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Genomewide Screening of DNA Copy Number
Changes in Chronic Myelogenous Leukemia with the
Use of High-Resolution Array-Based Comparative
Genomic Hybridization
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Chronic myelogenous leukemia (CML) svolves from an indolent chronic phase (CP) characterized by the Philadelphia chromo-
some. Withoue 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 DINA copy number changesina
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 |4 arrays that contained 3,151 bacterial artificial chromosoime (BAC) DNAs,
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-pl1.2, 7q31.1-q31.33, 8pterp12(p11.2), 9p, and 22q13.1—ql3.31 and gains in 3q26.2-929,
6p22.3, 7p15.2-pl4.3, 8p12, 8p21.3, 8p23.2, 8q24.13~q24.21, 9q, 19p13.2-p12, 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 hup//
www.interscience.wiley.com/jpages/1045-2257/suppmat.  © 2006 Wiley-Liss, Inc.

INTRODUCTION peutic approaches for patients in BG, it is essential
to identify molecular targets of blastic transforma-
tion. k

The BC stage of CML is commonly associated
with nonrandom secondary chromosomal changes
that, in addition to the t(9;22), include +Ph, +8,
i(17q), +19, €3;21(q26;q22), and «(7;11)(p15;p15)
{Prigogina et al., 1978; Alimena et al,, 1987; Blick
et al., 1987; Melo et al., 2003), or with mutations in

Chronic mvelogenous leukemia (CML) is a clo-
nal disorder originating from pluripotent hemato-
poietic stem cells that is characterized by the Phil-
adelphia (Ph) chromosome generated by the
€9;22)(q34;q11) (Rowley, 1973; Melo et al., 2003).
CML typically shows 3 clinical stages: the initial
indolent chronic phase (CP), followed by the inter-
mediate accelerated phase (AP), and then the ter-
minal fatal stage, blast crisis (BQ). The prognosis .
of patients in BC issell very poor. wich a median  Syppel b Gty S Bt [y
survival of only a few months (Calabretta and Per- ogy (MEXTY Grant number: KAKENTH 17013022, Grant-in-Aid
rotti, ;{)()4). .A{ present, no g}mn}isiﬂg c:LIrati\"(: ther- f}’éf&éi?hfi?ﬁﬁﬁ}? g\lgg\l;"it;(;;, ‘%?&»E‘l‘?{}é‘iﬁfl‘r‘iﬂ’ :xf ?;:::fi
apeutic options are available for patients in BC. Genome, Tissue Engineering, ileslth and Labour Sciences

The recent development of imatinib mesvlate, Research Grangs, Ministey of Health, Labour and Welfare: Japan
which selectively inhibits enhanced tviosine ki-
nase activity of the chimeric BUR-ABL oncopro-
rein 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 BC (Calabreta
and Perrotti, 2004y Thus, to develop new thera-
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the TP53, CDEN2A, RBI, or RAS genes (Ahuja
et al., 1989; Kelman et al., 1989; LeMaistre et al,,
1989; Feinstein et al,, 1991; Nakai et al., 1992,
1994; Mitani et al., 1994; Nakai and Misawa, 1995;
Sill et al., 1995; Nakamura et al., 1996; Fioretos et
al., 1999; Beck et al., 2000). However, the molecu-
tar mechanisms responsible for disease progression
in CML have not been fully understood. Arrav-
based comparative genomic hybridization (array
CGH) is a robust technology in which a large num-
ber of genomic clones are spotted on a glass slide
and comparatively hybridized to ditferentially la-
beled tumor and reference DMNA to enable high-re-
solution analysis of copy number changes in cancer
genomes (Pinkel et al., 1998). Although the array
CGH  technique has been drawing increasing
attention as a tool for studying alterations of
genomes in various tumors (Albertson and Pinkel,
2003), it had not been applied to the analysis of
patients with CML.

In the present study, to identify genes underly-
ing stage progression in CML, we manufactured
Human IM arrays conmining 3,151 bacterial artifi-
cial chromosome (BAC) DNAs and performed
CGH analysis in 55 primary CML samples in dif-
ferent stages using these arrays. A number of previ-
ously unrecognized small cryptic genomic regions
were identified.

MATERIALS AND METHODS

PATIENTS AND SAMPLES

After obtaining infermed consent, bone marrow
or peripheral-blood samples were obtained from 55
Japanese patients diagnosed with CML. Twenty-
five of the patients were in the CP stage, 4 were in
the AP stage, and 26 were in the BC stage. Clinical
details are summarized in Table 1. After approval
by the ethical committee at the University of To-
kvo, all the samples were subjected to extraction of
genomic DNA and anonvmized o be used for fur-
ther analvsis according to the regulation of the Jap-
ANEese gOVErnment.

Array Fabrication

We constructed Human 1M arravs containing a
subser of the FISH (fluorescence in situ hvbridiza-
tion) Mapped Clones V1.3 collection, which were
obtained from BACPAC Resources Center (Child-
ren’s Hospital Gaklond Rescarch Instirure, Oak-
land, CA) Afrer excluding clones missing mapping
informarion, a total of 3,151 clones were finally
selected for fabrication of Human IM arravs (Supple-

mentary Table 1; Supplementary material for this
article can be found at hup://www.interscience.
wilev.com/jpages/1045-2257/suppmat), which could
be used for genomewide copy number detection at
an average resolution of approximately 1.0 Mb.
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 modification of an equimo-
lar combination of DOP 1, 2, and 3 primers being
used in the first PCR cyeles. Amplified DINA was
spotred in duplicate onto GAPS ™ II coated slides
(Corning, International K.K.. Tokyo, Japan), using
an  Affvmerrix 419 Arraver (Affymetrix, Santa
Clara, CA). Before hybridization, array slides were
briefly rehvdrated over steam and immediately
dried on a 75°C heat block. After being baked in a
drying oven at 65°C for 3 h and UV-crosslinked at
60 m], the shides were rinsed with 0.2X standard
saline citrate (S5C) and then with distlled water.
The reactive moieties of amino-silane remaining
on the glass surface were inactivated for 20 min by
gently shaking arrays in a blocking solution, which
was freshly prepared by dissolving 4.15 g of suc-
cinic anhydride in 245 ml of 1-methyvl-2-pyrrolidi-
none and then adding 22.5 ml of sodium borate
(1M, pH 8.0). The slides were briefly rinsed with
distilled water and preserved in a desiccator at
room temperature, and immediately before hybrid-
ization, 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 Arvays

Genomic DNA was extracted from mononuclear
cells of the bone marrow or peripheral blood of nor-
mal individuals using a PUREGENE ™ DNA Iso-
lation Kit (Gentra Systems, Minneapolis, MIN).
One microgram each of normal reference genomic
(male or female) and test DNA were labeled with
Cv3-dUTP and Cy5-dUTP, respectively, using a
BioPrime ™ Arrav CGH Genomic Labeling Svstem
(Invitrogen, Carlsbad, CA). Afeer overnight incuba-
rion ar 37°C. unincorporated nucleotides were
removed by use of a BioPrime '™ Array CGH Puii-
fication Module (Invitrogen, Carlsbad, CA). The
labeled test and reference IMNA were ethanol-pre-
cipitated together with 80 pg of human Cot-1
DNA (Invirrogen, Carlsbad, CA) and 100 ug of
veast tRNA (Roche, Basel, Switzerland), redis-
solved in a hvbridization mix [50% formamide, 5%
dexrran sulfate, 2% SSC, 5% Tris (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

Gerres, Chrunosomes & Cancer DO D002 gec
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Figure 1. Representative array
CGH results obtained from reference-
versus-reference control hybridization.
Clones are ordered from chromo-
somes | to 22, X, and Y and within each
chromosome according to the UCSC E} .
mapping position (htip://genome.ucsc. ) L
edu/; May 2004 draft). Each spot repre-
sents an average log, signal ratio for
each BAC locus. (a) For all lodi, log:
ratios were within the thresholds —~0.2
and 6.2 in the male-versus-male control
experiment. {b) Gain in chromosome X
(0.435 = 0.124) and loss in chromo-
some ¥ (—0.807 x 0.167) were clearly
visualized in the f{emale-versus-male
control experiment (Cy5 and Cy3,
respectively).

applied to an array slide placed in a MAUT™ Mixer
AQO Hvbridization Chamber Lid (BioMicro Sys-
tems, Salt Lake City, UT) and incubated at 37°C
for 60-66 h using a MAUT Hybridization System
(BioMicro Systems). After hybridization, the slides
were washed once in a solution of 50% formamide
and 2X S8C for 15 min at 50°C and once in 2X
SSC for 15 min at room temperature. Slides were
rinsed briefly with 0.2X SSC and dried immedi-
ately by centrifugation.

Image Analysis and Processing

After hvbridization, the arrays were scanned by
an Affymetrix 428® Array Scanner (Affvmerrix,
Santa Clara, CA). The scanned image was analyzed
by an ImaGene v4.2 (BioDiscovery, Inc., Marina
Del Rey, CA) in order to extract Cv3 and Cy5 sig-
nals for each spot, and after local background sig-

nals were subtracted, test/reference log, ratios of

the test and reference signals were caleulated for
all spots. The log, ratios were normalized so that
the average log, ratio of all spots became zero. A
spot was eliminared from the analvysis if the signal
intensity after the background suberaction in either
Cvd or Cvd was less than —18 decibels or the
duplicated signals differed by more than 0.4 in the
log rarios. The average log, ratios of the two repli-
care spots were caleulared for the remaining spors.
An cxpe'{imeas a8 not adopeed if less than 90%
all spots met the above-mentioned criteria or if the
standard deviation (313 of all spors was larger than
0.25. Thresholds for copy number gain and loss
were defined as logs ratios of +2 SD and -2 5D,
respectively. The reproducibility
confirmed in owo independent experiments for

ot the dara was

of

3 normal male Cyv3: sormal male

: normaal female Cyd: nernml male

cach tumor sample. For two representative cases,
the consistency of the CGH results was confirmed
by dve-swap experiments, in which tumor and ref-
erence DNA were inversely labeled with Gy3 and
Cy5, respectively.

FISH Analysis

Interphase FISH experiments were performed
as previously described (Wang et al., 2003).

RESULTS

Quality Test of BAC Avrvay

Prior to the analysis of CML samples, control
experiments were performed to evaluate the qual-
ity of the Human 1M array, in which DNA from
normal individuals was used as a test sample. In
the male-versus-male control hvbridizations, log,
ratios for all spots were within the thresholds of
—0.2 and 0.2 (Fig. 1a), whereas in the female-ver-
sus-male hvbridizations, copv number gain of the
whole chromosome X and copy number loss of the
whole chromeosome Y were detected successfully
{Fig. 1b). In the latter experiments, the mean log,
ratios of the clones on the X and Y chromosomes
were 0,435 = 0124 and —0.807 = 0.167, respec-
tivelv, compared to the mean |

1 log, ravio of —0.008 =
0.083 for all clones from zuss:esstmml chromosomes.

Higher Frequency of DMNA Copy Mumber Changes
in CHML in BC and AF

A total of 55 CAL samples in different stages
vere analvzed for copy number alrerations by array
CGH using Human M arravs, Table 2 lists the
copv number alterations detected in individual

gizes <F Casecr T3OL T
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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 MNo. number gains number losses
API 3926.2-q29 (RP11-91A17~RP}1-233N20), 22q13.2-q13.31
7p152-pt4.3 RPHI-8IFIS~RPII-89NI7) (RP11-8IN15~RPI1-66M5)
AP2 9p21.2 (RPI1-81B19)-qter, Chromosomel 3, 8p23.1 (RP11-287P18)
Chromosome!9, Chromosome2l, Chromosome22,
22qii.1-ql1.22 and 9934.13~qgter 22q13.1-q13.32
(RP11-4H24-RP11-133P21)
AP3 Epi5.1 (RP11-88L18, RP11-90B23), i9pi3. 2 (RP11-79FI5) nene
AP4 8q21.2 (RP11-90G23) none
BCI none none
BC2 none none
BC3 4pl5.33 (RPI1-143120), 5pl5.l (RP11-88L18) 8pl2 iq25.1 (RPII-1771416),
(RP11-274F14-RP11-100B16), 9q, 19p 3.2 (RPII-79F15), 5q23.1-q23.3 (RP11-47L19-RP11-89G4),
22qii.1-qi1.22 and 9q34.13-gter 5g31.2-q32 (RP11-11514~RP11-88H2),
7931.1—931.33 (RP11-79GI9~RP1 1-90C13},
8pter—pl2 (RPI1-21P13), 9p
BC4 8p23.1 (RP11-287P18), 2291 1.21 (RP11-278E23) none
BCS 8p23.1 (RP11-287P18), 17p13.3 (RP11-582C6), 172131 (RP1E-B2NI3)
I9pi3.2 (RPIL-TOFIE)
BCé none Spis.I (RP11-88L18)
BC7 Chromosome8 none
BC8 none none
BCY none 21g22.12 (RPI1-17020)
BCIO 8p23.1 (RPI1-287PI18), 17pl3.3 (RP11-582C6) none
BCI! none none
BCi2 8p23.1 (RPI1-287P18), 17pi3.3 (RPI1-582C6) Spi5.1 (RPI1-88LIG)
BCI3 none Chromosomes 4 and 13
BCl4 Chromosome8, 8g21.2 (RP1 1-90G23) none
BCi5 8p23.1 (RP11-287P18) none
BCié Chromosome8*, 8p23.1 (RP11-287P18), 2q36.2-q37.3 (RP11-68H19~RPI [-90EI 1),
Chromosomel2¥ 17pi3.3 (RP11-582C6), 18pter—gl 1.2 (RPI1-79F3)*
22qil.i-ql 1.2 and 9934. 1 3-qgter
BCI7 none 1g25.3 (RPI1-196B7), 17q21.31
(RPII-52M13)
BCi8 none 1q25.3 (RPI1-173E24),
1925.3-g3 1.1 (RP11-1620L13)
BCi9 none 5pi5.1 (RP11-88L18),
7p21.3-pl 1.2 (RPHI-79021 ~RP11-90N1 )
BC20 none 9g22.32 (RP11-223A21)
BC21 5pli5.1 (RP11-88L18), Chromosomel 9%, none
22qll.I-gk 1.2 and 934.13~qter
BC22 6p22.3 (RP11-43B4~RP11-288M24), 8pter—pl 1.2 (RP11-28413)
8p21.3 (RP11-8904~RP11-274M9),
8pl .21 (RP11-282)24)-gter
BC23 Bpli5.1 (RP11-88L18) none
BC24 Chromosome8®, 17p 3.2 (RP11-582C6), : Bpi5.t (RPII-88LIG),
17622 (RP1E-1430M4) 22g1 1. 1-gl 1.2 and 9q34.153-gter 7al .21 (RPII-90C3)
BC25 S5pi5.1 (RPI1-88LIS), I9pi3. 2 (RPII-T9FIS) none
BC26 8G24.13—q24.21 (RPI1-229L23-RPH]-237F24), none
19p132-p12 (RPH-B4CI7~RPIE-91LE),
22gii.I-gii.2 and $g34.13-qgter
CPi 8p23.1 (RPII-287P8), 17pi3.3 (RPI1-582C6) ig25.1 (RPEI-177116),
. ig25.3 (RPLi-173E24),
BpiB.l (RPI1-BBLIB)
CP2 792031 (RPII-BZINID) ig25.1 (RPIL-I770M16)
CP3 17p13.3 (RPII-582CS), 1TqI(CTD-2019C10} 5piS.l (RPII-88LIEY, 17q25.2

(RP11-145C1D)

Genes, Chemnosones <& Caneer DO HLTO0 fgee
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TABLE 2. Gains and Losses Detected by Array CGH (Contnued)

Regions and clones
that showed copy

Regions and clones
that showed copy

Case No. number gains number losses

CP4 5piS.1 (RP11-88L18), ig25.1 (RPEI-1770M16), 17g21.31
19p13.2 (RPEL-TIFIS) (RPEI-52MI3)

CP5 none none

CPé none Splis.I (RP11-88LIS)

CP7 19p13.2 (RPILI-TOFIS) none

CP8 none Chromoseme3

CP% none none

CPi0 none none

CPH none none

CPI2 6g25.3~026 (RPI1-43B19) none

CPI3 8p23.I (RP11-287P18), none

. i7pi3.3 (RPII-582C6)

CPi4 19p13.2 (RPII-T9FE5) none

CPI5 8p23.2 (RPII-113B7~-RPI1-89112), none
8p23.1 (RP11-287P18),
22qil.l=ql 1.2 and 9g34. | 3=gter

CPlé 19pi13.2 (RPELI.-79F15} 8a2l.2 (RPI1-90G23)

CPI7 none none

CP18 17pi3.3 (RP11-B82C8), 17pii Z—-qrer 17giI2(CTD-2019C10) 17prer—pl2

CP19 none none

CP20 i9pi3.2 (RPLI-T9FLE)} Spls.l (RP1I-88LIS)

CP2i 8p23.1 (RP11-287P18), 15¢22.31 (RP11-30MI0), 22qi3.32 iq25.1 (RPII-1770M16)
{RPIE-133P21)

CP22 none none

CP23 none none

CP24 none Spi5.1 (RP11-83L18, RP11-90B23),

8q21.3 (RPII-91K2), 9432 (RPI11-95]4)
CP25 none none

22qi . 1~11.2 and 9934, I 3~gier corresponds to Philadelphia chromosome.

Gain of |7pll.2~qter together with loss of {Tpter—p12 represents isochromasome 17q (i(17q)).
Copy number changes involving 2 single BAC are indicated in bold. Underlined are the regions (or BAC loci) whose copy number changes were con-

firmed by FISH.

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

When analvsis was confined to copv number
alterations that involved at least two consecutive
BAC clones, onlv 4 copv number alterations were
detected in 25 patients in UP whereas 38 copy
number alterations were identified in 30 patients
in AP/BC (Table 2). The frequency of DNA copy
number alterations was significantly higher in AP/
BC than in CP (P < 0.0051.

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

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

AP/BC, 1 case in CP), which was inferred from
gains of a distal part of 9q and a proximal part of
22q. Aleerations of whole chromosomes, including
gains of chromosomes 8 (4 cases in BC), 19 (2 cases
in AP/B(C), 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 (Tables 2
and 3). One CP patient (case CP18) displaved both
gain of 17pli.2—qter and loss of 17pter—pl2 mare-
vial, suggesting the presence of an isochromosome
17g—it17q)—which has repeatedly been reported
in association with CML BC (Prigoging et al.,
1978; Alimena et al, 1987 Fioretos et al., 1999
Melo et al., 2003), although the conventional kar-
vorvping analysis had missed this abnormalitv,

Our array CGH analvsis alse ancovered crvprice
changes thar had not been reported in CAML and
therefore were novel regions implicated in the
pathogenesis and progression of CML. Gase BG3
was found to have a balanced t19:22) wanslocation
as the sole chromosomal abnormality in karvervp-

Gestes, Chrosnseies & Ceaver 13OT 101002 /g
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TABLE 3. Summary of Copy Number Alterations Detected

by Array CGH

Stage

{n = 25)

CP

AP + BC
(n = 30)

Gains

Unbalanced translocations or gains that were also

detected by G-banding analysis
Ph (22g11.1—gll.2

and 9q34.13—qter)
Chromosome 8
Chromosome 13
Chromosome 19
Chromosome 21
Chromosome 22

0

DO OO

0

3 B

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

Chromosome 8
3g26.2-429
7pl52-pi43
8pli.21-q24.3

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 (22gt1.1-gll2
and 9g34.13—qter)
i(17q) (gain of 17pli.2~qter
and loss of | 7prer—pl2)
Chromosome 8
6p22.3
8pi2
8p21.3
8p23.2
8q24.13-q24.21
9p2i.2—qter
9q
19p13.2-pl2
22q13.1-gq13.32

1

[ B ——

I

Total number

Losses
Losses in cases in which G-banding

analysis was not done
Chromosome 3
Chromosome 4
Chromosome 13
Tp2i3-pii2
22qi3.4—q13.31

W OOOOD QD O0o

|
0
0
0
0

o
o

-

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

on the array}

2q36.2-g37.3
5q23.1-g23.3
5g31.2-g32
7a31.1-g31.33
Sprer—pi2
Sprer-plil
%
18pter—qii2

Le il ol e B o S e I v B oo S s}

Total number

Grires, Chrmimsomes S ey THOL TG0 g0

ing analysis {Tables 1 and 2). However, in atray
CGH, multple copy number alterations, including
gains in 8p12 and 9q, and an extra Ph chromosome,
and losses in 5¢23.1-q23.3, 5q31.2-q32, 7g31.1-
q31.33, 8pter-pl12, and 9p were reproducibly de-
tected in duplicate experiments (Table 2, Fig. Za).
Case BC16 had a karvotype showing 48XY,
t(3:2518)(q21:q22:p1 1,48, (9220 (q34qll), +12
{Table 1), whereas array CGH also detected an
exira Ph chromosome as well as losses in 2G36.2—
a37.3 and 18pter—q11.2 (Table 2, Fig. Zb). Also, in
case BC22, CGH analysis disclosed cryptic copy
number gains in three consecutive BACs within a
small 6p22.3 region spanning 505 kb (Table 2,
Fig. 2ch

These array CGH results were confirmed by
FISH analysis using affected BAC clones as probes
when Carnov samples were available (Table Z, Fig.
2b and ¢). For example, the sample from patient
BC16 showed, consistent with erisomies 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
only one signal, confirming the presence of an
allelic deletion in these regions (Fig. 2b). In
patient BC22, clones RP11-228M24, at 6pZ2.3
(with an average log, ratio of 1.158), showed multi-
ple signals, in agreement with the copy number
gain found in array CGH (Fig. Zc).

Copy number changes that involved only a sin-
gle BAC locus (Table 4) were verified by FISH
analysis for selected cases (Table 2 and Fig. 2d). In
total, 75 single BAG copy number changes (SBCs)
were identified in 24 BAC loci among 55 CML
patients. Because 35 of the 75 SBCs, found in three
BAC loch, were also identified in normal individu-
als (3 5BCs, ar RP11-88L18, RP11-287P18, and
RP11-586C6, in 10 healthy Japanese individuals:
data not shown) and 37 SBGs in six BAC loci
appeared as both copy number gains and losses
depending on samples, suggesting that many of
these are likelv to represent  polymorphisms
known as large-scale copy number variarions
(LCVs: Tafrate et al., 2004 Sebar et al. 2004
Table 4). Indeed, 11 of the 24 BAC loci showing
SBCs conformed to regions previously reported as
L.CVs (Table 4) (Jafrate er al, 2004 Sebar et al..
2004,
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Figure 2. Gains and losses detected
by array CGH and confirmed by FISH
analysis. (a) Array CGH profile of case
BC3, showing an extra Ph chromo-
some, gains in 8pl2 and 9q and losses
in 8pter-8pl2 and 9p, not detected by
karyotyping analysis; (b) Array CGH
profile of case BCI16, in which an extra
Ph chromosome, gain in chromosome 8

with a higher-level of gain of the clone
" RP11-287Pi8, gain in chromosome |2,
and losses in 2q36.2-2q37.3 and

¢ op

{2

Case
BC22

2
i

22.3

RP11-288M24 €

Chré

s

« <

18pter—18ql 1.2 were identified. Inter-
phase FISH analysis of this case used
the indicated biotin-labeled BAC clones
as probes. Consistent with trisomies 8
and 12, clones RP1I-150N1{3, on chro-

Log2 ratio

mosome 8 (average log, ratio of 0.449),
and RPII-9115, on chromosome {2
(average log, ratio of 0.474), showed 3
signals, whereas clones RPII-116MI9,
on chromosome 2 (average log, ratio
of —0.538), and RPII-105CI5, on
chromosome 8 (average log, ratio of
—0.701), produced only one signal, con-
firming an allelic deletion in these
regions. (c) Array CGH profile of case
BC22, for which clone RPI1-288M24,
at chromosome 6p22.3 (average log,
ratic of 1.158), showed multiple signals,
confirming copy number gains in this
region. (d) Array CGH profiles of cases
BC25 and CP24, in which single BAC
copy number changes were observed.
Copy number gain (RPI[-79FI5) and
loss (RP11-91K2} were verified by FISH
analysis.

[

d
Chr

Log2 ratio

Candidate Genes Implicated in Pathogenesis
or Disease Progression of CML

The regions showing gain or loss in DNA copy
number or breakpoint regions of unbalanced chro-
mosomal translocations could harbor one or more
genes implicated in the pathogenesis of CML or
disease progression to BC. Supplementary Table 2
lists the representative genes within these regions

i9 Chrs

reit-79¥15 §

RPI-9IK24

Case BC2S Case CP24

identified in this study, not including the single
BAC

Among previously reported cellular oncogenes or

regions showing both gains and losses.
leukemia-related genes were EV/7 (3¢26), FGFRI
(8p12), and .UYC (8q24), which were included in
the regions showing copyv number gains in 3q26.2—

q29, 8p12, and 8q24.13—q24.21, respectively (Sup-

plcmunmlg Table 2). The 505-kb region showing

DOL 10.1002/gec
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TABLE 4. Copy Nurmber Alterations Involving a Single BAC

Locus
Stage
CP AP+ BC
{n=25) (n=30)
Gains
4p!5 33 (RPI l !43120) 4] i
Spls. : e ‘

- 5pIS IR
6q253—q26( PI1-43 9)
B . 18y

!5q223l (RPH SONEO) { 0
l7pl3 3 (RP! i- 582C6) 4 5
l7q22 (RPH I43M4) 0 |
19p13.2 (RPI-79FI5)° 4 4
22q11.21 (RP11-278E23)° ¢ |
22q13.32 (RP11-133P21) | 0
Losses
1q25.1 (RP11-177M16) 4 |
1g25.3 (RPI1-196B7) 0 |
1q25.3 (RPII-173E24) ] |
1q25.3-q3 1.1 (RPII-162L13) 0 |
g ; e ) ”
|
8q21.3 (RPI1-91K2)* I 0
9q32 (RP11-95/4)° | ]
9q22 32 (RPI1-223A21) 0 i
F D2019C10)

17q25.2 (RP11-145C1 1) I 0
2192212 (RP11-17020) 0 |

Shaded areas point to the loci that showed both gains and losses in dif-
ferent samples.

*Regions previously reported to show large-scale copy number varia-
tons (LCVs).

copy number gain at the chromosome band 6p22.3
contained 2ACTY (O-acervliransferase domain con-
taining 1) and E2F3 (E2F wanscription factor 3),
both known genes (Supplementary Table 2). It is
not ¢lear whether this region overlapped with the
breakpoint region of the recurrent translocations

#6:19Mp22:q13)  and  d6:9i220pZ2Zigd3hglil)  in
CML (Hurer er al, 1989; Meza Espinoza et al,
2004; Yehuda er al, 1999), because the precise
molecular breakpoinis at 6p22 in these cases have
not been characrerized. The 346-kb region at
8p23.2 thar showed copy number gain includes
CSHDI (CUB and sushi muliiple domains protein
L precurserh. the only manseriptome (Supplemen-
tarv Table 2). Other abnormalities newly identified

Genes, Chavpiosoimes & # DO 101002 /g

in this study involved mostly large regions of
2q26.2-q37.3 (16.8 Mb), 5q23.1-q23.3 (10.6 Mb),
5q31.2-q32 (6.50 Mb), 7p15.2-pl4.3 (6.14 Mb),
7p21.3-p11.2 (41.7 Mb), 7q31.1-q31.33 (17.9 Mb),
3p21.3 (2.18 Ab), and 19p13.2-p12 (12.1 Mb),
which made it difficult to pinpoint the candidate
rarget genes.

DISCUSSION

In this article, we have shown genomewide
detection of DNA copy number changes in a total
of 35 CML patients at different stages using high-
resolution array CGGH. Using this technique, we
delineated not only previously reported abnormal-
ities, bur also novel alterations involving narrow
regions that may harbor only one or several candi-
date genes involved in the pathogenesis or disease
progression of CML.

A number of cryptic copy number alterations
that had been missed by karvotyping analysis were
detected in array CGH analysis. Seven partients
were found to have extra Ph chromosomes, which
was the most frequent alteration in our series,
although this alteration had not been detected by
prior G-banding analysis in four of the seven
patients (57%). In addition, more than 10 novel,
eryptic copy number alterations were uncovered at
a significantly higher frequency in patents in BC
and AP, suggesting that these regions may contain
genes relevant to the pathogenesis of CML, espe-
cially in progressive stages. Considering the wide
variety of copy number alterations detected in AP/
BC cases and that the majority of these abnormal-
ities were observed in a single patient in our series,
there might be a large heterogeneity in the molec-
ular pathogenesis of CML AP/BC cases, and it may
be possible that analysis of a larger number of
patients could disclose novel recurrent molecular
defects in CML. Alternatively, the genes included
in the affected regions mav also be dercgulated by
other mechanisms such as point mutations or epi-
generic effects, which could not be detected by
copy number analysis.

Many of the cryptic gains or losses affecting a
single BAC locus are thought to represent copy
aumber polymorphisms or LCVs rather than w-
mor-specific changes. and given their high fre-
quency, it would be difficult to discriminate tu-
mor-specific changes from LCVs. In our analysis,
SBCs tor LOVs) seemed to be more frequently
found in CAL than in normal individuals using
the same reference set (35 of 75 in CML vs. 3 of
10 in normal individuals, P = 4.021). Although



ARRAY CGH ANALYSIS OF CHRONIC MYELOGENOQUS LEUKEMIA 493

recent reporis suggested a possible association of
some LCVs with the regions implicated in cancer
development (lafrate et al, 2004; Sebat et al.,
2004), the precise role of the LCVs detected in
the current analysis in the pathogenesis of CML
is still unclear and should be addressed in future
studies that would include a larger number of nor-
mal subjects.

Alchough  array  CGH  analysis  successfully
unveiled cryptic genomic aberrations in CML, we
should note that it also has limitations in that the
tumor content of the samples clearly affected the
sensitivity of detecting copy number changes in tu-
mor components. According to our admixture
experiments, in which mixed tumor and normal
DNA were tested for detection of a wisomy, the
threshold of tumor content for detection of triso-
mies in our array CGH was estimared to be more
than 20%—40% twmor components (data not
shown). Thus, the trisomv 8§ in AP3 and the
monosomy 21 in AP4 as revealed by G-banding
analysis were not expected to be detected in array
CGH analysis because abnormal metaphases were
found in only 2 of 20 with AP3 and 5 of 20 with
AP4 (Tables 1 and 2). On the other hand, array
CGH failed to deteet the loss of chromosome 21
found in 17 of 20 metaphases in G-banding analy-
sis in BC26, which was most likely a result of kar-
votypic overrepresentation of one or more rapidly
proliferating tumor subclones in G-banding analy-
sis. Finally, the FISH Mapped Clones V1.3 collec-
tion distributed from BACPAC Resources Center,
which we used for array construction, does not
cover some regions of particular interest in CML
pathogenesis. For example, deletions of the 5
region of the ABL/BCR juncrion on the der(9) chro-
mosome, which is known to affect 10%~15% of the
CML patients (Svorlazzi et al., 2002), were missed
in this study because our Human 1M arravs did not
contain BAC clones including the ABL gene or the
upstream 458 gene.

In conclusion, our arrav CGH analvsis disclosed
not only common chromosomal abnormalities, but
also small, crvptic copy number alterations in
CML genomes that were not detected by conven-
tional analvsis. It enabled a better description of
genetic alterations in CML., which potentially
could be applicable to molecular diagnostics and
prediction of disease prognosis of this neoplastic
disorder. The submicroscopic copy number altera-
tions detected in this study might contribute to the
identification of novel melecular targets implicated
in the pathogenesis or disease progression of CAL.
Further studies with whole-genome dling arravs

having much higher resolutions will help to detect
precisely the genes involved in the disease pro-
gression of CML.
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TECHNICAL REPORTS
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T-lymphotropic virus type |

Adult T-cell leukemia-lymphoma (ATLL) is a group of T-cell
malignancies caused by infection with human T-lymphotropic
virus type I (HTLV-1). Although the pathogenesis of ATLL
remains incompletely understood, the viral regulatory protein
Tax is centrally involved in cellular transformation. Here we
describe the generation of HTLV-I Tax transgenic mice using
the Lck proximal promoter to restrict transgene expression
to developing thymocytes. After prolonged latency periods,
transgenic mice developed diffuse large-cell lymphomas and
leukemia with clinical, pathological and immunological features
characteristic of acute ATLL. Transgenic mice were functionally
immunocompromised and they developed opportunistic
infections. Fulminant disease also developed rapidly in SCID
© mice after engraftment of lymphomatous cells from transgenic

& mice. Flow cytometry showed that the cells were CD4~ and

® cpg-, but CD44*, CD25* and cytoplasmic CD3*. This

phenotype is indicative of a thymus-derived pre-T-cell

@phenotype, and disease development was associated with the

=P constitutive activation of NF-kB. Our model accurately
reproduces human disease and will provide a tool for analysis of
the molecular events in transformation and for the development
of new therapeutics.
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HTLV-I infection is endemic in a number of well-defined geographical
regions and it is estimated that as many as 20 million individuals are
infected worldwide!. Although the vast majority of infected indivi-
duals remain clinically asymptomatic, some 2-5% will develop ATLL,
which is a group of mature T-cell malignancies with distinct clinical
presentations®. ATLL generally occurs in individuals infected around
the time of birth and presents after prolonged latency periods ranging
from 20 to 60 years. This is consistent with an age-dependent
accumulation of leukemogenic events'. Transformed cells in ATLL
are generally CD4" T lymphocytes’, although other, less common
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Thymus-derived leukemia-lymphoma in mice
2 transgenic for the Tax gene of human
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phenotypes have been observed. These include CD4-CD8~ (refs. 3-7),
CD8* (ref. 8) and CD4*CD8* transformed cells™!®, which suggests
that infection and transformation of distinct cell populations during
thymic development is important in the pathogenesis of ATLL.

The distinct clinical subtypes of ATLL include the two indolent
forms, smoldering and chronic, and the extremely aggressive forms,
acute and lymphomatous®!!. Individuals with aggressive ATLL pre-
sent with extensive lymphadenopathy, hepatosplenomegaly, visceral
invasion and characteristic cutaneous infiltration by malignant cells.
Acute ATLL is also characterized by an aggressive high-grade T-cell
leukemia, with leukemic cells showing a characteristic morphology of
abnormally enlarged and cleaved nuclei, which are termed ‘flower
cells? In addition to being poorly responsive to treatment, individuals
with ATLL are functionally immunocompromised and develop a
range of opportunistic infections similar to those seen in individuals
with AIDS, such as Preumocystis jiroveci pneumonia®!!.

Although the pathogenesis of ATLL remains incompletely under-
stood, the viral regulatory protein Tax seems to have a central
role1213, Tax, an extremely pleiotropic protein, has been shown to
transform primary lymphocytes. This transformation is related to the
ability of Tax to dysregulate the transcription of genes involved in
cellular proliferation, cell-cycle control and apoptosis. Tax is a potent
transcriptional transactivator not only of viral but also of cellular gene
expression. The protein physically interacts with a number of cellular
transcription factors, which include components of the NF-kB-Rel
signaling complex, and persistent and constitutive activation of NF-kB
is central to the development and maintenance of the malignant
phenotype in ATLL!*"M. Activation of NF-xkB by Tax results in
upregulation of the expression of a large number of cellular genes
involved in cell proliferation, including a number of cytokines and
their corresponding receptor genesh!>"!3 and this is believed to
contribute to the autonomous expansion of infected and transformed
cell populations.
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Attempts to directly show the oncogenic potential of Tax in vivo have
been for the most part restricted to studies on expression of Tax in
transgenic mouse models. These studies have resulted in a wide range
of phenotypes, which have included the development of arthropathies,
exocrinopathies, mesenchymal tumors, neurofibromas and large gran-
ular Iymphocytic leukemia, a malignancy of natural killer cells'®~21,
None of the models, however, has developed T-cell lymphoma or
leukemia identical to ATLL. To address this discrepancy, we have
generated transgenic mice with expression of Tax restricted to devel-

Table 1 Establishment of HTLV-I Tax transgenic mice

Copies

TECHNICAL REPORTS

Figure 1 Construction of the Tax transgene

and Tax mRNA expression in transgenic mice.
(a) Schematic representation of the Tax
transgene. HTLV-1 Tax cDNA was inserted in the
BamH| site of the p1017 vector at the 3" end of
the Lck proximal promoter. (b) Estimation of
integrated Tax copy number and mapping of the
Tax integration site (transgenic mouse #65) by
chromosomal walking analysis. Tax copy numbers
were investigated by Southern blot analysis of
BamHI-digested genomic DNA from the
transgenic mouse (#65) in parallel with a serially
diluted plasmid containing HTLV-1 Tax cDNA.

(¢) Expression of Tax mRNA in Tax transgenic
mice and SCID mice. RT-PCR was carried out on
mRNAs extracted from spleens of newborn mice
(NB), transgenic mice (Tg) at 8 weeks (8w),

11 weeks (11w), 5 months (5m), 18 months
(18m), all without disease; 18 months with
leukemia-lymphoma (18m LL) and in SCID
mice with fulminant disease (SCID LL).

D3 E1E2

oping thymocytes, and we have shown that after prolonged
latency periods these mice develop lymphoma and leukemia with
the clinical, pathological and immunological features characteristic
of human disease.

RESULTS

Lymphoma and leukemia in HTLV-1 Tax transgenic mice

We generated transgenic mice expressing Tax under the control of the
Lck proximal promoter, which restricts expression to developing
thymocytes>>?* because infection and trans-
formation of cells during thymic development
seems to be important in the pathogenesis of

the disorder (Fig. 1a). We obtained three

Founder El F2 Gender  Killed (month) Involvement Leukemia ) )

founder mice for each of the three lineages
#50 M 12 Liver, spleen, bone marrow + (#53, #14 and #17) and although each of
#52 M 17 Liver, spleen, kidney, lymph nodes, lung, the lineages was cross-bred with transgene-
skin, bone marrow, thymus negative littermates, offspring were obtained
i#1l M 11 Early killing = from only one founder (#53; Table 1). PCR
#12 F 14 (dead) Liver, spleen, kidney, lymph nodes, lung, ND and Southern blot analysis of all founders and
skin the progeny mice confirmed that all progeny
#20 g 12 (dead) Thymus® ND carried the transgene. We studied transgene
122 ; i Liver, spleen, kidney, lymph nodes, lung, i copy numbers and integration sites in selected
S, eelid, imeninges; buge marow mice. This number ranged from 10 to >20
ﬁz ’:‘ 12 Early ku!llmg o g & : copies, and genome walking analysis .showed
™~ e T that the transgenes were tandemly inserted
e dhuts and integrated in the A2 region at position
g . 19 (dead) Liven,spleen; lymphnodes, luig .- 14/8?143 of‘chronllosome 4, which is a none-

250 F 17 Bl killing N ncoding region (Flg. 1b). o .
265 s Early killing B Gross pathological examination of Tax
founder mice #14 and #17 killed at 23
214 M 23 Liver, spleen, kidney, lymph nodes, lung, i months, and of all selected offspring from
skin founder #53 (1 = 9) beginning at 10 months,
#17 F 23 Liver, spleen, kidney, lymph nodes, lung, " showed the development of marked spleno-

skin

megaly, hepatomegaly, lymphadenopathy and

Offspring were generated from one of three founder mice (#53). Three mice (#11, #52, #65) were killed before the devzlopment
of disease (early death). One mouse (#20) unexpectedly died. The remaining mice were killed at the time points indicated. Gross
lymphomatous involvement was as noted and all tissues were subjected to histological exa t

examined for leukemic cells using Giemsa staining. M, male; F, female: ND. not determined.
&Thymus was exclusively examined; other organs were not examined.

on. Peripheral blood smears ware

the presence of large mesenteric tumors
(Fig. 2a,b and Table 1). Hepatosplenomegaly
was characteristically a 5-20-fold increase in
organ size (Fig. 2a—c). Lymphadenopathy
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was most often observed in the mesenteric, cervical and axillary
lymph nodes but, in several cases, inguinal nodes were also
involved. The mesenteric tumors ranged in size from 0.5 to 2.5 cm.
All nine transgenic mice examined developed pathology beginning
at 10 months of age, and findings were evenly distributed between
males and females (Table 1). Histological examination showed
diffuse, large-cell lymphomas involving spleen, lymph nodes, liver,
thymus, bone marrow, kidney, lung, meninges and skin (Fig. 2
and Table 1). Specifically, perivascular infiltration of lymphomatous
cells was readily observed in the liver, kidney and lungs (Fig. 2f-h)
and in mice with liver involvement; it seems likely that the cells had
spread from the mesentery to the liver through the portal vein
(Fig. 2f). Four mice examined had bone marrow involvement
(Fig. 2e) with complete replacement of the marrow by lymphomatous
cells, We documented involvement of the meninges in one mouse,
but there was no evidence of invasion of the central nervous
system parenchyma. Five of seven mice had cutaneous involvement
with gross ulceration of the skin, and histologically had prominent
infiltration of leukemic cells into the dermis, which is characteristic
of ATLL. Immunohistochemical staining indicated that these
cells expressed CD3 but not B220, showing that they were T-cell
Iymphomas (Fig. 2j). Overall, the histopathological findings are
identical to those observed in ATLL, and the cytological characteris-
tics of the lymphomatous cells are consistent with an aggressive

Figure 2 Pathological findings of T-cell

lymphoma and leukemia in Tax transgenic mice.
(a) Mesenteric tumor (black arrows) in the ‘
abdominal cavity of transgenic mouse #52.

(b) Marked splenomegaly in transgenic mouse
#22 with a greater than fivefold increase in size
compared to an age-matched control littermate.
(c) No tumors, lymphadenopathy or splenomegaly
were evident in the control mice. Histological
findings using H&E staining showed diffuse
large-cell lymphoma in mesenteric lymph node
(d), bone marrow with complete replacement of
the marrow by lymphomatous cells (e), liver (f),
kidney (g), lung (h) and lymphomatous infiltration
of the skin with associated ulceration (i). (j) H&E
staining and immunohistochemical staining with
positive CD3-specific antibody staining (insert)

of lymphomatous cells in the skin. (k,I) Peripheral
blood smears from transgenic mouse #22.
Leukemic cells with large and cleaved nuclei
morphologically identical to flower cells found

in human disease were present in peripheral
blood smears of five mice. (m) H&E and Grocott
staining of the lung showing opportunistic
infection with P. jiroveci. (n) Peripheral blood
smear with a large number of leukemia cells
with segmented nuclei in a SCID mouse at

28 d after intraperitoneal injection of splenic
lymphomatous cells from a transgenic mouse
(lower magnification, left upper panel; higher
magnification, left lower panel). Blood smear of a
control age-matched SCID mouse is shown in the
left panel. (o) Electron microscopic examination
of leukemic cells from ascites fluid of SCID mice
(original magnification, %6,000). Cells showed
enlarged cerebriform nuclei with disrupted
chromatin and scanty cytoplasms typical of
human ATLL cells. Scale bar, 500 nm.

malignancy and with the myriad of chromosomal abnormalities found
in the disease!’.

Giemsa staining of peripheral blood smears in five mice showed the
presence of large and abnormal leukemic cells with cleaved nuclei,
which were morphologically identical to the flower cells observed in
ATLL (Fig. 2k,]).

We also examined age- and sex-matched transgene-negative litter-
mates in parallel for each mouse. We did not detect lymphoma in any
of the nontransgenic littermates; however, two littermates that died
from unknown causes did not have any abnormal gross or micro-
scopic pathology. Three mice were killed before the development of
disease, but there was no evidence of leukemia or lymphoma
(Table 1). In addition to the development of leukemia and lymphoma,
we found that transgenic mice were clinically immunocompromised.
Mice with disease, but not control mice housed under identical
conditions, developed severe pulmonary infections with 2 jiroveci
(Fig. 2m), which is characteristic of human ATLL.

Transfer of leukemia and lymphoma to immunodeficient mice

To develop a more consistent and rapid model of disease development
and to facilitate immunological analyses, we attempted to induce
leukemia and lymphoma in mice with severe combined immun-
deficiency (SCID) after intraperitoneal and intradermal injection of
lymphomatous spleen cells from individual transgenic mice. After
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direct transfer of cells from three transgenic mice, all SCID mice died
within 28 d, having developed both an extremely aggressive leukemia
with characteristic flower cells (Fig. 2m) and extensive lymphomatous
involvement of the spleen, lymph nodes, bone marrow, liver, kidney
and lung, which was identical to that observed in the original
transgenic mice (Fig. 3). Notably, cutaneous involvement was only
observed in those mice into which cells had been transferred by
intradermal injection. Transmission electron microscopy of leukemic
cells recovered from ascites fluid from SCID mice showed grossly
enlarged and segmented cerebriform nuclei with markedly thin and
scanty cytoplasms and a loss of polarity similar to that reported for
ATLL and Sezary syndrome (Fig. 20).

@4 © 2006 Nature Publishing Group hitp:/www.nature.com/naturemedicine

Flow cytometry analysis

We used flow cytometry to characterize the cell populations in both
transgenic and SCID mice. Cells from transgenic spleens showed
marked size heterogeneity with considerably higher forward scatter
and side scatter compared to cells derived from spleens of control mice
(Fig. 4a). Immunostaining of cells from SCID mice showed these were
a distinct population and had a CD3"CD4 CD8 CD34 ¢-kit™ pheno-
type (Fig. 4b,c). Staining for B-cell markers (B220) and macrophage
markers (Mac 1) was negative (data not shown). Further analysis of
SCID mice showed that the cells were CD44*CD25% (Fig. 4c) and
positive for cytoplasmic but not surface CD3 in both flow cytometric
and immunofluorescence studies (Fig. 4d,e), all of which is consistent
with a pre-T-cell, double-negative phenotype (Fig. 4f). A character-
istic feature of ATLL is overexpression of CD25 (also known as IL-2
receptor %) on the surface of the transformed cells, and it is believed
that Tax-mediated upregulation of both interleukin (IL)-2 and the
1L-2 receptor has a major role in the autonomous proliferation of the
transformed cell populations', We examined the expression of CD25
in splenic lymphoma cells, and although the expression levels varied
between tumor cells from different mice, a marked increase in
expression was always evident (Fig. 4d). In addition, the T-cell

TECHNICAL REPORTS

Figure 3 Gross and histological findings of lymphoma in SCID mice at 28 d
after intradermal injection of lymphomatous cells from Tax transgenic

mice. (a) Gross splenomegaly. Histological findings in spleen (b; insert,
immunostaining showing positive staining for CD3-specific antibody),

liver (¢), kidney (d), lung (e) and skin (f). All organs showed extensive
lymphomatous invasion.

activation marker CD69 was also found to be expressed at high levels
on the lymphomatous cells (Fig. 4d).

NF-xB activation in transgenic and SCID mice

As it is well established that activation of NF-«B by Tax has a crucial
role in transformation of cells by HTLV-I and in the maintenance of
the malignant phenotype!>~'#, we examined activity of NF-kB using
both electrophoretic mobility shift assays (EMSAs) and enzyme-linked
immunosorbent assays (ELISAs). EMSAs on nuclear extracts from
transgenic splenic lymphoma cells showed marked NF-xB activity
(Fig. 5) similar to that in a Epstein-Barr virus—transformed lympho-
blastoid cell line used as a positive control. In contrast, no activity was
evident in cells from normal mice (Fig. 5a). In addition, supershift
assays (Fig. 5b) showed supershifted bands in the presence of anti-
bodies for p50 and c-Rel, suggesting that formation of the p50—c-Rel
complex is involved in the development and maintenance of the
malignant phenotype (Fig. 5b). Evaluation of lymphomatous cells
from SCID mice also confirmed activation of NF-xB. In contrast to
the case of transgenic mice, this activation was found to involve only
c-rel (Supplementary Fig. 1 online). We also examined SCID mice by
BLISA for activation of CREB, which was shown to be absent
(Supplementary Fig. 1 online).

Expression of Tax in transgenic mice

We used RT-PCR analysis of RNAs from splenic tissues to determine
whether development of disease in both transgenic and SCID mice
was associated with active expression of Tax (Fig. 1c). Although
expression levels were low (10% less than expression of Actb, which
encodes B-actin), Tax mRNA could be readily detected in newborn,
asymptomatic, early-killed mice and in both transgenic and SCID
mice with overt disease.

DISCUSSION

Here we showed that Tax expression alone in transgenic mice is
sufficient to initiate the development of T-cell lymphoma and leuke-
mia with clinical, pathological and immunological features similar or
identical to those observed in ATLL. Specifically, the disorder in mice
occurs after prolonged latency periods ranging from 10 to 23 months,
which would be equivalent to the 20-60 years observed in human
disease. The long time period before the onset of disease in the
transgenic mouse model is also consistent with a multistep process of
transformation. The clinical and pathological features of the
disease were identical to those observed in the aggressive forms of
ATLL, with widespread organ invasion by lymphomatous cells and the
development of leukemia. Notably, the leukemia displayed the typical
appearance of flower cells characteristic of ATLL, and these cells
also had the expected morphological features when examined by
electron microscopy.

ATLL has prominent cutaneous involvement, and this was repro-
duced in the transgenic model. Transgenic mice were also clinically
immunocompromised and developed pulmonary infections with
P jiroveci, which is also characteristic of ATLL. The development of
disease in transgenic mice and after transfer of disease to SCID mice
was associated with activation of NF-xkB, which is also found in ATLL.
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Figure 4 Flow cytometry analysis of cell-surface and intracellular markers in lymphomatous cells. We analyzed spleen-cell suspensions from transgenic
mice with leukemia-lymphoma (#36), littermate control mouse (B6) and two SCID mice (#22, #148) with overt disease. (a) Forward-scatter (FSC) and
side-scatter (SSC) analysis. (b) Expression of cell-surface markers CD3, CD4 and CD8. (c) Expression of cell-surface markers CD34, CD117 (also known as
c-kit), CD44 and CD25. (d) Expression of CD25, CD69 and cytoplasmic CD3. (e) Surface and cytoplasmic CD3 staining of lymphomatous cells from SCID
mice (SCID #22) with fulminant disease. Immunofluorescence studies show an absence of CD3 surface staining (untreated) but consistent and uniform
cytoplasmic staining in permeabilized cells. Staining of nuclei using propidium iodide (PI) is indicated. (f) Schematic representation of T-cell development

and corresponding immunological markers in the mouse thymus.

In the transgenic mice, this involved both the p50 and c-rel compo-
nents, whereas after transfer to SCID mice, only c-rel seemed to be
involved. The reasons for this are unclear, but such differences have
also been observed in individuals with ATLL*,

The malignant phenotype observed in the transgenic mice was a
CD4 CD8™ double negative. Flow cytometric analysis also showed that
transformed cells were CD44" and c-kit™. Although surface staining
for CD3 was negative, cytoplasmic CD3 staining was readily shown,
and overall the cell markers were consistent with a thymic pre-T-cell
phenotype?®*®. The most common presenting phenotype in ATLL is
CD4%; however, there have been numerous reports describing the
CD4~CD8" phenotype in a considerable number of individuals with
ATLL>™. The different phenotypes observed in ATLL may well reflect
the temporal relationships between infection with expression of Tax
and the cell populations present at different stages of thymic devel-
opment. It is likely that infection in most cases of human disease
occurs after birth and much later than in our model. We are currently
exploring the possibility of modifying the Lck promoters to allow
control of Tax expression at different stages of thymic development to

assess whether this will result in different phenotypes. It seems highly
probable that use of the Lck promoter, which restricts expression of
the transgene to developing thymocytes, has been crucial to the
success of our mouse model. As noted previously, ATLL occurs after
vertical transmission and is specifically associated with a history of
breastfeeding. In rat models, intravenous or intraperitoneal inocula-
tion of HTLV-I-infected cell lines results in considerable humoral and
cellular immune responses. In contrast, these are absent after oral
inoculation, and this hyporesponsiveness seems to contribute to
successful infection’”. Thus, both oral tolerance and the tropism of
the virus for infection of developing T lymphocytes seem to be two
key factors in the development of ATLL.

One major difference between our model and human disease is
expression of Tax. Expression of Tax is rarely detected in ATLL, and
this circumstance is thought to result primarily from highly efficient
Tax-specific cellular immune responses that can effectively eliminate
Tax-expressing T lymphocytes. Such responses, however, would cer-
tainly not occur in either transgenic or SCID mice. It has also been
suggested that the lack of Tax expression in ATLL may be the result of
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Figure 5 EMSAs showing activation of NF-kB in lymphomatous cells. (a) EMSAs of nuclear extracts
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DNA libraries of the transgenic mice using tail-tip
DNA digested with four restriction enzymes: Dral,
Pyull, EcoRV and Stul; the genomic walk consisted
of two PCR amplifications. We determined nucleo-
tide sequences of PCR products by direct sequen-
cing and identified specific chromosomal transgene
insertion sites using BLAST searches of the flanking
sequences in the Ensembl genome database.

~ p50

5
c-Rel 1

l9G

Histopathological examination and immunohis-
tochemistry. We directly fixed tissues in neutral-
buffered formalin (Sigma), embedded them in
paraffin, and sectioned and stained them with
H&E. We stained additional sections with Grocott
staining for detection of P. jiroveci cysts. We stained
skin sections with CD3-specific antibody (Santa
Cruz Biotechnology). We prepared peripheral
blood smears using Giemsa staining and examined
them with light microscopy.

from lymphomatous cells of transgenic mice and a positive control, the Epstein-Barr virus-transformed

lymphoid cell line, and normal mouse PBMCs with a radiolabled NF-xB binding oligonucleotide probe.
Specific shifted bands of NF-«B binding proteins (arrow) were exclusively detected in nuclear extracts’
from lymphoblastoid cell line and transgenic mice with disease (Tg-L) in the presence of the
competitor. (b) Supershift assay of nuclear extracts from Tg-L using antibodies against p50, p65,
p52, and c-Rel. Normal IgG was used as control. Supershifted bands were detected in extracts with

p50-specific and c-Rel-specific antibodies.

epigenetic changes that restrict viral gene expression, but it is presently
unclear whether such changes might at some point develop in this
transgenic mouse model.

The models of ATLL developed in both transgenic and SCID mice
will now allow detailed investigation of the role of Tax and the
identification of specific molecular events associated with transforma-
tion. Moreover, the rapid development of fulminant disease in SCID
mice will uniquely facilitate the evaluation of a range of therapeutic
interventions that may ultimately lead to more effective treatments of
human disease.

METHODS

Details are in Supplementary Methods online.

Mice. All mouse experimental protocols were approved by the Animal Care and
Use Commiittee of the National Institute of Infectious Diseases, Tokyo, Japan,
and by the Animal Research Ethics Committee of University College Dublin,
Ireland. We purchased C57BL/6 mice from Charles River and the Oriental Yeast
Company. We obtained SCID mice from Clea Japan.

Plasmid construction and generation of transgenic mice. We generated
transgenic mice using inbred C57BL/6 mice and standard methods. We
prepared the transgene construct (pLck-Tax) by subcloning the HTLV-I Tax
coding sequence into the BaniHI site of p1017 (provided by R.M. Perlmutter,
University of Washington). We amplified Tax ¢DNA by PCR from DNA
extracted from infected peripheral blood mononuclear cells (PBMCs). The
pLck-Tax plasmid was linearized by digestion with Notl (Boerhinger Man-
nheim), resulting in a 6.3-kb fragment containing the transgene, and this was
purified using a Qiaex gel extraction kit (Qiagen) before injection. All mice
were housed under specific pathogen-free conditions. Mice were killed after
anesthesia with chloroform by syringe cardiac exsanguination. For detection of
the transgene, we performed Southern blotting on genomic DNA extracted
from tail-tip biopsies.

Chromosomal mapping of the inserted transgene. We identified genomic
sequences flanking the transgenes by genomic walking methods™ using the
Universal Genome Walker kit (BD Bioscience Clontech) according to the
manufacturer’s instructions. Briefly, we constructed adaptor-ligated genomic

Flow cytometry. We performed flow cytometry
with a FACSCalibur (BD Bioscience Clontech)
using standard methods. Briefly, we prepared sin-
gle-cell suspensions from spleen in PBS containing
295 FCS and 0.05% sodium azide. For detection of
surface antigens, we washed cells and stained them
with saturating amounts of antibodies conjugated
with FITC, PE or APC in the presence of blocking
antibody 2.4G2 (FcR-specific) monoclonal anti-
body for 20 min on ice. For analysis of live cells, we added propidium iodide
at a final concentration of 5 pg/ml. For detection of intracellular CD3, we
stained cells with ethidium monoazide bromide (5 pg/ml), fixed them with 4%
formaldehyde in PBS and incubated them in permeabilization buffer contain-
ing 0.5% saponin. We incubated cells with FITC-conjugated CD3-specific
antibody or control monoclonal antibody (rat 1gG2b). We carried out analysis
using the Cell Quest program and reanalyzed data using FlowJo software (Tree
Star) by gating live cells. Specific monoclonal antibodies used are detailed in
Supplementary Methods online.

Immunofluorescence studies of surface and cytoplasmic CD3 staining. We
collected cells (106) directly from spleen tissues from SCID mice, and washed
and incubated them with CD3-specific antibody. Thereafter, we incubated
samples with Alexa 488R—conjugated goat rabbit-specific IgG and then stained
with propidium iodide (1 pg/ml). We permeabilized cells before incubation
with primary antibody and detected immunofluorescent signals using a
confocal microscope (IX70, Olympus).

EMSAs. We prepared nuclear extracts from 1-10 « 10° of lymphomatous cells
from spleens of transgenic mice, an Epstein-Barr virus-transformed lympho-
blastoid cell line, and PBMCs from control mice as previously described™. We
performed an EMSA with the Gel Shift Assay Systems kit (Promega) according
to the manufacturer’s protocol. We separated samples by electrophoresis on 4%
polyacrylamide gels in 0.25% Tris-boric acid-EDTA, and dried and analyzed
them using a BAS 2000 image analyzer (Fujifilm).

Real-time quantitative PCR. We used real-time PCR (RT-PCR) to quantify
expression of Tax mRNA in transgenic and SCID mice. We harvested spleens at
birth and at § weeks, 11 weeks, 5 months, 18 months in transgenic mice
without disease, and at 18 months in mice with leukemia-lymphoma, from
control littermates and from SCID mice after intraperitoneal transfer of
lymphomatous cells. We measured levels of Tax mRNA by RT-PCR after
reverse transcription using the ABI PRISM 7900 sequence detection system
(Applied Biosystems) with a QuantiTect Probe PCR kit (Qiagen).

Transfer of leukemia and lymphoema to SCID mice. We harvested spleen cells
from transgenic mice and directly suspended them in RPMI medium. We
directly injected cells (10°) intraperitoneally or intradermally into SCID mice
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from three individual transgenic animals. At 28 d, when mice were clearly ill,
we carried out pathological and immunological studies as above.

Electron microscopy. We collected cells from ascites of SCID mice and fixed
them in 2.5% glutaraldehye and 2% paraformaldehyde, postfixed them in 1%
osmium tetroxide, dehydrated them and embedded them in epoxy resin. We
stained ultrathin, 80-nm sections with uranyl and lead acetate and examined
them with a JEM-1220 electron microscope (Jeol Datum) at 80 kV.

URL. Ensembl, htp://www.ensembl.org
Note: Supplementary information is available on the Nature Medicine website.
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