THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 287, NO. 26, pp. 22080-22088, June 22, 2012
© 2012 by The American Society for Biochemistry and Molecular Biology, Inc.  Published in the US.A.

The Nuclear Envelope Protein Emerin Binds Directly to
Histone Deacetylase 3 (HDAC3) and Activates HDAC3

Activity”

Received for publication, November 18,2011, and in revised form, May 7, 2012 Published, JBC Papers in Press, May 8, 2012, DOI 10.1074/jbc.M111.325308

Justin Demmerle’', Adam J. Koch®', and James M. Holaska

592

From the *Department of Medicine, Section of Cardiology, the SCommittee on Genetics, Genomics and Systems Biology, and the
ICommittee on Developmental, Regeneration, and Stem Cell Biology, The University of Chicago, Chicago, Illlinois 60637

Background: Emerin regulates the expression of a large number of genes.

Results: Emerin binds HDAC3, mediates its nuclear envelope localization, and activates HDAC3 activity.

Conclusion: Decreased HDACS3 activity may contribute to changes in genomic organization seen in emerin-null cells.
Significance: These studies uncovered a putative mechanism for initiating and maintaining repressed genes at the nuclear

periphery.

Organization of the genome is critical for maintaining cell-
specific gene expression, ensuring proper cell function. It is well
established that the nuclear lamina preferentially associates
with repressed chromatin. However, the molecular mechanisms
underlying repressive chromatin formation and maintenance at
the nuclear lamina remain poorly understood. Here we show
that emerin binds directly to HDACS3, the catalytic subunit of
the nuclear co-repressor (NCoR) complex, and recruits HDAC3
to the nuclear periphery. Emerin binding stimulated the cata-
lytic activity of HDAC3, and emerin-null cells exhibit increased
HA4KS5 acetylation, which is the preferred target of the NCoR
complex. Emerin-null cells exhibit an epigenetic signature sim-
ilar to that seen in HDAC3-null cells. Emerin-null cells also had
significantly less HDAC3 at the nuclear lamina. Collectively,
these data support a model whereby emerin facilitates repres-
sive chromatin formation at the nuclear periphery by increasing
the catalytic activity of HDAC3.

Chromatin architecture is regulated within the nucleus to
ensure the coordinated expression of cell type-specific genes.
Generally, expressed genes reside within regions of decon-
densed chromatin called euchromatin. Repressed genes tend to
reside in regions of compacted chromatin called heterochro-
matin, which preferentially localizes to the nuclear periphery.
Euchromatin localizes to the nuclear interior. The localization
of repressed chromatin to the nuclear lamina predicts that the
nuclear lamina may establish or maintain a repressive chroma-
tin environment.

The nuclear envelope is composed of two lipid bilayers: the
outer nuclear membrane, which is contiguous with the endo-
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plasmic reticulum, and the inner nuclear membrane (1). The
inner nuclear membrane contains >100 integral membrane
proteins (2, 3). Emerin is an integral membrane protein of the
inner nuclear membrane. Inner nuclear membrane localization
of emerin is mediated by binding to A-type lamins, which are
nuclear intermediate filament proteins that form a nuclear
envelope-associated lattice (4). Together, emerin and lamin A
form many stable oligomeric complexes with roles in mRNA
transcription and DNA replication (5). The nuclear lamin-
based lattice together with lamin-associated inner nuclear
membrane proteins defines the nuclear lamina.

Mutations in the genes encoding emerin and lamin A pro-
duce diseases with a broad spectrum of both overlapping and
distinct phenotypes, including Emery-Dreifuss muscular dys-
trophy (EDMD).? These diseases, collectively called laminopa-
thies, include progressive skeletal muscle wasting, life-threat-
ening irregular heart rhythms, contractures of major tendons,
abnormal fat deposition, and premature aging (6). Emerin and
lamin A are expressed in nearly all differentiated cell types, yet
these diseases specifically affect heart, muscle, tendons, and fat.
To explain this tissue specificity, emerin and lamin A were var-
iously proposed to have roles in gene expression, cell signaling,
or nuclear structure (1, 5, 7).

Growing evidence supports roles for emerin in gene expres-
sion and genomic organization as emerin binds directly to
many transcription regulators (5, 8—11). Further supporting
the role of emerin in gene expression, muscles from EDMD
patients and emerin-null mice show increased expression of
muscle regeneration pathway components (12, 13). EDMD
patient fibroblasts also have significantly reduced heterochro-

3 The abbreviations used are: EDMD, Emery-Dreifuss muscular dystrophy;
HDAC, histone deacetylase; HDAC3, histone deacetylase 3; NCoR, nuclear
corepressor; GPS2, G-protein pathway suppressor 2; H4K5, histone 4, lysine
5; H4K5ac, histone 4, acetyl lysine 5; H3K4, histone 3, lysine 4; H3K4me3,
histone 3, trimethylated lysine 4; H3K9, histone 3, lysine 9; H3K9me3, his-
tone 3, trimethylated lysine 9; H3K9me2, histone 3, dimethylated lysine 9;
H3K27, histone 3, lysine 27; H3K27me3, histone 3, trimethylated lysine 27;
DAM, DNA adenine methyltransferase; LMNB1, lamin B1; LAD, lamina-as-
sociated domain; DAD, deacetylase activation domain; TB, transport buff-
er; LAS, lamina-associated sequence; Emd, emerin.
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matin both in the nucleoplasm and at the nuclear periphery (14,
15). Emerin associates with chromatin-modifying complexes,
including the nuclear co-repressor (NCoR) complex (16), pro-
viding a mechanism by which loss of emerin might be linked to
decreased heterochromatin formation. Heterochromatin loss
and increased gene expression in emerin-null cells suggests
repressed chromatin formation and repression of gene expres-
sion requires emerin.

The NCoR complex is a histone deacetylase 3- (HDAC3)
containing complex that localizes to gene regulatory regions
and represses transcription of genes under their control. The
NCoR complex is composed of TBL1/TBL1R, GPS2, NCoR,
and HDAC3. NCoR has four repression domains and a nuclear
receptor interaction domain that mediates binding to unligan-
ded nuclear receptors on DNA (17). The histone-interacting
domain (residues 610 —690) in NCoR binds to unacetylated H4
N-terminal tails (18). Residues 420-488 of NCoR bind
HDACS3, and this domain is called the deacetylase activation
domain (DAD); DAD binding to HDACS3 is required for activa-
tion of HDAC3 (19). G-protein pathway suppressor 2 (GPS2)
binds to NCoR residues 161-225, and TBL1/TBLIR binds
NCoR residues 226 —312 (19). The N terminus of TBL1/TBL1R
binds to G-protein pathway suppressor 2 (GPS2) and stabilizes
its interaction with NCoR. TBL1 preferentially binds hypo-
acetylated H4. Thus, deacetylation of H4 tails by HDACS3 is
hypothesized to induce H4 binding by TBL1 and the NCoR
histone-interacting domain (HID) and to stabilize NCoR com-
plex binding to chromatin (20).

Recently, genomic regions targeted to the nuclear lamina
were repressed, and repression spread from 100 kb to 5 Mbp
(21, 22). To examine the features of genomic regions associated
with the nuclear lamina, bacterial DNA adenine methyltrans-
ferase (DAM) was fused to lamin B1 (DAM-LMNBI) and
expressed in fibroblasts (23). Approximately 1,300 genomic
regions interacted with DAM-LMNBI. These lamina-associ-
ated domains (LADs) were predominantly gene-poor and con-
tained chromatin modifications consistent with transcription
repression and chromatin compaction. Similar results were
also obtained using DAM-emerin (23).

In Caenorhabditis elegans, chromatin immunoprecipitation
(ChIP) of the inner nuclear membrane protein LEM2 coupled
to deep sequencing (ChIP-seq) also showed that repressed
chromatin preferentially associated with the nuclear lamina
(24, 25). LEM2-associated regions were enriched for chromatin
modifications consistent with repressed chromatin (e.g.
H3K27me3) and lacked transcriptionally active chromatin
modifications (e.g. H3K4me3 (26)). LEM2-associated domains
also lacked active RNA polymerase II.

Collectively, these studies show that the nuclear lamina is a
repressive environment. How the nuclear lamina establishes
and maintains this repressive environment remains poorly
understood. Here we show that emerin binds directly to
HDACS3, a core component of the NCoR complex. Binding of
emerin to HDAC3 increases histone deacetylase activity by
increasing the V., of HDACS3, suggesting that emerin binding
to HDAC3 may cause a conformational change in HDAC3 to
increase its catalytic activity. Importantly, emerin-null cells
exhibit similar epigenetic changes as those seen in HDAC3-null
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cells, including increased H4K5 acetylation and decreased
H3K27 and H3K9 trimethylation.

EXPERIMENTAL PROCEDURES

Plasmids and Antibodies—Plasmids encoding GFP-HDAC3
and GST-HDAC3 were generous gifts from Ed Seto (Moffitt
Cancer Center). The plasmid encoding FLAG-emerin was a
generous gift from Glenn Morris (Robert Jones and Agnes Hunt
(RJAH) Orthopaedic Hospital). Antibodies against each named
protein and the dilution used for Western blotting were: acety-
lated H4K5 (07-327, Millipore, Inc., 1:1,000), trimethylated
H3K27 (07-449, Millipore, 0.4 ug/ml), trimethylated H3K9
(ab4441, Abcam, Inc., 1:500), trimethylated H3K4 (04-745, Mil-
lipore, 1:10,000), HDAC3 (05-813, Millipore, 1 ug/ml), H3 (07-
690, Millipore, 1:100,000), H4 (05-858, Millipore, 1:50,000),
emerin (sc-15378, Santa Cruz Biotechnology, Inc., 1:20,000),
GST (sc-138, Santa Cruz Biotechnology, 1:5,000), B-tubulin
(sc-9104, Santa Cruz Biotechnology, 1:5,000), lamin B (sc-6216,
Santa Cruz Biotechnology, 1:1,000), Myf5 (antibody 69997,
Abcam, 1:1,000), and RNA polymerase II (05-952, Millipore,
1:1,000).

Plasmids and Protein Purification—Recombinant GST-
HDAC3 was purified from Escherichia coli DH5a. Protein
expression was induced by the addition of 0.5 mMm isopropyl
B-p-1-thiogalactopyranoside for 4 h at 37 °C with shaking (220
rpm). Bacteria was collected by centrifugation at 15,000 X gand
resuspended in modified His Buffer (50 mm HEPES, pH 8, 500
mMm NaCl, 2 mm MgCl,, 0.05% Tween 20, 1 mm PMSF, 5 ug/ml
each of leupeptin, aprotinin, and pepstatin, 14 um 3-mercapto-
ethanol). Lysozyme was added to a final concentration of 1
mg/ml and incubated at 4 °C for 30 min followed by sonication.
The lysate was centrifuged at 40,000 X g, and the supernatant
was incubated with glutathione beads for 1 h at 4 °C. The beads
were washed five times with modified His Buffer, and GST-
HDACS3 was eluted with 10 mMm glutathione in modified His
Buffer. Eluted GST-HDAC3 was then dialyzed into PBS con-
taining 14 uM B-mercaptoethanol. Recombinant emerin pro-
tein comprising the entire nucleoplasmic domain of emerin
(residues 1-222) and lacking the transmembrane domain was
expressed in bacteria from pET1lc-emerin and purified as
described (8).

Cell Culture—C2C12 myoblasts were maintained in growth
media (DMEM + 10% fetal bovine serum) at 37 °C and 5% CO.,,.
Wild-type and emerin-null mouse myogenic progenitors were
a generous gift from Tatiana Cohen and Terry Partridge (Chil-
dren’s National Medical Center, Washington, D. C.). Myogenic
progenitors were grown in proliferative media consisting of
DMEM (11995-065, Invitrogen) supplemented with 20% HI-
FBS (10082-147, Invitrogen), 2% chick embryo extract
(CE6507, Accurate Chemical), 2% L-glutamine (25030-081,
Invitrogen), 1% penicillin-streptomycin (15140-122, Invitro-
gen), and 20 ng/ml y-Interferon (IF005, Millipore). Cells were
grown at 33 °C and 10% CO,,. Cells between passages 4 and 10
were used for Western blotting.

Emerin Down-regulation and Western Blotting—Transfec-
tion of emerin shRNA and control shRNA plasmids was per-
formed as described previously (27). 1 X 10° cells were resus-
pended in SDS-PAGE sample buffer, and 50,000 cells were
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separated by SDS-PAGE, transferred to nitrocellulose, and
Western blotted with the indicated antibodies. Densitometry
was performed for each protein, and the results were normal-
ized to y-tubulin (loading control) to determine changes in H3,
H4, or HDAC3 expression. Densitometries of acetylated H4K5
(H4K5ac), H3K27me3, H3K4me3, and H3K9me3 were normal-
ized to total H3 or H4. To confirm H4K5ac antibody specificity,
5 wg/ml H4K5ac peptide (12-343, Millipore) or H4K16ac pep-
tide (12-364, Millipore) was incubated with H4K5ac antibodies
(1:1,000 dilution) for 4 h at 4 °C and then incubated with nitro-
cellulose membranes containing whole cell lysate from wild-
type myogenic progenitors.

Binding Assays—GST-HDAC3 binding assays were per-
formed by incubating 1.0 uM of recombinant, purified GST-
HDACS3 or GST immobilized on glutathione beads with 4.5 um
recombinant, purified wild-type emerin (residues 1-222) or
each emerin mutant (residues 1-222). Proteins were incubated
4hat4 °Cin PBS containing 0.1% Triton X-100 (PBS-T), 2 mm
DTT, 10 pug/ml aprotinin, 10 ug/ml leupeptin, 10 ug/ml pep-
statin A, 1 mMm PMSF for 4 h at 4 °C. The beads were washed five
times with PBS-T, and bound proteins were eluted with SDS-
PAGE sample buffer, resolved by SDS-PAGE, and Western
blotted with antibodies against either emerin (serum 2999; 28)
or GST (sc-138, Santa Cruz Biotechnology). The affinity of
emerin for HDAC3 was determined by incubating 0-25 um
wild-type emerin (residues 1-222) with 1.0 um GST-HDAC3
immobilized on glutathione beads. Immunoprecipitations were
performed as described previously (16) using protein G Dyna-
beads (10007D, Invitrogen).

HDAC Assays—HDAC assays were performed per the man-
ufacturer’s instructions (17-356, Millipore). Briefly, 19 um wild-
type emerin (residues 1-222) or emerin S54F (residues 1-222)
was incubated with 0.3 um HDAC3-DAD complex (ab42631,
Abcam) in 20 ul of PBS-T for 4 h at 4 °C with rotation. These
emerin concentrations were used to ensure that >95%
HDAC3-DAD was bound by emerin. 15 ul of each binding reac-
tion was then added to the HDAC assay (final volume 40 pul).
HDACS3 activity was measured using the FLUOstar OPTIMA
plate reader (BMG Labtech). 0-16 um wild-type emerin was
added to 0.3 uM HDAC3-DAD complex to determine the K, for
allosteric activation of HDAC activity by emerin. 9.6 um wild-
type emerin was added to 0.3 um HDAC3-DAD in the presence
0of 0-300 um HDAC substrate to determine how emerin altered
HDACS3 enzyme kinetics.

Immunofluorescence Microscopy—C2C12 myoblasts were
plated on coverslips and transfected with plasmids encoding
GFP-HDACS3 (2 pg) or GFP-HDACS3 (1 png) and FLAG-emerin
(1 pg) using Lipofectamine, per the manufacturer’s instruc-
tions. After 48 h, the coverslips were removed, washed three
times with PBS, and fixed with 3.7% formaldehyde for 15 min.
The samples were then permeabilized for 23 min by treatment
with 0.2% Triton X-100 in PBS followed by blocking with 3%
BSA in PBS, 0.1% Triton X-100 for 1 h. Wild-type and emerin-
null myogenic progenitors were prepared for immunofluores-
cence in the same manner. Primary antibodies against emerin
(1:10,000, sc-15378, Santa Cruz Biotechnology), GFP (1:1,000,
5¢-9996, Santa Cruz Biotechnology), FLAG (1:250, F-1804, Sig-
ma-Aldrich), lamin B (1:500, sc-6216, Santa Cruz Biotechnol-
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ogy, Inc), acetylated H4K5 (07-327, Millipore, 1:500), trimethyl-
ated H3K4 (04-745, Millipore, 1:250), and trimethylated H3K27
(07-449, Millipore, 1:500) were incubated with the cells over-
night at 4 °C, washed three times with PBS, and incubated with
either Alexa Fluor 488-conjugated goat anti-rabbit or Alexa
Fluor 594-conjugated goat anti-mouse secondary antibodies
(1:500 dilution) for 1 h at 22 °C. The cells were rinsed in PBS
three times, incubated with 250 nm DAPI for 5 min, and
mounted onto slides containing one drop of ProLong Gold
(Invitrogen) or VECTASHIELD (Vector Laboratories, Inc.)
antifade reagent. All antibodies were diluted into 3% BSA in
PBS, 0.1% Triton X-100. Slides were viewed on a Zeiss Axioskop
microscope, and images were acquired using a QImaging
Retiga EXI camera controlled by iVision (BioVision) software
running on an iMac followed by deconvolution through Huy-
gens (SVI, Inc.) software running on Linux. Co-localization
analysis was performed using the JACoP plug-in for Image].

Confocal Microscopy—Confocal imaging was performed on a
TCS SP5-1I laser-scanning confocal system (Leica Microsys-
tems, GmbH). Images of randomly selected nuclei were
acquired in 12-bit grayscale and 1,024 X 1,024-pixel resolution
with 30-nm voxel size, using an HCX PL APO CS 63.0X 1.40
NA objective and 8 X zoom. Comparison of intensity was per-
formed by ensuring identical illumination and acquisition set-
tings on both wild-type and emerin-null samples.

Subcellular Fractionation—5 X 10° wild-type or emerin-null
myogenic progenitors were washed in 1 X transport buffer (TB;
20 mm HEPES, pH 7.4, 110 mM potassium acetate, 2 mM mag-
nesium acetate, 0.5 mM EGTA) and suspended in 1 ml of ice-
cold hypotonic lysis buffer (5 mm HEPES, pH 7.4, 10 mM potas-
sium acetate, 2 mMm magnesium acetate, 1 mm EGTA)
containing 10 ug/ml pepstatin A, leupeptin and aprotinin, 1
mM PMSF and 14 um B-mercaptoethanol. The cells were incu-
bated for 10 min on ice with gentle agitation every 2 min until
they swelled. Myogenic progenitors were disrupted with a
Dounce homogenizer 40-50 times on ice until 90-95% of
nuclei stained with Trypan Blue. 100 ul of 10X TB was then
added to the cells, and they were centrifuged at 400 X g for 5
min to pellet the nuclei. Cytosol was removed, and nuclei were
washed two times with TB. The nuclei were then treated with
TB containing 0.2% Triton X-100 for 20 min on ice, swirling
every 5 min. The nuclei were then centrifuged at 400 X g for 5
min to collect insoluble nuclear material. The soluble nuclear
extract was removed, and the insoluble material (nuclear lam-
ina) was washed two times with TB. 1.25 X 10* cell equivalents
of each fraction were separated by SDS-PAGE, transferred to
nitrocellulose, and blotted with the indicated antibodies.

RESULTS

Emerin Binds Directly to HDAC3—W.e previously showed
that emerin interacted with the NCoR complex in HeLa cells
(16). To test whether emerin binds directly to HDAC3, 4.5 um
recombinant, purified emerin (residues 1-222) was incubated
with 1 um GST or 1 um GST-HDAC3 immobilized on glutathi-
one beads. Emerin specifically bound GST-HDAC3 (Fig. 14).
We next incubated increasing amounts (0 —25 um) of recombi-
nant emerin protein (residues 1-222) with 1 um GST-HDAC3
to determine the affinity of emerin for HDAC3 (Fig. 1B). The
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FIGURE 1. Emerin binds directly to HDAC3 with high affinity. A, 4.5 umrecombinant, purified emerin (Emr; 1-222) was incubated with 1 um recombinant GST
(panel i) or GST-HDACS3 (panel i) immobilized on glutathione beads. Binding was detected by Western blotting with the indicated antibodies. Sup, supernatant.
B, increasing concentrations of emerin (residues 1-222) were incubated with 1.0 um immobilized GST-HDAC3 to determine the affinity constant. C, emerin
binds HDAC3 in vivo. HDAC3 antibodies immobilized on magnetic beads or magnetic beads alone were incubated with C2C12 lysates. Load, bound (/P), and
unbound (unb) fractions were separated by SDS-PAGE and Western blotted for emerin (EMD) or HDAC3. D, GST-HDAC3 binds the C terminus of emerin. 4.5 um
wild-type emerin (1-222) or each indicated emerin mutant (1-222) was incubated with immobilized GST-HDAC3, and bound fractions were separated by
SDS-PAGE and Western blotted with antibodies against emerin and HDAC3. E, densitometry of HDAC3 binding of each emerin mutant. The amount of
GST-HDAC3 binding to each emerin mutant was normalized to wild-type emerin binding. F, emerin S54F mutant fails to bind HDAC3 in vivo. Hela cells were
transfected with FLAG-HDAC3 and GFP, GFP-emerin, or GFP-emerin S54F (GFP-S54F). Immunoprecipitation assays were done using FLAG antibodies. Error bars

in Band E indicate S.D.

affinity of emerin for HDAC3 was 7.3 = 1.0 um (n = 3), which
is comparable with the affinities of known HDAC3-binding
proteins.

Co-immunoprecipitation assays were performed to test
whether emerin binds HDAC3 in vivo. C2C12 lysates were
incubated with HDAC3 antibodies immobilized on Dynabeads
or Dynabeads alone. Endogenous emerin is efficiently pulled
down by HDAC3 antibodies, but not Dynabeads alone (Fig. 1C).

1.0 uMm GST-HDAC3 was incubated with 4.5 um wild-type
emerin (residues 1-222) or each of 15 emerin mutants (residues
1-222) to map the HDAC3-binding domain in emerin (Fig. 1, D
and E). The HDAC3-binding domain of emerin mapped to res-
idues 95-202. Most EDMD-causing emerin mutations are non-
sense mutations resulting in loss of emerin protein. However,
there are four EDMD-causing emerin mutants that are
expressed at wild-type levels and localize correctly to the
nuclear envelope (28, 29). These are S54F, A95-99, Q133H, and
P183H. Interestingly, HDACS3 failed to bind all four of these
EDMD-causing emerin mutant proteins (n = 4; Fig. 1, Dand E).
HDACS is the first emerin-binding protein disrupted by all
EDMD-causing mutants, suggesting that the interaction
between emerin and HDAC3 may be important for the EDMD
disease mechanism.

GFP-emerin or GFP-S54F was co-expressed with FLAG-
HDACS3 in HeLa cells to test whether emerin mutant S54F
bound HDAC3 in vivo. GFP-emerin was efficiently pulled down
with FLAG antibodies (Fig. 1F). FLAG antibodies failed to pull
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down GFP-S54F. Thus, emerin mutant S54F is disrupted for
binding HDAC3 in vitro and in vivo.

Emerin Binding to HDAC3 Recruits HDAC3 to the Nuclear
Periphery—It was previously shown that increased expression
of LAP2B, an inner nuclear membrane protein functionally
related to emerin, caused increased HDAC3 localization to the
nuclear envelope (30). GFP-HDAC3 was expressed in C2C12
cells in the absence or presence of FLAG-emerin (FLAG-Emd)
to test whether emerin also recruits HDAC3 to the nuclear
envelope. Subnuclear localization was monitored by immuno-
fluorescence microscopy and deconvolution. GFP-HDAC3 was
predominantly nucleoplasmic with a fraction localized at the
nuclear envelope, where it co-localized with endogenous
emerin in the absence of exogenous FLAG-Emd (Fig. 2A).
Importantly, expression of FLAG-Emd significantly increased
the amount of GFP-HDACS3 localized to the nuclear envelope
(Fig. 2B); GFP-HDAC3 was predominantly nucleoplasmic in
cells expressing only GFP-HDACS3 (Fig. 2B). Quantification of
co-localization of GFP-HDAC3 with endogenous or exogenous
emerin in the deconvolved images was analyzed using the
JACoP plug-in for Image]. 36% of GFP-HDAC3 co-localized
with endogenous emerin, whereas 74% co-localized with
FLAG-Emd.

Subcellular fractionation was used to biochemically confirm
that endogenous HDACS3 localizes to the nuclear envelope.
Importantly, the fractionation of C2C12 myoblasts generated
clean cytosolic extract, soluble nuclear extract, and nuclear
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FIGURE 2. Overexpression of emerin recruits HDAC3 to the nuclear envelope. A, deconvolved images of C2C12 myoblasts transfected with plasmids
encoding GFP-HDAC3. Localization was monitored 48 h after transfection. Emerin antibodies (a-Emr) were used to mark the nuclear lamina. DAPI was used to
stain nuclei. GFP-HDAC3 is predominantly nuclear with a fraction of GFP-HDAC3 at the nuclear periphery overlapping with emerin (Merge). B, deconvolved
images of C2C12 myoblasts transfected with plasmids encoding GFP-HDAC3 and FLAG-emerin (FLAG-Emd) 48 h after transfection. More GFP-HDAC3 localized
to the nuclear periphery in cells expressing FLAG-Emd (Merge), where it co-localizes with FLAG-Emd. DAPI was used to stain nuclei. C and D, subcellular
fractionation confirms that a fraction of endogenous HDAC3 associates with the nuclear lamina. Equal cell equivalents were separated by SDS-PAGE and
Western blotted with the indicated antibodies. Less HDAC3 associates with the nuclear lamina in emerin-null myogenic progenitors. Wild-type or emerin-null
myogenic progenitors were subjected to subcellular fractionation. Equal cell equivalents were separated by SDS-PAGE and Western blotted with the indicated
antibodies. WCL, whole cell lysate; Cyt, cytosol; Nuc Ext, nuclear extract; Nuc Lam, nuclear lamina.

lamina extract, as determined by Western blotting with emerin,
RNA polymerase II, Myf5, and B-tubulin antibodies (Fig. 2C).
Emerin is present only in the nuclear lamina fraction, RNA
polymerase II and Myf5 are enriched in the soluble nuclear
extract, and B-tubulin is highly enriched in the cytosolic frac-
tion (Fig. 2, Cand D). HDAC3 was found in the soluble nuclear
extract (40.8%) and cytosolic extract (17.9%), as predicted (n =
3; Fig. 2C). Confirming the localization studies above, 41.3% of
HDACS3 was detected in the nuclear lamina fraction. Thus, a
significant fraction of HDACS3 is found at the nuclear lamina.
Wild-type emerin and emerin-null myogenic progenitors
were subjected to subcellular fractionation to test whether
nuclear lamina localization of HDAC3 was emerin-dependent.
20.55 = 7.65% of HDAC3 was found in the soluble nuclear
extract, and 65.00 * 0.3% of HDAC3 was found in the nuclear
lamina fraction of wild-type myogenic progenitors (n = 2, Fig.
2D). Unlike C2C12 cells, HDAC3 was undetectable in the cyto-
solic fractions. There was a dramatic shift in HDAC3 localiza-
tion in emerin-null myogenic progenitors, as 62.1 * 0.5 and
28.4 * 6.5% of HDAC3 were present in the soluble nuclear
extract and nuclear lamina, respectively (n = 2, Fig. 2D). These
changes in HDACS3 localization were significant (p < 0.033).
Emerin Stimulates HDAC3 Activity—Because LAP2 bound
HDAC3 and LAP2f expression increased H4 deacetylation, we
tested whether emerin binding to HDAC3 stimulated HDAC3
activity in vitro. For this analysis, we performed histone
deacetylase (HDAC) assays (Millipore) in the presence or
absence of wild-type emerin (residues 1-222) or an emerin
mutant that fails to bind HDAC3 (S54F; residues 1-222).
HDACS3 catalytic activity requires binding to the NCoR DAD
(31). Thus, HDAC3-NCoR-DAD (HDAC3-DAD) complexes
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were used for these studies. 0.3 um HDAC3:DAD complexes
were incubated with 19 um wild-type emerin or emerin S54F
for 4 h at 4°C. Emerin-HDAC3-DAD complexes were then
added to the HDAC assay substrate and incubated for 30 min at
30 °C, and HDAC assays were performed per the manufactur-
er’s instructions (Millipore). Wild-type emerin stimulated
HDAC activity 2.7-fold (n = 4; Fig. 3A). Emerin S54F failed to
stimulate HDAC3 activity (Fig. 3A), demonstrating that emerin
binding to HDACS3 is required for activation.

0.3 um HDAC3-DAD was incubated with increasing concen-
trations (0-16 um) of wild-type emerin (residues 1-222) to
determine the K, for emerin activation of HDAC3 activity. The
K, for emerin activation of HDAC3-DAD was determined to be
0.7 uMm (n = 3; Fig. 3B). 0.3 um HDAC3-DAD was then incu-
bated with increasing substrate concentrations (0—-300 uMm) in
the presence (9.6 uMm) or absence of wild-type emerin to test
how emerin may regulate the catalytic activity of HDACS3.
Interestingly, incubation of HDAC3-DAD with emerin caused a
1.8-fold increase in the V, .. of HDAC3 and a 1.7-fold increase
inthe K, of HDAC3 (n = 3; Fig. 3C). These results suggest that
emerin may stabilize NCoR-DAD binding to HDAC3. Alterna-
tively, emerin may cause a conformational change in HDAC3
that increases the HDAC3 catalytic activity and substrate
turnover.

The NCoR complex initially deacetylates H4K5, and repres-
sion is enhanced by subsequent deacetylation of adjacent acetyl
lysines on the H4 N-terminal tail; initial recruitment of the
NCoR complex by H4K5ac is required for stable repression
(32). Thus, we tested whether emerin regulates NCoR activity
in vivo by examining the levels of H4K5ac in emerin-null mouse
myogenic progenitors. Lysates of wild-type and emerin-null
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FIGURE 3. Emerin stimulates HDAC3 activity. A, HDAC3-NCoR-DAD com-
plexes (HDAC3-DAD) were incubated alone or in the presence of wild-type
emerin (residues 1-222) or emerin S54F mutant (residues 1-222) for 4 h.
HDAC activity was then measured using HDAC assays (Millipore). Wild-type
emerin, but not S54F, stimulates HDAC3 activity 2.7-fold, showing that
emerin binding to HDAC3 is required for HDAC activation. B, increasing con-
centrations of emerin were added to HDAC3-DAD and incubated for 4 h prior
to performing HDAC assays. HDAC3 activation by emerin had a K,,, = 0.7 um.
C, HDAC3-DAD complexes were incubated alone or in the presence of 9.6 um
wild-type emerin for 4 h and incubated with increasing concentrations of
substrate. The V., of HDAC3 increased 1.8-fold and the K,, of HDAC3

max

increased 1.7-fold. Error bars in all panels indicate S.D.

mouse myogenic progenitors were separated by SDS-PAGE
and Western blotted with antibodies specific to H4K5ac. Levels
of H4K5ac were normalized to total H4 protein. Emerin-null
myogenic progenitors significantly increased H4K5ac levels
(n = 3; Fig. 4, A and B), demonstrating that emerin activates
HDACS3 activity in vivo. Levels of the H4K5 acetyltransferase,
HAT1 (data not shown), and HDAC3 were unaffected in
emerin-null cells (Fig. 4, A and B). Antibody specificity was
confirmed by incubation of H4K5ac antibodies with H4K5ac or
H4K16ac peptides prior to blotting wild-type myogenic pro-
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FIGURE 4. Loss of emerin causes epigenetic changes similar to those seen
in HDAC3-null cells. A, emerin (em)-null myogenic progenitors were sepa-
rated by SDS-PAGE and Western blotted with the indicated antibodies. B,
densitometry of Western blots from A normalized to wild-type myogenic pro-
genitors. C, H4K5ac antibodies are specific for H4K5ac. H4K5ac antibodies
were incubated with H4K5ac or H4K16ac peptides. Wild-type lysates were
blotted with these antibody-peptide mixtures to confirm specificity of the
H4K5ac antibody. D, HeLa cells transfected with control shRNA (con shRNA) or
emerin shRNA (em shRNA) were separated by SDS-PAGE and Western blotted
with the indicated antibodies. £, densitometry of Western blots normalized to
control shRNA was calculated. Error bars in Band D indicate S.D.

genitor lysates. Incubation with H4K5ac peptide, but not
H4K16ac peptide, blocked antibody binding (Fig. 4C). The
abundance of other repressive chromatin marks (H3K27me3
and H3K9me3) were also decreased (n = 3; Fig. 4, A and B).
Trimethylation of H3K4 was also up-regulated in emerin-null
myogenic progenitors (n = 3; Fig. 4, A and B). Interestingly,
these changes in the epigenetic signature of emerin-null cells
were similar to the epigenetic changes seen in HDAC3 '~
mouse embryonic fibroblasts (33).

Collectively, these results show that emerin-null myogenic
progenitors have a more open chromatin confirmation, which
molecularly confirms previous ultrastructural studies (14, 15).
To confirm that these epigenetic changes were not cell type-
specific, we measured the levels of H4K5ac, H3K27me3,
H3K9me3, and H3K4me3 in HeLa cells down-regulated for
emerin (Fig. 4, D and E). Emerin levels in emerin-down-regu-
lated cells were 0.5-fold of wild-type cells (Fig. 4, D and E).
Emerin-down-regulated cells exhibited increased H4K5ac and
H3K4me3 levels and decreased H3K27me3 and H3K9me3 lev-
els (Fig. 4, D and E), demonstrating that these changes were not
specific to myogenic progenitors.

It was unclear from this analysis whether these changes in
H4K5ac, H3K4me3, H3K9me3, and H3K27me3 were confined
to the nuclear envelope, where emerin interacts with HDAC3,
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FIGURE 5. Epigenetic changes are not restricted to the nuclear periphery,
but occur throughout the nucleus. Confocal microscopy was done on wild-
type or emerin-null myogenic progenitors using lamin B antibodies and anti-
bodies against H4K5Ac (A), H3K4me3 (B), or H3K27me3 (C). Exposure times
are the same between wild-type and emerin-null cells. The exception is the
bottom panelin A, to illustrate that nuclear envelope localization of H4K5Ac is
not lost in emerin-null cells. Low exp, low exposure.

or whether these epigenetic changes occurred throughout the
nucleus. Confocal microscopy using antibodies against
H4K5ac, H3K4me3, and H3K27me3 was performed to deter-
mine the nuclear location of these changes. All images were
taken using the same exposure times for comparison of wild-
type progenitors with emerin-null myogenic progenitors.
H4Kb5ac predominantly localized to the nuclear envelope in
both wild-type and emerin-null myogenic progenitors (Fig.
5A). Nuclear envelope localization of H4K5ac has been seen in
other cell types (34, 35). Importantly, significantly more
H4K5ac was detected at the nuclear periphery in emerin-null
cells (Fig. 5A4). A lower exposure is shown in the bottom panel to
show that H4K5Ac still preferentially localized to the nuclear
envelope in emerin-null cells (Fig. 5A4). This is consistent with
previous findings showing that trichostatin A treatment causes
increased H4K5ac at the nuclear periphery (34, 35), which is
hypothesized to be associated with the nuclear pore complex
(34) and shows that there is decreased HDAC activity in the
absence of emerin. H3K4me3 levels were increased (Fig. 5B)
and H3K27me3 levels were decreased (Fig. 5C), as expected.
These changes were seen throughout the nucleus and were not
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confined to the nuclear envelope. Collectively, these results
demonstrate that chromatin in emerin-null cells adopts a more
open conformation.

DISCUSSION

Here we showed that emerin binds HDAC3 with high affinity
and stimulates its activity in vitro. Emerin recruits HDAC3 to
the nuclear lamina and is required for localization of HDAC3 to
the nuclear lamina. Chromatin adopts a more open chromatin
conformation in emerin-null myogenic progenitors, including
decreased H3K9me3 and H3K27me3. Importantly, the primary
histone target of HDAC3, H4K5ac, was significantly increased
in the absence of emerin. This epigenetic signature is similar to
that seen in HDAC3-null mouse embryonic fibroblasts (33).
Thus, we conclude that emerin is required for optimal HDAC3
activity. We predict that loss of HDAC3 activity contributes to
the defective genomic organization seen in cells containing
mutations in lamin A (14, 15, 36 —38), which mislocalize emerin
to the endoplasmic reticulum (39).

Over the last decade, it has become clear that the nuclear
lamina is a transcriptionally repressive environment. For exam-
ple, tethering of genomic regions to the nuclear lamina causes
repression of genes 100 kb to 5 Mb from the genomic tethering
site (21, 22). Further, electron microscopy shows that chroma-
tin at the nuclear periphery tends to be more condensed (14,
15). The molecular characterization of chromatin at the nuclear
lamina confirmed that these LADs are enriched in repressive
chromatin marks (H3K27me3 and H3K9me?2 (23, 26, 40)), lack
active chromatin marks (H3K4me3), and have reduced RNA
polymerase II occupancy (23, 26). Further, genes within LADs
tend to be transcriptionally silent (23, 26).

Sequence specificity of LAD localization was recently exam-
ined, and it was shown that a tandem GAGA sequence was
sufficient for localization of lamina-associated sequences
(LASs) to the nuclear lamina (41). Localization of LASs was
mediated by cKrox, the mammalian ortholog of Drosophila
GAGA-associated factor. Nuclear lamina localization of LASs
was also dependent on HDAC3 and LAP2f because down-reg-
ulation of HDAC3 or LAP2f3 significantly reduced the associa-
tion of LASs with the nuclear lamina. However, knockdown of
LAP2 failed to completely abolish the interaction of LASs with
the nuclear lamina, suggesting that other unidentified LAS-
binding proteins may mediate LAS association with the lamina.

LAP2B was previously shown to interact with HDAC3 and
regulate the acetylation of H4 (30). Further, inhibition of
HDACS3 activity causes LASs to relocalize to the nuclear inte-
rior (41), suggesting that HDAC3 activity, presumably at the
nuclear lamina, is required for LAS nuclear lamina localization.
We found that emerin is also required for optimal HDAC3
localization to the nuclear lamina and localization of repressed
genes to the nuclear lamina.* Collectively, these studies provide
compelling evidence that the interaction of HDAC3 with
emerin and LAP28 may play an important role in initiating or
maintaining repressed chromatin at the nuclear lamina. Our
findings that emerin binds HDAC3 and stimulates its catalytic
activity provide a potential mechanism for how the association

4 J. Demmerle and J. M. Holaska, manuscript in preparation.
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of LASs with HDAC3 at the nuclear lamina may lead to repres-
sion of these genomic loci.
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