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Purpose
Medulloblastomas are heterogeneous tumors that collectively represent the most common

malignant brain tumor in children. To understand the molecular characteristics underlying their
heterogeneity and to identify whether such characteristics represent risk factors for patients with
this disease, we performed an integrated genomic analysis of a large series of primary tumors.
Patients and Methods

We profiled the mRNA transcriptome of 194 medulloblastomas and performed high-density single
nucleotide polymorphism array and miRNA analysis on 115 and 98 of these, respectively.
Non-negative matrix factorization—based clustering of mMRNA expression data was used to identify
molecular subgroups of medulloblastoma; DNA copy number, miRNA profiles, and clinical
outcomes were analyzed for each. We additionally validated our findings in three previously
published independent medulloblastoma data sets.

Results

Identified are six molecular subgroups of medulloblastoma, each with a unique combination of
numerical and structural chromosomal aberrations that globally influence mRNA and miRNA expres-
sion. We reveal the relative contribution of each subgroup to clinical outcome as a whole and show that
a previously unidentified molecular subgroup, characterized genetically by ¢-MYC copy number gains
and transcriptionally by enrichment of photoreceptor pathways and increased miR-183~96~182
expression, is associated with significantly lower rates of event-free and overall survivals.
Conclusion

Our results detail the complex genomic heterogeneity of medulloblastomas and identify a
previously unrecognized molecular subgroup with poor clinical outcome for which more effective
therapeutic strategies should be developed.

J Clin Oncol 29:1424-1430. © 2010 by American Society of Clinical Oncology

have revealed their differential expression in medul-
loblastomas but have largely focused on the SHH
pathway—activated subgroup without appreciating
the heterogeneity reported at the mRNA level.'''*
Here, we present a genomic classification of me-
dulloblastoma that is based on an analysis of 194 tumor
samples. We identify distinct molecular subgroups
of medulloblastoma with unique combinations of
copy number alterations that globally influence
mRNA and miRNA expression. We correlate clini-
cal behavior of medulloblastomas in the context of
these molecular subgroups and reveal a newly iden-
tified molecular subgroup with a particularly aggres-
sive course. We validate our findings in three
independently published data sets and, in a separate
study, integrate our knowledge of molecular sub-
types into a novel outcome prediction model.'*

Advancements in genome scale technologies have
led to an evolving molecular classification of me
dulloblastomas. Previous gene expression studies
have suggested up to five molecular subtypes of this
disease,"* which include a subgroup with Sonic
Hedgehog (SHH) pathway activation"; another
characterized by B-catenin mutations and mono-
somy chromosome 6*®7; and others expressing
neuronal differentiation markers, photoreceptor
transcriptional markers, or both.’

Numerous genetic alterations have also
been reported but have not been extensively de-
tailed for the various molecular subgroups of
medulloblastoma.>®1° Similarly, miRNA studies
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Biologic Samples

Tumors were serially accrued from Children’s Oncology Group (COG)
(ACNS02B3; n = 89; 2004 to 2007), Children’s Hospital Boston (n = 55; 1996
to 2007), University of Washington (n = 27; 2001 to 2005), Texas Children’s
Hospital (n = 24; 2000 to 2004), and Johns Hopkins Medical Center (n = 10;
2000 to 2001). Normal cerebellum (n = 11) was obtained from University of
Washington and the Eunice Kennedy Shriver National Institute of Child Health
and Human Development (NICHD) Brain and Tissue Bank for Developmental
Disorders, University of Maryland, Baltimore, MD. All samples were collected
with approval from respective institutional review boards, and informed con-
sent and/or assent was obtained from all patients or their parents.

Central histopathologic review was performed on patients from Chil-
dren’s Hospital Boston and COG. For samples obtained from University of
Washington, Johns Hopkins, and Texas Children’s, hematoxylin and eosin
was not available; therefore, histopathology reports provided by the contrib-
uting institutions were reviewed.

Gene Expression, SNP Array, and miRNA Data

DNA and total RNAs were extracted as described in the Appendix (on-
line online). Gene expression data were generated by using Affymetrix_HT-
HG-U133A chips (Affymetrix, Santa Clara, CA). Microarray data from Kool et
al,” Fattet etal,” and Thompson et al* were obtained from the Gene Expression
Omnibus (GSE10327 and GSE12992) and from http://www.stjuderesearch
.org/data/medulloblastomal/, respectively. Copy number data were generated
from Affymetrix_250K_Sty and Affymetrix_6.0 arrays (Affymetrix). miRNA
profiling was performed as previously described.'>'®

Computational Methods
Detailed methods are provided in the Appendix (online only). Briefly,
non-negative matrix factorization (NMF)?; silhouette width analysis'”'%; gene
19,20,

set enrichment analysis (GSEA)"”*"; genomic identification of significant tar-

gets in cancer (GISTIC) analysis**% and metagene projection®® were per-

formed as previously described.

Immunohistochemistry and Fluorescent In
Situ Hybridization

Anti-CRX and GRMS8 antibodies were obtained from Santa Cruz Bio-
technology (Santa Cruz, CA) and Sigma-Aldrich (St Louis, MO), respectively.
Probes for c-MYC and MYCN were obtained from Abbott Molecular. (Abbott
Park, IL). GLI2 BAC clones were obtained from CHORI (http://www.chori
.org). Immunohistochemistry and fluorescent in situ hybridization (FISH)
were performed on formalin-fixed, paraffin-embedded samples as previously
described**** (Appendix, online only).

Survival Analysis

Kaplan-Meier curves and log-rank statistics were generated by using
GraphPad Prism (GraphPad Software, La Jolla, CA). Clinical annotations are
provided in the Appendix (online only).

Unsupervised Clustering of mRNA Expression Data
Identifies Six Medulloblastoma Subgroups

To identify molecular subtypes of medulloblastoma, we utilized
an unsupervised clustering algorithm that was based on NMF.> NMF
identifies metagenes, or aggregate patterns of gene expression, which
are then used to determine the most stable clustering by calculating a
cophenetic coefficient for each number of clusters. When applied to
our gene expression microarray data consisting of 194 primary me-
dulloblastomas and, for comparison, nine atypical teratoid/rhabdoid
tumors (ATRTs), the optimal number of clusters in our data set is
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k = 7. These represent six medulloblastoma subgroups (designated c1
through c6) plus one ATRT subgroup (Fig 1A).

Silhouette width analysis'” was performed to assess the similarity
of each sample to its assigned subgroup compared with samples from
other subgroups (Fig 1B). The average silhouette width for NMF
subgroups was 0.62 (range, 0.4 to 0.85), suggesting samples within
each subgroup are highly coherent (Fig 1B). The c2 and c4 subgroups
displayed the lowest overall silhouette scores; at the gene expression
level, significant overlap was seen between these subgroups (Fig 1C).

Functional Annotation of Medulloblastoma Subgroups

To identify biologic pathways associated with each NMF sub-
group, we performed gene set enrichment analysis (GSEA)'® with
2,163 annotated pathways. The c1 subgroup shows marked enrich-
ment of MYC and related translational/ribosomal signatures. Also en-
riched are photoreceptor transcriptional programs, and expression of
GABRAG5, features prominent in ¢5 as well (Data Supplement). A pairwise
GSEA between cl and ¢5, however, substantiates the marked upregula-
tion of MYC-related signatures as specific to c1 (Data Supplement).

2 and c4 are characterized by neuronal differentiation markers,
including increased expression of the metabotropic glutamatergic re-
ceptors GRM1 and GRM8 (Data Supplement). Despite considerable
overlap between these subgroups, a pairwise GSEA revealed enrichment
of gene sets related to tumor necrosis factor (TNF) -a/interferon
(IFN) -B/nuclear factor-«B in c2, whereas signatures related to both MYC
and neuronal development were enriched in ¢4 (Data Supplement).

Although ¢4 tumors predominantly express neuronal/glutama-
tergic signatures, they also express GABRA5 and the photoreceptor
transcriptional program to some degree (Data Supplement). To inves-
tigate whether concomitant expression of both signatures represented
distinct subclonal populations within the tumor, we performed
immunostaining for CRX and GRMS, surrogate markers for the pho-
toreceptor/GABAergic and neuronal/glutamatergic signatures, re-
spectively. We identify nests of CRX-immunopositive cells that were
distinct from GRM8-immunopositive cells, confirming the presence
of subpopulations within ¢4 tumors and explaining their mixed gene
expression signature (Data Supplement).

The ¢3 subgroup shows enrichment of gene sets associated with
SHH signaling, as observed previously.' c6 was enriched with TGF-g,
WNT/B-catenin, and epithelial mesenchymal transition (EMT) gene
sets, consistent with previous reports®’ (Data Supplement).

Unique Combinations of Copy Number Alterations
Define Each Molecular Subgroup

GISTIC analysis on our full cohort identified several genetic lesions
that have been previously reported (Data Supplement).*'**"*® To assess
subgroup-specific copy number alterations and to evaluate their intersub-
group significance, we performed GISTIC analysis on NMF subgroups
individually (Figs 2A and 2B; Data Supplement). As previously re-
ported,*”*” a strong correlation of monosomy chromosome 6 with the
c6/WNT subgroup was observed (nine of nine; P << .001; Figs 2A and 2B).

We found ¢-MYC copy number gain exclusively in c1 (13 of 18;
P <.001; Fig 2B; Data Supplement) along with frequent broad gains of
1q (12 of 18; P = .0099; Fig 2B; Data Supplement). Several c-MYC
gains appeared focal and high level, which was suggestive of amplifi-
cations. Thus, we performed FISH for c-MYC and MYCN to confirm
focal amplification of c-MYCin several c1 tumors and, less commonly,
focal MYCN amplification in the rare samples without c-MYC gains
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Fig 1. (A) Non-negative matrix factorization consensus clustering of mRNA expression array data from 194 primary medulloblastomas and nine atypical
teratoid/rhabdoid tumors (ATRTs) reveals seven (k = 7) stable subgroups (six medulloblastoma subgroups, c1 through c6, plus an additional ATRT subgroup). (B) Silhouette
widths indicate a strong similarity of samples to others within their subgroup relative to samples from other subgroups. (C) Heat map of the top 25 upregulated genes for each
subgroup shows significant overlap between the ¢2 and c4 subgroups, which are characterized by enrichment of neuronal/glutamatergic signatures, and overlap to a lesser
extent between c¢1 and ¢b subgroups, which both have enrichment of photoreceptor transcriptional signatures; normal cerebellum samples are included to assess for the
degree of stromal contamination. coph coeff, cophenetic coefficient; WNT, Wingless signaling pathway; SHH, Sonic Hedgehog signaling pathway.
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(Data Supplement). The one sample without c-MYC or MYCN copy
number gains on SNP analysis had no evidence for subclonal ampli-
fication by FISH but had polysomy of chromosome 2, on which the
MYCN locus resides.

Given the similarities between c1 and c5, we also performed FISH
for c-MYC and MYCN on ¢5 tumors. Within the limits of this tech-
nique, we found no evidence of ¢-MYC amplifications, even sub-
clonally. However, ¢5 tumors had numerous other copy number
alterations, which were predominantly arm-level or whole-chromosome
changes. The notable exception was focal PTEN and/or 10q loss (14 of 18;
P=.004). Gain of 14 (11 of 18; P <<.001), loss of 16 or 16q (17 of 18; P =
.0131), and broad loss of 11 (13 of 18; P = .0386) were common (Figs 2A
and 2B; Data Supplement). Isochromosome 17q (i17q) was notably un-
derrepresented in ¢5 (five of 18) compared with c1 (11 0f 18), c2 (15 0f 17;
P =.0065), and c4 (13 of 20); however, numerical gain of 17 (six of 18;
P = .0008) was noted in c5. Neither ¢3 nor c6 had evidence for
chromosome 17 alterations (Figs 2A and 2B; Data Supplement).

Differences between c2 and ¢4 become more apparent at the
DNA level when compared with gene expression. In particular, c2
tumors had fewer genetic lesions than c4 tumors (Data Supplement).
Core c2 tumors, as defined by the samples with the highest silhouette
scores (Fig 1B), often had no more than ani17q (P <.001) and, occasion-
ally, gain of chromosome 4 (P = .0302; Figs 2A and 2B; Data Supple-
ment). Specific to ¢4 was gain of 12q (seven of 20; P = .0072). MYCN gain,
often focal and high level, was also seen in 45% (nine of 20; P = .05) of c4
tumors, whereas low-level c-MYC gain was observed in 25% of the c4
subgroup (five of20). Additional copy number alterations shared by other
subgroups, such as gain of 7 and 18 and deletions of 8, 11, and 16q, were
displayed by c4 tumors (Figs 2A and 2B; Data Supplement).

Notable genetic heterogeneity was observed in ¢3 tumors. Broad
loss 0f 9q (13 of 30; P = .0348) and 20p (five of 30; P = .009) and gains
of 3q (12 of 30; P < .001) were specific for this subgroup (Figs 2A and

WwWw.jco.org

2B; Data Supplement). Loss of 10q (seven of 30) and 16q (10 of 30)
were frequent features of ¢3 that were also seen in other subgroups.
Loss of 9q and 10q appeared to be mutually exclusive except in one
sample. Both broad and focal gains were noted on chromosome 2
(P =.0783). In particular, focal gains of GLI2 (five of 30; P = .0019),
MYCN (three of 30), or—interestingly—both (two of 30) were ob-
served (Data Supplement). FISH analysis for GLI2 and MYCN
confirmed their high-level gains in a subset of SHH-activated medul-
loblastomas (Data Supplement). We obtained analyzable FISH results
on 19 ¢3/SHH tumors. We identified one sample with high-level
MYCN amplification, one with focal GLI2 amplification (plus poly-
somy for chromosome 2), and several with polysomy for chromo-
some 2 (n = 8). We did not find evidence for subclonal
amplification of either GLI2 or MYCN but did detect samples with
subclonal (< 5% nuclei) polysomy for chromosome 2.

To assess the influence of DNA copy number alterations on gene
expression, we performed GSEA on each NMF subgroup by using sets
of genes that were based on their physical chromosomal location (ie,
positional). We observed statistically significant gene expression
changes concordant with chromosomal gains and losses identified in
our subgroup-specific GISTIC analyses (Data Supplement). However, in
¢3/SHH tumors, a correlation between GLI2 copy number gain and GLI2
mRNA expression was not observed (Data Supplement).

Medulloblastoma Subgroups Have Distinct
miRNA Profiles

As previously reported,'>'* the miR-17~92 cluster is upregu-
lated across medulloblastoma samples relative to normal cerebellum
(Appendix Fig Al, online only; Data Supplement). The most robust
expression of these miRNAs was noted in c1, ¢3, ¢5, and c6; lower
levels of expression were noted in ¢2 and ¢4 (Fig 3). miR-21, a known
oncomir,*® was also upregulated across all tumors relative to normal
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cerebellum (Data Supplement). Conversely, several miRNAs were
highly expressed in normal cerebellum relative to primary medullo-
blastomas. ¢2 and c4 tumors appeared to have the most overlap with
normal cerebellum miRNA expression consistent with the differenti-
ated neuronal phenotype suggested by GSEA.

The miR-183~96~182 cluster is specific for medulloblastomas
expressing photoreceptor transcriptional genes (cl, ¢5 and c4;
P <.001), whereas miR-592 expression is observed primarily in ¢2 and
c4 (P < .001). Thus, ¢4 tumors express both miR-592 and miR-
183~96~182 (P < .001), which additionally corroborates the mixed
subpopulations in these tumors (Data Supplement).

Finally, downregulation of miR-135a/b, miR-338, miR-124, and
miR-138 and upregulation of miR-199b, miR-378, miR-28, miR-95
and miR-625 were noted in ¢3 tumors (Data Supplement). c6 tumors
are distinctive in their marked upregulation of the miR-23~27~24
cluster (Fig Al; P <.001).

Demographic Characteristics of Molecular Subgroups
The general characteristics of our study population were consis-
tent with those previously reported (Table 1).*>*° A male predomi-
nance of 1.5 to 1 was noted for the full cohort and was largely driven by
the c1 subgroup, which had a 3.8-to-1 male-to-female ratio. The
median age for the cohort was 6.5 years. However, age distribution
varied across subgroups; the c3/SHH subgroup contained the highest

percentage of patients younger than 3 years of age (34%; P = .0142)
and all patients older than 25 years of age (n = 4).

Nodular/desmoplastic histology was associated with ¢3
(P <.001), and large cell or anaplastic (LC/A) histologies were noted
inall NMF subgroups. However, ¢5 and c1 had the highest percentages
of LC/A (33.33% and 23%, respectively; P = .0518 and .2404, respec-
tively). Interestingly, all patients with LC/A histology in the c3/SHH
subgroup were older than 7 years of age, whereas patients with LC/A
tumors in ¢5 were all younger than 7 years of age.

Aggressive Clinical Behavior Was Associated With
c¢1 Subgroup

We analyzed event-free survival (EFS) and overall survival (OS) for
115 and 112 patients in our cohort, respectively. To minimize treatment
heterogeneity, we excluded patients younger than 3 years of age (n = 16)
and confirmed that all patients older than 3 years of age received
treatment with radiation and chemotherapy. Individuals who died as
a result of reasons other than primary disease (n = 3) were excluded.

Kaplan-Meier analysis revealed that poor clinical outcome
was driven by cl tumors (P = .0514 and .0105 for EFS and OS,
respectively; Table 1; Appendix Fig A2A, online only). Patients
with ¢3/SHH tumors also had relatively poor prognoses. Indeed, c1
and c3, together, were responsible for the majority of relapses and
death caused by medulloblastoma as a whole. Intermediate rates of

Table 1. Clinicohistologic Characteristics of Individual NMF Subgroups and of the Overall Study Cohort
NMF Subgroup
cl: MYC c2: Neuronal c3: SHH c4: Mixed cb: Photoreceptor c6: WNT Overall
Variable (n = 29) (n=37) (n = 52) (n = 34) (n = 23) (n=14) (N =189)
% of overall patients 15.34 19.58 27.51 17.99 12.17 7.40
Sex, No.

Male 23 25 25 21 16 3 113
Female 6 12 27 13 7 10 75
Male-to-female ratio 3.83 2.08 0.93 1.61 2.29 0.3 1.51

Age, months
Median 64 103 67 84 64 96 79
Range 7-178 48-227 11-527 12-264 12-144 48-159 7-527
Age group by years, %
<3 25 0 34" 14.71 21.74 0 18.09
3-7 42.86 37.14 22 41.48 56.52 30.77 35.64
7-12 17.86 51.43 20 23.53 21.74 53.85 28.19
12-18 14.29 8.567 16 17.65 0 15.38 12.23
18-25 0 2.86 2 2.94 0 0 1.60
> 25 0 0 6 0 0 0 1.60
Histologic subtype, %
Classic 73 85.7 51 79.4 61.9 85.71 71
Nodular/desmoplastic 4 1.4 38.3" 8.8 4.76 0 15.3
Large cell/anaplastic 23 2.86 10.6 11.8 33.33 7.1 13.6
M+ disease
No. 7 4 8 4 0 1 24
No. evaluated 25 30 42 31 21 12 163
% 28 13.33 18.18 12.90 0 8.33 14.72
Relapse-free survival, %t 21.01 51.94 57.65 76.35 68.38 81.82 60.56
Overall survival, %t 21.01% 87.67 64.99 95 74.07 90.91 73.57
Abbreviations: NMF, non-negative matrix factorization; SHH, Sonic Hedgehog.
*Statistically significant P value (< .05) for association of subgroup v all other subgroups.
tKaplan-Meier adjusted 6-year survival (EFS and OS) for patients greater than 36 months of age.
FStatistically significant difference between survival curves for subgroup patients v all other patients (log-rank test).
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EFS and OS were seen in c¢5 and c2. Patients with c6 tumors
appeared to have good clinical outcome, consistent with previous
reports (Data Supplement).”*’

To investigate whether our results were biased by the exclusion of
patients younger than 3 years of age, we analyzed survival from the
whole patient cohort without filtering for age, and we also analyzed the
age group younger than 3 years old independently (Data Supple-
ment). Although the small number of patients in the age group
younger than 3 years old limited statistical significance, patients with
cl tumors still fared poorly irrespective of age, whereas patients with c4
tumors in the age group younger than 3 years old fared worse relative to
the older age groups (Data Supplement). Patients with ¢3 tumors ap-
peared to have equivalent survival trends in both age groups.

Validation of Findings in Three Independent
Medulloblastoma Data Sets

We analyzed data sets published by Thompson et al,* Kool et al,’
and Fattet et al’” by building a classifier that was based on metagene
projection® to assign samples from each data set to the NMF sub-
groups identified in this study (Data Supplement). A heatmap of the
top marker genes for each subgroup again revealed overlap between c2
and c4 (Figs A3A and A5B, online only). GSEA of positional gene sets
in these subgroups confirmed copy number—driven gene expression
changes similar to the GISTIC and positional GSEA results obtained
on our data set (Data Supplement). Importantly, the equivalent cl
subgroups showed enrichment of genes at the c-MYC locus (8q24).
Accordingly, genes along chromosome 14 were enriched in the c5
subgroup, whereas genes at the PTEN locus (10q23) were enriched in
nonc5 tumors relative to ¢5, suggesting gain of chromosome 14 and
loss of chromosome 10/10g, respectively (Data Supplement).

In a separate analysis, we performed consensus NMF clustering
on the validation data sets by using parameters that identified the six
subgroups in our data set. In a combined data set of Kool et al® and
Fattet et al”, NMF clustering identified six subgroups similar to those
in our data set. In the data set of Thompson et al*, however, eight
subgroups were identified because of splits in the c3/SHH and c6/WNT
subgroups. Silhouette analysis revealed one of the additional c6/WNT
subgroups had alow silhouette width (S;, 0.03) and that the extra c3/SHH
subgroup had a notable degree of stromal contamination signature that
was based on the signature from our normal cerebellum samples.

Validation of Poor Survival Associated With c1
Subgroup Tumors

Survival data from a combined total of 102 patients from the
three validation cohorts was analyzed. Again, patients younger than 3
years of age (n = 21) and patients older than 3 years of age who
received no radiation therapy (n = 8) were analyzed independently.

Kaplan-Meier analysis confirmed that poor clinical outcome was
associated with c1 tumors (P = .0019; Appendix Fig A3C, online only).
Statistically significant differences in survival curves were not achieved for
other NMF subgroups; however, ¢5 and c6 appeared to have the best
overall survival (P = .1654 and .1433, respectively; Fig A3C).

In patients younger than 3 years of age (and in patients older than
3 years of age who received no radiotherapy), c1 tumors were again
associated with decreased survival (Data Supplement); however, the
size of these cohorts limited their statistical significance. Younger
patients with ¢5 tumors also fared worse relative to their older coun-
terparts (Data Supplement).

Wwww.jco.org

Our integrated genomic analysis identified six distinct subgroups of
medulloblastoma. However, given the similarities between c1 and ¢5
subgroups and the c2 and c4 subgroups, one could imagine four broad
medulloblastoma subgroups: photoreceptor/GABAergic (composed
of cl and ¢5), neuronal/glutamatergic (composed of c2 and c4), SHH,
and WNT/B-catenin. Yet, key differences exist between these sub-
groups (Data Supplement). As first described by Kool et al,” there are
several medulloblastomas that have both neuronal/glutamatergic and
photoreceptor/GABAergic features. We have provided evidence that
this mixed signature, seen in our ¢4 subgroup, results from distinct
subclonal populations within these tumor (Data Supplement). This
also explains overlaps in our miRNA data, in which tumors expressed
either miR-592 alone (c2), miR-183~96~182 alone (c1, ¢5), or both
miR-592 and miR-183~96~182 together (c4; Data Supplement).
Interestingly, miR-592 is physically located within an intron of the
GRMS gene, which suggests a common transcriptional regulation;
conversely, miRNA-96~182~183 has been implicated in retinal de-
velopment and stem-cell maintenance.*'

The distinction between c1 and ¢5 is less subtle, and our findings
clearly implicate MYC activation, predominantly via genomic ampli-
fication, as highly specific for c1 tumors. From a clinical standpoint,
distinguishing c1 from ¢5 is critically important, as patients with c1
tumors in our cohort and three independent cohorts had poor sur-
vival (Figs A2A and A3C). Whether this warrants more aggressive
up-front therapy for patients with c1 tumors will need to be deter-
mined. Nonetheless, our results emphasize that, if treatment stratifi-
cation is based on four molecular subgroups rather than six, and if
patients with c1 and ¢5 tumors are treated similarly, an unacceptable
number of patients would be overtreated on the basis of an errant
assumption that cI and ¢5 tumors share the same clinical behavior.

Other than the c1 subgroup (and perhaps c6), however, there are
no other strong associations with outcome and NMF subgroup. We
also acknowledge that our results merely associate clinical outcome
with molecular subgroups rather than actively predict outcome for
individual patients. Therefore, in a concurrent study, we describe an
outcome prediction model that incorporates molecular subtypes into
risk stratification by identifying factors that influence outcome within
each subgroup.'*"

Finally, within the ¢c3/SHH subgroup, we observe notable genetic
heterogeneity, which has tremendous implications on the efficacy of
targeted therapies currently entering clinical trials (eg, smoothened
inhibitors). In particular, MYCN and GLI2, both downstream medi-
ators of the SHH signaling pathway, are amplified in some ¢3 tumors.
Given that smoothened inhibitors target the SHH pathway upstream
of GLI2 and MYCN, one might predict GLI2- or MYCN-amplified
tumors to be refractory to these therapies.’**> Thus, our results em-
phasize the importance of having genomic data to inform clinical
trials, either up front or in post hoc analyses.
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