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To determine the specific gene expression in B-cell lymphoma
subtypes, we compared expression profiles of cell lines from
transformed follicular lymphoma (tFL), Epstein-Barr virus-negative
(EBV(–)) Burkitt’s lymphoma (BL) and EBV(++++)BL. Complementary
DNAs were synthesized from these cell lines and hybridized with
the Atlas Human 1.2 Array membrane. Hierarchical clustering
analysis based upon the levels of 43 genes highlighted character-
istic expression patterns of the 3 lymphoma subtypes. Genes ex-
pressed at higher levels in tFL than EBV(–)BL and EBV(++++)BL
included calcium/calmodulin-dependent protein kinase I (CAMK1)
and mitogen-activated protein kinase 10 (MAPK10). EBV(–)BL was
characterized by high-level expression of amyloid ββββ precursor
protein (APP), heat shock 27 kD protein 1 (HSPB1) and mothers
against decapentaplegic homolog 1 (MADH1). Gardner-Rasheed
feline sarcoma viral oncogene homolog (FGR) was the most sig-
nificant gene to delineate EBV(++++)BL. A subtype prediction algo-
rithm using 34 genes correctly classified 22 (92%) of 24
lymphomas into FL/tFL, EBV(–)BL or EBV(++++)BL. By comparison
with normal reference B-cell materials, the expression patterns of
the selected genes were characteristic of lymphomas. We ex-
tended the clustering analysis to cell lines from de novo diffuse
large B-cell lymphoma (DLBCL). The DLBCL cell lines were either
separated from the former 3 lymphoma subtypes or segregated
with EBV(++++)BL, possibly reflecting variable genetic abnormalities.
The associations of CAMK1 with tFL, APP and MADH1 with
EBV(–)BL, FGR with EBV(++++)BL, and BCL2 with tFL and DLBCL were
confirmed by real-time quantitative reverse transcriptase-medi-
ated polymerase chain reaction assays. This study has provided
new molecular markers, expressions of which are closely associ-
ated with B-cell lymphoma subtypes. (Cancer Sci 2003; 94: 774–
781) 

hromosomal translocations are associated with subtypes of
B-cell lymphoma,1) even though the association is not nec-

essarily specific.2) The most common translocations are
t(14;18)(q32;q21), t(8;14)(q24;q32) and t(3q27), involving
BCL2, MYC and BCL6 genes, respectively.1) At present, how-
ever, very little is known about the molecular mechanism that
connects the chromosomal translocation and clinicopathologi-
cal features of each lymphoma subtype.

Complementary DNA (cDNA) array is a recently developed
technology that simultaneously quantifies the expression levels
of a large number of genes. Application of this large-scale gene
expression analysis to lymphoma studies has led to the identifi-
cation of new diagnostic marker genes for particular lymphoma
subtypes,3) previously unknown subclasses within diffuse large
B-cell lymphoma (DLBCL)4, 5) and molecular markers predict-
ing clinical outcome of DLBCL.6) These molecular classifica-
tions of lymphomas using gene expression levels are performed
by clustering analysis.7) The goal of cluster analysis is to sepa-
rate a collection of complex samples into groups in such a way

that the most similar samples are grouped together. Unsuper-
vised clustering methods, which do not use any information
from the samples, are used to discover new classes within a ge-
neric disease. Supervised clustering methods, in contrast, start
from a known classification and find the best methods for dis-
tinguishing the classes.6, 7)

Follicular lymphoma (FL) is characterized by t(14;18)
(q32;q21), which leads to molecular fusion of the BCL2 gene
with immunoglobulin heavy chain gene (IgH). Although FL
initially shows an indolent clinical behavior, the disease is
ultimately transformed to aggressive lymphoma (transformed
FL, tFL). In contrast, Burkitt’s lymphoma (BL) is a high-grade
disease and the majority of cases carry t(8;14)(q24;q32). To de-
termine the gene expression characterizing these two contrast-
ing B-cell lymphomas, we compared the gene expression
profiles of tFL and BL cell lines in a supervised fashion. Since
BL is divided into endemic type BL with Epstein-Barr virus ge-
nome (EBV(+)BL) and sporadic type EBV(–)BL, the cluster-
ing analysis was performed for tFL-EBV(–)BL-EBV(+)BL
subtype distinction. We next extended the clustering algorithm
to cell lines from intermediate-grade de novo DLBCL carrying
various genetic abnormalities. The findings of this study may
reveal differential gene expressions that characterize B-cell
lymphoma subtypes.

Materials and Methods

Cell lines and clinical materials. tFL cell lines, FL-18 through
-518,8) FL-618, FL-718 and FL-818 lines were established from
patients who had had histologically confirmed FL. All the tFL
cell lines carried t(14;18)(q24;q32), which is the hallmark of
FL. The EBV(–)BL and EBV(+)BL cell lines were described
previously.9) DLBCL cell lines were from patients with de novo
large cell lymphoma. The B-cell origin of these lymphoma cell
lines was determined by immunophenotypic analysis using
monoclonal antibodies and flow cytometry. LCL-OHN is an
EBV-transformed lymphoblastoid cell line. The cell lines were
cultured in RPMI 1640 medium supplemented with 10% fetal
calf serum under the standard culture conditions. Clinical mate-
rials of lymphoma were stored as frozen viable cell suspensions
with 10% dimethyl sulfoxide in liquid nitrogen.

Preparation of peripheral blood B-cells. Peripheral blood B-cells
were isolated from buffy coat of multiple healthy donors by us-
ing magnetic micro-beads conjugated to monoclonal mouse
anti-human CD19 antibody (CD19 MultiSort Kit; Miltenyi Bio-
tec, Bergisch Gladback, Germany). CD27– naive B-cells were
then negatively selected by means of CD27 MicroBeads (Milte-
nyi Biotec) and the >95% purity of selected cells was con-
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firmed by flow cytometric analysis. The CD19+CD27– B-cells
were cultured with sub-lethally irradiated L-cells expressing
CD40 ligand (CD40L)10) for 72 h in the presence of 10 µg/ml
anti-IgM antibody (ICN Pharmaceuticals, Inc., Aurora, OH)
and 20 ng/ml interleukin-4 (IL-4) (PeproTech EC, Ltd., Lon-
don, UK). The cells were pelleted and cryopreserved until use
for experiments.

Polymerase chain reaction (PCR) and reverse transcriptase-medi-
ated (RT-) PCR. Sequences of the oligonucleotide primers used to
detect oncogene/immunoglobulin (Ig) fusion genes by long-
distance PCR were described previously.9) Long-distance in-
verse PCR was developed to detect non-Ig/BCL6 transloca-
tion.11) Each PCR reaction mixture (50 µl) contained 100 ng of
genomic DNA, reaction buffer, dNTP mixture, 20 pmol of each
primer and 2.5 U LA Taq DNA polymerase (TaKaRa Shuzo,
Kyoto). PCR cycling variables for long DNA targets were pre-
viously described in detail.9) The presence of EBV genome was
determined by PCR amplification of the region of EBV-en-
coded small RNA (EBER). The primer sequences were 5′-
GTGGTCCGCATGTTTTGATC-3′ and 5′-GCAACGGCT-
GTCCTGTTTGA-3′.2) For RT-PCR, randomly primed cDNA
was synthesized from 1 µg of total cellular RNA (First-Strand
cDNA Synthesis Kit; Pharmacia, Piscataway, NJ), and PCR as-
says were performed in 50 µl reaction volumes containing 2 µl
of cDNA, reaction buffer, 0.25 mmol each dNTP, 20 pmol of
each primer, and 0.5 U Taq polymerase (TaKaRa Shuzo). Ali-
quots of the PCR products were analyzed by ethidium bromide-
stained gel electrophoresis.

cDNA array hybridization. Total cellular RNA was prepared us-
ing an “RNeasy” Total RNA Kit (Qiagen, Hilden, Germany).
The RNA was incubated with RNase-free DNase to eliminate
potential genomic DNA contamination. For an array hybridiza-
tion, 40 µg of total RNA was reverse-transcribed in the pres-
ence of [α-32P]dATP using the Atlas Pure Total RNA Labeling
System (Clontech, Palo Alto, CA). The Atlas Human 1.2 Array
(Clontech) contained a total of 1176 cDNA fragments of known
human genes and several housekeeping genes. Hybridization of
the 32P-labeled cDNA with the array membrane was performed
according to the manufacturer’s instructions. The membrane
was exposed to an imaging analyzer (BAS2000; Fuji Photo
Film, Tokyo) and the hybridization signals were quantified by
the ArrayGauge version 1.3 software (Fuji Photo Film).

Analysis of cDNA array data. Data from each array were nor-
malized by the median value to eliminate the variability due to
the sample labeling or to the exposure duration. To select dif-
ferentially expressed genes, we used a 2-sample t test for dis-
tinction of 2 subtypes or a one-way analysis of variance
(ANOVA) for distinction of 3 subtypes. We next performed hi-
erarchical clustering analysis of the array data using the Gene-
Spring version 4.1.5 software (Silicon Genetics, Redwood City,
CA) to generate tree structures based upon the degree of simi-
larity, as well as matrices comparing the levels of expression of
individual genes in each sample. The Class Predictor program
was used to predict the lymphoma subtype of a set of samples.
The program first examines all genes in the training set individ-
ually, and then uses the most predictive genes to classify the
test set. The predictive strength represents the power of the
gene to discriminate each subtype from all the others.

Real-time quantitative RT-PCR. Real-time RT-PCR analysis
based on the TaqMan methodology was performed using an
ABI Prism 7700 Sequence Detection System (Applied Biosys-
tems, Foster City, CA). cDNA was synthesized from 5 µg of to-
tal cellular RNA isolated from clinical materials using random
primers. The DNA standard template containing a cDNA se-
quence of interest was generated by cloning into pGEM-T
EASY vector (Promega, Madison, WI). An aliquot of cDNA or
standard template DNA (1 µl) was added to the PCR reaction
mixture containing 1×  TaqMan Universal PCR Master Mix
(Applied Biosystems), each primer at 400 nM and 100 nM
probe in a total reaction volume of 50 µl. After initial incuba-
tion for 2 min at 50°C and 10 min at 95°C to activate the Taq
polymerase, 50 cycles of 15 s at 95°C and 1 min at 60°C were
carried out. The CT (threshold cycle) parameter was defined as
the fractional cycle number at which the fluorescence generated
by cleavage of the probe passed a preset threshold. The stan-
dard curve, in which CT decreased in linear proportion to the
log of the template copy number, was established using serially
diluted recombinant pGEM-T plasmid DNA. The CT values of
test materials were plotted on the standard curve and the corre-
sponding copy number was calculated using the Sequence De-
tecter version 1.6 software (Applied Biosystems). The cDNA
copy number of a gene of interest in the test materials was di-
vided by that of the endogenous reference, 18S ribosomal RNA
(rRNA) (TaqMan Ribosomal RNA Control Reagents; Applied

Table 1. Characteristics of tFL, EBV(++++)BL and EBV(−−−−)BL cell lines subjected to Atlas Array analysis

Subtype Designation Translocation Genetic abnormality EBV Origin

tFL FL-18 t(14;18)(q32;q21) BCL2-MBR/ IgH-JH − Japanese
FL-18EB t(14;18)(q32;q21) BCL2-MBR/ IgH-JH + Japanese
FL-218 t(14;18)(q32;q21) BCL2-MBR/ IgH-JH − Japanese
FL-318 t(14;18)(q32;q21) BCL2-MBR/ IgH-JH − Japanese
FL-418 t(14;18)(q32;q21) BCL2-MBR/ IgH-JH − Japanese
FL-518 t(14;18)(q32;q21) BCL2-MBR/ IgH-JH − Japanese
FL-618 t(14;18)(q32;q21) BCL2-MBR/ IgH-JH − Japanese
FL-718 t(14;18)(q32;q21) BCL2-MBR/ IgH-JH − Japanese
FL-818 t(14;18)(q32;q21), 

another 14q+
BCL2-MBR/ IgH-JH − Japanese

EBV(−)BL Kobayashi t(8;14)(q24;q32) MYC /IgH-Cγ − Japanese
KS-Bu3 t(8;14)(q24;q32) MYC /IgH-Cγ − Japanese
Tree92 t(8;14)(q24;q32) MYC /IgH-Cµ − Japanese
KPB-L2 t(8;14)(q24;q32) MYC /IgH-Cγ − Japanese
Kimura t(8;14)(q24;q32) MYC /IgH-Cγ − Japanese
Ramos t(8;14)(q24;q32) MYC /IgH-Cµ − American

EBV(+)BL Daudi t(8;14)(q24;q32) No MYC rearrangement + African
Raji t(8;14)(q24;q32) MYC /IgH-Cγ + African
Middle91 t(8;14)(q24;q32) No MYC rearrangement + Japanese
P3HR-1 t(8;14)(q24;q32) No MYC rearrangement + African
HBL-5 t(8;14)(q24;q32) MYC /IgH-Cγ + Japanese
Maesako et al. Cancer Sci | September 2003 | vol. 94 | no. 9 | 775



Biosystems), the level of which in Raji cells was defined as 1.
All assays were performed in triplicate.

Statistical analysis. Data were analyzed with the StatView ver-
sion 5.0 statistical software package (Abacus Concept, Berke-
ley, CA). To evaluate the significance of differences between
lymphoma subtypes, the data of real-time PCR were log-trans-
formed and a 2-sample t test was applied. P values <0.05 were
considered to be statistically significant.

Results

Characteristics of tFL, EBV(–)BL and EBV(++++)BL cell lines. Table 1
summarizes the characteristics of tFL, EBV(–)BL and
EBV(+)BL cell lines subjected to the cDNA array analysis. Al-
though these cell lines may not be perfect replicates of primary
tumors, the cells retained a majority of immunophenotypic fea-
tures, as well as genetic abnormalities, possessed by the paren-
tal primary tumors.

All tFL cell lines were established and characterized in our
laboratory. The patients initially developed FL, which was fi-
nally transformed to aggressive lymphoma following variable
periods of low-grade disease. The 9 tFL lines carried a
t(14;18)(q32;q21) on cytogenetic analysis, and the rearrange-
ment occurred within the major breakpoint cluster region
(MBR) of BCL2 and J segments of the IgH. FL-18EB, which is
a derivative of FL-18, was artificially infected by EBV at the
initiation of the culture.12) t(8;14)(q24;q32), involving MYC and
IgH genes, was detected by long-distance PCR using primer
sets for the MYC exon 2 and the constant region genes of IgH.9)

A

B

C

tFL

EBV(−)BL

EBV(−)
BL

EBV(−)
BL

EBV(+)
BL

EBV(+)
BL

tFL

FL-18
FL-18EB

FL-218
FL-818
Ramos

Ramos

FL-418
FL-318
FL-518
FL-618

Kobayashi

Kobayashi

KPB-L2

KPB-L2

Kimura

Kimura
Daudi

P3HR-1
Raji

Middle91
HBL-5

Daudi
P3HR-1

Raji
Middle91

HBL-5

Trust

0.0 1.0

Expression level

5.0

KS-Bu3

KS-Bu3

Tree92

Tree92

FL-718 tFL

FL-18

FL-18EB

FL-218
FL-518
FL-418
FL-318
FL-718
FL-818
FL-618

tFL

HSPB1

HSPB1 APP FGR MAPK10

CAMK1

FGR CAMK1

Fig. 1. Two-dimensional hierarchical clustering analyses for (A) tFL-
EBV(–)BL, (B) EBV(–)BL-EBV(+)BL and (C) tFL-EBV(+)BL subtype distinc-
tion. The dendrogram of each axis, where the length of the branches
represents a similarity distance of the expression profiles, shows the re-
lation of the samples (left) and the genes (top). The gene expression
values and trust are color-coded as indicated by the scale at the bot-
tom. The gene symbols are described in Table 2.

tFL

EBV(−)
BL

EBV(+)
BL

tFL

Normal
B-cell

EBV(−)
BL

EBV(+)
BL

FL-18
FL-218
FL-518
FL-318

Daudi
Raji

P3HR-1
Middle91
LCL-OHN

Activated B
Naive B

Kobayashi
Tree92

KS-Bu3
KPB-L2

FL-18
FL-218
FL-518
FL-318

Daudi
Raji

P3HR-1
Middle91
Kobayashi

Tree92
KS-Bu3
KPB-L2

HSPB1MADH1FGR APP CAMK1MAPK10

HSPB1MADH1FGR APP CAMK1MAPK10

Trust

0.0 1.0

Expression level

5.0

A

B

Fig. 2. Clustering dendrograms based upon expression profiles of 43
genes selected by the ANOVA t test. (A) Two-dimensional hierarchical
clustering analysis for tFL-EBV(–)BL-EBV(+)BL subtype distinction. Four
representative cell lines were selected from each subtype. The gene
symbols are described in Table 2. (B) Comparison of gene expression
profiles of the 3 lymphoma subtypes with normal reference B-cell ma-
terials, including EBV-transformed lymphoblastoid cell line LCL-OHN,
CD19+CD27– blood naive B-cells and activated B-cells by CD40L, IgM-
crosslinking and IL-4. The order of 43 genes was maintained as deter-
mined in A, while the clustering algorithm was applied to the sample
axis.
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The presence of the EBV genome was determined by PCR of
the region of EBER.

Identification of differentially expressed genes between tFL,
EBV(–)BL and EBV(++++ )BL. Total cellular RNA extracted from the
cell lines was reverse-transcribed and labeled with 32P. The
cDNA was hybridized with the Atlas Human 1.2 Array mem-
brane and the expression profiles were analyzed using the
GeneSpring software. Comparison between tFL and EBV(–)
BL cell lines revealed that 68 genes were differentially ex-
pressed between the 2 subtypes at a P<0.05 significance level
by 2-sample t test. Fig. 1A shows the clustering dendrogram
based upon the expression of 68 genes. The EBV(–)BL cell
lines, except for Ramos, generated a cluster, highlighting a
gene expression pattern of this lymphoma subtype. On the
other hand, 5 of 9 tFL cell lines were segregated indepen-
dently from the remaining 4 and FL-718 shared some
expressions with EBV(–)BL. We applied the identical com-
parison approach to EBV(–)BL versus EBV(+)BL and tFL ver-
sus EBV(+)BL. The results showed that expression patterns of
48 (P<0.05) and 63 (P<0.05) genes, respectively, most effec-
tively separated the contrasted lymphoma subtypes (Fig. 1, B
and C). However, Ramos was again separated from the other
EBV(–)BL cell lines on the EBV(–)BL-EBV(+)BL subtype
distinction and tFL cell lines were not clustered into a single
branch on the tFL-EVB(+)BL distinction. Since 29 of the
total of 179 genes selected were overlapped, these 2-subtype
distinction studies discovered 150 genes, whose expressions
are potentially correlated to one of the 3 lymphoma subtypes.

Identification of differentially expressed genes between tFL,
EBV(–)BL and EBV(++++)BL. We next identified 43 genes that distin-
guish the tFL, EBV(–)BL or EBV(+)BL subtype with a
P<0.05 significance level on ANOVA. Of the 43 genes se-
lected, 27 genes were included in the 2-subtype distinction
studies. To optimally separate the 3 lymphoma subtypes by hi-
erarchical clustering analysis, we selected 4 representative cell
lines from each subtype, i.e., tFL (FL-18, FL-218, FL-318 and
FL-518), EBV(–)BL (Kobayashi, KS-Bu3, Tree92 and KPB-
L2) and EBV(+)BL (Daudi, Raji, Middle91 and P3HR-1). As
shown in Fig. 2A, the analysis based upon the expression pro-
files of 43 genes readily separated the 12 cell lines into 3 sam-
ple clusters. In contrast, the gene tree diverged into 4 gene
clusters; 3 clusters were correlated with each lymphoma sub-
type, while the genes of the remaining 1 were expressed at a
lower level in EBV(+)BL than in the other 2 subtypes.

Table 2. Differentially expressed genes between tFL, EBV( −−−−)BL and EBV(++++)BL

Symbol 
(HUGO) Designation Subtype High 

or low
Predictive 
strength

CAMK1 calcium/calmodulin-dependent protein kinase I tFL High 6.2046
CBLB Cas-Br-M (murine) ectropic retroviral transforming sequence b tFL High 4.5951
MAPK10 mitogen-activated protein kinase 10 tFL High 4.5951
FER fer (fps/fes related) tyrosine kinase (phosphoprotein NCP94) tFL High 4.5951
GRB2 growth factor receptor-bound protein 2 tFL High 4.5951
PRKDC protein kinase, DNA-activated, catalytic polypeptide tFL High 4.5951
TADA3L1) ADA3-like protein tFL High 4.5951
PAH phenylalanine hydroxylase tFL High 4.5951
MST1R macrophage stimulating 1 receptor (c-met-related tyrosine kinase) tFL Low 6.2046
TIMP1 tissue inhibitor of metalloproteinase 1 (erythroid potentiating activity, collagenase inhibitor) tFL Low 4.5951
CDKL1 cyclin-dependent kinase-like 1 (CDC2-related kinase) EBV(−)BL High 6.2046
APP amyloid β (A4) precursor protein (protease nexin-II, Alzheimer disease) EBV(−)BL High 6.2046
HSPB1 heat shock 27 kD protein 1 EBV(−)BL High 6.2046
MADH1 MAD, mothers against decapentaplegic homolog 1 (Drosophila) EBV(−)BL High 4.5951
WT1 Wilms tumor 1 EBV(−)BL High 4.5951
GTF2H1 general transcription factor IIH, polypeptide 1 (62 kD subunit) EBV(−)BL High 4.5951
CNTN2 contactin 2 (axonal) EBV(−)BL High 4.5951
INSR insulin receptor EBV(−)BL High 4.5951
FGFR1 fibroblast growth factor receptor 1 (fms-related tyrosine kinase 2, Pfeiffer syndrome) EBV(−)BL High 4.5951
SCYA1 small inducible cytokine A1, I-309 EBV(−)BL High 4.5951
FGR Gardner-Rasheed feline sarcoma viral (v-fgr) oncogene homolog EBV(+)BL High 6.2046
PIM1 pim-1 oncogene EBV(+)BL High 4.5951
APC adenomatosis polyposis coli EBV(+)BL High 4.5951
VIL2 villin 2 (ezrin) EBV(+)BL High 4.5951
ETV6 ets variant gene 6 (TEL oncogene) EBV(+)BL High 4.5951
CASK calcium/calmodulin-dependent serine protein kinase (MAGUK family) EBV(+)BL High 4.5951
CD4 CD4 antigen (p55) EBV(+)BL High 4.5951
ICAM1 intercellular adhesion molecule 1 (CD54), human rhinovirus receptor EBV(+)BL High 4.5951
NMB Neuromedin B EBV(+)BL Low 6.2046
MMP7 matrix metalloproteinase 7 (matrilysin, uterine) EBV(+)BL Low 6.2046
CDK2 cyclin-dependent kinase 2 EBV(+)BL Low 4.5951
FZD2 frizzled homolog 2 (Drosophila) EBV(+)BL Low 4.5951
BCL2L1 BCL2-like 1 EBV(+)BL Low 4.5951
IRF2 interferon regulatory factor 2 EBV(+)BL Low 4.5951

1) Not included in the HUGO nomenclature database.

Table 3. Subtype prediction of FL/tFL, EBV(−−−−)BL or EBV(++++)BL

Prediction
Total

FL/tFL EBV(−)BL EBV(+)BL

True subtype FL1) /tFL 12 12) 0 13
EBV(−)BL 13) 5 0 6
EBV(+)BL 0 0 5 5

Total 13 6 5 24

1) Four FL clinical materials.
2) FL-418.
3) Ramos.
Maesako et al. Cancer Sci | September 2003 | vol. 94 | no. 9 | 777



Table 2 lists the most significant 34 genes with ≥4.5951 pre-
dictive strength to delineate the 3 lymphoma subtypes. Genes
expressed at higher levels in tFL than EBV(–)BL and
EBV(+)BL included calcium/calmodulin-dependent protein ki-
nase I (CaMKI; the HUGO designation, CAMK1) and mitogen-
activated protein kinase 10 (MAPK10). EBV(–)BL was charac-
terized by higher-level expression of amyloid β precursor pro-
tein (APP), heat shock 27 kD protein 1 (HSPB1) and mothers
against decapentaplegic homolog 1 (MADH1) than the other 2
subtypes. On the other hand, Gardner-Rasheed feline sarcoma
viral oncogene homolog (FGR) was the most significant gene
to delineate EBV(+)BL.

To determine whether the gene-expression patterns of the 34
genes listed in Table 2 can predict the lymphoma subtype, we
used the Class Predictor voting algorithm. Of 20 cell lines
listed in Table 1, as well as 4 additional clinical materials with
FL, 22 (92%) were correctly classified into FL/tFL,
EBV(–)BL or EBV(+)BL (Table 3). Thus, this study provided
useful distinction marker genes of the 3 lymphoma subtypes.

Comparison with normal reference B-cells. We compared the ex-
pression patterns of the 43 genes between lymphoma cells and
normal reference B-cells. Hierarchical clustering was per-
formed for the samples axis composed of the 12 lymphoma cell
lines in addition to a lymphoblastoid cell line LCL-OHN, blood
naive B-cells and activated B-cells, while maintaining the order
of the genes as determined in Fig. 2A. As shown in Fig. 2B, the
3 normal reference B-cell materials were segregated separately
from the 3 lymphoma clusters. LCL-OHN shared high-level ex-
pression of FGR, and of APP and HSPB1 with EBV(+)BL and
EBV(–)BL, respectively, but lacked expression of MADH1.
Expressions of APP and CAMK1 were both induced in B cells
stimulated by CD40L, IgM-crosslinking and IL-4, while
MAPK10 was down-regulated.

Application of the marker genes to de novo DLBCL cell lines. We
next investigated whether the marker genes for the tFL-EBV(–)-
BL-EBV(+)BL subtype distinction were applicable to cell lines
from de novo DLBCL. Table 4 lists 5 DLBCL cell lines sub-
jected to Atlas Array analysis. The patients had no evidence of
preceding low-grade lymphoma. YM,13) Shk14) and OYB carried
a variety of genetic abnormalities involving MYC, BCL2, BCL6
and Ig loci, while DLBCL-1 and DLBCL-2 lacked the known
rearrangements of the 3 oncogenes. All the DLBCL samples
were negative for the EBV genome.

We first compared the mRNA levels of MYC, BCL2 and
BCL6 genes in the tFL, EBV(–)BL, EBV(+)BL and DLBCL
subtypes in addition to the normal reference B-cells to deter-
mine whether the translocations influence the expression levels
of relevant oncogenes. Since the cDNA clone of BCL2 included
in the Atlas Human 1.2 Array corresponded to the area down-
stream of the breakpoint clusters of t(14;18)(q32;q21), we de-
veloped an RT-PCR using primer combinations for 5′ of MBR
to detect truncated BCL2 messages of t(14;18)-carrying cells.
As shown in Fig. 3A, the levels of BCL2 mRNA in tFL were
apparently higher than those of EBV(–)BL and EBV(+)BL;
however, the levels in DLBCL cell lines were comparable with
or even higher than those of tFL. On the other hand, the expres-
sion levels of BCL6 were low in YM and OYB carrying genetic
alterations of the gene. BCL6 was not induced in B cells acti-

vated by CD40L, anti-IgM and IL-4, as described previously.4)

There was no clear correlation of the levels of MYC mRNA
with particular lymphoma subtypes.

We next extended the clustering analysis to tFL-EBV(–)BL-
EBV(+)BL-DLBCL subtype distinction based upon the expres-
sion levels of the 34 genes listed in Table 2. To determine
whether the DLBCL cell lines constitute a single branch, the
clustering algorithm was applied to both the gene and sample

Table 4. Characteristics of de novo DLBCL cell lines subjected to Atlas Array analysis

Designation Chromosome abnormalities Genetic abnormalities

OYB ?inv(3q), 14q+ Deletion within 5′ region of BCL6
ShK t(8;14)(q24;q32), 18q+ 5′-BCL2/IgLλ, MYC/IgH-Cα
YM t(2;18)(p11;q21), t(3;16)(q27;p11) 5′-BCL2/IgLκ, IL-21R/BCL6
DLBCL-1 Complex No rearrangement of MYC, BCL2 and BCL6
DLBCL-2 Tetraploid, 3q+ No rearrangement of MYC, BCL2 and BCL6
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Fig. 3. Gene expression profiles of tFL, EBV(–)BL, EBV(+)BL and DLBCL
subtypes, and normal reference B-cells. (A) Comparison of the mRNA
levels of BCL2 gene by RT-PCR, and those of MYC and BCL6 genes by
Atlas Array analysis. (B) Expression levels of 34 tFL-EBV(–)BL-EBV(+)BL
distinction genes listed in Table 2. In this matrix, each row represents a
gene and each column represents an individual cell material. Hierarchi-
cal clustering analysis was applied to both the gene and sample axes,
although the dendrogram representing the relation between the
genes is omitted for simplicity. The color scale is shown at the bottom.
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axes. As shown in Fig. 3B, the matrix again highlighted charac-
teristic expression patterns of tFL, EBV(–)BL and EBV(+)BL.
In contrast, DLBCL cell lines showed variable gene expression
profiles. ShK, which carried a MYC/IgH-Cα translocation, and
DLBCL-2 were segregated into the EBV(+)BL branch, sharing
expressions of calcium/calmodulin-dependent serine protein ki-
nase (CASK), growth factor receptor-bound protein 2 (GRAB2),
intercellular adhesion molecule 1 (ICAM1) and villin 2 (VIL2).
DLBCL-1 showed similarities with LCL-OHN, including high
level expression of tissue inhibitor of metalloproteinase 1
(TIMP1) and ICAM1. The remaining 2 had no apparent simi-
larities with tFL, EBV(–)BL or EBV(+)BL. These results may
be a reflection of the variable genetic abnormalities of the DL-

BCL cell lines studied. Furthermore, separation of DLBCL
from tFL suggests a difference between large cell lymphoma
arising from FL and that lacking such a background.

Validation of differential gene expression by real-time quantita-
tive RT-PCR. To confirm the gene expression profiles characteriz-
ing each lymphoma subtype, we determined the mRNA levels
of 5 representative marker genes, i.e., CAMK1, APP, MADH1,
FGR and BCL2, by real-time quantitative RT-PCR. Table 5 rep-
resents the sequences of oligonucleotide primers and a fluoro-
genic probe for each gene. The cell lines analyzed were the 25
cell lines listed in Tables 1 and 4, and 4 additional cell lines,
i.e., Black939) (EBV(–)BL subtype), and KIS-1,15) Manca16) and
DL-42) (DLBCL subtype). Black93, Manca and DL-4 carry the

Table 5. Sequences of oligonucleotide primers and fluorogenic probes for CAMK1,
APP, MADH1, FGR and BCL2 genes

Gene Accession no. Sequence (5′ to 3′)

CAMK1 L41816 Forward AGAATGAGATTGCTGTCCTGCA
Reverse CCCCCACTCTCATAGATGTCATC
Probe AAGATCAAGCACCCCAACATTGTAGCCCT

APP Y00264 Forward ACTGACCACTCGACCAGGTTCT
Reverse TTTGAACCCACATCTTCTGCAA
Probe TCCTGAGTCATGTCGGAATTCTGCA

MADH1 U57456 Forward GCCGATGGACACAAACATGA
Reverse AAGCAACCGCCTGAACATCT
Probe TCCCCTGCCCTCAGAAATCAACAGAG

FGR M19722 Forward GCATCCTCATTTGCCCACAT
Reverse AATCCCTGACACACCCCTGAT
Probe CAACTACAGCAACTTCTCCTCTCAGGCCA

BCL2 M14745 Forward GGAGGCTGGGATGCCTTT
Reverse CCAGATAGGCACCCAGGGT
Probe CCAGCATGCGGCCTCTGTTTGATTT

Fig. 4. Real-time quantitative RT-PCR assay to measure the mRNA levels of CAMK1, APP, MADH1, FGR and BCL2 genes in tFL (n=9), EBV(–)BL
(n=7), EBV(+)BL (n=5) and DLBCL (n=8) cell lines. The calculated copy number of mRNA of each gene was normalized by the level of 18S rRNA,
the level of which of Raji cells was defined as 1. Copy numbers less than 1 were plotted under the baseline. The additional cell lines analyzed that
are not included in Tables 1 and 4 were: Black93 (EBV(–)BL), KIS-1, Manca and DL-4 (DLBCL).
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t(8;14)(q24;q32) and MYC/IgH fusion gene; however, the pri-
mary tumors of the latter 2 lines showed non-BL histopathol-
ogy. KIS-1 had a t(9;14)(p13;q32), leading to PAX5/IgH gene
fusion.

Fig. 4 shows scattered plot diagrams comparing the expres-
sion levels of these 5 marker genes. The calculated mRNA
copy number was normalized by the level of 18S rRNA of each
sample. Although the levels of CAMK1 in tFL cell lines were
considerably variable, the differences from those of
EBV(–)BL, EBV(+)BL and DLBCL were significant. The
APP and MADH1 expression levels were significantly higher in
EBV(–)BL than in the other 3 subtypes. High- and low-level
expression of the APP gene in FL-418 and Ramos, respectively,
lead to the failure of the subtype prediction of these 2 cell lines
by the Class Predictor algorithm (Table 3). ShK, Manca and
DL-4 carrying t(8;14)(q24;q32) expressed MADH1 at higher
levels than the remaining DLBCL cell lines, while APP was at
low levels. FGR was apparently a distinctive marker gene to
discriminate EBV(+)BL from the other 3 subtypes. The level
of FGR mRNA of FL-18EB cells was 4-fold higher than that of
FL-18; however, the level was lower than the range of
EBV(+)BL cells. DLBCL cell lines expressed BCL2 at high
levels irrespective of the presence or absence of rearrangement
of the gene. These results, obtained by real-time PCR assays,
confirmed the significant association of high-level expression
of CAMKI with tFL, APP and MADH1 with EBV(–)BL, FGR
with EBV(+)BL, and BCL2 with tFL and DLBCL.

Discussion

Here, we applied cDNA array technology to compare the ex-
pression profiles of B-cell lymphoma cell lines, and identified
molecular markers that characterize each lymphoma subtype.
The disadvantage of studies using cell lines is that additional
transforming events may be required to immortalize tumor cells
in vitro; therefore cell lines may not be true representatives of
tumor cells in vivo. Nevertheless, the observed difference is po-
tentially a reflection of fundamental genetic and biological
characteristics of each lymphoma subtype, since the cell lines
used presumably share gene expression programs associated
with the properties of B cells, resistance to chemotherapeutic
agents and rapid proliferation in the tissue culture environment.
The selection of FGR, the expression of which was previously
shown to be induced by EBV,17, 18) with the highest predictive
strength as the marker for EBV(+)BL supports the validity of
this approach. Another advantage of the study of cell lines over
that of clinical materials is the elimination of the profile of non-
malignant components contaminating lymphoma specimens, al-
though this may conversely lead to missing information on tu-
mor cell-reactive cell interaction.6)

The tFL-EBV(–)BL-EBV(+)BL distinction study by a hier-
archical clustering algorithm revealed that 43 of 1176 genes
were differentially expressed between the 3 subtypes, and a
class prediction test based upon the expression patterns of the
most significant 34 genes was able to classify the subtypes of
92% of the samples tested. By comparison with normal refer-
ence B-cell materials, the expression patterns of the selected
genes were characteristic of lymphoma cells. We next found
that DLBCL cell lines exhibited variable expression patterns,
and were either separated from the former 3 subtypes or segre-
gated with EBV(+)BL by clustering analysis. Finally, we con-
firmed the association of representative marker genes with each
lymphoma subtype by real-time quantitative RT-PCR.

The APP gene is expressed in EBV(–)BL at significantly
higher levels than tFL, EBV(+)BL and DLBCL. The gene, lo-
cated on chromosome band 21q21.3, encodes a membrane-as-
sociated glycoprotein that is synthesized in a variety of
tissues.19, 20) A4-amyloid, which is the major component of se-

nile plaques and neurofibrillary tangles found in the brain of
patients with Alzheimer’s disease, is derived from the larger
precursor APP protein.19) On the other hand, APP expression is
detectable in peripheral blood mononuclear cells (PBMCs) at
both the mRNA and protein levels.21) When PBMCs are stimu-
lated by phytohemagglutinin, anti-CD3 antibody for T cells and
anti-IgM antibody for B cells, respectively, the cells are in-
duced not only to express APP on their surface,22, 23) but also to
secrete the soluble form of APP in the culture medium.24) Thus,
it is possible that APP is an activation antigen of lymphocytes
and that high-level APP expression may be related to the rapid
proliferation rate of EBV(–)BL cells. APP has various func-
tions, including roles in cell-cell and cell-extracellular matrix
adhesion25) and protease inhibition.26) These findings are consis-
tent with the idea that high-level APP expression may be re-
lated to the rapid proliferation rate of EBV(–)BL cells, as well
as the histopathology, which is characterized by prominent
macrophage infiltration.

APP transcripts consist of several alternatively spliced mR-
NAs (corresponding to APP770, APP751, APP714, APP695 and
APP563) that are differentially regulated in a cell type-specific
and developmentally determined manner.21) APP695, which lacks
the protease inhibitor domain, is the most abundantly expressed
in neurons.20, 21) In contrast, the most abundant mRNA species
in PBMCs is APP751, while APP770 mRNA is the predominant
transcript in a neuroblastoma cell line.21) We performed RT-
PCR to detect all the species of APP mRNA and found that the
relative amounts of APP mRNA in EBV(–)BL were compara-
ble with those of PBMCs (data not shown).

MADH1 is another candidate gene to delineate EBV(–)BL.
The gene encodes Smad1, which belongs to a class of proteins
that function as intracellular signaling effectors for the trans-
forming growth factor-β (TGF-β) superfamily, including TGF-
βs, activins and bone morphogenic proteins (BMPs).27) Smad2
and Smad3 act downstream of TGF-β and activin, whereas
Smad1 in addition to Smad5 and Smad8 are activated by BMP.
The TGF-β-Smad2/3 signaling pathway induces not only
growth inhibition, but also apoptosis in several cell types; treat-
ment of EBV(–)BL cells with TGF-β leads to apoptosis or
growth arrest in the G1 phase of the cell cycle.28, 29) In contrast,
EBV(+)BL cells are resistant to these anti-proliferative and
pro-apoptotic effects of TGF-β treatment.29) It is possible that
EBV-encoded proteins interact with the Smads to escape the tu-
mor suppressor effects, although a down-regulation of TGF-β
type II receptor was demonstrated to block the TGF-β response
in EBV(+)BL cells.29) In this study, we found that MADH1
mRNA is expressed at significantly higher levels in EBV(–)BL
than tFL and EBV(+)BL, and t(8;14)(q24;q32)-positive DL-
BCL cell lines expressed this gene at high levels. Currently, no
data are available as to whether the BMPs-Smad1 signaling
pathway functions in normal or neoplastic B cells.

The levels of CAMK1 expression were considerably variable
among the tFL cell lines studied and some of the DLBCL cell
lines expressed the gene at high levels. Nevertheless, the statis-
tical analysis indicated that CAMK1 is a marker gene character-
izing tFL. An increase in intracellular Ca2+  is a ubiquitous
signal that induces numerous cellular responses. Ca2+ associates
with calmodulin (CaM) to form a Ca2+ /CaM complex that
binds to many signal transducers, including CaMKs.30) Induc-
tion of CaMKII in Jurkat T cells leads to inhibition of transcrip-
tion of interleukin-2 gene,31) suggesting that the Ca2+ signal
through CaMKII affects T-cell regulation. CaMKI and
CaMKIV are strongly expressed in the brain, whereas the
former is ubiquitously expressed in many tissues.32) Both en-
zymes share a common requirement for phosphorylation by an
upstream protein kinase (CaMKK).32) Although, at present, lit-
tle is known about the substrates of CaMKI, cAMP response el-
ement-binding protein (CREB) was reported to be a target that
780 Maesako et al.



is phosphorylated and activated by CaMKI.30, 32) Thus, it is
likely that high-level expression of CaMKI affects transcription
of a variety of genes in neoplastic B cells.

Chromosomal translocation in B-cell lymphoma leads to de-
regulated expression of the oncogene product located at the
breakpoint.33) However, there is no clear difference in the level
of expression of a particular oncogene between lymphoma tis-
sues carrying the relevant translocation and those lacking the
gene rearrangement. We showed here that the BCL2 mRNA
levels of tFL with t(14;18)(q32;q21) measured by real-time RT-
PCR were significantly higher than those of EBV(–)BL and
EBV(+)BL, whereas DLBCL cell lines expressed BCL2 at high
levels independently of rearrangement of the gene. By analogy,
MYC was not selected in the tFL-EBV(–)BL-EBV(+)BL sub-
type distinction. On the other hand, expression levels of BCL6

were not necessarily associated with genetic abnormalities of
the gene. These findings suggest that the mRNA level of the
oncogene affected by the corresponding translocation cannot be
a marker of B-cell lymphoma subtype. The present study using
cDNA array analysis revealed previously unknown marker
genes and potential signal transduction pathways. These differ-
ential gene expressions might be related to the clinicopathologi-
cal features of each B-cell lymphoma subtype.
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