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Although rituximab is a critical monoclonal antibody therapy for CD20-positive B-cell lymphomas,
rituximab resistance showing a CD20-negative phenotypic change has been a considerable clinical prob-
lem. Here we demonstrate that CD20 mRNA and protein expression is repressed by recruitment of a his-
tone deacetylase protein complex to the MS4A1 (CD20) gene promoter in CD20-negative transformed
cells after treatment with rituximab. CD20 mRNA and protein expression were stimulated by decitabine
(5-Aza-dC) in CD20-negative transformed cells, and was enhanced by trichostation A (TSA). Immunoblot-
ting indicated that DNMT1 expression was first downregulated 1 day after treatment with 5-Aza-dC, but
IRF4 and Pu.1, the transcriptional regulators of MS4A1, were still expressed with or without 5-Aza-dC.
Interestingly, CpG methylation of the MS4A1 promoter was not observed in CD20-negative transformed
cells without 5-Aza-dC. A chromatin immunoprecipitation (ChIP) assay indicated that the Sin3A–HDAC1
co-repressor complex was recruited to the promoter and dissociated from the promoter with 5-Aza-dC
and TSA, resulting in histone acetylation. Under these conditions, IRF4 and Pu.1 were continually
recruited to the promoter with or without 5-Aza-dC and TSA. These results suggest that recruitment of
the Sin3A–HDAC1 complex is related to downregulation of CD20 expression in CD20-negative B-cells
after treatment with rituximab.

� 2009 Elsevier Inc. All rights reserved.
Introduction

Rituximab is the first therapeutic monoclonal antibody target-
ing human malignant tumors, and is now an indispensable molec-
ular-targeting drug for CD20-positive B-cell lymphomas [1–3].
Although the effectiveness is significant, resistance to rituximab
has also become a considerable problem [4].

Several mechanisms of the resistance have been suggested,
including loss of CD20 protein expression after rituximab use
[5–12] and CD20 gene mutations [13]. Furthermore, other mecha-
nisms have also been suggested [4] such as internalization of CD20
protein [14], interference with accessibility of rituximab to CD20
protein by inhibitory factors, rapid metabolism of the antibody,
abnormalities in B-cell signaling in tumor cells [15], abnormalities
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of apoptosis [16], antibody-dependent cell-mediated cytotoxicity
(ADCC), and complement-dependent cytotoxicity (CDC) [17].

Very recently, we reported observation of downregulation of
CD20 protein expression in CD20-positive B-cell lymphoma pa-
tients after treatment with rituximab-containing combination
chemotherapies [6,7]. In those cases, it was strongly suggested that
aberrant downregulation of MS4A1 expression was closely related
to the loss of CD20 protein expression, and that expression of
CD20 and rituximab sensitivity were partially restored by some
molecular-targeting drugs [6,7]. Although these findings suggest
that epigenetic mechanisms, in part, contribute to the downregula-
tion of CD20 expression, the molecular mechanisms are still not
clear. Furthermore, a recent report indicated that reduced CD20
protein expression in de novo diffuse large B-cell lymphoma is
associated with a poor survival rate [18]. Thus, understanding
the mechanisms of downmodulation of CD20 protein expression
is likely to be very important from both basic research and clinical
viewpoints.

In this report, we show that the recruitment of a histone deace-
tylase (HDAC) co-repressor complex to the MS4A1 promoter
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region, but not DNA methylation [19], is involved in CD20-negative
phenotypic changes in B-cell lymphoma cells after treatment with
rituximab. We show that the complex dissociated from the pro-
moter in the presence of a DNA methyltransferase (DNMT) inhibi-
tor and a HDAC inhibitor [20], resulting in partial restoration of
CD20 expression.

Materials and methods

Cell culture conditions and treatment with epigenetic drugs. RRBL1
[6], Raji, and NALM6 cells were cultured in RPMI 1640 medium
(Sigma–Aldrich, St. Louis, MO, USA) with 10% fetal calf serum.
Five-Aza-dC (5-aza-20-deoxycytidine; Sigma, St. Louis, MO) and
TSA (Sigma) at final concentrations of 100 lM and 100 nM, respec-
tively, were added directly to the culture medium.

Immunoblotting. Cells (�5 � 105) were lysed in 100 ll of lysis buf-
fer (50 mM Tris–HCl, pH 8.0, 1.5 mM MgCl2, 1 mM EGTA, 5 mM KCl,
10% glycerol, 0.5% NP-40, 300 mM NaCl, 0.2 mM PMSF, 1 mM DTT,
and a complete mini protease inhibitor tablet (Roche)). After centri-
fugation at 10,000 g for 10 min, the supernatants were placed in new
tubes, and 100 ll of 2� SDS sample buffer was added. After boiling
for 5 min, samples were separated with SDS–polyacrylamide gel
electrophoresis (SDS–PAGE). Immunoblotting was carried out as de-
scribed previously [21,22] using anti-CD20, -IRF4, -Pu.1, -GAPDH
antibodies (Santa Cruz Biotechnology, Santa Cruz, CA, USA), and
anti-DNMT1 antibody (Abcam, Cambridge, MA, USA).

RNA preparation and reverse transcriptase-polymerase chain reac-
tion (RT-PCR). RNA from cell lines (1 � 105 cells) was obtained
using Trizol (Invitrogen, Carlsbad, CA, USA). Complementary DNA
(cDNA) was prepared as reported previously [7,22].

For RT-PCR, the following primers were designed: CD20-U; 50-AT
GAAAGGCCCTATTGCTATG-30, CD20-L; 50-GCTGGTTCACAGTTGTAT
ATG-30, b-actin-U; 50-TCACTCATGAAGATCCTCA-30, and b-actin-L;
50-TTCGTGGATGCCACAGGAC-30. Semi-quantitative RT-PCR with
AmpliTaq Gold was performed as described previously [6].

Methylation status of the MS4A1 promoter. To examine the meth-
ylation status, bisulfite sequencing was performed. Genomic DNA
was prepared with a QIAamp DNA Blood Mini kit (Qiagen, Valencia,
CA, USA). Bisulfite treatment was performed using EpiTect Bisulfite
kits (Qiagen). After bisulfite treatment, PCR of the MS4A1 promoter
was performed using the specific primers as follows, MS4A1-pro-
MSPU; 50-GGTAGTATGAGTATGTTAGGTAGTT-30, MS4A1-pro-MSPL;
50-TTTTCCTTACCTAAATCTCCAAAA-30. PCR fragments were cloned
into a pGEM-T easy vector (Promega, Madison, WI, USA) and
sequenced.

Flow cytometry (FCM) analysis. Cell surface antigens of RRBL1
with or without 5-Aza-dC and TSA treatment were analyzed using
a BD FACSCalibur Flow Cytometer (BD Bioscience, Franklin Lakes,
NJ, USA) with anti-CD20 antibody (Leu-16 PE, BD) and mouse
IgG1 j isotype control (PE-Cy7, BD).

Chromatin immunoprecipitation (ChIP) assay. The ChIP assay was
performed as described previously [22,23]. For immunoprecipita-
tion (IP), the following antibodies were used; anti-Pu.1, -IRF4 (San-
ta Cruz Biotechnology), -acetylated H4 (Millipore, Billerica, MA,
USA), -Sin3A, and anti-HDAC1 (Abcam) antibodies. Immunoprecip-
itated DNA was used for semi-quantitative PCR using LA-Taq poly-
merase (TAKARA, Ohtsu, Japan). The following primers for the
MS4A1 promoter and 30-intron sequence (negative control) were
used; CD20pro-U; 50-CTAAAAGTGAAGCCAGAAGG-30, CD20pro-L;
50-GGAGGGTGAGTGGTGTAGT-30, CD20-30U; 50-GCTGACCTCACAT
AACTCCT-30, CD20-30L; 50-GAAATCCCTCAGACTCAGAC-30.

Immunoprecipitation (IP) assay. The IP assay was carried out as
described previously [22]. Whole cell lysate was obtained from
RRBL1 cells (1 � 107) using 800 ll of lysis buffer. After adding
800 ll of lysis buffer without NP-40 and NaCl, the lysate was
divided into four tubes (400 ll each) and IP using anti-IRF4, -Sin3A,
and -HDAC1 antibodies was performed. The precipitated samples
were applied to SDS–PAGE followed by immunoblotting. For the
pre-IP samples, 5% of the whole cell lysate was used.

Results

CD20 protein and mRNA expression were stimulated by treatment
with 5-Aza-dC in CD20-negative transformed cells

As we reported previously [6,7], the downregulation of CD20 pro-
tein and mRNA expression has been observed in some CD20-positive
B-cell lymphoma patients after treatment with rituximab-contain-
ing chemotherapies. We also reported that the downregulation of
CD20 expression was partially stimulated by treatment with the epi-
genetic drugs 5-Aza-dC and TSA. RRBL1 cells were established from a
patient with B-cell lymphoma who showed a CD20-negative pheno-
typic change after treatment with rituximab [6]. To examine the
mechanisms of stimulation of CD20 expression by 5-Aza-dC, we
examined the protein expression pattern that may affect CD20 gene
transcription in RRBL1 cells. RRBL1 cells were treated with 5-Aza-dC
for 24 h, and were then washed and incubated for up to 7 days
(Fig. 1A). During this procedure, the cells were harvested several
times as indicated and analyzed using semi-quantitative RT-PCR
and immunoblotting (IB) (Fig. 1B). CD20 mRNA and protein expres-
sion were stimulated by 5-Aza-dC, and the peak of expression was
observed around day 3 after treatment with 5-Aza-dC (lane 6). After
day 5, CD20 protein expression had gradually decreased. DNMT1
depletion was confirmed at 24 h after treatment with 5-Aza-dC
(lane 4) as reported previously [24]. IRF4 and Pu.1 are transcription
factors that interact with the MS4A1 promoter and regulate CD20
expression [25]. IRF4/Pu.1 was almost constantly expressed
throughout the 5-Aza-dC treatment duration (lanes 3–8), but only
a modest upregulation was observed after treatment with 5-Aza-
dC around day 2 (lane 5). These results suggested that DNMT1 deple-
tion by 5-Aza-dC may be related to stimulation of MS4A1 expression.

DNA methylation status of the MS4A1 promoter

To explain the activation of CD20 mRNA and protein expression
after treatment with 5-Aza-dC in RRBL1 cells, we next examined
the CpG methylation status of the MS4A1 promoter (Fig. 1C). Inter-
estingly, CpG islands were not observed on the promoter region lo-
cated�5 kb upstream from the transcription start site, and only four
CG sites were found on the promoter from the�1000 to +100 region.
Bisulfite sequencing was carried out to confirm methylated CpG. As
shown in Fig. 1C, no CpG methylation was observed on the three CpG
sites around the transcription start site in RRBL1 cells. In NALM6
cells, a CD20-negative lymphoblastic leukemia cell line, several
methylated CpGs were observed. Furthermore, the same analysis
was performed using primary tumor cells from a patient suffering
from CD20-negative transformed B-cell lymphoma after treatment
with rituximab-containing combination chemotherapies. (Detailed
information about this patient is described in our previous paper as
UPN3 [7]). The three CpG sites were not methylated, as observed in
RRBL1 cells (Fig. 1C, UPN3). These results suggest that transcrip-
tional activation of MS4A1 by 5-Aza-dC may not be regulated by
its promoter CpG demethylation in RRBL1 cells.

Histone deacetylase inhibitor TSA enhances CD20 expression by 5-Aza-
dC in CD20-negative transformed cells

Next, we analyzed the effect of a HDAC inhibitor in addition to
5-Aza-dC on MS4A1 expression in RRBL1 cells. CD20 protein
expression in RRBL1 cells was confirmed using immunoblotting
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Fig. 1. CD20 protein and mRNA expression were transiently stimulated by treatment with a DNMT inhibitor. (A) Schematic representation of 5-Aza-dC treatment of the
CD20-negative transformed B-lymphoma cells. RRBL1 cells were incubated at 37 �C for 24 h, and then washed twice with RPMI medium with 10% FCS without 5-Aza-dC. Cells
were further incubated for up to 7 days, and were harvested at days 1, 2, 3, 5, and 7. (B) Protein expression was examined using immunoblotting (IB) with the indicated
antibodies. The mRNA expression level was determined using semi-quantitative RT-PCR (RT). The black arrow indicates the band for IRF4. Raji and NALM6 cells were used as
positive and negative controls, respectively. GAPDH and b-actin were measured as internal controls. (C) The structure of the MS4A1 promoter near the transcription start site
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found and are shown as black vertical bars. The methylation status of the three CpG sites around the transcription start site in NALM6, RRBL1, and primary B-lymphoma cells
that show CD20-negative transformation was analyzed with bisulfite sequencing. Five to eight clones were analyzed from each sample. Black and open circles indicate
methylated and non-methylated CpGs, respectively.
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and flow cytometry (FCM) (Fig. 2A and B) following treatment with
5-Aza-dC and/or TSA. When RRBL1 cells were treated with 5-Aza-
dC or TSA alone, minimal activation of CD20 protein expression
was observed using immunoblotting (Fig. 2A, lanes 4 and 5) and
FCM (Fig. 2B, 5-Aza-dC). In the presence of 5-Aza-dC and TSA,
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Recruitment of co-repressor proteins and histone deacetylation on the
MS4A1 promoter in the absence of epigenetic drugs

To study the molecular mechanisms of transcriptional repression
of MS4A1, a ChIP assay was performed. RRBL1 cells were incubated
with or without 5-Aza-dC and TSA, and a ChIP assay was carried
out using anti-Pu.1, -IRF4, -Sin3A, -HDAC1, and -acetylated-histone
H4 antibodies. After IP, precipitated genomic DNA was utilized in
semi-quantitative PCR using primers for the MS4A1 promoter
(Fig. 3A) and the 30-intron sequences as a negative control. IRF4
and Pu.1 interactions were consistently observed on the promoter
region, but not on the 30-intron region (Fig. 3B, lanes 5–8). Sin3A
and HDAC1, which form a transcription repressor protein complex
[26], interacted with the promoter region only in the absence of 5-
Aza-dC and TSA (Fig. 3B, lanes 11 and 13). Acetylated-histone H4
was observed at the promoter region with 5-Aza-dC and TSA, but
the acetylation was decreased in the absence of the two drugs (lane
9). In the 30-intron region, histone acetylation was consistently ob-
served with or without 5-Aza-dC and TSA. These results strongly
suggest that the Sin3A–HDAC1 co-repressor complex may be re-
cruited to the MS4A1 promoter through some transcription factors
in the absence of epigenetic drugs, resulting in histone deacetylation
and transcriptional repression. In addition, the recruitment may be
dissociated from the promoter by adding 5-Aza-dC and TSA, result-
ing in histone acetylation and transcription activation.

The Sin3A–HDAC1 co-repressor complex is found in RRBL1 cells with
or without epigenetic drugs

To show that loss of Sin3A–HDAC1 interaction with the MS4A1
promoter was due to protein complex dissociation and not degrada-
tion, we confirmed the protein expression in RRBL1 cells with and
without epigenetic drugs using IB. As shown in Fig. 4A, HDAC1 and
Sin3A protein expression levels did not change in the presence of
CD20pro-
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epigenetic drugs. Next, we performed an IP assay using anti-IRF4,
-Sin3A, and -HDAC1 antibody to confirm that Sin3A and HDAC1 exist
as a protein complex, and to examine whether the Sin3A–HDAC1
co-repressor complex was recruited by IRF4 in the absence of epige-
netic drugs. The Sin3A–HDAC1 interaction was confirmed with an IP
assay using anti-Sin3A and -HDAC1 antibodies (Fig. 4B, lanes 4 and
5), but interaction of IRF4 with this complex was not observed (lane
3). These results indicate that the Sin3A–HDAC1 complex exists in
RRBL1 cells with or without 5-Aza-dC and TSA, and that the recruit-
ment of the complex to the MS4A1 promoter may not involve a direct
interaction with IRF4.
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Discussion

In clinical practice, CD20 expression abnormalities have been
reported. Johnson et al. [18] reported that 43 out of 272 (16%) pa-
tients with diffuse large B-cell lymphoma (DLBCL) showed reduced
CD20 expression using FCM analysis at the time of initial diagnosis,
and that the survival rate of this phenotype was significantly lower
than that of patients with CD20-positive phenotype. Furthermore,
we previously reported that a CD20-negative phenotypic change
after using rituximab resulted in resistance to salvage chemother-
apies with or without rituximab [6,7]. We observed that all of these
patients died of disease progression within 1 year after the diagno-
sis of CD20-negative transformation, suggesting that the CD20-
negative phenotype may be related to the poor prognosis. From
these findings, we realized the importance of investigating the
mechanisms of downmodulation of CD20 expression to explore
overcoming strategies including salvage combination chemothera-
pies with anti-CD20 antibodies.

In this study, we firstly investigated the effect of 5-Aza-dC on
RRBL1 cells. DNMT1 protein reduction was observed 1 day after add-
ing 5-Aza-dC, followed by temporal upregulation of CD20 protein
expression (Fig. 1B). This phenomenon suggested that CpG demeth-
ylation of the MS4A1 promoter region was a result of DNMT1 deple-
tion. But interestingly, significant CpG islands were not located at the
promoter, suggesting that MS4A1 activation by 5-Aza-dC was not
regulated directly by MS4A1 promoter methylation.

The next hypothesis we investigated was that expression of tran-
scription factors, which is critical for MS4A1 expression, was regu-
lated by the methylation status of the promoter DNA. We analyzed
the protein expression level of IRF4/Pu.1, and only a modest upreg-
ulation was observed. Furthermore, the ChIP assay showed that
IRF4/Pu.1 recruitment to the MS4A1 promoter was fairly stable in
the presence or absence of 5-Aza-dC and TSA (Fig. 3B). On the other
hand, Sin3A–HDAC1 recruitment and histone deacetylation was
observed in the absence of epigenetic drugs. Because previous re-
ports have indicated that HDACs form large protein complexes, such
as Sin3 [26], NuRD/Mi-2 [27], and N-CoR/SMRT co-repressor com-
plexes [26,28], and are recruited to the specific promoter by tran-
scription factors, we analyzed whether the Sin3A–HDAC1 complex
interacts with IRF4 in RRBL1 cells. Using an IP assay, we observed
that HDAC1 interacts with Sin3A but not with IRF4 (Fig. 4B). We also
analyzed the recruitment of the proteins N-CoR, HDAC3, and TBLR1
(transducin b-like protein 1 relating protein), which are all
expressed in the same co-repressor complex in vivo [21–23,26,28],
to the promoter region using the ChIP assay. Significant recruitment
of these proteins was not seen in this assay (data not shown).

Thus, these findings suggest that, (1) MS4A1 repression is not di-
rectly regulated by methylation of its promoter and (2) transcription
factors other than IRF4 recruit the Sin3A–HDAC1 co-repressor com-
plex to the MS4A1 promoter to repress transcription through histone
deacetylation. Our previous report [6] showed that treatment with
TSA without 5-Aza-dC upregulates CD20 expression in RRBL1 cells
within 1 day, suggesting that the activity of HDAC may be more crit-
ical for MS4A1 expression than the activity of DNMTs. One explana-
tion for why 5-Aza-dC can stimulate MS4A1 expression is that the
expression of some transcription factors, whose expression is critical
for CD20 expression, may be regulated by CpG methylation of the
gene promoters. The maximal effect of 5-Aza-dC on CD20 protein
expression was seen at 3 days after treatment with 5-Aza-dC, which
is consistent with this hypothesis. The knockdown of endogenous
DNMT1 using the siRNA technique may help explain the importance
of DNMT1 for MS4A1 repression. On the other hand, the possibility
that CpG islands in MS4A1 that affect its expression are in a location
that is relatively remote (�5 kb) from the transcription start site can-
not be excluded. Further investigation is needed.
In our study, the efficiency of stimulating CD20 protein expres-
sion in CD20-negative transformed cells using epigenetic drugs is
not complete (Fig. 2B). As we showed previously [7], this efficiency
may not be sufficient to overcome resistance to rituximab. Using
the newer generation humanized-anti-CD20 monoclonal antibod-
ies, such as ofatumumab [29], GA-101 [30], and others, which have
higher antibody binding capacity with CD20 and/or a higher CDC/
ADCC activity, may help overcome the resistance. We also antici-
pate the use of those therapies in combination with epigenetic
drugs such as HDAC and/or DNMT inhibitors. Further investigation
is still needed.
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