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Abstract

Low-grade gliomas (LGGs) are the most common childhood brain tumor in the general population and in individuals with
the Neurofibromatosis type 1 (NF1) cancer predisposition syndrome. Surgical biopsy is rarely performed prior to treatment
in the setting of NF1, resulting in a paucity of tumor genomic information. To define the molecular landscape of NF1-
associated LGGs (NF1-LGG), we integrated clinical data, histological diagnoses, and multi-level genetic/genomic analyses
on 70 individuals from 25 centers worldwide. Whereas, most tumors harbored bi-allelic NF inactivation as the only genetic
abnormality, 11% had additional mutations. Moreover, tumors classified as non-pilocytic astrocytoma based on DNA meth-
ylation analysis were significantly more likely to harbor these additional mutations. The most common secondary alteration
was FGFRI mutation, which conferred an additional growth advantage in multiple complementary experimental murine
NfI models. Taken together, this comprehensive characterization has important implications for the management of children
with NF1-LGG, distinct from their sporadic counterparts.
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Introduction

Children with the Neurofibromatosis type 1 (NF1) cancer
predisposition syndrome are at significantly elevated risk for
the development of brain tumors, particularly low-grade gli-
omas (LGGs) [9]. These tumors most typically arise within
the optic pathway/hypothalamus (66-75%), followed by the
brainstem (10-15%) [16], where progressive vision loss or
other neurologic signs and symptoms, respectively, prompt
the need for chemotherapy. NF1-LGGs arising outside of
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these locations more often exhibit continued growth, which
may necessitate repetitive therapeutic interventions, includ-
ing multiple different chemotherapy regimens [17]. These
tumors are rarely surgically resected or biopsied, and most
are presumed to be pilocytic astrocytoma (World Health
Organization grade I). As such, pathological confirmation
is not an element of current management planning [19]. In
an effort to establish the molecular landscape of pediatric
NF1-LGGs relevant to clinical management, we performed
the largest and most comprehensive analysis of molecularly
and clinically annotated low-grade gliomas arising in chil-
dren and adolescents with NF1 to date.
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Materials and methods

Study population, IRB approval, and data
abstracted

Tumor specimens from children and adolescents (< 19 years
of age) with NF1, who underwent biopsy or surgical resec-
tion of their tumor as part of medically-indicated clinical
management, and had a histological diagnosis of LGG were
included in accordance with local institutional IRB guide-
lines (Supplemental methods, online resource). A diagnosis
of NF1 was established using NIH Consensus Conference
clinical diagnostic criteria [18]. Available tumor specimens
with matched germline DNA (or blood or saliva) when avail-
able were submitted to the German Cancer Research Center
(DKFZ) in Heidelberg for comprehensive genomic analyses.
Clinical data, including age at biopsy, sex, race/ethnicity,
NF1 inheritance, tumor location and histology, reason for
biopsy, other treatment information, and age/status at last
follow-up, were abstracted from existing clinical records for
each subject. No personal health information was abstracted.

Sample processing

Sample processing including DNA and RNA extraction
and quality controls (tumor cell content, histopathological
assessment, quantification and quality of analytes) were
performed as previously described [24, 30] using standard
protocols.

Whole-genome sequencing (WGS) and RNA
sequencing

31 matched tumor-normal pairs were profiled with whole-
genome sequencing (WGS; median 79.6-fold coverage for
tumor and 77.6-fold for normal, with range 72.9-86.0 X and
71.6-85.4 %, respectively) using an [llumina HiSeqX. Whole
transcriptome data (RNAseq) were generated for 33 sam-
ples using a strand-specific, polyA-enriched library protocol,
with a median of 193.4 million mapped reads per sample
(range 94.0-262.7 million). Sequencing coverage statistics
are provided in Supplementary Table 1 (online resource).
WGS libraries were prepared using the Illumina TruSeq
Nano kit and sequenced on Illumina HiSeq X Ten V2.5 in
paired-end mode. RNAseq libraries were prepared using a
strand-specific, polyA-enriched library protocol (Illumina
TruSeq kit) and sequenced on the Illumina HiSeq 4000 in
paired-end mode. All samples were only included for library
preparation after passing all standard quality controls. One
further case (SYN_NF_092) was profiled with whole-exome
and low-coverage whole-genome sequencing in addition
to RNA sequencing through the INFORM personalized
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medicine platform [31]. Matched tumor and blood samples
from 9 samples were assessed using a targeted gene panel
approach [23].

Alignment of WGS data

Alignments were performed according to the standards
defined for ICGC PanCancer [24]. All reads were aligned
against the phase II reference of the 1000 Genomes Project
including decoy sequences d5 (ftp://ftp.1000genomes.ebi.
ac.uk/voll/ftp/technical/reference/phase2_reference_assem
bly_sequence/hs37d5.fa.gz) using BWA MEM (v.0.7.15
using standard values except for invoking -T 0) [14]. The raw
BAM files were sorted and duplicates were marked using
sambamba (SAMBAMBA MARKDUP_VERSION=0.6.5).
Sequencing coverage was calculated using custom scripts

[11].
Mutation calling of SNVs and indels

Detection of somatic and germline SN'Vs and insertions or
deletions (indels) in the WGS data was performed using the
DKFZ in-house pipeline “Roddy”. The pipeline is based on
SAMtools (v.0.1.19) mpileup and beftools using parameter
adjustments allowing for SNV calling even with low allele
frequency in the tumor [11]. In short, variants were first
called in the tumor sample and then queried in the match-
ing control sample. The raw calls were subsequently anno-
tated using multiple publicly available tracks, such as 1000
Genome variants, single-nucleotide polymorphism database
(dbSNP), repeats and other elements. The functional effect
of the mutations was annotated using Annovar [28] and the
variants were assessed for their confidence (based in read
depth, sequence context, and many more parameters) and
split into somatic and germline calls. SNVCallingWork-
flow:1.2.166—-1 was used in this project. The small inser-
tion/deletion (indel) detection workflow is based on Platypus
[23] with extensive quality control additions for the DKFZ
developed workflow management system “Roddy”. Indel-
CallingWorkflow:1.2.177 was used in this project.

Allele-specific copy number estimation
with whole-genome sequencing (ACEseq)

ACEseq estimates allele-specific copy numbers from WGS
data (https://www.biorxiv.org/content/10.1101/210807v1.
full) using both a coverage ratio of tumor and control over
genome windows and the B-allele frequency (BAF), produc-
ing copy number calls and estimates of tumor ploidy and cell
content. ACEseqWorkflow:1.2.8-3 was used in this project.
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RNAseq analysis

The STAR aligner [5] was used for alignment (version
2.5.3a). Reads were aligned to a STAR index generated
from the 1000 genomes assembly, gencode 19 gene mod-
els and for asjbdOverhang of 200. The tool Featurecounts
[15] was used to perform gene-specific read counting over
exon features based on the gencode 19 gene models. Both
reads of a paired fragment were used for counting and the
quality threshold was set to 255 (which indicates that STAR
found a unique alignment). Strand unspecific counting was
used. A custom script was used to calculate RPKM and TPM
expression values. For total library abundance calculations,
all genes on chromosomes X, Y, MT and rRNA and tRNA
genes were omitted as they are likely to introduce library
size estimation biases. Gene fusions were identified using
the arriba algorithm (version 0.8, https://github.com/suhri
g/arriba/). RNAseqWorkflow: 1.3.0 was used in this project.

Prediction of tumor-infiltrating immune cell fraction

The amounts of immune and stromal infiltration in the tumor
samples were inferred by ESTIMATE (Estimation of STro-
mal and Immune cells in MAlignant Tumor tissues using
Expression data) [32].

DNA methylation analysis

Genome-wide DNA methylation analysis was performed and
processed using the Illumina HumanMethylation450 (450 k)
or HumanMethylationEPIC BeadChip array [3]. Further pro-
cessing and genome-wide copy number analyses were per-
formed using the ‘conumee’ package in R (http://bioconduct
or.org/packages/release/bioc/html/conumee.html).

NIH3T3 cell analyses

NfI knockdown was achieved by CRISPR/CAS9 engineer-
ing in NIH-3T3 cells using NfI targeted gRNA Santa Cruz
(sc-421861), and single positive clones sorted for green fluo-
rescence protein expression using FACS/Jazz. Gateway clon-
ing was used to transduce cells with vector control or mutant
FGFR™*K_Cell transformation by anchorage-independent
growth (soft agar assay) was quantitated using relative
fluorescence units (RFU), measured using the CytoSelect
96-Well Cell Transformation Assay (Cell Biolabs).

Murine glioma analysis

Murine optic glioma stem cells lacking NfI expression
(0-GSCs) were virally transduced with mutant human
FGFR (N546K, K656E), and expression verified by West-
ern blotting [4]. Cell growth was assessed by direct cell

counting in vitro, while glioma-like formation determined
6 months following the injection of 5x 10° empty vector
or FGFR-K656E-expressing o-GSCs into the brainstems of
wild-type mice, and assessed by Ki67 indices in vivo [4, 20].
At least five samples per group were analyzed, with statisti-
cal significance set at P < (.05 using the Student’s 7 test.

Western blot

Phospho-MEK5¢217221 (#9154), MEK (#4694), phospho-
ERKThr202/Tyr204 (#4370), ERK (#4695), phospho-AKT-
Serd73 (#4060), phospho-AKTT™3% (#4056), AKT (#2920),
phospho-S65°2407244 (422 15), B-actin (#4125), Myc-Tag
(#2040S), and S6 (#2317) antibodies were purchased from
Cell Signaling, while FGFR1 (ab76464), neurofibromin
(ab17963), and a-tubulin (ab176560) antibodies were pur-
chased from Abcam. Development using secondary antibod-
ies was performed as previously reported [4].

Statistical analyses

Patient clinical characteristics were summarized using
descriptive statistics, such as mean, median and range for
continuous variables, and frequency and percent for cate-
gorical variables. Distribution of the characteristics was also
summarized by tumor location or by methylation status, and
the differences across tumor location (or methylation status)
were compared using Kruskal-Wallis test for continuous
variables and Fisher’s exact for categorical variables. The
analyses were performed in SAS 9.3 and a two-sided P value
of < 0.05 was considered statistically significant.

Data availability

Raw sequencing data were deposited in SAGE (https://doi.
org/10.7303/syn5698493).

Results
Spectrum of NF1 alterations

The cohort with molecular data includes 70 NF1-LGG
specimens from 70 individuals with a confirmed diagnosis
of NF1 under the age of 19 years. These specimens were
collected from 25 different medical centers throughout the
world. Clinical annotation was available for 48 subjects
(Table 1), whereas only limited clinical data could be col-
lected for the other 22 subjects. Multiple platforms were
used for genomic characterization (Supplementary Table 2,
online resource). 31 matched tumor-normal pairs were pro-
filed with whole-genome sequencing (WGS), while whole
transcriptome data (RNAseq) were generated for 33 samples.
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Table 1 Demographics of clinical cohort

Age at biopsy (years)

Mean 9.6
Median (range) 9.5 (1.9-18.9)
Length of follow-up (years)
Mean 4.1
Median (range) 3.9 (0.1-19.3)
Clinical variable Number (%)
Sex
Female 23 (48%)
Male 25 (52%)
Race/ethnicity
‘White/non-hispanic or latino 35 (73%)
White/hispanic or latino 4 (8%)
Other/non-hispanic or latino 3 (6%)
Unknown 6 (12%)
NF1 inheritance
Familial 13 27%)
Sporadic 24 (50%)
Unknown 11 23%)
Clinical status
Alive 43 (90%)
Deceased 1 (2%)
Lost to follow-up 4 (8%)
Biopsy site
Cortex 17 (35%)
OPHG 13 27%)
Cerebellar/PF NOS 10 21%)
Brainstem 4 (8%)
Midline 3 (6%)
Ventricle 12%)
Treatment
No 19 (40%)
Chemo 25 (52%)
Unknown 4 (8%)
Histology
LGG—PA 28 (58%)
LGG—PA (PMA) 3 (6%)
LGG—PA with atypical features 3 (6%)
LGG—Grade 2 (DA) 5 (10%)
LGG—Grade 2 (OA) 1(2%)
LGG—Grade 2 (PXA) 1(2%)
LGG—NOS 6 (13%)
Brain Tumor—NOS 12%)
Methylation subtype
PA 39 (81%)
APA 1(2%)
LGGNT 2 (4%)
MYB 2 (4%)
RGNT 1 2%)
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Table 1 (continued)
Clinical variable Number (%)
N/A 3 (6%)
Has other mutation
No 43 (90%)
Yes 5(10%)

APA anaplastic pilocytic astrocytoma, DA diffuse astrocytoma, LGG low-grade glioma, LGGNT low-grade glioma and glioneuronal tumor, MYB
MYB methylation group, N/A not available, NOS not otherwise specified, OA oligoastrocytoma, OPHG optic pathway/hypothalamic glioma, PA
pilocytic astrocytoma, PF posterior fossa, PMA pilomyxoid astrocytoma, PXA pleomorphic xanthoastrocytoma, RGNT rosette-forming glioneu-

ronal tumor

In addition, a targeted gene panel sequencing approach was
used for 9 subjects with matched tumor and blood samples.
Genome-wide DNA methylation analysis was performed on
67 tumors.

Whole-genome sequencing analysis confirmed a gener-
ally low mutation rate across the cohort, as expected for
low-grade pediatric tumors [8]. On average, we detected
only 6 non-synonymous somatic single-nucleotide muta-
tions per tumor (range 0-22), and 1 small insertion/dele-
tion (indel; range 0-2). The germline NF alteration was
detected in 30/31 (97%) of the WGS tumors, demonstrating
the high sensitivity of this method for genetic confirmation
of NF1 mutations. The one case with no apparent germline
alteration displayed a copy-neutral LOH of chromosome
17q, together with a frameshift indel in the tumor; somatic
mosaicism for the indel cannot be excluded. For the cases
with targeted gene panel analysis, the germline NFI altera-
tion was identified in 7/9 cases (78%), perhaps owing to
the inferior sensitivity of the panel sequencing approach to
detect certain classes of alterations, such as deeper intronic
mutations, large deletions or those in regions poorly cap-
tured in the target enrichment.

In 27 of 31 tumors with WGS data (87%), we could iden-
tify the somatic NFI alteration, thus confirming the typi-
cal pattern of bi-allelic inactivation reported for NF1-LGG
[10] (Fig. 1). All but one of the tumors belonging to the
PA molecular class by methylation analysis (23/24 samples)
demonstrated this two-hit pattern of NFI inactivation. The
one exception (SYN_NF_043) was found to harbor very
low tumor cell content in the tissue analyzed, and the sec-
ond hit may have been missed despite the high sequencing
depth. Notably, all of the identified somatic NFI mutations
(i.e., non-LOH cases) were truncating (either stopgain or
frameshift).

While the somatic NF/ mutations were scattered
throughout the coding region, there was a modest 5 bias
for germline NF1 gene mutations (n=15, n=14 and n=4
mutations in the first, second and third tertile of the coding
region, respectively), which was not significantly different
from the distribution observed in a cohort of NF1 patients
without glioma (P =0.42; Chi-square test) [1]. Four further

cases showed a large deletion including NF'1, and one was
uninformative; Fig. 1).

Secondary molecular alterations and functional
assessment of FGFR1 mutation in Nf1-deficient cells

In addition to the NF1 mutation, five tumors with WGS/
WES data harbored a further alteration considered to be
‘glioma-relevant’, and thus a likely co-driver event. These
mutually exclusive events included FGFRI mutation (n=3,
two also with additional PIK3CA mutations), MYB:QKI
fusion (n=1), and a SETD2 mutation (n=1) (Fig. 2a, b).
The MYB:QKI fusion was also detected in targeted gene
fusion analysis [13]. Targeted gene panel sequencing, per-
formed in 9 samples, did not identify any additional non-
NFI mutations.

Since FGFRI was found to be recurrently mutated,
similar to sporadic PA [12], we sought to determine the
functional significance of this co-occurring mutation using
several complementary assays. First, we showed that both
NF1 wild-type (WT) CRISPR-engineered NfI-deficient
murine (NfI-null) NIH3T3 cells expressing the FGFRI
N546K mutation exhibit increased MEK/ERK pathway
activation and increased numbers of colonies relative to
their respective controls (Fig. 3a). Second, we leveraged
Nfl-deficient low-grade glioma cells derived from 3-month-
old NfI-mutant mice with optic glioma [4] to demonstrate
that ectopic expression of mutant human FGFRI (N546K,
K565E) increased tumor cell growth and MEK/ERK acti-
vation in vitro (Fig. 3b). Third, we took advantage of the
fact that these NfI-deficient mouse optic glioma stem
cells (0-GSCs) can form tumors following transplantation
into immunocompetent mice [4]. We specifically injected
0-GSCs using cell concentrations (5 x 10° cells in 2 pl)
where tumors do not form in wild-type mice. Transplanta-
tion of one of these FGFRI-mutant NfI-deficient o-GSC
lines into the brainstems of wild-type mice revealed tumors
in 4/5 mice injected, compared to 0/5 mice receiving only
Nfl-deficient 0-GSCs (Fig. 3c). Together, these data estab-
lish a clear functional consequence of FGFRI mutation in
combination with NfI loss on LGG biology.
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Fig.1 Lollipop plot demonstrating the position and frequency of germline (top) and somatic (bottom) NF/ gene mutations in 31 tumors from

children with NF1 with WGS data

Methylation analysis

Next, we sought to investigate the spectrum of molecular
tumor classes represented by the NF1-associated tumors by
comparing their global DNA methylation patterns to a refer-
ence cohort of other known classes of glial and glioneuronal
tumors using a t-SNE visualization and the Molecular Neu-
ropathology brain tumor classifier (www.molecularneurop
athology.org/mnp; [3]) (Fig. 2¢). One tumor (SYN_NF_088)
could not be reliably characterized due to a low tumor cell
content in the analyzed tissue. As expected, the majority
of the remaining tumors (58/66, 88%) displayed a strong
similarity to sporadic PA from varying anatomic locations
(posterior fossa, midline, hemispheric).

Two tumors resembled low-grade glial/glioneuronal
tumors without further specification possible, while two
had a methylation profile matching that of rosette-forming
glioneuronal tumors (RGNTs, see below). Unexpectedly,
two of the pediatric NF1-associated tumors (including the
one with the MYB:QKI alteration) showed a DNA methyla-
tion profile resembling that of MYB/MYBLI-altered glioma,
which is most often associated with angiocentric or isomor-
phic diffuse gliomas [2, 21, 29]. In addition, there were
two tumors, histologically diagnosed as low-grade, which
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displayed a methylation pattern more fitting of high-grade
astrocytoma with piloid features (HGAP, also referred to as
APA, anaplastic PA or anaplastic astrocytoma with piloid
features) and harbored a homozygous deletion of the 9p21
locus (including CDKN2A/B)—a hallmark genetic lesion
of this entity [22] (Supplementary Fig. 1, online resource).
The copy number profile of most of the other tumors was
relatively quiet, with only broad whole chromosome gains,
as often seen in sporadic PAs [6]. Of note, there were two
individuals for which specimens were submitted for two
separate surgeries on the same tumor, one with an interval
of three years between surgeries, the other with an eight-year
gap between surgeries. In both cases, there were no differ-
ences in methylation group or somatic mutations between
the samples.

Transcriptional analysis

At the global transcriptomic level, NFI expression was
lower in the NF1-associated tumors, as expected (Fig. 4a).
Consistent with the established function of the NF'] protein
(neurofibromin) as a negative RAS/RAS pathway regula-
tor, the median MAPK pathway activation score (MPAS)
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was elevated [27], similar to that observed in sporadic
KIAA1549:BRAF-driven PAs [26] (Fig. 4b).

In addition, based on studies in both NfI murine experi-
mental LGG models and human NF1-PAs, a significant pro-
portion of the cellular content of these tumors was composed
of non-neoplastic cells, including microglia/macrophages.
To assess the stromal composition, we applied the ESTI-
MATE algorithm to judge the overall immune content [32].
While the degree of stromal infiltration into the tumor, as
assessed by transcript expression profiles calculated using
the ESTIMATE algorithm, was relatively low [167 (—268
to 602], mean (+ SD)], the degree of immune infiltration
was much higher [1448 (728-2169), mean (+SD)] (Fig. 4c).

Integrated clinical and molecular analysis

48 subjects had clinical information in addition to their
molecular analyses (Table 1). The median length of follow-
up was 3.9 years (range 0.1-19.3 years). There was no sex
predilection, and 81% of the cohort was Caucasian. The most
common locations for these biopsied tumors were the cortex
(35%), optic pathway/hypothalamus (27%), and cerebellum
(21%), which likely reflects the clinical decision to biopsy
tumors outside of the optic pathway/hypothalamus or those
with unusual growth characteristics. As expected by the
known younger age of optic pathway/hypothalamic glioma
(OPHG) presentation (4.5 years), the median age at biopsy
was 2.8 years for subjects with OPHG tumors compared to
7.8—11.7 years for subjects with tumors in other locations
(P=0.02; Table 2). Histopathologic analysis revealed that
70% of tumors were PAs or PA variants (e.g., pilomyxoid).

Combining the clinical and molecular findings, we
found that the histologic assessment did not always match
the methylation group assignment (Supplementary Table 3,
online resource). As such, 88% of the tumors in the entire
cohort and 87% of those in the core clinical cohort were
classified as PA by methylation—slightly higher than the
fraction based on histology (56% classical PA; 64% includ-
ing PA variants in the entire cohort). In addition, tumors of
non-PA methylation classes were more likely to harbor an
additional non-NFI mutation (3/4 vs 1/24 cases with methyl-
ation and WGS data in non-PA and PA methylation classes,
respectively; P=0.005, Fisher’s exact test). When WES
and targeted gene panel sequencing data on an additional
10 specimens are included, this difference in finding an addi-
tional non-NF1 mutation remains significant (3/5 vs. 2/33
cases in non-PA and PA methylation classes, respectively;
P=0.011, Fisher’s exact test). Only 7.7% of OPHGs har-
bored other mutations or were not classified by methylation
as a PA, compared with 20.6% of those arising elsewhere;
however, this difference was not significant (P=0.41). In
contrast, there was no difference between patients, based
on age, for the presence of an additional non-NF1 mutation

or non-PA methylation class, whether ages were divided in
halves (age < 10 versus age 10 to < 19 years) (Supplemen-
tary Table 4, online resource) or thirds (age < 6.5, between
6.5 and <13, or between 13 and < 19 years) (Supplemen-
tary Table 5, online resource). Of those with survival data,
there was only one death, which occurred in a patient with
a brainstem APA (by methylation) biopsied at 11 years of
age. Although the overall survival for the cohort was 98%,
52% of children required chemotherapy either before or after
biopsy, of which over half required more than one chemo-
therapeutic regimen.

Discussion

The present study has potential inherent biases and limi-
tations, including the inclusion of subjects from tertiary
specialty referral centers, differences in the clinical indi-
cations for biopsy, the inclusion of children whose tumors
were potentially biopsied due to unusual behavior, and
restrictions on the amount and type of material available
for molecular characterization. Despite this, the findings
from this largest molecular study of an NF1-LGG popula-
tion raise several important points. First, the vast majority
of pediatric NF1-brain tumors were PAs (> 85%). Second,
an unexpected number (7/38; 18.4%) of samples with both
DNA and methylation data were classified as a non-PA and/
or harbored an additional non-NF1 mutation. Third, tumors
arising in the optic pathway or hypothalamus were unlikely
to harbor other mutations or be classified by methylation as
something other than PA. However, the small sample size
does not allow us to determine definitively whether tumors
from different locations preferentially harbor other mutations
or would be classified as non-PA. Power calculations reveal
that a total sample size of 226 would be required to achieve
80% power to detect the observed difference at the 0.05 sig-
nificance level. For this reason, the impact of tumor loca-
tion is unlikely to be elucidated in the near future. Fourth,
while the germline NFI gene abnormality could be found in
all five cases with WGS/WES and germline data in which
additional non-NFI genetic/genomic alterations were identi-
fied, a somatic abnormality in the second NF1 allele was not
found in 3 samples (two with FGFRI + PIK3CA mutations,
one with a MYB:QKI alteration). This suggests that in rare
cases, glioma pathogenesis in the context of NF1 may not
dependent on loss of the second NF1 allele, as reported for
a young adult with NF1 and a malignant glioma [30]. Fifth,
although concerns have been raised in the NF community
about an increased risk of more aggressive tumor behavior
in teenage patients (high grade or APA methylation groups),
if the tumor is a LGG by histology, our results indicate that
there is not an increased risk of finding an additional muta-
tion or non-PA methylation class in this age group. Sixth,
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«Fig.2 a Oncoplot revealing the spectrum of mutations and clinical
parameters across the core clinical cohort. b Oncoplot of an addi-
tional cohort of 22 samples with incomplete clinical annotation. amp
amplification, CN-LOH copy number loss of heterozygosity, DNA seq
DNA sequencing, Dx diagnosis, HGAP high-grade astrocytoma with
piloid features, LGG low-grade glioma, LGGNT low-grade glioma
and glioneuronal tumor, LOH loss of heterozygosity, NOS not other-
wise specified, PA pilocytic astrocytoma, PXA pleomorphic xanthoas-
trocytoma, RGNT rosette-forming glioneuronal tumor, RNA seq RNA
sequencing. ¢ Methylation clustering analysis reveals that the major-
ity of NF1-LGGs group with sporadic pilocytic astrocytomas (PAs)

Fig.3 a NfI-null NIH-3T3 cells a WT  Nff-null
expressing either empty vector —
control or mutant FGFRIN6K -+ -+

were serum starved for 24 h,
and lysates immunoblotted with
the indicated antibodies. Stable
FGFRIN6K expression results
in increased phosphorylated
MEK and ERK (left panel),

as well as increased colony
formation (right panel). Gray

MEK

bars, vector; Black bars, mutant ERK
FGFRINK s#4p < (,05. b _
Transduction of mutant FGFRI f-actin
(N546K, K656E) results in

ectopic FGFR1 exprgss/izg? and

increased MEK (Ser?'7??!) and

ERK (Ser*?42%) activation (left b oTL ,N:gfs’fg

panel), and cell growth quan-

FGFR1NS#6K

neurofibromin
Myc-tag FGFR1

p-MEKSer217/221

p-ERKS428/5425

while the overall survival of subjects in this cohort was
excellent (~98%), 52% of children required chemotherapy,
over half of which required more than one chemotherapeutic
agent. While patients with clinical/radiographic progression
may be more likely to undergo biopsy, this high degree of
progression and treatment resistance is consistent with a
prior report examining non-optic pathway gliomas [7].
These data also raise important implications regarding
the incorporation of biopsy into management of presumed
LGG in NF1. Given the overall low occurrence of non-NF

Colonies

titated by direct cell counting
(right panel) relative to empty

vector-transduced (CTL) NfI-
deficient 0-GSCs. ¢ Injection

of FGFRI®®*E_expressing, but

not empty vector-transduced,
0-GSCs into the brainstem

of wild-type mice reveals

glioma-like lesion formation,
as evidenced by increased

Ki67 labeling (% Ki67" cells),

6 months later (upper panel,
representative immunohis-

tochemistry; lower panel,
quantitation). Scale bar, 40 um.
*P < 0.05, **#*P < 0.01
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Fig.4 a NFI-LGGs (LGG_NF1) have lower NFI expression than
sporadic PAs (pilocytic astrocytoma with fusion BRAF, PA_BRAF-
fused; pilocytic astrocytoma with mutant BRAF, PA_BRAF-mut;
pleomorphic xanthoastrocytoma, PXA) by RNA sequencing. Of the
three samples with RNA sequencing data, but without a detectable
second NFI mutation, two have NFI RNA expression levels simi-
lar to those with bi-allelic NFI loss (SYN_NF_037 with additional
FGFRI and PIK3CA mutations and SYN_NF_043 with no additional
mutations), while one has elevated NFI expression (SYN_NF_113

mutations or a non-PA methylation class in this cohort of
biopsied tumors (which would be likely even lower if all
NF1-LGG were biopsied), routine clinical biopsy of typi-
cally-appearing LGG in patients with NF1 may not be indi-
cated. In particular, for those with OPHG, the yield of find-
ing an additional actionable mutation is quite low. Although
the data do not reveal a significant difference, there appears
to be a higher likelihood of finding an additional mutation or
non-PA methylation class for those patients with tumors out-
side of the optic pathway or hypothalamus, raising the ques-
tion of whether biopsy should be considered for non-OPHG
tumors that are refractory to conventional treatment. Other
potential indications for biopsy in non-OPHG tumors may
include a rapidly growing tumor on neuroimaging, evidence

@ Springer

with additional FGFRI and PIK3CA mutations). SYN_NF_037 and
SYN_NF_113 are noted in green; SYN_NF_043 is noted in red. b
Calculation of the mitogen-activated protein kinase (MAPK) path-
way activation scores (MPAS) for NF1-LGGs (NF1; 32 tumors) and a
control group of KIAA1549:BRAF pilocytic astrocytomas (PA BRAF
Fus; 22 tumors), demonstrating no significant difference between
groups. ¢ RNA sequence analysis demonstrates an increased immune
cell component in NF1-LGGs (ESTIMATE violin plots)

of peritumoral edema, or the acute development of neuro-
logic signs or symptoms. As treatment strategies for various
non-PA LGG evolve, and specific agents are developed for
the non-NF' [ mutations identified in this cohort, the rationale
for biopsy of NF1-LGG may become stronger. To that end,
while yet to be clinically proven, based on the in vitro and
in vivo mouse data, the co-occurrence of FGFRI mutations
in NF1-LGG is functionally significant. As we now enter
into a precision oncology era, especially in light of the use
of MEK inhibitors for NF1-LGG, future studies will have to
determine if LGG with additional non-NFI mutations would
benefit from the use of molecularly targeted agents or com-
bination treatment strategies.
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Table 2 Differences by tumor location
Brainstem/midline Cerebellar/PF NOS Cortex OPHG P value
N=7 N=10 N=17 N=13
Age at Biopsy (years) 0.0186
Mean 114 11.7 10.1 6
Median (range) 11.7 (3.7-15.7) 8.2 (4.9-18.9) 7.8 (2.7-17.8) 2.8 (1.9-16.8)
Length of follow-up (years) 0.9635
Mean 35 11.7 10.1 6.2
Median (range) 4 (0.1-9.3) 2.9(0.1-19.3) 3.5(0.6-8.9) 3.8(0.3-10.2)
Clinical variable Number (%) Number (%) Number (%) Number (%)
Sex 0.6272
Female 4 (57%) 4 (40%) 10 (59%) 5 (38%)
Male 3 (43%) 6 (60%) 7 (41%) 8 (61%)
Treatment 0.9799
No 3 (43%) 3 (30%) 6 (35%) 6 (46%)
Yes 4 (57%) 5 (50%) 9 (53%) 7 (54%)
Unknown 0 (0%) 2 (20%) 2 (12%) 0 (0%)
Histology 0.6230
LGG—PA 5 (71%) 4 (40%) 8 (47%) 10 (77%)
LGG—PA (PMA) 0 (0%) 1 (10%) 1 (6%) 1 (8%)
LGG—PA with atypical features 0 (0%) 2 (20%) 1 (6%) 0 (0%)
LGG—grade 2 (DA) 0 (0%) 1 (10%) 3 (18%) 1 (8%)
LGG—grade 2 (OA) 0 (0%) 0 (0%) 1 (6%) 0 (0%)
LGG—grade 2 (PXA) 0 (0%) 0 (0%) 1 (6%) 0 (0%)
LGG—NOS 1 (14%) 2 (20%) 2 (12%) 1 (8%)
Brain tumor—NOS 1 (14%) 0 (0%) 0 (0%) 0 (0%)
Methylation subtype 0.2224
PA 5 (71%) 8 (80%) 13 (76%) 12 (92%)
APA 1 (14%) 0 (0%) 0 (0%) 0 (0%)
LGGNT 0 (0%) 0 (0%) 2 (12%) 0 (0%)
MYB 0 (0%) 0 (0%) 2 (12%) 0 (0%)
RGNT 0 (0%) 1 (10%) 0 (0%) 0 (0%)
N/A 1 (14%) 1 (10%) 0 (0%) 1 (8%)
Other mutation 0.6724
No 6 (86%) 8 (80%) 16 (94%) 12 (92%)
Yes 1 (14%) 2 (20%) 1 (6%) 1 (8%)
Clinical status 0.1534
Alive 6 (86%) 9 (90%) 14 (82%) 13 (100%)
Deceased 1 (14%) 0 (0%) 0 (0%) 0(0%)
Lost to follow-up 0 (0%) 1(10%) 3(18%) 0 (0%)

Excludes ventricle

APA anaplastic pilocytic astrocytoma, DA diffuse astrocytoma, LGG low-grade glioma, LGGNT low-grade glioma and glioneuronal tumor, MYB
MYB methylation group, N/A not available, NOS not otherwise specified, OA oligoastrocytoma, OPHG optic pathway/hypothalamic glioma, PA
pilocytic astrocytoma, PF posterior fossa, PMA pilomyxoid astrocytoma, PXA, pleomorphic xanthoastrocytoma, RGNT rosette-forming glioneu-

ronal tumor
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