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Purpose

ChiII:jren with histologically diagnosed high-risk medulloblastoma, supratentorial primitive neuro-
ectodermal tumor of the CNS (CNS-PNET), and pineoblastoma (PBL) have had poor survival despite
intensive treatment. We included these patients in this Children’s Oncology Group trial. Molecular
profiling later revealed tumor heterogeneity that was not detectable at protocol inception. Enroll-
ment of patients with CNS-PNET/PBL was subsequently discontinued, and outcomes for this part of
the study are reported here.

Patients and Methods

In this phase lll, four-arm prospective trial, consenting children age 3-22 years with newly diagnosed
CNS-PNET were randomly assigned (1:1) to receive carboplatin during radiation and/or adjuvant
isotretinoin after standard intensive therapy. Primary outcome measure was event-free survival
(EFS) in the intent-to-treat population. Molecular tumor classification was retrospectively completed
using DNA methylation profiling.

Results

Eighty-five participants with institutionally diagnosed CNS-PNETs/PBLs were enrolled. Of 60 pa-
tients with sufficient tissue, 31 were nonpineal in location, of which 22 (71%) represented tumors
that were not intended for trial inclusion, including 18 high-grade gliomas (HGGs), two atypical
teratoid rhabdoid tumors, and two ependymomas. Outcomes across tumor types were strikingly
different. Patients with supratentorial embryonal tumors/PBLs exhibited 5-year EFS and overall
survival of 62.8% (95% Cl, 43.4% to 82.2%) and 78.5% (95% Cl, 62.2% to 94.8%), respectively,
whereas patients with molecularly classified HGG had EFS and overall survival of 5.6% (95% Cl, 0%
to 13.0%) and 12.0% (95% ClI, 0% to 24.7%), respectively. Neither carboplatin, nor isotretinoin
significantly altered outcomes for all patients. Survival for patients with HGG was similar to that of
historic studies that avoid craniospinal irradiation and intensive chemotherapy.

Conclusion

For patients with CNS-PNET/PBL, prognosis is considerably better than previously assumed when
molecularly confirmed HGGs are removed. |dentification of molecular HGGs may spare affected
children from unhelpful intensive treatment. This trial highlights the challenges of a histology-based
diagnosis for pediatric brain tumors and indicates that molecular profiling should become a standard
component of initial diagnosis.

J Clin Oncol 36:3388-3395. © 2018 by American Society of Clinical Oncology

(PBLs) have historically been treated as a single
group as a result of their rarity, characterization as
poorly differentiated high-grade neuroepithelial/
embryonal tumors, and similar responses to
treatment' . These tumors have poor outcomes,

Supratentorial primitive neuroectodermal tumors
of the CNS (CNS-PNETs) and pineoblastomas
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Unexpected Patient Heterogeneity in a Prospective Trial for CNS-PNETs

with 5-year overall survival (OS) of 48.3% to 58% for patients with
CNS-PNET/PBL*” and 50% to 75% for patients with high-risk
medulloblastoma (HR-MB).®” Thus, the Children’s Oncology
Group (COG) study ACNS0332 was designed to test two approaches
for treatment intensification for these patients: addition of carbo-
platin during irradiation and/or addition of isotretinoin to the
adjuvant regimen. Carboplatin has demonstrated preclinical and
clinical efficacy in these tumors and is well tolerated in children,>*'°
whereas isotretinoin crosses the blood-brain barrier efficiently and is
effective against preclinical models of medulloblastoma (MB).!12

Concurrent with the closure of the CNS-PNET/PBL portion
of this trial, WHO classification removed CNS-PNET as a di-
agnostic entity'; however, this work will use CNS-PNETs and PBLs
as terms to encompass tumors that were intended for treatment in
this study on the basis of the 2007 WHO classification definitions
that applied at the time.

In recent years, molecular profiling using genome-wide DNA
methylation analysis has been demonstrated to more accurately
predict treatment outcome than standard histopathologic diagnosis
in pediatric CN'S tumors, such as MB and ependymoma (EP).>"* A
previous analysis of institutionally diagnosed CNS-PNET revealed
a wide spectrum of discrepant molecular entities, including high-
grade glioma (HGG), embryonal tumor with multilayered rosettes
(ETMR), atypical teratoid rhabdoid tumor (ATRT), and EP, among
others.” Although these were retrospective findings in heteroge-
neously treated cohorts, these results highlight the importance of
molecular investigation. In this work, we report the outcomes of
patients with CNS-PNET/PBL in the ACNS0332 trial and, more
importantly, the critical impact of molecular profiling on inter-
preting efficacy in a prospective clinical trial.

Patients and Eligibility

Children age 3 to 22 years were eligible with newly diagnosed primary
CNS-PNET or PBL. Patients had minimum functional scores (Lansky/
Karnofsky performance score) of 30; adequate renal, marrow, and hepatic
function; and were staged with CSF cytology and brain/spine magnetic
resonance imaging. Institutional review board approval and individual
informed consent were obtained before enrollment.

ACNS0332 was constructed to ensure that patients with CNS-PNET/PBL
and HR-MB were evenly distributed across the four arms of this 2 X 2 trial and
was planned with 90% power to detect a 16% to 17% improvement in event-
free survival (EFS) on the basis of 300 eligible patients. After 200 patients were
enrolled, emerging genomic data indicated that the biologies of CNS-PNET/
PBL and HR-MB were different; thus, in June 2013, accrual was discontinued
for patients with CNS-PNET/PBL. Participants continue to enroll on the MB
strata, and outcomes for those patients will be reported separately.

Institutional Tumor Classification

Patients in the CNS-PNET/PBL strata were deemed eligible by in-
stitutional pathologists according to the 2007 WHO classification with
poorly differentiated tumors with the capacity for divergent differentiation,
including embryonal tumor with abundant neuropil and true rosettes,
ependymoblastoma, and medulloepithelioma, and pineoblastoma.

Pathology and Neuroimaging Central Review
Formalin-fixed, paraffin-embedded tumor slides were retrospectively
centrally reviewed, although this review did not affect eligibility or
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treatment. Histopathologic criteria required a densely cellular tumor with
evidence of neuronal differentiation. Malignant gliomas were defined as
highly cellular glial fibrillary acidic protein (GFAP)—positive tumors with
absent or only focally present synaptophysin staining. H3K27 and H3G34
HGGs had not yet been described, although differentiation into ATRT,
ependymoblastoma, and embryonal tumor with abundant neuropil and
true rosettes was considered.

Imaging was retrospectively centrally reviewed by neuroradiologists
who were blinded to outcome to confirm site(s) of disease, degree of
resection, and time points for response and progression.

Study Design

Primary objectives were to determine whether carboplatin radio-
sensitization or adjuvant isotretinoin increased EFS. In brief, all patients
underwent surgical resection, followed by irradiation (36 Gy craniospinal,
tumor bed boost to 55.8 Gy) with vincristine (1.5 mg/m” per week), and
were randomly assigned to the addition of carboplatin during irradiation.
Subsequently, patients received six cycles of maintenance chemo-
therapy—cisplatin, vincristine, cyclophosphamide—and were randomly
assigned to receive isotretinoin (Data Supplement). Tissue for central
pathologic review was mandatory. Patients were asked to allow optional
tumor biology analysis.

Random Assignment and Masking

Random assignment (Data Supplement) was stratified between
disease groups and based on dissemination (MO v M+) and degree of
postoperative residual disease (> 1.5 cm” v =< 1.5 cm?). Patients were
randomly allocated (1:1) to receive one of four regimens: regimen A, no
carboplatin/no isotretinoin; regimen B, plus carboplatin/no isotretinoin;
regimen C, no carboplatin/plus isotretinoin; and regimen D, plus
carboplatin/plus isotretinoin.

Molecular Analysis

DNA methylation profiling was performed for cases with sufficient
tumor DNA using the Infinium HumanMethylation450(450k) or the EPIC
BeadChip arrays (Illumina, San Diego, CA) as described previously.>'* Five
to 10 formalin-fixed, paraffin-embedded sections per tumor were used for
DNA isolation. Tumors were classified using the recently developed brain
diagnostic classifier algorithm (www.molecularneuropathology.org)** on
the basis of unsupervised cluster analyses of the 60 methylation profiles,
together with the methylation profiles of 216 reference cases that repre-
sented 27 distinct molecular brain tumor entities.'* All analyses were
performed in R version 3.3.0 (https://www.R-project.org).

For unsupervised hierarchical clustering, we selected the 10,000 most
variably methylated probes across the data set (standard deviation >
0.283). Distance between samples was calculated using the 1-Pearson
correlation coefficient. Average linkage was used to generate dendrograms.
The same distance matrix was used to perform the ¢-distributed stochastic
neighbor embedding (Rtsne version 0.11) analysis. The following non-
default parameters were used: 6 = 0 is distance = T, pca = F, max_iter =
10,000. Methylation probes in the heatmap representation were reordered
by hierarchical clustering using Euclidean distance and average linkage.

Statistical Analysis

CNS-PNET/PBL enrollment was closed early as described, ac-
knowledging that the statistical power to detect the benefit of carboplatin
or isotretinoin for these patients would be limited, particularly if genomics
revealed diagnostic heterogeneity. EFS was defined as the interval from the
date of enrollment to the first event—disease progression/recurrence,
second malignant neoplasm, or death from any cause—or to the date
of the last follow-up for patients without events. OS was defined as the
interval from enrollment to the date of death or last follow-up. Survival
estimates were reported using the Kaplan-Meier method with 95%
Cls. Standard errors were calculated using the Peto and Pike method.'

© 2018 by American Society of Clinical Oncology 3389
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Log-rank test was used to compare outcomes among groups, and Cox
proportional hazards regression analysis was used to examine associations
between outcomes and age at enrollment. For the primary analyses that
examined the effects of carboplatin and isotretinoin for all patients, one-
sided stratified log-rank tests were used per the study design. Tests were
stratified by study stratum (M+ v M0 with < 1.5 cm” residual disease v MO
with > 1.5 cm? residual disease) and other randomized treatment as-
signments. All other subgroup analyses were unplanned and reported
P values were based on two-sided, unstratified exact tests. Data current as
of December 31, 2016, were used.

Between March 2007 and July 2013, 87 patients with institutionally
diagnosed CNS-PNET/PBLs were enrolled and randomly assigned
between regimens A (n=23),B (n=19),C(n=21),and D (n =22).
Two patients had tumors that were located in the posterior fossa
on central radiographic review and were removed from the data
analysis. No patients were ineligible on the basis of other inclusion/
exclusion criteria. Of the analyzed 85 patients (median age, 9.7 years;
range, 3.0 to 18.1 years; 47 females), 22 (26%) had metastatic disease
and 26 (31%) had significant local residual disease. Other clinical
details are included in the Data Supplement.

Table 1. Methylation Profiling Results With Subsequent Grouping by Molec-
ular Identification (n = 60) and Central Pathology Review Concordance

Central % of
Review Profiled Molecular Groups for
Prediction No. Diagnosis  Tumors Outcome Analysis
Pineoblastoma 27.0 27.0% 45.0 Pineoblastoma and
supratentorial
embryonal tumors
without other
specifications
CNS NB FOXR2 3.0 3.0t 5.0
Medulloblastoma
WNT 1.0 1.0 1.7
SHH 1.0 1.0% 1.7
ETMR 1.0 1.0 1.7
HGNET-MN1 1.0 1.0 1.7
CNS-ET, NOS 2.0 2.0 3.3
High-grade gliomas High-grade glioma
G34 8.0 2.0 13.3
K27M 2.0 0.0 3.3
MYCN 6.0 2.0 10.0
MID 2.0 1.0 3.3
Ependymoma, 2.0 1.0 3.3 Ependymoma
RELA positive
ATRT 4.0 3.0 6.7 ATRT

Abbreviations: ATRT, atypical teratoid rhabdoid tumor; CNS-ET, central nervous

system-embryonal tumor; CNS NB, central nervous system neuroblastoma;
ETMR, embryonal tumor with multilayered rosettes; FOXR2, forkhead box R2;
HGNET-MN1, high-grade neuroepithelial tumor with MN1 alteration; NOS, not
otherwise specified; RELA, v-rel avian reticuloendotheliosis viral oncogene
homolog A; SHH, Sonic Hedgehog; WNT, Wingless.

*Central review determined as pineoblastoma or CNS-PNET. Two predicted
ATRT and one predicted medulloblastoma SHH were centered in the pineal
region. Twenty-six of 27 predicted pineoblastomas were located primarily in the
pineal region.

tCentral review determined two cases to be CNS-PNET and one case as CNS
NB.

$Central review determined as CNS-PNET.

§High-grade glioma G34 (H3.3 G34 mutation positive), K27M (H3 K27M mu-
tation positive), MYCN (MYCN amplification), MID (midline).
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Outcomes for the Overall Patient Population

Forty-eight (56%) of 85 patients were alive at last follow-up,
with median follow-up of 5.9 years (range, 2.9 to 9.1 years). First
events included relapsed/progressive disease in 44 patients, second
malignancy in one patient (nerve sheath tumor [regimen D]), and
death in one patient (infection-related cardiac arrest [regimen C]).
Median time to failure for patients who experienced relapse was 1.4
years (n = 44; range, 0.2 to 6.2 years), and median time to death for
the 37 patients who died was 2.1 years (range, 0.3 to 7.7 years). OS
and EFS for the entire group of patients were 58.6% (95% CI,
46.4% to 70.9%) and 47.3% (95% CI, 34.8% to 59.8%) at 5 years
(Data Supplement). Differences in EFS and OS among the four
regimens were not statistically significant at the nominal .05 level
(P = .087 and P = .065, respectively); however, carboplatin
demonstrated a somewhat improved EFS and a trend toward
significance for OS in the overall population (P = .045 and P = .056,
respectively; Data Supplement), whereas no difference in out-
come was observed on the basis of receipt of isotretinoin (Data Sup-
plement). Grade = 3 toxicity was most commonly myelosuppression
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Fig 1. Methylation profiling identifies disparate molecular diagnoses in tumors
pathologically classified institutionally as supratentorial primitive neuroectodermal
tumor of the CNS (CNS-PNET) and pineoblastoma (PBL). Tumors were molecularly
classified on the basis of unsupervised cluster analyses of the 60 CNS-PNET/PBL
methylation profiles, together with the methylation profiles of 216 reference cases
that represented 27 distinct molecular brain tumor entities. AD, adult; ATRT,
atypical teratoid rhabdoid tumor; BCOR, bcl6 corepressor; CNS EFT-CIC, Ewing
sarcoma family tumor with CIC alteration; CIC, capicua transcriptional repressor;
CNS NB-FOXR2, forkhead box R2; CPC, choroid plexus carcinoma; CPP, choroid
plexus papilloma; EPN, ependymoma: ET, embryonal tumor; GBM, glioblastoma
multiforme; HGNET-MN1, high-grade neuroepithelial tumor with MN1 alteration;
INF, infant; MB, medulloblastoma; MELCYT, melanocytoma; MNG, meningioma;
NOS, not otherwise specified, PB, pineoblastoma; PXA, pleomorphic xanthoas-
trocytoma; RELA, v-rel avian reticuloendotheliosis viral oncogene homolog A; SHH,
Sonic Hedgehog; TSNE, stochastic neighbor embedding (tSNE) method; WNT,
Wingless; YAP, yes-associated protein 1.
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in regimens that contained carboplatin or during the continuation
phase with isotretinoin. Other notable toxicities included hearing
impairment and weight loss, which were higher in carboplatin-
containing regimens, and peripheral neuropathy, which was higher
in regimen D (Data Supplement).

DNA Methylation Profiling Identified Varying Molecular
Tumor Types in the Trial Cohort

DNA methylation profiling demonstrated that CNS-PNET
consists of a range of molecularly distinct tumor entities5;
therefore, we analyzed all tumors in the trial cohort by DNA
methylation profiling to differentiate molecular entities and compare
outcomes between these groups. Of the 85 patients, 77 consented to
molecular phenotyping, of whom 73 also had at least five slides
available for DNA extraction. For 60 cases, this yielded sufficient
DNA; molecularly defined outcomes are based on these cases.

Profiling revealed a spectrum of molecular diagnoses that was
broader than that found on institutional and central pathology
review (Table 1). Most pineal region tumors were molecularly
classified as PBL (26 [90%)] of 29). The three other molecular
diagnoses in this region were two ATRTs and one MB. However,
CNS-PNETs comprised a heterogeneous mixture of molecular
entities, including HGG (n = 18), ATRT (n = 2), CNS neuro-
blastoma with FOXR2 activation (n = 3), ependymoma, RELA
positive (n =2), MB (n=1), ETMR (n= 1), PBL (n = 1), and high-
grade neuroepithelial tumor with MNT1 alteration (n = 1). Two
remaining tumors could not be classified and were designated as
embryonal tumor, not otherwise specified (Fig 1). Overall, 22 of
the CNS-PNETs (71%) represented molecularly defined tumor
entities that were not intended for trial inclusion. Initial central
neuropathologic review demonstrated concordance with molec-
ular diagnosis more reliably than institutional analysis, identifying
three of four molecularly defined ATRTs, one of two EPs, one of
one ETMR, and five of 18 HGGs (Table 1).

For outcome analysis, we grouped patients with molecularly
diagnosed supratentorial embryonal tumors (ET) without other

specification and PBLs together (n = 36; including PBL, CNS
neuroblastoma, MB, ETMR, high-grade neuroepithelial tumor,
and embryonal tumor, not otherwise specified). ATRT was ex-
cluded from this group as it is been considered a unique tumor
with ATRT-specific treatment algorithms and was not intended for
trial inclusion. Patients with a molecular diagnosis of HGG were
analyzed separately and were disproportionately represented in
regimen C (eight of 18; Data Supplement).

Secondary Central Pathology Review

Ten of the 60 methylation-profiled cases were selected for
a second central pathology review, given the discrepancies between
profiling and centrally reviewed histopathologic diagnoses. Of
these 10 tumors, six had a molecular diagnosis of glioblastoma
multiforme (GBM) H3F3A/G34. Central review diagnosis was
PNET (n = 4), neuroblastoma with large-cell/anaplastic features
(n = 1), and malignant neoplasm (n = 1). These cases were stained
immunohistochemically for Olig2, ATRX, p53, GFAP, and syn-
aptophysin within the limits of available tissue. An additional
tumor—originally considered PNET—was profiled as a GBM
H3F3A/K27 category and was stained for H3F3A/K27M. One case,
called PNET, profiled as RELA-positive ependymoma and was
stained with epithelial membrane antigen (EMA) on rereview. One
case, called PBL by central review, was ATRT by profiling. This
undifferentiated tumor did not have available tissue for INI1
staining. Finally, one tumor, originally called PNET, was embry-
onal, not otherwise specified on profiling.

Three of the G34-profiled tumors had focal/predominant
PNET/neuroblastic architecture in hematoxylin and eosin sec-
tions, with one having Homer Wright rosettes. Of these three, two
were at focally positive for synaptophysin. One was negative, but
the stain was not considered interpretable. GFAP staining was
questionable in one and focally positive in two. One of the two
GFAP-positive cases had separate areas of synaptophysin-positive
small-cell PNET-like tissue and GFAP-positive pleomor-
phic, phenotypically glial tissue. Olig2 staining was negative, as
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Fig 2. Outcome of molecularly classified high-grade glioma versus supratentorial embryonal tumor (sET)/pineoblastoma (PBL) tumors. (A) Event-free survival (EFS).
Estimated EFS at 5 years for molecularly defined high-grade glioma (HGG) was 5.6% (95% Cl, 0% to 13.0%) %, whereas 5-year EFS for supratentorial ET/PBL tumors was
62.8% (95% Cl, 43.4% 10 82.2%; P<.001). (B) Overall survival (OS). Estimated OS at 5 years for molecularly defined high-grade glioma was 12.0% (95% Cl, 0% to 24.7 %),
whereas 5-year OS for supratentorial ET/PBL tumors was 78.56% (95% Cl, 62.2% to 94.8%; P < .001).
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Fig 3. Outcome of patients with molecularly classified supratentorial embryonal tumor (ET)/pineoblastoma (PBL) tumors randomly assigned to receipt of (A and B)
carboplatin (n = 36) and (C and D) isotretinoin. (A) Event-free survival (EFS) at 5 years for patients with molecularly defined supratentorial ET/PBL who received carboplatin
was 67.5% (95% Cl, 40.8% to 94.2%), whereas patients who did not receive carboplatin had 5-year EFS of 59.1% (95% Cl, 32.8% to 85.4%) at 5 years, which was not
significantly different from those who received carboplatin (P =.73). (B) Overall survival (OS) at 5 years for patients with molecularly defined supratentorial ET/PBL tumors
who received carboplatin was 87.5% (95% Cl, 67.3% to 100%), whereas patients who did not receive carboplatin had 5-year OS of 71.8% (95% Cl, 49.3% to 94.3%;
P=.46). (C) EFS at 5 years for patients with molecularly defined supratentorial ET/PBL tumors who received isotretinoin was 51.9% (95% Cl, 28.4% to 75.4%), whereas
patients who did not receive isotretinoin had 5-year EFS of 80.0% (95% Cl, 53.5% to 100%; P=.15). (D) OS at 5 years for patients with molecularly defined supratentorial
ET/PBL tumors who received isotretinoin was 73.1% (95% Cl, 50.8% to 95.4%), whereas lack of isotretinoin conferred 5-year OS of 86.7% (95% Cl, 66.1% to 100%;

P=.63).

expected, in four of five, but was unexpectedly diffusely
positive in one. ATRX staining was lost in four and retained in
the Olig2-positive tumor. One of the three cases stained for
p53 was strongly positive. The remaining two were negative,
but a false negative could not be excluded. The RELA-positive
tumor was positive on EMA staining and considered an an-
aplastic ependymoma with focal clear cell features on re-
analysis. The last tumor, although called embryonal tumor and
not otherwise specified on profiling, pathologically was a clear-
cell ependymoma with many EMA-positive dots.

The single H3F3A/K27 profiled tumor was consistent his-
tologically with glioblastoma and immunopositive for H3F3A/
K27M. Thus, in the 10 cases with discrepancy between original
central pathologic review and methylation-driven diagnoses, sub-
sequent directed reanalysis was generally concordant. Although all of
the G34-mutated GBMs were retrospectively considered to be
consistent with that entity with variable proportions of malignant
glioma and neuroblastic/PNET areas, molecular confirmation would

3392 © 2018 by American Society of Clinical Oncology

be appropriate. The single ATRT would likely have been confirmed if
tissue had existed for appropriate immunostaining.

Outcomes Were Strikingly Different Between Patients
With Supratentorial ET/PBLs Versus HGG

Patients with supratentorial ET/PBL tumors (n = 36) had
5-year EFS and OS of 62.8% (95% CI, 43.4% to 82.2%) and 78.5%
(95% CI, 62.2% to 94.8%), respectively (Fig 2). Within this group,
there was no significant outcome difference between patients with
PBL versus those with supratentorial ET (Data Supplement). This
finding contrasts with the perception that patients with pineal
CNS-ETs fare better than those with nonpineal CNS-ETs, which
was based on three prior studies that did not have the molecular
tools to exclude glioblastomas and other diagnoses from the
nonpineal ET cohort.>'®'” Patients with molecularly defined HGG
(n = 18) had dramatically worse outcomes with 5-year EFS and
OS of 5.6% (95% CI, 0% to 13.0%) and 12.0% (95% CI ,0% to
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24.7%), respectively (Fig 2). There were no significant differences
in patient characteristics between those in whom tumors were
analyzed by methylation profiling and those that were not (Data
Supplement).

Patterns of Failure for Defined Groups

All 18 patients with HGG experienced recurrence, most only
locally (n = 10), although some exhibited distant failure alone (n = 2)
or combined local and distant recurrence (n = 6). For patients
with supratentorial ET/PBLs, recurrences were more evenly dis-
tributed among local relapse alone (n = 5), local and distant (n = 3),
and distant recurrence only (n = 5).

Neither Carboplatin, Nor Isotretinoin Altered Outcomes
for Molecularly Defined Classes

Analyses of OS and EFS for patients with supratentorial ET/
PBLs as a function of the receipt of carboplatin (Figs 3A and 3B) or
isotretinoin (Figs 3C and 3D) demonstrated no significant dif-
ference. Patients with HGG were not intended to be treated in this
study and the number of patients with molecularly defined HGG
enrolled was insufficient for conclusions; however, the survival
curves (Data Supplement) may provide guidance for the design of
larger trials with patients with molecularly confirmed HGG.

Bulky Residual Disease Correlated With Outcome for
Molecularly Defined Subgroups

In supratentorial ET/PBL, an increased degree of residual
disease in patients with MO disease (< 1.5 cm? v > 1.5 cm?) was
associated with significantly worse OS (Fig 4). Differences in EFS
for both patients with supratentorial ET/PBL and those with HGG
did not reach significance (Data Supplement). In the molecularly
defined HGG subset, there was some evidence that age was
a significant predictor of OS (P = .037), with younger age con-
ferring worse outcome.

Metastatic status (MO v M+) did not predict EFS (P = .62) or
OS (P = .57) for either all enrolled patients or patients with
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Fig 4. Impact of residual disease on overall survival (OS) for patients with
molecularly classified supratentorial embryonal tumor (ET)/pineoblastoma (PBL)
tumors. Estimated OS at 3 years for patients with molecularly defined supra-
tentorial ET/PBL tumors who had minimal residual disease was 93.8% (95% ClI,
81.5% to 100%) compared with and OS of 75.0% (95% Cl, 47.2% to 100%) for
patients with > 1.5 cm? of residual disease (P = .012).
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supratentorial ET/PBL tumors (Data Supplement). This analysis
was not performed for HGG as only two patients had M+ disease.
No significant differences in outcome were observed on the basis of
gender.

The current trial reveals the challenges of histology-based classi-
fication for supratentorial CNS-PNETs and indicates that upfront
molecular profiling should become a standard component of initial
diagnosis, complementing traditional diagnostic analyses. Rates of
discordance between central and site pathologic reviews have been
reported to range between 28% and 38%.>'® Even more mean-
ingfully, recent publications have confirmed that histopathologic
diagnosis in general in CNS-PNET may be discrepant from mo-
lecular diagnosis.”'® Despite this information, the extent of in-
consistency between histopathology-based and molecularly based
diagnoses in this trial was striking. Approximately three fourths of
histologically diagnosed CNS-PNETs, but also some PBLs, were
reclassified into different molecular entities after methylation
analysis. As different tumor diagnoses trigger markedly dissimilar
treatment strategies and result in widely varying outcomes, an
objective diagnostic test is essential for both the interpretation of
clinical trial results as well as best treatment planning for patients.

Adjudication of the discrepancies between central review and
methylation profiling was in favor of the latter when reviewed and,
in some cases, after additional immunostaining. It should be
recognized that the histone-mutated tumors, K27 and G34, were
not identified during most of this trial’s conduct. The utility of
profiling was particularly apparent in G34 lesions as they can easily
be classified as PNETS, although additional stains—Olig2, ATRX,
and p53—are being used to identify this malignant CNS tumor.***'
A high degree of suspicion—and additional studies—would
be necessary for diagnosis in many of these cases, which may
also be aided by the use of additional expert neuropathologic
reviews.

Overall outcomes reported for all enrolled patients closely
approximated historical trials,> which suggests that the discrepant
biologic diagnoses found here were likely also present in previous
trials. Metastatic disease did not confer worse outcomes for either
all enrolled patients or those with supratentorial ET/PBL tumors,
as has been observed in some” but not all previous reports'®*%
however, the degree of residual disease was found to be prognostic
in predicting OS in patients with molecularly confirmed supra-
tentorial ET/PBL, which confirms similar conclusions in previous
studies. These results emphasize the importance of extensive re-
section in supratentorial ET/PBLs with either primary or second-
look surgery.*'®

Despite the general perception that children with CNS-
PNETs/PBLs tend to have extremely poor prognoses, this study
demonstrates that outcomes for these patients are considerably
better when molecular HGGs are appropriately removed from
outcome analysis. When patients with PBL are considered sepa-
rately, outcomes seem to closely approximate historical PBL-
specific outcomes, although direct comparisons are difficult
given age and treatment heterogeneity.>** Ultimately, prospective
trials may need to focus on PBL as a separate entity.
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Conversely, children with molecularly diagnosed HGG treated
with intensive craniospinal radiotherapy and chemotherapy fared
poorly, and, with a 3-year EFS of < 12%, did no better than
historical reports that used temozolomide and focal irradiation
alone.”® Thus, children with molecularly defined HGG may have
received potentially debilitating excess therapy and experienced
unnecessarily diminished quality of life.

In conclusion, molecular analysis provides an element of
objectivity in differentiating entities within a group of tumors
that are sometimes difficult to distinguish histologically. Of
importance, patients here were often reclassified into different
diagnoses and exhibited strikingly disparate outcomes on the
basis of these distinctions, which highlights the importance of
accurate, upfront molecular diagnosis. Multiple sites in the
United States are beginning to offer College of American Pa-
thologists (CAP)/Clinical Laboratory Improvement Amendments
(CLIA)-accredited diagnostic methylation studies. To our knowl-
edge, our study is the first prospective trial in pediatric CNS ma-
lignancies to detail this discrepancy and underscores the critical
importance of genomic-based diagnoses in the planning of ap-
propriate clinical treatment of patients as well as in the design of
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