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SUMMARY

ATP-dependent NuRD repressor complexes involve combinatorial assembly of its subunits.
However, the mechanism of gene transcription by MTA1/NURD remains enigmatic. Here we
report that MTAL methylation by G9a methytransferase and demethylation by LSD1 determines
the nucleosome remodeling and transcriptional outcome. Contrary to the current static repressor
model of the NuRD complex, we discovered that MTAL association with nucleosomes and co-
repressor/ co-activator complexes is dynamic. While methylated MTAL is required for the NuRD
repressor complex, demethylated MTAL recognizes the bivalent histone H3K4-AcK9 mark and
recruits co-activator NURF-trithorax remodeling complex in a signaling-dependent manner.
MTAZL’s lysine 532 methylation represents a molecular switch as methylated and de-methylated
MTA1 nucleate NURD or NURF complexes with opposite functions in a cyclical manner. In
addition, MTAL possesses an inherent histone amplifier activity with an instructive role in
impacting the epigenetic landscape, providing a new perspective to the molecular governance of
dual co-regulator functions of a master coregulator.

Introduction

Multicellular organisms must regulate the process of signaling-dependent transcription
precisely to ensure a balanced gene expression. Gene stimulation or repression is intimately
influenced by dynamic remodeling of chromatin (Perissi et al, 2010). Chromatin remodeling
complexes (CRCs) are unique macromolecular machineries that utilize energy from ATP-
hydrolysis to disrupt nucleosome-DNA interface for creating access points for coregulator
proteins to influence the process of transcription. The nucleosome remodeling and histone
deacetylase (NURD) complex is one of the four major families of CRCs that comprise of
evolutionarily conserved subunit members (Li et al., 2012). Metastatic tumor antigen 1
(MTAL), a core-subunit of the NURD complex, is the only dual coregulator with an expected
corepressor activity but unusual ability to stimulate transcription (Manavathi and Kumar,
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2007; Li et al., 2012). Since MTAL is a “hub”gene and a global genetic modifier (Lehner B
et al., 2006; Ghanta et al., 2011) and the fact, genetic or sSiRNA-mediated depletion of
MTAZL in mammalian cells is accompanied by a genome-wide stimulation of a large number
of transcripts (Ghanta et al., 2011), underscoring the physiologic significance of a distinctive
coactivator function of MTAL. These observations pose a continuing paradox in the field as
MTAL/NuRD complex was originally thought to be static and corepressive in nature.
Despite the remarkable growth of new information on the biochemistry and biology of
MTAs since its discovery and the plethora of information about the role of MTA/NURD
complex in the mammalian cells (Li et al., 2012), we still do not know the precise
mechanism that could explain this paradox and the underlying physiologic switch that
results in a loss of MTAL’s corepressor function, a prerequisite to exert its coactivator
activity. Here we have attempted to answer these outstanding questions in the field and
provide novel molecular insights of the dual functionality of coregulators in general.

MTA1 methylation directs orderly formation of the NuURD complex

While evaluating the affinities of the NURD subunits to interact with chromatin in the HelLa
cells, we discovered that a large fraction of MTA1 remains bound to chromatin even under
high salt extraction buffer (420 mM NacCl). In contrast, other components were extractable
at much lower concentration of NaCl (Figures 1A and S1A). However, inclusion of the
methylation inhibitor 5"-deoxy-5"-methylthioadenosine (MAT1) but not HDAC inhibitor
Trichostatin-A (TSA) facilitated MTAL solubilization from chromatin (Figure 1A),
suggesting that the MTAZL subunit of the NURD complex interacts with chromatin in a
methylation-dependent manner. Inhouse, bioinformatics analysis predicted that MTAL may
be subject to methylation. Accordingly, pulse-chase methylation assay confirmed that
endogenous MTAL is methylated under physiological conditions (Figure 1B). Results from
site-directed mutagenesis of potential lysine residues (K61, K71, K182, K532, K554, K626,
and K631) to arginine indicated that lysine 532 is the only functional conserved lysine in
MTAL subjected to methylation (Figure S1B). Sequence similarity of lysine 532 residue
with known recognized targets of eukaryotic methyltransferases (Rathert et al., 2008)
revealed G9a as a potential methyltransferase for MTAL (Figure 1C). In an /in vitro
methyltransferase assay, we confirmed that recombinant G9a efficiently methylates His-
MTAL but not His-MTA1-K532R or His-MTA1-K532A in a G9a specific inhibitor
B1X01294-dependent manner (Figures 1D and S1C). Furthermore, analysis of the
endogenous MTA1 methylation status confirmed that MTAL methylation is regulated /in
vivo by G9a methyltransferase as treatment of the HeLa cells with G9a inhibitor Bix-01294
or G9a-specific siRNA effectively inhibited MTAL methylation as detected by anti-methyl
lysine or MTAL methylation site specific antibody (MTAL- K532-Me) that recognizes
mono-methylated MTAL. (Figure 1E and SID&E). MTA1 being a member of the
multisubunit NURD complex, prompted us to investigate the impact of MTA1 methylation
on its ability to interact with associated proteins by analyzing the status of proteins bound to
methylated vs non-methylated MTAL. We observed the enrichment of the NuRD
components (CHD4, HDAC2, MBD3) in complexes with methylated MTA1, while LSD1
specifically associates with demethylated MTA1 (Figure 1E). We found that MTAL is
mono-methylated by G9a (Figure 1F). Further inclusion of the G9a inhibitor as well as
methylation deficient MTA1-K532R mutant significantly decreases the amount of salt-
resistant MTAL (Figure S1F), revealing that MTA1-K532 methylation by G9a is an
important determinant of MTAL chromatin affinity. In brief, MTAL binds to chromatin in a
methylation-dependent manner and represents a non-histone substrate of G9a.
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G9a-mediated methylation of MTA1 is essential for its corepressor activity

Recombinant G9a directly interacts with the amino acids 388-535 of MTA1 (Figure S2A).
Functional interaction between the MTA1 and G9a resulted in a potentiating effect on G9a
methyltransferase activity. Deletion analysis confirmed that potentiating effect was due to
catalytic ELM2-SANT domain (aa 165-360) of MTA1 (Figures 1G and H). Accordingly, a
subset of G9a-repressed genes exemplified by SCN1A, SERAC1 and IMAG2 (Collins et al.,
2008) were significantly de-repressed in the absence of MTAL (Figure S2B), suggesting that
G9a-mediated methylation of MTA1 may be essential for the corepressor functions of
MTAL as well as of G9a. G9a methylated MTA1 but not MTA1-K532R interacts with
CHD/4 protein to form a functional NuRD complex (Figure 2A). Intriguingly, during the
course of these studies, we consistently noticed the presence of LSD1 in the demethylated
MTAL complex, suggesting that methylation status dictates interaction with functionally
distinct MTAL interacting proteins (Figure 2A). Consistent with this notion,
immunodepletion of CHD4 from HeLa cells nuclear lysates resulted in the dissociation of
the NuRD complex components from the methylated MTA1 (Figure 2B), suggesting CHD4
preferentially recognizes methylated MTAL to direct an orderly association of the NuRD
components. Further results from streptavidin-biotin peptide pull down assay using biotin-
tagged control, unmodified, or methylated MTA1 peptides (with mono and dimethyl-lysine
substitution at K532) and HeLa cells’ nuclear extracts revealed that methylated lysine 532 of
MTAL serve as docking site for CHD4. We did not find other members of the NuRD
complex in the peptide pull down assay (Figure 2C).

Functional NuRD complex requires MTA1 methylation

Functional association of methylated MTAL with the NURD corepressor complex prompted
us to study the impact of methylation on its corepressor activity. Co-expression of MTA1
and Flag- G9a in the HeL a cells resulted in a significant decrease in the levels of the
endogenous p21/WAF1 transcripts (Figure 2D). Similar effects were also observed using a
synthetic p21/WAF1-LUC promoter reporter plasmid (Li et al., 2010) in a transfection based
luciferase assay (Figures 2D and S2C). Results from ChIP and re-ChlIP analyses using
MTAL antibody followed by re-ChIP with antibodies against methyl-lysine, dimethyl-lysine,
G9a, or H3Ac-K9 or vice-versa confirmed that MTAL is methylated at the endogenous p21/
WAF1 chromatin under physiological conditions (Figures 2E and 2F). Further over-
expression of MTA1-K532R mutant but not WT-MTAL in the MTA1-knockout (KO) MEFs
was accompanied by the loss of recruitment of CHD4 and other NuRD subunits onto the
p21WAF1 promoter (Figure 2G). These findings suggest that G9a-mediated methylation of
MTAL is important for the assembly of a functional NURD co-repressor complex at the
target promoters. Analysis of methylation status of the endogenous MTAL1 at its target p21/
WAF1 promoter using MTAL methylation site specific MTA1-MeK532-Ab further
corroborated the hypothesis that MTAL methylation triggers transcriptional corepressive
events (Figure 2H).

Earlier studies have highlighted the significance of ELM2-SANT domain in interaction with
histones (Wang et al., 2008). Because MTAL contains a well conserved ELM2-SANT
domain (aa 165-360) and the fact that it potentiates G9a methyltransferase activity on core
histones (Figure 1H), we predicted that the ELM2-SANT domain in MTAL may be
important for histone H3MeK?9 recognition and could play a crucial role in the permissive
substrate recognition for G9a methyltransferase activity. As G9a-mediated methylation of
MTAL results in a selective loss of histone H3Me2K9 at its target p21/WAF1 (Figure S2D
and S2E), we reasoned that methylated MTA1 may remain bound to the unmodified histone
H3 (amino acids 12-21) and thus, expose histone H3 lysine 9 site within N-terminal histone
H3 (amino acids 1-11) for G9a methylation. Consistent with this notion, we found an
increased level of promoter-bound H3K9 methylation when methylated MTA1 and G9a are
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co-recruited to its target p21/WAF1 promoter (Figures 2G, S2D and S2E). Interestingly, this
effect was significantly reversed by the inclusion of G9a inhibitor Bix-01294 or by the use
of MTA1-K532R. As expected, G9a-mediated methylation of MTA1 also results in a
selective loss of histone H3Me2K9 but not of H3Me2K4; co-recruitment of MTAL and G9a
to the target chromatin along with an increased histone H3 lysine 9 methylation (Figure 2G).
These findings suggested that MTAL facilitates the formation of repressive chromatin. We
observed a significant increase in the level of p21/WAF1 mRNA when methylation deficient
mutant MTA1-K532R was re-expressed in MTA1-KO MEF’s, further suggesting the
dependency of corepressor activity of MTAL on its lysine 532 methylation (Figure S2F) .

Lysine specific demethylase-1 (LSD1) demethylates MTA1

Because we consistently observed that LSD1 associates with demethylated MTA1 (Figure
2A) and the fact that LSD1 demethylates lysine residues in non-histone proteins (Shi et al.,
2004), we next showed that G9a-methylated MTAL could be effectively demethylated by
LSD1 (Figure 3A). Overexpression of LSD1 in the HeLa cells resulted in demethylation of
the endogenous MTAL and these effects are compromised with demethylase-deficient
LSD1-K661A mutant (Figure S3A). LSD1 interacts with the amino acid 441-535 region of
MTAL (Figure S3B). These findings suggest the possibility that MTA1 methylation status is
dynamically modulated by G9a and LSD1. Accordingly, increased methylation of His-
MTAL by purified G9a enhances the ability of MTAL1 to interact with the corepressive
components of the NURD complex in the nuclear extracts prepared from the HeLa cells
(Figure 3B). In the same vein, modulation of MTA1 methylation status by siRNA-mediate
G9a-depletion inhibited MTAZL’s interaction with CHD4 or HDAC?2 (Figure 3C). Similarly,
overexpression of LSD1 and treatment of the HeLa cells with TSA or sodium butyrate
results in the destabilization of the MTA1/NuRD corepressor complex but enhanced
MTAZL’s association with the p300/CBP complex (Figure 3D). These results suggest that
stoichiometric levels of the MTAL-containing complexes are subject to alteration and
destabilization by factors that inhibit MTA1 methylation.

MTA1 methylation orchestrates chromatin remodeling

Findings presented in the preceding sections establish that MTAL methylation is a
prerequisite for its binding to CHD4. We next investigated the impact of MTA1 methylation
on the ability of the MTA1/CHD4 complex to bind ATP (Tong et al., 1998). We found that
methylated MTA1-associated complex efficiently binds ATP while non-methylated and the
methylation-deficient MTA1 K532R mutant associated complexes exhibits minimal to
nonexistent ATP binding (Figure 3E). Interestingly, MTAL-containing complexes were
capable of hydrolyzing ATP while such binding was completely abrogated in complex
containing a methylation-deficient MTA1-K532R mutant. Consistent with these findings,
overexpression of LSD1 or treatment with Bix-01294 also results in the loss of the ATP
binding ability of the MTAL complex, while G9a overexpression leads to a robust ATP
hydrolysis by MTA1-bound complexes but not by MTA1- K532R (Figure 3E and S3C).

To further substantiate our conclusion that endogenous levels of methylated MTA1 drive
recruitment of CHD4 ATPase, we first demonstrated ATPase enzymatic activity with
MTAZ1-associated immunoprecipitated protein complex in the Hela cells. We observed a
robust hydrolysis of ATP upon its binding to MTA1-asscociated protein complex (Figure
3F, compare lanes 1 and 2) and such binding was compromised upon the use of non-
hydrolysable cold ATP (Figure 3F, compare lanes 2 and 3). To implicate the suspected
contribution of CHD4 ATPase in the above assay, we showed that the prior
immunodepletion of CHD4 from the nuclear extracts compromises the ability of the
incubated precipitated MTA1 to bind and hydrolyze ATP (Figure 3F, compare lanes 2 and
4). This suggested that CHD4 is the core ATPase that binds to methylated MTA1. Further
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immuprecipitation of MTAL from the nuclear extracts prepared from Bix-treated HeLa cells
also exhibited a clear abolition of ATP binding of MTAL (Figure 3F, lane 5). These results
support the notion that methylation of the endogenous MTAL enhances its binding to CHD4
(Figure 3F, lower panel), and thus, a functional methylated-MTAL1:CHD4 complex may
probably utilize energy from ATP hydrolysis to remodel chromatin.

We next investigated whether the methylated- or demethylated-MTAZ1-containing
remodeling complexes utilize energy from ATP hydrolysis to remodel chromatin using
rotationally phased mononucleosome cores as substrate (Tong et al., 1998; Xue et al., 1998).
We found that mononucleosomes treated with MTAL immunoprecipitates alone exhibit a
distinct pattern of DNasel digestion that could be effectively disrupted by the use of
immunoprecipitates containing methylated MTAL. Interestingly, the pattern of DNAsel
hypersensitivity of mononucleosome cores with the methylated MTA1 containing complex
was also lost upon immune-depletion of CHD4 from the nuclear lysates, reinforcing the
notion that CHD4 acts as a chromatin remodeling factor for the methylated MTA1-
containing complex; while there was no effect of CHD4 immunodepletion on the DNAsel
hypersensitity of the demethylated MTAZL-immunoprecipitates (Figure 3G, compare lanes 6
with 7). These findings suggest that MTA1 methylation orchestrates the recruitment of
CHD4 as well as ATP-binding driven chromatin remodeling function of the NURD
complex.

modified histone marks

High chromatin affinity of MTAL prompted us to further define the inner working of MTA1
at the nucleosomal level. We noticed that MTA1 binds to both poly- and mono-nucleosomal
fractions prepared from the HeLa cell nuclei (Figure S4). Since MTAL does not directly
bind to DNA, we speculated that MTAL interaction with the nucleosomal template may be
mediated through core histones. Results from biotinylated peptide-affinity assays (Wysocka
et al., 2006) revealed that MTAL preferentially binds to the histone H3 but not with the
histone H2B or histone H4 (Figure 4A). We discovered a substantial association of the
methylated MTA1 with the histone H3 amino acid 12-21 but not with the histone H3 amino
acid 1-11 or amino acid 22-44 (Figure 4B), and that MTA1 effectively interacts with both
H3 mono-methyl K9 and monomethyl K4 peptides (Figure 4C). However, we unexpectedly
discovered a robust MTAL binding to the histone H3 Acetyl-K9 peptide (Figure 4C, lane
12).

Because methylation of the histone H3K4 and/or acetylation at H3K9 have been shown to
disrupt NuRD-nucleosomal binding (Nishioka et al., 2002; Zegerman et al., 2002), our
findings are apparently not consistent with the corepressive nature of the NuURD complex as
both acetylation of histone H3-K9 and/or methylation of K4 did not disrupt the binding of
the MTA1/NuRD complex to nucleosomes (Figures 4C). These results suggest that MTAL
may be a novel reader of modified histone marks and that its interaction with acetylated
histones might have a yet undiscovered role in transcriptional control. To validate the impact
of MTA1 methylation upon histone binding, we observed that methylated MTAL did not
bind to dimethylated histone H3K9 while demethylated MTAL effectively binds to
acetylated histone H3K9 (Figure 4D). We found that the ELM2-SANT domain of MTA1
recognizes methylatedhistone- H3K9 and -H3K4 marks while the C-terminal MTAL domain
amino acids 442-715 participates in the recognition of acetyl-K9 of histone H3 (Figure 4E).
Thus MTAL interacts with modified histones using two separate effector domains.

Having tested the ability of MTAL to bind to histone H3MeK4 and Acetyl-lysine 9 we next
evaluated if MTAL can bind combinatorial H3MeK4-AcK9 modification. We observed a
significant binding of demethylated MTAL to bivalent histone H3K4-AcK?9 (Figure 4F) as
was the case with the methylation-deficient MTA1-K532R mutant (Figure 4D). To further
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strengthen this observation, we used an equal amount of GST, unmethylated, and G9a-
methylated MTAL amino acids 441-715 fragment in a streptavidin-biotin peptide pull-down
assay with a biotinylated bivalent H3K4-AcK?9 peptide. We found that MTAL methylation
compromises its binding to bivalent H3K4AcK?9 peptide. (Figure 4G right panel; compare
lanes 3 and 6) Accordingly, unmethylated MTAZ1 showed a very high affinity to bivalent
histone H3K4AcK9 (Figure 4G right panel, compare lanes 2 and 5). Collectively these
findings suggest that MTA1- mediated specific histone recognition may be largely guided
by post-translational methylation of MTAL on lysine 532 which triggers a multivalent
engagement of chromatin modifications.

LSD1 demethylation of MTA1, a prerequisite for its coactivator function

LSD1 could act both as a coactivator or corepressor depending on its ability to demethylate
histone H3 at lysine 4 or lysine 9 (Metzger et al., 2005). Demethylation of lysine 4 leads to
gene repression while demethylation of lysine 9 correlates with gene activation events (Lan
et al., 2007). To understand the impact of MTA1 demethylation on its coactivator versus
corepressor function, we used the Pax5-luc and p21/WAF1-luc as prototypes of stimulated
or repressed target genes, respectively (Balasenthil et al., 2007; Li et al., 2010). We found
that MTAL coexpression with Flag-LSD1 results in stimulation of Pax5 transcription in a
G9a sensitive manner (Figure 5A and S5A), suggesting that while MTAL methylation is an
important determinant of its co-repressor function. In addition, LSD1-mediated
demethylation of MTAL abolishes its corepressive activity upon its target p27 WAF1
(Figures 2D and S2C), implying that LSD1-mediated demethylation of MTAL, is a
prerequisite for its coactivator function.

We next evaluated the underlying mechanism by which LSD1 converts MTAL’s
corepressive activity to coactivator activity on its target chromatin. Since MTAL
demethylation alone and/or destabilization of the repressor complex might not be sufficient
for the stimulation of target gene transcription, we suspected that derepression of target
genes can be facilitated by events that promote rapid demethylation of lysine 9 or
methylation at lysine 4 of histone H3. LSD1 can demethylate mono-methyl and dimethyl
Histone H3lysine4 to repress target genes (Metzger et al., 2005). LSD1 also has been shown
to demethylate histone H3 lysine 9 under certain scenario (Lan et al., 2007; Nair et al.,
2010). We determined the influence of MTA1 on the demethylase activity of LSD1 upon
nucleosomes. To our surprise, we found that MTAL effectively repressed LSD1-mediated
demethylation of histone H3Me2K4 while promoting demethylation of H3Me2K9 (Figure
5B, compare lanes 1-2 with lanes 6-8). These findings suggested that demethylated MTA1
binds to di-methyl-H3K4 leading to non-availability of this residue for LSD1-mediated
demethylation. Our in vivo histone binding studies suggested that demethylated MTA1
binds H3Me2K?9 with high affinity (Figure 4D). It is possible that different histone binding
affinity of demethylated MTAL might result in substrate preference and demethylation of
histone H3Me2K9 by LSD1. Demethylated histone H3K9 is now a good substrate for p300/
CBP mediated acetylation and thus generating an active chromatin state.

Using the Pax5 promoter as a prototype for coactivator function of MTA1 (Balasenthil et al.,
2007), we found that MTAL demethylation results in a robust recruitment of LSD1 and
demethylation of histone H3K9. This, in-turn, leads to, in-parallel, histone H3K9 acetylation
as well as recruitment of p300/CBP at the Pax5 promoter chromatin (Figure 5C and S5B).
Quantitative-ChIP analysis of the Pax5 promoter chromatin from the wild type (WT) and
MTA1-KO MEFs revealed co-recruitment of LSD1 and BPTF3 (a member of the NURF
activator complex) onto the Pax5 promoter as well as increased acetylation of the associated
histone H3K9 (Figures 5D and S5C). Overexpression of G9a with T7-MTAL in MTA1-KO
MEFs resulted in MTAL methylation at the Pax5 chromatin and destabilization of
coactivator complex (Figure 5D). Interestingly, levels of H3AcK9 and H3Me2K4 were
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readily enhanced at the Pax5 promoter when we used chromatin from cells expressing the
methylation-deficient MTA1-K532R mutant. These observations establish that demethylated
MTAL promotes gene transcription by recruiting factors that can acetylate histone H3K9
and by preventing rapid demethylation of H3K4 by LSD1. Accordingly we noticed an
increase in the levels of Pax5 mRNA upon re-expression of K532R in the MTA1-KO MEFs
(Figure S5D). These findings suggest that methylation and demethylation of MTA1
coordinates the recruitment of critical effectors at the target chromatin to influence the
transcriptional outcome.

MTAL1 interaction with H3K4-AcK9 drives its coactivator activity

Since MTAL demethylation correlates with an enhanced recruitment of the histone H3K9
acetylation as well as of nucleosome-remodeling factor BPTF onto the target promoter, we
next investigated whether recognition of histone H3K9 acetylation, an epigenetic marker of
an active chromatin, by demethylated MTA1 triggers an assembly of a distinct nuclear
proteome for its coactivator function. Rapid exchange of coactivator and corepressor
complexes is largely driven by effector proteins that modulate the epigenetic landscape.

To understand the biological consequence of the MTAL binding to histone H3K4-AcK?9, we
next determined if MTAL bound to active histone tail can recruit acetyltransferase activity.
We found that demethylated MTA1-bound complexes exhibit a significant associated HAT
activity (Figure 5E). A detailed analysis of proteins found in MTAZ1-interacting complexes
revealed the presence of distinctive components of coactivator proteins such as p300/CBP
and BPTF (Figure 5E). In brief, these findings reveal a previously uncharacterized dynamic
role of MTAL in recognition of histone H3AcK?9. Furthermore, MTAL recognition of the
bivalent H3K4-AcK9 marks drives histone H3K9 acetylation and co-activator functions.

MTAL1 associates with NURD or NURF complexes in cyclical- and signaling-dependent

manner

Findings presented above support an interesting notion that methylation-demethylation
events direct MTAL association with coactivator versus corepressor complexes. We next
investigated the possibility of methylation-dependent cyclical association of MTA1 with
NuRD and NuRF (nucleosome-remodeling factor) complexes in a signaling-dependent
fashion. To this end, we first examined the association of MTAL with the NuURD or NURF
complexes in serum-stimulated MCF-7 cells at different time points. We used serum
stimulation because serum has been shown to induce dynamic cyclical association of
chromatin associated proteins at promoters of cellular genes. Indeed, we discovered a
cyclical interaction of MTA1 with the NuRD and NuRF complexes in serum-stimulated
cells over the entire time course (Figure 6A). Interestingly, MTAL1-methylation appears to be
a prerequisite for functional association with NURD components at all-time points tested
here, while methylation-deficient MTAL constitutively associates with the coactivator NuRF
complex (Figure 6A).

To understand the dynamic of MTA1 associated components of the NuRD or NURF
complexes at the target chromatin, we evaluated the levels of active or repressed chromatin
marks and the core components of NURD or NuRF complexes at the target gene promoters
such as CHD4, CHDS, EZH?2 and 1L-12. Chromatin remodeler proteins chromodomain
protein-4 (CHD4), chromodomain protein-8 (CHD8) and polycomb group protein Enhancer
of Zeste homlog-2 (EZH2) and interleukin-12 have been identified as MTAL targets from a
distinct, ongoing ChlP-seq genome-wide study in our laboratory (SN and RK, unpublished
observations). MTAL acts as a co-activator for EZHZ2and CHD4, while it represses CHD8
and /L-12. We first evaluated the chromatin landscape upon recruitment of the wild-type or
methylation deficient mutant K532R on the target promoters. We first performed ChlIP using
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an ant-T7 mAb to detect either T7-MTAL or T7-K532R recruitment before undertaking the
second round of ChIP with the indicated antibodies (Figure 6B). Results from ChIP studies
validated that methylation of MTAL triggers a more repressive environment at target gene
promoters while de-methylation signals a more active environment (Figure 6B).

Next we analyzed the nature of chromatin modifications at two endogenous target gene
promoters EZH2 and CHD8, as prototypes for activated and repressed, target genes by
MTAL. Chromatin from serum stimulated MCF-7 was prepared at indicated time points and
used in ChIP and Re-ChlIP analysis (Figure 6C). We observed a signaling- and methylation-
dependent cyclical association of MTA1 with the coactivator or corepressor complexes at
EZH2 (Figure 6C) and CHD8 (Figure S6A) target genes and thus, confirming our
biochemical data. Methylated-MTA1 associates with the repressed chromatin (H3K9Me2/
Me3) and NuRD components while demethylated-MTA1 preferentially interacts with the
active chromatin (H3K4Me3-H3AcK?9) and BPTF, a member of NURF-trithorax activator
complex (Figures 6C and S6A). Functional relevance of MTAL methylation in triggering an
optimal transcriptional response from endogenous targets was revealed by evaluating the
expression of prototypic £ZH2and CHD8 mRNAs under identical experimental conditions
by semi-quantitative PCR in the MCF-7 cells (Figure 6D). These results suggest that
methylation proficient MTAL1-WT and methylation deficient MTA1-K532R proteins alter
transcriptional status at the endogenous promoters by associating with different chromatin
remodeling-histone modifying enzymes.

We next addressed if fluctuation in the methylation status of the endogenous MTAL triggers
a similar chromatin signaling as was the case with ectopically expressed proteins. We
evaluated changes in MTAL methylation in serum stimulated cells in a time course-study.
Western blot analyses were performed using either methyl-lysine antibody (Figure S6B) or
MTA1-K532-Me antibody (Figure S6C). We reproducibly observed that the levels of MTAL
methylation fluctuate in a signal and time dependent manner /n vivo (Figure S6B and S6C).
Consistent with these results, analysis of MTA methylation status at the endogenous £2H2
promoter in serum stimulated MCF-7 cells, using site specific MTA1-K532-Me antibody,
revealed that while recruitment of MTAZ1 was similar at all-time points post serum
stimulation; the combinatorial code of histone modifications and nature of chromatin
modifying proteins correlated well with the changes in MTAL methylation pattern (Figure
7A and S7). As expected methylated MTA1 was associated with the co-repressor NURD
components while demethylated MTAL with the the coactivator complex components
(Figure 7A and S7). Thus dynamic fluctuation of MTA1 methylation status correlates well
with the changes in chromatin landscape at the endogenous target promoters.

Discussion

The mammalian NURD complex is enriched with proteins that act synergistically to silence
genes during resting and stimulated conditions. This unique macromolecular complex is
composed of six core-subunit proteins and has retained subunit composition during the
course of evolution while other ATP-dependent CRCs like SWI/SNF and INO80 families
have shuffled subunits to acquire functional specialization over time (Perissi et al., 2010; Lai
et al., 2011) Evolution has favored specialization of the core subunits of NURD complex.
The need for combinatorial association of regulatory complexes has been evolutionarily
favored as such a strategy provides proximity to couple reactions and presents a unique
flexibility for diversification of functions. However, the mechanism that triggers an ordered
association of NURD subunits is not well understood. For the first time we found that
MTAZL methylation plays a crucial role in formation of NURD repressor complex. Further,
loss of MTAL methylation coincides with gene-activation cycle and promotes recruitment of
co-activator complex. This cyclic association of MTA1 with NURD-NURF complex
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presumably determines a balanced gene transcription in response to cellular signals, and
explains dual-coregulatory role of MTA1 (Figure 7B). During gene repression event,
chromatin bound MTAL is methylated by G9a on lysine 532 which increases MTAL’s
affinity for histone H3-(aal1l-21), making lysine 9 of histone H3 available for methylation
by G9a. Methylation of H3K9 by G9a creates a repressive H3K9Me2 chromatin landscape.
Methylated MTA1 now amplifies this repressive signal recruiting chromodomain protein
CHD4 and formation of a stable NURD complex involving other members like HDAC1/2,
leading to gene repression.

During the gene activation cycle, methylated MTAL is rapidly demethylated by LSD1 which
eliminates the methyl-moiety on K532, the docking interface for CHD4. CHD4 and G9a are
displaced from the MTAZ1-bound complex which results in the destabilization of the NURD
complex. Importantly, demethylated MTA1 has high affinity for H3Me2K9 and LSD1
bound MTAL demethylates H3Me2K9. Since we observed an increased demethylation of
H3Me2K9 at LSD1-MTAL target promoters, we presumed that MTA1 promotes specific
substrate recognition and H3K9Me2 demethylation by LSD1. Demethylated MTA1
recognizes the bivalent histone H3K4-AcK9 mark and recruits histone p300/CBP
acetyltransferase activity and the BPTF- a member of the NURF chromatin remodeling
complex. Recruitment of the p300/CBP onto the target promoters results in a rapid
acetylation of demethylated histone H3K9 to stimulate gene activation.

In summary, for the first time findings presented here introduce a set of novel characteristics
of an evolutionary conserved coregulator as a chromatin/histone amplifier. MTAL chromatin
amplifier represents a switch between gene activation and repression events involving
sequential recruitment of components with distinct functions. One important characteristic
of histone amplifier proteins like MTAL would be that they interact with various histone
modifying enzymes that can inscribe specific histone marks. We believe that evolution has
favored repressor complexes like NuRDs to retain proteins like MTAL that display a unique
opportunity for diversification of NURD-dependent processes for optimal biological
outcome which at-time, demands gene activation. Another important characteristic of
histone amplifier MTAL is the multivalent engagement of chromatin modifications and
unique ability to facilitate cross-talk between chromatin remodeling complexes and histone
modifying enzymes. In conclusion, studies presented here offer a new perspective to the
molecular governance of a dual coregulator wherein sequential methylation and
demethylation resets the physiological switch between active and repressed states of MTAL
through chromatin signaling.

Experimental Procedures

Details of cell lines and transfection, inhibitors, small Interfering RNAs, plasmids and site
directed mutagenesis, salt solubilization assay, histone methyl transferase assay, histone
acetyltransferase assay, RT-PCR analysis, peptide pull down assays, luciferase assays,
coimmunoprecipitation assays and Western blot analyses, preparation of mononucleosomes
and nucleosome remodeling assay, ATP binding assay, and statistical analysis are provided
in the Supplementary Section.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. MTAlisa methylated component of the NURD complex

(A) Salt solubilization assay using nuclei from untreated, MAT1 or TSA treated the HeLa
cells. Salt soluble and resistant fractions were analyzed using anti-MTAL and MTA2
antibodies (see also Figure S1A for analysis using anti-CHD3, -CHD4, -MBD and -Rbp

antibodies). See also Figure S1A

(B) HeLa cells were labeled with 50uCi of (L-Methyl-3H) methionine in presence of protein
synthesis inhibitor and incubated for 5h at 37°C. Cell lysates (~1mg) was used for
immunoprecipitation using 1gG or anti-MTA1 antibody. Immunoprecipitated proteins were
electrophoresed in 10% SDS-PAGE, transferred to nitrocellulose membrane and developed
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by fluorography. Western blot for Anti-MTA1 serves as loading control. See also Figure
S1B

(C) Sequence alignment of MTA1 highlighting a conserved G9a methylation site in bold.
(D) /n vitro methylation assay using GST-G9a and His-MTAL, -K532R, and —-K631R and
bulk histones, S-Adenosyl-L-(methyl-3H)-methionine. Reaction products were analyzed by
SDSPAGE and fluorography. See also Figure S1C.

(E) Untreated (control), Bix-treated (0.5-1.5uM), control-siRNA and G9a- siRNA treated
HeLa cells were labeled with L-Methy/-3H) methionine in presence of protein synthesis
inhibitor and incubated for 5 hr at 37°C. Cell lysates (~1mg) was used for
immunoprecipitation using 1gG or anti-MTAL antibody. Immunoprecipitated proteins were
electrophoresed onto SDS-PAGE, transferred to nitrocellulose membrane and developed by
fluorography (top panel) to confirm MTA1 methylation status. Western blot for MTA1
serves as loading control (Second panel from top). Lines, different gels from the same
experiment.

(F) /n vitro methylation using indicated peptide substrates and recombinant G9a. Reactions
contained 50 mM glycine (pH 9.6), 2.0 uM [methyl- 3H] AdoMet, 0.50 uM G9a, and 60 UM
peptide and were incubated at 37°C for 45 min. Reaction mixtures were precipitated using
TCA and quantitated by liquid scintillation. Values are represented as tritium label (CPM)/
ug of peptide. Error bars represent SD.

(G) In-vitro methylation assay using Flag-G9a enzyme immunoprecipitates, bulk histones
and increasing concentrations of His-MTAL (1x= 0.5ug). Reaction products were analyzed
by fluorography and immunoblotting analysis for anti-H3Me2K9 and histone H3. 1/10t of
reaction mixture was electrophoresed on a separate gel to confirm the presence of G9a and
MTAU1 using anti-Flag and anti-His antibodies.

(H) Recombinant G9a and GST-MTAL domains were incubated in HMTase buffer
containing 3H-labeled AdoMet and 5ug of histones. Reaction was carried out for 1 hr at
37°C and stopped using SDS-loading buffer and analyzed by fluorography. G9a inhibitor,
Bix-01294 (1uM).
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Figure 2. Methylated MTA1 directs functional association of the NURD components

(A) HelLa cells were transfected with T7-MTAL or methylation-deficient T7-K532R and
Flag- G9a. T-7 immunoprecipitates from the nuclear lysates were analyzed by
immunoblotting using indicated antibodies. Methylation status of the precipitated MTAL
was determined using anti-methyl lysine antibody (Me-K) in an identical gel. WCL,lysates
from transfected cells.

(B) Nuclear lysates from the HeLa cells transfected with T7-MTA1 and Flag-G9a were
immunoprecipitated using T7-affinity resin. Immunoprecipitate material was analyzed by
immunoblotting using indicated antibodies. WCL, lysates from untransfected HeLa cells.
Lane 4, CHD4-immunodepleted nuclear lysates.

Mol Cell. Author manuscript; available in PMC 2014 February 21.



1duosnuey Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Nair et al.

Page 16

(C) Streptavidin-biotin peptide pull down assay was performed using biotin-tagged control,
unmodified, or methylated MTA1 peptides (with mono and dimethyl-lysine substitution at
K532) and HeLa cell nuclear extracts. Peptide bound proteins were eluted and analyzed on
polyacrylamide gels using indicated antibodies. Lines, different gels from the same
experiment.

(D) Total RNA was isolated from HeLa cells expressing T7-MTA1 or -MTA1-K532R and
lug of RNA was reverse transcribed and used in a quantitative PCR reaction using specific
primers for endogenous p21/WAF1. Data is presented as fold induction over 18 SRNA
(internal control). Error bars represent SD. See also Figure S2C.

(E&F) Chromatin prepared from the Hela cells were subjected to ChIP analysis at p21/
WAF1 promoter, using anti-MTAL (E) or ChIP analysis using anti-Methyl-lysine antibody
(F) followed by re-ChlIP using indicated antibodies.. Recruitment profiles were generated in
quantitative-PCR assay specific primers encompassing MTAL recruitment region on p21-
WAF1 promoter. Values are represented as fold recruitment/IgG. **p<0.01,***p<0.001,
***p<0.005. Error bars represent SD.

(G) Quantitative ChIP relative to 1gG control at p21/WAF1 promoter using indicated
antibodies and chromatin from MTAL-WT and KO cells transfected with T7-MTAL or -
methylation deficient K532R. Methylation status of MTAL at target chromatin is evaluated
using anti-Methyl lysine antibody. ***p<0.005. Error bars represent SD.

(H) Chromatin prepared from the HeLa cells were subjected to ChIP analysis onto p21/
WAF1 using MTA1-MeK532 antibody followed by Re-ChlIP using indicated antibodies.
Quantitative-PCR using specific primers encompassing MTAL recruitment region on p21-
WAFI promoter were used to generate recruitment profiles. Values are represented as fold
recruitment/IgG. ***p<0.001, ***p<0.005. Error bars represent SD.
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Figure 3. MTA1 methylation status directs NURD dependent chromatin remodeling

(A) In vitro demethylation assay using G9a methylated His-MTAL, Methylated histones and
LSD1. COS1 cells were transfected with Flag-LSD1-WT (1x=2.5ug) and -demethylase
deficient LSD-661A. Flag immunoprecipitates were used in demethylase reaction. Reaction
products were analyzed by fluorography.
(B) Ni-NTA-bound His-MTAL or His-MTA1-K532R was used in methyltransferase assay
with G9a. Ni-NTA beads were washed several times in the immunoprecipitation buffer,
bound nonmethylated His-MTAL; methylated His-MTAL and His-MTA1-K532R were
incubated with 1 mg of the HeLa cells’ nuclear extracts. Bound proteins were eluted in the
SDS-loading buffer and analyzed onto SDS-PAGE using indicated antibodies. An aliquot of
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reaction was electrophoresed on separate gel and analyzed using anti- methyl lysine
antibody to determine MTAL methylation status.

(C) HeLa cells expressing T7-MTA1 or -MTAL1-K532R were treated with either control or
G9a siRNA or transfected with Flag-G9a and -LSD1. Nuclear lysates were incubated with
anti-T7- antibody or control IgG and analyzed by immunoblotting using indicated
antibodies. Methylation status of MTAZ1 under all conditions was evaluated by fluorography
(top panel). Western blot for Anti-MTAU1 serves as loading control (Second panel from top).
Lines, different gels from the same experiment.

(D) HeLa cells expressing various expression vectors were treated with TSA and
sodiumbutyrate for 12 hr. Nuclear lysates were immunoprecipitated by T7 affinity resin,
resolved onto a SDS-PAGE and immunoblotted with the indicated antibodies. Lines,
different gels from the same experiment.

(E) ATP binding of T7-MTAL, -MTA1-K532R, and -MTA1-K631R precipitated from HelLa
cells with 1pCi of y-32ATP. ATP binding and hydrolysis was evaluated using
formaldehyde-urea gels. See also Figure 3C.

(F) ATP binding of the endogenous MTAL immunoprecipitated from the HeLa cells. 1gG or
MTAZL immunoprecipitates from CHD4-immunodepleted or Bix-treated nuclear lysates
were incubated with either 1 uCi of y-32ATP alone or in combination with 3-fold excess
cold non-hydrolysable ATP. ATP binding and hydrolysis was evaluated using
formaldehyde-urea gels. Presence of CHD4 in MTA1 immunoprecipitates were analyzed
using anti-CHD4 antibody. (also see Figure S3C for immunoblotting using anti-T7, -G9a,
and -LSD1 antibodies). Lines, different gels from the same experiment.

(G) In vitro mono-nucleosome mobilization and chromatin remodeling assay using
reconstituted nucleosomes and T7 immunoprecipitates containing methylated and de-
methylated MTAL containing complexes from the COS-1 cells transfected with indicated
expression plasmids.
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(A-C) Peptide pull down assays were carried out using the HeLa cells’ nuclear extracts and
biotinylated histone H3, H2B and H4 peptides (aal-22) (A)or biotinylated Histone H3 (aal-
11, aal2-21, aa22-44) peptides (B) or N-terminal histone H3 peptides with specific methyl
and acetyl modifications (C). HP1-alpha pulldown, was positive control for H3K9Me3
binding. The material was immunoprecipitated using Streptavidin where indicated. See also
Figure S4.

(D) Histone binding assay using T7-WT MTAL or T7-MTA1-K532R from the COS1 cells
and core histones from the HelL a cells. Bound histones were electrophoresed onto a 15%
PAGE and analyzed using indicated antibodies. Immunoblotting analyses using anti-flag
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(G9a and LSD1) and anti-T7 is shown here. The material was immunoprecipitated using an
anti-T7 antibody where indicated.

(E) /n vitrotranslated 3°S labeled MTA1 domains were used in a peptide pull-down assay
using various histone H3 biotinylated peptides.

(F) Biotinylated peptide pull down assay was performed using control unmodified and
biotinylated Histone H3Acetyl lysine-9 and Histone H3 Methy! lysine-4-Acetyl-lysine-9
peptide and HeLa cell nuclear extracts.

(G) In vitro methylation assay with G9a enzyme and GST and GST-MTA1-441-715.
Methylation of GST-MTA1-441-715 was confirmed by fluorography (left panel). Inclusion
of Bix (1uM) completely abolished methylation. Equal amount of GST, unmethylated and
G9a methylated MTA1-441-715 was used in a streptavidin-biotin peptide pull-down assay.
50ng of biotinylated histone H3K4AcK9 was incubated with equal amount of GST,
unmethylated and G9a-methylated GST-MTA1-445-715 in histone binding buffer (20mM
Hepes, ph 8.0, 200mM KCL, 0.5% TritonX-100, 0.2mM EDTA) for 3 hr at room
temperature. Beads were washed with high stringent wash buffer (histone binding buffer
supplemented with 400 mM KCL) and bound proteins were eluted using glycine buffer (pH:
3.0). Eluted proteins were analyzed onto a 10% SDS-PAGE and transferred to nitrocellulose
membrane and stained with Ponceau. Blots were scanned and further treated with
fluorgraphy reagent to detect methylated GST-fusion proteins.
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Figure 5. MTA1 demethylation recruits co-activator functions

(A) Total RNA from HeLa cells transiently expressing T7-MTA1 or -MTA1-K532R were
transfected was reverse transcribed and used in a quantitative PCR reaction using specific
primers for endogenous Pax5. Data is represented as fold induction over 18 SRNA (internal
control). Where indicated small molecular inhibitor of G9a, Bix-01294 and pargyline-
hydrochloride a specific small molecule inhibitor of LSD1 were used at a final
concentrations of 1uM and 1mM, respectively. Error bars represent SD. See also Figure S5A
(B) Flag-LSD1 or -LSD1-K661A from the COS1 cells were used in the histone demethylase
assay. Where indicated recombinant His-MTAL was included in the assay. Histones from
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demethylase reaction were analyzed independently using anti-H3Me2K4 and anti-H3-
Me2K9 antibodies. Lines, different gels from the same experiment.

(C) HeLa cells were transfected with the indicated expression vectors were used for ChIP
assay to evaluate changes at the Pax5 promoter, using anti-T7 antibody followed by Re-
ChIP using indicated antibodies. Recruitment profiles were generated using quantitative-
PCR and specific primers encompassing MTAL recruitment region on Pax5 promoter.
Values are represented as fold recruitment/IgG. **p<0.01.Error bars represent SD. See also
Figure S5B.

(D) Quantitative ChIP relative to 1gG control at the Pax5 promoter using indicated
antibodies and chromatin from MTA1-WT and MTA1-KO cells transfected with T7-MTA1
or -MTAL- K532R. (also see Supplementary Figure 4C). ***p<0.005. Error bars represent
SD. See also Figure S5C.

(E) Histone acetyltransferase assay (HAT) using immunoprecipitates from Ni-NTA or
streptavidin-biotin pull down from the HeLa cells nuclear extracts were incubated with His-
MTAL1 protein or biotinylated peptides. Lines, different gels from the same experiment.
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(B) Chromatin was prepared from the MCF-7 transfected with the T7-MTA1, MTA1-
K532R. Quantitative ChIP with T7 antibody followed by re-ChIP with indicated antibodies
is represented relative to 1gG control at EZHZ2, CHD4, IL-12and CHD8 promoters. Error
bars represent SD.

(C) Chromatin was prepared from MCF-7 transfected with MTAL-WT, MTA1-K532R and
serum treated at indicated time points. Quantitative ChIP with T7 antibody followed by Re-
ChIP with indicated antibodies is represented relative to 1gG control at EZH2 promoter.
Values are represented as fold recruitment/IgG. Green colored bars in graph represent status
of methylated MTAL at indicated time points . Error bars represent SD. See also Figure S6A
(D) Total RNA from MCEF-7 cells transfected with the indicated expression vectors were
used reverse transcribed and subjected to semi-quantitative PCR using specific primers to
detect EZH2and CHDE8 mRNA levels.
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Figure 7. MTA1 engages with the NURD and NURF complexesin a cyclic manner

(A) Cells were stimulated with serum for indicated time points. Recruitment profiles of
MTAL and repressor/activator marks at EZH2 promoter was generated by ChiIP using a
MTAZ1-antibody followed by Re-ChIP using MTA1 methylation site specific (MTA1-
MeK532) antibody. Values are represented as fold recruitment/IgG. Error bars represent SD.
See also Figure S7.

(B) Model of MTA1 dual-coregulator action (Also graphical abstract). At repressive
chromatin target, G9a methylated MTA1 is associated with histone H3 aal1-21.
Methylation of MTA1 serves as a docking site for CHD4. Binding of CHD4 directs a
combinatorial association of NURD chromatin remodeling complex. MTA1 potentiates G9a
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methyltransferase activity on HDAC?2 deacetylated nucleosomes to create a repressive
H3K9Me2 environment. During gene activation cycle, LSD1 is recruited to the NURD
repressor complex and demethylates MTAL. Loss of MTA1-methylation destabilizes the
NUuRD repressor complex. Increased affinity of demethylated MTA1 for H3K9Mez2 triggers
rapid demethylation of H3-K9Me2 mark by LSD1 and acetylation by p300/CBP. MTA1
functions as an epigenetic reader of H3K4AcK9 and engages in a co-activator function.
Methylated and demethylated states of MTAL engage distinct histone modifications and
factors to facilitate gene repression (NURD) or activation (NURF) events.
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