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Abstract

Aims—Desmoplastic infantile astrocytomas and gangliogliomas (DIA/DIGSs) are rare brain
tumours of infancy. A distinctive feature of their histopathology is a combination of low-grade
and high-grade features. Most DIA/DIGs can be surgically resected and have a good prognosis.
However, high-grade features often dominate recurrent tumours, some of which have a poor
outcome. In this study, we test the hypothesis that low-grade and high-grade areas in DIA/DIGs
have distinct molecular characteristics.

Methods—Tissue samples from microdissected low-grade and high-grade areas in 12 DIA/DIGs
were analysed by DNA methylation profiling, whole exome sequencing, RNA sequencing and
immunohistochemistry to search for potential differences at multiple molecular levels.
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Results—Copy number variants among tumours and between the two morphologically distinct
areas were infrequent. No recurrent genetic alterations were identified across the tumour

series, and high-grade areas did not have additional genetic alterations to explain their distinct
morphology or biological behaviour. However, high-grade areas showed relative hypomethylation
in genes downstream of the transcription factors SOX9 and LEF1 and evidence of a core SOX9
transcription network alongside activation of the BMP, WNT, and MAPK signalling pathways.

Conclusions—This study contributes to our knowledge of molecular genetic alterations in DIA/
DIGs, uncovers molecular differences between the two distinct cell populations in these tumours,
and suggests potential therapeutic targets among the more proliferative cell population in DIA/
DIGs.
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Introduction

Desmoplastic infantile astrocytoma (DIA) and desmoplastic infantile ganglioglioma (DIG)
are rare clinically and histopathologically related tumours of the cerebral hemispheres,
which generally present in infancy [1]. A peripheral location and involvement of the
meninges are typical [2]. The histopathological features of DIA and DIG are the same,
except that DIG has a neoplastic ganglion cell component in addition to the astrocytic
component of a DIA. A characteristic finding in DIA/DIGs is a combination of low-grade
and high-grade histopathological features. High-grade areas generally manifest as relatively
circumscribed foci within larger low-grade areas and contain poorly differentiated cells,
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sometimes with an embryonal cytology, and mitotic figures. Microvascular proliferation

and necrosis can also be present. Despite the presence of high-grade areas, DIA/DIGs

are classified as CNS WHO grade 1, reflecting the good prognosis of most cases [3-6].
However, not all DIA/DIGs have a favourable outcome; relapse with more prominent high-
grade histopathological features and metastatic disease across the neuraxis suggest that some
are not cured by surgical resection alone, which is facilitated by the circumscribed nature
and peripheral location of these tumours [7-12].

The rarity of DIA/DIGs has precluded more than limited studies of their molecular
alterations [13-17], and no study has determined whether low-grade and high-grade areas
differ with respect to their molecular profiles. In the present study, we have analysed the
molecular characteristics of 12 DIA/DIGs, including separate analyses of low-grade and
high-grade areas, using genome-wide DNA methylation profiling, analysis of copy number
variation (CNV), whole exome sequencing (WES), transcriptome analysis (RNA-seq), and
immunohistochemistry. Our data contribute to the knowledge of molecular alterations in
these tumours, indicating a range of MAPK pathway alterations, and show that activation of
the BMP and WNT signalling pathways distinguish high-grade from low-grade areas.

Materials and Methods

Study cohort, histopathological evaluation, and microdissection

Twelve DIA/DIGs with low-grade and high-grade areas were identified through a review of
the clinical database in the Department of Pathology, St. Jude Children’s Research Hospital.
All were cerebral hemispheric tumours. The median age of the patients at presentation was
5.5 months (range 1 — 14 months). High-grade areas were defined by a mitotic count of
>4/10 high-power fields (1.96 mm?). Such areas also showed an increased cell density (Fig.
1). Microvascular proliferation and necrosis were also frequent findings.

Microdissection of high-grade areas was accomplished by laying unstained sections upon a
printout of a marked H&E-section and scraping the area of interest with sterile razor blades
or 30-gauge needles under a stereomicroscope with 40x magnification.

Whole exome sequencing (WES)

Genomic DNA was extracted from microdissected formalin-fixed paraffin-embedded
(FFPE) tissue using a QlAamp DNA FFPE Tissue Kit (Qiagen). At least 250 ng of genomic
DNA was used for each sample. DNA quality was assessed on a 4200 TapeStation (Agilent).
Genomic DNA libraries were generated using the SureSelectXT Kit (Agilent Technologies),
followed by exon enrichment using the SureSelectXT Human All Exon V7 bait set (Agilent
Technologies). The resulting exon-enriched libraries were subjected to paired-end, 100-cycle
sequencing performed on a HiSeq 4000 (I1lumina). Sequencing results were analysed using
an institutionally established pipeline for alignment and calling of single nucleotide variants
(SNVs) and insertions or deletions (indels), which were annotated and ranked by putative
pathogenicity using a workflow named “medal ceremony” and subsequently manually
reviewed [18-20].
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Transcriptome sequencing (RNA-seq) and differential expression analysis

A PureLink FFPE Total RNA Isolation Kit (Thermo Fisher Scientific) was used for total
RNA extraction from microdissected FFPE tissue. Purified RNA was quantified on a Qubit
1.27 fluorometer (Thermo Fisher Scientific) using Qubit™ RNA BR Assay Kit (Thermo
Fisher Scientific). Total RNA sequencing was performed using the Illumina Total Stranded
RNA protocol with at least 400 ng of total RNA. The quality of the starting materials was
checked with the RNA 6000 Nano Assay on a 2100 Bioanalyzer (Agilent) or the RNA Pico
Sensitivity Assay on a LabChip GX Touch (PerkinElmer). Libraries were prepared using the
TruSeq Stranded Total RNA Sample Prep Kit (Illumina), followed by library quantification
through gPCR using Quant-iT™ PicoGreen dsDNA Assay Kits (Thermo Fisher Scientific)
or KAPA Library Quantification Kits for Illumina platforms (KAPA Biosystems), and
through low pass sequencing on a MiSeq Nano v2 (Illumina). All sequencing data were
generated after 100 cycles of paired end runs on an lllumina HiSeq 2500 or HiSeq 4000.
The RNA-seq data were aligned to the human reference genome (build hg19), as previously
described [19, 21]. Sequencing results were analysed in the same manner as WES [18-20].

Differentially expressed genes between low-grade and high-grade areas in DIA/DIGs were
analysed using edgeR [22, 23] in Bioconductor 3.13 (http://bioconductor.org/), NetBID
2.0.3 [24], and SJARACNEe 0.2.0 [25] with the default parameters and then queried against
MSigDB [26-29]. Briefly, the read counts of gene expression data were preprocessed,
normalized, and filtered to remove genes with very low expression values (bottom 5%)

in more than 90% samples using edgeR 3.34.0 [22, 23] in R 4.1.0. Bayesian inference
approach [24] and SJARACNe-based network reconstruction [25] were then used to

infer drivers (transcription factors or signalling factors) from the transcriptomics data

by calculating the activity of drivers and gene sets in Ubuntu 18.04 with Python 3.6.1.
Differentially expressed genes and differentially activated drivers were then queried against
MSigDB v7.4 [26-29], with the aim of finding functional or pathway enrichment.

Genome-wide DNA methylation profiling and copy number variation analysis

Genomic DNA was used for genome-wide methylation profiling and CNV analysis by
the llumina Infinium MethylationEPIC platform [21]. For comparison, publicly available
well-characterized reference methylation profiles of brain tumours were downloaded from
the Genomic Data Commons Data Portal (https://portal.gdc.cancer.gov/). Analysis of
methylation profiles, including normalization, filtering, t-distributed stochastic neighbor
embedding, identification of differentially methylated probes and regions, and CNV analysis
was performed in R 4.1.0 using ChAMP 2.22.0 [30], bumphunter [31], minfi 1.38.0

[32], limma 3.48.0 [33], conumee 1.26.0, and Rtsne 0.15 packages in Bioconductor 3.13
(http://bioconductor.org/) as previously described [21, 34-38]. Genes within differentially
methylated regions were queried against MSigDB v7.4 [26-29] to identify functional or
pathway enrichment.

Immunohistochemistry

The following antibodies were used on 4 pym FFPE tissue sections: SOX9 (Abcam,
ab185966, 1:2000), MEIS1 (Abcam, ab19867, 1:2000), PBX1 (Novus Biologicals, NBP1-
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85803, 1:500), LEF1 (Abcam, ab137872, 1:100), phospho-ERK1/2 (Cell Signaling, 4370,
1:200), and phospho-Smad1/5/8 (Sigma-Aldrich, AB3848, 1:50).

Clinical features and histopathology review

Twelve tumours containing both low-grade and high-grade areas were identified for this
study (Fig. 1). All tumours were large cerebral masses with solid and cystic areas. Patient
clinical parameters are listed in Supplementary Table 1. As expected for tumours with a
tendency to occur in infancy, the median age of the cohort is 5.5 months (range 1 — 14
months). There is no gender predilection (male-to-female ratio 1:1). Upon histopathological
review, all tumours showed the typical morphological features of DIA/DIGs. All contained
low-grade areas, which were characterized by elongated tumour cells at relatively low
density and pericellular collagen deposition, and high-grade areas, with compact poorly
differentiated tumour cells. Endothelial proliferation and areas of necrosis were frequently
present.

Matched methylation and CNV profiles and differentially methylated regions across low-
grade and high-grade areas in DIA/DIGs

DNA methylation profiling was used to demonstrate that low-grade and high-grade areas
from our series of DIA/DIGs formed a single cluster alongside reference cases of DIA/DIG
in a t-SNE plot (Fig. 2a), supporting the histopathological classification of the tumour
series. Using DNA methylation profiling, we demonstrated that, although high-grade areas
appear to have an increased frequency of focal chromosomal losses across the genome,
specific alterations only occur in isolated tumours (Fig. 2b). There are no large-scale
chromosomal gains or losses, and no single CNV occurs in more than 50% of tumours.
Analysis of differentially methylated regions by Bump Hunter [31] and gene set enrichment
through MSigDB v7.4 [26-29] identified enrichment of relatively hypomethylated genes
downstream of transcription factors SOX9, LEF1, NFAT, NF1, CHX10, ZNF92, ZNF563,
and SMN1/SMNZ2 in high-grade areas (Fig. 2c; Suppl. Fig. 1).

No recurrent genetic alterations in DIA/DIG

Using WES and RNA-seq, we found no recurrent genetic alterations in our series of
DIA/DIGs (Fig. 3). Identified alterations are all subclonal; variant allele frequencies are
3-30% (median 10.5%). All alterations, except two, are not shared between low-grade

and high-grade areas. From these data, we suspect that multiple subclones co-exist in DIA/
DIGs, especially in low-grade areas from tumour 7. No genetic alterations were identified
in six (50%) tumours. Among identified alterations, the BRAF G469A, ARAP2R1387C,
and £D/L3T343M variants are predicted to be pathogenic or likely pathogenic [39]. The
DHRS7CY23fs, FAM171A2 S476*, APC C1578fs, CACNAIA F453 _A454fs, CSTF2
L172fs, RHOA A132fs, EIF4A2exon 1-8 truncation, K/F6 H545fs, and RBM6 exon 7
and MORC3 exon 4 splice region variants are predicted to generate non-functional proteins.
The BAHDI-KNL1 (exon 1 - exon 2) fusion is a novel alteration. The 7TRPM5 A658T,
TTIN G6433W, Z/C2H239del, CAPN7VT391, TRIMZ2D714N, PSMG4 A144T, TPCN1
L842_K843fs, and MAST4 S59L variants are of uncertain significance in brain tumours.
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SOX9 core transcription network activation in high-grade areas of DIA/DIG

Given that there was enrichment of differentially hypomethylated genes downstream of
specific transcription factors in high-grade areas in DIA/DIG, we looked for patterns

of differentially expressed genes. Utilizing our transcriptome data and bioinformatics

tools, including NetBID [24], SJARACNEe [25], and MSigDB [26-29], we identified a

core transcription network centred on SOX9 in high-grade areas (Fig. 4). Among eight
transcription factors up-regulated in high-grade areas compared to low-grade areas, MEIS1
and PBX1 are co-regulated with and regulated by SOX9 (Fig. 4a). In addition to the SOX9
core transcription network, our differential gene expression analysis identified evidence of
BMP and WNT pathway activation in high-grade areas (Fig. 4b), as well as MAPK pathway
activation, which has been reported before [14].

Focally increased expression of SOX9, MEIS1, and PBX1 was confirmed at the protein
level in high-grade areas by immunohistochemistry (Fig. 4c; Suppl. Fig. 2). Nuclear
phospho-Smad1/5/8, a marker for BMP pathway activation, nuclear localization of LEF1,
a central component of the WNT pathway, and nuclear phospho-ERK1/2, a marker for
MAPK pathway activation, are localized to high-grade areas, supporting the findings of
our methylation and transcriptome analyses (Fig. 4d; Suppl. Fig. 2). Given the established
roles of SOX9 in the MAPK [40-42], WNT [43-47], and BMP [47-51] pathways in tissue
development and neoplasia, our findings suggest that activated MAPK, WNT, and BMP
pathways in high-grade areas in DIA/DIGs likely converge on SOX9.

Further analysis revealed that transcription factors upstream (PI1TX2, E4F1, GFI1, and
NFAT) and downstream (MEIS1 and PBX1) of SOX9 frequently contain reciprocal
transcription factor binding sites 4 kb upstream or downstream of their transcription start
sites, supporting the formation of interconnected and self-sustaining positive feedback loops
(Fig. 4e). SOX9 has been shown to interact with -catenin [52], which in turn binds to LEF1
[53]. MEIS1 and PBX1 form a functional heterodimer [54]. Our transcriptome data support
the findings of the differential methylation analysis and allow construction of a signalling
pathway and transcriptional network model in the cells of high-grade areas, as shown in Fig.
4f.

Discussion

DIA/DIGs are rare cerebral tumours of infancy [1]. Generally, they have a good prognosis,
and this is related to their circumscription and peripheral location, which facilitate surgical
resection [2-6]. Histopathologically, DIA/DIGs are distinctive biphasic tumours. Their
desmoplastic low-grade areas contain bland cells with astrocytic or ganglion cell (DIG)
differentiation, and their mitotically active high-grade areas combine cells with astrocytic

or embryonal features. When relapse occurs, the histopathology is often dominated by
high-grade features [10, 17, 55, 56], suggesting that high-grade areas can influence the
biological behaviour and prognosis of these tumours. To understand the molecular pathology
of these distinctive biphasic tumours, we performed DNA methylation profiling, including
CNV analysis, WES, and RNA-seq on microdissected tissue from low-grade and high-grade
areas in a series of 12 DIA/DIGs with typical clinical and histopathological features.
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In our study, multiple approaches to the detection of genetic and epigenetic differences
between low-grade and high-grade areas in DIA/DIGs initially yielded few meaningful
results. Methylation profiling showed that all 12 tumours do form a single cluster with
other DIA/DIGs from an established reference series and that profiles from high-grade
and low-grade areas also cluster together. We detected no recurrent genetic alteration by
WES, RNA-seq, or CNV analysis. This result is consistent with studies that report only
rare instances of genetic alterations in DIA/DIGs [13-17] and contrasts with the situation
for other paediatric low-grade glioneuronal tumours, which tend to show recurrent genetic
alterations [21, 36, 37, 57]. Furthermore, high-grade areas in our series of DIA/DIGs did
not contain additional alterations to explain their pathological progression. Homozygous
CDKNZA deletion, which is seen in other low-grade neuroepithelial tumours with a
tendency for anaplastic progression [58, 59], was not identified in our series of DIA/DIGs.
It is possible that methodologies with higher resolution, such as whole genome bisulfite
sequencing and whole genome sequencing, which require ample amounts of frozen tissue,
might be needed to investigate the molecular pathology of DIA/DIG at a deeper level.
Alternatively, the determinants of biological differences between high-grade and low-grade
areas in DIA/DIGs might be their distinct intrinsic transcription and protein expression
profiles and extrinsic signalling stimuli from the local microenvironment.

Our analysis of differential methylation and gene and protein expression between high-grade
and low-grade areas does provide some clues to their distinct histopathological features. We
have identified a SOX9 core transcription network in high-grade areas, which is associated
with activation of the MAPK, WNT, and BMP pathways. The MAPK, WNT, and BMP
pathways have been shown to play roles in gliomagenesis; activation of the MAPK pathway
is common in paediatric low-grade gliomas, glioneuronal tumours, and high-grade gliomas
[57, 60, 61]. In addition to its role in WNT-activated medulloblastoma, the WNT pathway
has been implicated in the progression of glioblastoma and maintenance of glioma stem cells
[62—64]. Also, published data support activation of the BMP pathway in diffuse midline
glioma [65, 66] and glioma stem cells [67].

Data suggest that activated MAPK, WNT, and BMP pathways likely converge on SOX9 in
high-grade areas in DIA/DIGs. The role of SOX9 in the MAPK [40-42], WNT [43-47],
and BMP [47-51] pathways has been studied extensively in the context of organ and tissue
development and neoplasia. SOX9 is downstream of receptor tyrosine kinase and MAPK
signalling [40, 41], and activation of ERK1/2 is required for expression of SOX9 [40, 42,
49]. SOX9 expression requires an active p-catenin—-TCF/LEF complex, the transcriptional
effector of the WNT pathway [43, 44], and enhances transcriptional activity and nuclear
translocation of TCF/LEF [45, 46]. SOX9 physically interacts with B-catenin [52], which in
turn binds to LEF1 [53]. Activation of WNT and BMP signalling induces phosphorylation
of SOX9, which is essential for its function [47]. The SOX9 promoter contains a BMP-
responsive element and one Smad-binding element, and expression of SOX9 is induced by
Smad proteins and BMP signalling [48-51]. SOX9 is required for and promotes survival
and proliferation of glioma stem cells [68—72], and this could be of functional relevance

in the high-grade areas of DIA/DIGs. Thus, up-regulation of SOX9 and its downstream
transcription factors MEIS1 and PBX1, producing activation of the MAPK, WNT, and BMP
pathways, could provide an explanation for the biology of high-grade areas in DIA/DIGs.
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In summary, we have identified a SOX9 core transcription network with activation of the
MAPK, WNT, and BMP pathways in the high-grade areas of DIA/DIGs, an entity defined
by its unique clinical, histopathologic, and DNA methylome profiles, rather than recurrent
genetic alterations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key points
. No recurrent genetic alterations were discovered in our series of 12 DIA/
DIGs.
. Regions of DIA/DIGs with high-grade morphological features do not contain

distinctive genetic alterations that explain their progression.

. High-grade regions showed relative hypomethylation in genes downstream
of the transcription factors SOX9 and LEF1 and evidence of a core SOX9
transcription network alongside activation of the BMP, WNT, and MAPK
signalling pathways.
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Fig. 1. Study design
Twelve DIA/DIG tumours were identified by a retrospective data search and pathological

review. High-grade and low-grade areas were identified and microdissected. DNA was
extracted for whole exome sequencing (WES) and EPIC methylation array (850k) analysis,
and RNA was extracted for total RNA sequencing (RNA-seq). CNV: copy number
variation; DMP: differentially methylated probe; DMR: differentially methylated region;
indel: insertion or deletion; SNV: single-nucleotide variation.
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Fig. 2. Methylation profiling, copy number variations, and differentially methylated genes of
low-grade and high-grade areas in DIA/DIGs

(a) A t-SNE plot shows the methylation profiles of low-grade and high-grade areas

in our series of DIA/DIGs and those of reference tumours. A-IDH: /DHI-mutant

diffuse astrocytoma; CbPA: cerebellar pilocytic astrocytoma; CxPA: cerebral hemispheric
pilocytic astrocytoma; DNET: dysembryoplastic neuroepithelial tumour; EP: ependymoma;
GB: glioblastoma; G34R: H3F3A G34R-mutant diffuse glioma; GG: ganglioglioma;
HTPA: hypothalamic pilocytic astrocytoma; K27M: H3 K27M-mutant diffuse midline
glioma; MYB: MYB-altered diffuse glioma; O-IDH: /DHZI-mutant and 1p/19q-codeleted
oligodendroglioma; RGNT: rosette-forming glioneuronal tumour; RTK I, RTK II,

MES, MID, and MY CN: specific molecular groups of glioblastoma; SDNET: septal
dysembryoplastic neuroepithelial tumour / myxoid glioneuronal tumour; TG: tectal glioma.
(b) CNV plots of low-grade and high-grade areas in DIA/DIGs. X-axis, chromosomal
location; Y-axis, number of tumours containing the gain or loss. (c) Differentially
hypomethylated regions in the high-grade areas are enriched for genes downstream of
specific transcription factors, including SOX9 and LEF1.
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Fig. 3. No recurrent alterations were identified by WES and RNA-seq in low-grade and high-
grade areas of DIA/DIGs.
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Fig. 4. SOX9 core transcription network and BMP, WNT, and MAPK pathway activation in
high-grade areas in DIA/DIGs

(a) Functional enrichment of differentially expressed genes in high-grade areas in DIA/
DIGs. (b) Enrichment of the BMP, WNT, and MAPK pathway genes in high-grade areas

in DIA/DIGs. (¢) Immunohistochemistry of SOX9, MEIS1, and PBX1 in high-grade and
low-grade areas in DIA/DIGs. (d) Enrichment of nuclear phospho-Smad1/5/8, a marker for
BMP pathway activation, nuclear LEF1, a central component of the WNT pathway, and
nuclear phospho-ERK1/2, a marker for MAPK pathway activation in high-grade areas in
DIA/DIGs. (e) Enrichment of reciprocal transcription factor binding sites in genes upstream
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and downstream of SOX9. (f) Proposed model of an interconnected and self-sustaining
SOXQ9 core transcription network in high-grade areas in DIA/DIGs, in which the BMP,
WNT, and MAPK pathways converge on SOX9 through indirect or direct protein-protein
interactions.
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