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Array-based comparative genomic hybridization was used to characterize 22
medulloblastomas in order to precisely define genetic alterations in these malignant
childhood brain tumors. The 17p-/17q+ copy number abnormality (CNA), consistent
with the formation of isochromosome 17q, was the most common event (8/22). Ampli-
fications in this series included MYCL, MYCN and MYC previously implicated in medullo-
blastoma pathogenesis, as well as novel amplicons on chromosomes 2, 4, 11 and 12.
Losses involving chromosomes 1, 2, 8, 10, 11, 16 and 19 and gains of chromosomes 4,
7, 8, 9 and 18 were seen in greater than 20% of tumors in this series. A homozygous
deletion in 11p15 defines the minimal region of loss on this chromosome arm. In order
to map the minimal regions involved in losses, gains and amplifications, we combined
aCGH data from this series with that of two others obtained using the same RPCI BAC
arrays. As a result of this combined analysis of 72 samples, we have defined specific
regions on chromosomes 1, 8p, 10q, 11p and 16q which are frequently involved in CNAs
in medulloblastomas. Using high density oligonucleotide expression arrays, candidate
genes were identified within these consistently involved regions in a subset of the
tumors.

Brain Pathol 2007;17:282–296.

INTRODUCTION

Pediatric tumors tend to show a rela-
tively different spectrum of genetic alter-
ations compared  with  adult  tumors,
which may reflect their origin from less-
committed cell types. Medulloblastoma is
the most common malignant intracranial
tumor in children (35) and is thought to
arise from cerebellar stem and precursor
cells, including immature granule cells
(40). Despite a generally good prognosis
with current treatment options the mortal-
ity rate still exceeds 30%. Extensive genetic
characterization of medulloblastomas has
occurred over the past decades using loss
of heterozygosity (LOH) studies (13, 17,
18, 55) as well as traditional cytogenetic
analyses (5, 42). These studies have
revealed consistent genetic events such as
chromosome 17p loss, although they have
not generally led to the identification of
critical genes in tumor development.

Comparative genomic hybridization
(CGH) has been one of the main

approaches for the identification of loss,
gain and amplification of chromosome
regions in cancer cells (19), with the advan-
tage that the analysis can be performed
using relatively small amounts of DNA
and without a need for tumor chromo-
somes. This approach has been extended to
microarray platforms (37, 38), which pro-
vide increased resolution for the definition
of small cytogenetic events and the posi-
tions of the breakpoints involved in abnor-
malities. Several groups have used this
technology for the analysis of medulloblas-
tomas (2, 4, 9, 27, 28, 32), although the
rare nature of this tumor type often pre-
cludes analysis of large sample sizes in any
single series. In addition, as different plat-
forms are often used, it is generally not
possible to make specific direct compari-
sons between individual data sets to define
minimal regions that are commonly
involved, other than at the cytogenetic
band level which has a resolution of only
10–20 Megabase pairs (Mbp).

We have previously used a custom array
of bacterial artificial chromosomes (BAC)
in two independent studies of medullo-
blastoma (25, 46), each designed to answer
different questions from relatively small
cohorts of patients. In these studies the
number of tumors analyzed was too small
to draw any conclusions about relative
frequencies of copy number abnormality
(CNA) in this tumor type. We have now
extended these studies further in a third
cohort of tumors and describe the results
from this study. With this current data set
we have now performed analysis of 72 dif-
ferent tumors using the same platform, and
a compiled analysis of these data provide
not only an assessment of the frequency of
the involvement of different chromosome
arms in CNAs but can also be used to
define the minimal consistent regions of
losses, gain and amplifications associated
with these genetic changes. In the current
series of 22 tumors, it was also possible to
perform expression profiling of selected
samples for which RNA was available to
improve our understanding of the relation-
ship between CNAs and the expression of
genes located within the affected regions.

MATERIALS AND METHODS

RPCI custom CGH array.  The con-
struction of the Roswell Park Cancer Insti-
tute (RPCI) custom CGH arrays using
RPCI-11 BACs, has been described previ-
ously (7, 8, 44). Briefly, the array contains
∼6000 RPCI-11 BAC clones that provide
an average resolution across the genome
of 420 kilobases. BACs were printed in
triplicate on amino-silanated glass slides
(Schott Nexterion, type A) using a Micro-
Grid ll TAS arrayer (Apogent Discoveries,
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Hudson, NH). Genomic pooled normal
control DNA and tumor DNA were fluo-
rescently labeled  by  random  priming,
and hybridized as described previously (8).
Hybridizations of normal and tumor DNA
were performed as sex-mismatches to pro-
vide an internal hybridization control for
chromosome X and Y copy number differ-
ences. The hybridized slides were scanned
using an Axon 4200a scanner to generate
10 µm resolution images for both Cy3 and
Cy5 channels, and image analysis was per-
formed using ImaGene (version 4.1) soft-
ware (BioDiscovery, Inc, El Segundo, CA).
Mapping information was added for each
BAC using the NCBI May 2004 build
(http://genome.ucsc.edu/cgi-bin/hgGateway?
org=human) and, to the best of our knowl-
edge, clones with ambiguous assignments
in the databases were removed. Through-
out the text, “amplification” refers to cases
where there is a greater than two copy gain
as determined on the aCGH profile,
involving any particular region. In con-
trast, “gains” and “losses” refer to events
resulting in a single or double copy change
of regions along the chromosomes.

Statistical analysis.  For each reference
point on the array, background corrections
were performed for both test and control
channels. The log2 ratios of the back-
ground corrected test/control were nor-
malized using a loess correction. For each
BAC, a median of the log2 ratios of all its
replicates was computed and BACs with
less than two successful replicates were
excluded. The corrected log2 ratio for each
BAC was then used to segment the array
using circular binary segmentation using
DNAcopy software (34). For each seg-
ment, the median absolute deviations
(MAD) of the corrected log2 ratios were
computed (45). Segments with a corrected
log2 ratio greater than 1× the median of the
MAD (MMAD) were considered gained,
and segments with a corrected log2 ratio
less than −1 × MMAD were considered
lost. In addition, all single BACs within a
segment whose corrected log2 ratios exceed
2× the interquartile range of the segment
are marked as outliers. Outliers with cor-
rected log2 ratio exceeding 2× the global
interquartile range are outlined as gains or
losses accordingly. All BACs were assigned
a call of gained (1), lost (−1) or normal (0)
based on the call of the segment they are

in, and the karyotypes of the tumors gen-
erated accordingly. Regional amplifications
are defined by an increase in the log2 ratio
above the levels of a single copy gain,
whereas homozygous deletions are defined
as a decrease in the log2 ratio below the
levels of a single copy loss.

Nucleic acid extraction and gene expres-
sion analysis. Medulloblastoma specimens
were obtained from the Johns Hopkins
University Department of Pathology with
institutional review board approval. All
diagnoses were confirmed by a neuro-
pathologist (CGE) and the degree and
extent  of  anaplasia  in  each  specimen
was graded as previously described (11).
Tumors were snap-frozen at the time of
surgery, and RNA and DNA were subse-
quently extracted using Trizol reagent.
RNA and DNA were further purified using
RNeasy and DNeasy columns according to
the manufacturer’s instructions (Qiagen).

RNA quality was assessed using the Agilent
Bioanalyzer Lab on Chip. Using 5–40 µg
of total RNA, double stranded cDNA was
synthesized using the Superscript Choice
System. A T-7 (dT24) primer was used to
prime  the  first  strand  cDNA  synthesis.
An in vitro transcription reaction, which
amplifies and biotinylates the samples, was
then performed using a BioArray® IVT kit
and the template was labeled by incorpo-
ration of biotinylated-11-CTP and 16-
UTP ribonucleotides (ENZO Diagnostics,
Farmingdale, NY). At each stage of this
process the quality of the samples was
monitored using both gel electrophoresis
and spectrophotometry. The full length
cRNAs were then fragmented to 20–
200 bp. The intensities of hybridization
were also compared with each other as well
as to genes which have been spiked into the
samples at known concentrations. Once
the probes passed this quality control they
were hybridized to the U133A chips that

Table 1. Summary of clinical details for medulloblastoma patients in the current J-series of tumors
described in this manuscript. Abbreviations: C = Caucasian; B = black; O = oriental. D = Dead of disease;
A = Alive; U = unkonown status. Mod = diffuse moderate anaplasia; S = diffuse severe anaplasia;
FM = focal moderate anaplasia; F = female; M = male.

Tumor
DX age
(years) Sex Race

Follow-up
(months) Status Tumor type

J1001 4 M C 11.5 D Anaplastic medulloblastoma FM

J1002 12 F B 117 A Classic medulloblastoma

J1004 5 M B 7 D Anaplastic medulloblastoma Mod

J1005 9 F B 123 A Anaplastic medulloblastoma FM

J1006 6 M C 111 A Anaplastic medulloblastoma FM

J1007 24 M C 113 A Classic medulloblastoma

J1008 9 M C 10 D Anaplastic medulloblastoma S

J1010 15 F C 63 A Nodular medulloblastoma

J1012 2 F C 62 A Anaplastic medulloblastoma FM

J1014 5 F C 35 A Anaplastic medulloblastoma FM

J1016 9 F O 48 A Anaplastic medulloblastoma FM

J1019 26 M B 25 A Nodular medulloblastoma

J1020 6 M C 10 D Anaplastic medulloblastoma S

J1021 16 F B 47 A Anaplastic medulloblastoma FM

J1022 8 M C 98 A Anaplastic medulloblastoma Mod

J1023 11 M O 27 D Anaplastic medulloblastoma S

J1024 19 M C 37 A Anaplastic medulloblastoma Mod

J1025 13 M B 37 A Classic medulloblastoma

J1026 10 M C 40 A Classic medulloblastoma

J1067 4 F C U U Classic medulloblastoma

J1115 13 F C 84 A Medulloblastoma unknown type

J319 13 F C 84 A Classic medulloblastoma

http://genome.ucsc.edu/cgi-bin/hgGateway?
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are arrayed with sequence specific oligonu-
cleotides representing 22 000 probe sets.

Data analysis. Affymetrix U133A data
were imported as CEL files into R using
the “Affy” scripting library. Normalization
between the arrays is performed using an
adaptation of Robust Multi-Chip Average
(RMA) (15), with specific correction for
G-C biases, known as GC-RMA (54). GC-
RMA uses only the perfect match (PM)
intensity values and ignores the mismatch
(MM) intensities which have been shown
to introduce variation (30, 58) as many
MM probes show higher signal intensities
than the corresponding PM probe. Inten-
sity contributed from MM probes, there-
fore, cannot simply report background
hybridization. For this reason, Naef et al

(30) suggested that MM values should
not be used, as mathematical subtraction
between PM probe intensity and MM
probe intensity does not translate to bio-
logical subtraction. In addition, Irizarry
et al (16) suggested that until a better solu-
tion is proposed, simply ignoring these val-
ues is preferable as RMA demonstrates
higher precision in reducing within-
replicate variance, provides more con-
sistent estimates of fold changes, and
demonstrates higher sensitivity and speci-
ficity when compared with Affymetrix
MAS 5.0 or dChip using spike in data sets
(16). The normalized PM values are then
log transformed and all the probes in a set
representing specific genes are summarized
using Tukey’s median polishing procedure.
Changes in gene expression were graphed

using the signal log values for individual
genes within specific genomic intervals. All
functional annotation and chromosomal
locations were obtained using NetAffx
(24).

RESULTS

Using the custom RPCI BAC array (7),
we analyzed DNA extracted from 22
snap-frozen medulloblastoma specimens to
establish their aCGH profiles. The clinical
details from the patients are shown in
Table 1. Gains, losses and amplifications
were seen throughout the karyotypes of
these tumors and the specific details of the
CNA are given in Table 2. The strategy for
defining the breakpoints associated with
these CNAs have been described elsewhere
(46), where the maximal extent of the

Figure 1. Amplification events seen in the J-series of medulloblastomas. In tumor J1024 (A) and J1020 (B) well defined (arrows) amplification events are seen
on chromosomes 2 (MYCN) and 8 (MYC), respectively. These events are defined by the flanking BACs not involved in the amplicon (insert). Smaller amplicons
are seen on 11q in J1008 (C). Much more extensive amplification is seen on 2p involving the MYCN locus (D) in J1008 as well as at two distinct locations on
2q. This more distal amplicon is seen on a background of a single copy loss of distal 2q. More extensive amplification events are seen throughout chromosome
12 in J1008 (E). The single-BAC amplicon on chromosome 4 (F) in J1002 apparently does not contain annotated genes.
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Sample
ID

Small segments Whole Chr

Amplification
Homozygous

deletionGains Losses Gains Losses

J1001 Chr1:107834401-qter,
Chr10:39194926-42197692

Chr1:pter-109185984 Chr8, Chr13 Chr2, Chr4,
Chr10, Chr11,
Chr15, Chr16,
Chr21

****** ******

J1002 ****** ****** Chr7, Chr8,
Chr9, Chr19

****** Chr4:131221437-133802360* ******

J1004 Chr1:120244511-qter,
Chr12:pter-34591844

Chr16:46266316-qter Chr8 ****** ****** ******

J1005 Chr4:752619-12411625,
Chr9:pter-68203104

Chr5:16968719-17806053,
Chr9:67566555-qter,
Chr15:90029599-96519678

Chr2 ****** ****** ******

J1006 ****** Chr8:pter-28762956,
Chr8:61769195-102107868

Chr7, Chr17 ****** ****** ******

J1007 Chr7:pter-78192971 Chr8:109441448-123818629,
Chr14:36467869-43823109

Chr19 ****** ****** ******

J1008 Chr1:pter-50462496,
Chr3:136692885-152413314,
Chr9:100327175-120005880,
Chr13:40876134-46118238,
ChrX:43382420-50860186

Chr2:193194019-qter,
Chr4:73511981-qter,
Chr6:56381084-qter,
Chr11:pter-48644474,
Chr17:pter-11132723,
Chr18:15367893-qter,
Chr19:50275933-60725260,
ChrX:4032843-44358192,
ChrX:49063091-154186476

Chr7, Chr9,
Chr19

****** Chr2:9029875-16529264,
Chr2:115093327-146734712,
Chr2:191120018-195293720,
Chr11:67942137-70756232,
Chr11:97534216-101562543,
Chr12:pter-18599946,
Chr12:22210386-36142961,
Chr12:33534861-42459838,
Chr12:53208104-60917552,
Chr12:75456697-81285086,
Chr12:88253032-89158341,
Chr17:9904704-19626362

******

J1010 Chr17:15223450-qter ****** Chr7 ****** ****** ******

J1012 ****** Chr8:7328299-8837121 Chr3 Chr10 ****** ******

J1014 Chr17:21191548-qter Chr1:pter-48215170,
Chr17:pter-22127985

Chr5, Chr6,
Chr9, Chr18,
Chr22

Chr8, Chr10 ****** ******

J1016 Chr2:pter-16529264,
Chr3:59779777-65182251,
Chr10:pter-30639661,
Chr11:pter-66379947,
Chr13:98923852-103089594,
Chr17:15362704-qter,
Chr18:16773951-qter

Chr1:pter-8902538,
Chr4:48839424-120282908,
Chr8:pter-39846706,
Chr10:30613638-qter,
Chr11:65980427-qter,
Chr12:33076084-119020229,
Chr16:46266316-qter,
Chr17:pter-15511681,
Chr18:pter-16840697

Chr7, Chr12 ****** ****** ******

J1019 ****** ****** ****** ****** ****** ******

J1020 Chr1:148810010-qter,
Chr17:19800213-78206787

Chr4:170218065-qter,
Chr8:126626507-128612329,
Chr10:133471230-qter,
Chr17:pter-19744530,
Chr19:pter-10248852

Chr18, Chr21 Chr3, Chr13 Chr8:127751581-129784458 ******

J1021 Chr9:pter-68203104,
Chr16:31443695-34476094,
Chr21:15043867-18244635

Chr1:221304577-224587821,
Chr2:163059060-183645799,
Chr3:pter-94987544,
Chr9:67566555-qter,
Chr11:pter-48644474

****** Chr19 Chr1:39046537-40431821,
Chr11:56507045-58480720

Chr11:10692195-13338428

J1022 Chr6:pter-61963054,
Chr12:97700309-qter,
Chr17:17349840-qter,
Chr20:35152344-qter,
Chr22:14466338-26007486

Chr2:40597715-qter,
Chr3:89771786-qter,
Chr5:127176867-145274925,
Chr16:46266316-qter,
Chr17:pter-16616643,
Chr18:73111607-qter,
Chr22:25865941-qter

Chr4, Chr5,
Chr7, Chr13

Chr9, Chr11 ****** ******

J1023 Chr17:18318880-qter Chr17:pter-19626362 Chr4 ****** Chr2:15242057-19899402,
Chr19:62624158-qter*

******

J1024 Chr17:17349840-qter Chr16:53324475-qter,
Chr17:pter-16616643

Chr5, Chr7,
Chr18

Chr8, Chr10,
Chr20

Chr2:15242057-16529264 ******

J1025 ****** ****** Chr11 ****** ****** Chr4:186788298-186991592

J1026 Chr17:15362704-qter Chr17:pter-15511681 ****** ****** ****** ******
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Table 2. Summary of aCGH defined losses gains and amplifications seen in the J-series of medulloblastomas. Tumors which were used for the gene expression
analysis are shown in bold in the left column. * Represents high amplitude single BAC events. ****** No detectable CNA.

J1067 Chr21:9954111-29260484 Chr3:104771763-qter,
Chr6:pter-44649064,
Chr19:42180358-qter

Chr4, Chr8,
Chr14

Chr2, Chr5,
Chr10, Chr11,
Chr16

****** ******

J1115 Chr2:pter-24531246,
Chr2:32910747-54121420,
Chr6:111424176-qter,
Chr8:pter9-8837121,
Chr15:43812588-qter,
Chr17:17349840-qter,
Chr18:3822165-11582119,
Chr21:9954111-17336775

Chr1:pter-33790776,
Chr4:pter-4538586,
Chr5:173821419-qter,
Chr7:pter-7114750,
Chr7:55381999-76132954,
Chr7:96323599-102435956,
Chr9:125854825-qter,
Chr11:pter-47989032,
Chr16:266993-qter,
Chr17:pter-8338030

****** Chr16, Chr19,
Chr20

****** ******

J319 Chr6:109463437-qter,
Chr15:41935933-qter,
Chr17:17349840-qter

Chr11:pter-47277667,
Chr16:50943879-qter

****** ****** ****** ******

Sample
ID

Small segments Whole Chr

Amplification
Homozygous

deletionGains Losses Gains Losses
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Figure 2. Amplification in 2p23 in tumor J1023. A
4.5 Mbp region shows an approximately 30-fold
increase (Log2 scale) in DNA content in this tumor
(top). which demonstrates relatively equal level
amplification across the region (inset, top)
defined by the end points of the flanking unin-
volved BACs. Gene expression analysis from the
U133A arrays identifies genes at the proximal end
of the amplicon which have increases in expres-
sion levels compared with tumors which do not
show amplification in this region.

abnormality is reported. The most fre-
quent CNA event in this series of medullo-
blastomas was a loss of most of 17p, which
was usually associated with a coincident
17q gain, which has been frequently
described in these tumors (2, 5, 10, 32, 47,
50, 57). In the current series this event
was observed in 36% of the tumors, with
the gain of a whole copy of chromosome
17 occurring in one additional tumor
(J1006). Gains involving all and parts of
chromosomes were seen throughout the
karyotypes (Table 2), and chromosomes 7
(8/22), 8 (5/22), 9 (6/22) and 18 (5/22)
were involved in >20% of cases. Although
there were individual subregional gains
along most of these chromosomes in
different tumors (Table 2), no consistent
region of increased copy number was iden-
tified. Chromosome losses, on the other
hand, revealed more precise delineation of
consistently involved regions. On chromo-
some 1, regions within the short arm were
lost in four tumors, where the minimal
region of overlap was identified as
Chr1:pter-8902538 in tumor J1016.
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Chromosome 8 showed losses in 7/22
tumors but involved both the long and
short arms. Loss involving chromosome 10
was also a common event (7/22), where the
common  region  of  overlap  was  defined
by tumor J1020 involving region
Chr10:133471230-qter. Chromosome 11
showed losses in 8/22 tumors, with a min-
imal overlapping region derived from four
different tumors, involving pter-47989032
(seen in J1115), and a single region on
the long arm (J1016) involving
Chr11:65980427-qter. Loss of chromo-
some 16 (9/22) involved the whole chro-

mosome in three tumors, and, from the
others, a minimal region of loss was
defined by tumor J1024 involving region
Chr16:53324475-qter. Chromosome 19
showed losses in 5/22 tumors with a min-
imal region of loss defined by tumor J1008
involving Chr19:50275933-60725260.

Amplification and deletion events in
medulloblastoma.  Amplifications were
seen in six tumors and involved multiple
different chromosomes (Figure 1). A single
tumor (J1020) showed amplification on 8q
(Chr8:127751581-129784458) encom-

passing the MYC gene. Amplification on
chromosome 2 was seen in three tumors,
where two involved the MYCN locus. In
tumor J1023 this amplicon (Table 2)
spanned 4.5 Mbp, whereas in tumor J1024
the amplicon was largely confined to a 1.3-
Mbp region including the MYCN locus, as
well as the DDX1 and NAG genes. In
tumor J1008, there were several amplifica-
tion events along the length of the chro-
mosome (Figure 1D), including a 2p
amplicon that spanned the NAG-DDX1-
MYCN interval but which was consider-
ably larger than in the other two tumors.
Tumor J1008 also showed extensive am-
plification events  along  the  remainder
of chromosome 2q (Chr2:115093327-
146734712 and Chr2:191120018-
195293720) (Figure 1D) with amplicons
that were ∼30 Mbp and ∼5 Mbp, re-
spectively (Table 2). Interestingly, tumor
J1008 also showed extensive amplification
events involving chromosomes 11 and 12
(Figure 1C,E). On chromosome 11, the
amplicon was located in the proximal
11q13.2 region (Chr11:67942137-
70756232) (Figure 1C) and the more
distal amplicon was in 11q22
(Chr11:97534216-101562543). Tumor
J1021 also showed amplification on chro-
mosome 11, but this amplicon did not
overlap with those seen in J1008 and in-
cluded the CTNND1 member of the cate-
nin family. The chromosome 12 amplicons
seen in J1008 involved large numbers of
genes. The only other two amplification
events occurred in tumors J1002 and
J1021 and involved chromosomes 4 and 1,
respectively. There were apparently no
genes involved in the chromosome 4 am-
plicon and the chromosome 1 amplicon
included the MYCL member of the MYC
family. At the time these data were gener-
ated, there had been no reports of MYCL
amplification in medulloblastomas, but re-
cently McCabe et al (27) also described a
single tumor with an amplicon spanning
the MYCL locus.

Gene expression changes associated with
CNAs. From the series of 22 tumors
described in Table 2 using aCGH, gene
expression data derived from the Affyme-
trix U133A arrays was available from five
(Table 2). Despite the limited number of
specimens with both gene dosage and
RNA expression data available, we were

Figure 3. Amplification in the proximal centromeric region (*) of 11q (top) in tumor J1021 shows an
amplicon structure (inset, top) which demonstrates an internal region with approximately normal DNA
content levels. When the gene expression levels within this region are defined, increases are seen in the
proximal region with the exception of SCL43A1 which lies within the region of the amplicon-containing
region showing minimal amplification.
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able to investigate potential drivers for
some of the consistent CNAs seen in this
series. In this analysis we used the conven-
tion described by Lo et al (25), where, in
the absence of a suitable normal control
for these studies, gene expression levels in
tumors showing a specific CNA, were
compared with the remainder of the
tumors in the series for which expression
data were available and where that CNA
was not present. In this way we are defining
consistent gene expression changes related
to loss, gain or amplification of a region of
the genome which takes into account the
inherent variability in gene expression lev-
els between tumors. In all of the descrip-

tions of genetic events given below, the full
gene content of the regions, as defined by
their nucleotide positions can be obtained
by entering the maximal extent of the
CNAs as defined in Table 2 into the
UCSC genome browser (http://
genome.ucsc.edu/cgi-bin/hgGateway).

The amplicon on 2p seen in J1023, for
example, showed up-regulation of MYCN
as expected (Figure 2), as well  as a series
of other more proximally located genes.
Many of the increases in gene expression
levels are consistent with our previous
observations (25) although, interestingly,
the DDX1 gene in this case did not show
a significant change compared with the

mean of the expression level for the other
five tumors which did not show this 2p
amplicon.

The 11q12 amplicon (Chr11:56507045-
58480720) in J1021 showed two groups of
over-expressed genes, which is consistent
with the structure of this amplicon
(Figure 3), where a proximal region
involved over-expression of the SSRP1 and
SLC43A3 genes and a slightly more distal
amplicon coincided with over-expression
of genes in the TIMM10-CTNND1 inter-
val. The SLC43A1 gene, however, which is
located between the two amplicons, did
not show over-expression, again indicating
that the amplicon involves two distinctive
regions (Figure 3). Amplification was also
seen in J1021 on 1p (Chr1:39046537-
40431821) which involved only a single
BAC (Figure 4). CNAs involving single
BACs are traditionally not reported with-
out verification but, in this case, we were
able to analyze gene expression changes for
this region in this tumor (Figure 4), where
genes which lie in the central part of the
amplicon, in the HPCAL4-MYCL1 inter-
val, show over-expression.

The specific over-expression of individ-
ual genes within the amplicons shown in
Figures 2–4 suggest that these events pro-
vide a selective advantage for the cancer
cells. To show this specificity further, we
compared expression profiles for genes in
the regions immediately adjacent with the
amplicons which showed normal copy
number. In all cases, there was no signifi-
cant difference between the expression of
these genes in the amplicon-containing
tumors compared with the tumors in the
series showing no amplification (data not
shown).

Losses of chromosome material were
also analyzed using the RPCI Overlay Tool
which defines concordance between up-
regulation of expression and copy number
gains as well as down-regulation of expres-
sion and copy number losses (25). In
tumor J1021, for example, a hemizygous
loss of the short arm of chromosome 11 is
seen, in addition to what appears to be an
apparently homozygous deletion in 11p15
(Chr11:10692195-13338428). This re-
gion carries only eight genes which are
present on the U133A array (Figure 5). Of
these, only USP47, DKK3 and MICAL2,
which lie in the central region of the dele-
tion, showed a greater than twofold down-

Figure 4. Amplification in 1p34 is seen in tumor J1021 involves only a single bacterial artificial chromo-
some. Gene expression analysis shows that only the genes within the central part of the amplified region
(HPCAL4-MYCL1) show concordant increases in gene expression levels.
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regulation compared with other tumors in
the series with no CNA involving 11p
(Figure 5B). In addition, for both USP47
and DKK3, the MAS5.0 detection calls
transitioned from present (P) to absent (A),
which suggests that the expression levels
for these two genes are not detected with
confidence on the gene expression array in
J1021. Interestingly, despite 613 known
genes being located on the short arm of
chromosome 11, and of the 245 genes that
were  present  on  the  U133A  array,  only
24 showed a > twofold down-regulation in
this tumor (Figure 5C). The genes most
affected in the homozygous deletion clus-
tered within the center of the deleted
region supporting our previous contention
that the BAC arrays overestimate the size
of CNAs, especially where the maximal ex-
tent is reported.

The long arm of chromosome 16 fre-
quently shows hemizygous loss in medullo-
blastomas (9, 36), and our overlay analysis
using data from tumor J1022, demon-
strates that a > twofold decrease in expres-
sion levels was only seen for a subset of 18
genes along the length of this chromosome
arm (Figure 6). Similarly, expression data
were available for two tumors (J1022 and
J1023) that carried the 17p loss/17q gain
profile seen frequently in medulloblasto-
mas. A comparison with the other three
tumors that did not carry this CNA,
revealed only a subset of genes that exhib-
ited altered expression levels concordant
with DNA copy number dosage
(Figure 7). Again, the overlay comparison
between CNA and expression data identi-
fied 26 genes from 17p which were down-
regulated in the two tumors with 17p loss,
compared with the mean expression values
seen in the tumors which had normal cop-
ies of 17p (Figure 7). In the same way, 61
genes on 17q (Figure 8) showed consis-
tently increased expression changes, defin-
ing a subset of the genes within the region
of chromosome 17 showing this CNA.

Extended analysis of CNAs in medullo-
blastoma. Because of the rare nature of
medulloblastoma, an extensive genetic
analysis of these tumors is difficult for any
single center, as accumulating sufficiently
large numbers of samples for statistical
evaluations can be difficult. In addition, as
the technologies used in single center stud-
ies and the bioinformatics surrounding

Figure 5. aCGH profile of chromosome 11 from tumor J1021 demonstrating a single copy loss of the
entire short arm and homozygous deletion in the 11p15 region (*). Expression analysis of genes in this
region shows a significantly reduced level for only four genes (USP47-MICAL1) located in the center of
the deleted region.
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One  abnormality  that  is  frequently
seen in adult and pediatric brain tumors
involves losses of chromosome 10, where
we are able to define two distinct subre-
gions showing minimal overlap (although
in each case defined by only a single
tumor). One of these involved the 10q23
region  containing  the  PTEN  gene  and
the other involved the distal most tip of
10q (Figure 9). Similar conclusions were
described by Yin et al (55) from a highly
focused analysis of these two regions using
microsatellite markers. Unfortunately,
because none of the six tumors in our series
for which U133A expression data were
available involved chromosome 10 CNAs,
we were unable to define gene expression
changes that were associated with this
abnormality.

A novel observation in the current series
of 22 MDs was the homozygous deletion
in 11p15 (Chr11:56507045-58480720) in
J1021 (Figure 6). Losses involving any part
of 11p were seen in 11% of the combined
series (8/72), but in all cases included the
homozygous deletion region in J1021.
Losses involving chromosome 16q were
also frequently seen in our extended series.
Using composite data from all three
cohorts,  the minimal region of overlap
was further refined to Chr16:69781966-
84771896. While this region still con-
tained many genes, only four (WDR59,
KARS, COTL1, and MAF) that were
present on the U133A array showed a
> twofold down-regulation in the presence
of this specific CNA.

In the 72 tumors in this series, 24
showed the 17p/17q abnormality. Our
aCGH analysis of the breakpoints giving
rise to this chromosome abnormality did
not identify a consistent region, suggest-
ing that the position of the breakpoint
associated with this CNA may not be the
important event. Instead, our data sug-
gest that either 17p loss or 17q gain, by
independently altering gene expression
changes, are more important. In the com-
bined cohort, whole chromosome gains
of 17 were observed in 7/72 tumors. In
addition, regional gains on 17q were
observed in 3/72 tumors without the
accompanying loss in 17p (Figure 10),
suggesting  that  the  critical  event  lies
in the gain of 17q, with the possible
minimal region of overlap involving
Chr17:44947329-qter.

their analysis often varies considerably,
direct cross-comparison between different
data sets is suboptimal. This complication
is particularly true for array-based analyses,
as sample processing and the type of array
used can contribute significantly to the
variance between individual studies. Even
when BAC arrays alone are used, the fact
that the array densities, as well as the spe-
cific clones used in the arrays, can vary
widely between groups, means that it may
be difficult to directly compare the data for
high-resolution analysis. Low-resolution
arrays, for example, still report CGH data
using the traditional banding location on
the chromosomes to define the breakpoints
(36). For this reason, it is desirable to be
able to analyze samples obtained using the
same technologies and the same arrays.
Over the past few years we have character-
ized two other cohorts of medulloblastoma
using the same RPCI 6K BAC array (25,
46). When combined with the current
series, 72 tumors are available for com-
bined analysis of CNAs within this tumor

type (Figure 9). In an attempt to define
specific regions of the genome that are
involved in losses, gains and amplifications
in medulloblastoma more accurately, we
have compiled the results from these vari-
ous studies and the details are discussed
below.

Consistent CNAs in medullobastomas.
Although losses and gains of whole chro-
mosome 1 were not observed in this series
of 72 tumors, those which show CNAs
involving this chromosome fall into two
distinct subgroups; those involving a com-
mon region of loss in distal 1p36 and
those showing gains involving the majority
of 1q. Similarly, losses involving chromo-
some 6 identified two distinct regions on
the short and long arms and deletions of
8p23, as well as distinct deletion of subre-
gions on the long arm were identified.
Deletions involving the CDKN2A (p16)
locus were not frequent where, in fact,
gains of chromosome 9 were more
common.

Figure 6. Deletion of the long arm of chromosome 16 is seen in the aCGH profile for tumor J1022. Gene
expression analysis of all genes along the length of 16q present on the U133plus2 array shown that only
a subset of genes (below) show >twofold reduction in gene expression levels.
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DISCUSSION

Chromosome abnormalities in medullo-
blastomas have been characterized over the
years using a variety of different tech-
niques, where the consensus finding has
been that cytogenetic changes involving
loss of chromosomes 8p, 10q, 11p, 16q
and 17p and gains involving chromosome
7 and 17q are frequent events (2, 9, 10, 32,
36, 47, 50, 57). Despite the development
of higher-resolution approaches to study
the copy number changes in these tumors,
the cytogenetic landscape has not changed
significantly, although the resolution with
which the breakpoints giving rise to the
CNAs are defined has improved consider-
ably with the transition to a micro-array
platform (26, 46, 51, 53). The significant

advantage provided by aCGH, is that by
defining cytogenetic events at high resolu-
tion, and correlating these with high den-
sity gene expression studies from the same
tumor, it has become possible to associate
copy number changes with specific, or at
least reduced numbers of, genes that show
concordant changes (25). This analysis
provides an unbiased approach that sug-
gests candidate genes for the drivers of the
CNAs rather than focusing on genes
already demonstrated to be cancer related
based on broad genome location alone.
This combined approach, however,
requires that the studies are coordinated to
generate both sets of information, and this
has not always been possible over the years
for logistical reasons. In one of our previ-

ous studies, for example (46), our analysis
of medulloblastoma focused only on
CNAs, as outcomes data and RNA were
historically not available from these
samples for correlative studies. In another
series of medulloblastomas analyzed using
the same RPCI BAC array platform (25),
we were able to perform association studies
between CNAs and gene expression levels,
but only using data previously obtained
from an early release of the expression array
platform. Nonetheless, although this anal-
ysis provided a clear correlation between
high-resolution CNAs and gene expres-
sion, only ∼29% of the known human
genes were available to the study. In the
present series we have been able to correlate
high-resolution CNAs with a higher den-
sity gene expression array, although for
only relatively few of the tumor samples in
the series. This genome-wide correlation
has been facilitated by the development of
software which has made the overlay of
these data sets possible (25). Although we
do not have both data sets for each tumor
in this series,  it  was nonetheless possible
to investigate expression changes that
occurred in specific regions that are fre-
quently associated with medulloblastoma.

Although different approaches have
been used to study CNAs in medulloblas-
tomas, it is still possible to relate disparate
sets of data provided the base-pair location
along the length of the chromosome has
been defined. Loss of the short arm of
chromosome 11, for example, was identi-
fied in 10%–20% of medulloblastomas
using chromosome-based analyses (12, 23,
48, 55). When analyzed using approaches
that can detect allelic loss in the absence of
CNAs, LOH is reportedly as high as 50%
(55). Our compiled analysis of the 72
tumors analyzed on the RPCI aCGH plat-
form revealed that the pter-14699404 re-
gion is the commonly deleted region.
Within this region only 13 genes were
demonstrated to show down-regulation in
one tumor in this series compared with
those that did not. A novel feature in the
current series of medulloblastomas was the
homozygous deletion in 11p15 in J1021.
Losses of the short arm of chromosome 11
are reported in our overall analysis as only
8/72 (11%) but in all cases span the region
of deletion in J1021. Using the expression
levels from this tumor, only three genes in
the deletion showed significant down-

Figure 7. A typical aCGH profile for chromosome 17 showing loss of 17p and gain of 17q from tumors
J1022 and J1023. When gene expression levels for all of the genes in the commonly deleted region in
17p are compared with tumors which show diploid 17p levels, only the subset of genes shown below
have a significantly reduced (> twofold) expression level. * Represents probesets that have _x_ at des-
ignation which may cross hybridize in an unpredictable manner.
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regulation. The expectation is that all genes
in this region would not be expressed,
although the presence of contaminating
normal cells in the tumor sample will inev-
itably tend to provide background ex-
pression levels. The genes most affected
clustered within the deleted region sup-
porting our previous contention that the
BAC arrays overestimate the size of CNAs,
especially where the maximal extent is re-
ported. The expression studies, therefore,
implicate DKK3, MICAL2 and USP47
which showed the largest down-regulation.
While little is currently known about the
association between MICAL2 and USP47,
and tumorigenesis, DKK3, a dickkopf
homolog, is apparently down-regulated in
a variety of cancer and cancer cell lines
such as prostate (1, 20), melanoma (21),
hepatoma (14), acute lymphoblastic leuke-
mia (ALL) (43), human renal clear cell car-
cinoma (22), and non-small cell lung
carcinomas (33, 52). Re-expression of
DKK3 in cancer cell lines promoted cell–
cell adhesion and inhibited cell migration,
supporting a putative tumor suppressor
function for this gene in vivo (21). Further-
more, the DKK family of proteins appears
to be inhibitors of the WNT signaling
pathways, which have been implicated in
medulloblastoma development during
early embryogenesis through transcription
of genes responsible for proliferation and
migration (14).

Similarly, CNAs involving chromosome
8 are relatively frequent in aCGH studies
of medulloblastomas and are of potential
clinical importance with the suggestion
that these losses may be related to clinical
outcome (9). In our extended series, 15/72
tumors showed CNAs involving chromo-
some 8, where deletions in 8p23 identified
a minimal region of overlap (MRO) of
Chr8:pter-11733927. Yin et al (56)
described LOH involving 8p in >70% of
medulloblastomas using microsatellite
markers which identify LOH even where
there is no loss of genetic material. This
analysis suggested a common region of
overlap in the Chr8:10499770-11971658
interval defined by a single event, al-
though a more constant region seen in
many tumors extended the region to
Chr8:6637322-15794316, which encom-
passes the minimal region defined in our
series. From similar studies, McCabe et al
(27) reported that the consistently lost

Figure 8. The genes which show concordant up-regulation within the common region of 17q gain in
tumors J1022 and J1023 are shown relative to expression levels where chromosome 17 appears normal
in the aCGH profile. * Represents Affymetrix Probe Set ID with suffix ‘_x_at’ which are known to cross
hybridize in an unpredictable manner.
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interval on 8p involved Chr8:5326020-
23286627. Thus, even though different
platforms have been used to define these
regions of loss, the fact that they all overlap
reinforces the idea that the common region
defined by the three studies involves
Chr8:5326020-1733927, which also en-
compasses the region reportedly showing
homozygous deletion in a single tumor de-
scribed by Yin et al (56).

Losses involving parts of chromosome
10 are also frequently seen in medulloblas-
tomas (6, 48). In the present series we
defined two distinct subregions showing
different MROs, one involving the 10q23
region containing PTEN (55), and the

other involving the distal most tip of 10q
(29). Unfortunately, because of the lack of
expression data from tumors showing this
CNA, we were unable to identify candidate
genes  based  on  expression  analysis  of
this specific event, although mutations in
PTEN have only been described rarely
(39). In one study (41), 10q25 represented
the critical region, which is consistent with
our analysis.

Frequent regional losses in the distal part
of long arm on chromosome 16 have been
described in medulloblastomas (9, 41, 55)
and were also a frequent event in our series.
Overlay analysis revealed only WDR59,
KARS, COTL1 and MAF are concordantly

down-regulated. Interestingly the GPR56
gene, which lies slightly outside the MRO,
was the most significantly down-regulated
in the novel series of 22 samples described
here. In our extended series, the MRO
involved the Chr16: 69781966-qter region,
which encompasses the Chr16:80586655-
86551673 region defined using microsat-
ellite markers in a different cohort of
tumors (55). Of the genes showing down-
regulation on distal 16q in J1022, only
COTL1 and MAP1LC3B are implicated
from these two independent studies.
Although little is known about the function
of these genes in relation to tumorigenesis,
COTL1 was reported to be a tumor antigen

Figure 9. Summary of the losses and gains seen in an extended series of medulloblastomas analyzed by aCGH using the RPCI 6K platform. Each bar, drawn
to scale, represents the extent of the losses (shown on the left of the ideograms) and the gains (shown on the right of the ideograms). Whole chromosome
changes are included where the width of the bar represents the frequency of the event with the actual number of tumors showing this particular event shown
above the bar. High Levels amplifications are described separately in Table 2.
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that elicits both humoral and cellular
immunity (31). It is conceivable that anti-
gen shedding represent an evasive mecha-
nism during the metastasis process.

The iso-17q chromosomal abnormality
in medulloblastoma has been known for
many years, and cytogenetic studies suggest
that this event results in loss of 17p and
gain of 17q, which is largely supported by
the aCGH data, which further demon-
strates that there are apparently no other
cryptic consequences of this event. The
question that is raised from these observa-
tions is whether 17p loss or 17q gain (or
both) are the critical events or whether the
breakpoint itself is important in disrupting
gene regulation. This observation is also of
potential clinical relevance as it has been
suggested that this event is a negative prog-
nostic marker for medulloblastoma (3, 36,
48), although other reports fail to confirm
this (9, 18). Furthermore, as iso-17q can
represent the sole aCGH-defined abnor-

mality within specific tumors (25, 46), this
abnormality appears to be fundamental, at
least for the development of some medullo-
blastomas. Specific studies using floures-
cence in-situ hybridization (FISH) and
polymerase chain reaction have suggested
that the breakpoint in 17p that gives rise
to this CNA are located in adjacent but
different regions (27), reducing the possi-
bility that specific genes are consistently
disrupted. aCGH data described for our
extended series and those of others (27, 49)
have confirmed this observation and define
3–4 different breakpoint sites. The question
that now arises, therefore, is whether 17p
loss or 17q gain is important. Based on the
data we present here, no case of whole chro-
mosome loss was observed but whole chro-
mosome gains of 17 were observed in seven
tumors. In three other tumors, regional
gains of 17q were present that were not
accompanied by the loss of 17p. No specific
loss of 17p alone was observed. These obser-

vations suggest that the important event
may be dosage consequences result from a
gain of 17q during tumorigenesis.  With
this in mind, we were able to screen genes
in the Chr17:17349840-qter region for
consistent gene expression levels in two
tumors displaying the most consistent 17p
loss/17q gain compared with four tumors
which were apparently normal for chromo-
some 17. Even though this is a small series,
a streamlined set of genes was identified
using our overlay analysis, which included
61 genes which were up-regulated as a result
of a gain in 17q. If the minimal
Chr17:44947319-qter region defined in
Figure 10 constitutes the smallest region of
gain, then this observation reduces the gene
count to 22 within the COL1A1-NARF
interval on 17q.
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