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Enhanced Expression of CD20 in Human Tumor B Cells Is
Controlled through ERK-Dependent Mechanisms

Wojciech Wojciechowski, Huifen Li, Shannon Marshall, Chiara Dell’Agnola, and
Igor Espinoza-Delgado1

Rituximab, a chimeric Ab directed against CD20, induces apoptosis in targeted cells. Although the majority of B cell malignancies
express the CD20 Ag, only �50% of patients will respond to single-agent rituximab. The available data suggest that a decreased
CD20 expression could account for the lack of response observed in some patients treated with rituximab. Despite the potential
critical role of CD20 in the biology of B cell malignancies, the mechanisms controlling its expression are poorly understood. We
evaluated the effect of the immune modulator agent bryostatin-1 on the expression of CD20 in non-Hodgkin’s lymphoma cells.
Using the B cell lines, DB and RAMOS, as well as tumor cells derived from a chronic lymphocytic leukemia patient, we demon-
strated that bryostatin-1 enhanced the expression of both CD20 mRNA and protein. The enhanced expression of CD20 was
associated with increased transcriptional activity of the CD20 gene, whereas the stability of CD20 mRNA was not affected. The
effect of bryostatin-1 on CD20 expression in non-Hodgkin’s lymphoma cells was mediated through the MAPK kinase/ERK signal
transduction pathway and involved protein kinase C, but was independent of p38 MAPK and was insensitive to dexamethasone.
Cells pretreated with bryostatin-1 were more susceptible to the proapoptotic effect of anti-CD20 Ab. Overall, these data demon-
strate for the first time that ERK phosphorylation is required for the up-regulated expression of CD20 on B cell malignancies. The
findings also suggest that bryostatin-1 and rituximab could be a valuable combined therapy for B cell malignancies. The Journal
of Immunology, 2005, 174: 7859–7868.

R ituximab, a human-mouse chimeric mAb that targets
CD20, is the first therapeutic Ab approved by the Food
and Drug Administration for the treatment of non-

Hodgkin’s lymphoma (NHL)2 patients who have failed standard
therapy (1–3). CD20 is a highly phosphorylated, integral mem-
brane protein found on both normal and transformed B lympho-
cytes (4) and has been reported to be involved in regulation of
transmembrane calcium flux (5, 6). The CD20 protein normally
does not shed from the cells and is not internalized upon binding
by Abs (7–9), which, together with its pattern of expression, makes
CD20 an excellent target for therapeutic intervention. The mech-
anisms responsible for the antitumor activity of anti-CD20 Abs are
not fully understood. However, extensive in vitro and preclinical
studies suggest that Ab-dependent cell-mediated cytotoxicity (10,
11), complement-dependent cytotoxicity (12–15), and direct ef-
fects of transmembrane signaling leading to apoptosis and cell
growth arrest (16–18) may be responsible for the observed clinical
effects of rituximab. Both in vitro and preclinical data suggest that
decreased CD20 expression may be responsible for the lack of
response observed in certain patients (12, 19, 20).

Bryostatin-1, a protein kinase C (PKC) modulator (21, 22) with
antitumor activity (23, 24), stimulates host immune responses (25–

29) and promotes the production of proinflammatory cytokines
(30, 31). Furthermore, bryostatin-1 synergizes with IL-2 to induce
the expression and secretion of IFN-� in human T cells (32). The
in vivo mechanisms of antitumor action of bryostatin-1 are not
completely understood. However, activation of immune effector
cells might play an important role. Cancer patients, including NHL
patients, have been reported to have immune dysfunction (33–37).
Bryostatin-1, by promoting a Th1-type cytokine response and ac-
tivating effector populations, may enhance the effectiveness of anti-
CD20 therapy.

In this study we report the effect of bryostatin-1 on the expres-
sion of CD20 in the well-characterized NHL cell lines, DB and
Ramos (38–40). We demonstrate that bryostatin-1 enhances the
expression of CD20 on NHL cells through an ERK-1/2-dependent
pathway. Up-regulation of CD20 expression by bryostatin-1 oc-
curs rapidly and through mechanisms that are independent of p38
MAPK and de novo protein synthesis and are also insensitive to
dexamethasone. Thus, the present work suggests a mechanism by
which the ERK-1/2 pathway can be influenced by an immuno-
modulator-antineoplastic agent and provides a rationale for clinical
evaluation of anti-CD20 mAb and bryostatin-1 in patients
with NHL.

Materials and Methods
Cells

All cells were cultured in RPMI 1640 tissue culture medium (BioSource
International) supplemented with 10% FBS (BioSource International), 100
U/ml penicillin, 100 �g/ml streptomycin, 2 mM L-glutamine, and 10 mM
HEPES, pH 7.3 (Quality Biological), and maintained at 30–80% cell con-
fluence in 5% CO2 at 37°C. The DB cell line is a human diffuse large cell
lymphoma of B cell origin (38). The Ramos cell line was derived from a
human B cell Burkitt’s lymphoma (40). PBLs were obtained from a chronic
lymphocytic leukemia (CLL) patient by leukapheresis using a Fanwell CS-
3000 blood cell separator, following the protocol approved by the institu-
tional review board. CLL cells were isolated from PBLs using a negative
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selection human B cell isolation kit (StemCell Technologies) according to
the manufacturer’s instructions.

Reagents

Clinical grade bryostatin-1 was obtained from the National Cancer Insti-
tute. Rituximab (Rituxan), the chimeric human-mouse anti-human CD20
Ab, was obtained from Genentech. The inhibitors U0126, PD98059,
SB203580, and bisindyolamide I (GF 109203X) were purchased from
EMD Biosciences/Calbiochem and dissolved in DMSO. FITC-conjugated
anti-human CD20 Ab and isotype-matched Ab were purchased from BD
Biosciences. The anti-human ERK-2 and anti-human phopsho-ERK-1/2
Ab were obtained from Santa Cruz Biotechnology. HRP-conjugated anti-
rabbit and anti-mouse IgG Abs, actinomycin D (Act-D) and dexametha-
sone were purchased from Sigma-Aldrich. Goat anti-human IgG Ab was
purchased from Pierce, and human IgG fraction control Ab was obtained
from Jackson ImmunoResearch Laboratories. ECL chemiluminescence de-
tection reagent was obtained from Amersham Biosciences. The TACS an-
nexin V-FITC apoptosis detection kit was obtained from R&D Systems.
The High Prime DNA labeling reagent was purchased from Roche, and
[�-32P]dCTP was obtained from PerkinElmer.

Northern blot

Northern blotting was performed as previously described (41). Briefly, 5
million cells/sample were plated at a concentration of 0.3–0.4 � 106 cells/
ml, and after treatment, total RNA was isolated using TRIzol reagent (In-
vitrogen Life Technologies) according to the manufacturer’s instructions.
Ten micrograms of total RNA per sample was separated under denaturing
conditions on 1.2% formaldehyde gel and transferred to a nylon membrane
(Nytran; Schleicher & Schuell). The RNA was UV cross-linked, and the
membranes were prehybridized for 8–10 h at 43°C in hybridization buffer
(Hybrizol; Oncor), followed by overnight hybridization with 0.5 � 106

cpm/ml specific cDNA probe labeled with 32P using High Prime DNA
labeling reagent. The membranes were washed and exposed to x-ray films
(Biomax-MR; Eastman Kodak) and phosphor storage screens. The phos-
phor screens were scanned using a Storm 840 PhosphorImager and were
analyzed using ImageQuant image analysis software (Amersham Bio-
sciences). The membranes were stripped and rehybridized with an 18S
rRNA probe. The values obtained for CD20 mRNA levels were normalized
with respective values of 18S rRNA levels, and ratios were plotted. Human
CD20 cDNA was provided by Dr. J. Ledbetter (University of Washington,
Seattle, WA). The 903-bp BamHI-XbaI fragment of CD20 cDNA was used

FIGURE 1. Bryostatin-1 enhances CD20 mRNA and protein expression in DB cells. Cells were incubated in the presence or the absence of bryostatin-1
at the indicated concentrations for 12 h (A) or at a single concentration (1 ng/ml) for 3, 6, 12, and 24 h (B). The expression of CD20 mRNA was analyzed
by Northern blot as described in Materials and Methods, and the normalized levels of CD20 mRNA are presented. Representative results from three
experiments are shown. C, DB cells were treated with 1 ng/ml bryostatin-1 for 24 h, labeled with anti-CD20 Abs, and analyzed by flow cytometry as
described in Materials and Methods. The histograms of CD20-positive, bryostatin-1-treated and control cells are shown.
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as a probe for Northern blot analysis (4). The pBR322 plasmid containing
human 18S rRNA sequence was provided by Dr. D. Radzioch (McGill
University, Montreal, Canada). The BamHI-EcoRI 1.1-kb DNA fragment
of the sequence was used as a probe. For mRNA synthesis inhibition,
Act-D was dissolved in ethanol at 1 mg/ml and used at a final concentration
of 2 �g/ml for the indicated times.

Flow cytometry

Analysis of surface expression of CD20 by flow cytometry was performed
as previously described (41). After 24-h treatment with 1 ng/ml bryosta-
tin-1 or medium alone, the cells were washed once at 4°C with PBS. Next,
the cells were resuspended in FACS buffer (0.5% BSA, 1% heat-inacti-
vated human AB serum, and 0.1% sodium azide in PBS, pH 7.2) and
incubated on ice for 15 min to reduce nonspecific binding. One million
cells were resuspended in 100 �l of FACS buffer and incubated for 15 min
on ice with anti-human CD20 Ab conjugated with FITC. After two washes
with FACS buffer, the cells were analyzed using FACScan flow cytometry
equipment (BD Biosciences). The data obtained was processed using the
WinMDI version 2.8 flow cytometry application (�www.facs.scripps.edu�).

Western blot

Cells were incubated in the presence or the absence of bryostatin-1 at the
indicated concentrations for 1 h. Where indicated, inhibitors were added to

the cell culture 30 min before bryostatin-1. The cells were harvested,
washed once with ice-cold PBS, and lysed directly in 1� Tris-glycine-SDS
sample buffer (Invitrogen Life Technologies). The lysates were immedi-
ately incubated for 5 min at 100°C. The total protein concentration was
measured using bicinchoninic acid protein assay reagent (Pierce). Samples
containing 10 �g of total protein were reheated at 100°C for 5 min in the
presence of reducing agent (50 mM DTT), then separated on 4–16% gra-
dient NuPAGE precast gels (Invitrogen Life Technologies) or 10% Crite-
rion XT precast gels (Bio-Rad). After electrophoresis, the proteins were
electrotransferred onto polyvinylidene difluoride membranes (Millipore)
according to the procedure recommended by manufacturer. After overnight
blocking at 4°C with 5% nonfat milk in TBST buffer (20 mM Tris-HCl (pH
7.5), 0.14 M sodium chloride, and 0.1% Tween 20), the membranes were
incubated for 1 h at room temperature with primary Abs. After three 10-
min washes with TBST, the membranes were incubated for 1 h at room
temperature with HRP-conjugated secondary Ab. The signal was visual-
ized using ECL reagent (Amersham Biosciences), and the membranes were
exposed to x-ray film. To test the levels of total ERK-2, membranes were
stripped with 0.2 N sodium hydroxide and reprobed using anti-ERK-2 Ab.

Anti-CD20 cross-linking

Experiments were performed as previously described (17, 18). Briefly,
cells were cultured in the presence or the absence of 1.0 ng/ml bryostatin-1

FIGURE 2. Bryostatin-1 regulates
CD20 mRNA expression at a tran-
scriptional level. A, DB cells were in-
cubated with or without 1 ng/ml
bryostatin-1 for 12 h, then 2 �g/ml
Act-D was added to the medium to
stop mRNA transcription. The cells
were harvested at the indicated time
points, and the levels of CD20
mRNA were analyzed by Northern
blot. The graph shows the relative
amounts of remaining CD20 mRNA
normalized with the amounts of 18S
rRNA. The results presented are rep-
resentative of three independent ex-
periments. B, DB cells were treated
with the indicated amounts of Act-D
for 30 min before the addition of 1
ng/ml bryostatin-1 where indicated.
CD20 mRNA expression was ana-
lyzed by Northern blot 12 h after the
addition of bryostatin-1. The results
were processed as described in Ma-
terials and Methods, and the normal-
ized levels of CD20 mRNA are
presented.
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for 24 h. Cells were washed with RPMI 1640 containing 10% FBS and
incubated for another 24 h with 1 �g/ml rituximab or 10 �g/ml control
human IgG alone or in the presence of 5 �g/ml goat anti-human IgG
(GAH) cross-linking Ab. Cells were labeled with annexin V and pro-
pidium iodine using the TACS Annexin VFITC apoptosis detection kit
according to the manufacturer’s instructions (R&D Systems). The data
were analyzed using the WinMDI version 2.8 flow cytometry application
(�www.facs.scripps.edu�).

Results
Bryostatin-1 enhances CD20 mRNA expression in NHL cells

To ascertain the effect of bryostatin-1 on the expression of CD20
in NHL, DB cells were cultured for 12 h in medium alone or in the
presence of increasing concentrations of bryostatin-1. As shown in
Fig. 1A, low basal expression of CD20 mRNA was detected in
medium-treated cells, whereas bryostatin-1-treatment of DB cells
led to a significant enhancement of CD20 mRNA expression. The
effect of bryostatin-1 on CD20 mRNA expression was dose de-
pendent. As little as 1 ng/ml was sufficient to induce a major in-
crease in CD20 mRNA expression, whereas a dose of 10 ng/ml
bryostatin-1 was required for maximum expression. Therefore, 1
ng/ml bryostatin-1 was used in all subsequent experiments. To
determine the kinetics of up-regulation of CD20 mRNA by bryo-
statin-1, DB cells were incubated in medium alone or medium
supplemented with 1 ng/ml bryostatin-1 for 3, 6, 12, or 24 h. As
shown in Fig. 1B, the increase in CD20 mRNA expression was
observed within 3 h after treatment with bryostatin-1. Maximum
enhancement of CD20 mRNA expression occurred at 12 h and
remained elevated for at least 24 h. To investigate whether the
enhanced expression of CD20 mRNA led to increased surface ex-
pression, DB cells were cultured in the absence or the presence of
1 ng/ml bryostatin-1 and analyzed by flow cytometry at 24 h. As
shown in Fig. 1C, DB cells constitutively expressed basal levels of
CD20 surface protein. Upon bryostatin-1 treatment, increased ex-
pression of CD20 was observed. Similar results were obtained with
Ramos cells and B cells acquired from a CLL patient (data not

shown). These experiments indicate that the bryostatin-1-enhanced
expression of CD20 mRNA is associated with an increased ex-
pression of CD20 on the surface of these cells.

Transcriptional activity of the CD20 gene in NHL cells is
enhanced by bryostatin-1

To investigate whether bryostatin-1-enhanced CD20 mRNA ex-
pression was associated with increased CD20 mRNA stability, DB
cells were incubated for 12 h with medium alone or supplemented
with 1 ng/ml bryostatin-1. After the 12-h incubation period, 2
�g/ml Act-D was added to the cultures for the indicated lengths of
time to block further RNA transcription. Northern blot analysis
revealed that CD20 mRNA decayed with similar kinetics in me-
dium- and bryostatin-1-treated cells (Fig. 2A). The level of CD20
mRNA in both medium- and bryostatin-1-treated cells decreased
by 50% at �5 h and 30 min. These experiments demonstrated that
the enhanced expression of CD20 mRNA by bryostatin-1 is not
explained by an increased stability of CD20 mRNA.

To determine whether the enhanced expression of CD20 by
bryostatin-1 involved the activation of CD20 gene transcription,
DB cells were pretreated for 30 min with 10 ng/ml Act-D (42, 43),
then 1 ng/ml bryostatin-1 was added, and the cells were harvested
12 h later. As shown in Fig. 2B, Act-D blocked bryostatin-1-en-
hanced CD20 mRNA expression. Together, these results demon-
strate that bryostatin-1 did not stabilize CD20 mRNA and suggest
that the observed increase in CD20 mRNA expression is at least in
part the result of enhanced transcription.

Enhanced expression of CD20 mRNA by bryostatin-1 does not
require de novo protein synthesis, nor is it affected by
dexamethasone

To establish whether bryostatin-1-enhanced expression of CD20
mRNA was dependent upon de novo protein synthesis, DB cells
were incubated in the presence or the absence of bryostatin-1 and
in the presence or the absence of the protein synthesis inhibitor

FIGURE 3. The induction of expression of CD20 mRNA by bryostatin-1 does not require new protein synthesis and is not affected by dexamethasone.
DB cells were incubated with the indicated amounts of cycloheximide (A) or dexamethasone (B) for 30 min before the addition of 1 ng/ml bryostatin-1.
The levels of CD20 mRNA expression were determined by Northern blot 12 h later, as described in Materials and Methods. Normalized levels of CD20
mRNA are presented.
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cycloheximide (CHX) at the indicated concentrations. As shown in
Fig. 3A, bryostatin-1-enhanced expression of CD20 was minimally
affected by CHX, suggesting that the up-regulation of CD20
mRNA induced by bryostatin-1 is not dependent on de novo pro-
tein synthesis. Interestingly, addition of CHX to medium-treated
cells caused a major increase in CD20 mRNA expression, imply-
ing the presence of a short-lived negative regulator of CD20
mRNA transcription.

Glucocorticoids regulate the expression of several genes (44,
45). Furthermore, they are an integral component of many regi-
mens commonly used in the treatment of B cell malignancies. To
investigate the effects of glucocorticoids on bryostatin-1-induced
expression of CD20, DB cells were pretreated with the indicated
concentration of dexamethasone for 30 min, then incubated with
bryostatin-1 for 12 h. As shown in Fig. 3B, dexamethasone did not

decrease bryostatin-1-enhanced expression of CD20 mRNA at any
of the doses tested.

Bryostatin-1 enhances the expression of CD20 mRNA in NHL
cells through a MAPK kinase (MEK)/ERK-dependent pathway

To determine the role of the MEK/ERK pathway in the enhanced
expression of CD20 by bryostatin-1, we investigated the effects of
two structurally unrelated chemical inhibitors of MEK1/2, U0126
and PD98059, at concentrations specific for MEK1 inhibition (46,
47). Cells were incubated for 30 min with the indicated doses of
U0126 and PD98059, then treated with 1 ng/ml bryostatin-1 or
medium alone for 12 h, and Northern blot analysis was performed.
As shown in Fig. 4, A and B, both inhibitors decreased bryostatin-
1-induced CD20 mRNA expression in a dose-dependent manner.
In agreement with previous reports, U0126 appears to be a more

FIGURE 4. The induction of CD20 mRNA expression in malignant B cells by bryostatin-1 is mediated by the MEK1/ERK-1/2 signaling pathway. DB
cells were pretreated for 30 min with the indicated amounts of two MEK inhibitors, U0126 (A) and PD98059 (B), before the addition of 1 ng/ml bryostatin-1
for 12 h. Similarly, Ramos and primary B cells isolated from a CLL patient were pretreated with either U0126 or the p38 MAPK inhibitor SB203580 for 30 min
before addition of bryostatin-1 for 12 h (C). CD20 mRNA expression was analyzed by Northern blot. Normalized levels of CD20 mRNA are presented.
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potent inhibitor of MEK1 than PD98059 (48). The decreased ex-
pression of CD20 was also observed in Ramos cells and CLL-B
cells (Fig. 4C). In contrast, an inhibitor of p38 MAPK, SB203580,
failed to significantly decrease the bryostatin-1-induced expression
of CD20 mRNA (Fig. 4C).

Bryostatin-1 induces phosphorylation of ERK-1/2 in a PKC-
dependent manner

Given that U0126 inhibited bryostatin-1-enhanced expression of
CD20 mRNA, we wanted to confirm that MEK inhibitors were in
fact blocking MAPK activation. We investigated phosphorylated
ERK expression in NHL cells pretreated with U0126, followed by
bryostatin-1 treatment for 1 h. Western blot analysis revealed that

medium-treated cells did not constitutively express phosphorylated
ERK-1/2. In contrast, bryostatin-1-treated cells expressed high lev-
els of the phosphorylated forms of both kinases (Fig. 5A). The
bryostatin-1-induced ERK-1/2 phosphorylation was blocked by
U0126, but not by SB203580, a p38 MAPK inhibitor, or
Ly294002, a PI3K inhibitor (data not shown). The induction of
ERK-1/2 phosphorylation was observed in both NHL B cell lines,
DB and Ramos, and in primary B cells from a CLL patient.

Bryostatin-1 is a potent modulator of several serine-threonine
kinases, including PKC (22). Activation of PKC by bryostatin-1
appears to play a significant role in cellular responses to this im-
munomodulator and antineoplastic agent. Therefore, we tested
whether the PKC inhibitor bisindolylmaleimide I (BI) was able to
block bryostatin-1-induced phosphorylation of ERK (49). As
shown in Fig. 5B, pretreatment of cells with 1 �M BI blocked
phosphorylation of ERK-1/2 in bryostatin-1-treated cells. The in-
hibitory effect of BI was short-lived. Maximal inhibition was ob-
served at 1 h and decreased thereafter. In contrast, the inhibitory
effect of U0126 lasted at least 6 h, the latest point tested (Fig. 5C).
To ascertain whether the enhanced expression of CD20 mRNA by
bryostatin-1 was associated with PKC modulation, we investigated
the effect of BI on CD20 m RNA expression. As shown in Fig. 5D,
BI at a concentration of 1 �M inhibited CD20 mRNA enhance-
ment by �30%. Together, these data suggest that bryostatin-1-
enhanced expression of CD20 mRNA is at least partially depen-
dent on the PKC-activated MEK1/ERK-1/2 pathway, but not on
p38 kinase.

Bryostatin-1 directly increases proapoptotic events induced by
anti-CD20 Abs

To determine whether bryostatin-1-enhanced CD20 expression
could render NHL cells more susceptible to the proapoptotic ef-
fects of anti-CD20 Ab, we investigated the expression of annexin
V on DB cells treated with suboptimal doses of bryostatin-1 and
rituximab. Cells were pretreated with bryostatin-1, then incubated
in the presence or the absence of rituximab with or without GAH
Abs. Cells were stained with FITC-labeled annexin V and pro-
pidium iodine and were analyzed by flow cytometry. As shown in
Fig. 6, panel 2, bryostatin-1 alone induced a minimal increase in
the percentage of annexin V-positive cells (5.2%). Similar results
were also observed with rituximab treatment (9%). In contrast,
pretreatment with bryostatin-1, followed by rituximab, resulted in
a 2-fold increase in the percentage of annexin V-positive cells
(18%; Fig. 6, panel 4) compared with rituximab alone (9%; Fig. 6,
panel 3). As shown in Fig. 6, panel 6, additional increases in the
percentage of annexin V-positive cells were observed in cells
treated with bryostatin-1 and rituximab, followed by GAH (46%).
Treatment with control human IgG, GAH, or human IgG plus
GAH did not affect the percentage of annexin V-positive cells
(data not shown). Together, these results suggested that bryosta-
tin-1 increases the early apoptotic events induced by rituximab.

Discussion
Targeted therapy has become an important paradigm in oncology.
Rituximab, an mAb that targets CD20-expressing cells, is used
clinically to treat several B cell malignancies (1, 50–53). One of
the potential mechanisms of resistance to CD20-targeted therapy is
a decreased expression of CD20 on tumor cells. Indeed, the re-
sponse of CLL to rituximab reported in the pivotal trial of low-
grade lymphoma was 12 vs 58% in those with other histologies (1).
CLL cells have the lowest levels of CD20 expression among B cell
malignancies, �8,000 molecules/cell compared with 100,000
molecules/cell observed on most malignant B cells (54). Thus, a
potential therapeutic approach to increase the rate of responses

FIGURE 5. The bryostatin-1-induced phosphorylation of ERK-1/2 in
DB, Ramos, and CLL B cells depends on PKC, but is not affected by p38
MAPK inhibitor. DB, Ramos, and primary CLL B cells were incubated in
the presence of either U0126 or SB203580 for 30 min before a 1-h treat-
ment with 1 ng/ml bryostatin-1 (A). After30-min pretreatment with the
indicated concentrations of either BI (B) or U0126 (C), the DB cells were
stimulated with 1 ng/ml bryostatin-1 and harvested after 1, 3, or 6 h. The
levels of phosphorylated ERK-1/2 were assessed by Western blot (upper
panels), and the levels of total ERK-2 were obtained after stripping and
reprobing the membranes (lower panels) as described in Materials and
Methods. DB cells were pretreated for 30 min with the indicated amounts
of the PKC inhibitor BI or with DMSO (diluent) before the addition of
bryostatin-1 at a concentration of 1 ng/ml for 12 h (D). CD20 mRNA
expression was analyzed by Northern blot.
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could be to enhance the expression of CD20 on the targeted tumor
cells.

Recent studies have reported that IL-4, GM-CSF, TNF-�, and
IFN-� are able to induce CD20 surface expression on B cells from
CLL patients (55–58). However, the mechanisms regulating the
expression of CD20 remain poorly understood. Bryostatin-1 is the
prototype of a novel family of PKC modulators that has antitumor
activity and activates immune effector cells, properties that have
encourage its use in early clinical trials as an anticancer agent. The
data presented in this study demonstrate for the first time that bryo-
statin-1 enhances the expression of CD20 in both NHL and CLL
cells (Fig. 1). Very low concentrations of bryostatin-1 that might
be achievable in vivo (0.1–1 ng/ml) were sufficient to enhance
CD20 expression. Bryostatin-1-enhanced CD20 mRNA expres-
sion was followed by an increased level of CD20 surface expres-
sion, suggesting that bryostatin-1-driven CD20-enhanced protein
expression is, at least in part, controlled at the gene level. This
effect was not cell line restricted, because the induction was also
observed in DB cells, Ramos cells, and primary B cells derived
from a patient with CLL. Augmentation of CD20 mRNA expres-
sion occurred within 3 h of treatment, and an additional increase
was observed through 24 h. The rapid increase in CD20 mRNA
expression in NHL cells and the failure of cycloheximide to block
this induction suggest a direct effect of bryostatin-1, rather than an
effect mediated by another bryostatin-1-inducible factor (59).

Bryostatin-1 may control mRNA expression through both tran-
scriptional and post-transcriptional mechanisms (29, 31, 32, 60). In
an attempt to determine whether message stabilization was one of
the mechanisms responsible for the enhanced CD20 expression by
bryostatin-1, the half-life of the mRNA was studied. After block-
ing new RNA synthesis with Act-D, CD20 mRNA decayed with a
similar half-life in both medium-treated and bryostatin-1-treated
cells. These results clearly demonstrated that the increased accu-
mulation of CD20 mRNA in response to bryostatin-1 was not the
result of an increased stability of its mRNA. The ability of bryo-
statin-1 to increase the transcriptional activity of the CD20 gene
was suggested by the failure of bryostatin-1 to enhance the ex-
pression of CD20 mRNA in the presence of Act-D (Fig. 2A).

CD20 is a B cell-specific gene that lacks many of the common
regulatory elements present in other genes expressed by B cells
(61). The known functional elements present in the CD20 pro-
moter include an E box, a PU.1/PiP binding site, and a BAT box

(62, 63). The PU.1/Pip binding site can bind transcription factors
belonging to the Ets family (63). Several members of this family,
including Ets-1 and Elk-1, are activated in an ERK-dependent
fashion (64). Using the on-line based Genomatrix suite (�www.
genomatrix.de�), we were able to identify Ets binding sites in the
promoters of several bryostatin-1-induced genes, including CD20.
It is therefore possible that bryostatin-1-enhanced expression of
CD20 is mediated by ERK-activated Ets transcription factors. Fu-
ture studies will test this hypothesis and identify specific transcrip-
tion factors involved in the process.

The effects of bryostatin-1 are mediated through numerous path-
ways, including PKC, p38 MAPK, ERK-1/2, and others (32, 59,
65, 66). It has been shown that bryostatin-1 activates the MEK/
ERK pathway (65, 66). Confirming and expanding these observa-
tions, we demonstrated that bryostatin-1 induces phosphorylation
of ERK-1/2 in NHL cells. Furthermore, using two structurally un-
related chemical inhibitors of MEK kinases, we showed that bryo-
statin-1-induced expression of CD20 is MEK/ERK-dependent.

Bryostatin-1 shares several biological activities with PMA, in-
cluding its ability to modulate PKC activity and enhance the ex-
pression of CD20 (62). Although many bryostatin-1 biological ef-
fects are mediated through the activation of PKC (22, 25, 66),
bryostatin-1 may also antagonize PKC-mediated effects (67–69).
Recent work has indicated that some bryostatin-1 effects are exerted
through PKC-independent mechanisms (70–72), including interac-
tion with phorbol ester receptors such as chimaerins, Ras guanyl
nucleotide-releasing proteins, Munc13s, protein kinase D, and
1,2-diacylglycerol kinases (73).

Bryostatin-1 may use the PKC/Raf/MEK pathway during the
induction of cell differentiation and/or apoptosis (42, 66, 74). The
data presented in this study expand this observation by demon-
strating that bryostatin-1-induced phosphorylation of ERK-1/2 can
be blocked by BI, a PKC-specific inhibitor. Although BI induces a
major decrease in ERK-1/2 phosphorylation (Fig. 5B), its inhibi-
tory effect on CD20 mRNA expression was modest (Fig. 5D). The
observed difference could be due to the fact that apparently BI
competes with ATP for binding to PKC (75). As a consequence, BI
has a short-lived effect on ERK-1/2 phosphorylation (1–3 h) that is
overcome after 6–12 h of treatment with bryostatin-1, the time
needed for the optimal induction of CD20 mRNA in NHL cells.

FIGURE 6. Treatment of DB cells with bryostatin-1
promotes the proapoptotic effect of the anti-CD20 Ab.
DB cells were treated with or without 1 ng/ml bryosta-
tin-1 for 24 h before they were washed and incubated in
the presence or the absence of 1 �g/ml rituximab and/or
secondary GAH cross-linking Ab. The cells were la-
beled with annexin V conjugated with FITC and pro-
pidium iodine (PI) and analyzed by flow cytometry as
described in Materials and Methods. This figure pre-
sents the results of a single experiment and includes the
percentage of cells positive in a particular quadrant. The
results shown are representative of four independent
experiments.
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Bryostatin-1 can induce gene expression also through p38
MAPK signaling pathway (32). Our results indicated that the ef-
fects of bryostatin-1 on CD20 mRNA expression or ERK-1/2
phosphorylation were not mediated by p38 MAPK (Figs. 4C and
5A). Together, these results suggest that p38 MAPK is not directly
involved in bryostatin-1-enhanced CD20 expression. Interestingly,
treatment of CLL cells with the p38 inhibitor, SB203580, led to
minor increase in ERK-1/2 phosphorylation. A nonspecific effect
of SB203580 on ERK-1/2 phosphorylation has been reported (76).
The increase in ERK-1/2 phosphorylation was observed only in
CLL cells, but not in either DB or RAMOS cells. Although we do
not know the molecular basis of this observation, it is clear that
phosphorylation of ERK-1/2 in response to SB203580 does not
lead to CD20 mRNA expression. This suggests that ERK-1/2 ac-
tivation by itself is not sufficient to cause enhancement of CD20
expression.

Cycloheximide might inhibit or induce gene expression in B
cells treated with different stimuli (77–80). Our data demonstrated
that cycloheximide superinduced CD20 mRNA basal expression
and did not have a major effect on bryostatin-1-enhanced CD20
mRNA expression (Fig. 3A). These results indicate that de novo
protein synthesis is not required for the constitutive or bryostatin-
1-enhanced expression of CD20 mRNA and also suggest that
CD20 basal expression may be controlled by an as yet unknown de
novo synthesized repressor protein(s).

Glucocorticoids have been reported to regulate gene expression
in several cell types, including B cells (81). They are an integral
component of many regimens commonly used in the treatment of
B cell malignancies. The results presented in this study demon-
strate that dexamethasone treatment did not decrease the induction
of CD20 mRNA expression (Fig. 3B). These findings are in agree-
ment with previous reports indicating that glucocorticoids did
not block the antiproliferative and proapoptotic effects of
rituximab (82).

Finally, anti-CD20 Ab cross-linking assays revealed that the
pretreatment of DB (Fig. 6) and Ramos (data not shown) cells with
bryostatin-1 rendered those NHL cells more susceptible to the pro-
apoptotic effects of rituximab. It is believed that cross-linking of
CD20-bound Abs facilitates intracellular signaling resulting in an
enhanced apoptosis of target cells (17, 18). Although our studies
suggest that the augmented expression of CD20 increases the fre-
quency of proapoptotic events, the mechanism responsible for the
enhanced occurrence of these events is unclear.

The data presented in this study provide the first report dissect-
ing the molecular mechanisms and signaling pathways involved in
the enhanced expression of CD20 mRNA. We clearly show that
through processes not requiring protein synthesis, a mechanism
involving transcriptional changes in association with ERK-1/2
phosphorylation is responsible for the enhanced expression of
CD20 mRNA in NHL cells treated with bryostatin-1. We propose
a model in which bryostatin-1-induced PKC activation is followed
by ERK-1/2 phosphorylation and enhanced expression of CD20
mRNA, leading to an increased number of CD20 molecules on the
surface of NHL cells, resulting in an increased sensitivity of these
cells to the proapoptotic effects of rituximab.

To date, the mechanisms for in vivo resistance to rituximab have
not been clearly defined. However, in vitro studies and preclinical
data suggest that a decrease in CD20 expression (13, 19), increased
expression of complement inhibitors (12, 13, 83), and/or modula-
tion of FcR expression (10) could be responsible for the lack of
responses seen in certain patients. The well-characterized dysfunc-
tional immune status observed in tumor-bearing hosts, including
patients with NHL and CLL, may also play a role in the lack of
effectiveness of anti-CD20 therapy in some patients (33–37). The

current paradigm in the treatment of cancer is targeted therapy.
The findings discussed in this study may improve our understand-
ing of the molecular events leading to the expression of CD20. The
ability of bryostatin-1 to enhance the expression of CD20 in B cell
malignancies together with its immunomodulatory effects, includ-
ing activation of NK cells, monocytes, and T cells (27, 28, 84, 85),
warrant the exploration of the use of bryostatin-1 and rituximab
therapy in patients with B cell refractory malignancies.
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