666 Yin et al.

of GBM (1). The long arm of chromosome 13 is lost in nearly
33% to 50% of these tumors; the Rb gene is at least one of the
targets in this deletion, being inactivated in ~35% of samples
(5-8). Loss of chromosomal material on chromosome 10 occurs
in 60% to 95% of GBMs (9). One common minimum deleted
region (CMDR) at 10q23.3 includes the PTEN gene, which oc-
curs in approximately 20% 1o 30% of samples (10-12). Epider-
mal growth factor receptor (EGFR) is amplified in ~40% of
GBM s (9). Of interest, 33% of these tumors with EGFR ampli-
fication have a specific EGFR rearrangement, producing a
smaller protein, making it similar to the v-erbB oncogene
(13). Amplification of EGFR is associated with overexpression
of the EGFR protein and it is often associated with deletion of
PTEN and pl6(INK44) (14). Alterations of chromosome 17p
are associated with a mutation of the p53 gene in ~30% of
GBMs. The prominent vascularity that occurs in GBM is prob-
ably the result of excess expression of growth factors and their
receptors [e.g., vascular growth factor receptor (VEGFR) and
platelet-derived growth factor receptor (PDGFR)] that are asso-
ciated with angiogenesis.

We used high-density (50K/250K) arrayed oligonucleotide
prabes that contain single micleotide’ polymorphisms (SNP),
the so-called SNP-Chip; to identify genetic abnormalities, in-
cluding amplicons, duplications; deletions, and " acquired uni-
parental disomy [AUPD; loss ‘of heterozygosity (LOH) with
normal copy number]. 'Our’ SNP-Chip results were validated
using’ several other ‘techniques;” including quantitative PCR
(Q-PCR), nuclectide ‘sequencing, ‘and “detection’ of LOH" by
microsatellite markers: Usirig’ SNP-Chips, we identified aber-
rant genes ‘as well as abérrant genetic pathways in GBM.
This tobust ‘technology should set the stage to formulate
new diagnostic  subcategorizations of GBM and to provide
prognostic indicators” for- physicians to”set’ up ‘personalized
therapy according ‘to- the aberrant  genetic pattern of the
GBM of-the' individual.

Results
Signaling Pathway Abnormalities Present in GBM

DNA: froni* 55 GBMs (22 with matched normal peripheral
blood neutrophils) ‘and "6 GBM cell lines’ were “exaniined by
SNP-Chip assay for genomic abnormalities (Tables T'and 2).
Common duplications and deletions of either segments or en-
tire chromosomes were observed. For example, chromosome
7 was duplicated in 30 of 55 GBM samples, and deletion of
either all or part of chromosome 10 occurred: in-33-0f 55
GBM samples. Also, small-:common minimally deleted re-
gions (CMDR) or small common minimally amplified regions
(CMAR) that involved only one or several genes were found.
For example, 36 of 55 clinical samples had a deletion at chro-
mosome 9p21.3 containing the pI4(ARF), pI5(INK4B), and
pl6(INK4A4) tumor suppressor genes (Fig. 1A} notably, 20
of these 36 GBM samples had homozygous deletions at this
site. Also, 36 of 55 samples had either duplication (19 sam-
ples) or amplification (17 samples) at chromosome 7pl1.2,
which contained the EGFR gene (Fig. 1C; five representative
samples). The CMDRs and CMARs were confirmed by
reverse transcription Q-PCR (Fig. 1B and D). All the CMDRs
and CMARs are summarized on Table 1. For 51 of the 55

Table 1. Common Minimal Region of Deletion, Amplification,
and Acquired Uniparental Disomy

Minimal Region No. Selected Genes Within the Region
Affected
Samples (%)
CMDR
1p36.23 (1,720 kb) - 19/55 (35%), CAMTA41; PER3, UTS2, TNFSFY,
16 Dand 3 DD VAMP3, PARK7, MIG6, RERE,

GPRI157, H6PD
2g22.1 (479 kb) 455 (7%), 4D LRPIB
6q 26-27 (3,133 kb) 16/55 (29%), PARK2, PACRG, QKI, PDE]0A
14Dand 2 DD

9p21.3 3655 (66%), PIHARF), pIS(INK4B),
(981 kb) 16D and 20 DD pl6(INK4A)
1092331 33/55 (60%), PIEN
(693 kb) 31D and 2 DD
13q14.2-14.3 22/55 (40%), Rb, KCNRG
(1,987 kb) 21D and | DD
17p 13.1 10735 (18%), 10 D p53
(636 kb)
CMAR
1q32.1 7755 (13%), MDM4, NFASC. LRRNS
(758 kb) 4A and 3 AA
4q11-12 /55 (9%), PDGFRA, KIT, VEGFR. CLOCK
(3,157 kb) 2 Aand 3 AA
il 36/55 (66%). EGFR
(660 kby 19 A'aind 17°AA
12q14.1 6755 (11%), 6 AA . CDK4
(390 kb)
1215 6/55 (11%),'6 AA  AMDM?
(795 kb)
AUPD
17p 133-12 8/55 (15%) ps3
(10,700 kb)

NOTE: D, heterozygous deletion;: DD, homozygous deletion; A, trisomy; AA,
high-level copy number amplifications.

GBM patients; survival data ‘were- available.:: Median survival
time was 60 weeks. Overall; 39 events were reported. Signift
icant short survival“time’ (P values were not-corrected for
multiple testing) ‘was found in the: patients with-13q14
(RB) deletion (Fig."1E) or 17p13.1 (p53) deletion/AUPD
(Fig: 1F). In"these CMDR and CMAR; the genes involve ‘in
the pl6(INK4A)/p15(INK4B)-CDK4/6-pRb (pathway 1) and
the pl4(ARF)-MDM?2/4-p53- (pathway 2y were’ frequently
aberrant: pathway 1 had deletion of p/6(INK44) and pl5
(INK4B) in 66% of cases; deletion of Rb in 40% of cases;
and amplification of CDK4 in 11% and trisomy of CDK6
in-55%. Pathway 2 had deletion of pl4(ARF) in 66% cases,
deletion or AUPD of p53-in 33%, and amplification of
MDAM?2 in 11% and trisomy or amplification of MDM4 in
13%. Alteration of MDM?2 and MDM4 was mutually exclu-
sive in the same sample. Taken together, alterations of pl16
(INK4A)/p15(INK4B)-CDK4/6-pRb: pathway occurred in 48
of 55 (87%) cases, and the pl14(ARF)-MDM2/4-p53 pathway
was abnormal in 48 of 55 (87%) samples; both pathways
were simultaneously aberrant in 46 of 55 (84%) cases. In ad-
dition, the pathway associated with tyrosine kinase receptor
signaling (pathway 3), including deletion of PTEN or ampli-
fication of EGFR and/or FEGFR/PDGFR « (PDGFRA), was
detected in 39 of 55 GBM samples (71%).

SNP-Chip array of chromosome 2 from the U118 GBM cell
line showed a deletion in the LRPIB gene, spanning exons 3 to
18 (Fig. 2). Nucleotide sequencing of the ¢cDNA of LRPIB
showed a truncated LRP1B in which exons 2 and 19 were fused

Mal Cancer Res 2009;7(5). May 2009



GBM Genomic Copy Number Profiling by SNP-Chip

and an early stop codon occurred, resulting in only a 75-amino-
acid open reading frame. Internal deletion of LRPIB also oc-
curred in four GBM samples (representative samples shown
in Fig. 2). The results suggest that internal deletion of LRPIB
is associated with development of glioma. We also found that
one sample had marked amplification of chromosome 5p13.2
(Fig. 3A). About 20 genes are localized in this amplicon, in-
cluding IL7R, CAPSL, SKP2, and SLC143. SKP2 is required
for ubiquitin-mediated degradation of the CDK inhibitor p27
(KIP1). We measured mRNA levels of SKP2 in 21 GBM tumor

Table 2. Summary of Genomic Abnormality in Clinical Samples

samples and 6 normal brain samples; the gene was highly ex-
pressed in 52% (11 of 21) of the GBM samples (>2-fold the
average level of six normal brain samples; Fig. 3B).

Deletion at 1p36.23 and 6q26-27 in GBM

A total of 19 of 55 GBM samples had a deletion that includ-
ed 1p36.23; 11 had a small heterozygous and 3 had a homozy-
gous deletion at this region involving two CMDRs (Fig. 4).
Genes within these CMDRs include CAMTAI, PER3, UTS2,
TNFSF9, VAMP3, PARK7, MIG6, RERE in one region, and

Case  Sex Age Surv  Status  1p36 1q32.1 4q11-12 6g26-27: 7p1l.2 9p21.2 Del 10g23-Del  12g14.1  12q115 13q14 17p1adl
{(wk) Del  Ainp Amp Del Amp (pl4. pi5, pI6y (PTEN) Amp Amp Del (RB)  Del/AUPD

(MDM4)  (VEGF) (EGFR) (CDK4)  (MDM2) @33

S1 M 45 48 D ++ + ++ + + AUPD

S2 M 56 39 D + + + AUPD

83 F 36 30 D + ++ ++ +

S4 M 49 60 D ++ ++ +

Ss ¥ 56 56 D ++ + +4 ++ +

S6 M 47 51 D ++ wt + +

S7 F 57 60 D 1+ + ++ + +

S8 M 55 64 D + ++ +

89 M 65 31 D + ++ ++ AUPD

S1I0 M 64 26 D + ++ ++ ++ ++

Sit M 46 64 D

L2 M 48 86 D

L3 F 43 180 D + + +

L4 F 42 300 A + A

LS M 56 99 D + 4 +

L6 M 63 291 A + + + ++ + + ++

L7 F 3v 360 A + =+ + +

L10 F 49 111 D ++ + ++ +

Gl F NA NA NA + ++ + ++ +

G7 F NA NA NA + + + + + ++ + AUPD

GS F NA NA NA + + + +

G12 F NA NA NA + + + AUPD

C3 ¥ 63 18 A ++ ++

4 M 37 23 A + +

Cs M 63 23 A + ++ ++ +

Ce M 70 3 D + + + ++ + 4

7 M 50 3 D

cg M 46 79 D ++ ++ ++ + +

(&) M 59 39 A +

Ci6 M 26 16 A +

Cl1 F 63 18 A ++ ++ ++ + +

Ci2 M 48 20 A ++ + + +

Ci3 M 24 115 A

Ci4 F 39 58 b

Cis F 76 H D + ++ + AUPD + + AUPD

Cig8 M 18 11 D + AUPD

Cci1y F 36 75 D ++ + ++ ++ +

c2 M 49 201 D +

21 M 68 40 D + + AUPD + + +

€22 M 48 20 A + + + + +

D1 M 66 23 D + + + 4 + +

D2 M 57 22 D + ++ + +

D3 F 54 8 D

D4 M 50 48 D + +

D3 F 60 65 D + =+ ++ + + +

D6 M 4 99 D + +

D7 F 61 49 D + + ++ ++ +

D8 F 69 165 D ++ + + ++ ++ +

DY F 64 42 D + ++ ++ ++

D0 M 66 22 D + + + +

Dit F 42 99 D ++ ++ +

b1z M 39 PN D 4+ + + +

D13 M 20 86 D + + AUPD

D14 F 50 17 D + + + + +

Di5 M 30 38 D + ¢ + + +

NOTE: Status: D, dead: A, alive: Surv, survival from time of first surgery: ++, homozygous deletions or high-level copy number amplifications; +, hemizygous deletion or
trisomy; Amp, amplification; Del, deletion. Candidate genes are provided in parentheses.
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chr2: internal deletion of LRP18B gene
(from exon 3-exon 18)
U118
Exon 2
atgacgccgctcegattecaggectccaageggeccectgeegeegeo
Y — — M T PLDSRTLG QA ATA ATPAR ARA A
gcogcecgeogggceccgaaggtgecgecgageagteteccagegeagy
A AAG?P XV PP S S L g R R 3
cttecttacegggegaccacaatgteegagtttetectegectta
L P YRATTMSETFILDL AL 45
ctcactctctegggattattgeegattgecagggtgetgacegtg
L T L S 6.L L P I A R V- L T Vv 60
ggagccgdaccgagatcagcagttgtgtgatcctggtgaatttcectt
S9 G ADRD Q QL CDUPGETF L 75
tgccacgatcacgtgacttgtgtctecccagagetggetgtgtgat
¢ H D HV.T ¢CV 8 @ 8 W L ¢ D 90
ggggaccectgactgeectgatgatteagacgagtectttagatace
[:-‘: ¢ b P DCU®PODODSDESTLDT 105
L {UE (R NS Oy tAATTCCC
*
Exon 19
D12

FIGURE 2. internal deletion of LRP18 in GBM. Representative deletions of the LRP1B gene are shown in the U118 GBM cell line and two GBM samples.
The cDNA of LRP1B from U118 was sequenced; showing a deletion between exons 3 and 18. This truncated cDNA has an early stop codon after amino acid
105 (TAA). The sequence that is underlined is at exon 18.

GPR157, H6PD in the second region (Fig. 4). One GBM (case
¢19) had a homozygous deletion in the intron between exons 3
and 4 of CAMTAL.

Another common deleted region accurred in 6q. Loss of 6q
was discovered in*16 of 55 samples. Two of these GBMSs had
a homozygous deletion at 6q26-27, including the P4RK2,
P4CRG, QKI, and PDEI04 genes (Fig. SA). The expression of
PARK?2 in 34 of 56 additional GBM samples (61%) was lower
than the 50% mean level present in niormal brain tissue (Fig. 5B).

AUPD at 17p in GBM

One of the advantages of the SNP-Chip technique is the
ability to identify AUPD. During carcinogenesis, the abnormal
allele is often duplicated and the normal matched allele is
deleted, resulting in the duplication of the abnormal allele. A
total of 32 AUPDs were found in 55 tumor samples and eight
of these AUPDs were at the same region of 17p, which includ-
ed the p53 gene (Fig. 6A). The 17p AUPDs were validated
using several different approaches. As might be predicted, the

FIGURE 1. Representative SNP-Chip analysis and validation of GBM samples. A. 9p21.3 deletions: Four representative patterns of chromosome 9p21.3
deletions in GBM samples detected by SNP-Chip. Blue lines above sach chromosome show total gene dosage; level 2 indicates diploid (2N) amount of DNA,
which is normal. Green bars under each chromosome indicate the SNP sites showing heterozygosity in GBM samples. When heterozygosity is not detected in
the tumor but is found in its matched nomal control, the result suggests that the GBM has allelic imbalance in that region. The bottom lines in each panel show
allele-specific gene dosage (one line indicates gene dosage of the paternal allele and the other indicates the gene dosage of the maternal allele). Level 1 is
normal for. each gene dosage. Six representative samples with 9p21.3 homozygous delstion with a CMDR containing CDKN2A and CDKNZB are:shown.
B. Data validation: DNA dose of CDKN2A was measured by Q-PCR. Stripe columns, the DNA dose in GBM samples; black columns, DNA dose in their
matched nofmal controls. Each sample showed homozygous CDKN2ZA deletion by SNP-Chip analysis. C. Chromosome 7p11.2 amplicon: Four representative
GBM samples with amplification at chromosome 7p11.2 are shown, The CMAR contains EGFR; ECOP, LANCL2, FKBPIL, GBAS, PSPH, CCTBA, SUMF2,
PHKG1, and CHCHDZ genes. D, Data validation: DNA dose of EGFR was measured by Q-PCR. Stripe columns, relative DNA amounts in GBM samples;
black columns, DNA dose in their matched normal controls. Each sample showed EGFR ampiification by SNP-Chip analysis. Kaplan-Meler estimates of
overall survival for patients with and without 13q14 Del (RB; E) and 17p13.1 Del/AUPD (p53; ' F). Tick marks indicate censored data. Prognosis is worse
for patients with a deletion of 13q14 (P = 0.0224 by the log-rank test) and deletion/AUPD of 17p13.1 (P = 0.00603).
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in one GBM sample (L6). B, Real-time reverse transcription-PCR measured expression of SKP2 in 21 GBM samples and 6 normal brain samples (status of

SKP2 gene copy number in these samples is unknown). Dashed line, 2-fold above the average expression lavel of SKP2Z in normal brain tissue.

quantity of DNA at this 17p chromosomal region was normal
when comparing the samples having AUPD with their matched
normal DNAs (Fig. 6B). Moreover, LOH analysis using a mi-
crosatellite marker on 17p13.3 showed loss of one of the nor-
mal alleles when comparing tumor and matched normal control
DNA (Fig. 6C). Homozygous pS53 mutations (from exons 5 to
8) were identified by nuclear sequencing the shifted bands
identified by single-strand conformational polymorphism
(SSCP). Of the eight tumor samples with AUPD, one sample
(S1) had a 2541 deletion, another (S9) had a R175H mutation
(Fig. 6D), and two cases had a R248Q mutation. Also, 17p
AUPD encompassing the p53 gene was found in the U118,
U138, U343, U373, and T98G GBM cell lines. Nucleotide se-
quencing showed that each of these cell lines had a homozy-
gous mutant p53 with loss of the normal p53 allele (Fig. 6D
and data not shown). In contrast, no chromosome 17p AUPD
was found in the U87 GBM cell line, and this cell line had a
wild-type p53 gene (data not shown):

Discussion

High-density SNP-Chip arrays allow rapid detection of am-
plifications, deletions, and AUPD. This novel technique greatly
increases sensitivity of detection of copy number changes in
small regions of the genome using only 250 ng genomic
DNA. A 250K SNP-Chip interrogates on average about every

12-kb genome, often allowing detection of changes within a
gene. Comparative genomic hybridization (CGH) is another
technique to examine tumors for an overview: of the genome.
CGH has been used to detect the chromosome imbalances
and molecular classification in gliomas (15-17). Unlike CGH,
SNP-Chip technique can detect AUPD. As shown by our study,
AUPD is very frequent in GBM. Two previous studies also an-
alyzed genomic abnormalities in gliomas by the SNP-Chip
technique (4, 18). One of these was a multi-institutional study
that incorporated several genomic approaches, including SNP-
Chip, sequencing, and microarray expression analysis (4).
Their studies and ours confirmed that this technique is a useful
tool to identify novel genomic changes in GBM and a number
of common abnormalities were identified including regions of
AUPD.

AUPD can be identified by LOH analysis plus quantifica-
tion of the DNA within the region; however, these abnormali-
ties are more-quickly and robustly identified by SNP-Chip
analysis. A study of various cancer cell lines found on average
4.7 AUPDs per cell line (19). AUPD results in a duplicated
chromosomal région containing either a mutated, inactivated
tumor suppressor gene or mutated, activated oncogene. For ex-
ample, we found frequent AUPD at 17p in GBM samples that
contained a mutant p53; thus, the AUPD resulted in duplication
of the muiant p53 and loss of the normal p53 allele. GBMs
seem to favor duplicating the mutant p53 (AUPD) rather than

Mol Cancer Res 2009;7(5). May 2009
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merely deleting the normal allele and keeping one copy of the
mutant p53. Missense mutation resulting in an expressed pro-
tein with a long half-life is the most frequent alteration in can-
cer (20). The p53 protein forms tetramers. Mutant p53 might
either behave in a dominant-negative fashion or have a gain
of function and contribute to oncogenic activities in vitro and
in vivo (21). For example, knock-in mice carrying one null
allele and one mutant allele of the p353 gene developed novel
tumors compared with p53-null mice (22-26).

A recent SNP-Chip study showed that the EGFR located at
chromosome 7p11.2 was amplified in up to 43% GBM samples
(4), and amplification of the gene was associated with overex-
pression of the EGFR protein in GBM (9). We found that 19 of
55 GBMs (35%) had trisomy of chromosome 7 or duplication
of chromosome 7p, and another 17 of 55 (31%) GBM had
prominent amplification of the EGFR gene. The SNP-Chip
analysis showed that at least nine additional genes were coam-
plified with EGFR. Of note, some breast cancers with amplifi-
cation of Her2/neu (EGFR-2) also contain the fopoisomerase 2
(TOPQO-2) gene in the same amplicon. These patients have an
increased response when treated with both an inhibitor of
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CAMTA1, VAMP3, PER3, UTS2, TNFSFS, PARK?7, MIG6, RERE
(chromosoma 1: 7,623,655-8,348,105)

GPR157 and H6PD (chromosome 1: 9,061,724-9,341,245)

TOPO-2 and trastuzumab (Herceptin, a monoclonal antibody
that targets Her-2/neu; ref. 27). Further studies of the genes
in the EGFR amplicon may offer additional therapeutic targets
for GBM. Also, VEGFR and PDGFRA were in an amplicon or
involved in trisomy on chromosome 4q11-12 in 5 of 55 (9%)
GBM samples. In a recent study, high-level amplification of
VEGFR/PDGFRA occurred in 13% samples (4). Amplification
and presumably abundant expression of these genes may allow
for autocrine and paracrine stimulation of growth. These tu-
mors may be more sensitive to inhibitors of these receptors
or their growth factors [e.g., bevacizumab (Avastin)].

We found that the SKP2 gene on chromosome 5p was mark-
edly amplified in a GBM sample and its expression was in-
creased >2-fold compared with normal brain tissue in 11 of
21 additional GBM samples. SKP2 is required for ubiquitin-
mediated degradation of the CDK inhibitor p27 (28). Saigusa
et al. reported amplification of DNA at chromosome 5p in the
region of SKP2 in four glionia cell lines and also found that the
expression of the SKP2 gene was increased in 31% of primary
GBM examined by imnunohistochemistry (29). They found
that increased expression of SKP2 was associated with an
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FIGURE 4. Chromosome 1p36 deletion in GBM. Four representative deletions as detected by SNP-Chip at 1p36 (fop right). Heterozygous (S10) and
homozygous (86, C12, C19) deletions occur at two CMDRs containing the CAMTAT, PER3, UTS2, TNFSFS, VAMP3, PARK7, MIG6, and RERE genes (lop
leff), GPR157 and H6PD genes (botiom leff). A homozygous deletion within the intron between exons 3 and 4 of CAMTAT occurred in the GBM sample C19

{bottom right}.
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FIGURE 5. Chromosome 6G26-27 deletion in GBM. A. Representative samples with chromosome 6g26-27 deletions. CMDR contains PACRG, PARK?Z,
QKI, and PDET0A. B. Expression of PARKZ in 56 GBM samples and 7 normal brain samples as measured by real-time reverse transcription-PCR. Dotted

line, 50% of the mean level present in normal brain tissue.

overall shorter survival (29). High levels of SKP2 have also
been associated with cancers of the thyroid (30) and the lung
(31, 32), as well as neuroblastomas (33).

The short arm of chromosome 1 at. 1p36 is frequently delet-
ed in hematopoietic malignancies (34, 35), epithelial cancers
(36, 37), and neural-related cancers, including neuroblastomas
(38), meningiomas (39), and gliomas (40). Allelic loss at 1p
has been reported in 20% to 30% of astrocytomas. Other inves-
tigators defined a 150-kb CMDR on 1p36.23 by LOH map-
ping, which encompassed CAMTA!, a gene encoding a
transcription factor (41). We also discovered 1p deletions in
19 of 55 GBM samples (35%), which included two CMDRs.
One contained the CAMTA gene alone or the CAMTA gene plus
PER3, UTS2, TNFSF9, VAMP3, PARK?, MIG6, and RERE;, the
second CMDR had both of the GPR157 and H6PD genes in a
sample. Further studies are required to determine if CMTA is
the key target gene of 1p36 deletion in various cancers includ-
g GBM.

The LRPIB gene is highly homologous to the lipoprotein
receploi-related protein 1 (LRP1, a family member of the
low-density lipoprotein receptors). LRPIB has been classified
as a tumor suppressor gene and is frequently mutated in

GBM (42-47). We discovered a novel internal deletion of
LRPIB inthe U118 GBM cell line and four GBM samples. Nu-
cleotide sequencing of the LRPIB gene from U118 cells
showed loss of exons 3 to 18 and an early stop codon, suggest-
ing that the protein was no longer functional. Other studies
have suggested that LRP1B may be a tumor suppressor gene
that is deleted or abnormal in several other tumor types, as well
as GBM (42-47). In addition, LRPIB is deleted or epigenetical-
ly silenced in oral urothelial, esophageal, and non—small-cell
lung cancers; taken together, LRPIB behaves as a tumor sup-
pressor gene that is frequently mutated in several solid tumors,
including GBM (42-47). Our data suggest that LRPIB acts as a
tumor suppressor gene in glioma cells and is aberrant in GBM.

Deletion of ~165 Mb of chromosome 6q25-27 in GBM in-
volving IGF2R, PARK2, PACRG, and QKT was found by CGH
(40). Our SNP-Chip data showed that 16 of 55 (29%) GBM
samples had deletion of chromosome 6q and two of these sam-
ples had a homozygous deletion (4%) at 6q26-27, which in-
cluded the P4RK2, PACRG, QKI, and PDE104 genes. In
another large study, 54 deletions of this region were found in
a total of 206 (26%) GBM samples, including six homozygous
deletions (3%; ref. 4). The PARK? gene has been reported to be
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mutated in some patients with autosomal recessive juvenile
Parkinson’s disease, and investigators recently suggested that
the gene is a candidate tumor suppressor gene in ovarian and
breast cancers as well as leukemias (48-50). PARK? shares a
bidirectional promoter with PACRG. Abnormal methylation
of this common promoter was observed in 26% of acute
lymphoblastic leukemia and 20% of chronic myelogenous
leukemia in lymphoid blast crisis and was associated with
decreased expression of both of these genes (48). We found that
~61% (34 of 56) of GBM samples had 50% decreased expres-
sion of PARK2 compared with normal control brain tissues. Our
data suggest that P4RK? behaves as a tumor suppressor gene
that is inactivated in GBM.

In a large comprehensive study, deletion at chromosome
10q23.3 (contains PTEN gene) was found in ~173 of 206 (84%)
GBMs, including homozygous deletions of the PTEN gene in 9 of
206 (4%) samples (4). Further studies found that PTEN was nu-
tated in 44% of GBM, and 60% of those with LOH at 10q had a
nutant PTEN gene (51). PTEN is an inhibitor of the phosphoino-
sitide 3-kinase mammalian target of rapamycin/AKT pathway
that is downstream of EGFR or VEGFR/PDGFRA in this growth
stimulatory pathway. In our study, 33 of 55 (60%) GBM samples
had lost a PTEN allele. Two samples (4%) had homozygous dele-
tion of this gene. Taken together, 71% of GBM samples had either
deletion of PTEN or amplification/trisomy of EGFR and/or
VEGFR/PDGFRA.
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The cyclin-dependent kinase inhibitor pl16(INK4A) normal-
ly inhibits CDK4 and CDKG, resulting in dephosphorylation of
Rb. This ensures that Rb continues to bind and inactivate E2F
(cell cycle transcription factor), maintaining a brake on the cell
cycle. The pl16(INK4A)-CDK4/6-Rb pathway is aberrant in the
vast majority of GBMs (1, 2). The pl6(INK44), pi 5(INK4B),
and pl4(ARF) (inhibitor of MDM?2) genes are contiguous on
chromosome 9. We found that all three genes were lost in 35
of 55 (64%) GBM samples, either by homozygous or hemizy-
gous deletion. Also, 30 of 55 GBMs had trisomy of chromo-
some 7, resulting in three copies of CDK6; 6 of 55 GBM
samples had amplification of CDK4 on chromosonie 12. In ad-
dition, the Rb gene (chromosome 13q14.2-14.3) was deleted in
22 of 55 GBM samples. Taken together, the pl6(INK4A)/p15
(INK4B)-CDK4/6-pRb pathway was structurally aberrant in 48
of 55 GBM (87%) samples.

The pl14(ARF) binds to MDM2 and MDM4, preventing
them from decreasing the level of p53. Loss of pl4(4RF) or
amplification of MDM2/MDM4 lead to inactivation of p53.
We found that either the MDM4 (1q32.1) or the MDM?
(12q15) gene was increased in copy number in 13 of 55
(24%) GBMs, pl4(4ARF) was deleted in 35 of 55 (64%) cases,
and 18 of 55 (33%) samples had either AUPD or deletion of
pS3. Thus, the p14(ARF)-MDM2/4-p53 pathway was structur-
ally aberrant in 48 of 55 GBM (87%) samples. Ghimenti et al.
noted alterations of the p14(ARF)-MDM2-p53 pathway in 73%

ES Tumor

s1

Brain Tumor

N T98G

Tumar

FIGURE 6. Chromosome 17p13.3-12 AUPD in GBM. A, Two representatives examples of AUPD at chromosome 17p13.3-12. B, DNA level of p53 was
measured by real-time quantitative PCR. Striped and black bars, DNA amount in GBM samples and their matched normal control, respectively. C. Micro-
satellite marker (chr17:1857382-1857419) was used to analyze LOH in tumor samples compared with their normat matched controls (—», band pattern in
normal samples; -+, band pattern in tumor samples). D. DNA of three GBM samples was analyzed for p53 mutations initially by SSCP (—, band pattern
in normal samples; =+, band pattern in tumor samples). Nucleotide sequencing: G changed to A in S9; deletion of CAT in S1; and G changed to A (M237R) in
T98G (sequence data not shown).
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of GBM samples (52). We found that the frequency of ampli-
fication/trisomy of MDM4 was similar to amplification of
MDM?2 in GBM samples and both rarely coexisted in the same
sample. This is consistent with previous reports (53, 54). Taken
together, abnormalities of the EGFR/VEGFR/PDGFRA-PTEN
(71%), p16(INK4A)/p15(INK4B)-CDK4/6-pRb (87%), and
pl4(ARF)-MDM?2/4-p53 (87%) pathways were present in the
vast majority of GBM samples, and almost all GBM (91%)
samples had an abnormality of at least one of the three path-
ways (Fig. 7). Congruent with our study, alteration in these
three core pathways was noted in 78% to 88% of GBM samples
in a large cooperative study (4). The proteins of these pathways
provide therapeutic targets for GBM. These include EGFR in-
hibitors, such as erlotinib and gefitinib (55), dual inhibitors of
PI3K and mTOR, including the investigational drug PI-103
(56) and inhibitors of mTOR {e.g., rapamycin (57) and Ever-
olimus (58)).

The aberrant genes in GBM are incompletely identified.
Present-day clinical and therapeutic management often relies
on 50- to 100-year-old techniques of morphology and immuno-
chemistry. SNP-Chip is an extremely robust technology, offer-
ing the opportunity to discover, in a potentially simple fashion,
copy number changes, including AUPD associated with GBM.

A B

The patterns of genetic abnormalities, even in the absence of
knowledge of the specific genetic lesions, may result in a use-
ful, new GBM classification. Furthermore, new genetic lesions
identified by SNP chip may become targets for novel therapies.

Materials and Methods
Clinical Samples, Cell Cultures, and DNA Preparation
GBM from 55 individuals were studied by SNP-Chip. The
age of these patients ranged from 18 to 70 years. Twenty-two of
these 55 samples had matched peripheral blood neutrophils
from the same patients. Also, 4 of the 55 GBM samples were
established explants as previously described (59) and used for
SNP analysis. Furthermore, six human GBM cell lines (U87,
U118, U138, U343, U373, and T98G) were used for SNP-Chip
studies. Standard proteinase K-phenol-chloroform extraction
method was used to extract DNA from GBM samples, cell
lines, and explants. In addition, 56 additional GBM samples
were quick frozen, and RNA was extracted and used for expres-
sion analysis of target genes. Written informed consent for re-
search use of all of these samples was obtained before surgery,
acgording to a protocol approved by the institutional ethics
committee. Cell lines were maintained in DMEM (Life
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FIGURE 7. Major functional pathways dysregulated in GBM as detected by SNP-Chip. A. Cell cycle pathway (G:-S): p16(INK4A)/p15(INK4B)-CDK4/6-
pRb {genomic abnormality in 87% of samples). B. p53 pathway: p14(ARF)-MDM2/4-p53 (genomic abnormality in 87% of samples). €. Growth factor receptor
(EGFRVEGFR/PDGFA) and secondary signaling pathway (genomic abnormality in 71% of samples). Gray circles, aberrant genes analyzed by SNP-Chip. %,

percentage of GBM samples with abnormality in the pathway.
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Table 3. Oligonucleotide Primer Sequences Used for Real-time Q-PCR for DNA and cDNA

Gene Oligonucleotide Sequence Melting temperature (°C)

CH2p2]-DNA intemal control Forward 5-GGCAATCCTGGCTGCGGATCAAGA 81
Reverse SCATTTCTGAACTTCTTGGCTGCC

pl6-DNA Forward §-GTGCCAAAGTGCTCCTGAAGCTG 80
Reverse 5"-AGCAAATCTGTTTGGAGGTCTG

PARK2-¢DNA Forward 5'-CGTGCACAGACGTCAGGAG 85
Reverse 5'-AAGGCAGGGAGTAGCCAAGT

SKP2-cDNA Forward S -TGGTATCGCCTAGCGTCTG 85
Reverse 5'-ACACGAAAAGGGCTGAAATG

EGFR-DNA Forward 5 -CAGGAGGTGGCTGGTTATGT 82
Reverse §-ATGGGCAGCTCCTTCAGTC

p33-DNA Forward S.CTTGGGCCTGTGTTATCTCC 84
Reverse S TCTTCCAGTGTGATGATGGTGG

Bactin-cDNA Forward S-TCCCTGGAGAAGAGCTACGA 87
Reverse 5-GGAAGGAAGGCTGGAAGAG

Technologies) with 10% FCS (Gemini Bio-Products), 10 units/mL
penicillin G, and 10 mg/mL streptomycin (Gemini Bio-Products).
All cells were incubated at 37°C in 5% COa.

High-Density SNP-Chip Analysis

SNP-Chips for human S0K Xbal/250K Nsp arrays were used
for this study (SNP-Chip, Affymetrix). The DNA samples from
22 GBM patients with matched peripheral blood neutrophils
from the same patient as control DNA were analyzed by 50K
SNP-Chips as previously described (60). The other 33 DNA
samples without matched control DNA and six human GBM
cell lines were analyzed by 250K SNP-Chips, using allele-spe-
cific copy number analysis using anonymous references (AsC-
NAR,; ref. 61). Fragmentation and labeling of DNAs were done
using a GeneChip resequencing kit (Affymetrix); hybridization,
washing, and signal detection were done on a GeneChip Fluid-
ics Station 400 and GeneChip scanner 3000 according to the
manufacturer’s protocols (Affymetrix). Microarray SNP data
were analyzed for determination of both total and allelic-specific
copy number using the CNAG program with AsSCNAR capabil-
ity,” as we have previously described (47, 48): In the latter algo-
rithm, AsCNs were estimated using “nonpaired” genomic DNA
as controls, where array signals at the heterozygous SNP sites in
the tumor sample are compared with the correésponding signals
in one o more control samples also showing the heterozygous
SNP calls. All the SNPs within an inferred LOH region are for-
mally analyzed as heterozygous SNPs (see ref. 48 for mathemat-
ical details). Control sample sets used for allelic-specific copy
nuniber calculations may be different from SNP to SNP. AsC-
NAR enables detection of LOH regions in those samples highly
contaminated with normal. cells and provides an accurate mea-
surement of total copy numbers (48). Size, position, and loca-
tion of genes were identified with the University of California,
Santa Cruz Genome Browser.® Qur software allows accurate
calls of AUPD and copy number changes without requiring
germline DNA - All known copy number polymorphism were
eliminated from analysis by using the UCSC Genome Browser.
All the raw data of these SNP-Chips have been submitted to the

" hitpr//www.genome.umin.jp/
s P ;
http://genome.ucse.edu/
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public database ArrayExpress.” The ArrayExpress accession
number is E-MEXP-1330.

Quantitative-PCR

Total RNA was extracted using TRIzol (Invitrogen) accord-
ing to the manufacturer’s protocol. DNA was removed by DN-
ase. Two micrograms of RNA were reverse transcribed with
random primers and Superscript III reverse transcriptase (Invi-
trogen). The cDNA was used for real-time PCR with Platinum
Taq (Invitrogen) and SYBRGreen I (Molecular Probes) in tri-
plicates in an iCycler iQ system (Bio-Rad). The PCR condi-
tions were as follows: 2 min at 94°C followed by 45 cycles
of 94°C for15's, 60°C for 15 s, 72°C foi- 15 s, and fluoréscence
determination at the melting temperature of the product for
20 s. Specificity of PCR products was checked on agarose
gel. The expression of B-actin was used as an endogenous ref-
erence. A comparative threshold cycle was used to determine
target genes and R-actin gene expression relative to the no-
sample control (calibrator). The mRNA expression level was
normalized by R-actin expression. The relative expression level
of target genes in control samples was normalized to a relative
value of 1. Final results in treated samples were expressed as
n-fold difference to the control samples. The DNA dose also
was measured by real-time quantity PCR: as described above.
The sequences of primers are shown in Table 3.

SSCP and Nucleotide Sequencing

For defection of p53 mutations using SSCP, each PCR reac-
tion contained 20 ng DNA, 10 pmol of each of the primers,
2 nmol/L of each of deoxynucleotide triphosphate; 0.5 units of
Taq DNA polymerase, and 3 (i [rx-‘nP]dCTP in 20 uL. PCR
products were diluted 10-fold in the loading buffer containing
10 mmoV/L. NaOH, 95% formamide, and 0.05% of both bromo-
phenol blue and xylene cyanol. After denaturation at 94°C for
5 min, 2 L of the samples were loaded onto a 6% nondenatura-
tion polyacrylamide mutation detection enhancement gel (MDE
Bioproducts) with 10% (v/v) glycerol and electrophoresed at 4
to 6 W for 20 h. Subsequently, the gel was dried and subjected to
autoradiography. Single-strand DNAs of mutant candidate

9y . ot .
httprifwww.ebi.ac.uk/microarray-asfae/
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bands showed aberrant migration through SSCP analysis. These
shifted bands were excised and eluted by diffusion in 50 uL TE
buffer. One microliter of elution TE was used as template to
reamplified the fragment. The resulting product was sequenced
using the Big-dye sequence reaction (Applied Biosystems) and
analyzed on an Autosequencer 3100. The p53 gene was ana-
lyzed for mutations in exons 5 to 8 (62).

LOH Analysis

PCR amplification of microsatellite sequences was used to
determine LOH on chromosome 17p. Primers for amplification
of the microsatellite fragments (chr17:1857382-1857419) were
5'-CGCCTTTCCTCATACTCCAG and 5'-GCCAGACGG-
GACTTGAATTA. Each PCR reaction contained 25 ng of
DNA, 10 pmol of each primer, 2 nmol of each deoxynucleotide
triphosphate, 0.5 units of Tug DNA polymerase, and 3 pCi of [a-
32P] dCTP in 20 pL of the specified buffer with 1.5 mmol/L
MgCla. Thirty-two cycles of amplification, PAGE, and subse-
quent autoradiography were done as published previously (63).

Statistical Analysis

Overall survival was analyzed with the Kaplan-Meier meth-
od to assess prognostic significance of the observed genomic
abnormalities. We applied the log-rank test to compare patients
with and without a specific genomic abnormality. P values
were not adjusted for multiple testing. Analyses were done in
R'® using survival package version 2.34-1.
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Background

Acute myeloid leukemia is a clonal hematopoietic malignant disease; about 45-50% of
cases do not have detectable chromosomal abnormalities. Here, we identified hidden
genomic alterations and novel disease-related regions in normal karyotype acute myeloid
leukemia/myelodysplastic syndrome samples.

Design and Methods

Thirty-eight normal karyotype acute myeloid leukemia/myelodysplastic syndrome sam-
ples were analyzed with high-density single-nucleotide polymorphism microarray using a
new algorithm: allele-specific copy-number analysis using anonymous references
(AsCNAR). Expression of mRINA in these samples was determined by mRNA microarray
analysis.

Results

Eighteen samples (49%) showed either one or more genomic abnormalities including
duplication, deletion and copy-number neutral loss of heterozygosity. Importantly, 12
patients (32%) had copy-number neutral loss of heterozygosity, causing duplication of
either mutant FLT3 (2 cases), JAK2 (1 case) or AMILA/RUNX (1 case); and each had loss of
the normal allele. Nine patients (24°%) had small copy-number changes (< 10 Mb) includ-
ing deletions of NI*1, EI'Ve/TEL, CDKN2A and CDKN2B. Interestingly, mRNA microarray
analysis showed a relationship between chromosomal changes and mRNA expression lev-
els: loss or gain of chromosomes led, respectively, to either a decrease or increase of
mRNA expression of genes in the region.

Conclusions

This study suggests that at least one half of cases of normal karyotype acute myeloid
leukemia/myelodysplastic syndrome have readily identifiable genomic abnomnmalities, as
found by our analysis; the high frequency of copy-number neutral loss of heterozygosity
is especially notable.

Key words: normal karyotype acute myeloid leukemia/myelodysplastic syndrome, SNP-
chip, CNN-LOH.
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Introduction

Acute myeloid leukemia (AML) is a clonal malignant
hematopoietic disease characterized by a block in differ-
entiation, resulting in accumulation of immature
myeloid cells."” Karyotypic analyses have revealed sev-
eral frequent chromosomal translocations producing
fusion genes associated with AML. The t(8;21)(q22;¢22)
translocation is one of these abnormal karyotypes, and
this translocation produces AAL/-ETO fusion prod-
ucts.” The AML1-ETO blocks hematopoietic different-
ation and enhances self-renewal of human and murine
hematopoietic stem cells.”” The fusion product appar-
ently binds to AL/ target genes and represses their
transcription.” The inv(16)(p13¢22) or t(16:16)(p13:q22)
produces the leukemogenic CBFB-AIVH 11 fusion gene
which blocks differentiation of hematopoietic stem cells
by inhibiting the function of AAIL7."* Acute promyelo-
cytic leukemia cells usually have t(15;17)(q22;q11-21)
producing PML-RARA fusion products which also
behave as a transcriptional repressor."” Other frecquent
translocations include t(9;11), t(6;11), inv(3)/t(3;3) and
t(6;9)." Trisomy 8, 11, 13, 21 and 22, and deletion of
chromosome 5/5q, 7/7¢, 17/17p and 20/20¢ also occur
moderately frequently.”"'" About 45-50% of AML
patients have no detectable chromosomal abnormali-
ties."""* In general, these individuals with a normal
karyotype in their leukemic cells show an intermediate
prognosis." "

Besides chromosomal abnormalities, the leukemic
cells can have a variety of mutations involving individual
genes. Activating mutations of the receptor tyrosine
kinase, FMS-like tyrosine kinase 3 (FL73) occur in about
30% AML patients; two major mutant forms occur: an
internal tandem duplication (ITD) or a point mutation in
the tyrosine kinase domain (TKD)." Activating muta-
tions at codon 12, 13 or 61 of either the NRAS or KRAS
occur in 25% and 15% of AML patients, respectively.'"
About 10-15% of AML samples have inactivating muta-
tions of C/EBPc. whose wild-type function is to enhance
differentiation.”" Nucleophosminl (NPM1) is mutated
in 50-60% of AML samples with normal karyotype." "
This protein has an impostant role in ribosome biogene-
sis, including nuclear export of ribosomal proteins.
Mutant NPM1 has an aberrant nuclear export signal and
remains localized in the cytoplasm.™

Single-nucleotide polymorphism microarray (SNP-
chip) analysis is a new technique to examine the
genome including any copy-number changes and loss of
heterozygosity (LOH)."* Importantly, SNP-chip analy-
sis can reveal cryptic abnormalities such as a small copy-
number changes (< 10 Mb) or copy-number neutral loss
of heterozygosity [CNN-LOH, also called uniparental
disomy (UPD)] that cannot be detected by karyotype
analysis. In addition, comparative genomic hybridiza-
tion cannot detect CNN-LOH. SNP-chip analysis has
been used in chronic lymphocytic leukemia,” child-
hood acute lymphoblastic leukemia, juvenile myelo-
monocytic leukemia,™ follicular lymphoma,” multiple
myeloma, " and AML."

In the present study, we identified hidden abnormali-

ties and novel disease-related genomic regions using 250
K SNP-chip analysis in samples from patients with nor-
mal karyotype AML/myelodysplastic syndrome (MDS).
The use of CNAG (copy-number analysis for Affymetrix
GeneChips) program™ and a new algorithm AsCNAR
(allele-specific copy-number analysis using anonymous
references)” provided a highly sensitive technique to
detect CNN-LOH, as well as, copy-number changes in
AML/MDS genomes.

Design and Methods

Patients’ samples

Samples from 30 anonymized patients with normal
karyotype AML and 8 anonymized patients with normal
karyotype MDS (age, 53-88 years; median, 62 years)
were examined. These samples were isolated from bone
marrow at diagnosis. The patients” age, gender, diagno-
sis, white blood cell count (WBC), karyotype and addi-
tional mutadons of FLT3 and NP1 are summarized in
Table 1. This study was approved by Cedars-Sinai
Medical Center (IRB number 4485).

High-density SNP-chip analysis

Genomic DNA was isolated from AML/MDS cells,
and the DNA was subjected to GeneChip Human map-
ping 250 K array Nspl microarray (SNP-chip, Affymetrix,
Santa Clara, CA, USA) as described previously.™”
Hybridization, washing and signal detection were per-
formed on GeneChip Fluidics Station 400 and GeneChip
scanner 3000 according to the manufacturer’s protocols
(Affymetrix). Microarray data were analyzed for deter-
mination of both total and allelic-specific copy-number
using the CNAG program as previously described”™
with minor modificatons; the status of copy-numbers
as well as CNN-LOH at each SNP was inferred using the
algorithms based on hidden Markov models. "
GNAGraph software was used for clustering of AML
samples with regards to their copy-number changes, as
well as CNN-LOH.” Size, position and location of genes
were identified with UCSC Genome Browser
lutp://ocitome.nesc.edu. Copy-number changes, including
duplication and deletion, were identified by allele-spe-
cific CNAG software.”” These copy-number changes
include copy-number variant and physiological deletion
at the immunoglobulin and T-cell receptor genes. Copy-
number variants as described  previously at
fp:/fprojects.tcag.ca/variaiion and physiological deletions
were eliminated manually, and other regions detected
by allele-specitic CNAG software are listed on Table 4.

Fluorescence in situ hybridization analysis

Bone marrow samples from AML patients were used
for interphase fluorescence /i sit hybridization (FISH)
analysis. The FISH studies were performed using the fol-
lowing probes: D55721 (5p15.2), D5S23 (5p15.2), D771
(centromere of chromosome 7), ABL (9¢34.12), EGR1
(5¢q31.2), D75486 (7q31), TP53 (17p13.1), D8Z2 (cen-
tromere of chromosome 8), AML1 (21¢22.12) and BCR
(22q11.23) (ABBOTT/VYSIS, Des Plaines, IL, USA).
Probes for the 12p13 region [Huorescein-labeled ETV6-
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downstream region (483 kb-length) and Texas-red-
labeled ETV6-upstream region (264 kb-length)] were
used for FISH analysis in case #5. The ETV6 probes
were obtained from ABBOTT/VYSIS.

Determination of SNP sequences, JAK2, FLT3, NPM1,
and AML1/RUNX1 mutations, and other target genes
in cases of CNN-LOH

To determine the SNP sequences, (SNP identities are
137747259, 151122637, 1s9505293, 156934027, 15280153
and rs191986) in case #38 chromosome 6p region, the

Table 1. Baseline clinical characteristics of 38 cases of normal karyotype
acute myeloid leukemia/myelodysplastic syndrome.

290 M 49 AMLMO 138 - — 46XV
1 Fifiiios, CAMBMES  SEsMei - ey
4 M43 AMLMI 229 - — 46XV
15 e AMBR PR L T T
6 M 66 AMLMZ 25— — 46XV
AE MBS RS CAMEME R TR
% F 6 AMLMZ 19—+ 46X
33 0 AME R T
4 M 65 AMLMZ 628 - - 46XV
187 3RS a3 AMLMAT I
19 M 37 AMLM4 209 — o+ 46XV
320 UM 45 AMLMAC 195 - L) agRYy
3 F 80 AMLMA 71 4 46X
ST NP5 AMEMSE TR e
6 F 77  MDSRA 53 - -~ 40X
%5 F 63 MDSCMML1 56  —  — w46XX
% F 69 MDSRAEB-I 46 -~ — 46X
39 P74 MDSRAEB' 54 e = 1 dgXK
2 F 19 MDS e (X - X
100 CF 497 CAMUMI W0 4+ e
4 M T AMLMZ 35— - 46NY
MR o TR |1y L o P R,
§ F 5 AMLMZ 18 - - 46XX
9 Mok Eegin AWML M9 ok ARy
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g0 SR AT AMUNZSDETE ST e
2B M 69 AMLM2 20— 4+ 46XV
965 TIMII g6, AMEMZ SRR e
2 F 7 AMLMA 19— o+ 46X
T R AMGMA g s S G
20 F 38 AMLMA 376+ o+ 46X
30 M55 AMLMA 40w deY
3 F 67 AMLMSb 56+ o+ 46X
ST P e AMUMSET A e e
12 M 6 MDSRA 15— -  d6XY
4V N MDS RS T L e oY
13 F 54 MDSRAEB2 - — — 46X
flé S RISHE0 CEAMEME S I T S e

FAML: therapyarelated AML; RA: whactory anemia; RAEB-D or <2: rehactory anemia with excess
blasts subtvpe-1 or-2; CAIML: duonic myelomonocytic lewkemia; ' ren: WHO classilication.

genomic region of each SNP site was amplified by
genomic polymerase chain reaction (PCR) using specif-
ic primers. For determination of JAK2 V617F mutation
in case #20, genomic PCR was performed with specific
primers. PCR products were puiified and sequenced.
The sequences of the primers are shown in Ouline
Supplenmentary Tables S1 and S2. To determine the FLT3-
ITD mutation, the PCR reaction was performed with
specific primers, and the PCR products were separated
ona 2.0% agarose gel stained with ethidium bromide as
described previously " Mutations at exon 12 of the
NPATI gene were determined using a melting curve-
based LightCycler assay (Roche Diagnostics,
Mannheim, Germany).” Denaturing high-performance
liquid chromatography analysis was performed to
determine the AAIL//RUNX/ mutation in case #17 as
described previously.” Alterations of several tyrosine
kinase genes including FGR (case #3 and #23), DDR/
(case #2 and 38), TYK2 (case #2), MATK (case #2), FER
(case #3) and FCIR4 (case #8) were determined by
either nucleotide sequencing of their exons and/or
band-shifts of PCR products of exons after their elec-
trophoresis and visualization on a gel (single strand con-
formation polymorphism), as described previously™
with minor modifications. The PCR reaction contained
genomic DNA, 500 nM of each of the primers, 200 nM
of each of the dNTP, 0.5 units of Taq DNA polymerase
and 3 pCi [-32P] dCTP in 20 pL PCR products were
diluted 10-fold in the loading buffer (10 mM NaOH,
95% formarmide, and 0.05% of both bromophenol blue
and xylene cyanol). After denaturation at 94°C for 5
min, 2 mL of the samples were loaded onto a 6% non-
denaturating polyacrylamide mutation detection
enhancement gel (Bioproducts, Rockland, ME, USA)
with 10% (v/v) glycerol and separated at 300 V for 20 h.
The gel was diied and subjected to autoradiography.

Quantitative real-time polymerase chain reaction
Gene-dosages of chromosome 6p24.3 in case #38, and
the MYC and CDKN2A genes in case #20 were deter-
mined by quantitative real-time PCR (iCycler, Bio-Rad,
Hercules, CA, USA) using Sybr Green. To determine the
relative gene dosage of each sample, the chromosome
2p21 region was measured as a control.” The copy-
number of the 2p21 region was normal, as determined
by SNP-chip analysis, in these samples. The delta
threshold cycle value (ACt) was calculated from the
given Ct value by the formula ACt = (Ct sample - Ct
control). The fold change was calculated as 2. Primer
sequences are shown in Ouline Supplementary Table S2.

Gene expression microarray analysis

Total RNA was isolated from AMI/MDS cells and
processed according to Affymetrix guidelines for analy-
sis with HGU133 Plus 2.0 microarrays. Data were ana-
lyzed with R version 2.5.0 using Bioconductor version
2.0." Data were normalized using the robust mult-
array average procedure.” Since most regions that
showed chromosomal abnormalities were not recur-
ring, we were not able to compare individual genes
across samples with statistical tests. To assess plausibil-
ity of large deletions and amplifications, we subtracted
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from each gene (in the respective region) mean expres-
sion of this gene in other cases: case #11 was compared
with 37 normal karyotype AML/MDS cases; and cases
#20, #4 and #5 were compared with other normal kary-
otype AML/MDS samples. We then calculated a mean
expression difference for each region and considered a
value below zero to be consistent with deletion and a
value above zero to be consistent with amplification.

Results

Proof of principal

To identify hidden abnormalities in AML/MDS with a
normal karyotype, 37 samples were analyzed by 250K
SNP-chip microarray. One additional case (case #11) had
only 13 metaphases and chromosomal abnormalities
were not detected on karyotypic analysis; this sample
did, however, have numerous genetic abnormalities
identified by SNP-chip including hemizygous deletions
of 3p25.1-p24.3 (2.29 Mb), 3p24.2-p24.1 (3.96 Mb),
3p23-q12.1 (66.55 Mb), 5q11.2-q-terminal (124.89 Mb),
7q11.23-¢36.1 (76.04 Mb), 7q36.2 (0.78 Mb), 11¢23.3-¢-
terminal (18.24 Mb), 17p-terminal-¢11.1 (22.48 Mb), and
17q11.2-q12 (4.42 Mb); duplicatons of 3p24.3 (2.14
Mb), 5p15.31 (1.83 Mb), and 5p14.3-q11.2 (35.53 Mb);
and trisomy of chromosomes 8, 21 and 22 (Table 2). To
confirm these SNP-chip results, we performed extensive
FISH analysis. The number of signals for probes D55721
(5p15.2), D5S23 (5p15.2), D7Z1 (centromere of chromo-
some 7) and ABL (9q34.12) was two, and SNP-chip
analysis also showed normal copy number (2n) consis-
tent with the SNP-chip data. The EGRI (5q381.2),
D75486 (7q31) and TP53 (17p13.1) probes revealed one
signal; and these regions also showed hemizygous dele-
tion (In) by SNP-chip analysis. D872 (centromere of
chromosome 8), AMLI (21¢q22.12) and BCR (22¢11.23)
probes showed three or four signals, and SNP-chip
analysis also indicated twisomy (3n) of these chromo-
somes. Chromosome 9 was nomal by both SNP-chip
and FISH analyses. As summarized in  Ounliine
Supplemeitary Table S3, the results of SNP-chip and FISH
analyses were completely congruent. Taken together,
these results suggest that SNP-chip analysis reflected the
genomic changes.

SNP-chip analysis in 37 normal karyotype acute
myeloid leukemia/myelodysplastic syndrome samples

SNP-chip analysis of samples from 37 patients with
normal karyotype AMIL/MDS revealed several genomic
copy-number changes, as well as CNN-LOH. Nineteen
patients (51%) had a normal genome by SNP-chip analy-
sis (group A). In contrast, 18 patients (49%) had one or
more genomic abnormalities (group B) (Figure 1).
Deletions and/or duplications were found in nine
patients (24%). Twelve patients (32%) had CNN-LOH.
In group B, 14 cases (78% of the 18 samples) had only
one genomic change; one case (6%) had two genomic
abnormalities (case #5); two cases (11%) had three
changes (case #2 and #4) and one case (5%) had four
genomic alterations (case #20).

We also compared the relationship between the

Table 2. Copy-number changes in case #11 detected by SNP-chip analysis.

3 3p25.1-p24.3 16,389,202 18,675,075 2.29
3p243 19,589,376 21,731,557 2.14
3p24.2-p24.1 24,881,910 28,844,599 3.96
3p23-ql2.1 33278003 99,828,897  66.55

5 5p15.31 7616335 9443217 1.63
5pld.3-qll.2 18,603,838 54,129,781 35.53
5q11.2-q-ter. 55,736,905  180,629495  124.89

7 7q11.23-36.1 71,659,926 147695696  76.04
7436.2 152,027,450 152,806,031 0.78

8 Trisomy ]

11 11q23.3-q-ter. 116,202,097  134439,182 1824

17 17p-ter-ql1.1 18,901 22494871 2248
17q11.2-q12 25499,505 29,918,396 442

21 Trisomy
22 Trisomy

Del
Dup
Del
Del

Dup
Dup
Del
Del
Del

Del

Del
Del

AML case #11 had numerous genetic abnormalities. Location and size (Mb) were obtained
trom UCSC Genome Browser: Copy-number changes pievioush desciibed as copy-rumber

caviant were excluded, Del: deletion; Dup: duplication; ter: terminal.

genomic changes and the French-American British clas-
sification of the 15 AML and 3 MDS samples in group B.
In the AML samples, 11 cases had CNN-LOH, three
cases had a duplication and seven cases had a deletion.
The one AML M1 sample (case #10) had CNN-LOH;
and the two AML M5b samples (cases #5 and #37) had
CNN-LOH in their chromosomes. In the four AML M4
samples, cases #38, #21 and #2 had CNN-LOH, and
cases #2 and #7 had a small deletion. In eight AML M2
samples, five (cases #4, #3, #17, #20, and #23) had CNN-
LOH, three (cases #4, #5 and #20) had a duplication, and
five (cases # 4, #5, #9, #20 and #26) had a deletion. In the
three MDS samples, one sample (case #12) had CNN-
LOH, and two samples (cases #13 and #41) had a dele-
ton (Figure 1, Tables 3 and 4). Taken together, these
results show that the patients who were categorized as
having normal karyotype AML/MDS had easily recog-
nizable deletions, duplications and/or CNN-LOH of
their genome.

Chromosomal region and candidate genes in
CNN-LOH detected by SNP-chip analysis

Previous studies demonstrated CNN-LOH in AML
samples at a frequency of 15-20%."*""'* "' Our analysis
with AsCNAR (allele-specific copy-number analysis
using anonymous references) revealed CNN-LOH in
32% of the AML/MDS samples with a normal kary-
otype; the median size of the CNN-LOH was 30.91 Mb
(range, 11.76 Mb-103.77 Mb). We found some cases
with a recurrent region of CNN-LOH. Cases #3 and #23
had CNN-LOH on 1p, and the common region of CNN-
LOH (30.85 Mb) included the tyrosine kinase genes
(FCR, EPHA2 and EPHEB?2) and an imprinted tumor sup-
pressor gene TP73 (Table 3). Cases #2 and #38 had CNN-
LOH on 6p and the common region of CNN-LOH (30.97
Mb) contained the tyrosine kinase gene DDR/ (Table 3).
Cases #4 and #37 had CNN-LOH on 8¢ and the com-
mon region of CNN-LOH (11.76 Mb) contained the
tyrosine kinase gene PTK (Table 3). CNN-LOH of the
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Figure 1. Genomic DNA of 37 acute myeloid leukemia samples
with normal karyotype were subjected to SNP-chip analysis;
genomic abnormalities are summarized. Pink, green and red
bars/boxes indicate CNN-LOH, deletion and duplication, respec-
tively. Nineteen patients (51%) showed no detectable genomic
abnormalities (data not shown), whereas 18 patients (49%) had
one or more genomic abnormalities. Deletion or duplication was
found in nine patients (24%), and CNN-LOH occurred in 12
patients (32%). Chromosomal location, size and genes are shown
in Tables 3 and 4.

whole region of 13¢q was found in cases #10 and #21;
this region contains the F/T3, [LT1, BRCA2 and RB |
genes (Table 3).

Cases #2, #8, #12, #17 and #20 had CNN-LOH on 19p
(13.41 Mb), 5¢ (103.77 Mb), 12 (96.23 Mb), 21q (29.54
Mb) and 9p (43.96 Mb), respectively. Although these
regions of CNN-LOH occurred in only one case each,
several interesting genes were found in the region,
including INSR, TYK2, and AATK (case #2); APC, LR,
FAIS/FLT4, PDGEFRB, ITK and FCGIFR4 (case #8),
AMLI/RUNX T (case #17), and JAK2 and TEK (case #20)
(Table 3).

Interestingly, cases #10 and #21 had a F/LT3-ITD gene
mutation (Table 3); case #17 had an AML//RUNXY
frameshift caused by a deletion of cytosine at nucleotide
211 (Table 3). Sequencing of JAK2 in case #20 showed a
homozygous canonical JAK2 mutation [V617F (GTC —
TTC)] (Table 3). Each of these mutations occurred at a
CNN-LOH. The data suggest that removal of a normal
allele and duplication of the mutated allele is favored by
the cancer cells.

Validation of copy number-neutral loss
of heterozygosity

To validate CNN-LOH, we determined SNP
sequences and gene-dosage in a CNN-LOH region
using case #38 (Figure 2). If a chromosome has LOH,
the nucleotide at the SNP site should not be heterozy-
gous, but should be homozygous. We, therefore,
examined six independent SNP sites in case #38 on the
chromosome 6p region of CNN-LOH including
157747259, rs1122637, 159505293, 156934027,
15280153 and r5191986. All six SNP sites showed only
a single nucleotide; no SNP sites showed heterozygos-
ity (Figure 2B). Each one of these sites is heterozygous
in the general population at a frequency varying
between 25% and 42% (Futrez SNP  database,
htip:/fvseseanchionlm. uil.gov/sites/cinirez ¢ db=sup). These
results strongly suggest that this region has LOH.

Next, we determined gene-dosage of the region to
exclude the possibility of hemizygous deletion. The
gene-dosage of 6p24.3 in case #38 was compared to
that of normal genomic DNA using quantitative
genomic real-time PCR by comparing the ratio
between 6p24.3 and the reference genomic DNA, 2p21.
As shown in Figure 2C, the amount of DNA at this site
for case #38 was almost the same as that for normal
genomic DNA, indicating that this region is not delet-
ed. Taken together, our sequence data and gene dosage
study validated the results of our SNP-chip analysis,
clearly showing CNN-LOH at 6p24.3.

Chromosomal regions of copy-number change
detected by SNP-chip analysis

Nine patients (24%) had small copy-number changes
including deletions and/or duplications; the median size
of the duplications and deletions was 0.3 Mb (range,
0.09-4.33 Mb) and 0.625 Mb (range, 0.11-5.87 Mb),
respectively. As shown in Table 4, hemizygous dele-
tions were found at 14¢21.2 (0.3 Mb, case #2), 17q11.2
(2.7 Mb, case #4), 12p13.31 - p13.2 (2.91 Mb, case #5),
21q21.2 (0.44 Mb, case #7), 2¢q36.2 (0.41 Mb, case #9),
2p23.1 (0.56 Mb, case #13), 4q24 (1.08 Mb, case #20),
9p21.3 - p21.2 (5.87 Mb, case #20), 3p26.3 (0.69 Mb,
case #20), and 8p23.2 (0.11 Mb, case #41). Cases #4, #5
and #20 had duplication at 1q43 (0.09 Mb), 18¢q21.2 (0.3
Mb), and 8q24.153 - 24.21 (4.33 Mb), respectively.
These regions contain well-known oncogenes and
tumor suppressor genes (Table 4). The tumor suppressor
genes, NI/ and CDKN2A/CDKN2B, and the transcrip-
tion factor, ETVe/TEL were deleted in cases #4, #20 and
#5, respectively; and the oncogene A1YC was duplicat-
ed in case #20.

Validation of copy-number changes

Next, we validated copy-number changes in cases
#20 and #5 using different techniques. Case #20 had
duplication at 8¢24.15 - q24.21 (Figure SA) and hemizy-
gous deletion at 9p21.3 - p21.2 (Figure 3B); these
regions contain the oncogene A1YC and the tumor sup-
pressor genes CDKN2A and CDKN2B, respectively.
Relative gene-dosages of the A1YC and CDKN2A genes
were examined by quantitative genomic real-time PCR
with the chromosome 2p21 region as a control. The
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level of the MYC gene was about 2-fold higher while
the level of the CDKN2A gene was approximately 10-
fold lower compared with normal genomic DNA
(Figures 3C and D).

Chromosome 12p13.31 - p15.2 was deleted in case #5;

(Figure 3E). FISH analysis with a probe of fluorescein-
labeled ETV6-downstream (normal copy-number
region) revealed two signals and a probe of Texas-red-
labeled ETV6-upstream (hemizygous deleted region)
revealed one signal (Figure 3F), validating the observa-

this region contains the transcription factor FTVe/TEL  tons from SNP-chip analysis.

Table 3. Chromosomal regions identified as CNN-LOH.

3 AML M5h Ip-ter.-p35.2 825,852 31,679,683 30.85 FGR
23 AML M2 Ip-ter.-p35.1 825,852 33,526,200 32.7 EPHA2. EPHB?
EPHAS, TPT3
Al LCK (only £23)
2 AML M4 Gp-ter. - p21.3 3119,769 31,094,483 3097 DDRI
38 AML M4 Gp-ter. - p21.3 119,769 33,781,344 33.66
4 AML M2 812.3 - g-ter. 64,069,352 146,106,670 62.04 PTR2
37 ~ AML MSb 8q24.22 - g ter. 134,507,698 146,263,535 176 ~ NBSI (only #)
10 AML M1 Whole 13q FLT3 (ITD)
21 AML M4 Whole 139 FLTI
BRCA2
% RBI
2 AML M4 19p-ter. - p13.13 212,033 13,625,099 1341 INSR, TYK2, MATK
8 AML M2 5q13.3 - q-ter 76,761,338 180,536,297 103.77 APC. FER, FMSFLT4
PDGFRB, ITK,
. FGFR4. NPMI
12 MDS RA 12q11 - g-ter. 36,144,018 132,377,151 96.23 HERS3
17 AML M2 21q21.1 - g-ter. 17,346,621 46.585,639 20.54 AMLI/RUNXI
(delC211,
¢ st O frameshift)
20 AML M2 9p-ter. - p21.3 140,524 21,047,062 20.91 JAK2 (V617F)
9p21.2-q2l1l 27,142,682 44,108,554 16.97 TEK

Tiwelve patients (32%) had CNNLOH, Physical localization, size (Mb),and genes weie oblained from UCSC Genome Broteser: Note: Cases #10 and #21 had a nutant form
of FUTSHnternal tandem repeat [FLT3 (11D)]. Case #20 had a mutant JAR2 (JAR2V6E] 7F) which is constitutivel: active,and case #1 7 had a deletion of cytosine at
mitcleotice 211 of AMLY/RUNXL, yesulting in a frameshift. *, Knotwn twosine kinase and tumor suppressor genes are shown.
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Figure 2. Validation of CNN-LOH (A) Region of CNN-LOH in chromosome 6 of case #38. Red dots represent SNP sites as probes and indi-
cate total copy-number. The blue line represents an average of copy-number and shows gene dosage. Green bars represents heterozy-
gous (hetero) SNP calls. Red and green lines show allele-specific copy-number (AsCN). Blue bars indicate LOH detected by heterozygous
SNP calls. (B) Determination of SNP sequences in the 6p region. Six independent SNP sites were sequenced. All six SNP sites contained
only a single nucleotide; no SNP site displayed heterozygosity. Results are consistent with CNN-LOH. (C) Determination of gene-dosage in
the 6p region. Gene-losage of 6p24.3 (CNN-LOH region) in case #38 is compared to that in normal genomic DNA using quantitative
genomic real-time PCR. Levels of the gene-dosage were determined as a ratio between 6p24.3 and the reference genomic DNA, 2p21.
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Table 4. Chromosomal location of small copy-number changes.

1 AML M2 1q43 235,009,590
17q11.2 25,002,820

5 AML M2 12p13.31-pl3.2 9,312,096
18q21.2 49,053,520

9 AML M2 29362 225,014,233
20 AML M2 4924 105,640,274
§q24.13 - q24.21 126,445,881

% 9p21.3 - p21.2 21,063,692

26 AML M2 3p26.3 1,221,075
2 AML M4 14q21.2 45,915,366
1 AML M4 21921.2 23,126,095
41 MDS RA* §p23.2 3,463,631
13 MDS RAEB-2  2p23.1 30,659,972

235,101,866 0.09 Dup
27,705467 27 Del NF1
12,218,922 2.91 Del ETV6 /TEL
49,357,887 03 Dup
225424075 0.41 Del
106,723,813 1.08 Del
130,777,342 433 Dup MYc
26,935,976 587 Del CDKN24, CDKN2B
1,911,673 0.69 Del
16,216,073 0.3 Del
23,566,855 044 Del
3,589,278 0.1 Del
31,220,245 0.56 Del

Nine patients (24%) had deletion and/or duplication. Location, size (Mb), and genes were obtained fom UCSC Genome Browser. Copy-umber changes previously

desaibed as copy-mumber vaviant weie excluded. Del; deletion, Dup; duplication. *Knotwn oncogenes and tiumor suppressor genes are shown.

Relationship between genomic abnormalities and
mutant genes within the region

In our normal karyotype AML/MDS samples, eight
cases (21°6) had FLT3-ITD and 14 cases (37%) had a
NPAl1 mutation (Table 1). We compared genomic
abnormalities, and FLT3-ITD and NPAl/ mutations
(Ouline Supplementary Table S4). Both FLT3-ITD and
NPM{ were mutated in two samples in group A (11%)
and four cases in group B (22%). A single mutation of
FLT3-ITD was found in one sample in group A (5%, and
one case in group B (6%); a single mutation of NPAT/
occurred in five samples in group A (26%) and three
samples in group B (17%). These mutations were, there-
fore, dispersed between both groups A and B

Relationship between genomic abnormalities
and gene expression

We compared genomic abnormalities and gene
expression. mRNA microarray analysis was done on all
samples.” First, the Jevel of mRNA expression in case
#11 was compared with that in 37 normal karyotype
AML samples. Affymettix microarray analysis showed
decreased average gene expression in the deleted
regions and increased gene expression for regions with
trisomy: the difference of average expression of genes
located on deleted regions of chromosomes 5, 7, 17, as
well as, trisomy 8, 21 and 22 were -0.21+0.01, -0.16
+£0.013, -0.27+0.018, +0.21+0.012, +0.22+0.022 and
+0.15+0.013 (mean difference + standard error), respec-
tively (Figure 4A and data iot shownr).

Next, we examined the relationship between small
copy-number changes and mRNA expression levels in
the region. For this analysis, we chose deleted regions
on chromosome 9 in case #20 (Figure 3B), chromo-
some 17 in case #4 (Table 4) and chromosome 12 in
case #5 (Figure 3E). The differences in mean expres-
sion of genes located in deleted regions of chromo-
somes 9 (case #20), 17 (case #4), and 12 (case #5) were

-0.15+0.07, -0.37+0.07, and -0.23+0.051 (mean differ-
ence + standard error), respectively (Figure 4B). These
results showed that large and small copy-number
changes led to alterations of mRNA expression. In addi-
tion, the difference in mean expression of genes located
in the CNN-LOH regions of each sample was compara-
ble to that in normal copy-number samples, suggesting
that CNN-LOH does not contribute to aberrant levels of
gene expression (data 1ot showir).

Discussion

Our genome-wide SNP-chip analysis of normal kary-
otype AML/MDS showed that 49% of these samples
had one or more genomic abnormalities including dele-
tions, duplications and CNN-LOH. Previous studies
demonstrated that CNN-LOH occurs in AML samples
at a frequency of 15-20%."7*7"'>** OFf interest, about
40% of cases of relapsed of AML had CNN-LOH.” In
our analysis, 32% of samples had CNN-LOH, and these
regions of CNN-LOH contain several tyrosine kinase
and tumor suppressor genes that may be candidate tar-
get genes in normal karyotype AML/MDS. In fact, the
FLT3-ITD (13q12.2), JAK2 V617F (9p24.1) and deletion
of a cytosine at nucleotide 211 of AMLI/RUNXI
(21¢22.12) occurred in areas of CNN-LOH resulting in
duplication of these mutant genes and loss of the nor-
mal allele. A prior paradigm was that CNN-LOH
marked the location of a mutated tumor suppressor
gene, but it is clear that CNN-LOH can also be a sign-
post of an activated (mutated) oncogene. OF note, sev-
eral CNN-LOH, including a region on chromosome 1p
(cases #3 and #23), 6p (cases #2 and #38), 8q (cases #4
and 37) and 13 (cases #10 and #21), occurred in more
than one sample. In addition, CNN-LOH of these
regions, as well as several other unique CNN-LOH
regions in our cohort, were also found in other stud-
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ies.”'™ Although these alterations are not frequent,

shared regions of CNN-LOH clearly highlight their
importance. These findings prompted us to screen genes
located in CNN-LOH regions. We focused on tyrosine
kinase genes including FCR (cases #3 and #23), DDR/
(cases #2 and #38), TYK2 (case #2), NIATK (case #2), 'R
(case #3) and [FGFR4 (case #8), and either determined
their exon nucleotide sequences or looked for single
strand conformation polymorphism band-shifts of PCR
products of the exons. However, these genes did not
have detectable mutations (/ata ot showi). Nevertheless,
we believe that these CNN-LOH, as well as deletions
and duplications, are acquired somatic mutations. We
examined these regions for known copy-number poly-
morphisms (web site, fup://projects.icag.ca/variation) and
found none. Also previously, we compared SNP-chip
data between matched samples of acute promyelocytic
leukemia and normal genomic DNA from the same indi-
vidual (Akagi ¢t al., unpublished data) and found that
CNN-LOH occurred only in the leukemia samples but
not in the corresponding germline DNA. Furthermore,
SNP-chip analysis easily detected a deletion on chromo-
some 3 (0.69 Mb) in case #28 in the AML sample which
was not present in the remission bone marrow sample
from the same individual (Ouline Supplenentary Figure
S1). Taken together, these tindings suggest that the alter-
ations detected by SNP-chip analysis are somatic muta-
tions.

We also found small copy-number changes in some
cases. Several features of case #20 are worthy of com-
ment. The MYC gene was duplicated, and the CDKN2A4
(P1o/INK4A and pil4/ARF) and CDKN2B (p15/INK4B)
genes were hemizygously deleted. Prominent expres-
sion of C-MYC protein is associated with stimulation of
pl4/ARF which inactivates MDM?2, producing greater
levels of p53 resulting in either apoptosis or slowing of
cell growth which allows for DNA repair.'* However,
when the p14/ARI gene is deleted, C-MYC has an unfet-
tered ability to simulate growth of the cells. Case #20
had this constellation of changes. Furthermore, this indi-
vidual had a homozygous JAK2 mutation. JAK? is mutat-
ed (codon 617, valine changed to phenylalanine) and con-
stitutively active in nearly 100%, 50% and 30% of sam-
ples from patients with polycythemia vera, agnogenic
myeloid metaplasia and essential thrombocythemia,
respectively, as well as in 1-3% of AML cases.” " We do
not know the prior history of this individual.

Some of the deleted genes are of particular interest;
first, the tumor suppressor gene NI/ was deleted in case
#4. Children with neurofibromatosis type-1 have inact-
vating mutations of the N// and an increased risk of
developing juvenile myelomonocytic leukemia,” and
LOH at the NF/ gene locus occurs in this form of
leukemia and other cancers. A recent study showed that
three of 103 T-ALL (3%) samples and two of 71 AML
samples with A1LL rearrangements (3%) had deletion of
the NI/ gene region; a mutation in the remaining N/
allele was found in three samples, suggesting that NI/
inactivation might be involved in the development of
leukemia. Second, conceming case #5 (deletion of
ETVo/TEL), ETVe/TEL is a transcriptional repressor and
is involved in various translocations associated with
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Figure 3. Validation of duplication and deletion: (A) Chromosome
8424.13-q24.21 is duplicated. This region contains the oncogene
MYC. (B) Chromosome 9p21.3 - p21.2 shows a deletion. The
deleted region contains the tumor suppressor genes CDKN2A
(p16/INK4A and pl4/ARF) and CDKN2B (p15/INK4B). (C, D)
Gene<losages of the MYC gene (C) and the CDKN2A gene (D)
region in case #20 are compared to normal genomic DNA by
quantitative genomic realtime PCR. Levels of the gene-dosage
are determined as a ratio between target gene and the reference
genomic DNA, 2p21. (E) Case #5 had hemizygous deletion in chro-
mosome 12p13.31-p13.2; this region contains the transcription
factor ETVG/TEL gene. Physical localization and size are present-
ed in Table 4. (F) FISH analysis of case #5 with probes for the
ETV6/TEL region. Probes of fluorescein-labeled ETV6-downstream
(normal region by SNP-chip analysis) and Texas-red-labeled ETV6-
upstream (hemizygous deleted region by SNP-chip analysis)
revealed one and two signals, respectively.
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