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Plasma cell differentiation is orchestrated by the transcriptional repressor B lymphocyte-induced matura-
tion protein-1 (Blimp-1), which silences the gene expression program of mature B cells. The molecular
mechanism underlying Blimp-1 suppression of mature B-cell gene expression is not fully understood. Here we
report that a proline-rich domain in Blimp-1 directly interacts with LSD1, a histone lysine demethylase. Both
LSD1 knockdown and expression of Blimp-1 lacking the proline-rich domain derepressed the activities of
Blimp-1-dependent luciferase reporters. Disruption of the Blimp-1 interaction with LSD1 or reduced LSD1
expression attenuated antibody production, demonstrating the biological significance of this interaction.
Finally, using chromatin immunoprecipitation, we showed that Blimp-1 binding to its target sites is accom-
panied by LSD1 binding to those same sites and that LSD1 binding correlates with histone modifications of
accessible chromatin. These findings provide further insights into the molecular mechanism of the silencing of
mature B-cell genes by Blimp-1 in plasma cell differentiation.

Nucleosomes contain the four canonical histones, H2A,
H2B, H3, and H4 (26). The covalent posttranslational mod-
ification of histones, including acetylation, methylation,
phosphorylation, ubiquitylation, sumoylation, and ADP ri-
bosylation, generates the epigenetic information of chroma-
tin called the histone code, which is crucial for regulating
DNA transcription (5, 7, 10, 15, 43). By recruiting enzymatic
regulatory complexes or altering chromatin architecture, the
combined effects of several posttranslational modifications
of histones on specific amino acid residues determine the
outcome of transcription, either activating or suppressing
gene expression (5, 7, 10, 15). For example, methylation of
histone H3 on lysine residue 9 (K9) or K27 and methylation
of histone H4 on K20 or K59 are associated with gene
silencing, whereas methylation of histone H3 on K4 (H3K4)
or H3K36 is linked to active gene transcription (20, 28, 44).
Methylation of arginine residues of H3 or H4 is also linked
to active transcription (50).

The processes of addition and removal of acetyl groups to
histones by histone acetyltransferases and histone deacety-
lases (HDACs), respectively, and histone methylation are
both dynamic and reversible (15). The histone methyltrans-
ferases, which often contain a common SET domain (17),
add one to three methyl groups to lysine residues of his-
tones; histone demethylases remove methyl groups (18).
Lysine-specific demethylase 1 (LSD1), a nuclear amine ox-
idase homolog, specifically demethylates mono- or dimethyl
groups on H3K4 (41, 42). It is associated with gene repres-
sion through an interaction with corepressor for RE1 silenc-

ing transcription factor/neural restrictive silencing factor
(CoREST) and HDAC1/2 in a multiprotein complex (42).
LSD1 also interacts with androgen receptors and acts as a
coactivator for transcriptional activation by removal of
a dimethyl group from H3K9 (31).

B-lymphocyte-induced maturation protein-1 (Blimp-1) is a
transcriptional repressor whose five-zinc-finger motif confers
DNA binding activity (14). Blimp-1 plays crucial roles during
development of the embryo and in the homeostasis/differenti-
ation of adult tissues (3, 13, 29, 32, 39), including regulating
cascades of gene expression during plasma cell differentiation
(38, 39). Blimp-1 suppresses the mature B-cell gene expression
program in order to drive the formation of antibody-secreting
cells. Several genes, such as c-myc, Pax5, CIITA, Id3, and Spi-B,
are directly regulated by Blimp-1 (22, 24, 33, 38). Deletion of
the Blimp-1 gene, Prdm1, in mouse B cells results in failure of
the formation of preplasma memory B cells and antibody-
secreting plasma cells after immunization (39). Long-lived
plasma cells in bone marrow and transformed plasma cells
express high levels of Blimp-1 (12, 38), whose continued ex-
pression appears to maintain plasma cells, likely by ensuring
plasma cell survival (21, 40).

Although Blimp-1 contains a SET domain-like region,
there is no evidence that Blimp-1 exhibits endogenous meth-
yltransferase activity (8). The mechanism underlying Blimp-
1-mediated gene suppression, at least partially, includes in-
teraction with several proteins, including HDAC1/2 (49),
Groucho family proteins (34), and G9a histone methyltrans-
ferase (8). Blimp-1 also interacts with the histone arginine
methyltransferase, Prmt-5, during germ cell development
(1). Here we provide evidence showing that LSD1 is in-
volved in the Blimp-1-dependent repression of the mature
B-cell gene expression program. Our findings further reveal
the mode of action of Blimp-1 in regulating plasma cell
differentiation.
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MATERIALS AND METHODS

Cells and reagents. NCI-H929 human multiple myeloma cells, SKW 6.4 hu-
man lymphoblastoid cells, 293T, and 3T3 cells were maintained as described
previously (21, 38). Stable transfectants of WI-L2 cells, a human mature lym-
phoblastoid cell line, were maintained as described previously (38), and Blimp-
1-ERD protein was induced by 5 �M CdCl2 and 3 �M 4-hydroxytamoxifen
(4-OHT). Mouse splenic B cells were purified with anti-B220 microbeads (Milte-
nyi Biotec) from 6- to 8-week-old C57BL/6 mice (purchased from BioLasco
Taiwan Co.) and Prdm1f/fCD19Cre�/� or Prdm1f/fCD19�/� mice as described
previously (39). Purified splenic B cells (purity of �95%) were cultured and
stimulated with lipopolysaccharide (LPS) (2.5 �g/ml; Sigma). Primary human
CD19� B cells were purified and differentiated by addition of interleukin 21
(IL-21) (100 ng/ml; Biosource) and anti-CD40 (1 �g/ml; R&D Systems) at a cell
density of 1 � 106/ml as described previously (6). CdCl2 and 4-OHT were
purchased from Sigma.

Plasmids. Detailed information on plasmid constructions, including FLAG-
tagged Blimp-1 and its various FLAG-tagged deletions (�1-518, �491-789, �317-
789, and �317-424) expressed by the pCMV promoter, DBD-Blimp-1 (wild type
or �317-424), pGC-Blimp-1-yellow fluorescent protein (YFP) or pGC-�317-424-
YFP, hemagglutinin (HA)-LSD1, and its various deletions, HA-HDAC1, HA-
HDAC2, and Myc-G9a, are available upon request. The protocol for generating
small hairpin RNA (shRNA) for Blimp-1 silencing or the negative control was
essentially as described previously (46). The human LSD1 shRNA contained the
sense targeting sequence, 5�-GGGAGAACATACGATCCGTAA-3�. The nega-
tive-control shRNA (Ctrli) contained scrambled nucleotides, as described pre-
viously (21).

Transfection and luciferase reporter assay. In general, we transfected 100 ng
of luciferase reporter construct driven by CIITA promoter III (CIITA-Luc) (33),
or 100 ng of thymidine kinase (tk) promoter harboring four Gal4 binding sites
[(Gal4)4-tk-Luc; a gift from Hsiu-Ming Shih, Institute of Biomedical Sciences,
Academia Sinica, Taipei, Taiwan] with various amounts [0.5 to 1 �g for CIITA-
Luc or 1.5 �g for (Gal4)4-tk-Luc] of Blimp-1 expression vectors or the control
vector, plus 4 ng of Renilla luciferase reporter driven by the tk promoter (RL-tk)

into 293T cells, which were split into six-well plates at a density of 5 � 105

cells/well 1 day before transfection. The transfection procedure was performed
by the polyethylenimine (PEI; Sigma) method. Briefly, DNA combined with PEI,
at a concentration of 1 �g PEI/1 �g DNA in Opti-MEM, was added dropwise to
the culture medium. After 4 h, an equal volume of culture medium was fed to the
cells. After 48 h, cells were lysed and used for firefly luciferase and Renilla
luciferase assays using the dual-luciferase reporter assay kit (Promega). The
luminescence was measured by TopCount NXT. Repression was calculated by
normalization of the firefly luciferase/Renilla luciferase ratios to the ratio ob-
tained from empty vector control transfection.

Immunoprecipitation and immunoblot analysis. 293T cells were transfected
with various amounts of expression plasmids (1 to 2 �g) by the PEI method as
described above, or H929 cells were harvested and washed with phosphate-
buffered saline (PBS) twice. Nuclear extracts were prepared by lysing cells in
buffer 1 (25 mM Tris-HCl [pH 7.5], 25 mM KCl, 7.5 mM MgCl2, 30% sucrose,
protease inhibitor cocktail [Sigma], 0.5% [wt/vol] NP-40), centrifuging them for
3 min at 3,000 � g, resuspending the nuclei in buffer 2 (20 mM HEPES [pH 7.9],
1 mM EDTA, 1 mM EGTA, 300 mM NaCl, protease inhibitor cocktail, 0.1%
NP-40, 20% glycerol), and then centrifuging them for 15 min at 14,000 � g. Total
lysates were prepared by lysing the cells in buffer 3 (20 mM HEPES [pH 7.9], 1
mM EDTA, 1 mM EGTA, 150 mM NaCl, protease inhibitor cocktail, 0.5%
[wt/vol] NP-40). Precleared nuclear extracts or total extracts were immunopre-
cipitated by the indicated antibodies, followed by incubation with protein G or
protein A beads (Santa Cruz Biotechnology). Precipitated protein complexes
were eluted by boiling in Laemmli buffer, after they were washed four times in
washing buffer (20 mM HEPES [pH 7.9], 1 mM EDTA, 1 mM EGTA, 150 mM
NaCl, protease inhibitor cocktail, 0.1% [wt/vol] NP-40). The immunoblot anal-
ysis was performed essentially as described previously (23). The primary anti-
bodies in this study are mouse anti-Blimp-1 antibody (1:500 dilution) (4), mouse
anti-FLAG antibody (1: 2,000 dilution; Sigma), rabbit anti-HA antibody (1:1,000
dilution; Sigma), mouse anti-Myc antibody (1:1,000 dilution; LTK), rabbit anti-
LSD1 antibody (1:1,000 dilution; Bethyl Laboratories), rabbit anti-HDAC2 (1:
1,000 dilution; Santa Cruz), mouse anti-HDAC2 (1:1,000 dilution; Upstate Bio-

∆

∆

FIG. 1. The proline-rich domain is required for Blimp-1-mediated gene repression and function. (A) Plasmids encoding full-length Blimp-1,
proline-rich-domain-deleted Blimp-1 (�317-424), or empty vector alone (Control) together with a firefly luciferase reporter driven by CIITA
promoter III (CIITA pIII-Luc) and a Renilla luciferase reporter plasmid (RL-tk) were cotransfected into 293T cells for 2 days and then measured
for luciferase activity. (B) Plasmids encoding a full-length Blimp-1/Gal4 DNA binding domain (DBD), fusion protein (WT), proline-rich-domain-
deleted Blimp-1/Gal4 DBD fusion protein (�317-424), or Gal4 DBD alone (DBD), together with (Gal4)4-tk-Luc and RL-tk, were transfected into
293T cells. Two days later, cell lysates were harvested for a luciferase activity assay. (A and B) Results are means � standard deviations from three
experiments. (C and D) Purified splenic Prdm1f/fCD19Cre�/� (KO) and Prdm1f/fCD19�/� (Control) B cells stimulated with LPS overnight were
transduced with the indicated retroviral vectors. (C) ELISPOT results of the number of IgM-secreting cells from sorted YFP� cells. (D) Flow
cytometric analysis of surface expression of CD138 and B220 on YFP� cells at day 3 of culture. Values shown indicate the percentages of
B220lowCD138� plasma cells. (C and D) Results are data from one representative experiment of three independent experiments.
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tech), rabbit anti-PRMT5 (1:1,000 dilution; Upstate Biotech), goat anti-human �
heavy chain antibody (1:2,000 dilution; Bethyl Laboratories), and mouse anti-�-
actin antibody (1:5,000 dilution; Sigma). Secondary antibodies used in this study
are as described previously (21, 40). The immunoreactive proteins were detected
by the enhanced chemiluminescence system (Amersham Biosciences) according
to the manufacturer’s protocol. Chemiluminescent signal images were captured
using the Fujifilm LAS 3000 system.

Immunofluorescence staining. H929 cells were washed with PBS twice and
smeared on a glass slide and then subjected to fixation with 4% paraformalde-
hyde for 10 min. Cells were permeabilized with ice-cold 0.1% (wt/vol) Triton
X-100 for 5 min and then washed three times with PBS. After being blocked with
1% bovine serum albumin in PBS for 30 min, the cells were incubated with the
primary antibodies: mouse antibody against HDAC2 (1:1,000 dilution; Upstate),
mouse antibody against Blimp-1 (4), rabbit antibody against Blimp-1 (16), and
rabbit anti-LSD1 (1:200 dilution; Bethyl Laboratories) in blocking buffer (1%
bovine serum albumin in PBS) for 1 h. Cells were washed with PBS three times
and incubated with the secondary antibodies anti-mouse IgG conjugated with
Alexa Fluor 555 dye (Invitrogen) and anti-rabbit IgG conjugated with Alexa
Fluor 488 dye (Invitrogen) along with Hoechst (Invitrogen) for 1 h. The entire

staining procedure was done at room temperature. After three extensive washes
with PBS, the slides were mounted with mounting buffer (Vector Laboratories)
and the fluorescent images were examined with a confocal microscope (Leica
SP2).

GST pull-down assay. Glutathione S-transferase (GST)-Blimp-1, GST-�317-
424, and GST-295-433 were generated by subcloning full-length Blimp-1, �317-
424, and 295-433 cDNA, respectively, into pGEX-4T3 (Amersham Biosciences).
His6-LSD1 was generated by subcloning full-length LSD1 into pRSET-b (In-
vitrogen). Recombinant GST fusion proteins were expressed in Escherichia coli
strain BL21 and then purified with immobilized glutathione. Recombinant His6-
LSD1 was purified by Ni-nitrilotriacetic acid (Ni-NTA) agarose by following the
supplier-provided protocol (Novagen). Recombinant proteins for the GST pull-
down assay were prepared essentially as described previously (25). GST agarose
beads from the assay were washed three times with binding buffer (for full-length
Blimp-1 and �317-424, 20 mM Tris [pH 7.4], 300 mM NaCl, 1% [wt/vol] NP-40,
and protease inhibitor cocktails; for 295-433, 20 mM HEPES [pH 7.9], 1 mM
EDTA, 1 mM EGTA, 150 mM NaCl, 0.1% [wt/vol] NP-40, and protease inhib-
itor cocktails), analyzed by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis using 10% gels, and then transferred to polyvinylidene difluoride mem-

FIG. 2. Blimp-1 interacts with LSD1. (A and B) FLAG-tagged Blimp-1 expression vector was cotransfected with an HA-tagged LSD1
expression vector or empty vector into 293T cells for 2 days. Immunoblot (IB) analysis was performed with the indicated antibodies on either lysate
(Input), anti-HA immunoprecipitates (IP) (A), or anti-FLAG IP (B). (C) Immunoblot (IB) analysis was performed with the indicated antibodies
on either H929 nuclear extract (Input) or IP with the LSD1 antibody or an isotype rabbit IgG (rIgG). Protein molecular weight markers (in
thousands) are indicated to the left of each blot. (D) Immunofluorescence images of H929 cells stained with antibodies against Blimp-1, LSD1,
and HDAC2. Nuclei were counterstained with Hoechst. Scale bar, 10 �m.
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brane for immunoblot analysis. Anti-His antibody (1:1,000 dilution; Bioman) and
anti-GST (1:2,500 dilution; Amersham Biosciences) were used for immunoblot
analysis.

Generation of retroviral and lentiviral vectors and virus transduction. We
prepared retroviral and lentiviral vectors as described in references 38 and 21,
respectively. Splenic B cells, H929, WI-L2 stable transfectants, primary human
CD19� B cells, and SKW cells were infected with virus at a multiplicity of
infection of 2 to 20 in the presence of 5 �g/ml Polybrene. The percentage of cells
expressing GFP in transduced populations reached over 95%, as determined by
a fluorescence-activated cell sorter, after 3 days of infection in H929 cells, WI-L2
stable transfectants, and SKW cells. Virus was added to primary cell cultures that
were stimulated for 12 h; the transduced YFP� mouse splenic B cells or GFP�

primary human B cells were sorted at day 3 and day 6 of infection, respectively,
for further analysis.

Enzyme-linked immunosorbent assay and ELISPOT assay. SKW superna-
tants were harvested for enzyme-linked immunosorbent assay to determine
the amount of IgM as described previously (23). Enzyme-linked immunospot
(ELISPOT) analysis for detecting IgM-secreting mouse splenic YFP� B cells or
for detecting IgG-secreting human GFP� B cells was performed by essentially
following a previously reported procedure (6, 22). Photomicrographs of the spots
were enumerated and analyzed by the AID ELISPOT reader system (AID
Autoimmun Diagnostika GmbH).

Flow cytometry. B cells were harvested and washed in PBS once and then
further suspended in PBS plus 2% fetal bovine serum at a density of 106 cells/ml.
A total of 105 cells were used for each staining. Antibodies used in this study were
phycoerythrin-conjugated anti-mouse CD138/syndecan-1 (clone 281-2) (BD
PharMingen), allophycocyanin-conjugated anti-mouse CD45R/B220 (clone
RA3-6B2), phycoerythrin-conjugated anti-human IgD (clone IA6-2), and allo-
phycocyanin-conjugated anti-human CD38 (clone HB7). Cells were then ana-
lyzed by FACSCanto (Becton Dickinson) and FCS Express 3.0 software.

ChIP assay. The chromatin immunoprecipitation (ChIP) assays for detection
of histone modifications were performed essentially according to the Upstate
Biotechnology protocol and to a described procedure (22). Briefly, 2.5 � 106

H929 or WI-L2 cells were used per histone modification ChIP assay. Antibodies
for detection of histone modifications were purchased from Upstate Biotechnol-
ogy (anti-H3Ac, anti-H3K4me2, and anti-H3K9me2) and Abcam (anti-
H3K4me1 and anti-H3K4me3). The immunoprecipitated DNA was quantified
by quantitative PCR (QPCR) with the SYBR green method on an ABI Prism
7300 system (Applied Biosystems). The ChIP assays were performed as de-
scribed previously for detection of Blimp-1 binding (27) and LSD1 and FLAG-
Blimp-1 binding in vivo (41). The anti-Blimp-1 sera were described in reference
16. A total of 1 � 107 H929 or WI-L2 cells were used per LSD1, FLAG, or
Blimp-1 ChIP assay. Immunoprecipitated chromatin samples were quantified by
QPCR using primers that specifically amplified fragments encompassing the
Blimp-1 binding site or within 100 bp of the Blimp-1 binding site at each
individual gene locus. Values obtained from immunoprecipitated samples were
normalized to that of their corresponding input samples. For histone modifica-
tions, the ratio was further normalized to the IP/input ratio of the GAPDH
promoter. The primer sequences for the ChIP assay were as follows: SPI-B
forward, 5�-GTGCGTGAATGTCCCTTTG-3�, reverse, 5�-AAGCCCGGAGA
AGACTCAGAT-3�; SPI-B exon 5 forward, 5�-TGGTTCCCCCGGCATAT-3,
reverse, 5�-AGGGCAGGGCTGTCCAA-3�; PAX-5 forward, 5�-CCACAGCCA
CATTTCCGATT-3�, reverse, 5�-CGGCAACTGGACATCACATATC-3�;
PAX5 exon 6 forward, 5�-GACTTCCTCCGGAAGCAGATG-3�, reverse, 5�-T
GAGTAGTGCTGCCTCTCAAACA-3�; CIITA forward, 5�-GCCACCTTGCA
GGGAGAGT-3�, reverse, 5�-AAGCTAAGCCAACATGCAAAGAA-3�;
CIITA 3�UTR forward, 5�-CCATCATGTCTGGCTAATTTTTCA-3�, reverse,
5�-GGATCACCTGAGGTCAAGAGTTTG-3�; GAPDH forward, 5�-GGGCTC
CGGCTCCAATT-3�, reverse, 5�-ACCCTTACACGCTTGGATGAA-3�; and
�-satellite forward, 5�-GGACATTTGGAGCGCTTTCA-3�, reverse, 5�-TCTGC
CTAGTTGTTATTGGGAAGA-3�.

RNA isolation and RT-QPCR analysis. Total RNA isolation, cDNA synthesis,
and subsequent reverse transcription (RT)-QPCR analysis in an ABI Prism 7300
sequence detection system were performed according to published protocols
(23). Total RNA was isolated on an RNeasy spin column (Qiagen), and total
RNA (250 ng) was used for cDNA synthesis with a high-capacity cDNA reverse
transcriptase kit (ABI) used according to the manufacturer’s instructions. RT-
QPCR analysis of the cDNA was carried out using the following TaqMan primer
sets or primers for the SYBR green method. The primer sequences used were the
following: LSD1 forward, 5�-GTGCAGTACCTCAGCCCAAAG-3�, reverse, 5�-
CCGAGCCCAGGGATCAG-3�; PRDM1(Blimp-1) forward, 5�-CGAAATGCC
CTTCTACCCTG-3�, reverse, 5�-GCGTTCAAGTAAGCGTAGGAGT-3�; SPI-B
forward, 5�-GGCCACACTTCAGCTGTCTGTA-3�, reverse, 5�-AGGAGCCCC

CTCTGAATCAG-3�; PAX5 forward, 5�-GACTTCCTCCGGAAGCAGATG-
3�, reverse, 5�-TGAGTAGTGCTGCCTCTCAAACA-3�; CIITA forward, 5�-CC
AGGGAGGCTTATGCCAAT-3�, reverse, 5�-GCTGGGAGTCCTGGAAGAC
A-3�; and GAPDH forward, 5�-CGGGAAACTGTGGCGTGATG-3�, reverse,
5�-TGGAGGAGTGGGTGTCGCTGTT-3�.

RESULTS

The proline-rich domain in Blimp-1 is essential for Blimp-
1-dependent gene repression and plasma cell differentiation.
The proline-rich domain of Blimp-1 has been implicated as a
repression domain (34). However, a more recent microarray
study showed the discrepant result that the Blimp-1 proline-
rich domain is dispensable for gene regulation and immuno-
globulin production in a murine mature B lymphoma line (37).
We first verified whether the proline-rich domain is required
for Blimp-1-mediated gene repression and function. We found
that Blimp-1 lacking the proline-rich domain (�317-424) was
less able to transcriptionally repress CIITA promoter III activ-
ity (Fig. 1A). Likewise, in a Gal4 fusion protein assay, the
repression of the activity of a tk promoter containing four Gal4
binding sites, (Gal4)4-tk, by a Gal4 DNA-binding domain/full-
length Blimp-1 fusion protein was attenuated by deletion of
the Blimp-1 proline-rich domain (Fig. 1B). Furthermore, the
lack of IgM secretion and plasma cell surface marker CD138
induction in Prdm1-deficient B cells stimulated with LPS (39)
could be restored by reintroduction of full-length Blimp-1, but

FIG. 3. Blimp-1-dependent gene suppression partly relies on
LSD1. (A) Immunoblot showing that LSD1 is depleted after transduc-
tion by a lentiviral vector containing LSD1 shRNA (LSD1i) in 293T
cells cotransfected with LSD1 and HDAC2 expression vectors.
HDAC2 is a transfection control. (B) 293T cells were transduced with
either LSD1i or a negative Ctrli together with plasmids encoding
Blimp-1 or an empty vector (Control), CIITA pIII-Luc and RL-tk and
then luciferase activity was measured after 3 days. (C) 293T cells were
transduced with either LSD1i or Ctrli together with plasmids encoding
Blimp-1 or an empty vector (Control), Pax5 p-Luc (22), and RL-tk, and
then luciferase activity was measured after 3 days. Results are means �
standard deviations from three experiments.
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not by �317-424 (Fig. 1C and D), convincingly showing the
biological significance of the Blimp-1 proline-rich domain.

LSD1 interacts with the Blimp-1 proline-rich domain and is
required for Blimp-1-dependent gene suppression. The pro-
line-rich domain of Blimp-1 interacts with HDAC1/2 (49).
Because LSD1 was initially purified in a multiprotein complex
with HDAC1/2 (42), we asked whether LSD1 also interacts
with Blimp-1. Indeed, when 293T cells were transfected with
FLAG-Blimp-1 and HA-LSD1 expression vectors, Blimp-1 was
coimmunoprecipitated from the lysates by an antibody against
the HA epitope (Fig. 2A). Likewise, HA-LSD1 was coimmu-
noprecipitated by anti-FLAG (Fig. 2B). Endogenous Blimp-1
interacts with LSD1, as shown by the fact that endogenous
Blimp-1 was present in the anti-LSD1 immunoprecipitate, but
not in the isotype control antibody immunoprecipitate, from
nuclear extracts of H929 cells, a human plasma cell line (Fig.
2C). As a positive control, HDAC2 was coimmunoprecipitated
by anti-LSD1 in the same immunoprecipitates (Fig. 2C). Im-
munofluorescence staining further demonstrated that a por-
tion of Blimp-1 colocalized with LSD1 in the nucleus of H929
cells (Fig. 2D). Consistent with their known interaction (49),
Blimp-1 also colocalized with HDAC2 in the nucleus of H929
cells (Fig. 2D).

To demonstrate the molecular relevance of LSD1 in Blimp-
1-dependent gene suppression, we depleted LSD1 by shRNA
delivered by a lentiviral vector, LSD1i (Fig. 3A). LSD1 deple-
tion significantly reduced Blimp-1-dependent repression of the
reporter CIITA promoter III (Fig. 3B). Similar results were
observed in Blimp-1-dependent repression of the activities of
the Pax5 promoter (Fig. 3C). These data indicate that Blimp-
1-dependent gene repression requires LSD1.

We next investigated whether the proline-rich domain of
Blimp-1 is the region that interacts with LSD1. Indeed,
Blimp-1 constructs lacking the proline-rich domain (Fig. 4A,
rows b, d, and e) failed to interact with LSD1 in cell lysates of
293T cells transfected with HA-LSD1 (Fig. 4B). Moreover,
endogenous LSD1 coimmunoprecipitated with exogenously
expressed full-length Blimp-1, but not exogenously expressed
�317-424, in 293T transfectants (Fig. 4C), confirming the re-
quirement for the proline-rich domain. Notably, we also found
that Blimp-1 and LSD1 interact directly, as shown by a GST
pulldown assay. Bacterially expressed His6-LSD1 was pulled
down by glutathione-agarose when incubated with bacterially
expressed GST-Blimp-1 (Fig. 4D). As anticipated, the direct
interaction depended on the proline-rich domain, as the
amount of His6-LSD1 pulled down by GST-�317-424 was

∆

∆

FIG. 4. The Blimp-1 proline-rich domain is essential for interaction with LSD1. (A) Linear domain structure maps of full-length Blimp-1 (a)
and various Blimp-1 deletion mutants (b to e). Known motifs: Ac, acidic domain; SET, PR domain resembling SET domain; Pro, proline-rich
domain; Zn, five-zinc-finger motifs. (B) Blimp-1 or various mutated Blimp-1 expression constructs or empty vector (	) was cotransfected with
expression vector HA-LSD1 into 293T cells for 2 days. Cell lysates were then harvested for immunoprecipitation (IP) and then immunoblot (IB)
analysis. Arrows indicate Blimp-1 proteins. (C) Expression vectors encoding FLAG-tagged Blimp-1 or FLAG-tagged �317-424 or empty vector
(Control) was transfected into 293T cells. Cells were harvested 2 days later, and the input and IP samples that were immunoprecipitated by
anti-FLAG were analyzed by immunoblotting using the indicated antibodies. (D) Pull-down assay for GST-Blimp-1, GST-�317-424, or GST alone
with His6-LSD1. (E) Pull-down assay for GST-295-433 or GST alone with His6-LSD1. Arrows indicate fusion proteins. (F) The oxidase domain
containing the insertion tower domain in LSD1 is required for Blimp-1 interaction. Linear domain structures of LSD1 and its deletion mutants
are illustrated at the left. Expression vectors encoding Blimp-1, LSD1, or various LSD1 mutants were cotransfected into 293T cells. Cell lysates
were harvested after 2 days and subjected to co-IP. Arrows indicate LSD1 proteins. Molecular mass markers are indicated to the left of each blot.
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much lower in comparison (Fig. 4D). In addition, the GST-
Blimp-1 proline-rich domain fusion protein, GST-295-433, was
sufficient to interact with His6-LSD1 (Fig. 4E). We also
mapped the region in LSD1 for Blimp-1 interaction. LSD1
essentially comprises a SWIRM domain, insertion tower do-
main, and oxidase domain (45) (Fig. 4F), and we found that the
oxidase domain and tower domain appear to be important for
interaction with Blimp-1 (Fig. 4F).

Blimp-1 interacts with HDAC1/2, G9a, and Prmt5 (1, 8, 49).
We sought to delineate the interplay among these Blimp-1-
interacting proteins. Two mouse Blimp-1 regions are required
for association with HDAC2: one located within residues 557
to 715 and the other located within the proline-rich domain
(49). The first two zinc fingers (2ZF) are crucial for Blimp-1
interaction with G9a (8). We found that the Blimp-1 construct
�317-424 (lacking the proline-rich region) could interact with
HDAC1 (Fig. 5A, top) but failed to interact with HDAC2 (Fig.
5A, bottom). Unexpectedly, both the mutant lacking the first
two zinc fingers, �2ZF, and the mutant �317-424 interacted
poorly with G9a (Fig. 5B), suggesting that the proline-rich
domain also helps mediate the G9a interaction. Thus, the
proline-rich domain is essential for Blimp-1 repression due to
its ability to interact with HDAC2, G9a, and LSD1. However,
in H929 cells, Blimp-1 failed to interact with endogenous

PRMT5, although it associated with endogenous LSD1 and
HDAC2 (Fig. 5C).

LSD1 binds to Blimp-1 target genes in vivo and is involved
in suppression of endogenous Blimp-1 target genes. We next
asked if LSD1 binds to Blimp-1 target sites in vivo and if this
binding is important for suppression and for histone modifica-
tion of Blimp-1 targets. We previously used stable WI-L2
transfectants expressing a FLAG-Blimp-1-ERD (estrogen li-
gand binding domain) fusion protein under the control of the
heavy metal-inducible metallothionein promoter to show the
direct binding of Blimp-1 to endogenous targets upon induc-
tion by CdCl2 and 4-OHT (38). Here, we used this system
along with a ChIP assay to assess whether LSD1 associates
Blimp-1 DNA binding sites upon Blimp-1 induction. Figure 6A
shows that, after induction, Blimp-1 bound to endogenous
CIITA, PAX5, and SPI-B promoter sites but not to the 3�
untranslated region or exonic regions of these genes. LSD1
exhibited low-level binding to the promoter sites but not to the
3� untranslated region or exonic regions of these genes at
steady-state, although the biological relevance of this binding is
unclear (Fig. 6B). However, upon Blimp-1 induction, LSD1
bound significantly stronger to the CIITA, PAX5, and SPI-B
promoter loci (Fig. 6B), suggesting that Blimp-1 recruits or
stabilizes LSD1 binding to mature B-cell gene targets. We

FIG. 5. The proline-rich domain in Blimp-1 associates with multiple chromatin modifiers. (A) 293T cells were cotransfected with FLAG-tagged
Blimp-1 expression vector, FLAG-tagged �317-424 expression vector, or empty vector along with HA-tagged HDAC1 (top) or HA-tagged HDAC2
(bottom) expression vectors. Immunoprecipitation (IP) with anti-FLAG was performed 2 days later, and then immunoblotting (IB) was performed
with the indicated antibodies. (B) 293T cells were cotransfected with a vector expressing FLAG-tagged Blimp-1, FLAG-tagged �317-424, or
FLAG-tagged Blimp-1 lacking the first two zinc fingers (�2ZF) or empty vector along with a Myc-tagged G9a expression vector. Two days later,
immunoprecipitation was performed using anti-FLAG antibodies, and then immunoblotting was performed. (C) Nuclear extracts from H929 cells
were subjected to immunoprecipitation with the indicated antibodies and then immunoblotting was performed using the indicated antibodies.
Molecular weight markers (in thousands) are indicated to the left of each blot.
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depleted endogenous LSD1 by LSD1i (Fig. 6C) and examined
the effect on Blimp-1-mediated target gene repression. Blimp-1
induction led to suppression of SPI-B, PAX5, and CIITA
mRNA levels; interestingly, the mRNA levels of these genes
were derepressed when LSD1 was depleted (Fig. 6D), consis-
tent with the notion that LSD1 is involved in Blimp-1-depen-
dent gene repression.

Because Blimp-1 is not only induced during plasma cell
differentiation but also continuously expressed in plasma cells,
we next investigated whether LSD1 binds to Blimp-1 target
gene loci in a plasma cell line, H929, by ChIP assay using an
LSD1-specific antibody. Except for the CIITA site, LSD1 did
not bind to Blimp-1 target sites, like SPI-B and PAX5 sites, in
H929 cells (Fig. 7A), consistent with the result that Blimp-1
binds only to the CIITA site in H929 cells (Fig. 7B). The
relationship between the binding of LSD1 and the local chro-
matin architecture in Blimp-1 target sites in H929 cells was
examined by ChIP assay using antibodies against acetylated
histone H3 (H3Ac); mono-, di-, and trimethylated K4 on his-
tone H3 (H3K4me1, H3K4me2, and H3K4me3, respectively);
or dimethylated K9 on histone H3 (H3K9me2). The �-satellite
locus and GAPDH locus were used as controls for heterochro-
matin and active chromatin, respectively. Figure 7C shows that,
in H929 cells, Blimp-1 target sites and the �-satellite locus
showed significantly lower H3Ac levels than the GAPDH locus.
However, there was no good correlation of H3K4me1 levels
between active gene loci, such as the GAPDH locus and inac-
tive gene loci, such as PAX5 and SPI-B in H929 cells (Fig. 7D).
Like the �-satellite locus, the PAX5 and SPI-B sites had dra-
matically lower H3K4me2 levels than the GAPDH locus,
whereas at the CIITA promoter III locus, H3K4me2 levels
were comparable to that of the GAPDH locus (Fig. 7E). With
regard to H3K4me3 modification, only the GAPDH locus was

decorated by H3K4me3, whereas the other gene loci were
negative for this modification (Fig. 7F). Finally, the H3K9me2
levels at the PAX5 and SPI-B sites, like the �-satellite locus,
were much higher than that of the GAPDH locus (Fig. 7G).
Because methylation of H3K9 is the hallmark of heterochro-
matin (2), this result suggests that PAX5 and SPI-B are located
within heterochromatin in plasma cells.

The correlation between LSD1 binding and higher H3K4me2
levels at the CIITA site prompted us to ask whether altering
LSD1 binding leads to changes in histone modification—be-
cause the local chromatin environment could still be accessible.
Thus, to examine potential changes in histone modifications,
endogenous Blimp-1 or endogenous LSD1 was depleted in
H929 cells (Fig. 8A). Blimp-1 knockdown resulted in increased
H3Ac and H3K4me2 levels at the CIITA site (Fig. 8B and C)
but did not change these two modifications at the PAX5 and
SPI-B sites (Fig. 8B and C), supporting our hypothesis that
LSD1 binding is associated with gene loci whose histone marks
are still accessible to chromatin-modifying enzymes. Likewise,
the H3K4me2 level at the CIITA site was increased by knock-
down of LSD1 in H929 cells (Fig. 8D). As anticipated, the
H3Ac and H3K4me3 levels increased upon LSD1 knockdown
(Fig. 8E and F), which is consistent with previous results show-
ing that the functions of LSD1 and HDAC are linked (19) and
that depletion of LSD1 results in increased H3K4me3 in
growth factor independence (Gfi)-1b targets in erythroleuke-
mia MEL cells (36). However, LSD1 depletion did not change
the levels of H3K4me1 (Fig. 8G) or H3K9me2 (Fig. 8H) at the
CIITA site. In support of our hypothesis of the formation of
heterochromatin in PAX5 and SPI-B loci, all the histone mod-
ifications in these two gene loci were insensitive to LSD1 de-
pletion in H929 cells (Fig. 8D to H). Of note, changes in the
above-mentioned histone modifications by LSD1 knockdown

FIG. 6. LSD1 binding to Blimp-1 target genes in vivo upon induction of Blimp-1. (A and B) Chromatin samples prepared from WI-L2
Blimp1ERD cells or WI-L2 ERD cells (WI-L2 Ctrl) induced by CdCl2 (5 �M) and 4-OHT (3 �M) for 10 h were immunoprecipitated with either
anti-FLAG (A) or anti-LSD1 (B) for subsequent ChIP analysis. Regions encompassing or adjacent to Blimp-1 binding sites in the indicated gene
loci were amplified by QPCR. A region located in each gene’s 3� untranslated region (UTR) or exonic region was amplified as a negative-control
site. Input DNA amplified by QPCR was used to normalize data for the individual gene sites. Results are means � standard errors of the mean
from four independent experiments. (C) Immunoblot analysis showing the efficient knockdown of endogenous LSD1 in Blimp-1-ERD WI-L2 cells.
(D) WI-L2 Blimp1ERD cells were either transduced with Ctrli or LSD1i for 5 days, and then CdCl2 and 4-OHT (�) were added or the cells were
left untreated (	). After 48 h, cells were prepared for RT-QPCR analysis. Transcript levels of each indicated gene from untreated Ctrli or
untreated LSD1i cells were set as 1 for normalization. Results are means � standard deviations from three independent experiments.
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in H929 cells were associated with derepression of endogenous
CIITA mRNA levels (Fig. 8I).

LSD1 is required for the formation of antibody-secreting
cells. Finally, because LSD1 is important for Blimp-1 function,
we asked if LSD1 is required for plasma cell differentiation.
Indeed, the induction of IgG-secreting cells (Fig. 9A) and cells
with plasma cell surface marker CD38hiIgDlo (Fig. 9B) at day
6 after treatment of human peripheral B-cell cultures with
IL-21 and anti-CD40 was reduced by LSD1i compared with
that of Ctrli-transduced cells. Additionally, the IgM-producing
human lymphoblastoid line SKW 6.4 (SKW) was transduced
with LSD1i to validate that secretion of IgM was reduced by
LSD1 depletion. Consistently, we found that the expression of
immunoglobulin � heavy chain and the secretion of IgM were
significantly reduced in a time course-dependent manner upon
LSD1 knockdown in SKW cells (Fig. 9C and D). These com-
bined data suggest that LSD1 is required for the formation of
antibody-secreting cells.

DISCUSSION

We report here for the first time that LSD1 is involved in
Blimp-1’s mode of action in plasma cell differentiation. LSD1

has been implicated in regulating various lineages in develop-
ment/differentiation by its ability to activate or repress gene
expression, depending on its interaction with coactivators or
corepressors in a context-dependent manner (48). For exam-
ple, Drosophila LSD1 controls gene silencing in primordial
germ cells (35). LSD1 deletion in mice revealed a role for
LSD1 in late pituitary development and terminal differentia-
tion (48). In the hematopoietic lineage, depletion of LSD1 by
shRNA impairs the differentiation of primary erythroid pro-
genitors, the megakaryoblastic cell line L8057, and the erythro-
leukemia cell line MEL but enhances spontaneous granulo-
cytic differentiation in the myeloid cell line 32D.4 (36). We
report that depletion of LSD1 reduced the generation of an-
tibody-secreting cells (Fig. 9), indicating that LSD1 affects the
gene expression program for plasma cell formation. One func-
tion of LSD1 during plasma cell differentiation may be to
contribute to the activity of the Blimp-1-dependent repression
complex, not to influence Blimp-1 expression, as Blimp-1
mRNA levels were not changed by LSD1 knockdown in H929
cells (Fig. 8I). Further characterization of the gene expression
profiles regulated specifically by LSD1 during plasma cell dif-
ferentiation and in antibody-secreting cells is still awaited.

FIG. 7. Context of histone modifications and LSD1 binding in Blimp-1 target loci in H929 cells. (A and B) Chromatin prepared from H929
plasma cells was subjected to ChIP analysis using an antibody specific to LSD1 (A) or to Blimp-1 (B) or an isotype control rabbit IgG (rIgG). Input
DNA was used for normalization. (C to G) ChIP analyses using antibodies against H3Ac (C), H3K4me1 (D), H3K4me2 (E), H3K4me3 (F), or
H3K9me2 (G) of chromatin prepared from H929 plasma cells at the indicated gene loci. For each gene locus (C to G), QPCR values obtained
from immunoprecipitated samples were normalized to input samples and then were further normalized to the GAPDH locus IP/input ratio, which
was set as 1. All data are means � standard errors of means from three independent experiments.
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Our data suggest that the Blimp-1 proline-rich domain is
important for mediating gene repression, as the mutant �317-
424 that lacks this domain showed decreased ability to suppress
Blimp-1-dependent gene expression and was unable to rescue
the failure to form antibody-secreting cells of Prdm1-deficient
B cells (Fig. 1). The importance of the Blimp-1 proline-rich
domain is in part due to its ability to associate with Blimp-1-
interacting proteins, rather than to participate in regulating
Blimp-1 DNA binding or nuclear localization (30). The pro-
line-rich domain in Blimp-1 interacts with HDAC2 (49); our
finding that this Blimp-1 domain is essential for association
with LSD1 is consistent with a previous report that HDAC1/2
is present in LSD1-containing complexes (42). Unexpectedly,
we found that the proline-rich domain is also involved in G9a
association (Fig. 5B), suggesting that two regions in Blimp-1—
the proline-rich domain and the first two zinc fingers—mediate
G9a recruitment. Alternatively, association with G9a may
require a prerequisite Blimp-1/HDACs/LSD1 complex. In ad-
dition to interacting with the above-mentioned chromatin
modifiers, a temporal association of Blimp-1 and an arginine-
specific histone methyltransferase, Prmt5, in mouse germ cell
development has been reported (1). Blimp-1 and Prmt5 colo-
calize in the nucleus during the specification of mouse primor-

dial germ cells (1). During the phase of extensive epigenetic
reprogramming of germ cells, Blimp-1 and Prmt5 translocate
to the cytoplasm, which allows Blimp-1 target genes, such as
Dhx38, to be derepressed (1). However, despite moderate ex-
pression of PRMT5 in H929 cells, we did not detect an inter-
action between endogenous PRMT5 and endogenous Blimp-1
by coimmunoprecipitation (Fig. 5C), suggesting that the mo-
lecular mechanism of Blimp-1-dependent gene regulation by
association with chromatin modifiers may be tissue specific. It
is noteworthy that LSD1 may demethylate nonhistone pro-
teins, like p53 (11). The direct interaction of LSD1 and p53
causes demethylation of p53 at residue K370, which in turn
reduces the interaction between p53 and the coactivator p53
binding protein 1 (11). Although we found that LSD1 is re-
cruited to Blimp-1 target loci in vivo, it remains to be deter-
mined whether LSD1 also regulates Blimp-1 transcriptional
repression activity in a manner dependent on posttranslational
modification.

Drosophila LSD1 colocalizes with H3K4me2 to subsequently
initiate heterochromatin formation during early development
(35). LSD1 expression results in reduced H3K4me2 and H3Ac
levels for a given experimental target gene (19), and LSD1
depletion results in increased H3K4me2 and H3K4me3 levels

FIG. 8. Accessible changes in H3Ac and H3K4me2 chromatin modifications in the CIITA locus upon depletion of Blimp-1 or LSD1.
(A) Immunoblot analysis showing efficient depletion of Blimp-1 and LSD1 by Blimp-1i or LSD1i, respectively. (B and C) H929 cells, transduced
with Ctrli or Blimp-1 shRNA (Blimp1i) for 3 days, were subjected to ChIP analysis using an antibody against H3Ac (B) or H3K4me2 (C).
Immunoprecipitated genomic DNA was subjected to QPCR analysis of the histone modification in each indicated gene locus. (D to H) H929 cells
were transduced with Ctrli or LSD1i for 2 days and then subjected to ChIP analysis using anti-H3K4me2 (D), anti-H3Ac (E), anti-H3K4me3 (F),
anti-H3K4me1 (G), or anti-H3K9me2 (H). For each gene locus (B to H), the relative increase was calculated as described in the legend for Figure
7. (I) Derepression of CIITA mRNA by depletion of LSD1 in H929 cells. H929 cells were transduced with Ctrli or LSD1i for 2 days and then
subjected to RT-QPCR analysis to determine the level of the indicated transcripts. All data are means � standard errors of the means from three
independent experiments.
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of Gfi-1b targets that are located in accessible loci in MEL cells
(36). Our data showing that LSD1 depletion led to increased
H3Ac, H3K4me2, and H3K4me3 levels at the CIITA promoter
III locus in H929 cells (Fig. 8D to F) and that Blimp-1 deple-
tion, which may preclude LSD1 binding, resulted in increased
H3Ac and H3K4me2 levels (Fig. 8B and C) are consistent with
the reports that LSD1 functions in regulating histone modifi-
cations. Additionally, LSD1 depletion did not affect the
H3K9me2 level at the CIITA site (Fig. 8H), indicating that
LSD1 depletion is not sufficient to alter H3K9me2 modifica-
tion mediated by G9a. This result is accordant with a recent
report that LSD1 depletion does not change the H3K9me2
level in a p53-responsive element bound by p53 and LSD1 (47).
Here, we found that H3K4me1 levels were neither sensitive to
LSD1 depletion (Fig. 8G) nor correlated with active gene loci
(Fig. 7D), which can be explained by the fact that higher
H3K4me1 levels are found in gene enhancer regions (9). Fur-
thermore, we found that, upon induction of Blimp-1, LSD1
binding to several Blimp-1 target gene loci increased signifi-
cantly (Fig. 6B), indicating that LSD1 is recruited or stabilized
to mature B-cell gene loci in differentiating B cells through the
induction of Blimp-1. In contrast, in H929 plasma cells, LSD1
and Blimp-1 did not bind to PAX5 and SPI-B sites where
heterochromatin forms (Fig. 8A and B), suggesting that the
maintenance of heterochromatin at mature B-cell gene loci in
terminally differentiated B cells may not require constitutive
binding of LSD1 as well as Blimp-1.

In conclusion, we report that Blimp-1 interacts with LSD1.
We propose that Blimp-1 orchestrates recruitment of the

HDAC1/2 and LSD1 complex, then G9a binding to endogenous
target sites to affect dynamic changes in histone modifications,
and finally silencing of the mature B-cell gene expression program
during plasma cell differentiation. In differentiated B cells, the
Blimp-1-associated protein complex may not need to continu-
ously occupy gene loci in heterochromatin.
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