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cases of CD5CDI107). Three CD5™ cases possessed CD10*. Informed
consent was provided according to the Declaration of Helsinki. It should
be noted that we especially collected a total of 36 cases of CDS™*
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 CD5*, 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 lymphoma. All the DNA and RNA
samples were obtained from tumors 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 patients’ data
regarding age, stage, performance status, lactate dehydrogenase (LDH)
level, number of exiranodal sites, and International Prognostic lndex
(IPI) 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 (Cy5)- or Cy3-labeled complemen-
tary RNA (cCRNA) 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 Technologies),
which were then analyzed with Feature Extraction software (Agilent
Technologies) to obtain the ratios of the fluorescence of the experimen-
tal CyS-labeled samples to that of the Cy3-labeled control. All
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nonflagged fuorescence ratios were log-transtormed (base 2) and
centered by subtracting the median observed value of each gene
determined by cluster analysis. The hierarchical clustering algorithm
was applied to DLLBCL cases according to the expression level of these
genes with the aid of Cluster and TreeView software (Eisen Lab,
htip://rana.lbl.gov/EisenSoftware.hitni).'* 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,
PIK3CG, LRMP, Hs.1098, BCLS6, HDACI, MYBL2, MME (CDI10j,
STAG3, LMO2, APS, Hs.151051, ADPRT, ITPKB, REL, FLI20094,
Hs.211563, MEF2B, CD44, Hs.75765, IL6, PTPN2, PTPNI2, BMI1I,
Hs. 128003, BACH2, HIVEPI, CFLAR, APAF 1, RYK, EDGI, KIAAO874,
Hs.153649, MADH4, PTPNI, Hs.93213, DCTD, Hs.193857, ILIG,
SPI40, SH3BPS, IRF4 (MUMI), TLK1, KCNA3, TCLIA, PAKI, Hs. 188,
CXCR4, SLA, CCND2, TGFBR2, ETV0, SPAPI, PMS5, PDIR, IGHM,
CD22, Hs.296938, Hs.1565, Hs.83126, MAPKAPK3, RUNXI, Hs.55947,
S100A4, TFAP4, IRF2, and OPAL. 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.®

Array CGH

Array CGH was performed for DILBCL cases by previously described
nethods using custom-made glass slide of Aichi Cancer Center (ACC)
array slide version 4.0. The array consisted of 2304 BAC (Bacterial
artificial chromosome) and PAC (P-1 derived artificial 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 RP1, RP3, RP4, and RPS
libraries. BAC/PAC clones were subjected to degenerate oligonucleotide-
primed polymerase chain reaction (PCR). The resulting DNA samples were

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

CGH analysis Gene-expression profiling
Characteristic CDs* CDs-CD10+ 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 98 28 18 46
Ann Arbor stage, no. patients (%)

B} 5(15) 8 (42) 17 (49) 30 5 (20) 7 (41) 12

n-1v 29 (85) 11 (88) 18 (51) 58 20 (80) 10 (59) 30

Total* 34 (100) 18 (100) 35 (100) 88 256 (100) 17 {100) 42
Performance status, no. (%)

0-1 24 (71) 16 (84) 30 (97) 70 16 (67) 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) 319 9

High 25 (76) 7(37) 20 (62) 52 18 (75) 12 (81) 31

Total* 33 {100) 18 (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
IPlindex, no. patients (%)

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

H/HI 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 fo gene-expression profiling (right). LALI, indicates low/low intermediate; H/H!, highthigh

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 Natiopal Center for Biotechnology Information (NIBC; hitp:/
www.ncbi.nlmenih.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,
Oakland, CA). DNA preparation, labeling, array fabrication, and hybridiza-
tion were performed as described previously.!h12

For the array, 10 simultancous hybridizations of healthy male versus
normal male were performed to define the normal variation for the log,
ratio. A total of 91 clones with less than 10% of the mean fluorescence
intensity of all the clones, with the most extreme average test over
reference ralio 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 each spot (2 X 2191 clones) ranged from +0.2 to —0.2, the
thresholds for the log, ratio of gains and losses were set at the log, ratio
of -+0.2 and 0.2, respectively. Regions of low-level gain were defined
as logz ratio +0.2 to -+ 1.0, those suggested of containing a heterozygous
loss/deletion as logs ratio 1.0 to ~0.2, those showing high-level gain
as log, ratio greater than +1.0, and those suggested of containing a
homozygous losses/deletion as log, ratio less than ~1.0. We defined
region of gain or loss as (1) continuously ordered 3 clones showing gain
ot loss or as (2) single clones showing recurrent high copy number gain
(logy 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 DLBCL. 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 delining genomic alterations as
copy number gains for log, ratio thresholds of --0.2 or greater, and as copy
number losses for thresholds of 0.2 or less. Clones showing a gain (log,

< +0.2) as * 0 on an Bxcel (Microsoft, Redman, WA) template for each
case. Similarly, loss clones (log, ratio = -~(.2) were inputted as “1” versus
no-loss clones (log, ratio > —0.2) as “ 0 7 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 pJ6™¥E% petween 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 CD&*, CD5-CD10%, and
CD5-CD10~-DLBCL: relationship with ABC and GCB DLBCLs

The variety of DI.BCLs 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 DLBCL. The
survival of CD5* DLBCL cases is shorter, and CDI10* DLBCL is
relatively indolent (Figure 1).

To determine whether DLBCL with CDS and/or CD10 markers
are related to the ABC and GCB subgroups, we subjected a total of
46 DLBCL cases (22 cases of CD5*, 7 cases of CD5-CD10*, and
17 cases of CD5~CD107) to gene-expression profiling. The results
showed that the 46 cases could be clearly assigned to either the
ABC or GCB groups (Figure 2) and, of special importance, that the
CD5* and CDS5S~CD10* phenotypes were closely related to the
ABC and GCB subgroups, respectively (Table 2). Of the 22 CD5+
DLBCL cases, 19 showed the ABC signature, whereas only 3 were
characterized by the GCB signature (2 cases of CD5*CD10* and 1
case of CD5*CD107) (P = .001). In sharp conlrast, all 7 cases of
CD5-CID10* DLBCL showed the GCB signature (P = .003).
CD5-CD10~ DLBCL cases showed mixed results, expressing
either the ABC (9 cases) or GCB (8 cases) signature (P = .533),
indicaling thatitis a heterogeneous enlity.

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 CDS~CDI10~ 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-¢25, 16p11-p13, 16422-q24, 18, 19913 and X, and loss of
2pl1 (Igk locus), 6q12-q27, 8p22-p23, 9p21, and 17p. Frequent

1q22-q32, 2p14-p24, Sp12-p15, 5q15-g31, 6p12-p25, 7, 8922-q26,
9q33-q34, 11q, 12, 13q31-¢33, 16p11-p13, 18q21-q23, 19p, 19q13,
21q, and X and loss of 1p36, 2pll, 3pl4, 4pl2-p13, 4q33-q34,
6q14-q16, 8p22-p23, 9p21, 13q12-q22, 17p12, and 18q22-q23.
Here, frequent genomic gains and losses were defined as greater
than 20% for either group.

The ABC group was genomically characterized by more
frequent gains of 3p23-q28, 18¢11.2-q23, and 19¢13.41-q13.43
and loss of 6q22.31-¢24.1 and 9p21.3. The GCB group was
genomically characterized by more frequent gains of 1421.1-q23.3,
1431.1-q42.13, 2p15-pl6.1, 7q22.1-q36.2, and 12¢13.1-q14 (Fisher
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Figure 1. Kaplan-Meler analyses of different subgroups. (A) Kaplan-Meier
analysis of ABC (26 cases) and GCB (17 cases) DLBCLs. (B) Kaplan-Meier analysis
of CD&* (33 cases), CO5-CD10* {19 cases), and CD5-CD10~ (44 cases) DLBCLs.
The P values 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 = ,028),
There was no significant difference in the overall survival between the CD5~CD10~
and the CD5~CD10* groups {log-rank test, P = .504). Expression profiling 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 0of CDS~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.® 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 DLBCLs are distinctly different. For instance, gain of
chromosome 3G23-q28 was observed in 25% to 36% of the ABC
group but not in the GCB group (0%), whereas gain of 7q22-¢36
was observed in 50% to 61% of the GCB group and far less (< 5%)
in the ABC group.

1t should be noted that the expression of CDS 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 CDS5* type, but the
frequency and region of the genomic imbalance of CD5* and

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

DLBCL subtype ABC GCB P

CD5s** 19 3 .001
CD5-CD10* o] 7 003
CDs-CD10~ <] 8 533

Pvalues were obtained by Fisher exact test.
*CD5* 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 CDE~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, 3q18.33-929, 4932.1-g35.1, 9p24.3-922.33, 17p11.2-
q21.1, 17G21.32, 17423.2-q24.2, 18qg, and Xp22.11-g28; genomic losses are the
following: 9p21.3 (arrow), 13q14.3-021.2, 15q21.3, 17p11.2-p13.3, and 17g21.33-
q22. Note that loss of 9p21 occurred only at BAC, RP11-149(2 (arrow), which
contains p16™47, (B) Genomic gains are the following: 1g21.3-q44, 2p13,2-p25.1,7,
1113.5-¢q25, 15¢24.3-q26.3, 16, 21q, and X; genomic losses are the following:
1p36.22-p36.33, 1p13.1-p81.2, and 13q13.1-q14.3.

CDS~ within the ABC group were similar. There were no
significant differences in either region or frequency of the
genomic imbalance between CDS* 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 CDS5™ DLBCL cases and 6 (66%) of
the 9 CD5™ DLBCL cases showed this loss (P = 0.999).

Genomic imbalance of CD5*, CD5-CD10+,
and CD6-CD10~ DLBCLs

We examined the frequency of gain and loss regions for the
CDS* (36 cases), CIDSCD10* (19 cases), and CD5-CD10~ (44

CD5* group were gain of chromosome 3, 6p22-p25, 7p22-q31,
8q24, 11q22-q25, 12, 16p13-q21, 18, 19, and X and loss of
1p36, 2pll, 6ql14-q27, 8p23, 9p21, 15q13-q14, and 17pl1-pl3.
Although gain of 1q21-q32, 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 1q, 2p13-p25, 6p21-p25, 7, 8q22-q24,
9933-q34, 12, 13q31-933, 15q, 16p13, 19¢q13.3-q13.4, and X
and loss of 1p36, 1p22, 2pll, 3pl4d, 4p, 6q13-q27, 9p21, and
13q14-g21.

Comparison of the CD5* and CD5~CD10* subgroups showed
that CD5* DLBCI 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¢22-q36,
12q13-q14, and 17p13 compared with CD5* DLBCL (Table 3).
The genome-wide frequency of the genomic imbalance of CDS*
and CD5°CDI10* DI.BCLs 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 SA-B). There were no
significant differences in either region or frequency of genomic
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imbalance between either the CD5* and ABC groups or the
CD5~CD10* and GCB groups (Table 3).

Frequent genomic imbalance of the CDS~CDI10™ group (= 9
cases) was gain of 1q21-q42, 3q21-q29, Sp13-pl5, 6p21-p25, 7,
11922, 12q13-q14, 18, 19q13.1-q13.4, and X and loss of 2pll,
3p14.2, 6q12-q27,9p21.3, 15q14-q15, and 17p11-p13. The genomic
imbalance of CD5~CD10™ DLBCL reflected a mixed type because
all of these gains and losses could be observed in both the CD3*
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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 (log,
ratio < —1.0) on the left, and green
squares high-level gains (log, ratio
> ++1.0) onthe right.

and CD5"CD10* groups. Furthermore, the frequency and region
of the genomic imbalance of CD5S~CDI10~ 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 CDS~CD10* and ABC plus GCB
groups (data not shown). These findings correlate well with the
results of gene-expression profiling that showed CD5-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

lines indicate 2213 BAC/PAC clones in order from chro- 5 ABC (n=25)
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mosomes 1 to 22 and X, Within each chromosome, gaan’?ﬁ?
clones are shown in order from the p telomere to the g 0
telomere according to information from the Ensemble
Genome Data Resources of Sanger Center Institute,
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Identification of loss of 9p21 (p76/NK4a|ocus) as a strong
prognostic marker

Finally, we tried to identify prognostic variables detected by the
array CGI 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 inferior to that of the ABC cases without such a
loss (log-rank test, P = .013), whereas loss at the corresponding
region in the GCB group did not affect survival. Similarly, the
survival of CD5™ cases with loss of 9p21 was significantly poorer
than cases without this loss (Jog-rank test, P = .004). Thus we were
able to show that loss of 9p21 (pI16™E# Jocus) marks the most
aggressive form of DLBCL. Among the CD5"CDI10~ DILBCL
cases, loss of 9p21 tended to have a negative effect on survival,
although this did not reach stalistical 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

T &9 W M1 1315 ITIEINX Cert H 3 A 5 6 7 B 9 40 11 12 13 54THSIE X
homozygous losses of 9p21 was found in 6 cases (defined as log,
ratio < —1.0; 3 cases each of CD3" and CD5~CD107), whereas
all GCB or CD5CD10* 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
pI16™VEa tumor suppressor. The expression level of pl6™K# for
the ABC group was significantly lower than that of the GCB
group (Figure 6C) (Mann-Whitney U test, P = .001). These
resulls 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 DI.BCL
detected by means of conventional CGH or array CGH.48
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 distinet differences in the genomic
imbalance patterns of the ABC and GCB subgroups. ABC DLBCL
is genomically characterized by gain of 3q, 18q, and 19q 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 CD10+
1 Gain 1921.1-923.3 0 (0) 8 (44) 6-7 (17-19) 5-7 (26-37) < .01 NS
1 Gain 1431.1-q42.13 2{(0-7) 8-9 (44-50) 5-6 (14-17) 6-7 {32-37) < .01 NS
2 Gain 2p15-p16.1 2(7) 6 (33) 4-8 (11-22) §-8 (26-42) .04 NS

3 Gain 3g28-928 7-10 (25-36) 0(0) 11 (31) 0-1 (0-5) 03 .01-,04
6 Loss 6022.31-q24.1 11-13 (38-46) 2(11) 16 (44) 12 (63) 02-.04 NS
7 Gain 7022.1-036.2 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 12q138.12-q14.1 4(14) 8 {44) 5-6 (14-17) 9-13 (47-68) 04 <,02
17 Gain 17p13.1 5(18) 3(17) 21(6) 7(387) NS <.01
18 Gain 18911.2-923 13-15 (46-54) 3-4 (17-22) 14-15 (38-42) 5 (26) .03 NS
19 Gain 18q13.32-q13.33 13 (46) 3(17) 12 (33) 12 (63) NS NS
19 Gain 18013.41-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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A Total (n=06) RP11-14912 (p16"¥K45 |opus) Figure 6. Genomic loss of 9p21.3, overall survival,
ptel | cen qtel and comparison of p76/M%2 gene expression in the
1 1 ¥ ABC and GCB groups. (A) Kaplan-Meier analyses of
survival of total cases, ABC cases, CD5* cases, and
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6q and 9p21, whereas GCB DLBCL is genomically characterized
by gain of Iq, 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 DLBCIL 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 12q and loss of 4¢ 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 DLBCL may share certain steps in their
genomic aberration program through the development of
lymphomagenesis.

We previously reported that CD5* and CDD10* DLBCL consti-
tute clinically relevant subtypes. In the study presented here, we
report for the [irst ime that CD5™ DILBCL is characterized by ABC
expression and unigue genomic patterns. Recently, Katzenberger et
al®® conducted a cytogenetic and loss of heterozygosity study of de
novo CD5* DLBCL and speculated that CDS* DLBCL was likely
to originate from the same progenitor cells as B-chronic lympho-

cytic leukemia (CI.L) because the former showed frequent dele-
tions of the DI3525 locus as well as of the pl6™¥ tumor
suppressor.?® However, CDS* DI.BCL appears to be different both
in terms of its origin and pathway from CLL and mantle cell
lymphoma (MCL), which also express CDS. CLL and MCL are
both characterized by loss of 6q, 9p21, 11q22-q23, and 13¢q14-q21
(seen in 30%-50% of cases),**%7 whereas less than 10% of CD5*
DLBCL cases examined by us showed loss of 11q22-q23, and
13q14-q21. Loss of only pl6®&% appears to be a common
characteristic.

We were also able to demonstrate that CDI10Y DLBCL is
characterized by GCB expression and unique genoinic palterns. We
previously reported that CDI10* DLBCL might originate from
germinal center progenitor cells because cells with a normal
follicular center possess CD5~ and CD10™ immunophenotypes and
rarely express BCL2. Huang et al?® used gene-expression profiling
to demonstrate that CD10* DLBCL is characterized by a GCB
signature, as is also evident from our results.?82

We noted that CD5~CD 10~ DLBCL exhibited a mixed genomic
imbalance pattern with respect to 2 subtypes (CD5* and
CD5~CD10%). This correlates well with the results of gene-
expression profiling, which showed that CD5~CD10~ DLBCIL. was
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evenly distributed within the ABC or GCB groups, suggesting that
CD5~CDI0™ DLBCL is a genetically heterogeneous entity.

Loss of 9p21 (2] 6742y 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 outcomnes 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™F4 Jocus) is frequently found in aggressive Iymphoma and
acute lymphoblastic leukemia and less often in low-grade lym-
phoma.*0-3% CD5* DLBCL is also closely associated with many
aggressive clinical features or parameters, and loss of 9p2l in
conjunction with inactivation of p16%%4 may well be a feature of
CD5* DLBCL. Indeed, frequent deletion of 9p21 in CDS* DLBCL,
has been reported by us and another group.12%?

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

ARBAY CGH FOR DLBCL SUBTYPES 1777

genomic imbalance. Most of the CD5* and CD5-CDI10*
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 9p21
(p16™k4 |ocas) marks the most aggressive form of DLBCL. As
demonstrated with DLBCL, the combined use of gene-
expression profiling and array CGH may facilitate better
understanding of heterogeneous tumors in general.
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Genome-wide array-based CGH for mantle cell lymphoma: identification of
homozygous deletions of the proapoptotic gene BIM
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Mantle cell lymphoma (IVMICL) is characterized by 11q13
chromosomal translocation and CCNDI 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 2pl1 (83%), 11q22 (59%), 13q21 (55%),
1p21-p22 (52%), 13q34 (52%), 9q22 (45%), 17p13
(45%), 9p21 (41%), 9p24 (41%), 6q23-q24 (38%),
1p36 (31%), 8p23 (34%), 10p14 (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 2pll (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 technelogy 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;932), which results in overexpression of
CCND1, 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 et al, 2001).
Despite the presence of this common molecular marker,
experiments with transgenic mice overexpressing
CCNDI1 proved that this protein alone cannot induce
lymphomas (Hinds ef 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;
Bea 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 gainfamplification of 3q, 6p, 7p,
8q, 10p, 12q 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, pl¢™V&
from deletion of 9p21.3 and ATM from deletion of
11922.3 (Dreyling et al., 1997; Pinyol et al., 1997;
Stilgenbauer ez al., 1999; Schaffner et al., 2000; Bed ef 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, C130rf25, at 13g31.3 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.

Array CGH for mantle cell lymphoma
H Tagawa et af

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 3ql13.11-q29,
6p21.32-p25.3, 7Tpl4.3-p22.3, 8ql3.2—q24.22, 10pl2.1-
pl2.2 and 17g23.2-q24.1, and recurrent losses (=five
cases) localized at 1p36.23-p36.32, 1p11.2-p31.3, 1q42.2—
g43, 2pll.2, 2q13, 5921.1-g23.1, 6q16.2-q27, 8pl12-p23,
9p24.3—q31.1, 10p12.31-p15.3, 11g14.3-q23.2, 13ql13.2-
q34, 15q13-g21.1, 17pll.2-pl13.3, 19p13.2-p13.3 and
22q12.1—q13.1. The most frequent imbalances were gains
of chromosomes 3q26.1 (48%), Tp2l.1-p21.2 (34%),
6p25.3 (24%), 8q21.3-q24.21 (24%), 10pl2.1-pl2.2
(21%) and 17q23.2-q24.1 (17%), and losses of chromo-
some 2pl11.2 (83%), 11g22.3—q23.1 (59%), 13q14.3—q21.1
(55%), 1p21.3-p22.1 (52%), 13q34 (52%), 9922.33-q31.1
(45%), 17p13.3 (45%), 9p21.3-p22.1 (41%), Ip24.2-p24.3
(41%), 6g23.2-g24.1 (38%), 1p36.23-p36.32 (31%),
8p23.1-p23.3 (34%), 10pl4-pl5.3 (31%), 19p13.2 (28%),
5q22.1-g22.3 (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-
pl13.3 were identified for the first time in this study,
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Figure 1 Representative genomic profiles for individual tumors. Whole genomic profiles are shown for a representative patient sample
(2) 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, 17921.31-q24.3 and X. Regions of copy
number loss: 1p32, 2p11.2, 2q13, 8p12-p23.3, 8q12.3-q13.1, 9p24.3—q31.2, 11922.3-g23.2, 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, 1q13.2q44, 2p11.2-q14.3, 4p15.1-pl6.1,
6q14.1q21, 6923.2-q26, 7q22.1-q32.3, 9p21.3-p22.1, 11922.3-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
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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
> 4 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, Igx 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 pI6™% 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 8q24 (both n=3, 43%), and losses of 9p21
and 11q22 (both n=6, 86%), 1p22 (n=3, 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
13g31.3 (n=2, Cl30rf25 gene locus) and at 18q21
(n=2, BCL2 gene locus).

Recurrent regions of homozygous loss were detected
at 9p21.1-p24.1, 2pll.1 and 2ql3 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 2q13
(log, ratio <—1.0), while two (REC-1 and NCEB-1)
showed heterozygous loss at 2ql3 (~1<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 et 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® Gene'
3q13.11-929 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 Tpl4.3-p22.3 Tp21.1-p21.3 8.7-19.8 9-10 (31-34%) RP11-502P9 HS7¢218
8q13.2-q24.22 8q21.3-8q24.21 91.9-131.7 5-7 (17-24%) RP1-80K22 MYC
10pl2.1-pl2.2 10pl2.1-pl12.2 22.9-25.8 5-6 (17-21%) RP11-301N24 BMI-1
17923.2-q24.1 17923.2-g24.1 58.8-66.1 5(17%) RP11-51F16
1p36.23-p36.32 1p36.23-p36.32 2.5-7 8-9 (28-31%) RP1-37718
1p11.2-p3l3 1p21.3-p22.1 95.4-101.2 14-15 (48-52%) RP4-561124 GCLM
1g42.2-q43 1g42.2-q43 230.9-238.2 5(17%) RP11-781K5 Q8WUHS
2p1l.2 2pll.2 89.4-89.9 19-24 (66-83%) RP11-136K15 KVIS(Igk)
2q13 2q13 108.7-111.9 5(17%) RP11-438K19 BIM
5g21.1-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
8p12-p23 8p23.1-p23.3 0.4-8.6 9-10 (31-34%) RP11-240A17
Loss 9p24.3-q31.1 9p24.2-p24.3 0.7-5.9 11-12 (38-41%) RP11-130C19
9p21.3-p22.1 21.6-24 11-12 (38-41%) RP11-14912 INK4a|ARF
9q22.33—q31.1 92.5-95.5 12-13 (41-45%) RP11-54015 CYorf3
10p12.31-p15.3 10p14-p15.3 2.2-18.7 8-9 (28-31%) RP11-401F24 ClI0orf47
11q14.3—q23.2 11q22.3—q23.1 105-116.3 15-17 (52-59%) RP11-758F15 FDX
(11q22.3) 105-116.3 16 (55%) RP11-241D13 ATM
13q13.2-q34 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 17p13.3 0.8-6.6 13 (45%) RP11-676J12 NXN
17p13.1 6.6-18.8 8-9 (28-31%) RP11-199F11 SP53
19p13.2-pl3.3 19p13.2 6.4-7.9 7-8 (24-28%) RP11-42718 CD202
22q12.1-ql3.1 229122 24.9-36.5 56 (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

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 KVIS (Igk) 2pll2 30 (24)¢ 1° (6)*
RP11-438K19 BIM 2q13 0 (5) 3(5
RP11-77E14 Q96GE9 9p24.1 0 (10) 2(4)
RP11-60C15 PTPRD 9p23 0 (10) 24
RP11-380P16 IFNAS 9p22.1 2 (11) 1(5)
RP11-14912 INK4a/ARF 9p21.3 5(12) 3(6)
RP11-214L15 9p21.3 2 (10) 04
RP11-393P6 9p21.3 2 (11) 14
RP11-337A23 TEK 9p21.2 2 (10) 0(2)
RP11-205M20 TAFIL 9p21.1 2( o)

*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)

Southern blot analyses 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

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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Figure3 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, RP11-537E18
(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
ELand 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 49177bp (104 bp), and exon 3 from 34990 to 35088 bp (99 bp) 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 2g13. (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 j probe) located
under the bands of probe 6. (c) 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 2ql13 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 BACS537EI8 (1.85Mb
centromeric to BAC 438K 10) was performed on three
MCL cell lines (SP-53, Z-138 and Jeko-1) and a patient

Oncogene



Array CGH for mantle cell lymphoma
H Tagawa et a/

1354

g
&
g
3
£
35
T

Gz,
0737
G46‘3
b1,
Jeko,

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 Sb. 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
BACS37E18 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
BACS37E18 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 BAC537E18
signals was observed, suggesting the deletion of intra-
BAC438K19 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 ef 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%), 18q21 (20%) and recurrent regions of loss
as Ip (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 11g22 (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 er 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, 1g42.2—q43,
2pll.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 ef 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),
13g31.3 (C130rf25) and 18q21 (BCL2) (Bed 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 2pll1, 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 e 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 ef 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.

Array CGH for mantle cell lymphoma
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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
lenkemic (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, CDS, CD7,
CD4, CD8, CD45RO and CD43) markers, CD10 and CD23.
CCND1 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 ez 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)(g32;q21) was kindly provided by
Dr Abraham Karpas of the Medical Research Council Center,
Hills Road, Cambridge, UK (Nacheva er 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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genome Bioinfomatics (http://www.ncbi.nlm.nih.gov/), and ob-
tained from the BACPAC Resource Center at the Children’s
Hospital (Oakland Research Institute, Oakland, CA, USA).
Clones were ordered from chromosomes 1 to 22 and X within
each chromosome on the basis of Ensembl Genome Data
Resources from the Sanger Center Institute, February 2004
version. The locations of all the clones used for array CGH were
confirmed by fluorescence in sizu hybridization (FISH). Clone
names and their chromosome locations are available on request.
The template for degenerate oligonucleotide-primed PCR
(DOP-PCR) consisted of 10ng of BAC (or PAC) DNA.
DOP-PCR products were ethanol precipitated and dissolved in
DNA spotting solution DSP0050 (Matsunami, Osaka, Japan)
and robotically spotted in duplicate onto CodeLink™ activated
slides (Amersham Biosciences, Piscataway, NJ, USA) using the
inkjet technique by a ceramic actuator INGK, Nagoya, Japan).
Fabrication and validation of the array, hybridization methods
and analytical procedures have been described elsewhere in
detail (Ota ez al., 2004). Briefly, 1 ug of tested (tumor or normal)
and of referenced (normal) DNA was digested with Dpnll and
labeled with the BioPrime DNA labeling system (Invitrogen Life
Technologies, Inc., Tokyo, Japan) using Cy3-dUTP and Cy5-
dUTP (Amersham Pharmacia Biotech, Piscataway, NJ, USA)
for the tested and referenced DNA, respectively. Test and
reference DNAs were then mixed with 100 ug of Cot-1 DNA
(Life Technologies, Inc., Gaithersburg, MD, USA), precipitated
and resuspended in 45ul of a hybridization solution (50%
formamide, 10% dextran sulfate, 2 x SCC, 4% SDS and 100 ug
tRNA) and hybridized onto a glass slide. After 48-66h
hybridization, the slide was washed and scanned with an
Agilent Micro Array Scanner (Agilent Technologies, Palo Alto,
CA, USA) and the acquired array images were analysed with
Genepix Pro 4.1 (Axon Instruments, Inc., Foster City, CA,
USA). After automatic segmentation of the DNA spots and
subtraction of the local background, intensities of the signals
were determined. Subsequently, ratios of the signal intensity of
two dyes (Cy3 intensity/Cy5 intensity) were calculated for each
spot and converted into log, ratios on an Excel sheet in the
order of chromosomal position. For the array, six simultaneous
hybridizations of normal male versus normal male were
performed to define the normal variation for the log, ratio. A
total of 113 clones with less than 10% of the mean fluorescence
intensity of all the clones, with the most extreme average test
over reference ratio deviations from 1.0 and with the largest s.d.
in this set of normal controls were excluded from further
analyses. Thus, we analysed a total of 2235 clones (covered
2988 Mb, 1.3 Mb of resolution) for further analysis. Out of 2235,
2176 clones (covered 2834Mb) were from chromosome 1p
telomere to 22q telomere. 59 out of 2235 clones were from
chromosome X. Since more than 96% of the measured
fluorescence log, ratio values of each spot (2x 2235 clones)
ranged from +0.2 to —0.2, the thresholds for the log, ratio of
gains and losses were set at the log, ratios of +0.2 and —0.2,
respectively. Regions of low-level gainf/amplification were
defined as log, ratio +0.2 to +1.0, those suggested of
containing a heterozygous loss/deletion as log, ratio —1.0 to
—0.2, those showing high-level gainfamplification as log, ratio
> 4 1.0, and those suggested of containing a homozygous loss/
deletion as log, ratio <—1.0.

Southern blot analyses

To detect the target gene of 2q13 loss, probes 1-6 were designed
from genomic DNA on BAC 438K19. The length of BAC
438K19 (Accession number: AC096670) is 179497 bp. Probes 7
and 8 were designed from genomic DNA on BAC 368A17
(1.55Mb telomeric to BAC438K19) and BAC537E18 (1.85Mb
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centromeric to BAC 438K 19), respectively. Probes 1-8 used by
Southern blot analysis were amplified with the PCR method
using eight primer pairs from human placenta DNA. The primer
pairs used for PCR were Probe 1 (850 bp): sense (BAC438K19:
30851-30874bp), 5'-ttgcacaagtaaagtggcaattac-3’;  antisense
(BAC438K19: 31700-31677bp), 5'-atccctgacaactcagegtttaga-
3, Probe 2 (837bp): sense (BAC438K19: 34214-34237bp),
5'-acgaatggttatcttacgactgtt-3’; antisense (BACA38K19: 35050~
35027bp), 5-atctatgeatctgagtccagactg-3’, Probe 3 (850bp):
sense (BAC438K19: 49071-49094bp), 5-taccctecttgeatagtaa
gegtt-3'; antisense (BAC438K 19: 49 920-49 897 bp), 5'-tagtgacag
cttaatgaaagggca-3', Probe 4 (811 bp): sense (BAC438K19: 75 127~
75150 bp), 5'-ggetttgtgttgatttgtcacaac-3'; antisense (BAC438K 19:
75937-75914bp),  5-tgctgecctcageattttcggeaa-3’,  Probe 5
(1095 bp): sense (BAC438K19: 8050180524 bp), 5'-ggg tttgtgtt
gatttgtcacaac-3'; antisense (BAC438K19: 81595-81 572 bp), 5'-cc
gegetggagttacaaactetat-3’  and  Probe 6 (890bp):  sense
(BAC438K19: 177361-177384bp), -cattccccagaaacagatctegtt-
3'; antisense (BAC438K19: 178250-178227bp), 5'-catagcattat-
caatgecatcgat-3'. Probe 7 (820bp): sense (BAC368A17: 34301~
34320bp), 5-ccatagttaatgtacacage-3'; antisense (BAC368A17:
35101-35120bp), 5'-tcgcaaaccattagga actg-3'. Probe 8 (500 bp):
sense (BACS537E18: 191071-191094bp), 5'-ttggagcecaaggtaggat-
taaaca-3'; antisense (BAC537E18: 191487-191 570 bp), 5'-ctggag-
gaatagtgcttecagatg-3'. Probes 24 included an open reading frame
of BIM. BIM (BIM EL) has several splice variants such as BIM
L, BIM alpha, BIM beta and BIM gamma (O’Connor et al.,
1998; U et al., 2001; Liu e al., 2002), and the open reading frame
of BIM EL (597bp) includes exons of these variants. Probe 4
includes the initiating codon (ATG) of BIM (BIM EL and BIM
L), and Probe 2 the termination codon (TGA) of BIM.
Amplifications were performed on a Thermal Cycler (Perkin-
Elmer Corporation, Norwalk, CT, USA). PCR was conducted
with the touchdown PCR method described elsewhere (Motegi
et al., 2000). Briefly, the reactions consisted of 10 cycles of
denaturation (94°C, 0.5min), annealing (63°C, 0.5min, 1°C
decrease per two cycles), and extension (72°C, 2.5min), followed
by 25 cycles of denaturation (94°C, 0.5min), annealing (58°C,
0.5min), and extension (72°C, 2.5min), and a final extension of
5min at 72°C. The basic annealing temperature of the reaction
ranged from 63 to 58°C. All PCR products were separated by
electrophoresis and purified with the QIA Quick™ Gel Extraction
Kit (Qiagen). TA cloning to purified PCR products was
performed with the aid of pBluescriptll SK (—), and sequenced
with the ABI PRISM™ 310 Genetic Analyzer (Applied Biosys-
tems, Foster City, VA, USA). In all, 10 ug of each genomic DNA
sample was restriction digested for 16 h with BamH]1 (for probes 1
and 6) or HindIlI (for probes 2-4) and electrophoresed on a 0.8%
agarose gel in 1x TBE. Gels were sequentially immersed in
0.25M HCI for 30min, 1.5M NaCl/0.5M NaOH for 30 min and
0.5M Tris (pH 7.4)/1.5 M NaCl for 30 min. Electrophoresed DNA
was then transferred onto Hybond N+ membranes (Amersham
Pharmacia Biotech, Tokyo, Japan), washed and hybridized
overnight at 65°C with [o-?P}-dCTP-labeled probes 1-8. It was
then washed, first with 2x SSC and then with diminishing
concentrations of SSC-0.1% N-lauryl sarcosine at 65°C, and
finally exposed to BioMax™ MS films (EKC, Rochester, NY,
USA).

Northern blot analysis

Northern blotting was performed with BIM EL cDNA against
seven MCL cell lines, Karpas 231 (FCL) and Raji (Burkitt’s
Iymphoma). Probes used for Northern blot analysis were
amplified with the RT-PCR method using a primer pair: sense,
5'-atggcaaagcaaccttctgatgta-3’; antisense, 5'-tcaatgeattctccacac-
caggeg-3. cDNA (open reading frame, 597 bp) of BIM EL was



generated from fetal brain cDNA. Total cellular RNA (10 ug)
was size-fractioned on a 1% agarose/0.66M formaldehyde gel
and transferred onto a Hybond-N+ nylon membrane (Amer-
sham Pharmacia Biotech, Tokyo, Japan). The membranes were
then hybridized overnight at 42°C with [a-**P]-dCTP-labeled
probes, washed and finally exposed to BioMax™ MS films.

Fluorescence in situ hybridization

Interphase chromosomes were prepared from paraffin-em-
bedded sample (G468) and cell lines. Dual-color FISH analysis
was conducted as described previously (Nomura et al., 2003;
Zhang et al., 2004). Probes used in this experiment were probe
A: BAC438K19 (green) and probe B: BAC368A17 (red).
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Differences between T Cell-Type and Natural
Killer Cell-Type Chronic Active Epstein-Barr
Virus Infection
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Infections of T cells and natural killer (NK) cells play a central role in the pathogenesis of chronic active
Epstein-Barr virus (CAEBV) infection. To characterize the virologic and cytokine profiles of T cell-type and
NK cell-type infection, 39 patients with CAEBV infection were analyzed. Patients with T cell-type infection
had higher titers of immunoglobulin G against early and late EBV antigens, suggesting lytic cycle infection.
However, the pattern of EBV gene expression was latency type II; BZLFI, which is a hallmark of lytic cycle
infection, could not be detected in any patients, regardless of infection type. Patients with CAEBV infection
had high concentrations of proinflammatory, T helper cell type 1, and anti-inflammatory cytokines. The cy-
tokine profile in patients with NK cell-type infection was similar to that in patients with T cell-type infection,
but the concentration of IL-13 was high in patients with NX cell-type infection. These findings should help
to clarify the pathogenesis of CAEBV infection and facilitate the development of more-effective treatments.

Epstein-Barr virus (EBV) is a ubiquitous virus that in-
fects most individuals by early adulthood. Primary EBV
infection is usually asymptomatic but sometimes pro-
gresses to infectious mononucleosis, which resolves
spontaneously after the emergence of EBV-specific im-
munity [1, 2]. EBV infection can be chronic in appar-
ently immunocompetent hosts [3, 4]. Chronic active
EBV (CAEBYV) infection is characterized by chronic or
recurrent mononucleosis-like infectious symptoms,
such as fever, persistent hepatitis, extensive lymphade-
nopathy, hepatosplenomegaly, pancytopenia, uveitis,
interstitial pneumonia, hydroa vacciniforme, and hy-
persensitivity to mosquito bites [3-5]. Patients with
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CAEBV infection have an unusual pattern of EBV-re-
lated antibodies and high viral loads in peripheral blood
[3-7]. CAEBV infection is associated with high mor-
tality and morbidity.

Recent studies have indicated that the clonal expan-
sion of EBV-infected T cells and natural killer (NK)
cells plays a central role in the pathogenesis of CAEBV
infection [5, 8-11]. In a previous study, we found that
patients with CAEBV infection fall into 2 clinically dis-
tinct groups, on the basis of whether the infected cells
in their peripheral blood were mainly T cells or NK
cells [5]. T cell-type infection is characterized by fever
and high titers of EBV-related antibodies, whereas NK
cell-type infection is characterized by hypersensitiv-
ity to mosquito bites and high titers of IgE. Further-
more, patients with T cell-type infection have signifi-
cantly poorer outcomes [5, 12]. EBV-infected T cells
might become activated and release inflammatory cy-
tokines, such as interferon (IFN)—y or tumor necrosis
factor (TNF)~a;, resulting in severe inflammation and
fever 13, 14]. However, it is still not known why these
2 manifestations of the disease have different symptoms
and courses.

The purpose of the present study was to gain a better
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understanding the pathogenesis of CAEBV infection by char-
acterizing the virologic profiles of T cell-type and NK cell-type
infection and identifying the differences between them. We an-
alyzed 20 patients with T cell-type infection and 19 patients
with NK cell-type infection. The 2 types of CAEBV infection
were compared in both virologic and immunologic analyses,
including an analysis of cytokine profiles.

PATIENTS, MATERIALS, AND METHODS

Patients. Thirty-nine patients with CAEBV infection were en-
rolled in the present study. Informed consent was obtained
from all of the patients or their parents. Of the 39 patients, 24
had been included in our previous study of the clinical char-
acteristics of CAEBV infection [5]. All of the patients met the
following diagnostic criteria [5]: (1) they had EBV-related ill-
ness or symptoms for >6 months (including fever, persistent
hepatitis, extensive lymphadenopathy, hepatosplenomegaly, pan-
cytopenia, uveitis, interstitial pneumonia, hydroa vacciniforme,
or hypersensitivity to mosquito bites); (2) they had increased
quantities of EBV in either affected tissue or peripheral blood
(the quantity of EBV was defined as increased when =1 of the
following criteria was met: EBV DNA was detected in either
affected tissue or peripheral blood by Southern-blot hybridi-
zation, EBV-encoded small RNA 1 [EBER-1]-positive cells were
detected in either affected tissue or peripheral blood [15], or
>10%* copies/ug DNA was detected in peripheral-blood mono-
nuclear cells [PBMCs] [15]); and (3) they did not manifest
evidence of any previous immunologic abnormalities or of any
other recent infection that might explain the condition (all of
the patients examined were negative for antibody against HIV).

Cells. For the EBV gene-expression experiment, a lympho-
blastoid cell line (LCL) that was transformed with B95-8 virus
was used as a positive control, and BJAB, an EBV-negative B
cell line, was used as a negative control.

Samples. Samples were collected at the time of diagnosis
or before the administration of immunosuppressive therapy,
such as chemotherapy or hematopoietic stem-cell transplanta-
tion. EDTA-treated peripheral blood collected from patients
was centrifuged and separated into plasma and cell fractions;
the cell fractions were separated into PBMCs on Ficoll-Paque
density gradients (Pharmacia Biotech).

Titers of anti~-EBV nuclear antigen (EBNA) antibodies were
measured by use of an anticomplement immunofluorescence
method. Titers of anti-viral capsid antigen (VCA) and anti-
early antigen—diffuse restricted (EA-DR) IgG were measured
by use of an immunofluorescence method. These titers were
measured in all patients.

DNA was extracted from either 2 X 10° PBMCs or 200 uL of
plasma by use of a QIAamp blood kit (Qiagen). To differentiate
between free EBV DNA molecules and virions or nucleocapsids,
selected plasma samples were examined for EBV content by di-

gestion with deoxyribonuclease (RQ1 RNase-free DNase; Pro-
mega) for 30 min at 37°C [16, 17]. As controls, pGEM-BALFS5,
a control plasmid DNA containing an EBV target gene, and the
supernatants of LCL and BJAB cultures were used. LCL was
treated with n-butyrate and phorbol 12-myristate 13-asetate, to
induce lytic cycle infection, and the culture supernatants were
used as a control that contained enveloped virions.

For patients from whom fresh samples were available (n =
19), RNA was extracted from 2 X 10° PBMCs by use of an RNA
extraction kit (QIAamp RNA Blood Mini Kit; Qiagen). cDNA
was synthesized by use of Superscript reverse transcriptase II
(Gibco Life Technology), as described elsewhere [18].

Determination of EBV-infected cells. To determine which
cells were infected with EBV, PBMCs were fractionated in-
to CD3%, CD4%, CD8*, CD16% CD19*, and CD56" cells by use
of an immunobead method (DynaBeads; Dynal A/S) [5]. For
some patients with T cell-type infection from whom a sufficient
quantity of PBMCs was obtained, fractionation into CD4* and
CD8* cells was also performed. The fractionated cells were
analyzed by either quantitative polymerase chain reaction (PCR)
or in situ hybridization with the EBER-1 probe [15]. Patients
were defined as having T cell-type infection when CD3"* cells
either were the main cells giving a positive hybridization signal
with EBER-1 or contained more EBV DNA than other cells in
the blood sample [5]. Patients were defined as having NK cell-
type infection when CD16* or CD56" cells were the main ones
containing EBV [5]. Repeated tests were performed for some
patients, and similar results were obtained; in the present study,
representative results are shown.

For some patients, infected cells were identified in biopsied
or autopsied tissues, such as lymph nodes, liver, and spleen.
Double labeling by use of in situ hybridization with the EBER-
1 probe and immunostaining with surface marker antibody
were performed as described elsewhere [19].

Clonality of EBV. The clonality of EBV was determined by
Southern blotting with a terminal-repeat probe, as described else-
where [20, 21]. PBMC-extracted genomic DNA was digested with
BamHI, subjected to gel electrophoresis, transferred to a nylon
membrane, hybridized with a **P-labeled Xhol fragment from
the terminal region of EBV, and visualized by autoradiography.

Quantification of EBV DNA. Both PBMCs and plasma
from all of the patients were assayed for viral load. A real-time
quantitative PCR assay with a fluorogenic probe was performed
as described elsewhere {15, 22]. As a positive standard for quan-
tification, pGEM-BALF5 was used [15]. The quantity of EBV
DNA was calculated as the number of copies per microgram
or per milliliter of plasma.

Amplification of EBV-specific RNA transcripts by PCR. To
detect latent gene expression (EBNAI, EBNA2, and LMPI [la-
tent member protein]), nested PCR was performed essential-
ly as described elsewhere [23]. For EBNAIL 3 different primer
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