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Preservation of ovarian function by ovarian shielding when undergoing
total body irradiation for hematopoietic stem cell transplantation:

a report of two successful cases
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The purpose of this study was to evaluate the possibility of
preserving ovarian function by ovarian shielding to reduce
the irradiation dose in total body irradiation (TBI). The
subjects in the study were females aged less than 40 years,
who were undergoing allogeneic hematopoietic stem cell
transplantation using a TBI-based regimen and who
desired to have children after transplantation. For ovarian
shielding, abdominal computed tomography (CT) and skin
marking were performed in both the supine and prone
positions, prior to the TBI. A pair of columnar blocks was
placed just above the patient’s body. Thus far three
patients have been treated. The serum estradiol level
decreased to an undetectable level (<8.5pg/ml) after
transplantation and the follicle-stimulating hormone
(FSH) level increased above 90 mIU/ml in all patients
and they became amenorrheic. However, regular
menstruation recovered in patients no. 1 and 2 about
800 and 370 days after transplantation, respectively, with
a decrease in the serum FSH level. Menstruation did
not recover in patient no. 3, and serum estradiol was
transiently detected above 20 pg/ml. The preservation of
ovarian function was made possible by ovarian shielding.
However, a longer follow-up is needed to know if normal
pregnancy and delivery can occur.
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Introduction

The conditioning regimen before allogeneic hematopoietic
stem cell transplantation is intended to eradicate tumor
cells and to promote immunosuppression to prevent graft
rejection. A combination of cyclophosphamide and total
body irradiation (TBI) is the most widely used regimen in
transplantation for leukemia. However, this regimen causes
severe germ cell injury and infertility.! ' On the other
hand, patients who have received cyclophosphamide alone
for aplastic anemia frequently recover ovarian function
after transplantation. Considering that the dose of cyclo-
phosphamide in transplantation for aplastic anemia is
usually higher than that in transplantation for leukemia
(200 vs 120mg/kg), we explored the possibility of pre-
serving ovarian function by reducing the irradiation dose
by ovarian shielding.

Patients and methods

Patients

Three female patients aged less than 40 years, who were
undergoing allogeneic hematopoietic stem cell transplant-
ation using a TBI-based regimen and who desired to have
children after transplantation, were the subjects of this
study. The study was approved by the Ethics committee of
the University of Tokyo Hospital and all patients gave
informed consent to participate in this study.

Transplantation procedure

The preparative regimen was a combination of cyclophos-
phamide at 60 mg/kg/day for 2 days and TBI at 2 Gy twice
daily for 3 days. In patient no. 3, the dose of cyclophos-
phamide was reduced to 40mg/kg/day for 1 day and
etoposide at 20mg/kg/day for 2 days was added instead,
because of impaired cardiac function before transplant-
ation. Cyclosporin A was administered as a continuous in-
fusion at a dose of 3mg/kg/day combined with short-term
methotrexate (10~15mg/m* on day 1 and 7-10mg/m? on
days 3 and 6, and optionally on day 11) to prevent GVHD.
Patient no. 3, who underwent transplantation from a



Preservation of ovarian function by ovarian shielding in TBI
K Nakagawa ¢f af

two-locus-mismatched sibling donor, received alemtuzumab
at 02mgkgiday from day -8 to day -3 Methyl-
prednisolone at 1-2mg'kg 'day was added for patients who
developed grade IT-TV GVHD. Prophylaxis against bacter-
ial, fungal and Pneumocystis carinii infection consisted of
fluconazole. ciplofloxacin, and sulfamethoxazole/trimetho-
prim. IFor prophylaxis against herpes simplex virus infection,
acyclovir was given 730 mg/day intravenously or 1000 mg/
day orally from days -7 10 35, followed by long-term low-
dose (400mg/day) oral administration until the end of
immunosuppressive therapy. A cyvtomegalovirus antigene-
mia assay using C1O'CH antibody was performed at least
once a week after engrafiment. Ganciclovir was started when
more than two positive cells were detected on two shides.

TRI and ovariun shielding

Patients were treated in a mobile box made of 10mm thick
polymethyl methacryiate 600 mm wide by 2000mm long by
400 mm high. The box is capable of moving up to 250om
forward and backward on the rails with a constant speed.
Beam intensity and moving velocity defined dose rate in
TBIT Normally, beam opening of the linac is 400 < 10 cm?,
Leukemia patients were usually treated in the supine
position for three fractions in the morning and in the
prone position for three fractions in the evening.

The center of the mobile box was selected to be a
reference point to attain the prescribed dose. Beam
intensity and moving velocity were determined based on
the measurement of the doses in Mix-DP slab phantoms
with an ionization chamber, but no corrections for patient
body size were required due to the use of the mobile box.

In TBI for the leukemia patients, most commonly. a pair
of customized metal blocks was placed on the mobile box
for lung shielding. The blocks were fabricated according to
the fung shape, which was obtained by use of the X-ray film
taken in the box. Lung shiclding was performed in a
fraction of TBI out of six fractions for three consecutive
days in most cases.

FFor ovarian shielding, abdominal magnetic resonance
imaging (MRID) and computed tomography (CT) were
perforined prior 1o the TBI. Position of the ovaries was
checked with T2-weighted image of MRI and was projected
and marked onto the patient’s skin. Trans-abdominal
ultrasound on the day of trcatment was performed for
the accurate positioning of the shields. As the ovarian
shielding was performed in all six fractions, CT scan and
skin marking were performed both in supine and prone
positions. A pair of columnar blocks (8em in height and
Som in diameter) was placed just above the patient’s body,
as demonstrated in Figuves | and 2. For ovarian shielding,
beam opening was 40 ~ 2cm® to decrease penumbra.
Figure 3 shows a portal image taken during an actual
TBI with ovarian shiclding.

Actual measurement for hnananoid planiom

Actual doses to the ovary were measured with glass
dosimeters within a humanoeid phantom. Doses of 2Gy in
the supinc position and 2 Gy in the prone position were
given for total body with the tracking technique. Twelve
glass dosimeters were placed at the ovarian position of the
humanoid phantom under shielding (Figure 4).
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Figure T A schematice illustration of ovarian shielding in TBIL.

Figure 2 A pair of columnar blocks with dimensions ot Sam in height
and fom in diameter. It was placed just above the patient’s hody.

Figore 3 A portal image tken durng an actal TBI with ovarien
shiclding



Results

Petients

Thus far, three patients have been treated {Table 1) Two
had chronic myelogenous leukemia in first chronic phase
and huad not received intrivenous of antineoplastic agents
before  transplantation. The other patient had  acute
lvinphoblastic leukemia in sccond remission and had
received multiple courses of intensive chemotherapy. The
donors were a matched unrelated donor, an HLA-identical
sibling donor, and a two-locus-mismatched sibling donor in
patients no. 1, 2, and 3, respectively. Patients no. 1 and 2 had
regular menstruation before transplantation. but patient no.
3 already had chemotherapy-induced amenorrhea.

Transplaniation cutcome

All three patients had donor cell engrafiment between days
15 and day 31 after transplantation. Acute GVHD was
observed in only patient no. 1. She developed grade I acute
GVHD limited to the skin. which was followed by extensive
chronic GVHD, Panents no. 1 and 2 are alive without
feukemia on days 1163 and 1055 after transplantation,
respectively. However, patient no. 3 had a relapse of
leukemia on day 223 and died on day 322.
Ovarian function after transplaniation
The serum estradiol level decreased 1o an undetectable level

{(<8.5pgmly after transplantation and the follicle-stimu-

Figure 4 JHumanoid phantom experiment.
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lating hormone (FSHY level increased above 90miUAan! in
all patients and they became amenorrheic (Figure 35).
However, patients no. 1 and 2 recovered regular menstrua-
ton about 800 and 370 days after transplantation.
respectively, with a decrease in serum F'SH level. In patient
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Figure 5 Ovarian function after transplantion. Arrows indicate the day
of menstrisiion recovery.
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no. 3, serum estradiol was transiently detected above
20 pg/ml, but she did not resume menstruating.

Assessment of basal body temperature and monitoring of
follicle growth by sonohysterography would be useful to
assess ovarian function of patients undergoing ovarian
shielding in TBIL.

Actual measurement for phantom

The mean and median actual doses measured by means of
the glass dosimeters, which were inserted in the position of
the ovaries in the humanoid phantom were between 1.04]
and 1.042 Gy, respectively with a prescribed dose of 4 Gy.
The range was 9.98-1.096 Gy. The results meant that the
average total dose of the ovary was reduced from 12 to
3.123 Gy (74% less).

Discussion

The dose-limiting toxicity of TBI is interstitial pneumonia.
Although the incidence of interstitial pneumonia has been
significantly reduced by the use of fractionated irradiation
compared to single dose irradiation,’ 15% of patients still
develop interstitial pneumonia after fractionated TBI.
Therefore, lung shielding has been investigated to decrease
lung toxicity of TBI. In a small nonrandomized study, the
incidence of interstitial pneumonia was lower in patients
who underwent TBI with lung shielding than in those who
did not have shielding.’® TBI may also affect renal function
after transplantation. Therefore, Lawton er al.'® attempted
to protect renal function by renal shielding decreasing the
total dose to the kidneys from 14 to 12Gy, and the
incidence of late renal dysfunction decreased from 26
to 6%.

The ovary is an organ sensitive to irradiation and the
number of antral follicles per ovary has been shown to be
reduced by ovarian irradiation in long-term survivors of
childhood cancer.’® Also, Shuck er al.’” reported that all
patients who received irradiation to the ovaries at greater
than 15 Gy developed hormone failure. The radiation doses
that cause 5 and 50% complications to the ovaries are
about 3 and 10Gy, respectively.”® In this study, the
irradiation dose to the ovaries was decreased by 75% by
ovarian shielding and the total dose to the ovaries was
estimated at about 3 Gy. Considering that recovery of
ovarian function is frequently observed after a conditioning
regimen of cyclophosphamide at 200mg/kg only, the
combination of cyclophosphamide at 120mg/kg and TBI
at 12Gy with ovarian shielding should be reasonably
protective to the ovaries. ‘

Although patients who have received a conditioning
regimen of cyclophosphamide and TBI may have sponta-
neous recovery of ovarian function long after transplant-
ation, the incidence is less than 15% and it takes a median
of 5 years for recovery of ovarian function after transplant-
ation.’® In this study, regular menstruation recovered in
two of the three patients within 2 years after transplant-
ation, showing the protective effect of ovarian shielding.
However, spontaneous recovery of ovarian function is
rarely seen after a combination of busulfan and cyclophos-
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phamide, another major conditioning regimen for leuke-
mia.'® ¥ The risk of persistent alopecia is also more
frequent after a busulfan-containing regimen.”® Therefore,
the combination of busulfan and cyclophosphamide should
be avoided in young female patients, unless the patient has
a condition that precludes the use of TBI, such as previous
high-dose irradiation to a major organ.

It remains to be seen whether the recovery of ovarian
function in these patients will allow a normal pregnancy
and normal live birth. Recently, Carter er al** analyzed
pregnancy outcomes of female recipients and female
partners of male recipients after hematopoietic stem cell
transplantation. Seven females reported 13 pregnancies and
21 males reported 34 pregnancies. Most pregnancies were
uncomplicated and resulted in 40 live births. Pregnancy
outcomes were compared with those of their nearest-age
siblings. The incidence of miscarriage or stillbirth was
similar between the two groups. However, a larger study
from the European Group for Blood and Marrow
Transplantation® showed that the incidences of caesarean
section, preterm deliverly, and low birthweight singleton
birth offspring were higher compared to those in the
normal population. Therefore, pregnancies in transplant
recipients should be treated as high risks for maternal and
fetal complications. In addition, the freezing of ovarian
tissues or embryos might have a role as a back-up method
of fertility treatment for the patient with ovarian failure
after TBI.

We have shown that ovarian function could be preserved
by ovarian shielding. However, a longer follow-up is
needed to know whether this will allow normal pregnancy
and delivery. Also needed is a larger study to evaluate the
possible risk of increased relapse of leukemia after
transplantation. In addition, the freezing of ovarian tissues
or embryos might have a role as a back-up method of
fertility preservation for patients who undergo hemato-
poietic stem cell transplantation and should be evaluated in
the future.
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Chronic myelogenous leukemia (CML) evolves from an indolent chronic phase (CP) characterized by the Philadelphia chromo-
some. Without effective therapy, it progresses to an accelerated phase (AP) and eventually to a fatal blast crisis (BC). To iden-
tify the genes involved in stage progression in CML, we performed a genomewide screening of DNA copy number changes in a
total of 55 CML patients in different stages with the use of the high-resolution array-based comparative genomic hybridization
(array CGH) technique. We constructed Human IM arrays that contained 3,151 bacterial artificial chromosome (BAC) DNA:s,
allowing for an average resolution of 1.0 Mb across the entire genome. In addition to common chromosomal abnormalities,
array CGH analysis unveiled a number of novel copy number changes. These alterations included losses in 2q26.2-q37.3,
5q23.1-q23.3, 5q31.2-q32, 7p21.3~pl 1.2, 7q31.1—q31.33, 8pter-p|2(p| 1.2}, 9p, and 22q!3.1—q13.31 and gains in 3q26.2-q29,
6p22.3, 7p15.2-p14.3, 8p 12, 8p21.3, 8p23.2, 8q24.13-q24.21, 9q, 19p13.2-pl2, and 22q13.1-q13.32 and occurred at a higher
frequency in AP and BC. Minimal copy number changes affecting even a single BAC locus were also identified. Our data sug-
gests that at least a proportion of CML patients carry still-unknown cryptic genomic alterations that could affect a gene or
genes of importance in the disease progression of CML. This article contains Supplementary Material available at htep://
www.interscience.wiley.com/jpages/1045-2257/suppmat.  © 2006 Wiley-Liss, Inc.

INTRODUCTION peutic approaches for patients in BC, it is essenual
Chronic myelogenous leukemia (CML) is a clo- to identify molecular targets of blastic transforma-
) ton.

nal disorder originating from pluripotent hemaro-
poietic stem cells that is characterized by the Phil-
adelphia (Ph) chromosome generated by the
19:22)(q34q11) (Rowley, 1973: Melo et al., 2003).
CML wypically shows 3 clinical stages: the inital
indolent chronic phase (CP), followed by the inter-
mediate accelerated phase (AP), and then the ter-
minal fatal stage, blast crisis (BC). "The prognosis
of patients in BC is sull very poor, with a median
survival of only a few months (Calabretta and Per-
rotti. 200-4). At present, no promising curative ther-
apeutic options are available for pauents in BC.
I'he recent development of imatinib mesvlate,
which selectively inhibits enhanced tvrosine ki-

The BC stage of CML 1s commonly associated
with nonrandom secondary chromosomal changes
that, in addivon to the ©(9;22), include +Ph, +8,
17q), +19. t(3:21Xq26:q22), and «(7;11)(p15:p15)
(Prigogina et al., 1978: Alimena et al., 1987; Blick
etal., 1987; Nelo eral., 2003), or with murtations in
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nase activity of the chimeric BCR-ABL oncopro-
tein generated by the Ph chromosome, produced
impressive therapeutic effects on patients in CP.
However, the benefits from this drug seem short-
lived once patients progressed to BG (Calabrertta
and Perrottd, 2004). Thus, to develop new thera-

© 2006 Wiley-Liss, Inc.

and Oncology, Department of Regeneration Medicine for Hemarto-
poiesis, Graduate School of Medicine, University of Tokvo, 7-3-1,
Hongo, Bunkvo-ku. Tokvo 113-8655. Japan.
F-mail: sogawa-tky@umin.ac.jp
Receved 19 October 20050 Aceepred 22 November 2005
DOT 10.1002/gcc. 20303
Published online 19 January 2006 in
Wiley InterScicnee twwwinterscience.wilev.comn),
SO SWILEY .
., InterScience

DISCOVER $OmEratnG GREAT




ARRAY CGH ANALYSIS OF CHRONIC MYELOGENOUS LEUKEMIA 483

the 7P33, CDRKNZ2A. RBI, or RAS genes (Ahuja
et al.. 1989: Kelman et al.. 1989; LeMlaistre et al.,
1989: Feinstein et al.. 1991; Nakai ec al., 1992,
1994: Mitani et al., 1994; Nakat and Misawa. 1995;
Sill et al., 1995; Nakamura et al.. 1996; FFioretos et
al.. 1999; Beck et al., 2000). However, the molecu-
lar mechanisms responsible for discase progression
in CML have not been fullv understood. Array-
based comparative genomic hvbridizaton (array
CGH) is a robust technology in which a large num-
ber of genomic clones are spotted on a glass slide
and comparatively hvbridized two differenually la-
beled tumor and reference DNA to enable high-re-
solution analvsis of copy number changes in cancer
genomes (Pinkel et al., 1998). Although the arrav
CGH technique has been drawing increasing
attention as a tool for swdying alterations of
genomes in various tumors (Albertson and Pinkel,
2003), 1t had not been applied w the analyvsis of
patients with CNL.

In the present study, to identfy genes underly-
ing stage progression in CML, we manufactured
Human 1M arrays containing 3,151 bacterial arufi-
cial chromosome (BAC) DNAs and performed
CGH analvsis in 55 primary CML samples in dif-
ferent stages using these arravs. A number of previ-
ously unrecognized small crvpuc genomic regions
were identified.

MATERIALS AND METHODS

PATIENTS AND SAMPLES

After obtaining informed consent, bone marrow
or peripheral-blood samples were obtained from 55
Japanese patents diagnosed with CMILL. Twentv-
five of the patients were in the CP stage, 4 were in
the AP stage. and 26 were 1n the BC stage. Clinical
details are summarized in Table 1. After approval
by the ethical committee at the University of "lo-
kyo, all the samples were subjected to extraction of
genomic DNA and anonymized w be used for fur-
ther analysis according to the regulation of the Jap-
anese government.

Array Fabrication

We constructed Human 1A arravs containing a
subset of the FISH (Hluorescence in situ hvbridiza-
tion) Mapped Clones V1.3 collection, which were
obtained from BACPAC Resources Cenrter (Child-
ren’s Hospital Ouakland Research Insuorute, Oak-
land, CA). After excluding clones missing mapping
information, a total of 3,151 clones were finally
selected for fabricaton of Human 1N arravs (Supple-

mentary lable 1; Supplementary material for chis
article can be found at hup://wwwinterscience.
wilev.com/jpages/1045-2257/suppmar), which could
be used for genomewide copv number detection at
an average resoluton of approximately 1.0 Nlb.
Each BAC DNA was amplified with degenerated
oligonucleotide-primed PCR (DOP-PCR) accord-
ing to the protocol published by Fiegler et al.
(2003), with the minor modificaton of an equimo-
lar combination of DOP 1, 2. and 3 primers being
used in the first PCR cveles. Amplified DNA was
spotted in duplicate onto GAPS "™ 11 coated slides
(Corning, International K.K., "Tokvo, Japan), using
an Affvmerrix 419 Arraver (Affvmerrix, Santa
Clara, CA). Before hvbridization, arrav slides were
briefly rehyvdrated over steam and immediately
dried on a 75 C heart block. After being baked in a
drving oven at 65 C for 3 h and UV-crosslinked at
60 m], the slides were rinsed with 0.2X srandard
saline citrate (SSC) and then with distilled water.
T'he reactive moieties of amino-silane remaining
on the glass surface were inacuvated for 20 min by
gently shaking arravs in a blocking solution, which
was freshly prepared by dissolving 415 g of suc-
cinic anhvdride in 245 ml of 1-methyl-2-pvrrolidi-
none and then adding 22.5 ml of sodium borate
(1ML pH 8.0). The slides were briefly rinsed with
distlled water and preserved in a desiccator at
room temperature, and immediately before hvbrid-
izaton, they were treated in boiling water for
2 min, placed in 100% cold ethanol, and then dried
by centrifugation.

DNA Labeling and Hybridization to BAC Arrays

Genomic DNA was extracted from mononuclear
cells of the bone marrow or peripheral blood of nor-
mal individuals using a PUREGENE "™ DNA Iso-
laion Kit (Gentra Svstems, Minneapolis, NN).
One microgram each of normal reference genomic
(male or female) and test DNA were labeled with
Cy3-dU7TP and Cy3-dUTD, respecuvely, using a
BioPrime ® Array CGH Genomic Labeling System
(Invitrogen, Carlsbad, CA). After overnight incuba-
ton at 37 C, unincorporated nucleotides were
removed by use of a BioPrime '™ Array CGH Puri-
fication Module (Invitrogen, Carlsbad, CA). The
labeled test and reference DNA were ethanol-pre-
cipitated together with 80 pg of human Cot-1
DNA (Invitrogen, Carlsbad, CA) and 100 pg of
veast tRNA (Roche, Basel, Switzerland), redis-
solved in a hvbridization mix [50% formamide. 5%
dextran sulfate, 2X SSC. 5% “lvis (pH 7.4, 0.1%
Tween 20]. and denatured at 75 C for 15 min. Af-
ter incubation at 37 C for 30 min, the mixture was
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TABLE 2. Gains and Losses Detected by Array CGH

Regions and clones
that showed copy

Regions and clones
that showed copy

Case No. number gains number losses
API 3926.2—q29 (RPII-91AI7~RPI1-233N20), 22q13.2-q13.31
7p15.2-pl4.3 (RPII-8IFI5~RPI[-89N17) (RP11-8INI5~RPI1-66M5)
AP2 9p21.2 (RP11-81B19)-qter, Chromosomel 3, 8p23.1 (RP11-287P18)
Chromosome |9, Chromosome2 |, Chromosome22,
22qll.1-q11.22 and 9934.13-qter 22q13.1—q13.32
(RP11-4H24-RP11-133P21)
AP3 Spl5.1 (RP11-88L18, RPI1-90B23), I9p13.2 (RP11-79F15) none
AP4 8q21.2 (RP11-90G23) none
BCI none none
BC2 none none
BC3 4p15.33 (RP11-143120), 5pl15.1 (RP11-88L18)8pl2 1q25.1 (RPI1-177M16),
(RP11-274F14-RPI [-100B16), 9, 19p13.2 (RP11-79F15), 5923.1-q23.3 (RP11-47L19-RP1 1-89G4),
22qll.1-ql11.22 and 9934.13-qter 5q31.2-q32 (RP11-11514~RP11-88H2),
7q31.1-q31.33 (RPI1-79G19~RP1 1-90C13),
8pter—pl2 (RPI1-91P13), 9p
BC4 8p23.1 (RP11-287P18), 22ql11.21 (RP11-278E23) none
BCS 8p23.1 (RP11-287P18), 17p13.3 (RP11-582C6), 17q21.31 (RP11-52N13)
19p13.2 (RP11-79F15)
BCé none Spl5.1 (RPI11-88L18)
BC7 Chromosome8 none
BC8 none none
BCS none 21q22.12 (RP11-17020)
BCI0 8p23.1 (RP11-287P18), 17p13.3 (RP11-582C6) none
BCIlI none none
BCl2 8p23.1 (RP11-287P18), 17p13.3 (RP11-582C6) 5pl5.1 (RPI1-88L18)
BCI3 none Chromosomes 4and 13
BCI4 Chromosome8, 8q21.2 (RP11-90G23) none
BCI5 8p23.1 (RP11-287P18) none
BCleé Chromosome8*, 8p23.1 (RP11-287P18), 2q36.2-q37.3 (RP11-68H19~RPI [-90E| 1),
Chromosome!2¥ 17p13.3 (RP11-582C6é), |8pter—ql 1.2 (RP11-79F3)*
22qll.1-ql1.2 and 9q34.13~qter
BCI7 none 125.3 (RPI1-196B7), 17q21.31
(RP11-52N13)
BCI8 none 1q25.3 (RP11-173E24),
1g25.3-q31.1 (RPI1-162L13)
BCI9 none 5pl5.1 (RP11-88L18),
7p21.3-pl 1.2 (RP11-79021 ~RPI1-90NI )
BC20 none 9q22.32 (RPI11-223A21)
BC21 5pl5.1 (RP11-88L18), Chromosomel 9% none
22qll.1-ql1.2 and 9934.13~qter
BC22 6p22.3 (RP11-43B4~RP|1-288M24), 8pter—pl 1.2 (RP11-284]3)
8p21.3 (RP11-8904~RP11-274M9),
8pl1.21 (RP11-282)24)-qter
BC23 5pli5.1 (RP11-88L18) none
BC24 Chromosome8*, 17p13.3 (RP11-582C6), S5pl5.1 (RP11-88L18),
1722 (RP11-143M4) 22q11.1-q11.2 and 9q34.13~qter 7q11.21 (RP11-90C3)
BC25 S5pi5.1 (RP11-88L18), 19p13.2 (RP11-79F15) none
BC26 8q24.13-q24.21 (RP11-229123-RP11-237F24), none
19p13.2-p12 (RP11-84C17~RPI1-91L5),
22qll.1-ql1.2 and 9934.13-qter
CPI 8p23.1 (RP11-287P18), 17p13.3 (RP11-582C6) 1g25.1 (RP11-177M16),
1925.3 (RP11-173E24),
S5pl5.1 (RP11-88L18)
cP2 17q21.31 (RP11-52N13) 1q25.1 (RP1I-177M16)
CP3 17p13.3 (RP11-582C6), 17q12(CTD-2019C10)

5pi5.1 (RP11-88L18), 17¢25.2
(RP1I-145CI1)
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TABLE 2. Gains and Losses Detected by Array CGH (Continued)

Regions and clones
that showed copy

Regions and clones
that showed copy

Case No. number gains number losses

CP4 5pl5.1 (RP11-88L18), 1q25.1 (RP11-177M186), 17q21.31
i9pi3.2 (RP11-79FI15) (RPII-52N13)

CP5 none none

CPé none 5pi5.1 (RP11-88L18)

CP7 19p13.2 (RPI1-79FI15) none

CP8 none Chromosome3

CP9 none none

CPIO none none

CP11 none none

CPI2 6q25.3-q26 (RP11-43B19) none

CPI3 8p23.1 (RP11-287P18), none
17pi3.3 (RP11-582C6)

CPi4 19p13.2 (RP11-79F15) none

CPI5 8p23.2 (RPI |-113B7~RPI[-89112), none
8p23.1 (RP11-287P18),
22ql1.1~-ql1.2 and 9934.13-qter

CPlé 19p13.2 (RPII-79F15) 8q21.2 (RP11-90G23)

CP17 none none

CPi8 17pi3.3 (RPI11-582C6), |7pl1.2—qter 17qi2(CTD-2019C10) | 7pter—pl2

CPI9 none none

CP20 19p13.2 (RPI1-79F15) S5pl5.1 (RP11-88L18)

CP21 8p23.1 (RP11-287P18), 15q22.31 (RPI1-50N10), 22q13.32 1q25.1 (RP11-177M16)
(RP11-133P21) :

CP22 none none

CP23 none none

CcP24 none S5pl5.1 (RP11-88L18, RPI1-90B23),

8q21.3 (RP11-91K2), 9932 (RP11-95)4)
CP25 none none

22q11.1-11.2 and 9934.13—qter corresponds to Philadelphia chromosome.

Gain of 17p|1.2—qter together with loss of 17pter~p 12 represents isochromosome 17q (i(17q)).
Copy number changes involving a single BAC are indicated in bold. Underlined are the regions {or BAC loci) whose copy number changes were con-

firmed by FISH.

cases, and lable 3 summarizes the number of cases
showing each copy number alteration in different
stages of CML. Array CGH successfully detected
cryptic gains and losses that had been missed by
conventional karvotyping analysis as well as large
chromosomal changes that had been observed in
prior conventional karvotyping analysis (‘lables 2
and 3).

When analvsis was confined to copy number
alterations that involved at least two consecutive
BAC clones, onlv 4 copy number alterations were
detected in 25 padents in CP, whereas 38 copy
number alterations were identified in 30 patients
in AP/BC (lable 2). The frequency of DNA copy
number alterations was significantly higher in AP/
BC than in CP (P < 0.005).

Large and Small Cryptic Changes Detected
by High-Resolution Array CGH

In the current analvsis, the most frequent altera-
tion was gain of extra Ph chromosomes (6 cases in

AP/BC, 1 case in CP), which was inferred from
gains of a distal pare of 9q and a proximal part of
22q. Alterations of whole chromosomes, including
gains of chromosomes 8 (4 cases in BC), 19 (2 cases
in AP/BQC), 13, 21, and 22 (1 case each in AP), and
losses of chromosomes 3 (1 case in CP), 4, and 13
(1 case each in BC) were also observed (lables 2
and 3). One CP pauent (case CP18) displaved both
gain of 17p11.2—qter and loss of 17pter—p12 mate-
rial, suggesung the presence of an isochromosome
17q—i(17g)—which has repeatedly been reported
in association with CML BC (Prigogina et al,,
1978; Alimena et al., 1987; Fioretos et al., 1999;
Melo et al., 2003), although the convenuonal kar-
votvping analvsis had missed this abnormality.

Our arrav GGH analvsis also uncovered cryptic
changes that had not been reported in CML and
therefore were novel regions implicated in the
pathogenesis and progression of CNML. Case BC3
was found to have a balanced t(9:22) translocation
as the sole chromosomal abnormality in karvoryp-

Genes, Chromusomes & Cancer PYOL 10,1002/ gec
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TABLE 3. Summary of Copy Number Alterations Detected

by Array CGH

Stage

(n = 25)

cpP

AP + BC
(n = 30)

Gains

Unbalanced translocations or gains that were also

detected by G-banding analysis
Ph (22q11.1-ql 1.2

and 9934.13~qter)
Chromosome 8
Chromosome 13
Chromosome |9
Chromosome 2!
Chromosome 22

o

OO OO

0

—_——N =

Gains in cases in which G-banding analysis was not done

Chromosome 8
3q26.2-q29
7pi5.2—pl4.3
8pl1.21-q24.3

0
0
0
0

Cryptic gains that were not detected by G-banding

analysis (involving at least two consecutive

BAC clones spotted on the array)
Ph (22ql1.i-ql 1.2
and 9g34.13—qter)
i(17q) (gain of 17p 1 1.2—qter
and loss of | 7pter—p12)
Chromosome 8
6p22.3
8pl2
8p21.3
8p23.2
8q24.13~q24.21
9p21.2~qter
9q
19p13.2-pl2
22q13.1-q13.32

Total number

Losses
Losses in cases in which G-banding

analysis was not done
Chromosome 3
Chromosome 4
Chromosome |3
7p21.3—pl 1.2
22qi3.1-q13.31

W OO OO0 —O0O0 OO0

|
0
0
0

0

0
|
!
|
|

Cryptic losses that were not detected by G-banding analysis
(involving at least two consecutive BAC clones spotted

on the array)
2936.2—q37.3
5923.1-g23.3
5q31.2-q32
7q31.1—q31.33
8pter—pi2
8pter—pl 1.2
%
I8pter—ql 1.2

OOOCODOO0O0Q

Total number

Genes. Chromuosones & Caneer DO 01002/ gee

ing analysis (‘lables 1 and 2). However, in arrav
CGH, muluple copy number alterations, including
gains in 8p12 and 9q, and an extra Ph chromosome.
and losses in 5423.1-q23.3, 5931.2-q32, 7q31.1-
q31.33, 8pter—pl2, and 9p were reproducibly de-
tected in duplicate experiments (‘lable 2, Fig. 2a).
Case BCI6 had a karvotype showing 48.XY,
W3:21:18Xq21,q22:p1 1)L, +8, t9:22)(q3+qll), +12
('lable 1), whereas array CGH also detected an
extra Ph chromosome as well as losses in 2q36.2—
q37.3 and 18pter—q11.2 (lable 2, Fig. 2b). Also, in
case BC22, CGH analvsis disclosed cryptic copv
number gains in three consecutive BAGs within a
small 6p22.3 region spanning 505 kb (lable 2,
Fig. 2¢).

These arrav CGH results were confirmed by
FISH analvsis using affected BAC clones as probes
when Carnov samples were available ('lable 2, Fig.
2b and ¢). For example, the sample from patent
BC16 showed, consistent with trisomies 8 and 12,
three signals from clones RP11-150N13, on chro-
mosome 8 (with an average log; ratio of 0.449), and
RP11-91115, on chromosome 12 (with an average
log; ratio of 0.474), whereas clones RP11-116M19,
on chromosome 2 (with an average log, ratio of
—0.538), and RP11-105C15, on chromosome 18
(with an average log, ratio of —0.701), produced
onlv one signal, confirming the presence of an
allelic deleton in these regions (Fig. 2b). In
pauent BC22, clones RP11-228M24, at 6p22.3
(with an average log; ratio of 1.138), showed multi-
ple signals, in agreement with the copvy number
gain found in array CGH (Fig. 2¢).

Copv number changes that involved only a sin-
gle BAC locus (lable 4) were verified by FISH
analysis for selected cases ('lable 2 and Fig. 2d). In
total, 75 single BAC copv number changes (SBCs)
were identified in 24 BAC loct among 55 CML
patients. Because 35 of the 75 SBCs, found in three
BAC loci, were also idendfied in normal individu-
als (3 SBCs, at RP11-88L.18, RP11-287P18, and
RP11-386C6, in 10 healthy Japanese individuals;
data not shown) and 37 SBCs in six BAC lou
appeared as both copy number gains and losses
depending on samples, suggesting that many of
these are likely rto represent polymorphisms
known as large-scale copy number variations
(LCV'sy Tafrate et al.. 2004 Sebat er al, 2004
‘Table 4). Indeed, 11 of the 24 BAC loct showing
SBCs conformed to regions previously reported as
LCVs (lable 4) (Iafrate et al., 2004; Sebat et al.,
200,
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TABLE 4. Copy Number Alterations Involving a Single BAC
Locus

Gains
4p15.33 (RPII-143120)
Spls.0 (RPH1-8BLIGY
Spli5.l (RPHI-90B23)
6G25.3—q26 (RP{1-43B19)°
8p23.1 (RP]{-287P18)°
8g21.2 (RP11-90G23Y
15922.31 (RP11-50N1G)
17p13.3 (RP11-582C6Y
17g12 {CTD-2019C10)
i7921.31 (RPHISSINID)
17g22 (RP11-143M4)
190132 (RPHI-79FISY
21121 (RPII-278E23Y
221332 (RPIE-133P21)

Losses
1925.3 (RP11-177M18)
1925.3 (RP11-196B7)
1925.3 (RP1{-173E24)
1q25.3-q31.1 {RP11-162L13)
Spis.| (RPEI-B8LIGY
Spi5.d (RPHI-90R23)
7q11.21 (RP(]-90C3Y
8p23.1 (RP11-287P18)
8q21.2 (RP11-90G23P
8q21.3 (RPIISIKZY
9432 (RP11-95)4)F
9q22.32 (RP11-223A21)
17912 (CTD -2019C10)
1792031 (RP1HE-32N13)
17g25.2 (RP1E-145C 11
21g22.12 (RPHI-17020)

— D e e B e LW e (D e D
3 e BN O D LD DD NS OV D e U

3 e i, o D o e e EDCD v T O A

— D Ped LD e D DD e e LD e e

Shaded areas pov aero the loci that showed both gains and losses in dif-

copy nuwmber gauy ar the chromosome band 6p22.3
contained OACTT (O-acervioansferase domain con-
pining U and K203 (12

both known genes (Supplementary Table 20 Te s

Forranseription factor 3

net clear whether this region overlupped with dhe

breakpomt region of the recurrent n\.]m‘e‘iti(ms
K220 13 wnd goZZEp22ig3hglly
CMNE (Hhurer o al, 1989 NMeza Espinoza et ;al.,
2004 Yehuda er

molecular breakpoines at 6p22 in chese cases bave

1999} beeause the precise
not been chamcterized. The 346-kb region at
Sp23.2 thar showed copy number zuin ncludes
CSHDTICUB and susht muluple domains prowein
I precursory the only tanscripmome (%up rlemen-
tary luble 25 Odher abuormalities newly wdenohed

s DIOH I 0020

i this study nvelved mosthy yegions of

2026.2-037.3 (1608 Mbi 3230~ U(; Mby,
3431232 {6 U NMbh TplS2epl43 (614 Nby,
Fp21.3-p1i12 (417 Mbh 7y31. 13133 11: )AL,
8p21.3 (218 .\H‘)L and 19p13.2-p12 (121 MNbo
which made it difficult o pinpoint the candidate

Target genes.

DISCUSSION

In this arocle. we have shown genumewide
derection of DNA copy anmber changes v a total
of 535 CAILL patents av ditfcront stages using high-
resolution anuy CGHL Using this technique, we
delincated not only previousiy reported abnormal-
ities, bur also novel alrerations mvolving narrov
regions that mav hurbor only one or several candi-
dute genes involved in the purhogenests or discase
progressinn of N,

A number of ervptce copy number alterations
thar had been missed by karvorvping analvsis were
detected noarray GGHE analvsis. Seven patients
were found 1o have exira Phochromosomes, which
was the most frequent aleeraton in our series,
although this alteration had nor been detected by
prior G-hbanding analvsis 1 four of the seven
more than 10 novel
crypric copy number alteritions were uncovered at

patienrs (37%) In addidon,

a significanthyv higher frequency in putents in BC
and AP, suggesting thar these i’cxmms may Conmin
wenes relevant w the pathogenesis of CNHLL espe-
cially i progressive stages.

Considering the wide
variety of copy number alteranons detecred in AP/
BC cases and that the majonioy of these abnormal-
ities were observed i a single panient in our series,
there might be a large hererogenciny i the molee-
ular pathogenesis of CNL APBC cases, and it may
be msx;E)ic thar analvsis of u Jarger number of
patents could disclose novel reeurrent molecular
defecrs in ML Alermatively, the genes included
in the affected regions mav also he deregulated by
other mechanisms such ay point mutations or epi-
gencte effecrs. which could ver he dewecered by
copv number analbvsis,

Many of the crvpuic gains or losses aifecting s
single BAC locus are [§}6)1i§£§\( 10 TEPIesen Copy
number polvmorphisms or LS rather than -
mor-specific chunges, and given thc’r iph fie-
quency, it would be difficalt o diseriminate -

mor-specific changes imm OV In o analvsis,
SBOs {or LUVSY seemed to be maore frequently
found in CNL
the same reference ser (35 of 73 ‘n (f\‘l, T «:31"
1O i pormal individuals, /7= 8 Alr !;u

than in normual mdividuals using






