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(SIR), 2.82: 95% CI 1.70-4.40), and specifically for cancers
of the buccal cavity (SIR, 44.42: 95% CI 17.86-91.51),
esophageal cancer (SIR, 22.36: 95% CI 6.09-57.25), and
cervical cancer (SIR, 8.58: 95% CI 1.04-31.01).% 2 On the
other hand, the risk of gastric cancer, which is the most
common cancer in Japan, had not increased compared
with that in the general population (SIR, 1.37: 95% CI
0.17-4.95) (Table 3).

As shown in Table 2, 12 patients had undergone
allogeneic transplantation from an HLA-matched sibling,
three from an unrelated donor, and four had received
autologous marrow. Eight patients received TBI-containing
preparative regimens before allogeneic transplant. Remark-
ably, 12 of 15 allo-grafted patients had developed chronic
GVHD, nine of whom had the extensive type. Six patients
of those nine were receiving immunosuppressive agents at
the time of diagnosis of the new cancer. Squamous cell
carcinoma of the buccal cavity or esophagus originated
from a site involved with chronic GVHD. Univariate
regression analyses were performed for the patients who
survived for at least 1 year after transplantation. Potential
risk factors were evaluated with adjustments for age, sex,
type of transplantation, donor, chronic GVHD, etc.
Patients with extensive chronic GVHD aged over 45 years
had an elevated risk of all solid cancers. Relative risk (RR)
was 2.9 (95% CI 1.1-7.2) and 5.1 (95% CI 2.0-12.6),
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Figwre 1 Cumulative probability of solid cancers after HSCT. The
probabilities at 5 and 10 years were 1.9 and 4.2%, respectively.

Table 3 SIRs of invasive subsequent cancers

respectively. On multivariate analysis, age, sex, TBI,
pretransplant radiotherapy, acute GVHD, and chronic
extensive GVHD were added to the Cox proportional-
hazard model. Two independent risk factors, that is,
extensive chronic GVHD (RR=2.9: 95% CI 1.1-7.8,
P=0.0352) and age over 45 years (RR=35.5: 95% CI
1.9-13.8, P=0.0011), were identified.

Of the 19 patients with new cancers, 17 received various
therapies for secondary cancers (Table 2). Surgery was
performed on 12 patients, of which eight operations were
curative. All of those who received a curative operation
survived more than a year from diagnosis (range 12-115
months). Only one out of three patients treated with
chemotherapy and radiotherapy survived about 3 years
from diagnosis. Nine out of 19 patients are still alive with
no signs of tumor regrowth. The remaining 10 have died
from secondary cancers. Finally, the probability of a 5-year
survival of patients from their diagnosis of secondary
cancers is 42.8% (Figure 2).

Discussion

Among the 809 adult patients who received HSCT by the
Nagoya Blood and Marrow Transplantation Group
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Figure 2 Kaplan—Meier survival for patients diagnosed with secondary
cancers. The 5-year probability of survival is 42.8%.

No. of patients (person-year)

809 (4704.2)

Site of cancer Obs Exp SIR (Obs:Exp) 95% CI (SIR)
All solid tumors 19 6.74 2.82 1.70-4.40
Oral or pharynx 7 0.16 44.42 17.86-91.51
Esophagus 4 0.18 22.36 6.09-57.25
Stomach 2 1.46 1.37 0.17-4.95
Colon 1 0.72 1.39 0.04-7.77
Rectum 1 0.49 2.05 0.05-11.43
Breast 1 1.06 0.95 0.02-5.28
Cervix 2 0.23 8.58 1.04-31.01
Uterine corpus 1 0.12 8.5 0.22-47.38

Obs = observed number; Exp = expected number; CI =confidence interval.
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between 1981 and 2000 and who survived for more than 1
year after transplant, 19 have developed a new solid cancer
with an estimated average cumulative risk of a new solid
cancer of 1.9% at 5 years and 4.2% at 10 years after
transplantation. The overall incidence is 2.8-fold higher
than that expected in the general population. This analysis
represents one of the largest surveys in Japan. In our cohort
of patients, secondary hematological malignancies such as
Epstein-Barr virus-associated lymphoma, leukemia, and
MDS were excluded, since the spectrum of neoplasms
varies with the time after transplantation.*!*!*> Hemato-
logic malignancies generally develop in the early phase
following transplantation.® On the other hand, solid
cancers have a longer latency period.!® Therefore, this
figure certainly represents a significant risk to long-term
survival among adult patients undergoing HSCT. The RR
obtained from our analysis could be an underestimate of
the true risk since the median follow-up duration of 5.3
years is relatively short. In contrast to the other studies, the
cumulative incidence of developing a solid cancer plateaued
with a relatively short latency. Although this is mainly a
consequence of the short follow-up and of the fact that the
peak incidence of solid cancers had not been reached, the
difference in the spectrum and pathogenesis of secondary
cancer may also be a factor.

Potential risk factors associated with the development of
secondary cancers following HSCT have been described
previously.:%!¢ 8 These include TBI as part of the
preconditioning regimen, the use of immunosuppressive
agents, and the occurrence of acute or chronic GVHD. In
our study, two independent risk factors were identified,
namely, subjects with extensive-type chronic GVHD and
those above 45 years of age at transplant. TBI containing
preconditioning was not a statistically significant risk
factor. Radiogenic cancers generally have a long latent
period, and the risk of such cancers is frequently high
among patients undergoing irradiation at a young age.'”??
Certain tumor types such as those of the brain, thyroid,
salivary gland, and bone connective tissue occur in
association with radiation exposure.®® ** These tumors
were not observed in our study, which included only adult
patients. In two large studies, brain and thyroid cancers
accounted for the increased risk of TBI in their cohorts of
children.™¢ The risk of radiogenic cancers may decline with
age. According to the previous report, the cumulative
incidence of second cancer patients who had received TBI
was similar for younger and older patients.?s However, the
difference between patients with and without TBI exposure
was not evident among those more than 10 years of age.

A recent large study concerning chronic GVHD and its
therapy reported the risk of solid cancers, particularly
squamous cell carcinomas of the buccal cavity and skin.?¢
In our study, the most significant risk for specific types of
secondary solid tumors was to patients with squamous cell
carcinoma of the oral cavity and esophagus, which in this
study was found to be 44- and 22-fold higher than that
expected in the general population, respectively. All 10
patients with these cancers had chronic GVHD, eight of
whom had the extensive type. Although the most common
types of secondary malignancy are epithelial in origin,’
cutaneous cancers were encountered most frequently
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among patients in Western countries. This discrepancy
may be partly explained either by the difference in the
clinical manifestation of chronic GVHD or by a genetic
susceptibility and a gene-environment interaction. On the
other hand, skin involvement of greater than 50% was
apparent only in approximately 10% of Japanese patients
with chronic GVHD (unpublished data by NBMTG),
whereas in the data of Akpek et al,”” 44% of patients
presented with extensive skin involvement, indicating that
the incidence of skin cancer is much lower among the
Japanese population. Gastric cancer, on the other hand, is
the most prevalent neoplasm in Japan, accounting for one-
quarter of all cancers.® > In our study, only two cases of
gastric cancer were observed after HSCT, an incidence not
statistically different from that in the general population.
This indicates the existence of a distinctive mechanism
underlying the development of post-transplant secondary
cancers.

Patients with chronic GVHD, having received immuno-
suppressive agents over a long period, exhibit persistent
inflammation in the involved organs. GVHD may stimulate
regeneration of the epithelium and a subsequent over-
growth of malignant cells. Alternatively, prolonged im-
mune suppression may compromise immune surveillance
and exert a cocarcinogenic effect on the genetic damage
caused by chemoradiation. Host defenses and inflamma-
tory gene polymorphisms may be associated with an
increased risk of GVHD,?® and may also play a role
together with DNA repair in solid tumors. In immunosup-
pressed patients, oncogenic viruses such as human papillo-
ma viruses may contribute to squamous cell carcinoma of
the cervix and skin.® ® In our study, two patients
developed cervical cancer with an increased risk of 8.6
of RR.

The magnitude of the increased risk of solid tumors after
autologous HSCT has been reported to be approximately
two-fold when compared to that in an age- and sex-
matched general population.® A 5-year cumulative inci-
dence of 8.9% was reported for autologous HSCT patients
treated for Hodgkin’s disease, which was more frequent
than that for conventionally treated patients.*® Four
patients developed secondary cancers after autologous
transplantation in our study. However, no significant risk
factor was detected for the autologous transplantation on
multivariate analysis (data not shown). The predominance
of cancers of epithelial origin was not observed in our
autologous patients. The carcinogenic process may differ
from that in the setting of allogeneic transplantation. The
difference between autologous and allogeneic transplant-
ation may include the type of disease for which both groups
were transplanted, chemoradiotherapy prior to transplant
and the presence or absence of an immunoresponse. In fact,
about 60% of the allogeneic patients received transplant-
ation for myeloid malignagncies, on the other hand, about
85% of autologous transplant patients had nonmyeloid
malignancies.

Although the prognosis for secondary malignancies was
generally poor,3*3¢ there was one report of four of five
patients who survived after undergoing the same therapy
used for de novo cancers.’” In another recent study, the
5-year survival rate of secondary cancers was 44%.” The
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prognosis mostly depends on whether the secondary
cancers can be diagnosed early enough to begin the
standard therapy appropriate for each cancer. In our
study, most of those who received curative care overcame
their secondary cancers, resulting in an overall survival rate
of 42.8% at 5 years. It is important for all physicians to be
alert to the possibility of secondary malignancy after
HSCT, and to monitor more closely patients who devel-
oped chronic GVHD.
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NEOPLASIA

Comparison of genome profiles for identification of distinct subgroups of diffuse

large B-cell lymphoma

Hiroyuki Tagawa, Miyuki Suguro, Shinobu Tsuzuki, Keitaro Matsuo, Sivasundaram Karnan, Koichi Ohshima, Masataka Okamoto,
Yasuo Morishima, Shigeo Nakamura, and Masao Seto

Diffuse large B-cell lymphoma (DLBCL)
comprises molecularly distinct subgroups
such as activated B-cell-like (ABC) and
germinal center B-cell-like (GCB) DL.BCLs.
We previously reported that CD5* and
CD5-CD10* DLBCL constitute clinically
relevant subgroups. To determine whether
these 2 subgroups are related to ABC and
GCB DLBCLs, we analyzed the genomic
imbalance of 99 cases (36 CD5*, 19
CD&-CD10%, and 44 CD5-CD10~) using
array-based comparative genomic hybrid-
ization (CGH). Forty-six of these cases (22

CD&*, 7CD5-CD10+, and 17 CD5-CD10-)
were subsequently subjected to gene-
expression profiling, resulting in their di-
vision into 28 ABC (19 CD5* and 9
CD5-CD10~) and 18 GCB (3 CD5*, 7
CD5-CD10*, and 8 CD5-CD107) types. A
compatison of genome profiles of dis-
tinct subgroups of DLBCL demonstrated
that (1) ABC DLBCL is characterized by
gain of 3q, 18q, and 19q and loss of 6q
and 9p21, and GCB DLBCL is character-
ized by gain of 1q, 2p, 7q, and 12q; (2) the
genomic imbalances characteristic of the

CD5+ and CD5-CD10* groups were
similar to those of the ABC and GCB
types, respectively. These findings
suggest that CD5* and CD5-CD10* sub-
groups are included, respectively, in the
ABC and GCB types. Finally, when
searching for genomic imbalances that
affect patients’ prognosis, we found that
9p21 loss (p16NK*2 Jocus) marks the most
aggressive type of DLBCL. (Biood. 2005;
106:1770-1777)

© 2005 by The Ametican Society of Hematology

Introduction

Diffuse large B-cell lymphoma (DLBCL) is the most common type
of non-Hodgkin lymphoma and is known to include pathophysi-
ologically heterogeneous groups.™ DLBCL is also known to be
clinically heterogencous because patients with DLBCL show
markedly different clinical courses.’ This has drawn attention to the
importance of identifying subgroups in heterogeneous DLBCL.
Gene-expression profiling conducted by Alizadeh et al® identi-
fied 2 moleculatly distinct forms of DLBCL with gene expression
patterns indicative of the different stages of B-cell differentiation,
that is, activated B cell-like (ABC) and germinal center B-cell-like
(GCB) types.57 The ABC group expresses genes characteristic of
activated B cells and plasma cells, whereas the GCB group
maintains the gene expression program of normal germinal center
B cells.®® Those authors also reported that the overall survival of
the ABC group was significantly worse than that of the GCB group.
We reported the identification of 3 phenotypically distinct subgroups
of DLBCL, CDS*, CD5-CD10*, and CD5 CD10~ DLBCLs? The
CD5" group, found to account for approximately 10% of all DL.BCL,
has the CDS*C10*~CDI19*CD20~CD21-CD23~¢yclinD1~ pheno-
type and is chavacterized by poorer prognosis, frequent extranodal sites,
poorer performance status, and higher lactase dehydrogenase levels
compared with CD3~ DLBCL.® The CD5"CDIO" group shows

less-frequent BCL2 protein expression than the other groups, indicating
the presence of a definite relationship with notmal germinal center cells
that usually lack BCL.2 expression. Finally, the CDS~CD10™ group is
the most common group and has a higher incidence of BCLG gene
rearrangement than the other 2 groups, although the difference is
insignificant.?

Despite each subgroup of DLBCL being molecularly or pheno-
typically distinct, the genetic characteristics and their relationship
have not been sufficiently studied. Here, we made use of the
array-based comparative genomic hybridization (array CGH) to
identify genomic imbalances characteristic of the distinct sub-
groups of DLBCL.1? Gene-expression profiling was also used to
clarify the relationship between the ABC/GCB and CDS*/
CD5-CD10* subgroups.

Patients, materials, and methods

Patients and samples

Lymph node samples and clinical data were obtained from 99 palients
with the protocol approved by the Institutional Review Board of Aichi
Cancer Center (36 cases of CD5%, 19 cases of CD3"CDI10*%, and 44
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cases of CD5CD10™7). Three CD5Y cases possessed CD10T. Informed
consent was provided according to the Declaration of Helsinki. It should
be noted that we especially collected a total of 36 cases of CD5*
DLBCL, which represent a higher ratio than that found in the standard
population, for evaluation of the genetic status of this disease entity. We
analyzed genomic imbalances for the 99 cases of DLBCL by use of array
CGH. Forty-six of these cases (22 cases of CDS*, 7 cases of
CD5-CD10*, and 17 cases of CD5"CD10™) were subsequently sub-
jected to gene-expression profiling. In addition, none of the patients had
a previous history of malignant Iymphoma. All the DNA and RNA
samples were obtained from tamors at the time of diagnosis before any
treatment was administered, while all the patients with DLBCL received
adequate doses of a cyclophosphamide, Adriamycin, vincristine, and
prednisone (CHOP)-like regimen after diagnosis. All paticats’ data
regarding age, stage, performance status, lactate dehydrogenase (LIDH)
level, number of extranodal sites, and International Prognostic Index
(IPT} score at diagnosis are shown in Table 1.

Gene-expression profiling

Total RNA was isolated from each specimen by means of cesium
chloride centrifugation. Cyanine 5 (CyS)- or Cy3-labeled complemen-
tary RNA (cRNA) was generated from total RNA by using a Low RNA
Input Linear Amplification Kit (Agilent Technologies, Palo Alto, CA).
Probes consisted of a mixture of an experimental Cy5-labeled cRNA and
control Cy3-labeled cRNA. The latter was prepared from a pool of total
RNA from 10 hyperplasia lymph node samples. The microarray glass
slide consisted of an Agilent oligonucleotide array custom-made for the
Cancer Institute of the Japanese Foundation for Cancer Research, on
which a total of 21 619 genes were spotted (Agilent Technologies).
Probes were hybridized overnight on the glass slides with an In Situ
Hybridization Kit Plus (Agilent Technologies) according to the manufac-
turer’s protocol. Fluorescent images of hybridized microarrays were
obtained with an Agilent scanner G2565AA (Agilent Techunologies),
which were then analyzed with Feature Extraction software (Agilent
Technologies) to obtain the ratios of the fluorescence of the experimen-
tal Cy5-labeled samples to that of the Cy3-labeled conlrol. All
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nonflagged fluorescence ratios were log-transformed (base 2) and
centered by subtracting the median observed value of each gene
determined by cluster analysis. The hierarchical clustering algorithm
was applied to DLBCL cases according to the expression level of these
genes with the aid of Cluster and TreeView software (Eisen Lab,
http://rana.lbl. gov/EisenSoftware.htm). 1* Of the 100 genes specified by
Rosenwald et al® for clustering ABC and GCB groups, 67 of which were
available to use for clustering analysis. These 67 genes are BARDI,
PIK3ICG, LRMP, Hs.1098, BCL6, HDACI, MYBL2, MME (CDI0),
STAG3, LMO2, APS, Hs 151051, ADPRT, ITPKB, REL, FLJ20094,
Hs.211563, MEF2B, CD44, Hs. 15765, 116, PIPN2, PTPNI2, BMII,
Hs. 128003, BACH2, HIVEPI, CFLAR, APAF], RYK, EDGI, KIAAO874,
Hs. 153649, MADH4, PTPNI, Hs.93213, DCTD, Hs.193857, ILIG,
SP140, SH3BPS5, IRF4 (MUM 1), TLK1, KCNA3, TCLIA, PAKI, Hs.188,
CXCR4, SLA, CCND2, TGFBR2, ETV6, SPAPI, PM5, PDIR, IGHM,
CD22, Hs.296938, Hs. 1565, Hs.83126, MAPKAPK3, RUNXT, Hs.55947,
S100A4, TFAP4, IRF2, and OPAI. We performed clustering analysis
with published microarray data by these 67 genes. DLBCL gene
expression profile data generated by the Lymphochip microarrays were
obtained from supplemental data of the article by Rosenwald et al.® We
confirmed that the 274 DLBCL of the Lymphochip microarray data set
could be divided into the ABC and the GCB and the Type 3 with these 67
genes. Distributions of tumors with aforementioned 67 genes were
nearly identical to those with the 100 genes that were described by
Rosenwald et al.3

Array CGH

Artay CGH was performed for DLBCL cases by previously described
methods using custom-made glass slide of Aichi Cancer Center (ACC)
array slide version 4.0. The amay consisted of 2304 BAC (Bacterial
artificial chromosome) and PAC (P-1 derived aitificial chromosome) clones
(BAC/PAC clones), covering the whole human genome with roughly 1.3
Mb (megabase) of resolution. BAC clones were derived from RPI1 and
RP13 libraries, and PAC clones were derived from RP 1, RP3, RP4, and RP5
libraries. BAC/PAC clones were subjected to degenerate oligonucleotide-
primed polymerase chain reaction (PCR). The resulling DNA samples were

Table 1. Clinical features of DL.BCL subgroups with distinct phenotypes and expressions

CGH analysis Gene-expression profiling
Characteristic cDs+ CcD5-CD1o+ CD5-CD10~ Total ABC GCB Total

Age

Median, y (range) 62 (36-82) 65 (48-89) 57 (26-91) 60 (26-91) 67 (36-91) 63 (38-89) 64 (36-91)

No. patients* 36 19 44 99 28 18 46
Ann Arbor stage, no. patients (%)

-1l 5 (15) 8(42) 17 (49) 30 5 (20) 7 (41) 12

-V 29 (85) 11 (58) 18 (51) 58 20 (80) 10 (59) 30

Total®, 34 (100) 19 (100) 35 (100) 88 25 (100) 17 (100) 42
Performance status, no. (%)

0-1 24 (71) 16 (84) 30 (97) 70 16 (87) 16 (100) 32

2 or more 10 (29) 3(16) 1(3) 14 8(33) 0 (0) 8

Total® 34 (100) 19 (100) 31 (100) 84 24 (100) 16 (100) 40
LDH level, no. patients (%)

Normal 8 (24) 12 (63) 12.(38) 32 6 (25) 3(19) 9

High 25 (76) 7 (37) 20 (62) 52 18 (75) 13 (81) 31

Total* 33 (100) 19 (100) 32 (100) 84 24 (100} 16 (100) 40
No. of extranodal sites, no. patients (%)

1 or fewer 24 (73) 13 (68) 25 (78) 62 17 (71) 13 (81) 30

More than 1 9 (27) 6(32) 7 (22) 22 7 (29) 3(19) 10

Total* 33 (100) 19 (100) 32 (100) 84 24 (100) 16 (100) 40
{Plindex, no. patients (%)

LA} 13 (38) 9 (47) 20 (65) 42 5(19) 7 (41) 12

HHI 21 (62) 10 (53) 11 (35) 42 21 (81) 10 (59) 31

Total* 34 (100) 19 (100) 31 (100} 84 26 (100) 17 (100) 43

Ninety-nine cases were subjected to array CGH analysis {left), and 46 of them to gene-expression profiling (right). LA, indicates lowflow intermediate; H/HI, high/high

intermediate.
*Number of patients whose clinical data were available.
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robotically spotted by an inkjet technique (NGK, Nagoya, Japan) in
duplicate onto Codel.ink activated slides (Amersham Biosciences, Piscat-
away, NJ). BAC/PAC clones used were selected based on information from
the National Center for Biotechnology Information (NIBC; htip://
www.nebinlmnih.gov/) and Ensembl Genome Data Resources (http://
www.ensembl.org/). These clones were obtained from the BACPAC
Resource Center at the Children’s Hospital (Oakland Research Institute,
Qakland, CA). DNA preparation, labeling, array Fabrication, and hybridiza-
tion were performed as described previously. 1112

For the array, 10 simultancous hybridizations of healthy male versas
normal male were performed to define the normal variation for the log,
ratio. A total of 91 clopes with less than 10% of the mean fluorescence
intensity of all the clones, with the most extreme average lest over
reference ratio deviations from 1.0 and with the largest SD in this set of
normal controls was excluded from further analyses. Thus, we analyzed
a total of 2213 clones (covered 2988 Mb, 1.3 Mb of resolution) for
further analysis. Of the 2213 clones, 2158 (covered 2834 Mb) were from
chromosome 1p telomere to 22q telomere; 55 of 2213 clones were from
chromosome X.

Because greater than 96% of the measured fluorescence log, ratio
values of cach spot (2 X 2191 clones) ranged from +0.2 to —0.2, the
thresholds for the logs ratio of gains and losses were set at the logp ratio
of +0.2 and —0.2, respectively. Regions of low-level gain were defined
as logy ratio +0.2 to -+ 1.0, those suggested of containing a heterozygous
loss/deletion as logg ratio 1.0 to 0.2, those showing high-level gain
as logy ratio greater than + 1.0, and those suggested of containing a
homozygous losses/deletion as logp ratio less than -~ 1.0. We defined
region of gain or loss as (1) continuously ordered 3 clones showing gain
or loss or as (2) single clones showing recurrent high copy number gain
(logz ratio > +1.0) or homozygous loss (logy ratio <-1.0).1112

Regions of high-level gain and regions of homozygous loss/deletion
were also easily detected, as were regions showing low-level gain and those
of heterozygous loss/deletion.

Statistical analysis

Statistical analysis of overall survival of distinet subgroups of DL.BCL was
conducted by log-rank test. P less than .05 was taken to show a significant
difference.

Statistical analysis for array CGH. To analyze genomic regions for
statistically significant differences between the 2 patient groups (eg, ABC
and GCB), a data set was constructed by defining genomic alterations as
copy number gains for logs ratio thresholds of +0.2 or greater, and as copy
number losses for thresholds of —0.2 or less. Clones showing a gain (logs
ratio z= -+0.2) were inputted as “ 1 ” versus no-gain clones (logy ratio
<0 -+0.2)as “ 0" on an Excel (Microsoft, Redman, WA) template for each
case. Similarly, foss clones (logs ratio == —0.2) were inputted as “1” versus
no-loss clones (logy ratio > ~—0.2) as * 0 " on another Excel template for
each case. Data analyses were then carried out for the following purposes:
(1) comparison between the 2 groups (eg, ABC and GCB) of frequencies of
gain or loss for each single clone, and (2) comparison of overall survival
between cases showing gain or loss of a single clone and cases without
either gain or loss. Fisher exact test for probability was used for the former
comparison, and a log-rank test for comparing survival curves for the 2
groups was used for the latter.

Statistical analysis for gene-expression profiling. The Mann-Whitney
U test was performed for detecting significant differences in expression
levels of pI6IVF# hetween the ABC and GCB groups. All the statistical
analyses were conducted with the STATA version 8 statistical package
(StataCorp, College Station, TX).

Results

Gene-expression profiling of CD5%, CD5-CD10*, and
CD5-CD10~DLBCL: relationship with ABC and GCB DLBCLs

The variety of DLBCLs can be characterized and classified by
gene-expression profiling and cell-surface phenotyping. Clinically,
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ABC DLBCL behaves more aggressively than GCB DLBCI.. The
survival of CDS* DLBCL cases is shorter, and CD10* DLBCL. is
relatively indolent (Figure 1).

To determine whether DLBCL with CDS$ and/or CD 10 markers
are related to the ABC and GCB subgroups, we subjected a total of
46 DLBCL cases (22 cases of CDS™, 7 cases of CD5-CDI10*, and
17 cases of CDS™CD107) to gene-expression profiling. The resulls
showed that the 46 cases could be cleaily assigned to either the
ABC or GCB groups (Figure 2) and, of special importance, that the
CD5" and CD5-CDI0* phenotypes were closely related to the
ABC and GCB subgroups, respectively (Table 2). Of the 22 CD5*
DILBCL cases, 19 showed the ABC signature, whereas only 3 were
characterized by the GCB signature (2 cases of CD5YCDI10" and |
case of CDS"CD107) (P = .001). In sharp contrast, all 7 cases of
CD5-CD10* DLBCL showed the GCB signature (P = .003).
CD5"CD10" DLBCI. cases showed mixed results, expressing
either the ABC (9 cases) or GCB (8 cases) signature (P = .533),
indicating that it is a heterogeneous entity.

Genomic imbalance of ABC and GCB DLBCLs

Because it was previously demonstrated that ABC and GCB
DLBCLs are molecularly distinet subgroups,®® we initially com-
pared the genomic profiles of these subgroups. Two typical
individual genomic profiles of 2 CD5~CD10™ cases, 1 with an
ABC signature and the other with a GCB signature, are shown in
Figure 3.

Frequent genomic imbalances (copy number changes) of the

11q21-q25, 16p1i-pl3, 16q22-g24, 18, 19q13 and X, and loss of
2pl1 (gk locus), 6q12-q27, 8p22-p23, 9p21, and 17p. Frequent

1922-q32, 2p14-p24, 5p12-p15, 5q15-q31, 6p12-p25, 7, 8422-¢26,
9933-q34, 11q, 12, 13931-q33, 16p11-p13, 18q21-q23, 19p, 1913,
21q, and X and loss of 1p36, 2pll, 3pld, 4p12-pl13, 4933-q34,
6q14-ql6, 8p22-p23, 9p21, 13q12-q22, 17p12, and 18q22-¢23.
Here, frequent genomic gains and losses were defined as greater
than 20% for either group.

The ABC group was genomically characterized by moie
frequent gains of 3p23-q28, 18q11.2-q23, and 19q13.41-q13.43
and loss of 6q22.31-q24.1 and 9p21.3. The GCB group was
genomically characterized by more frequent gains of 1¢21.1-¢23.3,
1g31.1-q42.13, 2p15-p16.1, 7q22.1-q36.2, and 12q13.1-q14 (Fisher

A B

CRE-CO10+ (n=18)
GCH (n=17)

Probability

4 4 CO5-CD10-
(n=44}
.2 ABC (n=26) 2
o] P=003 o P=024 COS+ (=33}
Q 2 4 [} 8 1 2 ¢ 2 4 ¢ g 10 12
year

Figure 1. Kaplan-Meier analyses of different subgroups. (A) Kaplan-Meier
analysis of ABC (26 cases) and GCB (17 cases) DLBCLs, (B) Kaplan-Meier analysis
of CD5* (33 cases), CD5CD10* (19 cases), and CD5-CD10~ (44 cases) DLBCLs.
The Pvalues were obtained by a log-rank test, The overall survival of 96 cases could
be analyzed. This showed that the overall survival for the CD5* group was worse
than that of the CD5-CD10* and CD5-CD10~ groups (log-rank test, P = .023).
There was no significant difference in the overall survival between the CD5-CD10~
and the CD5-CD10* groups (log-rank test, P = 504). Expression profiing was
performed for 46 cases, 43 of which could be analyzed for overall survival, This
indicated that the overall survival for the ABC group was worse than that of the GCB
group (P = 003).
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Figure 2. Hierarchical clustering of 46 DLBCL cases, A total of 46 cases (22 of
CD5*+, 7 of CD5~CD10*+, and 17 of CD5~CD10~) were clustered with the aid of Tree
View software, based on the expression of 67 of 100 genes as described by
Rosenwald et al.3 The degree of relative expression of the gene for each sample is
indicated at the bottom. The samples were divided into 2 subgroups, ABC (left) and
GCB (right).

exact test, P <.05). Ideogram of the genomic imbalance of ABC
and GCB DLBCLs are presented in Figure 4A-B, and the
genome-wide frequency representing the genomic imbalance of
ABC and GCB DLBCL are presented in Figure SA.

We found that the genomic imbalance patterns of ABC and
GCB DILBCLs are distinctly different. For instance, gain of
chromosome 3¢23-g28 was observed in 25% to 36% of the ABC
group but not in the GCB group (0%), whereas gain of 7¢22-q36
was observed in 50% to 61% of the GCB group and far less (< 5%)
in the ABC group.

It should be noted that the expression of CD35 had no effect
on the genomic imbalance observed in the ABC and GCB
groups. The genomic imbalance detected here in the ABC group
reflects the dominance of CD5-classified cases: 67% (19 of 28
cases) of the ABC group was of the CD5* type, but the
frequency and region of the genomic imbalance of CD3* and

Table 2. Relationship among DLBCL subgroups differentiated
by gene-expression profiling

DLBCL subtype ABC GCB P

cng* 19 3 001
CD5~CD10* 0 7 003
CD5-CD10~ 9 8 533

Pvalues were obtained by Fisher exact test.
*CD&* DLBCL includes 3 of CD10" cases.
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Figure 3. Typical individual genome profiles of DLBCL cases. The individual
genomic profile of 2 CD5-CD10~ cases, 1 with an ABC signature (A) and the other
with a GCB signature (B). Chr. indicates chromosome number, (A) Genomic gains
are the following: 3p26.3-q12.3, 3q13.33-929, 4g32.1-935.1, 9p24.3-¢22.33, 17p11.2-
q21.1, 17921.32, 17923.2-q24.2, 189, and Xp22.11-q28; genomic losses are the
following: 9p21.3 (arrow), 13q14.3-¢21.2, 15q21.3, 17p11.2-p13.3, and 17g21.32-
q22. Note that loss of 9p21 occurred only at BAC, RP11-14912 (arrow), which
contains p16™ e (B) Genomic gains are the following: 1921.3-q44, 2p13.2-p25.1, 7,
1113.5-925, 16q24.3-q26.3, 16, 21q, and X; genomic losses are the following:
1p36.22-p36.23, 1p13.1-p31.2, and 13q13.1-q14.3.

Chr.1 2 3 4

CDS™ within the ABC group were similar. There were no
significant differences in either region or frequency of the
genomic imbalance between CD5' and CD3™ within the ABC
group (data not shown). A typical example was loss of 9p21.
This loss was specific to the ABC group where, within the ABC
group, 13 (68%) of the 19 CD5* DLBCI. cases and 6 (66%) of
the 9 CD5~ DLBCL cases showed this loss (P = 0.999),

Genomic imbalance of CD5*, CD5-CD10*,
and CD5-CD10- DLBCLs

We examined the frequency of gain and loss regions for the
CD3* (36 cases), CD5CD10* (19 cases), and CD5~CD10~ (44
cases) groups. Frequent genomic imbalances (2 8 cases) in the
CDS* group were gain of chromosome 3, 6p22-p25, 7p22-q31,
8q24, 11g22-q25, 12, 16p13-q21, 18, 19, and X and loss of
1p36, 2p11, 6q14-q27, 8p23, 9p21, 15q13-q14, and 17p11-pi3.
Although gain of 1q21-¢32, 7p22-q36, and 12 were characteris-
tic of the GCB group, these gains were also found in 20% or less
of the CDS* group.

group were gain of lq, 2pl3-p25, 6p21-p25, 7, 8q22-q24,
9q33-q34, 12, 13¢31-q33, 15q, 16p13, 19¢13.3-q13.4, and X
and loss of [p36, 1p22, 2pll, 3pl4, 4p, 6q13-q27, 9p21, and
13q14-g21.

Comparison of the CD5* and CDS~CD 10+ subgroups showed
that CD5* DLBCL had more frequent gains at chromosome 3
and loss of 9p21 compared with CD5~CD10* DLBCL, whereas
CD5-CD10* DLBCL showed more frequent gains of 7¢q22-q36,
12q13-q14, and 17p13 compared with CD5" DLBCL (Table 3).
The genome-wide frequency of the genomic imbalance of CD5*
and CD5~CD10* DLBCLs are shown in Figure 5B. Of special
importance is that these characteristic genomic profiles of CDS*
and CD5-CD10* DLBCLs are quite similar to those of ABC
and GCB DLBCLs, respectively (Figure 5A-B). There were no
significant differences in either region or frequency of genomic



1774

TAGAWA et al

K T {:
. t8

! I

5 i
2 B il
:_.! i Pt k)
) i ) .
L g
s

11
=i g l

T kY

imbalance between either the CDS5* and ABC groups or the
CDS~CD10* and GCB groups (Table 3).

cases) was gain of 1q21-q42, 3q21-q29, 5p13-pl5, 6p21-p25, 7,
1122, 12q13-q14, 18, 19q13.1-q13.4, and X and loss of 2pii,
3pl14.2,6q12-q27,9p21.3, [5q14-q15, and 17p1 [-p13. The genomic
imbalance of CD3~CD10~ DLBCL reflected a mixed type because
all of these gains and losses could be observed in both the CD5*
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Figure 4. ldeogram of the genomic
imbalance of ABC and GCB
DLBCLs. Summary of the chromo-
somal imbalance of 28 patients in
the ABC group (A) and 18 patients
in the GCB group (B). Lines on the
left (red) of the ideogram indicate
losses, and those on the right
(green) indicate gains. Red squares
represent homozygous losses (logs
ratio < ~1.0) on the left, and green
squares high-level gains (log;, ratio
> +1.0) on the right.

YEENEED =

and CDS~CD10* groups. Furthermore, the frequency and region
of the genomic imbalance of CD5"CD10~ DLBCL was very
similar to that of ABC plus GCB, as shown in Figure 5. There were
no significant differences in either region or frequency of the
genomic imbalance between the CID5CD 10" and ABC plus GCB
groups (data not shown). These findings correlate well with the
results of gene-expression profiling that showed CD5S"CD10~
DLBCL was evenly distributed in the ABC and GCB groups.
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Figure 5. Genome-wide frequency of the genomic A
imbalance in distinct DLBCL subtypes. Horizontal
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Identification of loss of 9p21 (p16/¥K42Jocus) as a strong
prognostic marker

Finally, we tried to identify prognostic variables detected by the
array CGH and found that loss of 9p21 had a deleterious effect on
patient survival: 37 cases with loss of 9p21 showed significantly
poorer survival than the 59 cases without this loss (log-rank test,
P = 0.001) (Figure 6A).

Loss of 9p21 was significantly more frequently detected in the
ABC group (19 cases) than in the GCB group (5 cases) (Fisher
exact test, P == .014). The survival of ABC cases with loss of 9p21
was significantly infexior to that of the ABC cases without such a
loss (log-rank test, P = .013), whereas loss at the conesponding
region in the GCB group did not affect survival. Similardy, the
survival of CD5* cases with loss of 9p21 was significantly poorer
than cases without this loss (log-rank test, P = .004). Thus we were
able o show that loss of 9p21 (pI16™%4 locus) marks the most
aggressive form of DLBCL. Among the CD5CD10~ DLBCL
cases, loss of 9p21 tended to have a negative effect on survival,
although this did not reach statistical significance (log-rank test,
P = .068).

As shown in Figure 6B, the minimum common region of 9p loss
was located within 2.2 Mb at 9p21.3. Evidence suggesting

€ 7 B 9 10 11 4% 13 154780 IX Chat F ) 4 5 6 7 ¥ 940 19 92 131517800 R1X
homozygous losses of 9p21 was found in 6 cases (defined as log,
ratio << —1.0; 3 cases each of CD5* and CDS~CD10™), whereas
all GCB or CDS~CD10" cases failed to show any signs, suggesting
homozygous loss at 9p21.3. Thirteen of the 37 cases with loss of
9p21 showed loss at a restricted position of the genome
encompassing a single BAC, RP11-14912, which contains the
pI1ENES wmor suppressor. The expression level of p16™5% for
the ABC group was significantly lower than that of the GCB
group (Figure 6C) (Mann-Whitney U test, P = .001). These
results agree well with the finding of a higher frequency of
9p21.3 loss in ABC DLBCL cases.

Discussion

Several researchers have reported genomic alterations in DLBCL,
detected by means of conventional CGH or array CGH.'¥18
However, only a few comparative genome analyses of DLBCL
subtypes have been conducted.'>!? [n the study presented here, our
array CGH enabled us to detect distinct differences in the genomic
imbalance patterns of the ABC and GCB subgroups. ABC DLBCL
is genomically characterized by gain of 3q, 18q, and 19¢ and loss of

Table 3. Characteristic genomic imbalances and comparison of frequencies among DLBCL. subgroups

Fisher P

Minimum common ABC, no. cases GCB, no, cases CD5%, no. cases CD5-CD10*, no. ABCvs CD5+ vs

Chromosome Gain/loss region (%) (%) {%) cases (%) GCB chio*
1 Gain 1921.1-g23.3 0 (0) 8(44) 6-7 (17-19) B-7 (26-37) <.,01 NS
1 Gain 1931.1-g42.13 2 (0-7) 8-9 (44-50) 5-6 (14-17) 6-7 (32-37) < .01 NS
2 Gain 2p15-pi16.1 2(N 6(33) 4-8 (11-22) 5-8 (26-42) 04 NS

3 Gain 3q23-928 7-10 (25-38) 0(0) 11 (31) 0-1(0-5) 03 01-.04
6 Loss 6q22.31-g24.1 11-18 (39-46) 2(1) 16 (44) 12 (63) .02-.04 NS
7 Gain 7922.1-q36.2 1(4) 9-11 (50-61) 4-6 (11-17) 9-11 (47-58) < 01 < .01
9 Loss 9p21.3 19 (68) 5(28) 18 (50) 4(21) .01 04
12 Gain 12913.13-g14.1 4 (14) 8 (44) 5-6 {14-17) 9-13 (47-68) .04 <.02
17 Gain 17p13.1 5(18) 3(17) 2(6) 7 (37) N8 <.0
18 Gain 18911.2-g23 13-15 (46-54) 3-4 (17-22) 14-15 (38-42) 5 (26) .03 NS
18 Gain 19913.32-13.33 13 (46) 3{17) 12 (33) 12 (63) NS NS
19 Gain 19q13.41-q13.42 15 (54) 3(17) 17 (47) 12 (63) .01 NS

For ABC, n = 28; for GCB, n = 18;for CD5+, n = 36; for CD5-CD10*, n = 19.

NS§ indicates not significant; no. cases, the number of cases showing genomic gains and losses within each minimum common region.
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6q and 9p21, whereas GCB DLBCL is genomically characterized
by gain of 1q, 2p, 7q, and 12q. These results thus provide evidence
that the ABC and GCB groups are genetically distinet to each other,
suggesting that ABC and GCB DLBCL develop tumors via distinct
genomic pathways.

Four groups have published reports on the genomic imbal-
ance of DLBCL transformed from follicular lymphoma
(FL).1820-22 According to their reports, DLBCL transformed
from FL is characterized by a genomic imbalance consisting of
gain of 2p, 7p, 12p, and 12¢ and loss of 4q and 13¢. Because the
characteristic genomic imbalance of DLBCL transformed from
FL is similar to that of the GCB group, DLBCL transformed
from FL and GCB DLBCIL may share certain steps in their
genomic aberration program (hrough the development of
Iymphomagenesis.

We previously reported that CD5* and CD10* DLBCL consti-
tute clinically relevant subtypes. In the study presented here, we
report for the first time that CD5* DLBCLis characterized by ABC
expression and unique genomic patterns. Recently, Katzenberger et
al® conducted a cytogenetic and loss of heterozygosity study of de
novo CDS* DLBCL and speculated that CDS* DLBCL was likely
to originate from the same progenitor cells as B-chronic lympho-

cytic leukemia (CLL) because the former showed frequent dele-
tions of the DI3525 locus as well as of the pl6™* wmor
sappressor.Z? However, CD5* DLBCL appears to be different both
in terms of its origin and pathway from CLIL and mantle cell
lymphoma (MCL), which also express CDS. CLL and MCL are
both characterized by loss of 6q, 9p21, 11q22-¢q23, and 13g14-q21
(seen in 30%-50% of cases),2*27 whereas less than 10% of CD5*
DLBCL cases examined by us showed loss of 11¢22-q23, and
13q14-q21. Loss of only pI6™ appears to be a common
characteristic.

We were also able to demonstrate that CD10* DLBCL is
characterized by GCB expression and unique genomic patterns. We
previously reported that CD10* DLBCIL might originate (rom
germinal center progenitor cells because cells with a normal
follicular center possess CDS5™ and CD10* immunophenotypes and
rarely express BCL2, Huang et al®® used gene-expression profiling
to demonstrate that CD10" DLBCL is characterized by a GCB
sighature, as is also evident from our resuls. 22

We noted that CDS ~CD10~ DLBCL exhibited a mixed genomic
imbalance pattern with respect to 2 subtypes (CD5*" and
CDS~CD10%). This correlates well with the results of gene-
exptession profiling, which showed that CDS ~CD 10~ DLBCL was
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evenly distributed within the ABC or GCB groups, suggesting that
CD5-CD10~ DLBCL is a genetically heterogeneous entity.

Loss of 9p21 (p16™54a) may mark the most aggressive cases. Of
special interest in our series was that ABC and CD5* DLBCL. cases
with loss of 9p21 showed poorer outcomes than cases without this
loss. Loss of 9p21 may therefore represent a unique feature,
reflecting the most aggressive form of DLBCL. Deletion of 9p21.3
(p16™K4e Jocus) is frequently found in aggressive lymphoma and
acute lymphoblastic leukemia and less often in low-grade lym-
phoma,®3% CD5* DLBCL is also closely associated with many
aggressive clinical features or parameters, and loss of 9p21 in
conjunction with inactivation of pJ6™¥# may well be a feature of
CDS5* DLBCL. Indeed, frequent deletion of 9p21 in CD5* DLBCL
has been reported by us and another group.'>%

To summarize, we were able to demonstrate that ABC and
GCB DLBCLs are distinct in terms of gene expression and

ARRAY CGH FOR DLBCL SUBTYPES 1777

genomic imbalance. Most of the CDS5S* and CD5"CDIO"
DLBCLs are included in the ABC and GCB groups, respec-
tively. Furthermore, when searching for genomic imbalances
that affect patient prognosis, we found that loss of 9p2i
(p 16'™VE4a Jocus) marks the most aggressive form of DLBCL. As
demonstrated with DLBCL, the combined use of gene-
expression profiling and amray CGH may facilitate better
understanding of heterogeneous tumors in general.
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Mantle cell lymphoma (MCL) is characterized by 11q13
chromosomal translocation and CCNDI1 overexpression,
but additional genomic changes are also important for
lymphomagenesis. To identify the genomic aberrations of
MCL at higher resolutions, we analysed 29 patient
samples and seven cell lines using array-based compara-
tive genomic hybridization (array CGH) consisting of
2348 artificial chromosome clones, which cover the whole
genome at a 1.3 mega base resolution. The incidence of
identified genomic aberrations was generally higher than
that determined with chromosomal CGH. The most
frequent imbalances detected by array CGH were gains
of chromosomes 3q26 (48%), 7p21 (34%), 6p25 (24%),
8q24 (24%), 10p12 (21%) and 17¢23 (17%), and losses of
chromosomes 2pll (83%), 11q22 (59%), 13q21 (55%),
1p21-p22 (52%), 13934 (52%), 9q22 (45%), 17p13
(45%), 9p21 (41%), 9p24 (41%), 6q23—q24 (38%),
1p36 (31%), 8p23 (34%), 10pl4 (31%), 19p13 (28%),
5q21 (21%), 22q12 (21%), 1q42 (17%) and 2q13 (17%).
Our analyses also detected several novel recurrent regions
of loss located at 1p36, 1q42.2—q43, 2p11.2, 2q13, 17p13.3
and 19p13.2-p13.3, as well as recurrent regions of
homozygous loss such as 2pil (Igx), 2q13 and 9p21.3-
p24.1 (INK4a|ARF). Of the latter, we investigated the
2q13 loss, which led to identification of homozygous
deletions of the proapoptotic gene BIM. The high-
resolution array CGH technology allowed for the precise
identification of genomic aberrations and identification of
BIM as a novel candidate tumor suppressor gene in MCL.
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Introduction

Mantle cell lymphoma (MCL) is characterized by
t(11;14)(q13;q32), which results in overexpression of
CCNDI, and is presumed to derive from naive pre-
germinal center CD5* B cells (Seto et al., 1992; Jaffe
et al., 2001). The identification of this translocation in
virtually all cases of MCL with CCNDI overexpression
indicates that this genomic alteration is an important
mechanism for its pathogenesis (Jaffe er al., 2001).
Despite the presence of this common molecular marker,
experiments with transgenic mice overexpressing
CCND1 proved that this protein alone cannot induce
lymphomas (Hinds ez al., 1994; Lovec et al., 1994), so
that genomic aberrations other than the 11q13 translo-
cation must be involved in the development and
progression of MCL. To identify such additional
aberrations, several studies using comparative genomic
hybridization (CGH) and chromosome banding
analyses have been conducted (Monni et al, 1998;
Bed et al., 1999; Cuneo et al., 1999; Bentz et al., 2000;
Bigoni et al., 2001; Martinez-Climent et al., 2001; Allen
et al., 2002). These studies showed that genomic
imbalances, such as gain/amplification of 3q, 6p, 7p,
8q, 10p, 12g and 18q, and loss/deletion of 1p, 6q, 8p, 9p,
11q and 13q, frequently occur in MCL. Some genetic
deregulations accompanying these genomic imbalances,
such as BMI-1 from amplification of 10p12.2, pI6™%*
from deletion of 9p21.3 and ATM from deletion of
11922.3 (Dreyling et al., 1997; Pinyol et al., 1997,
Stilgenbauer e al., 1999; Schaffner er al., 2000; Bea et al.,
2001; Rosenwald et al., 2003), were also detected.
However, the target genes of these other amplification
and deletion sites remain unknown, one of the reasons
being the limited resolution of chromosomal banding
analysis or conventional CGH, which can detect only
DNA copy number aberrations greater than 10-20 mega
bases (Mb).

Recently, a chip-based CGH approach with high
resolution and accuracy, known as array-based CGH
(array CGH), was developed (Pinkel et al., 1998). We
established our own array CGH using a glass slide on
which 2348 bacterial artificial chromosomes (BACs) and



P-1-derived artificial chromosomes (PACs) were spotted
in duplicate with an average resolution of 1.3Mb. In
addition, our array CGH could identify a novel tumor-
related gene, CI130rf25, at 13q31.3 in B-cell lymphomas
(Ota et al., 2004). These results indicate that quantitative
measurements of DNA copy number changes made with
the array CGH can identify more accurately regions of
genomic imbalance and that this procedure could thus
be a useful tool for identification of tumor-related
gene(s).

To gain a more accurate understanding of complex
gene copy number changes and to identify key gain/loss
regions in greater detail, we applied genome-wide array-
based CGH to a panel of 29 patient samples and seven
cell lines that derived from MCL.

Results

Genomic profiles of MCL patient samples and cell lines

Representative examples of the high-resolution analysis
of a patient sample (G468) and SP-53 cell line are shown
in Figure la and b, respectively. Array CGH could
detect both small and whole-chromosome areas of gains
and deletions as well as delineate amplification and
deletion borders. A small amplicon involving clones
containing known oncogenes was easily detected, as
were small homozygous deletions.
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Genomic imbalances of MCL patient samples

Gains or losses of genetic material shown by all 29 patient
samples were subjected to data analysis. The entire tumor
set involved copy number gains on an average of 130.6 Mb
or 4.6%, and copy number loss on an average of 250.6 Mb
or 8.8% of the genome. Total alterations averaged 3.8
regions of gain and 7.3 regions of loss. The genome-wide
frequency of copy number alterations, both gains and
losses, are shown in Figure 2. Regions of recurrent gain
(=five cases) involved chromosomes 3q13.11-¢29,
6p21.32-p25.3, Tpl4.3-p22.3, 8ql3.2-q24.22, 10pl2.1-
pl122 and 17923.2-g24.1, and recurrent losses (=five
cases) localized at 1p36.23-p36.32, 1p11.2-p31.3, 1q42.2-
g43, 2pll.2, 2q13, 5921.1-q23.1, 6q16.2-q27, 8p12-p23,
9p24.3—q31.1, 10p12.31-pl15.3, 11q14.3-q23.2, 13ql13.2-
q34, 15g13-g21.1, 17p11.2-pl13.3, 19p13.2-pl13.3 and
22q12.1-q13.1. The most frequent imbalances were gains
of chromosomes 3q26.1 (48%), 7p2l.1-p21.2 (34%),
6p25.3 (24%), 8q21.3-q2421 (24%), 10pl2.1-pl2.2
(21%) and 17q23.2—q24.1 (17%), and losses of chromo-
some 2p11.2 (83%), 11922.3-g23.1 (59%), 13q14.3-q21.1
(55%), 1p21.3-p22.1 (52%), 13g34 (52%), 9922.33-q31.1
(45%), 17p13.3 (45%), 9p21.3-p22.1 (41%), 9p24.2-p24.3
(41%), 6923.2-g24.1 (38%), 1p36.23-p36.32 (31%),
8p23.1-p23.3 (34%), 10p14-p15.3 (31%), 19p13.2 (28%),
5922.1-922.3 (21%), 22q12.2 (21%), 1q42.2-q43 (17%)
and 2q13 (17%) (Table 1). Recurrent losses of 1p36.23—
p36.32, 1q42.2-q43, 2pll1.2, 2q13, 17p13.3 and 19p13.2-
p13.3 were identified for the first time in this study,
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Figare1l Representative genomic profiles for individual tumors. Whole genomic profiles are shown for a representative patient sample
(a) and the SP-53 cell line (b). Log, ratios were plotted for all clones on the basis of chromosome position, with the vertical lines
showing separation of chromosomes. The BACs and PACs are ordered according to their position in the genome from the 1p telomere
on the left to the Xq telomere on the right. (a) Regions of copy number gain: 5p, 7p21.3, 17q21.31-q24.3 and X. Regions of copy
number loss: 1p32, 2p11.2, 2q13, 8p12-p23.3, 8q12.3-q13.1, 9p24.3—q31.2, 11q22.3q23.2, 13q14.3-q21.1 and 15. (b) Regions of copy
number gain: 7p11.2-p22.3. Regions of copy number loss: 1p36.23-p36.32, 1p13.3-p31.2, 1q13.2—q44, 2p11.2-q14.3, 4p15.1-pl6.1,
6ql4.1q21, 6q23.2—q26, 7q22.1-q32.3, 9p21.3-p22.1, 11q22.3—q23.2, 18q22.1 and 20q13.13-q13.2
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Figure 2 Genome-wide frequency of copy number alterations for 29 patients. (a) Frequency of copy number gains. (b) Frequency of
copy number losses. Clones are ordered from chromosome 1 to 22 and within each chromosome according to their Sanger Center

mapping position, May 2004 version

but no regions of gains were found other than those
already listed in previous reports of studies using CGH
for MCL..

Recurrent regions of high-level gains (log, ratio
> + 1.0) were found at 10p12.2 (two cases, BMI-1 gene
locus), and recurrent regions of homozygous loss (log,
ratio < —1.0) at 2p11.2 (three cases, Igk gene locus) and
9p21.1-p24.1. As shown in Table 2, the most frequently
homozygously lost clone at 9p21-p24 was RP11-14912
(five cases), which contains the p/6"™¥%4 tumor suppres-
sor gene.

All the 59 clones on chromosome X were analysed
separately because of sex mismatching, but the genomic
alterations of X chromosomes were analysed only for
the 17 male patients. Two cases showed low-grade copy
number gains of Xq28, while three cases showed
heterozygous (two cases) or homozygous (one case) loss
of Xp21.3—p22.3 with the most frequent region at
Xp22.31-p22.32.

Genomic imbalances of MCL cell lines

Genomic imbalances generally occurred more frequently
in MCL cell lines than in patients. For example, gains
of 7p21 and 8924 (both n=3, 43%), and losses of 9p21
and 11922 (both n=6, 86%), 1p22 (n=5, 71%) and
of 6q, 8p23 and 13q21 (all n=3, 43%) were more

Oncogene

frequently detected in MCL cell lines than in patient
samples.

Recurrent regions of high-level gain were detected at
13931.3 (n=2, Cl30rf25 gene locus) and at 18qg21
(n=2, BCL2 gene locus).

Recurrent regions of homozygous loss were detected
at 9p21.1-p24.1, 2p1l1.1 and 2q13 as seen in Table 2,
which lists the homozygously lost clones of either
patient samples or cell lines. Three cell lines (SP-53,
Z-138 and Jeko-1) showed homozygous loss of 2ql13
(log, ratio <-—1.0), while two (REC-1 and NCEB-1)
showed heterozygous loss at 2gql3 (—I<log,
ratio < ~0.2). Five patient samples with 2q13 deletion
also displayed a heterozygous loss pattern. Individual
partial genomic profiles of a patient sample (G468), and
of cell lines SP-53, Z-138 and Jeko-1 of chromosome 2,
are shown in Figure 3, which clearly indicates that the
lowest locus of loss of 2q was at BAC, RP11-438K 19
(BAC438K19), which contains two genes, BIM and
ACOXL (Acyl-CoA dehydrogenase gene). The former is
a BH3-only Bcl-2 family member protein that promotes
apoptosis (O’Conner e? al., 1998), while the function of
the latter remains unknown. As no information has been
published regarding target gene(s) of homozygous loss
at 2q13, we next searched for the minimum common
region of loss of 2q13 to help us detect candidate target
gene(s).



Table 1 Recurrent and most frequent regions of genomic gain and loss
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Gainfloss Recurrent regions* Most frequent regions®
Chromosome® Chromosome Mega base® (Mb) No. of cases (%) Clone® Genef
3q13.11q29 3q26.1 162.6~170.1 13-14 (45-48%) RP11-576M8 SERPINI2
(3q27.1) 188.8 13 (45%) RP11-211G3 BCL6
6p21.32-p25.3 6p22.3-p25.3 0.4-24.6 5-7 (17-24%) RP11-233K4 IRF4

Gain 7p14.3-p22.3 7p21.1-p21.3 8.7-19.8 9-10 (31-34%) RP11-502P9 HS7¢c218

8q13.2-q24.22 8g21.3-8q24.21 91.9-131.7 5-7 (17-24%) RP1-80K22 MYC
10p12.1-p12.2 10p12.1-p12.2 22.9-25.8 5-6 (17-21%) RP11-301N24 BMI1
17q23.2-q24.1 17q23.2-q24.1 58.8-66.1 5 (17%) RP11-51F16 —
1p36.23-p36.32 1p36.23-p36.32 2.5-7 8-9 (28-31%) RP1-37J18 —
1pl1.2-p31.3 1p21.3-p22.1 95.4-101.2 1415 (48-52%) RP4-561L24 GCLM
1q42.2-q43 1q42.2—q43 230.9-238.2 5(17%) RP11-781K5 Q8WUHS
2pli2 2pl11.2 89.4-89.9 19-24 (66-83%) RP11-136K15 KV1S(Igk)
2ql13 2q13 108.7-111.9 5 (17%) RP11-438K 19 BIM
5q21.1-q23.1 5q22.1-q22.3 104.8-114.5 5-6 (17-21%) RP11-454E20 —
6q16.2-q27 6q23.2-q24.1 133.3-146.5 10-11 (34-38%) RP11-35612 TNFAIP3
8pl12-p23 8p23.1-p23.3 0.4-8.6 9-10 (31-34%) RP11-240A17 —

Loss 9p24.3—q31.1 9p24.2-p24.3 0.7-59 11-12 (38-41%) RP11-130C19 —
9p21.3-p22.1 21.6-24 11-12 (38-41%) RP11-14912 INK4a/ARF
9¢22.33—q31.1 92.5-95.5 12-13 (41-45%) RP11-54015 Corf3

10p12.31-pl15.3 10p14-pl5.3 2.2-18.7 8-9 (28-31%) RP11-401F24 Cl0orf47
11q14.3—q23.2 11q22.3-q23.1 105-116.3 15-17 (52-59%) RP11-758F15 FDX
(11922.3) 105-116.3 16 (55%) RP11-241D13 ATM
13q13.2q34 13q14.3-q21.1 46-50.8 15-16 (52-55%) RP11-364119 RFP2
13q34 99-112.5 13-15 (45-52%) RP11-65D24 bA65D24.2
15q13-q21.1 15q13.1 22.4-41 5-6 (17-21%) RP11-125E1 —
17p11.2-p13.3 17pl13.3 0.8-6.6 13 (45%) RP11-676J12 NXN
17p13.1 6.6-18.8 8-9 (28-31%) RP11-199F11 SP53
19p13.2-p13.3 19p13.2 6.4-79 7-8 (24-28%) RP11-42J18 CD202
22q12.1-q13.1 22q12.2 24.9-36.5 5-6 (17-21%) RP1-76B20 UCRX

Region of gain or loss was defined as the contiguity of at least three clones showing gain or loss, or, if not contiguous, clones showing a high copy
number gain (log, ratio > + 1.0) or a homozygous loss (log, ratio <—1.0). *Recurrent region is defined as a region seen in > 5 of cases. *The most
frequent region of gain/loss was defined as the region with the highest frequency within each recurrent region. *Regions are ordered according to
their chromosomal position. ‘According to Sanger Center Institute, February 2004 version. *Representative of the most frequently gained or lost
clone in each of the most frequent region. When the most frequently gained or lost clones share the same percentage of genomic aberrations in the
most frequent regions, clones that include tumor-related genes are shown above those do not. ‘Genes contained in the representative clone

1351

Table 2 List of BAC clones showing homozygous loss (log, ratio <—1.0)

BAC name* Genes contained Cytogenetic position Homozygous loss Homozygous loss
Clones No. of patients (n= 29) No. of cell line (n=7)

RP11-136K15 KV1S (Igk) 2pl1.2 3° (24 1° (6)*
RP11-438K19 BIM 2ql13 0(5) 3(5
RP11-77E14 Q96GE9 9p24.1 0 (10) 2(4)
RP11-60C15 PTPRD 9p23 0(10) 2(4)
RP11-380P16 IFNAS 9p22.1 2Q11) 1(5
RP11-14912 INK4a/ARF 9p21.3 5(12) 3 (6)
RP11-214L15 — 9p21.3 2(10) 0(4)
RP11-393P6 — 9p21.3 211 19
RP11-337A23 TEK 9p21.2 2 (10) 0(2)
RP11-205M20 TAFIL 9p21.1 2 0(1)

*Clones are ordered according to their chromosomal position. *"Number of patients showing homozygous loss in >2 cases. “Number of cell lines
showing homozygous loss. “Number of cases showing homozygous and heterozygous losses (log, ratio <—0.2)

commonly deleted in the three cell lines SP-53, Z-138
and Jeko-1, and that the ‘minimum common region’ of
homozygous loss is the BIM but not the ACOXL gene
locus (Figure 4b). Here, ‘minimum common region’
represents the portion of the region that is aberrant in
MCL cell lines with aberrations in a region. The
minimum common region of homozygous loss of 2q13

Southern blot analyses

To detect the target gene of 2q13 loss, we performed
Southern blot analyses of seven MCL cell lines using six
genomic probes, which were designed from the genomic
DNA of BAC438K19 (Figure 4a). The analyses using
probes 1-6 demonstrated that partial exons of BIM were
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Figure 3 Genomic profiles of chromosome 2q from a patient sample (G468) and from three MCL cell lines (SP-53, Z-138 and Jeko-1).
Log, ratio over + 0.2 represents genomic copy number gain, and a log, ratio below —0.2 genomic copy number loss. Physical distances
(Mb) from the 2q centromere are indicated. The vertical lines indicate the lowest locus of chromosome 2 at BAC438K 19 containing the
BIM gene. Log, ratios were —0.59 (G468), —2.75 (SP-53), —1.71 (Z-138) and ~1.76 (Jeko-1) at BAC438K19, suggesting that

homozygous loss occurs at the BIM gene locus

of these three cell lines ranges at least from probes 2 to 3
(15kb) and at most from probes 1 to 4 (45kb). This
region includes the open reading frame of BIM but no
other gene according to the NIBC, Ensembl Genome
Data Resources and UCSC Genome Bioinfomatics.
Southern blot analyses were also performed with probes
from BAC, RP11-368A17 (probe 7) and BAC, RP11-
537E18 (probe 8) for seven MCL cell lines. BAC,
RP11-368A17 (BAC368A17) is a clone with a 1.55Mb
telomeric to BAC438K19, and BAC, RPI11-537E18
(BACS37E18) a clone with a 1.85Mb centromeric to
BAC438K 10. Bands of probes 7 and 8 were positive in
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all seven MCL cell lines (data not shown), indicating
that the region of homozygous deletion of each cell line
(SP-53, Z-138 and Jeko-1) is at a maximum of 3.4 Mb.

Furthermore, we performed Southern blot analysis of
patient samples for which materials were available (Figure 5a),
and found a heterozygous deletion pattern in a patient sample
(G468) that showed heterozygous deletion at 2q13.

Northern blot analysis

To examine the expression of BIM in MCL cell lines,
Northern blot analysis was performed of seven MCL
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Figure 4 Minimum common region of homozygous loss at 2q13 and expression of BIM. (a) Schematic illustration of BAC438K 19,
the BIM gene exons, and loss patterns of three cell lines (SP-53, Z-138 and Jeko-1). Gray boxes: exons (open reading frames) of BIM
EL and BIM L. The open reading frame of BIM EL (597 bp) consists of three exons: exon 1 from 75082 to 75475 bp (394 bp) including
the initiating codon (ATG), exon 2 from 49074 to 49177 bp (104 bp), and exon 3 from 34990 to 35088 bp (99bp) including the
termination codon (TGA), all on BAC438K 19. Black and white circles: probes used for Southern blot analyses. Broken horizontal lines
with white circles: homozygous loss (bands negative). Thick horizontal lines with black circles: no homozygous loss (bands positive).
Thin horizontal lines: not confirmed whether homozygous loss or not. Bold broken horizontal arrows between probes 2 and 3 indicate
the minimum common region of homozygous loss of 2q13. (b) Southern blot analyses using probes 1-6 for genomic DNAs of MCL cell
lines. Lane 1, human placenta; lane 2, SP-53; lane 3, Granta 519 (G519); lane 4, Z-138; lane 5, REC-1; lane 6, NCEB-1; lane 7, Jeko-1;
lane 8, JVM2. Bands of probe 1: human placenta (+), SP-53 (=), Granta 519 (+), Z-138 (+), REC-1 (+), NCEB-1 (+), Jeko-1 (-),
and JVM2 (+). Bands of probes 2 and 3: human placenta (+), SP-53 (-), Granta 519 (+), Z-138 (-), REC-1 (+), NCEB-1 (+),
Jeko-1 (=), and JVM2 (+). Bands of probe 4: human placenta (), SP-53 (—), Granta 519 (+), Z-138 (—), REC-1 (+), NCEB-1
(+), Jeko-1 (+/—), and JVM2 (+). Bands of probes 5 and 6: human placenta (+), SP-53 (—), Granta 519 (+), Z-138 (-), REC-1
(+), NCEB-1 (+), Jeko-1 (+), and JVM2 (+). ‘Control’ indicates the representative control band of probe 3 (TCR f probe) located
under the bands of probe 6. (¢) Northern blot analysis of BIM with seven MCL cell lines, B-cell lymphoma (Karpas 231) and Burkitt’s
lymphoma (Raji) cell lines. Control is f-actin
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cell lines, one FCL cell line (Karpas 231) and one
Burkitt’s cell line (Raji). As shown in Figure 4c, three
transcripts of BIM, one major (5.7kb) and two minor
(3.8kb and 1.35kb) bands, were observed in Granta
519, JVM2, Karpas 231 and Raji, whereas no or very
weak expression was detected in SP-53, Z-138, Jeko-1,
REC-1 and NCEB-1. Although array CGH data
showed a heterozygous pattern at 2q13 in RECI1 and
NCEBI cell lines, Northern blot analysis indicated that
BIM mRNA in these two cell lines was clearly down-

regulated, which will be the result of a gene dosage
effect.

Fluorescence in situ hybridization (FISH)

Dual-color FISH using a combination of BAC438K 19
and BAC368A17 (1.55Mb telomeric to BAC438K19)
and one of BAC438K19 and BACS37E18 (1.85Mb
centromeric to BAC 438K 10) was performed on three
MCL cell lines (SP-53, Z-138 and Jeko-1) and a patient
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Figure 5 Southern blot and FISH analysis of a patient sample
(G468). (a) Southern blot analysis. Lane 1: human placenta. Lanes 2,
3, 5: Patient samples without 2q13 deletion. Lane 4: G468 showing
2q13 loss by array CGH (see Figure 3). Lane 6: Jeko-1 cell line
showing homozygous deletion at BIM locus. Probe 2 that contain
BIM exon was used in this experiment. (b) Dual-color FISH analysis
with probes A and B of G468. Probe A: BAC438K19; probe B:
BAC368A17. Probe B is 1.55Mb telomeric to probe A, and
BAC438K 19 contains the BIM gene. Interphase chromosomes have
two pairs of red signals (probe B, red), and one pair of green signals
(probe A, green), indicating heterozygous loss of probe A

sample (G468). These three clones were placed con-
tiguously on our array CGH glass slide. Results of dual-
color FISH analysis wusing BAC438K19 and
BAC368A17 for the patient sample (G468) are shown
in Figure 5b. FISH results for these cell lines (data not
shown) correlated well with the array CGH data. (i) In
the SP-53 cell line, no signal of BAC438K 19 was found,
whereas two pairs of BAC368A17 signals, or one pair of
BACS537E18 signals was observed, indicating homozy-
gous deletion of the BAC438K19 clone (log,
ratio=—2.74). (ii) In the Z-138 cell line, one pair of
weak BAC438K 19 signals was detected but two pairs of
normal BAC368A17 signals or one pair of normal
BACS537E18 signals was observed, suggesting intra-
BAC438K19 deletion in this cell line (log,
ratio=—1.71). (iii) In the Jeko-1 cell line, one pair of
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weak BAC438K19 signals but two pairs of normal
BAC368A17 signals or one pair of weak BACS537E18
signals was observed, suggesting the deletion of intra-
BAC438K 19 in this cell lines (log, ratio = —1.76). These
observations are concordant with the finding of total
BAC438K 19 deletion in SP-53 and partial BAC438K 19
homozygous deletion in the Z-138 and Jeko-1 cell lines.

Discussion

In the study reported here, high-resolution mapping of
copy number changes was achieved for the entire MCL
genome. Frequent gains and losses could be identified
with high resolution by means of array analysis, which
allows for precise mapping of genomic aberrations.
Although numerous genomic changes of MCL were
identified by array CGH, many of them were the same as
those previously listed in reports of studies using
chromosomal CGH (also known as conventional
CGH). Several authors (Monni et al., 1998; Bea et al,
1999; Bentz et al., 2000; Martinez-Climent et al., 2001;
Allen et al., 2002) reported recurrent regions of gain as 3q
(40-70%), 6p (20%), Tp (27%), 8q (20-30%), 10p (20%),
12q (20-30%), 18921 (20%) and recurrent regions of loss
as 1p (24-33%), 6q (27-37%), 8p (20-30%), 9p (16—
30%), 11q (22-30%) and 13q (40-60%). However, the
incidence of genomic aberrations identified by array CGH
was generally higher than that reported in chromosomal
CGH studies. For example, our data show more frequent
losses of 1p21-p22 (52%) and 9p21 (41%, INK4/ARF
locus), as well as of 11q22 (55%, ATM locus), than the
corresponding losses previously detected by chromosomal
CGH. Among these frequent losses, although the
candidate target gene of 1p22 loss could not be identified,
our array CGH analysis showed a most frequent region
of loss within the 5.8 Mb region of 1p21.3-p22.1.

Recently, Kohlhammer et al., 2004 reported the
results of their study of 49 patients for which they used
array-based (matrix) CGH with glass slides on which
812 artificial chromosomes were spotted, and found
higher frequencies of genomic alterations of MCL than
those seen in chromosomal CGH data. Their patient
characteristics (e.g. percentage of stage III/IV, poor
performance status, high LDH level, leukemic MCL and
extra-nodal involvement) were almost the same as those
of our series, as were the frequencies of genomic
alterations. However, they could not identify several
regions of loss detected by us, such as 1p36, 1q42.2-q43,
2pl11.2, 2q13, 17p13.3 and 19p13.2-p13.3, because their
clones were not selected from throughout the genome.
The superior resolution of our study can thus be
attributed to the unbiased selection of artificial chromo-
some clones from throughout the genome.

Of the six novel genomic regions of loss detected in
our study, loss of 17p13.3 deserves special comment
because it is highly interesting in that our array CGH
analysis of 17p showed the most frequently deleted
region(s) at 17p13.3, which suggests the existence of an
additional tumor suppressor gene(s) distal to the SP53
gene. Frequent allelic loss at 17p13.3 independent of the



SP53 locus has also been found in a variety of other
human malignancies including lung, breast, ovarian and
hepatocellular carcinomas as well as neural tumors
(Fujimori et al., 1991; Cogen et al., 1992; Saxena et al.,
1992; Phillips et al., 1996; Schultz et al., 1996; Konishi
et al., 2002). Although SP53 mutation in MCL is a well-
known genomic alteration and is associated with variant
cytology and poor prognosis (Greiner et al., 1996;
Hernandez et al., 1996), our finding indicated that other
candidate tumor suppressor gene(s) at 17p13.3 may also
be involved in the lymphomagenesis of MCL.

The key biological value of high-resolution array
CGH lies in its ability to detect small, high-level gains in
copy numbers and homozygous deletions that are
capable of harboring specific oncogenes and tumor
suppressor genes. Recurrent regions of high-level copy
number gains have been identified as 10p12.2 (BMI-1),
13931.3 (C130rf25) and 18921 (BCL2) (Bea et al., 2001,
Hofmann et al., 2001; Martinez et al., 2003; Ota et al.,
2004). Since biallelic (homozygous) loss is considered to
be a hallmark of chromosomal regions harboring tumor
suppressor genes (Knudson, 1971), the detection of
recurrent regions of homozygous loss at 2p11, 2q13 and
9p21-p24 is significant. Loss of 2pll may be due to
immunoglobulin gene rearrangement, but the loss
region of 9p21-p24 covers nearly 15Mb, making it
difficult to identify the responsible gene(s) even though
this region features the most frequently and homo-
zygously deleted clone, RP11-14912, which contains the
pl6™%= gene, which may well be the candidate gene for
this region of homozygous loss of MCL (Dreyling et al.,
1997; Pinyol et al., 1997).

While no previous studies have reported any candi-
date target gene of 2q13 among the three homozygous
loss regions, our study showed that the minimum
common region of 2q13 loss contains partial exons of
BIM but no other genes or ESTs. This suggests that
BIM appears to be the most likely target of this region
of loss. It has recently become known that disturbances
of pathways associated with apoptosis also contribute to
the development of MCL (Hofmann et al, 2001;
Martinez et al., 2003). Another study found that BIM
is a proapoptotic BCL2 family member and a major
physiological antagonist of BCL2, particularly in
hematopoietic systems (Bouillet ef al., 2002), and Enders
et al. (2003) recently reported that B lymphocytes
lacking Bim are refractory to apoptosis induced by B-
cell receptor ligation in vitro. Finally, Egle et al. (2004)
using Bim~'~ and Bim*/~ Eu-Myc mice, demonstrated
that the loss of Bim was related to the onset of
oncogenesis. These findings strongly suggest that BIM
could be a tumor suppressor gene.

We demonstrated that the minimum common region of
loss of 2q13 in MCL cell lines occurred at the BIM locus.
Furthermore, we confirmed that the BIM expression of
five out of seven MCL cell lines was downregulated, while
normal expression was found in two MCL cell lines
without deletion of 2ql3. These results constitute a
powerful indication that BIM is the most likely candidate
target gene of 2ql3 loss/deletion and that its down-
regulation may contribute to tumorigenesis of MCL.
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In summary, the use of high-resolution array CGH
technology for a detailed study of MCL allowed for an
accurate identification of genomic aberrations and
identification of BIM as a possible novel candidate
tumor suppressor in MCL.

Materials and methods

MCL patients and samples

Tumor specimens obtained from 29 MCL cases, comprising 16
males and 13 females all from the Aichi Cancer Center, were
included in the study. In all, 24 cases were classified as typical
and five as blastoid variants. The median age of the patient
was 67 years (49-92 years old). Out of 27 cases, 18 (67%) were
leukemic (data of 27 cases were available), 27 out of 29 cases
(93%) were in an advanced stage III-1V, eight out of 27 cases
(30%) had elevated LDH (data of 27 cases were available), five
out of 28 cases (18%) had a poor performance status (data of
28 cases were available) and 21 out of 27 cases (78%) had more
than one extranodal site of involvement (data of 27 cases were
available). The immunophenotype of the tumors was deter-
mined by immunohistochemistry for tissue sections and/or
flow cytometry for cell suspensions. These studies used Ig light
and heavy chains, several B-cell (CD19, CD20, CD22,
CD45RA and CD79a) and T-cell (CD2, CD3, CDS5, CD7,
CD4, CD8, CD45RO and CD43) markers, CD10 and CD?23.
CCNDI expression was examined in all cases by Northern blot
analysis and/or immunohistochemistry (Suzuki et al., 1999).
All tumors included in this study had a B-cell phenotype, co-
expressed CDS5 and showed CCND1 overexpression.

MCL cell lines

The seven MCL-derived cell lines used were SP-53, Granta 519,
Z-138, REC-1, NCEB-1, Jeko-1 and JVM2. All these MCL cell
lines have been thoroughly characterized in terms of morphol-
ogy, immunophenotype and/or interphase cytogenetics (detec-
tion of t(11;14)(q13;q32)) (Saltman et al., 1988; Jeon et al., 1998;
Amin et al, 2003). The JVM2 cell line, derived from a
prolymphocytic leukemia and carrying t(11;14)(q13;q32), was
also included in the study. Z-138, NCEB-1, Granta 519, REC-1
and JVM2 were kindly provided by Dr Martin Dyer of Leicester
University, UK. Karpas 231 derived from follicular lymphoma
(FCL) and carrying t(14;18)(q32;q21) was kindly provided by
Dr Abraham Karpas of the Medical Research Council Center,
Hills Road, Cambridge, UK (Nacheva et al., 1993). The Raji
cell line was derived from Burkitt’s lymphoma,

DNA and RNA samples

High molecular weight DNA was extracted from 29 lymph
nodes using standard Proteinase K/RNAse treatment and
phenol-chloroform extraction. Normal DNA was obtained
from male and healthy blood donors. RNAs were prepared
from cell lines by homogenization in guanidinium thiocyanate
and centrifugation through cesium chloride.

Array-based CGH

The array consisted of 2348 BAC and PAC clones, covering the
human genome at a resolution of roughly 1.3 Mb, from libraries
RP11 and RP13 for BAC clones, and RP1, RP3, RP4 and RP5
for PAC clones. BAC and PAC clones were selected from the
information in NCBI (http://www.ncbi.nlm.nih.gov/), Ensembl
Genome Data Resources (http://www.ensembl.org/) and UCSC
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