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TABLE 1. Primers for the MET, p/6™5* and p14** Genes for PCR-SSCP

Primer sequence (§'—3')

Exon Forward Reverse
MET?
14 CCATGATAGCCGTCTTTAAC ATACTTACTTGGCAGAGGT
IS5 GTCCCCATTAAATGAGGTTT ATCTGCAAAGGCCAAAGATA
16 ATGTTACGCAGTGCTAACC GTAGCTGATTTTTCCACAAG
17 GAAGTTAATGTCTCCACCAC TGGCTTACAGCTAGTTTGCC
18 TTCTAACTCTCTTITGACTGC CAGATTCCTCCTTGTCACTT
19 ATTCTATTTCAGCCACGGG AGGAGAAACTCAGAGATAACC
20 ACCTCATCTGTCCTGTTTC CCAAAAAGAAAGACATGCTG
Zl GGGTCTCTTACAGCATGTCT . GTGTGGACTGTTGCTTTGAC
pi6 .
i GCTGCGGAGAGGGGGAGAGCAGGCA CTGCAAACTTCGTCCTCCA
2-1 CTTCCTTTCCGTCATGCCG CTCAGCCAGGTCCACGGGCA
2-2 TTCCTGGACACGCTGGTGGTG GGAAGCTCTCAGGGTACAAA
3 TGCCACACATCTTTGACCTC AAAACTACGAAAGCGGGGTG
pl4®
I-1 ) CGCTCAGGGAAGGCGGGTGC AACCACGAAAACCCTCACTC
1-2 ATGGTGCGCAGGTTCTTGGT

ACCAAACAAAACAAGTGCCG

*GenBank accession number for MET is NT_007933.
*GenBank accession number for COKN2A is NT_008413.

supplemented with 10% fetal bovine serum in a
humidified atmosphere containing 5% CO, at
37°C.

Thirty-two primary RMS tumors, obtained at
the time of initial surgery or biopsy in several hos-
pitals in Japan (1993-2005), were examined. Histo-
pathological diagnosis was made by pathologists at
each hospital. Of the 32 cases (age range, 0-20
years; median age, 5.8 years), 5 were classified as
stage 1, 5 as II, 10 as III, and 12 as IV, according to
the Intergroup Rhabdomyosarcoma Study-IV
(IRS-IV) staging classification. Twenty-one cases
were ERMS, and 11 were ARMS. Patients with

stage I or IT were treated with surgery alone or sur- .

gery plus chemotherapy, mainly vincristine. Patients
with stage III or IV were treated with surgery, radio-
therapy, intensive multidrug chemotherapy, and if
necessary, autologous bone marrow transplantation.

All of the cell lines and fresh tumors were previ-
ously screened for mutations of TP53.

Normal human skeletal muscle total RNA was
obtained from two healthy patients (aged 3 and 5).
Ten peripheral blood (PB) samples from healthy
volunteers were also used as normal controls.

Informed consent was. obtained from the
patients and/or their parents as well as healthy vol-
unteers.

DNA and RNA Preparation

High-molecular-weight DNA was extracted from
all samples by proteinase K digestion and phenol/
chloroform extraction. Total RNA was extracted
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from all of the cell lines and 17 fresh tumors using
the acid guanidine thiocyanate-phenol chloroform
method. Randomly primed cDNA was synthesized
from total RNA using a cDNA synthesis kit as pre-
viously described (Shibuya et al., 2001).

Mutational Analyses for MET and CDKN2A in RMS

The mutations of MET identified to date ‘are
clustered in the transmembrane domain and tyro-
sine kinase domain (Trusolino and Comoglio,
2002). Therefore, we examined exons 14-21 of
MET, which encompassed the two domains and
the juxtamembrane region, for all of the cell lines
and fresh tumors by PCR-single-strand conforma-
tion polymorphism (PCR-SSCP) analyses as
described elsewhere (Chen et al, 2005). For
CDKNZA, we screened its whole coding region by

‘PCR-SSCP. The primers for PCR-SSCP are listed

in-Table 1. For samples that showed altered mobil-
ity, we subjected the PCR products to direct
sequencing analyses (Chen et al., 2005, 2006). Fur-
thermore, we performed another round of direct

-sequence analyses in all cell lines for MET and

GDKN?2A to verify the results of PCR-SSCP

Real-Time Quantitative PCR

For seven RMS cell lines and 17 fresh tumors,
real-time quantitative PCR (RQ-PCR) analyses
were carried out to quantify the expression levels
of MET, p16™%*A .and p14*%F, using a Quanti-
Tect™ SYBR Green PCR Kit (Qiagen, Tokyo,
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Japan) with an iCycler iQ™ real-time PCR detec-
tion system (Bio-Rad Japan, Tokyo, Japan). The
reaction mixture was prepared as follows: 1 ul of
cDNA, 1XQuantiTect SYBR Green PCR Master
Mix, 0.3 um of each primer and 0.5 U of uracil-N-
glycosylase (Applied Biosystems, Tokye, Japan) in
a final volume of 50 pl. The amplification condi-
tions for quantitation were an initial 2 min of incu-
bation at 50°C, 15 min at 95°C, followed by 40
cycles of amplification (denaturation at 95°C for 30
sec, annealing at the respective temperatures for
30 sec, extension at 72°C for 30 sec) (Chen et al.,
2003). The primer sets used for real-time quantita-
tive reverse transcriptase-PCR were as follows:
sense 5'-GGTTGCTGATTTTGGTCTTG-3 and
antisense  5-GCAGTATTCGGGTTGTAGGA-3'
for MET (GenBank accession number NM_
000245); sense 5'-GCCCAACGCACCGAATAG-3'
for pItme‘m (GenBank accession number NM_
058197), 5-“TCTGGTTCTTTCAATCGGGGA-3
for p14*%* (GenBank accession number NM_
058195) and the same antisense 5-ACCACCAG-
CGTGTCCAGGAA-3' for p16"¥%* or p14°RF The
B-actin gene served as an endogenous control. The
primers for B-zctin amplification were sense 5'-
CTTCTACAATGAGCTGCGTG-3 and antisense
5-TCATGAGGTAGTCAGTCAGG-3. For the
purpose of normalization, the relative expression
level was calculated by dividing the expression level
of the respective gene by that of the B-actin gene
for each sample.

For the seven RMS cell lines and 17 fresh
tumors, the relative DNA copy number of MET or
CDKNZA in each sample was quantified using RQ-
PCR analyses similar to above, Each DNA sample
had an Azso/zao ratio in the range 1.60-1.80 and was
diluted to 100 ng/ul before use. The primer set for
MET was that for mutational screening of exon 16
and the primer set for CDKNZA was that for muta-
tional screening of the common exon 2, respec-
tively (Table 1). The B2M (B-2-microglobulin)
gene, which was a housekeeping gene on chromo-
some 15q21-q22.2 (Lillington et al., 2002), was
used as an endogenous reference and the copy
number of METas well as GDKNZA in each sample
was normalized by the corresponding B2M value.
The primers for B2M amplification were sense
5-AAGTGGAGCATTCAGACTTG-3' and anti-
sense 5'-“TCCCTGACAATCCCAATATG-3' (Gen-
Bank accession number NT_010194).

All of the reactions were run in triplicate. The

primers used for RT-PCR were designed to pre- -
vent DNA ‘amplification, and the melting curve -

was incorporated to detect whether primer dimers
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or other undesired products were amplified. In
addition, all of the amplified products were sub-
jected to gel electrophoresis, and if necessary,
direct sequence analysis was performed to confirm
the expected PCR products.

Detection of PAX3-FKHR and PAX7-FKHR Chimeric
Transcripts

For the seven RMS cell lines and 17 fresh
tumors, we also examined the expression of PAX3-
FKHR and PAX7-FKHR chimeric transcripts as
described previously (Galili et al, 1993; Davis
etal,, 1994),

Western Blotting and Immunoprecipitation
Analyses

Rabbit polyclonal antibodies against “human
MET (C-12) and mouse monoclonal antibodies
against phosphorylated tyrosine (p-Tyr) (PY99)
were -purchased from Santa Cruz Biotechnology
(Santa Cruz, CA). The secondary antibodies
(donkey anti-rabbit IgG and sheep anti-mouse 1gG
conjugated with horseradish peroxidase) and
enhanced chemiluminescence reagent were pur-
chased form Amersham Biosciences (Piscataway,
NJ). Total cellular proteins were extracted by lys-
ing 1 X 10° cells with a lysis buffer [S0 mm
HEPES-NaOH (pH7.0), 1% NP40, 1% sodium de-
oxycholate, 0.1% sodium dodecyl sulfate (SDS),
250 mm NaCl, 5 mm NaF, 1 mM DTT, 1 mm phen-
ylmethylsulfonyl fluoride, and 50 pg/ml aprotinin]
from 7 RMS cell lines (Takita et al., 1997). The
proteins were separated by SDS-PAGE by loading
the lysates containing 50 pg of total protein on a 4—
20% gradient gel, and then transferring onto a
polyvinylidene difluoride transfer membrane (Milli-
pore, Billerica, MA) (Takita et al., 1997). The
membranes were incubated with the anti-MET
antibody, followed by the HRP-conjugated second-
ary antibody. The resultant immunoproducts were
detected with the ECL Western Blotting Analysis
System. Equal protein loading was confirmed by
staining the membrane with Coomassie brilliant
blue. The Western blotting analysis for MET was
performed three times, then the blots were
scanned, and the level of MET in each sample was

estimated using the NIH Image 1.61 software

(Wayne Rasband, National Institutes of Health,
MD). The protein expression level of each cell
line was calculated as mean *+ SD.

For immunoprecipitation (IP), lysates containing
500 pg of total protein were pretreated with 1 ug
of normal rabbit IgG and 20 pl of protein G-plus
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TABLE 2. Expression of MET, p1 6™ *1p1 4*%" and PAX3-FOXOIA Transcript, and Mutations of TP53 in RMS Cell Lines

MET plé pl4
Cell lines Histology mRNA® Protein® mRNA mRNA PAX3-FOXOIA  Mutation of TP53
S|RH-1 E 13.06 = 0.50 11,78 £ 8.08 003000 074x0.12 - Tyr220Cys
SRH-4 A 122.99 = 30.86  7135+3772 073002 096*022 + 13bp del®
SjRH-18 A 59.70 = 13.07 60.12 22194 013008 038=x0.1 + Gly{87Cys
SJRH-30 A 363.04 = 5441 166356183 052001 119002 + Tyr205Cys
RD E 28.13+7.14 22,45 £ 7.05 0.16 £0.03 0.90 = 0.04 - Arg248Trp
RMS E 8.17 £0.74 14.66 + 6.61 049 =007 0.97 £0.03 - Arg282Trp©
SCMC-RM2 A 155.08 £29.28 109.50 = 6299 055*0.03 1.05*0.07 + -

E, embryonal type; A, alveolar type.
*The values for mRNA and protein indicate mean * SD.

*Nucleotide 701-713 (GenBank accession number for TP53 is NM_000546).

“Single nucleotide polymorphism (SNP). GenBank accession number for Arg282Trp is rs28934574,

agarose beads (Santa Cruz, CA) at 4°C for 30 min.
After removal of the beads by centrifugation,
lysates were incubated with the anti-MET anti-
body (2 pg) and 20 pl of protein G-plus agarose
beads overnight at 4°C. The immunoprecipitates
were washed three tmes with PBS/0.1%NP-40
and resuspended in lysis buffer, followed by West-
ern blot analyses as described above with anti-p-
Tyr (PY99). Then, the antibodies were stripped
from the membrane in a stripping buffer contain-
ing 62.5 mmolfl Tris, 2% SDS, and 100 mmoi/l B-
mercaptoethanol. The membrane was reprobed
with C-12 and the relative secondary antibodies to
confirm the expression of MET,

Statistical Analyses

The Mann-Whitney U test was used to compare
the expression level of each gene between sub-
groups of RMS. Fisher’s exact test was used to
evaluate the statistical significance of differences
in proportions among groups. Kaplan—-Meier sur-
vival plots were constructed, and log-rank tests
were used to estimate survival. Exdct 95% CI of
proportions were calculated on the basis of bino-
mial distribution, The Spearman rank correlation
was calculated to evaluate the correlation between
the mRNA expression and protein expression of
MET. Two-sided P < 0.05 was required for signifi-
cance. All analyses were carried out with StatView-
] 4.5software (Abacus Concepts, CA).

RESULTS

Mutations of MET and CDKN2A in RMS

For seven cell lines and 32 fresh tumors of RMS,
no muztations (0.0%; 95% CI, 0.0-9.0%) were
detected in exons 14-21 of MET by PCR-SSCP.
For CDKNZA, one nonsense mutation (CGA >
TGA) (2.6%; 95% CI, 0.5-13.2%), resulting in a
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truncated protein at codon 80 of p16INK4A, was
observed in' an  ARMS cell line, SJRH-18. The
same mutation was. reported previously in mela-
noma {Orlow et al., 2001). This C > T transition
also results in a missense mutation (Pro135Leu) in
p14*% A polymorphism (Ala148Thr) in p76/V5%
was detected in another ARMS cell line, SJRH-30.
No mutations of p76"%* or p14**F were identi-
fied in the 32 fresh tumors.

Expression of METand p16™<*/5 144" mRNA in RMS

Using  RQ-PCR,  the expression of MET was
detected in all of the RMS samples and normal
skeletal muscles. The MET/B-actin value in RMS
ranged from 6.16 to 424.42, with a mean value of
102:60 +:124.86, whereas the MET/B-actin value in
normal muscles was 33.20 = 3.77. Overexpression
of MET (> mean value), was detected in 7 of 24
RMS samples, which included 3 alveolar cell lines
(SJRH-4, SJRH-30, SCMC-RM2) (3/7), and 2 alve-
olar and 2 embryonal type tumors (4/17) (Table 2
and Fig. 1A).

The p16™%*|B-actin value in RMS ranged from
0 o 3.59, with a mean value of 0.74 *= 0.96.
Reduced or absent expression of pl6/Vk#
(pJ6INKM/B-actirz less than half the mean value)
was observed in 11 of 24 samples, which included
3 cell lines (SJRH-1, SJRH-18, RD) and 8 fresh
tumors (Table 2). '

The p14'%|B-actin value in RMS ranged from 0
to 3.53, with a mean value of 0.85 % 0.94. Reduced
or absent expression of pI#*%F (p14%F|B.actin less
than half the mean value) was shown in 10 of 24
samples, which included 1 cell line (SJRH-18) and
9 fresh tumors (Table 2).

Two fresh tumors (2/24) with overexpression of
MET had also concomitant reduced or absent
expression of p16"Y%* and/or pI1#%F. 1 was an
ERMS and the other was an ARMS.
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Figure |.  Bxpression of MET mRNA and protein in RMS. (A) Expres-
sion of MET mRNA (MET/B-actin) in RMS cell lines and fresh tumors as
well as normal skeletal muscles detected by real-time quantittive REPCR,
A, alveolar; E, embryonal; N, normal skeletal muscle; SD, SD. (B) Western
blotting for MET in seven RMS cell lines. The arrows indicate the 170 kDa

Expression and Activation of MET Protein
in RMS Cell Lines

To determine whether the expression of MET
protein correlates with that of MET mRNA, West-
emn blot analysis was carried out for the seven RMS
cell lines. As shown in Figure 1B, a higher expres-
sion of MET protein with a mass of 140 kDa as
well as a mass of 170 kDa, represented the B-sub-
unit and precursor of MET respectively (Giordano
et al,, 1989), was detected in SJRH-4, SJRH-18,
SJRH-30, and SCMC-RM2, consistent with the
higher expression level of mRNA in these cell
lines. In comparison, a relatively weak expression
of p140 and p170 was detected in SJRH-1, RD and
RMS, which showed a lower expression level of
MET by RQ-PCR. The density of pl40 ranged
from 11.78 to 166.35 and with an average of 65.17 +
57.00 (Table 2). The mRNA expression level of

precursor and 140 kDa B-subunit, respectively. In the bottom panel, the
loading of protein-was shown by protein staining with Coomassie brilliant
blue. (C) Tyrosine phosphorylation of MET in RMS cell lines detected by -
immunoprecipitation. As a control, the membrane was stripped and re-
probed with anti-MET antibody, which was shown in the bottom panel.

MET in each cell line, as detected by RQ-PCR,
showed a significant correlation with the density of
p140 (correlation coefficient: 0.964; P = 0.018).

We further studied the activation status of the
MET receptor in these cell lines by immunopreci-
pitation analysis. As shown in Figure 1C, a band of
phosphorylated MET was observed in SJRH-4,
SJRH-30, and SCMC-RM2, indicating the consti-
tutive activation of MET in these cells.

Relative DNA Copy Number of MET
and CDKN2A in RMS

The relative DNA copy number of MET (calcu-
lated as MET/B2M) in the seven cell lines and 17
fresh tumors ranged from 0.60 to 1.71 with an aver-
age of 0.96 * 0.36. No samples showed more
than twice the average of the relative DNA copy
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Figure 2. The relationship

between clinicopathological parameters and mRNA expression of the genes

MET (A), p NKeA (B, and p14*¥ (C). The expression levels of each gene were compared among groyps classi-
. fied by histology (including cell lines), PAX3-FOXO 1A or PAX7-FOXO 1A transcript expression (including cell lines),
stage, age at diagnosis, as well as outcome using Mann-Whitney U test. It was shown in bold when P < 0.05,

number detected in normal skeletal muscle (1.14)
or in normal PB (1.22).

. The relative DNA copy number of CDKN2ZA
(calculated as CDKN2A/B2M) was also evaluated in
the 24 samples. The mean value of CDKNZA/B2M
was 0.73 = 0.43 with a range from 0.24 to 1.44.
Three cell lines (SJRH-4, RD, RMS) (3/7) and two
fresh rumors (2/17) showed less than half the mean
value of the relative DNA copy number.

Expression of PAX3-FOXO|A and PAX7-FOXOIA
Chimeric Transcripts in RMS

The PAX3-FOXOIA chimeric transcript was
detected in 4 of 4 alveolar type cell lines (S]JRH-4,
SJRH-18, SJRH-30 and SCMC-RM2) (Table 2).
There were five ARMSs among the 17 fresh
tumors; 3 having PAX3-FOXOIA and 1 having
PAX7-FOX0IA (4/5). Of the 4 alveolar type cell
lines with expression of PAX3-FOXO0IA, 3 showed
overexpression of METand of the 3 ARMSs having
PAX3-FOXOIA, 2 showed overexpression of MET,
The sample having PAX7-FOXOIA showed an
expression level of MET/B-actin at 21.37 =+ 1.04.

Mutations of TP53 in RMS

The mutations of TP53 were detected in 5/7 cell
lines and 3/17 fresh tumors. The mutations in five
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cell lines included four missense murations
(Gly187Cys, Tyr205Cys, Tyr220Cys, and Arg248Trp)
and a 13 bp deletion (nucleotides 701-713) in exon
* 5, which resulted in a truncated transcript (Table 2).
In the five cell lines having mutations of 7P53, two
showed overexpression of MET The three fresh
tumors having mutations of 7P53 included an inser-
tion of 6 bp (ACTACA) between nucleotides 960
and 961 in an ERMS (GenBank accession number:
NM_000546), a missense mutation (Asp49His) in an
ERMS, and a nonsense mutation (Arg — stop
codon) at codon 342 in the ARMS with PAX7-
FOXOIA. Overexpression of METwas only detected
in one of the three samples having mutations of
TP53.

Relationshi}: Between the Expression Level of MET
or p16™ 1p | 44RF and Clinicopathological
Parameters in RMS

To address the relationship between the clinico-
pathological parameters and the expression levels
of MET and p]6INK4A/p14AR"': we compared the
‘expression level of each gene between groups clas-
sified by patients’ age, stage, histology, PAX3-
FOX0IA or PAX7-FOXOIA transcript expression,
as well as outcome (Fig. 2). By nonparametric
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Mann-Whitney U test, we found that the patients
with stage IV showed higher expression of MET
than those with stage I-III (P = 0.04). Further-
more, the expression level of METwas significantly
higher in the patients who died of cancer than
those who were alive (P =.0.02). In-all samples
including cell lines, the group with PAX3-FOX0IA
or PAX7-FOXOIA transcript showed higher expres-
sion of MET than that without such transcripts
(P = 0.04). There was no statistical significance
between the groups classified by histology (P =
0.16) and age (P = 0.27), although a tendency of
higher expression of MET was shown in ARMS as
well as in patients over 3 years old (Fig. 2A). Using
the median expression level (58.30) as a cutoff, we
also compared the difference in proportions among
groups by Fisher’s exact test. In all samples, over-
expression of MET (>58.30) was detected in 7 of 9
ARMSs compared with that in 5 of 15 ERMSs
(P=0.05),aswell asin 7 of 8 samples with PAX3-
FOXOIA or PAX7-FOXOIA transcripts compared
with that in 5 of 16 samples without such tran-
scripts (P = 0.03). In fresh tumors, overexpression
of MET was shown in 7 of 9 patients who died of
cancer but only in 1 of 8 patients who survived
(P=0.03),aswellasin 5 of 6 patients with stage
IV compared with 3 of 11 patients with stage I-III
(P = 0.05). The survival curve on Kaplan-Meier
analyses showed that higher expression of MET
correlated with poorer survival (P = 0.05, log-rank
test) (Fig. 3).

On the other hand, significantly lower expres-
sion levels of p76™%* and p14*RF were found in
patients younger than 3 years (P = 0.0065 and P =
0.0009, respectively); however, the expression lev-
els of p16™K* and 214*%F showed no significant
difference bétween groups classified by stage, his-
tology, expression of PAX3-FOXOIA or PAX7-
FOXOIA transcript, or prognosis (Mann-Whitney
U test; Figs. 2B and 20).

DISCUSSION

It has been reported that HGF/SF-MET signals
induce proliferative and antiapoptotic responses in
various cell types (Trusolino and Comoglio, 2002;
Birchmeier et al., 2003). Analyses of HGF/SF and
Met in mice have shown their essential regulatory
role in development, such as the growth and sur-
vival of epithelial cells and migration of myogenic
precursor cells (Bladt et al,, 1995; Schmidt et al.,
1995; Uehara et al., 1995). Upregulation of MET
and HGF/SF expression is observed in several
injured tissues, whereas deregulation of MET and
HGF/SF signaling has emerged as a crucial feature
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Figure 3. Kaplan-Meier curve for overall survival rates of patients
with higher (>median) or lower expression (Smedian) of MET. P value
was calculated by log-rank test,

of many human malignancies. For instance, germ-
line or somatic activating mutations in the tyrosine
kinase domain of MET have been demonstrated in
papillary renal carcinomas (Schmidt et al., 1997), in
childhood hepatocellular cancer (Park et al,, 1999),
and in metastases of carcinoma (Lorenzato et al.,
2002). Overexpression and/or amplification of MET
with autocrine or paracrine loop have been noted
in carcinomas of breast (Tuck et al., 1996), thyroid
(Di Renzo et al., 1992), and pancreas (Di Renzo et
al., 1995), as well as in sarcomas, such as osteosar-
coma (Ferracini et al,, 1995) and RMS (Ferracini
et al,, 1996). Characterization of MET and HGF/SF
activities in proliferation, invasion, angiogenesis,
and antiapoptosis delineates the stages at which
these molecules participate in tumor progression
(Birchmeier et al., 2003). Furthermore, a number
of studies have shown that HGF/SF and/or MET
over- or misexpression often correlates with poor
prognosis in many malignancies (Birchmeier et al.,
2003). It is also reported that Pax3 modulates the
expression of Met during limb muscle development
by mediating the migration of myogenic precursor
cells into the limb anlage (Bladt et al., 1995;
Epstein et al., 1996), while the expression of MET
is repressed in differentiated myotubes and in
adult nondividing muscle cells (Sonnenberg et al.,
1993). The PAX3-FOXOIA fusion protein upregu-
lates the expression of MET in alveolar type RMS
(Ginsberg et al., 1998).

In this study, we detected the expression of
MET in all of the RMS samples by RQ-PCR and
the expression levels showed a large variety among
samples. This is comparable to an early report that
the expression of METwas detected in 6 of 6 RMS
cell lines and 9 of 14 RMS fresh tumors by Western
blot analysis (Ferracini et al., 1996). In their study,
cell lines RD and SJRH-30 with a higher expres-
sion of MET also showed amplification of MET on
Southern blot analysis, whereas SJRH-1 and SJRH-
4 with a relatively lower expression level showed no
amplification. We found that the expression level of
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NG

Cases showing no changes: 1
Cell lines

plé
tumors (B).

MET is higher in ARMS cell lines SJRH-4, SJRH-
18, SCMC-RM2, and SJRH-30 than in ERMS cell
lines SJRH-1, RMS, and RD by RQ-PCR (Fig. 1A).
These results Wwere also consistent with the results
of Western blotting for MET protein expression.
Furthermore, immunoprecipitation analysis showed
constitutive tyrosine phosphorylation of MET in
SJRH-4, SJRH-30, and SCMC-RM2, which indi-
cated an autocrine manner. There was no obvious
change of the relative DNA copy number observed
by RQ-PCR and no mutations detected by PCR-
SSCP in all samples. Thus, our results indicated
that overexpression of MET in RMS was probably
not induced by amplification/hyperploidy and that
mutations of MET may not be of major pathoge-
netic importance in RMS. :

Our data also showed a significantly higher
expression level of MET in patients who died of
cancer than in patients who were alive. The higher
expression level was also observed in patients with
stage IV as well as in patients with chimeric tran-
scripts. A tendency toward higher MET expression
was observed in ARMS as well as in patients over 3
years of age. Similar results were obtained when
using the median level as a cutoff for METexpres-
sion. The survival curve on Kaplan-Meier analyses
further confirmed that the expression level of MET
correlates with the outcome of RMS patients. In
RMS, it has previously been shown that older age
at diagnosis, advanced stage, alveolar type, and
expression of PAX3-FOXOIA are associated with
poor prognosis (Crist et al., 1990; Newton et al.,
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Cases showing ﬁo changes: 4

Fresh tumors

Frﬁure 4. The dlstrlbutlons of overexpression of MET (> mean value), reduced or absent expression of
KA and p 1 4*%F (< half the mean value) and the mutations of TP53 in seven cell lines (A) and 17 fresh

1995; Sorensen et al., 2002). Earlier studies have
also suggested that HGF/SF stimulates transmigra-
tion and invasiveness of RMS cells in vitro (Ferra-
cini et al., 1996). It has also been reported recently
that Met is necessary for a Pax3-Foxola-mediated
effect in mice, and that Met has a role in RMS
maintenance (Taulli et al., 2006). Taken together,
it seems that MET may play an important role in
the progression of RMS. A larger panel of samples
should be studied to confirm this.

The CDKNZA gene encodes two unrelated. pro-
teins that function in tumor suppression. p16/NK4A
binds to and inhibits the activity of CDK4 and
CDKS, and p14*RF promotes MDM2 (transformed
3T3 cell double min 2, TP53 binding protein) de-
gradation and arrests the cell cycle in a TP53-
dependent manner (Zhang et al., 1998). Thus, de-
letion of the CDKNZA locus simultaneously impairs
both INK4A-cyclinD/CDK4-RB and ARF-MDM2-
TP53 pathways. Mutations, homozygous deletions
and altered expression of CDKNZA have been dis-
covered in-a wide range of human solid tumors as
well as hematological malignancies (Kamb et al,,
1994; Okamoto et al., 1994; Ohnishi et al., 1995;
Takita et al., 2004). There has been some contro-
versy about the significance of p16"™V K™ p 1 ARF i
predicting the prognosis of malignancies such as
neuroblastoma (Takita et al.,, 1998; Omura-Minami-
sawa et al., 2001) and childhood acute lymphoblastic
leukemia (Mekki et al., 1999; Dalle et al., 2002).
The association of p/6""%# and p148'%F expression
with prognosis in RMS has not been well docu-
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mented. In this study, we identified a nonsense
mutation at codon 80 of 11)10’”"1“‘-q in one cell line,
SJRH-18, resulting in reduced expression of both
p16™* and p14** This result is consistent with
an early report showing that CDKN24 mutations are
rare in RMS (Tolascon et al., 1996). No _significant
correlation was shown between the reduced or
absent expression of p/6™ % and p14*%F and the
clinicopathological factors, except for patients’ age,
which showed that the expression levels of p16"VEA
and pI#% were significantly lower in patients
younger than 3 years. There were 3 of 7 cell lines
(two ERMSs and one ARMS) and 2 of 17 fresh
tumors {one ERMS and one ARMS), having less
than 2 half of the mean DNA copy number, which
suggested a loss of heterozygosity (LOH) in these
samples; however, no homozygous deletion of
CDKNZA was detected. The, mRNA expression
level of p16™%%* and 214" showed no obvious
correlation with the relative DNA copy number.

Marked synergism berween aberrant Met signal-
ing and Iné4a/Arf inactivation has been shown to
induce RMS at high frequency in mice (Sharp
et al, 2002). Furthermore, Pax3-Foxolaz homo-
zygosity with accompanying Ink4a/Arf or Tp53
pathway disruption substantially increases the fre-
quency of alveelar RMS tumor formation in mice
(Keller et al,, 2004a). As shown in Figure 4A, 2 cell
lines with overexpression of MET also had muta-

_tions of TP53; however, no cell lines with overex-
pression of MET showed reduced or absent expres-
sion of CDKNZA. Interestingly, all of the cell lines
with reduced or absent expression of CDKN2A had
mutations of 7P53. Of 17 fresh tumors (Fig. 4B), 10
showed reduced or absent expression of CDKNZ24; 2
of them with overexpression of MET and 1 of them
having mutation' of TP53 simultaneously. One sam-
ple with overexpression of MET had mutation of
TP53. Only 1 of 7 cell lines arid 1 of 17 fresh tumors
showed overexpression of MET alone, and one cell
line and four fresh tumors did not show changes in
any of the three genes.

In conclusion, our data suggest that MET,
CDKN2A as well as TP53 are involved in the patho-
genesis of RMS, and that MET may play an impor-
tant role in the progression of RMS. Molecules
that specifically inhibit MET and HGF/SF are
therefore promising in the treatment of RMS
patients predicted to have poor prognosis.
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Acute myeloid leukemia (AML) patients with
t(8;21)(q22;922) or inv(16)(p13q22) are known to have a
good prognosis. Recently, mutations of the KIT gene have
been found in 12.7% to 48.1% of adult AML patients with
t(8;21) or inv(16) and in approximately 20% of pediatric
AML patients with t(8;21) [1-5]. KIT gene mutations in adult
and pediatric AML patients with t(8;21) and in adult AML
patients with inv(16) have been associated with a poorer
prognosis than in those without KIT gene mutations [1-5].
However, the frequency and clinical impact of KIT gene
mutations in pediatric AML patients with inv(16) remain
unknown. Pediatric AML patients with inv(16) have been
reported to represent 3.4% to 6% of the total number of
pediatric AML patients. Thus, the number of patients in this
subgroup is very small [6,7]. '

Three hundred eighteen patients were enrolled in the
Japanese Childhood AML Cooperative Study Group
Protocol AML 99 from January 2000 to December 2002, and
12 (3.8%) of these AML patients comprised 11 patients with
inv(16) and 1 patient with t(16;16)(p13;q22) [5.8]. The S-year
overall survival rate was 100%, and the event-free survival
rate was 90.9%. Of these 12 AML patients with inv(16) or
t(16;16), 7 patients were available for molecular analysis (age
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range, 11 months to 14 years; median, 10 years) (Table 1). The
S-year overall survival rate for these 7 patients was 100%,
and the event-free survival rate was 85.7% (Table 1). We
used the reverse transcriptase-polymerase chain reaction
method in a mutational analysis of the extracellular domain
(exons 8 and 9), the transmembrane domain (exon 10), the
juxtamembrane domain (exon 11), and the second intracel-
lular kinase domain (exons 17 and 18) of the KIT gene and
then carried out a sequencing analysis [S]. Sequencing was
performed directly or, if necessary, after subcloning.

KIT mutation (deletion of D419 in exon 8) was found in an
11-month-old male patient (1 [14.3%] of 7 patients). The initial
white blood cell count for this patient (no. 7) was 199,000/uL,
and a karyotype analysis revealed 46,XY,inv(16)(p13q22).
This patientreceived a total of 6 consecutive chemotherapies;
however, he relapsed 16 months after the initial diagnosis. He
then underwent unrelated allogeneic stem cell transplantation
during the second complete remission and has been alive for
40 months from the diagnosis. The remaining 6 AML patients
with inv(16) have maintained a complete remission without
relapse for more than 41 months.

As for FLT3 and RAS gene alterations, we. found 2 .
FLT3 D835 mutations (28.6%) and 2 NRAS mutations
(28.6%) in these 7 AML patients with inv(16) (Table 1). No
patient had an FLT3 internal tandem duplication or a
KRAS gene mutation. The majority of these patients (5
[71.4%] of 7) had one of the chimeric CBFS-MYHI1 tran-
scripts, which have most frequently been found in AML
cases with inv(16) (CBFpB at nucleotide 495 fused to
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Table 1.
Correlations of Clinical Features with KIT, FLT3, and RAS Gene Mutations in 7 Acute Myeloid Leukemia Patients with inv(16) or t(16;16)*
Patient FAB KIT FLT3 NRAS EFS Time,
No. Age Sex Classification Karyotype CBFB-MYH11 Mt D835 Mt Mt mo
1 14y M M4Eo 46,XY,inv(16)(p13q22), t - - +* 63+
add(7)(q32) '
2 10y M M4Eo 46,XY,inv(16)(p13q22) 1 - - - 67+
3 7y M M1 46,XY,inv(16)(p13q22) 1 - - - 63+
4 13y F M1 46,XX,inv(16)(p13q22) 1 - + - 59+
5 3y F M5a 47 XX,+8,t(16;16)(p13;922) 2 - - +F 43+
6 14y F M5b 46,XX,inv(16)(p13922) 1 - + - 41+
7 Mmoo M M4Eo 46,XY,inv(16)(p13q22) 1 +§ - - 16

*CBFB-MYH11 transcripts were detected by reverse transcriptase—polymerase chain reaction analysis and direct sequencing (1, nucleotide 495 of
CBFB fused to nucleotide 1921 of MYH71; 2, nucleotide 399 of CBFB fused to nucleotide 1201 of MYH77). KRAS mutations were not found in any
of the 7 patients. FAB, French-American-British; Mt, mutation; EFS, event-free survival.

+Chimeric transcripts were not detected.
$Codon 12.
§Deletion D419 in exon 8.

MYHI11 at nucleotide 1921, Table 1) [9,10]. The FLT3 D835
mutation, NRAS mutation, and subtypes of CBFB-MYHI11
transcripts were not associated with the clinical outcome.

We also looked for KIT mutations in 11 pediatric AML
patients with inv(16) who were treated with the previous
protocol in Japan (age range, 8 months to 15 years; median,
3 years), but we did not identify KIT mutations in any of the
patients. Interestingly, 3 of the 11 AML patients with inv(16)
were infants, and 2 of them died, although all 3 exhibited no
mutations in KIT, FLT3, or RAS. These data together with
those described in our previous report [11} suggest that
infant AML patients with inv(16) have a poor prognosis,
regardless of the status of these genes.

A few reports have suggested that adult AML patients who
have inv(16) with KIT mutations were associated with a
poorer prognosis than those without KIT mutations [2,3]. A
recent study by the Berlin-Frankfurt-Mtinster Study Group
revealed that 6 (54.5%) of 11 pediatric AML patients with
inv(16) had KIT mutations but that the clinical impact was
limited [12]. The Acute Leukemia French Association
(ALFA) and the Leucémies Aigugs Myéloblastiques de
PEnfant (LAME) cooperative study groups also suggested
that KIT gene mutations were not associated with a poor
prognosis in pediatric and adult AML patients with inv(16)
[4]. We considered the frequency of KIT gene mutations (1
[5.6%] of 18) among the pediatric AML patients with inv(16)
in this study to be lower than that of adult AML patients with
inv(16) [2-4]. We must await the results of a larger study
regarding the correlation between KIT gene mutations and
prognosis in pediatric AML patients with inv(16).
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AML1T Mutation and
FLT3-internal Tandem
Duplication in
Leukemia Transformed
From Myelodysplastic
Syndrome

To the Editor:

Myelodysplastic syndrome
(MDS) is a clonal disorder of hema-
topoietic stein cells characterized by
ineffective and inadequate hemato-
poiesis. Recently, gene alterations
including AMLI/RUNXI had been
demonstrated to contribute to the
development from MDS to secondary
acute myeloid leukemia (AML) in
adult patients, particular in AML-
MO or AML with acquired trisomy
21.12 Moreover, FLT3-internal tan-
dem duplication (ITD) predicts a high
risk of progression of MDS to AML
in adult patients,® but these gene
alterations were rarely reported in
pediatric MDS.4

We reported here a 6-year-old
girl with leukocytosis, which con-
sisted of monocytosis and immature
myeloid cells. She did not show
hepatomegaly, splenomegaly, café-
au-lait spots, or other abnormal
physical findings. A bone marrow
aspirate showed a hypercellular mar-
row with greatly increased myeloid
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21bp

21bp

]

.

TACTTCTACGTTGAITTCAGAGA ATATGAATATGATTTCAGA GAATATGAATATGATCTCAAATG GGAGTTTC CAAGAGA

vl

type of FLT3 was not found.

cells and megakaryocytes, but blasts

- were less than 1%. Only minimal

dysplastic change was seen in her
bone marrow cells with normal
female karyotype. A provisional
diagnosis was adult-type chronic mye-
lomonocytic leukemia. She developed
acute mixed-lineage leukemia carry-
ing trisomy 21 after 4 years from the
initial diagnosis. The disease pro-
gressed rapidly, and she died after
allogeneic stem cell transplantation.
We  analyzed mutations in
the runt domain of AMLIgene by
polymerase chain reaction or reverse-
transcription polymerase chain reac-
tion followed direct sequencing using
the primers previously described.’
The patient had a mutation within
intron 3 of AMLI gene (T to A; — 10
from exon 4, Fig. 1). The mutation
led to an 8-bp insertion on 1 mRNA
allele resulting from change in a
splicing acceptor site in intron 3; this
induced a frameshift that produced a

exon 4

tgtcotitgact getantag | GTGGTGGCCCTAGGGGC.
tgtectugacagsatgtitag | GTGGTGGCCCTAGGGGC

DNA '
o intron 3
Wild type
This patient
¢DNA
o exon 3
Wildiype  CCCATCGCTTTCAAG
P I A F K
This patient o txon3

exon 4 N
IGTGGTGGCCCI‘AGGE
VvV AL G

insertion exon 4

D A |

CCCATCGCTTTCAAG | GTGTTTAG | GTGGTGGCCCTAGGS
A F K V F R WW P

X m."\

quence of FLT3 gene. ITD of 21 bp in exon 11 was observed. The wild

i e

stop codon. Both normal and mutant
AMLI sequences were found in this
patient (Fig. 1).

Moreover, we analyzed the jux-
termembrane domain of the FLT3
gene using primer pairs RS and Ré6¢
and found an ITD of 21 bp in exon 11

_(Fig. 2), but we could not find the

wild-type . product of FLT3 gene.
Moreover, mutations of RAS and
PTPNI1I genes were not found in this
patient. :

Interestingly, dual mutations in
the AMLI and FLT3 genes were
found in AML-MO subtype in adult
MDS patients.” We considered that
both AMLI mutation and FLT3-ITD
may have a role in disease progres-
sion. However, we could not examine
the 4MLI mutation and FLT3-ITD
at the time of chronic phase because
the sample was not available. Larger
studies regarding gene alterations in
pediatric MDS will be needed to
clarify these associations.

Akira Shimada, MD*t
" Takeshi Taketani, MD{
Akira Kikuchi, MD+
Ryoji Hanada, MD¥
Hiroshi Arakawa, MD§
Hirokazu Kimura, PhDI|
Yuyan Chen, MDY
Yasuhide Hayashi, MD*
*Department of Hematology/Oncology
Gunma Children's Medical Center
- Gunma
tDivision of Hematology/Oncology
Saitama Children’s Medical Center
§Department of Pediatrics

FIGURE 1. The schema of mutation in the runt domain of the AML1/RUNXT gene. A
point mutation at intron 3 (t—a; italic letter -10 from exon 4), led to an 8-bp
insertion (jtalic letters) on 1 cDNA allele because of the change in the splicing
acceptor site in intron 3, inducing a frameshift resulting in a stop codon (pentagram).
The wild type of AMLT was also found.

Saitama Medical Center

Saitama Medical School, Saitama
IDepartment of Research Group, Gunma
Prefectural Institute of Public Health and
Environmental Sciences Gunma
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Routine Use of PET
Scans After
Completion of
Therapy in Pediatric
Hodgkin Disease
Results in a High False
Positive Rate

In Response:

Drs Mardis and Wong raise
important points in response to our
published report regarding the rou-

© 2007 Lippincott Williams & Wilkins

tine use of positron emission tomo-
graphy (PET) scans for surveillance
of disease recurrence after completion
of therapy in children and adolescents
with Hodgkin lymphoma.! Our study
was designed to evaluate PET scans

as they are commonly used in the’

patient population. Hence, our data
included all PET scans, as they are
used for surveillance even when PET
scans were not used in the diagnostic
period. Similarly, in practice, multiple
physicians read PET scans and varia-
bility in interpretation is itself a
limitation of the use of PET scans.
Drs Mardis and Wong note that
perhaps some of false positives in
the early stages were due to inexperi-
ence, however, we presented infor-
mation that the false positive rate
remained the same throughout the
study period suggesting that a learn-
ing curve did not account for the
findings of the study.

Since our publication Meany
et al? published a study, evaluating
23 consecutive pediatric patients with
Hodgkin disease and compared PET
scan results with clinical status and
computed tomography (CT) scans.
Their results included a strong nega-
tive predictive value of 100% and a
positive predictive value of 18.2%,

findings that are almost identical to

our resuits. They conclude, as we
did, that positive PET scans must
be interpreted conservatively and that
treatment decisions should not be
made on the findings of a positive
study.

Ultimately, Dr Mardis and
Wong’s conclusion that CT/PET
scanners will solve many of the issues
that commonly occur with the use of
PET scans supports the conclusion
that PET scans are not an ideal
imaging modality for off therapy
patients. Our concern, and the ratio-
nale for publishing our data, is that
PET scans are still used in many
centers where combined CT/PET
scans are not available and also
continue to be used in research
studies. Thus, the issues that arise
with the use of PET scans, including
the presence of false positive results,
are likely to continue to present
management dilemmas to our collea-
gues and need to be acknowledged.

The International Harmonization
Project recently evaluated the existing
data on the use of PET scans in
lymphoma therapy.? Consistent with
our recommendations, the report
concluded that the current data is
inadequate to recommend routine
surveillance PET scans after comple-
tion of therapy.

Jemnifer M. Levine, MSW, MD
Michael Weiner, MD

Kara M. Kelly, MD

Division of Pediatric Oncology
Columbia University Medical Center
New York, NY
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The Accuracy of
PET(CT) in Evaluating
Pediatric Lymphoma

To the Editor:

We read with great interest the
recent article by Levine et al! in the
November 2006 issue of Journal of
Pediatric Hematology/Oncology. We
have some concerns about the results
of this study.

First, only a portion of the
cohort had a positron emission tomo-
graphy (PET) scan at initial diagnosis
to serve as a reference for disease
response to therapy. Correcting this
deficit in surveillance might have
minimized false positive results in
their patient population. Besides,
there was no quantification of meta-
bolic activity, which is important in
defining the underlying biologic be-
havior of the lymphoma. As described
by Wong et al,? quantitative examination
of the glucose metabolic rate by the
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Highly Sensitive Method for Genomewide Detection of Allelic
Composition in Nonpaired, Primary Tumor Specimens by Use
of Affymetrix Single-Nucleotide-Polymorphism Genotyping
Microarrays

Go Yamamoto,* Yasuhito Nannya,” Motohiro Kato, Masashi Sanada, Ross L. Levine,
Norihiko Kawamata, Akira Hangaishi, Mineo Kurokawa, Shigeru Chiba, D. Gary Gilliland,
H. Phillip Koeffler, and Seishi Ogawa

Loss of heterozygosity (LOH), either with or without accompanying copy-number loss, is a cardinal feature of cancer
genomes that is tightly linked to cancer development. However, detection of LOH is frequently hampered by the presence
of normat cell components within tumor specimens and the limitation in availability of constitutive DNA. Here, we
describe a simple but highly sensitive method for genomewide detection of allelic composition, based on the Affymetrix
single-nucleotide—polymorphism genotyping microarray platform, without dependence on the availability of constitutive
DNA. By sensing subtle distortions in allele-specitic signals caused by allelic imbalance with the use of anonymous
controls, sensitive detection of LOH is enabled with accurate determination of allele-specific copy numbers, even in the
presence of up to 70%-80% normal cell contamination. The performance of the new algorithin, called “AsCNAR” (allele-
specilic copy-number analysis using anonymous references), was demonstrated by detecting the copy-number neutral
LOH, or uniparental disomy (UPD), in a large number of acute leukemia samples. We next applied this technique to
detection of UPD involving the 9p arm in myeloproliferative disorders (MPDs), which is tightly associated with a ho-
mozygous JAKZ mutation. It revealed an unexpectedly high frequency of 9p UPD that otherwise would have been
undetected and also disclosed the existence of multiple subpopulations having distinct 9p UPD within the same MPD
specimen. In conclusion, ASCNAR should substantially improve our ability to dissect the complexity of cancer genomes
and should contribute to our understanding of the genetic basis of human cancers.

Genomewide detection of loss of heterozygosity (LOH),  of large numbers of SNP-specific probes showing linear

as well as copy-number (CN) alterations in cancer ge-
nomes, has drawn recent attention in the field of cancer
genetics,' because LOH has been closely related to the
pathogenesis of cancers, in that it is a common mecha-
nism for inactivation of tumor suppressor genes in Knud-
son’s paradigm.’ Moreover, the recent discovery of the
activating Janus kinase 2 gene (JAK2 [MIM *147796]) mu-
tation that is tightly associated with the common 9p LOH
with neutral CNs, or uniparental disomy (UPD), in mye-
loproliferative disorders (MPDs)*® uncovered a new par-
adigin—that a dominant oncogenic mutation may be fur-
ther potentiated by duplication of the mutant allele and/
or exclusion of the wild-type allele—underscoring the im-
portance of simultaneous CN detection with LOH anal-
ysis. On this point, Affymetrix GeneChip SNP-detection

arrays, originally developed for large-scale SNP typing,”

provide a powerful platform for both genomewide LOH
analysis and CN detection.'"'* On this platform, the use

hybridization kinetics allows not only for high-resolution
LOH analysis at ~2,500-150,000 heterozygous SNP loci
but also for accurate determination of the CN state at each
LOH region.'* ! Unfortunately, however, the sensitivity of
the currently available algorithm for LOH detection by
use of SNP arrays may be greatly reduced when they are
applied to primary tumor specimens that are frequently
heterogeneous and contain significant normal cell
components.

In this article, we describe a simple but highly sensitive
method to detect allelic dosage (CNs) in primary tumor
specimens on a GeneChip platform, with its validations,
and some interesting applications to the analyses of pri-
mary hematological tumor samples. It does not require
paired constitutive DNA of tummor specimens or a large set
of normal reference samples but uses only a small number
of anonymous controls for accurate determination of al-
lele-specific CN {AsCN) even in the presence of significant
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proportions of normal cell components, thus enabling re-
liable genomewide detection of LOH in a wide variety of
primary cancer specimens.

Material and Methods
Sarnples and Microarray Analysis

Genomic DNA extracted from a lung cancer cell line (NCI-
H2171) was intentionally mixed with DNA from its paired
lymphoblastoid cell line (LCL) (NCI-BL2171) to generate
a dilution series, in which twinor contents started at 10%
and increased by 10% up to 90%. The ratios of admixture
were validated using measurements of a microsatellite
(D3851279) within a UPD region on chromosome 3 (data
not shown). The nine mixed samples, together with non-
mixed original DNAs (0% and 100% tumor contents),
were analyzed with GeneChip 50K Xba SNP arrays (Af-
fymetrix). Microarray data corresponding to 5%, 15%,
259%,..., and 95% tumor content were interpolated by lin-
early superposing two adjacent microarray data sets after
adjusting the mean array signals of the two sets. Both cell
lines were obtained from the American Type Culture Col-
lection (ATCC). Genomic DNA was also extracted from 85
primary leukemia samples, including 39 acute myeloid
leukemia (AML [MIM #601626]) samples and 46 acute
lymphoblastic leukemia (ALL) samples, and was subjected
to analysis with 50K Xba SNP arrays. Of the 85 samples,
34 were analyzed with their matched complete-remission
bone marrow samples. DNA from 53 MPD samples—13
polycythemia vera (PV [MIM #263300]), 21 essential
thrombocythemia (ET [MIM #187950]), and 19 idiopathic
myelofibrosis (IMF [MIM #254450])—43 of which had
been studied for JAK2 mutations,® were also analyzed with
50K Xba SNP arrays. Microarray analyses were performed
according to the manufacturer’s protocol,” except with
the use of LA Taq (Takara) for adaptor-mediated PCR. Also,
DNA from 96 normal volunteers was used for the analysis.
All clinical specimens were made anonymous and were
incorporated into this study in accordance with the ap-
proval of the institutional review boards of the University
of Tokyo and Harvard Medical School.

ASCN Aunalyses Using Anonymous Control Samples
(ASCNAR)

SNP typing on the GeneChip platform uses two discrete
sets of SNP-specific probes, which are arbitrarily but con-
sistently named “type A” and “type B” SNPs, at every SNP
locus, each consisting of an equal number of perfectly
matched probes (PM s or PM,;s) and mismatched probes
(MM,s or MM,;s). For AsCN analysis, the sums of perfectly
matched probes (PM,s or PM;s) for the ith SNP locus in
the tumor (tum) sample and reference samples (refl,
ref2,..., refN),

ctum 3‘ tum ctun i
= > PMYT, S = D PMG;

and

rell 1eff etl 17 —-
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are compared separately at each SNP locus, according to
the concordance of the SNP calls in the tumor sample
(0" and the SNP calls in a given reference sample
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and the total CN ratio is calculated as follows:

R for O™ = O = AA
RS, = (RSY for O = Of = BB (I = 1,2,3,... N) .
JREY + Rgly for OF™ = O = AB

For CN estimations, however, R, %Y, and Ry are biased
by differences in mean array signals and different PCR
conditions between the tumor sample and each reference
sample and need to be compensated for these effects to
obtain their adjusted values R, R7Y, and RiY, respectively
(appendix A).*¢

These values are next averaged over the references that
have a concordant genotype for each SNP in a given set
of references (K), and we obtain R, R%, and R, Note
that R, and R§, are calculated only for heterozygous SNPs
in the tumor sample (see appendix A for more details).

A provisional total CN profile A, is provided by

A = {Rﬁm} ,
and provisional AsCN profiles are obtained by

AR = fmax (RY RS 1)

AP = {min (R RS )} .

These provisional analyses, however, assume that the tu-
mor genome is diploid and has no gross CN alterations,
when the coefficients are calculated in regressions. In the
next step, the regressions are iteratively performed using
a diploid region that is truly or is expected to be diploid,
to determine the coefficients on the basis of the provi-
sional total CN, and then the CNs are recalculated.
Finally, the optimized set of references is selected that
minimizes the SD of total CN at the diploid region by
stepwise reference selection, as described in appendix A.
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Figure 1. AsCN analysis with or without paired DNA. DNA from a lung cancer cell line (NCI-H2171) was mixed with DNA from an LCL
(NCI-BL2171) established from the same patient at the indicated percentages and was analyzed with GeneChip 50K Xba SNP arrays.
AsCNs, as well as total CNs, were analyzed using either the paired reference sample (NCI-BL2171) (upper panels, A-C) or samples from
unrelated individuals simultaneously processed with the tumor samples (middle and lower panels, D-I). On each panel, the upper two
graphs represent total CNs and their moving averages for the adjacent 10 SNPs, whereas moving averages of AsCNs for the adjacent
10 SNPs are shown below (red and green lines). Green and pink bars in the middle are heterozygous (hetero) calls and discordant SNP
calls between the tumor and its paired reference, respectively. At the bottom of each panel, LOH regions inferred from AsCNAR (orange),
SNP call-based LOH inference of CNAG (blue), dChip (purple), and PLASQ (light green) are depicted. Asterisks (*) indicate the loci at
which total CNs were confirmed by FISH analysis (data not shown). The calibrations of CN graphs are linearly adjusted so that the mean

CNs of null and single alleles should be 0 and 1, respectively.

Allele-specific analysis using a constitutive reference,
refSelt, is provided by

jxlarge — {n]ﬂx (Rf{c;S\-llrl?f';:;Sx'lr)}

and

Asmall — {lllill (IA{::",,SQH,R\;:;SQ")} .

Computational details of ASCNAR are provided in appen-
dix A.

Comparison with Other Algorithins

dChip'” and PLASQ' were downloaded from their sites,
and the identical microarray data were analyzed using
these programs. Since PLASQ requires both Xba and Hind
array data, microarray data of mixed tumor contents for
Hind arrays were simulated by linearly superimposing the
tumor cell line (NCI-H2171) and LCL (NCI-BL2171) data
at indicated proportions.

Statistical Analysis

Significance of the presence of allelic imbalance (Al) in a
given region, I', called as having Al by the hidden Markov
model (HMM), was statistically tested by calculating ¢ sta-
tistics for the difference in AsCNs, | log, RS, —log. R, |, be-
tween I and a normal diploid region, where the tests were
unilateral. Significance between the numbers of UPDs de-
tected by the SNP call-based method and by AsCNAR was
tested by one-tailed binominal tests. P values for Al de-
tection by allele-specitic PCR were calculated by one-tailed
f tests, comparing triplicates of the target sample and trip-
licates of five normal samples that have heterozygous al-
leles in the SNP.

Detection of the JAK2 Mutation and Measurements
of Relative Allele Doses

The JAK2 V617F mutation was examined by a restriction
enzyme-based analysis, in which PCR-amplified JAK2
exon 12 fragments were digested with BsaXI, and the pres-
ence of the undigested fragment was examined by gel elec-
trophoresis.” Relative allele dose between wild-type and
mutated JAK2 was determined by measuring allele-specific
PCR products for wild-type and mutated JAK2 alleles by
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Sensitivity and specificity of LOH detection for intentionally mixed tumor samples. Sensitivity of detection of LOH with or

without CN loss (A and B) in different algorithms were compared using a mixture of the tumor sample (NCI-H2171) and the paired LCL
sample (NCI-BL2171). The results for all LOH regions are shown in panel C, and the specificities of LOH detection are depicted in panel
D. For precise estimation of sensitivity and specificity, we defined the SNPs truly positive and negative for LOH as follows. The tumor
sample and the paired LCL sample were genotyped on the array three times independently, and we considered only SNPs that showed
the identical genotype in the three experiments. SNPs that were heterozygous in the paired LCL sample and were homozygous in the
tumor sample were considered to be truly positive for LOH, and SNPs that were heterozygous both in the paired LCL sample and in the
tumor sample were considered to be truly negative. Proportions of heterozygous SNP calls (%hetero-call) that remained in LOH regions

of each sample are also shown in panels A-C.

capillary electrophoresis by use of the 3100 Genetic An-
alyzer (Applied Biosystems), as described in the litera-
ture."” Likewise, the fraction of tumor components having
9p and other UPDs was measured by either allele-specific
PCR or STR PCR,”" by use of the primers provided in
appendix B [online only]. The percentage of UPD-positive
cells (%UPD(+)) was also estimated as the mean difference
of AsCNs for heterozygous SNPs within the UPD region
divided by that for homozygous SNPs within an arbitrary
selected normal region:

%UPD(+) = E(|RE, — Rl ineero ssvs i urp region)
y =

= DK ’
E( IRﬁ,i - thi‘]-: homo SNPs with normal L:;\')

where AsCNs for the denominator were calculated as if
the homozygous SNPs were heterozygous. However, in
those samples with a high percentage of UPD-positive
components, the heterozygous SNP rate in the UPD region
decreased. For such regions, we calculated the percentage
of UPD-positive cells by randomly selecting 30% (the
mean heterozygous SNP call rate for this array) of all the
SNPs therein and by assuming that they were heterozy-
gous SNPs. Cellular composition of JAK2 wild-type (wt)
and mutant (mt) homozygotes (wt/wt and mt/mt) and
heterozygotes (wt/mt) in each MPD specimen was esti-
mated assuming that all UPD components are homozy-

gous for the JAK2 mutation. The fractions of the wt/mt
heterozygotes in cases with a 9p gain were estimated as-
suming that the duplicated 9p alleles had the JAK2 mu-
tation. Throughout the calculations, small negative values
for wt/mt were disregarded.

FISH

FISH analysis was performed according to the previously
published method, to confirm the absolute total CNs in
NCI-H2171.%° The genomic probes were generated by
whole-genome amplification of FISH-confirmed RP11 BAC
clones 169N13 (3q13; CN = 2), 227F7 (8q24; CN = 2),
196H14 (12q14; CN = 2), 25E13 (13q33; CN = 2), 84E24
(17q24; CN = 2), 12C9 (19q13; CN = 2), 153K19 (3q13;
CN = 3), 94D19 (3pl4; CN = 1), 80P10 (8q22; CN = 1),
and 64C21 (13q12-13; CN = 1), which were obtained
from the BACPAC Resources Center at the Children’s Hos-
pital Oakland Research Institute in Oakland, California.

Results
SNP Call-Based Genomewide LOH Detection by Use of SNP
Arrays

When a pure tumor sample is analyzed with a paired con-
stitutive reference on a GeneChip Xba SOK array, LOH is
easily detected as homozygous SNP loci in the tumor spec-
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Figure 3. The number of UPD regions for acute leukemia and
MPD samples detected by either the SNP call-based method or
AsCNAR. The number of UPD regions for ALL and AML samples
detected by the SNP call-based method or by AsCNAR is shown in
panel A, and the number of 9p UPDs for MPD samples detected
by the two methods is shown in panel B. Some samples have more
than one UPD region. Details of UPD regions are given in table 1.
Significance between the numbers of UPDs detected by the SNP
call-based method and by the AsCNAR method was tested by one-
tailed binomial tests.

imen that are heterozygous in the constitutive DNA (fig.
1A, pink bars). In addition, given a large number of SNPs
to be genotyped, the presence of LOH is also inferred from
the grossly decreased heterozygous SNP calls, even in the
absence of a paired reference (fig. 1D). The accuracy of the
LOH inference would depend partly on the algorithmused
but more strongly on the tumor content of the specimens.
Thus, our SNP call-based LOH inference algorithm in
CNAG (appendix C), as well as that of dChip,'” show al-
most 100% sensitivity and specificity for pure tumor spec-
imens. But, as the tumor content decreases, the LOH de-
tection rate steeply declines (fig. 1G), and, with <50%
tumor cells, no LOH can be detected, even when complete
genotype information for both tumor and paired consti-
tutive DNA is obtained (fig. 1B, 1E, 111, and 1/).

LOH Detection Based on AsCN Analysis

On the other hand, the capability of allele-specific mea-
surements of CN alterations in cancer genomes is an ex-
cellent feature of the SNP array-based CN-detection system
that uses a large number of SNP-specific probe sets,'*'**!
When constitutive DNA is used as a reference, AsCN anal-
ysis is accomplished by separately comparing the SNP-
specific array signals from the two parental alleles at the
heterozygous SNP loci in the constitutive genomic DNA.™
It determines not only the total CN changes but also the
alterations of allelic compositions in cancer genomes,
which are captured as the split lines in the two AsCN
graphs (fig. 1A and 1B). In this mode of analysis, the pres-
ence of LOH can be detected as loss of one parental allele,

even in specimens showing almost no discordant calls (fig.
1B).

ASCNAR

The previous method for AsCN analysis, however, essen-
tially depends on the availability of constitutive DNA,
since AsCNs are calculated only at the heterozygous SNP
loci in constitutive DNA.'" Alternatively, allele-specific sig-
nals can be compared with those in anonymous references
on the basis of the heterozygous SNP calls in the tumor
specimen. In the latter case, the concordance of hetero-
zygous SNP calls between the tumor and the unrelated
sample is expected to be only 37% with a single reference.
However, the use of multiple references overcomes the low
concordance rate with a single reference, and the expected
overall concordance rate for heterozygous SNPs and for
all SNPs increases to 86% and 92%, respectively, with five
unrelated references (appendix D [online only]). Thus, for
AsCNAR, allele-specific signal ratios are calculated at all
the concordant heterozygous SNP loci for individual ref-
erences, and then the signal ratios for the identical SNPs
are averaged across different references over the entire ge-
nome. For the analysis of total CNs, all the concordant
SNDs, both homozygous and heterozygous, are included
in the calculations, and the two allele-specific signal ratios
for heterozygous SNP loci are summed together. Since
AsCNAR computes AsCNs only for heterozygous SNP loci
in tumors, difficulty may arise on analysis of an LOH re-
gion in highly pure tumor samples, in which little or no
heterozygous SNP calls are expected. However, as shown
above, such LOH regions can be easily detected by the
SNP call-based algorithm, where AsCNAR is formally cal-
culated assuming all the SNPs therein are heterozygous.
Thus, the AsCNAR provides an essentially equivalent re-
sult to that from AsCN analysis using constitutional DNA,
with similar sensitivity in detecting Al and LOH (compare
fig. 1A with 1D and 1B with 1E).

As expected from its principle, ASCNAR is more robust
in the presence of normal cell contaminations than are
SNP call-based algorithms. To evaluate this quantitatively,
we analyzed tumor DNA that was intentionally mixed
with its paired normal DNA at varying ratios in SOK Xba
SNP arrays, and the array data were analyzed with
AsCNAR. To preclude subjectivity, LOH regions were de-
tected by an HMM-based algorithm, which evaluates dif-
ference in AsCNs in both parental alleles (appendix E).*
As the tumor content decreases, the SNP call-based LOH
inference fails to detect LOH because of the appearance
of heterozygous SNP calls from the contaminated normal
cell component (fig. 1E and 1G-11), but these heterozy-
gous SNP calls, in turn, make AsCNAR operate effectively.

Table 1.
Leukemia

CN-Neutral LOH in Primary Acute

The table is available in its entirety in the online
edition of The American Journal of Human Genetics.
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Figure 4. Detection of AI in samples of primary AML and MPD. AsCN analyses disclosed the presence of a small population with 17p
UPD in a primary AML specimen (W150673) (93% blasts in microscopic examination) with either a paired sample (A) or anonymous
reference samples (B). The difference of the mean CNs of the two parental alleles is statistically different between panels A (0.38) and
B (0.55) (P<.0001, by t test), which is explained by the residual tumor component within the bone marrow sample in complete
remission (1% blast) used as a paired reference (W150673CR) (C). Al in the 9p arm was also sensitively detected in JAK2 mutation-
positive MPD cases. UPD may be carried only by a very small population (~20% estimated from the mean deviation of AsCNs in 9p)
(IMF_10) (D), or by two discrete populations within the same case (PV_06), as indicated by two-phased dissociation of AsCN graphs
(pink and green arrows) (F). Al in 9p is mainly caused by UPD but may be caused by gains of one parental allele without loss of the
other allele (£), both of which are not discriminated by conventional allele measurements. Blue and pink bars are UPD and AI calls,

respectively, from the HMM-based LOH detection algorithm. Other features are identical to those indicated in figure 1.

In fact, this algorithm precisely identifies known LOH
regions, as well as regions with Al, in intentionally mixed
tumor samples containing as little as 20% (for LOH with-
out CN loss) to 25% (LOH with CN loss) tumor contents
(fig. 24-2C). Note that this large gain in sensitivity is ob-
tained without the expense of specificity, which is very
close to 100%, as observed with other algorithms (fig. 2D).
In AsCNAR, small regions of Al (<1 million bases inlength)
are difficult to detect in samples contaminated with nor-
mal cells. However, such regions are also difficult to detect
using other algorithms (data not shown).

Identification of UPD in Primary Tumor Samples

To examine further the strength of the newly developed
algorithms for AsCN and LOH detection, we explored UPD
regions in 85 primary acute leukemia samples, including
39 AML and 46 ALL samples, on GeneChip SOK Xba SNP

arrays, since recent reports identified frequent (~20%) oc-
currence of this abnormality in AML.***' In the SNP call-
based LOH inference algorithm, 16 UPD regions were
identified in 14 cases, 8 (20.5%) AML and 6 (13.0%) ALL.
However, the frequencies were almost doubled with the
AsCNAR algorithm; a total of 28 UPD loci were identified
in 25§ cases, including 14 (35.9%) AML and 11 (23.9%)
ALL (fig. 34 and table 1). In S of the 25 UPD-positive cases,
a matched remission sample was available for AsCN anal-
ysis, which provided essentially the same results as
AsCNAR, except for one relapsed AML case (W150673).
In the latter case, a discrepancy in AsCN shifts in 17p UPD
occurred between AsCN analysis with and without a con-
stitutive reference, with more CN shift detected with
anonymous references (fig. 44 and 4B). The discrepancy
was, however, explained by the unexpected detection of
a subtle UPD change in 17p in the reference sample by
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Table 2. Al of 9p in JAK2 Mutation-Positive MPDs

Detection
9p Status by AsCNAR C:g_?;ie 4 %Ak Allele-Specific PCR'

Case Type  Break Point*  %UPD* Method® Mutation® SNP Y%UPD' pe
PV_02 Gain 42.9 99 NA 63 rs2009991 84 004
PV_03 Gain Whole 60 NA 39 1510511431 63 .008
PV_04 uprp 37.0 93 D 95 S5Homo 5Homo  5Homo
PV_08 uprp 34,2 91 D 93 5Homo 5Homo  S5Homo
PV_07 upp 23.8 88 D 90 SHomo 5Homo  5Homo
PV_06 upp* 7.1/35.3 83 )] 93 5Homo 5Homo  S5Homo
PV_11 uprh 31.2 68 D 76 S5Homo 5Homo  SHomo
PV_13 urpb 28.1 66 ND 48 rs1416582 64 .001
PV_01 uprb 20.9 56 ND 62 1510511431 49 .007
PV_09 urpd 30.8 38 ND 30 1510491558 32 .020
PV_05 upPpD 23.5 32 ND 33 151374172 31 010
IMF 04 UPD 33.8 79 D 90 S5Homo SHomo  SHome
IMF_05 UPD 37.0 58 ND 57 151416582 49 .004
IMF_07 UPD 20.3 52 ND 50 151416582 57 .005
IMF_12  upD" 26.8/42.9 52 ND 66 5Homo 5Homo  SHomo
IMF_14  upD" 22.8/33.8 45 ND 56 151374172 35 .015
IMF_19  UpD 34.4 26 ND 43 1510511431 33 017
IMF_10 uPD 34.6 21 ND 36 151374172 21 049
IMF_15 UPD 33.8 21 ND 17 510511431 20 084
IMF_06  UPD 35.3 17 ND 28 rs1374172 20 .048
IMF_16 () NA NA NA 37 NA NA NA
ET_12 Gain Whole 42 NA 27 152009991 36 046
ET_14 uppb 42.9 63 ND 45 151374172 54 .006
ET_01 upPd 35.4 19 ND 59 1510511431 33 017
ET_05 (-) NA NA NA 23 NA NA NA
ET_08 (-) NA NA NA 42 NA NA NA
ET_09 () NA NA NA 34 NA NA NA
ET_10 (-) NA NA NA 16 NA NA NA
ET_15 (-) NA NA NA 27 NA NA NA
ET_18 (-) NA NA NA 17 NA NA NA
ET_19 (-) NA NA NA 27 NA NA NA
ET_21 (=) NA NA NA 55 NA NA NA

Note.—NA = not applied; (—) = neither UPD nor gain of 9p was detected by AsCNAR analysis.
* D= UPD was detected by SNP call-based method; ND = not detected.
* Percentage of JAKZ mutant alleles, as measured by allele-specific PCR.

° 5Homio: = all five tested SNPs were homozygous.

* Position: of the break point from: the p-telomeric end (values are in Mb). The location of JAK2

corresporids to 5 Mb.

* Percentage of tunor cell populations with either UPD or gain of 9p, as determined by AsCNAR analysis.
f Percentage of tumor cell populations with either UPD or gain of 9p, as determined by the allele-

specific. PCR.

¥ P-values were derived from one-tailed t tests comparing triplicate analyses of the target sample and

triplicate analyses. of five normal samples.
* Two: UPD-positive populations exist.

AsCNAR (P<.0001, by f test) (fig. 4C), which offset the
CN shift in the relapsed sample, although it was mor-
phologically and cytogenetically diagnosed asin complete
remission.

Analysis of 9p UPD in MPDs

Another interesting application of the AsCNAR is the anal-
ysis of allelic status in the 9p arm among patients with
MPD, which includes PV, ET, and IME According to past
reports, ~10% (in ET) to ~40% (in PV) of MPD cases with
the activating JAK2 mutation (V617F) show evidence of
clonal evolution of dominant progeny that carry the ho-
mozygous JAK2 mutation caused by 9p UPD.>"* In our

series that included 53 MPD cases, the JAK2 mutation was
detected in 32 (60%), of which 13 (41%) showed >50%
mutant allele by allele measurement with the use of allele-
specific PCR, and thus were judged to have one or more
populations carrying homozygous JAK2 mutations (table
2). This frequency is comparable to that reported else-
where.* However, when the same specimens were ana-
lyzed with 50K Xba SNP arrays by use of the AsCNAR
algorithm, 20 of the 32 JAK2 mutation-positive cases were
demonstrated to have minor UPD subpopulations (table
2 and fig. 3B), in which as little as 17% of UPD-positive
populations were sensitively detected (fig. 4D). In fact,
these minor (<50%) UPD-positive populations in these
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