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Abstract

Pineoblastoma is a rare embryonal tumor of childhood that is conventionally treated with high-
dose craniospinal irradiation (CSI). Multi-dimensional molecular evaluation of pineoblastoma and
associated intertumoral heterogeneity is lacking. Herein, we report outcomes and molecular
features of children with pineoblastoma from two multi-center, risk-adapted trials (SJIMBO03 for
patients >3 years; SJYCO7 for patients <3 years) complemented by a non-protocol institutional
cohort. The clinical cohort consisted of 58 patients with histologically diagnosed pineoblastoma
(SIMB03=30; SJYC07=12; non-protocol=16, including 12 managed with SIMBO03-like therapy).
The SIMBO03 protocol comprised risk-adapted CSI (average-risk=23.4 Gy, high-risk=36 Gy) with
radiation boost to the primary site and adjuvant chemotherapy. The SJYCO07 protocol consisted of
induction chemotherapy, consolidation with focal radiation (intermediate-risk) or chemotherapy
(high-risk), and metronomic maintenance therapy. The molecular cohort comprised 43 pineal
parenchymal tumors profiled by DNA methylation array (n=43), whole-exome sequencing (n=26),
and RNA-sequencing (n=16). Respective 5-year progression-free survival rates for patients with
average-risk or high-risk disease on SIMBO03 or SIMBO03-like therapy were 100% and 56.5+10.3%
(P=0.007); respective 2-year progression-free survival rates for those with intermediate-risk or
high-risk disease on SJYCO07 were 14.3+13.2% and 0% (P=0.375). Of patients with average-risk
disease treated with SIMB03/SIMBO03-like therapy, 17/18 survived without progression. DNA-
methylation analysis revealed four clinically relevant pineoblastoma subgroups: PB-A, PB-B, PB-
B-like, and PB-FOXR2. Pineoblastoma subgroups differed in age at diagnosis, propensity for
metastasis, cytogenetics, and clinical outcomes. Alterations in the miRNA-processing pathway
genes DICERI1, DROSHA, and DGCR& were recurrent and mutually exclusive in PB-B and PB-
B-like subgroups; PB-FOXR2 samples universally overexpressed the FOXRZ2 proto-oncogene.
Our findings suggest superior outcome amongst older children with average-risk pineoblastoma
treated with reduced-dose CSI. The identification of biologically and clinically distinct
pineoblastoma subgroups warrants consideration of future molecularly-driven treatment protocols
for this rare pediatric brain tumor entity.
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INTRODUCTION

Pineoblastoma (PB) is a malignant embryonal neoplasm arising from the pineal gland, with
predilection for onset during the first two decades of life [31,20]. Given the rarity of these
tumors, literature on PB is scarce and mostly limited to retrospective cohorts in which
patients were collectively managed with other supratentorial primitive neuroectodermal
tumors (sSPNETS) [11,10,23,8,14,26,28,12,4]. Most children with PB beyond infancy receive
high-dose (36 Gy) craniospinal irradiation (CSI) with multi-modal CNS embryonal tumor-
type chemotherapy, regardless of disease extent [28,26,4,10,14]. Older children with PB
have a more favorable prognosis than do their younger counterparts, but the impact of
clinical characteristics beyond age at diagnosis remains unclear [11,10,23,8,14,26,28,12].

Recent application of genome-wide DNA methylation profiling has augmented CNS tumor
classification and histologic diagnosis [37,15,39,2,33,20]. PB is epigenetically distinct from
other embryonal CNS tumors, with its molecular identity further substantiated by the
discovery of presumed driver alterations [16,30,7,34,2]. Nevertheless, intertumoral
heterogeneity among PBs has not been comprehensively evaluated through multi-omic
studies, nor have genetic events been overlaid with clinical and demographic features. St.
Jude Children’s Research Hospital recently led two prospective, multi-institutional brain
tumor trials that enrolled patients with PB. SIMB03 was a phase 111 trial of patients aged =3
years with risk-adapted CSI, wherein reduced-dose CSI (23.4 Gy) was administered to treat
PB with average-risk (AR) features. In parallel, SJYCO07 was a phase I, risk-adapted trial for
children <3 years [29,41]. Herein, we summarize the molecular features and clinical
outcomes of patients from these trials and a complementary institutional cohort.

PATIENTS AND METHODS

Design and Study Cohort

SJMBO03 was a multi-institutional, phase 111 study (NCT00085202) accepting patients aged
3-21 years with newly diagnosed CNS embryonal tumors that was conducted between June
24, 2003, and March 7, 2013. SJYCOQ7 was a multi-institutional Phase 11, risk-adapted study
(NCT00602667) that enrolled children younger than 3 years with newly diagnosed brain
tumors between November 9, 2007, and April 19, 2017. Histologically diagnosed PB
patients treated on these trials are included in the current report (Fig. 1a). The database of St.
Jude Children’s Research Hospital was then reviewed for patients with pineal parenchymal
tumors managed off-protocol between January 1, 2003, and June 30, 2018, constituting our
non-protocol cohort. SIMBO03 and SJYCO7 were approved by the Institutional Review Board
with written informed consent obtained from patients and families; the review of non-
protocol patients was approved with the need for consent waived.

Acta Neuropathol. Author manuscript; available in PMC 2021 February 01.
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Treatment Strategies for SIMB03 and SJYCO7

Patients were enrolled on SIMBO03 and SJYCO7 after maximal safe surgical resection
(Supplementary Fig. S1, online resource). Baseline evaluations with MRI of the brain and
spine as well as cerebrospinal fluid cytology were obtained. Extent of resection and residual
disease, if any, was determined by early post-operative imaging. SIMBO3 patients were
stratified into AR or high-risk (HR) arms, with HR criteria including presence of metastasis
(M™*) and/or bulky residual disease >1.5 cm? at the primary site (R*). Risk-adapted CSI
(AR=23.4 Gy; HR=36 Gy) and focal boost to the primary site were delivered, followed by
four sequential cycles of high-dose chemotherapy (cisplatin/cyclophosphamide/vincristine)
with autologous stem cell rescue. The study approach for SJYCO07 has been reported [29,41].
SJYCO07 patients with localized disease were enrolled on the intermediate-risk (IR) arm, and
M* patients were enrolled on the HR arm. Four cycles of induction chemotherapy (high-
dose methotrexate/cisplatin/cyclophosphamide/vincristine; vinblastine added for HR
disease) were given, followed by consolidation with focal radiation (IR) or two cycles of
cyclophosphamide and topotecan (HR), and metronomic maintenance therapy. IR patients
younger than 12 months at the time of consolidation received low-risk arm consolidation to
defer radiation. Second-look surgery before the start of consolidation was permitted, and
patients were allowed to remain on protocol in case of progression during the induction
phase. In both trials, serial hearing evaluations were performed to monitor for ototoxicity,
and other adverse events were graded according to Common Terminology Criteria for
Adverse Events v3.0, capturing events Grade 3 or above [40]. Adverse effects in patients
with PB were similar to those from larger published medulloblastoma and ependymoma
cohorts and are not detailed here [29,41,6].

Treatment for non-protocol cohort

Among the non-protocol cohort with pineal parenchymal tumors, 16/22 patients had
histologically diagnosed PB (Fig. 1a). Eleven patients with PB were treated when the
corresponding studies were not actively recruiting (eight patients >3 years; three patients <3
years); four patients older than three years received chemotherapy before CSI to facilitate
second-look surgery and one received CSI only due to significant neurological deficits.
Patients were considered to have received an “SIMBO03-like” non-protocol regimen (n=12) if
they were risk-stratified according to the SIMBO3 protocol and treated by CSI followed by
cisplatin/cyclophosphamide/vincristine. Chemotherapy (carboplatin/cyclophosphamide/
etoposide or cisplatin/cyclophosphamide/vincristine for two cycles) before CSI to facilitate
staged resection were allowed in this designation. Non-SJIMBO03-like regimens (n=4)
included CSI only (n=2), and young-children type induction regimen (cisplatin/
cyclophosphamide/vincristine/etoposide with intrathecal mafosfamide) followed by focal or
CSI (n=2). Patients with non-PB diagnoses (n=6) received individualized treatment and are
reported separately (Supplementary Table S1, online resource).

Genome-wide DNA methylation profiling and next-generation sequencing

DNA and RNA were extracted from formalin-fixed paraffin-embedded or fresh-frozen tumor
samples (Supplementary Table S3, online resource). Genome-wide DNA methylation
profiling was performed on 43 tumor samples (PB, n=40; non-PB histology, n=3) using the

Acta Neuropathol. Author manuscript; available in PMC 2021 February 01.
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Infinium Methylation EPIC BeadChip array as described previously, comprising our
molecular cohort [41,29]. Epigenomic classification was conducted on the molecular cohort,
together with reference profiles obtained from a published brain tumor dataset, and using the
MolecularNeuropathology (MNP) brain tumor classifier
(www.molecularneuropathology.org) [2]. Whole-exome sequencing (WES, n=24), whole-
genome sequencing (WGS, n=2), and RNA-sequencing (RNA-seq, n=16) data were
generated for samples with adequate tumor DNA/RNA. Germline (blood) DNA from 13
patients was available for paired sequencing. Details on the experimental pipelines
conducted above are included in Supplementary Methods (Supplementary Tables S4 and S5,
S5 online resource).

Survival Analyses

RESULTS

The date of diagnosis was defined as the date of first biopsy or resection. Overall survival
(OS) was defined as the duration between the date of diagnosis and date of either death from
any cause or last follow-up; progression-free survival (PFS) was defined as the duration
between the date of diagnosis and date of either progression, relapse, death from any cause,
or last follow-up. Survival comparisons were performed via log-rank testing. Fisher’s exact
test was used to compare categorical variables. Statistical analyses were performed using R
v3.6.0 (www.R-project.org).

Demographics, clinical characteristics, and risk-stratification

Fifty-eight patients with histologically diagnosed PB were included in our study (median
age at diagnosis, 6.2 years): 30 from SIMBO03, 12 from SJYCO07, and 16 from the non-
protocol cohort (including 12 treated with SIMBO03-like regimens, Fig. 1a). Baseline risk
features and stratification are detailed in Table 1. Twenty-six (45%) patients had M* disease
at diagnosis. Gross-total resection (GTR) was achieved in 22 (38%) patients, subtotal
resection (STR) in 16 (28%), and biopsy-only in 20 (34%). Twelve patients (21%)
underwent staged resection facilitated by chemotherapy. Of patients who received SIMB03/
SIMBO3-like therapy, 22/42 (52%) had R* disease. Patients with non-metastatic (M©)
disease were more likely to have received GTR (20/32) than were those with M* disease
(2/26, £<0.001). Forty-six patients (70%) required CSF diversion. Three patients had
DICERI syndrome (molecular cohort=1, clinical cohort=2); and one patient (clinical cohort)
had DiGeorge syndrome diagnosed by 22q11.2 fluorescence in situ hybridization.

Treatment outcome and prognostic factors

Median follow-up duration for the entire clinical cohort was 3.6 years (range: 0.4-15.3); for
patients surviving without disease, median follow-up was 5.8 years (range: 0.4-15.3).
Progression occurred in 22 (38%) patients (distant failure=19, distant and local failure=3),
who died of disease; two patients without evidence of disease died of treatment-related
complications (sepsis in one patient, and pulmonary fibrosis, potentially the result of
cyclophosphamide treatment, in the second patient). Respective 5-year PFS and OS rates of
the entire cohort were 60.7+6.6% and 61.0+6.8% (Fig. 1b). PFS and OS for patients on
SIJMBO3 and patients treated off-protocol with SIMBO03-like therapy did not differ

Acta Neuropathol. Author manuscript; available in PMC 2021 February 01.
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significantly (P=0.435 and P=0.619, respectively; Fig. S2a, online resource), prompting us
to combine these cohorts for subsequent analyses.

The 5-year PFS and OS for patients with AR disease on SIMB03/SIMBO03-like therapy were
both 100%, and for patients with HR disease, 56.5+10.3% and 60.3+10.3% respectively
(PFS, P=0.007, OS, P=0.014; Fig. 1b, Supplementary Table S2, online resource). The
respective 2-year PFS/QOS for patients with IR or HR disease on SJYCO7 were 14.3+13.2%/
14.3+13.2% and 0%/0% (PFS, P=0.375, OS P=0.040). Presence of M* disease was
associated with inferior outcome in patients receiving SIMB03/SJBMO03-like (PFS, A<0.001,
0S, P=0.001) and SJYCQ7 therapy (OS, P=0.040) (Supplementary Fig. S2, online resource).
GTR was significantly associated with superior outcome for patients on SIMB03/SIMB03-
like therapy (PFS, P=0.005, OS, P=0.008). Seventeen of 18 (94%) patients with AR disease
who received 23.4 Gy CSI on SIMB03/SIMBO03-like therapy survived without disease
progression (median follow-up for survivors=4.1 years). Two patients treated on the HR arm
of SJYCO07 died of disease despite receiving CSI as relapse treatment.

Novel PB subgroups

Unsupervised clustering of tumor samples based on DNA methylation profiles suggested
considerable heterogeneity within our molecular cohort (Supplementary Fig. S3a, online
resource). Integrating results from the MNP classifier and unsupervised clustering with
published CNS tumor profiles revealed four PB subgroups (Fig. 2a): PB-A, PB-B, PB-B-
like, and PB-FOXR2. Other samples clustered with non-PB entities or control tissues (Fig.
2a, Supplementary Fig. S7-8, online resource).

Clinical, genomic, and transcriptomic characterization of novel PB subgroups

PFS was significantly different among molecular subgroups of PB (p<0.0001) (Fig. 2b).
Tumors assigned to PB-A were from young patients (2.1 and 3.9 years) with M* disease
(Fig. 2b). Chromosome 1q gain and 16q loss were identified in both tumors (Fig. 3a,
Supplementary Fig. S3b, online resource). Neither patient had a history of retinoblastoma,
and sequencing of one tumor showed no /#B1 mutation. Patients with PB-B tumors (n=19)
had a median age at diagnosis of 7.6 years (range: 3.3-17.0); eight (42%) had M* disease,
and six experienced disease progression (5-year PFS=73.7£10.1%). Frequent arm-level
gains of chromosomes 12 (63%), 7 (47%), and 17 (47%) and losses of 3p (37%) and 16
(37%) were present; focal losses of 5p (16%) and 22q (11%), respectively involving the
DROSHA and DGCR8loci, were also observed. Patients from the PB-B-like subgroup were
the oldest in our series (median age=10.9 years, range: 5.9-12.6); all had localized disease
without progression (median duration of follow-up=5.0 years). PB-B-like tumors exhibited
chromosomal losses involving D/ICERI (5/6; 14q) or DROSHA (1/6; focal 5p). Mutually
exclusive alterations in microRNA-processing pathway genes DICERI, DROSHA, and
DGCR8were common but restricted to the PB-B and PB-B-like tumors (Fig. 3). Protein-
truncating mutations and/or focal deletions of D/CER1 (n=5), DROSHA (n=4), and DGCRS8
(n=2) occurred in the majority (11/13, 85%) of PB-B and PB-B-like tumors for which NGS
data was available. Among PB-B tumors lacking NGS data, two samples had focal 5p
deletion involving DROSHA, and another tumor had focal 22q deletion involving DGCR8

Acta Neuropathol. Author manuscript; available in PMC 2021 February 01.
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(Fig. 3c). No putative driver mutations were identified in samples (5/5 sequenced) from the
PB-FOXR2 subgroup.

At the transcriptomic level, unsupervised clustering of PB tumors (PB-B=4, PB-B-like=3,
PB-FOXR2=4) yielded subgroups concordant with those determined by methylation
profiling (Fig. 4, Supplementary Fig. S5, online resource). Differential expression analysis
revealed highly significant FOXRZ2 overexpression that defined PB-FOXR2 (Fig. 4a-b).
Based on DNA methylation profiling, PB-FOXR2 subgroup tumors were distinct from CNS
neuroblastoma with FOXRZ2activation (CNS NB-FOXR2; Supplementary Fig. S4, online
resource). High expression of GABRAS5 (gamma-aminobutyric acid A receptor alpha 5
subunit, also highly expressed in MYC-driven medulloblastoma), GNATI (rod alpha-
transducin), and photoreceptor-specific transcription factors CRX and NRL, together with
enrichment in “phototransduction” and “detection of light stimulus” gene sets were also
observed in PB-FOXR2 (Supplementary Fig. S6, online resource) [25,5]. PB-B tumors had
the highest expression levels of ASMT (acetylserotonin O-methyltransferase) and ADRB1
(beta-1 adrenergic receptor), key markers of pinealocytes, whereas PB-B-like tumors had
high expression of APS (neuropeptide S), a neuropeptide implicated in arousal and
anxiolysis [21,45].

Additional heterogeneity in pineal region tumors of childhood

Nine histologically defined PBs from our molecular cohort were not molecularly assigned to
the subgroups described above. These tumors either clustered with existing non-PB
reference CNS tumor classes or were more closely associated with control pineal tissue.
Clustering of histologic PB tumors with methylation class PPTID (n=2) and histological
PPTID with the molecular PB-B class (n=1) highlights the potential discrepancy between
histology and molecular classification (Fig. 2a). Two tumors from our molecular cohort
(histologically PB=1, pineal anlage tumor=1, no matching class for either tumor based on
the MNP classifier) were associated with embryonal tumors with multilayered rosettes
(ETMR) on t-SNE (Fig. 2a, Supplementary Fig. S7, online resource). Instead of ETMR-
defining chromosome 19 miRNA cluster amplification (C19MC), both tumors had
concurrent nonsense and missense D/CER1 mutations [35]. Further clustering analysis using
10 ETMR tumors with typical histological and molecular features and two reported “ETMR-
like infantile cerebellar embryonal tumors” demonstrated similarities between our tumors
and the latter [42]. Additionally, two PB tumors, one clustering with WNT subgroup
medulloblastoma (MB-WNT) and one clustering close to control pineal tissue, carried
missense mutations in exon 3 of CTNNBI, a defining feature of WNT-MB (Supplementary
Fig. S8, online resource) [9,38]. Review of imaging confirmed no posterior fossa
involvement in these patients, and neither tumor exhibited monosomy 6, which characterizes
>85% of MB-WNT [38]. These results exemplify additional molecular heterogeneity among
embryonal tumors of the pineal region.

DISCUSSION

We report the outcome of a multi-institutional pediatric PB cohort systematically treated
with an age-stratified, risk-adapted approach. Radiation with chemotherapy resulted in 75%
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5-year PFS for patients older than 3 years, and 100% 5-year PFS for those with AR disease,
despite the reduction of CSI dosage. This outcome compares favorably with those in the
published literature [11,10,23,8,14,26,28,12,4]. The randomized Children’s Oncology Group
ACNS0332 trial (NCT00392327) for patients older than 3 years treated patients with PB or
SPNET regardless of metastatic status with 36 Gy CSl, concurrent vincristine, followed by
cisplatin, cyclophosphamide, and vincristine (with or without carboplatin or isotretinoin),
reporting a 5-year EFS of 62.8% [14]. A pooled outcome analysis of pediatric PB from 11
national or cooperative group studies using heterogeneous approaches described respective
5-year PFS rates of 63% and 11% for patients older or younger than four years [23]. Our
data strongly support the use of reduced-dose CSI (23.4 Gy) as the new standard-of-care for
children older than three years with AR PB, potentially mitigating treatment-related
neurocognitive sequalae [22]. In contrast, most young children experienced progression on
the SJYCO7 regimens, echoing the abysmal outcome for young children in previous reports
[23,8,10,12]. As all patients progressed on SJYCO07 with metastatic failure, delayed CSI
might prove beneficial in a subset of young patients.

DNA methylation profiling demonstrated molecular heterogeneity among PBs, defining four
molecular subgroups. The two pre-existing PB subgroups detailed on the MNP classifier
include PB-A, which encompasses young patients characterized by germline £B1 mutation,
as well as sporadic PB cases akin to our two PB-A patients, and PB-B, which includes older
pediatric patients and adults, with previously undefined genetic drivers [2]. Our study
implicates two novel molecular subgroups, PB-B-like and PB-FOXR2, offering insights into
subgroup-specific genomic alterations and expanding the spectrum of genetic events
affecting known drivers such as D/ICERI and DROSHA (Fig. 5).

miRNA biogenesis plays an important role in posttranscriptional gene regulation, and altered
miRNA profiles have been extensively described across a spectrum of different cancers[19].
The canonical miRNA processing pathway requires the nuclear ribonuclease 111 enzyme
DROSHA, the RNA-binding partner DGCRS8, and the cytoplasmic ribonuclease 111 DICER1
[13]. Association between PB and altered miRNA processing, as seen in the PB-B and PB-
B-like subgroups, was first established in phenotypic studies of patients with germline
DICERI loss-of-function mutations [30,7]. Unlike typical D/CER1 syndrome tumors where
“hotspot” missense mutation in the D/CERI ribonuclease I11b domain represents the
“second hit”, prior studies in PB suggest loss-of-heterozygosity at the D/CERI locus as the
disease-specific somatic event [32]. Among the five D/CERI-mutated tumors in our cohort,
three exhibited nonsense mutations coupled with loss of the wild-type allele, and two had
concurrent nonsense and frameshift mutations, consistent with biallelic loss-of-function in
tumor cells. All but one of these mutations were previously undescribed in PB. Homozygous
DROSHA deletion was recently found in PBs without D/CERI mutations [34]. In addition
to focal 5p deletions involving DROSHA in four PB-B/PB-B-like study samples, we
observed frameshift mutations in DROSHA upstream of the ribonuclease I11 domains in two
tumors. Furthermore, DGCR& alterations, seen in high-risk nephroblastomas, were
previously unreported in PBs [44]. Involvement of DGCR8 (DiGeorge syndrome critical
region 8) in our molecular cohort consolidates the oncogenic role of disrupted miRNA
processing and provides an explanation for the rare association between DiGeorge syndrome
and PB [24,36]. Despite the incomplete evaluation of cancer predisposition in this cohort,

Acta Neuropathol. Author manuscript; available in PMC 2021 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Liuetal.

Page 9

the presence of germline D/CER1 mutation or 22q11.2 deletion in at least 9% of our patients
older than three years highlights the importance of genetic assessment beyond germline RB1
mutations in patients with PB.

Our findings suggest FOXRZ2 overexpression characterizes an aggressive subgroup of PB in
young children. As a proto-oncogene, FOXR2 physically interacts with and promotes the
transcriptional activities of MYC, enhancing cellular proliferation and oncogenic
transformation [18]. FOXRZis overexpressed in numerous adult-onset epithelial cancers, a
subset of SHH subgroup medulloblastomas, and pediatric glioblastoma; its activation
through gene fusion and chromosomal rearrangements is the driver event in CNS NB-
FOXR2 [18,37,17,43]. Unlike CNS NB-FOXR2, we did not identify any fusion events or
structural rearrangements to substantiate the mechanism of FOXRZ2 overexpression seen in
PB-FOXR2. PB-FOXR?2 also clustered separately from CNS NB-FOXR2 in t-SNE analysis
and appeared to be more clinically aggressive than CNS NB, suggesting that there are
relevant context-specific differences influencing the molecular and biological features of
these entities. Nonetheless, in view of the poor outcome of young patients with PB even with
more intensive high-dose chemotherapy, targeting the FOXR2-MY C axis may represent a
rational therapeutic approach for this lethal subgroup [3,1].

There are some limitations to our study. Despite consolidating multiple prospective trial
cohorts and a non-protocol cohort, the number of patients within each molecular subgroup
remains modest. We were thus underpowered to provide robust claims pertinent to
subgroup-specific patient outcome in the context of the described treatment strategies. This
is in part explained by the rarity of PB, as well as the scarce amount of tissue typically
retrieved from surgeries for tumors of the pineal region. Future collaborative meta-analyses
will be essential to confirm our findings in sufficiently powered cohorts before adopting
these subgroup designations clinically. Moreover, differences in outcome between subgroups
may be confounded by age-stratified therapy, as the CSl-containing regimen can only be
offered to older children, such as those with PB-B and PB-B-like tumors. Nevertheless, the
molecular alterations characteristic to each subgroup support divergent oncogenic processes
underlying histologically diagnosed PB. Our findings may therefore inform biomarker
discovery and clinical trial design to enhance patient survival and reduce treatment-related
toxicities.

In conclusion, we demonstrate biological and clinical heterogeneity among children with PB
and provide motivation for a risk-adapted approach in future clinical trials. Integration of
methylation profiling and targeted sequencing will provide additional diagnostic detail of
prognostic significance. Further research to decipher the link between observed molecular
alterations and tumorigenesis could enable new avenues to target this rare, aggressive
neoplasm.
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Cohort compositions and key clinical outcomes
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(a) Composition of the clinical and molecular cohorts. Patients with histologically diagnosed
pineoblastoma (PB) comprised the clinical cohort; patients whose tumors were profiled on

methylation array (PB=40, pineal parenchymal tumor of intermediate differentiation

[PPTID]=1, pinealocytoma=1, pineal anlage tumor=1) comprised the molecular cohort.
(b) Progression-free survival (PFS) and overall survival (OS) of the entire clinical PB cohort
(top) or stratified by treatment protocol (middle) and PFS according to risk strata for patients

on SIMBO03/SIMBO03-like therapy and SJYCO07 (bottom).
PTPR, papillary tumor of pineal region; WES, whole exome sequencing; WGS, whole
genome sequencing
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(a) t-stochastic neighbor embedding (t-SNE) analysis of pineal parenchymal tumors
(histological PB, n=40; PPTID, n = 1; pineal anlage tumor, n = 1; pineocytoma, n = 1) and
relevant reference classes from a published brain tumor dataset by Capper et al.[14] Four
main PB subgroups, PB-A, PB-B, PB-B-like, and PB-FOXR2, are apparent, with further
heterogeneity observed in the outliers. Study samples are colored by their methylation class
assignment by the MolecularNeuropathology (MNP) brain tumor classifier, revealing two
previously undescribed subgroups (PB-B-like and PB-FOXR?2).

(b) Summary demographic and clinical features of the newly defined PB subgroups.
Differences in age at diagnosis, sex, treatment, propensity for metastasis, and progression-

free survival are depicted.

Contr-Pineal, control pineal tissue; Contr-Inflamm, control inflammatory tumor; ETMR,
embryonal tumor with multilayered rosettes; F, female; M, male; M?, non-metastatic; M+,
metastatic; MB-G3, medulloblastoma group 3; MB-G4, medulloblastoma group 4; MB-SHH
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CHL/AD, medulloblastoma SHH-activated (children and adult); MB-SHH INF,
medulloblastoma SHH-activated (infant); MB-WNT, medulloblastoma WNT-activated; PB-
A, pineoblastoma group A; PB-B, pineoblastoma group B; PB-B-like, pineoblastoma group
B-like; PB-FOXR2, pineoblastoma FOXRZ-overexpressed; Plex-Ped B, plexus tumor
subclass pediatric B; PPT, pineal parenchymal tumor of intermediate differentiation (MNP
classifier); PPTID, pineal parenchymal tumor of intermediate differentiation (histology);
RETB, retinoblastoma
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Fig. 3.

ngomic alterations in molecularly defined pineoblastomas

(a) Oncoprint depicting loss-of-function mutations and/or allelic deletions in miRNA
pathway genes DICERI1, DROSHA, and DGCR&in addition to subgroup-specific
chromosomal arm—-level copy-number alterations, patient demographics, and outcome.

(b) Lollipop plots depicting deleterious somatic and germline mutations in miRNA pathway
genes DICER1, DROSHA, and DGCRS.

chr, chromosome; fs, frameshift; X, stop codon.

(c) Three exemplary copy-number plots highlighting 14q loss involving the D/CER locus,
focal 5p loss involving the DROSHA locus, and focal 22q loss involving the DGCRE locus.
Corresponding chromosomal regions of all samples from the molecular cohort, showcasing
the restriction of these cytogenetic events to PB-B and PB-B-like subgroups.

Chr, chromosome; F, female; M, male; PD, progressive disease
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Fig. 4.
Subgroup-specific expression signature and pathway enrichment in pineoblastoma (PB)

(a) Heatmap of top differentially expressed genes by subgroup. PB-A was excluded here and
from subsequent panels because only one expression profile was available.

(b) Expression levels of pinealocyte markers (CRX, NRL, ASMT, ADRBI), DICERI, and
FOXRZ2among molecularly defined PB subgroups (PB-B, PB-B-like, PB-FOXR2) and
outliers (non-PB). P-values were derived from the likelihood ratio test.

Mut, mutant; PB-A, pineoblastoma group A; PB-B, pineoblastoma group B; PB-B-like,
pineoblastoma group B-like; PB-FOXR2, pineoblastoma FOXR2-overexpressed; WT, wild-

type
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Fig. 5.
Summary of key clinical, genomic, and cytogenetic findings according to molecularly

defined pineoblastoma subgroups based on the current dataset

Progression-free survival (PFS) for each subgroup is shown. Note that /87 alteration
underlying the PB-A subgroup has not been detected in our study but is included for
completeness.

MO, non-metastatic; M*, metastatic; N, number; PB-A, pineoblastoma group A; PB-B,
pineoblastoma group B; PB-B-like, pineoblastoma group B-like; PB-FOXR2,
pineoblastoma FOXRZ2-overexpressed; y, years
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Table 1

Demographic, clinical, and treatment characteristics of the clinical pineoblastoma cohort

Page 21

Entire Clinical SIJMBO03 SJYCo7 Non-protocol Non-protocol
Cohort SIMBO03-like Others
N % N N N N

Total 58 100 30 12 12 4
Sex

Male 31 53 14 8 7 2

Female 27 47 16 4 5 2
Age (mean in years [range]) 631(%)4— — 8.48 (3.1-20.4) | 1.2 (0.4-2.6) 7.4 (2.9-17.2) 3.6 (1.9-21.6)
Risk group

AR/IR 26 45 11 7 7 1

HR 32 55 19 5 5 3
Metastasis

No (M°) 32 55 16 7 8 1

Yes (M) 26 45 14 5 4 3
Residual tumor (SJIMB03/SJMBO 3-
like only)

No (R 22 52 13 - 9 -

Yes (RY) 20 48 17 - 3 -
Radiotherapy

Csl 45 78 30 0 12 3

Focal RT 7 12 0 6 0 1

No RT 6 10 0 6 0 0

AR, average-risk (SJIMB03/SIMBO03-like: M0 and RO disease); Bx, biopsy; CSI, craniospinal irradiation; GTR, gross-total resection; HR, high-risk
(SIMBO3/SIMBO3-like: M* or Rt disease, SIYC07: M* disease); IR, intermediate-risk (SJYC07: MO disease); MO, non-metastatic; M,

metastatic; N, number; RO, residual disease sl.50m2; R+, residual disease >1.50m2; RT, irradiation; STR, subtotal resection
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