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Abstract How mutations in the protein emerin lead to the
cardiomyopathy associated with X-linked Emery-Dreifuss
muscular dystrophy (X-EDMD) is unclear. We identified
emerin at the adherens junction of the intercalated disc,
where it co-localised with the catenin family of proteins.
Emerin bound to wild type f-catenin both in vivo and in
vitro. Mutating the GSK3f phosphorylation sites on
p-catenin abolished this binding. Wild type but not mutant
forms of emerin associated with X-EDMD were able to
reduce f-catenin protein levels. Cardiomyocytes from
emerin-null mice hearts exhibited erroneous [-catenin
distribution and intercalated disc architecture. Treatment of
wild type cardiomyocytes with phenylephrine, which
inactivates GSK3p, redistributed emerin and f-catenin.
Emerin was identified as a direct target of GSK3p activity
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since exogenous expression of GSK3f reduced emerin
levels at the nuclear envelope. We propose that perturba-
tion to or total loss of the emerin—f-catenin complex
compromises both intercalated disc function and f-catenin
signalling in cardiomyocytes.
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Emery-Dreifuss muscular dystrophy - GSK3p

Introduction

X-linked Emery-Dreifuss muscular dystrophy (X-EDMD)
is a neuromuscular condition characterised by progressive
skeletal muscle wasting, contractures and a dilated car-
diomyopathy (DCM) with an associated conduction defect
[1]. X-EDMD arises due to mutations in the nuclear
envelope protein emerin, which exhibits highest expression
in skeletal and cardiac muscle [2]. Emerin has a large
cohort of binding partners including lamin A/C, barrier to
autointegration factor (BAF), LUMA, nesprin-1 and -2, the
transcriptional repressors germ cell-less (GCL) and Btf,
Lim-domain only 7 (Lmo7), f-catenin and actin [3-5].
Many of these binding partners possess over-lapping
binding sites, e.g. f-catenin and nesprin-1/-2, which bind to
emerin residues 169-180 and 140-176 respectively [6-8].
Thus, it is likely that different emerin-containing protein
complexes confer cell-specific functions. Disruption of
these emerin-containing complexes results in compromised
nuclear envelope integrity and deregulation of downstream
tissue-specific gene transcription [9-11]. In hearts from
emerin-null mice, the extracellular signal-regulated kinase
(ERK1/2) branch of the mitogen-activated protein kinase
(MAPK) pathway is upregulated leading to alterations in
the expression of downstream genes associated with
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cardiomyopathy [12]. Emerin-null mouse embryonic
fibroblasts (MEFs) exhibit impaired response to mechani-
cal strain, displaying abnormalities in mechanosensitive
gene transcription and increased sensitivity to apoptosis
[13].

Emerin locates to the inner nuclear membrane in all
tissues studied, but additionally targets to other subcel-
lular locations in a cell type-specific manner [14-19]. In
the heart, emerin co-localises with vinculin and N-cad-
herin at the adherens junction (AJ) of the intercalated disc
(ID) of cardiomyocytes [6, 14]. The ID is a specialised
plasma membrane region that mediates electrical and
mechanical coupling between adjacent cardiomyocytes.
Disruption to ID integrity arising from mutations in ID
proteins generates a cardiopathic phenotype, e.g. plako-
philin [20], desmoplakin [21] and N-cadherin [22].
p-catenin, a component of the AJ, is also important for
maintaining ID integrity. In muscle-LIM protein (MLP)
null mice, a model for DCM, pf-catenin expression is
increased at the ID [23] whilst deletion of the ID protein
mXinalpha, a binding partner of [-catenin, produces a
cardiomyopathy [24]. Since f-catenin is a binding partner
of emerin, we can speculate that in the absence of emerin,
f-catenin function may be compromised, which in the
heart may lead to the development of a DCM. It is
already known that emerin interacts with f-catenin
through the adenomatous polyposis coli-like domain on
emerin and regulates f-catenin’s nuclear accumulation
through a CRMI1-dependent export pathway in HEK293
cells [7]. Recent evidence suggests emerin- and lamin
A/C-containing nuclear envelope complexes affect adi-
pogenesis by regulating the nucleocytoplasmic location of
f-catenin [25]. We speculate that the emerin—f-catenin
complex has a functional role in maintaining the differ-
entiated state.

Here, we identified an emerin—f-catenin complex in the
heart and confirmed emerin localises to the AJs of the IDs.
In cardiomyocytes from emerin—null hearts, f-catenin
distribution, ID architecture and cell shape were perturbed
consistent with a DCM phenotype. Both the interaction and
the distribution of emerin and f-catenin were regulated by
GSK3p activity. This is a novel function for emerin dem-
onstrating yet again the diverse functions associated with
nuclear envelope proteins.

Materials and methods
Cell culture
Neonatal rat cardiomyocytes (NRCs) were isolated from P1

Sprague-Dawley rat pups according to [26]. NRCs were
cultured in maintenance medium [DMEM, 4% (w/v) horse

serum, 2 mM glutamine, 10 U/ml penicillin/streptomycin]
containing phenylephrine (PE, 100 pM; Sigma) and cyto-
sine-f3-D-arabino-furanoside hydrochloride (AraC, 10 uM;
Sigma). HEK293 and C2C12 myoblasts were cultured
according to [7, 27].

Antibodies

We generated a new affinity purified sheep antibody
(APS20) against rat emerin residues 114183 as described
in [27]. Affinity purified rabbit polyclonal antibody, APS,
against human emerin residues 1-70 was described previ-
ously [28]. APS20 and APS8 antibodies were used at
1:1,000 and 1:3,000 dilution on immunoblots respectively
and 1:100 for immunoprecipitation and immunofluores-
cence experiments. The following antibodies were also
used: o-catenin (Sigma), f-catenin (Sigma), desmoplakin
(Serotec), connexin 43 (Zymed), laminin (Sigma), plako-
globin (BD Transduction Labs), FLAG tag (Sigma),
myomesin [29], sarcomeric «-actinin (Clone EAS53;
Sigma), anti-HA tag (Roche) and anti-oll-spectrin [30].
Primary antibodies used were visualised with fluoro-
chrome-conjugated secondary antibodies from either
Molecular Probes or Chemicon.

Emd null mice

Emd null mice were a kind gift from Colin Stewart [31].
Wild type litter mates were used as a control.

Emerin, f-catenin and GSK3f cDNA constructs

cDNA encoding pET29b-1-254 (wild type, full length)
emerin and emerin 1-221 (lacks transmembrane and
C-terminal tail), GFP-1-254 emerin, GFP-emerin 1-221
and GFP-emerin mutants S54F, A95-99, Q133H, 1-169(208)
[frameshift at residue 169 followed by a premature stop
codon at residue 208] and P183T have been described
previously [8, 27, 28]. cDNA encoding pET15-emerin
1-221 with a clustered missense mutation (SSL-to-AAA) at
residues 175-177 (emerin m175) was provided by Kathy
Wilson [32]. pCMV-Tag2A-emerin 1-254 was subcloned
from pcDNA-emerin [28]. GFP-emerinA168-186 [deletion
of f-catenin binding site and surrounding residues] was a
kind gift from Christopher Hutchison (Durham, UK), while
GFP-f-catenin wild type and GFP-f-catenin stabilised,
in which amino acids Ser33, Ser37, Thr4l and Ser45
are substituted with Ala, thus removing all four GSK3p
phosphorylation sites, were a gift from Peter Zammit
(King’s College London) [33]. HA-tagged GSK3p wild
type and constitutively active S9A GSK3f were gifts from
Britta Eickholt (King’s College London).
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Transfections

For transfection of NRCs, cDNA encoding GFP-emerin
1-254, GFP-emerin 1-221, GFP-f-catenin wild type and
GFP-f-catenin stabilised (1 pg) was mixed with 4 pl of
Escort III transfection reagent (Sigma), and transfections
were carried out according to manufacturer’s instructions.
HA-tagged GSK3f wild type together with HA-tagged
GSK3p S9A (1 png) was mixed with lipofectamine 2000
(Invitrogen) at a ratio of 1 pg DNA to 2.5 pl lipofect-
amine, and transfections were performed according to
manufacturer’s instructions. Following an incubation of
5-6 h at 37°C, cells were switched to maintenance med-
ium containing PE and further incubated for 12-86 h.
Cells were fixed in 4% (w/v) paraformaldehyde (PFA).
For transient transfections of HEK293 cells, cDNA
encoding GFP-emerin 1-254, GFP-emerin mutants (S54F,
A95-99, Q133H, 1-169(208) and P183T), GFP-f-catenin
wild type and stabilised and GFP-emerin A168-186
(2 pg) was mixed with lipofectamine (Invitrogen) at a
ratio of 1 pg DNA to 2.5 ul lipofectamine. After 4-6 h,
the medium was replaced and the cells further incubated
for 24 h.

Immunofluorescence and immunohistochemistry

For microscopic visualisation cells were fixed and stained
according to Fairley et al. [27]. Sections of rat, mouse and
human heart were similarly stained except that sections
were fixed in acetone at —20°C for 5 min and blocked with
blocking buffer containing 5% (v/v) horse serum for
30 min at room temperature. Images were captured on a
Zeiss Axiovert 200 M inverted microscope fitted with a
AxioCam HR camera using a 40x/0.75NA or 63 x/1.4NA
oil objective and analysed using AxioVision LE version 4.4
software. Confocal images were obtained using a Leica
TCS SP5 microscope with Argon HeNe lasers using a 63 x/
1.4NA oil objective. All figures were assembled in Adobe
IMustrator (version CS2).

Cryosectioning, immunogold labelling and electron
microscopy

Papillary muscles from adult rat hearts were prepared, fixed
and cryosectioned according to [34, 35]. Primary antibod-
ies were all used at 1:50 and secondary at 1:100 with both
10 nm and 5 nm colloidal gold (BB International). Each
double-labelling reaction was performed so that each
antigen was separately labelled with either 5 or 10 nm
gold, and the 10 nm gold label was always added first. This
was to counter any steric hindrance effects from the larger
gold size. Five grids were used per antibody pair and the
experiment was repeated three times. Stained sections were

examined on a FEI Tecnai T12 BioTWIN transmission
electron microscope and images captured on a Gatan
BioScan Model 792 MSC SI003 1 camera and analysed
using Digital Micrograph 3.7.1 software. Files were
exported as TIFF files at a minimum of 1024 x 1024 pixel
resolution, into Adobe Illustrator CS2.

Immunoprecipitation of emerin and immunoblotting

Immunoprecipitation and immunoblotting was performed
as described previously [8, 27].

In vitro glycogen synthase kinase 3 assay

Hisg tagged emerin 1-221 wild type and m175 [32] were
expressed and purified as described previously [8]. A 5 pg
sample of each purified fusion protein was incubated in
the absence or presence of 250 units GSK3f (NEB) in
1 x GSK3p reaction buffer (20 mM Tris—HCI, 10 mM
MgCl,, 5 mM DTT, 200 mM ATP, 100 uCi [**P] y-ATP)
for 30 min at 30°C. The GSK3f inhibitor SB216763
(20 ptM) was incubated with emerin fusion proteins for
30 min at 4°C prior to the addition of GSK3f. Reactions
were stopped by the addition of SDS PAGE sample
buffer and samples heated at 70°C for 10 min. Proteins
were resolved by 4-20% SDS PAGE, dried and
autoradiographed.

RNA interference

Scrambled rat Emd siRNA (sense nucleotide: 5 ACGA-
GACCCAGAGAAGGAGACUCUU-3) and rat Emd
siRNA (sense nucleotide: 5-GCAAGGACUAUAAU-
GAUGACUACUA-3") together with control siRNA
duplexes were obtained from Invitrogen. siRNA was
diluted into OPTI-MEM (Invitrogen) to 20 nM and added
to OPTI-MEM containing lipofectamine (4 pl). Following
an incubation of 20 min at room temperature, the siR-
NA:lipofectamine was added to NRCs and incubated for
4 h at 37°C. Cells were transferred to maintenance medium
and incubated for 24 h, after which the transfection was
repeated. Cells were further incubated for 48 h and then
fixed.

Phenylephrine stimulation of NRCs

NRCs were incubated in maintenance medium lacking PE
for 24 h at 37°C. Cells were treated with maintenance
medium containing DMSO (0.1% v/v), PE (100 pM),
SB216763 (20 uM, diluted in DMSO) or PE together with
SB216763 for 30 min, 4 h and 24 h. Cells were fixed and
immunostained with antibodies against emerin (APS20)
and f-catenin.
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Statistical analysis and quantification

All measurements are given as the mean & SEM. Statis-
tical significance was calculated using the Student’s ¢ test
(two sample assuming equal variance). Cell shape was
calculated by importing 80 cells of cardiomyocytes each
taken from three wild type and Emd " mice stained for
laminin and f-catenin into Image J and measuring the
length and width of each cell. Only cardiomyocytes that
were cut in a longitudinal section and that had clearly
defined boundaries were included. The mean band inten-
sities of exogenously expressed GFP-labelled constructs
were measured using the image analysis programme Image
J (http://rsb.info.nih.gov/ij/). To calculate nuclear region
intensities, images of NRCs stained for emerin and
f-catenin in the presence of either 0.1% DMSO (v/v)
100 yM PE or 100 uM PE +20 uM SB216763 were
imported into Image J. The nuclear intensity for emerin and
p-catenin was calculated by making a mask of the nucleus
followed by thresholding the image and then subtracting
this new binary image from the original red (emerin) and
green (f-catenin) channels respectively. A total of 75 cells
were analysed per treatment and per time point.

Results

Characterisation of the subcellular localisation
of emerin in the heart

To clarify the localisation of emerin in the rat heart we
used two antibodies which recognise different epitopes in
emerin. These are the previously described affinity purified
rabbit polyclonal APS antibody [27, 28] against the
N-terminus of emerin (residues 1-70) and a new affinity
purified sheep polyclonal antibody against residues 114—
183 which we term APS20. Both antibodies recognised
their respective fusion proteins and the same molecular
weight band in both neonatal rat cardiomyocytes (NRCs)
and C2C12 (mouse myoblasts) cell lysate by immuno-
blotting (Fig. 1a). Pre-incubation of the new APS20
antibody with its fusion protein abrogated all immunore-
activity. We then performed immunofluorescence studies
on wild type adult rat, human and Emd ™" mouse hearts,
NRCs and C2C12s (Fig. 1b). Both AP8 and APS20 pro-
duced an emerin staining pattern in C2Cl12s, consistent
with its previously described location [16, 17, 27]. How-
ever, in NRCs and adult heart tissue, APS20 additionally
labelled the intercalated discs (IDs) (arrows, Fig. 1b),
confirming previous reports [6, 14]. In adult heart sections,
the APS20 antibody recognised NE emerin more weakly
than AP8. A likely explanation for this is that we optimised
for ID staining by cutting longitudinal sections. To exclude

the possibility that APS20 cross-reacts with a non-specific
protein located at the ID, APS20 was pre-incubated with its
antigen before immunostaining of the adult rat heart sec-
tions. No staining of either the NE or ID was observed
(Fig. 1b). Similarly, heart sections from 5-week-old Emd ™’
¥ mice showed no emerin staining at either the NE or the
ID, with the ID clearly labelled for f-catenin (Fig. 1b).
Since AP8 and APS20 recognise different epitopes on
emerin, these data raise the possibility that either another
isoform or a stable pool of differentially regulated emerin
exists at the ID.

To further characterise the ID localisation of emerin, we
co-stained sectioned adult rat heart for emerin and a
number of ID proteins. A strong co-localisation with o-,
f- and y-catenin (plakoglobin) and desmoplakin was
observed suggesting emerin is a component of the adherens
junction (AJ) and possibly of the desmosome too (Fig. 2).
We observed no co-localisation with either connexin 43 or
oll-spectrin (arrows in Fig. 2), suggesting it is unlikely that
emerin is a component of either the gap or transitional
junction [30].

We next used immunogold labelling to determine
whether emerin was a component of the AJs and/or of the
desmosomes in the papillary muscles of adult rat heart.
Both emerin antibodies labelled the ID and nuclear enve-
lope but differed in their affinity for each. APS20 labelled
the NE less strongly than AP8 (data not shown) whereas
APS20 labelled membranous structures at the ID (Fig. 3a,
panel i), consistent with our immunohistochemistry results.
No immunogold emerin labelling was observed at any
other subcellular localisations (Fig. 3a, panel iii). Pre-
incubation of APS20 with its antigen reduced immunogold
labelling to background levels (Fig. 3a, compare panels ii
with iv). Double-labelling emerin with APS20 (10 nm) and
APS8 (5 nm) demonstrated AP8 labelled the ID less strongly
(Fig. 3a, panel v). Similar immunogold distribution pat-
terns were observed in our double-labelled samples
regardless of which emerin antibody was detected by the
larger immunogold. Furthermore, emerin only located to
junctional structures within the ID complex folds and not to
ID riser regions which contain gap junctions (Fig. 3a, panel
vi, left) or to desmosomes (Fig. 3a, panel vi, right).

Immunogold double-labelling also confirmed emerin co-
localised strongly with f-and y-catenin, but less so with
desmoplakin at the AJs (Fig. 3b, panels i—iv). The AJs are
found at the end of the myofibrils, and under EM appear as
dense, slightly fuzzy extra mass regions (known as the
cytoplasmic plaque; [30]) adjacent to the ID membranes
(arrowhead on Fig. 3b, panel ii). Emerin was found spread
throughout the width of the cytoplasmic plaque, and in a
few places to the edge of the cytoplasmic plaque where it
juxtaposes the myofibrillar network (arrow on Fig. 3b,
panel ii). This may be because emerin is interacting with
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Fig. 1 Characterisation of APS20 emerin antibody. a Lysates
(20 pg) of C2Cl12s and NRCs, GST (5 pg) and GST-emerin 1-221
(5 ng) fusion proteins were resolved by SDS-PAGE and immuno-
blotted with AP8 and APS20. Blocking of APS20 was performed by
pre-incubating the antibody with GST-emerin 114-183 fusion protein
(40 pg) overnight. b Immunostaining of cryosectioned adult wild type
and Emd™" hearts (top two panels), NRCs (middle panel) and
C2C12s (lower panel) with emerin antibodies. APS20 specificity was

myofibrillar components since it has previously been
shown to bind in vitro to the pointed end of F-actin and to
nuclear myosin I [27, 36, 37].

We then quantified the immunogold co-localisation
between emerin and the other ID components examined.
The distance of the specific C-terminal epitopes of - and
y-catenin and desmoplakin from the ID membranes midline
used in this study has been previously calculated as <20.0,
52.0 and 10.8 nm respectively [30]. For each of these
epitopes and for APS20, we analysed five digital micro-
graphs at 127,000 x magnification, with an average of 100
gold particles/figure. Greater than 80% of the gold particles
counted were calculated to be at an average of
18.3 £ 0.75 nm for f-catenin, 55.3 4 0.42 nm for des-
moplakin and 12.1 £ 0.62 nm for y-catenin, consistent
with the published values. Emerin exhibited quite a dif-
ferent distribution. Nearly 90% of the gold particles evenly
spanned 10-23 nm from the midline, which covers most of
the width of the cytoplasmic plaque, with the remaining
10% labelling the cytoplasmic plaque edge, 60 nm from

1 70 114 183 254
N I C

APB APS20

confirmed by pre-incubating antibody with emerin GST-114-183
fusion protein (APS20 + block). IDs are shown by arrows while the
schematic depicts the region against which AP8 and APS20 were
raised. Emd ™" hearts are stained with APS20 (red), f-catenin (green)
and DAPI (blue). All images were captured on a Zeiss Axiovert
inverted microscope, except the image labelled as ‘confocal’ which
was captured on a Leica TCS SP5. Scale bars 10 um

the ID membrane midline. Thus ultra-structural analysis
demonstrates emerin co-localises with both - and y-cate-
nin with equal merit.

The EM data confirm emerin as an ID component of the
AJ and not of the desmosomes and it additionally localises
with the catenin-family of proteins. This is particularly
interesting given that an emerin—f-catenin interaction has
been previously described in HEK293 cells [7]. We next
investigated whether a similar complex exists in heart. We
confirmed an interaction between emerin and ff-catenin
in cardiomyocytes by immunoprecipitating endogenous
emerin from lysates of NRCs and immunoblotting for
p-catenin (Fig. 3c).

Loss of emerin redistributes f-catenin
in cardiomyocytes

In most clinical cases of X-EDMD, emerin is totally
absent. We next examined whether reduced emerin
expression had any effect on either cardiomyocyte



786

M. A. Wheeler et al.

emerin

merge

Fig. 2 Emerin co-localises with specific junctional components of
the intercalated disc. Immunostaining adult rat heart sections with
APS20 (red) and for a range of ID (green) proteins illustrates emerin
co-localises with a-catenin, f-catenin, plakoglobin and desmoplakin
and not with oll-spectrin (arrow) and connexin 43 (arrow). Scale bar
10 pm

morphology or f-catenin localisation by knocking-down
emerin in cultures of NRCs with siRNA. Compared to cells
treated with either control or scrambled emerin siRNA, in
cells transfected with emerin siRNA, emerin expression
was still detectable but reduced at both the NE and the
plasma membrane (Fig. 4a). Cardiomyocytes expressing
reduced levels of emerin failed to form a continuous

monolayer. Instead extended filopodial extensions were
observed between cell colonies (Fig. 4b; arrows). Inter-
estingly, f-catenin immunostaining at the plasma
membrane was less regular, being more intense at regions
not involved in cell-cell contacts (arrowheads in Fig. 4a).
In addition, the F-actin network needed to anchor the AJs
was slightly perturbed (Fig. 4c). Immunoblotting demon-
strated that total f-catenin levels remained unchanged in
emerin siRNA treated cardiomyocytes (Fig. 4d). Quantifi-
cation of cardiomyocyte cell size confirmed no significant
change of cardiomyocyte size (data not shown). These
findings suggest that knocking down emerin prevents or
delays the maturation of cell—cell junctions in NRCs.

We next went on to determine whether the integrity of
the ID was also compromised by analysing the emerin-null
mouse heart for both catenin and laminin localisation and
expression levels. As found with cardiomyocytes treated
with emerin siRNA, total f-catenin protein levels were
similar between Emd™ hearts and wild type hearts
(Fig. 4e). Co-staining Emd " hearts for catenins and
laminin confirmed that mild changes in ID integrity can
arise from a loss of emerin function. Both f- and y-catenin
staining gave a broader fluorescent signal at the ID in
hearts from emerin-null mice, compared with wild type
litter mates, indicative of a higher degree of convolution of
the ID (Fig. 4f and inset for f-catenin). We also observed
brighter immunofluorescence of f- and y-catenin at the
lateral plasma membranes of Emd ~" mice compared to
wild type litter mates (Fig. 4g and inset for f-catenin).
Individual cardiomyocytes from Emd " hearts appeared
more elongated (Fig. 4g). Quantification of cell shape
confirmed emerin null cardiomyocytes exhibit an increase
in the cell length-to-width ratio consistent with a DCM
phenotype (Fig. 4h). Since this feature was not observed in
emerin-knock-down NRCs, it suggests it arises from a
developmental abnormality. Overall heart sarcomeric
arrangement, ascertained by o-actinin and myomesin
staining, was unaffected (data not shown). Our findings are
consistent with the previously described mild cardiomyo-
cyte pathology observed in the Emd ™" mouse [31, 38].

Expression of emerin and f-catenin in cultured
cardiomyocytes

We next determined whether exogenous expression of
either GFP-tagged emerin or f-catenin (constructs shown
schematically in Fig. 5a) altered the localisation of
endogenous f-catenin and emerin respectively in NRCs
(Fig. 5b). In contrast to endogenous emerin, full-length
emerin 1-254 tagged with either GFP or FLAG localised
predominately to the NE, with only minor localisation at
the ID (Fig. 5b, panel i; shown for GFP only). Emerin
appeared juxtaposed to f-catenin on the cytoplasmic side
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APS20 (10 nm) + AP8 (5 nm)

APS20

APS20

Fig. 3 Emerin co-localises with the catenins at the adherens junction
of intercalated discs (ID) and binds to f-catenin in vivo. a Electron
micrographs of adult rat heart ID regions (arrow in i) in cryosections
immunogold labelled for i APS20 (10 nm gold), ii APS20 pre-
incubated with its antigen (10 nm gold), iii APS20 (10 nm gold) on
Z-disc region of sarcomere, iv 10 and 5 nm gold-alone on ID, v APS20
(10 nm gold) and APS8 (5 nm gold), and vi APS20 (10 nm gold) on ID
riser region (arrow; left hand panel) and desmosomes (arrow; right
hand panel). Scale bars 0.1 pum. b Electron micrographs of adult rat ID
regions in cryosections immunogold labelled for emerin and AJ

of the ID (Fig. 5b, panel i inset; note yellow under the red
at ID), consistent with our EM data where emerin is
present at the cytoplasmic plaque of the AJs and not in
the ID membrane. We then expressed GFP-emerin 1-221
in NRCs. This construct lacks the transmembrane domain
and C-terminal tail and has previously been shown to
localise exclusively to the nucleoplasm of HeLa, C2C12
or COS7 cells [6, 17, 39] respectively. In NRCs, this
GFP-emerin construct localised to the sarcomere and the
ID, where it co-localised with p-catenin. This emerin
construct also appeared juxtaposed to f-catenin on the
cytoplasmic side of the ID (Fig. 5b panel ii, yellow under
the red). The targeting of other exogenously expressed
proteins to the ID does not appear to be effected by GFP
[40]. However, it is possible that the exogenous expres-
sion of full length emerin causes it to fold in such a way
as to mask or prevent the addition of signals required for
efficient targeting to the ID. Endogenous f-catenin mainly
localised to the ID with a little in the cytoplasm, and

(i) (i) _AP_S?O‘IO n)+

e

B-catenin

emerin

| B A

proteins: i APS20 (10 nm gold) and y-catenin (5 nm gold), ii APS20
(10 nm gold) and y-catenin (5 nm gold), with arrowhead labelling the
cytoplasmic plaque and arrow pointing to the terminal ends of the
myofibrils at the AJ, iii APS20 (10 nm gold) and f-catenin (5 nm
gold), iv APS20 (10 nm gold) and desmoplakin (5 nm gold). Scale

to immunoprecipitate emerin and immunoblotted for -catenin. I 5%
total cell lysates input, B immunoprecipitated protein, A no primary
antibody

expression of any GFP-emerin construct did not alter its
intracellular distribution. This contrasts with HEK293
cells where, in cells transfected with GFP-emerin, nuclear
f-catenin is reduced while staining at the AJ is increased
[7]. This apparent discrepancy may reflect cell type-spe-
cific f-catenin localisation.

After 48 h of expression, wild type GFP-f-catenin
mainly targeted to the IDs with some in the cytoplasm of
cells expressing higher GFP-f-catenin levels (Fig. 5b,
panel iii). Similarly, stabilised GFP-f-catenin (residues
Ser33, Ser37, Thr4l and Ser45 replaced with Ala so it
cannot be phosphorylated by GSK3f5; [33]) targeted mainly
to the ID (Fig. 5b, panel iv). Both GFP-f-catenin proteins
co-localised with endogenous emerin at the IDs. Expres-
sion of neither wild type nor stabilised [-catenin
dramatically altered the localisation of endogenous ID
emerin. Under the experimental conditions used here, we
suggest stabilised f-catenin has a preponderance for tar-
geting to the ID over the nucleus in cardiomyocytes.
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Fig. 4 Analysing NRCs treated with siRNA emerin (a—d) and emerin
null hearts for changes in morphology and catenin localisation (e-h).
NRCs were transfected with control siRNA, emerin siRNA or
scrambled emerin siRNA for 72 h in medium containing PE. a Cells
were fixed and immunostained with APS20 (red) to demonstrate
reduced emerin at both the NE and the ID in the presence of emerin
siRNA. Counterstaining for f-catenin (green) and DAPI (blue)
reveals mislocalisation of f-catenin at the plasma membrane
(arrowheads) in emerin siRNA treated cardiomyocytes compared
with control cells. Scale bars 10 pm. b DIC images of the conditions
shown in a. Arrows label the filopodial extensions. Scale bar 50 pm.
¢ NRCs treated with control or emerin siRNA for 72 h were
immunostained for emerin (red) and F-actin (green) and counter-
stained with DAPI (blue). d Immunoblot of control, scrambled and
emerin siRNA treated NRCs demonstrates that reduced emerin

Emerin is unable to interact with a stabilised form
of f-catenin

GSK3f is an important kinase in regulating f-catenin
function. We next investigated whether the formation of
the emerin—f-catenin complex required GSK3f-dependent
phosphorylation of fS-catenin, by co-expressing GFP-em-
erin and GFP-f-catenin constructs in HEK 293 cells. We
first confirmed that wild type GFP-f-catenin could be
immunoprecipitated from cell lysates with the anti-emerin
APS8 antibody (Fig. 6a, lane 2). GFP-emerin was co-
immunoprecipitated with GFP-wild type but not stabilised

-catenin

emerin siRNA

()

(-catenin _laminin

v-catenin

wild type
ratio length:width LL

(=T 2]

adA} pim
Emd-

o

#-pw3

123 Av

123 Av

wild type Emd -y

expression does not alter total f-catenin levels. e Immunoblot of wild
type and Emd™" hearts shows that total f-catenin levels are
unaffected by the loss of emerin. f Cryosections of 5-week-old wild
type and Emd™” mice hearts immunostained for either f- or
y-catenin. Insets represent higher magnification to illustrate increased
convolution of the IDs in emerin-null mice. g Immunostaining of
sections from 5-week-old wild type and Emd ™" mice hearts for
p-catenin (green) and laminin (red). Insets represent higher magni-
fication of IDs to illustrate f-catenin lateral staining. h The ratio of
length to width of 80 cardiomyocytes from wild type and Emd "
mice stained as for g were calculated using Image J. Data are shown
from three individual mice as well as a mean value for each
experimental group. **p < 0.001. Images were colleted on a Leica
TCS SP5 confocal microscope for g only. c—e Scale bars 10 pm

p-catenin (Fig. 6a; compare lanes 4 with 6). To see if
emerin could regulate pf-catenin cellular levels, we
expressed GFP-tagged emerin and f-catenin constructs
both individually and together in HEK293 cells and
determined protein levels by immunoblotting with an anti-
GFP antibody (data not shown). The mean band intensity
of GFP-emerin and GFP-f-catenin constructs co-expressed
was calculated as a percentage of their mean band inten-
sities when expressed individually in the presence of GFP-
alone (Fig. 6b). Wild type GFP-emerin was able to reduce
the levels of wild type but not stabilised GFP-f-catenin.
Emerin’s ability to do this appeared to be determined by its
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Fig. 5 Emerin and f-catenin expression in NRCs. a Schematic
diagram showing cDNA constructs used. Blue box represents the
transmembrane, white-shadowed box the LEM domain, GFP-emerin
full length 1-254, GFP-emerin 1-221, GFP-emerin A168-186
(B-catenin binding site [169-180] and surrounding residues deleted)
and stabilised GFP-f-catenin (residues Ser33, Ser37, Thr41, Ser45
replaced with Ala). b NRCs in medium containing PE were
transiently transfected with cDNA encoding i GFP-emerin 1-254, ii
GFP-emerin 1-221, iii wild type GFP-f-catenin and iv stabilised GFP-
f-catenin. Counterstaining for anti-f-catenin and anti-emerin is
shown in red. Inset in panel i represents the captured image at a
longer exposure and higher magnification of the ID region demon-
strating low levels of GFP-emerin 1-254 at the ID. Scale bar 10 pm.
Images were collected on a Leica TCS SP5 confocal microscope

ability to directly bind to f-catenin, since GFP-emer-
inA168-186 (f-catenin binding site deleted) was unable to
reduce the levels of wild type GFP-f-catenin (Fig. 6b). We
conclude that emerin regulates wild type but not stabilised
p-catenin levels through an interaction with f-catenin

and that GSK3p phosphorylation on f-catenin may be
important in regulating this interaction.

To determine the relevance of this interaction for
X-EDMD, wild type GFP-f-catenin was expressed in
HEK?293 cells as above, but in the presence of GFP-
emerin constructs carrying in-frame mutations known to
cause X-EDMD. These are a suitable model because
X-EDMD patients exhibit a fairly consistent clinical
phenotype, regardless of whether they are null or
expressing in-frame mutations [41]. The emerin mutants
expressed at similar levels compared with wild type, and
in all cases f-catenin levels were significantly elevated in
a mutation-dependent manner (Fig. 6¢). Thus mutant
emerin is unable to regulate f-catenin’s protein levels.
Next, we examined whether this effect could be attributed
to the mutations reducing the affinity of the emerin—
f-catenin interaction. Each GFP-emerin c¢cDNA was
expressed in HEK293 cells and quantified for the amount
produced by immunoblotting. An equal amount of each
mutant emerin protein was mixed with lysates containing
an equal amount of GFP-f-catenin, immunoprecipitated
for ff-catenin and immunoblotted for emerin. The binding
affinity between f-catenin and each emerin mutant was
calculated as a percentage of the binding between
f-catenin and wild type emerin (Fig. 6d). f-catenin
binding to several of the GFP-emerin mutants was sig-
nificantly reduced. Binding of pf-catenin to the emerin
mutants S54F and P183T was similar to the wild type.
Given that X-EDMD mutations are known to disrupt
emerin-protein interactions [8, 36, 42, 43], our findings
are not surprising. Although the 1-168(208) mutation
spans the nesprin and f-catenin binding regions, it
affected f-catenin binding less than the Q133H mutation
which lies outside this region. This suggests that a sec-
ondary mechanism, such as emerin phosphorylation,
additionally influences the emerin—f-catenin interaction or
that a second binding site to f-catenin exists. Interest-
ingly, mutations at residue P183 are associated with both
a milder clinical phenotype and normal emerin-protein
interactions [36, 41, 44], consistent with our finding that
the P183T mutation had little effect on the emerin—
f-catenin interaction. Moreover, these findings provide
further evidence that the emerin—f-catenin complex is
likely to be functionally relevant for the aetiology of
X-EDMD as first proposed by Markiewicz et al. [7].

Emerin is phosphorylated by GSK3/

The results shown in Fig. 6a and b suggest GSK3/ may
regulate the emerin—pf-catenin interaction. Emerin has 12
identified phosphorylation sites (reviewed in [5]). Two of
these sites, Ser66 and Serl75 (which is in the f-catenin
binding site), are predicted to be phosphorylated by GSK3p
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Fig. 6 Characterisation of the interaction between emerin and
p-catenin. a Emerin binds to wild type but not stabilised f-catenin.
Lysates of HEK293 transfected with GFP-emerin and GFP--catenin
constructs were immunoprecipitated with AP8 and immunoblotted
with anti-GFP antibody to visualise binding between emerin and
p-catenin. GFP-f-cat st represents stabilised GFP-f-catenin con-
struct. A representative blot from three independent experiments is
shown. b Emerin regulates wild type but not stabilised f-catenin
cellular levels through its interaction with f-catenin. Lysates of
HEK293 cells were transfected with cDNA encoding GFP-emerin and
GFP-f-catenin constructs and immunoblotted with anti-GFP. The
mean band intensity of GFP-emerin and GFP-f-catenin constructs
co-expressed was calculated as a percentage of their mean band
intensities when expressed individually in the presence of GFP alone.

[45]. To determine whether emerin is also a substrate for
GSK3p, we performed an in vitro kinase assay. Purified
recombinant hise-tagged emerin 1-221 [28] was incubated
with GSK3f in the absence and presence of the GSK3p
inhibitor SB216763. Under these conditions GSK3pf is
auto-phosphorylated and is represented by a band that
migrates at approximately 50 kDa (Fig. 7a). Several
phosphorylated emerin bands were identified migrating at
34 to 37 kDa suggesting the presence of more than one
GSK3p phosphorylation site. Phosphorylation of both
GSK3p and emerin was inhibited by the addition of
SB216763. To see if Serl75 is a site for GSK3f phos-
phorylation, we repeated the GSK3f kinase assay on
purified recombinant emerin 1-221 containing clustered
Ala substitutions such that residues 175-177 (SSL) are

¢ Emerin mutations disrupt its ability to regulate cellular fS-catenin
levels. HEK293 cells were co-transfected with wild type GFP-p-
catenin and GFP-emerin constructs expressing X-EDMD mutations.
Lysates were immunoblotted with anti-GFP antibody and mean band
intensities for each GFP-construct calculated and tabulated as
described for b above. d Emerin mutations disrupt the emerin—p-
catenin affinity. Each GFP-emerin cDNA was expressed in HEK293
and normalised for protein levels and mixed with lysates containing
an equal amount of GFP-f-catenin. Lysates were immunoprecipitated
for f-catenin and immunoblotted for emerin. Binding is shown as a
percentage of binding between wild type GFP-f-catenin and wild type
GFP-emerin. For b-d, results are shown as the mean of three
independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001

mutated to AAA (m175) [32]. Phosphorylation of emerin
m175 was similar to that of the wild type protein, although
an additional band at approximately 40 kDa was present.
This likely reflects differences in folding between wild type
and mutant emerin. From the above, we conclude that
emerin is a substrate for GSK3p, but residue S175 is not a
site of phosphorylation by this kinase. Nevertheless, this
experiment demonstrates the emerin—f-catenin interaction
may also be regulated by GSK3f phosphorylation on em-
erin, as well as on ff-catenin.

We then investigated whether GSK3p activity regulates
emerin’s intracellular location, which may indirectly
influence the availability of emerin to form complexes with
p-catenin. HEK293s and NRCs transiently transfected with
either HA-tagged wild type GSK3 [ or constitutively active
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Fig. 7 GSK3f phosphorylates
emerin and regulates its A
intracellular location. a Emerin
1-221gi56 (5 1g) and emerin
1-22 156 m175 (5 pg) were
incubated in the absence (—) or
presence (+) of 250U
recombinant GSK3p in

1x reaction buffer for 30 min at
30°C. Several phospho-emerin
bands are evident

(M, 34-37 kDa) as is an auto-
phosphorylated GSK3/

(M, ~ 50 kDa). Inclusion of B HA

the GSK3p inhibitor SB216763
in the reaction completely
abolished emerin
phosphorylation. b Cultures of
HEK?293s and NRCs were
transfected with cDNA
encoding HA-tagged wild type
GSK3p or HA-tagged GSK3p
SOA. After 24 h cells were
fixed. Immunostaining with
anti-HA demonstrates
exogenous expression of
GSK3f whilst counterstaining
with either APS20 (NRCs, red)
or AP8 (HEK?293s, green)
demonstrates the loss of emerin
from the NE in GSK3f
expressing cells. Scale bars
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GSK3p S9A were immunostained for emerin and HA
(Fig. 7b). Endogenous GSK3f locates diffusely to both the
cytoplasm and nucleus and is catalytically active [46]. As
expected, both HA-GSK3f and HA-GSK3f S9A targeted
similarly to endogenous GSK3p. In all cases, endogenous
emerin at the NE was reduced, but with no discernible
increase at either the cell surface or cytoplasm. This effect
did not appear to be more severe with constitutively active
GSK3p. Since no mis-targeting of emerin was observed in
either cell type, it raises the possibility that the NE popu-
lation of emerin is targeted for degradation when
phosphorylated by GSK3pf. This also implies that in
cardiomyocytes the NE and ID populations of emerin are
functionally different. GSK3f activity could thus have a
functional role on both components of the emerin—f-cate-
nin complex and differentially regulate the complex at
different intracellular locations.
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Inactivation of GSK3p re-locates both emerin
and f-catenin in cardiomyocytes

Given the emerging relationship between emerin, f-catenin
and GSK3f, we sought to identify whether stabilising
p-catenin co-ordinately affected the intracellular re-locali-
sation of emerin and f-catenin in vivo. [-catenin
stabilisation in NRCs can be achieved by the addition of
hypertrophic stimuli such as phenylephrine (PE). Under
these conditions, GSK3 is inhibited by the phosphorylation
on Ser9 by protein kinase B (PKB/Akt) [47]. NRCs were
first incubated in maintenance medium lacking PE for 24 h
and then treated with DMSO, PE, the GSK3f inhibitor
SB216763 or PE together with SB216763. Cells were fixed at
30 min, 4 h and 24 h and stained with antibodies against
p-catenin and emerin (Fig. 8a—c). Quantification of the
amount of emerin and f-catenin in the nucleus at each time
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Fig. 8 Stimulation of NRCs with PE relocates both f-catenin and
emerin. a—¢ NRCs pre-incubated in maintenance medium lacking PE
for 24 h were then treated with 0.1% (v/v) DMSO, 100 uM PE or
100 uM PE + SB216763 for 30 min, 4 h and 24 h. Cardiomyocytes
were fixed with 4% PFA and immunostained with APS20 (red),
p-catenin (green) and DAPI (blue). Scale bar 10 pm. d Images

point was performed by importing images into Image J and
calculating the mean intensity of the nuclear region
(Fig. 8d). Since PE promotes proper myofibril anchorage at
the IDs, it was not unexpected that in its absence, emerin
appeared predominantly nuclear and pf-catenin mainly
cytoplasmic (Fig. 8a—c; DMSO panels). When cells were
treated with PE, an increase in nuclear f-catenin was evident
by 4 h (Fig. 8b, panel PE; d). Although this was less by 24 h,
itdid not return to basal levels (Fig. 8b, PE panel; d). Nuclear
and ID emerin levels and ID f-catenin levels increased
steadily over 24 h (Fig. 8b and c; PE panels; d). As expected,
cells treated with PE and SB216763 exhibited a faster
response, so that the level of nuclear emerin and f-catenin
were maximum at 30 min after stimulation, compared with
PE alone (Fig. 8a—c, panels PE + SB216763; d). Treatment
of cells with SB216763 alone demonstrated a similar but
milder effect of PE (data not shown). From these results we
can conclude that both emerin and fS-catenin’s subcellular
localisation and expression levels in cardiomyocytes can
be regulated by GSK3p. In addition, the increase in endo-
genous emerin levels observed in the presence of a GSK3p
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collected from a—c¢ were imported into Image J, and the mean
intensity of the nuclear region was calculated for both emerin and
f-catenin staining in the presence of DMSO, PE or PE + SB216762.
Images were taken from three independent experiments; n = 75.
Images were captured on a Zeiss Axiovert inverted microscope

inhibitor is consistent with a decrease in endogenous emerin
at the NE in the presence of exogenously expressed GSK3
(Fig. 7b).

Discussion

Mutations in emerin lead to both skeletal and cardiac
muscle defects. Although many downstream gene targets
have been identified, primary mechanism involvement,
particularly at the ID, remains to be elucidated. We discuss
our findings in the context of the aetiology of the cardio-
myopathy associated with X-EDMD.

Emerin can occur in non-nuclear membranes

The initial report of emerin being a component of the ID
was shown by Cartegni et al. [6] who used an affinity
purified rabbit polyclonal antisera against mouse emerin
residues 1-168, which encompasses most of the nucleo-
plasmic domain. However, this was subsequently revoked
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as an artefact of rabbit antibody specificity in heart tissue
by Manilal et al. [14]. This was despite reporting that 7
monoclonal antibodies from a panel of 16 supported an ID
localisation for emerin. These monoclonal antibodies also
mapped across the entire nucleoplasmic domain of emerin.
Furthermore, Manilal et al. performed no EM analysis. We
believe our antibody data conclusively demonstrate emerin
is a component of the ID. From our EM experiments, both
APS20 (affinity-purified sheep polyclonal raised against rat
emerin 114-183) and APS8 (affinity-purified rabbit poly-
clonal against human emerin residues 1-70) recognised
emerin at the ID. Thus, we show that two emerin antibodies
against different epitopes and animal species, raised in two
different animals both located emerin to the ID. In addition,
since our APS20 antibody (sheep) exhibited a greater
accessibility than AP8 (rabbit) for emerin at the ID, this
rules out non-specific immunological effects from innate
rabbit antigens. The inability of APS8 to recognise emerin at
the ID by immunohistochemistry may be attributed to
epitope masking, a known feature of NE proteins, such as
lamin B, which can influence their detection by immuno-
fluorescence [48].

Emerin was originally identified as being an inner
nuclear membrane protein [2]. However, it is now clear
that it can locate to alternative subcellular locations, with
the exact distribution being cell type-specific. These
include the ER, sarcoplasmic reticulum, nucleoplasm, outer
nuclear membrane and plasma membrane [6, 15, 17-19,
49]. How can a protein with nuclear targeting motifs target
to non-nuclear membranes? Emerin, like many tail-
anchored membrane proteins, is post-translationally inser-
ted into the ER, en route to its final destination at the NE
[17, 28, 50]. This class of membrane proteins are also
commonly associated with secretory pathway components
[2]. Indeed, COS 7 cells over-expressing GFP-emerin are
able to re-direct emerin from the ER to the Golgi-plasma
membrane trafficking pathway [17]. Emerin is a heavily
phosphorylated protein. To date, only a few functions have
been associated with emerin’s phosphorylation including
cell cycle-mediated events [28, 51], dissociation from BAF
[45] and its interaction with F-actin [52]. We propose that
cell type-specific signalling events, such as phosphoryla-
tion, on emerin in either the ER or cytoplasm prior to ER
entry are responsible for targeting emerin to alternative
cellular localisations. In the heart this could mean emerin
would additionally target to the ID. We have evidence to
support this idea. Protein kinase A phosphorylation on
emerin residue S49 has no effect on targeting emerin in
myoblasts [51], but relocates emerin to the sarcoplasmic
reticulum of cardiomyocytes (M. A. Wheeler, unpub-
lished). We propose that in cardiomyocytes a sub-
population of emerin may be phosphorylated to target it to
the ID.

Are there other components of the emerin—f3-catenin
complex at the ID?

The junctional complexes at the ID contain many proteins,
and emerin is known to have a large cohort of binding
partners and so it is more than likely that other proteins
may be involved in interacting with the emerin—f-catenin
complex at the ID. Indeed our immunoEM data suggest
other catenin members are likely contenders. An even
stronger candidate is Lmo7, a LIM-only protein which was
recently shown to be a binding partner of emerin and is
expressed at high levels in the heart [53, 54]. It also
exhibits dual localisation to the nucleus and AlJs of epi-
thelial cells and like f-catenin is able to shuttle between the
nucleus and plasma membrane [53, 55]. Lmo7 is proposed
to regulate emerin, Rb1l, MyoD and their co-activator
transcripts such as CREBBP, which are known to be up-
regulated in skeletal muscle from X-EDMD patients and
emerin-null mice [31, 53, 56]. In this light, it will be
interesting to see if Lmo7 is a component of the emerin—f-
catenin complex at the ID and if so whether its location is
disrupted in emerin null mice.

The significance of an emerin—f-catenin complex
in contributing to the cardiomyopathy observed
in X-EDMD

Analysis of the two available mouse models for X-EDMD
[31, 38] offers little evidence of cardiac pathology until the
mice are aged 21 weeks, when in both the atria and ven-
tricles, vacuoles bordering the myonuclei are observed
[38]. However, a mild prolongation of the atrioventricular
conduction time is not seen in these mice until they are
older than 40 weeks. This is in contrast to the lamin A/C-
null mice, which exhibit a rapidly progressive DCM, with
death commonly occurring by 8 weeks [57]. Despite this
more severe phenotype, normal ID morphology is observed
in 4- to 6-week-old lamin A/C-null mice, but no extensive
molecular analysis has been reported. Similarly, in
21-week-old emerin-null mice only connexin 40 and 43
immunostaining has been performed, which were both
normal [38], consistent with our finding that emerin does
not localise to this complex. Indeed the only molecular
change published which may affect ID function is in the
AD-EDMD-mouse model, where disruptions to the desmin
network, particularly at the nuclear attachment points, are
observed. Desmin is also a component of the ID, where it
maintains the lateral stability of the myocytes and so in this
scenario ID function could be indirectly compromised. We
report here for the first time that the protein composition of
the ID disc is altered for at least ff-catenin in 5- to 6-week-
old emerin-null mice. In addition, we observed architec-
tural changes to both the cell shape and to the ID. Such
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changes are likely to affect force transmission from the
contracting myofibrils, which are anchored by AlJs. Col-
lectively these findings are indicative of a DCM [58].
However, since mice of this age are sub-clinical, it suggests
up-regulation of functionally compensating proteins
occurs, at least in the young animal. Contenders for this
role include o-catenin, o-II-spectrin and filamin, all of
which exhibit elevated mRNAs in X-EDMD patient
fibroblasts [59]. We can speculate that this ‘rescue pack-
age’ fails over the longer term, possibly as part of the
normal ageing process, at which point clinical symptoms
develop. This is consistent with the human EDMD phe-
notype, since an age of 4 weeks in a mouse equates to the
human age of 12-14 years, which in the majority of cases
is prior to any clinical cardiac involvement, normally not
seen until the third decade of life [1].

f-catenin’s nuclear function in non-cycling cells such as
cardiomyocytes appears to differ from that in proliferating
cells. In cycling cells, activation of the canonical Wnt sig-
nalling pathway results in the inhibition of GSK3f, which
stabilises and thus activates ff-catenin, which translocates
to the nucleus and promotes gene expression through
TCF/LEF transcriptional activation [60]. Stabilisation of
f-catenin in this manner favours proliferation over differ-
entiation in cycling cells [61]. The role of p-catenin
signalling in fully differentiated cells, such as cardiomyo-
cytes, is less clear, although current data suggest it is Wnt-
independent. In this cell type GSK3J is inactivated by PKB/
Akt, which in turn leads to the stabilisation of -catenin and
subsequent increase in TCF/LEF reporter gene expression
[47, 62]. Our results also link the emerin—f-catenin com-
plex to GSK3p activity on both components, although
further studies are required to ascertain its precise role. The
phosphorylation status of f-catenin at the ID is not well
characterised. Recently it has been shown that N-terminally
phosphorylated forms of f-catenin can exist at cell—cell
contacts [63]. This is consistent with our findings that em-
erin interacts predominately with phosphorylated f-catenin.
We can speculate that in non-cycling cardiomyocytes,
emerin, as well as playing a role in regulating the nuclear
accumulation of fS-catenin, can additionally regulate the
amount of f-catenin at the AlJs. Therefore, at least in
cardiomyocytes, the absence of emerin is likely to affect
both f-catenin-dependent gene expression and cell—cell
contact formation.

In conclusion, our study shows that ff-catenin is indeed a
binding partner of emerin in the heart and that the forma-
tion and intracellular location of this complex is important
for ID structure. Changes to ID architecture and protein
composition are classic features of DCM and thus likely to
be a strong factor contributing to the cardiomyopathy
associated with X-EDMD. Therefore, in addition to em-
erin’s acclaimed role in nuclear architecture, it can also act

as a ‘gate-keeper’ for f-catenin function in cells of cardiac
lineage.
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