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Emerin is a type II inner nuclear membrane (INM) protein
of unknown function. Emerin function is likely to be
important because, when it is mutated, emerin promotes
both skeletal muscle and heart defects. Here we show that
one function of Emerin is to regulate the flux of p-catenin,
an important transcription coactivator, into the nucleus.
Emerin interacts with p-catenin through a conserved ade-
nomatous polyposis coli (APC)-like domain. When GFP-
emerin is expressed in HEK293 cells, B-catenin is restricted
to the cytoplasm and p-catenin activity is inhibited. In
contrast, expression of an emerin mutant, lacking its
APC-like domain (GFP-emerinA), dominantly stimulates
B-catenin activity and increases nuclear accumulation of
p-catenin. Human fibroblasts that are null for emerin have
an autostimulatory growth phenotype. This unusual
growth phenotype arises through enhanced nuclear accu-
mulation and activity of B-catenin and can be replicated in
wild-type fibroblasts by transfection with constitutively
active f-catenin. Our results support recent findings that
suggest that INM proteins can influence signalling path-
ways by restricting access of transcription coactivators
to the nucleus.
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Introduction

Emerin is a type II integral membrane protein of the inner
nuclear membrane (INM). Emerin was identified as a 34 kDa
protein encoded by the gene EMD located on the human
X-chromosome, which when mutated gives rise to the X-linked
form of Emery-Dreifuss muscular dystrophy (X-EDMD) (Bione
et al, 1994; Manilal et al, 1996). The localisation of emerin at
the INM is through its association with the type V intermediate
filament proteins, lamins A/C (Sullivan et al, 1999; Vaughan
et al, 2001), which form part of the nuclear lamina (Hutchison,
2002). Like lamins A/C, emerin expression is developmentally
regulated and it normally appears at the time of organogenesis
(Gareiss et al, 2005). Emerin on its own is dispensable for cell
survival (Harborth et al, 2001) and normal development
(Gruenbaum et al, 2002), but has overlapping functions in
cell division and chromosome segregation with the INM
protein MAN1 (Liu et al, 2003).

Because of its involvement in X-EDMD, there has been
considerable interest in emerin function. A number of emerin
binding partners have recently been identified, which hint at
emerin function, but as yet no clear roles for emerin have
been described. Emerin binds to the small dimeric chromatin-
binding protein barrier to autointegration factor (BAF),
through a conserved N-terminal sequence called the LEM
domain (Lee et al, 2001; Segura-Totten and Wilson, 2004).
BAF is essential for chromosome segregation (Margalit et al,
2005) and therefore emerin might assist BAF in this function.
Emerin also binds to the transcription factor germ-cell-less
(GCL) in a site overlapping the LEM domain (Holaska et al,
2003). The GCL/BAF-binding domain in emerin is also
recognised by the death-promoting repressor Btf (Haraguchi
et al, 2004). Despite reports that emerin binds to these
transcription regulators, no function for emerin in regulating
transcriptional activity has been definitively shown.

Emerin has also been implicated in cytoskeleton organisa-
tion. Emerin binds to both o- and B-actin (Lattanzi et al,
2003) and stabilises the pointed ends of F-actin (Holaska
et al, 2004). Emerin also associates with the giant spectrin
repeat proteins nesprin 1 (Mislow et al, 2002) and 2 (Libotte
et al, 2005), and together with lamins A/C, nesprin 2 appears
to be necessary for emerin localisation at the INM (Libotte
et al, 2005; Zhang et al, 2005). Since nesprins have been
implicated in actin bundling at the NE (Padmakumar et al,
2004), emerin might have a role in cortical actin organisation
around the nucleus.
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In cardiomyocytes, emerin colocalises with E-cadherin at
intercalated disks (Cartegni et al, 1997). The authors noted
that the C-terminal portion of the nucleoplasmic domain of
emerin contained a sequence PVSASR-SSL-DLS that bore
striking similarity to a consensus sequence in the adenoma-
tous polyposis coli (APC) tumour suppressor protein. The
APC consensus sequence referred to is involved in binding
to the transcription coactivator B-catenin and is also found in
E-cadherin (Pai et al, 1996). B-Catenin is the downstream
target of the canonical Wnt signalling pathway and has
been implicated in a range of developmental processes
(e.g. Behrens et al, 1996; Molenaar et al, 1996). We therefore
investigated the possibility that emerin is a B-catenin-binding
protein in the nucleus. Here, we report that emerin is
indeed a B-catenin-binding protein acts by influencing the
nuclear accumulation of B-catenin through a CRM1-dependent
export pathway. Furthermore, fibroblasts from patients with
X-EDMD, which are null for emerin, display massive nuclear
accumulation of B-catenin, which leads to an autostimulatory
growth phenotype. We speculate that this growth phenotype
might contribute to the accumulation of fibrotic tissue in both
cardiac and skeletal muscle in X-EDMD patients.

Results

Emerin interacts with p-catenin through an APC
homology domain

To investigate whether emerin is a B-catenin-binding protein,
we first generated a number of emerin constructs. Three
constructs were produced as either His-tagged or GFP-tagged
proteins. The first construct (E1-220) encoded the entire
nucleoplasmic domain of emerin, but lacked the transmem-
brane spanning and lumenal domains. The second construct
(E1-176) encoded most of the nucleoplasmic domain, but
contained a C-terminal deletion including 50% of the APC-
like domain. The third construct (emerinA) contained an
internal deletion of the APC-like domain together with
seven additional amino acids (Supplementary Figure 1).

To investigate possible interactions between B-catenin and
emerin, cell extracts from wild-type (wt) and emerin null
fibroblasts were immunoprecipitated with antibodies against
total B-catenin. B-Catenin was efficiently immunoprecipitated
from wt and emerin null fibroblast extracts (Figure 1A).
Emerin was efficiently co-immunoprecipitated with B-catenin
in wt fibroblast extracts. The corresponding bands were
absent in immunoprecipitates from emerin null fibroblast
extracts, demonstrating that they indeed represent emerin
(Figure 1A). The closely related LEM domain protein, LAP2f,
was absent from B-catenin immunoprecipitates, demonstrat-
ing that the interaction between fB-catenin and emerin was
specific (Figure 1A). Emerin was not immunoprecipitated
from wt fibroblast extracts using empty immunobeads,
again suggesting that the interaction between emerin and
B-catenin was specific.

To confirm that emerin and B-catenin interact and to map the
site of interaction, His-tagged versions of the emerin constructs
E1-220 and E1-176 were expressed in Escherichia coli and
purified (Figure 1B). The purified proteins were resolved in
SDS-PAGE, transferred to nitrocellulose and the filters were
overlayed with either 3°S-labelled P-catenin or as a control
3S-labelled human leukocyte antigen (HLA). p-Catenin inter-
acted with E1-220 but not with E1-176. In contrast, HLA did
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not interact with any emerin peptide (Figure 1C). These find-
ings suggested that emerin and B-catenin interact through
the APC homology domain in emerin.

To confirm that emerin binds to B-catenin through its APC
homology domain, HEK293 cells were co-transfected with
B-catenin and one of GFP-emerin, GFP-emerinA or GFP.
Cell extracts were used for immunoprecipitation (IP) with
anti-GFP antibody. Each of the GFP-fusion proteins and GFP
itself were efficiently immunoprecipitated with anti-GFP anti-
bodies, but did not associate with empty immunobeads
(Figure 1D). B-Catenin was efficiently co-immunoprecipitated
with GFP-emerin but not with either GFP-emerinA or
GFP. Neither did it associate with empty immunobeads
(Figure 1D). To investigate the possibility that large numbers
of proteins interact with emerin in IP assays, we resolved
emerin IPs from HEK293 cell extracts on SDS-PAGE and
silver-stained the gels. While IgG bands and a band with a
molecular weight corresponding to GFP-emerin were clearly
detected, major bands observed in cell extracts were not
found in the IPs, indicating that the interaction between
emerin and B-catenin were specific (Figure 1E). Based on
these findings, we concluded that emerin was a B-catenin-
binding protein and interacts with B-catenin through an
APC-like domain.

Emerin inhibits B-catenin activity by preventing its
accumulation in the nucleus

To investigate the influence of emerin on B-catenin activity,
HEK293 cells were co-transfected with B-catenin constructs,
TOPGLOW or FOPGLOW luciferase reporters, and one of GFP,
GFP-emerin or GFP-emerinA. In the presence of TOPGLOW
reporters, luciferase activity was depressed ~2-fold in the
presence of GFP-emerin, compared to GFP alone. In contrast,
luciferase activity was activated ~ 2-fold in the presence of
GFP-emerinA compared to GFP alone (Figure 2A). Luciferase
activity was negligible in the presence of FOP-GLOW repor-
ters. These findings suggested that GFP-emerin antagonises
B-catenin activity, while GFP-emerinA stimulates B-catenin
activity. To further investigate the influence of emerin on
B-catenin activity, we performed reporter assays on a colon
carcinoma cell line carrying an activating mutation of
B-catenin (van de Wetering et al, 2002). Overexpression of
emerin in this cell line did not inhibit B-catenin activity.
However, in common with other cancer cell lines (Vaughan
et al, 2001), this cell line did not express lamins A/C at
detectable levels and as a result emerin was located in the
cytoplasm rather than at the INM (not shown). Therefore,
instead, we coexpressed a mutant form of -catenin (S37A) in
HEK293 cells with either GFP or GFP-emerin. The activity of
S37A was depressed by ~40% in the presence of GFP-emerin
compared to GFP alone, indicating that emerin is able to
inhibit even activated forms of B-catenin (Figure 2B) if it
is localised to the INM.

To further investigate this phenomenon, the level of expres-
sion of total B-catenin was investigated by immunoblotting of
transfected cells. There were negligible differences in the
amounts of B-catenin in cells transfected with GFP, GFP-
emerin or GFP-emerinA (Figure 2C). Next, the level of expres-
sion of each reporter was investigated and compared to
endogenous emerin. The relative amounts of each reporter
were also found to be equivalent in each transfected culture
(Figure 2D). Moreover, by introducing GFP-emerin or GFP-
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Figure 1 B-Catenin binds to emerin through a conserved APC homology domain. (A) B-Catenin was immunoprecipitated from cell extracts
prepared from wt or emerin null fibroblasts. Inmunoprecipitates were resolved on SDS-PAGE and immunoblotted with antibodies against total
B-catenin (fB-cat), emerin or LAP2f (top three panels). Alternatively, empty immunobeads were incubated with the same cell extracts and used
for immunoblotting with anti-emerin antibody (bottom panel). The antibody used in each blot is indicated to the left-hand side of each panel,
while the positions of IgG heavy or light chains (H IgG and L IgG, respectively) are indicated to the right-hand side of each blot. (B) Purified
recombinant proteins E1-176 and E1-220 were resolved on SDS-PAGE, which were either stained with Coomassie Brilliant Blue (upper panels)
or immunoblotted with anti-emerin antibody (lower panels). (C) 3°S-met-labelled wt B-catenin or HLA were resolved on SDS-PAGE and
subjected to autoradiography (input). Purified emerin E1-220 and E1-176 at 1.5 and 3 ug were resolved on SDS-PAGE and transferred to
nitrocellulose. The filters were then overlayed with *°S-methionine-labelled proteins and subjected to autoradiography. In all panels, the first
lane was loaded with 1.5 pg of recombinant protein, while the second lane was loaded with 3.0 pug. (D) B-Catenin and one of GFP-emerin, GFP-
emerinA or GFP were coexpressed in HEK293 cells. Cell lysates were immunoprecipitated with anti-GFP antibody or empty immunobeads
(indicated by Ab or no Ab, respectively, underneath each panel). Immunoprecipitates were immunoblotted with antibodies against p-catenin
(upper panels) or GFP (lower panels). The positions of B-catenin (f-cat), GFP-emerin (em), GFP-emerinA (emA) or GFP are indicated at the
left-hand side of each panel. The positions of IgG heavy chain (H IgG) and IgG light chain (L IgG) are indicated at the right-hand side of the final
panel. (E) HEK293 cells that were co-transfected with GFP-emerin and f-catenin were immunoprecipitated with anti-GFP antibodies, resolved
on SDS-PAGE and stained with ammoniacal silver. In all gels, Supt=material remaining in the supernatant. Pellet = material recovered in
immunoprecipitates. Arrow indicates a band with expected mobility of GFP-emerin.

the level of expression of nuclear B-catenin in cells trans-
fected with the various GFP-reporters. Cells transfected with

emerinA into HEK293, the total amount of emerin was effec-
tively doubled compared to GFP-transfected cells (Figure 2E).

The results reported above show that by doubling the
amount of emerin in HEK293 cells, B-catenin activity is
correspondingly reduced. In contrast, by introducing a
mutant form of emerin into the INM, B-catenin activity is
increased. These changes in B-catenin activity are not corre-
lated with changes in expression levels of -catenin. Several
reports have indicated that B-catenin activity might be regu-
lated by its rate of accumulation in the nucleus (Neufeld et al,
2000; Rosin-Arbesfeld et al, 2000). Therefore, we investigated
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GFP alone showed moderate levels of B-catenin in the nucleus
as well as staining at cell adhesion junctions (Figure 3A). In
contrast, there was little nuclear B-catenin in cells transfected
with GFP-emerin, but increased staining at cell adhesion
junctions (Figure 3B). Cells transfected with GFP-emerinf
had very high levels of nuclear B-catenin (Figure 3C) com-
pared GFP-transfected cells (Figure 3A) or untransfected
cells. Taken together, these data suggest that overexpressing
emerin restricts the amount of nuclear B-catenin, while
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Figure 2 Emerin antagonises B-catenin activity. (A) HEK293 cells
were transfected with combinations of wt p-catenin and GFP, GFP-
emerin or GFP-emerinA together with TOPGLOW or FOPGLOW
luciferase reporters and Renilla. (B) Alternatively, HEK293 cells
were co-transfected with an activating mutation of B-catenin (S37A)
and either GFP or GFP-emerin together with TOPGLOW or
FOPGLOW luciferase reporters and Renilla. The levels of luciferase
reporter assays were expressed relative to the level of luciferase
activity in the presence of GFP. **Significantly reduced luciferase
activity (P<0.001), * *Significantly increased luciferase activity
(P<0.001). (C) HEK293 cells were transfected with B-catenin and
GFP, GFP-emerin or GFP-emerinA or S37A and GFP or GFP-emerin,
respectively. Cell extracts were prepared for immunoblotting with
antibody against active p-catenin, total B-catenin or B-actin.
Alternatively, GFP, GFP-emerin or GFP-emerinA were expressed in
HEK293 cells. Cell lysates were prepared for immunoblotting with
either anti-GFP (D) or anti-emerin antibodies (E).

expressing emerinA increases the amount of nuclear p-cate-
nin. To investigate how emerin might influence the nuclear
accumulation of B-catenin, transfected cells were treated with
the drug leptomycin B, which inhibits CRMI-dependent
nuclear export. Treatment with leptomycin B led to increases
in the amount of nuclear B-catenin in GFP- and GFP-emerin-
transfected cells, but did not give rise to further increases in
the amount of nuclear B-catenin in GFP-emerinA cells (Figure
3A-C). Therefore, our data suggest that emerin participates in
the CRM1-dependent nuclear export of -catenin.

To further investigate the influence of emerin on the
localisation of f-catenin, we also looked at endogenous
B-catenin. In cells expressing GFP alone (Figure 3D) or
GFP-emerinA (Figure 3F), B-catenin was detected in the
nucleus and at cell adhesion junctions. In contrast, in cells
expressing GFP-emerin, f-catenin was absent from the
nucleus and instead accumulated at cell adhesion junctions
(Figure 3E).

In a recent report, nuclear immunostaining of some
proteins in the Wnt signalling pathway were found to be
nonspecific. To eliminate the possibility that the nuclear
staining described here was nonspecific, we preabsorbed
the B-catenin antibody used for immunostaining with a
peptide corresponding to its epitope. Preabsorption with the
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peptide eliminated all staining (both within the nucleus and
at cell adhesion junctions), indicating that both patterns of
staining are specific (Figure 3G).

It has been reported that the nuclear export of B-catenin
can be mediated by APC (Elftheriou et al, 2001). To investi-
gate whether emerin might be involved in an APC pathway,
we investigated the levels of nuclear APC in the presence
of our GFP reporters. While the levels of nuclear APC were
higher in the presence of GFP, than in the presence of GFP-
emerin, we did not observe an increase in the level of nuclear
APC in the presence of GFP-emerinA (Figure 3H-J). Based on
these data, we could not conclude that emerin was acting
within an APC pathway.

Abnormal growth phenotypes associated with the loss
of emerin expression are caused by the activation and
nuclear accumulation of B-catenin

To investigate whether emerin-dependent nuclear accumu-
lation of P-catenin gives rise to predictable phenotypic
changes, we used a collection of fibroblasts from patients
with X-EDMD that are null for the expression of emerin
(Markiewicz et al, 2002a). Previous reports have shown that
[-catenin regulates cell proliferation in fibroblasts (Stockinger
et al, 2001). Therefore, we initially compared the cell proli-
feration rates in three wt and three emerin null cell strains. All
three emerin null strains proliferated more rapidly than wt
strains. The density of emerin null fibroblast cultures was
greater than control cultures 4 days after seeding (Figure
4A-D), while the rate of growth within the emerin null
populations was significantly greater on each day of culture
after seeding (Figure 4E).

Next, we investigated whether the increased growth rate in
emerin null fibroblasts was correlated with nuclear accumu-
lation of B-catenin. Fibroblast cultures were costained with
antibodies against emerin and B-catenin. In wt fibroblasts,
emerin was concentrated at the NE, while B-catenin was
located at cell adhesion plaques (Figure 5A). In contrast,
in emerin null fibroblasts, emerin was not detected, but
B-catenin was concentrated in the nucleus (Figure 5B). To
determine whether the nuclear accumulation of B-catenin
in emerin null fibroblasts resulted from increased levels of
B-catenin, we performed semiquantitative immunoblotting.
In all emerin null fibroblast strains, expression of active
B-catenin was increased by two-fold or more compared
to controls (Figure 5C and D). Thus, the absence of emerin
in fibroblasts leads to a modest increase in the expression
of active B-catenin but a massively increased nuclear
accumulation of the protein.

A rapid growth phenotype is also characteristic of fibro-
blasts from an Lmna —/— mouse. However, this phenotype
arises because the retinoblastoma (Rb) protein is proteolysed
(Johnson et al, 2004). We therefore also investigated Rb
expression and localisation in the emerin null fibroblasts.
The distribution of Rb in emerin null fibroblasts was identical
to controls (Figure SE). In addition, the levels of expression of
different Rb isoforms, judged by Western blotting, were also
identical in emerin null and wt fibroblasts (Figure 5F).
Therefore, we concluded that the rapid growth phenotype
did not arise from defects in the Rb pathway.

We wondered whether the increase in nuclear B-catenin
would be correlated with responsiveness to withdrawal of
growth factors. To investigate this possibility, we transferred

©2006 European Molecular Biology Organization
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Figure 3 Emerin functions in a B-catenin export pathway. GFP (A), GFP-emerin (B) or GFP-emerinA (C) were co-transfected with B-catenin
into HEK293 cells. Transfected cultures were grown in the presence or absence of leptomycin B and then fixed and stained with anti-B-catenin
antibody followed by TRITC anti-mouse Ig. Alternatively, cultures were transfected with GFP, GFP-emerin and GFP-emerinA, then stained with
anti-B-catenin antibody to investigate the influence of emerin on endogenous B-catenin (D-F). (G) Cells co-transfected with GFP-emerinA and
B-catenin were stained with anti-f-catenin antibody that had been preabsorbed with a peptide corresponding to its epitope. Finally, cultures
transfected with GFP, GFP emerin or GFP-emerinA were stained with anti-APC antibody followed by TRITC anti-mouse Ig (H-J). Micrographs
show black and white images recorded from each fluorescence channel. Scale bars =10 pm.

wt and emerin null fibroblasts to low serum medium and
stained each culture with the proliferation marker Ki67
immediately afterwards or 96 h later. Inmediately after trans-
fer to low serum medium, >60% of cells in each culture were
proliferating as judged by the expression of Ki67 (Figure 6A,
B and H). In contrast, <10% of cells in wt fibroblast cultures
were proliferating 96 h later, whereas ~60% of emerin null
fibroblasts were proliferating at the same time (Figure 6C, D
and H). These findings suggested that emerin null fibroblasts
did not respond to withdrawal of growth factors by entry into
a quiescent state. To investigate whether this growth pheno-
type resulted from the absence of expression of emerin, we
transfected emerin null fibroblasts with GFP-emerin and grew
them under selection to establish a stable cell line. In emerin
null fibroblasts expressing GFP-emerin, B-catenin was not
detected in the nucleus, but instead was detected in the
cytoplasm (Figure 6E and F). When the same cultures were
transferred to low serum medium and stained with Ki67
antibodies, while almost 60% of cells were proliferating
immediately after transfer to low serum medium, only 12%
proliferating 96 h later (Figure 6G and H). Thus, autostimu-
latory growth in emerin null fibroblasts is a direct result of
the absence of emerin expression and is correlated with
nuclear accumulation of B-catenin.

©2006 European Molecular Biology Organization

To obtain direct evidence that loss of emerin function leads
to activation of B-catenin signalling, we performed reporter
assays on emerin null and wt fibroblasts. B-Catenin activity
was almost five-fold higher in emerin null fibroblasts
compared to control fibroblasts (Figure 7A). To determine
whether the increased activity of B-catenin leads to transcrip-
tion of downstream target genes, we investigated the expres-
sion of c-myc, which is the immediate downstream target of
f3-catenin/TCF-4 (van de Wetering et al, 2002). We found that
c-myc was massively upregulated in emerin null fibroblasts
compared to controls (Figure 7B), again suggesting activation
of B-catenin. Previous studies have shown that ectopic ex-
pression of the Wnt agonist axin inhibits Wnt-dependent cell
proliferation in haematopoietic stem cells (Reya et al, 2003).
To determine whether activation of PB-catenin causes cell
proliferation in emerin null fibroblasts, we transfected wt
and emerin null fibroblasts with axin. We found that cell
proliferation was depressed by ~25% in axin-transfected wt
fibroblasts. Importantly, cell proliferation was almost com-
pletely inhibited in axin-transfected emerin null fibroblasts,
indicating that proliferation in these cells was stimulated by
f-catenin/TCF signalling (Figure 7C).

To investigate whether autostimulatory growth could be
attributed directly to the activation of B-catenin, normal
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Figure 4 Emerin null fibroblasts display a rapid growth phenotype.
wt (A, C) or emerin null fibroblasts (B, D) were grown in culture
and photographed 24h (A, B) and 96h (C, D) after subculture.
Alternatively, cells were harvested and counted each day. (E) Shows
relative cell numbers after subculture for wt (control) and emerin
null fibroblasts over 5 days. Each time point represents pooled data
from three different wt and three different emerin null fibroblast
strains. At each time point, the relative number for emerin null
fibroblasts was always statistically greater than for wt fibroblasts.
The P-values were as follows: day 1, 0.03; day 2, 0.05; day 3, 0.001;
day 4, 0.005; and day 5, 0.002.

fibroblasts cell lines that permanently expressed exogenous
Wt or constitutively active B-catenin (S37A) were created. In
the cell line expressing S37A, B-catenin was localised in the
nucleus of all cells, even though the cells expressed endo-
genous emerin (Supplementary Figure 2A). In the cell line
expressing wt B-catenin, it was located in the nucleus in only
a minority of cells (Supplementary Figure 2D). Each cell line
was transferred to low serum medium to investigate respon-
siveness to growth factors. At 12 h after transfer to low serum
medium, >80% of cells expressing S37A were proliferating
and had nuclear B-catenin (Supplementary Figure 2B and G).
At the same time, 70% of cells expressing wt B-catenin
were Ki67 positive, but none displayed nuclear B-catenin
(Supplementary Figure 2E and G). At 96h after transfer to
low serum medium, >50% of cells expressing S37A were still
proliferating and displaying high levels of nuclear p-catenin
(Supplementary Figure 2C and G). In contrast, only 10%
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of cells expressing wt PB-catenin proliferate at the same
time (Supplementary Figure 2F and G). Thus, activation
of PB-catenin did give rise to an autostimulatory growth
phenotype.

Discussion

Emerin function in nuclear export of -catenin

In this study, we show that emerin binds to B-catenin through
a C-terminal APC-like domain. Overexpression of emerin
inhibits B-catenin signalling by preventing the nuclear accu-
mulation of B-catenin. In contrast, expression of a mutant
form of emerin that lacks the B-catenin-binding domain
dominantly stimulates B-catenin nuclear accumulation and
signalling. Emerin appears to act by stimulating the export of
B-catenin, since the nuclear export inhibitor, leptomycin B,
abrogates the effect of overexpression of emerin.

The shuttling of B-catenin into and out of the nucleus
is seen as central to its function as a transcription coactivator.
B-Catenin appears to be exported from the nucleus by at least
two independent pathways, one of which is dependent on
CRM1, while the other is independent of CRM1 (Wiechens
and Fagotto, 2000; Elftheriou et al, 2001). Several reports
have indicated that export of B-catenin from the nucleus is
mediated by other proteins. A number of studies have shown
that APC shuttles between the nucleus and cytoplasm
(Henderson, 2000; Neufeld et al, 2000; Rosin-Arbesfeld
et al, 2000) through centrally located nuclear export signal
sequences (Rosin-Arbesfeld et al, 2003) and mediates
the CRMI1-dependent nuclear export of B-catenin. Emerin-
mediated export of B-catenin does not appear to occur
through an APC-dependent pathway, since neither over-
expression of emerin nor expression of emerinA dramatically
affects the levels of nuclear APC. More recent investigations
have implicated the negative regulator of the Wnt pathway,
axin, as a mediator of CRM1-dependent nuclear export of
B-catenin (Cong and Varmus, 2004; Wiechens et al, 2004).
It remains to be seen whether emerin is acting through this
pathway.

It is clear that many proteins that control cell proliferation
and survival are regulated by the rate at which they accumu-
late in the nucleus (Fabbro and Henderson, 2003).
The nuclear accumulations of two proteins that control cell
proliferation have recently been shown to be mediated by
proteins of the INM. The tumour suppressor Rb protein is
anchored in the nucleus by lamins A/C (Markiewicz et al,
2002b). In cells that are null for lamins A/C, Rb is not
retained in the nucleus and as a consequence is targeted for
destruction by the proteasome (Johnson et al, 2004). More
recently, it has been shown that the INM protein MAN1
regulates the nuclear translocation of the TGF-f effector,
rSMAD, and therefore antagonises BMP signalling pathways
(Osada et al, 2003; Pan et al, 2005). Emerin is now the third
example of an INM protein that influences transcription by
restricting the rate of nuclear accumulation of a transcription
regulator. Therefore, influencing the rate of accumulation of
transcription regulators in the nucleus is an important emer-
ging function of INM proteins. Based on the examples that
are available currently, this function appears to occur in
two distinct ways, in that emerin and MAN1 both restrict
the nuclear accumulation of transcription coactivators and
therefore antagonise signalling pathways, while lamins A/C
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Figure 5 Nuclear accumulation and increased expression of f-catenin in emerin null fibroblasts. Wt (A—control) or emerin null (B) human
fibroblasts were costained with antibodies against emerin or active B-catenin to determine the relative distributions of each protein.
Micrographs show black and white images taken from each fluorescence channel. Alternatively, extracts were prepared from three different
wt and three different emerin null human fibroblast strains and used for immunoblotting with either anti-active B-catenin or anti-B-actin
antibodies (C). Densitometry was performed to quantify the level of expression of active B-catenin in each culture relative to the first control
culture (D). Wt (control) or emerin null fibroblasts were stained with an antibody against Rb (E) Alternatively, wt (control) or emerin null
fibroblasts were prepared for Western blotting using antibodies against total Rb or f-actin (F). Scale bars =10 pm.

promote the nuclear accumulation of Rb and therefore
re-inforce gene silencing.

EmerinA dominantly stimulated B-catenin signalling when
present at the INM. Since emerinA cannot bind to B-catenin,
it was not surprising that it did not inhibit B-catenin signal-
ling. However, it was surprising that -catenin signalling was
dominantly upregulated by emerinA. Previous reports have
suggested that emerin can bind to itself in vitro (Clements
et al, 2000). In addition, emerin also forms hetero-oligomeric
complexes with other nuclear envelope proteins, such as the
lamins (Vaughan et al, 2001). Therefore, if emerin function
is determined by its existence within dimeric or trimeric
complexes in vivo, then the presence of emerinA in such
complexes might render wt emerin nonfunctional for the
export of B-catenin and thus replicate the phenotype of an
emerin null cell.

While our data clearly show that emerin influences the
nuclear accumulation of B-catenin, the mechanism of action
is less clear. Overexpression of emerin in cells lacking lamins
A/C does not inhibit B-catenin activity, but neither does
emerin localise to the INM in these cells. Therefore, the
correct localisation of emerin at the INM is necessary for its
influence on nuclear accumulation of B-catenin. The nucleo-
plasmic domain of emerin exists in a very flexible state with
little defined secondary structure in the absence of binding
partners (Wolff et al, 2001; Laguri et al, 2001). Therefore, in
the absence of overlapping binding partners, residues 168-
186 would be available for binding to B-catenin in vivo. This
might have the dual effects of retaining B-catenin close to the
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nuclear envelope and altering emerin conformation once
B-catenin is bound, thereby aiding export of B-catenin
through nuclear pore complexes. It is also notable that the
major sites of emerin phosphorylation (serl163, tyr167 and
serl75) are all either immediately upstream of or within the
f-catenin-binding domain (Brill et al, 2004; Hirano et al,
2005). Therefore, B-catenin-emerin interactions in vivo
could be regulated by phosphorylation and therefore might
be very transient, which again could be an aid to nuclear
export. Other proteins that bind to emerin in vitro also have a
very transient interaction with emerin in vivo. For example,
the small DNA-binding protein BAF interacts very transiently
but very frequently with emerin during interphase; however,
while this interaction can be detected by techniques such
as FRET, BAF localisation in immunofluorescence assays is
nucleoplasmic rather than at the NE (Shimi et al, 2004). We
propose that emerin might interact with B-catenin during
interphase in a similar manner and that indeed a ‘‘touch
and go” mode of association would be an aid to efficient
nuclear export.

Possible function of emerin in controlling cell
proliferation and consequences for disease

Emerin is anchored in the nucleus through interactions with
lamins A/C (Sullivan et al, 1999; Vaughan et al, 2001) and the
genes encoding emerin (EMD) and lamins A/C (LMNA) can
both give rise to different forms of EDMD when mutated.
Mutations in EMD give rise to X-EDMD (Bione et al, 1994),
while mutations in LMNA give rise to autosomal-dominant
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and autosomal-recessive EDMD (Bonne et al, 1999; Raffaele
Di Barletta et al, 2000). The functional link between the two
proteins and the fact that both are implicated in very similar
diseases suggested that both proteins operate through con-
vergent pathways. At face value this appears to be true. A
recent report has shown that mouse embryo fibroblasts
(MEFs) from an Lmna —/— mouse, which is a model of
EDMD, have a rapid growth phenotype, similar to the one
described here for emerin null fibroblasts. Moreover, in the
fibroblasts emerin is absent from the INM (Sullivan et al,
1999). However, it has been reported that the rapid growth
phenotype in Lmna —/— MEFs arises because of the loss of
anchorage function in Rb, leading to its proteasomal degrada-
tion and therefore effectively an Rb null phenotype (Johnson
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et al, 2004). In emerin null human fibroblasts, the expression
and phosphorylation of Rb is unaffected and autostimulatory
growth arises through the activation of p-catenin. This diver-
gence in molecular pathways might of course reflect funda-
mental differences between human and mouse, since
fibroblasts from a unique patient with a homozygous non-
sense mutation (Y259X) in LMNA displayed slow growth
in culture and premature senescence (Muchir et al, 2003).
Alternatively, since we have shown that loss of lamin A/C
leads to mis-localisation of emerin to the cytoplasm and
loss of function, up-regulated B-catenin signalling might
also contribute to the rapid growth phenotype observed in
Lmna —/— MEFs.

In an emerin knockout mouse, skeletal muscle regenera-
tion is impaired both in vivo and in vitro, and this appears to
occur through upregulated phosphorylation of Rb and there-
fore impairment of Rb inhibition of E2F (Melcon et al, 2006).
The mouse itself does not have an EDMD-like phenotype and
Wnt signalling is not implicated in skeletal muscle regenera-
tion, while Rb function is. However, in an earlier investiga-
tion of upregulated and downregulated genes in fibroblasts
from X-EDMD patients, changes in expression of genes within
the Wnt signalling pathway were reported (Tsukahara et al,
2002). Therefore, the apparent involvement of Rb pathways
in the Melcon study versus the lack of Rb involvement in our
study might be owing to the different cell lineages used
or differences between mouse and human, which is reflected
by the fact that the emerin knockout mouse is not a model for
X-EDMD.

Despite the fact that mutations in LMNA appear to affect
Rb pathways, while mutations in EMD affect B-catenin
signalling in fibroblasts, both lead to abnormal growth
phenotypes, which could contribute to the aetiology of
EDMD. A striking feature of cardiac and skeletal muscle
associated with patients with mutations in EMD and LMNA
is the accumulation of fatty fibrotic tissue, which replaces
cardiomyocytes and muscle fibres (e.g. van der Kooi et al,
1996; Fatkin et al, 1999). It has been proposed recently that
mutations in LMNA might contribute to this phenotype
by enhanced cell turnover leading to accelerated ageing
and increased fibrosis in the heart and in muscle blocks

Figure 6 Emerin null fibroblasts display autostimulatory growth in
culture. Wt or emerin null fibroblasts were transferred to low serum
medium. Proliferative capacity was investigated by costaining
cultures with either anti-lamin A/C and anti-Ki67 antibodies
(A, B) or anti-emerin and anti-Ki67 antibodies (C, D) immediately
after transfer to low serum medium (0h) or 96 h later. Each panel
shows two colour merged images in which the green signal repre-
sents either lamin A/C or emerin and the red signal represents Ki67.
A stable cell line expressing GFP-emerin was established from one
emerin null fibroblast strain (E-G). The cell line was stained with
anti-B-catenin antibody followed by TRITC anti-mouse Ig. The
panels show representative black and white images of GFP-emerin
(E) and TRITC (F) fluorescence. Alternatively, cultures were trans-
ferred to low serum medium for 4 days and then fixed and stained
with anti-Ki67 antibody followed by TRITC anti-rabbit Ig (G). The
panel shows representative two colour merged images in which
GFP-emerin is in green and Ki67 is in red. Inset in (G) shows Ki67
expression in the same cell line before transfer to low serum
medium. Scale bars in all micrographs are 10 um. To quantify the
level of expression of Ki67 in each culture used, 200 cells were
scored on duplicate slides and in triplicate experiments immediately
after transfer to low serum medium (0) and 96 h later (H). The data
are expressed as the mean percentage of Ki67 + ve cells+s.e.
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Figure 7 B-Catenin activation causes proliferation in emerin null
fibroblasts. Wt and emerin null fibroblasts were transfected with
B-catenin and either TOPGLOW or FOPGLOW reporters together
with Renilla. The levels of luciferase in emerin null fibroblasts
are expressed relative to the levels of luciferase in wt fibroblasts
(A). RT-PCR was performed on RNA extracted from wt (control)
or emerin null fibroblasts using primers specific for c-myc or as a
loading control B-actin (B). Wt (control) or emerin null fibroblasts
were transfected with FLAG-tagged axin or were mock transfected.
After 48h, cultures were stained with antibodies against Ki67
(or anti-FLAG antibodies to determine transfection efficiency).
Two hundred cells were counted on each of triplicate slides to
determine the proliferation index. For both control or emerin null
cells, the proliferation index in axin-transfected cultures were
expressed as a relative percentage of the proliferation index in
mock-transfected cultures (C).

(van Berlo et al, 2005). Wnt signalling is implicated in the
generation and function of heart muscle (Eisenberg and
Eisenberg, 2006), thus aberrant Wnt signalling might pro-
mote cardiomyopathy. Therefore, based on our current find-
ings, we propose that mutations in EMD might contribute to
skeletal muscle and heart pathology, through accelerated cell
turnover, which might lead to the expansion of fibroblast
populations and as a result increased fibrosis.

Materials and methods
Fibroblast cultures

Fibroblast cultures from three Polish patients with X-linked EDMD
and three age-matched normal individuals and their growth
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conditions have been described previously (Markiewicz et al,
2002a). For cell counting, cells were harvested at 24 h intervals and
cell numbers estimated by counting duplicate samples using a
Neubauer haemocytometer. Alternatively, 2 days after subculture
cells were induced to enter a quiescent state by transferring them
to DMEM supplemented with 0.5% FBS plus antibiotics. Cultures
were used between passages 6 and 12.

Transfection of fibroblasts

Cells were seeded onto six-well plates at an initial density of
1.5 x 10° cells/well. After 36 h, cultures were transfected with GFP-
emerin by liposome-mediated transfection using GeneJammer
(Stratagene). At 24 h after transfection, cultures were treated with
Genaticin (GibcoBRL) to kill untransfected cells. At 5 days after
transfection, cells were subcultured onto glass coverslips and then
transferred to low serum medium. Alternatively, cells were
transfected with wt or mutant B-catenin (Morin et al, 1997) as
described above and grown under selection. Finally, fibroblasts
were transiently transfected with FLAG-Axin in pcDNA4 (5 ug DNA)
using Lipofectamine 2000 (Invitrogen) according to the manu-
facturer’s instructions. Transfection efficiency was >75% and
transfected (FLAG-positive) cells were scored for Ki67 proliferation
marker in duplicates slides in triplicate experiments.

Transient expression of emerin and B-catenin constructs in
HEK293 cells

Two micrograms of plasmid DNA (GFP, GFP-emerin wt, GFP-
emerinA, wt B-catenin or S37A B-catenin) in pcDNA3, 0.12 M CaCl,
and HBS (70mM NaCl, 0.5mM Na,HPO,, HEPES, pH 7.0) were
added to 2 ml of culture medium and added to cultures in six-well
plates. The medium was replaced after 24 h, and the proteins were
transiently expressed in cells for an additional 24 h.

Indirect immunofluorescence microscopy

Cells growing on 12 mm diameter glass coverslips were processed
for immunofluorescence according to published protocols (Vaughan
et al, 2001). Cells were stained with rabbit anti-Ki67 (DAKO),
monoclonal anti-lamin A/C (JoL2, Serotec), monoclonal anti-
emerin antibodies (NCL, Novocastra), monoclonal anti-active
B-catenin (clone 8E7, Upstate Biochemicals) or monoclonal anti-
APC (Ab-7, Calbiochem). Samples were observed with a Zeiss
Axioskop fitted with a x40 1.4 N/A PlanNeofluor lens and
equipped for epifluorescence. Alternatively, images were collected
using a BioRad MRC 600 laser scanning confocal microscope. For
blocking of the antibody against active B-catenin, a specific peptide
was created with the sequence H-His-Ser-Gly-Ala-Thr-Thr-Thr-Ala-
Pro-NH2, identical to the epitope recognized by the anti-
body (residues 34-44 of B-catenin clone 8E7). The peptide (10 pg)
was mixed with the antibody (1pg) prior to indirect immuno-
fluorescence.

Western blotting experiments

Fibroblast cultures were established in 25 cm? flasks were scraped
into ice-cold RIPA buffer (Markiewicz et al, 2002a) containing a
cocktail of protease inhibitors (Sigma) and boiled for 3 min. The
equivalent of 3 x 10° cells were loaded per lane of a 10% SDS-PAGE
and resolved. Proteins were transferred to nitrocellulose and
immunoblotted with anti-active B-catenin or anti-f-actin (1:1000,
Sigma) using chemiluminescence. To estimate the relative levels of
expression of B-catenin, densitometry was performed using UVI
Bandmap software (UVItec Ltd).

p-Catenin/TCF transactivation assay

Cells growing in six-well plates (Greiner, UK) at a cell density
2.5 x 10°/well were transfected with mixtures of 1 pg of TOPGLOW
or FOPGLOW plasmid DNA, 0.1pg TK Renilla and different
combinations of GFP, GFP-emerin wt, GFP-emerinA and wt
B-catenin in pcDNA3 (1 pug each). HEK293 cells were transfected
using 0.12M CaCl, and HBS (70mM NaCl, 0.5mM Na,HPO,,
HEPES, pH 7.0). Human fibroblasts were transfected with Lipo-
fectamine 2000 (Invitrogen). The medium was replaced after 24 h,
and the proteins were transiently expressed in cells for an additional
24 h. Luciferase and Renilla activities were assayed using a luci-
ferase assay system (Promega) and luminescence was measured
using a Lumat LB 9507 luminometer (Berthold Technologies).
Control luciferase activity (with TOPGLOW and Renilla in the
presence of GFP vector) was assigned the value of 100% and
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represents B-catenin activity in the absence of exogenous emerin.
A standard t-test was performed for data analysis.

Immunoprecipitation

Mouse IgG Dynabeads (Dynal Biotech) were coupled to B-catenin or
anti-GFP antibody by incubation for 12 h at 4°C in the presence of
1% BSA. Cell cultures were preincubated with hypotonic solution
containing 10mM KCl, 10mM Tris-HCI, pH 7.4, 1.5mM MgCl,,
0.1% Triton X-100 and protease inhibitors cocktail (Sigma) before
homogenisation with buffer containing 0.5M NaCl. Soluble frac-
tions were dialysed to PBS/0.1% Triton X-100 for 12h at 4°C and
processed for IP according to published protocols (Markiewicz et al,
2002b).

Leptomycin B treatment of HEK293 cells

HEK293 cells were seeded onto glass coverslips and co-transfected
with GFP, GFP-emerin wt, GFP-emerinA and B-catenin. At 48 h post-
transfection, leptomycin B (50ng/ml medium) was added to the
cultures and cells left for additional 2.5h. Cells were fixed in 4%
paraformaldehyde in PBS and processed for indirect immunofluor-
escence microscopy.

Solid-phase overlay assay

cDNAs for B-catenin and HLA cDNA in pCDNA3 were transcribed
in vitro by using T7 polymerase (Promega) and RNAs were
translated in vitro by using rabbit reticulocyte lysate (Promega)
and [**S]methionine (Amersham), according to the manufacturer’s
instructions. His-tagged purified recombinant emerin fragments,
E1-220 and E1-176 were separated by SDS-PAGE. Gels were
stained with Coomassie Brilliant Blue or transblotted onto
nitrocellulose (Bio-Rad). Nitrocellulose membranes were blocked
in overlay buffer (10 mM Tris, pH 7,4, 150 mM NaCl, 1 mM EDTA,
0.1% Tween 20) containing 5% dried milk for 1h and probed with
in vitro translated 3°S-labeled proteins, for 14h at 4°C. After
extensive washing, the nitrocellulose filter was air-dried and bound
proteins were detected by autoradiography.
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