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Background. Pediatric low-grade gliomas (PLGGs), the most frequent pediatric brain tumor, comprise a heterogeneous group of
diseases. Recent genomic analyses suggest that these tumors are mostly driven by mitogene-activated protein kinase (MAPK)
pathway alterations. However, little is known about the molecular characteristics inherent to their clinical and histological hetero-
geneity.

Methods. We performed gene expression profiling on 151 paraffin-embedded PLGGs from different locations, ages, and histolo-
gies. Using unsupervised and supervised analyses, we compared molecular features with age, location, histology, and BRAF ge-
nomic status. We compared molecular differences with normal pediatric brain expression profiles to observe whether those
patterns were mirrored in normal brain.

Results. Unsupervised clustering distinguished 3 molecular groups that correlated with location in the brain and histological sub-
type. “Not otherwise specified” (NOS) tumors did not constitute a unified class. Supratentorial pilocytic astrocytomas (PAs) were
significantly enriched with genes involved in pathways related to inflammatory activity compared with infratentorial tumors. Dif-
ferences based on tumor location were not mirrored in location-dependent differences in expression within normal brain tissue.
We identified significant differences between supratentorial PAs and diffuse astrocytomas as well as between supratentorial PAs
and dysembryoplastic neuroepithelial tumors but not between supratentorial PAs and gangliogliomas. Similar expression patterns
were observed between childhood and adolescent PAs. We identified differences between BRAF-duplicated and V600E-mutated
tumors but not between primary and recurrent PLGGs.

Conclusion. Expression profiling of PLGGs reveals significant differences associated with tumor location, histology, and BRAF ge-
nomic status. Supratentorial PAs, in particular, are enriched in inflammatory pathways that appear to be tumor-related.
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Pediatric low-grade gliomas (PLGGs), classified as WHO grade
I-II, are the most common brain tumors in children. They en-
compass more than 15 histological subtypes based on mor-
phological features and the dominant cell type,1 but subtype
classification is often poorly reproducible.2,3 Indeed, many
PLGGs, often called low-grade glioma not otherwise specified
(LGG NOS), remain unclassified.

The discovery of recurrent BRAF, FGFR1, NTRK2, and MYB/
MYBL1 genetic alterations in PLGGs has significantly increased
our understanding of the mechanisms behind tumorigene-
sis.4 – 10 These often activate mitogene-activated protein kinase
(MAPK) signaling (notably BRAF fusions in pilocytic astrocyto-
mas [PAs] and BRAF-V600E mutations in gangliogliomas [GGs]
and pleomorphic xanthoastrocytomas [PXAs]).11,12 However,
very little is known about other molecular and genomic alter-
ations that are associated with the pathogenesis of these tu-
mors, especially non-PAs.

Unlike adult low-grade gliomas (ALGGs), PLGGs are usually
compatible with often long-term survival, possibly resulting
from a switch to a quiescent state coincident with maturation
of the pediatric brain.13 This suggests that changes in the
tumor environment can reverse the neoplastic nature of
many PLGGs. For example, modification of microenvironment
effectors, such as CXCL12 in the brain,14 has been proposed
to arrest PLGG growth. Lack of telomere maintenance may
also play a role.15

High-throughput mRNA expression profiling is a useful ap-
proach for characterizing molecular alterations in tumors.
However, such profiling has not been done extensively in pedi-
atric non-PAs.16 – 18 The small numbers of patients with these
diseases have limited the availability of tissue (particularly
fresh-frozen tissue), which is required by many genomic assays.

Here we characterized the gene expression profiles of 151
paraffin-embedded PLGGs, across 6 histological subtypes
using an innovative platform that allows expression profiling
of more than 6100 commonly cancer-dysregulated genes in
paraffin-embedded samples. These data segregate tumors ac-
cording to phenotypic features and identify differences in mo-
lecular patterns between different types of tumors including
supratentorial (ST) and infratentorial (IT) PAs and between
BRAF-duplicated, V600E-mutated and BRAF wild-type tumors.
We also compared expression profiles as function of age.

We related these differences to publicly available expression
profiles from normal developing brains to determine whether
the differences we observed were reflected in normal brains.

Materials and Methods

Tumor Sample Collection

All tissues used were paraffin embedded and obtained from
Boston Children’s Hospital through IRB-approved protocols. Di-
agnoses were made according to the WHO classification
scheme by consensus of 3 neuropathologists (J.C., K.L.L., S.S.).
For 137 samples (91%), we performed fluorescence in-situ

hybridization to assess the presence of BRAF-KIAA fusion tran-
scripts.19 We genotyped for BRAF-V600E mutations in 94 sam-
ples (62%) using targeted sequencing.12 All tumors were
clinically annotated with outcomes.

RNA Isolation and Microarray Analysis

RNA was extracted using TRIzol (Life Technologies) followed by
purification using the RNeasy MinElute Cleanup Kit (Qiagen). Ex-
pression profiles were generated using the Illumina DASL plat-
form20 and normalized using cubic spline interpolation.21,22

This platform used 6100 genes that harbor the largest variation
across a large sample panel across tissue types, as described.21

Samples were run in 3 batches; we applied batch correction
using ComBat.23 Z scores were generated for each gene across
samples. Self-organizing maps (SOMs),24 hierarchical cluster-
ing,25 comparative marker selection analysis,26,27 and gene
set enrichment analysis (GSEA)28,29 were performed using Gen-
ePattern.30 Principal component analyses were generated in
Matlab. For clustering, principal components analysis (PCA)
plots, and distance measurements, we used the 250 genes
with highest variance. Use of 100, 500, or 1000 genes gave sim-
ilar results but poorer average silhouette values (data not
shown). For comparative marker selection, we only report
genes with differences in mean z scores .0.5. The data have
been deposited in the Gene Expression Omnibus31 (accession
number GSE60898).

Normal Brains

Normalized RNA-sequencing data across brain regions and
ages (infancy, childhood, and adolescence) were uploaded
from BRAINSPAN.32 To allow comparison between BRAINSPAN
and DASL data, we selected the 5483 genes assessed by
both. Forty-three BRAINSPAN samples (0/234 embryos, 13/73
infants, 22/101 childhood samples, 6/59 adolescents, and
2/112 adults; Supplementary material, Fig. S1) exhibited low
expression levels across most genes and average levels ,10
RPKM (2 SDs below the mean), suggesting tissue degradation.
These were removed.

Immunohistochemistry

HLA-DRA immunohistochemistry (Abcam, 1:250) was per-
formed in an additional cohort of 18 PA tumors using the
Dual Link Envision+ (Dako) detection system. Citrate was
used for antigen retrieval and diaminobenzidine (DAB) as the
chromogen. We assessed DAB surface and intensity staining
using Cell Profiler (Broad Institute)33 in 15 representative
tumor sections for each sample.

Statistical Analysis

Fisher’s exact and Mann-Whitney tests were used to generate
P values as appropriate. False discovery rates (FDRs) were
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determined to account for multiple hypotheses,34 and
FDR,0.25 was considered significant. Log-rank (Mantel-Cox)
tests were used to examine differences in event-free survival.

Results
We analyzed expression of 6100 genes in 151 paraffin-
embedded PLGG samples spanning 6 histological subtypes:
pilocytic astrocytomas (PAs), gangliogliomas (GGs), diffuse as-
trocytomas (DAs), dysembryoplastic neuroepithelial tumors
(DNTs), oligodendroglial tumors (ODs), and PLGGs Not Other-
wise Specified (NOS) (Fig. 1A). The cohort included tumors
from 13 infants (birth to 18 months), 89 children (19 months
to 11 years), and 49 adolescents (12 to 19 years). Primary tu-
mors constituted 135 samples; 16 were collected after second
surgery for relapse or progression, including 9 for which we had
paired primary and recurrent samples.

NOS tumors were the only histological subtype that oc-
curred with equal frequency in both the supratentorium and
infratentorium. DAs, GGs, DNTs, and ODs occurred most com-
monly in the supratentorium (P , .0001); PAs were primarily
infratentorial (and primarily cerebellar; P , .0001) (Fig. 1A).

Consistent with prior reports,8,9,11,35 we observed BRAF-KIAA
duplications most frequently in PAs (P , .0001); BRAF-V600E
mutations were significantly associated with GGs (P , .0002)
(Fig. 1B). Similar fractions of NOS tumors harbored BRAF-
duplications (38%) and V600E mutations (26%) (Fig. 1B).
Tumors with BRAF duplications were predominantly IT (81%,

P , .0001); those with BRAF-V600E mutations were predomi-
nantly ST (90%, P , .0001).

Pediatric Low-grade Gliomas Cluster in 3 Molecular
Groups According to Location, Histological Subtype,
and BRAF Genomic Status

The 135 newly diagnosed PLGGs segregated into 3 clusters
(“supratentorial,” “BRAF-duplicated,” and “mixed”; Fig. 2A), as-
sociated with different histologies (Fig. 2B) by Euclidean SOM24

(Supplementary material, Figs S2 and S3). DAs were enriched in
the ST cluster (P¼ .0014), as were ODs and DNTs (P values
, .001). PAs were enriched in the BRAF-duplicated cluster
(P , .0001), with most of the remaining in the mixed cluster.
GGs were primarily distributed between clusters 1 and 3 (P¼
.160). NOS tumors were distributed almost equally across all
3 clusters, indicating that they are molecularly heterogeneous.
NOS tumors with BRAF duplications preferentially segregated
into the BRAF-duplicated cluster (P¼ .05), which was otherwise
dominated by BRAF-duplicated IT PAs. NOS tumors with V600E
point mutations mostly segregated in clusters 1 and 3 (P¼ .2)
with the ST GGs and other ST tumors.

The supratentorial cluster was significantly enriched with ST
PLGGs (P , .0001), whereas IT tumors were significantly en-
riched in the BRAF-duplicated cluster (P , .0001; Fig. 2C). The
mixed cluster was not significantly enriched with tumors from
either location (P¼ .591).

Tumors from different age groups segregated almost evenly
across the 3 clusters. To determine how adult low-grade glio-
mas (ALGGs) relate to these clusters, we added 15 primary
ALGGs, all ST (7 ODs, 5 DAs, 2 PAs, 1 NOS tumor), to the pediatric
cohort and performed SOM clustering on the combined cohort
of 150 tumors. We again obtained 3 clusters that substantially
aligned with the 3 clusters in the original analysis (Supplemen-
tary material, Fig. S4). Of the 15 ALGGs, 12 (80%) segregated
with the ST PLGGs in cluster 1.

BRAF-duplicated tumors were significantly enriched in clus-
ter 2 (58%, P , .0001), whereas BRAF–V600-mutated tumors
were enriched in clusters 1 and 3 (P¼ .066; Fig. 2D). This obser-
vation reflects the finding that BRAF-duplicated tumors are
more frequent among IT PAs, whereas ST PLGGs more com-
monly harbor the BRAF-V600E point mutation. The BRAF status
of the NOS tumors followed the same distribution, with a
significant enrichment of NOS BRAF-duplicated tumors in
cluster 2 and BRAF–V600E-mutated tumors in clusters 1 and
3 (P¼ .045).

The 3 clusters exhibited no differences in event-free survival
(Fig. 2E).

We compared molecular signatures between the different
clusters using GSEA and the 1320 gene sets in the C2 canonical
pathway (CP) set. The ST cluster was significantly enriched
for 34 gene sets (Q value , 0.25; Supplementary material,
Table S5A). Of these, 7 were associated with neurotransmission
mechanisms (of 18 total; P , .0001), suggesting a neuronal sig-
nature. No gene sets were significantly enriched in the BRAF-
duplicated cluster. The mixed cluster was significantly enriched
for 33 gene sets (Supplementary material, Table S5B), including
3 of 21 gene sets associated with cell-cycle control (P¼ .0139)

Fig. 1. Description of the sample set. (A) Summary of tumor locations
and histologies by age in the pediatric population. Red and blue
numbers indicate supratentorial (ST) and infratentorial (IT) tumors,
respectively. (B) BRAF genomic status by histology. Dysembryoplastic
neuroepithelial tumors (DNTs) and oligodendroglial (OD) tumors did not
harbor either the BRAF duplication or the BRAF-V600E point mutation.
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Fig. 2. Pediatric low-grade gliomas (PLGGs) divide into 3 molecular clusters. (A) Self-organizing map (SOM) clustering heat map including the 135
primary PLGGs. (B–D) Distributions among the 3 clusters of histology: (B) supratentorial tumors (ST), (C) infratentorial tumors (IT), and (D) BRAF
genomic status (*P , .001, Fisher exact test between members of the starred cluster vs both other clusters). (E) Event-free survival curves for the 3
clusters.
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and 5 of 67 gene sets associated with immune response
(P¼ .0227).

Variations in Expression Patterns Across Histological
Subtypes

We analyzed how expression profiles vary across the 4 major
histologies (PAs, DAs, DNTs, and GGs) using comparative marker
selection analysis and GSEA. We controlled for location by com-
paring only the ST tumors.

We found that 205 genes and 90 gene sets were signifi-
cantly differentially expressed between the ST PAs and the ST
DAs (Fig. 3A, Supplementary material, Table S6A and S6B)
and that 230 genes and 120 gene sets were significantly differ-
entially expressed between the ST PAs and the 12 ST DNTs
(Fig. 3B, Supplementary material, Table S6C and S6D). In both
comparisons, 57 gene sets were enriched among PAs, including
3 gene sets from each of 2 families: inflammatory pathways
(KEGG complement disease, KEGG antigen processing and pre-
sentation, and reactome interferon gamma signaling) and ex-
tracellular matrix organization (PID integrin 3 pathway,

Fig. 3. Variation in gene expression profiles across different histological subtypes. (A and B) Heat maps representing genes found to be differentially
expressed between (A) supratentorial (ST) pilocytic astrocytomas (PAs) and diffuse astrocytomas (DAs) and (B) between ST PAs and
dysembryoplastic neuroepithelial tumors (DNTs) (C) Principal components analyses comparing the expression patterns of ST PAs and ST DAs,
(D) ST PAs and ST DNTs (D), and (E) ST PAs and ST gangliogliomas (GGs).
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reactome extracellular matrix organization, and reactome col-
lagen formation). Similarly, 99 genes were significantly differ-
entially expressed in ST PAs relative to both ST DAs and ST
DNTs; 2 of the 5 genes with the largest differences in expression
(SERPING1 and CD74) are in inflammatory pathways. Twenty-
eight gene sets were enriched in ST DNTs relative to PAs. Thirteen
of these related to a neuron or neuronal transmission, including
4 of the 5 most significant gene sets (reactome post NMDA re-
ceptor activation events, reactome neurotransmitter release
cycle, reactome neurotransmitter receptor binding, and reac-
tome neurotransmission across chemical synapses). The 4
genes with the greatest expression in ST DNTs relative to ST
PAs are all related to signal transduction (SCN2A2, STMN2,
SNAP25, and VSNL1). No gene sets were significantly upregu-
lated in ST DAs relative to ST PAs; among the 5 genes that
had the greatest expression, ST DAs relative to ST PAs, 2
(SL17A7 and ATP1A2) are involved in ion transport. We found
no genes or gene sets that were significantly differentially ex-
pressed between the ST PAs and the 15 ST GGs and either the
ST PAs or DAs.

Using the first 3 components of a PCA analysis, we observed
differences between the ST PAs and DAs (Fig. 3C) and between
the ST PAs and DNTs (Fig. 3D); the ST PAs and GGs appear to be
mixed (Fig. 3E). However, these global differences only trend to-
wards statistical significance. We compared the Euclidean dis-
tances within and between all PAs and DAs, PAs and DNTs, and
PAs and GGs and determined the significance of these differ-
ences by permuting class labels. We controlled for the location
by permuting separately ST and IT tumors within each group of
tumors. We found no significant differences between any of
these groups (P¼ .09, .08, .13, respectively).

Variations in Expression Patterns by Tumor Location

We also observed significant differences in expression between
ST and IT tumors on both a global scale (P¼ .0001; Fig 4A and B)
and at the individual gene level after controlling for histology.
We compared Euclidean distances within and between the
2 groups, controlling for histology by maintaining histology
class labels. We also found significant differences after restrict-
ing the analysis to PAs (P¼ .02). These differences can be visu-
alized using the first 3 principle components of a PCA across the
whole cohort (Fig. 4A) and across the PAs (Fig. 4B).

Among PAs, 31 genes and 21 gene sets were significantly
differentially expressed between ST and IT tumors (Fig. 4C,
Supplementary material, Table S7A and B). All 21 differentially
expressed gene sets were enriched among the ST tumors, in-
cluding 3 that were associated with IL12 pathway activation
(out of 4 total; P , .0001; Fig. 4D).

Among the ST tumors, 58 were cortical, and 15 were midline.
After controlling for histology as a confounder, we observed 73
genes and 3 gene sets significantly differentially expressed be-
tween the 2 ST regions (Supplementary material, Table S7D-E).

These differences between ST and IT tumors appear to be
tumor specific and not reproduced in normal brain tissue. We
compared ST and IT expression profiles from 12 children’s
brains in the publicly available BRAINSPAN dataset.32 Among
the 31 genes that were differentially expressed between ST
and IT PAs, 30 were also included in the BRAINSPAN dataset.
Among these, 14 genes were differentially expressed in the

same direction and 16 in the opposite direction between tu-
mors and normal brains (P¼ .29). We also performed GSEA
on 12 ST and 12 IT normal samples from children in the BRAIN-
SPAN database (Supplementary material, Table S7C). We did
not observe significant enrichment in either direction of any in-
flammatory pathways. However, we did find indications of in-
creased IL12 pathway activation in ST tumors in expression
data from an independent set of 16 ST and 30 IT PAs.8 We eval-
uated all 4 IL12 gene sets included in the C2 CP set. One of
these was enriched in the ST PAs (P¼ .03); the other 3 exhibited
trends in that direction (P¼ .0984, P¼ .1262, and P¼ .2350,
respectively).

We further evaluated this finding by performing immunohis-
tochemistry for HLA-DRA in an independent set of 8 ST and 8 IT
PAs. HLA-DRA is a major effector in immune response and was
one of the genes overexpressed in ST relative to IT PAs. We ob-
served significantly higher expression of HLA-DRA in the ST
(Fig. 4E, P¼ .007). The cells that stained positive for HLA-DRA
included cells within vessels (possibly lymphocytes) and also
cells with glial morphology within the tumor, suggesting that
both populations may contribute to the increase in inflamma-
tory signatures in ST PAs.

Molecular Differences Associated With BRAF Alterations

We observed significant differences in levels of individual genes
and gene sets between BRAF-duplicated and BRAF – V600E-
mutated tumors. We performed comparative marker selection
between the BRAF-duplicated or mutated tumors and WT tu-
mors, controlling for both location and histology as possible
confounders by maintaining these class labels during all per-
mutations. We evaluated both individual gene scores and
sums of scores across all genes within the gene sets listed in
the MSigDBC2P database.36 No genes or gene sets were signifi-
cantly differentially expressed between the BRAF-duplicated tu-
mors and WT tumors or between BRAF–V600E-mutated and
WT tumors. We did find 15 genes that were differentially ex-
pressed between the BRAF-duplicated and -V600E mutated tu-
mors (Fig. 5A, Supplementary material, Table S8). Eleven genes
were overexpressed in BRAF-duplicated tumors, including the
calcium-binding protein S100A1 (involved in the regulation of
cell cycle progression and differentiation) and the transcription
factor ID4. Four genes were overexpressed in BRAF – V600E-
mutant tumors, including ANK1, an ankyrin involved in cell mo-
tility and proliferation, and the tyrosine kinase PTK2B, which
regulates neuronal activity.

To evaluate global differences, we compared the Euclidean
distances between BRAF-duplicated, BRAF – V600E-mutated,
and BRAF-WT tumors to Euclidean distances between tumors
within each of these classes after controlling for location and
histology. We found no significant differences between any of
these groups (P¼ .15, P¼ .40, P¼ .26, respectively; Fig. 5B).

Differences Between Primary and Recurrent Tumors

Our cohort included 31 primary tumors from children who went
on to have recurrences and 16 recurrent tumors, with overlap in
9 cases. We observed no significant differences in the overall Eu-
clidean distances between primary and recurrent tumor samples
or between the 104 primary tumors with no record of recurrence
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and the 31 tumors that went on to progress (P¼ .12, P¼ .9, re-
spectively; Fig. 6A and B). We also found no genes or gene sets
whose expression differed significantly between primary and re-
current PLGGs after controlling for location and histology.

Compared with primary tumors from the same patients, re-
current tumors exhibited enrichment of 2 genes: the zinc finger
ZNF652 and the kinase anchor protein AKAP9 that interacts
with signaling proteins from various signal transduction

Fig. 4. Supratentorial (ST) and infratentorial (IT) pilocytic astrocytomas (PAs) exhibit different molecular patterns. (A) Principal components
analyses (PCA) comparing ST and IT pediatric low-grade gliomas (PLGGs) and (B) ST and IT PAs. (C) Heat map of genes found to be
differentially expressed between ST and IT PAs. (D) Enrichment plot of an IL12 gene set found to be significantly enriched in ST PAs relative to
IT PAs. (E) HLA-DRA immunohistochemical staining of individual ST and IT PAs (top) and summary results across 8 ST and 8 IT tumors
(bottom). The Y-axis represents the area under the curve (AUC) metric from Cell Profiler. *P , .05.

Bergthold et al.: Expression profiling of 151 pediatric low-grade gliomas tumors

1492



pathways. However, there was no significant difference in over-
all Euclidean distances between the paired primary and recur-
rent tumors (P¼ .28), and the changes between them did not
favor any direction or magnitude (Fig. 6C).

Similar Expression Patterns in Childhood and Adolescent
Pilocytic Astrocytomas

Tumors that occurred in young children also exhibited no signif-
icant differences compared with those of adolescents ap-
proaching adulthood. We evaluated both individual genes
and gene sets and controlled for location and histology by se-
lecting only IT PAs for comparison.

Discussion
PLGGs are characterized by a spectrum of histological subtypes,
different ages and locations of development within the brain,
and varied genetic alterations. We examined how expression
profiles of PLGGs are shaped by their clinical, histopathological,
and BRAF genomic characteristics and whether differences as-
sociated with age and location were reflected in expression
profiles from normal brain.

We identified substantial differences between ST and IT tu-
mors after controlling for histology, indicating that tumor loca-
tion significantly influences PLGG expression profiles. Only
tumors with purities greater than 70% were included in this
analysis, however. The differences were also not significantly

similarly reflected in ST and IT normal brain expression, sug-
gesting that the differences were specific to the cancer cells
or to their interactions with normal cells within the tumor. ST
and IT PAs have previously been found to harbor distinct ex-
pression17,18 and methylation profiles.37 However, the genes
found to be differentially expressed in the prior study17,18 did
not overlap with our gene set. Among the 15 genes reported
to be differentially expressed in that study that were represent-
ed in our DASL platform, two-thirds were similarly differentially
expressed between normal brain ST and IT regions (P¼ .3).

ST PAs are enriched for IL12 pathway activity compared with
IT PAs. IL12 activates T cells and regulates the production of
IFN-g via JAK2 and STAT4.38,39 HLA-DRA, which drives various
inflammatory pathways, was specifically enriched among ST
PAs.40 These findings suggest either an inflammatory signal in
ST PA tumor cells or inflammatory activation in the tumor mi-
croenvironment. HLA-DRA expression in colorectal cancer has
been reported to reflect an immunological response in the
tumor bed that is associated with a better outcome.41,42

We identified molecular differences between PAs and DAs
and between PAs and DNTs, even after controlling for location.
Although DAs and PAs are both classified as astrocytic tumors
by the WHO consensus, the differences we detected suggest ei-
ther that they arise from distinct cells of origin or the distinct
genomic abnormalities that drive these tumor subtypes are re-
flected in their expression profiles. Conversely, other PLGG sub-
types such as PAs and GGs tend to cluster together in the same
SOM group and did not exhibit statistically significant differenc-
es using a distance permutation test. This was surprising

Fig. 5. Variation in gene expression between BRAF-KIAA duplicated and BRAF–V600E-mutated tumors. (A) Heat map representing genes found to
be differentially expressed between BRAF-duplicated and V600E-mutated tumors. (B) Histogram representing the Euclidean distances between
and within BRAF-duplicated and wild-type (WT) tumors, between and within BRAF-V600E mutated and WT tumors, and between and within
BRAF-duplicated tumors and BRAF –V600E-mutated tumors. P values represent the probability that the Euclidean distances between tumor
groups are significantly higher than distances within tumor groups.
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because their morphologies and BRAF alterations differ. It is
possible that differences will be revealed by larger tumor co-
horts with increased statistical power.

NOS tumors distributed equally across the 3 clusters in our
unsupervised analyses, suggesting that they do not constitute
a unified molecular class. The finding that their distribution was
dependent on their BRAF alteration status suggests the NOS
class includes tumors with strong molecular similarities to ex-
isting histological classes (eg, PAs and GGs). It may be appropri-
ate to include such molecular features in the diagnostic criteria
for these tumors in order to reclassify the NOS tumors among
the well-defined histological groups with which they are most
similar.

BRAF-duplicated and BRAF–V600E-mutated tumors exhibit-
ed differences after controlling for location and histological
subtype, including differences in expression levels of genes in-
volved in cell development and differentiation. However, these
differences were not extensive. These tumors also tended to
cluster separately in our unsupervised analysis but not to a
statistically significant degree. It is possible that we would
detect greater differences in a larger cohort or by using
an assay that evaluates larger numbers of genes. However,
the minimal differences between these tumor subsets, as

compared with the differences between ST and IT tumors,
may indicate that these alterations lead to similar downstream
effects. Similarly, our inability to detect substantial differences
in gene expression profiles of BRAF-altered tumors compared
with wild-type tumors might be related to a lack of power for
detecting small differences in our dataset, to a minimal impact
of BRAF alterations on gene expression profiles, or to the exis-
tence of genomic alterations in the wild-type tumors that
lead to similar downstream effects. These alterations might in-
clude mutations or copy-number alterations of FGFR1 or NTRK2
rearrangements, all of which have been recently described in
PLGGs and shown to lead to MAPK activation.8,9

We found that PLGG expression patterns do not substantially
evolve with progression. This is consistent with clinical observa-
tions that PLGGs rarely undergo malignant transformation13

and often respond to the same chemotherapy regimen,43

although they often progress or recur.
We also found no significant differences in outcome be-

tween the 3 different clusters of primary tumors, possibly due
to lack of power because PLGGs grow slowly.

A significant complication in the analysis of bulk gene ex-
pression profiles, as obtained here, is that they reflect the
sum of profiles across the many subclones and cell states of

Fig. 6. Recurrent and primary pediatric low-grade gliomas (PLGGs) do not exhibit clearly distinct molecular patterns. Principal components
analyses (PCA) comparing the expression pattern of primary and recurrent PLGGs: (A) the 104 primary tumors that have no record of
recurrence, (B) the 31 primary tumors that have relapsed or progressed, and (C) the 9 paired primary and recurrent samples. Arrows match
each primary to its recurrent pairs.

Bergthold et al.: Expression profiling of 151 pediatric low-grade gliomas tumors

1494



both tumor and normal cells within the sample.44,45 For exam-
ple, the finding that ST PAs exhibit enhanced inflammatory
pathways may reflect changes within the cancer cells or an
increased inflammatory response. Single-cell expression
profiling46,47 may enable us to disentangle these different con-
tributions to the bulk profile, thereby providing important infor-
mation about the molecular programs that are altered
specifically in the tumor cells and in their microenvironment.
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