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Abstract

microRNAs (miRNAs) have wide-ranging effects on large-scale gene regulation. As such, they play a vital role in dictat-
ing normal development, and their aberrant expression has been implicated in cancer. There has been a large body of
research on the role of miRNAs in medulloblastoma, the most common malignant brain tumor of childhood. The iden-
tification of the 4 molecular subgroups with distinct biological, genetic, and transcriptional features has revolutionized
the field of medulloblastoma research over the past 5 years. Despite this, the growing body of research on miRNAs in
medulloblastoma has largely focused on the clinical entity of a single disease rather than the molecular subgroups.This
review begins by highlighting the role of miRNAs in development and progresses to explore their myriad of implica-
tions in cancer. Medulloblastoma is characterized by increased proliferation, inhibition of apoptosis, and maintenance
of stemness programs—features that are inadvertently regulated by altered expression patterns in miRNAs.This review
aims to contextualize the large body of work on miRNAs within the framework of medulloblastoma subgroups. The
goal of this review is to stimulate new areas of research, including potential therapeutics, within a rapidly growing field.

Key words

microRNAs (miRNAs) are short 18-25 nucleotide noncoding
RNAs that regulate gene expression via posttranscriptional
processes.'The discovery and identification of miRNAs—as a
new mechanism of gene regulation—transformed our under-
standing of the regulation process. Through complementary
sequences to their respective target mRNA, miRNAs have
been shown to regulate thousands of potential target genes.
This complex gene regulatory network is now accepted as a
critical process in normal development. miRNAs have wide-
ranging effects on large-scale gene regulation, and as such,
their aberrant expression has been associated with a vari-
ety of different pathological states, including cancer. In this

review we highlight the major findings implicating miRNAs
in the pathogenesis of medulloblastoma, the most common
malignant pediatric brain tumor.

The Biogenesis of miRNAs and Their
Role in Normal CNS Development
The biogenesis of miRNAs follows an intricate process

of transcription and posttranscriptional modification. The
canonical pathway of miRNA biogenesis initiates in the
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nucleus, where RNA polymerase |l transcribes the nas-
cent primary miRNA (pri-miRNA). These transcripts are
similar to protein-coding transcripts, which are usually
long nucleotide sequences with 5 caps and poly-ade-
nylated 3’ tails. Due to the specific stem-loop secondary
structures of pri-miRNA, they are recognized and pro-
cessed by the nuclear ribonuclease Drosha and its partner
DiGeorge syndrome critical region 8 (DGCR8), resulting in
a shorter precursor miRNA called pre-miRNA. Following
this, the pre-miRNA is transported to the cytoplasm via
exportin-5 and undergoes further processing by the
ribonuclease Dicer1.2 The miRNA commonly undergoes
strand separation in which a mature miRNA is incorpo-
rated into the RNA-induced silencing complex (RISC) and
the passenger miRNA is typically degraded. The mature
miRNA and RISC is then able to regulate mRNA transla-
tion through the binding of complementary sequences
which are generally located in the 3" untranslated regions
of the target mRNA."

Over the past decade much has been revealed about
miRNA biology; however, there are still large gaps in our
understanding of the full spectrum of miRNA function.
Typically, target mRNA is silenced by miRNA through a
process called mRNA cleavage. A unique miRNA has the
potential to target hundreds if not thousands of mRNA
and thus regulate global gene expression. The regulation
of miRNAs is not completely understood, but it is now
widely accepted that miRNA transcription is facilitated
through RNA polymerase Il associated transcription fac-
tors.? Furthermore, promoters of protein-coding genes can
regulate miRNA expression located within their respec-
tive introns, and RNA-binding proteins can also modulate
the stability of miRNAs. One prominent example of this
is regulation of LIN28, which suppresses the biogenesis
of let-7 family miRNAs by inhibiting pri-miRNA cleavage.
Epigenetic mechanisms of miRNA transcriptional silencing
have also been demonstrated and represent another level
of regulation.*

miRNA-directed gene regulation is an essential path-
way in virtually all mammalian cell types examined to
date.® Due to the ubiquitous and promiscuous nature
of miRNAs in regulating many mRNA targets, miRNA
expression must be controlled in both space and time.
It is estimated that more than 60% of documented miR-
NAs are detected in the adult brain, and many of these
change their expression over the course of embryonic
brain development and maturation.® Specific species of
miRNAs are expressed in different compartments of the
neural axis and it has been postulated that miRNA path-
ways play a dominant role in neuronal fate determination
and synaptic plasticity.”

The critical role of miRNAs in embryonic brain develop-
ment has largely come from mouse knockout studies. The
amelioration of miRNA biogenesis via conditional knock-
out of Dicer1 has been used to study the collective contri-
bution of miRNAs in specific neuronal tissue. Ablation of
Dicer1 expression in various neuronal cell populations,
including neural stem cells, results in the rapid depletion
of the targeted cell populations.® Further, Dgcr8+- mutant
mice, which lack a component of the complex that is essen-
tial for miRNA production, display significant behavioral
and cognitive defects.?

One of the most studied regulatory loops involved in
neural stem cell differentiation is the repressor element
1-silencing transcription factor (REST) complex (also
known as neuron-restrictive silencer factor, or NRSF)/
small C-terminal domain phosphatase 1 (SCP1) pathway.
This complex normally silences neuronal genes in non-
neuronal cells by suppressing miR-9 and miR-124. During
neuronal differentiation a negative feedback loop occurs
whereby miR-124 suppresses the activity of SCP1 and
thereby inhibits the REST complex, allowing for neuronal
differentiation.’® miR-124 also appears to promote the
transition of neuronal precursors to more mature neurons
through the inhibition of SRY (sex determining region
Y)-box 9 (SOX9)." Differentiation from stem cell-fate to a
cell-fate lineage involves the coordinated activation of neu-
ronal genes while activating cell cycle exit. Studies have
shown that deletion of miR-9 in the hindbrain results in an
increase in cell proliferation due to indirect downregula-
tion of the cell cycle inhibitor p27.'2 Another potent regu-
lator of neuronal genes, nuclear receptor TLX, has been
demonstrated to be a target of both let-7 and miR-9.7314
An additional mechanism at play involves an interesting
switch in alternative splicing patterns whereby miR-124,
through inhibition of polypyrimidine tract binding protein
1, represses neuron-specific splicing patterns.™

General Mechanisms of miRNA
Disruption in Cancer

Since the discovery of miRNAs, their aberrant expression
has been linked to various pathological states, includ-
ing cancer. In fact, more than 50% of miRNAs are shown
to be located in cancer-associated genomic regions.'®
Expression profiling and subsequent characterization of
cancer-associated miRNAs provided further proof of the
relevance of miRNAs to the study of cancer.

It has been observed that miRNA expression predomi-
nantly increases over the course of differentiation. As such,
since cancer is often a disease characterized by global
dedifferentiation or failure of differentiation, it was hypoth-
esized that miRNA expression would be globally down-
regulated. The first evidence of a causal role of miRNAs at
the root of cancer was discovered in chronic lymphoblastic
leukemia, where miR-15 and miR-16, frequently deleted
in these tumors, were shown to be negative regulators
of the anti-apoptotic gene B-cell lymphoma 2 (BCL2)."7"8
These structural variations involving miRNAs are a com-
mon mechanism for miRNA disruption in the context of
cancer. Other major mechanisms of miRNA deregulation
involve the silencing of promoters through DNA methyla-
tion, activation of major oncogenic transcription factors,
and aberrations in the miRNA biogenesis pathway. Global
miRNA repression is often brought about by transcrip-
tional repression via oncogenic transcription factors. One
prominent example of this regulation is through MYC,
which has been shown to repress a number of miRNAs,
including let-7 and miR-34 family members, which con-
verge to drive proliferation.” The let-7 miRNA family have
been shown to act as tumor suppressive miRNAs and are
thus frequently downregulated. On the opposite spectrum,



various oncogenic miRNAs have also been described—an
example is the miR-17-92 cluster, which have been shown
to promote cell proliferation, suppress apoptosis, and
induce angiogenesis.?® Copy number variations and cyto-
sine-phosphate-guanine methylation have been shown to
focus in on various cancer-related miRNAs.?' However, the
precise mechanisms underlying miRNA deregulation in
tumorigenesis is not well understood.

Medulloblastoma

The most common malignant pediatric brain tumor is
medulloblastoma.?? Arising in the cerebellum, these undif-
ferentiated tumors compose a heterogeneous group with
significant mortality.?®26 Recent genetic and molecular
profiling of disease has significantly increased our under-
standing of medulloblastoma pathogenesis and uncov-
ered at least 4 molecular subgroups with distinct biology
and clinical profiles.?”-*°These subgroups are termed WNT,
sonic hedgehog (SHH) (based on their associated signal-
ing pathway activity), and the lesser known Group 3 and
Group 4.%"-3 miRNAs have been identified to be central to
the pathogenesis of a wide variety of cancers.3*3 Several
mechanisms lead to the dysregulation of miRNAs in
medulloblastoma; these are summarized below.

Oncogenic miRNAs

Genome-wide miRNA profiling and candidate gene
approaches have allowed the identification of oncogenic
miRNAs in medulloblastoma. One of the earliest miRNA
integrative genetic studies, using a cohort of 34 primary
medulloblastoma samples, revealed the overexpres-
sion of miR-18a, -19a, -20a, -21, -25, and -106b.3¢ Many of
these miRNAs belong to a cluster of miRNAs frequently
involved in cancer—known as the miR-17-92 cluster. Using
single nucleotide polymorphism arrays, Northcott et al
identified the recurrent amplification of the miR-17-92
proto-oncogene polycistronic cluster in up to 6% of medul-
loblastomas. Interestingly, the amplification appears to be
predominantly involved in SHH tumors.?” Further evidence
from mouse studies demonstrated the codependency
between SHH signaling and miR-17-92 using the Ptch*-
mouse model.?® Knockout of this miRNA cluster led to a
reduction in cerebellar size and folia number, indicative
of its critical function in cerebellar development as well
as tumorigenesis. Interestingly, miR-17-92 knockdown
completely abrogated the formation of medulloblastoma
in the Ptch*~ model.3® The use of an 8-mer locked nucleic
acid (LNA)-modified antimiR led to prolonged survival in
mice injected with intracranial xenografts, highlighting the
potential of LNA antimiR in therapy.*°

The most devastating predictor of mortality among
medulloblastoma patients is the presence of metastasis*';
as such, the role of miRNA in metastases has been hotly
investigated. In non-SHH medulloblastomas, studies have
shown that another cluster, miR-183-96-182, appeared
to be highly expressed.*? Functional studies showed that
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this cluster of miRNAs is involved in cell migration.*
Overexpression of this cluster led to an increase in lep-
tomeningeal spread in a xenograft model. In an inde-
pendent report, Weeraratne et al demonstrated that the
miR-183-96-182 cluster is enriched in MYC-amplified
medulloblastomas and appears to target the Akt/phos-
phatidylinositol-3 kinase (PI3K)/mammalian target of rapa-
mycin (mTOR) pathway.* An additional miRNA, miR-21,
was shown to be upregulated in a cohort of 29 primary
samples and patient-derived cell lines; in vitro studies
revealed that the metastases suppressor programmed cell
death protein 4 (PDCD4) is a direct downstream target of
miR-21.45 Knockdown of miR-21 resulted in an increase
of negative modulators of metastasis such as E-cadherin
and tissue inhibitor of metalloproteinase 2. Other candi-
date miRNAs overexpressed in medulloblastoma include
miR-367, which targets octamer-binding transcription fac-
tor 4 (OCT4) and appears to be involved in tumor prolif-
eration and invasion, and miR-106b, which targets the
well-known tumor suppressor phosphatase and tensin
homolog (PTEN).*¢47 Further studies will be required to
elucidate the exact mechanisms of these oncogenic miR-
NAs and develop a comprehensive understanding of their
interactions.

Tumor Suppressor miRNAs
Stemness

Stem cells are characterized by their potential to differen-
tiate into more mature cell types and their self-renewal
capacity, which allows them to go through several cell divi-
sion cycles without exhausting either their proliferative
capacity or their differentiation potential. These character-
istics are very advantageous in tumor homeostasis and,
for this reason, signaling pathways involved in mainte-
nance of stemness are frequently overactivated in medul-
loblastoma as well as other tumors. In 2004, Singh et al
demonstrated that a subpopulation of cells with stem cell-
like properties in the tumor bulk was responsible for tumor
homeostasis and propagation.*®4® miRNAs have been inti-
mately linked to neuronal stem cell differentiation. Various
stem cell compartments have been proposed for medul-
loblastoma, including CD133+ neural stem cells.*® Global
miRNA profiling has revealed a distinct profile between
CD133+ and CD133- populations,®® and pathway analysis
looking at the most differentially expressed miRNA targets
identified critical genes involved in neuronal signaling and
cancer metastasis.5°

The Notch signaling pathway is essential for the main-
tenance of the neural stem cell pool during CNS devel-
opment,5" repressing the expression of proneuronal
differentiation genes.’’ The Notch signaling pathway is
frequently overactive in medulloblastoma, and overex-
pression of hairy and enhancer of split-1 (HES1), a major
downstream effector, is considered a poor prognos-
tic factor in this type of tumor.5252 It is not surprising to
find that in medulloblastoma, miRNAs that target Notch
signaling pathway effectors are frequently underrepre-
sented. For example, miR-34a and miR-1280 target Notch
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ligands delta-like canonical Notch ligand 1 (DLL7) and
jagged 2 (JAG2), respectively—furthermore, miR-34a has
been shown to target NOTCH17 in medulloblastoma.5*55
Similarly, miR-199b-5p and miR-9 target HES1, a major
Notch downstream effector, contributing to the silencing
of the Notch signaling pathway at the onset of neuronal
differentiation.52%356 The restoration of the expression of
these miRNAs in medulloblastoma cell lines reduced pro-
liferation and clonogenicity and induced differentiation in
vitro. In addition, overexpression of miR-199b-5p in medul-
loblastoma cells reduced the subpopulation of cancer stem
cells, resulting in reduced tumorigenicity in xenograft
experiments.52

miR-124a and miR-9 are expressed at low levels in neural
stem cells, and their levels increase through differentiation,
reaching a maximum in the adult brain.5” These miRNAs
have a crucial role in the onset of neurogenesis by target-
ing transcription factors important for the neural precursor
function, such as SOX9, Forkhead box G1 (FOXGT), and
myeloid ecotropic viral integration site 1 homolog (MEIS1);
as such, they promote differentiation.”%8 Mice deficient in
miR-9 show severe defects in the thickness and organiza-
tion of the developing cortex.’® The expression of miR-9
and miR-124a is inhibited by the REST complex, which
represses the expression of proneural genes in neural stem
cells.®® REST is overexpressed in some medulloblastomas
and is correlated with poorer survival. The oncogenic activ-
ity of REST has been demonstrated in murine models of
medulloblastoma in collaboration with MYC overexpres-
sion.%% Some studies have predicted that the 3’ untranslated
regions of some components of the REST complex present
target sequences for miR-9 and miR-124a,%" suggesting the
existence of a negative feedback loop between REST and
miRNA that would explain the necessity of suppressing
miR-9 and miR-124a in medulloblastoma (Figure 1).

Other studies show that miR-128a, a miRNA with
decreased expression in medulloblastoma, regulates poly-
comb complex protein BMI-1 (BMI1), a member of the
polycomb repressor complex 1.62 Although in this particu-
lar study, the authors propose a role for BMI-1 in maintain-
ing levels of reactive oxygen species, BMI1 is known to be
involved in inhibiting the expression of proneural genes,
and it is essential for neural stem cell maintenance and cer-
ebellar development.8384 In addition, BMI1 is a proto-onco-
gene upregulated in medulloblastoma, and its oncogenic
activity is due to the inhibition of its downstream target
INK4alARF, which encodes for the cell cycle inhibitors p16
and p19.49.63

Proliferative Signaling

One of the hallmarks of cancer is the imbalance between
proliferation and cell death that leads to an uncontrolled
growth of tumor cells. Tumor cells have selected several
mechanisms that maintain activated signaling pathways
involved in proliferation. Constitutive overactivation of the
SHH signaling pathway is characteristic of the aptly named
SHH subgroup of medulloblastomas; most of which have
germline or somatic mutations of genes in the SHH signal-
ing pathway.%® Ferreti et al observed that miR-324-5p, miR-
125b, and miR-326 are significantly downregulated in SHH
tumors.® This set of miRNAs inhibits the expression of

Smoothened (SMO) (miR-324-5p, miR-125b, and miR-326)
and glioma-associated oncogene (GL/7) (miR-324-5p), both
activators of the SHH signaling pathway, and their down-
regulation contributes to the maintenance of the SHH cas-
cade characteristic of this medulloblastoma subgroup.5®

miR-218 is downregulated in medulloblastoma, and
the restoration of miR-218 levels has tumor suppressive
effects in medulloblastoma cell lines by targeting the
rapamycin-insensitive companion of mTOR (RICTOR),%
one of the components of mMTOR complex 2 (MTORC2),
which phosphorylates and activates Akt, the main effec-
tor of the PI3K signaling pathway.58 miR-495 specifically
targets growth factor independent 1 (GFI1) transcription
factor,®® which is an oncogene overexpressed in medul-
loblastoma.”® Downregulation of miR-495 is considered
a poor prognostic factor, and its level in medulloblas-
toma inversely correlates with the levels of GFI1%%; there
are currently no data available on the ectopic expression
of miR-495 in medulloblastoma cell lines. miR-9 and miR-
125a are underexpressed in medulloblastoma, and their
expression inversely correlates with tropomyosin receptor
kinase C (t-TrkC), which is directly targeted by both miR-
NAs.38 Neurotrophin receptors regulate proliferation, sur-
vival, and differentiation of neural progenitor cells during
development, and deregulation of neurotrophin signaling
is common in cancer.”' The restoration of miR-9 and miR-
125a expression in vitro reduces t-TrkC levels and slows
the proliferation of medulloblastoma cell lines.3¢

Cell Cycle

Recent studies have demonstrated that several miRNAs
target different key regulators necessary for cell cycle pro-
gression. These miRNAs are frequently downregulated
in medulloblastoma. Independent studies have demon-
strated that miR-218 and miR-124a, downregulated in
medulloblastoma, directly regulate expression of cyclin
dependent kinase 6 (CDK®6),%77273 a key in the progression
of G1 phase. CDK6 is recurrently amplified in a subset of
Group 4 medulloblastoma tumors, and this overexpres-
sion correlates with poor prognosis.®® However, CDK6
amplification is not a sufficient explanation in all CDK6
overexpressing tumors, as it is possible that miR-218 and
miR-124a downregulations contribute to CDK6 overex-
pression. Restoration of miR-218 and miR-124a expres-
sion in medulloblastoma cell lines decreases CDKG6 levels
and, consequently, reduces proliferation.6”.7273 At the same
time, miR-31, which is downregulated in medulloblastoma,
targets minichromosome maintenance complex compo-
nent 2 (MCM2), a subunit of the MCM complex necessary
for DNA replication initiation during S phase.’” Although
not the most ideal preclinical model, forced expression of
miR-31 in the Daoy medulloblastoma cell line decreases
MCM?2 levels, reducing clonogenicity in vitro and tumor
growth in xenotransplant assays.”

Cell Cycle Inhibition and Apoptosis

The tumor suppressor gene p53 is a master regulator of cell
proliferation. Due to its potent tumor suppressor activity,
cancers have evolved different mechanisms to inactivate



p53, examples of which can be seen in medulloblastoma.
In the recent updated World Health Organization classifica-
tion for CNS tumors, TP53-mutant SHH medulloblastoma
has a characteristically poor prognosis.”® Furthermore, p53
inactivating mutation is frequent at recurrence’® and is one
of the reasons why relapsing clones are resistant to chem-
otherapeutic agents. Expression of miR-34a is activated
by p53, which is downregulated in several cancers, includ-
ing medulloblastoma, and its expression levels correlate,
as expected, with p53 levels. Some medulloblastoma cell
lines, with low levels of miR-34a, show resistance to chem-
otherapeutic agents.”’78 The restoration of miR-34a levels
decreases proliferation, induces senescence, and triggers
apoptosis. This highlights miR-34a as a key regulator in
the activation of apoptosis downstream of p53. Some
studies have identified new miR-34a targets involved in
the epigenetic repression of the p53 promoter, such as
sirtuin 1 (SIRT1) and melanoma antigen A (MAGE-A).7”-7°
Both genes are upregulated in medulloblastoma and could
constitute another mechanism for p53-miR-34a apoptosis
inactivation. The restoration of the expression of miR-34a
represses the expression of SIRT1, and MAGE-A increases
p53 levels and hence triggers apoptosis (Figure 1).

Role of miRNAs in Medulloblastoma
Metastasis

Given that patients with metastatic medulloblastoma expe-
rience the highest degree of mortality, efforts are under way
to characterize the molecular signatures of the metastatic
compartment, including miRNAs. Work by Garzia et al pre-
viously demonstrated a significant decrease in expression
of miR-199b-5p in metastatic samples.52 Furthermore, there
was a trend towards a better overall survival in the group of
high-expression patients. Expression of this miR appears to
impair cancer stem cells through the regulation of the Notch
pathway via the transcription factor HES1. Using miRNA
expression profiling, miR-182 was identified as being over-
expressed in non-SHH medulloblastoma. Using xenografts
of medulloblastoma cell lines, Bai et al demonstrated that
the overexpression of miR-182 contributes to leptomenin-
geal metastatic dissemination. However, the mechanism
and targets of miR-182 in the context of driving metastatic
dissemination are currently unknown.*? Another candidate
miRNA with a potential role in metastasis is miR-124, which
has been shown to be downregulated in medulloblastoma.
One of the key targets of miR-124 is SOX9, which is ele-
vated in WNT and SHH medulloblastoma.®® Recent work by
Rahmanto et al has shown the importance of SOX9 in driv-
ing medulloblastoma metastasis.®' Therapeutic delivery of
miR-124 may be a good candidate for the next generation
of preclinical trials aimed at controlling metastasis.

miRNA Therapeutics in
Medulloblastoma

Various strategies to modify the activity of miRNAs exist,
the most broadly used strategy in miRNA therapeutics
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being the administration of synthetic antisense oligonu-
cleotides, which takes advantage of the property of nucleic
acids to interact with each other through sequence com-
plementarity. These therapeutic oligonucleotides can
be defined as antimiRs or miRNA mimics depending on
their mechanism of action. AntimiRs are single stranded
antisense oligonucleotides that bind to a specific miRNA,
inhibiting its function, whereas miRNA mimics are dou-
ble stranded oligonucleotides that, once processed by the
miRNA maturation machinery in the cell, mimic the func-
tion of a lost/downregulated miRNA .82

Despite the potential of miRNA therapeutics, some
technical difficulties are delaying their translation to the
clinic. Firstly, administered oligonucleotides have a short
half-life in the body, as a consequence of degradation by
nucleases both in the serum and in the lysosomes; the
degradation makes it difficult for them to reach therapeutic
levels. Secondly, given the number of miRNA targets, off-
target effects are paramount, and as such, it is necessary
to ensure that antimiRs and miRNA mimics are delivered
preferentially to the tumor cells.

To address the first issue, several chemical modifica-
tions have been introduced into the backbone of the oli-
gonucleotides (eg, LNA, among others); these increase
resistance to nucleases and subsequently the miRNAs’
systemic half-life (recently reviewed in Rupaimoole et al®?).
However, these modifications can affect the binding affin-
ity of miRNA mimics and antimiRs to their specific targets,
and hence their function. Despite the stability improve-
ments, chemical modifications do not address the delivery
specificity issue.

The encapsulation of oligonucleotides in nanoparticles
has drastically changed miRNA therapeutics by protect-
ing, without the necessity of chemical modifications, and
delivering oligonucleotides to the target tissue. A wide
spectrum of nanoparticles are currently being used in
preclinical and clinical trials for miRNA therapeutics, but
all seek to maximize delivery of the oligonucleotides to
the tumor and, at the same time, reduce toxicity and bio-
degradability. Nanoparticles can be classified into 2 main
groups; cationic polymers (eg, polyethylenimine parti-
cles), which deliver the oligonucleotides via endocytosis,
or lipid-based nanoparticles (eg, liposomes), which fuse to
the plasma membrane of target cells releasing the oligonu-
cleotides directly into the cytosol. The choice of approach
depends on the capacity to transport and deliver oligonu-
cleotides, the potential toxicity, and the biodegradability.

Several strategies have achieved targeted delivery
to tumor cells by engineering nanoparticles (recently
reviewed by Rupaimoole et al®?). The most common strat-
egy for tumor delivery takes into account the expression
of tumor-specific cell surface markers. One example is the
conjugation of nanoparticles with anti-prostate-specific
membrane antigen antibody that allows the delivery of
antimiR-21 and antimiR-17 specifically to prostate cancer
cells, with consequent tumor regression and no accumu-
lation of miRNA in healthy tissues.83 Another approach to
achieve tumor-specific delivery exploits the physicochemi-
cal characteristics of the tumor microenvironment. This
strategy was used in clinical trials for the delivery of miR-
34 mimics (MRX-34, Mirna Therapeutics) to different types
of cancers (eg, multiple myeloma, renal cell carcinoma,
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Table1 Summary of oncogenic and tumor suppressor miRNAs involved in medulloblastoma

mirR Chr Alterations Targets Cellular Function Subgroup Reference
Oncogenic miR-30b, 8q24.22- Amplification N/A 22
miRNA miR-30d q24.23
(overexpressed)
miR-17-92 13g31.3  Amplification N-Myc target. SHH 37,38,40
Interaction with SHH
signaling
miR-21 17923.1  Upregulation PDCD4 Metastasis N/A 2
miR-183~96~182 7q32 Upregulation PI3K-Akt/ Cell migration. Non-SHH/ 42,44
mTOR Apoptosis MYC-amplified
miR-367 4925 Upregulation RYR3, ITGAV  Proliferation. .
and RAB23 Invasion
miR-106b 7q922.1 Upregulation PTEN Proliferation. Nonspecific 47
Migration. Invasion
Tumor supres-  miR-let-7 different HMGB1 Chemoresistance SHEE
sor miRNA locations
(downregulated)
miR-9 1922 Hypermethylation HES1,t-TrkC,  Anti-proliferation.  All subgroups 3656
REST Differentiation.
Pro- apoptosis
miR-31 9p21.3 Deletion MCM2 Anti-proliferation. e
Reduces
clonogenicity
miR-34a 1p36.22 DLL1, Anti-proliferation. 54.77-79
MAGE-A, Pro-apoptosis.

MYCN, SIRT1  Reduces tumo-
rigenicity in vivo.
Senescence.
Sensitivity to chemo-
therapeutic agents

miR-124 8p23.1 Unknown CDKS6, REST, Anti-proliferation. 66,72,73
SCL16A1 Differentiation. Pro-
apoptosis. Reduces
tumorigenicity in

vivo
mir-125a 19q13.41 t-TrkC Anti-proliferation 36
mir-125b 11q24.1 SMO SHH e
miR-128a 2g21.3 BMI1 Anti-proliferation. 36,62

Reduces clonogenic-
ity. Senescence

miR-135a 3p21.2 Arhgef6 Reduces SHH SE5C
tumorigenicity
miR-148a 7p15.2 Hypermethylation NRP1, ROCK1, Anti-proliferation. 36,93,96,99
DNMT1 Reduces clono-

genicity. Reduces
invasion. Reduces
tumorigenicity

miR-199b-5p 9q34.11 Hypermethylation HES1, CD15 Anti-proliferation. S
Reduces clonogenic-
ity. Reduces in vivo
tumorigenicity.
Reduces cancer stem

cells
miR-206 6p12.2 oTX2 Anti-proliferation.  All subgroups 99596
Reduces
clonogenicity
miR-218 4p15.31 CDKe, Anti-proliferation. GrRy/
SH3GL1, Reduces clono-
RICTOR genicity. Reduces

cell migration and
Invasion. Promotes
differentiation



Table1 Continued
Alterations
miR-219 6921.3
miR-324-5p 17p13.1 17p loss
miR-326 11q13.4
miR-383 8p22
miR-495 14q32.31

primary liver cancer) (ClinicalTrials.gov NCT01829971).
miR-34 mimics were encapsulated in liposomes and, as a
consequence of the lower pH, became protonated in the
tumor microenvironment and were retained by electro-
static interaction with the tumor cell surface.?* Despite the
promising initial response, the trial was terminated due
to severe immunological reactions in some patients. It is
therefore critical to discern if this was caused by off-target
effects of the miR-34 mimic or by an immune reaction to
the nanoparticles used as a carrier.

Although there are no current clinical trials for miRNA
therapeutics involving medulloblastoma patients,
thanks to recent functional studies, we have prior-
itized a growing list of miRNAs with therapeutic poten-
tial (Table 1). Some in vivo preclinical studies show a
remarkable antitumor effect when normal miRNA lev-
els are restored in medulloblastoma cells (Table 2).
The intravenous administration of LNA antimiRs that
target miRNAs from the miRNA-17-92 cluster—recur-
rently overexpressed in SHH medulloblastoma—drasti-
cally reduces tumor volume in murine models of SHH
medulloblastoma.*?

The presence of metastatic disease is an indicator of
poor prognosis in medulloblastoma patients and, as a con-
sequence of tumor evolution, miRNA expression patterns
may be different in primary and metastatic compartments.
The downregulation of miR-192 in medulloblastoma sam-
ples has been directly correlated with leptomeningeal
dissemination. Xenotransplant mouse models of medul-
loblastoma show a significant reduction in metastatic bur-
den, with the subsequent increase in survival, when mice
were treated with miR-192 mimics conjugated with poly-
ethylenimine nanoparticles.®®

Other attractive targets for miRNA therapeutics are
re-expressions of miR-34 and miR-124, both recur-
rently downregulated in medulloblastoma.547277-79.86,87
Re-expression of these miRNAs led to a remarkable
antitumor effect in vivo using grafted genetically modi-
fied medulloblastoma cell lines. This finding still needs
to be tested in preclinical trials using miRNA mimics. In
the case of miR-124, there are preclinical studies for the
administration of miR-124 nanoparticles in Parkinson’s
disease and prostate cancer models, and similar
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Targets Cellular Function Reference

Subgroup

OTX2,CD164  Anti-proliferation. 36,50,98
Reduces invasion
and migration

SMO, GLIn Reduces SHH g
clonogenicity

SMO Reduces SHH 66
clonogenicity

PRDX3 Anti-proliferation. 85400
Pro-apoptosis

GFI1 69

approaches could be utilized in medulloblastoma preclini-
cal models.8889

Moreover, nanoparticles have been used for the co-
delivery of miRNA mimics or antimiRs and chemo-
therapeutic agents to the tumor site; they have shown
significant reduction of tumor size compared with chemo-
therapy alone.®® miRNAs such as miR-7f1 and miR-34a—
recurrently downregulated in medulloblastoma—are
known to induce sensitization to chemotherapeutic agents
when restored,’®%' thus they are promising candidates for
future trials that test the benefits of these combination
therapies in medulloblastoma. Given the genetic hetero-
geneity of medulloblastoma and the clonal divergence at
metastases, subgroup-specific combination therapy will
likely be required to truly control the disease.

Conclusion

Recent genomic studies have shown that medulloblas-
toma recurrently targets key genes that regulate prolif-
eration, apoptosis, stemness, and differentiation. These
observations suggest that medulloblastomas arise from
neural stem/progenitor cells that failed to differentiate,
thereby maintaining a proliferative and stem cell-like state
that favors tumor initiation. In the last few years, the study
of miRNA expression profiling in medulloblastoma, and in
cancer in general, has received special focus. This roots in
the fact that a single miRNA can regulate the expression of
hundreds of different genes, and hence an aberrant miRNA
expression pattern has a profound impact on tumor initia-
tion and/or progression.

It is common to find that certain miRNAs are frequently
downregulated, whereas others are always upregulated in
cancer.This suggests that these miRNAs could have tumor
suppressor or pro-oncogenic activity, respectively. Thanks
to the efforts of the scientific community in identifying and
validating some of the targets for these miRNAs in the con-
text of medulloblastoma, we are starting to understand how
aberrant miRNA expression plays a critical role in medullo-
blastoma. Future work will need to concentrate on further
characterizing the miRNA profile in a subgroup-specific

319




Wang et al. Role of miRNAs in medulloblastoma

Table2 Preclinical miRNA studies in medulloblastoma

Mechanism Cell Line Administration  Carrier Format Tumor Site Reference

miR-124 overexpression D425 In vitro Lentivirus Flank/intracranial ~ Growth 7
inhibition

miR-192 miRNA mimics D283 In vivo, Nanoparticle Intracranial Metastases 8
intranasal Inhibition

miR-34a Overexpression Daoy In vitro Adenovirus Flank/intracranial ~ Growth o
inhibition

miR-199b-5p Overexpression Daoy In vitro Adenovirus Flank/intracranial ~ Growth 52
inhibition

miR-31 Overexpression Daoy In vitro Transfection Flank Growth &
inhibition

miR17-92 Anti-miRNA Ptch1+4/-,Trp53 —/= In vivo, intra LNA Flank/intracranial ~ Growth 40
medulloblastoma venously inhibition

cells
Apoptosis Inhibition Cell Cycle Progression Differentiation Inhibition

MEDULLOBLASTOMA

Apoptosis Cell Cycle Blockage Neuronal Differentiation
& g

&
) e e
g @ ¢ A, () o
A

Sy

@15&59*?_ s i

W—

miRNA EXPRESSION RESTORATION

Fig.1 Dichotomous roles of miR-34a, miR-9, and miR-124 in normal neuronal development and medulloblastoma. In normal neurons, activation
of differentiation programs induces miRNAs to repress cell cycle progression. In medulloblastoma, repression of several miRNAs, including miR-
34a, miR-9, and miR-124, leads to unregulated cell proliferation. Inhibition of p53 leads to silencing of p21 and miR-34a, which allows cell cycle
progression. Expression of REST inhibits proneuronal differentiation miRNAs miR-9 and miR-124.

manner. ldentifying specific miRNA targets using targeted  needed to illustrate the full tapestry of miRNA regulation in
approaches can be hugely inefficient given the myriad of  a context-specific manner.

targets miRNAs can influence. Genome-wide technolo- Unfortunately, there is no magical mirror that will reveal
gies, such as high-throughput sequencing of RNA isolated  the most malignant miRNA in medulloblastoma. Studies
by crosslinking immunoprecipitation (HITS-CLIP), will be  to date have demonstrated several promising miRNAs for



therapeutic translation. For example, miR-124 and miR-34a,
through their roles in stemness and cell cycle, respectively,
are promising priority candidates for restoration therapy.
Future miRNA studies will need to take subgroup affiliation
into consideration given the significant differences in clini-
cal and biological behavior between subgroups. AntimiRs
designed against miR-182, which is overexpressed in sub-
sets of medulloblastoma, may be candidates to specifically
target metastasis, although their mechanism needs to be
elucidated to better understand the impact on normal tis-
sue as well as cancer.This underlies an important principle,
which is safety. A recent clinical trial targeting miR-34 was
prematurely terminated due to immunologic concerns. As
such, further research into more efficient and safer deliv-
ery methods is desperately needed. Ultimately, no miRNA
behaves alone. Given the genetic divergence of medul-
loblastoma subclones and the wide-reaching networks of
genes that miRNAs regulate, the likely treatment will need
to modulate not one, but multiple miRNA interactomes.
Unraveling these interactomes will ultimately answer the
question, Which combinations of miRs are the most malig-
nant of them all?
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