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Abstract

In the present study, DNA from 28 pediatric low-grade astrocytomas was analyzed using lllumina
HumanHap550K single-nucleotide polymorphism oligonucleotide arrays. A novel duplication in
chromosome band 7g34 was identified in 17 of 22 juvenile pilocytic astrocytomas and three of six
fibrillary astrocytomas. The 7q34 duplication spans 2.6 Mb of genomic sequence and contains
approximately 20 genes, including two candidate tumor genes, HIPK2 and BRAF. There were no
abnormalities in HIPK2, and analysis of two mutation hot-spots in BRAF revealed a V600E mutation
in only one tumor without the duplication. Fluorescence in situ hybridization confirmed the 7934
copy number change and was suggestive of a tandem duplication. Reverse transcription polymerase
chain reaction-based sequencing revealed a fusion product between KIAA1549 and BRAF. The
predicted fusion product includes the BRAF kinase domain and lacks the auto-inhibitory N-terminus.
Western blot analysis revealed phosphorylated mitogen-activated protein kinase (MAPK) protein in
tumors with the duplication, consistent with BRAF-induced activation of the pathway. Further studies
are required to determine the role of this fusion gene in downstream MAPK signaling and its role in
development of pediatric low-grade astrocytomas.
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INTRODUCTION

Low-grade astrocytomas are a heterogeneous group of tumors that typically arise in the first
two decades of life, and account for nearly 30% of tumors of the central nervous system in
children (27). Juvenile pilocytic astrocytoma (JPA) is the most common glioma in the pediatric
population. As a group, these tumors do not typically undergo malignant transformation;
however, they can recur and progress, causing significant morbidity. Although the prognosis
for the majority of these children is favorable (11,30), many patients suffer from functional
impairments either from the tumor itself or as a result of treatment. This is especially true for
very young patients and those receiving cranial radiation (1,10). Age at diagnosis, tumor
location and extent of surgical resection remain the only independent and reliable prognostic
variables for children with low-grade astrocytomas (8,11).

At the time of diagnosis, it can be difficult to distinguish low-grade from high-grade pediatric
astrocytomas. In CCG-945, the largest clinical trial of pediatric malignant gliomas conducted
by the Children’s Cancer Group, there was frequent discordance among both institutional and
review pathologists in classifying grade 111 vs. grade IV tumors. Furthermore, 28% of the 250
“high-grade” gliomas were reclassified as “low-grade” tumors after a central review by five
independent neuropathologists (25,35). This subset of patients with low-grade gliomas had a
significantly favorable overall survival (OS) rate compared with the patients with high-grade
gliomas (79% vs. 22%); however, the OS rate was no different compared with historical low-
grade glioma cohorts treated with conventional therapy (9). These findings highlight the need
for tumor biomarkers to improve the accuracy of histologic classification and ensure
appropriate treatment.

The molecular etiology of pediatric astrocytomas is not well understood. Until recently,
cytogenetic and molecular studies of sporadic low-grade gliomas have failed to demonstrate a
consistent pattern of abnormalities. The majority of tumors have normal karyotypes (3,12,17,
20) and, in those cases with abnormalities, the patterns of chromosome loss or gain have been
inconsistent. Comparative genomic hybridization (CGH) studies have revealed whole
chromosome 7 and 7q copy number gains as the most common abnormality (29,34). Few
pediatric low-grade astrocytomas have deletions in the short arm of chromosome 17, the site
of the TP53 gene, which is commonly deleted in adult astrocytomas (15,18,31). Additionally,
mutations in TP53 are uncommon in low-grade pediatric astrocytomas (7), which is in contrast
to the situation in pediatric high-grade astrocytomas (24) or adult low-grade astrocytomas
(26). These findings imply that low-grade gliomas in these two age groups may arise by a
different series of molecular events.

In the present study, the lllumina 550K BeadChip (Illumina, San Diego, CA, USA), which
contains over 500 000 gene-centric tagSNPs with a resolution of approximately 50 kb (21),
was used to analyze DNA from 28 primary pediatric low-grade astrocytomas. The aim of these
studies was to identify copy number alterations (CNAS) associated with juvenile pilocytic
astrocytomas or fibrillary astrocytomas that could be used as an aid in molecular diagnosis,
and to highlight regions of the genome that might contain tumor-related loci. We identified a
non-random duplication within chromosome band 7934, with clustered break points in
KIAA1549 and BRAF. Fluorescence in situ hybridization (FISH) and reverse transcription
polymerase chain reaction (RT-PCR)-based sequencing were consistent with a tandem
duplication that results in fusion of the 5’ region of KIAA1549 with the distal region of
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BRAF. One tumor was shown to have a BRAF mutation and no duplication, and one case had
a possible amplification of 7q34. Taken together, these findings suggest that multiple
mechanisms result in activation of BRAF and the mitogen-activated protein kinase (MAPK)
pathway, and may play a primary role in the development of pediatric low-grade astrocytoma.

MATERIALS AND METHODS

Tissue specimens and DNA extraction

All specimens were obtained from patients undergoing tumor resection at The Children’s
Hospital of Philadelphia (CHOP). Informed consent was obtained as per an Institutional
Review Board-approved protocol, and cases were assigned a tumor bank number. As shown
in Table 1, patients ranged in age from 13 months to 19 years old, and there were 14 males and
14 females. Twenty-four of the tumors were located in the cerebellum and four were in the
parietal, temporal or occipital hemispheres. One patient (98-278) had a known diagnosis of
NF1 prior to development of a cerebellar fibrillary astrocytoma. All 28 tumors were verified
by pathology review as JPA or fibrillary astrocytoma. Tumors were obtained at initial diagnosis
with no prior exposure to chemotherapy or radiation. Tissue samples for DNA and RNA
extraction were snap-frozen in liquid nitrogen and stored at —80°C. Genomic DNA was
extracted using the Gentra Puregene cell kit (Qiagen, Hilden, Germany). DNA quality and
purity were assessed by agarose gel electrophoresis and quantitation performed using a
Nanodrop ND-1000 UV-Vis spectrophotometer (NanoDrop Technologies, Wilmington, DE,
USA).

Total RNA extraction and single-strand cDNA synthesis

Approximately 100 mg of homogenized tissue from each tumor specimen was suspended in 1
mL of Trizole reagent (Invitrogen, Carlsbad, CA, USA) and 200 pL of chloroform solution
and then centrifuged at 12 000 g. RNA from the upper aqueous phase was removed and then
precipitated by addition of 0.5 mL of 100% isopropranolol. The RNA pellet was washed in 1
mL of 75% ethanol at 4°C, partially dried and resuspended in 50 pL diethylpyrocarbonate-
treated water. RNA quality and purity were assessed by agarose gel electrophoresis, and
quantitation was performed using the Nanodrop spectrophotometer (NanoDrop Technologies).
Approximately 1 pg of total RNA was added to the SuperScript 111 First-Strand Synthesis
SuperMix for gRT-PCR (Invitrogen) according to the manufacturer’s instructions. The final
product was stored at —20°C until use.

lllumina single nucleotide polymorphism (SNP) array analysis

The Infinium 11 assay was performed using the Illumina Human-Hap550 genotyping BeadChip
array (550 000 tag SNP markers derived from the International HapMap Project) according to
the manufacturer’s specifications (lllumina) by the Center for Applied Genomics at CHOP.
This platform has a reported resolution of ~50 kb. The specific details have been reported by
Peiffer et al (21). Images were obtained using a Bead Array Reader (I1lumina), and the image
data were analyzed using the Beadstudio 3.0 proprietary software package (I1lumina).
BeadStudio outputs the log; R ratio [l0g; (Robserved/Rexpected)] and B allele frequency for each
SNP on the array (21). Calculation of the copy number and loss of heterozygosity (LOH)
determination are based on the values of B-allele frequency and log, R ratio. We further
analyzed the B-allele frequency and log R ratio values using our Center for Biomedical
Informatics—Copy Number Analysis, Annotation and Visualization tool (CHOPPY). The
visual output from the BeadStudio software was then compared with the numerical output
computed by CHOPPY . Heterozygous deletions and amplifications < 10 SNPs in size, and
copy number neutral LOH (CN-LOH) events <1 Mb in size were excluded from analysis.
Results were compared with an in-house database of known, common copy number variations
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seen in healthy controls. All genomic positions were based upon hg18 (March, 2006) from the
UCSC Genome Browser (http://genome.ucsc.edu/).

Validation of copy number changes by FISH

Touch imprints from frozen tissue or fixed cell pellets from available tumor samples were
analyzed by FISH as previously described (14). The chromosome 7 centromere probe was
purchased from Abbott Laboratories (Downer’s Grove, IL, USA). The LUC7L2 BAC clone,
RP-11 236018, and BRAF clone, RP4-726N20, were purchased from the BACPAC Resources
at the Children’s Hospital Oakland Research Institute (Oakland, CA, USA). BAC clones were
labeled by nick translation with ChromoTide® AlexaFluor 594-dUTP (Molecular Probes;
Eugene, OR, USA) and hybridized together with the chromosome 7 centromere probe. One
hundred nuclei were analyzed for each specimen.

PCR and sequence analysis

PCR primers were designed using Primer3 (v.0.4.0) (28). Oligonucleotide PCR primers for
exons 2-15 of the HIPK?2 gene were designed from exon/exon boundary sequences of the
transcript (Ensembl protein_coding Gene: ENSG00000064393, v43). Genomic
oligonucleotide PCR primers for exons 1 and 2 of the HIPK2 gene were designed from intron/
exon boundary sequences (Ensembl protein_coding Gene: ENSG00000064393, v47). Primers
for exons 11 and 15 of the BRAF gene have been described (5). Oligonucleotide PCR primers
for exons 1-10 of the LUC7L2 gene were designed from exon/exon boundary sequences
(Ensembl protein_coding Gene: ENSG00000146963, v48). Genomic oligonucleotide PCR
primers for exons 1-4 of the RAB19 gene were designed from at least 50 base pairs of intronic
sequence flanking each exon (Ensembl protein_coding Gene: ENSG00000146955, v48).
Oligonucleotide PCR primers for the predicted KIAA1549-BRAF fusion gene were designed
within sequence in exon 4 of KIAA1549 and exon 16 of BRAF (Ensembl protein_coding Gene:
ENSG00000122778, V49; Gene: ENSG00000157764, v49). Primer sequences are available
in Supporting Information Table S1. Sequencing of PCR and RT-PCR products was performed
using the BigDye Terminator v3.1 Cycle Sequencing Kit from Applied Biosystems (Foster
City, CA, USA) per the manufacturer’s protocol. Sequencing products were analyzed on a
3730 DNA Analyzer (Applied Biosystems) by the CHOP Nucleic Acid/Protein Core.

Expression studies using quantitative real-time RT-PCR, Western blot analysis, and IHC

Commercial TagMan probes for HIPK2 and BRAF were purchased (Applied Biosystems) and
analyzed on a 384-well plate assay using the Applied Biosystems 7900HT Real-Time PCR
System per the manufacturer’s protocol. Both GAPDH and HPRT1 (Applied Biosystems) were
used as endogenous controls for each gene expression assay. RNA from non-neoplastic
cerebellum brain tissue (purchased from Stratagene, La Jolla, CA, USA) was used as a
calibrator in the BRAF gene expression assays.

Twelve commercial antibodies for genes located in the 7q34 region were obtained. These
included AKR1D1, TRIM24, TBXASL, ATP6VOA4, PARP12, JHD1D, MKRN1, ADCK2,
RAB19, BRAF (all purchased from Abcam, Cambridge, UK), CREB3L2 (Aviva Systems
Biology, San Diego, CA, USA) and DGKI (Abgent, San Diego, CA, USA). For Western blot
analyses, approximately 50-100 mg of snap-frozen samples were homogenized and sonicated
three times for 10 s in lysis buffer [40 mM N-2-(hydroxyethyl)piperazine-N'-2-ethanesulfonic
acid (Ph 7.5), 120 mM NaCl, 1 mM ethylenediaminetetraacetic acid (EDTA), 10 mM
glycerophosphate, 50 mM NaF, 1.5 mM NagVOy, 1% Triton X-100] and one tablet EDTA-
free protease inhibitors (Roche Applied Science, Indianapolis, IN, USA] per 10 mL. Lysates
were centrifuged at 16 000 g for 30 minutes at 4°C and supernatant concentrations determined
via Bradford protein assay. Samples (40 pg) were run on Nupage 4%-12% Bis-Tris gels,
transferred to polyvinylidene difluoride, and incubated for 1 h at room temperature in 5% w/
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v non-fat milk/TBST (Tris-buffered saline [TBS] with 0.1% Tween-20). The membranes were
incubated with primary antibody (dilutions per manufacturer’s directions) in 5% bovine serum
albumin/TBST overnight at 4°C. Membranes were washed three times, 5 minutes each time,
with TBST and incubated with horseradish peroxidase-conjugated secondary antibody (1:20
000) 1 h at room temperature. Following additional washes (three times, 5 minutes) with TBST,
proteins were detected with luminol reagent (Millipore, Billerica, MA, USA) and blots exposed
to film. Anti-ACTIVE® MAPK and anti-Total MAPK (purchased from Promega, Madison,
WI, USA) were used per manufacturer’s recommendations. Immunohistochemistry (IHC) on
formalin-fixed paraffin sections was performed using the HIPK2 antibody (Abcam) at 1/5,000
dilution with antigen retrieval.

Identification of a duplication in chromosome band 7934

Other CNAs

The clinical demographics and chromosome 7 abnormalities for the 28 tumors are shown in
Table 1. The number of alterations per tumor sample across the genome ranged from 3-17.
These included regions of CN-LOH, duplications, heterozygous deletions and homozygous
deletions as shown in Supporting Information Table S2. The majority of the CNAs were found
to be common variants within the population. The only potential disease-associated
abnormality seen in more than one tumor was a duplication within chromosome band 7q34,
identified in 20 of 28 primary low-grade astrocytomas. Representative chromosome 7 results
from the Illumina BeadStudio software program for two tumors with the 7934 duplication are
shown in Figure 1.

The B-allele frequency and Log R ratio output data were also analyzed for CNAs using
CHOPPY . Breakpoints determined by visual inspection using the BeadStudio software were
compared with the CHOPPY output and found to be nearly if not identical for most cases. The
entire 7934 duplication from position 138,060,226 to 140,654,186 is approximately 2.6 Mb in
size and has overlapping breakpoints (hg18 March, 2006 build). The shortest region of overlap
for the duplication starts at position 138,382,997 and ends at position 140,020,518 and is thus
approximately 1.6 Mb in size. The duplication was present in 17 of 22 (77%) JPAs, and three
of six (50%) fibrillary astrocytomas (Table 1). Three of the samples (00-309, 99-173, 05-255)
had whole chromosome 7 copy number gains, one of which also had the 7q34 duplication
(Figure 1). In the one tumor with trisomy 7 and the duplication, the B-allele frequency
suggested that the duplication was the first event, followed by a gain of the duplicated
chromosome. One sample that did not have the duplication (98-278) had a ~16 kb homozygous
deletion in region 734 distal to the duplication that was later found to be a normal copy number
variant (CNV). Three of the samples with the 7q34 duplication had ~3 kb homozygous
deletions at band 7921.3 (01-080, 04-098) and at 7g21.13 (99-232). One sample with the
duplication (01-210) also had a ~360 kb additional duplication at band 7q11.23. Lastly, three
samples (03-118, 99-232, 06-279) had CN-LOH events proximal to the duplication, one of
which contained the MET oncogene (99-232). The EGFR gene locus was not found within the
interstitial breakpoints of any of the chromosome 7 CNAs.

Not unexpectedly, the number of CNAs identified in this series of 28 pediatric low-grade
astrocytomas was relatively low (see Supporting Information Table S2) in comparison with
those reported in high-grade astrocytomas. With the exception of the whole chromosome gains
in the hyperdiploid tumors, none of the other alterations were present in more than two samples.
Many of the CNAs were known benign CNVs (Database of Genomic Variants;
http://projects.tcag.ca/variation). The oncogenes and tumor suppressor genes associated with
adult gliomas, including CDKN2A, RB1, TP53, MDMZ2, PTEN, GL1, MYC, MYCN, NRAS,

Brain Pathol. Author manuscript; available in PMC 2010 July 1.


http://projects.tcag.ca/variation

1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sievert et al.

Page 6

MXI1 or DMBT1, were not found within the breakpoints of the CNAs in our cohort of patient
samples. Two samples (00-309, 99-173) with whole chromosome 7 gains were hyperdiploid
with multiple chromosome gains. The tumor from one patient with NF1 (98-278) demonstrated
aregion of CN-LOH proximal to and including the NF1 gene in 17g11.2. Aside from six regions
of CN-LOH (~1 Mb in size) across separate chromosomes, this case did not have a complex
array pattern. As stated above, the one homozygous deletion in this case, located in the 7934
region distal to the duplication, was found to be a CNV. The tumor from another patient without
documented NF1 (06-247) was also found to have a ~2 Mb region of CN-LOH with an
overlapping distal breakpoint with the NF1 gene.

Validation of the 7934 duplication by FISH

To validate the array results, we utilized FISH to directly isolated cell suspensions from the
tumors, or touch preparations from the frozen tissue. Initially, we evaluated LUC7L2, a gene
located within the boundaries of the segment involved in the 7934 duplication. The LUC7L2
BAC was hybridized to normal control cell preparations and 14 tumor specimens, including
those with and without the 7934 duplication. Adequate slides for FISH were not available for
the remaining 14 tumors. Two copies of the 7 centromere and the LUC7L2 probes were
demonstrated in four of the tumors without the duplication. One specimen that was
hyperdiploid (00-309) but did not have the duplication was found to have four copies of the
chromosome 7 centromere probe as well as the LUC7L2 probe, consistent with tetrasomy 7.
Of the nine tumors with the 7934 duplication, six tumors had a single extra copy of LUC7L2,
two tumors had one or two closely spaced duplications of the probe, suggestive of a tandem
duplication, inversion or translocation, and one tumor had an amplified signal for LUC7L2
(Figure 2). Interestingly, one tumor (05-040) that was negative for the 7934 duplication on the
SNP-array was found to have three copies of the LUC7L2 probe by FISH. The frequency of
duplicated signals for the LUC7L2 probe varied from 19% to 95% of the cells analyzed for
each of the nine tumors, which roughly corresponded to the respective changes in B-allele
frequencies. This variation may have been caused by tumor heterogeneity and/or contamination
with non-neoplastic brain tissue within the snap-frozen specimen.

FISH studies using a BAC clone for the BRAF gene revealed identical results to those with
LUCT7L2, whereby tumors demonstrated either a single extra copy or closely spaced
duplications of the 7934 probe (results not shown). This provided further evidence for a
structural rearrangement leading to the 7q34 duplication.

Candidate gene analysis

Review of the UCSC (hg18) genome browser revealed approximately 20 genes located within
or just proximal to the breakpoints of the 7q34 duplication (138,060,226-140,654,186). We
initially chose to focus on the HIPK2 gene, a member of the HIPK family of conserved serine/
threonine protein kinases, located on chromosome 7 at position 138,907,919-139,124,046.
Forward and reverse primers were designed to span all 15 exons of the HIPK2 gene (see
Supporting Information Table S1). Sequence analysis did not reveal any missense/nonsense
mutations, only previously described SNPs and alternative splice sites. Western blot analysis
did not show any differences in protein expression between tumor specimens with and without
the duplication (data not shown). There were some variations in gene expression by quantitative
real-time RT-PCR (data not shown); however, there was no statistically significant difference
in HIPK2 gene expression between the duplicated and non-duplicated samples. IHC, using a
panel of normal and pediatric brain tumor samples, as well as astrocytomas with and without
the duplication, demonstrated only the normal nuclear staining pattern without the cytoplasmic
localization sometimes seen in tissues with mutations of HIPK2 (23) (data not shown).
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RAB19 is an uncharacterized member of the RAS oncogene family. Sequence analysis of
genomic DNA for the four predicted coding exons revealed only previously described SNPs
and no novel missense/nonsense mutations. The samples had largely similar expression for
RAB19 by Western blot analysis (data not shown). LUC7L2, a mammalian homolog of a yeast
protein involved in recognition of non-consensus splice donor sites (13), was utilized as the
BAC clone for FISH validation and confirmed that the gene is contained in the duplicated
region. There were no commercial antibodies available for Western blot analysis. Forward and
reverse exon/exon primers spanning exons 1-10 were designed. Sequence analysis of samples
with and without the 7q34 duplication revealed only previously described SNPs and no novel
missense/nonsense mutations (data not shown). Western blot analyses for AKR1D1, TRIM24,
TBXAS1, ATP6VOA4, PARP12, JHD1D, MKRN1, ADCK2, CREB3L2 and DGKI were
performed as a screen to identify candidate genes but did not reveal any differentially expressed
protein among tumors with and without the duplication (data not shown).

BRAF, a member of the RAF family of protein kinases, has been implicated in the pathogenesis
of malignant melanoma and thyroid carcinoma, as well as some gliomas. BRAF is located on
chromosome 7 at position 140,080,752-140,271,033. A single amino acid substitution in exon
15 at (V600E) results in constitutive activation of the BRAF kinase function and accounts for
the majority of BRAF mutations. Exon 11 mutations are less frequent (19). Sequence analysis
for exons 11 and 15 in the 28 astrocytomas yielded only one tumor (01-122) with a BRAF
V600E mutation (data not shown). This tumor did not have the 7934 duplication. The mutation
was somatic in origin, as a matched blood sample from this patient was normal. This was the
only low-grade astrocytoma sample with significantly increased protein expression by Western
blot analysis (Figure 3). By SNP analysis, this tumor had only two abnormalities, a ~2 Mb
region of CN-LOH in 6p21.33 and a ~2 kb homozygous deletion in 11g14.1 that is a CNV.
Based on these preliminary findings, and limited reports of BRAF mutations in gliomas, we
screened a series of 11 gangliogliomas and three malignant pediatric gliomas for mutations in
exons 11 and 15 of the BRAF gene. Three of the gangliogliomas were found to have the V600E
mutation, whereas none of the 14 tumors had the 7q34 duplication (data not shown).

Quantitative real-time PCR analysis using BRAF probes located in the N-terminus and the C-
terminus revealed increased BRAF expression in tumor samples compared with a normal
nonneoplastic brain control (cerebellum). However, there was no statistically significant
difference in BRAF expression between tumor samples with and without the 7q34 duplication.
Western blot analyses of BRAF expression using an antibody raised against an N-terminal
peptide revealed relatively low BRAF expression across tumors, except for one tumor (01—
122) with the BRAF V600E mutation and one tumor (05-255) with whole chromosome 7 copy
number gain. However, all tumors possessing 7934 duplications displayed MAPK (ERK1 and
ERK?2) activation as assessed using phosphorylated-MAPK antibodies, consistent with the
potential activation of upstream regulators (see Figure 3).

Identification of a novel BRAF fusion gene

The BRAF gene maps to the distal end of the 7934 duplication (position 140,080,752—
140,271,033) and was not included in the shortest region of overlap. However, among the 20
tumors with the duplication, two had distal boundaries that were proximal to BRAF, three had
duplications that included BRAF and 15 had duplications for which the distal boundary was
within the BRAF locus. Based on the array findings and the FISH results, we postulated that a
duplication could result in activation of BRAF by fusion with another gene on chromosome 7.
The proximal 7q34 breakpoints for each of the low-grade astrocytoma samples with the
duplication were within KIAA1549, an uncharacterized gene. As both KIAA1549 and BRAF
are transcribed in the same direction, we hypothesized that a tandem duplication involving the
~2 Mb segment of 7934 could result in a KIAA1549-BRAF fusion product (Figure 4).
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Oligonucleotide primers were designed to flank the predicted exon sequences from both genes
based on the break points provided by the SNP-array. A sense primer was designed within
exon 4 of KIAA1549 and an anti-sense primer was designed within exon 16 of BRAF (see
Supporting Information Table S1). Reverse transcription was performed on RNA from 12
tumors as well as a set of controls that included one non-neoplastic cerebellum (Stratagene),
one craniopharyngioma and three gangliogliomas. A ~1 kb PCR product was identified in DNA
from the eight tumors with the 734 duplication and in one tumor (05-040) that was normal
by the SNP array but was found to have three copies of the 7q34 (LUC7L2) probe by FISH.
The PCR product was not found in the three tumors without the duplication or in the set of
controls. As shown in Figure 4B, sequence analysis of the RT-PCR product revealed an in-
frame fusion of exon 15 of KIAA1549 with exon 9 to 15 of BRAF. All of the PCR products
demonstrated the identical sequence, suggesting that the genomic breakpoints were in intron
15 of KIAA1549 and intron 8 of BRAF.

The predicted fusion gene is presumed to retain the C-terminal protein kinase domain, CR3,
of BRAF, but would lack the N-terminal regulatory domains, CR1 and CR2. The KIAA1549-
BRAF fusion protein could thus result in constitutive activity of the BRAF kinase domain and
aberrant activation of the MAPK pathway. As shown in Figure 3, Western blot analysis
demonstrated expression of phosphorylated MAPK, consistent with this hypothesis.

DISCUSSION

The present study was designed to characterize the genomic abnormalities in a series of
pediatric low-grade astrocytomas using the 550K Illumina Bead Chip. The high-density SNP
arrays utilized in this study provide a comprehensive genome-wide analysis that includes both
CNAs and LOH. A variety of CNAs were detected, the majority of which were shown to be
present in the normal population, and are less likely to be disease-causing. Using these arrays,
a non-random 7¢34 duplication was identified in 20 of the 28 primary astrocytomas,
implicating a gene contained within the duplicated region that may play a role in the initiation
of pediatric low-grade astrocytomas.

Clinical follow-up was available for one-third of the patients, and there were no confirmed
recurrences. There was no correlation between patient age, gender, tumor histology or tumor
location with the duplication. The 7q34 duplication was found in tumors that were located in
both the cerebellum and the cerebral hemispheres. The frequency of the duplication was higher
among the JPAs (77%) than the diffuse fibrillary astrocytomas (50%); however, this may have
been biased by the relatively low number of fibrillary tumors in this cohort. The tumor from
the one patient with documented NF1 (98-278), did not have the duplication, but had a very
large region of CN-LOH starting at region 17q11.2, proximal to the location of the NF1 gene,
and extending to the telomere. As NF1 is postulated to function as a tumor suppressor, loss of
one copy of the gene would be consistent with an inactivating event that could predispose this
patient to the development of multiple different tumor types, including low-grade gliomas.
Peripheral blood studies were not available to determine if in fact this region of LOH was also
present in the germline. If the remaining allele was mutated, this might be sufficient for tumor
development. Interestingly, case 06—247 had a much smaller region of CN-LOH in region
17911.2 overlapping with the proximal start of the NF1 gene. This case had nine alterations
detected by the SNP analysis including deletions and CN-LOH, as well as the 7q34 duplication.
As this patient did not have documented NF1 prior to the diagnosis of her right temporal
fibrillary astrocytoma, mutation studies of the NF1 gene would provide insight as to whether
it may be involved.

Trisomy 7 is a frequent finding in malignant gliomas in both children and adults, and has been
reported in a limited number of low-grade astrocytomas, suggesting that it may be a marker of

Brain Pathol. Author manuscript; available in PMC 2010 July 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sievert et al.

Page 9

tumor progression. Identification of a candidate gene related to this chromosome copy number
increase has been challenging because of the difficulty in narrowing a small region of
duplication. Two recently published studies using array-based comparative genomic
hybridization (aCGH) have also identified duplications in the 734 region, suggesting that this
is the most frequent abnormality in (pediatric) low-grade astrocytomas (6,22). It is unclear at
the present time, however, how this may be related to tumors with trisomy 7. Deshmukh et
al (6) used a dual-platform aCGH approach (Nimblegen 385K oligonucleotide-array and
Affymetrix 550K SNP-array) to characterize 10 JPA specimens. They identified a 1 Mb
amplified region of 734 proximal to BRAF, and suggested that HIPK2 was the critical target
of the duplication. We found no evidence to support HIPK2 as the critical target gene with the
7934 duplication, although increased expression because of the increased copy number may
contribute to the biology of this disease. In contrast, Pfister et al evaluated 66 pediatric low-
grade astrocytomas and identified a 0.97 Mb (represented by two adjacent BAC clones) 7q34
duplication in 45% of tumors that spanned the BRAF locus (22). Silencing BRAF through
SshRNA lentiviral transduction and pharmacological inhibition of MEK1/2 resulted in
decreased proliferation of cultured tumor cells, providing functional evidence for BRAF-
induced activation of the MAPK pathway. Although both of these studies validate our finding
of a novel duplication in the 734 region in pediatric low-grade astrocytomas, utilization of
the Illumina 550K SNP-array allowed us to more precisely define the 7934 breakpoints in our
tumor samples. The array results, in combination with the patterns of copy number gain
demonstrated by FISH, suggested that the mechanism of the 734 duplication may be variable
among tumors, and combined with the mutation analyses of BRAF, indicate that several types
of genomic alterations can result in activation of BRAF.

A number of solid tumors, including adult malignant gliomas, have demonstrated mutations
in the BRAF coding sequence, specifically in exons 11 and 15 (2,33). Direct sequence analysis
of exons 11 and 15 in genomic DNA from all 28 tumors and Western blot analysis of a subset
of 10 tumors demonstrated a V600E mutation and increased protein expression in only one
fibrillary tumor. As the one tumor with a mutation did not have the CNA involving 7q34, a
limited number of pediatric gangliogliomas and high-grade pediatric gliomas with or without
trisomy 7 were also analyzed by direct sequencing of exons 11 and 15. The same V600E
mutation was found in 3 of 11 gangliogliomas, and 0 of 3 anaplastic astrocytomas. These
results, although limited in scope, suggest that BRAF mutations may be present in a spectrum
of gliomas in both children and adults. Spittle et al (32) have recently shown that CNAs of
BRAF are present in melanoma, however, in their series, the tumors with gains of 7 also had
BRAF mutations. In contrast, Jeuken et al (16) reported few BRAF mutations in adult gliomas,
whereas copy number gains (as determined by CGH) of chromosome 7 were present in up to
one-third of tumors. Again, the specificity of this CNA as it relates to BRAF activation is not
known.

Our identification of a novel KIAA1549-BRAF fusion gene may help to explain one of the
mechanisms by which BRAF activation leads to development of pediatric astrocytomas.
Ciampi et al (4) demonstrated a fusion between AKAP9 and BRAF, transcribed in opposite
orientations, as a result of a paracentric inversion of chromosome 7 in a thyroid tumor. The
AKAP9-BRAF fusion product resulted in elevated kinase activity and transformation of
NIH3T3 cells, providing evidence for in vivo activation of an intracellular effector along the
MAPK pathway. Such a fusion product would be consistent with the results from the present
series of astrocytomas. The predicted KIAA1549-BRAF fusion gene would retain the highly
conserved C-terminal kinase domain but lack the N-terminal regulatory domains, and could
result in constitutive BRAF kinase domain activity and aberrant activation of the MAPK
pathway.
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Further studies are required to characterize the genomic structure, expression and function of
the KIAA1549-BRAF fusion protein, and determine the specificity of BRAF alterations for
low-grade pediatric gliomas. Ultimately the identification of a BRAF activating event may
serve as a biological marker to differentiate low-grade from high-grade tumors and determine
whether this is a prognostic indicator that could be used in a prospective setting. Clinical
correlation with the long-term outcomes of patients both with and without the 7q34 duplication,
preferably in the context of a clinical trial, may help to elucidate the prognostic significance
of this novel duplication, and the potential role of BRAF in tumor initiation or progression.
These studies also support BRAF and the MAPK pathway as potential therapeutic targets in
pediatric gliomas.
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Figure 1. lllumina BeadStudio results for chromosome 7

A. In case 02-112 there is a split in the B-allele frequency (top) and increase in the log R ratio
(bottom) at 7g34 consistent with a duplication. B. In case 99-173 the log R ratio (bottom) is
elevated along the entire chromosome with a peak in the 7934 region (top), consistent with a
whole chromosome 7 copy number gain and an additional duplication in the 7934 region.
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Figure 2. Representative fluorescence in situ hybridization (FISH) results

A. Interphase FISH for case 02-112. Two duplicated signals for the 7q34 BAC clone for
LUCT7L2 (red) are most consistent with a pair of tandem duplications. The chromosome 7
centromere (green) probe was present in two copies. B. Metaphase spread from case 01-065.
The two green signals mark the centromeric regions of chromosome 7. The LUC7L2 probe is
present in single copies on both chromosomes 7, as well as a supernumerary marker with
amplification of the 7934 region.
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Lanes: 1 2 3 4 5 6 7 8

A

Figure 3. Western blot analysis with a BRAF antibody demonstrated variable protein expression
in tumors with and without the 7q34 duplication

Fifty micrograms of tumor lysate was probed with anti-BRAF (A), anti-ACTIVE MAPK (B)
and anti-total MAPK (C). Lanes (4) 06-219, (5) 01-080, (6) 99-146, and (8) 04-098 were
from tumors with the 7934 duplication. Lanes 1 (00-309), 3 (05-040) and 7 (05-255) were
from tumors without the duplication. Lane 2 (01-122) was the only tumor with a V600E
BRAF mutation.
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CCTCCTCCCCCCCAGCACCCACCCTCCCAGCACCCAGCTCTAG
CCtGCAGTCCCACCCCCCCTCCCCCCAAACAGCACCCCTTCCCA
CAACAGCACCCCAGCCACCCAGTCGGCCTCCtTTCTACAGCCCA

AACCGATTTCGTCCTCGATCCACCATCAACCACAGCTTTGTCTGCTA
CCCCCCCTCCCTCATTACCTCCCTCACTAACTAACGTCAAACCCT
TACAGAAATCTCCAGCACCTCAGCCACAAACGAAGTCATCTTCAT
CCTCACAAGACAGCAATCCAATCAAAACACTTGGCTAGCACGGGAC
TCCAGTCATCGATTCGCACGATTCCTCGATGCGCCACATTACAGCTCGG
ACAAACAATTCCATCTGCATCATTTGCAACACTCTACAACGCAAA
GTCCCATCGTCATGTCCCAGCTCAAAATCTTCGAATGTCACACCAC
CTACACCTCAGCAGCTTACAAGCCTTCAAAAATGCAAGTAGGAGTAC
TCAGGAAAACACGACATGTCAATATCCTACTCTTCATGCCCTATT
CCACAAAGCCACAACTCGCTATTGTTACCCAGCTGGTCTGAGGGC
TCCAGCTTCTATCACCATCTCCATATCATTCAGACCAAATTTCAG
ATCATCAAACTTATACATATTGCACCACACACTCCACAGCCGCATG
CATTACTTACACCCCAACTCAATCATCCACAGAGACCTCAACAGT
AATAATATATTTCTTCATCAACACCTCACACTAAAAATAGGTGAT
TTTCGCTCTACCTACAGTCAAATCTCCATCCAGTCCCTCCCATCAG
TTCAACAGTGTCTG

3,

Figure 4. 7934 duplication is the result of a structural rearrangement
A. 7934 duplication is the result of a tandem duplication. B. Proposed KIAA1549-BRAF fusion
gene. Shown is a ~1 kb polymerase chain reaction product with sequence spanning

KIAA1549 exon 15 to BRAF exons 9 through 15.

Brain Pathol. Author manuscript; available in PMC 2010 July 1.



Page 17

Sievert et al.

HOT-NO T€'TEb.  GTE'6TT'OFT  96G'89T'SET SOA vdr  Jejjegaisd steak 1T 3N 612-90
8UON  8TS'0Z0'0YT  96G'89T'8ET SO Awequgid  [elodwiel-y sieah g1 sewed  L¥Z—90
SUON  GTB'6TT'OFT  96G'89T'SET SOA vdr  Jej|8ga1eD sieak yT  slewed  6TZ-90
8UON VIN VIN ON Vdr  Je|l9gR18D  syuow 6 'sieak g 3feN  76Z-S0
ureb Jaquinu
Adoo aWwlosowo.1yd ajoymn V/N Y/N ON Ydr Je||eqalad sIeak T 3le|N GGZ2—S0
8UON VIN VIN ON vdr  Je|j9ga1ed sieak 6 3N 0¥0-S0
uona|ap snobAzowoy €'Tgh,  6ST'ZET'OVT  922'090'8ET SOA Vdr  Je|19ga18D sieakg  dewsd 86010
HOT-NO TZ'TTb,  GT6'6TT'OFT  G¥6'6ST'SET SOA Vdr  Je|egase)  syluow g ‘siesh g 3leN  BTT-€0
8UON  GT6'6TT'OFT  VES'TOZ'SET SOA vdr  Jej|8ge1e) sieak g slewsd  ZTT-20
SUON  BST'ZCT'OFT  820'C6T'SET SOA Vdr  Je|19ga18D sieak €1 3eN  8YZ-T0
8UON  BST'ZET'OVT  ¥ES'TOZ'8ET SOA Vdr  Je||9gese)  syjuow T ‘siesh T 3leN  ¥Z-TO
uopedldnp €2°TTb.  BST'ZET'OVT  ¥E'ZET'BET SOA vde  Jejjegassd sieeA €T slewed  0TZ-TO
3UON VIN VIN ON  Aswejuqid  [eiodwel-y sl €T 9ewed  ZgT-T0
uoneep snobAzowoy £'Tzb,  162°202'0¥T  89.'88T'SET SOA Vdr  Je|egase)  syluow i ‘siesh g 3leN  080-TO
uona|ap
snoBAzossiey [essip veb,  6GE'9ZY'OVT  ¥60'TST'SET SOA Vde  JB||9gaIeD  sypuow TT ‘sieak § 36N G90-TO
BUON  98T'¥G9'0VT  ¥ES'TOZ'8ET SOA Vdr  Je|egesed  syluow g ‘siesh g efewsd  LT0-TO
8UON VIN VIN ON vdr  Jej|8ge1e) steak yT 3N 0T0-TO
uona|ap snobAzolslay
€'Ted, ‘Awosens) VIN VIN ON [endioo0-7 sieak €1 3t 60E€-00
BUON  BSGT'ZET'OVT  89.'88T'SET soA  Awejuaqid  |essued-y sieeA TT  slewsd  €2T-00
3UON VIN VIN ON Vdr  Je|19g318D sieak 9T sewed  TOT-00
HO1-ND Z'TEb. ‘uonajep
snobAzowoy €T°'Tgb,  GT6'6TT'OFT  670'G8Z'SET SOA Ie||8gaIad sieak g slewsd  Z€Z-66
8UON  GTE'6TT'OVT  965'89T'8ET soA A fejlogasa)  sypuow ¢ ‘sieak g 3eN 92266
ureb
Jaquinu Adod "wolyo BJOYM  GTE'6TT'OPT  965'89T'8ET SOA vdr  Jejjegaisd sieak 6T dlewsd  €/T-66
SUON  G29'820°0KT  VEE'SVT'SET SOA Vdr  Je|19ga18D sieakg  sewsd  9YT-66
BUON  GEG'62S'0FT  L66'C8E'SET SOA vdr  Jej|ega1ed sieak 6 3leN  ¥50-66
uona|ap
snofAzolslay [elsip yeb, VIN VIN ON  Alejuqgid  Jejjsgase)  syuow TT ‘Siesh sy [8LC86
SWYND / swosowoayd 48yiQ pu3 uels  uonesidnp ygby,  ABojoisiH uo1es0] aby  Jspuso al

NIH-PA Author Manuscript

"sewl01420.41se 8z ayi JoyJ synsal uonealjdnp yeby pue soydesBowsp fesaiuld

T 3lqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Brain Pathol. Author manuscript; available in PMC 2010 July 1.



Page 18

Sievert et al.

*A11s0bAz0I818Yy 0 $SO| JesInau Jaquinu Adod = HOT-ND ‘a]qedljdde jou = /N ‘ewoikooaise o13A20]1d aj1usAn( = wdr ‘suonelalje Jaquinu Adod = S\YND
“TAN UMOU3 Ynm Jusiied e Sem 8/z—-86 85eD

1
SUON  GT6'6TT'OPT  96G'89T'SET SOA vdr Je||aqaled sieak g 9lewad 00€-90
SUON  GTB'6TT'OFT  820°C6T'SET SOA vdr Je||agalsd sieak g 9lewad 26¢-90
SYND / 8WOSOWOo4y2 18410 pu3 1e)s  uoneondnp yeby,  ABojoisiH uonesoT aby  J18pus ail

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Brain Pathol. Author manuscript; available in PMC 2010 July 1.



