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Histone deacetylase (HDAC) inhibitors are a promising class of anticancer agents for the treatment of solid
and hematological malignancies. The precise mechanism by which HDAC inhibitors mediate their effects on
tumor cell growth, differentiation, and/or apoptosis is the subject of intense research. Previously we described
a family of multiprotein complexes that contain histone deacetylase 1/2 (HDAC1/2) and the histone demeth-
ylase BHC110 (LSD1). Here we show that HDAC inhibitors diminish histone H3 lysine 4 (H3K4) demeth-
ylation by BHC110 in vitro. In vivo analysis revealed an increased H3K4 methylation concomitant with
inhibition of nucleosomal deacetylation by HDAC inhibitors. Reconstitution of recombinant complexes re-
vealed a functional connection between HDAC1 and BHC110 only when nucleosomal substrates were used.
Importantly, while the enzymatic activity of BHC110 is required to achieve optimal deacetylation in vitro, in
vivo analysis following ectopic expression of an enzymatically dead mutant of BHC110 (K661A) confirmed the
functional cross talk between the demethylase and deacetylase enzymes. Our studies not only reveal an
intimate link between the histone demethylase and deacetylase enzymes but also identify histone demethylation
as a secondary target of HDAC inhibitors.

In eukaryotes, the nucleosome serves as the in vivo target of
multiple chromatin-modifying enzymes (17). Strikingly, tail do-
mains of histones as well as the nucleosome core domain are
subject to several posttranslational modifications, including
methylation, acetylation, phosphorylation, and ubiquitylation
(33). Such histone modifications are hypothesized as “histone
code” to modulate many cellular processes by recruiting reg-
ulatory transcription complexes and changing gene expression
(16).

In particular, histone methylation was considered irrevers-
ible. However, recent studies have revealed that histone methyl-
ation can be reversed by several histone demethylases, including
PAD4/PADI4, BHC110/LSD1, and JmjC domain-containing
demethylases (6, 24, 31, 34–36). PAD4/PADI4 has been re-
ported to convert monomethyl arginine to citrulline by de-
methylimination. The JmjC domain-containing demethylases
contain a JmjC domain responsible for their enzymatic activity
and demethylate mono-, di- or trimethylated lysines by a hy-
droxylation-based mechanism (31, 35, 36). BHC110 de-
methylates mono- and dimethyl histone H3 lysine 4 (H3K4)
and belongs to a family of FAD-dependent polyamine oxidases
which use molecular oxygen as an electron acceptor to oxidize
an amine group (24). In addition, we and others have shown
that CoREST, the corepressor of REST (RE1-silencing tran-
scription factor) protein, mediates nucleosomal demethylation

by BHC110 (18, 26). Surprisingly, androgen receptor was re-
cently reported to alter BHC110 enzymatic activity, leading to
the demethylation of histone H3 lysine 9 (20).

BHC110 has been isolated as a component of many multi-
protein complexes (1, 9, 12, 14, 15, 25, 30). One such complex,
termed BHC (BRAF-HDAC complex), mediates the repres-
sion of neuron-specific genes (1, 12). Importantly, we have
shown that such corepressor complexes share two enzymatic
core subunits: histone deacetylase (HDAC1/2) and BHC110
(13). Here we provide evidence that the enzymatic activities of
the histone demethylase and the deacetylase are intimately
linked. Such cross talk between the two enzymes is seen only
when nucleosomal substrates are used and is mediated through
different domains of the CoREST protein. Importantly, we
show that due to such functional connections, HDAC inhibi-
tors diminish histone demethylation. Given that some HDAC
inhibitors have reached clinical trials (21), these findings not
only reveal a second mechanism of action for HDAC inhibitors
but also point to the future potential of histones demethylase
inhibitors as therapeutics for cancer.

MATERIALS AND METHODS

Histones, nucleosomes, expression plasmids, and other reagents. Bulk his-
tones were purchased from Sigma (H9250). Nucleosomes were purified from a
HeLa nuclear pellet as previously described (2, 32). Mammalian expression
vectors encoding BHC110 and its mutant (K661A) have been described (18).
Bacterial expression plasmids encoding FLAG-CoREST and FLAG-ELM2 were
previously described (18). Mammalian expression plasmids encoding FLAG-
CoREST or FLAG-CoREST with ELM2 or SANT domains deleted (FLAG-
�ELM2, FLAG-�SANT2, FLAG-�SANT1, and FLAG-ELM2) were generated
using pFLAG-CMV2 or p3xFLAG-CMV14 (Sigma). Anti-dimethyl K4 H3 an-
tibodies (12-460), anti-acetyl (K9/K14) H3 antibodies (06-599), and sodium bu-
tyrate were purchased from Upstate. Anti-H3 (ab1791) and anti-HDAC2 (34-
6400) antibodies were from Abcam Ltd. (Cambridge, United Kingdom) and
Zymed laboratories, respectively. Anti-FLAG antibody (F3165) and trichostatin
A (TSA; T8552) were from Sigma.
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Affinity purification of the BHC110 complex and recombinant proteins.
BHC110 and its mutant complexes were purified from 150- to 200-mg nuclear
extracts isolated from stable cell lines using anti-FLAG M2 affinity resin as
previously described (18). Baculoviral recombinant proteins (FLAG-BHC110,
FLAG-HDAC1, and FLAG-CoREST-His6) were purified from Sf21 insect cells
infected by recombinant viruses using anti-FLAG M2 affinity resin (Sigma) as
previously described (18). Bacterial recombinant proteins (FLAG-CoREST and
FLAG-ELM2) were purified from BL21 cells. BHC110-associated proteins were
identified and described previously (12, 13, 18). The amount of BHC110 in
complexes was determined by silver staining, and amounts of recombinant pro-
teins were determined by colloidal staining compared with known amounts of
bovine serum albumin.

Demethylation and deacetylation assay. Demethylation and deacetylation as-
says were performed as previously described (18).

Coimmunoprecipitation. HEK-293 cells were transiently transfected with
mammalian expression plasmids encoding FLAG-CoREST and its mutants
(FLAG-�ELM2, FLAG-�SANT2, FLAG-�SANT1, and FLAG-ELM2) and
harvested 36 h after transfection. Whole-cell extracts were prepared using a lysis
buffer (20 mM Tris [pH 8.0], 137 mM NaCl, 1.5 mM MgCl, 1% Triton X-100,
10% glycerol, 0.2 mM phenylmethylsulfonyl fluoride [PMSF], and 1 mM dithio-
threitol [DTT]) and immunoprecipitated with anti-FLAG M2 resin. The beads
were washed extensively with a wash buffer (20 mM Tris-HCl [pH 8.0], 250 mM
KCl, 0.2 mM EDTA, 0.1% NP-40, 10% glycerol, 0.2 mM PMSF, and 1 mM DTT)
and eluted with phosphate-buffered saline containing 0.5 �g/ml FLAG peptide.
The eluates were analyzed by sodium dodecyl sulfate-polyacrylamide gel elec-

FIG. 1. Recombinant HDAC1 fails to deacetylate nucleosomes.
(A) Analysis of recombinant HDAC1 (rHDAC1) isolated from Sf21
insect cells by colloidal staining (left) and analysis of the BHC110
complex isolated from nuclear extracts (NE) by silver staining (right).
(B) Comparison of histone deacetylation activities between recombi-
nant HDAC1 and the BHC110 complex. Bulk histones were used as
substrates, and reaction mixtures were analyzed by SDS-PAGE, fol-
lowed by Western blotting. (C) Comparison of nucleosomal deacety-
lation activities between recombinant HDAC1 and the BHC110 com-
plex. Nucleosomes were used as substrates, and reaction mixtures were
analyzed by SDS-PAGE, followed by Western blotting. “1�” corre-
sponds to approximately 5 ng of recombinant HDAC1 or HDAC1/2 in
the complex. “Acetyl H3” represents acetyl K9/K14 H3.

FIG. 2. Demethylation of nucleosomes enhances deacetylation.
(A) Analysis of recombinant BHC110 (rBHC110) and rCoREST iso-
lated from Sf21 insect cells by colloidal staining. (B) Effect of recom-
binant BHC110 and CoREST on nucleosomal deacetylation. The
amounts of recombinant proteins used were approximately as follows:
BHC110, 800 ng (�) and 1200 ng (��); HDAC1, 400 ng (�); CoREST,
400 ng (�) and 800 ng (��). Nucleosomes were used as substrates,
and reaction mixtures were analyzed by SDS-PAGE, followed by
Western blotting. (C) Quantitation of acetyl H3 levels shown in panel
B. The acetyl H3 levels in the absence of recombinant proteins (�)
were set as 100%. Data are means plus standard deviations from three
experiments.
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trophoresis (SDS-PAGE), followed by Western blotting using anti-BHC110,
anti-HDAC2, and anti-FLAG antibodies.

Quantitative chromatin immunoprecipitation. HEK 293 cells were transiently
transfected with plasmids expressing BHC110 or its mutant (K661A) for 14 to
16 h using Fugene (Roche). For trichostatin A treatment, HEK 293 cells were
treated with 100 ng/ml trichostatin A for 14 to 16 h. Dimethyl K4 H3 and acetyl
H3 levels on synapsin promoters were measured by quantitative chromatin im-
munoprecipitation assay as previously described (12) and expressed as the in-
crease (-fold) over the control. Quantitative PCR was performed with a
Finnzymes DyNAmo HS SYBR Green qPCR kit using Opticon2 (MJ Research).
Data are presented as means and standard errors of the means.

RESULTS

BHC110-containing complexes display enhanced deacetyla-
tion. To further define the enzymatic activities of BHC110-
containing complexes and to assess whether the enzymes
BHC110 and HDAC1/2 are functionally linked, we compared
the activity of recombinant HDAC1 to that of HDAC1 in
association with BHC110-containing complexes (Fig. 1A).
While recombinant HDAC1 displayed HDAC activity toward
histone substrates, it was completely inert when nucleosomes

FIG. 3. While abrogation of demethylation by K661A mutation decreases deacetylation activity, nucleosomal deacetylation enhances de-
methylation. (A) Effect of the K661A mutation on histone deacetylation. Bulk histones were used as substrates. (B) Effect of the K661A mutation
on nucleosomal deacetylation. Nucleosomes were used as substrates. (C) Quantitation of acetyl H3 levels shown in panel B. The acetyl H3 levels
in the absence of the complex (�) were set as 100%. Data are means plus standard deviations from three experiments. “1�” corresponds to
approximately 50 ng of HDAC1/2 in the complex. (D) Effect of recombinant HDAC1 and CoREST on nucleosomal demethylation. The amounts
of recombinant proteins used were approximately as follows: BHC110, 800 ng (�); HDAC1, 400 ng (�) and 800 ng (��); CoREST, 200 ng (�).
(E) Quantitation of dimethyl H3 levels shown in panel D. The dimethyl K4 H3 levels in the absence of recombinant proteins (�) were set as 100%.
Data are means plus standard deviations from three experiments. For panels A, B, and D, reaction mixtures were analyzed by SDS-PAGE, followed
by Western blotting.
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were used as substrates (Fig. 1B and C; analysis was performed
using antibodies against acetylated lysine 9 and 14 of histone
H3, since antibodies against individual acetylated lysines dis-
played reduced sensitivity and could not be used reliably). In
contrast, a BHC110-containing complex(es) not only displayed
greater HDAC activity (nearly 20-fold) for histones than re-
combinant HDAC1 but also deacetylated nucleosomes readily
(Fig. 1B and C). These results indicate that additional compo-
nents of BHC110-containing complexes are required for en-

hanced activity of HDAC1 on core histones and for mediating
nucleosomal deacetylation by HDAC1.

Histone demethylase and deacetylase activities are linked.
Since nucleosomes are the in vivo substrates of BHC110 com-
plexes at specific promoters, we wished to uncover the factor(s)
that mediates the deacetylation of nucleosomes. CoREST was
analyzed since it contains two tandem SANT domains which in
other corepressors were shown to modulate HDAC activity
(11, 37). BHC110 and CoREST were produced in insect cells

FIG. 4. Inhibition of deacetylation reduces nucleosomal demethylation. (A) Effect of sodium (Na�) butyrate (100 mM) on histone demeth-
ylation. Bulk histones were used as substrates. (B) Effect of sodium butyrate (100 mM) on nucleosomal demethylation. Nucleosomes were used
as substrates. “1�” corresponds to approximately 50 ng of HDAC1/2 in the complex. (C) Immunoprecipitation of the BHC110 complexes in the
absence or presence of trichostatin A or sodium (Na�) butyrate. The BHC110 complexes were incubated without or with TSA (500 ng/ml) and
sodium butyrate (Na�Bu, 100 mM), immunoprecipitated, and analyzed by Western blotting. (D) Effect of TSA (500 ng/ml) on histone (left) and
nucleosomal demethylation (right). Bulk histones and nucleosomes, respectively, were used as substrates. (E) Quantitation of dimethyl K4 H3
levels shown in panel D, right panel. The dimethyl K4 H3 levels in the absence of the complex (�) were set as 100%. Data are means plus standard
deviations from three different experiments. (F) Effect of different concentrations of trichostatin A on nucleosomal demethylation/deacetylation.
Data are the averages of two different points. “1�” corresponds to approximately 50 ng of HDAC1/2 in the complex. In panels A, B, and D,
reaction mixtures were analyzed by SDS-PAGE, followed by Western blotting.
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and purified to homogeneity (Fig. 2A). Analysis of nucleoso-
mal deacetylation using recombinant HDAC1 and CoREST
indicated that CoREST was required for mediating nucleoso-
mal deacetylation (Fig. 2B and C). Surprisingly, addition of
increasing concentrations of BHC110 further enhanced
deacetylation of nucleosomal histone H3, suggesting a role for
the demethylase activity in promoting deacetylation by
HDAC1 (Fig. 2B and C).

To assess whether the increased deacetylation of nucleoso-
mal histone H3 might require the enzymatic activity of
BHC110, we compared the wild-type BHC110 complexes to
that of mutant BHC110 (K661A) complex unable to demeth-
ylate histone H3 lysine 4 (3) (Fig. 3A and B). This conserved
lysine in the monoamine oxidase crystal structure was shown to

direct essential interactions with the flavin cofactor through
water molecules (3, 4). While the two BHC110-containing
complexes display identical subunit compositions and similar
deacetylation activities for histone H3 (Fig. 3A and data not
shown), the mutant BHC110 (K661A) complex displayed de-
creased activity in deacetylating nucleosomal histone H3 (Fig.
3B and C). These results demonstrate a role for BHC110
enzymatic activity in regulating deacetylation by HDAC1.

To determine whether the functional association of demeth-
ylase and deacetylase enzymes also impacts demethylation of
nucleosomes by the deacetylase, we examined the effect of
recombinant HDAC1 on nucleosomal demethylation. While
CoREST is an essential component of nucleosomal demeth-
ylation by BHC110 (18), addition of HDAC1 further aug-

FIG. 5. The ELM2 domain of CoREST confers nucleosomal deacetylation. (A) Map of five mammalian expression constructs for CoREST and
its mutants containing FLAG tag (�ELM2, �SANT2, �SANT1, and ELM2). All CoREST constructs lack 30 amino acids from position 31 to 60.
(B) Western blot analysis of BHC110 and HDAC2 coimmunoprecipitated with CoREST and its mutants. HEK-293 cells were transfected with
CoREST and its mutants, and whole-cell extracts were immunoprecipitated with anti-FLAG M2 resin. The eluates were analyzed by Western
blotting using anti-BHC110, anti-HDAC2, and anti-FLAG antibodies. (C) Effect of ELM2 domain on nucleosomal deacetylation. The amounts
of recombinant proteins used were approximately as follows: rBHC110, 800 ng (�) and 1600 ng (��); rHDAC1, 400 ng (�); rCoREST, 400 ng
(�); rELM2, 150 ng (�). Nucleosomes were used as substrates, and reaction mixtures were analyzed by SDS-PAGE, followed by Western blotting.
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mented BHC110-mediated demethylation (Fig. 3D and E).
These results demonstrate that the histone deacetylase and
histone demethylase enzymes impact each other’s activities on
nucleosomal substrates.

HDAC inhibitors diminish H3 K4 demethylation. To assess
whether the enhancement of demethylation by HDAC1 is due
to its catalytic activity, we used HDAC inhibitors to silence
histone deacetylation. Inhibition of deacetylase activity by the
HDAC inhibitors sodium butyrate and TSA decreased nucleo-
somal demethylation (Fig. 4A to E). Importantly, the effect of
HDAC inhibitors is observed only when nucleosomes are
used as substrates for the deacetylation reactions (Fig. 4A,
B, and D). Moreover, treatment of the BHC110 complex
with increasing concentrations of TSA resulted in similar
magnitudes of inhibition of HDAC and histone demethylase
activities, attesting to the functional interconnection of the
two enzymes (Fig. 4F).

To assess whether inhibition of histone deacetylation by
HDAC inhibitors impacts the subunit composition of BHC110
complex, Flag-BHC110 affinity eluate was analyzed in the ab-
sence or presence of trichostatin A or sodium (Na�) butyrate.
As shown in Fig. 4C, Western blot analysis using antibodies to
three major subunits (BHC110, HDAC2, and CoREST) of the
complex demonstrated that the addition of HDAC inhibitors
had no effect on the composition of the complex. Taken to-
gether, our data point to an intimate link between the BHC110
and HDAC1 enzymatic activities on nucleosomal substrates
and identify histone H3 K4 demethylation as a secondary tar-
get of HDAC inhibitors.

The ELM2 domain of CoREST mediates nucleosomal
deacetylation. We recently showed that the SANT domains of
CoREST are required for nucleosomal demethylation (18).
Since CoREST was also required for nucleosomal deacetyla-
tion by HDAC1, we mapped the domain in CoREST mediat-
ing HDAC1 association (Fig. 5A). These experiments revealed
that in contrast to BHC110, which is associated through
CoREST SANT domains, HDAC1 association requires the
ELM2 domain of CoREST (Fig. 5B). The ELM2 domain was
previously shown to associate with HDAC1 in other transcrip-
tion factors (7, 27). Importantly, not only is the ELM2 domain
of CoREST sufficient for HDAC1 association, but also it could
confer nucleosomal deacetylation to recombinant HDAC1
(Fig. 5B and C). However, the ELM2 domain alone in the
absence of CoREST SANT domains is unable to recruit
BHC110 and consequently confer the enhanced deacetylation
mediated through BHC110 (Fig. 5B and C). Collectively, these
results indicate that different domains of CoREST are re-
quired for mediating deacetylation and demethylation and that
the cross talk between the two enzymes requires both the
ELM2 and the SANT domains of CoREST.

The demethylase and the deacetylase enzymes are linked in
vivo. To extend our in vitro observations and to confirm the
close functional association of BHC110 and HDAC1/2 in vivo,
we examined the levels of dimethyl lysine 4 and acetyl histone
H3 (K9 and K14) following ectopic expression of either wild-
type or mutant (K661A) BHC110. Consistent with our in vitro
findings, while expression of wild-type BHC110 resulted in
lower levels of histone H3 methylation and acetylation on the
synapsin promoter, the addition of mutant BHC110 (K661A)
enhanced the levels of both histone marks (Fig. 6A and B).

Moreover, treatment of HEK293 cells with TSA resulted in
increased levels of acetylated and methylated nucleosomes in
vivo (Fig. 6C). These results extend our functional reconstitu-
tion experiments and are consistent with a functional link be-
tween the activities of BHC110 and HDAC1/2 in vivo.

DISCUSSION

Our present study reveals an intimate physical and func-
tional link between nucleosomal demethylation and deacety-
lation through the action of HDAC1, BHC110, and CoREST.
We show that both enzymes require CoREST for their activ-
ities on nucleosomal substrates. While the enzymatic activity of
BHC110 is required for optimal activity of histone deacetylase,
inhibition of histone deacetylation diminishes nucleosomal
demethylation. These results are consistent with previous find-
ings that BHC110/CoREST preferentially demethylates the

FIG. 6. Deacetylation and demethylation are functionally cooper-
ative in vivo. (A) Analysis of dimethyl K4 H3 levels on the synapsin
promoter by quantitative chromatin immunoprecipitation (ChIP) as-
say after transient transfection of HEK 293 cells with plasmids encod-
ing BHC110 or its mutant (K661A). (B) Analysis of acetyl H3 levels on
synapsin promoter by quantitative ChIP assay after transient transfec-
tion of HEK 293 cells with plasmids encoding BHC110 or its mutant
(K661A). (C) Analysis of dimethyl K4/acetyl H3 levels on synapsin
promoter by quantitative ChIP assay after trichostatin A treatment
(100 ng/ml) of HEK 293 cells.
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hypoacetylated nucleosomes and that acetylation of K9 in H3
peptide decreases binding of recombinant BHC110 (10, 26).

Since both dimethyl H3K4 and acetyl H3K9/K14 marks are
often associated with gene activation in mammalian cells, the
repressive function of the BHC110 complex may be enhanced
by removing both marks through a synergistic interplay be-
tween histone demethylase and acetylase enzymes. Similar
cross talks between histone modifications have previously been
reported to modulate gene expression in eukaryotic cells.
Rad6-mediated ubiquitination of H2B lysine 123 is required
for H3K4 methylation by COMPASS and H3K79 methylation
by Dot1, leading to telomeric gene silencing in Saccharomyces
cerevisiae (8, 23, 29). In contrast, phosphorylation of histone H3
serine 10 by Snf1 unidirectionally facilitates acetylation of
H3K14 by Gcn5 to activate gene transcription (19).

Importantly, the two enzymes in the BHC110 complex are
linked when nucleosomes but not core histones are used as
substrates, reflecting differences in how histone tails are pack-
aged in nucleosomes. These results are consistent with our
previous observations that inhibition of histone deacetylation
by HDAC inhibitors in experiments using the three-subunit
complex (BHC110/CoREST/HDAC1) had no significant effect
on core histone demethylation (18). Moreover, we show that
while recombinant HDAC1 fails to deacetylate nucleosomal
substrates, addition of the ELM2 domain of CoREST is suffi-
cient to confer nucleosomal deacetylation in recombinant
HDAC1. The ELM2 domain is also required for the associa-
tion of HDAC1 with CoREST (Fig. 5B and C). Previously, it
has been shown that BHC110 interacts with the SANT do-
mains of CoREST and requires either of these domains for its
enzymatic activity for nucleosomes (18). Therefore, although
both histone deacetylase and demethylase require CoREST
for their nucleosomal activities, they may have different strat-
egies in unmasking the nucleosomal histone tails. Since the
minimal complex of the two enzymes and CoREST is sufficient
to display enzymatic activities found in the native complex,
we speculate that the other components of the complex may
have other roles, such as recruitment of the corepressor to
specific genomic loci or regulation of the complex’s enzy-
matic activities.

How does CoREST mediate the synergy between the two
enzymes and confer nucleosomal deacetylation and demeth-
ylation? A likely scenario for the action of CoREST entails its
role as a bridge between the two enzymes and the nucleosome.
Each enzyme is associated with a different domain of CoREST
and through this interaction could influence the activity of the
other enzyme. Moreover, such interactions with CoREST may
increase nucleosomal accessibility of BHC110 and HDAC1 by
inducing conformational changes in both enzymes. Structural
studies will be required to unravel the exact mechanism by
which the two enzymes are coupled.

Histone deacetylase inhibitors are in phase I clinical trials
and show promise as a new generation of anticancer therapeu-
tics (21). Although HDAC inhibitors can cause growth arrest
of cancer cells by increasing the expression of tumor suppres-
sor proteins such as p21 (5, 22, 28), the downstream effects of
these inhibitors are not entirely clear. In this study, we found
that HDAC inhibitors diminish H3 K4 demethylation due to
the functional link between HDAC activity and BHC110 ac-
tivity, providing another mechanism of action for HDAC in-

hibitors. Whether inhibition of histone demethylation is an
important component of the antitumor activity of these drugs
is not known. Future studies aimed at identifying in vivo in-
hibitors of H3K4 demethylation should be able to address
these questions and may reveal a new class of anticancer
agents.
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