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Rituximab regulates signaling pathways and alters
gene expression associated with cell death and
survival in diffuse large B-cell lymphoma
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Abstract. Rituximab, a CD20-specific antibody, is used
with chemotherapy as a treatment for diffuse large B cell
lymphoma (DLBCL). Although many patients benefit from
the addition of rituximab to chemotherapy, a favourable
response is not achieved in approximately 30% of cases.
This sets a prerequisite to better understand the response and
resistance mechanisms of rituximab. To do so, we analyzed
the gene expression profiles of one rituximab unresponsive
and two responsive DLBCL cell lines. In the responsive cells,
rituximab affected the expression of genes related to apop-
tosis, lymphocyte signaling and cytokine response. Our data
show rituximab-response to be associated with gene expres-
sion in classical signaling cascades involved in cell growth
and differentiation, such as previously identified MAPK and
completely novel Wnt and TGF-f3 pathways. Furthermore, our
findings support earlier observations that rituximab can induce
direct apoptosis and suggest the cell of origin to be associated
with the cellular outcome. After validation of cellular results,
we used a cohort of 233 R-CHOP treated DLBCL patients and
found several of the most differentiating genes to have impact
on survival. Together, the results provide an advanced picture
of the CD20 mediated signaling of DLBCL cells and may
provide new targets in future treatment protocols.

Introduction

Rituximab is a chimeric monoclonal antibody that targets
the CD20 molecule on the surfaces of normal and malignant
pre-B and mature B lymphocytes. It has been suggested that
CD20 is involved in the regulation of intracellular Ca** levels
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and may play a role in B-cell proliferation and differentiation
(1,2). CD20 activity has also been described to be associated
with B-cell receptor activation through the induction of Src
family tyrosine kinases and the activation of the MAPK
pathway (3-5). Conversely, rituximab has been shown to
inhibit B-cell receptor signaling, and pathways involving
MAPK, PI3K/Akt, NF-kB and mTOR (6-8).

Rituximab has provided a great improvement to the treat-
ment of B-cell non-Hodgkin lymphomas. The benefit of
rituximab has been especially seen in diffuse large B-cell
lymphoma (DLBCL), where the addition of rituximab to
chemotherapy has improved the overall survival of the patients
to 50-80% (9-11). Despite this remarkable success, not all
patients respond to therapy and it would be of great importance
to fully understand the response and resistance mechanisms
to rituximab, and thereby prepare the means for predicting the
patients' outcome.

DLBCL is a heterogenic disease, which makes targeting of
the therapy difficult. According to gene expression profiling,
DLBCL can be divided at least into two molecular entities, a
germinal center B-cell (GC) and an activated B-cell (ABC)
like subtypes. The subgroups were initially separated with gene
signatures that differentiated cells by their stage of B-cell
differentiation and activation (12,13). The DLBCL subtype as
identified by gene signature also correlated with prognosis,
as the patients with germinal cell like DLBCL had better
outcome than the ones with activated B-cell like disease
(12-14).

To date, there is still no absolute consensus of the in vivo
mechanism of actions of rituximab. Based on in vitro studies,
rituximab appears to mediate the depletion of B-cells by
several mechanisms that are dependent on the host immune
system, including complement-dependent and antibody-
dependent cellular cytotoxicities (15-17). The direct activities
of rituximab are less well understood. It has been proposed
that rituximab may sensitize lymphoma cells to chemotherapy,
and may have direct antiproliferative and apoptotic effects
(4,5,18,19). However, most of the data on rituximab has been
produced on Burkitt lymphoma and chronic lymphocytic
leukemia cells. Furthermore, for various reasons, not all CD20
positive lymphomas respond favourably to rituximab.
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Against this background, we set out experiments to
identify endogenous response mechanisms of DLBCL cells
to rituximab treatment. We examined the effect of rituximab
on the global gene expression in rituximab responsive and
unresponsive DLBCL cell lines, and associated the findings
with cellular outcome and survival of the patients.

Materials and methods

Cell culture. Three established human DLBCL cell lines
OCILy-3, OCI-Ly-10 and SuDHL-4 were a kind gift from Dr
Jose A. Martinez-Climent (Centro de Investigacion Medica
Aplicada). The cells were cultured in a humidified 5% CO,
atmosphere at 37°C. OCI-LY-3 and OCI-Ly-10 cells were
cultured in Iscove's modified essential medium (IMDM)
supplemented with 20% human serum, 2 mM glutamine,
100 units/ml penicillin, 100 pg/ml streptomycin and 55 yM
[p-mercaptoethanol and SuDHL-4 cells in RPMI-1640 supple-
mented with 10% fetal bovine serum, 2 mM glutamine,
100 unit/ml penicillin and 100 pxg/ml streptomycin.

Proliferation assays, SDS-PAGE, cell cycle and apoptosis
analysis. For the viability assays the cells were plated on
96-microwell plates in the density of 3x10° OCILy-3 and
OCILy-10 cells/ml or 2.5x10° SuDHL-4 cells/ml and grown
with or without rituximab (10 pg/ml, MabThera®, Roche,
Switzerland) for 24-72 h before measuring the cell viability
with XTT proliferation reagent (Roche Diagnostics GmbH,
Switzerland) according to manufacturer's instructions.

The SDS-PAGE was performed as previously described
(20). The antibodies against Bcl-6 and MUMI1/IRF4 were
from Dako Cytomation (Glostrup, Denmark), against CD10
from Novocastra Laboratories Ltd. (Newcastle upon Tyne, UK)
and against actin from Santa Cruz Biotechnology Inc. (Santa
Cruz, CA, USA). For the detection of cell cycle distribution
and cell death, the cells were grown with or without rituximab
for 48 h and stained with propidium iodide [(50 mg/ml
(TX-100 0.1%; Na-sitrate 0,5%)] overnight or with Annexin
V and propidium iodide using a FITC Annexin V Apoptosis
Detection Kit I (Becton-Dickinson Biosciences, San Jose,
CA, USA) according to the manufacturer's instructions.
The cells were sorted with FACS Cell Calibur (Becton-
Dickinson, Bedford, MA, USA) equipment and analysed
with CellQuestPro (Becton-Dickinson) and ModFit (Verity
Software House Inc., Topsham, ME, USA) software.

RNA isolation, gene expression profiling and data analyses.
Cells were stimulated with 10 yg/ml rituximab for 3 h before
extracting RNA with Nucleospin RNA II kit (Macherey-Nagel
GmbH & Co., Diiren, Germany) according to manufacturer's
instructions. mRNA from rituximab treated cells was labelled
with Cy3-dUTP and mRNA from untreated control cells was
labelled with Cy5-dUTP and hybridized onto Agilent Human
44K oligonucleotide microarrays (Agilent Technologies, Palo
Alto, CA, USA). Signal values were calculated with Agilent
Scanner.

All cell line microarray analyses were done with Ensembl
human genome version 57 (21). The GO enrichment analysis
was conducted using Fisher's exact test. All P-values in the
analyses were adjusted using false discovery rate (FDR)
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multiple hypothesis correction method (22). A probe was
removed from the analysis if signal for both channels was
saturated or signal values for channels belonged to the
lowest 5% in the respective channel. Probes with identical
sequence were combined using median of the normalized
values. Probes that mapped to multiple Ensembl Gene IDs or
EntrezGene IDs were filtered out of the analysis as uninfor-
mative. Microarray data are available at ArrayExpress archive
(ID: E-MEXP-2317).

Based on the findings showing that OCILy-3 cells did
not decrease their growth in response to rituximab they were
described as ‘non-responsive’. On the contrary, identical
rituximab treatment significantly changed cell growth of the
cell lines SUuDHL-4 and OCILy-10 and thus these two cell
lines were named ‘responsive’.

Real-time PCR. Total RNA (1 pg) was reverse transcribed in
a final volume of 20 pl with High Capasity cDNA Reverse
Trancription kit reagents (Applied Biosysytems, Carlsbad, CA,
USA) for 10 min at 25°C followed by 120 min at 120°C and
finally for 5 sec in 85°C. A total of 2 ul of reverse trancriptase
product was amplified in triplicate in a 30 ul reaction using the
Tagman Fast Universal Mix (Applied Biosystems) and Dkk-1,
Pdcd-1 and Ntn-1 Tagman probes (Applied Biosystems). In
the amplification reactions we used the Applied Biosystems
7300/7500 Real Time PCR System with 7500 Fast SDS
software. The results were normalised comparing the tested
gene to a Gapdh housekeeping gene. The fold change was
calculated using formula 2-(ACttest-ACt controD) “where ACt is the
samples mean of cycles for the test gene-mean of cycles for
the Gapdh gene.

Patients and survival analyses. In order to analyze the clinical
importance of the rituximab responsive vs. non-responsive cell
line comparison, a microarray data generated by Lymphoma/
Leukemia Molecular Profiling Project (LLMPP) was used (14).
The data set contains mRNA expression data from de novo
233 DLBCL patients treated with combination of rituximab
and CHOP-like chemotherapy. Probe sets corresponding to
the genes that were most highly up-regulated or suppressed
in response to rituximab in cellular analyses were identified
from the data set and their expression was associated with
patients' outcome. Overall survival (OS) rates were estimated
using the Kaplan-Meier method and the differences between
the subgroups were compared with the log-rank test. OS was
determined from the time of diagnosis to death. P-values were
two tailed. We considered P<0.05 as significant. The survival
analyses were carried out with PASW 17.0 for Windows
(SPSS, Chicago, IL, USA).

Results

Rituximab responsive cells undergo homotypic aggregation
and direct cell death. To determine the direct effects of
rituximab on DLBCL cells, we first evaluated the outcome of
three DLBCL cell lines in response to rituximab. OCILy-3,
OCILy-10 and SuDHL-4 cells were treated with rituximab,
and their viability was measured every 24 h for three days.
A couple of hours after rituximab was added to the culture
medium, a phenomenon described as homotypic adhesion
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Figure 1. Effect of rituximab on the proliferation of DLBCL cell lines.
OCILy-3, OCILy-10 and SuDHL-4 cells were exposed to rituximab, and
analyzed for growth at indicated time periods. The values are the mean +
standard errors of three parallel samples. Statistically significant differ-
ences from values for control cells are indicated as follows: “*p<0.01.

was clearly seen in SUDHL-4 cells and to some extent also in
OCILy-10 cells. The aggregates became even denser during
the following 24 hours. The observation has been previously
described in SuDHL-4 cells (23). The same difference
between the cell lines could be seen also in the proliferation
assay. Whereas OCILy-10 and SuDHL-4 cells showed a clear
reduction in growth, OCILy-3 did not respond to rituximab
(Fig. 1). The difference in the suppression of growth between
the responsive DLBCLs and OCILy-3 cells was statistically
significant (P<0.01 in all cases after =48 h).

Reduction in cell number is in most cases caused by either
cell cycle arrest, cell death or both. In order to find out the
reason behind the rituximab-induced growth reduction, the
cells were treated with rituximab for two days and monitored
by DNA staining with PI and flow cytometry. The cell cycle
distributions of both OCILy-3 and SuDHL-4 cells remained
virtually unchanged despite rituximab treatment (Fig. 2A).
In OCILY-10 cells we observed a small shift from S to Gl
phase that could contribute to reduced cell growth.

As cell cycle arrest could not fully explain the reduction
of cells in the growth assays, we next analyzed rituximab-
induced direct cell death by staining the cells with Annexin
V and PI. Annexin V binds the membrane phospholipid
phosphatidylserine, which is externalized to the plasma
membrane in the early stage of apoptosis. Bivariate analysis
together with PI enables the recognition of intact cells (FITC
PI), early apoptotic (FITC*PI’) and late apoptotic or necrotic
cells (FITC*PI*). The apoptosis assay revealed a moderate
increase in the amount of double stained SuDHL-4 cells
(17%) and OCILy-10 cells (18%), as compared to untreated
cells (Fig. 2B). As expected, the rituximab non-responsive
OCILy-3 cell line showed no induction of cell death, and
the amount of Annexin V and PI positive cells was only
4% higher in the rituximab treated sample. Another way of
analysing direct cell death is to determine the amount of viable
i.e. double negative cells (24). This approach is more similar
to the growth assay that measures the amount of viable cells.
In SuDHL-4 cells the amount of live cells decreased 19% and
the amount of OCILy-10 cells 20% in response to rituximab,
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Figure 2. Effect of rituximab on cell cycle distribution and cell death of
DLBCL cell lines. (A) Cell cycle distribution after exposure of cells to
rituximab. OciLy-3, OciLy-10 and SuDHL-4 cells were left untreated (0)
or treated with rituximab (R) and after 48 h harvested into hypotonic
propidium iodine-solution, and analyzed for cell cycle distribution by FACS.
(B) Cell death in response to rituximab. OCILy-3, OCILy-10 and SuDHL-4
cells were treated as in panel A but analyzed for cell death using Annexin V
and propidium iodine stainings.

whereas only 8% of the rituximab treated OCILy-3 cells died
in comparison to controls.

OCILy-3, OCILy-10 and SuDHL-4 represent DLBCLs,
which have been previously specified as ABC and GC type
cells (25). In order to ensure the molecular entities, we
examined the protein expression of a panel of three molecular
markers by Western blotting. We used a well described
algorithm that exploits the immunohistochemical detection
of CDI10, Bcl-6 and MUMI1/IRF4 protein expression and is
used to predict the classification of DLBCL (26). As seen in
Fig. 3, the SuDHL-4 cells expressed GC markers Bcl-6 and
CDI10, whereas the OCILy-3 cells were MUM1-positive and
Bcl-6 and CDI10-negative, representing ABC-like phenotype.
In contrast to previous gene expression based classifica-
tion, immunophenotyping identified OCILy-10 cells as GC
subtype. As the GC-like SuDHL-4 and OCILy-10 cells were
susceptible to the treatment but the ABC-like OCILY-3
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Figure 3. Expression of CD10, BCL-6 and MUM-1/IRF4 in DLBCL cell
lines. Protein lysates were prepared and equal amounts of total proteins
were subjected to SDS-PAGE followed by immunoblotting using antibodies
against CD10, BCL-6 and MUM-1/IRF4 proteins. Actin was used as a
loading control.

was not, this study suggests a possible link between direct
cytotoxic response to rituximab and the cell of origin.

Gene expression associated with rituximab response. There
is precedent for the use of microarrays to identify genes that
may be important in therapeutic response of lymphomas.
To explore rituximab-mediated molecular response mecha-
nisms in DLBCL, we applied expression array technology.
Gene expression patterns of the SuDHL-4, OCILy-10 and
OCILy-3 cells were analyzed using Agilent oligonucleotide
microarrays. The cells were exposed to rituximab for 3 h,
and the mRNA levels were compared to the untreated cells
of the same DLBCL line. We chose to consider relevant
only changes in gene expression that were of two-fold or
over (fold change =2) and found that rituximab induced
expression of 515 and 620 genes in SuDHL-4 and OCILy-10
cells and suppressed 994 and 474 transcripts, respectively.
To guard against cell line-specific responses, we searched
for genes more than two-fold induced or suppressed in both
rituximab responsive cell lines but remained relatively stable
(fold change <1.2) in the non-responsive cells. Accordingly,
we identified 159 common genes that were up-regulated in
rituximab responsive SuDHL-4 and OCILy-10 cells, and 93
genes that were suppressed. Of these 252 genes, 84 genes
remained unchanged in OCILy-3 cells, and were considered
as candidate genes (Fig. 4A). It is essential to recognize
that in the resistant OCILy-3 cells, 132 genes were at least
2-fold suppressed and 218 genes up-regulated in response to
rituximab. This suggests that rituximab attaches to the CD20
receptor on the surface of OCILy-3 cells and starts a signaling
cascade that eventually leads to changes in the gene expres-
sion in the nucleus.

Of the 84 candidate genes, 41 were up- and 43 down-regu-
lated, implying that activation and suppression of transcription
are equally affected by rituximab. Representative genes that
increased or suppressed the most after rituximab treatment in
two responsive cell lines are shown in Table I. Many of these
genes are known to significantly affect apoptosis, lymphocyte
signaling and cytokine response.

Validation of microarray data by quantitative PCR. To validate
the results, we used qPCR on three genes segregating the
rituximab responsive and non-responsive cells. The genes Dkk-1,
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Figure 4. (A) Amount of genes overexpressed, suppressed or remaining
stable in response to rituximab. (B) Expression of Ntn-1 Pdcd-1 and Dkk-1
in DLBCL cells in response to rituximab. mRNA isolated from control and
rituximab-treated lymphoma cells at 3 h was analyzed by qPCR for the
expression of Ntn-1 Pdcd-1 and Dkk-1 mRNAs. Data represent one of
3 repetitive experiments and is presented as fold change in comparison to
expression level of the control cells.

Pdcd-1 and Ntn-1 were selected from the group of the most
differentially expressed genes with an interesting biological
function. The qPCR results supported the microarray data
showing Ntn-1 to be suppressed and Pdcd-1 and Dkk-1
induced in the rituximab stimulated responsive cells (Fig. 4B).

Gene ontologies. Although analysis of gene expressions can
provide insights into important aspects of rituximab action,
the overall mechanism is a complex phenomenon that needs
to be investigated at the level of biological processes and
pathways. The group of 84 candidate genes was analyzed for
their ontologies based on three broad ontology categories:
the particular part of the cell (cellular component); the
activities of individual gene products (molecular function);
and their integration with other genes to form a defined
function (biological process). The major biological process
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Table I. Rituximab-responsive genes.
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Fold

Entrez Name change Gene description Pathway

22943 DKK1 61.99 Dickkopf homolog 1 (Xenopus laevis) Wnt

2792 GNGT1 15.81 Guanine nucleotide binding protein (G protein), = Chemokine signaling pathway

vy transducing activity polypeptide 1

5133 PDCD1 6.25 Programmed cell death 1 T-cell receptor signaling

2043 EPHA4 594 EPH receptor A4 Axon guidance

9047 SH2D2A 572 SH2 domain protein 2A VEGF

7850 IL1R2 3.81 Interleukin 1 receptor II MAPK, cytokine-cytokine receptor

330 BIRC3 2.84 Baculoviral IAP repeat-containing 3 Apoptosis, focal adhesion, small cell
lung cancer

81285 ORS1E2 2.72 Olfactory receptor S1E2 Olfactory transduction

1844 DUSP2 2.37 Dual specificity phosphatase 2 MAPK

5788 PTPRC 2.33 Protein tyrosine phosphatase C T-cell receptor signaling pathway, Fc vy
R-mediated phagocytosis

2562 GABRB3 2.18 y-aminobutyric acid (GABA) A receptor {3 3 Neuroactive ligand-receptor interaction

9423 NTNI1 0.09 Netrin 1 Axon guidance

4086 SMADI1 0.19 SMAD family member 1 TGF-p

7043 TGFB3 0.21 Transforming growth factor f§ 3 MAPK, cytokine-cytokine receptor

interaction, TGF-f, colorectal cancer,
renal cell carcinoma, pancreatic cancer,
CML

ontologies were related to signal transduction (P=0.016),
regulation of apoptosis (P=0.028), system development
(P=0.003) and cellular developmental processes (P=0.009).
The molecular functions of the identified genes favored signal
transducer activity (P=0.07) and were mainly associated with
membranes (P=0.036) and extracellular matrix (P=0.06). Our
results indicate that the candidate genes function in cellular
processes that are known to drive cancer progression and drug
resistance.

Signaling pathways involved in rituximab response. As
our goal was to specify the molecular events that follow
the binding of rituximab to CD20, we executed a pathway
analysis that would reveal more about the rituximab-induced
cell signaling in DLBCL. Enriched cell signaling pathways
were organized according to a score that is based on the
number of genes involved in a pathway in the KEGG pathway
database and the estimated impact of these genes to the
signaling pathway (27,28). The most important pathways
associated with the responsiveness to rituximab are shown
in Table I. Overall, the data show that rituximab-response is
associated with gene expression involved in classical pathways
that control cell growth, differentiation and apoptosis. Some
genes, for example Ntn-1 and Epha4, mapped to an unusual
axon guidance pathway most likely due to the fact that the
KEGG axon guidance pathway contains the whole MAPK
pathway and several other cascades important in development
in general and tumorigenesis in particular. Of the biologically
relevant pathways, rituximab appeared to impact most the
genes involved in TGF-f and MAPK signaling pathways
followed by Wnt and chemokine signaling pathways and
apoptosis.

Clinical importance of Dusp2, Epha4, Dkk-1 and Netrin-1
in DLBCL. To explore the possible clinical relevance of our
findings, we analyzed the prognostic significance of several
interesting genes that were highly up- or down-regulated in
response to rituximab. In these analyses we used an available
data set from the Lymphoma/Leukemia Molecular Profiling
Project (14), containing gene expression profiles from 233
DLBCL patients that were treated with the combination of
rituximab and chemotherapy.

At the median follow-up of 33 months (range, 2-123
months), 60 patients (26%) had died. The predicted 3-year
overall survival for the entire group was 73%. Interestingly, the
3-year OS for the patients with high Dusp2 expression was
82% compared to 67% of those with low levels (P=0.051,
Fig. 5A). The corresponding values for the Epha4 high and
low groups were 77 and 62%, respectively (P=0.037, Fig. 5B).
A trend towards better 3-year OS was also seen among the
patients with high Dkk-1 expression (84 vs. 65%, P=0.082,
Fig. 5C). On the contrary, low Netrin-I levels tended to act as
a favourable marker (3-year OS 77 vs 69%, p=0.084, Fig. 5D).
The results suggest that the expression of these rituximab
responsive genes in lymphoma tissue has clinical significance
for rituximab and CHOP treated DLBCL patients.

Discussion

Microarray technology is a powerful tool for investigating
cellular responses to drugs because it monitors thousands of
genes simultaneously. In the present study we used micro-
array-based transcriptional profiling to identify differentially
expressed genes common to rituximab responsive DLBCL
cell lines, but remaining stable in the unresponsive cells.
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Figure 5. Survival rates according to mRNA expression. (A) OS of patients according to low (n <66%, n=154) and high (n >66%, n=79) Dusp2 mRNA levels.
(B) OS of patients according to low (n <25%, n=58) and high (n >25%, n=175) Epha4 mRNA levels. (C) OS of patients according to low (n <33%, n=80) and
high (n >33%, n=153) Dkk-1 mRNA levels. OS of patients according to low (n <median, n=171) and high (n >median, n=171) Ntn-I mRNA levels.

Many genes were found to associate with signal transduction
and regulation of apoptosis. All of this is consistent with our
findings that rituximab treatment triggered direct cell death
in the responsive cells. Important new insights into rituximab
response include the convergence with the genes involved in
TGF-B, MAPK and Wnt signaling. We found certain genes
like Dkk-1, Pdcd-1, Netrin-1 and Smad-1 from these afore-
mentioned pathways to be particularly biologically interesting,
as recent studies have demonstrated their involvement in
different malignancies.

Dickkopf-1 (Dkk-1) represents a gene, whose transcript
increased the most after rituximab treatment in the responsive
cell lines. Dkk-1 is a secreted protein that was discovered
by its ability to block Wnt signaling during early Xenopus
embryogenesis. Since then Dkk-1 has been shown to block
the Wnt pathway in many cell types and vertebrate species
(29). During embryonic development expression of Dkk-1 has
been shown to enhance apoptosis, whereas in cancer cells,
overexpression of Dkk-I reduces colony formation and tumor
growth in xenografts, suggesting a tumor-suppressor function
(30,31). Interestingly, Wnt pathway has been recently shown
to be constitutive active in a subset of lymphomas, whereas
inhibition of the pathway decreases lymphoma cell growth
(32,33).

Another interesting rituximab-inducible gene, programmed
cell death 1 (Pdcd-1) (PD-1) encodes a cell surface protein
that belongs to the superfamily of immunoglobulins. It is
usually associated with T-cell activation but has also been
reported to inhibit B cell proliferation and cytokine produc-
tion (34). Recently Pdcd-1 has been shown to play a role in
lymphoid malignancies. High numbers of PD-1-positive tumor

infiltrating T-cells was found to predict a better outcome in
patients with follicular lymphoma (35). Furthermore, PD-1
has been shown to inhibit BCR mediated signaling in B cell
lymphoma cell line and the expression of PD-1 in malignant B
cells in vivo has also been described (36,37).

Of particular interest in this data set is the suppression of
Netrin-1 (Ntn-1). Netrin-1 is a well known ligand of a known
tumor suppressor gene Deleted in colon cancer (Dcc). Dcc
encodes a dependence receptor that has been shown to induce
apoptosis in the absence of its ligand (38,39). The overexpres-
sion of Netrin-1 has been reported to be of an advantage for
tumor cells to survive in several cancers and similarly the
down-regulation of netrin/Dcc signaling has been associated
with tumor cell death in breast, lung, inflammatory bowel
diseases-associated and colorectal cancer as well as neuro-
blastoma (40). Our studies demonstrate for the first time the
association of Netrin-1 suppression to cell death in lymphoma
DLBCL cells.

Smad-1 is a transcription factor that mediates gene expres-
sion in response to BMP and TGF-f signaling. In many
cell types, including B lymphocyte lineage, Smad-1 can
serve as a mediator of growth arrest and apoptosis (41,42).
Controversially, TGF-§ has also been shown to contribute to
growth and differentiation of B lymphocytes (43). Although
Smadl has been regarded to be activated mainly by BMPs,
Munoz et al presented a growth regulatory role for Smad-1
and TGF-p in follicular lymphoma cells (44). Our study
implies that Smad-1 plays a role in the growth inhibition of
DLBCL and raises a question of the functional meaning of
such a considerable suppression of both TGFB3 and Smad-1
in response to rituximab.
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In recent years the knowledge on cell signaling has grown
tremendously and old well-known factors have got new
meanings in biological processes and tissues. In this light
of events, especially intriguing is the Wnt-signaling pathway
that has a profound role in developmental biology and now
in increasing amounts can be associated to malignancy in
cancer. New insights have also been taken with signaling
events previously linked to axon guidance. We found two
mediators Epha4 and Netrin-1 from this pathway among
the most differentially expressed genes related to rituximab
response in DLBCL cells ever strengthening the status of this
pathway in cancer biology.

Cellular studies are the foundation for investigation, but
the findings need to be carefully confirmed with patient
samples. To evaluate the possible clinical relevance of our
findings we analyzed the mRNA expression of Dusp2, Epha4,
Dkk-1 and Netrin-1 in a dataset of 233 rituximab and CHOP
treated DLBCL patients (14). In our analyses the expression of
Dusp2 and Epha4 in the lymphoma tissue correlated with the
survival and based on these data also Dkk-1 and Netrin-1 may
have a role in evaluating the outcome. The results strengthen
the relevance of the findings from our cellular studies by
suggesting that the expression of these genes in the lymphoma
tissue is linked to the survival of DLBCL patients treated with
rituximab and chemotherapy. These findings form an inter-
esting basis for further studies in determining the usefulness
of these markers.

Collectively, the results presented here show that ritux-
imab response in DLBCL cells is associated with differential
expression of several genes and pathways that are key regula-
tors of proliferation and apoptosis. Future studies are needed
to address whether for example up-regulation of Dkk-1 acts
as key signal to mediate the rituximab-induced apoptosis
in DLBCL cells. Conversely, it remains to be determined
whether suppression of Netrin-1 expression could impact
the responsiveness of DLBCL patients to rituximab. Further
studies are also expected to elucidate whether regulation
of these genes may serve as new biomarkers of response to
rituximab. If confirmed, targeting of these soluble proteins
may lead to improvements in rituximab-containing treatment
protocols.
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