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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;q22)
translocation is one of these abnormal karyotypes, and
this translocation produces AMLI-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 AML/Y target genes and represses their
transcription.” The inv(16)(p13q22) or t{16;16)(p13;q22)
produces the leukemogenic CBFB-AMYH14 fusion gene
which blocks differentiation of hematopoietic stem cells
by inhibiting the function of AML1."* 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 frequent
translocations include t(9;11), t(6;11), inv(3)/t(3;3) and
1(6;9)." Trisomy 8, 11, 13, 21 and 22, and deletion of
chromosome 5/5q, 7/7q, 17/17p and 20/20q 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
ngm!i!.ll H

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 (FLT3) occur indbput
30% AML patients; two major mutant forms occtf: an
internal tandem duplication (ITD) or a point'mutation in
the tyrosine kinase domain (TKD)." Acrivating muta-
tions at codon 12, 13 or 61 of either the ANRAS or KRAS
occur in 25% and 15% of AML patients, respectively.'
About 10-15% of AML samples have inactivating muta-
tions of C/EBPa whose wild-type fanction is to enhance
differendation.”™ Nucl asminl (NPM1) is mutated
in 50-60% of AML samples with normal karyotype '"’
This protein has an important 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 o
detect CNN-LOH, as well as, copy-number changes in
AML/MDS genomes.

Design and Methods

Patients’

Samples from 30 anonymized patients with normal
karyotype AML and 8 anonymized patients with normal
karyotype MDS (age, 33-B8 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-
tonal mutations of FLT3and NPA1 are summanized in
Table 1. This study was" approved by Cedars-Sinai
Medical Center (IRBnumber 4485).

High-density SNP-chip analysis

Genomic'DNA’ was isolated from AML/MDS cells,
and the DNA Wwas subjected to GeneChip Human map-
ping 250 Koarray 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 protacals

(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 modifications; the status of copy-numbers
as well as CNN-LOH at each SNF 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
Intp://genome.uesc.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 deledon
at the immunoglobulin and T-cell receptor genes. Copy-
number variants as described previously at
hntp://projects.tcag.ca/vanarion and physiological deletions
were eliminated manually, and other regions detected
by allele-specific CNAG software are listed on Table 4.

Fluorescence In situ hybridization

Bone marrow samples from AML patients were used
for interphase fuorescence m situ hybrdization (FISH)
analysis. The FISH studies were performed using the fol-
lowing probes: D55721 (5p15.2), D5523 (5p15.2), D7Z1
(centromere of chromosome 7), ABL (9g34.12), EGRI
(5431.2), D75486 (7q31), TP53 (17p13.1), D8Z2 (cen-
tromere of chromosome 8), AML1 (21g22.12) and BCR
(22q11.23) (ABBOTT/VYSIS, Des Plaines, [L, USA)
Probes for the 12p13 region [fluorescein-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, (SNF identities are
157747259, 51122637, rs9505293, rs6934027, 15280153
and rs191986) in case #58 chromosome 6p region, the

Table 1 Baseline clinical characteristics of 38 cases of normal karyotype
acute myeloid Ieukmlajluye!ndnplwt syndrome.
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genomic region of each SNP site was amplified by
genomic polymerase chain reaction (PCR) using specif-
ic pnmers. For determination of JAK2 V617F mutation
in case #20, genomic PCR was performed with specitic
primers. PCR products were punfied and sequenced
The sequences of the primers are shown in Onfine
Supplementary Tables S1 and 52. To determine the FLT3-
ITD mutation, the PCR reaction was performed with
specific primers, and the PCR products were separated
on a 2.0% agarose gel stained with ethidium bromide as
described previously ** Mutations at exon 12 of the
NPM1 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 AML1/RUNXY mutation in case #17 as
described previously.” Alterations of several tyrosine
kinase genes including FCGR.(case #3 and #23), DDR/
(case #2 and 38), TYK?2 (case #2), MATK (case #2), FER
(case #8) and FGFR4 (case #8) were determined by
either nucleotide sequencing of their exons and/or
band-shifts of PCR products of exons after their elec-
wophoresis and-visualization on a gel (single strand con-
formation pelymorphism), as described previously”
with minarmodifications. The PCR reaction contained
genomic DNA, 500 nM of each of the primers, 200 nM
of.each of the dNTF, 0.5 units of Tag DNA polymerase
and 3'pCi |a-32P] dCTP in 20 pL PCR products were
diluted 10-fold in the loading buffer (10 mM NaOH,
95% formamide, and 0.05% of both bromophenal 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 dried 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 conuol.” The copy-
number of the 2p21 region was normal, as determined
by SNP-chip analysis, in these samples. The dela
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 Online Supplementary Table 52

Gene expression microarray analysis

Total RNA was isolated from AML/MDS cells and
processed according to Affymetnix 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 multi-
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
420, #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 AMI/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 abnormalides
identified by SNP-chip including hemizygous deletions
of 3p25.1-p24.3 (229 Mb), 3p24.2-p24.1 (3.96 Mb),
3p23.q12.1 (6655 Mb), 5q11.2-q-terminal (124.89 Mb),
7q11.23-g36.1 (76.04 Mb), 736.2 (0.78 Mb), 11q23.3-q-
terminal (18.24 Mb), 17p-terminal-q11.1 (22 48 Mb), and
17q11.2-q12 (4.42 Mb); duplications of 3p24.3 (2.14
Mb), 5p1531 (1.83 Mb), and 5pl14.3-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-chxp
analysis also showed normal copy number (2n) consis-

tent with the SNP-chip daca. The EGRI (5q312)."

D75486 (7g31) and TF53 (17p13.1) probes revealed one
signal; and these regions also showed hemizygous-dele-
tion (1n) by SNP-chip analysis. D8Z2 (centromere of
chromosome 8), AML1 (21922.12) and BCR 22q11.23)
probes showed three or four signals,/and SNP- ch:p
analysis also indicated wrisomy (3n)of these chromo-
somes. Chromosome 9 was normal by both SNP-chip
and FISH analyses. As” summarized in Online
Supplementary Table 53, the results of SNP-chip and FISH
analyses were mmplmry congruent. Taken together,
these results suggest that.SNP-chip analysis reflected the
genomic changes.

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

SNP-chip analysis of samples from 37 patients with
normal karyotype AML/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
abnormalides (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

iatle 2. Copy-number changes in case #11 detected by SNP-chip analysis.
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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'ope AML M1 sample (case #10) had CNN-LOH;
and the two AML M5b samples (cases #3 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, #8, #17, #20, and #23) had CNN-
LOH, three (cases #4, #5 and #20) had a duplication, and
five (cases # 4, #3, #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-
tion (Figure 1, Tables 3 and 4). Taken together, these
results show that the patients who were categonized 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
{FGR, EPHAZ? and EPHB?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 8q and the com-
mon region of CNN-LOH (1176 Mb) contained the
tyrosine kinase gene PTK (Table 3). CNN-LOH of the
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whole region of 13¢-was found in cases #10 and #21;
this region contains the FLT3, FLT1, BRCA2 and RB1
genes (Table 3).

Cases #2, #8, #12, #17 and #20 had CNN-LOH on 19p
(13.41 Mb), 5q (103.77 Mb), 12q (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 interesung genes were found in the region,
including INSR, TYK2, and AIATK (case #2); APC, FER,
FMS/FLT4, PDGFRB, ITK and FGFR4 (case 48),
AMLA/RUNX1 (case #17), and JAK2 and TEK (case #20)
(Table 3).

Interestingly, cases #10 and #21 had a FLT3-ITD gene
mutation (Table 3); case #17 had an AML1/RUNX1
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 wvalidate CNN-LOH, we determined SNF
sequences and gene-dosage in a CNN-LOH region
using case #38 (Figure 2). If a chromosome has LOH,
the nucleotide at the SNF 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
rs/747259, rs1122637, rs9505293, rs6934027,
5280153 and rs191986. 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 geneml pupu!mun at a frequency varying
between 25% and 42% (Emtrez SNP datalbase,
hetp:/fwewe. ek mdm. mil.gov/sies/entrezidb=snp). These
results strongly suggest l:hat 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 genomi¢ DNA using quantitative
genomic real-time ‘PCR by comparing the ratio
between 6p24.5-and the reference genomic DNA, 2p21.
As shown inFigure 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 14q21.2 (0.3 Mb, case #2), 17q11.2
(2.7 Mb, case #4), 12p13.31 - pl3.2 (2.91 Mb, case #5),
21g21.2 (0.44 Mb, case #7), 2q36.2 (0.41 Mb, case #9),
2p23.1 (0.56 Mb, case #13), 4924 (1.08 Mb, case #20),
9p21.3 - p21.2 (5.87 Mb, case #20), 3p26.3 (0.69 Mb,
case #26), and 8p23.2 (0.11 Mb, case #41), Cases #4, #5
and #20 had duplication at 1q43 (0.09 Mb), 18921.2 (0.3
Mb), and 8q24.13 - g24.21 (433 Mb), respectively.
These regions contain well-known oncogenes and
tumor suppressor genes (Table 4). The tumor suppressor
genes, NF1 and CDKN2A/CDKNZ2B, and the transcrip-
tion factor, ETV6/TEL were deleted in cases #4, #20 and
#5, respectively; and the oncogene MYC 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 Bq24.13 - q24 21 (Figure 3A) and hemizy-
gous deletion at 9p21.3 - p21.2 (Figure 3B); these
regions contain the oncogene AIYC and the tumor sup-
pressor genes CDKN24 and CDKN2B, respectively.
Relative gene-dosages of the ATYC 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 - p13.2 was deleted in case #5;
this region contains the transcription factor ETVe/TEL

Table 3. Chromosomal regions identified as CNN-LOH,

3 AML M5t

25852

(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-
tions from SNP-chip analysis.
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Table 4. Chromosomal location of small copy-number changes.
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1221851 291 Del ETVE/TEL
19357,381 03 Dup
225424075 04 Del
106,723,813 108 Del
13077742 433 Dup e
2835975 587 Del CDKN2A, COKNZB
1911873 069 Del
46216073 03 De)
23,566,855 04 Del
3580278 a1l Del
31220245 056 Del

Nine porienss (247 ) hod deletion and /or duplication. Location, size (Mb). and genes were obinined from LCSC Genome Broaser Cggremimbes chianges previousl
described ax copy-number variant wene evcloded Del: deletion. Dup; duplication *Known oncogenes and fumos suppressor gines gre shoen

Relationship between genomic abnormalities and
mutant genes within the region

In our normal karyotype AML/MDS samples, eight
cases (21%) had FLT3-TTD and 14 cases (37%) had a
NPM4{ mutation (Table 1). We compared genomic

abnormalities, and FLT3-[TD and NPM{ mutations:

(Online Supplementary Table §4). Both FLT3-ITD and
NPAM1 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 NPAL/
occurred in five samples in group A (269%) 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 level of mRNA expression in case
#11 was compared with that in 37 normal karyotype
AML samples. Affymetrix 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-
uvely (Figure 4A and dara nor shown).

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 not shown),

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%."=*** Of 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/RUNX1
(21922.12) 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), 8g (cases #4
and 37) and 13q (cases #10 and #21), occurred in maore
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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1"\ these alterations are not frcqucn:.
NN-LOH clearly highlight cheir
importance. These findings prompted us to screen genes
located in CNN-LOH regions. We focused on tyrosine
kinase genes including FGR (cases #3 and #23), DDR1{
(cases #2 and #38), TYK2 (case #2), MATK (case &2;. FER
(case #8) and FGFR4 (case #8), and either determined
their exon nucleatide sequences or looked for single
strand conformation polymorphism band-shifts of PCR
products of the exons. However, these genes did not
have detectable mutations (data not shown). 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-
maorphisms (web site, hnp:/projecis.icag.ca/vanation) and
found none. Also ]1’6"!UU31\- we compared SNP-chip
data l"t"'ff"e'[ xllL!lLu ‘aﬁn'\r.l_‘-n al acute p'\)n't\-'t_]ﬁ;\rn\.
Jeukemia and normal genomic DNA from the same indi-
vidual (Akagi er al, unpublished datw} 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 (Online Supplememary Figure
S1). Taken together, these findings 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 CDKN2A
(p16/INKSA and p14/ARF) and CDKN2B (pr15/INK4B)
genes were hemizygously deleted. Prominent expres-
sion of C-MYC protein is associated with stimuladon of

pl4/ARF which inactivates MDM2, producing greater
]Lv:J:. of p:\.‘: resulting in either apoptosis or slowing of
cell growth which allows for DNA repair = "However,
when the p14/ARF gene is deleted, C-MYC has an unfet-
tered ability to stimulate growth of the cells. Case #20
had this constellation of changes=Furthermore, this indi-
vidual had a homozygous JAKZ mutation. JAK2 is mutat-
ed (codon 617, valine changed to phenylalanine) and con-
-.L.mmrlv active in nearly 100%, 50% and 30% of sam-
ples from padents with-polyc vth»mm 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 NFI was deleted in case
#4, Children with neurofibromatosis type-1 have inacti-
vating mutations of the NF{ and an increased nsk of
developing juvenile myelomonocydc leukemia,” and
LOH at the NFf 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 MLL n:.mang:ments (3% had deletion of
the NF1 gene region; a mutation in the remaining NF1
le was found in three samples, suggesting that NF/
ivation might be involved in the development of
Second, concemning case #5 (deletion of

/TEL}, ETV6/TEL is a transcriptional repressor and
15 mvu]vu‘ in various translocations associated with
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Gene-dosages of the MYC gene (C) and the CDKNZA gene (D)
region in case #20 are pared to DNA by
quantitative genomic realtime PCR. Levels of ‘ihe gene-dosage
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leukemia. About 30% of AML patients have loss of
expression of the ETV6/TEL protein;*"“ mutations of
ETVEé/TEL were found in 2% of AML samples, and
these mutants behaved in a dominant-negative fash-
ion." Interestingly, previous array-comparative genome
hybridization analysis of normal karyotype AML
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showed duplication of 8q24.13-924.21 (including the
AMYC gene) and deletion of 12p12.3 (including the ETVe
gene);"' this constellation of alterations was also
observed in our study.
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copy-number loss or gain of chromosomal material
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were associated with either decreased or increased
mRNA expression of genes in thar same region, respec-
tively, demonstrating the relationship between chromo-
somal status and gene expression. From an analysis per-
spective, we applied a descriptive approach and intend-
ed to assess plausibility of data. Some genes do indeed

T. Akagi et al.

have higher expression values in deleted regions (Figure

4A, red points above zero) than in other cases, and some
genes have lower values in trisomy (Figure 4A, red
points below zero) than in other cases. However on
average, expression in deleted regions is clearly lower

than in non-deleted cases.

Because most regions are not recurring, we compared
only one sample versus the rest (i.e. case #11 was com-
pared with 37 normal karyotype AML/MDS cases; and
cases #20, #4 and #5 were compared with other normal
karyotype AML/MDS samples.) Various technical and
biological sources of noise can confound the analysis.
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Objective. Myeloproliferative disorders (MPD) are clonal hematopoietic diseases that include
polycythemia vera (PV), essential thrombocytosis (ET), and primary myelofibrosis (PMF).
Mutations in JAK2 are present in many MPD patients. Additional genomic abnormalities
are not fully examined in MPD.

Materials and Methods. We used single-nucleotide polymorphism DNA microarray (SNP-
chip) to analyze 43 patients with MPD (10 PV, 17 ET, and 16 PMF) for genomic aberrations.
Results. Genomic abnormalities were rare in ET. The region containing either RB (13q14) or
NF1 (17qll)wndeletedlnﬂufﬂuelﬁPMF,ﬂpuiﬂlyMﬂﬂlmMmmmﬂve
cases of PV having homozygous JAKZV617F had loss of heterozygosity with normal copy
number [uniparental disomy] involving the gene. A subpopulation with 9p uniparental disomy
was detected in 11 MPD (3 PV, 1 ET, 7 PMF). Uniparental disomy at 1p was found in one PV
and three PMF. A novel mutation of MPL (Y591D), which was involved in this uniparental
disomy, was found in 1 PV with JAK? mutation. The other three cases of PMF with 1p uni-
parental disomy had point mutations of the MPL gene, either a novel mutation (S204F) or
the previously described W515L.

Conclusion. Genomic abnormalities, including 9p uniparental disomy/JAK2 point mutations,
1p uniparental disomy/MPL point mutations, deletions of RBI and NFI are common alter-
ations in MPD, especially in PMF. © 2008 ISEH - Society for Hematology and Stem
Cells. Published by Elsevier Inc.

Myeloproliferative disorders (MPD) are clonal hematopoi-
etic diseases that are classified based on their clinical fea-
tures into subtypes that include polycythemia vera (PV),
essential thrombocytosis (ET), and primary myelofibrosis
(PMF) [1-3]. Recently, activating point mutations of
JAK? kinase in exon 14 (V617F) [4-8] and exon 12 [9]
have been detected in MPDs. These alterations transform
JAK2 into a constitutively active kinase, leading to dysre-
gulated proliferation of hematopoietic cells. JAK2V617F
is detected in >90% of cases of PV and ~50% of cases
of ET and PMF [4-8]. Further, a point mutation of the
MPL gene (W515L) has been detected in PMF [10,11].

*Drs. Kawamata and Ogawa ibuted equally ibuted to this
work as the first authors,
Offprimt to: Norihiko K. ata, M.D., H logy/Oncology,

Cedars-Sinai Medical Center, UCLA School of Medicine, 8700 Beverly
Boulevard, Los Angeles, CA 90048; E-mail: kawamatan®@cshs.org

This point mutation also activates Jak2/Stat signal transduc-
tion and induces proliferation of hematopoietic cells and an
MPD phenotype in murine models of disease [10].

Nevertheless, clonality analysis suggests that, at least in
some cases, the JAK2V617F allele is acquired as a second-
ary event [12]. Thus, further genetic analysis is required to
understand the pathophysiology of JAK2V617F-negative
cases of ET and PMF, and to identify other acquired so-
matic mutations that contribute to disease pathogenesis in
collaboration with JAK2V617F.

Recently, genomic microarray has been developed in
which oligonucleotide probes corresponding to 50,000 to
1,000,000 chromosomal locations over the whole genome
are placed on small glass plates. DNA extracted from can-
cer cells and normal cells are fragmented and labeled with
fluorescence. The fluorescence-labeled DNA fragments are
hybridized on the microarray, and the amount of DNA

m147MMCﬁmw,Cwyﬁgm®mtSEll-SodﬂyquenmnlogyndStcchﬂs.MﬁMbyﬁlmialm.
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hybridized to each probe is measure on the scanner, leading
to quantification of alleleic dosage at each genomic site,
This technique allows detection of subcytogenetic deletions
and amplification over the genome. Further, new screening
platforms using arrayed oligonucleotide that contain
single-nucleotide polymorphisms (SNP), so-called “SNP-
chip,” have been developed [13-15]. All probes on the
SNP-chip are oligonucleotides containing SNPs and two
types of probes (alleles A and B) are placed at each geno-
mic locus. The probes are designed so that one nucleotide
difference in two probes (alleles A and B) leads to different
hybridization affinity of the probes. Therefore, SNP-chips
are able to distinguish each parental allele (allele A or B)
al heterozygous sites and to detect sensitively any alleleic
imbalance at these sites [13-15]. Because probes on SNP-
chips are designed based on reported SNP sequences, this
technique cannot detect somatic mutations acquired in can-
cer cells. This technique allows detection of loss of hetero-
zygosity with peutral allelic dosage [uniparental disomy]
that cannot be identified by conventional methods, as well
as, gain/loss of genomic materials at very high resolution
[13-15]. We employed this technique for analysis of a set
of JAK2V617F-positive (24 cases) or negative (19 cases)
MPD samples to identify novel genomic abnormalities.

Materials and methods

Clinical samples and DNA prep

Forty-three patients with MPD, including 10 PV (all JAK2V617F-
positive); 17 ET, including 7 JAK2V617F-positive; and 10
JAK2V61TF-negative cases and 16 PMF, including 10 JAKZV617F-
negative and 6 JAK2V617F-positive cases were enrolled in this
study after informed consents were obtained. DNA was extracted
from neutrophils in the peripheral blood, using the standard protein-
ase K-phenol-chloroform extraction method. Bone marrow or
peripheral blood cells were cultured in RPMI- 1640 medium with
10% fetal bovine serum for 48 hours at 37°C. Chromosomes were
according to the International System for Human Cytogenetic
Nomenclature.

SNP-chip analysis
SNP-chip of GeneChip Human mapping 50 k array Xbal 240 was
used for this study (Affymetrix, Tokyo, Japan). Fragmentation and
labeling of DNAs were performed using GeneChip resequencing
kit (Affymetrix) according to manufacturer’s protocols. Hybrid-
ization, washing, and signal detection were performed on a Gene-
Chip Fluidics Station 400 and GeneChip scanner 3000 according
to manufacturer’s protocols (Affymetrix).

To reduce noise, we used “local mean analysis™ as described
previously [16]. In brief, the sequence of the mean log 2 ratios,

k=1
‘z:f'w=lfk Z "A:“" REF
i

is calculated where £ is the number of terms to be averaged
and arbitrarily set from 3 to 10, according to the SD values

logy 2008:36:1471-1479

after compensations of log 2 ratios and optimization of non-
references for diploid SNPs. In the alternative analysis
using a hidden Markov model, the inference of copy num-
ber is more efficient and automated, in which a real state of
the copy number sequence (a hidden state) along a chromo-
some is inferred from the observed sequence © A/ **F a5
the state of maximum likelihood that is calculated from the
state transition load and the probability of the hidden state
to “emit” the observed sequence of log 2 ratios, using the
Viterbi algorithm [16]. We assumed that copy number
change is the result of a genetic recombination event
between the two adjacent SNP loci, and Kosambi’s map
function (1/2)tanh(26) is used to transform the genomic dis-
tance, or recombination fraction between the two SNPs (8)
to state “transition probability,” where 0 is expressed in cM
units; for simplicity, 1 ¢cM should be 1 Mbp. The observed
log 2 ratio is assumed to follow the normal distribution ac-
cording to real copy number states, which gives the “emis-
sion probability.” The variables of normal distribution were
empirically determined from the experimental data [16].

Allele-specific PCR for JAK2 mutation

Allele-specific polymerase chain reaction (PCR) was performed ac-
cording to the method previously reported to detect JAK2 V617F
mutations [4]. All 43 MPD cases were examined using

specific pnmers and wild-type-specific primers for the JAK2
gene as reported previously [4]. All PCR products were electro-
phoresed in 2% agarose gels containing ethidium bromide. PCR
bands were visualized under ultraviolet light and photographed.

Quantitative genomic PCR

Quantitative genomic PCR was performed using real-time PCR
technique as described previously. Gene dosage of the NFJ and
RB was measured [14]. All primers used for the quantitative geno-
mic PCR are listed in Supplementary Table 1.

PCR and sequencing

All coding exons of FGRI, TIE!, and MPL genes were amplified
from selected samples using the PCR technique. The primers used
for amplification of the MPL gene are listed in the Supplementary
Table 1. The PCR conditions were as follows: 40 cycles of 94°C,
30 seconds for denaturing, 55°C, 30 seconds for annealing, and
73°C, 30 seconds for extension. All PCR products were electro-
phoresed in a 2% agarose gel; PCR bands were excised, and puni-
fied using Qiagen Gel extraction kit (Qiagen, Valencia, CA, USA)
according to manufacturer’s protocols. Purified PCR bands were
directly sequenced using the Big-dye sequence reaction (Applied
Biosystems, Foster City, CA, USA) and analyzed on an Autose-
quencer 3100 (Applied Biosystems), PCR products which had mu-
tations of S204F-MPL (MPL exon 4), W515L (MPL exon 10),
Y591D (MPL exon 12) as detected by direct sequencing were
cloned into pGEM-T vectors (Promega) and transformed inlo Es-
cherichia coli-competent cells. Plasmids were extracted from
cight independent clones of each PCR product and their nucleotide
sequences were delermined.

Screening of normal DNA
DNA from 100 normal volunteers and 42 MPD patients were
screened for S204F and YS591D mutations of the MPL gene.
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PCR products of exon 4 of MPL were digested with AlwNI for the
S204F mutation (wild-type is digested and mutant is not digested);
PCR products of exon 12 of MPL were digested with BsiEl for the
Y591D mutation (wild-type is not digested and mutant is di-
gested). The treated PCR products were run in 2% agarose gel.

Expression of MPL in BaF|3 cells

Human full-length MPL ¢DNA was cloned into pMSCV vector
(Clontech, Mountain View, CA, USA) from normal human bone
marrow cells using PCR. EGFP cDNA (Clontech) was ligated
into the pMSCV vector as a marker protein driven by the pGK
promoter. S204F, W515L, and Y591D mutations were introduced
into pMSCV-EGFP-hMPL vector by the PCR mutagenesis
method. Expression of wild-type and mutant MPL was driven
by LTR. The constructs were electroporated into the murine inter-
leukin-3 (IL-3)-dependent B-cell line, BaF/3, and cultured in
media containing [L-3 for 2 days. Green fluorescent protein—
positive cells were selected by fluorescein-activated cell sorting
and cultured in media without IL-3. Cell numbers were counted
on days 2, 4, and 6,

Results

Chromosomal duplications and deletions in MPDs
Genetic abnormalities, including deletions and duplica-
tions, are shown in Figures 1A to C and summarized in
Table 1. Gain of genomic materials was detected in 5 of
the 43 MPD samples; loss of genomic materials was de-
tected in 9 of 43 MPD cases. Trisomy 9 was detected in
one PV and one ET; duplication of 9 p was identified in
one PV; duplication of 9q21.11-gter was detected in one
PME

Seven of 16 samples of PMF had loss and/or gain of
genomic material. Notably, five of the nine cases of PMF
with no JAK2 mutations had genomic alterations, including
deletion involving RBI (13q14) (PMF case nos. 29, 84, and
287); deletion involving NFI (17q11) (PMF case no. 485),
duplication of 8q21.3, duplication of 9q21.11-gter, duplica-
tion of 4g28.1-qter, deletion of 12p13 and deletion of 424.
Deletion of 4924 (PMF case no. 109) was also detected by
conventional cytogenetics confirming the SNP-chip resulls
(data not shown). Deletions of NF1 and RB/ were also con-
firmed by quantitative genomic PCR (Suppl. Fig. 1).

Only 2 of 17 ET cases had genomic alterations; those
with wild-type JAK2 (10 cases) had a normal genomic
pattern (Table 1). One case of ET had deletion at 5q23.1 in-
volving a single gene, LOC51334. We analyzed nucleotide
sequences of all exons of the remaining allele, as well as,
methylation status of the promoter region of this gene in
this case; and found neither methylation nor mutation of
the gene (data not shown).

9p uniparental disomy

and JAK2 point mutations in MPD

One of the advantages of SNP-chip analysis is the ability to
detect uniparental disomy [17]. This novel analysis can

logy 2008:36:1471-1479 1473
detect uniparental disomy even when clones with uniparental
disomy are not dominant [17]. We found uniparental disomy
in the 9 p region that involved JAK2 in five PV samples, in
which the clones with the uniparental disomy were dominant
(Fig. 2A and Table 1) because large regions of loss of hetero-
zygosity without loss of DNA copy number were detected.
Each of these cases showed homozygous JAK2V617F muta-
tions by allele specific PCR (Table 1).

Further, we identified 11 cases with 9 p uniparental dis-
omy (3 PV, 1 ET, and 7 PMF), in which these clones were
not dominant (Table 1). Although regions with loss of het-
erozygosity of 9 p in these cases were quite obvious, allele-
specific gene-dosage analysis clearly indicated that dosage
level of one of the parental alleles was lower than normal
level, and the other parental allele was higher (Fig. 2B).

One PV and one ET had both wild-type JAK2 and
JAK2V617F with trisomy 9. Another PV had both wild-
type JAK2 and JAK2V617F with duplication of 9 p, but
we were unable to determine if either the mutant or wild-
type allele was duplicated in these cases.

Point mutations of the MPL

gene in MPD with 1p uniparental disomy

SNP-chip analysis showed 1 p uniparental disomy in two
cases of PMF (case nos. 29 and 84) (Fig. 3A), suggesting
the possibility of a transforming allele in this region. Anal-
ysis of the common region of uniparental disomy on 1 p of
these two cases of PMF showed two tyrosine kinase (FGR
and TIEI) genes and the thrombopoietin receptor (MPL)
gene; each is known to be expressed in normal hematopoi-
etic cells [18-20]. We sequenced all coding exons of the
FGR, TIEI, and MPL genes in these two PMF cases. No
mutations in the FGR and TIE] genes were detected (data
not shown). However, we found a point mutation in the
MPL gene that changed codon 204 from TCT to TTT
(S204F) in case no. 29 (Fig. 3B) and changed codon 515
from TGG to TTG (W515L) in case no. 84 (Fig. 3C).
Each sample had no wild-type allele as shown by direct se-
quencing analysis (Figs. 3B and C).

In another sample of PMF (case no. 325) and PV (case no.
298), | puniparental disomy was detected in a subpopulation
of the tumor cells (Fig. 4). We sequenced all exons of the
MPL gene in these two cases and found point mutations of
the MPL gene (W515L and Y591D) (Fig. 4). In case no.
325 of PMF, TGG changed to TTG at amino-acid 515, lead-
ing to substitution of leucine for tryptophan (Fig. 4A); in case
no. 298 of PV, TAC changed to GAC at amino-acid position
591, leading to substitution of aspartic acid for tyrosine
(Fig. 4B). In these cases, wild-type sequences were detected
as well, suggesting that clones with these mutations were not
predominant. All point mutations were also confirmed after
subcloning of the PCR products into plasmids (data not
shown). Positions of the MPL mutations are shown in
Figure 5; S204F mutation is in the extracellular region;
W515L and Y591D are in the cytoplasmic domain.
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(C) are shown. PMF = primary myelofibrosis.

Discussion

Recently, we developed a new algorithm for SNP-chip anal-
ysis that reduced noise (false-positive and false-negative
results), making the data more reliable [16,17]. We have
previously validated the sensitivity and specificity of the
SNP-chip analysis using genomic real time PCR, fluores-
cence in situ hybridization, and nucleotide sequencing

[14-17]). This platform and our movel algorithm allow
detection of very small genomic abnormalities at a very
high sensitivity [14-17],

Comparison between tumor samples and matched con-
trol samples is the best way to detect genomic loss/gain
in cancer samples. However, it is not always possible (o ob-
tain maiched control samples. As reported by a number of
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Table 1. Genomic abnormalities detected by SNP-Chip in MPDs

Discase casc # JAK2 urD uPD*

Other sbnormalities

PV 8
1m
175
298
375
86
249
307
7
354

ET 114
115
146
201
240
281
285
34
446
461

5
186
m
272
313
330
374
MMM 29
56
B4
138
183
196
325
459
485
109
120
122
191
287
442
457

9%

SEESS

——— e e = O OO OO OSSO === =00 000D 00D NRNNN—— ===

TEEEEES

dup 9p, dup 3q, Trisomy 4, del 11q
Trisomy 9

YS9ID

Del 5q23.1(LOCS1334)

Trisomy 9

RB del S204F
RB del Dup 84213 Ws15L
Dup 9q21.11-qier, Dup 4q28.1-qter

W5I15L

Del 12p13
Del 4q24

UPD: unif | disomy, Del: deletion, Dup:

uslication.
JAK2: Mutational status of JAK2 gene; 0, only wild-type JAK2 allele was detected;

I.buﬂ:wﬂd—typelndmnﬂﬂlalklﬂofm were detected;
2, only mutated allele of JAK2 was detected.

*: Subpopulation had UPD which was detected by allele-specific gene dosage analysis.

*=. Mutational status of MPL gene (see Result Section)

investigators, the buman genome has copy number variants
(CNV), and many genomic sites of CNV have been re-
ported [21-24]. When allelic copy numbers of tumor sam-
ples are compared with nonmatched control samples,
differences of copy numbers at CNV sites could be inter-
preted as either a deletion or amplification/duplication.
However, these are not pathological abnormalities, but
caused by variants. In our study, we used non—self-refer-
ence data for comparison. We excluded the known regions

of CNV in our study, therefore, the abnormalities found
here are unlikely 1o be areas of CNV.

SNP-chip is a powerful tool for genome-wide analysis of
genetic abnormalities [14,15], It allows for detection of
small deletions and amplification that cannot be detected
by standard karyotyping techniques [14,15]. Using this
approach, commonly deleted and/or amplified regions of
the genome can be defined to facilitate the identification
of target umor suppressor genes and/or oncogenes in these
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Figure 2. Uniparental disomy of 9 p in myeloproliferative disords ples. (A) Unip | disomy in domi clones, Green bars indicate heterozygous
single-nucleotide polymorphism (SNPs). Regions with pink lines show those regions with loss of heterozygosity but with normal DNA copy number (uni-
parental disomy). Position of JAK2 gene is indicated by an amrow. Case numbers are shown to the right of the ch (B) Uny I disomy in

nondominant clone. Representative cases having nondominant clones with 9 p uniparental disomy are shown. In each panel, a blue line at the top indicates
level of total gene dosage. Gireen bars under the chromosome indicate heterozygous SNP sites detected by SNP-chip analysis. Green and red lines in the
bottom in each panel d levels of p I gene dosage. Uniparental disomy regions have decrease of one of the parental gene dosage (green
line) and increase of gene dosage of the other parental allele (red line). ET = essential thrombocytosis; PMF = primary myelofibrosis; PV = polycythemia
vera; UPD = uniparental disomy.

loci. For example, we identified deleted regions of PMF uniparental disomy when fluorescence in situ hybridiza-
that include either the RBI (13q14) or NFI (17q11) locus. tion displayed an intact chromosome pattern and the

Recently, uniparental disomy that is not detectable by loss of heterozygosity analysis demonstrated allelic imbal-
conventional techniques has been reported in human ance al the locus [26]. However, this approach is both
cancers [14.25.26]. Most investigators have assayed for time- and labor-intensive compared with use of SNP-
loss of heterozygosity using microsatellitc markers, chip for detection of uniparental disomy. For example,
combined with fluorescence in situ hybridization to detect we detected five PV cases with 9 p uniparental disomy.
uniparental disomy [26]. A region was defined as having Each 9 p uniparental disomy case had two JAK2 mutated
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Figure 3. Uniparental disomy of | p and point mutations of MPL in primary myelofibrosis (PMF). (A) Two cases of PMF with clear uniparental disomy in
the | p region are shown. Green bars indicate heterozygous single-nucleotide polymorphism (SNPs). Regions with pink lines show those regions with loss of
heterozygosity but with normal DNA copy number (uniparcntal disomy). Position of MPL gene is indicated by an arrow. Point mutations of MPL found in
two PMF cases are shown: S204F (B) and W515L (C). The sequences were determined by direct nucleotide sequencing. Sequences of normal alleles are

shown in the upper panels. UPD = uniparental disomy.

alleles as confirmed by allele-specific PCR. As previously
reported, uniparental disomy is a common mechanism for
duplication of the mutant JAK2V617F allele in PV [6],
presumably through mitotic recombination and subsequent
positive selection for clones harboring two mutant alleles.
We previously developed a new algorithm allowing us to
evaluate allele-specific gene dosage (gene dosages of
patenal and maternal alleles) without matched control
samples [17]. This new algorithm can very sensitively
and accurately detect uniparental disomy regions even
though the clones with uniparental disomy are as small
as 20% of whole tissues [17]. We previously found that
9 p uniparental disomy in nondominant clones were fre-
quent events in MPD [17].

Using this method, we could detect nondominant clones
with 9 p and/or | p uniparental disomy, which may be over-
looked by standard algorithm used for SNP-chip analysis.
Uniparental disomy was a very frequent event in PMF;
three cases had | p uniparental disomy and seven cases
had 9 p uniparental disomy. In contrast, only one of the
ET cases in this study had uniparental disomy. In ET, we
only found one sample with deletion of 5q23.1 and another

with trisomy 9, as well as, 7 cases with a JAK2 mutation.
This observation could be explained by either lack of in-
volvement of the granulocytic lineage (our source of
DNA) in these ET patients, or by point mutations or other
genetic abnormalities in these samples that were not
detected by SNP-chip analysis. Clearly, the pathogenesis
leading to ET, especially ET without a JAK2 mutation,
remains to be elucidated.

We detected a novel 1 p uniparental disomy in samples
from three PMF and one PV individuals. Becanse chromo-
somal regions of uniparental disomy are hotspots of genes
mutated in cancers, we screened all coding exons of several
candidate genes, including MPL, in the 1 p region by direct
nucleotide sequencing. In each case, we found a point
mutation of the MPL gene; two samples involved the well-
know mutation, W515L [ 10,11], and the other two were novel
mutations (S204F and Y591D). Unfortunately, because the
matched control samples of these cases were not available,
we could not examined if these changes were found in their
germline. Nevertheless, we did screen 100 DNA samples
from normal individuals to determine if the nucleotide substi-
tutions (S204F and Y591D) were polymorphic; we did not
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sequences of the MPL gene encoding amino-acid positions at 5]5 and 59[ mnnry myelofibrosis (PMF) case 325 (A) had W515L mutation and polycy-

themia vera (PV) case 298 (B) had YS21D UPD =

detect these nucleotide substitutions in normal DNA (data not
shown). We screened all of our remaining MPD cases for
these mutations (S204F, W515L, and Y591D) and found
none (data not shown). Amino-acid substitution of MPL
was found in all cases with | p uniparental disomy, suggest-
ing that these substitutions are mutations, not rare polymor-
phisms, and MPL gene is a target gene of 1 p uniparental
disomy. | p uniparental disomy may be a hallmark for
a MPL mutation in MPD. The precise function of novel
MPL mutants (S204F and Y591) remains to be explored.
To elucidated functional significance of these novel
mutations of the MPL gene, we expressed them in the
IL3-dependent murine B-cell line, BaF/3 cells. Mutant
S204F or Y591D MPL did not allow the cells to grow inde-
pendently of IL-3, whereas W515L MPL did (data not
shown). Unfortunately, because the peripheral blood and/
or bone marrow cells from these patients were not avail-

able, we were not able to examine bone marrow hematopoi-
etic stem cells for these abnormalities. How these novel
MPL mutants contribute to development of PMF is unclear.
Interestingly, one PV (case 298) had a point mutation of
both a JAK? and MPL (Y591D), suggesting that mutations

S5204F W515L Y591D

} b
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Figure 5. Position of point mutations of the MPL gene found in myelopro-
liferative disorder. Schema of the MPL protein. Position of the point mu-
tations are indicated by amows. OC = conserved cysteine residues;
WG = WGXWS rmuj‘ Wws= WSXWS motif; extracellular: extracellular
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of these two molecules may independently contribute to
development of MPD, even though they are involved in
the same Mpl/Jak/Stat signal transduction pathway.

Myelofibrosis, not thrombocytosis, is a prominent
feature in PMF [1]. How an activating point mutation of
MPL by itself can induce myelofibrosis is unclear. Interest-
ingly, two cases with MPL mutations had deletion of the
RBI gene. Mutation of MPL and deletion of RBI, may
cooperate in development of PMF; or loss of RB/ may
potentiate acquisition of mutations of MPL.

In summary, we found recurrent genetic abnormalities,
including 9 p uniparental disomy/JAK2 mutations, | p uni-
parental disomy/MPL mutations, as well as deletions of the
RB and the NF1 genes in MPD. We found two novel point
mutations of the MPL gene (S204F and Y591D) in PMF
and PV samples with 1 p uniparental disomy. Genomic
abnormalities, including point mutations, deletions, and
uniparental disomy may cooperate in development of
MPD. In regions of deletions, duplications/amplifications,
and uniparental disomy, critical target genes may be
altered. Accumulation of data of SNP-chip analysis will
narrow the common abnormal genomic regions and help
to clone novel mutated genes in MPD. SNP-chip analysis
is a robust tool to detect genetic abnormalities, especially
small deletions and uniparental disomy in MPD.
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