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Purpose: Medulloblastoma (MB), the most common malignant brain tumor in children, is
divided into four tumor subgroups: wingless-type (WNT), sonic hedgehog (SHH), Group 3, and
Group 4. Ideally, clinical practice and treatment design should be subgroup specific. While WNT
and SHH subgroups have well-defined biomarkers, distinguishing Group 3 from Group 4 is not
straightforward. MicroRNAs (miRNAs), which regulate posttranscriptional gene expression,
are involved in MB tumorigenesis. However, the miRNA-messenger RNA (mRNA) regula-
tory network in MB is far from being fully understood. Our aims were to investigate miRNA
expression regulation in MB subgroups, to assess miRNA target relationships, and to identify
miRNAs that can distinguish Group 3 from Group 4.

Patients and methods: With these aims, integrated transcriptome mRNA and miRNA expres-
sion analysis was performed on primary tumor samples collected from 18 children with MB,
using miRNA sequencing (miRNA-seq), RNA sequencing (RNA-seq), and quantitative PCR.
Results: Of all the expressed miRNAs, 19 appeared to be significantly differentially expressed
(DE) between Group 4 and non-Group 4 subgroups (false discovery rate [FDR] <0.05), includ-
ing 10 miRNAs, which, for the first time, are reported to be in conjunction with MB. RNA-seq
analysis identified 165 genes that were DE between Group 4 and the other subgroups (FDR
<0.05), among which seven are predicted targets of five DE miRNAs and exhibit inverse
expression pattern.

Conclusion: This study identified miRNA molecules that may be involved in Group 4 etiol-
ogy, in general, and can distinguish between Group 3 and Group 4, in particular. In addition,
understanding the involvement of miRNAs and their targets in MB may improve diagnosis and
advance the development of targeted treatment for MB.
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Introduction

Medulloblastoma (MB), a highly malignant tumor of the cerebellum, is the most
common malignant brain cancer in children.! Current MB therapy includes surgical
resection, craniospinal irradiation, chemotherapy, and bone marrow transplantation in
high-risk patients, which yields 5-year survival rates of 60%—70%.2 Despite advances
in treatment and attempts at early detection of metastatic cells,? the incidence rate of
tumor recurrence in MB patients is about 40%, and 30% die from the disease.*

MB is highly heterogenic, comprising four tumor subgroups with distinct clinical,
biological, and genetic profiles (reviewed in a study by Gupta et al).’ These include the
wingless-type (WNT) class (Group 1), with activated Wingless pathway signaling;® sonic
hedgehog (SHH)-activated—TP53 wild-type and SHH-activated—TP53 mutant (Group 2),
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represented by Hedgehog pathway activation;” Group 3, with
enhanced photoreceptor and GABAergic pathway signaling;
and Group 4, reflected by the upregulation of neuronal and glu-
tamatergic signaling.® More details on the genetic and molecu-
lar signature of each subgroup can be found in a study by
Ramaswamy and Taylor.’ Briefly, WNT tumors exhibit somatic
mutations of B-catenin (CTNNBI) and monosomy 6. Muta-
tions in PTCHI or SUFU are frequent in infant SHH tumors,
while children (3—16 years) have somatic mutations in PTCH1
or germline and/or somatic 7P53 mutations. Approximately
30% of childhood SHH tumors presents 7P53 mutations and
has a poor prognosis. SHH tumors in adults have a higher
mutational load (somatic mutations in SMO, PTCHI, TERT
promoter). Amplification of MYC and copy number gains and
losses on chromosomes 1, 9 and arm-level copy number varia-
tions on chromosome 17q are common cytogenetic aberrations
in Group 3. In Group 4, somatic nucleotide variants are less
frequent and are hence considered to be copy number-driven
tumors. In 10% of Group 4 tumors, inactivating mutations of
the histone demethylase KDM6A4 occur. Tandem duplications
of SNCAIP are identified and are mutual to amplifications of
CDK6 and MYCN. As opposed to the SHH subgroup, in Group
4, MYCN amplifications do not indicate a poor prognosis. The
most common cytogenetic aberration, identified in almost 80%
of Group 4 tumors, is isochromosome 17¢, with less frequent
aberrations in 8p, 7q, 11p, and 18q.

Recently, by using genome-wide DNA methylation and
gene expression data, Cavalli et al suggested that each of
the four subgroups can be divided to even more subtypes.!
Although distinct signaling pathways are involved in the etiol-
ogy of each subgroup, the histological presentation and treat-
ment are quite similar, resulting in different clinical outcomes.
Overall, genetic characterization of the tumor is essential for
appropriate clinical decision-making.®!'" While the SHH and
WNT subgroups have well-defined and specific biomarkers,
the diagnosis of Group 3 and Group 4 is more challenging;
hence, it is of high priority to detect novel genes or microR-
NAs (miRNAs) that distinguish between these two subgroups.

miRNAs are small noncoding RNAs of 20-27 nucleo-
tides in length, which regulate gene expression by binding to
cognate sequences, located preferentially at the 3" untrans-
lated regions of protein-coding messenger RNAs (mRNAs).
miRNAs are processed from primary transcripts to generate
the mature-length molecule (reviewed in studies by Herrera-
Carrillo and Berkhout and Daugaard and Hansen).'>"3 Briefly,
canonical miRNAs are transcribed in the nucleus as primary
miRNAs, which are then processed by the microprocessor

complex Drosha-DGCRS to generate the ~70 nucleotide
precursor hairpin.'* The pre-miRNA is exported to the cyto-
plasm,'> where it is cleaved by the RNase IlI-like enzyme
Dicer, in a complex with the cofactors TRBP and PACT,
to generate the mature-length miRNA duplex.!®!7 miRNA
duplexes are loaded into the RNA-induced silencing complex
(RISC) through interaction with Argonaute proteins.'® The
mature form of the active miRNA strand directs the RISC
complex to mRNAs while the passenger strand is degraded.
miRNAs play a key role in various cellular processes, such
as development, differentiation, and metabolism (reviewed in
a study by Jansson and Lund)." Alterations in the miRNA—
mRNA interaction have been linked to a number of clinical
conditions, including neurological disorders.?® In addition,
miRNAs have been shown to be involved in different aspects
of cancer development, including cancer initiation, progres-
sion, tumor growth, and metastasis (reviewed by Lin and
Gregory),?! suggesting the use of miRNAs in diagnosis and
cancer treatment. miRNAs can function as oncomiRs?? or
tumor suppressors,” and their unique expression profiles
have been demonstrated for different types of cancers,
including brain tumors.?* So far, miRNA studies in MB
have raised a series of potential candidates,”**” where some
were found to have unique roles in specific MB subgroups.
For instance, the oncogenic miR-17/92 cluster was shown
to cooperate with activated SHH signaling both in vitro and
in vivo, increasing cellular proliferation and tumorigenic
capacity in appropriate model systems of MB.?>2¢ More
recently, it was found that SHH MB cells display reduced
tumor growth when silencing miR-17/20 and miR-19a/b in
vitro and in vivo.?® Two complementary studies have shown
that the miR-183-96-182 cluster is highly upregulated in
subgroup 3.27% In addition, miR-193a, miR-224/miR-452
cluster, and miR-148a, which are found to be upregulated
in the WNT pathway MB, were suggested to have antitumor
or metastasis-suppressive activity.*°

Despite these studies, to the best of our knowledge, no
high-throughput unbiased sequencing research has been done
to reveal miRNA-mRNA interactions in MB subgroups.
Here, we applied high-throughput sequencing on tissues
from different subgroups of MB to generate global miRNA
and mRNA expression profiles from the same individuals.
Using this unbiased approach, we identified novel miR-
NAs whose expression can distinguish Group 4 from the
Group 3 subgroups and several miRNA-mRNA regulatory
networks controlling various key pathways relevant to MB
development.
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Patients and methods
Patient cohort, tissue source, and tumor

collection

The study design adheres to the tenets of the Declaration
of Helsinki and was approved by the Schneider Children’s
Medical Center of Israel and the National Review Board
of the Israel Ministry of Health. All samples in this study
were obtained, under institutional review board approval,
from pediatric patients at the Schneider Children’s Medical
Center of Israel; written informed consent was obtained
from all patients and their parents. Tumor samples were col-
lected from patients during surgery for their primary tumor.
For histological characterization, specimens were placed in
formalin, cut, and stained according to standard techniques,
followed by a consultant neuropathologist analysis. For RNA
extraction, tumor tissue was placed in RNAlater™ (AM7020;
Thermo Fisher Scientific, Waltham, MA, USA) and stored
at —80°C. The study cohort consists of 18 pediatric patients
diagnosed with MB (Table S1), 7 boys and 11 girls; mean
age at diagnosis 5.943.3 years. At the time of this study, all
patients were monitored at the Pediatric Oncology Unit. Of
the 18 children, 14 were diagnosed with localized disease and
four were diagnosed as metastatic. All patients were treated
by chemotherapy; 15 patients received radiation in addition
to chemotherapy; three did not receive radiation therapy
due to their young age (<3 years); and nine underwent bone
marrow transplantation. Recurrence of the disease occurred
in three children, of whom two died.

RNA extraction

Total RNA was extracted from fresh frozen tumor tis-
sues samples using Trizol reagent (TRI Reagent, 93289;
Sigma-Aldrich Co, St Louis, MO, USA) for cell lysis.
Homogenization of the tissues was done using a needle (18
Gx1%", 1.2x40 mm, 4710012040 HSW FINE-JECT®;
Henke-Sass Wolf, Tuttlingen, Germany) and a 3-mL syringe
(5020.000V0 HSW SOFT-JECT®; Henke-Sass Wolf).
Phase separation was done using chloroform (chloroform
[stab/Amylene] AR-b, 030805; Bio-Lab Ltd, Jerusalem,
Israel). RNA precipitation was performed overnight with
isopropanol (2-propanol AR-b, 162605; Bio-Lab Ltd) and
washed with 70% ethanol (ethanol absolute [dehydrated]
CP, 052502; Bio-Lab Ltd). The RNA was dissolved in
diethylpyrocarbonate-treated water (AM9922; Thermo
Fisher Scientific). Quantification of the amount and quality
of RNA was performed using the NanoDrop 1000 spectro-
photometer (ND-1000 UV/Vis; Thermo Fisher Scientific).

RNA and miRNA sequencing (RNA-seq
and miRNA-seq)

Total RNA library preparation and sequencing were per-
formed at the core genomic facility of the Sheba Medical
Center, Ramat Gan, Israel. Library preparation was per-
formed following the Illumina (San Diego, CA, USA) rec-
ommendations. The quality and sizes of the products were
checked using an Agilent DNA 1000 kit of the Bioanalyzer
2100 (Agilent Technologies, Santa Clara, CA, USA) and each
library had an insert size of ~200 base pairs. Cluster genera-
tion and single-end sequencing were carried out using the
standard Illumina procedures for the HiSeq 2500 sequencer
(Illumina). Raw data were deposited at the sequence read
archive accession number SRP095882.

RNA-seq data analysis

Following quality control with FastQC,*! reads were processed
to trim adaptors and low-quality bases were eliminated using
Trim galore software, version 0.4.1 (http://www.bioinformat-
ics.babraham.ac.uk/projects/trim_galore/). Trimmed reads
were aligned to the human genome (hg38) by the TopHat*
program, version 2.1.1. The number of reads overlapping each
of the annotated genes was counted using the HTSeq-count
script from the HTSeq* python package, version 0.6.1pl1,
using the “union” overlap resolution mode. The count table
was filtered to contain only mRNAs having at least one count
per million (CPM) in at least a single sample. Expression
counts were normalized to library size following trimmed
mean of M values normalization using the edgeR* pack-
age, version 3.16.5. Voom transformation and differential
expression analysis were performed using linear modeling,
implemented at the limma* package, version 3.30.13, in R
version 3.3.2. Since replicates for the SHH and WNT groups
were not available to us at the time of conducting this experi-
ment, the dispersion estimation was done based on informa-
tion from Group 3 and Group 4. p-values were corrected for
multiple testing using the Benjamini and Hochberg approach,
and genes having adjusted p-values <0.05 were referred to
as being differentially expressed (DE). For visualization of
the subgroup classification, heat-maps were generated using
heatmap.2 from gplots,* version 3.0.1R package, by using
unsupervised hierarchical clustering (complete linkage) and
1-correlation as the distance method.

miRNA data analysis
Raw reads were processed to trim adaptors and low-quality
bases using Trim galore, version 0.4.1. Reads shorter than 15
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nucleotides were discarded. The miRExpress®” tool was used
to map reads to precursor miRNAs from miRBase, version
21, and to generate miRNA expression profiles. Expression
was computed by summing counts of reads that fell within
the location of the mature miRNA in the precursor sequence
plus a tolerance range of four nucleotides. Count filtering,
normalization, and differential expression were carried out in
a manner similar to RNA-seq analysis, as described earlier.
Unless otherwise specified, an adjusted p-value cutoff of
0.05 was used for significance detection. Identical mature
miRNAs originating from different precursors were counted
as the same type of molecule in all downstream analyses. Due
to the small number of samples in our analysis, miRNA was
defined as expressed if at least one of the following conditions
was met: 1) it had at least one CPM read in WNT or SHH
samples; 2) it had at least one CPM read in at least one sample
belonging to Group 3; or 3) it had at least one CPM read in at
least three Group 4 samples. For visualization of DE miRNA,
heat-maps were generated using iheatmapr®® R package, ver-
sion 0.2.4, by using the Euclidean as the distance method and
complete linkage for clustering. To assess the uncertainty
in the hierarchical clustering, p-values were calculated via
multiscale bootstrap resampling analysis using pvclust®
R package, version 2.0-0. The package pvclust gives two
types of p-values: bootstrap probability and approximately
unbiased. For the visualization of DE miRNAs, heat-maps
were generated using iheatmapr®® R package, version 0.2.4,
by using an unsupervised hierarchical clustering (complete
linkage) and Euclidean as the distance method.

Ingenuity pathway analysis (IPA)

Normalized and filtered miRNA as well as mRNA data
were uploaded to Qiagen’s IPA® (Qiagen, Redwood City,
CA, USA; www.qiagen.com/ingenuity) software, version
01-04. IPA was used to gain insight into the overall biologi-
cal changes introduced by expression, miRNA target gene
prediction, and miRNA and mRNA integrated analysis.
Using the Ingenuity Pathways Knowledge Base, each gene
was linked to specific functions, pathways, and diseases.
For miRNA-mRNA integration analysis, IPA miRNA target
filter was used; only experimentally validated and “highly
predicted” mRNA targets were included in the analysis. By
applying an expression pairing tool, we focused on miRNAs
and their target genes with opposite expression.

Public data sets of gene expression
Publicly available, quality-controlled robust multi-array aver-
age normalized mRNA expression matrix, generated using

microarray (Affymetrix HG 1.1 ST; Affymetrix, Santa Clara,
CA, USA) and was downloaded from the Gene Expression
Omnibus database (GSE37385).%° The data set GSE37385
contains 285 subjects diagnosed with MB, covering SHH,
Group 3, and Group 4 subgroups. Detection of genes DE
between Group 4 and non-Group 4 in GSE37385 data set was
done similar to the RNA-seq analysis described earlier. For
visualization, heat-maps were generated using iheatmapr®® R
package, version 0.2.4, by using unsupervised hierarchical
clustering (complete linkage) and Euclidean as the distance
method.

Reverse transcription (RT) and
quantitative PCR (qPCR)

Isolated RNA (2 pg) was reverse transcribed with random
primers using High Capacity cDNA RT kit + RNAse
inhibitor (4374967; Thermo Fisher Scientific) according
to the manufacturer’s instructions. The qPCR assay was
done using the Fast SYBR® Green Master Mix (4385612;
Thermo Fisher Scientific). For miRNA expression valida-
tion analysis, total RNA was extracted from 16 fresh frozen
tumor tissues (Table S1). For the validation of miRNAs,
0.5 pg of isolated RNA was used for the qScript™ miRNA
cDNA Synthesis kit (95107; Quanta Biosciences, Gaith-
ersburg, MD, USA), including poly(A) tailing reaction, RT
and SYBR Green qRT-PCR amplification. The detection of
expression levels was performed using the StepOnePlus™
System (Thermo Fisher Scientific). Primer sequences are
listed in Tables S2 and S3.

Real-time qPCR expression level analysis
The patient subgroup was defined according to the gene
signature of Kunder et al*! (Table S4) and their primers were
used (except for MYCN, which lead to nonspecific results).
The expression level of each protein-coding gene/
miRNA was normalized to GAPDH/SNORD48 expression,
respectively, as determined by the delta cycle threshold (Ct)
method, where ACt = (Ct,,,,
of DE genes, heat-maps were generated using heatmap.2

—Cty,, ). For the visualization

from gplots,* version 3.0.1R package, by using unsupervised
hierarchical clustering (complete linkage) and 1-correlation
as the distance method. miRNA expression data analysis and
visualization were performed using the ddCt** R package,
version 1.26.0. Since we did not have a normal cerebellum
sample, we calculated the median Ct of all samples for each
miRNA; this median was used as the calibrator for the ddCt
package analysis. To determine a significant difference
between Group 3 and Group 4, we performed a two-tail z-test,
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assuming equal variances. For the WNT and SHH subgroups,
no test was performed due to the small number of samples.

Results
Expression profiling of mMRNA

Primary tumor samples were obtained from 18 children diag-
nosed with MB. qPCR analysis was performed to classify the
MB into one of the four subgroups based on Kunder et al.*! Of
the 18 samples, two samples fitted with the WNT subgroup,
two belonged to subgroup SHH, seven patients were classified
as subgroup 3, and seven others as subgroup 4 (Figure S1).
The distribution of MB subtypes according to the children’s
age, gender, and histology type (classic or desmoplastic;
none were large cell anaplastic) is shown in Figure 1A-D,
respectively. Figure 1E and F shows representative histologi-
cal images of the classic and desmoplastic MB types. Out of
the 18 tumors, nine (one from the WNT subgroup, one from
the SHH subgroup, two from subgroup 3, and five from sub-
group 4) (Figure 2A) were subjected to whole-transcriptome
RNA-seq (Figure 2B). Since the additional nine samples were
collected at a later stage of the study, they were included only
in the RT-qPCR validation step.

The number of sequenced reads ranged from 35 to
50 million per sample. The overall read mapping rate
was 96.37%—-97.72% (Table S5). In total, 14,095-15,718
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expressed genes (CPM >2) were found in each MB subgroup,
with 12,391 genes that were common to all subgroups.
Group 3 displayed the highest number of uniquely expressed
genes (Figure S2A). An unsupervised hierarchical clustering
based on expressed mRNAs revealed a clear separation from
Group 4, which clustered separately from the other MB tis-
sues (data not shown). Linear model analysis identified 500
DE genes between the four subgroups (false discovery rate
[FDR] <0.05). Hierarchical clustering using these genes
segregates the tumor tissues into the different subgroup
clusters (Figure 2C). Due to the low number of replicates
available for SHH, WNT, and Group 3, we defined a statis-
tical model to compare subgroup 4 against the other three
subgroups. This test revealed 165 DE genes (Table S6) — 87
upregulated and 78 downregulated. The expression of these
DE genes was visualized across the 234 tumor tissues found
in the GSE37385% data set (Group 3=46, Group 4=188)
(Figure 2D). As can be seen in Figure 2D, these genes can
distinguish between Group 3 and Group 4 in the large and
independent GSE37385 cohort, emphasizing the ability of
our analysis to correctly detect differences in gene expression
despite the small size of the cohort in our study.

Gene ontology and pathway analysis of the DE genes in
Group 4 tumors revealed downregulation of the WNT signal-
ing pathway. In addition, Group 4 tumors were characterized

Group 3  Group 4

Females Males

2
80 3

60

40

Medulloblastomas (%)

20
1

6-8 years 9-12 years WNT SHH Group 3 Group 4

Figure | (A) Demographic distribution of the subgroups in the present cohort. Subgroup distribution with respect to the (B) age at diagnosis, (C) gender, (D) histological
variants. Number of tumors is noted in each category. Histological images of the medulloblastoma types: (E) classic (patient no 13, Table SI) and (F) desmoplastic (patient

no 2, Table SI). Magnification: 10x.
Abbreviations: SHH, sonic hedgehog; WNT, wingless-type.
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Figure 2 Heat-map showing differential expression of protein-coding genes in the nine tumor tissues, according to (A) qPCR analysis (~ACT) and (B) RNA-seq analysis
(log CPM). Graphically displayed results of unsupervised hierarchical clustering. (C) Hierarchical clustering of the genes across the different subgroups using ANOVA (FDR
<0.05). Patient symbols are detailed in Table S|. (D) Expression heat-map of the differently expressed genes between Group 4 and other MB subgroups (FDR <0.05). The

values were taken from the public data set GSE37385 (Group 3=46, Group 4=188).

Abbreviations: qPCR, quantitative PCR; MB, medulloblastoma; RNA-seq, RNA sequencing; CPM, counts per million; ANOVA, analysis of variance; FDR, false discovery

rate; SHH, sonic hedgehog; WNT, wingless-type.
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by an overrepresentation of pathways involved in cancer and
neuronal development (Table S7). Top canonical signaling
pathways overrepresented in MB Group 4 subgroup, as
identified by IPA, are described in Table 1.

Expression profiling of miRNAs was performed on the
same nine MB samples that were subjected to RNA-seq
to investigate the differences between miRNA expression
profiles within MB subgroups. The total number of sequenc-
ing reads obtained was in the range of 12-33 million reads
per sample. After filtering, sequencing reads with lengths
between 15 and 28 nucleotides represented 40%—77% of the
total number of reads initially obtained. Around half of the
reads mapped to miRNAs precursors (30%—65%), using the
Smith—Waterman algorithm implemented in miRExpress.>’

There were 867 miRNAs identified in at least a single MB
sample; from those, 592 were identified across all samples.
These originated from 687 precursors, of which 285 precur-
sors had both the 5p and 3p strands expressed, and 402 miR-
NAs were from only one strand (either 5p or 3p), such that
there were no evident traces of the other hairpin arm. From
the sequencing data, we were able to identify 38 mature miR-
NAs that originated from different genomic loci (Table S8).
From one mature miRNA (hsa-miR-486), we could identify
sequences from both the 5p and 3p strands, derived from two
different precursors. These findings provide evidence that
both loci of this miRNA would be expressed in MB tumors.

Out of the 867 identified mature miRNAs, 783 were
defined as expressed (see “Materials and methods” section)
in MB. Of these, 462 were common to all four subgroups
(Figure S2B). Of all expressed miRNAs, 19 (2.4%) appeared
to be significantly DE between Group 4 and the other studied
MB subgroups (FDR <0.05). Hierarchical clustering using
these miRNAs segregates tumors into clusters similar to
those identified by expression profiling of protein-coding
genes (Figure 3A). The observed clusters were supported
by a multiscale bootstrap resampling analysis (Figure S3).

Out of the 19 DE miRNAs, 10 had no previous indica-
tion of having a role in MB in general or in any specific MB
subgroup (Table 2). Kunder et al* detected nine miRNAs that
could distinguish between the different subgroups; of these,
two are found on our list (hsa-miR-135b-5p and hsa-miR-
224-5p). Figure S4 presents the hierarchical clustering of
our cohort based on the miRNA-seq expression of Kunder’s
nine miRs.

A qPCR analysis was performed for a selected set of six
miRNAs harboring the highest expression level, which can
potentially distinguish between Group 4 and non-Group 4
samples. Three of the selected miRs — hsa-miR-181a-2-3p,
hsa-miR-187-3p, and hsa-miR-888-5p — had no previous
indication of being involved in MB (Table 2). The qPCR
expression analysis of these selected potential markers
(Figure 3B and C) was carried out for 16 MB samples
(Table S1). Three miRs — hsa-miR-20a-5p, miR-181a-2-3p,
and hsa-miR-224-5p — exhibited a significant expression
difference (p-value =0.0008, 0.003, and 0.03, respectively),
making them good candidates to serve as specific Group 4
markers (Figure 3B). Since subgroup merging can bias the
expression toward a specific subgroup, we repeated the analy-
sis, but this time observing Group 4 and Group 3 separately
(Figure 3C). As can be seen, the tested miRs have a unique
expression pattern in Group 4 that is different from Group 3;
two miRs — miR-20a-5p and miR-181a-2-3p — were statisti-
cally significant (p-value =0.01 and 0.017, respectively) and
can be used to distinguish between these two subgroups.

Integrated analysis of miRNA and mRNA

expression
To understand the functional significance of regulated miR-
NAs in MB, we performed an integrated analysis to identify
inverse miRNA-mRNA expression.

Among the significantly DE miRNAs identified in Group 4,
five (miR-135b-5p, miR-181a-2-3p, hsa-miR-18a-3p,

Table | Canonical pathway analysis of genes differentially expressed between Group 4 and the other subgroups of medulloblastoma

Canonical pathways?

Regulation (MRNA) Genes

Role of osteoblasts, osteoclasts, and chondrocytes in Down
rheumatoid arthritis

Axonal guidance signaling Down
Whnt/B-catenin signaling Down
Eumelanin biosynthesis Down
Tetrahydrofolate salvage from 5,10-methenyltetrahydrofolate Down
Regulation of the epithelial-mesenchymal transition pathway =~ Down
Amyotrophic lateral sclerosis signaling Down

FZD10, WIFI, IGFI, RUNX2, DLX5, DKK4, DKK2

EPHA7, FZD 10, NTF3, IGFI, CXCR4, SDC2, ROBO2, ROBO |
FZD10, WIFI, DKK4, DKK2

DCT

MTHFD2

FZD10, TWIST2, FGFI3, FGFI9

PRPH, IGFI, GRIK2

Note: *Canonical pathways according to Ingenuity core analysis of mMRNAs differentially expressed (FDR <0.05).

Abbreviations: FDR, false discovery rate; mMRNA, messenger RNA.
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Figure 3 (A) Heat-map showing 19 differentially expressed miRNAs in the nine tumor tissues according to miRNA-seq analysis (FDR <0.05). Patient symbols are keyed to
Table S1. Bar chart (with standard deviation error bars) of qPCR expression analysis of miR-135b-5p, miR-181a-2-3p, miR-187-3p, miR-20a-5p, miR-224-5p, and miR-888-5p;
in Group 4 (n=5) (B) compared to non-Group 4 (n=11) (C) and compared to Group 3 (n=7). **p-value <0.01, *p-value <0.05.

Abbreviations: qPCR, quantitative PCR; miRNA, microRNA; miRNA-seq, microRNA sequencing; FDR, false discovery rate; SHH, sonic hedgehog; WNT, wingless-type.
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Table 2 Differentially expressed miRNAs involved in MB subgroup 4 according to miRNA-seq analysis (FDR <0.05)

Published regulation®

miRNAs? Log2 fold change®
miR-20a-5p (miR-17-92 cluster) —-1.679
miR-17-5p (miR-17-92 cluster) -1.79
miR-18a-3p (miR-17-92 cluster) -2.538
miR-362-3p 3.378
miR-376a-2-5p 3.682
miR-181a-2-3p -3.473
miR-135b-5p 3.31
miR-181c-5p 2.207
miR-501-3p 2.387
miR-504-5p 4.509
miR-660-5p 2.772
miR-892a 4.526
miR-92a-3p (miR-17-92 cluster) —-1.974
miR-224-5p -2.782
miR-187-3p 3.40
miR-888-5p 5.40
miR-4705 3.395
miR-891a-5p 4.826
miR-4417 —4.562

SHHT versus other subgroups of MB%
Group 4! versus other subgroups of MBS
SHHT versus other subgroups of MB%
Group 4! versus other subgroups of MBS
SHHT versus other subgroups of MB%
Group 4! versus other subgroups of MBS

WNTL

SHH{

Group 3T

Group 4T

versus other subgroups of MB*

WNTJ versus other subgroups of MB®

SHHT versus other subgroups of MB%
Group 4 versus other subgroups of MB%®
WNTT versus other subgroups of MB*#!

MBJ versus human brain®

Notes: The bold text indicates miRNAs not previously reported in the literature with a role in MB or in specific MB subgroups. ®Log fold change of each miRNA in subgroup
4 compared with all other subgroups. Positive and negative values represent upregulation and downregulation, respectively. <T, upregulation; |, downregulation.
Abbreviations: MB, medulloblastoma; FDR, false discovery rate; miRNA, microRNA; miRNA-seq, microRNA sequencing; SHH, sonic hedgehog; WNT, wingless-type.

miR-4417, and hsa-miR-501-3p) were inversely correlated
with seven DE validated and predicted target genes (RUNX2,
DGKG, GPR12, LHX5, FREM3, GPRIN2, and KCTD9)
(Table 3 and Figure 4A).

The expression of these targeted genes across the 285
tumor tissues found in the GSE37385% data set (Group 4=188,
Group 3=46, SHH =51) was visualized (Figure 4B). A #-test
analysis comparing Group 4 and Group 3 tumors resulted in
five genes with significant differential expression (p-value
<0.05) — RUNX2, GPR12, LHX5, FREM3, and GPRIN2. As
can be seen in Figure 4B, there is an agreement between gene
expression in the public data set and those found in our cohort.
Predicted upstream and downstream effects of activation or
inhibition of the DE miRNAs and their target genes according
to the Ingenuity core analysis and molecular activity predictor
revealed their involvement in cellular development, cellular
growth and proliferation, and connective tissue development
and function (Table S9, Figure S5).

Discussion

In recent years, the expression of specific genes has become
the standard for MB subtyping. Indeed, recent recommen-
dations of the World Health Organization include the use of
personalized genetic markers as an integral part of MB tumor
assessment.* The uses of these genetic markers carry both
the diagnostic and the prognostic information of tumors with
histologically similar appearance. Different experimental
protocols are already employed in clinical trials for the dif-
ferent MB subgroups.

Using integrated analysis of paired miRNA and mRNA
expression from MB tumors belonging to different subgroups,
we identified novel miRNAs exhibiting a unique expression
signature in Group 4. These miRNAs may, in the future, be
tested for their capabilities to serve as Group 4 biomarkers
to improve diagnosis. In contrast to previous studies, which
focused on specific sets of miRNAs that had usually been
extracted from formalin-fixed paraffin-embedded (FFPE)
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tissues (reviewed in a study by Gupta et al),’ we performed
an unbiased, genome-wide analysis involving the sequencing
of the whole set of miRNA and mRNA molecules extracted
from fresh frozen tissues. Although assessing the amount
of tumor present in the tissue is imprecise with fresh frozen
tissues, frozen samples are preferable to FFPE samples for
molecular analysis, such as RNA purification. FFPE prepara-
tion methods affect the integrity of molecular data and often
contain degraded RNA. The quality of the purified RNA in
fresh frozen tissues is significantly higher than in FFPE,
allowing an accurate estimation of gene expression.

The classification of our cohort into the different sub-
groups revealed that the distribution is in agreement with
what is known from the literature, with Group 4 and Group
3 being the most common MB subgroups in children.*
Whole-transcriptome expression analysis identified both
known and novel genes characterizing the different MB
subgroups. Specifically, out of the DE genes in Group 4, we
detected an upregulation of SIX6 (Table S6), a homeobox
encoding gene that is involved in the development of the
retina and is expressed in the adult retina, hypothalamic and
pituitary regions.** SIX1 and SIX2, two homologs of SIX6,
are oncogenes and components of the retinal determination
gene network, which promotes proliferation, apoptosis, tumor
growth, and metastasis.*® A meta-analysis of the SIX family
genes in patients with nonsmall-cell lung cancer shows that
elevated expressions of SIX6 promote cell proliferation linked
to lymph node metastasis and predicts poor overall survival.’
An upregulation of SIX6 and its homologs in Group 4 is
consistent with Group 4 being at moderate risk for the dis-
semination of the disease. Microfibrillar-associated protein 4
(MFAP4), which is involved in cell adhesion or intercellular
interactions,* was downregulated in Group 4 (Table S6).
A meta-analysis of multiple solid tumor-based microarray
data sets revealed that downregulation of the MFAP4 gene is
part of a common metastases gene signature compared with
primary tumors.* Among the MB groups, Group 3 has the
highest incidence of metastatic disease, followed by Group 4,’
characterized by dissemination via the cerebrospinal fluid.
Hence, in Group 4 patients, the downregulation of MFAP4
may serve as a prognostic factor at the time of diagnosis.

Although the expression of specific genes is currently used
in the clinic to classify the different MB subgroups, discrimi-
nating between Group 3 and Group 4 MB is still challenging,
which has prompted a debate as to whether these are really two
separate subgroups' or the same entity.’* Moreover, often, the
gene signature used in the clinic cannot differentiate Group
3 from Group 4 and the report the clinician receives may

include only a “non-WNT/non-SHH” diagnosis. If Group 3
and Group 4 are indeed different subgroups, additional spe-
cific biomarkers are required to distinguish between the two.
Here, we applied miRNA-seq to identify miRNA molecules
having a specific Group 4 expression profile, which could be
tested in the future for their prognostic value.

By using miRNA-seq, we identified 19 molecules that
exhibit MB subgroup-specific expression corresponding
to Group 4, as compared to the other subgroups. Although
10 out of the 19 DE miRNAs had no previous indication of
having a role in MB in general or in a specific MB subgroup,
some have a role in other types of cancer, and we could cor-
relate their expression to Group 4. For example, compared
with the other subgroups, Group 4 possesses lower expression
of miR-181a-2-3p, which was reported to be involved in the
oncogenesis of glioma and functions as a tumor suppressor.?
In addition, overexpression of miR-187-3p was detected
in Group 4. Since low expression of miR-187-3p has been
shown to be tumor suppressing in several cancers,’*? its
higher expression may contribute to the poor outcome of
patients with Group 4 MB. Another overexpressed miR in
Group 4 is has-miR-660-5p, which has been suggested as a
prognostic marker in breast cancer.*

To the extent of our knowledge, nine of the 19 DE miR-
NAs were already known to alter their expression in MB in
general; however, until now, some have not been attributed
to the Group 4 subgroup. These include miR-20a-5p, miR-
17-5p, miR-18a-3p, and miR-92a-3p of the miR-17-92 clus-
ter, previously described to be upregulated in SHH tumors,
as compared to other subgroups of MB.?* These miRNAs
were downregulated in Group 4, as compared to all other
subgroups — as a whole or separately.

Finally, according to our miRNA-seq analysis, miRNAs
that show a significantly different expression in Group 4
compared with non-Group 4 subgroups, such as miR-20a-5p
and miR-181a-2-3p, have the potential to serve as markers to
distinguish between these subgroups. In summary, our results
support Group 4 as an independent MB subgroup.

One limitation of our study is the low number of sequenced
samples. This was due to the low availability of samples at
the time they were sent for sequencing. To overcome this
limitation, our statistical tests compared the subgroup with the
highest number of replicates (Group 4) to all other subgroups
together. However, the JPCR miRNA validation was done on
the higher number of samples collected over time, allowing
for anticipated differences between the separate subgroups.
In addition, we validated our mRNA expression results on a
larger cohort available from the literature.
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The qPCR analysis showed the same trend of expression
as found in miRNA-seq for five miRNAs (of which three were
statistically significant), while one miRNA deviated from the
expected expression. This deviation is probably due to the low
expression levels of miRNAs, leading to high biological vari-
ability in this tumor. Nevertheless, we demonstrated different
expression levels of specific miRNAs, which can distinguish
between Group 4 and non-Group 4 MB subgroups. Moreover,
miR-20a-5p and miR-181a-2-3p have the potential to serve
as specific Group 4 biomarkers.

In this study, the same tumor samples were subjected to
both whole-transcriptome mRNA and miRNA-seq, which
allowed us to detect potential miRNA-gene target regulations
involved in MB biology and to suggest potential miRNA
targets for treatment. To the best of our knowledge, there are
only two other studies that integrated miRNA and mRNA
expression analysis from the same MB tumors.’* Genovesi
et al** used Tagman® fluidic cards with 762 mature miRNAs
for expression profiling to compare MB primary tumors to
multipotent cerebellar neural stem cells and cell lines. In their
analysis, however, the authors did not relate to the defined
molecular subgroups. Cho et al*® tested gene expression on
194 samples, of which 98 were also subjected to miRNA
expression analysis. They used a bead-based detection system
representing 435 miRNAs. Their large cohort allowed them
to robustly detect DE miRs, but only from those present on
the bead array. Our unbiased sequencing approach — albeit
on a much smaller cohort — enabled us to detect novel
Group 4-associated miRNAs that were overlooked before.
For example, miR-181a-2-3p, which was not included in
the miRNA list tested by Cho et al, was found to be DE in
Group 4 as compared with other subgroups in our analysis.

Our integrated mRNA and miRNA analysis detected
inverse expression between miR-135b-5p, which is highly
expressed in Group 4, and its downregulated experimentally
validated target RUNX2 (Table 3). Cells lacking Runx2 escape
aging and proliferate faster than osteoblasts expressing Runx2,

indicating that Runx2 acts as a growth suppressor.*® Hence,
it would be worth testing in future studies whether or not the
silencing of miR-135b-5p in Group 4 affects cell proliferation.
Another example is miR-18a-3p, which was known to have
high expression in the SHH subgroup.” Here, we show that
miR-18a-3p is downregulated in Group 4, as compared to other
types. One of the miR-18a-3p upregulated targets is LHXS
(Table 3). This gene belongs to the LIM domain (cysteine-
rich zinc-binding) protein family, and it was reported to have
a regulatory effect in neuronal differentiation and migration
during the development of the central nervous system.’’ The
expression of LIM transcription factors Lhx1 and Lhx5 serves
as a marker for Purkinje neurons.*® Purkinje cells provide the
signal for the granule cell progenitor, which are thought to
give rise to MB*% to initiate proliferation by secreting the
glycoprotein SHH.®' Since Lhx5 is one of the postmitotic
precursors of the Purkinje neuron (between E11 and E14),%
its upregulation may be related to MB development.

Conclusion

Despite the relatively small size of our cohort, our study
demonstrates the potential role of miRNA molecules in the
classification of MB subgroups. In addition, the regulation
of MB-related genes by specific miRNAs suggests these as
candidates for molecular-targeted therapy. The recent prog-
ress in the delivery of functional miRNA molecules across
the blood-brain barrier®? reinforces this concept, making
miR-based therapeutics an alternative future strategy for
the treatment of this type of cancer. Future studies on larger
cohorts will realize the use of miRNA as markers for MB
development, prognosis, and treatment.
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