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lioblastoma (GBM) is an incur-

able cancer, with survival rates of
just 14-16 months after diagnosis."
Functional genomics have identified
numerous genetic events involved in
GBM development. One of these, the
deregulation of microRNAs (miRNAs),
has been attracting increasing attention
due to the multiple biologic processes
that individual miRNAs influence. Our
group has been studying the role of
miR-182 in GBM progression, therapy
resistance, and its potential as GBM
therapeutic.  Oncogenomic  analyses
revealed that miR-182 is the only
miRNA, out of 470 miRNAs profiled
by The Cancer Genome Atlas (TCGA)
which is
patient  prognosis,
developmental context, temozolomide
(TMZ) susceptibility, and most signifi-
cantly expressed in the least aggressive
oligoneural subclass of GBM. miR-182
sensitized glioma cells to TMZ-induced

program, associated with

favorable neuro-

apoptosis, promoted glioma initiating
cell (GIC) differentiation, and reduced
tumor cell proliferation via knockdown
of Bcl2L12, c-Met and HIF2A.> To
deliver miR-182 to intracranial glio-
mas, we have characterized Spherical
Nucleic Acids covalently functionalized
with miR-182 sequences (182-SNAs).

Upon systemic administration, 182-
SNAs crossed the blood-brain/blood-
tumor barrier (BBB/BTB), reduced

tumor burden, and increased animal
subject survival.>* Thus, miR-182-
based SNAs represent a tool for sys-
temic delivery of miRNAs and a novel
approach for the precision treatment of
malignant brain cancers.
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Introduction

miRNAs are evolutionary conserved
short non-coding RNAs, which upon
binding to cis-regulatory elements within
the 3’untranslated region (UTR) repress
gene expression. Gene silencing occurs by
translational repression or mRNA degra-
dation.” The extent of complementarity
between miRNA and target mRNA deter-
mines the silencing mechanism. In case of
perfect complementarity, mRNA cleavage
is initiated by the RNA-Induced Silencing
(RISC) complex. When there is partial
complementarity, translational repression
of the target mRNA is predominant, lead-
ing to reduction in protein levels without
affecting transcript abundance.® As the
majority of miRNAs have only partial
complementarity to their target 3’UTR,
and many genes are regulated by multiple
miRNAs engaging distinct 3-UTR-local-
ized binding sites, miRNAs fine-tune the
expression and activity of hundreds of tar-
get genes and their associated signaling
networks. miRNA-mediated gene silenc-
ing is further complicated by the fact that
miRNAs can have diverse functions in dif-
ferent tissues and different developmental
stages, and in many instances, can con-
comitantly regulate diametrically opposed
signaling pathways.

Multiple  studies identified
miRNAs with important roles in normal

have

and cancerous growth. miRNAs impact
animal and plant development, including
lineage differentation processes, which
guide tissue morphogenesis. They also
play fundamental roles in regulating tumor
development, further underscoring the
observation  that cells

general

tumor
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deregulate developmental factors to rea-
quire proliferative, pro-migratory and pro-
invasive capabilities.7 In this perspective,
we will highlight the importance of
miRNA biology for regulating normal and
cancerous processes in the central nervous
system (CNS). We will focus on GBM-
associated miR-182, and will describe
results from our functional oncogenomic
investigations to characterize the impact of
miRNA-182 on GBM cell growth, differ-
entiation and therapy susceptibilicy. We
will describe how miRNA discovery can
inform the rational design of miRNA-
based therapies, in particular Spherical
Nucleic Acids (SNAs) conjugated with
miRNA sequences, a highly prominent
and potent gene regulating platform
designed to systemically deliver RNA
interference to intracranial brain tumors.

miRNAs regulate the GBM
phenotype

miRNAs show defined expression in
the developing CNS, and play important
roles in brain pattern formation.®” Dur-
ing normal development, miRNAs regu-
late the transition of neural progenitors
into differentiated neurons that contrib-
ute to brain morphogenesis. Supporting a
role of miRNAs in maintaining a differ-
entiated cell state, neuron-specific abla-
tion of Dicer, the key miRNA-generating
enzyme, causes neuronal cell death, cere-
bellar degeneration and ataxia.'® Devel-
opmental miRNA candidates include
miR-9 and miR-124, which drive neuro-
nal differentiation of embryonic stem
cells by targeting members of the REST
transcriptional complex that inhibits the
expression of genes implicated in neuro-
nal cell fate decisions."'* In particular,
developmental induction of miR-124
expression within the subventricular zone
of the mouse brain cortex promotes adult
neurogenesis. miR-124 regulate D/x2 and
Sox9 expression, and in so doing, pro-
motes the transition of the transit ampli-
fying cell to neuroblast stage.15 Together
with miR-9, miR-124 inhibits the differ-
entiation of progenitor cells into glial
cells and contributes to increased neuron
to glia ratio.!! In addition, miR-134 is
abundantly expressed in the brain, in par-
ticular in the hippocampus, localizes to
the synaptic and

dendrites at sites,
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regulates dendrite spine development by
modulating  Lim-domain  containing
kinase (LIMK)-1 activity.'®"”  Other
miRNAs that are found in the synapto-
some and are important for synaptic
transmission are miR-9 and miR-138.'®
miR-138 regulates the size of dendritic
spines, without affecting spine density, by
targeting the adenine phosphoribosyl-
transferase APT1, which regulates the
depalmitoylation of proteins. Furhter-
more, miR-125b and miR-24a have been
implicated in regulating apoptosis during
neural development by regulating p53
and other apoptosis effector proteins.'”*°

Reflecting their roles in CNS develop-
ment, deregulated miRNA expression
drives or contributes to the development
of malignant brain cancers, in particular
GBM. Multiple miRNAs are differendially
expressed in GBM vs. normal brain tissue,
and target key molecules with central
functions in angiogenesis, glioma cell pro-
susceptibility
toward extant therapies.”’ GBM is the
most common and lethal type of brain
cancer in adults with a median patient sur-
vival of only 15 months after diagnosis.
Conventional (i.e., TMZ and radiation)
and molecularly targeted therapies, fore-
most inhibitors of receptor tyrosine kinase
(RTK) activity, failed to demonstrate sur-
vival benefits for GBM patients. Here, the
existence of complex anti-apoptotic signal-

liferation, invasion and

ing mechanisms,”* substantial inter- and
intratumoral heterogeneity, together with
a therapy/apoptosis-resistant glioma stem
cell (GSC) population ** conspired to
make GBM a highly enigmatic and incur-
able disease. GSCs, a sub-population of
cells embedded within GBM tissues, form
tumors in orthotopic transplants in vive
and generate a diversified neuron-like and
glia-like postmitotic progeny, and are crit-
ical drivers of tumor recurrence and ther-
apy resistance.”>%*

Similiarities between GSC and neural
stem cell (NSC) biology have motivated
investigations to identify miRNAs with
neurodevelopmental annotations. In par-
ticular, GBM tumors have recently been
classified into 5 groups according to
miRNA clustering of the TCGA dataset,
with each group having distinct molecular,
biological, and clinical characteristics.”” In

contrast to mRNA-based hierachical
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miRNA-based
yielded robust survival differences between

clustering, classification
subclasses, each corresponding to a differ-
ent neural stem cell differentiation stage,
e.g. oligoneural, radial glial, neural, neuro-
mesenchymal and astrocytic. Oligoneural
GBM, a subclass of proneural tumors, are
known for longer patient survival than
other GBM subtypes, and show repression
of neural and embryonic stem cell-related
mRNA signatures.” To identify high-pri-
ority miRNAs with critical functions in
GBM, Johnson and colleagues prioritized
miRNAs based on highly variable expres-
sion levels [median absolute deviation
(MAD) >1], correlation with patient sur-
vival (significance in univariate Cox model
< 0.1), and implication in neurodevelop-
ment. Seven miRNAs fulfilled all of these
criteria  (miR-146b, miR-182, miR-21,
miR-210, miR-221, miR-9/miR-9%).
Among these, miR-9 was identified as
inhibitor of oncogenic JAK-STAT3-
CEBP-f signaling, with potent growth-
suppressive and dedifferentiation activities
in glioma-initiating cells (GICs).!1»
Importantly, analyses of miRNA-mRNA
expression correlations revealed that miR-
9 showed the highest level of connectivity,
suggesting that miR-9 may represent a
core regulator of gene expression in GBM.

In addition to miR-9, miR-21 was one of
the first miRNAs found to be highly
expressed in GBM. miR-21 has oncogenic
functions and promotes cell proliferation by
targeting the phosphatase and tensin homo-
log (PTEN), sprouty RTK signaling antago-
nist 2 (SPRY2) tumor suppressor pathways,
and by activating the nuclear factor of
kappa light polypeptide gene enhancer in
B-cells (NF-kB) and rat sarcoma viral onco-
gene (Ras)—signaling.26’27 Further molecular
analyses revealed that miR-21 promoted cell
invasion by targeting the matrix metalopro-
teinase regulators reversion-inducing cyste-
ine-rich protein with kazal motifs (RECK)
and tissue inhibitor of metallopeptidase 3
(TIMP3),”® and inhibited apoptosis via
repression of heterogeneous nuclear ribonu-
cleoprotein K (HNRPK) and programmed
cell death 4 (PDCD4).”> miR-10b and -26a
represent additional tumor-promoting miR-
NAs. miR-10b expression is correlated with
GBM grade. By targeting the pro-apoptotic
Bcl-2 family protein Bim, the urokinase
plasminogen activator receptor (uPAR) and
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the Ras homolog gene family member
(RhoC) as well as cell cycle regulators and
genes implicated in glioma cell migration,
miR-10b is a potent regulator of apoptosis,
cell cycle and invasive processes.””>* miR-
26a promotes transformation by targeting
PTEN and retinoblastoma 1 (RB1), 2 of the
most frequently deleted tumor suppressors
in GBM, and by modulating JNK activa-
tion. >34 Finally, by regulating Notch, RTK
and Smad4 signaling, miR-34a was identi-
fied as a tumor suppressor in proneural
tumors.”>” In particular, applying a Con-
text Likelihood of Relatedness (CLR) algo-
rithm, Chin and collegues sought to identify
high-priority miRNA-mRNA relationships
in the TCGA data set. Relationships were
prioritized based on negative correlation
between miRNA and mRNA expression,
the presence of miRNA binding sites within
3UTR target gene sequences, and copy-
number-driven  expression of miRNA
and mRNA. The latter criteria are based on
the assumption that biologically relevant
miRNAs or mRNAs are likely deregulated
on multiple levels. These multidimensional
oncogenomic investigations pointed to the
miR-34a-platelet-derived ~ growth  factor
receptor a polypeptide (PDGFRA) axis as a
top-priority regulatory relationship with
strong discriminatory potential between pro-
neural and mesenchymal GBM subtypes.””

miR-182 expression influences
multiple tumor biological properties

Similar to miR-9, miR-182 emerged as a
high priority miRNA in GBM, character-
ized by highly variable expression, functions
in  neurodevelopment, and association
with the oligoneural GBM subclass (Fig. 1).
Unlike miR-9, our studies suggest that miR-
182 also influences the apoptotic response
of glioma cells to a variety of anti-cancer
agents, including TMZ and RTK inhibitors,
by downregulating the caspase and p53
inhibitor Bcl2L12.% In addition, we demon-
strated that miR-182 expression provoked a
more differentiated state in multipotent
GICs, which is evidenced by decreased
expression of stem cell markers Oct4,
CD44, Nanog and Sox2, and by elevated
levels of microtubule-associated protein 2
(MAP2) and glial fibrillary acidic protein
(GFAP) expression. Furthermore, miR-182
is expressed at lower levels in CD133-posi-

tive, GSC-enriched GICs compared to
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CD133-negative non-stem cells.” To define
miR-182-dependent transcriptional effects,
we transduced patient-derived GICs, of
the mesenchymal subtype, harboring low-
level expression of endogenous miR-182,
with miR-182 or control (Co)-miR lenti-
virus. Cultures were subjected to whole
genome expression profiling. The expres-
sion profiling data were used for
sequence-based prediction of specific inter-
actions with miR-182 (TargetScan algo-
rithm). A comparative analysis of these
targets with mRNA signatures upregulated
in different stages of neural cell differentia-
tion [datasets described in ref. 25] revealed
that the miR-182 repressed target sequen-
ces that are enriched for stem cell-related
genes. To molecularly define the miR-182
modus operandi, we used Ingenuity Path-
way analysis to integrate miR-182 target
gene functions. The top scoring signaling
pathway that emerged contained a signa-
ture that in addition to Bc/2L12 included
c-Met and HIF2A” c-Met is hyperacti-
vated in GBM %% and represents a criti-
cal driver of GBM growth, invasion,
hypoxia-induced  dedifferentiation  and
tumor progression.41’42 HIF2A is an
important effector of hypoxia-driven stem
cell maintenance that promotes GIC self-
renewal, growth, and turnorigenicity.43
miR-182 recognizes an evolutionary con-
served site within the 3’UTR of HIF2A
and ¢-Mez, and in so doing, reduces cell
proliferation as well as stem cell marker
expression, to promote a more differenti-
ated cell state. The miR-182 target gene c-
Met is a member of the RTK family and
is overexpressed in GBM. It is well appre-
ciated that c-Met regulates GBM growth,
invasion as well as hypoxia-induced dedif-

4144 - Met is also involved in

ferentiation.
stem cell reprogramming and transitioning
from a quiescent to an active self prolifer-
ating state.”” Similarly, HIF2A is a hyp-
oxia regulated transcription factor and
effector of stem cell maintenance that
drives GIC self-renewal, growth, and
tumorigenicity, and its expression nega-
tively correlates with glioma patient sur-
vival.®®* With respect to the regulation of
differentiation processes, the miR-182-
repressed transcriptome was enriched for a
stem cell specific signature, mirrored phe-
notypically by

sphere size and expansion, and enhanced

reduced
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differentiation along neuronal and astro-
glial axes.” In further support of a tumor
suppressive role of miR-182 in GBM, our
studies in orthotopic xenograft models
using transformed glioma cells and mesen-
chymal GICs harboring low levels of
endogenous miR-182 showed that ectopic
expression of miR-182 increases animal
subject survival, and slows tumor growth,
as determined by measurement of tumor
weights, and by bioluminescence imaging
of luciferase-modified tumors.”> Thus, our
studies point to miR-182 as a critical
tumor suppressor and prognostic factor in
GBM, which integrates cell death, growth
and differentiation processes in GBM.
miR-182 has been the topic of extensive
research in developmental and cancer biol-
ogy. The miR-183/96/182 cluster regulates
gene expression in neurosensory tissues. The
cluster is transcribed in the same direction,
the individual miRNAs have

sequence and can be co-expressed. miR-182

similar

together with its family members, miR-96
and miR-183, were first described as devel-
opmental regulators in the mouse inner ear,
where a spatiotemporal expressing profiling
indicated a very restricted and dynamic
expression. miR-182 and miR-183 are co-
expressed, whereas miR-96, which has
almost identical seed sequence and gene tar-
gets as miR-182, is expressed at different
developmental stages. Similarly, miR-182 is
abundantly expressed in the mouse retina
and dorsal root ganglia%’47 During embry-
onic development, miR-182 levels are low,
but significantly increase post-natally, to
drive terminal differentiation of retinal pro-
genitor cells and to maintain mature retinal
neuron function. Mechanistically, miR-182
promotes cellular differentiation and mesen-
chymal to epithelial transition, by regulating
the expression of the transcription factor
SNAI2.*® In summary, these and many
additional studies identified miR-182 as a
critcal factor that controls cell fate specifica-
tion and cell differentiation during develop-
ment through targeting of a diverse network
of developmental genes. >

In vivo miRNA delivery for GBM
therapy

With the advent of functional genomics,
precision cancer medicine has begun to enter
clinical practice. Personalized therapeutic
regimens target specific genetic aberrations
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Table 1. Summary of nanomaterial-based carriers for miRNA delivery.

Nanocarrier

Polyethyleneimine (PEI)

Polysorbitol-mediated transporter (PSMT)

Poly(lactic-co-glycolic acid (PLGA)

Liposomes (cationic, DOTMA, cholesterol, neutral)

Liposome —polycation-hyaluronic acid (LPH)

Silica Nanoparticles

Gold Nanoparticles

Silver Nanoparticles

Magnetic Nanoparticles

Nanodiamond

Peptide with low pH-induced transmembrane
structure (pHLIP)

Dendrimer Poly-amidoamine (PAMAM)

Micelles

miRNA

miR-145, miR-33a
miR-145

miR-21, miR-10b
miR-122, miR-133b, miR-29b, miR-34a3, let-7
miR-34a

miR-34a

miR-182

miR-148
miR-10b, miR-221
miR-203

miR-155

miR-21
miR-21

that drive disease progression. The majority
of cancer genes, however, represent unprece-
dented, targets  with
unknown function that cooperate to pro-

non-enzymatic

mote tumor growth and therapy resistance.
To target the complex, undruggable oncoge-
nome, RNA interference technologies have
been developed. Delivery of these small,
negatively charged RNAs is particularly chal-
lenging, due to the inherent instability of

RNA molecules, limited bioavailability, and
Thus, siRNA
and miRNA delivery remains a significant
challenge and an unmet clinical need. For
the systemic treatment of GBM, the pres-

endosomsal entrapment.”

ence of the BBB/BTBs represents a major
physiological barrier. Tight endothelial cell
junctions do not permit extensive drug tres-
passing, and thus, reduce therapy efficacy.”’
miRNA-based therapeutics are an emerging

class of cancer treatment, as they can target
multiple genes and pathways, to restrain
unabated expansion of genomically and
genetically high complex cancers, such as
GBM.

miRNAs have already been used as thera-
pies in clinical trials. Miravirsen is a miR-
122 antagonist used for the treatment of
Hepatitis C virus infection®” and TargoMIR,
a miR-16 mimic, has been used in patients
with recurrent malignant pleural mesotheli-
oma (MPM) and advanced non-small cell
lung cancer (NSCLC), delivered intave-
nously with epidermal growth factor recep-
tor (EGFR)-targeted minicells.”>>> A variety
of nanoparticle-based delivery methods have
been developed for the robust and safe deliv-
ery of siRNA and miRNA payloads, includ-
ing inorganic, polymer or lipid-based
nanoparticles.*® A silica-based nanoparticle
conjugated with a disialoganglioside GD2
antibody as targeting moiety was used to
express miR-34a in neuroblastoma, which
reduced tumor growth and vascularization
by decreasing the levels of N-myc and
increasing tissue inhibitor of metallopept-
dase 2 (TIMP2).”” Polymer-based particles,
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= rgnﬁJ Qg GBM temozolomide
|°| m|—| 5'| “—)| susceptibility
!
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Fdgs
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H °§‘g? O"&\QP ope gs °:§' ;0'@
miR-182 0, © ECE FF S
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Figure 1. Identification of miR-182 as a high-priority miRNA in GBM. To identify high-priority miRNAs, 470 miRNAs were filtered based on variable expres-
sion [green box, low expressing miRNAs, MAD < 0.1; red box, highly variable miRNAs, MAD > 1] correlation with patient survival, neuro-developmental
annotation, ability to sensitize cells toward temozolomide-induced apoptosis (miR-182 increases, anti-miR-182 decreases caspase-3/7 activation), and
association with oligoneural tumors. miR-182 emerged as the only miRNA that fulfills all criteria. Of note, a positive correlation between miR-182 expres-
sion and patient survival is most prominent in GBM with proneural/oligoneural characteristics.

www.tandfonline.com

Cell Cycle

3797



such as poly(lactic-co-glycolic acid) (PLGA)
and polyethyleneimine (PEI) based materials
were used to transfer miR-21 and -10b
antagonists, and miR-145 into colon carci-
nomas,”® where they regulated the avian
myelocytomatosis viral oncogene (c-Myc)
and ERKS5 (see Table 1 for nano-based
miRNA therapeutics 5962y

We have developed miR-182-based
Spherical Nucleic Acids (182-SNAs), which
consist of 13 nm gold nanoparticles densely
functionalized with highly oriented miR-
182 sequences. Robust cell penetration and
activity of these SNAs were supported by
confocal microscopy and western blot
results, showing intracellular accumulation
and significantly decreased Bcl2L12 and c-
Met protein levels, as compared to Co-
SNA-treated cultures. In addition, 182-
SNAs amplified apoptosis responses, and
diminished proliferation of glioma cells. /n
vivo, when administered intravenously into
various orthotopic GBM xenograft models,
182-SNAs crossed an intact BBB in non-gli-
oma bearing mice (~10'° particles per gram
of brain tissue as determined by ICP-MS),
and via enhanced permeability and retention
of the tumor-associated vasculature, showed
even higher accumulation in intracranial gli-
omas (~1.5 x 10" particles per gram of tis-
sue). Pharmacokinetic and biodistribution
analyses provided evidence of significant
brain tumor retention, with brain clearance
of 85% of SNAs within 72 hours post injec-
tion.”” Importantly, we found highly signif-
icant reduction in tumor burden of 182-
SNA-treated orthotopic xenograft-bearing
mice as assessed by analyses of tumor weight
and bioluminescence imaging of a lucifer-
ase-labeled mesenchymal GIC model, and
increased animal subject survival in the
absence of adverse side effects and immuno-
genicity. Hence, our results indicate that
182-SNAs represent a novel strategy for the
precision treatment of GBM, which can
overcome some of major challenges of drug

delivery to the CNS.

Future studies

In future studies, we will develop combi-
natorial treatment strategies to further
improve anti-tumor activity of 182-SNA
monotherapy. We envision using 182-SNAs
as adjuvant for TMZ. As TMZ increases the
glioma stem cell compartment,”® we will

test the hypothesis that due to the pro-
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Figure 2. Schematic of miRNA-based network in GBM that may enable novel therapy development.
miR-182, miR-34a and miR-9 regulate cell differentiation, proliferation, invasion as well as the apopto-
tic responses to chemotherapies, by targeting genes that are deregulated in GBM.

differentiation effects of miR182, 182-
SNAs, in addition to its ability to regulate
Bcl2L12, will increase TMZ effectiveness by
promoting a more differentiated tumor phe-
notype. In addidon, we will evaluate
whether miR-9 and miR-34a, 2 additional
high-priority miRNAs show enhanced and-
tumor effects when combined with miR-
182 (Fig. 2). As pointed out above, miR-
34a suppresses p53, a negative regulator of
miR-182 and downregulates PDGFRA and
a Smad4 transcriptional network. miR-9 is a
core regulator of GBM differentiation,
inhibits oncogenic JAK-STAT3-CEBP-
and suppresses growth and dedifferentiation
of neural progenitor cells.”” Finally, to
simultaneously deliver miR-182 and miR-9
or miR-34a, bi- or trimodal SNA conjugates
will be designed to target multiple oncogenic
pathways. These conjugates are expected to
display greater anti-tumor effect when com-
pared to SNAs conjugated with a single
miRNA.
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