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ABSTRACT

The miR-17~92 cluster family is composed of three members
encoding microRNAs that share seed sequences. To assess their
role in cerebellar and medulloblastoma (MB) development, we
deleted the miR-17~92 cluster family in Nestin-positive neural
progenitors and in mice heterozygous for the Sonic Hedgehog
(SHH) receptor Patched 1 (Ptch1™/~). We show that mice in which
we conditionally deleted the miR-17~92 cluster (miR-17~92"xe/
floxed. Nestin-Cre*) alone or together with the complete loss of the
miR-106b~25 cluster (miR-106b~25"/") were born alive but with
small brains and reduced cerebellar foliation. Remarkably, deletion
of the miR-17~92 cluster abolished the development of SHH-MB
in Ptch1*/~ mice. Using an orthotopic transplant approach, we
showed that granule neuron precursors (GNPs) purified from the
cerebella of postnatal day 7 (P7) Ptch1*/~; miR-106b~25"/" mice
and overexpressing Mycn induced MBs in the cortices of naive
recipient mice. In contrast, GNPs purified from the cerebella of
P7 Ptch1t/™; miR-17~92foxed/fioxed.  Nestin-Cre* animals and
overexpressing Mycn failed to induce tumors in recipient animals.
Taken together, our findings demonstrate that the miR-17~92
cluster is dispensable for cerebellar development, but required for
SHH-MB development.

KEY WORDS: MicroRNA, miR-17~92 and miR-106b~ 25 clusters,
Cerebellum, Development, Nestin, Medulloblastoma, Granule
neuron progenitors (GNPs)

INTRODUCTION

The cerebellum develops in the mouse from embryonic day 9
(E9) with the cerebellar anlage forming from the roof (the alar
plates) of the metencephalon. It is composed of different types of
neurons that arise from the ventricular zone (VZ) of the cerebellar
neuroepithelium localized on the roof of the fourth ventricle, and
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from the rostral rhombic lip (rRL), localized at the posterior edge
of the cerebellar anlage (Hatten and Roussel, 2011). In the mouse,
granule neuron progenitors (GNPs) are born in the rRL (E11-
E16) and migrate along the surface of the developing cerebellum
over the Purkinje cells, which are born in the VZ (E11-E13), to
form the external granule layer (EGL) (E13-E16). After birth,
Sonic Hedgehog (SHH), secreted by the Purkinje cells, promotes
the proliferation of GNPs, which peaks between postnatal days 5
(P5) and P7. Subsequently, GNPs exit the cell cycle, migrate
inwardly through the Purkinje cell layer and settle as postmitotic
neurons in the internal granular layer (IGL). By 3 weeks, the
mouse cerebellum is fully formed consisting of ten folia separated
by fissures (Hatten and Roussel, 2011). Constitutive activation
of the SHH signaling pathway leads to defects in cell cycle
exit, migration and differentiation, which, in turn, induce
medulloblastoma (MB). This SHH-subgroup of MBs (SHH-
MB) represents ~25% of all human cases (Taylor et al., 2012).

MicroRNAs (miRNAs) are ~22 nucleotides long non-coding
RNAs. They are derived from pri-miRNAs that are processed by
Drosha and DGCRS8 into pre-miRNAs in the nucleus, and
then translocated into the cytoplasm where they are converted
into mature miRNAs by the processing enzyme Dicer. In turn,
single-stranded miRNAs are loaded into the RNA-induced
silencing complex (RISC) to bind the 3’-untranslated region
(3'-UTR) of mRNAs to inhibit their translation or degradation
(Carmell and Hannon, 2004; Kim, 2005).

Abnormal expression of miRNAs is often seen in cancers.
MicroRNAs encoded by the miR-17~92 cluster, also called
oncomiR-1, are overexpressed in various cancers (Concepcion
et al., 2012; Mogilyansky and Rigoutsos, 2013) including mouse
and human medulloblastomas with constitutively activated SHH
signaling (Uziel et al., 2009; Northcott et al., 2009). The miR-
17~92 cluster encoded by chromosome 14 in the mouse (13 in
humans) has two paralogs, the miR-106b~25 and miR-
106a~363 clusters, each of which is located on different
chromosomes (Fig. 1A). The miR-106b~25 cluster is encoded
on chromosome 5 in the mouse (7 in humans) while the miR-
106a~363 cluster maps to chromosome X in mice and humans
(Concepion et al., 2012; Mogilyansky and Rigoutsos, 2013).
Mice lacking the miR-17~92 cluster die shortly after birth from
lung and heart defects while mice lacking each of its two
paralogs do not show any obvious phenotypes (Ventura et al.,
2008). However, the miR-17~92 and miR-106b~25 clusters
share overlapping functions since mice with combined deletion
exhibit a more profound phenotype than those lacking miR-
17~92 alone (Ventura et al., 2008). The miR-17~92 cluster is a
downstream target of Myc (c-Myc) (O’Donnell et al., 2005) and
Mycn (Northcott et al., 2009; de Pontual et al., 2011). Mice
lacking one copy of miR-17~92 show skeletal and growth
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Fig. 1. Expression of miR-19a and miR-106b encoded by the miR-
17~92 cluster family in cerebella during embryogenesis. (A) Schematic
representation of the three microRNA clusters. MiR-17~92, miR-106a~363
and miR-106b~25 clusters encode 6, 6 and 3 mature microRNAs (colored
boxes), respectively. MicroRNAs sharing the same seed sequence are
represented by boxes of the same color. Relative levels of mature
microRNAs miR-19a (B) and miR-106b (C) were determined by Q-RT-PCR
on total RNA extracted from total cerebella of wild-type mice (lanes 1-3) at
E14.5 (lanes 1), E16.5 (lanes 2) and E18.5 (lanes 3).

defects recapitulating the Feingold syndrome observed in
patients harboring MYCN mutations or hemizygous deletion of
MIR-17~92 (de Pontual et al., 2011). The miR-17~92 cluster is
expressed in proliferative GNPs but not in post-mitotic granule
neurons. Overexpression of the miR-17~92 cluster in GNPs
heterozygous for the SHH receptor, Patched 1 (Ptchl™™),
induces early onset of SHH-MB formation after orthotopic
transplant in the cortices of naive recipient animals (Uziel et al.,
2009). Similarly when overexpressed in wild-type GNPs, the
miR-17~92 cluster collaborates with SHH signaling to provide
GNPs with a proliferative advantage (Northcott et al., 2009).
These results suggested that, besides its role in SHH-
MBs, the miR-17~92 cluster might play a role in cerebellar
development. We here show that the miR-17~92 cluster and its
paralog the miR-106b~25 cluster, are differently required for
cerebellar and medulloblastoma development.

MATERIALS AND METHODS

Mice

Mouse lines carrying conditional alleles of miR-17~92 (miR-17~
gfloxedffloxedy (yentura et al., 2008), or lacking miR-106b~25 (miR-
106b~25""") (Ventura et al., 2008) were generously provided by Dr
Tyler Jacks (Boston, MA, USA). The transgenic line in which the Cre
recombinase is expressed under the promoter of the rat Nestin gene
(Nestin-Cre) (stock number 003771) (Tronche et al., 1999) and C57BL/6
mice were obtained from the Jackson Laboratory (Bar Harbor, ME,
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USA). Pichl™™ mice in a Cdkn2c-null background (Ptchf/ S
Cdkn2¢™"") were previously described (Uziel et al., 2005). All mice
were maintained on a mixed 129xC57BL/6 background. CD-1 nu/nu
mice were obtained from Charles River (Wilmington, MA, USA). Mice
were housed in an accredited facility of the Association for Assessment
and Accreditation of Laboratory Animal Care International (AAALAC)
in accordance with National Institute of Health guidelines. The Animal
Care and Use Committee (ACUC) of St Jude Children’s Research
Hospital approved all procedures.

Histology, immunohistochemistry, proliferation assays and X-gal
staining

Heads of embryos or whole brains from mice were harvested, fixed
overnight in 4% paraformaldehyde (PFA) in phosphate buffered saline
(PBS) at 4°C, soaked in 30% sucrose in PBS until the tissues sank
to the bottom of the tube and embedded in Optimal Cutting
Temperature (OCT) compound. Frozen 12 um sections were
collected on Fisherbrand superfrost plus slides using a cryostat.
Slides were stained with Hematoxylin and Eosin (H&E) or antibodies,
as previously described (Uziel et al., 2005). The following antibodies
used were: 5-Bromo-2-Deoxy-Uridine (BrdU) (SC-32323; Santa Cruz,
Dallas, TX, USA; 1/1000 dilution), p27Ki'”1 (610242; BD Biosciences,
San Jose, CA; 1/200 dilution), cyclin D2 (SC-593; Santa Cruz; 1/50
dilution), NeuN (MAB377; EMD Millipore, Billerica, MA, USA; 1/
200 dilution), Ki67 (NLC-Ki67p; Leica microsystems, Buffalo Grove,
IL; 1/1000 dilution) and GABA(A) receptor a6 subunit (AB5610;
EMD Millipore; 1/200 dilution). BrdU (100 mg/kg) was injected intra-
peritoneally two hours before harvesting the brain. For X-gal staining,
whole brains from 3-week-old animals were fixed in 2% PFA in PBS
at 4°C for 3 hours. Fixed brains were washed twice in PBS and
then incubated in the “Rinse” buffer (100 mM sodium phosphate
pH 7.3, 2 mM MgCl,, 0.01% sodium deoxycholate, 0.02% IGEPAL
CA-360) for 5 minutes at room temperature. Brains were stained
with X-gal staining solution (“Rinse” buffer containing 5 mM
potassium ferricyanide, 5 mM potassium ferrocyanide, 1 mg/ml X-
galactoside 5-bromo-4-chloro-3-indolyl-beta-D-galactopyranoside (X-
gal) (Invitrogen, Life technologies, Grand Island, NY, USA), at 37°C
for 4 hours.

Quantitative-reverse transcriptase-polymerase chain reaction
(Q-RT-PCR) and Affymetrix microarrays analysis

Purification of GNPs from P7 cerebella, RNA extraction from dissected
embryonic and postnatal (P4 and P7) cerebella or from purified GNPs,
and Q-RT-PCR for miR-19a and miR-106b were performed, as
previously described (Uziel et al., 2005; Uziel et al., 2009). For
comparative gene expression analysis, RNAs from cerebella of P4
and P7 mice were subjected to hybridization using Affymetrix
Mouse GeneChip MG430PM (Affymetrix, Santa Clara, CA). Principal
component analysis (PCA) and gene set enrichment analysis (GSEA)
were performed using Partek Genomics Suite 6.6 software (St Louis,
MO) and GSEA software (Broad Institute, Cambridge, MA),
respectively.

Orthotopic transplantation

GNPs were purified from P7 cerebella and infected with retroviruses
encoding Mycn and the red fluorescent protein (RFP), as previously
described (Kawauchi et al., 2012). 48 hours after infection, 2x10°
infected GNPs were injected into the cortices of naive recipient CD-1 nu/
nu mice. The rate of infection was assessed by fluorescence activated cell
sorting (FACS). The percentage of RFP positive (RFP+) cells ranged
from 30 to 50%.

Statistics

Statistical significance was determined using GraphPad Prism software
(version 5.0). Data were shown as mean * s.e.m. P-values <0.05 were
used as significance threshold from unpaired two-tailed Student’s ¢ test.
For the survival curves, p-values were determined with a log-rank
(Mantel Cox) test.
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Fig. 2. Progressive foliation defects in cerebella of mice lacking the
miR-17~92 and miR-106b~ 25 clusters. Mid-sagittal sections through the
cerebellum of a control (A,E), miR-17~92cKO (B,F), miR-106b~25KO
(C,G) and miR-17~92cKO; miR-106b~25KO (D,H) mouse at E18.5

(A-D) and P7 (E—H) of age were stained by H&E. The ten vermis lobules are
indicated by Roman numbers. Arrows indicate the area of abnormal foliation.
Scale bars: 500 um.

RESULTS

Co-inactivation of the miR-17~92 and miR-106b~ 25 clusters
reduced cerebellar size and foliation by limiting proliferation
We previously found that microRNAs encoded by the miR-
17~92 and miR-106b~25, but not the miR-106a~363, clusters
are expressed in proliferating GNPs in the postnatal cerebellum
(Uziel et al., 2009). Because these miRNAs were expressed in
developing cerebella from E14.5 to birth (Fig. 1B,C, lanes 1-3),
we assessed their role during cerebellar development. Since miR-
17~92-null mice die shortly after birth (Ventura et al., 2008), the
miR-17~92 cluster was conditionally deleted in Nestin-positive
neural progenitors using a Nestin-Cre transgenic mouse (miR-
[7~9floxedlfioxed. - Nogtin-Cre™) in a wild-type miR-106b~25
(referred as miR-17~92cKO) or in a miR-106b~25-null (referred
as miR-17~92cKO; miR-106b~25K0) background. We also
generated miR-17~92/"0x¢dfoxed. Nostin-Cre™; miR-106b~25"""
(referred as miR-106b~25K0) and miR-17~92xedfloxed. Nogtip.-
Cre™; miR-106b~25""" (referred as control) littermates. Mice of
all genotypes were born at a Mendelian ratio.
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At E18.5, cerebella of all 4 genotypes were indistinguishable
displaying the 5 cardinal lobes separated by four principal fissures
(Fig. 2A-D) despite complete Cre-mediated recombination of the
two miR-17~92 alleles (supplementary material Fig. S1A) and
reduced levels of miR-19a in cerebella of miR-17~92cKO mice
(supplementary material Fig. S1B, lane 2).

At P7, the ten folia were observed in the cerebella of control
mice (Fig. 2E). However, cerebella of miR-17~92cKO; miR-
106b~25KO mice and, to a lesser extent, cerebella of miR-
17~92cKO mice, demonstrated foliation defects mainly in folia
VI-VII and folia I-V (compare Fig. 2H and Fig. 2F with Fig. 2E,
respectively, see arrows), while the folia in the cerebella of miR-
106b~25KO mice appeared similar to those of control mice
(compare Fig. 2G with Fig. 2E).

At one month of age, miR-17~92cKO and miR-17~92cKO,;
miR-106b~25KO mice showed statistically smaller body weight
(Fig. 3A, lanes 2 and 4 versus lane 1, respectively), brains and
cerebella (Fig. 3B,C, lanes 2 and 4 versus lane 1, respectively)
compared to control mice. In contrast, the size of miR-
106b~25KO mice was similar to control animals (Fig. 3A-C,
lane 3 versus lane 1). This demonstrated that, despite the
small brain size of the miR-17~92cKO; miR-106b~25KO mice,
their cerebella was significantly smaller than expected. The
cerebellar folia from miR-17~92cKO; miR-106b~25K0O and
miR-17~92cKO mice were misshapen with shallow fissures.
Folia I-V and VI-VII were under developed when compared to
cerebella of control mice (compare Fig. 3G and Fig. 3E with
Fig. 3D, respectively, arrows). However, folia from the cerebella
of miR-106b~25KO animals appeared similar to those of controls
(compare Fig. 3F with Fig. 3D). Scattered ectopic clusters
of mature granule neurons were found on the surface of the
molecular layer in miR-17~92cKO; miR-106b~25KO mice
(Fig. 3G-I). The rest of the cerebellum cortical architecture
appeared normal including a proper IGL, a monolayer of Purkinje
cells with normal arborization, and Bergmann glia with normal
fibers (negative data not shown). In spite of their small cerebella
with foliation defects, miR-17~92cKO; miR-106b~25K0O mice
were asymptomatic with no evidence of gross neurological

Fig. 3. Mice lacking the miR-17~92 and miR-
106b~ 25 clusters have small brains and small
cerebella. (A) Body weight, (B) ratio (expressed in %) of
brain versus body weight and (C) ratio (expressed in %)
of cerebellum versus brain weight of control (lanes 1;
n=23), miR-17~92cKO (lanes 2; n=45), miR-
106b~25K0 (lanes 3; n=11) and miR-17~92cKO; miR-
106b~25KO (lanes 4; n=31) mice at 1 month of age.

(* and +) p-values <0.05, (**) p-values <0.01, (***, +++
and ###) p-values <0.001. P-values were calculated by
comparing lanes 2—4 to lane 1 (*), lanes 3 and 4 to lane 2
(+) and lane 4 to lane 3 (#). Mid-sagittal sections through
the cerebellum of control (D), miR-17~92cKO (E), miR-
106b~25KO (F) and miR-17~92cKO; miR-106b~25KO
(G) mouse at 1 month of age stained by H&E. The ten
vermis lobules are indicated by Roman numbers. Arrows
indicate foliation abnormalities. Enlarged view of boxed
area in panel G is presented in panels H and I. Clusters of
mature granule neurons (white arrows) on the surface of
the molecular layer were stained with DAPI (H) and an
antibody against GABA(A) receptor a6 subunit
(GABARa6) (I). Scale bars: 500 um.
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symptoms including motor coordination or balance defects
measured on a Rotarod (negative data not shown).

Cerebellar development of miR-17~92cKO; miR-106b~25KO
mice appeared normal during embryogenesis until birth, a time
when GNPs respond to SHH to rapidly proliferate with maximal
proliferation between P5 and P7. At P7, we found a significant
reduction in BrdU incorporation in the EGL of cerebella from
miR-17~92cKO; miR-106b~25KO mice compared to controls
(Fig. 4D versus Fig. 4A and Fig. 4E) consistent with the
requirement for massive proliferation of GNPs for proper
foliation from birth until P7 (Lauder et al., 1974). The miR-
17~92 cluster not only regulates proliferation but also apoptosis
(Concepcion et al., 2012; Mogilyansky and Rigoutsos, 2013). We
observed no significant differences in apoptosis by Terminal
deoxynucleotidyl transferase dUTP nick end labeling staining
between the cerebella of all 4 genotypes at P7 (negative data not
shown). These results suggested that decreased proliferation of
GNPs from cerebella of miR-17~92cKO; miR-106b~25KO mice
might account for the diminished pool of GNPs during post-
natal development. Consistent with this possibility, we observed
premature exhaustion of proliferative GNPs at P14 in miR-
17~92cKO; miR-106b~25K0O mice. The EGL did not uniformly
cover the surface of the cerebellum in contrast to that of control
mice (compare Fig. 5G and Fig. 51 with Fig. 5A and Fig. 5C).
The remaining cells in the EGL were mainly negative for BrdU
and cyclin D2 but positive for p275'?!, suggesting premature exit
from the cell cycle and migration defects (Fig. SH and Fig. 5J-L
versus Fig. 5B and Fig. 5D-F).

control miR-17~92cKO
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Fig. 4. Reduced proliferation in cerebella of mice lacking the miR-
17~92 and miR-106b~25 clusters. (A-D) Proliferation assessed by BrdU
staining (red) on mid-sagittal sections through P7 cerebellum. Nuclei were
counterstained with propidium iodide (blue). White bars indicate the EGL.
(E) The percentage of BrdU+ cells in the EGL was quantified per 0.27 mm?.
BrdU+ cells were counted in the EGL of lobule | and Il from 2

sections per animal. Three mice for each genotype were analyzed.

(***) p-values <0.001. (A and E, lane 1) control, (B and E, lane 2) miR-
17~92cKO, (C and E, lane 3) miR-106b~25KO and (D and E, lane 4)
miR17~92cKO; miR-106b~25KO.
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The miR-17~92 cluster is required for medulloblastoma
formation

We previously reported that GNPs purified from Prchl™™;
Cdkn2c¢™'~ mice and overexpressing the miR-17~92 cluster
induced SHH-MB after transplant in the cortex of naive CD-1 nu/
nu recipient mice (Uziel et al., 2009). However, unlike Mycn,
enforced expression of the miR-17~92 cluster in GNPs purified
from the cerebella of Trp53~""; Cdkn2¢™’~ mice failed to induce
SHH-MBs after orthotopic transplantation demonstrating that
activation of the Patched signaling pathway was required for miR-
17~92 induction of SHH-MBs (Uziel et al., 2009). To
assess whether the miR-17~92 cluster was required for
MB formation, we bred miR-17~92"%¥". Nestin-Cre* with
Ptchl™™; Cdkn2¢™~ mice. While, as expected, 45.5% (10/22) of
miR-17~92"""; Ptchl™; Cdkn2c™'~ mice succumbed to SHH-
MBs, none (0/20) of the miR-17~92cKO; Ptchl™™, Cdkn2¢™~
mice developed tumors over a period of 300 days (Fig. 6A).

In wild-type mice, by 3 weeks after birth, all GNPs have exited
the cell cycle and migrated from the surface of the cerebellum
into the IGL. In contrast, in Pichl™~ mice, several GNPs
continue to divide and remain on the surface of the molecular
layer (ML), to form clusters of densely packed cells called pre-
neoplastic lesions (PNLs) (Goodrich et al., 1997; Kim et al.,

miR-17~92cKO;
miR-106b~25K0

control

p27Ki|:b1

o
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=
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Fig. 5. Premature termination of EGL proliferation in mice lacking the
miR-17~92 and miR-106b~ 25 clusters. Mid-sagittal sections through the
cerebellum of P14 control (A—F) and miR-17~92cKO; miR-106b~25KO
(G-L) mice stained with DAPI (A,C,G,l), or antibodies raised against BrdU
(B,D,H,J), p27P* (E,K) and cyclin D2 (F,L). Enlarged views of boxed areas in
panels A and G are presented in panels C-F and I-L, respectively. Arrows
indicate 2 clusters of granule neurons out of cycle, on the surface of the
cerebellum, in miR-17~92cKO; miR-106b~25KO mice. Scale bars: 500 um.
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Fig. 6. The mir-17~92 cluster is required for medulloblastoma
formation. (A) Survival curves for Pich1™/~; Cdkn2c*/~ mice with different
miR-17~92 and Nestin-Cre genotypes. MiR-17~92cKO (blue line, n=20)
and miR-17~92""* (red line, n=22) mice. P-value <0.001. (B-E) In situ X-gal
staining of cerebella from a 3 week old Ptch?1*/~; Cdkn2c*/~ mouse wild
type (B,C) or null (D,E) for the miR-17-92 cluster. Enlarged views of boxed
areas in panels B and D are presented in panels C and E, respectively.
(C) Arrows indicate 3 PNLs composed of densely packed cells. (E) Arrow
indicates a region composed of scattered ectopic cells localized on the
surface of the cerebellum. (F) Number of 3 week old mice revealing PNLs on
the surface of their cerebella.

2003; Oliver et al., 2005). In 6 weeks old mice, the majority of
PNLs have regressed, while only few progress to MBs. To
visualize PNLs, we stained the entire brains of 3 week old miR-
17~92¢KO; Ptchl™™, Cdkn2c¢™™ and miR-17~92"""; Ptchl™",
Cdkn2¢™~ mice with X-gal, since a portion of the wild-type allele
of Patched is replaced by LacZ in the Ptchl™’~ mice (Goodrich et
al.,, 1997). We detected PNLs in 84.5% (11/13) miR-17~92""";
Ptchl™, Cdkn2¢"~ mice (Fig. 6B,C,F). As expected, those
PNLs were Ki67 positive but negative for NeuN and GABA (A)
receptor 06 subunit (Fig. 7C-E, arrows). However, only 33% (2/6)
of cerebella from miR-17~92cKO; Ptchl™™; Cdkn2c™™ mice
showed PNLs (p=0.0248) (Fig. 6F). Scattered foci of non-
proliferating, differentiated neurons (negative for Ki67 but
positive for NeuN and GABA (A) receptor a6 subunit) were
observed on the surface of the cerebellar ML of miR-17~92cKO;
Ptchl™™; Cdkn2¢™™ mice (Fig. 6D,E, Fig. 7H-J, arrows). These
results suggest that the miR-17~92 cluster is required for SHH-
induced PNL formation and for SHH-MB development.

Myecn is a direct target of SHH signaling and is required for
SHH-MB formation (Kenney et al., 2003; Hatton et al., 2006).
Using an orthotopic transplantation approach, we previously
showed that enforced expression of Mycn in GNPs purified from
P7 cerebella of Pichl™ ™, Cdkn2c™’~ mice induces SHH-MBs
(Zindy et al., 2007; Kawauchi et al., 2012). GNPs purified from
the cerebella of P7 miR-17~92cKO; Ptchl™™; Cdkn2¢"~ and

Ptch1*"; Cdkn2c*"
miR-17~92** miR-17~92cKO
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Fig. 7. Foci of differentiated neurons at the cerebellar surface of 3 week
old miR-17~92cKO; Ptch1*/~; Cdkn2c™/~ mice. Cerebella from 3 week
old Ptch1*/~; Cdkn2c*/~ mice wild type (A-E) or null (F-J) for the miR-
17~92 cluster were stained with H&E (A,B,F,G), an antibody against Ki67
(C,H), NeuN (D,l), and GABA(A) receptor o6 subunit (GABARa6) (E,J).
Enlarged views of boxed areas (A,F) are presented in panels B-E and
G-J, respectively. PNL (arrow, B-E) is composed of densely packed
undifferentiated and proliferating neurons. Foci of differentiated, non-
proliferating neurons (arrows, G—J). Scale bars: 500 um (A,F), 100 um (B,G).

miR-17~92""": Ptchl™™; Cdkn2¢"~ mice were infected with
retroviruses encoding Mycn and the red fluorescence protein
(RFP), and stereotactically implanted 2 days later into the cortices
of naive recipient animals. Mycn expression did not increase
apoptosis or cell cycle arrest in infected GNPs after three days in
culture (negative data not shown). As expected, 100% (9/9) of the
animals transplanted with GNPs purified from the cerebella of P7
miR-17~92""; Ptchl™~; Cdkn2¢"~ mice and overexpressing
Mycn developed SHH-MBs (Fig. 8A) (Zindy et al.,, 2007;
Kawauchi et al., 2012). In contrast, none of the 12 mice
transplanted with GNPs purified from the cerebella of P7 miR-
17~92¢KO; Ptchl + R Cdkn2c¢*™ mice and expressing Mycn
developed medulloblastoma, 180 days post-implantation.
However, 5/5 mice transplanted with GNPs purified from the
cerebella of P7 miR-106b~25KO; Ptchl™’™; Cdkn2c™'™ mice in
which we enforced Mycn expression developed MBs (Fig. 8B).
Pathological analysis of the tumors of all genotypes confirmed
that they were MBs of the SHH subtype with classic morphology
of round cells (Fig. 8C—H), as previously described (Zindy et al.,
2007; Kawauchi et al., 2012).

These results point to an absolute requirement for the miR-
17~92, but not for the miR-106b~25, cluster in SHH-MB
initiation.

Targets of the miR-17~92 family cluster

We recently reported that the miR-17~92 cluster down-regulates
bone morphogenic protein (Bmp) receptor type 2 (Bmpr2), the
receptor for Bmp-2, -4 and -7 and that higher levels of Bmpr2 are
detected in cerebella of P7 miR-17~92cKO; miR-106b~25KO
mice compared to those of controls (Murphy et al., 2013). To
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Transplanted Myen-infected GNPs from Ptch1™; Cdkn2e ™

Fig. 8. Enforced Mycn expression in GNPs from Ptch1*/~; Cdkn2c*/~
but not from miR-17~92cKO; Ptch1*/~; Cdkn2c*/~ mice induces SHH-
MBs. (A) Survival curves for naive CD-1 nu/nu mice transplanted with GNPs
purified from the cerebella of P7 miR-17~92cKO; Ptch1*/~; Cdkn2c™/~
(blue line, n=12) or from miR-17~92""*; Ptch1*/~; Cdkn2c*/~ (red line,
n=9) mice and infected with retroviruses expressing Mycn. P-value <0.001.
(B) Survival curves for naive CD-1 nu/nu mice transplanted with GNPs
purified from the cerebella of P7 miR-106b~25K0; Ptch1*/~; Cdkn2c™/~
(grey line, n=>5) or from miR-106b~25""; Ptch1*/~; Cdkn2c™/~ (red line,
n=6) mice and infected with retroviruses expressing Mycn. (C-H) H&E
staining of medulloblastoma after cortical implants of GNPs purified from the
cerebella of P7 miR-17~92%/*; Ptch1*/~; Cdkn2¢c*/~ (C,D) or miR-
106b~25""; Ptch1*/~; Cdkn2c*/~ (E,F) or miR-106b~25K0; Ptch1*/~;
Cdkn2c*/~ mice (G,H), infected with retroviruses expressing Mycn. Scale
bars: 1 mm (C,E,G) and 50 um (D,F,H).

identify potential targets of the miR-17~92 cluster family, we
compared the gene expression profile of cerebella from control
and miR-17~92cKO; miR-106b~25KO mice at P4, and P7, times
at which difference in cerebellar size was detectable. Principal
component analysis revealed that cerebella from control mice
clustered together but independently from those of miR-
17~92cKO; miR-106b~25KO mice for each time point
(Fig. 9A). To gain insights into the pathways affected by the
deletion of miR-17~92 and miR-106b~25 clusters we performed
GSEA. Using the Biocarta gene sets, we found that the
Transforming Growth Factor (TGF)-f responsive signaling
pathway was enriched in cerebella from P7 miR-17~92cKO;
miR-106b~25K O mice relatively to controls (Fig. 9B). Although
these results were not statistically significant, the TGF-$

602

PC210.5%

B Enrichment plot: BIOCARTA_TGFB_PATHWAY
cs

"

L] 1\\.

Z,: \\\
AT T

p =0.3050505

Esrihmen score (ES

T ine patree by carre late
1508 R080 7,508 6,000 12500 5,008
Rark in Ordered Dataset

Ranked Is1 metric (SignaRNoise)
EEEER

[ Tevichment profile —His Rarking metric scors |

c Enrichment plot: BIOCARTA_TGFE_PATHWAY
[T | p =0.047131147
g o J\\
o3| N
gu ™~
2 | J
v \
£ M S IIL
o n
;, o
= 025
2 s
- e sty rerreiated
é L] 2,500 §,000 1,50 10,000 12,500 15,000
= Rank in Orcered Dataser
[ Emichmnent profile — biits Ranking matsic scores |

Fig. 9. The miR-17~92 cluster suppresses TGF-§ signaling. (A) Principal
component analysis (PCA) of cerebella from P4 (blue spheres, n=3) and P7
(blue pyramids, n=4) control mice, and from P4 (yellow spheres, n=3) and
P7 (yellow pyramids, n=5) miR-17~92cKO; miR-106b~25KO mice.

(B,C) Gene set enrichment analysis plot for Biocarta TGF-3 responsive
genes set between cerebella from P7 miR-17~92cKO; miR-106b~25KO
and P7 control mice (B; p-value=0.3050) and between cerebella from P4
and P7 miR-17~92cKO; miR-106b~25KO and P4 and P7 control mice

(C; p-value=0.04713).

responsive gene set was significantly enriched when we
combined P4 and P7 cerebella (Fig. 9C) suggesting that this
pathway was responsible in part for the reduced proliferation, as
previously reported (Aref et al., 2013).

DISCUSSION

Here we analyzed the role of the miR-17~92 cluster family
during cerebellar development by conditional deletion the miR-
17~92 cluster alone or together with the miR-106b~25 cluster
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(miR-17~92cKO; miR-106b~25K0O) in neural progenitors.
While lack of the miR-106b~25 cluster had no obvious
phenotype, loss of the miR-17~92 cluster induced a reduction
in cerebellar size and foliation. Loss of both clusters induced a
more severe phenotype. Deletion of the miR-17~92 cluster was
sufficient to completely abolish tumor development, pointing to
the absolute requirement for the miR-17~92 cluster, and to the
lack of compensation by the miR-106b~25 cluster, for MB
development in collaboration with constitutively activated SHH
signaling.

The miR-17~92 and miR106b~ 25 clusters control the number
of GNPs during post-natal cerebellar development

We previously reported that microRNAs from the miR-106a~363
cluster are not expressed in wild-type cerebella (Uziel et al.,
2009). We found no significant up-regulation of microRNAs
encoded by this cluster in cerebella lacking both miR-17~92 and
miR-106b~25 clusters (data not shown). This suggested that the
miR-106a~363 cluster is unlikely to contribute to the phenotype
seen in miR-17~92cKO; miR-106b~25KO mice.

Co-deletion of the two clusters miR-17~92 and miR-106b0~25
led to the exhaustion of progenitor neurons in the cerebellum
resulting in reduction in cerebellar size and the number of folia.
The miR-17~92 cluster controls the number of oligodendroglial
cells (Budde et al., 2010), renal tubular cells (Patel et al., 2013),
neural stem cells (Bian et al., 2013) and cardiomyocytes (Chen
et al., 2013). However, in contrast, the miR-17~92 cluster alone
or in combination with miR-106b~25 is dispensable during
retinal development (Conkrite et al., 2011; Nittner et al., 2012),
mammary development (Feuermann et al., 2012) and Langerhans
cells (Zhou et al., 2014). Thus, the requirement for microRNAs
encoded by the miR-17~92 cluster is cell context specific.

The miR-17~92 and miR-106b~25 clusters are direct targets
of Myc and Mycn (O’Donnell et al., 2005; Northcott et al., 2009;
de Pontual et al., 2011). In the central nervous system, the loss
of Mycn in Nestin-positive cells induces a reduced size and
misformed cerebellum (Knoepfler et al., 2002). However, in these
mice, the proliferation of the residual GNPs is driven by the up-
regulation of Myc that normally is not expressed in these neuronal
progenitors (Zindy et al., 2006). Expansion of GNPs in postnatal
cerebella of mice deficient for both Mycn and Myc is severely
reduced leading to a cerebellum lacking all folia (Wey et al.,
2010). The fact that the loss of the miR-17~92 and miR-106b~25
clusters attenuated proliferation of GNPs but still caused folia
formation suggests that both clusters are required but not
sufficient to induce the cerebellar phenotype of Mycn; Myc
double-null mice.

The miR-17~92 cluster is absolutely required for SHH-MB
development

MiRs encoded by the miR-17~92 cluster are overexpressed in
both mouse and human tumors (Uziel et al., 2009; Northcott
et al., 2009). We previously found that enforced expression of the
miR-17~92 cluster collaborates with SHH signaling to induce
SHH-MB (Uziel et al., 2009). Strikingly, deletion of the miR-
17~92 cluster in Nestin-positive cells from Ptchl™™; Cdkn2¢*~
mice completely abolished SHH-MB development. This was
associated with a significant decrease in the number of 3 week old
Ptchl™™; Cdkn2¢™~ mice lacking the miR-17~92 cluster that
exhibit PNLs on the surface of their cerebella. Therefore, the
miR-17~92 cluster plays a critical role in GNPs during SHH-MB
initiation as was shown in retinoblastoma (Nittner et al., 2012).

Our data also showed that the miR-106b~25 did not
compensate for the loss of the miR-17~92 cluster in tumor
initiation. Analysis of the microRNAs expressed by the two
clusters revealed that miR-19a and miR-19b-1 that share the same
seed sequence are encoded only by the miR-17~92 but not the
miR-106b~25 cluster (Fig. 10). This suggests that these two
microRNAs might be sufficient for tumor development and that
they might recapitulate the oncogenic function of the miR-17~92
cluster, as reported previously for the development of Ep-Myc B
cell lymphoma (Mu et al., 2009; Olive et al., 2009). Treatment of
SHH-MB with tiny LNAs directed against miR-17/20a/106b/93
and miR-19a/b-1 from the miR-17~92 cluster family inhibits
proliferation of SHH-MB in vitro and in vivo (Murphy et al.,
2013). Therefore the miR-19a/b-1 might not be the only
microRNA required for MB progression, although this will
need further evaluation.

Given the absolute requirement of the miR-17~92 cluster for
Ptchl™™ induced SHH-MB formation, the identification of bone
fide miR-17~92 targets is clearly warranted. Analysis of
previously published targets (Brock et al., 2009; Concepcion
et al., 2012; Mogilyansky and Rigoutsos, 2013; Sun et al., 2013)
revealed that Bmpr2, but not PTEN and p21"', is regulated by
the miR-17~92 cluster (Murphy et al., 2013). We found that
Bmpr2 was upregulated in the cerebella of miR-17~92cKO; miR-
106b~25K0O mice, which might be responsible, in part, for
the cerebellar anomalies. Constitutive activation of Bmprla in
cerebella induced a simplified foliation pattern (Ming et al.,
2002). These data are consistent with ours and others findings
showing that BMP signaling antagonizes the SHH pathway
(Rios et al., 2004) and that genes in the BMP pathway are
downregulated in SHH-MB (Zhao et al., 2008). It has been
previously reported that the miR-17~92 cluster down-regulates
multiple components of the TGF-f3 pathway (Tagawa et al., 2007
Petrocca et al., 2008; Dews et al., 2010; Mestdagh et al., 2010;
Concepion et al., 2012; Li et al., 2012; Mogilyansky and

SHH

Ptch1

miR-17~92 miR-106b~25
e .
17 18a 19a  20a 19b-1 92-1 106b 93 25
X Y

| L

GNP transformation GNP proliferation
(Medulloblastoma initiation) (Cerebellum development)

Fig. 10. Schematic representation of the miR-17~92 cluster family and
its regulation by SHH signaling. SHH signaling induces the transcription of
Mycn, which, in turn, induces the expression of the miR-17~92 and miR-
106b~25 clusters that encode 6 and 3 microRNAs, respectively. MicroRNAs
sharing the same seed sequence are represented by boxes of the same
color. X and Y represent putative targets. Loss of the miR-17~92 but not the
miR-106b~ 25 cluster inhibits Ptch1*/~-induced SHH-MBs. Loss of both
clusters reduces cerebellar size.
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Rigoutsos, 2013). In agreement with these reports, we found, by
GSEA analysis, that the TGF-f pathway was upregulated in the
cerebella of miR-17~92cKO; miR-106b~25KO mice. TGF-j
pathway is associated with SHH-MB pathogenesis with high
levels connoting a good prognosis (Aref et al., 2013). Our results
are in agreement with a study suggesting that miR-17~92 cluster
downregulates two different signaling pathways, Bmp and TGF-3
pathways (Brock et al., 2009). Further analysis using Clip-Seq
approaches will be required to identify the bona fide miR-17~92
targets in mouse and human MBs (Darnell, 2010).

In summary, while the miR-17~92 and miR-106b~25 clusters
are essential for cerebellum development and homeostasis, the
miR-17~92, but not the miR-106b~25, cluster is required for
tumor initiation in Prchl™™ mice.
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