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Abstract

Background. Pediatric astrocytoma constitutes a majority of malignant pediatric brain tumors. Previous studies
that investigated pediatric cancer predisposition have primarily been conducted in tertiary referral centers and fo-
cused on cancer predisposition genes. In this study, we investigated the contribution of rare germline variants to
risk of malignant pediatric astrocytoma on a population level.

Methods. DNA samples were extracted from neonatal dried bloodspots from 280 pediatric astrocytoma patients
(predominantly high grade) born and diagnosed in California and were subjected to whole-exome sequencing.
Sequencing data were analyzed using agnostic exome-wide gene-burden testing and variant identification for pu-
tatively pathogenic variants in 175 a priori candidate cancer-predisposition genes.

Results. We identified 33 putatively pathogenic germline variants among 31 patients (11.1%) which were located
in 24 genes largely involved in DNA repair and cell cycle control. Patients with pediatric glioblastoma were most
likely to harbor putatively pathogenic germline variants (14.3%, N =9/63). Five variants were located in tumor
protein 53 (TP53), of which 4 were identified among patients with glioblastoma (6.3%, N =4/63). The next most fre-
quently mutated gene was neurofibromatosis 1 (NF7), in which putatively pathogenic variants were identified in 4
patients with astrocytoma not otherwise specified. Gene-burden testing also revealed that putatively pathogenic
variants in TP53 were significantly associated with pediatric glioblastoma on an exome-wide level (odds ratio, 32.8,
P=8.04 x 1077).

Conclusion. A considerable fraction of pediatric glioma patients, especially those of higher grade, harbor a puta-
tively pathogenic variant in a cancer predisposition gene. Some of these variants may be clinically actionable or
may warrant genetic counseling.

Key Points
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Importance of the Study

Pediatric astrocytomas constitute a majority of malig-
nant pediatric brain tumors.

Previous studies investigating pediatric cancer pre-
disposition have primarily been conducted in tertiary
referral centers and focused on cancer predisposition
genes. In this ethnically diverse population study, 33
putatively pathogenic germline variants in cancer pre-
disposition genes were identified among 31 out of 280
astrocytoma patients (11.1%). Five variants were lo-
cated in TP53, of which 4 were identified among pa-
tients with glioblastoma (6.3%, N = 4/63). The next most

Pediatric brain tumors are the second most common
cancer and the leading cause of cancer-related mortality
in children.'? Pediatric astrocytomas are a heterogeneous
group of tumors that comprise approximately 38% of all pe-
diatric brain tumors.® Mortality and morbidity vary greatly
within histopathologic and molecular subtypes.* For in-
stance, 10-year survival can be as low as 13% for pediatric
patients with glioblastoma.® Pediatric astrocytoma is bio-
logically distinct from adult astrocytoma in terms of both
intracranial site and somatic driver genes, as well as clinical
behavior.58 Although considerable progress has been made
in our understanding of the somatic landscape of pediatric
astrocytoma, much remains unknown regarding the eti-
ology of these tumors.

Pediatric astrocytomas occur at increased rates in
children with one of several cancer predisposition syn-
dromes.”® For instance, constitutional mismatch re-
pair deficiency (cMMRD) and Li-Fraumeni syndrome
(LFS) have been linked to pediatric glioblastoma in-
cidence.® " Similarly, neurofibromatosis type 1 (NF1)
can present with optic pathway gliomas and pilocytic
astrocytomas.’?-'® Previous pan-cancer studies of rare
variants have suggested that up to 10% of pediatric pa-
tients with glioma may harbor a pathogenic germline pre-
disposition variant, with patients with high-grade glioma
most likely to have an underlying genetic predisposi-
tion.”8These studies, however, are limited by the number
of patients with pediatric glioma included, evaluation of
only known cancer predisposition genes, lack of compar-
ison with controls, and ascertainment biases when con-
ducted in the setting of family-based pedigree analysis.
Furthermore, clinic-based rather than population-based
patient recruitment may lead to variant estimates that
are not representative of the broader childhood glioma
patient population.

To address these issues and explore genomic predis-
position to pediatric astrocytoma, we applied an agnostic
exome-wide approach to a population-based sample of
280 astrocytoma patients and publicly available controls,
in addition to a focused assessment of putatively patho-
genic variants in a set of candidate cancer predisposition
genes. We also applied the focused analysis of putatively
pathogenic variants to a series of 39 patients with exceed-
ingly rare glioma histological pathologies.

frequently mutated gene was NF7 (N = 4). Patients with
glioblastoma were most likely to harbor putatively patho-
genic germline variants (14.3%, N = 9/63). Gene-burden
testing revealed that putatively pathogenic variants in
TP53 were significantly associated with glioblastoma
on an exome-wide level (odds ratio, 32.8, P = 8.04 x 107/).
Therefore, a considerable fraction of pediatric glioma
patients, especially those of higher grade, harbor a pu-
tatively pathogenic variant in a cancer predisposition
gene. Some of these variants may be clinically action-
able and or may warrant genetic counseling.

Methods
Study Subjects

Patients with pediatric glioma were identified using previ-
ously described methods." In brief, the California Biobank
for neonatal dried bloodspots (DBS) was linked to the
California Cancer Registry via the Vital Statistics Registry,
which allowed for identification and analysis of DBS of
patients with pediatric glioma up to 19 years of age born
between 1988 and 2009. The study protocol was approved
by the institutional review boards at the California Health
and Human Services Agency, University of California (San
Francisco and Berkeley), and the University of Southern
California. The California Health and Human Services
Agency has waived the requirement for informed consent
for use of DBS for research.

The third edition of the International Classification of
Diseases for Oncology (ICD-O-3 version 0) was used for
identification of patients. A total of 3260 DBS from patients
with pediatric glioma were identified for potential analysis,
of which 280 were selected specifically for the main ana-
lyses in this study with the following subtypes: astrocytoma
not otherwise specified (NOS) (ICD-O-3: 9400/3, N =106),
anaplastic astrocytoma (ICD-0-3 code: 9400/3, N =111), and
glioblastoma (ICD-0-3 codes: 9440/3 and 9441/3, N =63).
Self-reported race/ethnicity was obtained from the California
Cancer Registry. We restricted to patients of self-reported
Latino or non-Latino white race/ethnicity to facilitate com-
parisons with public whole-exome sequencing control
datasets. For the purposes of this study, high-grade gliomas
were oversampled from those available (but randomly with
regard to age, sex, and birth year; Supplementary Table 1).
Pilocytic astrocytoma (World Health Organization [WHO]
grade ) patients were not included in these analyses.

Additionally, 6 rare subtypes of glioma were selected
from the same 3260 DBS to be analyzed separately with
the aim to discover rare variants unique to these subtypes:
astroblastoma (ICD-0-3:9430/3, N =5), desmoplastic infantile
astrocytoma (ICD-O-3: 9412/3, N =6), fibrillary astrocytoma
(ICD-0O-3: 9420/3, N =14), gemistocytic astrocytoma (ICD-O-
3:9411/3, N =5), gliomatosis cerebri (ICD-0O-3: 9381/3, N =4),
and protoplasmic astrocytoma (ICD-O-3: 9410/3, N =5).
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Whole-Exome Sequencing and Variant Calling

DNA was extracted from one-third sections of 1.3 cm?
DBS using Qiagen QlAamp DNA Investigator kits and
DNA quality and quantity assessed using Nanodrop and
Picogreen assays, respectively. Whole-exome sequencing
was performed using the Personalis ACE Exome 5GB cap-
ture kit. Samples were checked for correct sex, and one
sample was removed as the registry-reported sex did not
match the genetically determined sex.

Analyses were conducted based on the Genome
Analysis Tool Kit best practices guidelines for genetic data
preprocessing and germline variant calling.”®'" In sum-
mary, the Burrows-Wheeler Aligner 0.7 was used to align
the FASTQ files to human reference genome 38 (hg38).2°
The Genome Analysis Tool Kit 4.0 was then used to mark
duplicates and base quality score recalibration. Variant
calling was performed using the HaplotypeCaller com-
mand in Genomic Variant Call Format (GVCF) mode and
joint variant calling across the entire cohort was subse-
quently performed using the GenotypeGVCFs command.
Variants with a total read depth <8 and genotype quality
(GQ) <20, average GQ <35, or missingness >10% were re-
moved.?! Variant Quality Score Recalibration (VQSR) was
then applied with a truth sensitivity level of 99.5% for
single nucleotide variations and 99.0% for indels, and vari-
ants that did not pass VQSR were removed. For variant
identification, additional quality metrics including QD (var-
iant call confidence normalized by allele depth) >2, alterna-
tive allele read depth >5, and alternative allele fraction >0.2
were subsequently applied for further filtering of spurious
variant calls.

Ancestry Ascertainment

A principal component analysis was conducted using fasT
and Robust Ancestry Coordinate Estimation (TRACE) 1.03
with the 1000 Genome (1KG) dataset as reference.?>?3The
first 4 principal components from the 1KG dataset samples
were used to construct a K-nearest neighbor model for pre-
diction of admixed American (Latino), European, African,
East Asian, and South Asian ancestry in R 3.6.0 using the
caret package.?®?* Eighty percent of the 1KG dataset was
used as training data and 20% as test data, which resulted
in an accuracy of the model of 99.5%. This model was
then applied to the patients with pediatric glioma to as-
certain ancestry groups (henceforth referred to as Latino,
European ancestry, African American, East Asian, and
South Asian; Supplementary Figure 1). The ascertained
ancestries were used for gene-burden testing by ethnicity
(described below).

Annotation

Annotation was performed using ANNOVAR,?®> which in-
corporated information for Gencode v26,26 Genome
Aggregation Database (gnomAD) 2..2 exome allelic fre-
quencies,?’” and ClinVar (07-01-2018).28 BCFtools 1.9%° was
used to annotate for Trans-Omics for Precision Medicine
(TOPMed) program Freeze 5% allelic frequencies, CADD

scores (version 1.4),%" and mean gnomAD exonic cov-
erage.?’ ldentified splice site variants were evaluated using
Human Splicing Finder 3.1 for their effect on pre-mRNA
splicing.%?

Gene-Burden Test

We performed exome-wide gene-based burden testing to
identify genes mutated at a significantly higher frequency
in patients with pediatric glioma compared with publicly
available controls (from gnomAD, N =123126) using the
Test Rare vAriants with Public Data (TRAPD) method.®3The
gnomAD database is a large collection of whole-exome
and genome sequencing data obtained from African
American, Latino, Ashkenazi Jewish, East Asian, Finnish,
Non-Finnish European, South Asian, and other ethnicities
for which allelic frequencies are available (N =123126 for
version 2.2).34 Only the 280 samples from patients with
astrocytoma NOS, anaplastic astrocytoma, and glioblast-
omas were included in the gene-burden testing. TRAPD
utilizes variant-level summary statistics from publicly
available control data for case-control rare variant gene-
burden testing, and allows for application of both domi-
nant and recessive models.?® For the gene-burden test, the
gnomAD variant call format (VCF) file was converted to
hg38 using liftOver and annotated in the same fashion as
described above. Only variants with PASS in the Filter field
in the gnomAD VCF were used. To ensure a non-inflated
gene-burden test, variants were only included if coverage
was >10 in at least 90% of samples and QD >5 in both our
cohort and gnomAD. Genomic inflation was evaluated by
AL g5 @s previously described.®® Variants were included in
the gene-burden test if the gnomAD population maximum
allele frequency was <0.001 and had a CADD score >20
and/or were annotated as loss-of-function. Genes on sex
chromosomes were not evaluated. We also performed
separate gene-burden tests stratified by brain tumor sub-
group (glioblastoma [N =63], high-grade gliomas (WHO
grades lll and IV [N =187]), low-grade glioma (WHO grade
Il [N =93]), and all non-glioblastoma glioma [N =217]),
limiting to loss-of-function variants only. Additional gene-
burden tests were stratified by genetically ascertained an-
cestry (limiting to the largest groups: European ancestry
[N =155] and Latino [N =122]), which were compared
with the Non-Finnish European (N =55860) and Latino
(N =16791) populations, respectively, within gnomAD.
A P-value <2.5 x 10-® was considered exome-wide signifi-
cant (Bonferroni correction based on approximately 20000
genes).®® Variants in genes that reached exome-wide
significance were visually inspected using Integrative
Genomics Viewer version 2.4 and excluded if deemed an
artifact.®® Quantile-quantile (g-q) plots were constructed in
R (v3.6.0).

Identification of Putatively Pathogenic Variants in
Cancer-Predisposition Genes

To identify putatively pathogenic variants, we removed
variants with gnomAD exonic or TOPMed allelic fre-
quency >0.0001.%¢ Furthermore, only exonic variants were
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included that were annotated as loss-of-function (stop
gain, stop loss, or frameshift insertion/deletion) or as
“Pathogenic” or “Likely pathogenic” in ClinVar, or deemed
to result in alternative splicing using the Human Splicing
Finder. In an analysis with less strict filtering criteria, vari-
ants were also included if they had a CADD score >20, re-
gardless of functional annotation or ClinVar annotation.
Variants that were annotated as “benign” or “likely be-
nign” based on ClinVar annotation were removed from
both analyses. We limited variants to those in 162 cancer
genes associated with dominant or recessive pediatric
cancer predisposition, based on a list used by Grobner
et al,” as well as 13 additional genes of interest in glioma
risk, including: shelterin complex genes previously im-
plicated in familial glioma (ACD, POT1, TERF1, TERF2,
TERF2IR TINF2®), genes potentially related to pediatric
gliomagenesis (ATRX, DAXX, H3F3A,%® IDH1, NOTCH2Z,
and NOTCH2NL*), and a gene identified in family segre-
gating multiple glioma cases (CASP9*'; Supplementary
Table 2). Variants in tumor protein 53 (TP53) were also
evaluated for their predicted function in the International
Agency for Research on Cancer (IARC) TP53 germline da-
tabase.*? Compound heterozygosity was evaluated for
mismatch repair genes MSH2, MSH6, PMS2, and MLH1 to
evaluate presence of cMMRD.*® All putatively pathogenic
variants were visually inspected using the Integrative
Genomics Viewer.®® Samples with rare glioma subtypes
described above were analyzed in the same fashion for dis-
covery of putatively pathogenic variants unique to these
subtypes.

Data Availability

This study used biospecimens from the California Biobank
Program. Any uploading of genomic data and/or sharing
of these biospecimens or individual data derived from
these biospecimens has been determined to violate the
statutory scheme of the California Health and Safety Code
Sections 124980(j), 124991(b), (g), (h), and 103850 (a) and
(d), which protect the confidential nature of biospecimens
and individual data derived from biospecimens. Certain
aggregate results may be available from the authors by
request.

Results
Baseline Characteristics

A total of 280 patients with pediatric gliomas were iden-
tified, sequenced, and included in the analysis.The mean
age of diagnosis was 5.8 years (SD: 4.1) and 134 sam-
ples were from females (47.9%). Most self-identified as
non-Latino white (N =175 (62.5%), followed by Latino
(N =105, 37.5%, Table 1). Anaplastic astrocytoma was the
most common tumor in our cohort (N =111, 9.6%), fol-
lowed by astrocytoma NOS (N =106, 37.9%). There was
a relatively large number of glioblastomas as a result of
oversampling (N =63, 22.5%). The majority of patients
had high-grade gliomas, defined as WHO grade Ill or IV
(N =190, 67.9%). The number of grade IV patients was

Table 1 Baseline characteristics of 280 pediatric glioma patients
Characteristic Overall,
N (%)
Total 280
Age, y, mean (SD) 5.83(4.12)
Sex Female 134 (47.9)
Male 146 (52.1)
Ethnicity Latino 105 (37.5)
(self-identified) Non-Latino white 175 (62.5)
Pathology Astrocytoma NOS 106 (37.9)
(ICD-0-3.0) (9400/3)
Astrocytoma, anaplastic 111 (39.6)
(9401/3)
Glioblastoma (9440/3, 63 (22.5)
9441/3)
Location (ICD-0-3.0 Cerebrum (C710-C714) 127 (45.4)
topographical Cerebellum (C716) 25 (8.9)
location)
Ventricle (C715) 14 (5.0)
Brainstem (C717) 61(21.8)
Overlapping/ 53(18.9)
unspecified (C718-C719)
Grade (WHO) | 0(.0)
1} 90 (32.1)
1 115 (41.1)
1\ 75 (26.8)

greater than the number of glioblastomas (N =64) likely
due to diffuse intrinsic pontine gliomas and similar tu-
mors being coded as grade IV prior to 2016. The ascer-
tained ancestry groups based on principal component
analysis were discordant with self-reported race/eth-
nicity in 8.6% of patients (N =24; Supplementary Table 3,
Supplementary Figure 1).

Agnostic Exome-Wide Gene-Burden Test

Exome-wide gene-burden tests were carried out to com-
pare the frequency of putatively pathogenic germline
variants per gene between the patients with pediatric
astrocytomas and gnomAD controls. The analysis across
all subjects was not inflated (i,4,=0.99) but identified no
genes associated with glioma on an exome-wide signif-
icance level (Figure 1A). When limited to glioblastomas,
TP53 was significantly associated at an exome-wide sig-
nificance level (odds ratio [OR], 32.8, 95% CI: 10.2-81.7,
P-value: 8.04 x 10~7; Figure 1B). We did not find any sig-
nificantly overrepresented genes in subgroup analyses
stratified by race/ethnicity (Figure 1C and D), limited to
high-grade gliomas (WHO grades lll and IV; Supplementary
Figure 2A), limited to low-grade gliomas (WHO grade II;
Supplementary Figure 2B), with glioblastomas excluded
(Supplementary Figure 2C), or with only loss-of-function
variants (Supplementary Figure 2D; all P>2.5x 107).
Furthermore, no significant associations were identified
using recessive models (all P> 2.5 x 10-).
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Fig. 1 Q-Q plots for gene-burden test using a dominant model for overall (A), glioblastomas only (B), ascertained European ancestry (C), and
ascertained Latinos (D). The red line on the y-axis indicates exome-wide significance at P= 2.5 x 1075, The ) \g5 Indicates the amount of genomic

inflation. TP53is indicated by red dots.

Putatively Pathogenic Variants in Cancer
Predisposition Genes

Thirty-three variants in a priori cancer predisposition genes
were identified that were either loss-of-function variants or
predicted functional splice site variants (Supplementary
Table 4) or had a pathogenic/likely pathogenic ClinVar
annotation (Figure 2, Table 2). In total, 31 patients (11.1%)
harbored one or more likely causal germline variants in a
cancer predisposition gene. A higher proportion of patients
with glioblastoma (total glioblastoma: 9/63, 14.3%) carried
a likely causal germline variant compared with other sub-
types (22/217, 10.1%,; Figure 3).

Five pathogenic TP53 variants were identified, of which
4 occurred in patients with glioblastoma (Table 2). Four
NF1 variants were identified. Three occurred in patients
with a WHO grade Il tumor and none were optic pathway
gliomas. DHCR7, GJB2, and FANCA variants were each
identified in 2 patients. One variant each was discovered in
ATM, ACD, BLM, BRCA1, BRCA2, BUB1B, CASP9, CDKN2A,
CHEK2, FANCE, FANCM, MLH1, NBN, PMS2, POLE, PTCH1,

PTEN, RECQL4, and WTT. One patient with a glioblastoma
harbored both a CHECK2 and a DHCR7 variant and 1 pa-
tient with an astrocytoma NOS harbored both a GJB2 and
an NF1variant. No patients with cMMRD were identified in
analysis of compound heterozygosity.

There was no significant difference in the proportions
of ascertained Latino patients (12.3%) versus patients of
European ancestry (10.7%) affected by putatively patho-
genic germline variants (P=0.82 respectively [chi-square
test]). There was no significant difference in the propor-
tions of male (12.3%) versus female patients affected by
a putatively pathogenic germline variants (9.0%, P=0.47
[chi-square test]). Brainstem (14.8%) and cerebellar (12.0%)
locations were not associated with increased proportions
of putatively pathogenic germline variants compared
with cerebral location (9.45%, P=0.32 and P=0.71, re-
spectively [Fisher’s exact test]). High-grade tumors (WHO
grades lll and IV) were not associated with an increased
number of putatively pathogenic variants compared with
low-grade tumors (P = 0.64 [chi-square test]). There was no
significant difference in age at diagnosis between patients
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Fig. 2 Prevalence of putatively pathogenic germline variants in
cancer predisposition genes by variant type based on strict fil-
tering criteria. Bars are shaded by variant type. Variants were
deemed putatively pathogenic if deemed nonsense, frameshift,
altering splice site, or annotated as “Pathogenic” or “Likely path-
ogenic” based on ClinVar and had an allele frequency <0.0001 in
both TOPMed and gnomAD.

who harbored a putatively pathogenic germline variant
(6.8 years) and those who did not (5.7 years, P=0.13). No
differences in age at diagnosis were identified among var-
ious pathologies when patients with putatively pathogenic
variants were compared with patients with the same diag-
nosis without a putatively pathogenic germline variant (gli-
oblastoma: P=0.07; astrocytoma NOS: P=0.17; anaplastic
astrocytoma: P=0.49, all chi-square test).

Three hundred and eighteen variants were identified
in our list of candidate cancer predisposition genes when
only CADD scores (CADD >20) were used to identify vari-
ants (Supplementary Table 5). The most commonly mu-
tated genes included COL7A17 (N =14) and POLE (N =13).

Putatively Pathogenic Variants in Rare Glioma
Subtypes

Among 39 patients with rare subtypes of glioma, 5 puta-
tively pathogenic variants were identified (Supplementary
Table 6). Three TP53 variants were identified among a pa-
tient with a gemistocytic astrocytoma, a patient with a fibril-
lary astrocytoma, and a patient with desmoplastic infantile
astrocytoma. The patient with the fibrillary astrocytoma
also harbored a TSC2 variant. One astroblastoma patient
harbored a putatively pathogenic RECQL4 variant.

Discussion

In this study, we performed whole-exome sequencing of
germline DNA in 280 pediatric patients with astrocytoma
to assess the contribution of rare germline variants to dis-
ease predisposition. This is the largest investigation of

the prevalence of germline variants in pediatric patients
with brain tumors to date, and the first such study to use
a population-based approach that avoids bias-related case
ascertainment at tertiary referral centers. Overall, we found
that at least 10% of patients with high-grade pediatric
glioma harbored a putatively pathogenic germline var-
iant in a known cancer predisposition gene, similar to pre-
vious reports for pediatric glioma in 2 recent pan-cancer
sequencing studies of children recruited at diagnosis,
by Zhang et al® (12/137, 8.8%) and Grébner et al” (22/223,
9.9%). We did not find differences in frequency of puta-
tively pathogenic variants between ascertained Latinos
versus patients from ascertained European ancestry, sug-
gesting that the increased incidence of high-grade pedi-
atric gliomas in patients from European ancestry is likelier
explained by common low-penetrance risk alleles, environ-
mental exposures, or a combination of the two.

Our analyses revealed that 14.3% of pediatric glioblas-
toma diagnoses in this sample are Potentially attributable
to high-penetrance germline predisposition. In this patient
subgroup, TP53 appears to account for the greatest burden
of glioblastoma predisposition, as 6.4% of patients har-
bored a TP53 variant. We were, however, unable to assess
whether carriers of these putatively pathogenic TP53 vari-
ants also had a clinical diagnosis of LFS. For lower-grade
tumors, NF1 accounted for the greatest burden of cancer
predisposition. This study also identified various loss-of-
function and splice site variants hitherto undescribed in
the evaluated cancer-predisposition genes. In addition, we
identified putatively pathogenic variants in various genes,
such as GJB2 and FANCA (Figure 2), that have not previ-
ously been implicated in pediatric glioma etiology, along
with DHCR7, which was recently reported as a possible
glioma predisposition allele within Smith-Lemli-Opitz syn-
drome.* No cMMRD patients were identified in our cohort,
likely due to the low frequency of consanguinity in a large
population-based sample of Californians.®'

Capitalizing on large, publicly available sequencing data
from unselected individuals, we performed the first rare
variant gene-burden test in a childhood cancer. This re-
vealed significant enrichment of germline TP53 variants
in pediatric patients with glioblastoma, conferring ~30-
fold risk of disease. Germline variants in TP53 have previ-
ously been identified among patients with pediatric glioma
through family-based studies of LFS, a cancer predispo-
sition syndrome caused by germline TP53 variants.'4°
Other studies that evaluated large cohorts of pediatric pa-
tients with brain tumors identified germline TP53 variants
among pediatric patients with higher-grade glioma, similar
to our findings.”®

NF1 germline variants have previously been identified
among optic pathway gliomas and, to a lesser extent, pedi-
atric pilocytic astrocytoma, neither of which were included
in our study.”'3¢ Likely pathogenic germline NF7 variants
have been reported in both lower-grade and higher-grade
glioma patients,”® although we detected NF7 variants pre-
dominantly among patients with low-grade glioma (N
=3/4) and no putatively pathogenic NFT variants in glio-
blastoma patients. Similar to previous studies in patients
recruited at diagnosis, we identified various putatively
pathogenic germline variants in a range of other cancer-
predisposition genes. However, it remains unclear how
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Table2 Continued

Ancestry

Pathology

o
[}
S
=
°
[}
<
o
=
=
=]
X
i

Position

Chromosome

(ascertained)

Function

Latino

Glioblastoma

NA

Frameshift deletion

TP53

GA
C
A

G
©

7676082

17
17
17
17
17
17
17

Latino

Glioblastoma

Conflicting reports in Clinvar

NA
NA

Nonsynonymous SNV

TP53
NF1
NF1
NF1

T

7674250*
31159008
31225251

Latino

Astrocytoma NOS

Splicing

Latino

Astrocytoma NOS

Splicing

European ancestry

Astrocytoma NOS

Pathogenic

NA

Stop gain

31327535

European ancestry

Astrocytoma NOS

Frameshift deletion

NF1

GT

31327696
43092848

European ancestry

Anaplastic

Pathogenic

Frameshift deletion

BRCA1

G

GTT

astrocytoma

Latino

Likely pathogenic Glioblastoma

Splicing

CHEK2

c

28710060

22

Abbreviations: Alt, alternative allele; NA: not available; NOS: not otherwise specified; Ref: reference allele: *identified through the IARC TP53 Database (http://p53.iarc.fr); SNV, single nucleotide variation.
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10

% of samples affected by putatitive
pathogenic germline mutations

5
0
Glioblastoma Astrocytoma Anaplastic
(N =63) NOS astrocytoma
(N =106) (N=111)

Tumor pathology

Fig. 3 Percentage of pediatric astrocytoma patients affected by
putatively pathogenic germline variants by tumor type.

these variants may contribute to risk of pediatric glioma
or whether they may cooperate with additional risk factors
considering that many controls also harbored rare puta-
tively pathogenic germline variants, including in TP53.46

Currently, a pediatric glioma diagnosis is by itself not a
recommendation for genetic counseling, with the excep-
tion of optic pathway gliomas because of the strong as-
sociation with NF1.47 Our study, however, shows that the
percentage of pediatric patients with glioblastoma pre-
senting with a germline variant in a cancer predisposition
gene is considerable. Despite this, not all variants identi-
fied in the various cancer predisposition genes may be clin-
ically actionable. However, 6.4% of pediatric patients with
glioblastoma may carry a putatively pathogenic variant in
TP53which could establish an LFS diagnosis and may have
consequences for screening and treatment.***¢ With regard
to other tumors evaluated in this study, the percentage of
actionable germline variants was relatively low and the di-
agnosis of any of these tumors may not, therefore, form an
indication for genetic testing or counseling.

This study has two major strengths: first, the use of
population-based patients identified from the California
Cancer Registry, which removes potential ascertainment
bias; and second, the number of pediatric patients with
glioma analyzed is, to our knowledge, the largest reported
to date. There are, however, some caveats to this study.
For example, we focused analyses on self-identified non-
Latino white and Latino children only, who together are
over 90% of births in California, and oversampled children
with higher-grade tumors. More recent versions of ICD-
0-3 coding have incorporated more specific codes for pe-
diatric glioma pathologies, which were not available to us
due to the inclusion period of this study. Further, tumor

871
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material was not available for investigation of “second
hits,” as the DNA samples were derived from the DBS re-
pository and are not linked to specific hospital records
or pathology archives. Although we did apply a novel
agnostic approach to identify genes associated with ge-
netic predisposition to pediatric glioma, our gene-burden
testing has various limitations. It did not result in identifi-
cation of novel genes, even when ethnicities were evalu-
ated separately, perhaps due to lack of statistical power.
Comparison with a public dataset, rather than population-
matched controls, may be problematic due to differences
in population structure, sequencing methods, and espe-
cially differences in depth of sequencing.*® We did, how-
ever, endeavor to limit these potential issues by filtering
for variants with adequate depth in both gnomAD and
our cohort,® using similar data analysis pipelines, and
by evaluating genomic inflation. Moreover, our most sig-
nificant finding was with TP53 in pediatric glioblastoma,
which is unlikely to be a spurious finding and supports the
validity of our methodology.

As rare germline variants appear unable to explain the
majority of pediatric astrocytomas, future studies should
explore other potential risk factors, including non-exonic
variation, common variants, and environmental expos-
ures. Future studies can also include more patients and ad-
ditional ethnicities and study the effect of specific variants
with respect to phenotype, function, and associated so-
matic alterations. Whole-genome sequencing may reveal
additional non-coding predisposing germline variants—for
example, in enhancer loci, as well as germline structural
variants that may underlie pediatric glioma risk.%°

In conclusion, this study provides further evidence
that putatively pathogenic germline variants in cancer
predisposing genes contribute to the etiology of approxi-
mately 10% of pediatric astrocytomas. These variants were
found predominantly among patients with high-grade
glioma, with the highest burden of germline variants—al-
most half of which were located in TP53—observed in
pediatric glioblastoma patients. Pediatric patients with
glioblastoma and their families may be candidates for
genetic testing and genetic counseling in certain circum-
stances such as a positive family history.

Supplementary Material

Supplementary data are available at Neuro-Oncology
online.
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