with 100 nm anti-miR inhibitor against miR-1275 (Anti-miR-1275), a negative control miRNA inhibitor (Anti-N), or without any antisense molecules (Mock).
Expression levels were normalized to internal GAPDH and RNU6B controls, respectively. Values are indicated relative to the levels of mock control. Assays were
performed in triplicate. Error bars indicate S.D. *, p < 0.05. B, Western blot analysis of CLDN11 expression in GSC transfected with either 100 nm anti-miR-1275
or 100 nm anti-N. B-Actin was used as a loading control (left panel). Immunofluorescence analysis of CLDN11 in GSCs and S-BTCs was performed. GSCs were
transfected with either 100 nm anti-miR-1275 or 100 nm anti-N (middle). Bar, 20 pm. The ratio of immunopositive cells in each sphere is shown (right). The error
bars indicate S.D. *, p < 0.01. C, cell proliferation assay of GSC lines (316, 222) transfected with either 100 nm anti-miR-1275 (triangle) or 100 nm anti-N (circle).
Values are expressed relative to abundance in 0 days. The error bars indicate S.D. ¥, p < 0.05. D, cell proliferation assay of GSC lines (316, 222) transfected with
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Values are expressed relative to abundance at day 0. The error bars indicate S.D. *, p < 0.05. CLDN11 mRNA expression levels (mean = 5.D.) in GSCs transfected
with either siRNA-CLDN11 or control siRNA are shown at the right.

C-E). To clarify whether these CLDN11-positive cells corre-
spond to the oligodendroglial lineage, which sometimes pres-
ent in a small fraction of glioblastomas (39, 40), we investigated
the expression pattern of CLDN11 in comparison with major
neural cell lineage markers, such as GFAP (an astrocyte lineage-
specific marker), microtubule-associated protein 2 (MAP2, a
neuron lineage-specific marker), and oligodendrocyte lineage
transcription factor 2 (OLIG2, a oligodendrocyte lineage-spe-
cific marker). CLDN11-positive cells and GFAP-positive cells
existed on a mutually exclusive basis in glioblastoma speci-
mens. No MAP2-positive cells were found in the glioblastoma
tissues examined. Notably, in small fractions of glioblastomas,
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CLDN11-positive cells were also positive for the anti-OLIG2
antibody, suggesting that CLDN11-positive cells in the glio-
blastoma tissues correspond to the oligodendroglial lineage and
that regulation of miR-1275 may contribute, at least in part, to
form the tissue heterogeneity corresponding to the oligoden-
droglial lineage cells in glioblastomas (Fig. 5, F-I).

DISCUSSION

Glioblastoma displays heterogeneous histological features,
with subsets of tumor cells often showing distinct phenotypic
states that differ in functional attributes. This phenotypic het-

" erogeneity might be explained, at least in part, via a cancer
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are shown. The assays were performed in triplicate. Error bars indicate S.D. *, p

stem-like cell model (5). In this study, using a GSC-based dif-
ferentiation model (4, 26, 27), we investigated the expression of
miRNAs and associated epigenetic mechanisms that regulate
the differentiation of GSCs. In response to serum-induced dif-
ferentiation conditions, acquisition of H3K27me3 modification
and enrichment of YY1 protein binding, which has been impli-
cated to act as a modular scaffold protein to recruit PRC2 to the
target genes (41, 42), together with loss of H3K9Ac in the pri-
miR-1275 promoter region, led to the silencing of miR-1275
and derepression of its target, CLDN11, in GSCs. These find-
ings support a model for the establishment of tissue heteroge-
neity where the tumor environment affects the expression of a
subset of genes including miRNAs via plastic epigenetic mech-
anisms, resulting in distinct types of cell differentiation. We
also examined DNA methylation status of a CpG island within
the CLDN11 promoter and found that no DNA methylation
changes were detected in all three GSC lines, suggesting that
this highly stable epigenetic machinery was not directly
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< 0.01.

involved during GSC differentiation (supplemental Fig. 5). The
significant difference between PRC2-H3K27me3 and DNA
methylation centers on the stability of repression; indeed,
H3K27me3-mediated gene silencing can change dynamically
during differentiation, as opposed to DNA methylation within
CpG islands, which is highly stable and irreversible without
artificially altering key factors in cells (43).

The most prevalent form of glioma is referred to as astrocy-
toma. However, glioblastoma also contains an oligodendrocyte
component in some cases. This oligodendroglial component
has been detected in ~20% of glioblastomas; moreover, the
presence of oligodendroglial components has been reported to
be predictive of longer survival of patients in certain studies (39,
40). Our immunohistochemical examination revealed that
CLDN11-positive tumor cells also showed OLIG2 positivity in
a specific region of tumors, with this area being in concordance
with an oligodendroglial component; this suggests that
CLDN11 expression via down-regulation of miR-1275 contrib-
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FIGURE 5. Immunohistochemistry of CLDN11 and neural lineage-specific marker in clinical samples. A and B, hematoxylin/eosin (HE) staining (A) and
corresponding immunohistochemistry of CLDN11 in normal brain (white matter) (B). Bar, 100 um. C and D, hematoxylin/eosin staining of glioblastoma section
(O) and corresponding immunohistochemical analysis of CLDN11 in glioblastoma section (D). Bar, 500 wm. E, the area in panel D is magnified. Bar, 100 um. F-H,
immunofluorescence analysis of CLDN11 (green) and GFAP (red) (F), CLDN11 (green), and MAP2 (red) (G), and CLDN11 (green) and OLIG2 (red) (H) in glioblas-
toma. Cells are also stained with DAPI to highlight nuclear areas. Bar, 100 um. J, ratio of immunopositive cells to each neural-lineage marker among CLDN11-

positive cells is counted. Error bars indicate S.D.

utes to the formation of oligodendroglial component in
glioblastoma.

We noted that GSC with ectopic expression of miR-1275
could convert into S-BTC with GFAP and Tuj1 positives under
differentiation-promoting serum conditions (supplemental
Fig. 6). This suggests that miR-1275 particularly affected the
expression of CLDN11, which is an important protein for oli-
godendroglial lineage differentiation but is not a master regu-
lator of the other differentiation-associated genes in GSCs.

Although miR-205 has been reported as a potential regulator
of CLDN11 in human embryonic stem cell differentiation, this
miRNA did not appear to be involved in GSC differentiation
into oligodendroglial lineage in our model (35). Another
miRNA, miR-219, has been shown to be necessary and sulffi-
cient to promote oligodendrocyte differentiation (44). How-
ever, expression of this miRNA was also at an undetectable level
in our microarray analysis of the three GSC cell types (Array-
Express, accession codes: GSE36201). In addition to GSCs, we
also found that miR-1275 may affect the expression of CLDN11
during NSC differentiation mediated by retinoic acid exposure.
Because miRNAs are potential key regulators of differentiation
and miRNA-deficient mice with Dicer deletions showed signif-
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icant impairment of oligodendrocyte differentiation and pro-
duction of myelin genes (44, 45), miR-1275 might also be one of
the key miRNAs for myelination and oligodendroglial lineage
differentiation.

Recent studies indicate that miRNAs are essential regulators
of GSCs. miR-9/9* is highly abundant in CD133+ cells, and
inhibition of miR-9/9* leads to reduced neurosphere formation
(13). Members of the miR-17-92 cluster are down-regulated
upon GSC differentiation. Transfection of inhibitors of the
miR-17-92 cluster induced increased apoptosis and decreased
cell proliferation (15). Consistent with these previous studies,
down-regulation of miR-9/9* and miR-17, miR-19b, and miR-
20a, components of the miR-17-92 cluster, were detected dur-
ing GSC differentiation in our microarray analysis. In addition
to these findings, we found that suppression of miR-1275 in
GSCs induced oligodendroglial lineage-associated protein
(CLDN11) along with rapid inhibition of GSC proliferation.

The loss of tumor-suppressive miRNAs enhances the expres-
sion of target oncogenes, whereas increased expression of
oncogenic miRNAs (known as oncomirs) can repress tumor-
suppressor genes in cancers (46). Members of the Claudin gene
family are expressed in both a tissue stage-specific and a devel-
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opmental stage-specific manner. CLDN11 expression is highly
regulated during development and may play an important role
in growth and differentiation of oligodendrocytes. In cancer
cells, CLDN11 appears to have a tumor-suppressor function in
gastric cancer, bladder cancer, and meningioma (47-49).
Indeed, inhibition of CLDN11 by siRNA in GSCs induced cell
proliferation (Fig. 3D). Given these tumor-suppressor func-
tions of CLDN11, miR-1275 may also have a context-depen-
dent effect; in cancer cells (including our GSCs), it works as an
oncomir, inhibition of which may also lead the suppression of
tumor cell growth. This is also explained by the ideas that devel-
opmentally important genes also have crucial roles during
tumor progression in a lineage-specific context (50).

In summary, our data provide evidence that repression of
miR-1275 via PRC2-H3K27me3 results in CLDN11 up-regula-
tion, which may be required for the tumor cell differentiation
and contribute to the establishment of tissue heterogeneity in
glioblastoma. In addition, miR-1275 targets CLDN11, which
represses the proliferation of tumor cells, as was found in the
current study. These results have illuminated the epigenetic
regulatory pathways for tumor cell differentiation by miR-1275
in glioblastomas, inhibition of which may be a potential target
for cancer therapy as a new clinical application.
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