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Central nervous system primitive neuroectodermal tumor
(CNS PNET) and pineoblastoma are highly malignant
embryonal brain tumors with poor prognoses. Current
therapies are based on the treatment of pediatric medulloblastoma, even though these tumors are distinct at both
the anatomical and molecular level. CNS PNET and pineoblastoma have a worse clinical outcome than medulloblastoma; thus, improved therapies based on an understanding
of the underlying biology of CNS PNET and pineoblastoma
are needed. To this end, we characterized the genomic
alterations of 36 pediatric CNS PNETs and 8 pineoblastomas using Affymetrix single nucleotide polymorphism
arrays. Overall, the majority of CNS PNETs contained a
greater degree of genomic imbalance than pineoblastomas,
with gain of 19p (8 [27.6%] of 29), 2p (7 [24.1%] of 29),
and 1q (6 [20.7%] of 29) common events in primary
CNS PNETs. Novel gene copy number alterations were
identified and corroborated by Genomic Identification of
Significant Targets In Cancer (GISTIC) analysis: gain of
PCDHGA3, 5q31.3 in 62.1% of primary CNS PNETs
and all primary pineoblastomas and FAM129A, 1q25 in
55.2% of primary CNS PNETs and 50% of primary
pineoblastomas. Comparison of our GISTIC data with
publically available data for medulloblastoma confirmed
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these CNS PNET–specific copy number alterations. With
use of the collection of 5 primary and recurrent CNS
PNET pairs, we found that gain of 2p21 was maintained
at relapse in 80% of cases. Novel gene copy number
losses included OR4C12, 11p11.12 in 48.2% of primary
CNS PNETs and 50% of primary pineoblastomas. Loss
of CDKN2A/B (9p21.3) was identified in 14% of
primary CNS PNETs and was significantly associated
with older age among children (P 5 .05). CADPS, 3p14.2
was lost in 27.6% of primary CNS PNETs and was associated with poor prognosis (P 5 .043). This genome-wide
analysis revealed the marked molecular heterogeneity of
CNS PNETs and enabled the identification of novel genes
and clinical associations potentially involved in the pathogenesis of these tumors.
Keywords: CDKN2A/CDKN2B, CNS PNET, copy
number imbalance, pineoblastoma, SNP array.

T

he comprehensive molecular characterization
of central nervous system primitive neuroectodermal tumors (CNS PNETs) has been hindered by their relative rarity, the challenge of performing
small-tumor biopsies from surgically inaccessible anatomical locations, and heterogeneous histological and
clinical characteriztics. Of PNETs arising in the supratentorial compartment of the brain, 80% arise in cerebral or
suprasellar regions (CNS PNET), whereas 20% are
located in the pineal region (pineoblastoma).1,2 CNS
PNET and pineoblastoma have similar histological
characteristics, being highly heterogeneous tumors with
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Materials and Methods
Clinical Samples Entered into the SNP Array Analysis
Forty-four samples (35 snap-frozen CNS PNETs, 8 snapfrozen pineoblastomas, and 1 CNS PNET cell line) were

obtained for analysis using the Affymetrix SNP arrays
(Affymetrix). Of the 35 CNS PNET samples collected,
29 were primary tumors, whereas 6 were recurrent
tumors (5 of which were paired with a primary sample
from the same patient). The age of patients with CNS
PNET ranged from 10 to 190 months, with mean and
median ages of 68.7 and 60 months, respectively, at diagnosis. Included within the CNS PNET cohort was a
commercially available CNS PNET cell line, PFSK1
(CRL-2060, ATCC). Of 8 pineoblastomas collected, 6
were primary tumors and 2 were recurrent tumors with
no primary tumor available. The age of patients with
pineoblastoma ranged from 6 to 168 months, with
mean and median ages of 49.25 and 19.5 months,
respectively. Fourteen constitutional blood samples
(paired with CNS PNET 9, 10, 15, 26, 31, 33, 34, 35,
36, 38, 39, and 43 and PB 3 and 4) were available for normalization purposes. Samples and clinical information
were collected from 6 Children’s Cancer and
Leukaemia Group –registered centers in the United
Kingdom, in addition to the Cooperative Human Tissue
Network (CHTN) in America. The study met with
Multiple Centre Research Committee approval, and
consent was provided to obtain tumor samples in accordance with national banking procedures and the human
tissue act. Tumors were histopathologically reviewed at
each center in accordance with World Health
Organization (WHO) criteria of the time.
Tumor Material and DNA Isolation
Ten milligrams of tissue was cut for each sample for
DNA extraction, and a tissue smear prepared from the
same area of tumor for a central histopathological
review by at least 3 pathologists using the most recent
WHO criteria.3 After microscopic evaluation, only
tumor samples containing .90% viable tumor had
DNA extracted. A standard phenol/chloroform/
isoamyl alcohol method was used. Constitutional
DNA (used in the normalization of SNP array data)
was extracted using the same method after red blood
cell lysis in water and centrifugation.
Affymetrix 100K and 500K Mapping Sets
and Data Analysis
Data generation—Twenty-four CNS PNETs and 8
pineoblastomas were analyzed using the genechip
human mapping 100K set (Affymetrix) to identify
genome-wide copy number alterations. On the release
of the genechip human mapping 500K set, an additional
11 CNS PNETs and 1 CNS PNET cell line (PFSK1) were
analyzed. DNA digestion, labeling, and hybridization
were performed on the basis of the Affymetrix 100K
or 500K SNP array protocols.24,25 In brief, 250 ng of
DNA was digested (with either Xba1 or HindIII [New
England Biolabs] for each 50K SNP array and NspI or
StyI [New England Biolabs] for each 250K SNP array).
After adaptor ligation, samples were amplified by polymerase chain reaction (PCR) using Titanium Taq DNA
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scant cytoplasm.3 Anatomical distribution of these
supratentorial tumors differs with patient age.
Pineoblastomas more commonly arise in children aged
,3 years. For children aged ≥3 years, a pineal location
is associated with better outcome than CNS PNETs,
whereas both pineal region and cortical tumors in children aged ,3 years have a very poor prognosis.1,4,5
Conversely, patients aged ≥3 years with pineal tumors
have a survival rate of .70%.5 Until recently, CNS
PNET and pineoblastoma have been treated in a
similar, age-dependent manner as their more common
infratentorial
counterpart,
medulloblastoma.4,5
However, it is now clear that, overall, patients with
CNS PNET or with pineoblastoma have a worse prognosis than those diagnosed with medulloblastoma.4 – 6
Emerging data from cytogenetic and molecular genetic
analyses suggest that CNS PNETs are genetically distinct
from medulloblastoma.7 – 10 However, a recent study
reported similarities in the tumorigenesis of CNS PNET
and medulloblastoma. WNT/beta-catenin pathway
activation was observed in both CNS PNET and medulloblastoma, although the mechanisms behind WNT/betacatenin pathway activation may differ.11 Cytogenetic
analysis has revealed that CNS PNETs have complex karyotypes with many unbalanced rearrangements.12 – 20
However, too few CNS PNETs and pineoblastomas have
been analyzed to identify specific genomic alterations. In
total 16 pediatric cases analyzed by conventional CGH
and a further 17 cases analyzed using array CGH have
been reported in the literature.7 – 9,13,21 – 23 Compilation
of aCGH and fluorescence in situ hybridization (FISH)
analyses has shown loss of 9p21.3 (encompassing
CDKN2A and CDKN2B) to be a frequent event in CNS
PNET.9 More recently, genomic profiling of 39 primary
CNS PNETs using 500K single nucleotide polymorphism
(SNP) arrays revealed that CNS PNETs contained numerous copy number alterations and that the tumors displayed
marked genomic heterogeneity.10 Even so, recurrent gains
of chromosome 2 and focal amplification of 19q13.41
were observed in 8 (20.5%) of 39 primary CNS PNETs.
Here, we present data on a cohort of 36 CNS PNETs
and 8 pineoblastomas using 100K and 500K Affymetrix
SNP arrays to identify genome-wide copy number imbalance. Genomic Identification of Significant Targets In
Cancer (GISTIC) analysis was used to identify genes of
interest and to aid the molecular distinction from medulloblastoma. Importantly, the collection of clinical information, along with the investigation of gene copy
number imbalance, allowed comparisons to be made,
linking specific imbalances with clinically related patient
groups. The inclusion of 5 primary and recurrent CNS
PNET pairs enabled the characterization of maintained
and acquired copy number alterations.
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polymerase (Clontech) for the 100K assay or AmpliTag
Gold (Applied Biosystems) for the 500K assay. Pooled
and concentrated amplified PCR products were then
fragmented, labeled, denatured, and hybridized for
16 h. Arrays were subsequently washed (Affymetrix
Fluidics station 450) and scanned (Affymetrix
Genechip Scanner 3000).
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Real-time qPCR Validation of SNP Array Data
To validate the SNP array data, candidate gene
copy number alterations (including ABCG5, ABCG8,
CADPS, CDKN2A, CDKN2B, FAM129A, MYCN,
OR4C12, PCDHGA3, PDGFRA, and SALL1) were
analyzed by quantitative PCR (qPCR) in samples with
available DNA. Genes were chosen on the basis of
their relationship when compared with clinical
factors, such as a high frequency of abnormal gene
copy number throughout the majority of samples or
being situated in the most commonly maintained
region of 5 primary and recurrent CNS PNET pairs.
Relative gene copy number was determined by SYBR
green real-time qPCR using the Mx4000 cycler
(Stratagene). Primer sequences are shown in
Supplementary Material, Table S1, and standard PCR
cycling conditions were followed from the manufacturer’s protocol (Stratagene). In addition, the copy
number of 5 regions within an amplicon at 19q
(coding for miR-512, miR527, miR372, NLRP12,
and LILRA4) were investigated using previously published primer sequences.10 All primer sets had optimal
annealing temperatures of 588C. PCR reactions were
performed in triplicate for each primer set, and copy
number results were determined using the Pfaffl
equation, accounting for differences in primer efficiencies.28 Tumor-specific gene copy number was confirmed by comparison of the threshold fluorescence
(Ct value) for tumor DNA and constitutional DNA in
both reference and candidate genes. The reference
gene ARHGAP10 (4q31.23) was used because of its
normal copy number of 2 (from the SNP array data)
throughout all tumor and constitutional samples.
Comparison of Copy Number Imbalance in CNS
PNET and Medulloblastoma
In addition to the GISTIC analysis of 18 primary CNS
PNETs (100K mapping set) and 11 primary CNS
PNETs (500K mapping set), publically available SNP
array data for 74 primary medulloblastomas (100K
array mapping set) and 102 primary medulloblastomas
(500K array mapping set) from pediatric patients (age,
,16 years) were subsequently analyzed using GISTIC
(GSE14437).29 Affymetrix CEL files were imported
into Genespring GX 11.2 (Agilent), and data were normalized against publically available 100K and 500K
data from 270 HAPMAP samples.27 GISTIC analysis
was performed in Genespring, and regions with q
values ,0.25 were deemed to be significant. Regions
of significant gain and loss in the CNS PNET and medulloblastoma cohorts were further explored in Excel 2007
(Microsoft), and with the use of formulae, regions of
copy number imbalance specific to CNS PNET, specific
to medulloblastoma, or shared between the anatomically distinct PNETs were identified.
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Data analysis.—Affymetrix CEL files were generated
using Affymetrix Genotyping Analysis Software
(GTYPE 4.1). In the generation of CHP files, the
dynamic model was used for the 100K analysis, and
the Bayesian robust linear model with mahalanobis
was used for the 500K analysis. To identify copy
number aberrations, CEL and CHP files were imported
into Copy Number Analyzer for Affymetrix Genechip
(CNAG) version 2.0.26 For paired samples (14
tumors had matched constitutional DNA) tumor data
were normalized using the corresponding paired reference, and the unpaired tumor data were normalized
against 270 HAPMAP samples,27 allowing for the
identification of tumor-specific copy number imbalance. After the generation of text files in CNAG
mapping arrays (which contained information on
each SNP probe’s identification, locus, physical position, log2 ratio, and inferred copy number), data
were imported into Spotfire Decision Site, along with
100K or 500K annotation based on the NetAffx files
build 11/15/09 (http://www.affymetrix.com). The X
chromosome was not analyzed because of the use of
both sexes in the reference sets. Chromosomal arms
were defined as gained or lost if .80% of probes in
an arm shared the copy number imbalance.
Implementing the hidden Markov model, CNAG provides a copy number of 0 –6 for each probe.
Homozygous deletion was defined as a copy number
of 0, loss as a copy number of 1, gain as a copy
number of 3– 5, and amplification as a copy number
of 6. A threshold of ≥5 consecutive SNPs harboring
the same copy number was considered to be a true
alteration, and the genes in these regions were identified. Gene lists of the most common copy number
gain and loss in primary and recurrent CNS PNETs
and pineoblastomas were created in Spotfire and
ordered by frequency. In addition, to further identify
regions of interest, GISTIC analysis was performed in
Genespring GX 11.2 (Agilent) for the 100K and
500K datasets of 18 and 11 primary CNS PNETs,
respectively. Regions with q values ,0.25 were
deemed significant and were plotted in a chromosome
ideogram using Photoshop, version 6.0 (Adobe). Gene
lists were also created in Spotfire for the most common
regions of maintained and acquired copy number
alteration and were ordered by frequency. Matching
regions of gain and loss identified in both the
primary and recurrent tumors from the same patient
were termed “maintained” alterations, whereas
regions of gain and loss identified at relapse that had
normal copy numbers in the primary tumor
were termed “acquired” alterations. To visualize the
maintained and acquired copy number alterations in

5 paired primary and recurrent CNS PNETs, the
in-house tool SNPview was used.
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Immunohistochemical Analysis of p15INK4b in CNS
PNET and Pineoblastoma

Statistics
Statistical analysis was performed using SPSS software,
version 16.0. To test for a significant correlation
between SNP array copy number and real-time qPCR
results for candidate genes validated, Spearman rank
correlation was performed. The Fisher exact test was
performed to investigate whether validated gene copy
number alterations or p15INK4b protein expression
were significantly associated with primary or recurrent
tumors, tumor location (CNS PNET vs pineoblastoma),
and metastatic status. With age a continuous variable,
independent-sample t tests were performed to investigate
whether copy number alterations or p15INK4b protein
expression was associated with patient age. Finally, to
test whether specific gene copy number imbalance or
p15INK4b protein expression correlated with patient
survival, univariate survival curves were constructed in

Results
The Majority of CNS PNETs Have Complex Genomic
Alterations
Thirty-six CNS PNETs and 8 pineoblastomas were analyzed using either Affymetrix 100K and 500K mapping
sets (Table 1). Mean SNP call rates were 96.66% and
91.15% for the 50K Xba1 and 50K HindIII arrays,
respectively, whereas the 250K NspI and 250K StyI
arrays had mean SNP call rates of 96.67% and
94.08%, respectively. The raw data analyzed are available from the Gene Expression Omnibus (http://www.
ncbi.nlm.nih.gov/geo/; accession number GSE12370).
Copy number data were visualized in Spotfire as heat
maps to identify regions of gain and loss throughout
the tumor genomes. Separate heat maps are shown illustrating primary and recurrent CNS PNETs and pineoblastomas in age order (Fig. 1A and B). Overall, the
majority of CNS PNETs contained a greater degree of
genomic imbalance, compared with pineoblastomas.
However, 3 primary and 1 recurrent CNS PNET were
found to have balanced (copy number –neutral)
genomes, which were later confirmed in 3 CNS PNETs
(previously analyzed using the 100K SNP arrays) when
reanalyzed using the higher-resolution 500K SNP
arrays (data not shown). The extent of copy number
imbalance in tumors increased with patient age at diagnosis. However, these observations were not statistically
significant when tested using the Mann-Whitney U test.
Chromosome Arm Imbalance in CNS PNET
and Pineoblastoma
The most common chromosome arm alterations
identified in primary CNS PNETs were gains of 19p
(8 [27.6%] of 29), 2p (7 [24.1%] of 29), and 1q
(6 [20.7%] of 29). In recurrent CNS PNETs, 20q and
21q were the most common gains, identified in 3
(50%) of 6 cases. 16q was the most frequently lost
chromosome arm, occurring in 3 (10.3%) of 29
primary CNS PNETs and 2 (33%) of 6 primary pineoblastomas. Chromosome arm imbalance was not
present in the 2 recurrent pineoblastomas studied.
Statistical associations linking chromosome arm imbalance and examined patient clinical characteristics were
not identified.
Focal Gain of Gene Copy Number in CNS PNET
and Pineoblastoma
To identify regions of copy number gain, the most
common regions containing 5 consecutive SNPs from
the 100K and 500K SNP array analyses were identified
and ordered by frequency (Supplementary Material,
Tables S2– S6). The protocadherin gene, PCDHGA3
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After histopathologic review, 52 formalin-fixed
paraffin-embedded (FFPE) tumor tissue blocks were
available for inclusion in a tissue microarray (TMA).
Thirty-three FFPE tumors had scorable results. Five
were primary pineoblastomas from patients aged
5 –183 months, with a mean age at diagnosis of 67.8
months. Twenty-eight CNS PNETs were included in
the immunohistochemical analysis of p15INK4b
expression: 22 were primary samples (taken during the
patients’ first surgery), and 6 were recurrent samples
(taken at a later surgery due to tumor recurrence;
3 were from patients with a paired primary tumor).
The age of patients with CNS PNET ranged from 6 to
149 months, with a mean age of 76.6 months. Because
of their histopathological similarities3 and similar treatment protocols in the United Kingdom,5 both patients
with pineoblastomas and those with CNS PNETs were
included in the cohort. FFPE blocks and patient clinical
information were collected from 2 Children’s Cancer
and Leukaemia Group– registered centers in the United
Kingdom. Immunohistochemistry was performed as
described elsewhere.30 A 1:50 dilution of mouse monoclonal antibody for p15INK4b (15P06, ab4068-500;
Abcam) was incubated overnight at 48C. Colon carcinoma was used as a positive control. The scoring for
p15INK4b protein expression consisted of the evaluation of both the percentage of positive cells and the
intensity of positive staining. Tumors were scored as
negative, weak, moderate, or strong for p15INK4b
staining. Weak staining was considered if ,50% of
cells had low-intensity staining findings, moderate staining was considered if ≥50% of cells had low-intensity
staining findings, and strong staining was considered if
≥50% of cells had intense staining findings. p14ARF
and p16INK4a (encoded by CDKN2A and CDKN2B,
respectively) were not assessed on the TMAs because
of either withdrawal of the antibody from the market
or difficulties in optimization.

SPSS using the Kaplan-Meier method, and comparisons
were made using the log-rank test (Mantle-Cox).

Tumor ID

Histology/WHO Sex Age at diagnosis,
classification
months

Primary/
recurrent

Metastasis

Follow-up,
months

Censor

SNP array

Gains

Losses

M3

10

U

100K

-

-

19p
1q, 6p

16q
16q

Pineoblastomas

†
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1

Pineoblastoma

F

6

P

PR

2
3

Pineoblastoma
Pineoblastoma

M
F

12
13

P
P

PR
PR

M3

10

U

100K
100K

4

Pineoblastoma

M

15

R

PR

M3

20

U

100K

-

-

5
6

Pineoblastoma
Pineoblastoma

M
M

24
24

P
R

PR
PR

M0

179

C

100K
100K

-

-

7

Pineoblastoma

M

132

P

PR

100K

-

-

8
CNS PNETs

Pineoblastoma

F

168

P

PR

100K

-

-

9

CNS PNET

F

10

P

CR - Pa

M2

41

U

100K

-

-

10a
11

CNS PNET
CNS PNET

F
F

10
14

R to 9
P

CR - Fr
CR

M2
M1

41
24

U
C

100K and 500K
500K

19p, 19q

-

12

CNS PNET

M

19

P

13
14a

CNS PNET
CNS PNET

M
M

19
19

P
R to 13

15a

CNS PNET

F

20

16

M

22

17

CNS PNET
cell line
CNS PNET

F

23

P

CR - T

M0

7

U

18a

CNS PNET

F

24

P

CR - T

M0

3

U

19

CNS PNET with
true rosettes

F

26

P

CR

M0

3

U

20

CNS PNET

M

32

P

CR - Fr

21
22a

CNS PNET
CNS PNET

F
M

36
37

P
P

CR - T, Pa
CR - T

M0
M4

16
6

23
24a

CNS PNET
CNS PNET

F
F

51
53

P
P

CR - T, Pa
CR - T, Pa

M0
M0

25a

M

59

P

26a

Cerebral
neuroblastoma
CNS PNET

M

61

P

CR - Mi,
Fr
CR - Fr

27

CNS PNET

M

61

P

CR - T

28

CNS PNET

F

71

P

29

CNS PNET

M

77

P

CR, PF

M3

11

U

100K

-

-

CR - Fr, T
CR - Fr, T

M0
M0

20
20

U
U

100K
100K

1q, 19p
1q, 2q, 12p, 16p, 20q, 21q

16q
-

P

CR - Fr

M0

0

U

100K and 500K

-

-

P

CR

500K

-

500K

1q, 2p, 7p, 8p, 8q, 11p, 19p, 19q,
21q
-

100K

19p

-

500K

2p, 2q

-

100K

2pb, 17p, 19p

2qb

U
U

500K
100K

2p, 2q, 8p, 11q, 12p, 12q, 13qc, 20p,
20q

-

24
22

U
C

100K and 500K
100K

1q, 17p, 17q, 18p, 18q

16q

M2

9

U

100K

7p, 17p, 17q, 19p, 19q

9p

M0

21

U

100K

2p

-

M0

2

U

500K

1q

-

CR - Fr, Pa

M0

5

U

100K

17p, 17q, 22q

CR - T

M0

17

U

500K

1q, 2p, 7p, 7q, 16p, 16q, 18p, 20p,
20q, 21qc

3p, 6q,
16q
-
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Table 1. Patient clinical characteristics and chromosome arm imbalance

30

CNS PNET

M

84

P

CR - P

M1

20

U

500K

5p, 5q, 8p, 8q, 16p, 16q, 20p, 20q,
21q

-

31a

CNS PNET

F

85

P

CR - Fr

M0

83

C

100K

1qc, 2p, 2q, 7p, 7q, 18p, 19p, 21q,
22q

-

32

CNS PNET

F

91

P

CR - Fr

M1

31

C

500K

19p, 19q

-

33a
34a

CNS PNET
CNS PNET

M
M

107
107

P
R to 33

CR
CR, PF

M2
M2

71
71

U
U

100K
100K

2p, 2q, 12p, 12q
1q, 3q, 5p, 8p, 8q, 9p, 9q, 10p, 16p,
17q, 19p, 19q, 20p, 20q, 21q, 22q

5q

35a

CNS PNET

M

122

P

CR - Pa

M0

52

C

100K

-

-

36a
37

CNS PNET
CNS PNET

M
M

122
127

R to 35
P

CR - Pa
CR - Pa

M0
M0

52
27

C
C

100K
500K

12p, 12q, 13q, 20q
1q, 3q, 5p, 5q, 8p, 8q, 13q, 21q

-

38

CNS PNET

M

141

P

CR - Fr

M3

30

U

100K

-

9p, 9q

39
40a

CNS PNET
CNS PNET

M
M

141
142

R to 38
P

CR - Fr
CR - H, LV

M3
M0

30
0

U
U

100K
100K

17p, 18p, 21q
5p, 5q, 19p, 19q

-

M0

3

C

500K

4q, 20p, 20q

-

M0

36
15

U
C

100K
500K

17p
-

-

100K

2q, 7p, 7q, 11p, 11q, 12p, 12q, 20p,
21q

-

41

CNS PNET

F

144

P

CR

42a
43

CNS PNET
CNS PNET

F
F

148
190

R
P

CR - Fr, Pa
CR

44

CNS PNET

M

P

CR - Pa
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Patient clinical information was collected along with the 8 pineoblastomas and 36 central nervous system primitive neuroectodermal tumor (CNS PNET) samples analyzed on the Affymetrix single
nucleotide polymorphism arrays.
Abbreviations: C, censored (alive); CR, cerebral region; Fr, frontal lobe; F, female; H, hemispheric; LV, lateral ventricle; M, male; Mi, midline; P, primary; Pa, parietal; PF, posterior fossa; PR, pineal
region; R, recurrence; T, temporal lobe; U, uncensored (deceased); WHO, World Health Organization - indicates no alteration was identified. Information was not available for boxes left blank.
a
Sample was included in immunohistochemical study.
b
Isochromosome.
c
High-level gain. Metastatic status was based on Chang staging M0– M4.
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(5q31.3), was frequently gained, occurring in 18
(62.1%) of 29 primary CNS PNETs, in addition to 4
(66.7%) of 6 recurrent CNS PNETs, 6 (100%) of 6
primary pineoblastomas, and 2 (100%) of 2 recurrent
pineoblastomas. FAM129A (1q25.3) was found to be
gained frequently, occurring in 5 (83.3%) of 6 recurrent
CNS PNETs, in addition to 16 (55.2%) of 29 primary
CNS PNETs and 3 (50%) of 6 primary pineoblastomas.
Gain of FAM129A was not found in the 2 recurrent
pineoblastomas studied. GISTIC analysis of the 100K
and 500K datasets further supported the gain of these
genes to potentially have a role in the pathogenesis of
CNS PNET (Supplementary Material, Figs S1 and S2).
The identified increases in gene copy number were validated by real-time qPCR (Supplementary Material, Fig.
S3). A statistical comparison of the copy numbers of
gained and lost genes identified from the SNP array
analysis, validated by real-time PCR, revealed a positive
correlation between the 2 sets of copy number results,
demonstrating the SNP array copy number data to be
both accurate and reliable (r ¼ 0.831, significant at the
0.01 level [2-tailed]).
Amplification of MYCN and PDGFRA in CNS PNET
Thirty-two distinct regions of amplification (based on
the maximum copy number given by CNAG analysis
of 6) were identified, including 2p24.3, which encompasses the proto-oncogene MYCN in CNS PNET 25
(a cerebral neuroblastoma) and 4q12, which encompasses PDGFRA in a recurrent tumor, CNS PNET 34
(Supplementary Material, Table S7).
19q13.41 Amplification in a CNS PNET with Variant
Histology
Because of the recent discovery of an amplified miRNA
cluster (C19MC) encompassing 19q13.41 in CNS
PNETs with variant histology, this region was examined
in detail. We identified 19q13.41 amplicon in 1 (3.4%)
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of 29 primary CNS PNETs and validated the result using
real-time qPCR, to reveal .9 copies of the DNA
sequence coding for miRNA’s miR-512, -527, and
-372 (Fig. 2A– D). In addition to the 19q13.41 amplicon, CNS PNET 19 also had gain of chromosome 2,
and under histological examination, true rosettes were
observed.

Focal Loss of Gene Copy Number in CNS PNET
and Pineoblastoma
To identify common gene copy number losses in 35 CNS
PNETs and 8 pineoblastomas, the most frequently
lost genes from the 100K and 500K SNP array
analyses were identified and ordered by frequency
(Supplementary Material, Tables S8– S12). OR4C12,
encoding an olfactory receptor on 11p11.12, was lost
in 14 (48.3%) of 29 primary CNS PNETs, in addition
to 3 (50%) of 6 recurrent CNS PNETs and 3 (50%) of
6 primary pineoblastomas. OR4C12 loss was not
found in the 2 recurrent pineoblastomas studied. Gene
copy number loss also frequently involved CADPS
(3p14.2), occurring in 8 (27.6%) of 29 primary CNS
PNETs and 4 (66.7%) of 6 recurrent CNS PNETs.
This alteration was only identified in 1 (16.7%) of 6
primary pineoblastomas and 0 of the 2 recurrent pineoblastomas. Homozygous deletions in the tumor cohort
were also identified (Supplementary Material, Table
S13). A large region of 9p21.3 was homozygously lost
in 4 CNS PNETs (Fig. 3). The loss encompassed genes
MTAP, CDKN2A, CDKN2B, and DMRTA1 in
3 tumors (CNS PNET 25, in addition to the paired
primary and recurrent CNS PNETs 38 and 39),
whereas a fourth tumor had homozygous loss involving
only MTAP, CDKN2A, and CDKN2B (CNS PNET 29).
Loss of CDKN2A/B was observed only in CNS PNETs
(4 [13.8%] of 29 primary CNS PNETs, 3 [50%]
of 6 recurrent CNS PNETs, and 0 of 8
pineoblastomas) from children aged ≥4 years, 11
months. However, in this small subset of tumors, a
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Fig. 1. Heat map visualization of the genome-wide copy number results for (A) 30 primary and 6 recurrent central nervous system primitive
neuroectodermal tumors (CNS PNETs) and (B) 6 primary and 2 recurrent pineoblastomas (PBs) using Affymetrix 100K and 500K single
nucleotide polymorphism arrays. Heat maps were generated using Spotfire. Tumor heat maps are in age order, increasing from left to
right. Copy number results are shown for chromosomes 1–22 from top to bottom. Red, copy number loss; black, copy number neutral;
green, copy number gain; yellow, high-level gain (copy number ≥4). Each column represents a single tumor sample.
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Fig. 3. Homozygous loss at the 9p21.3 locus. Homozygous loss at loci 9p21.3 encompassing CDKN2A and CDKN2B was identified in
4 cases (arrows). Of the tumors with homozygous loss at 9p21.3, central nervous system primitive neuroectodermal tumor (CNS PNET)
29 retained both copies of chromosome 9, CNS PNET 25 had biallelic loss of chromosome 9p, and CNS PNETs 38 and 39 (a paired
primary and recurrence of the same patient) had lost 1 copy of the entire chromosome.

statistically significant result was not identified.
A mutational screen of CDKN2A and CDKN2B in 30
tumors that either had normal DNA copy number or
had loss of 1 allele did not reveal mutations affecting
coding regions (data not shown).
GISTIC analysis of the 100K and 500K datasets
further supported a potentially important role for the
loss of these genes in the pathogenesis of CNS
PNET (Supplementary Material, Figs S1 and S2).
Gene copy number loss identified was validated by
real-time qPCR (Supplementary Material, Fig. S4).
Statistical analysis was performed using appropriate
tests to identify whether genes chosen for real-time
qPCR (PCDHGA3, FAM129A, MYCN, PDGFRA,
OR4C12, CADPS, CDKN2A, CDKN2B, and
SALL1) were significantly associated with clinical

parameters (patient age, tumor location, metastatic
status, tumor recurrence, and patient survival). A
single significant result was identified: loss of CADPS
was
associated
with
a
poorer
prognosis
(Supplementary Material, Fig. S5).

Comparison of Paired Primary and Recurrent CNS
PNETs Revealed Both Regions of Maintained and
Acquired Copy Number Alteration at Relapse
Genome-wide copy number analysis of 5 paired primary
and recurrent CNS PNETs was performed, identifying
regions of maintained copy number (Fig. 4). Large
regions of gain on chromosome 1q were identified in
primary CNS PNET 13 and were maintained at relapse
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Fig. 2. 19q13.41 amplification of C19MC miRNAs. (A) Histopathologic examination of central nervous system primitive neuroectodermal
tumor (CNS PNET) 19 showed a primitive embryonal tumor with true rosettes. (B) Amplification at 19q13.41 was identified in this case,
with (C) the 0.73 Mb amplicon spanning 58.85– 59.59 Mb. (D) Real-time quantitative polymerase chain reaction of miRNAs and genes
in this region validated the amplification in copy number.
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(paired recurrent CNS PNET 14). Gain of 13q was
found in primary CNS PNET 35, with this alteration
maintained at recurrence (CNS PNET 36). To identify
the most common regions of maintained gene copy
number alteration, the most frequently altered regions
shared between the 5 tumor pairs were identified from
the 100K SNP array analyses and ordered by frequency
(Supplementary Material, Tables S14 and S15).
Regions of maintained gain were observed more frequently than regions of loss. The most commonly maintained regions of alteration involved focal gains on
chromosome 2, particularly at 2p21 (in 4 [80%] of 5
CNS PNET pairs). Encompassing ABCG5 and
ABCG8, the maintained gain at 2p21 was validated in
the primary and recurrent CNS PNET pairs using realtime qPCR (Supplementary Material, Fig. S6). Regions
of maintained loss were identified, most frequently
involving 9p24.1 and 9q33.1 (2 [40%] of 5 CNS
PNET pairs). Maintained loss of large regions on 3p,
5q, and 9p (encompassing CDKN2A/B) and on 9q,
13q, and 16q (in 1 [20%] of 4 CNS PNET pairs) were
also identified.
An overview of the acquired copy number alterations
is shown in Supplementary Material, Fig. S7. To identify
the most common regions of acquired gene copy number
alteration, the most frequently altered regions found at
recurrence (not observed in the paired primary tumors)
were identified from the 100K SNP array analyses and
ordered by frequency (Supplementary Material, Tables
S16 and S17). The acquired regions of alteration at
relapse potentially encompass genes involved in tumor
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progression and relapse; however, because of
treatment-induced genomic instability of the tumor’s
genome, it is hard to decipher “true” tumorigenic
events from those of therapy-related genomic instability.
One recurrent tumor (CNS PNET 34) was found to have
2 novel regions of amplification at 4q12 and 12q14.1
that were not present in the primary tumor (CNS
PNET 33; Fig. 5). The high-level gain identified at
4q12 encompassed PDGFRA, encoding a cell-surface
tyrosine kinase receptor for the platelet-derived
growth factor family of mitogens, in addition to the
co-amplification of the proto-oncogene c-KIT (KIT),
whereas the high-level gain at 12q14.1 encompassed
the genes GLI1 and CDK4.

Comprehensive Comparative Analysis of Genomic
Alterations in CNS PNET and Medulloblastoma
Revealed Both Tumor-Specific and Shared Regions of
Imbalance
Significant regions of CNS PNET – specific gain were
found throughout the genome, including the gain of
PCDHGA3 (Supplementary Material, Table S18 and
S19). Fewer regions of medulloblastoma-specific gain
were identified, limited to 1q, 2p, 4p16, 4q, and 5 and
to many regions of chr 7, 9p, 8q, 14q, 17, 18, and 19q
(Supplementary Material, Tables S20 and S21).
Significant regions shared between both PNETs included
1q (1q42 – 44), 2p25.3-1 encompassing MYCN, 4p16,
7 (7q36), 17q, and 18q (Supplementary Material, Tables
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Fig. 4. Regions of maintained gain and loss identified in 5 paired primary and recurrent central nervous system primitive neuroectodermal
tumors (CNS PNETs). Shown is a chromosome ideogram of the maintained copy number imbalance in 5 paired primary and recurrent CNS
PNETs analyzed using Affymetrix 100K single nucleotide polymorphism arrays. Visualization was made in SNPview. Maintained loss is shown
to the left of the chromosome (blue), and maintained gain is shown to the right (red). 2p21 (starred) was the most common region of
maintained gain, occurring in 4 (80%) of 5 CNS PNET pairs.
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Fig. 6. Immunohistochemical evaluation of p15INK4b protein expression. (A) Central nervous system primitive neuroectodermal tumor (CNS
PNET) 35 retained both copies of CDKN2B and displayed strong positive protein expression for the encoded protein, p15INK4b. (B) CNS
PNET 40 also retained both allele copies of the CDKN2B gene; however, it showed no protein expression for p15INK4b. (C) CNS PNET
36 had a single allele present due to the loss of 1 copy of CDKN2B and showed the absence of p15INK4b protein expression.

S22 and S23). CNS PNET – specific deletion was
found on focal regions of 2p and 2q, large regions of
chromosome 3 (encompassing CADPS), 4q, 9p (including CDKN2A and CDKN2B), 14q, and 15q
(Supplementary Material, Tables S24 and S25). There
were many regions of medulloblastoma-specific deletion
that included large regions of chromosome 6, 10, 11,
and 16 (Supplementary Material, Tables S26 and S27).
Both PNET cohorts shared significant regions of
deletion involving chromosomes 10q, 11 (encompassing
OR4C12), and 16q (Supplementary Material, Tables
S28 and S29).

Immunohistochemistry of CDKN2B (p15INK4b)
To determine whether loss of CDKN2B gene copy
number (identified using the SNP array analysis in 7
[16.3%] of 16 cases in the tumor cohort) affected the
level of expression for the encoded protein
(p15INK4b), we performed immunohistochemistry on
28 CNS PNETs and 5 pineoblastomas (Fig. 6). Fifteen
were tumors that had been analyzed using the SNP
array sets (as shown in Table 1), whereas an additional
18 FFPE samples were available for inclusion in a
TMA. Eight (24.2%) of 33 tumors had negative

p15INK4b staining results (6 were primary CNS
PNETs, 1 was a recurrent CNS PNET, and 1 was a
primary pineoblastoma). Protein expression was compared with CDKN2B array data where available. Three
tumors negative for p15INK4b staining had corresponding SNP array copy number data for CDKN2B. Two
tumors had homozygous loss of CDKN2B, whereas the
third p15INK4b-negative tumor had retained both
copies. Six (18.2%) of 33 tumors had weak staining findings (4 were primary CNS PNETs, 1 was a recurrent CNS
PNET, and 1 was a primary pineoblastoma). Two tumors
with weak p15INK4b staining had normal gene copy
numbers. Eight (24.2%) of 33 tumors had moderate
staining findings for p15INK4b (4 were primary CNS
PNETs, 2 were recurrent CNS PNETs, and 2 were
primary pineoblastomas), of which 3 had a normal
copy number for CDKN2B and 1 tumor had lost a
single copy. Finally, 11 (33.3%) of 33 tumors had
strong staining findings for p15INK4b (8 were primary
CNS PNETs, 2 were recurrent CNS PNETs, and 1 was
a primary pineoblastoma). Four strongly staining
tumors had a normal gene copy number, 1 had a gain in
CDKN2B copy number, and 1 tumor had lost 1 allele
copy. Statistical comparisons between p15INK4b immunohistochemical staining findings and patient clinical
demographic characteristics were performed. Using the
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Fig. 5. Two distinct regions of amplification identified in a recurrent central nervous system primitive neuroectodermal tumor (CNS PNET)
that were not present in the primary tumor of the same patient. Although the recurrent tumor (CNS PNET 34) had amplifications at 4q12
and 12q14.1, this was not observed in the primary tumor (CNS PNET 33). Data were visualized in Copy Number Analyzer for Affymetrix
Genechip. Green bars indicate heterozygous single nucleotide polymorphism calls and pink bars indicate loss of heterozygosity.
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the Fisher exact test, a single trend was identified that
suggested strong p15INK4b protein expression was
associated with patients without metastatic disease at
diagnosis (P ¼ .055 for primary CNS PNET).

Discussion
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This high-resolution genome-wide analysis showed that
tumors classified histologically as CNS PNET show considerable heterogenity at the molecular level. Marked
differences were seen in the genomic profiles on the
basis of anatomical location and patient age, with the
majority of CNS PNETs characterized by multiple
genetic alterations, compared with relatively few copy
number alterations in pineoblastoma. The differential
genomic profiles may reflect distinct origins of these
tumors, as seen for other CNS tumors.31,32 Novel candidate genes potentially involved in the pathogenesis of
CNS PNET and pineoblastoma were identified and
confirmed by GISTIC analysis. Gain of PCDHGA3
(5q31.3) and FAM129A (1q25.3) were common gains
identified in the tumor cohort. Encoding a neural
cadherin-like cell adhesion protein, PCDHGA3 (protocadherin gamma subfamily A3) has potential roles in
the establishment and function of cell-to-cell connections in the brain, whereas FAM129A regulates the
phosphorylation of a number of proteins involved in
translation regulation. Loss of CADPS (3p14.2), which
encodes a calcium-binding protein involved in exocytosis of vesicles filled with neurotransmitters and neuropeptides, was identified in the CNS PNET cohort and
was associated with a poor prognosis (P ¼ .043).
Confirmation of the loss of CADPS and its impact on
patient survival is now needed in a larger cohort of
CNS PNETs to corroborate our findings from this
relatively small sample set.
Gain of chromosome 2 was found in primary CNS
PNETs (2p gained in 7 [24.1%] of 29, and 2q gained
in 5 [17.2%] of 29 primary CNS PNETs) and has been
shown to be a feature in other genetic studies of CNS
PNET.7,10,21 Moreover, the comparison of 5 paired
primary and recurrent CNS PNETs showed that the
most frequent region of maintained gain involved
genes on 2p21 in 4 (80%) of 5 CNS PNET pairs.
Interestingly, ABCG5 and ABCG8 are encompassed
within this locus, with ATP-binding cassette transporters thought to have an involvement in the multidrug
resistance of brain tumor therapies.33 These data
suggest that oncogenes involved in both initiating and
sustaining CNS PNET pathogenesis are located on
chromosome 2p and warrant further investigation.
19q13.41 amplification (encompassing C19MC) has
been associated with a spectrum of CNS PNET histologies and identifies a subgroup of highly aggressive
PNETs of poor prognosis.10,34 – 36 The amplicon has predominantly been found in the so-called “CNS PNET
variant”; gain of chromosome 2, ependymal/ependymoblastic differentiation, and/or true rosettes are
distinguishing features.10,34,35 However, 10% of
CNS PNETs with “classic” histology have also been

observed to harbor this amplification.10 The majority
of CNS PNETs (97.1%) in our study had “classic” histology, depicted by small, blue, round cells with little
or no differentiation. We found only 1 (3.4%) of 29
primary CNS PNETs with amplification of C19MC. Li
et al10 reported the 19q13.41 amplification in 24% of
their study cohort cases. The variation in frequency of
C19MC amplification likely reflects the heterogeneous
nature of CNS PNETs and emphasizes the need to
increase the sample set of biological data in this tumor.
The cyclin-dependent kinase inhibitors CDKN2A
and CDKN2B (9p21.3) are frequently lost in a wide
range of pediatric malignancies, including brain
tumors.8,9,37 – 41 p16INK4a and p15INK4b (encoded
by CDKN2A and CDKN2B, respectively) can induce
cell-cycle arrest at both G1 and G2/M checkpoints.
Loss of function results in deregulation of normal cellular proliferation, resulting in unchecked growth.42
CDKN2A and CDKN2B gene copy number loss was
identified in 13.8% of primary CNS PNET cases and
has also been observed in other series.8,9 In our cohort,
9p21.3 deletions were only found in patients with CNS
PNET aged .4 years. Although this result was not significant for our results alone, the compilation of our
results for CDKN2A/B with those of a previous
genetic study9 revealed a statistically significant result:
the loss of CDKN2A/B is age dependent in primary
CNS PNETs (P ¼ .05, by Mann-Whitney U test; S.
Pfister, personal communication). We previously
reported differential loss of CDKN2A/B in high-grade
gliomas on the basis of the anatomical location of the
tumor reporting deletions of these genes in supratentorial high-grade glioma, but not in diffuse intrinsic pontine
glioma, consistent with a cell of origin event.43 In a
recent article by Pfister et al,9 the comparison of
aCGH profiles for CNS PNETs and medulloblastomas
also revealed that the loss of CDKN2A was significantly
associated with CNS PNETs (P , .001). None of the
pineoblastomas in the present cohort had the deletion.
Comparison of CNS PNET and medulloblastoma gene
lists identified using GISTIC found that the loss of
CDKN2A and CDKN2B was a CNS PNET –specific
event. Taken together, these results suggest that different
pathways are involved in the development of CNS
PNET, medulloblastoma, and pineoblastoma. We
extended our analysis to investigate the loss of
expression of p15INK4b (encoded by CDKN2B) and
demonstrated loss in 24.2% of tumors. Two tumors
with weak p15INK4b staining had normal CDKN2B
gene copy numbers. Taken together, these results
suggest mechanisms other than CDKN2B copy
number loss to be involved in the loss of p15INK4b
protein expression. In 2007, Pfister et al9 identified a
trend with CDKN2A deletion and metastasis in CNS
PNET (P ¼ .07). This statistical link was upheld on the
compilation of our SNP array dataset with these previous aCGH and FISH results (P ¼ .07). Furthermore,
we identified an association with strong p15INK4b
staining in primary CNS PNETs without metastatic
disease at diagnosis. Collectively, this evidence highlights a potential role for the loss of CDKN2A/
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identified in the present study of CNS PNETs (2.3%),
the comparison of CNS PNET and medulloblastoma
GISTIC lists revealed 4p16 (encompassing MYCN) as a
significant region of amplification shared between both
infratentorial and supratentorial PNETs.
This high-resolution genome-wide analysis of a large
CNS PNET and pineoblastoma cohort identified a panel
of the most common genomic imbalances and novel
genes potentially involved in tumorigenesis that now
warrant further investigation. Although we add a considerable amount of new data, building up a comprehensive pattern of genomic change in this relatively
uncommon and complex cancer will require a larger
sample set. Particular effort now needs to be made to
examine the gene expression and methylation profiles
of these tumors, to give the results shown here greater
power. To take these findings forward, collaborative
efforts need to be made to bring together a large CNS
PNET sample set with clinical, genetic, and histopathologic data to facilitate a greater clinical and
molecular understanding of this heterogeneous and
difficult-to-treat disease.

Supplementary Material
Supplementary material is available online at NeuroOncology (http://neuro-oncology.oxfordjournals.org/).
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