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Abstract

Recent discoveries have provided valuable insight into the genomic landscape of pediatric low-grade gliomas (LGGs)
at diagnosis, facilitating molecularly targeted treatment. However, little is known about their temporal and therapy-
related genomic heterogeneity. An adequate understanding of the evolution of pediatric LGGs'genomic profiles over
time is critically important in guiding decisions about targeted therapeutics and diagnostic biopsy at recurrence. Fluo-
rescence in situ hybridization, mutation-specific immunohistochemistry, and/or targeted sequencing were performed
on paired tumor samples from primary diagnostic and subsequent surgeries. Ninety-four tumor samples from 45
patients (41 with two specimens, four with three specimens) from three institutions underwent testing. Conservation
of BRAF fusion, BRAF®%%F mutation, and FGFR1 rearrangement status was observed in 100%, 98%, and 96% of paired
specimens, respectively. No loss or gain of IDHT mutations or NTRK2, MYB, or MYBL1 rearrangements were detected
over time. Histologic diagnosis remained the same in all tumors, with no acquired H3K27M mutations or malignant
transformation. Changes in CDKN2A deletion status at recurrence occurred in 11 patients (42%), with acquisition of
hemizygous CDKN2A deletion in seven and loss in four. Shorter time to progression and shorter time to subsequent
surgery were observed among patients with acquired CDKN2A deletions compared to patients without acquisi-

tion of this alteration [median time to progression: 5.5 versus 16.0 months (p =0.048); median time to next surgery:
17.0 months versus 29.0 months (p =0.031)]. Most targetable genetic aberrations in pediatric LGGs, including BRAF
alterations, are conserved at recurrence and following chemotherapy or irradiation. However, changes in CDKN2A
deletion status over time were demonstrated. Acquisition of CDKN2A deletion may define a higher risk subgroup of
pediatric LGGs with a poorer prognosis. Given the potential for targeted therapies for tumors harboring CDKN2A dele-
tions, biopsy at recurrence may be indicated in certain patients, especially those with rapid progression.
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Introduction
Genomically-driven therapy is increasingly being incor-
porated into the treatment of pediatric low- grade glio-
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relapsing course, given relatively low durable response
rates with standard chemotherapy and unacceptable
long-term toxicity of irradiation [2, 14, 39]. Recent dis-
coveries have provided valuable insight into the genomic
landscape of pediatric LGGs at diagnosis, facilitating a
shift in treatment strategy toward a molecularly targeted
approach [31, 44]. An adequate understanding of the
evolution of pediatric LGGs’ genomic profiles over time
is critically important in guiding decisions about targeted
therapeutics and diagnostic biopsy at recurrence.
Genetic aberrations within the mitogen-activated pro-
tein kinase (MAPK) pathway are prevalent in pediatric
LGGs at diagnosis, resulting in activated downstream
proliferation signaling and subsequent tumorigenesis
[68]. Single driver genetic alterations have been consist-
ently identified within specific histologic subtypes of
pediatric LGGs, including BRAF-KIAA1549 fusions in
pilocytic astrocytomas [29, 54], BRAFY*"F point muta-
tions in pleomorphic xanthoastrocytomas and gan-
gliogliomas [17, 68], FGFRI duplications in diffuse
astrocytomas [68], and MYB or MYBLI rearrangements
in diffuse astrocytomas and angiocentric gliomas [4, 49,
58]. Expanded knowledge of the genetic landscape of
LGGs has supported the growing investigation and uti-
lization of molecularly targeted agents, such as MEK or
BRATF inhibitors, for tumors with MAPK pathway altera-
tions, especially at relapse or progression [5, 8, 23, 50].
Despite this reliable understanding of the biology
underlying LGGs in children at diagnosis, little is known
about their temporal genomic heterogeneity and whether
they undergo genetic evolution following therapy and/or
at recurrence. Genomic analyses of 10 paired adult LGGs
revealed significant genetic variation between diagno-
sis and recurrence, including transformation to high-
grade gliomas (HGGs) following chemotherapy in some
patients [27]; however, molecular differences between
adult and pediatric LGGs are well-recognized [28, 30,
51, 68], with relatively low risk of malignant transforma-
tion in children [9, 40], limiting generalizability of these
findings to the pediatric patient population. A landmark
report describing whole-genome sequencing of pediat-
ric LGGs included two pairs of primary and recurrent
tumors, which demonstrated identical genomic profiles
[68], but, to our knowledge, no other studies have evalu-
ated genetic changes of LGGs in children over time.
Emerging data suggest variable temporal genomic het-
erogeneity across other pediatric central nervous system
(CNS) tumors. In medulloblastoma, molecular subgroup
is conserved [48], but there is significant divergence in
targetable mutations between diagnosis and recurrence
[41]. Transcriptomic changes between matched primary
and recurrent pediatric posterior fossa ependymomas
have been reported, yet with relative preservation of copy
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number alterations [24]. A study of temporal genomic
heterogeneity across 16 paired pediatric HGGs demon-
strated conservation of certain key driver mutations at
recurrence, but acquisition or loss of others [51].

Successful incorporation of molecularly targeted ther-
apy and consideration of repeat biopsy at recurrence in
pediatric LGGs demands an adequate understanding
of how their genomic profiles evolve over time and fol-
lowing prior treatment. In this study, we characterize
the temporal genomic heterogeneity of pediatric LGGs
by comparing fluorescence in situ hybridization (FISH),
mutation-specific immunohistochemistry (IHC), and/or
targeted sequencing in paired tumor samples from pri-
mary diagnostic and subsequent surgeries.

Materials and methods

Clinical cohort

This retrospective study was performed at Cincinnati
Children’s Hospital Medical Center (CCHMC), Nation-
wide Children’s Hospital, and Akron Children’s Hospital.
The patient cohort was chosen based on the availability
of adequate tumor specimens for testing from both pri-
mary diagnostic and subsequent surgeries (biopsy, resec-
tion, or autopsy), with a confirmed histologic diagnosis of
LGG by neuropathology review (CF, DB). Samples from
subsequent surgeries were only included for analysis if
they occurred at least 1 month following the previous
surgery. Patient tumor samples were preserved either as
fresh-frozen or formalin fixed paraffin embedded (FFPE)
tissue. To ensure adequate tumor content, hematoxylin
and eosin (H&E) slides were reviewed from each frozen
specimen, the initial cut of each FFPE block, and an addi-
tional cut of FFPE block after scrolls were obtained for
DNA extraction. Clinical data, including age, sex, sur-
gery details, and prior treatments, were abstracted from
the patients’ electronic health records and subsequently
de-identified. All patient tumor samples and clinical data
were collected after informed consent was provided by
patients or legal guardians through institutional review
board approved protocols at the respective institutions.

Fluorescent in situ hybridization (FISH)
FISH for the following relevant genetic alterations was
performed on tumor specimens by the Department of
Molecular Genetics at CCHMC: BRAF duplications or
rearrangements, FGFRI, MYB, MYBLI, or NTRK2 rear-
rangements, and CDKN2A deletions.

Mutation-specificimmunohistochemistry (IHC)

IHC staining for H3K27M, BRAF®*"*F, and IDHI-R132H
mutations as well as ATRX loss was performed on slides
cut from FFPE blocks of pediatric LGG samples using
conventional methods [67].



Lazow et al. acta neuropathol commun (2020) 8:182

Targeted sequencing analysis

DNA extraction was carried out from frozen tissue using
the Qiagen AllPrep DNA/RNA/miRNA Universal Kit fol-
lowing the manufacturer’s instructions. DNA from FFPE
scrolls or core punches were isolated by suspending the
paraffin scrolls in deparaffinization solution (Qiagen),
followed by DNA extraction using the QIAamp DNA
FFPE Tissue Kit. DNA quantification was conducted
using the Quant-iT Picogreen or Qubit dsDNA assay
(Thermo Fisher Scientific). Targeted DNA sequenc-
ing was performed on tumor specimens with adequate
DNA for testing using the AmpliSeq 50 gene Focus Can-
cer Hotspot Panel V2 assay on the Illumina MiSeqDx
instrument (Illumina, San Diego, CA). This panel, which
requires 10-25 ng of genomic DNA and was validated
on FFPE tissue, assessed mutations that include the fol-
lowing genes relevant to pediatric LGGs: BRAE FGERI,
FGFR2, FGFR3, HRAS, KRAS, NRAS, PTPN11, IDHI,
IDH2, and TP53, among others. Additionally, Foundation
Medicine next generation sequencing (Foundation Medi-
cine, Cambridge, MA) was performed on select tumor
specimens and when available, relevant results from this
testing were also included in the analysis.

Statistical analysis

Continuous and categorical variables are described by
median (range) and frequency (percent), respectively.
The Wilcoxon Rank-Sum test and Fischer’s Exact test
were used to assess for differences in age as well as inter-
val systemic therapy and/or irradiation and World Health
Organization (WHO) histologic grade, respectively,
between patients whose tumors did or did not exhibit
temporal genomic heterogeneity. Survival endpoints are
described by the median time to event calculated using
the Kaplan—Meier method. The Log-Rank test was used
to evaluate potential associations between conservation
or change in CDKNZ2A deletion status between diagnos-
tic and recurrent tumor specimens with time to progres-
sion and time to subsequent surgery.

Results

Patient characteristics

A total of 94 primary diagnostic and subsequent surgi-
cal specimens from 45 pediatric patients with LGGs were
included for analysis. Two tumor specimens were avail-
able for 41 patients, and three tumor specimens were
available for four patients who underwent more than two
surgeries (two of these four patients underwent four total
surgeries, with identical histologic diagnoses confirmed
on all four specimens for each patient, but only the latter
three tumor specimens had adequate tissue for molecu-
lar testing). One other patient also underwent three total
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surgeries, but the time between his first two surgeries
was less than 1 month (initial biopsy followed by gross
total resection 1 week later), with identical histology and
molecular testing on all specimens, so only specimens
from the two surgeries more than 1 month apart were
included for analysis. Two additional patients under-
went a third neurosurgical resection due to radiographic
or clinical concern for tumor progression, but pathology
was not consistent with neoplasm (focal cortical dyspla-
sia in one, reactive bone formation with dense fibrous tis-
sue in the other), so these patients’ third specimens were
not included in the analysis.

An overview of patient demographic and clinical char-
acteristics as well as tumor histologic subtypes is shown
in Table 1. Median time to second surgery was 19 months
(range: 1.5-178 months), and median time from sec-
ond to third surgery for those respective patients was
38.5 months (range: 1-118 months). Seventeen patients
(38%) received systemic therapy; eight of these 17
patients received more than one successive systemic ther-
apeutic regimen prior to second surgery due to recur-
rence/progression and/or treatment-related toxicity. Four
patients (9%) received irradiation prior to their second
surgery. Twenty-five patients (56%) did not undergo sys-
temic therapy or irradiation prior to their second surgery;
four of these patients did not have obvious clinical or
radiographic concern for recurrence/progression, but a
second surgery was undertaken to achieve maximal safe
resection of residual tumor. Forty-two patients (93%)
were alive at the time of last follow-up (median follow-up
time of 87 months from diagnosis). Three patients passed
away a median of 91 months (range: 71 to 128 months)
from diagnosis [death was directly due to disease pro-
gression in one patient and due to unrelated causes in
two patients (drug overdose, cardiogenic shock)].

Histologic subtype and grade

Histologic subtype and grade were conserved in 100% (45
of 45) patients, including at third surgery, with no evi-
dence of malignant transformation to HGG.

Genomic findings

A comparison of the genomic profiles of individual
patients’ matched tumor specimens, grouped by his-
topathologic diagnosis, is illustrated in Fig. 1. Figure 2
provides images of the most commonly identified histo-
logic and molecular (FISH and mutation-specific IHC)
findings at diagnosis and second surgery from four rep-
resentative patients. A summary of temporal genomic
heterogeneity in the overall cohort and within specific
histopathologic subgroups, as well as a breakdown of
the number of patients who had specific genetic test-
ing performed on paired specimens, is shown in Table 2
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Table 1 Overview of patient demographics and clinical characteristics

Number of patients (%)

Gender
Female 27 (60%)
Male 18 (40%)
Median age (years) at diagnosis (range) 58(04-183)
Histologic diagnosis
Pilocytic Astrocytoma 26(58%)
Pilomyxoid Astrocytoma 2 (4%)
Diffuse Astrocytoma 7 (16%)
Ganglioglioma 5(11%)
Desmoplastic Infantile Ganglioglioma (DIG) 1 (2%)
Pleomorphic Xanthroastrocytoma (PXA) 1(2%)
Angiocentric glioma 1 (2%)
Low grade glial or glioneuronal neoplasm, not otherwise specified (NOS) 2 (4%)
Extent of first surgical resection (at diagnosis)
Biopsy 10 (23%)
Subtotal resection 24 (50%)
Gross total resection 11 (27%)
Median time (months) to first progression? (Range) 13(1.5-178)
Median time (months) to second surgery (Range) 19 (1.5-178)
Extent of second surgical resection
Biopsy 2 (4%)
Subtotal resection 17 (38%)
Gross total resection 22 (49%)
Unknown 4 (9%)
Received systemic therapy prior to second surgery 17 (38%)
Received at least two systemic therapy regimens prior to second surgery 8 (17%)
Systemic therapy received (% of patients who received systemic therapy)
Carboplatin with or without Vincristine 12 (71%)
Vinblastine 6 (35%)
Bevacizumab with or without lrinotecan 3(18%)
Temozolomide 2 (12%)
Thioguanine, Procarbazine, Lomustine, and Vincristine 2 (12%)
Carboplatin or Cisplatin, Cyclophosphamide, and Etoposide 2 (12%)
Trametinib 1 (6%)
Everolimus 1 (6%)
Lenalinomide 1 (6%)
Vorinostat 1 (6%)
Rapamycin 1 (6%)
Received irradiation prior to second surgery 4 (9%)
Received no systemic therapy or irradiation prior to second surgery 25 (56%)
Underwent third surgery 4 (9%)
Median time (months) from second surgery to third surgery (range) 385(1-118)
Extent of third surgical resection
Biopsy 1 (25%)
Subtotal resection 3 (75%)
Received systemic therapy between second and third surgeries 2 (50%)
Systemic therapy received
Temozolomide, then Vinblastine 1 (20%)

Avastin and Irinotecan 1 (20%)
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Table 1 (continued)
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Number of patients (%)

Received irradiation between second and third surgery 0 (0%)
Received no systemic therapy or irradiation between second and third surgeries 2 (50%)
Underwent fourth surgical resection 2 (4%)
Median time (months) from third surgery to fourth surgery (Range) 45.5 (8-83)
Extent of fourth surgical resection
Subtotal resection 1 (50%)
Autopsy 1 (50%)
Received systemic therapy between third and fourth surgeries 2 (100%)
Systemic therapy received
Temozolomide, then Trametinib 1 (50%)
Lenalidomide, then Selumetinib, then Everolimus 1 (50%)
Received irradiation between third and fourth surgery 1 (50%)
Alive at time of last follow-up 42 (93%)
Median time (months) to last follow-up (Range) 87 (13-395)

2 Time to first progression was defined as the time from diagnosis to a new medical or surgical intervention in response to clinical and/or radiographic concern for
progression. This excludes four patients in the cohort who did not have obvious clinical or radiographic progression, but for whom a second surgery was undertaken

to achieve maximal safe resection of residual tumor

and detailed herein. Due to inconsistent tumor speci-
men availability and adequacy, it was not possible to
perform all molecular tests on all paired tumor samples;
therefore, in cases with sparse tissue, focused panels of
genomic alterations were selected based on relevance
to tumor histopathologic classification (e.g., prioritiz-
ing IDHI mutation testing for diffuse astrocytomas) and
location (i.e., H3K27M THC testing for tumors of mid-
line location). Targeted sequencing was performed on
paired tumor samples from 17 patients and relevant find-
ings are incorporated in Fig. 1 and Table 2 and described
below. There were no significant differences in age at
diagnosis, previous systemic therapy and/or irradiation,
or histologic WHO grade (I versus II) between patients
whose tumors exhibited temporal genomic heterogeneity
(n=12) and patients whose tumors had completely con-
served genomic profiles (n=33; Table 3).

Pilocytic/pilomyxoid astrocytomas

BRAF fusion or duplication: Of 23 patients with pilocytic
or pilomyxoid astrocytomas who had testing for BRAF
fusions or duplications performed on all paired surgi-
cal specimens, 15 (65%) tested positive at diagnosis and
remained positive at recurrence (including nine patients
who received systemic therapy [most with cytotoxic
chemotherapy, three with MEK inhibitors (trametinib
or selumetinib)] and one who received irradiation prior
to subsequent surgery; Table 2). Testing for BRAF fusion
or duplication remained negative in 8 (35%) patients. No
acquisition or loss of BRAF fusions or duplications was
identified in any patient.

BRAFY®E mutation: Of 28 patients with pilocytic or
pilomyxoid astrocytomas who had testing for BRAF"%F
mutations performed on all paired surgical specimens, 27
(96%) tested negative at diagnosis and remained negative
at recurrence (including 14 patients who received sys-
temic therapy and two who received irradiation prior to
subsequent surgery; Table 2). One patient’s tumor tested
positive by IHC at diagnosis, but lost this mutation at
subsequent surgery 35 months after diagnosis (Patient
#26, Fig. 1); this patient had not received previous sys-
temic therapy or irradiation, and BRAF'*®F sequencing
was not available for either specimen. Of note, 35 tumor
samples from the entire cohort (spanning all histopatho-
logic diagnoses) had BRAF'®"E testing performed by
both IHC and targeted sequencing methods, and results
were concordant in all but one [this patient with pilocytic
astrocytoma had positive BRAF'**’F testing by IHC, but
negative by sequencing, so this was interpreted as nega-
tive for the reported analysis (this patient’s subsequent
tumor sample had negative BRAF'*"E THC)].

CDKNZ2A deletion: Of 19 patients with pilocytic or
pilomyxoid astrocytomas who had CDKN2A deletion
testing performed on all paired surgical specimens, 13
(68%) were found to have a hemizygous deletion in at
least one tumor sample, including several with low-level
deletions (all above the testing laboratory- established
threshold for positivity by FISH, requiring CDKN2A
deletions in>12% of 100 cells or>11% of 200 cells). No
homozygous deletions of CDKN2A were identified in this
histologic subgroup or in the remainder of the cohort.
CDKN2A deletion status was conserved in 10 (52%)
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Genomic alterations
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Fig. 1 Genomic profiles of paired primary and recurrent and/or progressive tumor samples from 45 pediatric patients with LGGs analyzed in this
study, grouped by histopathologic classification. Patients'age (years), sex, tumor location, treatment received between primary and subsequent
"], irradiation [“I"], or both [“B"]), and time interval (months) between respective surgeries are indicated. Each row
of circles represents a tumor pair (or triplet) from an individual patient. The left half of a circle represents the primary diagnostic tumor sample,
the right half represents the second subsequent surgical sample, and a third semicircle (with *) represents a third surgical sample if applicable.
Dark blue, dark gray, and light blue semi-circles indicate positivity, negativity, or testing not able to be performed for the given genetic alteration,

patients with pilocytic or pilomyxoid astrocytomas, with
four remaining positive and six remaining negative.
Three (16%) patients initially tested positive for
CDKNZ2A deletion, then lost this genetic alteration on
subsequent surgical resection. Two patients had not
received systemic therapy or irradiation prior to subse-
quent surgery [Patients #18 and #26, Fig. 1 (Patient #26’s
subsequent tumor specimen also lost prior BRAFY0E
mutation, as described above)]. The third patient had

three tumor samples available for CDKNZ2A testing;
CDKNZ2A deletions were conserved in the first two tumor
samples (which were obtained 14 months apart and fol-
lowing chemotherapy), but no CDKN2A deletion was
identified in the final specimen, obtained at autopsy
approximately 7 years later and following further sys-
temic therapy plus irradiation (Patient #5, Fig. 1).

Six (21%) patients acquired a CDKN2A deletion at
recurrence or progression, including two patients who
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5’BRAF

Fig. 2 Histologic and molecular findings in paired samples from representative patients. a The pilocytic astrocytoma from Patient #18 retained

a BRAF fusion. Note that the partial duplication of 3’BRAF (7g34) b is most commonly associated with the BRAF-KIAA1549 fusion product. ¢ The
ganglioglioma from Patient #40 retained a BRAF'*°°E mutation (d BRAF V60OE IHC, 400x). e The pilocytic astrocytoma from Patient #2 acquired a
hemizygous deletion (loss of one copy) of CDKN2A (f), while the diffuse astrocytoma (g) from Patient #33 lost this alteration (h). (2A, E, and G, H&E
x100; 2C, x200)
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Table 3 Comparison of patients whose tumors exhibited temporal genomic heterogeneity (n=12) and patients whose

tumors had completely conserved genomic profiles (n=33)

Patients whose tumors had temporal Patients whose tumors did not have p value
genomic heterogeneity temporal genomic heterogeneity
n 12 33 -
Age at diagnosis [median (Range) in years] 58(04-15.7) 6.1(0.8-183) 0.70
Received systemic therapy and/or irradiation 6 (50%) 14 (42%) 030
between surgeries [n (%)]
WHO grade | [n (%)]° 10 (91%) 24 (73%) 0.66

Statistics were performed using the Wilcoxon Rank-Sum test for differences in age, and using Fischer’s Exact test for differences in the proportions who received
interval systemic therapy and/or irradiation and for WHO grade (I versus Il) histology, with p-value <0.05 considered significant

2 Excluding patients with tumors of indeterminate WHO grading [pilomyxoid astrocytoma or low grade neoplasm (unclear if WHO grade | versus I1)]

received cytotoxic chemotherapy (both with carbopl-
atin and temozolomide, one with additional vincristine,
vinblastine, and trametinib) and one who received pho-
ton irradiation prior to subsequent surgery (Table 4).
Small (<5%) increases in the Ki67 proliferative index
were detected in three of the recurrent tumors which
acquired CDKNZ2A deletions, compared to their respec-
tive diagnostic specimens lacking this alteration; no
other concurrent unfavorable morphologic changes
were identified with acquisition of CDKN2A deletion
(i.e., no change in mitotic activity or WHO grade, as
noted above).

H3K27M mutation: Testing for the H3K27M muta-
tion was performed on paired tumor samples from 13
patients with pilocytic or pilomyxoid astrocytomas
(mostly with midline tumor locations) and was nega-
tive in all, including six patients who received systemic
therapy and one who received irradiation prior to sub-
sequent surgery (Table 2).

FGFRI rearrangement: An FGFRI rearrangement was
detected in one of 19 (5%) patients with pilocytic or pilo-
myxoid astrocytomas who had this testing performed on
all paired surgical specimens. This patient acquired an
FGFRI-TACCI rearrangement at recurrence (initially
tested negative), with no prior systemic therapy or irra-
diation (Patient #22, Fig. 1). The remaining 18 patients
had conserved negative FGFRI rearrangement status on
both primary and subsequent surgical specimens (includ-
ing eight who received systemic therapy and two who
received irradiation; Table 2).

IDHI1 mutations, NTRK2, MYB, and MYBLI rear-
rangements, and ATRX loss: Among patients with pilo-
cytic or pilomyxoid astrocytomas who had testing for
IDHI mutations (n=15), rearrangements of NTRK2
(n=9), MYB (n=10), or MYBL1 (n="7), and ATRX loss
(n=10) performed on both paired surgical specimens,
results remained negative in all paired samples, with no
acquisitions or losses, including after systemic therapy
or irradiation (Table 2).

Additional targeted sequencing results: Targeted
sequencing was performed on paired tumor specimens
of 10 patients with pilocytic or pilomyxoid astrocyto-
mas. No loss or acquisition of alterations in the following
genes were identified over time or following treatment
(including five patients who received systemic therapy
prior to subsequent surgery): AKTI, ALK, ATM, CDH1,
CSFIR, CTNNBI, EGFR, ERBB2, ERBB4, EZH2, FBXW7,
FGFR2, FGFR3, FLT3, GNA11, GNAQ, GNAS, HNFIA,
HRAS, IDH2, JAK2, JAK3, KDR, KIT, KRAS, MLHI1, MPL,
NOTCHI1, NPM1, NRAS, PDGFRA, PIK3CA, PTEN,
PTPN11, RBI, RET, SMAD4, SMARCBI1, SMO, SRC, and
STKI11. A mutation in EGFR (N115K c¢.345T >A) was
identified in one patient (Patient #19) and conserved at
second surgery.

Diffuse astrocytomas

BRAF fusion or duplication and BRAFY*E mutation:
Among patients with diffuse astrocytomas who had test-
ing for BRAF fusion/duplication (n=3) or BRAF''E
mutation (n=6) performed on all paired surgical speci-
mens, testing remained negative in all, with no acqui-
sition or loss (including in one patient who received
systemic therapy and one patient who received irradia-
tion prior to subsequent surgery; Table 2).

IDHI mutation and ATRX loss: Among seven patients
with diffuse astrocytomas who had testing for IDHI
mutations performed on paired surgical specimens, two
(29%) patients tested positive at diagnosis and remained
positive at recurrence. One patient (who received irradia-
tion) had conserved IDHI R132H mutations identified by
IHC (Patient #33, Fig. 1) and one patient had conserved
IDHI R132G mutations identified on targeted sequenc-
ing (Patient #32, Fig. 1). IDH1 mutation testing for the
other five patients remained negative, with no acquisition
or loss (Table 2).

Other temporal genomic changes (CDKN2A dele-
tion, ATRX loss, TP53 mutations) in one patient with an
IDHI-mutant diffuse astrocytoma: The aforementioned
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patient with an IDHI-mutant (R132H) diffuse astro-
cytoma (Patient #33, Fig. 1) was found to have several
genetic changes at recurrence and following radiother-
apy, including loss of a hemizygous CDKN2A deletion
(initially tested positive). Although conserved ATRX
loss was demonstrated by IHC in both tumor samples,
targeted sequencing revealed different ATRX mutations
(R1426* in the diagnostic specimen and R1302fs*44 in
the recurrent, post-irradiation specimen). Additionally,
two somatic mutations in TP53 (E258G, R267W) were
detected at diagnosis and conserved at recurrence; how-
ever, additional unique TP53 alterations were identified
in this patient’s tumor samples, which were not shared
(del exons 2—4, K132Q, N131del, R248W in the primary
diagnostic sample, and R273C and E285* [both sub-
clonal] in the recurrent sample), indicating possible loss
and acquisition of these aberrations, respectively.

H3K27M mutation: H3K27M mutation testing was
performed on paired tumor samples from five patients
with diffuse astrocytomas and was negative in all, includ-
ing one patient who received systemic therapy prior to
subsequent surgery (Table 2).

FGFRI, NTRK2, MYB, and MYBLI rearrangements:
Among patients with diffuse astrocytomas who had test-
ing for rearrangements of FGFRI (n=5), NTRK2 (n=4),
MYB (n=2), or MYBLI (n=1) performed on both paired
surgical specimens, results remained negative in all pairs,
with no acquisition or loss (Table 2).

Gangliogliomas

BRAF fusion or duplication: Testing for BRAF fusions or
duplications was performed on paired surgical specimens
in four patients with gangliogliomas, with conserved
findings in all. Testing remained positive in two (50%)
patients (including one who received systemic therapy
prior to subsequent surgery) and remained negative in
two (50%) patients (Table 2).

BRAFY® mutation: All five patients with gangli-
ogliomas had BRAF"5%f mutation testing performed on
paired surgical specimens, with no acquisition or loss
detected. Two patients (40%) tested positive at diagnosis
and remained positive at recurrence, and three patients
(60%) remained negative (Table 2).

Other LGGs

Paired tumor samples from five additional patients with
LGGs with other histologic diagnoses were included for
analysis [desmoplastic infantile ganglioglioma (n=1),
pleomorphic xanthoastrocytoma (n=1), angiocentric
glioma (n=1), and low-grade glial or glioneuronal neo-
plasms, not otherwise specified (n=2)]. Acquisition
of a hemizygous CDKN2A deletion was identified in
the patient with a desmoplastic infantile ganglioglioma
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following systemic therapy (Patient #41, Fig. 1 and
Table 4). No other loss or gain of genetic alterations
were detected in this patient or the other four patients
by FISH, mutation-specific IHC, or targeted sequenc-
ing. Mutations in CDH1 (A298T) and FGFRI (K656_
T658>MTP) were identified by targeted sequencing
in one patient with a low-grade glioneuronal neoplasm
(dysembryoplastic neuroepithelial tumor [DNET]-like)
and were conserved at recurrence (Patient #45, Fig. 1).

Prognostic impact of temporal changes in CDKN2A
deletion status

Among 24 patients in the entire cohort who had
CDKN2A deletion testing performed on paired tumor
specimens, shorter time to progression (defined as time
from diagnosis to a new medical or surgical interven-
tion in response to clinical and/or radiographic concern
for progression) and shorter time to subsequent surgery
were observed among the seven patients with acquired
CDKN2A deletions compared to patients without acqui-
sition of this genetic alteration (median time to progres-
sion: 5.5 months versus 16.0 months (p =0.048); median
time to next surgery: 17.0 months versus 29.0 months
(p=0.031), Fig. 3; note: patients without clinical or radi-
ographic progression were excluded from this analysis).
Additionally, patients whose tumors acquired CDKN2A
deletions had shorter time to progression and shorter
time to subsequent surgery compared to patients with
conserved CDKN2A deletions on primary and recur-
rent tumor samples (median time to progression: 5.5
versus 41.0 months (p =0.009); median time to next sur-
gery: 17.0 versus 41.0 months (p =0.043), Fig. 3). Acqui-
sition of CDKN2A deletion was also associated with
shorter time to subsequent surgery when compared to
loss of CDKN2A deletion (median: 17.0 months versus
46.5 months (p =0.037)].

Genomic conservation in small sample of metastatic
lesions

Four of 45 (9%) patients had metastatic disease at diag-
nosis and/or recurrence/progression. Two of these
patients developed metastases at the time of recur-
rence, and surgical resection of these new metastatic
lesions revealed identical genomic profiles to the
respective primary tumors. One patient with a hypo-
thalamic pilomyxoid astrocytoma developed tumor
recurrence along a previous left frontal biopsy tract,
which was subsequently biopsied (20 months after
diagnostic surgery and following successive treatment
with chemotherapy, a MEK inhibitor (trametinib), and
an mTOR inhibitor); both primary and recurrent meta-
static specimens remained positive for BRAF fusion
and negative for BRAF'**F (Patient #7, Fig. 1). One
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patient with a periventricular low-grade glioneuronal
neoplasm (DNET-like) later developed a new, non-
continuous right temporal lobe mass, which was sub-
sequently resected (13 months after diagnostic surgery
and following treatment with craniospinal irradiation);
both primary and recurrent metastatic specimens were
found to have the same aforementioned mutations in
CDHI (A298T) and FGFRI (K656 _T658>MTP) on
sequencing and were otherwise negative for BRAE
FGFR1, NTRK2, MYB, or MYBLI rearrangements,

CDKN2A deletions, or BRAFY%E or IDHI mutations
(Patient #45, Fig. 1).

Discussion

To our knowledge, this the first study to evaluate tem-
poral and therapy-related genomic heterogeneity of
pediatric LGGs through paired FISH, mutation-spe-
cific IHC, and/or targeted sequencing of a cohort of 94
total primary diagnostic and subsequent surgical tumor
specimens. A direct comparison of the genomic profiles
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of paired samples reveals conservation of most genetic
alterations over time and after therapy, but with possible
changes in CDKN2A deletion status, including acquired
CDKN2A deletions in a potentially higher risk subset of
patients.

Most targetable genetic aberrations in pediatric LGGs,
including BRAF alterations, are conserved over time, at
recurrence, and following treatment with chemotherapy,
other systemic therapy, or irradiation. These results are
consistent with and significantly expand upon whole-
genome sequencing data reported by Zhang et al. show-
ing identical genetic profiles of two pairs of primary and
recurrent pediatric LGGs, including preserved FGFRI
duplications [68]. Importantly, BRAF fusion or dupli-
cation status was conserved in 100% of patients in our
pediatric LGG cohort, with no acquisition or loss over
time (including at third surgery) or after therapy. As
BRAF fusions are identified in a large portion of pilocytic
astrocytomas [29, 54] and there is growing evidence sup-
porting the efficacy and tolerability of MEK inhibitors
for pediatric LGGs harboring BRAF fusions [5, 8, 50],
our findings have important therapeutic implications.
Clinicians should feel confident that pediatric LGGs
with BRAF fusions detected at diagnosis will retain this
genetic alteration, such that targeted therapy with MEK
inhibitors can be implemented at relapse without requir-
ing genetic confirmation with repeat biopsy, in agree-
ment with most providers’ current practice as well as
previous clinical trials of these agents in the recurrent,
refractory setting not mandating repeat molecular test-
ing [5, 8, 50]. Additionally, BRAF fusions were conserved
in recurrent tumor samples from three patients who pro-
gressed despite prior single-agent MEK inhibitor treat-
ment, indicating likely preservation of this alteration
following failed MEK inhibitor monotherapy. Although
limited by a small sample size and deserving further
exploration, this finding supports prior reports implicat-
ing alternative escape mechanisms (PI3K-AKT-mTOR
signaling cascade), rather than loss of this BRAF altera-
tion, in fusion-positive pediatric LGGs which develop
resistance to MEK inhibitors, suggesting a potential role
for future combination therapy in these patients [26].

BRAFY®F mutations have been identified in certain
subtypes of pediatric LGGs [17, 68] and also represent
a promising therapeutic target, given emerging effi-
cacy and safety data of BRAF inhibitors in children with
recurrent LGGs harboring this alteration [6, 23, 34].
In our paired LGG cohort, BRAFY®*F mutation status
(mostly negative) was conserved over time and follow-
ing treatment in 98% of patients. Loss of BRAF'*"F was
observed in one patient by IHC testing, though confirma-
tory sequencing was not available; while mutant-specific
IHC for BRAFY®®F generally correlates well with BRAF
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sequencing, it may on occasion yield false positive or
false negative results [18]. Furthermore, this patient did
not receive previous systemic therapy or irradiation, and
there was no obvious radiographic evidence of progres-
sion at the time of second surgery [performed due to clin-
ical concern (increased seizures)], so this genetic change
should be interpreted cautiously and may be the result of
sampling bias. Our findings overall suggest conservation
of BRAFV*®E mutation status in pediatric LGGs, includ-
ing after previous therapy, yet with possible rare risk of
loss that deserves further investigation.

Similarly, no tumors acquired NTRK2, MYB, or MYBLI
fusions or IDHI mutations, suggesting preserved nega-
tive status of these genetic alterations can also likely be
presumed at recurrence, including after prior treatment,
without the need to obtain confirmatory biopsy tissue.
Although acquisition of FGFRI rearrangement occurred
in one patient (without preceding systemic therapy or
irradiation), the majority (96%) of tumors with available
FGFRI testing remained negative at recurrence and fol-
lowing therapy, supporting conserved status of this alter-
ation commonly as well.

Histologic diagnosis and tumor grade were conserved
in 100% of pediatric LGGs at recurrence or progression
in our cohort, with no evidence of malignant transforma-
tion to HGG. Additionally, IHC testing for the H3K27M
mutation, a genetic alteration which confers a dismal
prognosis [32, 37] and is now sufficient criteria alone for
WHO histologic grade IV diagnosis in patients with dif-
fuse midline glioma [36], was negative in all tested paired
tumor specimens, with no acquisition identified at time
of relapse. These findings are consistent with prior stud-
ies suggesting evolution to HGG is extremely rare among
pediatric LGGs even after prior systemic therapy or irra-
diation [9, 40].

A comparison of the molecular biology of primary and
metastatic disease in pediatric LGGs is almost entirely
absent in the literature to date [12]. Metastases at diagno-
sis and/or progression were seen in four (9%) patients in
our cohort, consistent with a relatively low frequency of
metastatic disease in pediatric LGGs [12]. Two of these
metastatic lesions were biopsied or resected at the time of
progression, and their genomic profiles were identical to
the respective primary tumors, following chemotherapy
in one patient and irradiation in the other patient. These
results suggest genetic alterations may be conserved in
metastases over time and after prior treatment; however,
given the small number of patients with metastatic dis-
ease available for genomic testing, further study assess-
ing spatial genomic heterogeneity in pediatric LGGs is
needed to draw more definitive conclusions.

Although most genetic alterations were conserved
over time in our pediatric LGG cohort, changes in
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CDKN2A deletion status at recurrence or progression
were observed in 11 patients (42% of patients who had
this testing performed on paired tumor specimens), with
acquisition of hemizygous CDKN2A deletions in seven
patients and loss in four. It is possible this discordance
in CDKN2A deletion results over time is due to differ-
ences in sampling locations within tumor specimens and/
or between tumor and closely surrounding or contami-
nated normal brain tissue. While we cannot definitively
rule out sampling bias as an explanation for these find-
ings, we believe this is less likely, given the lack of spa-
tial heterogeneity of other genetic alterations analyzed,
conservation of negative CDKN2A deletion status in one
patient who had this testing performed on paired meta-
static tumor samples, and evidence of spatial preserva-
tion of CDKN2A deletions from intratumoral genomic
studies in glioblastoma [42, 56]. This genetic alteration
has potential implications for treatment, as CDKN2A
deletion or inactivation, which results in unrestricted
progression through the G1-S cell cycle checkpoint, can
be targeted with CDK4/6 inhibition. There is emerging
evidence supporting the efficacy of CDK4/6 inhibitors
in various solid tumors which harbor CDKN2A deletions
[21, 55, 61], and there is growing clinical data suggesting
adequate CNS penetration of ribociclib in studies evalu-
ating its use in HGGs [15, 16, 59]. Given future potential
for targeted therapy with a CDK4/6 inhibitor in the sub-
set of pediatric LGGs which harbor CDKN2A deletions,
repeating a biopsy at recurrence may be worthwhile in
certain patients to evaluate for acquisition or loss of this
actionable genetic alteration.

Among the seven patients in our cohort whose tumors
gained hemizygous CDKN2A deletions, one had under-
gone photon irradiation, which has known DNA-
damaging effects [52], three had received cytotoxic
chemotherapy (all with carboplatin, two with vincristine
and/or vinblastine, and two with temozolomide), and one
was also treated with a MEK inhibitor. Temozolomide, an
alkylating agent and thus a mutagen, has been associated
with increased tumor mutational burden in adult LGGs
at progression or malignant transformation [7, 11, 13, 27,
60, 62], but less is known about the impact of temozo-
lomide therapy on the genomic evolution of biologically
distinct pediatric gliomas. One study of paired pediatric
HGGs found a trend toward increased number of muta-
tions at recurrence in patients treated with temozolomide
[51], but this did not reach statistical significance, and
corresponding data in pediatric LGGs is lacking. While
previous treatment with temozolomide or irradiation
may contribute to risk of acquiring a CDKN2A deletion,
three patients in our cohort gained this genetic altera-
tion without any prior therapy and other patients treated
with temozolomide or irradiation did not. Additionally,
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loss of actionable mutations at recurrence has been
demonstrated in pediatric HGGs following targeted
therapy [51], potentially as an acquired treatment resist-
ance mechanism. Among the four patients in our cohort
whose tumors exhibited loss of CDKN2A deletions,
two had undergone previous irradiation. One of these
patients was also treated with a MEK inhibitor, mTOR
inhibitor, and lenalidomide in the time between previous
surgery and autopsy; given the close interplay between
the Ras/Raf/MEK/ERK, PI3K/Akt/mTOR, and CDK4/6/
Rb pathways [45], with the former two acting upstream
of the latter, it is possible that loss of CDKN2A deletion
in this patient represented acquired resistance to prior
MEK and mTOR inhibitor therapy. However, the other
two patients with loss of CDKN2A deletions at recur-
rence had not been treated with prior systemic therapy
or irradiation. Further research is therefore necessary to
determine which tumors are at highest risk of acquiring
or losing CDKN2A deletions, including investigating the
role of prior treatment and whether temporal changes in
CDKN2A deletion status contribute to acquired resist-
ance to targeted agents.

Notably, shorter time to progression and subsequent
surgery was observed in patients in our cohort whose
tumors acquired hemizygous CDKN2A deletions, sug-
gesting tumors that gain this genetic alteration may rep-
resent a unique subset of pediatric LGGs with a poorer
prognosis. Previous studies have shown that the presence
of CDKN2A deletions at diagnosis defines a higher risk
group with worse outcomes [10, 35, 47, 53, 65]. Our novel
findings indicate this genetic alteration can be acquired
at relapse and may confer a worse prognosis. While con-
served CDKN2A deletion status was not associated with
poorer outcomes in our cohort (although interpretation
is limited by the small sample size), patients with acqui-
sition of hemizygous CDKN2A deletion at recurrence
exhibited shorter time to progression and shorter time
to next surgery, both when compared to patients without
acquisition of this genetic alteration and when directly
compared with patients whose tumors had preserved
CDKN2A deletions from diagnosis [of note, there were
no differences in other factors known to impact prog-
nosis, including extent of first surgical resection (major-
ity underwent subtotal resection) or proportion with
diencephalic tumor location, between patients with gain
of CDKN2A deletion versus those with conserved posi-
tive CDKN2A deletion status]. Acquired CDKN2A inac-
tivation (gene deletion or hypermethylation resulting in
decreased expression) at time of progression has been
reported in studies of paired tumor analyses of other
malignancies, including lymphoma, cervical cancer,
and prostate cancer [19, 22, 46, 63]. Additionally, in two
studies of pediatric LGGs which underwent malignant
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transformation, while CDKN2A loss was identified in
a majority of tumors at diagnosis and conserved over
time, two of 16 paired tumor specimens gained CDKN2A
deletions at the time of evolution to HGG (one of eight
from each report) [9, 40]. To our knowledge, this is the
first study to suggest acquisition of CDKN2A deletion
can occur and potentially contribute to progression
in pediatric LGGs, even in the absence of malignant
transformation.

It is important to acknowledge that all CDKN2A dele-
tions identified in our cohort (with acquisition, loss, or
conservation over time) were hemizygous, not homozy-
gous. Although the presence of homozygous CDKN2A
deletions at diagnosis in pediatric LGGs is well-recog-
nized as an independent driver of cellular proliferation,
with associated worse outcomes as described above [47,
53, 65], research into the biological consequences and
prognostic impact of hemizygous deletions is lacking.
Given reports demonstrating poorer prognosis in pediat-
ric LGGs with decreased expression of p16™F* (protein
encoded by CDKN2A) [25, 47], significant reduction in
p16™F2 expression among tumors with either hemizy-
gous or homozygous CDKN2A deletions in at least one
study [43], and aggressive clinical behavior of LGGs har-
boring hemizygous CDKN2A deletions [66], it is pos-
sible that the hemizygous CDKN2A deletions acquired
in our cohort resulted in sufficiently low protein expres-
sion to drive cell cycle progression. However, another
study conversely did not observe a clinically meaningful
decrease in p16™f* expression in LGGs with hemizy-
gous CDKN2A deletions [20]; therefore, the extent to
which hemizygous CDKN2A deletions contribute to
tumorigenesis, either independently or in combina-
tion with other genetic alterations, remains uncertain
and critically deserving of further investigation. Given
reported simultaneous acquisition of CDKN2A inactiva-
tion with other oncogenic mutations in solid tumors at
progression [22] as well as genetic/epigenetic alterations
in oncogenes or tumor suppressor genes commonly co-
occurring with CDKNZ2A inactivation across various
malignancies [57, 69], it is possible that pediatric LGGs
which acquire hemizygous CDKN2A deletions have
developed additional co-driver mutations, which were
not tested for here, but should be investigated in future
study. Additionally, there is emerging pre-clinical and
clinical data explaining potential mechanisms by which
CDKNZ2A deletions, perhaps in combination with other
concurrent genetic aberrations, contribute to tumor
progression in pediatric LGGs. Specifically, the role of
CDKN2A inactivation in allowing escape from tumor
senescence has been documented in pediatric LGGs [25,
35], and results from a pediatric LGG xenograft murine
model suggests that CDKN2A deletion, in combination
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with BRAFY%F mutation, is a key molecular change that
mediates tumor progression, invasion, and migration
[33]. Of the seven patients in our cohort whose tumors
acquired hemizygous CDKN2A deletions, none had con-
current BRAF'®®F mutations at diagnosis or progres-
sion, but four had BRAF fusions which were conserved
over time; further research is thus needed to determine
whether hemizygous CDKN2A loss and BRAF fusions
may act synergistically in facilitating tumor growth.

Lastly, in addition to loss of CDKN2A deletion, tem-
poral changes in the TP53 and ATRX genetic landscape
of one adolescent patient with an IDHI-mutant dif-
fuse astrocytoma, treated initially with radiotherapy
alone, were identified at recurrence. Although some
TP53 mutations were conserved, both loss and acquisi-
tion of other likely pathogenic TP53 genetic alterations
occurred. Additionally, sequencing of the diagnostic
and recurrent tumor specimens revealed different ATRX
mutations, though both resulted in conserved loss of
ATRX function. Irradiation-induced mutagenesis of
TP53 and ATRX has been reported, at least in second-
ary gliomas which developed following therapeutic irra-
diation for a prior malignancy [38]. Furthermore, in the
aforementioned studies of paired pediatric HGGs and
malignantly-transformed adult LGGs, heterogeneous
genetic alterations of TP53 and/or ATRX were similarly
observed within the IDHI-mutant tumor pairs [27, 51],
with conservation of IDH1-R132H mutations, similar to
our patient. These findings deserve further exploration
and may be more applicable to the adolescent and young
adult neuro-oncology population, given the relatively low
frequency of IDHI-mutations in pediatric LGGs [3, 64],
which was re-demonstrated in our cohort.

Our study was limited by a small sample size and
insufficient tumor tissue to perform all relevant molec-
ular tests on all paired specimens, further decreasing
the number of analyzable cases. Additional valuable
genomic analyses such as whole genome and/or whole
exome sequencing, RNA sequencing, and methyla-
tion testing were not available, and should therefore be
incorporated into future studies in order to expand the
molecular knowledge gained from FISH, mutation-spe-
cific IHC, and targeted sequencing performed here. Fur-
ther research assessing spatial genomic heterogeneity in
pediatric LGGs will also be critical, both to explore on
a larger scale the above findings suggesting preservation
of genetic alterations in metastases and to investigate
sampling bias as a potential explanation for the discord-
ance observed in CDKN2A deletion status, which we
cannot definitely rule out. Finally, future investigation
into potential mechanisms underlying acquisition or loss
of CDKN2A deletions, risk factors for these temporal
changes, and the biological consequences and prognostic
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impact of hemizygous (as opposed to homozygous)
CDKNZ2A deletions, is essential.

Despite these limitations, this report characterizes
temporal genomic heterogeneity in a pediatric LGG
cohort and offers novel findings with important thera-
peutic implications. We demonstrate that most actiona-
ble genetic alterations in pediatric LGGs, including BRAF
fusions or mutations, are conserved at recurrence, after
prior systemic therapy or irradiation treatment, and in a
small number of tumors with metastases. Repeat biopsy
therefore is likely not necessary to confirm preservation
of BRAF alteration status. Histologic diagnosis and grade
remained the same in all tumors, with no acquisition of
H3K27M mutations or evidence of malignant transfor-
mation. However, changes in CDKN2A deletion status
over time were demonstrated, and acquisition of hemizy-
gous CDKN2A deletion may define a higher risk sub-
group of pediatric LGGs with a poorer prognosis. Given
the potential for targeted therapies for tumors harboring
CDKNZ2A deletions, performing a biopsy at recurrence
may be indicated in certain patients, especially those with
rapid progression.
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