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ABSTRACT

PURPOSE The PNOC001 phase II single-arm trial sought to estimate progression-free
survival (PFS) associated with everolimus therapy for progressive/recurrent
pediatric low-grade glioma (pLGG) on the basis of phosphatidylinositol 3-kinase
(PI3K)/AKT/mammalian target of rapamycin (mTOR) pathway activation as
measured by phosphorylated-ribosomal protein S6 and to identify prognostic
and predictive biomarkers.

PATIENTS AND
METHODS

Patients, age 3-21 years, with progressive/recurrent pLGG received everolimus
orally, 5 mg/m2 once daily. Frequency of driver gene alterations was compared
among independent pLGG cohorts of newly diagnosed and progressive/
recurrent patients. PFS at 6 months (primary end point) and median PFS
(secondary end point) were estimated for association with everolimus therapy.

RESULTS Between 2012 and 2019, 65 subjects with progressive/recurrent pLGG (median
age, 9.6 years; range, 3.0-19.9; 46% female)were enrolled,with amedian follow-
up of 57.5 months. The 6-month PFS was 67.4% (95% CI, 60.0 to 80.0) and
median PFS was 11.1 months (95% CI, 7.6 to 19.8). Hypertriglyceridemia was the
most common grade ≥3 adverse event. PI3K/AKT/mTOR pathway activation did
not correlate with clinical outcomes (6-month PFS, active 68.4% v nonactive
63.3%; median PFS, active 11.2 months v nonactive 11.1 months; P 5 .80).
Rare/novel KIAA1549::BRAF fusion breakpoints were most frequent in supra-
tentorial midline pilocytic astrocytomas, in patients with progressive/recurrent
disease, and correlated with poor clinical outcomes (median PFS, rare/novel
KIAA1549::BRAF fusion breakpoints 6.1 months v common KIAA1549::BRAF
fusion breakpoints 16.7 months; P < .05). Multivariate analysis confirmed
their independent risk factor status for disease progression in PNOC001 and
other, independent cohorts. Additionally, rare pathogenic germline variants in
homologous recombination genes were identified in 6.8% of PNOC001
patients.

CONCLUSION Everolimus is a well-tolerated therapy for progressive/recurrent pLGGs.
Rare/novel KIAA1549::BRAF fusion breakpoints may define biomarkers for
progressive disease and should be assessed in future clinical trials.

INTRODUCTION

Pediatric low-grade gliomas (pLGGs) are common CNS tu-
mors in pediatric patients, often showing 10-year overall
survival (OS) rates exceeding 85%.1-4 However, patients with
incomplete tumor resection remain at risk for progression,1,5-11

necessitating additional therapy.5,9,12-14 Optimal management
for progressive/recurrent pLGGs lacks consensus, and given
extended survival, it remains essential to consider quality of life

and treatment-associated morbidities along with cure po-
tential when weighing treatment options.5

Recent molecular studies have identified key pathways
contributing to pLGG tumorigenesis, including phosphati-
dylinositol 3-kinase (PI3K), AKT, and mammalian target of
rapamycin (mTOR).15-17 Activation of this pathway was de-
tected in 43.8% and 50% of pLGGs by phosphorylated-
ribosomal protein S6 (p-RPS6) and phosphorylated-4EBP1
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(p-4EBP1), respectively, and expression of p-RPS6 and
p-4EBP1 correlated with worse progression-free survival
(PFS).16 Activated mTOR, a downstream target of the
PI3K/AKT pathway, promotes increased protein synthesis,
cell proliferation, angiogenesis, and cell survival.18-20

Previous trials have found that themTOR inhibitor everolimus
is safe and efficacious for recurrent adult LGGs andpLGGs.21-23

However, biomarkers predicting everolimus response inpLGG
remain uncertain, and several factors, such as young age at
presentation,6 supratentorial midline tumor location,24 and
rare KIAA1549::BRAF fusion breakpoints,17 contribute to worse
outcomes. A subset of cases are associatedwith genetic tumor
syndromes, yet with unclear frequency or prognostic
relevance.25

Assessing treatment response in pLGGs remains challenging
because of tumor heterogeneity, variable enhancement
patterns, and irregular margins.26 The Response Assessment
in Neuro-Oncology (RANO) criteria were adapted for LGG27

but were insufficient for pediatric cases, leading to the
creation of the Response Assessment in Pediatric Neuro-
Oncology (RAPNO) guidelines28 that account for unique
pLGG characteristics. Volumetric analysis, although used in
brain tumor response assessment, is currently not standard
clinical practice, with limited literature relevant to pLGGs.28,29

Here, we report a multicenter phase II trial by the Pacific
Pediatric Neuro-Oncology Consortium (PNOC), investigat-
ing the efficacy of everolimus in pediatric and adolescent
patients with recurrent or progressive pLGG and askwhether
response to everolimus is dependent on PI3K/AKT/mTOR

pathway activation. Post hoc analysis investigated the role of
genomic biomarkers in clinical outcomes and volumetric
tumor assessments.

PATIENTS AND METHODS

Eligibility

This study (ClinicalTrials.gov identifier: NCT01734512) was
reviewed and approved by the institutional review boards of
participating institutions. All participants or their parents
provided verbal and written informed consent, with assent
for appropriately aged patients. Patients age 3-21 years, with
histologically confirmedWHOgrade 1 or 2 primary CNSpLGG
(2016 WHO Classification of Tumors) with documented
progression, were eligible (Appendix 1, online only).

Treatment Regimen

Patients self-administered everolimus orally once daily at
5 mg/m2. Dose modification guidelines are outlined in
Appendix 1.

Imaging Review and Definition of Response

Magnetic resonance imaging assessmentswere performed at
baseline and every 2 months. Tumor measurements were
performed per protocol criteria. The pretreatment scan was
used as baseline to define response. Retrospective central
imaging review was compared with institutional review
using protocol-defined criteria (see Appendix 1 for details
and response criteria).

CONTEXT

Key Objective
To our knowledge, the PNOC001 phase II trial is the first multi-institutional trial to integrate molecular biomarkers into
assessment of targeted agents for pediatric low-grade glioma (pLGG), to evaluate the efficacy of everolimus for
progressive/recurrent pLGGs and identify biomarkers of disease progression, focusing on phosphatidylinositol 3-kinase
(PI3K)/AKT/mammalian target of rapamycin (mTOR) activation.

Knowledge Generated
Everolimus is well tolerated, with 67.4% 6-month progression-free survival (PFS) and 11.1-month median PFS, both in-
dependent of PI3K/AKT/mTOR pathway activation. Rare/novel KIAA1549::BRAF fusion breakpoints were associated with
supratentorial pilocytic astrocytomas, progressive/recurrent disease, and poor clinical outcomes. Rare/novel KIAA1549::
BRAF breakpoints may define biomarkers for progressive disease (PD) and should be assessed in future clinical trials.

Relevance (S. Bhatia)
This multi-institutional, biology-driven trial demonstrates the feasibility of integrating molecular biomarkers in assessing
the efficacy of a targeted agent for treating patients with pLGGs and identifies a novel biomarker associated with PD. These
findings can inform future risk-based targeted approach in a multi-institutional setting.*

*Relevance section written by JCO Associate Editor Smita Bhatia, MD, MPH, FASCO.
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Molecular Tumor Characterization

PI3K/AKT/mTOR pathway activation was assessed by p-RPS6
expression.30 A blinded neuropathologist (J.J.P.) scored the
percentage of positive tumor cells on the basis of review
of hematoxylin and eosin and p-RPS6 immunostaining.
Tumors with ≥25% positive tumor cells were scored as
p-RPS6–positive. Two tumors did not have adequatematerial
for analysis. Pathology reports and genomic data from clinical
care were reviewed to extract genetic alterations in driver
genes (Appendix 1).

KIAA1549::BRAF Fusion Breakpoint Analysis

KIAA1549::BRAF fusion breakpoint analysis was based on
RefSeq transcriptsNM_004333 andNM_001164665. Analysis
of BRAF fusion partners and breakpoints was feasible for 21
PNOC001 patients. KIAA1549::BRAF fusion breakpoints were
defined as common if their frequency was >5% in pLGG
cohorts.17 Common KIAA1549::BRAF fusion breakpoints in-
volved 16:09 (exon 16 in KIAA1549 and exon 9 in BRAF), 15:09,
16:11, and 18:10. All other breakpoints were considered rare/
novel.

Independent Cohorts

KIAA1549::BRAF fusion breakpoints were assessed in inde-
pendent retrospective and molecular pLGG cohorts
(Appendix 1). Population frequency of rare pathogenic
germline variants in BRCA1, BRCA2, and PALB2 was ob-
tained from the prospective UK Biobank cohort.31

Statistical Design and Analysis

The trial’s primary objective was to determine whether
everolimus was efficacious, defined by PFS at 6 months
(PFS6), only in patients with PI3K/AKT/mTOR pathway
activation (measured by p-RPS6 positivity), or independent
of pathway activation. An adaptive Simon two-stage design
for phase II studies of targeted therapies was used to assess
the primary objective. Treatment with everolimus would be
deemed unworthy of further investigation if the true PFS6
was <50%. If, in thefirst stage, with a combined sample size
of 25, there was preliminary evidence to suggest that the
efficacy of everolimus was restricted to patients with
PI3K/AKT/mTOR activation as measured by p-RPS6 posi-
tivity, a total of 45 patients were enrolled, and the design
had 81% statistical power to detect an actual disease stabi-
lization rate ≥70%. If, in thefirst stage, there was preliminary
evidence to suggest that the efficacy of everolimus was in-
dependent of PI3K/AKT/mTOR activation, a total of 65 pa-
tients were enrolled, and the design had >95% statistical
power to detect an actual disease stabilization rate ≥70%. PFS
was calculated from the date of first treatment to the date of
progression or death (if progression was not noted) or date of
last follow-up. Patients who died or were lost to follow-up
before reaching the 6-month point were considered

failures for the PFS6 end point. OS was calculated from the
date of study entry to death or the date of last follow-up.
The Kaplan-Meier method analyzed PFS and OS; two-sided P
values were reported using log-rank test. A false discovery
rate was calculated with the Benjamini-Hochberg procedure
for all genomic biomarker tests. Statistical analyses were
performed in R (R Foundation for Statistical Computing,
Vienna, Austria; version 4.2.1).

RESULTS

Patient Characteristics

In PNOC001, 65 patients received everolimus (Fig 1A;
Appendix Table A1). Median age at enrollment was
9.6 years (range, 3.0-19.9), 46.2% were female, and
median follow-up was 57.5 months (range, 3.7-69.0).
Supratentorial midline was the most frequent tumor lo-
cation on the basis of central imaging review. Pilocytic as-
trocytoma (PA) was the most frequent tumor histology
(AppendixTableA1). Twelvepatients completed the24-month
protocol, with progression (n 5 32) as the primary reason for
discontinuation. Median number of previous chemotherapy
regimens was two (range, 0-9); four patients had previous
radiation therapy (end of radiation to start of PNOC001; range,
71-376 weeks). Hypertriglyceridemia was the most common
grade ≥3 adverse event (Appendix Table A2).

PI3K/AKT/mTOR activation, determined by p-RPS6 expres-
sion, was present in 60.3% (38/63) of tumors. No significant
differenceswere observed in pathway activationwith respect to
histology (x2 5 7.6; P 5 .18), BRAF alteration status (x2 5 0.63;
P5 .73), or age at enrollment (Mann-Whitney U test; P5 .87).
Supratentorial cortical tumors showed less frequent pathway
activation (11%, n5 1) compared with brainstem (60%, n5 3),
spinal cord (67%, n 5 4), or supratentorial midline tumors
(68%, n 5 36; x2 5 10.0; P < .05).

Clinical Outcomes and Predictive Biomarkers

PFS6 was 67.4% (95% CI, 60.0 to 80.0) by site review and
78.1% (95% CI, 68.6 to 88.9) by central imaging review for
the entire cohort (Figs 2A and 2B).MedianPFS per site review
was 11.1 months (95% CI, 7.6 to 19.8) while not reached by
central review. When stratified by PI3K/AKT/mTOR pathway
activation (n 5 63), there was no difference in PFS6 (active
68.4% v nonactive 63.3%) and median PFS (active 11.2 v
nonactive 11.1 months; P 5 .80) according to site review
(Fig 2C). PI3K/AKT/mTOR pathway activation was also not
associated with OS and median PFS as defined by central
imaging review (Appendix Figs A1A and A1B). OS for the
entire cohort at 6 and 48 months was 100% and 91.9%
(95% CI, 85.3 to 99.0), respectively, with nine subjects dying
during follow-up time, due to tumor progression (n 5 2),
intratumoral hemorrhage possibly related to bevacizumab
(n 5 1), hydrocephalus and stroke (n 5 1), cardiorespiratory
arrest (n 5 1), and unknown reasons (n 5 4).
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Somatic alterations in glioma driver genes were studied in
59 (90.8%) patients with available tumor tissue. The ma-
jority of pLGGs (67.8%, n 5 40) exhibited BRAF alterations
(Fig 1A), including BRAF V600E mutations in nine patients
(15.2%) and BRAF structural variants in 31 patients (52.5%).
KIAA1549::BRAF fusion was confirmed in 21 patients (Fig 1B).
For 10 patients, no additional information on BRAF fusion
partners was available. Additional somatic alterations were
identified in CDKN2A (8.5%, n 5 5), NF1 (3.4%, n 5 2), FGFR1
(3.4%, n 5 2), TP53 (3.4%, n 5 2), and IDH1 (3.4%, n 5 2).

BRAF structural variants weremost frequent in histologically
defined PAs (71.0%, n 5 31; Appendix Fig A1C), consistent

with previous findings.17 BRAF V600E mutations were
identified in histologically defined PA (33.3%, n 5 9) and
glioneuronal tumors (33.3%, n 5 9). Tumors with no iden-
tified BRAF alterations were most frequently histologically
diagnosed as astrocytoma NOS (47.4%, n 5 19).

Patients with BRAF-wildtype pLGG experienced faster
tumor progression than those with altered BRAF (median
PFS 5.5 v 16.7 months on the basis of site review; P < .05;
FDR <0.05; n5 59; Fig 3A). Homozygous CDKN2A deletion,
a known high-risk factor,17 was present in five subjects
and associated with rapid progression (median PFS,
4.4 [n 5 5] v 12.5 months [n 5 54]; P < .001; FDR<0.05;
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FIG 3. Association between somatic driver gene alterations and clinical outcomes. (A) Association between BRAF alterations
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Association between KIAA1549::BRAF fusion breakpoints and PFS by site review. (D) Replication between rare/novel
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Appendix Fig A1D). Surprisingly, patients with BRAF
structural variants (n 5 31) experienced earlier tumor
progression than patients with BRAF V600E mutations
(n 5 9; median PFS, 11.9 months v not reached; P < .05;

FDR <0.05; Fig 3B; Appendix Fig A1E). This finding
remained significant after excluding five patients with
homozygous CDKN2A deletion (median PFS, 16.7 months v
not reached; P < .05).
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FIG 4. Comparison of volumetric and 2D response criteria. (A) Sankey diagram showing a comparison of response classification for 62
participants at the end of treatment on the basis of 2D RANO and RAPNO criteria. (B) Correlation between percent change in 2D and whole
volume compared with baseline for 212 total follow-up scans from 40 participants with volumetric segmentations. Quadrants I and III show
scans with percent change trends that agreed between 2D and volumetrics (128), while quadrants II and IV show scans with discordant
percent change trends between 2D and volumetrics (84). (C) Sankey diagram comparing end-of-treatment response classification of 40
participants on the basis of 2D with standard RANO thresholds and whole volume with volume-extrapolated RANO thresholds. Note that one
participant had a 12% increase in volume but was classified as PD by both 2D and volume criteria, given the appearance of a new lesion. CR,
complete response; MinR, minor response; PD, progressive disease; PR, partial response; RANO, Response Assessment in Neuro-Oncology;
RAPNO, Response Assessment in Pediatric Neuro-Oncology; SD, stable disease.

FIG 3. (Continued). retrospective cohort. (E) Association between rare/novel KIAA1549::BRAF fusion breakpoints and DNA
methylation–based pilocytic astrocytoma subtypes. (F) Cox proportional hazards model for PFS (site review) in PNOC001
with demographic, anatomic, and molecular phenotypes. AIC, Akaike information criterion; CHOP, Children’s Hospital of
Philadelphia; ICGC, International Cancer Genome Consortium; OR, odds ratio; PA, INF: infratentorial pilocytic astrocytoma; PA,
SUP MID, supratentorial midline pilocytic astrocytoma; PBTA, Pediatric Brain Tumor Atlas; PFS, progression-free survival;
pLGG, pediatric low-grade glioma; SV, structural variant; UKHD, Universitätsklinikum Heidelberg; WT, wild type.
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Rare and Novel KIAA1549::BRAF Fusion Breakpoints

A molecular analysis-based risk stratification system for
pLGGs17 reported rapid tumor progression among infantswith
rare/noncanonical KIAA1549::BRAF 15:11 fusion breakpoints.
Analyzing 227 patients with pLGG from independent retro-
spective cohorts (Pediatric Brain Tumor Atlas [PBTA], Chil-
dren’s Hospital of Philadelphia [CHOP], and International
Cancer Genome Consortium), we found that rare/novel
KIAA1549::BRAF fusion breakpoints are rare (2.6%) in pri-
mary pLGGs (Fig 3D), but common (17.6%) in recurrent/
progressive pLGGs (odds ratio [OR], 7.9; P 5 2e-3; n 5 227;
Appendix Fig A1F).We also studied two retrospectivemolecular
pLGG cohorts (n 5 331) on the basis of DNA methylation
profiling,32 and found that rare/novel KIAA1549::BRAF fusion
breakpoints were common (13% and 18%) in supratentorial
midline PAs, yet rare (1%and2%) in infratentorial PAs (Fig 3E).

In the prospective PNOC001 cohort, we also identified rare/
novel KIAA1549::BRAF fusion breakpoints to be common in
recurrent/progressive pLGGs (28.6%, n 5 6) and supra-
tentorial midline tumors (83.3%, n 5 5; Figs 1B and 3D).
Patients with rare/novel KIAA1549::BRAF fusion breakpoints
were initially diagnosed as infants (median, 1.2 years; range,
0.5-8.4; n 5 6), consistent with previous reports17 and with
our retrospective pLGG cohorts (PBTA/CHOP;median age, 3.0
years; range, 0.7-19.5; n 5 9), and showed rapid progression
on everolimus compared with patients with common
KIAA1549::BRAF fusion breakpoints (median PFS rare/novel
breakpoints 6.1 v common breakpoints 16.7 months;
P < .05; FDR <0.05; n 5 21; Fig 3C). Multivariate analysis
that includes anatomic location demonstrated the inde-
pendent predictive value of rare/novel KIAA1549::BRAF
fusion breakpoints for early progression on everolimus
(hazards ratio, 3.9; 95% CI, 1.0 to 15.2; P < .05; Fig 3F).
In PBTA, rare/novel KIAA1549::BRAF fusion breakpoints
were independently associated with recurrent/progressive
disease (PD) when considering DNA methylation-based
pLGG subtypes (P 5 .015; n 5 93; Appendix Fig A1G).

Pathogenic Germline Variants

In PNOC001, 10%of patients (6/59) had pathogenic germline
variants in cancer predisposition genes (PALB2, n 5 2;
BRCA2, n5 1;BRCA1, n5 1;NF1, n5 1; SPRED1, n5 1). Notably,
variants in homologous recombination DNA repair genes
were more common in patients with recurrent/progressive
pLGG (6.8%, 4/59) than in a large prospective adult pop-
ulation cohort (0.65%; n 5 394,656; OR, 11; 95% CI, 3 to 30;
P 5 6e-4; FDR <0.05).

Central Imaging Review and Volumetric Segmentation

Central imaging review assessed response using 2D mea-
surements in 62 subjects (one subject was excluded due to
intratumoral hemorrhage, two subjects lacked follow-up
imaging). Using 2D RANO criteria and end-of-treatment

classification, responses were complete response (2%, n 5 1),
partial response (PR; 5%, n 5 3), SD (65%, n 5 40), and PD
(29%, n 5 18; Fig 4A). RAPNO criteria reclassified eight
SD patients as having a minor response (12.9%, 8/62).
Volumetric segmentation for 40 subjects revealed a positive
correlation (r 5 0.38; P < .001) between 2D and whole
volume percent change. Discordance in the overall trend
(ie, increase or decrease from baseline) between 2D and
volume-based response was observed in 39.6% (84/212)
of follow-up scans (Fig 4B). A comparison of 2D and
volume-based response using RANO and volume-extrapolated
RANO thresholds found discordance in 25% (10/40) of par-
ticipants at the end of treatment (Fig 4C).

DISCUSSION

Our study tested everolimus therapy in a biology-driven
prospective trial that required tumor tissue for enrollment.
We asked whether p-RPS6, a PI3K/AKT/mTOR activation
marker, predicts everolimus response in pLGGs.We show that
everolimus therapy is effective in recurrent/progressive
pLGGs, regardless of p-RPS6 expression. To our knowledge,
this is the first multi-institutional trial to integratemolecular
biomarkers into assessment of targeted agent efficacy in
pLGG. We also identify rare/novel KIAA1549::BRAF fusion
breakpoints as biomarkers for PD in pLGG, confirmed in
retrospective, independent cohorts.

Our study’s safety and efficacy results for everolimus in
recurrent/progressive pLGGs (PNOC001) align with a smaller
phase II trial that found everolimus to be well tolerated.23,33

The PFS rates in our study (35% at 24 months and 28% at
36months by site review) are comparable with those reported
by Wright et al23 (39% at 24 months and 26% at 36 months).

We also assessed PFS through central imaging review,
revealing notably higher PFS rates of 68% at 24 and 36
months. These disparities likely stem from clinical practice
tendencies to alter therapy on the basis of less pronounced
imaging changes compared with protocol-defined progres-
sion criteria. This might be especially relevant for pLGGs, for
which clinicians have multiple treatment options, none
clearly superior. Future trials should implement real-time
central imaging review and consider volumetric assess-
ments to mitigate such discrepancies. Our study included one
patientwithNF1-associatedpLGGwhodisplayed radiographic
progression after 9.4 months by central review. Although
NF1-associated pLGGs typically have a more favorable
prognosis,34 this single patient is unlikely tohave significantly
affected our cohort’s clinical outcome results.

Our findings suggest that PI3K/AKT/mTOR activation does
not predict everolimus response in recurrent/progressive
pLGG. Although a previous study linked p-RPS6 expression
to worse PFS in newly diagnosed pLGGs,16 its predictive value
in the recurrent/progressive setting remains uncertain,
warranting further investigation. Conflicting data inform
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outcomes for BRAF V600E-mutant pLGGs compared with
BRAF-wildtype and those with BRAF structural variants.35

In PNOC001, patients with recurrent/progressive pLGG
harboring BRAF V600E mutations demonstrated improved
PFS, necessitating future studies to clarify whether their
prognosis differs from other BRAF alterations and whether
this favorable prognosis results from an improved response
to everolimus therapy.

pLGGspose challenges in response assessmentbecauseof their
diverse characteristics on imaging, including solid and cystic
components, enhancing and nonenhancing portions, and
complex configurations, making it difficult to establish clear
response criteria.29We used various imaging criteria, including
RANO and new LGG RAPNO criteria, and explored volumetric
tumor assessments.36,37 Although not our primary study focus,
weexamined these criteria, given their relevance inpLGGtrials.
Previous studies comparing 2D and volumetric measurements
in pLGG had limited patient numbers.30,38,39 In PNOC001, using
2Dmeasurements,we foundminimal differences betweenLGG
RANO and RAPNO, with only 12.9% having discordant re-
sponses at the end of treatment, primarily involving minor
response reclassification. By contrast, when applying standard
RANO and volumetric RAPNO criteria, there were more
significant disparities. A moderate correlation existed be-
tween 2D and whole volume percent change, with 40% of
follow-up scans showing conflicting responses. Most par-
ticipants with discordant responses were classified as SD by
volumetric but PR or PD by 2D measurements. Importantly,
volume-extrapolated thresholds were higher than 2D RANO
thresholds for both PR and PD. Additionally, 2D and volumetric
analyses focused on different tumor components, with 2D
measurements on the solid portion and volumetric mea-
surements encompassing the entire tumor with cystic and
edematous components. This discrepancy can lead to dif-
ferent clinical decisions on the basis of volumetric versus 2D
criteria. Thus, further research is needed to clarify the role of
volumetric analysis in pLGG response assessment, validate
existing volumetric thresholds, and establish their corre-
lation with clinical outcomes in pLGG trials.

Mandated tumor tissue and blood collection enabled novel
molecular findings. We identified a high rate of pathogenic
germline variants in HR DNA repair pathway genes (PALB2,
BRCA1, and BRCA2) in PNOC001, consistent with recent ge-
netic studies in pLGG cohorts.25,40-42 Previous studies noted
BRCA2 alterations in 1%-4% of pLGGs25,40-43 but not in
progressive/recurrent cohorts. The role of HR-deficiency in
pLGG tumorigenesis and treatment strategies remains
unclear.

Our molecular analyses highlight the clinical relevance of
rare/novel KIAA1549::BRAF fusion breakpoints in pLGGs.
Fusion breakpoints are currently underreported in clinical
practice, yet our results indicate that they should be in-
corporated into routine diagnostic workflows. Ryall et al17

described rare KIAA1549::BRAF fusion breakpoints (15:11) in
two infants with disseminated pLGG who had poor outcomes.
Our study builds on this by showing that rare/novelKIAA1549::
BRAF fusion breakpoints, including 15:11, are highly enriched
in recurrent/progressive pLGGs within PNOC001 and external
cohorts44,45 and predict worse clinical outcomes in PNOC001.
We found these breakpoints enriched in young patients
(younger than 3 years) and patients with a supratentorial
midline PA. These factors are known to be associated with
poorer prognosis,6-11,24 which suggests that rare/novel
KIAA1549::BRAF fusion breakpoints provide a novel genetic
biomarker for high-risk pLGG. We recommend routine as-
sessment ofKIAA1549::BRAF fusionbreakpoints in future trials
to confirm this association and move toward integrated
molecular diagnosis for optimal clinical decision making.

Despite its prospective design, relatively large size, and
central imaging review, our study has limitations. New
routine molecular testing, such as DNA methylation pro-
filing,46 has emerged since our study’s inception, but we
lacked sufficient tissue from all patients for some post hoc
analyses. Molecular subgroup analyses were sometimes
constrained by sample size. To address these limitations, we
validated ourfindings in large, retrospectivemolecular pLGG
cohorts.

In summary, to our knowledge, we report the results of the
first multi-institutional clinical trial to use biomarkers in
assessing the efficacy of a targeted agent in pLGGs and show
that everolimus therapy is effective and well tolerated in
recurrent/progressive pLGG. PI3K/AKT/mTOR pathway ac-
tivation, indicated by p-RPS6 expression, did not correlate
with clinical outcomes. Central imaging review is crucial for
tracking disease progression in recurrent/progressive pLGG
trials and volumetric analyses provide additional informa-
tion compared with RANO and RAPNO criteria. Everolimus
was less effective for pLGG patients with wildtype BRAF,
rare/novel KIAA1549::BRAF fusions, or homozygous CDKN2A
deletion. Molecular analyses revealed rare/novel KIAA1549::
BRAF fusion breakpoints in supratentorial midline PAs and
association with rapid disease progression. Future studies
should confirm the poor prognosis of patients with novel
biomarkers, study their biological impact on pLGG develop-
ment, and determine their integration into clinical decision
making and trial design.
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25. Gröbner SN, Worst BC, Weischenfeldt J, et al: The landscape of genomic alterations across childhood cancers. Nature 555:321-327, 2018
26. Sturm D, Pfister SM, Jones DTW: Pediatric gliomas: Current concepts on diagnosis, biology, and clinical management. J Clin Oncol 35:2370-2377, 2017
27. Van Den Bent M, Wefel J, Schiff D, et al: Response assessment in neuro-oncology (a report of the RANO group): Assessment of outcome in trials of diffuse low-grade gliomas. Lancet Oncol 12:

583-593, 2011
28. Greuter L, Guzman R, Soleman J: Pediatric and adult low-grade gliomas: Where do the differences lie? Children 8:1075, 2021
29. D’Arco F, O’Hare P, Dashti F, et al: Volumetric assessment of tumor size changes in pediatric low-grade gliomas: Feasibility and comparison with linear measurements. Neuroradiology 60:427-436,

2018
30. Mohamed E, Kumar A, Zhang Y, et al: PI3K/AKT/mTOR signaling pathway activity in IDH-mutant diffuse glioma and clinical implications. Neuro Oncol 24:1471-1481, 2022
31. Karczewski KJ, Solomonson M, Chao KR, et al: Systematic single-variant and gene-based association testing of thousands of phenotypes in 394,841 UK Biobank exomes. Cell Genom 2:100168,

2022
32. Capper D, Jones DTW, Sill M, et al: DNA methylation-based classification of central nervous system tumours. Nature 555:469-474, 2018
33. Cacchione A, Lodi M, Carai A, et al: Upfront treatment with mTOR inhibitor everolimus in pediatric low-grade gliomas: A single-center experience. Intl J Cancer 148:2522-2534, 2021
34. Ryall S, Tabori U, Hawkins C: Pediatric low-grade glioma in the era of molecular diagnostics. Acta Neuropathol Commun 8:30, 2020
35. Lassaletta A, Zapotocky M, Mistry M, et al: Therapeutic and prognostic implications of BRAF V600E in pediatric low-grade gliomas. J Clin Oncol 35:2934-2941, 2017
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APPENDIX 1. TRIAL ELIGIBILITY
Patients must have a progressive or recurrent histologically confirmed low-grade
glioma (WHO grade I or II). Genetic driver alterations such as BRAF V600E, KIAA1549::
BRAF fusion, or CDKN2A homozygous deletion status were not included in trial
eligibility criteria. All participants or their parents provided verbal and written in-
formed consent, with assent for appropriately aged patients. Patients must have
failed at least one previous therapy (radiation or systemic therapy, with no maximum
number of previous treatments) and have measurable progressive or recurrent
disease (defined as at least one lesion with measurements in at least two dimensions
on magnetic resonance imaging). Tissue availability from initial diagnosis or re-
currence was mandatory for trial enrollment. Outcome data were collected until the
cutoff date of May 31, 2023. Subjects must have recovered from acute side effects of
previous therapies and have adequate bone marrow function (absolute neutrophil
count >1,000 cells/mL, hemoglobin >9 g/dL, and platelets >100,000/mL), renal
function within normal limits for age, appropriate liver function (total bilirubin <1.53
upper limit of normal [ULN] for age and ALT <2.5 3 ULN for age), and normal pulse
oximetry for age. Before starting therapy, patients must have cholesterol
levels <350 mg/dL and triglycerides <400 mg/dL. Patients agreed to use contra-
ception if they were of childbearing potential, and female patients of childbearing
potential had a negative pregnancy test. Patients were excluded if they had primary
spinal cord tumors, a history of HIV seropositivity, hepatitis C antibody positivity,
hepatitis B antigen positivity, previous treatment with an mammalian target of
rapamycin inhibitor, a known hypersensitivity to everolimus or rapamycin GI disease or
impairment of GI function that would impair absorption of everolimus, and a history of
other cancers unless in complete remission and off therapy for at least 3 years. Patients
were also excluded if they were taking concomitant medications that may interfere with
everolimus metabolism or function, chronic immunosuppressive therapy (including
corticosteroids), other concurrent anticancer or investigational therapy, or radiation.
Initially, the protocol allowed patients with spinal cord tumors to enroll; however, we
amended the protocol starting protocol version v11.1, which was approved on January
5, 2018. We enrolled a total of four patients with spinal cord tumors on PNOC001.

Treatment

Everolimus tablets were swallowed whole or entirely dissolved in approximately
30 mL of water for patients unable to swallow them.

Definition of Dose Modification

Dose modifications were based on toxicities graded based on the National Cancer
Institute Common Terminology Criteria for Adverse Events version 4.0. Dose level 0
was the starting dose (5 mg/m2 once daily), level -1 was 2.5 mg/m2 daily, and level -2
was 2.5 mg/m2 every other day. For grade 2 nonhematologic toxicity (except
pneumonitis), patients maintained the same dose if tolerable to the patient and dose
interruption until recovery to grade ≤1 if intolerable to the patient, but everolimus
could be reintroduced at the same dose. If second grade 2 nonhematologic toxicity
(except pneumonitis) after reintroduction, everolimus was held until recovery to
grade ≤1, and everolimus was reintroduced at the lower dose level. For grade 3
nonhematologic toxicity (except hyperlipidemia and pneumonitis), everolimus was
held until recovery to grade ≤1, and reintroduced at the lower dose level. For grade 2
pneumonitis, the everolimus dose was reduced until recovery to grade ≤1 or
interrupted if symptoms were concerning, along with a course of corticosteroids.
Patients who failed to recover to grade ≤1 within 3 weeks were withdrawn from the
study. For grade 3 pneumonitis, treatment was held until recovery to grade ≤1 with a
plan to restart at a reduced dose level within 2 weeks if there was evidence of clinical
benefit. Patients who failed to recover to grade ≤1 within 2 weeks were withdrawn
from the study. For grade 3 hyperlipidemia, medical therapies were used for
management without changing the dose of everolimus. For grade 4 nonhematologic
toxicity, everolimus was discontinued, and patients were withdrawn from the study.
The dose was interrupted for grade 2 thrombocytopenia or grade 3 neutropenia until
recovery to grade ≤1 with the resumption of everolimus at the initial dose. For grade 3
thrombocytopenia, grade 4 neutropenia, the second episode of grade 2 thrombo-
cytopenia, or the second episode of grade 3 neutropenia, everolimus was held until
recovery to grade ≤1 with resumption at a lower dose level. For grade 3 febrile
neutropenia, everolimus was held until resolution of fever and recovery to grade ≤1
with resumption at a lower dose level. Patients were withdrawn from the study after
grade 4 thrombocytopenia, a second episode of grade 3 thrombocytopenia, grade 4
febrile neutropenia, a second episode of grade 3 febrile neutropenia, a third episode of
grade 3 neutropenia, or a second episode of grade ≥3 neutropenia after grade 4
neutropenia. Everolimus was also discontinued for patients with toxicity requiring
dose interruption for ≥3 weeks.

Imaging Review and Definition of Response

Images were obtained on either 3 or 1.5 Tesla scanners. Standard clinical sequences
included 3 plane localizer, axial T2-weighted imaging, 3D fluid-attenuated inversion
recovery (FLAIR), and T1-weighted imaging without and with intravenous gadolinium.
Tumor measurements included the solid portion of the tumor in lesions where the
solid portion could be measured in isolation. The cystic component was excluded if
peripherally located. If the cystic portion was centrally located in the tumor and
represented <25% of the tumor, the entire tumor was measured. Tumors with only
cystic components were deemed not measurable. Complete response was defined as
the complete disappearance of the target lesion and no new lesions; following
Response Assessment in Neuro-Oncology (RANO) criteria, partial response (PR) was
defined as 50% reduction in the sum of bidimensional orthogonal diameters of all
solid lesions. Progressive disease (PD) was defined as ≥25% increase or the ap-
pearance of a new lesion, and stable disease (SD) as <25% increase or <50% de-
crease. Response categorization was also evaluated for all participants at the end of
treatment using Response Assessment in Pediatric Neuro-Oncology (RAPNO) criteria.
Minor response was defined as ≥25% but <50% decrease, and SD was defined
as <25% increase or decrease. PR and PD RAPNO definitions use the same thresholds
as in RANO criteria.

Volumetric analysis used research PACS (Visage AI Accelerator, Visage Imaging, Inc,
San Diego, CA)30 and segmentation contours of the whole tumor, including solid and
cystic components, were performed on FLAIR sequences. The neuroradiologist
(M.S.A.) checked all segmentations, blinded to pathologic results. Volumetric re-
sponse was defined based on the percent change in whole volume compared with
baseline using volume-extrapolated RANO thresholds: PR (≥65% tumor volume re-
duction), PD (≥40% increase or the appearance of a new lesion), and SD (<40%
increase or <65% decrease in tumor volume). These thresholds are based on
mathematically derived values after extrapolating 2D thresholds to a perfect
spherical volume. Although they have not been empirically validated, they are
currently the volumetric thresholds most commonly used in the literature when
comparing 2D and volumetric assessment methods.

Imaging Response Evaluation

All images were anonymized before a retrospective, central review by a study-
assigned neuroradiologist (M.S.A.). Measurable disease was defined as lesions that
can be accurately measured in two dimensions with a minimum size of no less than
double the slice thickness. T2 FLAIR sequences were used for disease assessment.
All tumor measurements were recorded in millimeters or decimal fractions of
centimeters and expressed as the sum of products of the largest diameter and
perpendicular diameter. Tumor measurements over time were performed side by side
in a single session to maintain the corresponding plane of view.

Molecular Tumor Characterization

Briefly, tumor sections (5 mm) were received or prepared from submitted blocks and
stored at –20°C before use. All immunostainings were performed using a Benchmark
Ultra autostainer (Ventana Medical Systems, Inc, Tucson, AZ). Phosphorylated-
ribosomal protein S6 (p-RPS6) was detected, after antigen retrieval with CC1
(Ventana Medical Systems, Inc, Tucson, AZ) for 32 minutes, using anti–p-RPS6 (Ser
240/244; 1:100, Cat # 2215S, Cell Signaling Technology, Inc, Danvers, MA) incubated
for 32 min at 37°C, as reported previously (Mohamed et al30).

Independent Pediatric Low-Grade Glioma Cohorts

KIAA1549::BRAF fusion breakpoints were validated and assessed in four independent
retrospective and molecular cohorts of pediatric low-grade glioma (pLGG): Pediatric
Brain Tumor Atlas (PBTA)32; Children’s Hospital of Philadelphia (CHOP) OpenPedCan
Project and clinical sequencing data via the CHOP Division of Genomic Diagnostics
(DGD)47; International Cancer Genome Consortium (ICGC)33; and Heidelberg Uni-
versity Hospital (UKHD).34 PBTA included whole genome sequencing (WGS),
RNA-seq, and DNA methylation data for newly diagnosed and progressive/recurrent
pLGGs; CHOP DGD included mRNA sequencing data for newly diagnosed and
progressive/recurrent pLGGs; ICGC included WGS data for newly diagnosed and
progressive/recurrent pLGGs. UKHD included mRNA sequencing and DNA methyl-
ation array data for pLGGs without further information about primary or progressive/
recurrent status. PBTA, CHOP OpenPedCan, and ICGC cohorts were used to assess
the frequency of rare/novel KIAA1549::BRAF fusion breakpoints in newly diagnosed
versus progressive/recurrent pLGGs. PBTA and UKHD cohorts were used to evaluate
the association between KIAA1549::BRAF fusion breakpoints and DNA methylation
subtypes.
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TABLE A2. Treatment-Related Grade 3 or Higher Adverse Events
Observed in PNOC001

Adverse Event N 5 65 Patients, No. (%)

Blood and lymphatic system
disorders

2 (3.1)

Anemia 2 (3.1)

Ear and labyrinth disorders 1 (1.5)

Hearing impaired 1 (1.5)

GI disorders 10 (15.4)

Diarrhea 4 (6.2)

Mucositis oral 5 (7.7)

Nausea 1 (1.5)

General disorders and administration
site conditions

4 (6.2)

Fatigue 1 (1.5)

Fever 2 (3.1)

Weight loss 1 (1.5)

Infections and infestations 5 (7.7)

Infections and infestations—other,
specify

1 (1.5)

Lung infection 2 (3.1)

Sepsis 1 (1.5)

Skin infection 1 (1.5)

Investigations 8 (12.3)

ALT increased 2 (3.1)

AST increased 1 (1.5)

Lymphocyte count decreased 2 (3.1)

Neutrophil count decreased 3 (4.6)

Metabolism and nutrition disorders 14 (21.5)

Hyperglycemia 1 (1.5)

Hypertriglyceridemia 11 (16.9)

Hyperuricemia 1 (1.5)

Hypophosphatemia 1 (1.5)

Respiratory, thoracic, and
mediastinal disorders

8 (12.3)

Cough 1 (1.5)

Dyspnea 2 (3.1)

Hypoxia 2 (3.1)

Respiratory, thoracic, and
mediastinal disorders—other,
specify

3 (4.6)

TABLE A1. PNOC001 Patient Characteristics and Therapy Details

Characteristic N 5 65 Patients

Age, years, median (range) 9.6 (3.1-19.9)

Sex, No. (%)

Female 30 (46.2)

Male 35 (53.8)

Race, No. (%)

White 47 (72.3)

African American 1 (1.5)

Asian 2 (3.1)

Other 1 (1.5)

Declined 14 (21.5)

Ethnicity, No. (%)

Non-Hispanic 47 (72.3)

Hispanic 15 (23.1)

Not available/declined 3 (4.6)

Tumor location on the basis of
central imaging review, No. (%)

Supratentorial midline 38 (58.5)

Supratentorial cortex 9 (13.8)

Brainstem 6 (9.2)

Spinal cord 6 (9.2)

Posterior fossa 4 (6.2)

Tumor histology (>5% frequency),
No. (%)

Pilocytic astrocytoma 38 (58.5)

Astrocytoma, NOS 13 (20.0)

Pilomyxoid astrocytoma 7 (10.8)

Glioneuronal tumor 4 (6.2)

No. of treatment cycles, median
(range)

8 (1-24)

Abbreviation: NOS, not otherwise specified.

© 2023 by American Society of Clinical Oncology
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FIG A1. (A) Kaplan-Meier curve of OS by PI3K/AKT/mTOR pathway activation status. (B) Kaplan-Meier curve of central review PFS by
PI3K/AKT/mTOR pathway activation status. (C) Frequency of BRAF alterations by histology and frequency of rare/novel and common
KIAA1549::BRAF fusion breakpoints by histology. (D) Kaplan-Meier curve of site-review PFS by homozygous CDKN2A deletion status.
(E) Cox proportional hazardsmodel of site-review PFS by patient characteristics, anatomic location, and BRAF alteration status (V600E v
SV). (F) Frequency of KIAA1549::BRAF fusion breakpoints in primary and progressive/recurrent PAs in PBTA, CHOP, and ICGC cohorts.
(G) Association between rare/novel KIAA1549::BRAF fusion breakpoints, (continued on following page)
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FIG A1. (Continued). DNA methylation subtypes, and recurrent/progressive PA. AIC, Akaike information criterion; CHOP, Children’s
Hospital of Philadelphia; GNT, glioneuronal tumor; ICGC, International Cancer Genome Consortium; INF, infratentorial; mTOR,
mammalian target of rapamycin; NOS, not otherwise specified; ODG, oligodendroglioma; OS, overall survival; PA, pilocytic astro-
cytoma; PBTA, Pediatric Brain Tumor Atlas; PFS, progression-free survival; PI3K, phosphatidylinositol 3-kinase; pLGG, pediatric low-
grade glioma; PMA, pilomyxoid astrocytoma; PXA, pleomorphic xanthoastrocytoma; SNV, single nucleotide variant; SUP, supra-
tentorial; SV, structural variant; WT, wild type.
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