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Clinical impact of combined epigenetic and molecular 
analysis of pediatric low-grade gliomas
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Abstract
Background. Both genetic and methylation analysis have been shown to provide insight into the diagnosis and 
prognosis of many brain tumors. However, the implication of methylation profiling and its interaction with genetic 
alterations in pediatric low-grade gliomas (PLGGs) are unclear.
Methods. We performed a comprehensive analysis of PLGG with long-term clinical follow-up. In total 152 PLGGs 
were analyzed from a range of pathological subtypes, including 40 gangliogliomas. Complete molecular analysis 
was compared with genome-wide methylation data and outcome in all patients. For further analysis of specific 
PLGG groups, including BRAF p.V600E mutant gliomas, we compiled an additional cohort of clinically and geneti-
cally defined tumors from 3 large centers.
Results. Unsupervised hierarchical clustering revealed 5 novel subgroups of PLGG. These were dominated by 
nonneoplastic factors such as tumor location and lymphocytic infiltration. Midline PLGG clustered together while 
deep hemispheric lesions differed from lesions in the periphery. Mutations were distributed throughout these 
location-driven clusters of PLGG. A  novel methylation cluster suggesting high lymphocyte infiltration was con-
firmed pathologically and exhibited worse progression-free survival compared with PLGG harboring similar molec-
ular alterations (P = 0.008; multivariate analysis: P = 0.035). Although the current methylation classifier revealed low 
confidence in 44% of cases and failed to add information in most PLGG, it was helpful in reclassifying rare cases. The 
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addition of histopathological and molecular information to specific methylation subgroups such as pleomor-
phic xanthoastrocytoma–like tumors could stratify these tumors into low and high risk (P = 0.0014).
Conclusion. The PLGG methylome is affected by multiple nonneoplastic factors. Combined molecular and 
pathological analysis is key to provide additional information when methylation classification is used for 
PLGG in the clinical setting.

Key Points

1.  Epigenetic subgroups in PLGG are driven by nongenetic factors. Unsupervised 
clustering reveals that methylation-based subgroups of PLGG are stratified 
predominantly by tumor location and nonneoplastic cell composition.

2.  Epigenetic classification is not sufficient in PLGG. In contrast to other childhood 
cancers, methylation arrays may lead to unclear or erroneous results in PLGG. In 
contrast, combined genetic and epigenetic analysis provides invaluable insights 
into these cancers.

3.  Combined genetic and epigenetic analysis of PLGG can be clinically used to predict 
outcome and for therapeutic decisions. When combining pathological grade, 
genetic events, and methylation analysis, one can uncover rare groups of PLGG, 
stratify tumors for outcome, and target the high-risk tumors for precision medicine.

Pediatric low-grade gliomas (PLGGs) are the most common 
central nervous system tumors in children.1,2 They arise 
throughout the neuroaxis and cause significant morbidity 
and late mortality which is largely dependent on the tumor 
location, among other clinical variables.1,2 PLGGs encom-
pass a range of pathological entities which overall share 
similar favorable clinical outcome but do not reliably predict 
those most likely to recur or transform.

Long-term survival of patients with PLGGs is excellent 
if gross total resection can be achieved.3 However, man-
agement of incompletely resected PLGGs is complex. Until 
recently, medical therapy for unresected PLGGs consisted 
of radiation and chemotherapy. These therapies carry sig-
nificant long-term morbidity,4 and their efficacy is variable. 
Importantly, since the management of PLGG does not de-
pend on pathological subtypes, some tumors were not bi-
opsied and therapy was empirically based on history and 
imaging findings. Overall there is a need for more scientific 
decision making in determining the right therapeutic ap-
proach for these patients.

Based on a series of extensive molecular analyses,5 
several genetic alterations have been identified in PLGG 
which converge on the Ras/mitogen-activated protein ki-
nase pathway.5–10 The most common alterations observed 
in PLGG are KIAA1549-BRAF fusion,9 followed by germline 
and somatic mutations in neurofibromin 1, and the BRAF 

p.V600E mutation.11 A variety of relatively rare alterations 
of fibroblast growth factor receptor 1 (FGFR1), NTRK,8 
FGFR2,7 RAF1,8 MYB/MYBL1,5,6,12 and others are also 
found in these tumors. The impact of these new molecular 
subgroups on survival and response to conventional and 
target therapies is still under investigation.

Epigenetic analysis by DNA methylation arrays has 
had an enormous impact on our understanding, diag-
nosis, and risk stratification of pediatric brain tumors.13,14 
Analysis of the epigenome has uncovered novel molecular 
entities and allowed more accurate classification of tumors 
such as embryonal brain tumors16,17 as well as enabling 
subclassification of tumors such as medulloblastoma and 
ependymoma.18 This subclassification is also able to iden-
tify prognostic risk groups in these tumors and help in 
tailoring therapy in some cases. Although several papers 
have tried to stratify PLGG using methylation arrays,19–22 
the interaction of molecular genetic events, location, and 
morphology with methylation status in these tumors is not 
clear. Furthermore, since genetic signatures are emerging 
to have impact on long-term outcome of PLGG, the relative 
contribution of methylation arrays in classifying these tu-
mors remains relatively unknown.

In order to shed light on the above issues we performed a 
comprehensive analysis of a large carefully defined cohort 
of PLGG with full genetic, morphologic, and methylation 

Importance of the Study

We performed methylation array analysis of PLGGs with 
comprehensive molecular data and clinical follow-up 
spanning three decades. This study enabled us to un-
cover several key insights, including the prognostic 

importance of lymphocytic infiltration in BRAF p.V600E 
mutant PLGGs, as well as highlight the pitfalls and bene-
fits of genetic and epigenetic analysis of PLGG.
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data aligned with clinical and outcome data. Our data un-
derscore the limitations and potential roles of epigenetic 
analysis with current molecular classification of PLGG.

Materials and Methods

Tumor Materials

We performed full molecular analysis combined with mor-
phological and clinical outcome analysis on 152 PLGGs 
which were wildtype for H3F3A, including 136 from the 
Hospital for Sick Children (SickKids) and 16 BRAF p.V600E 
mutant PLGGs from St Jude Children’s Research Hospital 
(St Jude) (Table 1).

To assess the confidence of the Heidelberg classifier for 
PLGG, in addition to these 152, a further 70 cases from St 
Jude’s were included (total 222 cases).

For analysis of degree of lymphocyte infiltration on 
pathological slides, 70 BRAF p.V600E mutant cases from 
SickKids were assessed, including 45 cases with either 
high or low Leukocytes Unmethylated for Purity (LUMP) 
score based on methylation profiling (see below), as well 
as an additional 25 BRAF p.V600E cases were used.

To assess the role of methylation in the context of 
tumor grade and molecular data, we also submitted a co-
hort of 14 BRAF p.V600E mutant high-grade gliomas (in-
cluding anaplastic pleomorphic xanthoastrocytomas 
[PXA]) for methylation analysis from SickKids and NYU. 
A schematic of patient samples and workflow is shown in 
Supplementary Figure 1. This study was approved by the 

institutional research ethics board from each respective 
institution.

Molecular Genetic Analysis

BRAF p.V600E mutations were detected by droplet digital 
(DD)-PCR (Bio-Rad) and/or by an immunohistochemistry 
test approved by the Clinical Laboratory Improvement 
Amendments.11,23 Multiple fusions including KIAA1549-
BRAF fusions, BRAF duplication, and FGFR-transforming 
acidic coiled-coil protein 1 (TACC1) fusions were evalu-
ated using NanoString and/or fluorescent in situ hybridi-
zation.24,25 Status of cyclin-dependent kinase inhibitor 2A 
(CDKN2A) was analyzed using copy number analysis with 
signal data of methylation array,13 or DD-PCR.11 All methods 
have been described previously. Anaplastic lymphoma ki-
nase (ALK) fusions and FGFR2 fusions were found by RNA 
sequencing as described elsewhere.26,27

Genome-Wide DNA Methylation Analysis

We performed comprehensive methylation analysis of all 
tumors using the Illumina Infinium HumanMethylationEPIC 
(EPIC array) or HumanMethylation450k (450k array) 
BeadChip array, which includes 866  238 and 485  512 
cytosine-phosphate-guanine (CpG) sites, respectively, 
for analysis. Further details on the specifics of anal-
ysis and additional information are provided in the 
Supplementary data.

LUMP score was discovered by Aran et  al to estimate 
tumor purity.29 The authors selected 44 CpG sites that are 
involved in both unmethylated probes of methylation data 
of normal immune cells and methylated probes of those of 
tumor samples from The Cancer Genome Atlas database. 
LUMP score can be calculated by average methylation 
levels of the probes divided by 0.85.

Histopathology

Pathological diagnoses were assigned according to the 
2016 World Health Organization classification of the cen-
tral nervous system.28 Cases with insufficient material to 
assign a specific category but which were clearly low grade 
were assigned a “low grade astrocytoma” diagnosis in our 
cohort. Anaplastic PXA was included in the pediatric high-
grade glioma cohort.

Hematoxylin and eosin–stained slides corresponding to 
the block from which tissue was sent for methylation anal-
ysis were reviewed for degree of lymphocytic infiltration. 
Cases were assigned a “high” score if prominent (>2 cells 
thick) perivascular lymphocytic infiltrates were identified 
within the tumor. All other cases were assigned a “low” 
score. Representative slides are shown in Supplementary 
Figure 2.

Statistical Analysis

For statistical analysis, subgroup comparisons were per-
formed by t-test, Pearson’s chi-square test, Fisher’s exact 

  
Table 1. Clinical and molecular information of cases for the genome-
wide methylation analysis

Total Number of Enrolled Cases, 152

Location Hemisphere 83

 Thalamus/hypothalamus 35 

 Cerebellum 22

 Brainstem/spine 12

Pathological  
diagnosis

Pilocytic/pilomyxoid  
astrocytoma

48

 Ganglioglioma 40

 Diffuse astrocytoma 22

 Pleomorphic  
xanthoastrocytoma (PXA)

16

 Other low grade gliomas 26

Molecular status BRAF V600E mutation 79 

 BRAF fusions 39

 FGFR1-TACC1 fusion 6

 FGFR2 fusions 4

 MYBL1 amplification 2

 ALK fusions 2

 Others 20 

Observation period,  
median (range)

 5.4 y  
(0‒28.0)

  

http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa077#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa077#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa077#supplementary-data


1477Fukuoka et al. Clinical impact of combined epigenetic and molecular analysis
N

eu
ro-

O
n

colog
y

test, or Wilcoxon rank-sum test. Overall survival (OS) 
was defined as the time from initial diagnosis until death. 
Progression-free survival (PFS) was defined as the time 
from initial diagnosis until relapse. Survival curves were 
plotted using the Kaplan–Meier method. The log-rank test 
and Cox proportional hazards model were used to de-
tect differences in survival between different groups of 
patients. Two-sided tests were used for all analyses, and 
P-values <0.05 were considered significant. JMP 9 (SAS 
Institute) was used for all analyses.

Results

The PLGG Methylome Is Affected by Key Cellular 
and Molecular Factors

For PLGG clustering, 152 tumors were analyzed. These in-
cluded a variety of pathological diagnoses, ages, tumor lo-
cations and molecular alterations. Detailed data is provided 
in Table 1. As an initial step, we performed unsupervised 
hierarchical clustering of genome-wide methylation data 
from all 152 PLGG (Fig. 1A). PLGG could be divided into 
3 major clusters, with cluster 2 and 3 each having an ad-
ditional 2 subclusters. These reflected tumor location and 
additional cellular and molecular events. Consensus clus-
tering and t-distributed stochastic neighbor embedding 
plotting supported the hierarchical clustering results 
(Supplementary Figure 3). Cluster 1 consisted mostly of 
midline PLGG from both the cerebellum and hypothal-
amus/optic pathway. Cluster 3 consisted of hemispheric 
tumors which could be further subdivided into 2 groups, 
clusters 3A and 3B. Detailed imaging analysis of these tu-
mors revealed that tumors attached to the midline were 
enriched in cluster 3A, while cluster 3B was enriched for 
more peripherally located hemispheric tumors (P = 0.001; 
Fig. 1B). Overall, tumor location was a more important de-
terminant of cluster than any molecular or morphological 
feature. Interestingly, cluster 2 encompassed 2 distinct 
subgroups where molecular and non-tumor-related factors 
played a key role. Cluster 2A uniformly comprised hemi-
spheric tumors with both BRAF p.V600E mutation and 
CDKN2A homozygous deletion. These cluster 2A PLGGs 
were all Heidelberg classifier PXA-like tumors; however, 
not all Heidelberg classifier PXA-like tumors were included 
in cluster 2A. Cluster 2B was enriched for tumors with 
lower LUMP scores.29 LUMP score is a surrogate marker 
of leukocyte/lymphocyte infiltration in the specimen calcu-
lated from the methylation data, suggesting that tumors in 
cluster 2B are affected by high leukocyte/lymphocyte infil-
tration (Fig. 1A).

Biological and Clinical Impact of Cluster 2 PLGG

Since cluster 2B suggested immune infiltration of these 
PLGGs, we further studied the specific tumors within 
this group. Progression-free survival was significantly 
worse for BRAF p.V600E mutant tumors with low LUMP 
score (P = 0.008; Fig. 2A, B). Low LUMP score was inde-
pendent of other clinical and molecular variables in these 

tumors (hazard ratio [HR] 2.41; 95% CI for HR, 1.06–5.42, 
P = 0.035; Table 2a). Interestingly, the LUMP score was not 
prognostic in BRAF wildtype tumors (P  =  0.37, data not 
shown). To verify that LUMP score accurately reflected 
leukocyte/lymphocyte infiltration, we reviewed the path-
ological slides of the BRAF p.V600E mutant PLGGs with 
LUMP score data (n =45). To further test the role of lym-
phocytic infiltration in BRAF p.V600E mutant PLGG we 
assessed this in a further series of 25 cases. Lymphocyte 
infiltration was confirmed in tumors with low LUMP 
scores (Supplementary Figure 2). Further, BRAF p.V600E 
mutant PLGG with high lymphocytic infiltration, as de-
fined by pathologic assessment, had worse PFS than 
those without infiltration (P = 0.01; Fig. 2C) on univariate 
analysis and approached significance on multivariate 
analysis (P = 0.053; Table 2b). These data indicate that high 
lymphocytic infiltration may be an important prognostic 
factor in BRAF p.V600E mutant PLGGs.

Limitations of the Methylation-Based Classifier 
in PLGG

In order to assess the clinical role of methylation-
based classification in PLGG, we used the available 
methylation-based molecular classifier13 and applied 
it to all tumors from different institutions (Fig.  3). The 
classifier failed to reach high confidence with a cali-
brated score of more than 0.9, which reflects the relia-
bility of the diagnosis,13 in 51% of cases (69/136 cases) at 
SickKids and 34% (29/86 cases) at St Jude. This is compa-
rable to 67% (57/85 cases) of a population-based cohort 
in the United Kingdom14 (Fig. 3A, Supplementary Figure 
4). Importantly, none of the PLGG diagnosed by pa-
thology was changed to high-grade glioma by the clas-
sifier. BRAF p.V600E mutation and BRAF fusions, which 
are critical for clinical risk stratification and molecular 
targeting therapy, were observed across multiple meth-
ylation subclasses (Fig. 3A).

We then further examined the additional value of the 
methylation classifier to the current molecular and path-
ological scheme. Some rare alterations such as FGFR1-
TACC1, FGFR2 fusions, MYBL1 alterations, and ALK 
fusions clustered together within the classifier except 
one FGFR1-TACC1 fused case. These still were not called 
as such but rather clustered with other PLGG. In one 
case, accounting for 0.6% of our cohort, clinical man-
agement would have benefited from using the classifier. 
The case was a 2.7-year-old patient with localized brain-
stem low-grade glioma without metastasis at diagnosis 
(Supplementary Figure 5a). The pathological diagnosis 
was diffuse astrocytoma. No alterations were detected by 
NanoString or DD-PCR. This patient experienced dissem-
inated recurrence starting at 2.92  years after diagnosis 
(Supplementary Figure 5b) and died from the disease at 
5.18 years. Methylation data from the primary tumor re-
vealed a diagnosis of diffuse leptomeningeal glioneural 
tumor (DLGNT) accompanied by 1p loss30(Supplementary 
Figure 5c).

In contrast, 10.9% of PLGGs (29 out of 222 cases) were 
termed as nontumor tissue by the classifier, including 

http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa077#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa077#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa077#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa077#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa077#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa077#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa077#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa077#supplementary-data
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reactive inflammation and control normal brain. These 
were mostly low confidence tumors which had clinical, 
imaging, and pathological diagnosis of PLGG, and all 
harbored molecular alterations such as BRAF p.V600E or 
BRAF fusions observed in PLGG. Additionally, 4 PLGGs in 
which BRAF was altered had nonglial tumor diagnoses (2 
cases of meningioma and 2 cases of craniopharyngioma) 
by the classifier (Supplementary Table).

Combined Methylation, Pathological, and 
Molecular Analysis Redefines PXA-Like Tumors

One of the possible strengths of methylation analysis is 
in classifying BRAF p.V600E mutant/CDKN2A deleted tu-
mors as a unique clinical entity termed PXA-like gliomas.31 
PXA-like tumors are defined as tumors diagnosed as 
“PXA” with high confidence (calibrated score  >0.9) by 
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Fig. 1 Stratification of PLGG into clusters based on epigenetic profiling. (A) Unsupervised hierarchical clustering of methylation data of 152 PLGGs 
with 5000 probes showing highest median absolute deviation. The tumors are divided into 3 clusters termed cluster 1, 2, and 3. The following in-
formation is indicated below the heatmap: tumor location, molecular status, pathology, CDKN2A status, and the Heidelberg classifier result. (B) 
Prevalence of tumors attaching to the midline among hemispheric tumors in cluster 3. (C–G) Representative MRI of hemispheric PLGGs in cluster 
3A and (H –I) those in cluster 3B.
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the Heidelberg classifier.13,31 In order to shed light onto 
this group of gliomas we constructed an additional co-
hort of pediatric tumors termed PXA-like tumors by the 
Heidelberg classifier from 3 separate institutions (SickKids, 
St Jude, and NYU). In total, 27 PXA-like tumors had high 
confidence by the classifier regardless of the under-
lying pathology, which included 17 low grade (13 PXAs, 2 
gangliogliomas, 1 desmoplastic infantile ganglioglioma, 
1 low grade astrocytoma not otherwise specified) and 
10 high grade histologies (5 anaplastic PXAs, 3 glio-
blastomas, 1 anaplastic astrocytoma, and 1 anaplastic 
ganglioglioma). All had both BRAF V600E mutation and 
CDKN2A homozygous deletion except for 3 cases (1 PXA, 1 
BRAF wildtype/CDKN2A deleted anaplastic PXA harboring, 
and 1 BRAF p.V600E mutant/CDKN2A wildtype PXA). The 
5-year OS for the entire cohort was 82%, which is similar to 
previously described PXA-like cohorts.31 Strikingly, these 
tumors could be divided into 2 groups based on tumor 

pathological grade. PXA-like PLGGs had significantly better 
outcome compared with PXA-like high grade gliomas. At 
5 years, all PXA-like PLGGs were alive, while only 34% of 
high grade tumors survived (P = 0.0014; Fig. 3B). We then 
tested all BRAF p.V600E mutated/CDKN2A homozygous 
deleted tumors regardless of their pathology or methyl-
ation classification (n =32). These included 20 low grade 
(14 PXAs, 3 gangliogliomas, 2 low grade astrocytomas, 
and 1 desmoplastic infantile ganglioglioma) and 12 high 
grade tumors (5 glioblastomas, 4 anaplastic PXAs, 1 
anaplastic astrocytoma, 1 anaplastic ganglioglioma, and 
1 gliosarcoma). The majority of these tumors were called 
“PXA” by the classifier (24 cases with high confidence 
[PXA-like tumors] and 4 cases with low confidence [cali-
brated scores were 0.28, 0.51, 0.57, and 0.71, respectively]), 
while 4 tumors were termed as diverse pathological types. 
While pathological grading determined survival in this 
cohort (Fig.  3C), there were no prognostic differences 

  
Table 2. Multivariate analysis of PFS among BRAF V600E mutant PLGGs

a. Multivariate Analysis of PFS among BRAF V600E Mutant PLGGs

Variable Hazard Ratio (HR) 95% CI for HR P-value

Low LUMP score 2.41 1.06–5.42 0.035

CDKN2A homozygous deletion 8.95 2.97–33.19 <0.0001

Non–hemispheric/cerebellar location 4.69 1.46–18.98 0.008

No gross total resection 1.05 0.37–2.83 0.91

Age <3 y 1.35 0.48–4.15 0.57

  

b. Multivariate Analysis of PFS among BRAF V600E Mutant PLGGs

Variable Hazard Ratio 
(HR)

95% CI for 
HR

P-value

High lymphocytic infiltration 3.33 0.98–12.73 0.053

CDKN2A homozygous deletion 21.75 4.75–153.95 0.001

Non–hemispheric/cerebellar location 4.19 0.85–32.36 0.08

No gross total resection 1.30 0.32–4.76 0.68

Age <3 y 2.15 0.41–18.77 0.38
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between “PXA-like” and “non PXA-like” in cases with both 
genetic alterations (Fig. 3D).

Discussion

In this study of the largest PLGG cohort of combined long-term 
outcome data with morphological, molecular, and epigenetic 
status, we are able to redefine the role of methylation arrays 
as a clinical and biological tool in these cancers. Our study 
provides insight into the role of tumor location and other 
nonneoplastic variables in PLGG and describes the potential 
and limitations of genome-wide methylation data in clinical 
classification and prognostic stratification of PLGG groups.

Unsupervised clustering is usually the first step to 
provide an overview of emerging subgroups and their 

biological role in tumor analysis. In PLGGs, tumor location 
was previously reported to drive differences in methyla-
tion status by several groups.20,32 Our analysis of clusters 
1 and 3 provides further clinical and biological insight 
into these data. Although midline optic and cerebellar tu-
mors clustered together, our observation that specific lo-
cations within the cerebral hemispheres have a different 
profile and therefore potentially cell of origin is intriguing. 
For example, cluster 3B, which is enriched with peripher-
ally located hemispheric tumors, contained, as expected, 
numerous BRAF p.V600E mutant tumors (Figures  1–2). 
Since cluster 3A, which represents more centrally located 
tumors, harbored similar alterations, identification of this 
subcluster may have clinical and biological value in the fu-
ture. As resection is extremely important in BRAF p.V600E 
mutant PLGG,11 and very difficult in cluster 3A tumors, 
targeting the different cell of origin may be an important 
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part of the management and future approach to these tu-
mors. Additional future research, such as single cell anal-
ysis, which is emerging as a tool to dissect the biological 
vulnerabilities of tumor cell of origin, may be an important 
aspect of such tumors with similar molecular alterations 
but different origin.33

Cluster 2B provides a yet underappreciated look at PLGG. 
Our data suggest that LUMP score correlates with lympho-
cytic infiltration and may be associated with tumor pro-
gression. Lymphocytic infiltration is well known to occur 
in PLGGs, particularly gangliogliomas, PXA, and pilocytic 
astrocytomas,28,34 and one study by Dahiya et al showed 
worse PFS for cases with high chronic inflammatory infil-
trates.34 Although validation in a larger, prospective cohort 
is required, our findings support those of the Dahiya study 
and suggest that lymphocytic infiltration may be a marker 
for recurrence of at least BRAF p.V600E mutant PLGG. 
Interestingly, numerous studies have shown that increased 
lymphocytic infiltration is a good prognostic factor in most 
cancers.35 More rarely, lymphocytic infiltration negatively 
affecting patients’ prognosis has been reported, such as in 
clear cell renal cell carcinomas (ccRCC), diffuse large B-cell 
lymphomas, and Hodgkin lymphomas.36–38 Interestingly, 
the latter tumors also respond dramatically to immune 
checkpoint inhibition. Giraldo et  al described the mech-
anism of the correlation between lymphocytic infiltration 
and worse prognosis of patients with ccRCC. They detected 
a high prevalence of regulatory T cells and polyclonal CD8+ 
T cells with reduced cytotoxic capacity and low ability to 
recognize tumor associated antigens.36 It is thus intriguing 
to hypothesize that these PLGG may be more susceptible to 
combination therapies with immune checkpoint inhibitors.

 Another important clinical aspect of this study is re-
defining the potential and pitfalls of methylation arrays in 
PLGG. Based on our data, it is clear that in PLGG, meth-
ylation clustering alone has major issues in reaching high 
confidence calls and is less useful than in other tumors in 
defining clinically relevant subgroups. This is very different 
from other pediatric brain tumors where methylation ar-
rays are a robust tool for tumor classification and man-
agement. In our opinion these differences are important to 
discuss as they explain other issues with cancer molecular 
analysis.

First, in contrast to most childhood embryonal and 
high grade tumors, the cell population is diverse in a bi-
opsy of PLGG and includes multiple normal and reactive 
cells which may skew the methylation-based diagnosis. 
Although normal neurons and glial cells, which are inter-
mixed in some infiltrative biopsies, may complicate the 
cell of origin analysis, as discussed above, methylation-
based LUMP score indicative of high immune cell infil-
tration may serve as a tool for tumor prognostication and 
targeting therapies.

Second, while in many tumors, such as posterior fossa 
ependymoma and other embryonal tumors, specific ge-
netic alterations do not exist to support subgroups, recent 
data reveal that unique, usually mutually exclusive driver 
mutation can be found in almost all PLGG and help in both 
tumor stratification and defining therapy in these tumors. 
In the era of targeted therapy, this role of genetic stratifi-
cation will increase and perhaps overshadow the role of 
epigenetic analysis in PLGG.

Third, the unique ability of methylation arrays to 
find novel rare subgroups in many tumor types which 
lead to uncovering genetic alterations in these tu-
mors has also shown benefit in PLGG. For example, 
the Heidelberg classifier seems to be the best tool to 
diagnose DLGNT.

In summary, we suggest that in PLGG, a combined his-
topathological, molecular, and epigenetic approach may 
be required for management of these tumors. While in 
the majority of PLGG, histopatholgical and genetic anal-
ysis will suffice in initial classification. In rare cases 
where cheaper molecular tools fail to establish the di-
agnosis, methylation arrays may provide an important 
tool for correct stratification. Furthermore, future studies 
will help in verifying the role of epigenetic analysis in 
targeting the cell of origin and the microenvironment in 
PLGG.
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