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Abstract

Gliomatosis cerebri (GC), a rare and deadly CNS neoplasm characterized by involvement of at 

least three cerebral lobes, predominantly affects adults. While a few small series have reported its 

occurrence in children, little is known about the molecular characteristics of pediatric GC. We 

reviewed clinical, radiological, and histological features of pediatric patients with primary GC 

treated at our institution over 15 years. Targeted sequencing of mutational hotspots in H3F3A, 

IDH1/2, and BRAF, and genome-wide analysis of DNA methylation and copy number 

abnormalities was performed in available tumors. Thirty-two patients [23 (72 %) with type 1 and 9 

(28 %) with type 2 GC] were identified. Median age at diagnosis was 10.2 years (range 1.5–19.1). 

A median of 4 cerebral lobes (range 3–8) was affected at diagnosis. In addition, symmetrical 

bithalamic involvement was observed in 9 (28 %) patients. Twenty-two patients (69 %) had an 

anaplastic astrocytoma. Despite aggressive therapy, only two patients younger than 3 years at 

diagnosis are long-term survivors. Clustering analysis of methylation array data from 18 cases 

classified tumors as IDH (n = 3, 17 %), G34 (n = 4, 22 %), mesenchymal (n 3, 17= %), and RTK I 

‘PDGFRA’ (n = 8, 44 %). No tumors were classified as K27 subgroup. PDGFRA was the most 
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commonly amplified oncogene in 4 of 22 tumors (18 %). H3F3A p.G34 occurred in all cases 

classified as G34. Two of 3 cases in the IDH subgroup had IDH1 p.R132H. No H3F3A p.K27 M, 

IDH2 p.R172, or BRAF p.V600E mutations were observed. There was a trend towards improved 

survival in the IDH subgroup (P = 0.056). Patients with bithalamic involvement had worse 

outcomes (P = 0.019). Despite some overlap, the molecular features of pediatric GC are distinct 

from its adult counterpart. Like in adults, the similarity of genetic and epigenetic characteristics 

with other infiltrative high-grade gliomas suggests that pediatric GC does not represent a distinct 

molecular entity.
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Introduction

Gliomatosis cerebri (GC), a rare central nervous system (CNS) neoplasm, is defined as a 

diffuse glioma involving at least three cerebral lobes, frequently bilaterally, and often 

extending to infra-tentorial structures and even the spinal cord [8]. Although GC affects 

predominantly adults [8], multiple case reports and a few small series have described its 

occurrence in children [1, 5, 9, 22].

GC remains one of the deadliest and least understood CNS neoplasms [1, 5, 7, 9, 11, 22, 28]. 

Although radiological criteria to diagnose GC are well established [8], the evaluation of 

tumor involvement based on magnetic resonance imaging (MRI) T2-weighted and/or FLAIR 

sequences can be subjective. Furthermore, the definition of GC is suitable for neoplasms 

arising within the cerebral cortex but does not adequately address those originating from 

deep-seated midline structures. The degree of involvement of gray and/or white matter also 

varies among affected patients [5]. Finally, it remains uncertain whether GC represents a 

separate clinical and molecular entity or simply represents the extreme spectrum of 

infiltrative gliomas [8, 12]. Because of its rarity and the lack of suitable tissue [8], molecular 

analysis of GC in adults consisted mostly of targeted gene sequencing and copy number 

abnormalities [7, 11, 12, 17, 19, 21, 25, 28]. A recent study, which utilized DNA 

methylation analysis to assess molecular subgroups and copy number abnormalities, 

reported that GC in adults was not a distinct molecular entity because its genetic and 

epigenetic characteristics resembled those found in other high-grade gliomas [12]. Minimal 

knowledge is available about the molecular characteristics of pediatric GC [5, 7, 17, 21].

In this study, we report detailed clinical and radiological data and provide for the first time 

extensive molecular analysis in the largest cohort to date of children with GC.

Materials and methods

Following institutional review board approval, we retrospectively reviewed the clinical and 

radiological characteristics of all patients younger than 22 years with newly diagnosed 

primary GC treated at our institution from March 1999 until August 1, 2014. Cases of 

secondary GC following progression of a pre-existing tumor were excluded.

Broniscer et al. Page 2

Acta Neuropathol. Author manuscript; available in PMC 2017 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Detailed clinical and therapy-related data were collected for all patients. Brain MRIs at 

diagnosis of suspected cases were selected by a neuro-oncologist (AB) and then 

independently reviewed by a neuro-radiologist (SH). Information was gathered about 

primary tumor location, presence of mass effect (i.e., type 2 GC), leptomeningeal spread, 

enhancing areas, and hydrocephalus. The pattern and extent of involvement were assessed 

by scoring affected cerebral lobes and deep-seated structures (i.e., insula, lentiform nucleus, 

caudate nucleus, thalamus, brainstem, and cerebellum). A score of 1 was attributed to 

involvement of each unilateral structure, the brainstem, and cerebellum. Extent of 

involvement was assessed by T2-weighted and/or FLAIR MRI sequences. Assessment of the 

presence of tumor mass was based on T1- and T2-weighted/FLAIR signal characteristics 

independent of the presence of contrast enhancement. All cases underwent histological 

review by a board-certified neuro-pathologist (BAO) according to the 2007 World Health 

Organization classification.

Molecular studies

Molecular analysis was performed in tumor samples obtained at diagnosis except for three 

patients where tissue was only available at progression (n 2) or at autopsy (n = 1). DNA was 

extracted from formalin-fixed paraffin-embedded (FFPE) tissue using the Maxwell® 16 Plus 

LEV DNA purification kit (Promega, Madison, WI) according to the manufacturer’s 

instructions. DNA was quantified using the Qubit dsDNA BR assay kit (ThermoFisher 

Scientific, Grand Island, NY).

Targeted sequencing of BRAF p.V600E, H3F3A p.K27M, H3F3A p.G34, IDH1 p.R132, 

and IDH2 p.R172 was performed. Polymerase chain reaction (PCR) amplification was 

performed using previously described primers [10, 18, 29, 31]. Direct sequencing of the 

PCR products was performed using BigDye Terminator v1.1 chemistry on a 3530XL 

sequencer (Applied Biosystems, Foster City, CA). Tumor and germline samples from five 

patients included in this study had already undergone whole genome (n = 2), exome (n = 4), 

and RNA sequencing (n = 3) as part of the Pediatric Cancer Genome Project [30].

Dual-color FISH was performed as previously described to assess copy number 

abnormalities in PDGFRA [4].

Illumina infinium human 450 k bead array

FFPE-derived genomic DNA (500 ng) was treated with bisulfite using the Zymo EZ DNA 

Methylation Kit (Zymo Research, Irvine, CA) according to the following thermo-cycling 

conditions (16 cycles; 95 °C for 30 s and 50 °C for 1 h). Following treatment with bisulfite, 

DNA samples were desulphonated, column purified, then eluted using 12 μL of elution 

buffer (Zymo Research, Irvine, CA). DNA samples were then processed using the Illumina 

Infinium HD FFPE Restore kit (Illumina, San Diego, CA) according to the manufacturer’s 

protocol. Following restoration, bisulfite-converted DNA was then processed using the 

Illumina Infinium Methylation Assay including hybridization to HumanMethylation450 

BeadChips (Illumina, San Diego, CA), single base extension assay, staining, and scanning 

using the Illumina HiScan system according to the manufacturer’s recommendations. Beta 

values representing the fraction of methylated cytosine present at each CpG site were 
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calculated using the Illumina Genome Studio software (Illumina, San Diego, CA) using the 

default settings.

Analysis of DNA methylation data was performed using the open source statistical 

programming language R [23]. Files with raw data generated by the iScan microarray 

scanner (Illumina, San Diego, CA) were read and processed using the minfi Bioconductor 

package as described in the Illumina GenomeStudio software (Illumina, San Diego, CA) [2]. 

Further filtering the probes was done as previously described [26]. In total, 438,370 probes 

were kept for clustering analysis. To determine the subgroup affiliation of our cohort by 

methylation array, we used previously published data of DNA methylation in pediatric high-

grade gliomas as a reference (n = 59; GSE36278) [26]. Missing values were imputed using a 

k-nearest neighbor algorithm [27]. To determine the cluster assignment of a subject from our 

cohort, the methylation data from each subject was combined with the 59 cases in the 

reference set for unsupervised consensus clustering as previously described [26]. Briefly, the 

8000 most variable methylated CpG probes as measured by standard deviation across 

combined samples were selected. The consensus matrix was calculated using the k-means 

algorithm on a fraction of probes (0.8) in 1000 iterations (R package: ConsensusClusterPlus) 

[20, 26]. Subgroup assignment of each case from our cohort was then resolved from the 

consensus with the number of subgroups set at 5, corresponding to the number of distinct 

DNA methylation subgroups identified in a separate cohort of pediatric high-grade gliomas 

[26].

Analysis of copy number abnormalities based on the 450 k Infinium methylation array was 

performed using the conumee Bioconductor package in default settings [13]. The combined 

intensities of all available CpG probes were normalized against 12 control samples from 

normal brain tissue using a linear-regression approach. Detection of amplification and 

chromosomal gains and losses was performed by manual assessment of the respective loci 

for each individual profile following automatic scoring [12, 26].

A logistic regression model to estimate the probability of MGMT promoter methylation 

from the 450 k methylation array was performed as previously described [3].

Other statistical analyses

Descriptive statistical analyses were used to summarize the demographic and clinical 

characteristics of the patients. Overall survival (OS) was defined as the interval between date 

of diagnosis and death. Patients who were alive were censored at the time of last contact. To 

assess for associations with OS, Cox models were used for continuous variables and two-

sided log-rank tests were used for categorical variables. The associations between 

chromosomal gains or losses and methylation subgroups were determined by Fisher’s exact 

tests.

Results

We identified 32 patients [17 (53 %) females] with GC (Table 1). The median age at 

diagnosis was 10.2 years (range 1.5–19.1). The median latency from onset of symptoms to 

diagnosis was 60 days (range 7 days–3 years). Twenty-one (66 %) patients presented with 
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seizures, which were commonly difficult to control. Only two patients had not experienced 

seizures at their last follow-up. Two patients had a cancer predisposition syndrome 

consisting of either a monoallelic or biallelic germline mutation (constitutional mismatch-

repair deficiency syndrome) of MSH6 [30] (Table 1).

Twenty-three (72 %) patients had type 1 and 9 (28 %) type 2 primary GC (Table 1). A 

median of 4 (range 3–8) cerebral lobes and 9.5 (range 3–15) brain structures was affected at 

diagnosis (Table 1). Twenty-five (78 %) patients had at least one thalamus affected. In 

addition, 9 (28 %) patients displayed symmetrical involvement of both thalami typical of 

bithalamic gliomas; all had biopsies obtained from one of the thalami to corroborate the 

impression that this was a prominent component of the tumor. Ten (31 %) patients had 

predominant involvement of gray matter, 9 (28 %) of white matter, and 13 (41 %) showed 

equal involvement of both. Twelve of 31 patients (39 %) had hydrocephalus at diagnosis; 

one patient was not evaluable for new onset hydrocephalus due to a VP shunt previously 

inserted for an unrelated disorder. Only 1 of 32 evaluable patients displayed metastatic 

disease at diagnosis. Fifteen tumors contained areas of focal enhancement, 7 of them 

corresponding to cases of type 2 GC. All cases of type 2 GC had unambiguous focal areas 

with distinct signal characteristics from the surrounding tumor with (n = 7) or without (n = 

2) contrast enhancement.

All tumors represented astrocytic neoplasms with diffuse infiltration of the surrounding 

brain parenchyma. Of 30 pure astrocytomas, 4 were grade II, 22 grade III, and 4 grade IV 

(Table 1). Two tumors were not easy to classify histologically due to the concomitant 

presence of both an astrocytic and a minor neuronal component (patients 28 and 31 in Table 

1). Patient 28 (Table 1) with a low-grade glioneuronal tumor developed leptomeningeal 

spread at progression and malignant transformation into a glioblastoma was confirmed at 

autopsy.

Molecular studies

Unsupervised consensus clustering analysis of genome-wide DNA methylation was 

conducted in 18 (56 %) patients with adequate tissue. By comparing to a previously 

published dataset of pediatric high-grade gliomas, our cohort was classified into four 

subgroups: IDH (n = 3, 17 %), G34 (n = 4, 22 %), mesenchymal (n = 3, 17= %), and RTK I 

‘PDGFRA’ (n = 8, 44 %) (Fig. 1; Table 2). A subgroup representing H3.3 K27M-mutated 

tumors was not observed. Seven of 18 (39 %) tumors displayed MGMT promoter 

methylation. MGMT promoter methylation occurred in all methylation subgroups except for 

mesenchymal (Table 2).

Sequencing of hotspot mutations was available for a maximum of 25 (78 %) tumors. 

Whereas 5 of 21 (24 %) tumors displayed H3F3A p.G34, no H3F3A p.K27 M mutations 

were observed. All four H3F3A p.G34R-mutated tumors with methylation data clustered in 

the G34 subgroup. Only 2 of 25 (8 %) tumors, both type 2 GC involving the frontal lobes, 

harbored IDH1 p.R132H mutations. Only one case assigned to the IDH subgroup by 

methylation did not harbor this mutation by targeted sequencing. Although no BRAF 
p.V600E mutations were detected, one patient harbored multiple abnormalities (BRAF 
T589I, G596D; R603*) previously described in this gene (http://cancer.sanger.ac.uk/cosmic) 
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(Table 2). Among five subjects who had previously undergone genome-wide sequencing, 

PDGFRA and TP53 mutations were demonstrated in 1 and 2 tumors, respectively [30]. A 

fusion between TPM3 and NTRK1 was demonstrated in one case [30] (Table 2).

Multiple amplified oncogenes were observed, the most common of which was PDGFRA 
seen in 4 of 22 cases (18 %) (Table 2). Other amplified oncogenes included MDM4 (n = 2), 

CDK4 (n = 1), MYC (n = 1), and MYCN (n = 1). CDKN2A deletion was observed in 2 of 

22 cases (9 %). The most common areas of large gains in 18 tumors were 1q (33 %), 2p 

(33 %), 2q (39 %), chromosome 7 (44 %), and 12p (22 %). Likewise, the most common 

areas of large chromosomal losses were 3q (28 %), 6q (22 %), 9p (22 %), 10q (28 %), and 

13q (28 %). Concomitant loss of 1p and 19q was not observed.

Multiple associations were found between large areas of chromosomal gains or losses and 

methylation subgroups (Supplemental Fig. 1). Whereas large gains of 2p and 2q were 

associated with the RTK I ‘PDGFRA’ subgroup (P = 0.012 and P = 0.042, respectively), 

losses of 4q and 9p were associated with the G34 subgroup (P = 0.045 and P = 0.021, 

respectively). Gains of chromosome 7 were observed exclusively in the RTK I ‘PDGFRA’ 

subgroup except for 2 cases (P = 0.02).

Outcome

Despite aggressive therapy, only two patients with GC diagnosed before 3 years of age are 

long-term survivors; both experienced tumor progression after chemotherapy and required 

radiation therapy (Table 1). The median OS for all patients was 16.5 months (range 4.7–

87.7+ months). None of the continuous variables analyzed, including age at diagnosis, 

interval from onset of symptoms and diagnosis, number of cerebral lobes or brain structures 

affected were associated with OS. Likewise, gender, presence of seizures at presentation, 

type 1 vs. type 2 GC, presence of contrast enhancement, histological grade, and MGMT 

promoter status were not associated with OS (Supplemental Figs. 2–5). Patients with 

symmetrical bithalamic involvement had a worse survival (P = 0.0196) (Fig. 2a). Although it 

did not reach statistical significance, there was a borderline association between methylation 

subgroups and outcome (Fig. 2b). Specifically, patients in the IDH subgroup seemed to fare 

better than those in the other subgroups (P = 0.056).

Discussion

Despite the use of aggressive therapy, GC still portends one of the poorest prognoses of all 

pediatric CNS cancers, probably only surpassed by diffuse intrinsic pontine gliomas [14]. 

We report clinicopathologic and radiological characteristics in the largest cohort to date of 

pediatric GC. More importantly, we provided for the first time detailed molecular 

information about this cancer. We showed that GC in children harbors mutations, oncogene 

amplifications, and particularly a methylation profile that corresponds to other pediatric 

high-grade gliomas [16, 24, 26, 30]. H3F3A p.G34 mutations, which were perfectly 

captured by methylation analysis, were seen mostly in adolescents with predominant 

involvement of cortical lobes and accounted for 15 % of cases. IDH1 p.R132 or clustering in 

the IDH methylation subgroup was seen in less than 10 % of tumors, all arising in the frontal 

lobe of patients at least 10 years old. The lack of BRAF p.V600E in our patients’ tumors is 

Broniscer et al. Page 6

Acta Neuropathol. Author manuscript; available in PMC 2017 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



important and suggests that children with GC will not be good candidates for therapy with 

BRAF inhibitors. The K27 methylation subgroup, which accounts for the largest group of 

pediatric high-grade gliomas [16, 26], was conspicuously absent from our cohort. This 

finding may seem intuitive since the definition of GC is based on tumor involvement of 

cerebral lobes and H3F3A p.K27 M predominantly affects midline tumors [24, 26, 29]. 

However, we showed that children with GC commonly have involvement of deeper brain 

structures, including the thalami. Furthermore, similar to other studies in children [1, 5, 6], 

we showed that more than 25 % of our patients had symmetrical bithalamic involvement as a 

prominent feature of GC. Because only 4 of our 9 patients with GC and a symmetrical 

bithalamic involvement had molecular data available, the possibility that a H3F3A p.K27M 

mutation could be found in pediatric GC cannot be entirely excluded.

Our analysis of copy number abnormalities showed amplifications of several oncogenes 

previously found in other pediatric high-grade gliomas, including PDG-FRA, CDK4, and 

MDM4 [24, 26, 30]. Similarly, MYC and MYCN amplifications observed in one case each 

had been occasionally observed in pediatric high-grade gliomas [30].

Not surprisingly, we identified molecular differences between GC in children and their adult 

counterparts. Whereas the IDH subgroup was uncommon in children, it accounted for 

approximately half the cases of adult GC [12, 17, 25]. In contrast to our results, 

approximately half of adult cases in the IDH subgroup represented oligodendrogliomas with 

concomitant 1p and 19q loss [12]. Unlike adult cases of GC and similar to a previous study 

of high-grade gliomas across all age groups [12, 26], the RTK II subgroup was not observed 

in our patients. Interestingly, we reported associations between specific areas of 

chromosomal gains or losses and the RTK I ‘PDGFRA’ and G34 methylation subgroups. 

Since some of these chromosomal areas (e.g., 9p, 7q) harbor oncogenes or tumor suppressor 

genes that are key in glioma tumorigenesis, these associations should be further studied.

We confirmed multiple clinical findings previously described in children with GC, including 

the common occurrence of seizures, which were frequently difficult to control and often 

presented as status epilepticus [1, 5, 15]. The long interval from onset of symptoms and 

histological confirmation in a subset of patients with GC had also been previously reported 

and can be attributed to the challenges in establishing this diagnosis [15]. One of the main 

limitations of our study was the lack of suitable tissue for more detailed molecular analysis 

in all patients’ samples.

The OS of our patients was shorter than that reported in some adult studies but comparable 

to the previously reported pediatric experience [5, 7, 12, 21, 28]. Similar to previous studies 

[12, 16, 17, 21, 26], there was a suggestion that children with GC in the IDH methylation 

subgroup might fare better than those in the other groups since our three patients survived 

for at least 1.5 years without disease progression. However, no generalizable conclusions can 

be drawn based on such small number of patients. We hypothesize that the association 

between bithalamic involvement and worse outcome may be due to larger tumor burden but 

a potential role of tumor biology cannot be excluded. Unlike a previous adult study [12], 

MGMT promoter methylation status was not prognostic in our patients. This was likely due 

to the fact that only one-third of our patients received upfront therapy containing 
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temozolomide. Interestingly, our only two long-term survivors were younger than 3 years at 

diagnosis including one patient with a TPM3 and NTRK1 fusion [30].

A recent report raised the possibility that GC in adults may not represent a separate brain 

tumor entity based on overlapping genetic and epigenetic characteristics with other gliomas 

[12]. Likewise, the overlap of molecular characteristics between GC and other high-grade 

gliomas in children suggests that the same may apply to pediatric GC.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Heatmap representation of unsupervised consensus clustering analysis of 450 k methylation 

array profiles in 18 pediatric patients with gliomatosis cerebri using the 8000 most variable 

methylated CpG probes. MES mesenchymal
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Fig. 2. 
a Overall survival of 32 pediatric patients with gliomatosis cerebri based on the presence of 

symmetrical bithalamic involvement. b Overall survival of 18 pediatric patients with 

gliomatosis cerebri based on the methylation subgroups
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