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G lioblastoma multiforme (GBM) is the most lethal form
of glioma. As the term glioblastoma “multiforme” sug-
gests, the histopathology of this tumor is extremely variable.
Both intertumor and intratumor heterogeneity are observed, in
which tumor cells exist in multiple states of differentiation
that show distinct properties.""” Even with the most advanced
treatments, which involve combinations of surgery, radiother-
apy and chemotherapy with drugs such as temozolomide
(TMZ), <5% of patients survive longer than 5 years post diag-
nosis.”> Consequently, elucidating the underlying mechanisms
that potentiate the aggressiveness of GBM is key to facilitat-
ing the development of new treatment strategies for this
dreadful disease.

Alongside known genetic changes, aberrant epigenetic alter-
ations have emerged as common hallmarks of many cancers,
including glioblastoma.” Recent large-scale genomic and epi-
genomic profiling studies, such as The Cancer Genome Atlas,
have yielded novel data and deeper insight into gliomagene-
sis.Y One surprising discovery is the identification of a large
number of inactivating mutations in genes that control the
epigenome (Fig. 1). Exome sequencing studies of 291 GBM
revealed that 46% of cases had at least one somatic mutation
in genes associated with chromatin modification. The genes
included those associated with DNA methylation (isocitrate
dehydrogenase [IDH] 1, IDH2), histone modification (mixed
lineage leukaemia 2 [MLL2], MLL3, MLL4, Enhancer of
zeste 2 [EZH2] and histone deacetylase 2 [HDAC2]) and
chromatin  remodeling (a-thalassaemia/mental  retardation
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Given that treatment options for patients with glioblastoma are limited, much
effort has been made to clarify the underlying mechanisms of gliomagenesis.
Recent genome-wide genomic and epigenomic analyses have revealed that muta-
tions in epigenetic modifiers occur frequently in gliomas and that dysregulation
of epigenetic mechanisms is closely associated with glioma formation. Given that
epigenetic changes are reversible, understanding the epigenetic abnormalities
that arise in gliomagenesis might be key to developing more effective treatment
strategies for glioma. In this review, we focus on the recent advancements in epi-
genetic research with respect to gliomas, consider how epigenetic mechanisms
dynamically regulate tumor cells, including the cancer stem cell population, and
discuss perspectives and challenges for glioma treatment in the near future.

syndrome X-linked [ATRX], death-domain associated protein
[DAXX], CREB binding protein [CREBBP] and SWI/SNF-
related matrix-associated, actin-dependent regulator of chro-
matin A2 [SMARCA2]).”® These mutations result in the
impairment of DNA methylation, histone modification and
nucleosome positioning, and are associated with aberrant gene
expression.® For instance, a subset of gliomas, normally
low-grade gliomas or secondary high-grade gliomas (proneu-
ral type), are characterized by both mutations in IDHI1 or
IDH2 and hypermethylation of DNA. This subset is referred
to as glioma CpG island methylator phenotype (G-CIMP).“Y
Hence, clarification of the crosstalk between the genome and
epigenome might suggest new molecular targets and possibili-
ties for the treatment of GBM.

Recent transcriptome analysis revealed that more than 90%
of the human genome is transcribed and transcription is not
limited to protein-coding regions.””” The expression of signifi-
cant numbers of non-coding RNA (ncRNA) is regulated dur-
ing development in a cell-type specific manner and these
RNA, which include microRNA (miRNA, miR) and long non-
coding RNA (IncRNA), are associated with multiple cell func-
tions.® A proportion of the ncRNA appear to be associated
with epigenetic modifiers via direct interaction or are involved
in the post-transcriptional regulation of such modifiers."'?
Recent studies have shown that ncRNA are not only potential
key regulators of cellular differentiation and proliferation, but
also have tumor suppressive or oncogenic functions in many
types of cancer."" Thus, ncRNA and associated epigenetic
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regulators play important roles in a wide variety of physiolog-
ical and pathological processes, including tumor formation.

It is likely that therapies for gliomas that target epigenetic
molecules will be in clinical trials and use in the near future.
However, the current limited knowledge about the mechanisms
by which such molecules function must be considered. Conse-
quently, understanding how the epigenome regulates certain
genomic loci is of vital importance in enabling the epigenome
to be exploited as a fruitful source of new therapeutic
approaches for GBM. This review outlines recent advances in
epigenetic research with respect to gliomas. In particular, it
focuses on the dynamic regulation of glioma cells, and dis-
cusses the clinical implications of the development of novel
therapies for this devastating disease.

Aberrant DNA Methylation in Glioblastoma Multiforme

Dysregulation of epigenetic transcriptional control owing to
aberrant DNA methylation is a fundamental feature of human
malignancies.(3) It has also been suggested that aberrant DNA
methylation contributes to the development and progression of
gliomas.*'? In general, cancer cells display global hypome-
thylation and regional hypermethylation simultaneously, with
hypermethylation occurring especially at select gene-associated
CpG islands that are normally unmethylated. In addition, com-
prehensive studies of colorectal cancers have revealed a subset
of cases in which high rates of aberrant hypermethylation are
present in promoters; these cases are described as CpG island
methylator phenotype (CIMP) positive.'>> CIMP tumors exhi-
bit distinct genetic and clinical features, including high rates of
BRAF and KRAS mutations, a low frequency of TP53 muta-
tion, specific histology (mucinous and poorly differentiated), a
proximal location and characteristic clinical outcome."*
Recent genome-wide analyses have demonstrated the existence
of CIMP in breast cancers, lung cancers and gliomas.*'>'®
These studies indicate that a specific pathological molecular
pathway related to aberrant DNA hypermethylation is involved
in the development of each CIMP tumor. Glioma-CIMP
(G-CIMP) is subclassified on the basis of distinct genetic and
clinical features, which include high rates of mutation in IDH1
and TP53, a young age at diagnosis, a better prognosis than
other patients with glioma and identification as the proneural
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Fig. 1. Genetic and epigenetic alterations in
gliomas. TP53, IDH1 and ATRX are frequently
mutated in low-grade gliomas and secondary GBM.
Mutation of IDH1 leads to aberrant DNA
methylation, whereas mutations in the important
chromatin  modifier ATRX affect chromatin
structure. In pediatric GBM, mutations in H3F3A
and ATRX are found frequently and associated
closely with gliomagenesis.

subtype. G-CIMP tumors are frequently found in secondary
GBM, which shows a step-wise progression from low-grade
glioma to high-grade GBM."”

Mutations in IDH1 have been shown to induce the accumu-
lation of methylated DNA via the inhibition of DNA demethy-
lation (Fig. 2)."® IDH are NAD+ and NADP+-dependent
enzymes that catalyze the third step of the tricarboxylic acid
(TCA) cycle, and mutations in IDH1 cause a metabolite called
2-hydroxyglutarate (2-HG) to accumulate."” The accumulated
2-HG impairs the activity of ten-eleven translocation (TET)
methylcytosine dioxygenase, which results in DNA hyperme-
thylation."® This is supported by an in vitro study that demon-
strates that the DNA methylation pattern is altered in human
astrocytes expressing mutant IDH1 (R132H).?? Collectively,
these data indicate that mutation of IDHI1 may result in
G-CIMP through inhibition of the TET-mediated production of
5-hydroxymethylcytosine (ShmC), which is a primary mode of
DNA demethylation. Although further investigations are
required before it can be concluded that impaired TET activity
is the major cause of aberrant DNA hypermethylation, these
fascinating studies clearly demonstrate a link between an
altered metabolite profile owing to the mutation of metabolic
genes and an aberrant epigenome associated with cancer.

Dysregulation of Histone Modifications in Glioblastoma
Multiforme

Histone modifications have long been thought to have a func-
tional influence on the regulation of transcription. It is now
apparent that they influence a variety of DNA-templated pro-
cesses."” Among the different possible histone modifications,
trimethylation of histone H3 lysine 27 (H3K27me3) has been
identified as a key epigenetic modification during develop-
ment, including neural cell differentiation. Aberrant H3K
27me3 is frequently observed in many types of cancer.?"
Our study and other studies have revealed that H3K27me3-
mediated gene silencing is mechanistically distinct from gene
silencing mediated by DNA methylation.(22’23) Indeed,
H3K27me3 and DNA methylation have been shown to be
mutually exclusive in CpG islands in a precise genome-wide
analysis.(24) A significant difference between the two mecha-
nisms relates to the stability of repression. The pattern of
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Fig. 2. IDH mutations induce G-CIMP. Mutations
in IDH1 (a cytoplasmic enzyme) and IDH2 (a
mitochondrial enzyme) are found frequently in
proneural glioblastoma multiforme (GBM). IDH1
mutations are more common than IDH2 mutations.
Mutated IDH1 and IDH2 gain the ability to produce
the metabolite, 2-hydroxyglutarate (2-HG), which
inhibits o-ketoglutarate (0-KG)-dependent dioxy-
genases, including histone demethylases and the
TET protein family. Therefore, mutation of IDH1 is
the mechanistic cause of G-CIMP through inhibition
of the TET-mediated production of 5hmC, which is
a primary mode of DNA demethylation.

H3K27me3-mediated gene silencing can change dynamically
during differentiation due to the existence of H3K27 methy-
lases (EZH2 and EZH1) and demethylases (UTX and JMJID3).
In contrast, DNA methylation within CpG islands is highly
stable, although recently the presence of TET-mediated DNA
demethylation machinery has been indicated in a certain con-
text.*>27)

EZH2, which is the catalytic subunit of Polycomb Repressive
Complex 2 (PRC2), has a histone methyltransferase activity
with substrate specificity for H3K27 and produces dimethylated
H3K27 (H3K27me2) or H3K27me3 (Fig. 3).?" H3K27me3
serves as a signal for specific binding of the chromodomain of
another polycomb repressor complex, PRC1.?® In general,
PRC1 and PRC2 work collaboratively to repress transcription.
However, recent analyses have revealed that PRC1 and PRC2
do not share all their targets: a substantial proportion of PRC2
targets are not occupied by PRCI, and vice versa, which
implies that PRC1 and PRC2 can act independently.**”
Intriguingly, a component of PRC1, BMI1, sometimes plays an
opposing role to PRC2 in the context of stem cell regulation.®"
BMII1 maintains the self-renewal of hematopoietic and neural
stem cells as well as stemness in cancer stem cells (CSC),3%3%
whereas PRC2 restricts hematopoietic stem cell/progenitor
activities.®" Studies have also demonstrated that PRC2 not
only acts to promote self-renewal, but also controls fate choices
within the multipotent lineage during neural and muscle devel-
opment.(21’34’35) Indeed, PRC2 is a key regulator of the differ-
entiation of glioma stem cells (GSC).®® The precise molecular
mechanisms by which PRC1 and PRC2 control stemness and
stem cell differentiation remain elusive. However, independent
action of PRC1 and PRC2 might enable the precise and com-
plex regulation of gene function during development.

Recently a cogent study showed that recurrent heterozygous
mutations in H3F3A, which encodes the replication-indepen-
dent histone H3 variant H3.3, result in amino acid substitutions
at two critical positions within the histone tail (K27M, G34R

Cancer Sci | April 2014 | vol. 105 | no.4 | 365

AN

Review

Kondo et al.
Isocitrate
. (
.
4
Isocitrate a-Ketoglutarate
(a-KG)
Mutated
Mutated H
. IDH1

a-Ketoglutarate
(a-KG)

2-Hydroxyglutarate

Histone
demethylase
e

/G34V) in infant and adolescent GBM.®’”® The presence of
these mutations is mutually exclusive and is linked to a dis-
tinct gene expression pattern. Cases of GBM with the H3F3A
G34 mutation show characteristic features that include high
rates of mutation in TP53, ATRX and DAXX, high levels of
alternative lengthening of telomeres (ALT) activity, DNA hy-
pomethylation and a hemispheric location, whereas cases of
GBM with the H3F3A K27 mutation show high frequencies of
TP53 mutation, DNA hypomethylation, a midline location and
diffuse intrinsic pontine glioma, and a poor prognosis. Given
that ATRX and DAXX are essential for the incorporation of
H3.3 at pericentromeric heterochromatin and at telomeres,
mutations in these genes are associated strongly with alterna-
tive lengthening of telomeres and s?eciﬁc gene expression pro-
files that result in gliomagenesis.®’

Histone H3.3 that carries the K27 mutation acts in a domi-
nant-negative manner and leads to a global reduction in levels
of the repressive histone modification H3K27me3.®” The
reduced levels of H3K27me3 might also affect the global
DNA methylation status and result in DNA hypomethylation
that activates gene expression.

The K27 mutant and consequent reduced levels of
H3K27me3 have the same effect as the loss of EZH2 function,
which suggests that EZH2 might have a tumor suppressor
function. However, these findings are inconsistent with the evi-
dence that increased EZH2 activity increases the level of
H3K27me3 and that EZH2 might act as an oncogene via the
repression of tumor suppressor genes.“*? The possible
bifunctional role of EZH2 as both an oncogene and tumor sup-
pressor in human malignancies indicates that signaling out-
comes downstream of dysregulated EZH2 activity depend on
the context. Given that cancer is a disease of faulty differentia-
tion, dysregulation of EZH2-H3K27me3 is involved in differ-
ent steps of carcinogenesis. Therefore, it might be rational to
determine whether PRC2 is required for the differentiation and
dedifferentiation of CSC (i.e. tumor cell plasticity), or for the
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epithelial-mesenchymal transition, rather than modulating
EZH?2 levels to assess whether it is acting as an oncogene or a
tumor suppressor in a defined cell context.*"

Interestingly, mutations in H3F3A occur in a mutually
exclusive manner with mutations in IDHI.** As mentioned
above, IDHI1 mutations induce the accumulation of 2-HG,
which acts as an inhibitor of multiple a-ketoglutarate (a-KG)-
dependent dloxygenases 1nclud1ng histone demethylases and
the TET protein family."'®*>*® This inhibition results in char-
acteristic genome-wide changes in patterns of histone and
DNA methylation. The different mutations are associated with
GBM with distinct clinical characters, probably due to distinct
molecular features that include differences in gene expression
and DNA methylation profiles.

Dysregulation of Non-Coding RNA in Glioblastoma
Multiforme

Recent advancements in the technology to identify ncRNA
using microarrays or next generation sequencing technologies
have provided an extraordinary abundance of novel data on a
genome-wide scale, which, in turn, have led to deeper insights
into the biology of ncRNA.” Some ncRNA play key regula-
tory and functional roles.

miRNA are short non-coding endogenous RNA that post-
transcrigtlonally regulate the expression of a large number of
genes. They downregulate gene expression by binding to
the 3'-untranslated regions of specific target mRNA to induce
direct mRNA degradation or translational inhibition. miRNA
play important roles in a wide variety of physiological and
pathological processes, including tumor formation. Aberrant
expression of miRNA can induce tumor suppression or have
an oncogenic effect that results in tumor formation.

Studies have shown that miRNA play an important regula-
tory role during tumor formation in GBM.“32->*5% miR-9,/9%
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heterogeneous tumors. (a) Glioma stem cells (GSC)
are considered able to differentiate aberrantly into
diverse cell types. The process of differentiation of
GSC into non-GSC is reversible and shows
phenotypic equilibrium. (b) PRC2 has a histone
methyltransferase activity with substrate specificity
H3K27 and produces H3K27me3, which is
thought to recruit PRC1 via proteins of the CBX
family. The RING1A/1B complex in PRC1 induces
the mono-ubiquitination of histone 2A lysine 119
(H2AK119), which is thought to affect chromatin
structure and block the recruitment of
transcriptional activation factors (bottom panel).
We have demonstrated that PRC2 is required for
the self-renewal of GSCs as well as GSC
differentiation in response to oncogenic cues,
which leads to the establishment of heterogenous
tumors.

is highly abundant in CD133+ cells and inhibition of miR-9
/9% leads to reduced formation of neurospheres (Fig. 4).“
Conceivably, CD133 is a stem cell marker that might be able
to distinguish the small subpopulations of cancer cells with
strong tumorigenic activity that are found in some GBM.®”
However, recent reports, including ours, suggest that expres-
sion of CD133 is a feature of GSC rather than a defined mar-
ker that dlstlngulshes cells at different hierarchical levels in
tumors.**3Y The robustness of some markers of cancer stem
cells remains to be determined.

The miR-17-92 cluster is thought to be involved in the re%
lation of GSC differentiation, apopt051s and proliferation.
The level of miR-17-92 transcripts is significantly higher in
primary astrocytic tumors than in normal brain tissue and
increases significantly with tumor progression. A high-level
amplification of the miR-17-92 locus has also been found in
glioblastoma specimens. Inhibition of miR-17-92 induces
apoptosis and decreases cell proliferation in GSC. It has also
been shown that both miR-124 and miR-137 are downregulat-
ed in high-grade gliomas and upregulated during adult neural
stem cell differentiation.®® Transfection of miR-124 or miR-
137 inhibits the proliferation of GSC, via the suppression of
cyclin-dependent protein kinase 6 (CDK6), and induces mor-
phological changes in human GSC and the expression of neu-
ronal differentiation markers. miR-34a directly inhibits the
expression of c-Met, Notchl and Notch2 in GSC.®? Notch is
a critical regulator of cell fate during development and also of
normal stem cell maintenance.®> Activation of the Notch
pathway enhances the stemness, proliferation and radioresis-
tance of GSC.®

The existence of a regulatory network between PRC and
miRNA has been shown in GBM. One study demonstrates
that miR-128 has a tumor-suppressive function and is down-
regulated in glioblastoma tissue. The induction of miR-128
expression significantly reduces the proliferation of glioma
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Upregulated in GSC

Fig. 4. miRNA associated with the maintenance of
glioma stem cells (GSC). miR-9/9*%, the miR17-92
cluster, and miR-1275 are upregulated in GSC.
Targets of these miRNA, namely calmodulin-binding
transcription activator 1 (CAMTA1), connective
tissue growth factor (CTGF) and CLDN11, act as
tumor suppressors. In contrast, miR-34a, miR-128,
miR-124 and miR-137 are downregulated in GSC.
miR-34a inhibits the expression of Notch1 and
Notch2, which are receptors of notch signaling
molecules. miR-128 inhibits GSC self-renewal by
directly targeting BMI1 and SUZ12, components of
PRC1 and PRC2, respectively. miR-124 and miR-137
induce GO/G1 cell cycle arrest by targeting cyclin-
dependent kinase 6 (CDK®6).

cells both in vitro and in vivo via downregulation of the onco-
genic protein Bmi-1, which is a component of PRC1.5” In
addition, miR-128 inhibits GSC self-renewal. Another study
shows that miR-128 directly targets SUZ12, a key component
of PRC2. Ectopic expression of miR-128 in GSC significantly
increases their radiosensitivity.®® Thus, the deregulation of
miRNA expression affects the activity of downstream tumor
suppressors, oncogenes and other signaling molecules in a
variety of steps in glioma progression, including the mainte-
nance of GSC.

Plastic Epigenetic Regulation in Glioma Stem Cells

We have summarized here the recent advances in epigenetic
research with respect to gliomas. These epigenetic changes are
not only important for tumor formation but also play a pivotal
role in the plasticity of tumor cells (Fig. 3). The dynamic plas-
ticity of tumor cells might be required for the adaptation of
their microenvironment, which, in turn, might contribute to the
establishment of intratumor heterogeneity.®°®"  Functional
and morphological heterogeneity characterize aggressive glio-
blastoma and contribute to invasion, metastasis and drug resis-
tance.*®?  Consequently, understanding the molecular
mechanisms that underlie tumor heterogeneity and the associ-
ated plasticity is critical to address the current limitations in
the treatment of GBM.

The emerging insights into gliomagenesis have revealed
that GSC have the potential to initiate and maintain the
growth of gliomas and might be crucial for their resistance
to conventional therapies.**® The early studies, which
involved in vivo transplantation assays, revealed a hierarchy
of tumor cells in GBM that comprised a strongly tumorigenic
CSC population and a weaker tumorigenic non-CSC popula-
tion. Later, a mouse model identified a putative endogenous
GSC located at the apex of a cellular hierarchy that was
involved in tumor maintenance and recurrence after chemo-
therapy.®” GSC and normal neural stem cells appear to share
common features that include self-renewal and the capability
to differentiate into multiple lineages.®> In response to sig-
nals within the tumor microenvironment, GSC are considered
able to differentiate aberrantly into diverse cell types through
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dynamic epigenetic regulation. Consequently, the existence of
GSC and plastic epigenetic regulation might be linked to the
morphological and lineage heterogeneity that is observed in
GBM. Given that PRC2-mediated H3K27me3 confers stem-
ness and controls the development of organisms by regulating
the expression of developmental genes,°®®” tumor cells
might usurp this epigenetic process to mediate adaptation to
tumor environments.

Recently, we examined GSC and found that biological
interconversion between GSC and differentiated non-GSC is
reversible and functionally plastic.®® This interconversion is
accompanied by gain or loss of PRC2-mediated H3K27me3
on genes associated with pluripotency or development (e.g.
Nanog, Wntl and BMPS5) together with alterations in the
subcellular localization of EZH2 and other components of
PRC2, such as SUZ12 and EED. Knockdown of EZH2 or
pharmacological inhibition of EZH2 disrupts the morphologi-
cal interconversion and impairs tumor cell invasion, which
results in improved survival of GSC-bearing mice. In human
GBM specimens, the proportion of tumor cells that contain
nuclear EZH?2 is higher around tumor blood vessels and the
invasive front, which suggests that nuclear EZH2 might be
involved in the process of reprogramming tumor cells that
are in close proximity to surrounding environmental factors.
Intriguingly, miR-1275, which has been newly identified as a
target for regulation by PRC2-H3K27me3, regulates the
expression of claudin 11 (CLDNI11), which might be
required for tumor cell differentiation, especially the oligo-
dendroglial lineage, and contribute to the establishment of
tissue heterogeneity in GBM.® These results suggest that
miRNA involved in development are regulated via an epige-
netic pathway that contributes to the phenotypic diversity of
GBM.

Thus, the PRC2-miRNA epigenetic network contributes to
intratumoral heterogeneity in GBM: some of the subpopula-
tions of cells exhibit more differentiated features, whereas oth-
ers have characteristics of stem-like cancer cells. Therapy
targeted against PRC2 might reduce tumor cell plasticity and
heterogeneity, metaphorically “freezing” the ability of tumor
cells to adapt, and provide a new paradigm in the treatment of
gliomas.

© 2014 The Authors. Cancer Science published by Wiley Publishing Asia Pty Ltd
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Perspectives

Epigenetic alterations play an important role in the molecular
pathology of GBM. Given that inhibitors of histone deacetylas-
es are currently in clinical trial for the treatment of GBM, it is
important to understand the involvement of histone modifica-
tions during gliomagenesis.“>’” However, knowledge about
the role of dysregulation of epigenetic mechanisms in GBM is
still very limited, especially how the epigenome is altered spe-
cifically at certain loci and how this affects the phenotypes of
GBM. Following the discovery of GSC, therefore, it is impor-
tant to elucidate the epigenetic mechanisms by which environ-
mental cues control the differentiation of GSC into the diverse
array of cell types that form GBM. Recent genome-wide stud-
ies have shown that the large number of ncRNA that are tran-
scribed from the human genome include a group termed
IncRNA.” LncRNA are known to regulate gene expression
through providing a scaffold for chromatin modifying proteins,
such as methylases, demethylases and deacetylases, and
recruiting these proteins to target loci that can be situated close
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together in the genome (cis-regulation) or genomically distant
(trans—regulation).(71’73 However, the scaffold function has
been identified in only a few IncRNA. Further investigation is
required to clarify the functional roles of IncRNA in order to
elucidate the gene regulatory mechanisms that are important in
gliomagenesis. Understanding the interactions between
IncRNA and the genome, which are reversible changes, might
suggest novel approaches for specific epigenome-targeted ther-
apies for GBM.
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