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-Molecular Composition of Relapsed
Medulloblastoma
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PURPOSE We sought to investigate clinical outcomes of relapsed medulloblastoma and to compare molecular
features between patient-matched diagnostic and relapsed tumors.

METHODS Children and infants enrolled on either SIMBO3 (NCT00085202) or SJYCO7 (NCTO0602667) trials
who experienced medulloblastoma relapse were analyzed for clinical outcomes, including anatomic and
temporal patterns of relapse and postrelapse survival. A largely independent, paired molecular cohort was
analyzed by DNA methylation array and next-generation sequencing.

RESULTS A total of 72 of 329 (22%) SIMBO03 and 52 of 79 (66%) SJYCO7 patients experienced relapse with
significant representation of Group 3 and wingless tumors. Although most patients exhibited some distal disease
(79%), 38% of patients with sonic hedgehog tumors experienced isolated local relapse. Time to relapse and
postrelapse survival varied by molecular subgroup with longer latencies for patients with Group 4 tumors.
Postrelapse radiation therapy among previously nonirradiated SJYCO7 patients was associated with long-term
survival. Reirradiation was only temporizing for SIMBO3 patients. Among 127 patients with patient-matched
tumor pairs, 9 (7%) experienced subsequent nonmedulloblastoma CNS malignancies. Subgroup (96%) and
subtype (80%) stabilities were largely maintained among the remainder. Rare subgroup divergence was ob-
served from Group 4 to Group 3 tumors, which is coincident with genetic alterations involving MYC, MYCN, and
FBXWY?7. Subgroup-specific patterns of alteration were identified for driver genes and chromosome arms.

CONCLUSION Clinical behavior of relapsed medulloblastoma must be contextualized in terms of up-front
therapies and molecular classifications. Group 4 tumors exhibit slower biological progression. Utility of radi-
ation at relapse is dependent on patient age and prior treatments. Degree and patterns of molecular con-
servation at relapse vary by subgroup. Relapse tissue enables verification of molecular targets and identification
of occult secondary malignancies.

J Clin Oncol 39:807-821. © 2021 by American Society of Clinical Oncology
Creative Commons Attribution Non-Commercial No Derivatives 4.0 License @@@@
INTRODUCTION

Medulloblastoma relapse represents a key determinant

Nevertheless, treatment failure and relapse occur in
up to one-third of patients and confers abysmal prog-

of cancer-related mortality in the pediatric population.'?
Multimodal therapy that incorporates maximal surgical
resection with craniospinal irradiation (CSl; children
older than 3 years) and chemotherapy has driven
B-year overall survival rates to 80%-85% for average-
risk disease and 60%-70% for high-risk disease.>*

nosis, with only approximately 10% of patients surviv-
ing beyond 5 years postrelapse.®” Relapsed disease
thus remains extremely refractory to existing thera-
pies, whereas rare survivors often experience serious
toxicity and devastating neurocognitive sequalae.®®
Although no standard approach for treating relapsed
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CONTEXT

Key Objective

To determine the clinical outcomes and molecular features of relapsed medulloblastoma.

Knowledge Generated

Time to relapse and postrelapse survival are associated with subgroup with Group 4 tumors exhibiting slower biological
progression. Utility of radiation therapy at relapse depends on age and previous therapies. Most relapses exhibit
concordant subgroup classifications, except in the cases of occult secondary malignancies or rare divergence from group
4 to group 3. Driver gene and chromosome arm alteration patterns vary according to molecular subgroup.

Relevance

Future trials for relapsed medulloblastoma must be contextualized by molecular subgroup and up-front therapies. Relapse
tissue should be acquired and used for confirmation of diagnosis and verification of molecular targets.

medulloblastoma exists, salvage therapies, including
conventional and targeted agents, have largely failed to
confer durable survival benefit.!!* A deeper clinical and
biological understanding of medulloblastoma recurrence is
needed for the design and interpretation of next-generation
clinical trials for relapsed disease.

Although extensive genomic characterization of medullo-
blastoma has identified four biologically and clinically distinct
subgroups (wingless [WNT], sonic hedgehog [SHH], Group 3,
and Group 4), most studies have relied on diagnostic samples
that have not been exposed to tumor-directed therapies.'?
Comparative molecular studies of diagnostic versus relapsed
medulloblastoma have suggested divergent clonal selection,
leading to emergence of specific molecular alterations at
relapse in the context of subgroup conservation.*>6 However,
the generalizability of such findings is diminished by relatively
modest cohort sizes and employment of different molecular
assays. Additionally, exclusion of secondary CNS malignan-
cies subsequent to medulloblastoma therapy, particularly
high-grade gliomas, requires robust classification methods to
prevent inadvertent cross-entity comparisons and may rep-
resent a key limitation of previous comparative studies.!’'8

Multiple recent studies have leveraged DNA methylation
profiling to describe additional intertumoral heterogeneity
within the core medulloblastoma subgroups.'®?! These
subtypes, primarily defined among SHH (a, B, y, and 3)
and Groups 3 and 4 (I-VIIl) tumors, have distinctive genetic
and clinical features.?>?® Furthermore, subtype-defined
risk paradigms are an active area of investigation. However,
contextualization of these subtypes in relapsed disease
and assessment of conservation at relapse are lacking.

In this study, subgroup-specific clinical behavior of relapsed
medulloblastoma is described for patients enrolled on two,
multi-institutional, risk-adapted clinical trials. A largely in-
dependent, paired molecular cohort composed of patient-
matched diagnostic and relapse tumors is investigated to
determine the molecular features of medulloblastoma re-
lapse using DNA methylation profiling and next-generation
sequencing.

808 © 2021 by American Society of Clinical Oncology

METHODS
Patients and Samples

Study populations are summarized in the Data Supplement
(online only). Eligible patients with relapsed medulloblas-
toma from two multi-institutional, risk-adapted clinical tri-
als, SJMB03 (NCT00085202; Gajjar et al** and SJYCO7
(NCT00602667),% were included (Appendix Table Al,
online only; Data Supplement). Patients with a clinical
diagnosis of nonmedulloblastoma subsequent malignancy
were excluded. Given the differing eligibility criteria, risk
stratifications, and treatment protocols between the trials,
patients from each trial were analyzed separately for clinical
outcomes based on molecular features garnered from primary
tumor specimens. A largely independent, paired molecular
cohort of 127 patients with formalin-fixed paraffin-embedded
(FFPE) or frozen tissue specimens available from both their
histopathologically diagnosed primary medulloblastoma and
relapse or subsequent tumors was also assembled (Appendix
Table A2, online only; Data Supplement). Comparative mo-
lecular analyses were performed among the paired molecular
cohort using patient-matched primary and relapsed tumor
specimens.

Tumor Molecular Profiling

Tumor specimens were analyzed using Infinium Methyla-
tion EPIC or 450K BeadChip arrays (lllumina, San Diego,
CA) from either freshly frozen or FFPE tissue (Data Sup-
plement). Medulloblastoma subgroup and subtype pre-
dictions were determined using DNA methylation—based
classification of CNS tumors (MolecularNeuropathology,
Heidelberg, Germany, version 11b4) and trained random
forest predictions.® Genome-wide DNA copy number al-
terations were inferred from DNA methylation arrays using
the Conumee R package.

Next-generation (whole-exome or targeted gene panel)
sequencing was performed on tumor samples with suffi-
cient material available. Additional details regarding bio-
informatic processing are given in the Appendix Methods
(Data Supplement). Genomic datasets included in this
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study can be freely explored using the online St Jude Cloud
pediatric genomic data resource.?®

Statistical Analysis

Time-to-event analyses were performed using Kaplan-
Meier methods with log-rank tests. Hazard ratios (HRs)
with associated 95% Cls and P values were computed
using Cox regression. Distributions of categorical variables
were compared using Fisher's exact or chi-square test.
Multiple testing correction was performed using false dis-
covery rate. Statistical analyses were performed using R
version 3.5.1 and are further detailed in the Appendix
Methods (Data Supplement).

RESULTS
Incidence of Relapsed Disease

An overview of inclusion criteria, risk stratifications, and
treatment protocols for SIMB03 and SJYCO7 is shown in
Figure 1A. A total of 72 of 329 (22%) patients from
SJMBO3 and 52 of 79 from SJYCO7 (66%) relapsed (Fig
1B). Appendix Table A1 summarizes the demographic
and clinical characteristics of relapsed patients from
each trial according to molecular subgroup. Notably,
WNT subgroup relapsed medulloblastomas were absent
in both trials. Distributions of subgroups across clinical
trial risk groups for relapsed patients are shown in
Figure 1C.

Subgroup distribution between relapsed and nonrelapsed
patients was not uniform in either SIMBO3 (P = .0019,
chi-square test) or SJYCO7 (P = .00083, chi-square test;
Fig 1B). Compared with Group 3 tumors, Group 4 tumors
had a lower relapse rate in SUIMBO3 (odds ratio [OR], 0.31;
95% Cl, 0.16 to 0.61), whereas SHH tumors had a lower
relapse rate in SJYCO7 (OR, 0.08; 95% ClI, 0.01 to 0.33).
The distribution of novel subtypes!®?92223 between re-
lapsed and nonrelapsed patients was not uniform for
Groups 3 and 4 subtypes in SJMBO03 (P < .0001, chi-
square test) or SHH subtypes in SJYCO7 (P = .0058, chi-
square test; Data Supplement). Proportions of relapsed
patients between SIMBO3 and SJYCO7 differed for novel
Groups 3 and 4 subtypes IV (P < .0001, Fisher's exact test)
and VIl (P < .0001, Fisher's exact test).

Time to Relapse

The median time to relapse was 1.64 years (interquartile
range [IQR], 0.91-3.03) for SIMBO3 and 0.72 year (IQR,
0.47-1.00) for SJYCO7 (Data Supplement). For SIMBO3,
time to relapse varied by molecular subgroup (P = .00087,
log-rank test) with a median time to relapse for patients with
Group 4 tumor of 2.79 years (IQR, 1.99-3.64) compared
with 0.91 year (IQR, 0.68-1.37) for Group 3 (HR, 3.01;
95% Cl, 1.67 t0 5.41) and 1.23 years (IQR, 0.96-2.34) for
patients with SHH (HR, 2.41;95% ClI, 1.20t0 4.81; Fig 1D).
For SJYCO7, time to relapse also varied by molecular
subgroup (P = .039, log-rank test), largely driven by

Journal of Clinical Oncology

difference between Group 4 and Group 3 tumors (HR,
2.74;95% Cl, 1.14 to 6.60; Fig 1E). Clinical risk group was
a significant covariate for time to relapse only among pa-
tients with Group 4 tumor in SJIMBO3 (Data Supplement).
Time to relapse according to novel SHH and Groups 3 and
4 subtypes is shown in Data Supplement.

Anatomic Patterns of Relapse

Relapse occurred with a distant component in 57 (79%)
SIMBO3 patients (Fig 1F) and 41 (79%) SJYCO7 patients
(Fig 1G). Of patients with SHH tumors, 43% in SIMBO3
and 35% in SJYCO7 presented with isolated local relapse
compared with only 14% (P = .028, Fisher’s exact test) and
10% (P = .067, Fisher's exact test) of non-SHH tumors,
respectively (Figs 1F and 1G). Distant relapses were sig-
nificantly associated with shorter time to relapse only for
Group 4 tumors in SIMBO3 (HR, 5.08; 95% Cl, 1.14 to
22.6) and SHH tumors in SJYCO7 (HR, 3.48; 95% Cl, 1.07
to 11.3; Data Supplement).

Survival After Relapse

At data cutoff, seven relapsed patients (10%) from SIMBO3
and 24 (46%) from SJYCO7 were alive. The median
postrelapse survival (PRS) was 1.14 years (IQR, 0.30-2.36)
for SUIMB03 and 2.12 (IQR, 0.39-NA) for SJYCO7 (Data
Supplement). Clinical trial risk group was not significantly
associated with PRS for SUMBO3 (P = .43, log-rank test) or
SJYCO7 (P = .099, log-rank test; Data Supplement).

For SIMBO3, PRS time varied by molecular subgroup (P =
.016, log-rank) with the median PRS time for patients with
Group 4 tumors of 2.27 years (IQR, 1.19-3.89) compared
with 0.44 year (IQR, 0.29-1.29) for patients with Group 3
tumors (HR, 2.39; 95% Cl, 1.29 to 4.42) and 1.06 years
(IQR, 0.27-1.88) for patients with SHH tumors (HR, 1.90;
95% Cl,0.94 10 3.83; Fig 2A). For SJYCO7, PRS did not vary
significantly by molecular subgroup (P = .88, log-rank test;
Fig 2B). Time to relapse was significantly associated with
PRS for SIMBO3 (HR, 0.65; 95% Cl, 0.52 to 0.82) but not
for SJYCO7 (HR, 0.53; 95% Cl, 0.23 to 1.23). Notably, the
association of time to relapse and PRS for SJMBO3
remained significant with subgroup and clinical trial risk
group as additional covariates (HR, 0.67; 95% Cl, 0.50 to
0.90). PRS according to novel SHH and Groups 3 and 4
subtypes is shown in the Data Supplement.

Twenty-five (35%) relapsed SJMBO3 patients (one patient
missing data) and 30 (58%) SJYCO7 patients received
radiation after relapse. For SIMBO3 patients, a transient
PRS benefit (P = .032, log-rank test; Fig 2C) was observed
with additional radiation after relapse (HR, 0.56; 95% Cl,
0.33 to 0.96). For SJYCO7 patients, postrelapse CSI (me-
dian, 36.0 Gy) was significantly associated with long-term
survival (P < .0001, log-rank test; Fig 2D), particularly for
patients with SHH (HR, 0.04; 95% ClI, 0.01 to 0.37) and
Group 3 tumors (HR, 0.27; 95% Cl, 0.08 to 0.85) (Data
Supplement).
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FIG 1. (Continued).

Patient-Matched Molecular Landscapes

Given the rarity of tissue availability from relapsed medul-
loblastoma and with only seven patients from each trial with
relapse tissue available, a large multi-institutional, paired
molecular cohort of 127 patient-matched diagnostic and re-
lapsed tumors was assembled (Fig 3A; Appendix Table A2;
Data Supplement). Sufficient tissue for DNA methylation
profiling was required for inclusion, and whole-exome or
targeted panel sequencing data were available for both
patient-matched samples in 50% (64 of 127) of the paired
molecular cohort (Fig 3B). DNA methylation classification
identified nine relapse cases (7%) as nonmedulloblastoma
subsequent tumors within the paired molecular cohort
(Fig 3C; Data Supplement).!®

Molecular Subgroups and Subtypes

Among 118 patients with molecularly confirmed re-
lapsed medulloblastoma, diagnostic tumors were clas-
sified by methylation as WNT in 1 (1%), SHH in 48
(41%), Group 3 in 22 (19%), and Group 4 in 46 (39%).
Medulloblastoma subgroup was conserved at relapse in
113 patients (96%) with divergence observed in a total of
five patients between Groups 3 and 4 tumors. Novel
molecular subtypes within SHH and Groups 3 and 4
tumors were conserved at relapse in 80% of patients
(Figs 3D and 3E).1®2°

Journal of Clinical Oncology

To assess the degree of molecular conservation between
patient-matched diagnostic and relapsed tumors, muta-
tions and copy number alterations of curated medullo-
blastoma driver genes and chromosomal arms were
analyzed (Fig 4A; Data Supplement).’® Subgroup desig-
nation for paired patient-matched cases was based on
subgroup at diagnosis.

Driver Gene Alteration Patterns

The distribution and pattern of driver gene alterations by
subgroup are shown in Figure 4B. Subgroup was associated
with a significant difference in conservation pattern of driver
gene alterations, largely driven by biases in SHH, which were
predominantly conserved (P < .0001, analysis of variance).
The median number of discordant driver gene alterations
between patient-matched tumors was one with no differ-
ence between subgroups (P = .10, Kruskal-Wallis test;
Data Supplement). A total of 29% of cases had completely
conserved driver gene alterations with no statistical differ-
ence between subgroups (P = .29, chi-square test). Within
subgroups, the number of discordant copy number varia-
tions or mutations was not significantly associated with age
at diagnosis, time to relapse, or recurrence pattern (Data
Supplement).

The incidence of shared driver gene alterations was 52% in
SHH, 36% in Group 3, and 37% in Group 4 tumors (Figs 4A

811



Kumar et al

SJMBO03 PRS by MB Subgroup SJYCO07 PRS by MB subgroup
(n = 72 patients) (n = 52 patients)
Log-rank P=.016 Log-rank P=.88
1.00 - 1.00 +
1-year OS (95% Cl):  3-year OS (95% Cl):
1vear 08 (9% Clk: - 3-year 0S (95% Cll: SHH: §9% (40%t0 85%) 38  (20% to 71%)
—_ : o o to o b to o
= SHH:  57% (36%t0 90%)  14% (4% to 52%) <>U 57%  (39% to 83%) 46%  (29% to 74%)
> 0.75 35% (20%t059%)  10% (3% to 34%) ‘S 0.75 - Group 4: 67% (38%to 100%) 44% (17% to 100%)
E Group 4:  80% (65% to 97%) 38% (22% to 63%) 5 Unclassified: -
Cg Unclassified:  63% (37%to 100%) 25% (8% to 83%) (75}
i . ®
a 0.50 - Median PRS: g- 0.50 A
o SHH: 1.06 yrs © —*—i
< Pe 05 [ 0.44 yrs )
g = Group 4: 2.27 yrs a Median PRS:
»n 0.25 4 Unclassified: 1.07 yrs o 0.25 A SHH: 2.26
5 o 2.24
Group 4: 1.61
Unclassified: 0.26
T T T T T T T T
0 25 5 7.5 10 0 2 4 6 8
Years Since Relapse Years Since Relapse
Number at Risk (number censored) Number at Risk (number censored)
SHH 14 (0) 2(0) 1(1) 11 1(1) SHH 2000 93 316) 148 09
26 (0) 1(2) 1(2) 1(2) 1(2) 22 (0) 9(3) 7 (4) 3(7) 0(10)
Group4 24 (0) 11(1) 4(1) 2(1) 1(2) Group4  810) 2(3) T 1) 0(5)
Unclassified 8 (0) 2(0) 1(0) 0(0) 01(0) Unclassified 2(0) 0(0) 0(0) 0(0) 0(0)
SJMBO03 PRS by RT SJYCO07 PRS by RT
(n =71 patients) (n = 52 patients)
Log-rank P=.032 Log-rank P = 4e-06
1.00 1.00 A
1-year OS (95% Cl): 3-year OS (95% Cl): 1-year OS (95% Cl):  3-year OS (95% Cl):
Postrelapse RT: 68%  (52% to 89%)  39%  (24% to 64%) Postrelapse RT: 79%  (65% to 50%) 62%  (46% to 84%)
© No postrelapse RT: 50%  (37% to 67%) 12% (5% to 27%) © No postrelapse RT: 25%  (11% to 55%) 8% (1% to 49%)
.2 0.75 - .2 0.75
S 2
=
(7] w
[«}] @
o 0.50 4 ¢ 0.50
% Postrelapse RT: —+— Yes —— No o Postrelapse RT: =+ Yes = No
©
[ ©
S —
% 0.25 % 0.25 -
o o
o o
e
I
T T T T T T T T
0 2.5 5 7.5 10 0 2 4 6 8
Years Since Relapse Years Since Relapse
% Number at Risk (number censored) ®  Number at Risk (number censored)
§'|_ Yes 25 (0) 12 (0) 5(1) 2(1 1(2) E,_ Yes 30 (0) 17 (5) 10 (10) 5(14) 0(19)
oc [
‘g No 46 (0) 4(2) 2(3) 2(3) 2(3) E & No 22 (0) 3(4) 1(4) 0 (5) 0(5)
<] o
o o

FIG 2. Postrelapse outcomes for SIMBO3 and SJYCO7 patients with medulloblastoma. PRS by subgroup for (A) SIMBO03 and (B) SJYCO7 patients.
Postrelapse survival by receipt of radiation therapy after relapse for (C) SIMBO3 and (D) SJYCO7 patients. MB, medulloblastoma; OS, overall survival;

PRS, postrelapse survival; RT, radiation therapy; SHH, sonic hedgehog.

and 4B). Notable shared driver gene alterations included
those affecting PTCH1 (10 of 12, 88% shared) and DDX3X
(6 of 7, 86%) in SHH tumors. The incidence of relapse-
specific driver gene alterations was 29% in SHH, 57%
in Group 3, and 40% in Group 4 tumors. Additionally,
numerous low incidence relapse-specific alterations, par-
ticularly among chromatin modifiers (eg, CREBBP and
SMARCA4) and DNA repair machinery (eg, BRCA2), were
observed across subgroups. Primary-specific driver gene

812 © 2021 by American Society of Clinical Oncology

alterations, such as focal CDK6 amplification in one primary
SHH tumor and one primary Group 4 tumor, were rare and
comprised the minority in observed patterns of conserva-
tion and divergence.

Driver genes with increased odds of alteration in relapsed
patients were identified using primary tumor molecular data
available for the clinical trial cohorts (Data Supplement).
Conservation pattern of such alterations, including TP53
mutations and MYC and MYCN amplifications, was then
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queried in the paired molecular cohort (Figs 4A and 4B;
Data Supplement).

Among relapsed cases in the paired molecular cohort,
mutations in TP53 were restricted to SHH tumors (P =
.0080, Fisher's exact test) and were relapse-specific in
two (40%) and shared in three (60%) patients (Figs 4A
and 4B). Predominantly occurring within Group 3 tumors
(P = .00049, Fisher's exact test), amplifications of MYC
were identified as shared in five (63%, including one
Group 4), primary-specific in one (13%), and relapse-
specific in two (25%, including one SHH) patients (Data
Supplement). Amplifications of MYCN were identified
among seven patients with SHH and five patients with
Group 4 tumors with 42% occurring as shared, 25% as
primary-specific, and 33% as relapse-specific with no sta-
tistical difference in alteration pattern between subgroups
(P = .77, chi-square test; Figs 4A-4C; Data Supplement).
Of 34 driver genes with identified alterations, 15 (44%)
are theoretically actionable and occurred in 72% of pa-
tients (Data Supplement). Of theoretically actionable al-
terations, 46% were shared between patient-matched
tumors, whereas 33% were relapse-specific and 21% were
primary-specific.

Chromosomal Alteration Patterns

Genome-wide distribution and patterns of chromosomal
arm alterations were also investigated (Figs 4A, 4D, and 4E,
Data Supplement). The incidence of shared chromosome
arm alterations was 42% for SHH, 61% for Group 3, and
58% for Group 4 tumors (Fig 4D). Subgroup was associated
with a significant difference in the pattern of chromosome
arm alterations, largely driven by biases in Group 3 tumors,
which were predominantly conserved (P = .0047, analysis
of variance). The median number of discordant chromo-
some arms between patient-matched tumors was two (IQR,
0-5) with no difference between subgroups (P = .10,
Kruskal-Wallis test; Data Supplement). Thirty-three percent
of patients had completely conserved cytogenetic land-
scapes with no statistical difference between subgroups
(P = .13, chi-square test). Chromosome arms did not
exhibit uniform alteration patterns (asterisks in Fig 4D, false
discovery adjusted P < .1, chi-square test), as exemplified
by highly conserved isochromosome 179 in Group 3 and
Group 4 tumors (Fig 4E). Additionally, frequent relapse-
specific losses of chromosomes 10q (31%) and 17p (46%)
were recognized in SHH tumors (Fig 4F).

Subgroup and Subtype Divergence at Relapse

Subgroup divergence at relapse was observed in five of 118
cases (4%). Four patients diagnosed with high-confidence
Group 4 tumors (median classification score, 0.97; IQR,
0.92-0.99) developed relapse tumors that were classified
as high-confidence Group 3 tumor (median classification
score, 0.92; IQR, 0.88-0.97; Fig 5A). One patient was
diagnosed with a Group 3 tumor (classification score, 0.96)

816 © 2021 by American Society of Clinical Oncology

and experienced relapse with a Group 4 tumor of inter-
mediate classification score (Group 4 classification score,
0.53; Group 3 classification score, 0.47).

All cases of Group 4 to Group 3 switching exhibited dis-
cordant subtype classifications (Data Supplement). Two
cases with primary subtype VIl tumors diverged to subtypes
[l and V at relapse. Other two cases diverged to subtype
[l from subtypes VI and VIII. Relapse-specific genetic al-
terations affecting MYC, MYCN, and FBXW7 were also
observed in such subgroup-switching cases (Fig 5B). An
exemplary case is depicted in Figures 5C and 5D. Notably,
the single Group 3 to Group 4 switching case was classified
as subtype V at both diagnosis and relapse.

Subtype divergence occurred at similar rates among both
SHH (17%) and Groups 3 and 4 tumors (22%; P = .64,
Fisher's exact test). No specific pattern of subtype inho-
mogeneity was identified (Data Supplement; P = .34,
Stuart-Maxwell test). Notably, only the presence of MYC
amplification or chromosome 2p gain in relapsed tumors
was significantly associated with Groups 3 and 4 subtype
divergence (P < .05, Fisher's exact test; Fig 4A; Data
Supplement).

Nonmedulloblastoma Subsequent Tumors

Nonmedulloblastoma subsequent tumors were identified in
nine (7%) patients (Fig 3A). High-grade gliomas accounted
for eight (89%) such cases (Fig 6A). The median age of
medulloblastoma diagnosis for these patients was 10.4
years (IQR, 9.2-10.8), and seven patients received radio-
therapy for medulloblastoma (radiation therapy treatment
status for one patient was unknown). The median interval
from initial medulloblastoma to diagnosis of subsequent
high-grade glioma was 3.77 years (IQR, 2.73-4.38).

Molecular alterations observed in subsequent tumors are
depicted in Figure 6B. Recurrent focal CDKN2A and/or
CDKNZ2B homozygous deletions and MET amplifications
were identified almost exclusively among subsequent gli-
omas (Data Supplement). No strong overlap of chromo-
some arm alterations was identified between diagnostic
medulloblastomas and subsequent high-grade gliomas
(Fig 6C). An exemplary case of subsequent high-grade
glioma following Group 4 medulloblastoma is depicted in
Figures 6D and 6E.

DISCUSSION

Although relapse rates in SIMB0O3 (22%) and SJYCO7
(66%) suggest the critical role of up-front CSI in disease
control, the temporal patterns of relapse highlight the
slower biological progression of Group 4 tumors. Patients
not previously treated with CSI (SJYCO7) largely relapsed
on or shortly after therapy, irrespective of subgroup. Al-
though the aggressive nature of Group 3 tumors is high-
lighted in both trials, the different relapse rates observed
for tumors assigned to Groups 3 and 4 subtypes IV and
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VIl between trials motivate exploration of tailored treat-
ment strategies driven by molecular subtype. Additionally, the
propensity for local relapse among a subset of SHH tumors
aligns with previous findings.** Although our ability to discern

Journal of Clinical Oncology

subgroup-specific anatomic patterns of relapse might have
been limited by cohort size, the high proportion of medullo-
blastomas with distant relapse highlights the dire need for
therapies directed against the metastatic compartment.
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FIG 6. High-grade gliomas subsequent to primary medulloblastoma. (A) Classification scores of primary medulloblastomas and subsequent high-grade
gliomas. (B) Oncoprint depicting patient characteristics and driver gene alterations for patient-matched tumor pairs with available next-generation sequencing
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with primary Group 4 tumor (D) who experienced subsequent high-grade glioma (E) in the local tumor bed. MRI, magnetic resonance imaging. HGG,
high-grade glioma; MB, medulloblastoma; SHH, sonic hedgehog; SNV, single nucleotide variant; WES, whole-exome sequencing; WNT, wingless.

Salvage rates of relapsed medulloblastoma are low and
highly dependent on previous radiation therapy.lt®
Standardized protocols for salvage therapy are lacking,
and studies describing potential survival benefits of vari-
ous therapies are plagued by small numbers and further

818 © 2021 by American Society of Clinical Oncology

confounded by subgroup heterogeneity.?” In this study,
radiation therapy after relapse was associated with durable
long-term survival in a subset of radiation-naive patients
(SJYCQ7), irrespective of subgroup. However, young pa-
tients, particularly infants, will benefit from continuous
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efforts to spare, delay, or reduce CSI, whereas alternative
approaches that mitigate or avoid associated long-term
sequelae are still needed.

The finding that SIMBO3 patients with Group 4 tumors tend
to survive longer postrelapse strongly suggests subgroup
determination as a critical component for analyzing patient
outcomes within and across trials for relapsed disease.
Although subgroup and time to relapse appear to be im-
portant factors related to postrelapse survival in our study,
additional molecular and clinical features not explicitly
explored in the current study, such as underlying muta-
tional signatures and genetic predisposition, may influence
biological progression of disease and warrant further
investigation.

Although absolute subgroup stability at relapse has been
reported in patient-matched tumors profiled using the
medulloblastoma-specific expression—-based NanoString
assay,'® methylation-based classification of the paired mo-
lecular cohort presented here suggests that a rare pro-
portion of Group 4 tumors switches subgroup affiliation at
relapse to Group 3. These results suggest possible sub-
group plasticity between bulk Group 3 and Group 4 tumors
and warrant further investigation using laboratory models,
particularly to characterize the molecular mechanisms driv-
ing subgroup divergence. Given that subgroup switching
was a rare observational phenomenon in the current study,
genetic drivers underlying this divergence must be ex-
plored further and functionally validated. Overall, subtype
divergence was more common than subgroup divergence.
Associations of subtype divergence with MYC amplification
and chromosome 2p gain (containing the MYCN locus)
suggest the potential influence of these oncogenic tran-
scription factors on subtype identity. Although no specific
molecular feature was identified in cases of divergent
subtype classification for SHH tumors, further exploration
into intrinsic stability of novel subtypes and potential drivers
of such divergence is needed.

The previous literature has described drastic clonal diver-
gence of medulloblastoma at relapse and the emergence of
relapse-specific molecular signatures, including MYC,
MYCN, and TP53 pathway alterations.'>'° In our restricted
analysis of known driver genes, we observed a more variable
degree of conservation than suggested previously. Never-
theless, the previous literature leveraged a variety of mo-
lecular techniques to query specific lesions, such as iFISH
for MYCand MYCN amplifications, which were only used as
a validation in a subset of cases here albeit with high
concordance.®>? The incidence of such alterations may be
underestimated by methylation array compared to more
sensitive methods, such as iFISH. Also, by leveraging
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robust classification methods that can confidently identify a
gamut of CNS tumors, the current study overcomes the
appreciable incidence of high-grade gliomas that might
have confounded previous studies.

Strides toward implementation of novel therapies, including
targeted agents, have largely been based on the molecular
landscape of untreated diagnostic tumors. The current
study reveals primary-specific alterations as a relative mi-
nority, suggesting feasibility of target screening based on
diagnostic tumor specimens. Although relatively infre-
quent, relapse-specific disruptions of DNA repair machin-
ery might represent a viable therapeutic avenue. Similarly,
emergence of relapse-specific alterations in chromatin
modifiers suggests epigenetic dysregulation as a potentially
actionable mechanism underlying therapeutic resistance.
Nevertheless, the degree to which additional molecular
alterations in other unexplored genes, noncoding regions,
or rare subclones may affect target selection must be
evaluated.

Key limitations of the current study stem from the scarcity of
relapse tumor specimens. The paired molecular cohort is
biased toward locally recurrent SHH and nonmetastatic
Group 4 tumors with inclusion of older children and adults
with SHH medulloblastoma. Assembly of the paired mo-
lecular cohort relied heavily on archival FFPE material
without matched germline, thereby limiting mutational
analysis to tumor-only inferences of previously annotated
driver genes and preventing investigation into the role of
germline predisposition. Additional molecular features,
including gene expression and noncoding variants, should
be explored in future studies. The current study of bulk
tumor samples may have also under-called subclonal
variants (< 10%) and is thus not adequately equipped for
analyzing changes in clonal architecture. Single-cell and
deep whole-genome sequencing will provide further in-
sights into mechanisms of tumor evolution and oncogenic
cascades contributing to relapse.

Given that the majority of patients with medulloblastoma
exhibit at least some divergence in molecular features at
relapse, targets should be verified at relapse, particularly in
next-generation clinical trials. Biopsy may represent a safe
and effective alternative to optimize patient selection and
confirm targets for experimental therapies.?® Furthermore,
definitive molecular diagnosis of relapse should be made
given the incidence of other CNS malignancies arising after
medulloblastoma therapy, particularly with increasing time
from initial diagnosis.!”=° Clinical trials of relapsed me-
dulloblastoma paired with confirmatory molecular profiling
are urgently needed to establish standardized protocols for
this deadly disease.
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APPENDIX

TABLE A1. Demographics and Diagnostic Clinical Characteristics of Relapsed Patients

SIMBO3 (n = 72) SJYCO7 (n = 52)
SHH Group 3 Group 4 Unclassified SHH Group 3 Group 4 Unclassified
MB Subgroup n=14 n=26 n=24 n=28 n=20 n=22 n=28 n=2
Sex
Female 5 (36%) 8 (31%) 4 (17%) 1 (12%) 10 (50%) 12 (55%) 3 (38%) 1 (50%)
Male 9 (64%) 18 (69%) 20 (83%) 7 (88%) 10 (50%) 10 (45%) 5 (62%) 1 (50%)
Age (IQR) 89 (84-10.7) 6.4(4.0-85) 7.8(5.7-106) 9.1(6.3-11.9) 2.0(1.3-25) 2.6(2.0-29) 3.71 (3.0-4.0) 1.1(1.0-1.2)
M stage
MO 9 (64%) 12 (46%) 10 (42%) 7 (88%) 14 (70%) 11 (50%) 6 (75%) 1 (50%)
M1 0 (0%) 2 (8%) 0 (0%) 0 (0%) 0 (0%) 1 (5%) 0 (0%) 0 (0%)
M2 3 (21%) 0 (0%) 6 (25%) 0 (0%) 1 (5%) 1 (5%) 1 (12%) 0 (0%)
M3 2 (14%) 12 (46%) 8 (33%) 1 (12%) 5 (25%) 9 (41%) 1 (12%) 1 (50%)
Histology
Classic 4 (29%) 15 (58%) 21 (88%) 7 (88%) 2 (10%) 17 (77%) 7 (88%) 2 (100%)
DN 2 (14%) 0 (0%) 0 (0%) 0 (0%) 15 (75%) 0 (0%) 0 (0%) 0 (0%)
LCA 7 (50%) 11 (42%) 3 (12%) 1(12%) 0 (0%) 5 (23%) 1 (12%) 0 (0%)
MBEN — — — — 3 (15%) 0 (0%) 0 (0%) 0 (0%)
Medullomyoblastoma 1 (7%) 0 (0%) 0 (0%) 0 (0%) — — — —
Resection
GTR 10 (71%) 19 (73%) 16 (67%) 7 (88%) 15 (75%) 15 (68%) 7 (88%) 2 (100%)
NTR 2 (14%) 7 (27%) 7 (29%) 1 (12%) 0 (0%) 4 (18%) 0 (0%) 0 (0%)
STR 2 (14%) 0 (0%) 1 (4%) 0 (0%) 5 (25%) 3 (14%) 1 (12%) 0 (0%)
Postrelapse therapy
Radiation
Yes 4 (29%) 4 (15%) 14 (58%) 3 (38%) 9 (45%) 15 (68%) 6 (75%) 0 (0%)
No 10 (71%) 21 (81%) 10 (42%) 5 (62%) 11 (55%) 7 (32%) 2 (25%) 2 (100%)
Unknown 0 (0%) 1(4%) 0(12%) 0 (12%) — — — —
Chemotherapy
Yes 11 (79%) 17 (65%) 21 (88%) 5 (62%) 16 (80%) 12 (55%) 3 (38%) 0 (0%)
No 1 (7%) 3 (12%) 1 (4%) 1(12%) 4 (20%) 10 (45%) 5 (62%) 2 (100%)
Unknown 2 (14%) 6 (23%) 2 (8%) 2 (25%) — — — —

Abbreviations: DN, desmoplastic nodular; GTR, gross total resection; IQR, interquartile range; LCA, large cell anaplastic; MBEN, medulloblastoma with
extensive nodularity; NTR, near total resection; SHH, sonic hedgehog; STR, subtotal resection.
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TABLE A2. Demographic and Clinical Parameters of Patient-Matched Molecular Cohort
Subgroup (Diagnosis)

MB, WNT MB, SHH MB, G3 MB, G4 Data Available
No. of Cases n=2 n =52 n=23 n =50 N =127
Age, mean (SD) 25.0 (11.3) 159 (12.2) 5.87 (4.21) 8.75 (3.40) 124
Sex 127
Female 1 (50.0%) 21 (40.4%) 11 (47.8%) 19 (38.0%)
Male 1 (50.0%) 31 (59.6%) 12 (52.2%) 31 (62.0%)
Histology 127
Classic 1 (50.0%) 2 (3.85%) 3 (13.0%) 13 (26.0%)
DNMB 0 (0.00%) 16 (30.8%) 0 (0.00%) 1 (2.00%)
LCA 0 (0.00%) 8 (15.4%) 2 (8.70%) 0 (0.00%)
NOS 1 (50.0%) 26 (50.0%) 18 (78.3%) 36 (72.0%)
M Stage 86
M+ 1 (100%) 9 (26.5%) 8 (57.1%) 8 (21.6%)
MO 0 (0.00%) 25 (73.5%) 6 (42.9%) 29 (78.4%)
Resection 79
GTR or NTR 1 (100%) 21 (65.6%) 7 (50.0%) 26 (81.2%)
STR 0 (0.00%) 11 (34.4%) 7 (50.0%) 6 (18.8%)
Relapse pattern 121
Distant 1 (50.0%) 14 (28.6%) 17 (73.9%) 31 (66.0%)
Local 1 (50.0%) 35 (71.4%) 6 (26.1%) 16 (34.0%)
Subgroup conservation 127
Conserved 1 (50.0%) 48 (92.3%) 21 (91.3%) 43 (86.0%)
Divergent 0 (0.00%) 0 (0.00%) 1 (4.35%) 4 (8.00%)
Non-MB subsequent 1 (560.0%) 4 (7.69%) 1 (4.35%) 3 (6.00%)
Therapy (diagnosis)
Chemotherapy 1 (50.0%) 31 (70.5%) 13 (86.7%) 27 (90.0%) 91
Radiotherapy 2 (100%) 31 (70.5%) 7 (46.7%) 27 (90.0%) 91
Therapy (relapse)
Chemotherapy 0 (0.00%) 23 (82.1%) 12 (80.0%) 23 (92.0%) 69
Radiotherapy 1 (100%) 14 (50.0%) 7 (46.7%) 10 (40.0%) 69
NGS data 2 (100%) 26 (50.0%) 11 (47.8%) 25 (50.0%) 64
EFS (SD) 2.79 (1.12) 2.96 (3.49) 1.67 (1.04) 3.42 (2.54) 121
OS (SD) 9.88 (7.25) 5.29 (4.38) 4.08 (3.04) 5.94 (4.30) 97

Abbreviations: DNMB, desmoplastic nodular medulloblastoma; EFS, event-free survival; G3, Group 3; G4, Group 4; GTR, gross total resection; LCA, large
cell anaplastic; MB, medulloblastoma; NGS, next-generation sequencing; NOS, not otherwise specified; NTR, near total resection; OS, overall survival; SHH,

sonic hedgehog; STR, subtotal resection; WNT, wingless.

© 2021 by American Society of Clinical Oncology

Volume 39, Issue 7



	Clinical Outcomes and Patient-Matched Molecular Composition of Relapsed Medulloblastoma
	INTRODUCTION
	METHODS
	Patients and Samples
	Tumor Molecular Profiling
	Statistical Analysis

	RESULTS
	Incidence of Relapsed Disease
	Time to Relapse
	Anatomic Patterns of Relapse
	Survival After Relapse
	Patient-Matched Molecular Landscapes
	Molecular Subgroups and Subtypes
	Driver Gene Alteration Patterns
	Chromosomal Alteration Patterns
	Subgroup and Subtype Divergence at Relapse
	Nonmedulloblastoma Subsequent Tumors

	DISCUSSION
	REFERENCES
	APPENDIX
	APPENDIX




