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A B S T R A C T

Purpose
Long-term survival for children with diffuse intrinsic pontine glioma (DIPG) is less than 10%, and
new therapeutic targets are urgently required. We evaluated a large cohort of DIPGs to identify
recurrent genomic abnormalities and gene expression signatures underlying DIPG.

Patients and Methods
Single-nucleotide polymorphism arrays were used to compare the frequencies of genomic copy
number abnormalities in 43 DIPGs and eight low-grade brainstem gliomas with data from adult and
pediatric (non-DIPG) glioblastomas, and expression profiles were evaluated using gene expression
arrays for 27 DIPGs, six low-grade brainstem gliomas, and 66 nonbrainstem low-grade gliomas.

Results
Frequencies of specific large-scale and focal imbalances varied significantly between DIPGs and
nonbrainstem pediatric glioblastomas. Focal amplifications of genes within the receptor tyrosine
kinase–Ras–phosphoinositide 3-kinase signaling pathway were found in 47% of DIPGs, the most
common of which involved PDGFRA and MET. Thirty percent of DIPGs contained focal amplifi-
cations of cell-cycle regulatory genes controlling retinoblastoma protein (RB) phosphorylation, and
21% had concurrent amplification of genes from both pathways. Some tumors showed hetero-
geneity in amplification patterns. DIPGs showed distinct gene expression signatures related to
developmental processes compared with nonbrainstem pediatric high-grade gliomas, whereas
expression signatures of low-grade brainstem and nonbrainstem gliomas were similar.

Conclusion
DIPGs comprise a molecularly related but distinct subgroup of pediatric gliomas. Genomic studies
suggest that targeted inhibition of receptor tyrosine kinases and RB regulatory proteins may be
useful therapies for DIPG.

J Clin Oncol 29:3999-4006. © 2011 by American Society of Clinical Oncology

INTRODUCTION

Diffuse intrinsic pontine gliomas (DIPGs) com-

prise 10% to 15% of pediatric CNS tumors and

carry poor prognosis despite treatment with irra-

diation and chemotherapy.1,2 Diagnosis is gener-

ally based on neuroimaging. When biopsy or

autopsy is obtained, the predominant histologic

diagnosis is glioblastoma (WHO grade 4).3,4 Mo-

lecular research has been greatly limited, because

biopsies usually offer no therapeutic benefit and

are rarely performed.

Several groups have reported significantly

different frequencies of specific copy number ab-

normalities (CNAs) between pediatric and adult

high-grade gliomas (HGGs).5-8 Because of limited

sample sizes, it is less clear whether DIPGs show

the same molecular signatures as nonbrainstem

pediatric HGGs, or if they also show a distinct

spectrum of alterations. In studies with focused

analyses of specific genes in small cohorts, approxi-

mately half of DIPGs contained TP53 mutations,

and three (19%) of 16 high-grade DIPGs contained

EGFR amplification.9-11 More recently, our group and

others conducted genome-wide analyses of copy

number imbalances from small cohorts of DIPGs and

identified recurrent focal amplifications of PDGFRA.

However, no other common focal alterations were

consistently detected, likely because of the limited

numbers of tumors evaluated in each study.6,7,12
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We prospectively collected DIPG tumor samples at biopsy, when

clinically indicated, or more commonly at autopsy.4 Here, we report the

genome-wide analyses of copy number and gene expression signatures

from this cohort of DIPGs. Our results, including recurrent focal gains in

the receptor tyrosine kinase (RTK) and retinoblastoma protein (RB)

pathways, suggest promising new therapeutic targets for DIPG.

PATIENTS AND METHODS

DIPG samples were obtained at autopsy or surgery with informed consent from
the patients’ parents or legal guardians as part of an institutional review board–
approved protocol at St Jude Children’s Research Hospital, as described.4 Thirty-
seven DIPG samples were obtained postmortem. Seven samples were obtained
before adjuvant therapy: six surgical samples and one postmortem sample from a
child who died before start of therapy. There were two patient cases with matched
surgical and autopsy samples. For one patient, separate autopsy samples were
collected for DIPG in brainstem and tumor from a region of contiguous involve-
ment of the cerebellum. Median age at diagnosis (6.1 years) and median survival
(10.8 months) of the cohort were representative of DIPG. Matched normal tissue
wascollectedasperipheralbloodor,forautopsycases,normalbrain.Sectionsfrom
matchedformalin-fixedparaffin-embeddedtissuereviewedbyaneuropathologist
(D.W.E.) showed 38 glioblastomas, one anaplastic astrocytoma, and four samples
of insufficient quality for diagnostic subclassification. Magnetic resonance images
ofbrainforallpatientcaseswerereviewedbyapediatricneuro-oncologist(A.B.)to
confirmdiagnosis.4 Clinicalandhistologiccharacteristicsof the low-gradegliomas
(LGGs) are detailed in the Data Supplement. Nucleic acid extraction was per-
formed as described.13 DNA was labeled and hybridized to Affymetrix SNP 6.0
arrays (Affymetrix, Santa Clara, CA), and RNA was profiled using Affymetrix
Human Genome U133 Plus 2.0 arrays (Affymetrix). Details of single-nucleotide
polymorphism (SNP) data analyses, validation by quantitative polymerase chain
reaction and fluorescent in situ hybridization (FISH), and expression and statisti-
cal analyses are provided in the Data Supplement. Array data are deposited at
www.ncbi.nlm.nih.gov/geo/, accession GSE26576.

RESULTS

Copy Number Imbalances Distinguish DIPG From

Nonbrainstem Pediatric and Adult Glioblastoma

We evaluated CNAs in 43 DIPGs and eight brainstem LGGs.

Forty-one (95%) of 43 DIPGs showed numerous large-scale imbal-

ances (Fig 1A). In contrast, brainstem LGGs had relatively stable

genomes, with seven (88%) of eight tumors lacking large-scale CNAs

(Fig 1A). We compared the frequencies of specific large-scale imbal-

ances in DIPG with those found in nonbrainstem pediatric and adult

glioblastomas6,14 (Figs 1B, 1C; Data Supplement). Gains of chromo-

somes 2q, 8q, and 9q and losses of 16q, 17p, and 20p were significantly

more frequent in DIPG than in nonbrainstem glioblastomas from

either age group (Figs 1B, 1C; P values ranging from .05 to � .001).

The frequency of chromosome 7 gain and 10q loss was similar in

DIPG and nonbrainstem pediatric glioblastoma and significantly

lower than in adult glioblastoma (P � .001). Gain of chromosome 1q

was more common in DIPG than in adult glioblastoma (P � .001) but

not significantly different between DIPG and nonbrainstem pediatric

glioblastoma. Interestingly, loss of chromosomes 13q and 14q oc-

curred at similar frequencies among all glioblastomas regardless of age

group or brainstem location.

There were no focal deletions of CDKN2A in 43 DIPGs, in con-

trast to nonbrainstem pediatric HGGs5-8 (10 of 39 nonbrainstem

pediatric glioblastomas6 and none of 43 DIPGs; P � .001). Loss of

heterozygosity (LOH) was evaluated for 36 samples for which we had

matched normal DNA (Data Supplement). Although copy-neutral

LOH of chromosome 17p is common in adult glioblastoma,15 a ma-

jority of 17p losses in DIPG were detected as CNAs (18 [42%] of 43),

with only five (14%) of 36 showing copy-neutral LOH of 17p (Data

Supplement). Other regions with the highest frequencies of LOH were

chromosomes 14q and 20p, which were also largely the result of CNAs

rather than copy-neutral changes.

The average overall number of large-scale CNAs per tumor was

not significantly different between DIPGs obtained before and after

treatment (10.3 and 6.9, respectively). Two DIPGs with matched

samples from diagnosis and autopsy showed that CNAs in the paired

samples were mostly concordant. Some additional CNAs were de-

tected at autopsy, and some CNAs present at diagnosis were absent at

autopsy (Data Supplement).

Recurrent Focal Gains of RTKs and Cell-Cycle

Regulatory Genes

To identify candidate DIPG oncogenes and suppressor genes, we

analyzed focal gains and deletions (Data Supplement). Recurrent focal

gains of genes encoding RTKs or cell-cycle regulatory genes were

found in 24 (56%) of 43 DIPGs (Table 1). Because there were some

differences in focal gains between the matched samples collected at

diagnosis and autopsy (BSG022 and BSG024) as well as the samples

from the contiguous cerebellar involvement and primary DIPGs

(BSG003) showing tumor heterogeneity, these paired samples were

considered separately. The most common recurrent focal gains en-

compassed PDGFRA, occurring in 13 (30%) of 43 DIPGs. Recurrent

focal gains of the RTKs MET, IGF1R, ERBB4, and EGFR were also

found. Tumors with focal gains showed overexpression of the respec-

tive RTKs (Data Supplement). For PDGFRA and IGF1R, there was

also overexpression in a subset of tumors without amplification,

consistent with previous reports showing overexpression of these

RTKs in cancer.16,17 In contrast, MET amplification was more

specifically associated with overexpression (P � .001). Possible

autocrine signaling was identified,withconcurrent focalgainsof IGF1R

and its ligand IGF2 in one tumor and concurrent focal gains of MET and

its ligand HGF in another tumor. Other focal CNAs affecting the RTK–

Ras–phosphoinositide 3-kinase pathway included gains of KRAS,

AKT1, AKT3, and PIK3CA and a focal deletion of NF1. Interphase

FISH performed to evaluate focal copy number gains for PDGFRA,

MET, and EGFR in 21 patient cases and IGF1R in 15 patient cases

revealed substantial tumor heterogeneity. For focal gains of PDGFRA,

MET, and IGF1R identified by array analysis, approximately 30% were

reflected by amplification in double-minute or homogeneously stain-

ing region patterns throughout the tumor, 40% were reflected by less

than 20% of tumor cells showing amplification, and 30% were not

detected by FISH, indicating heterogeneity between the sample used

for DNA extraction and the section used for FISH. We also identified

additional tumors with limited foci of tumor cells containing amplifi-

cations of PDGFRA, MET, or IGF1R that were not detected by SNP

array analysis. Histologic assessment of sections adjacent to FISH

preparation showed that foci with or without PDGFRA amplification

looked similar, consisting predominantly of tumor cells. Therefore,

the increased sensitivity to detect amplifications by FISH compared with

SNParrayswastheresultofgeneticheterogeneitywithinthetumorrather

than normal tissue infiltration. Focal PDGFRA amplification was found

in both solid groups of tumor cells and infiltrating tumor cells (Fig 2A).

Paugh et al
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Fig 1. Copy-number abnormalities in diffuse intrinsic pontine glioma (DIPG). (A) Heat map showing segmentation analysis of normalized data from Affymetrix SNP

6.0 arrays to identify copy-number gains (red) and losses (blue) in 43 DIPGs and eight brainstem low-grade gliomas (LGGs). Chromosome positions are indicated along

y-axis and separated by dashed line. Histologic subtypes are indicated across top. Scale bar shows color gradient to indicate copy number. Comparison of frequencies

of most common large-scale genomic (B) gains or (C) losses in DIPG, compared with adult14 or pediatric nonbrainstem glioblastoma (GBM).6 Large-scale gains or losses

were scored when more than half of markers on chromosome arm had copy-number gains or losses, respectively. All frequencies and P values listed in Data

Supplement. (*) Indicates tumors obtained before adjuvant therapy.
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Some tumors contained amplification of more than one RTK. FISH

showed examples of coamplification of PDGFRA and MET within the

sametumorcellsaswellasanexampleofaheterogeneoustumorcontain-

ing independent amplification of PDGFRA in one focal region and MET

in a different subclone of tumor cells (Figs 2B, 2C). We did not detect any

EGFR amplifications by FISH, including one patient case in which focal

gain was identified by array analysis.

Focal gains were also found in RB pathway regulatory compo-

nents including genes encoding cyclin D1, D2, and D3 and CDK4 and

CDK6 (Table 1; Data Supplement). Concurrent focal CNAs involving

both the RTK–phosphoinositide 3-kinase and the RB pathways were

found in nine (21%) of 43 DIPGs. Other recurrent focal alterations

included focal gains in MYCN, the Notch signaling component FZD7,

the stem-cell marker SOX2, TERT, MAPK-related genes including

MAPK7 and MAP2K3, and WNT regulator PLAGL2 and focal dele-

tions of LRP1B and the SHH pathway regulator PTCH1 (Data Sup-

plement). Seven of eight brainstem LGGs showed a focal gain of 7q34

from KIAA1549 to BRAF, similar to recurrent gains reported in non-

brainstem pediatric LGG.18-21 None of the 43 DIPGs showed this

characteristic focal CNA associated with LGG (Data Supplement).

Similarities and Differences in Gene Expression

Signatures Between DIPG and Nonbrainstem

Pediatric Glioblastoma

RNA quality from 27 DIPG samples was adequate to evaluate

gene expression profiles. We also included expression profiles from

two DIPG samples from untreated patients, one of which was ob-

tained at autopsy, from our previous study (HGG047 and HGG077).6

Similar to our previous analysis of nonbrainstem pediatric HGG,

unsupervised hierarchic clustering of DIPG showed three major ex-

pression subclasses (Fig 3A). Using gene set enrichment analysis, we

found that these three subgroups were significantly similar to mesen-

chymal, proliferative, and proneural expression subgroups previously

identified in adult and pediatric HGGs6,22 (Fig 3B; Data Supplement).

Using principal component analysis (PCA) to evaluate the rela-

tionship between gene expression signatures, a majority of DIPGs

clustered separately from nonbrainstem pediatric HGGs (Appendix

Fig A1, online only). This was likely not an artifact of RNA degradation

associated with autopsy collection, or secondary to changes acquired

after anticancer treatment, because the three DIPGs that clustered

with the nonbrainstem HGGs were obtained at autopsy, and four

pretreatment samples, three of which were surgical samples, clustered

with the other DIPGs (Appendix Fig A1, online only). Further-

more, RNA was available from a matched pair of samples obtained

at diagnosis and autopsy. Both samples clustered close together

within the DIPG group, indicating that expression signatures for

this sample were similar at diagnosis and autopsy. Moreover, LOH

was easily detectable throughout the sample cohort and in the

majority of cases was associated with copy-number loss, indicating

that the expression signatures should not have been substantially

diluted by normal tissue.

The most significant differences in expression between DIPG and

nonbrainstem pediatric HGG were in genes that encode transcription

factors and genes associated with developmental processes (P � .001).

Table 1. Recurrent Focal Gains of RTKs and Cell-Cycle Regulatory Genes

Tumor No.

RB Signaling RTK-Ras-PI3K-Akt Signaling Network PI3K
Class 2
PIKC2GCDK4 CDK6 CCND1 CCND2 CCND3 EGFR ERBB4 PDGFRA MET HGF IGF1R IGF2 KRAS NF1 AKT1 AKT3 PI3KCA

BSG001T Gain Gain Gain Gain

BSG003T(BS) Gain Gain Gain Gain Gain Gain

BSG003T(CB) Gain Gain

BSG009T Gain Gain� Gain�

BSG010T Gain

BSG019T Gain Gain Gain

BSG020T Gain Gain

BSG022TD Gain

BSG023T Gain� Gain Gain�

BSG024T Gain Gain

BSG024TD Gain Gain

BSG025T Gain�

BSG027TD Gain

BSG035T Gain Gain Gain Gain

BSG037T Gain Gain Gain Gain� Gain

BSG039T Gain Gain Gain Gain

BSG040T Gain

BSG044T Gain Gain Gain Gain

BSG045T Gain�

BSG046T Deletion

BSG047T Gain� Gain�

BSG509T Gain Gain� Gain�

BSG529T Gain�

BSG902TD Gain Gain Gain Gain Gain Gain

Frequency, % 7.0 11.6 4.7 7.0 4.7 4.7 7.0 30.2 25.6 4.7 18.6 2.3 2.3 2.3 2.3 4.7 2.3 4.7

Abbreviations: FISH, fluorescent in situ hybridization; PI3K, phosphoinositide 3-kinase; RB, retinoblastoma protein; RTK, receptor tyrosine kinase.
�Gain identified by FISH.

Paugh et al
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For example, there was significantly higher expression of multiple

HOX family members in DIPG, including HOXA3, HOXA2, HOXD3,

HOXB2, and HOXD4 (P � .001; Data Supplement). To determine if

all tumors arising from the brainstem showed a distinct location-

based signature, we also compared the gene expression profiles from

six brainstem LGGs and 66 nonbrainstem LGGs (Appendix Fig A1,

online only). Brainstem LGGs clustered with nonbrainstem LGGs

and were distinct from DIPGs as well as nonbrainstem HGGs.

There were no statistically significant associations between molec-

ular features and age at diagnosis, pattern of progression (local v

distant), or overall survival (Data Supplement).

DISCUSSION

Prospective collection of DIPG samples at autopsy allowed us to per-

form genome-wide studies on a sizable cohort of tumors for which

samples are extremely limited. This study shows the advantages and

disadvantages of using postmortem specimens. CNAs in autopsy sam-

ples collected after adjuvant therapy likely present a combination of

the initial mutations driving DIPG tumorigenesis as well as secondary

changes induced by irradiation and/or chemotherapy. Our findings

support the relevance of molecular analysis of tissue obtained at au-

topsy. PDGFRA amplifications have been identified both in post-

treatment autopsy samples in the current study as well as in a previous

report12 and in small numbers of pretreatment samples.6,7,12 The

overall number of large-scale and focal gains and losses was not signif-

icantly different between samples obtained at diagnosis and autopsy

and was consistent with the spectrum of CNAs observed in 71 pre-

treatment pediatric nonbrainstem HGGs,6 indicating that post-

treatment samples did not show increased widespread genomic

instability. Amplifications of a number of the genes that were identi-

fied in DIPG have been previously identified in pediatric or adult

PDGFRA 4 cont MET 7 cont PDGFRA MET

PDGFRA 4 cont MET 7 cont PDGFRA MET

PDGFRA 4 cont

A CB

FD E

IG H

Fig 2. Heterogeneity of focal amplification in diffuse intrinsic pontine glioma. (A) Fluorescent in situ hybridization showed high-level amplification of PDGFRA in focal

area of tumor (PDGFRA, red; control chromosome 4, green). Focus of tumor with PDGFRA amplification and remainder of tumor lacking high-level PDGFRA

amplification (data not shown) demonstrated similar histopathologic features; both consisted of densely packed tumor cells with minimal normal tissue. PDGFRA

amplification was found in both solid groups of tumor cells (B: hematoxylin and eosin [HE] staining) and scattered infiltrating tumor cells (C: HE). Coamplification of

PDGFRA and MET in BSG009T (D to F) and BSG037T (G to I). Cells with amplified PDGFRA (D, G: PDGFRA, red; control, green) and MET (E, H: MET, red; control, green)

showed coamplification (F, I: PDGFRA, red; MET, green) of (F) both genes in same tumor cells (arrows) or (I) independent amplification in different tumor subclones

(arrows).
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HGG.5-8,14,22,23 Thus, it seems likely that analyses of autopsy samples

identify CNAs relevant to oncogenesis.

An advantage of the current study was the availability of large

tissue samples obtained at autopsy that enabled the identification of

small focal regions of tumor containing therapeutically relevant

CNAs, which may have been missed had analysis been performed in

rather small biopsies. Finally, autopsy samples allow analysis of end-

stage disease, which is almost universally fatal. It is essential to identify
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Fig 3. Unsupervised hierarchical clustering (UHC) of diffuse intrinsic pontine glioma (DIPG) showed subgroups similar to those previously identified in adult and

pediatric high-grade gliomas. (A) Dendrogram of UHC using top 1,000 most variable probe sets selected using median absolute deviation scores, and heat map featuring

top 150 signature probe sets of each subgroup. Three main subgroups were identified. Tumors with focal gains of components in receptor tyrosine kinase

(RTK)/phosphoinositide 3-kinase (PI3K) or retinoblastoma protein (RB) pathway are indicated in red at top of heat map. (B, C, D) Gene set enrichment analysis to evaluate

coordinate expression in DIPG of gene sets defining subclasses of adult and pediatric high-grade gliomas6,22 showed that DIPG subgroups identified by UHC are highly

similar to subgroups previously identified. Plots of running enrichment scores showed highly significant enrichment of mesenchymal markers22 in HC1, proliferative

markers22 in HC2, and pediatric proneural markers6 in HC3; 33,928 genes were analyzed. (B) 132 genes in gene set; P � 0, false discovery rate (FDR) � .00162. (C)

176 genes in gene set; P � .0457, FDR � .216. (D) 616 genes in gene set; P � 0, FDR � .0445.
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potential therapeutic targets in this final stage of disease, even if they

arise as late events in the evolution of DIPG.

There are shared molecular features between DIPG and non-

brainstem pediatric glioblastoma, including similar frequencies of

some large-scale gains and losses. The proneural, proliferative, and

mesenchymal gene expression subgroups originally identified in adult

glioblastoma can also be readily identified in pediatric glioblastoma,

regardless of tumor site.6,22

However, there were significant differences in the frequency of

some large-scale genomic imbalances as well as focal deletion of

CDKN2A between DIPG and nonbrainstem pediatric glioblastoma.

This suggests that the selective pressure driving DIPG development

and growth may be different in the brainstem compared with the tumor

microenvironment outside the brainstem or that DIPG may be most

similar to only a subset of nonbrainstem pediatric glioblastomas. PCA

showedthatgeneexpressionsignatures fromDIPGseemedtocomprisea

distinctsubgroupcomparedwithnonbrainstempediatricHGG.Interest-

ingly, DIPG showed significantly higher expression of specific genes

regulating developmental processes and transcription factors, with coor-

dinateupregulationofmultipleHOX familygenes includingHOXA1and

HOXB2,whichplayimportantroles inhindbraindevelopment24,25 (Data

Supplement). The multiple specific HOX family members that are up-

regulated in DIPG are distinct from those previously shown to be differ-

entially expressed in therapy-resistant adult glioblastoma or associated

with decreased survival in pediatric HGGs.26,27

Previous studies showed that LGGs arising in different regions of

the brain did not cluster independently in an unsupervised analysis,

but location-dependent signatures could be identified in supervised

comparisons.28 Consistent with this result, brainstem and nonbrain-

stem LGGs did not cluster separately in a PCA comparison (Appendix

Fig A1, online only); however, we could identify differential expres-

sion of signature genes previously shown to associate with LGGs

arising in the posterior fossa28 within the brainstem and cerebellar

LGGs (data not shown). The brainstem and nonbrainstem LGGs were

also similar on the genomic level, showing minimal CNAs and recur-

rent gains of 7q34, including BRAF.

The identification of focal amplifications of RTKs and/or cell-

cycle regulatory genes in approximately half of all DIPGs has potential

therapeutic relevance. Several recent clinical trials have employed

small-molecule inhibitors in the treatment of this tumor; however, the

choice of targeted agents was based primarily on experience in the

treatment of adult glioblastoma, not on the unique genetic character-

istics of DIPG.29-31 On the basis of our genomic studies, it may be

useful to integrate broad, as well as selective, inhibitors of RTKs32-35 in

addition to agents that block cell-cycle progression through the G1

phase, such as selective inhibitors of CDK4 and CDK6, which inhibit

intracranial tumor growth of glioblastoma xenografts.36

Although biopsy of DIPG at diagnosis has been routinely per-

formed in some European countries,3 this is not standard practice in

North America. A recent study showed that gene-specific assays can be

performed in biopsy samples of DIPG tissue,37 and our results may

provide a rationale for biopsy at diagnosis to determine if specific

targets are amplified and to stratify treatment.

However, our findings also indicate that tumor heterogeneity could

createsubstantialchallengesinusingmoleculardiagnosistoguideperson-

alized therapy of DIPG. We found tumor subclones containing different

genomicamplificationsinasubsetofsamplesobtainedatautopsy.Itisnot

clear if this intratumoral variation occurrs at similar frequencies before

therapy because of the limited numbers of pretreatment samples ana-

lyzed. Tumors constantly evolve, with subclones acquiring different mu-

tations and competing for the greatest selective advantage. Treating a

heterogeneous tumor with selective inhibitors may effectively ablate

only one subpopulation within the tumor. Depending on the compo-

sition of the tumor, small-molecule inhibitors of multiple RTKs

and/or cell-cycle regulatory components may have a dramatic effect

on overall tumor survival or allow a rapid outgrowth of tumor cells

lacking the amplification. It is noteworthy that some tumors lacking

amplification of PDGFRA or IGF1R still show strong overexpression

of these genes. Thus, analysis of copy-number imbalances may pro-

vide insight into critical pathways underlying DIPG growth, which

may be altered by varying mechanisms in different tumors.
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