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To identify genes that are associated with progression of malignant lymphoma, the expression
profiles of 18 432 genes were analyzed in diffuse large B-cell lymphomas at early (stages I and II,
6 cases) and advanced stages (stages III and IV, 9 cases) by means of cDNA microarrays. By compar-
ing expression profiles between localized and advanced lymphomas, a number of genes that were
differentially expressed were identified: 48 genes with increased expression and 30 genes with
reduced expression in advanced-stage diffuse large B-cell lymphomas. Increased expression of
MPHOSPH1, RUVBL1, CHN2, PSA and CDC10 genes, and reduced expression of COL1A2,
COL4A1, FBLN5, CLECSF6, MIC2, CAV1 and S100A10 genes in the advanced lymphoma group
were confirmed by semi-quantitative reverse transcription-PCR. RUVBL1 and PSA expression was
further confirmed by real-time quantitative PCR, whose results paralleled the microarray data.
The highly expressed genes encode proteins that promote cell proliferation and the genes with
reduced expression encode adhesion proteins and target protein for cytotoxic T-lymphocytes. These
findings suggested that analysis with cDNA microarrays is a useful approach for identifying genes
related to tumor progression and their products could be potential tumor markers or disease-
specific targets for anti-tumor therapy.
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Diffuse large B-cell lymphoma (DLBCL) is a major
constituent of malignant lymphomas in the REAL clas-
sification1) and comprises 41.5% and 24.6% of non-
Hodgkin’s lymphomas in Osaka, Japan (unpublished data)
and Western countries,2) respectively. DLBCL is catego-
rized as one of the aggressive lymphomas. At present, the
prognosis of lymphoma cases is well predicted by the
International Prognostic Index (IPI),3) a widely accepted
clinical risk factor model, which incorporates the patient’s
age, performance status, serum lactate dehydrogenase
level, clinical stage, and number of extranodal lesions. The
stage of disease is the main prognostic factor for malig-
nant lymphomas, and is divided into early stage (stages I
and II) and advanced stage (stages III and IV) based on
the Ann Arbor system.4)

Information for molecular mechanisms involved in lym-
phoma development has been accumulating. As for diffuse
large B-cell lymphomas, BCL-6 translocation,5) BCL-2
overexpression and c-MYC translocation6) have been
reported. Other biological features reported are expression
of cytokine (IL-6),7) adhesion molecule (CD44),8) and pro-
liferation index (Ki-67).9) However, the biological behav-

ior of lymphoma cases could not be accurately predicted
through estimation of increased or diminished expression
of any one gene or a small number of these genes. Hence,
analysis of expression profiles of a large number of genes
is an essential step toward understanding in detail the
mechanisms of lymphomagenesis and lymphoma progres-
sion. cDNA microarrays have been used for investigating
gene expression profiles in human cancers.10) Recently,
Alizadeh et al. reported successful molecular classification
of DLBCLs by gene expression profiling, which made it
possible to identify clinically significant subtypes of
tumors.11)

In this paper, the expression profiles of 18 432 genes
were compared between diffuse large B-cell lymphomas at
early and advanced stages, using a cDNA microarray.

MATERIALS AND METHODS

Patients and tissue samples  Tumor tissues were obtained
with informed consent from 15 patients who underwent
open lymph node biopsy or surgical resection at Osaka
University Hospital. Histologic specimens were fixed in
10% formalin, and routinely processed for paraffin embed-
ding. Histologic sections, cut at 4 mm, were stained with
hematoxylin and eosin and immunoperoxidase procedures
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(avidin-biotin complex method). Monoclonal antibodies
used for immunophenotyping were CD20 (Kyowa Medex,
Tokyo), CD79a (Dakopatts, Glostrup, Denmark), CD3
(Dakopatts) and CD45RO (Dakopatts). Through review of
the combined histologic and immunohistologic findings,
all of the cases were diagnosed as DLBCL. Specimens for
RNA extraction were snap-frozen in liquid nitrogen just
after resection or stored in “RNA later” reagent (Ambion,
Inc., Austin, TX) until use. Patients were staged according
to the Ann Arbor system.4) IPI3) was also assessed in each
patient.
RNA extraction and T7-based RNA amplification
Total RNA was extracted from each specimen using TRI-
zol reagent (Life Technologies, Inc., Rockville, MD)
according to the manufacturer’s instructions. As a com-
mon control, we used Human Lymph Node poly(A)+

RNA, from a pool of 12 normal, whole lymph nodes
(Clontech, Palo Alto, CA). Total extracted RNAs and con-
trol poly(A)+ RNA were treated with 10 units of DNase I
(Roche, Basel, Switzerland) at 37°C for 1 h in the pres-
ence of 1 unit of RNase inhibitor (Toyobo, Osaka), to
remove any contaminating genomic DNA. Aliquots of the
DNase I-treated RNAs were subjected to T7-based RNA
amplification, because analysis on a microarray requires
several micrograms of mRNA for synthesizing probes. T7-
based RNA amplification was carried out as described pre-
viously,12) using Ampliscribe T7 Transcription Kit (Epi-
centre Technologies, Madison, WI). The remainder of
un-amplified total RNA was stored for semi-quantitative
reverse transcription-PCR (RT-PCR) and real-time quanti-
tative PCR analysis.
Preparation of microarrays  Microarrays containing
18 432 human cDNAs were designed on the basis of DNA
sequence data in the Unigene database of the National
Center for Biotechnology Information (NCBI). The cDNAs
were amplified by RT-PCR using poly(A)+ RNA isolated
from various human organs as templates; the length of
the amplicons ranged from 200 to 1100 bp without repeti-
tive or poly(A)+ sequences. The PCR products were spot-
ted in duplicate on type-7 glass slides (Amersham Phar-
macia Biotech, Little Chalfont, UK) using an Array Spot-
ter Generation III (Amersham Pharmacia Biotech). Each
slide contained 52 housekeeping genes, used to normalize
the signal intensities of the different fluorescent dyes.
Labeling, hybridization and scanning  Fluorescent
probe, labeled with Cy3 dye (Amersham Pharmacia Bio-
tech), was prepared from each experimental RNA sample.
A common reference cDNA probe, labeled with Cy5 dye
(Amersham Pharmacia Biotech), was prepared from RNA
from a pool of normal lymph nodes. The use of a common
control cDNA probe allows comparison of the relative
expression of each gene to be made across all samples
possible. Each Cy3-labeled experimental cDNA probe was
mixed with the Cy5-labeled reference probe and was used

for hybridization to the microarray. After hybridization,
the slides were washed, and then scanned using the Array
Scanner Generation III (Amersham Pharmacia Biotech).
Quantitation of data  The intensity of each hybridization
signal was evaluated photometrically by the Array Vision
computer program (Amersham Pharmacia Biotech) and
normalized to the averaged signals of housekeeping genes.
The Cy3:Cy5 ratio for each sample was calculated by
averaging spots. A cutoff value for each expression level
was automatically calculated according to the background
fluctuation. The fluctuation can be estimated as the vari-
ance of the log ratio of Cy3:Cy5 minus the variance of the
log ratio of Cy3:Cy5 of highly expressed genes (the upper
30%, where the background fluctuation is so small that it
could be ignored). We used genes with an expression level
of more than the cutoff value. Genes with low signal
intensities were excluded from further investigation.
Selection of genes with different expression  The fluo-
rescence ratio (Cy3:Cy5) was quantified for each gene to
reflect the relative abundance of the gene in each experi-
mental sample compared with the reference sample. To
detect genes that were expressed differently between the
two groups, Mann-Whitney tests was used with the crite-
rion of significance set at P<0.05. Among the genes
selected, we used the genes that showed a 2-fold or greater
difference in the median intensity of expression between
the two groups.
Semi-quantitative RT-PCR  Total RNAs were treated
with DNase I (Roche) and reverse-transcribed using
oligo(dT)12–18 primer with Superscript II reverse tran-
scriptase (Life Technologies, Inc.). Each PCR with gene-
specific primers was carried out for 20–35 cycles at 94°C
for denaturing, 57°C for annealing, and 72°C for exten-
sion. Amplified products were analyzed by electrophoresis
on 2% agarose gels. The sequences of the primers used
were as follows: CHN2 forward, 5′-GCCGTCCATGAA-
GTGCTGA-3′; CHN2 reverse, 5′-TGGTACCGCATAT-
CATGCAG-3′; MPHOSPH1 forward, 5′-CATTTTGTG-
GGTACATAGTACA-3′; MPHOSPH1 reverse, 5′-CTGAT-
AGCACAATAGAGTGA-3′; RUVBL1 forward, 5′-GCAT-
GTCGAAGAGATCAGTGA-3′; RUVBL1 reverse, 5′-CTG-
AACTGACAGCGCTGCA-3′; PSA forward, 5′-GTGATT-
GTCCGTGATGACCT-3′; PSA reverse, 5′-CAGACA-
CGTAGAATCCTTGAG-3′; CDC10 forward, 5′-GCTTAC-
TGTGCACCTAGAGC-3′; CDC10 reverse, 5′-TTTCCT-
TGTTGGTTCCTACCA-3′; Hs.49221 forward, 5′-TCC-
AGTGTGGTTTTTAACAGAT-3′; Hs.49221 reverse, 5′-CTC-
CTGGTAATAGCACTCAAC-3′; Hs.54699 forward, 5′-GTA-
GAATGAAAAAGGCACCTG-3′; Hs.54699 reverse, 5′-
AAAACACTCACATGTCTCTGAT-3′; CAV1 forward, 5′-
ACGTCCACACCGTCTGTGA-3′; CAV1 reverse, 5′-ACT-
TATGAAAACTGAGAAAGTGA-3′; S100A10 forward, 5′-
GGCAAAGTGGGCTTCCAGA-3′; S100A10 reverse, 5′-
GCTAAGTGTCCTGATCTGCT-3′; COL4A1 forward, 5′-
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ACAGCCAGACCATTCAGATC-3′; COL4A1 reverse, 5′-
GCTGTAAGCGTTTGCGTAGT-3′; COL1A2 forward, 5′-
GTGGCTTTTGAATATCTTCCAC-3′; COL1A2 reverse,
5′-TCTTCTCAAATTCTTCTAGCAC-3′; FBLN5 forward,
5′-CCTCTCATTGGCACCAAGG-3′; FBLN5 reverse,
5′-CACCAACAATCTTCTATCAGG-3′; CLECSF6 for-
ward, 5′-ATGTTAATTGTCTTGGTCCTCA-3′; CLECSF6
reverse, 5′-GTGAATCAGTCAATGTATAGAC-3′; MIC2
forward, 5′-TGCAGAACAAGGGGAGGTG-3′; MIC2
reverse, 5′-CAGAAGGCCTCCATCTCTG-3′; G3PDH for-
ward, 5′-GACAACAGCCTCAAGATCATCA-3′; G3PDH
reverse, 5′-GGTCCACCACTGACACTGTG-3′.
Real-time quantitative PCR  The third fraction of the
original total RNA was used as a template in the real-time
PCR (TaqMan 5′ nuclease fluorogenic quantitative PCR
assay) analysis. PCR was performed with a PE Applied
Biosystems 7700 Prism (PE Applied Biosystems, Foster
City, CA). Matching primers and fluorescence probes (see
below) were designed for PSA and RUVBL1 genes accord-
ing to the Primer Express program provided by PE
Applied Biosystems. β-Actin primers and probes were
purchased from PE Applied Biosystems. The PCR reac-
tion was performed in a total volume of 25 µl containing
1× TaqMan buffer, 0.2 mM dATP, dCTP, dGTP and 0.4
mM dUTP, 0.625 unit of AmpliTaq Gold (PE Applied Bio-
systems), 0.25 unit of Amperase uracil-N-glycosylase (PE
Applied Biosystems), 5 mM MgCl2, and 2 µl of each

appropriately diluted sample. Both of the forward and
reverse primers were used at 900 nM for PSA and RUVBL1
and 300 nM for β-actin. The final probe concentration was
adjusted at 150 nM. The sequences of the primers used
were as follows: PSA-TaqMan forward, 5′-CGTGGTGAT-
TGTCCGTGATG-3′; PSA-TaqMan reverse, 5′-GTTTCC-
AGCCTGCACCTTGT-3′; PSA-TaqMan probe, 5′-TTT-
GCCCTCCGAGAGTGCCCCT-3′; RUVBL1-TaqMan for-
ward, 5′-TGGCACCAAGACCACACTGA-3′; RUVBL1-
TaqMan reverse, 5′-TCCCGTTGATTTTAGCAAGCA-
3′; RUVBL1-TaqMan probe, 5′-CAGCTGCTGACCCC-
GGCCA-3′. Each sample was normalized with respect to
its β-actin content. The pool of normal human lymph node
tissues was used as a calibrator, and the relative amounts
of each gene were also normalized with respect to the cal-
ibrator. For example, the levels of PSA expression relative
to the β-actin gene and the calibrator are given as follows:

PSAsample /β-actinsample

PSAcalibrator /β-actincalibrator

The reproducibility of the quantitative measurements was
evaluated by conducting triplicate PCR assessments.

RESULTS

Clinical features of the 15 patients are summarized in
Table I. Six patients were diagnosed as having early stage

Table I. Clinical Characteristics of 15 Patients with Diffuse Large B-cell Lymphomas

Case no. Age/Sex Primary site Stagea) IPIb) B-symptoms c) LDH d) Chemotherapy e) Effect f)

38 51 / F Thyroid I 0 (Low) No Normal CHOP CR
27 24/M Lymph node I 0 (Low) No Normal THP-CHOP CR
13 54/F Mammary gland II 0 (Low) No Normal VACOP-B CR
15 82/M Lymph node II 1 (Low) No Normal CHOP CR
26 53/M Thyroid II 1 (Low) No High VACOP-B CR
22 57/M Lymph node II 1 (Low) No High VACOP-B CR
6 59/M Lymph node III 2 (Low intermediate) No Normal CHOP CR

32 58/F Lymph node III 3 (High intermediate) No High VACOP-B NR
30 71/M Lymph node III 4 (High) No High CHOP PR
29 62/M Lymph node III 4 (High) No High VACOP-B PD
20 85/F Lymph node III 4 (High) Yes High CHOP CR
23 77/F Lymph node III 4 (High) No High THP-CHOP PD
11 55/F Mammary gland IV 4 (High) No High CHOP PD
12 67/F Lymph node IV 5 (High) Yes High CHOP PD
18 60/F Lymph node IV 5 (High) Yes High CHOP NR

a) Clinical stage by Ann Arbor system.
b) Risk assessment by International Prognostic Index.
c) Presence of at least one of these: unexplained weight loss, unexplained fever, night sweats.
d) Serum lactate dehydrogenase level.
e) Variations of initial chemotherapeutic treatment. ADM, adriamycin; EDX, cyclophosphamide; VCR, vincristine; PSL, predoniso-
lone; VP16, etoposide; BLE, bleomycin. CHOP: EDX, ADM, VCR, PSL. THP-CHOP: therarubicin, EDX, VCR, PSL. VACOP-B:
VP16, EDX, ADM, VCR, PSL, BLE.
f) CR, complete response; PR, partial response; NR, no response; PD, progressive disease (World Health Organization).
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Fig. 1. Genes that were expressed differentially between localized and advanced diffuse large B-cell lymphomas. (a) Unigene acces-
sion number in the database of the National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov/). (b) Fold change rep-
resents the ratio of the median intensity of expression between the two groups. (c) P value of the Mann-Whitney test. (d) Color patches
represent the relative expression levels (Cy3/Cy5) from dark green (lowest) to dark red (highest). Missing or excluded values are coded
as gray.
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(I or II) and nine as having advanced stage (III or IV) dis-
ease. IPI was determined for each patient based on the
clinical information. Except for one case (no. 6), patients
in the localized stage group were enrolled in the low-risk
group by IPI, and those in the advanced stage group in the
high-risk group.

Differentially expressed genes are shown in Fig. 1, in
which 48 genes with increased expression and 30 genes
with decreased expression in the advanced lymphomas are
listed.

To confirm and validate the results obtained with the
cDNA microarray, we analyzed expression of some of the
differentially expressed genes by semi-quantitative RT-
PCR. Semi-quantitative RT-PCR analyses (Fig. 2) verified
the increased expression of MPHOSPH1, PUVBL1, PSA,
CHN2, CDC10, two sets of ESTs (expressed sequence
tags) numbered Hs.49221 and Hs.54699, and decreased
expression of CLECSF6, FBLN5, CAV1, MIC2, S100A10,
COL4A1 and COL1A2 in the advanced lymphoma group.

Expression patterns found at semi-quantitative RT-PCR
analysis were similar to those on the microarrays. For
example, CHN2 was highly expressed in stage IV samples
(cases 11, 12 and 18) by microarray hybridization and also
by semi-quantitative RT-PCR analysis. Overexpression of
the PSA gene was observed in cases 6, 11, 18 and 20 by
both the microarray and semi-quantitative RT-PCR analy-
ses. Among the down-regulated genes on the microarray,
FBLN5 was shown to be decreased in advanced lymphoma
samples by semi-quantitative RT-PCR analysis.

To further investigate the reliability of our array data,
we measured the expression levels of PSA and RUVBL1
genes using real-time quantitative PCR. Fig. 3, A and C
demonstrate that the relative expression levels of each
gene determined by real-time quantitative PCR were simi-
lar to those observed with cDNA microarrays. Linear regres-
sion lines (correlation coefficient=0.89, P value<0.01
for PSA, and correlation coefficient=1.32, P value<0.01,
for RUVBL1) were fitted (Fig. 3, B and D).

DISCUSSION

We identified as many as 78 genes whose expression
was definitely increased or decreased in diffuse large B-
cell lymphoma at the advanced stage. Some of the highly

27

Localized
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Fig. 2. Semi-quantitative RT-PCR analysis of total RNAs from
diffuse large B-cell lymphomas. Genes with increased (A) and
reduced (B) expression in advanced lymphomas identified by the
microarray. (C) The integrity of each RNA template was con-
trolled through amplification of G3PDH.

Fig. 3. A comparative ratio analysis by real-time quantitative
PCR and cDNA microarray hybridization of the PSA gene (A, B)
and the RUVBL1 gene (C, D). Expression level is shown as the
abundance of the transcript relative to its abundance in the com-
mon reference RNA (a pool of normal human lymph node tis-
sues). Linear regression lines (correlation coefficient=0.89, P
value<0.01 for PSA, and correlation coefficient=1.32, P
value<0.01 for RUVBL1) were fitted (B, D).
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expressed genes in the advanced lymphoma group were
supposed to contribute to tumorigenesis or tumor progres-
sion. As a cell-cycle modulator, MPHOSPH1 is reported
to be phosphorylated in the M phase, and has thus been
suggested to play a role in the mitotic process.13) CDC10
encodes a protein homologous to the Saccharomyces cere-
visiae cell division protein.14) PRP8, with a homology to
yeast protein, is expected to be involved in pre-mRNA
splicing and cell cycle progression.15) Genes associated
with cell proliferation signaling or other signaling path-
ways were also included. Nuclear protein RUVBL1 is
reported to be an essential cofactor of oncogenic transfor-
mation by c-Myc.16) It has also been isolated as a binding
partner of β-catenin and the TATA-box binding protein,
suggesting a role of RUVBL1 in the nuclear function of β-
catenin.17) CHN2 encodes a GTPase-activating protein for
p21Rac.18) Because the small-GTP binding protein Rac
plays important roles in controlling actin polymerization
and cellular morphogenesis,19) alterations of its signaling
pathway could change the attachment and migratory
capacity of tumor cells. Because CHN2 expression was
exclusively high in the stage IV lymphomas, it must be
elucidated whether so-far unknown functions of this gene
correlate with lymphoma dissemination or not. Phospho-
serine aminotransferase (PSA) is required for the major
phosphorylation pathway of serine biosynthesis, whose
activities are known to be increased in neoplastic tissues.20)

These results, together with our previous findings, suggest
that PSA expression could be a useful marker for prolifer-
ation status of malignant lymphomas.

There were many genes whose expression was reduced
in the advanced lymphomas. Among them, down-regula-
tion of the three collagen genes, COL1A1, COL1A2 and
COL4A1, was the most notable. Collagens participate in a
variety of cellular processes such as differentiation, tumor-
igenesis and apoptosis. Overexpression of COL1A2 (type
I collagen a2) suppresses tumorigenesis in RAS-trans-
formed NIH3T3 cells.21) Loss of type IV collagen has been
reported in mesenchymal tumors such as fibrosarcomas.22)

Our data suggest that the decrease in collagens may con-
tribute to lymphomagenesis and/or dissemination of lym-
phoma cells. TIMP3 expression was reduced in the
advanced lymphomas. TIMP3 belongs to the metallopro-
teinase(s) inhibitor family and is known to act on matrix
metalloproteinase(s) (MMP)-1, 2, 3, 7, 9, 13, 14 and 15,
which affect remodeling of the extracellular matrix.23)

Interestingly, Andreu et al. identified TIMP3 and COL1A2
as inhibitors of oncogenic transformation induced by epi-
dermal growth factor (EGF); mRNA expression of these
genes is specifically repressed in EGF-transformed cells.24)

As for cell adhesion molecules, FBLN5 was recently
reported to encode a secreted RGD (Arg-Gly-Asp) motif-
containing protein that promotes cell adhesion and may
play a role in vascular development and remodeling.25)

FBLN5 was clearly shown to be down-regulated in
advanced lymphomas (Fig. 2), so further investigation to
elucidate the association of this gene with lymphoma
development and/or progression is needed. CLECSF6
encodes a C-type lectin surface receptor and is predomi-
nantly expressed in hematopoietic tissues.26) Among B-
lymphocytes, CLECSF6 is mostly expressed in resting or
circulating B-cells and appears to be down-regulated in
activated lymphoid cells.26) Reduced expression of this
gene in the advanced lymphomas might result in activation
of lymphoid cells. Caveolin-1 (CAV1) is a caveolar mem-
brane protein that might act as scaffolding for organizing
certain signaling molecules such as G-proteins and
tyrosine kinases.27) Previous studies suggested that caveo-
lin-1 acts as a tumor suppressor gene and a negative regu-
lator of the Ras-p42/44 MAP kinase cascade.27) SART-2
encodes a tumor antigen recognized by cytotoxic T lym-
phocytes,28) and thus down-regulation of SART-2 might
favor escape of tumor cells from immune surveillance of
host cytotoxic T lymphocytes.

Furthermore we identified approximately 30 ESTs or
cDNA sequences of unknown function that were increased
or decreased in advanced lymphoma, suggesting that a
large number of genes of unproven function are also
involved in lymphomagenesis and progression of DLBCL.

Intragroup heterogeneity of expression level was
observed in most genes. This may be due to tumor charac-
teristics other than clinical stage. For SHC3, CDC10,
CHN2, KCNA5, there seems to be a tendency that the rela-
tive expression level was high in cases resistant to adria-
mycin-based chemotherapeutic treatment (NR and PD
cases in Table I). Because the kinds of chemotherapeutic
agents used varied from case to case, a clear conclusion
would require analysis of larger numbers of cases. As for
the PSA gene, which we discussed as a new marker, there
was no correlation between expression levels and chemo-
therapeutic response.

In summary, the present study on DLBCL supports the
view that analysis with cDNA microarrays is a useful
approach for investigating tumor-related genes whose
altered expression is linked to tumor progression, and also
for identifying genes whose products could be potential
tumor markers or disease-specific targets for anti-tumor
therapy.
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