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Summary

Emerin is the nuclear membrane protein defective in X-
linked Emery-Dreifuss muscular dystrophy (X-EDMD).

The majority of X-EDMD patients have no detectable
emerin. However, there are cases that produce mutant
forms of emerin, which can be used to study its function.
Our previous studies have shown that the emerin mutants

extent of lamin A/C redistribution correlated with the
amount of EGFP-emerin that was mislocalised. The
amount of EGFP-emerin mislocalized, in turn, was
associated with alterations in the nuclear envelope
morphology. The nuclear morphology and redistribution of
lamin A/C was most severely affected in the cells expressing

S54F, P183T, P183H, Del95-99, Del236-241 (identified in X- the emerin mutant Del236-241.

EDMD patients) are targeted to the nuclear membrane but
to a lesser extent than wild-type emerin. In this paper, we
have studied how the mislocalisation of these mutant
emerins may affect nuclear functions associated with the
cell cycle using flow cytometry and immunofluorescence

It is believed that emerin is part of a novel nuclear
protein  complex consisting of the barrier-to-
autointegration factor (BAF), the nuclear lamina, nuclear
actin and other associated proteins. The data presented
here show that lamin A/C localisation is dominantly

microscopy. We have established that cells expressing directed by its interaction with certain emerin mutants and

the emerin mutant Del236-241 (a deletion in the
transmembrane domain), which was mainly localised in the
cytoplasm, exhibited an aberrant cell cycle length.
Thereafter, by examining the intracellular localisation

perhaps wild-type emerin as well. These results suggest
that emerin links A-type lamins to the nuclear envelope and
that the correct localisation of these nuclear proteins is
important for maintaining cell cycle timing.

of endogenously expressed lamin A/C and exogenously

expressed wild-type and mutant forms of emerin after a

number of cell divisions, we determined that the mutant Key words: Emerin, Lamin A/C, Cell cycle, Protein targeting,
forms of emerin redistributed endogenous lamin A/C. The Emery-Dreifuss muscular dystrophy

Introduction muscle cell integrity in EDMD must be different from those
Duchenne muscular dystrophy (DMD) and Becker musculathat cause DMD and BMD.

dystrophy (BMD) arise from genetic defects in the Human emerin is a serine-rich protein of 254 amino acids
cytoplasmic/plasma-membrane-associated protein, dystrophiith a My of 28,993 (Bione et al., 1994). Emerin mRNA and
(Emery, 1996), whereas Emery-Dreifuss muscular dystrophgrotein studies show that emerin is ubiquitously expressed in
(EDMD) arises from genetic defects in nuclear proteins. Mosissues, with the highest levels in skeletal and cardiac muscle
cases of EDMD are inherited as an X-linked recessive trait (X(Bione et al., 1994; Manilal et al., 1996; Nagano et al., 1996).
EDMD) arising from genetic defects in the inner nuclearStructural analysis predicts emerin to be a type Il membrane
membrane protein emerin (Bione et al., 1994), althougiprotein, with the transmembrane region 11 residues from the
recently the autosomal dominant (Bonne et al., 1999) an@-terminus and a large hydrophilic N-terminal domain
autosomal recessive (Di Barletta et al., 2000) forms of EDMDrientated towards the nucleoplasm. This N-terminal domain
have been found to arise from genetic defects in the nucleapntains 22 potential phosphorylation sites for a large range
lamina protein, lamin A/C. These different types of musculaof kinases, including those associated with cell-cycle-
dystrophy are distinguished by progressive skeletal musckaediated events (Manilal et al., 1996; Nagano et al., 1996;
wasting and cardiac abnormalities with varying severityCartegni et al., 1997; Ellis et al., 1998). Emerin may have a
(Emery, 1989; Emery, 1996; Funakoshi et al., 1999), but thexole in cell-cycle-dependent events as it can occur in four
all culminate in the breakdown of muscle-cell integrity. different phosphorylated forms, three of which are associated
However, by virtue of emerin and lamin A/C being non-with cell-cycle-dependent events (Ellis et al., 1998). Emerin
cytoskeletal proteins, the mechanisms that cause the loss missesses two regions of high sequence identity, the
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transmembrane domain and LEM module (Lin et al., 2000)there are a few reported mutations that produce modified
with two other inner nuclear membrane proteins, MAN1 andorms of emerin, which have allowed us to make EGFP-tagged
rat lamina-associated polypeptide 2 isoforms (LAP2). Thigmerin constructs that mimic those found in X-EDMD
observation suggests that a family of nuclear laminapatients and thus enabled us to study the function of emerin.
associated proteins exists that may have overlappinghe clinical phenotype of X-EDMD patients with null
functions. mutations is thought to be the same as the phenotype in
The inner nuclear membrane proteins bind to lamins angatients expressing severely modified forms of emerin,
chromatin; for example, emerin and LAP2 have both beenlthough the missense mutation P183T was shown to be
shown to associate with lamins (Foisner and Gerace, 1998ssociated with a milder phenotype (Yates et al., 1999). In
Furukawa and Kondo, 1998; Dechat et al., 1998; Fairley et aladdition Hoeltzenbein et al. discovered heterogeneity in the
1999; Clements et al., 2000; Dechat et al., 2000a; Sakaki et aistribution and severity of X-EDMD when two unrelated
2001), the DNA binding protein barrier-to-autointegrationpatients, with the same mutation, showed different phenotypes
factor (BAF/L2BP1) (Furukawa, 1999) and chromosomegHoeltzenbein et al., 1999). Our previous work (Fairley et al.,
(Shoeman and Traub, 1990; Burke, 1990; Hoger et al., 1991999) showed that when EGFP-emerin constructs that mimic
Glass et al., 1993; Taniura et al., 1995; Furukawa et al., 199@pth wild-type and modified forms of emerin were
Dechat et al., 1998; Dechat et al., 2000b). Whereas LBR bin@xogenously expressed in undifferentiated C2C12 mouse
specifically to B-type lamins (Worman et al., 1990; Meier andnyoblasts, all forms were targeted to the nuclear envelope,
Georgatos, 1994; Pyrpasopoulou et al., 1996; Simos et aalthough the mutants were targeted to a lesser extent. In all
1996; Maison et al., 1997; Nikolakai et al., 1997; Chu etells, overexpressed emerin was also seen in the cytoplasm to
al,, 1998; Drummond et al., 1999), chromatin and thesarying degrees. Interestingly, the mutant emerin Del236-241
chromodomain protein HP1 (Ye and Worman, 1996; Ye et al(deletion in transmembrane region) was mainly localised in
1997; Duband-Goulet and Courvalin, 2000). These innethe cytoplasm, with only trace amounts at the nuclear
nuclear membrane proteins that form part of protein complexesnvelope, and emerin 1-220 (deletion of transmembrane and
at the nuclear envelope are therefore thought to have Grterminal tail) was relocated to the nucleoplasm.
structural role in maintaining nuclear architecture and In the present paper, we have investigated the role of
chromosomal organisation throughout the cell cycleemerin in cell-cycle mediated events. We report here the
Regulation of the internal interactions of these proteireffects that emerin mutants have on the cell cycle and the
complexes may control nuclear architecture or link the nuclearellular distribution of both the emerin mutants and
lamina to regulatory factors involved in different aspects oendogenous lamin A/C during and after mitosis. Cells
gene expression. expressing the emerin mutant Del236-241 exhibited an
During the cell cycle, at prometaphase, when nucleaincrease in cell-cycle length when compared with cells
envelope disassembly has been completed, emerin and lantiansfected with either wild-type or the other emerin
A/C are released into the cytoplasm (Gerace and Blobel, 1986tutants (S54F, P183T, P183H, Del95-99, 1-220).
Burke and Gerace, 1986; Vigers and Lohka, 1991; Nigg, 1992nterestingly, after a number of cell divisions, the amount
Lourim and Krohne, 1993; Chaudhery and Courvalin, 1993¢f endogenous lamin A/C redistribution correlated with the
Foisner and Gerace, 1993; Maison et al., 1997; Mical anttvel of EGFP-emerin present at the nuclear envelope.
Monteiro, 1998; Broers et al., 1999; Manilal et al., 1998b;Thus cells expressing the emerin mutant Del236-241
Dabauvalle et al., 1999). During mitosis, lamin A/C has aedistributed endogenous lamin A/C to the greatest extent.
diffuse and soluble appearance, whereas emerin, being an infatditionally, the mislocalisation of the emerin mutants
nuclear membrane protein, is restricted to vesicles or ERnd redistribution of endogenous lamin A/C were
tubules (Lourim and Krohne, 1994; Collas and Courvalinassociated with alterations in nuclear envelope
2000). During anaphase, emerin is observed around the surfeaehitecture. The nuclei in cells expressing the two
of the chromosomes (Haraguchi et al., 2000a). By telophasdeletion mutants, Del236-241 and Del95-99, were
emerin and lamin A/C are redistributed over the nucleaparticularly affected. Since the emerin mutant Del236-241
periphery, and this occurs before nuclear import activity icarries the mutation in the transmembrane domain, which
regained (Dabauvalle et al., 1999). During nuclear envelopis important for the stability of the protein (Manilal et al.,
reassembly, emerin colocalises with lamin A/C but not with1998a), it may explain the added severity of this mutation
either LAP2, lamin-B receptor (LBR) or lamin B (Worman etat the molecular level. Our results suggest that the
al., 1988; Chaudhary and Courvalin, 1993; Nikolakaki et al.distribution of lamin A/C is dependent on emerin being
1997; Haraguchi et al., 2000a). Together, these data suggéstgeted to the nuclear envelope and that their correct
that the nuclear membrane components dissociate into distirloicalisation at the membrane is important for nuclear
populations during mitosis, possibly to perform specific celassembly and function.
cycle functions. Thus emerin and lamin A/C may both be
involved or required to be correctly localised for nuclearyaterials and Methods

reassembly. Cell culture

In X-EDMD pat!ents, mutations oceur throughout éneerin OS-7 (green monkey kidney fibroblasts) and HelLa (Helena Lange)
gene. The _majorlty of t_hese rr_]utatlons_lead to no de_tectab lls were obtained from the European Collection of Cell Lines
emerin by immunoblotting or immunohistochemistry in any ecacc) and were cultured in Dulbecco’s Minimal Essential
tissue (Nagano et al., 1996; Manilal et al., 1997; Manilal ef1edium (DMEM; Gibco BRL) supplemented with 10% fetal bovine
al., 1998a; Mora et al., 1997; Ellis et al., 1998; Manilal et al.serum (FBS; Sigma) and 2 mM glutamine (complete medium) and
1998b; Ellis et al., 1999; Yates and Wehnert, 1999). Howevewere grown at 3T in 5% CQ.
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Mutant human emerin cDNA constructs intranuclear DNA content. The data were analysed for the relative

The mutant emerin cDNA constructs were prepared as describé@imber of cells in the different phases of the cell cycle using
(Fairley et al., 1999). Briefly, site-directed mutagenesis was performegellQuest processing and Adobe lllustrator 7.0 software.

on the wild-type cDNA emerin clone using PCR to incorporate

mutations that are known to occur in EDMD patients and introduc% Il divisi Ki
restriction enzyme sited{ndlll at the 3 end andBanH1 at the 3 ell division tracking ]

end) for subcloning. Wild-type and mutant emerin PCR fragmentd© study the cell-cycle length of the COS-7 cells expressing the
were cloned into the mammalian expression vector pEGFP-CBGFP-emerin constructs over a number of cell divisions, dye-tracking
(Clontech) so that the enhanced green fluorescent protein (EGFP) t¢periments were performed. Transfected COS-7 cells were
was at the N-terminus of the expressed emerins. Unfortunately, tig¢nchronised, as described above, prior to being labelled with the cell
repetitive DNA sequence of emerin before residue 218 made tHgafficking dye PKH26. This is a lipophilic red fluorescent marker dye
frame-shift 218>238 stop mutation, which was identified in an X-hat stains cell membranes and has been characterised as a useful tool
linked EDMD patient (Klauck et al., 1995), difficult to make by PCR for in vitro cell tracking applications (Hugo et al., 1992). The

so EGFP-emerin 1-220 was constructed instead. The emerin cDNjdorescence dye intensity decreases in an exponential fashion as the
clone 1-220 (FP9) in pET-29b (Ellis et al., 1998) was subcloned intgye is dispersed between the daughter cells during cell division.
pEGFP-C1. All DNA was prepared fscherichia coliDH5a cells ~ Determining the median fluorescent intensity of PKH26 over time

and purified on Qiagen columns according to the QlAprep Spirllows the cell-cycle length to be monitored. Synchronised cells were
Miniprep kit protocol. harvested by trypsin-EDTA and spun at Hf@r 10 minutes at room

temperature and suspended separately in serum-free medid).(25
) ) For each sample, equal volumes of diluent C (Sigma Kit) auil 4
Transient transfections for flow cytometry and PKH26-GL fluorescent cell linker (Sigma) were added and the tubes
immunofluorescence microscopy were inverted for five minutes at room temperature. Rapid,
COS-7 and Hela cells were transfected by following the SupéNfect homogenous mixing is critical for uniform labelling. The reaction was
Transfection Protocol from QiagEf using a Superfect:DNA ratio of stopped by incubating the cells with 1% (w/v) BSA for one minute
1:6. Subconfluent cells (60-70%) were plated out in either 75 cmprior to adding an equal volume of complete medium. After
flasks (Orange Scientific) or coverslips (22 #im six well plates, centrifugation at 10@ for 10 minutes at room temperature, the cells
one day before being transfected. Each 78 ftask was transfected were washed once with complete medium, before being resuspended
with 6 ug of DNA, whereas each well was transfected witlag2of in complete medium. One third of each sample was then passed
DNA. The cells were transfected for 8 hours before they weré¢hrough the flow cytometer (Becton Dickinson; A12° cells per
synchronised by arresting the cells in G2M with the microtubulesample) to determine the PKH26 fluorescent intensity of the cells at
depolymerising drug nocodazole (50 ng/ml; Sigma) diluted intime 0. The remaining cell samples were resuspended in complete
complete medium for 12 hours at’87 Synchronised cells were then medium and replated into tissue culture flasks. The cells were left to
collected, washed with PBS (145 mM NacCl, 7.5 mMBROs, 2.5 adhere for eight hours prior to the PKH26 intensity being remeasured
mM NaHPQy, pH 7.4), replated and grown at°87 Flow cytometry  after passing through both two and four cell divisions. From
and immunofluorescence microscopy confirmed that these cells weegperiments using PI, the cell-cycle length of COS-7 cells transfected
arrested at G2M by the nocodazole treatment. We would haweith wild-type EGFP-emerin was found to be 22+1 hours. By 24
preferred to use the mouse myoblast cell line C2C12 cells rather th&wours, all the cells had returned to G1, therefore 24 hours was taken
COS-7 cells; however, for our experiments, a large number of sing® be representative of one cell division. Two cell divisions was
cells were required, which was extremely difficult to obtain with calculated as 8 hours (cell recovery time) plu&2hours=56 hours
C2C12 cells because when C2C12 myoblasts reached confluency trayd 4 cell divisions as 56 hours plus22 hours=104 hours. To
entered G and spontaneously differentiated to form myotubes. determine the median PKH26 intensity, the flow cytometry data were
analysed by CellQuest processing and Adobe lllustrator 7.0 software.
o ) Cell viability at each time point was calculated on a duplicate cell
Determination of cell-cycle profiles sample using the trypan blue dye exclusion test for cell viability
COS-7 cells, which were cultured in 75 &flasks, were transfected (Metcalf et al., 1996).
with either EGFP-emerin constructs or EGFP-vector alone, To determine the cell-cycle length of COS-7 cells transfected with
synchronised with nocodazole, and their subsequent course throughid-type and Del236-241 EGFP-emerins, the cycling rates (decrease
the cell cycle monitored by flow cytometry. After nocodazolein fluorescent dye intensity per hour) were calculated using the
treatment, cells were harvested in 0.25% trypsin (EBSS)-EDTAexponential rate constant equation; rate constant (R)=[-In
(0.25% trypsin; Flow Lab EBSS; 5.4 mM KCl, 0.17 M NaCl, 0.03 M (intensity)/(initial intensity)]/time (hours).
NaHCG;, 1.16 mM NaHPOsH20, 5.55 mM D-Glucose, 1% phenol
red diluted 1:4 in EDTA solution; 0.14 mM NacCl, 2.7 mM KCI, 1.5 )
mM KH2PQu, 0.5 mM EDTA, 1.12 mM NgHPO2H,0, pH 7.2) at  Immunofluorescence microscopy
time points 0, 3, 6, 12, 24, 28, 32 and 35 hours after treatment. TH@r microscopic visualisation of COS-7 cells during interphase, cells
cells were spun at 129 for 10 minutes at 4°C, washed with PBS, were plated onto coverslips, transfected with either EGFP-emerin
before being fixed in 4% paraformaldehyde for 15-20 minutes at roormonstructs or EGFP-vector alone, as described above and then washed
temperature, washeBBS and permeabilised with PBS/0.2% (v/v) three times in PBS prior to being fixed in 4% (w/v) paraformaldehyde
Triton X-100 for five minutes at room temperature. The fixation timefor 15-20 minutes at room temperature. To study the cellular location
(15-20 minutes) had no apparent effect on cells, as initially a seried nuclear proteins during and after mitosis, COS-7 and HelLa cells
of fixation times were tested to determine the optimal experimentalere plated onto coverslips, transfected, synchronised with
conditions. After centrifugation at @for five minutes at 4°C, cells nocodazole as described previously, washed in PBS and incubated for
were incubated with 0.1 mg/ml RNase (Sigma) and pgfml 0.5, 1, 3, 6, 12, 24, 28 and 35 hours &tC3and then washed three
propidium iodide (PI) 95-98% (Sigma) diluted in PBS for 30 minutestimes PBS and fixed in 4% (w/v) paraformaldehyde for 15-20 minutes
in the dark at 37°C. Thereafter cells were spun a fo2 10 minutes  at room temperature.
at 4°C, resuspended in PBS and passed through the flow cytometeAll fixed cells were washed three times in PBS, permeabilised in
(Becton Dickinson, San Jose, CA, USA; 218 cells per sample) to PBS/0.2% (v/v) Triton X-100 for 5 minutes, washed three times in
determine EGFP intensity and PI area. The Pl area measures tABS and blocked with PBS/0.2% (w/v) fish gelatin (Sigma) fdi04
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minutes prior to being incubated with either the primary monoclonabut the nocodazole and samples of cells collected at specific
antibody,a-tubulin at 1:500 (Sigma) or anti-lamin A/C 1:10 (Jol 2; a time points (0, 3, 6, 12, 24, 28, 32 and 35 hours). At each time
kind gift from C. J. Hutchison) for 60 minutes in a humidified point, the DNA content (Pl area) and EGFP intensity could be
Chamber Ant|.-|am|n A/C doeS nO'[_dIStIHQUISh betWeen the tW%easured by ﬂOW Cytometry (Flg 1B) The untransfected
alternative spliced proteins of tHamin A gene. The cells were 4, jation (dotted black line) and transfected population (solid
washed thoroughly for >0 minutes with PBS/fish gelatin and ack line) could be gated to allow each population to be

incubated with the secondary antibody, sheep anti-mouse 1gG 1:1 lvsed telv. Th t I d cell doublet I
(Amersham Life Sciences), for 30 minutes in a humidified chambefN&yS€C Separately. € gates allowed cell doubiets or cells

Thereafter the coverslips were washed thoroughly %103minutes ~ €XPressing a high amount of EGFP to be excluded from
in PBS/fish gelatin and three times in PBS for 5 minutes, rinsed ianalysis. The flow-cytometry results were represented as cell-
deionised water and mounted in DAPI mounting mediumgf@l of  cycle profiles (Fig. 1C) to show the relative number of cells in
pd-DAPI; 1 pg/ul p-phenylenediamine, 0.05 mg/ml DAPI, 90% the specific cell-cycle stages (G1, S or G2M) for each of the
glycerol in PBS diluted 1:1000 in Mowiol mounting medium; sample populations (untransfected and transfected). In each
87% (vlv) glycerol, 0.2M Tris-HCL pH 8.5, 12% (w/v) Mowiol; profile the orange lines represent the untransfected populations
air dried. emerin 12 and 24 hours after being released from G2M. These

Immunofluorescence microscopy was performed on a Nikon typ A )
108 microscope using a Nikon PlanApox@8ns, numerical aperture E%Suurgs (Lnldlﬁzﬁ)ﬂt]gt ctgr?] ngéagifgcézﬂ S?:Z 7Bcelhssitnoc’kth262
of 1.4 and a triple dichroic filter (emission filters; DAPI 479, Texas = omp ) ycle. by g
Red 605, GFP 522). Images were taken sequentially at 1.0 secoH@transfected population as an internal control, we showed that

exposure and processed by IPlab, Adobe Photoshop 4.0 af€lls expressing wild-type or the mutant emerins, except for
QuarkXpress 4.0 software. those expressing Del236-241, moved through the cell cycle at

Transfected COS-7 and Hela cells, synchronised and incubated tine same rate as the untransfected cells. The cell-cycle profiles
coverslips for 28 and 35 hours, were examined by the Radiancre shown for wild-type emerin (1-254), S54F, Del236-241 and
Confocal Laser Scanning System (BioRad) to determine the extent 9t220 emerin at 12 and 24 hours; the profiles for S54F
colocalisation of endogenously expressed lamin A/C and exogenoushecurately represents the data from the other emerin mutants
expressed emerin. Scanning was done using a Nikon Plan Apo 109’183H, P183T and Del95-99 (Fig. 1C). Cells expressing the

lens, numerical aperture 1.4 and a double dichroic filter (dichroi . _ _
mirrors; 560 DCLP and 650 DCLP) using argon 488 nm, emission?‘mjtant emerin construct Del236-241 had a prolonged cell

filter; HQ 515/30 nm and GreNe 543 nm, emission filter; 590/70 nm(;ycle_lengt_h, an effect first seen 12 hours after synchror)lsatlon.
A series of 0.21m z-sections were taken sequentially and the data werBt this point, the untransfected cells (G1-S) had a different
collected by using lasersharp 2000 software (BioRad) and procességll-cycle profile from cells expressing Del236-241 (G1). The
by mrc2M (Michio Ono; email micono@tky.threeweb.ne.jp), Adobelag was more evident at 24 hours, where the cells transfected
Photoshop 4.0 and QuarkXpress 4.0 software. with the mutant Del236-241 were still in S-G2M, whereas the
The guantification of COS-7 and HelLa cells, which was performedintransfected and other transfected populations were moving
28 hours after synchronisation, was done on the Radiance Confod@bm G2/M to G1. These results indicate that the emerin mutant
Laser Scanning System (BioRad) using a Nikon Plan Apoldfs  pe|236-241, which has been shown to be the most severely
with a numerical aperture of 1.3. The immunofluorescently labe"e%istargeted emerin mutant (Fairley et al., 1999), caused the
cells that were overexpressing emerin were excluded from analysisCeII cycle to lag. Flow cytometry experimen,ts Were,also carried
out using Hela cells, which have a similar cell cycling time to
COS-7 cells, to show that the effect seen in COS-7 cells

Results _ transfected with Del236-241 EGFP-emerin was not cell-type
Effect of mutant emerins on the cell cycle length of specific (data not shown).
COS-7 cells To establish the extent of the lag in the cell cycle caused by

Since our previous studies had shown a significant differendée emerin mutant Del236-241, cells were transfected with
in localisation between wild-type and the mutant forms ofither wild-type or mutant EGFP-emerins and monitored over
emerin (S54F, P183T, P183H, Del95-99, Del236-241, 1-220 number of cell divisions using a fluorescent cell tracking dye
when expressed in undifferentiated C2C12 cells (Fairley et al(Fig. 2). The fluorescent cell-tracking dye was incorporated
1999), we wanted to see whether the length of the cell cycle into cell membranes at time zero, and its intensity examined at
cells expressing wild-type EGFP-emerin (1-254) was differenthree time points (0, 56 and 104 hours) by flow cytometry. The
from that in cells expressing these mutant forms of emerircell-cycle length was determined by plotting the median
Initially, it was important to establish the length of the cellfluorescent dye intensity over time. Exponential curves were
cycle in untransfected COS-7 cells so that we could check thabserved for untransfected COS-7 cells and COS-7 cells
cell cycle length of COS-7 cells transfected with EGFP-emeritransfected with all the EGFP-emerin constructs except
constructs. Propidium lodide (PI) was used so that the DNM®el236-241. Exponential curves were expected because the
content of cells could be determined using flow cytometry. Thuorescence-dye intensity decreases as the dye is dispersed
asynchronised profile of COS-7 cells is shown in Fig. 1A; thdetween the daughter cells during cell division, and the number
black line shows that the majority of cells were in the G1 stagef cell divisions decreases as the cells reach confluency. The
of the cell cycle. After the cells were treated with nocodazolegells expressing EGFP-emerin mutant Del236-241 showed that
a microtubule-depolymerising drug, the majority of cells wereghe lag continued through successive rounds of the cell cycle
arrested in G2M; the blue line in Fig. 1A shows at least 50%s there was a steady linear decrease in the fluorescent dye
synchronisation. intensity with time (Fig. 2; solid blue line). The percentage of
To determine the length of one cell cycle, untransfected andable cells (untransfected and transfected) in each sample was
transfected, COS-7 cells were released from G2M by washimdetermined by using a trypan blue stain. The values obtained,
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Fig. 1. (A) Cell cycle profiles of asynchronised and synchronised
COS-7 cells. Propidium lodide (PI) was added to COS-7 cells so that
their DNA content could be measured by flow cytometry, and thus
the stages of the cell-cycle identified. The black line shows the cell-
cycle profile for asynchronised COS-7 cells. The cells are in G1, S
and G2M phase, although the majority of the cells are in G1. Cells
were synchronised by nocodazole treatment; the blue line shows that
now at least 50% of cells are arrested in G2M. (B) Flow cytometry
can be used to study EGFP-tagged proteins during the cell cycle.
COS-7 cells were transfected with EGFP-emerin constructs and
examined by flow cytometry. The untransfected population (dotted
black line box) and transfected population (solid black line box)
could be gated to allow each population to be analysed separately.
The gates also allowed doublet cells or cells expressing a high
amount of EGFP to be excluded from the analysis. (C) Cell-cycle
profiles of untransfected and EGFP-emerin-transfected cell
populations. The Pl area (DNA content) and EGFP intensity were
both monitored so that cell-cycle profiles show the relative number of
cells in G1, S or G2M for each population (untransfected and
transfected). In each profile, the orange lines represent the
untransfected populations and the green and red lines represent cells
expressing EGFP-emerin 12 and 24 hours after being released from
G2M. The untransfected population acts as an internal control to
compare the length of the cell cycle with that for cells transfected
with either wild-type or mutant forms of emerin. The cells

expressing the emerin mutant Del236-241 are shown to have a
prolonged cell cycle length.
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Fig. 2. Tracking untransfected and transfected cells over a number of
cell divisions. To establish the extent of the lag caused by EGFP-
emerin mutant (Del236-241), COS-7 cells transfected with EGFP-
emerin constructs were monitored over four cell divisions using a
fluorescent cell-tracking dye (PKH26). The fluorescent cell-tracking
dye was incorporated into cell membranes at time 0, and its intensity
examined at three time points 0, 56 and 104 hours. For the
untransfected populations (wt, black dotted line; D236 (D236-241),
blue dotted line; S54F, light-grey dotted line; 1-220, dark-grey dotted
line), the fluorescence dye intensity decreases exponentially as the
dye is dispersed between the daughter cells during cell division.
Thus, the medium fluorescent intensity of PKH26 over time allows
the cell-cycle timing to be monitored. Cells transfected with wild-
type EGFP-emerin (black solid line) or mutants; missense S54F
(light-grey solid line) and 1-220 (dark-grey solid line) showed the
normal exponential decrease in dye intensity, whereas cells
transfected with EGFP-emerin mutant Del236-241 (D236, blue solid
line) show a steady decrease in dye intensity, meaning that these cells
took longer to cycle.

90.65-98.30%, indicated that the cells were unaffected by the

EGFP expression and tracking dye treatment.

the cycling rates (decrease in fluorescent dye intensity per

To compare the cell-cycle length of COS-7 cellshour) were calculated. The cycling rate for cells transfected
transfected with wild-type and Del236-241 EGFP-emerinswith wild-type EGFP-emerin was 25.60 arbitrary units of
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Fig. 4. The localisation of emerin mutants through mitosis by
immunofluorescence microscopy. To show simultaneously the
location of exogenously expressed mutant forms of emerin and
endogenous lamin A/C during mitosis, COS-7 cells were transfected
with wild-type (A), missense S54F (B), Del236-241 (C) and 1-220
(D) EGFP-emerins and immunolabelled for lamin A/C. The
chromatin was stained with DAPI to identify the stages in the cell
cycle. The cells expressing wild-type and mutant EGFP-emerins,
except for Del236-241, show a similar mitotic distribution to that of
endogenous lamin A/C. The cells expressing the emerin mutant
Del236-241 show an altered localisation pattern for both the EGFP-
emerin and endogenously expressed lamin A/C. Cells transfected
with EGFP-emerin 1-220 were similar to those transfected with
EGFP-vector alone. Nikon type 108 microscope; baprh0

G1-S, demonstrating that cells expressing this mutant lag six
to seven hours behind, per cell cycle, when compared with
cells expressing wild-type EGFP-emerin.

Intracellular distribution of emerin mutants and
endogenous lamin A/C during and after mitosis

In parallel with the flow cytometry experiments, we
monitored the cellular distribution of wild-type and mutant
forms of emerin and endogenous lamin A/C during and after
mitosis by immunofluorescent microscopy. Initially, using
synchronised cells expressing wild-type EGFP-emerin
labelled with am-tubulin antibody and DAPI, we observed
that our expressed wild-type EGFP-emerin followed the
distribution of endogenously expressed emerin during
mitosis as previously demonstrated (Manilal et al., 1998b;

Del236-241 EGFP-emerin at the same stage in the cell cycle. The FDabauvalle et al., 1999; Haraguchi et al., 2000a). We then
area (DNA content) and EGFP intensity were both monitored so thaexamined the distribution of endogenously expressed lamin
cell-cycle profiles show the relative number of cells in G1, S or G2MA/C and the exogenously expressed wild-type and mutant
for each population (untransfected and transfected). In each profile,fqrms of EGEP-emerin (S54F, P183T, P183H, Del95-99

the orange lines represent the untransfected populations and the Del236-241, 1-220) through mitosis (Fig. 4). We observed

black, purple and blue lines represent cells expressing EGFP_emer'l_Egat endogenous lamin A/C, wild-type and all mutant

28, 32 and 35 hours after being released from G2M. Cells expressi .
wild-type EGFP-emerin 28 hours after synchronisation were in G1- 10rms of EGFP-emerin, except for 1-220 and Del236-241

S, whereas cells expressing Del236-241 EGFP-emerin 35 hours aft&fGFP-emerin, were dispersed into the cytoplasm during
synchronisation were in G1-S. Thus cells expressing Del236-241 prometaphase; during anaphase they localised around the
EGFP-emerin lag behind those cells expressing wild-type EGFP- decondensing chromatin and concentrated at the cleavage
emerin by six to seven hours per cycle. furrow; whereas at telophase they relocalised to the nuclear
membrane. The cells expressing the emerin mutant S54F
(Fig. 4B) represent the results that were obtained with the
fluorescent dye intensity per hour, whereas for cell®ther emerin mutants P183T, P183H or Del95-99. Thus, our
transfected with Del236-241, EGFP-emerin was 20.24ransfectants expressing wild-type and mutant EGFP-emerins
arbitrary units of fluorescent dye intensity per hour. As wes54F, P183T, P183H, Del95-99 showed a similar mitotic
have shown (Fig. 1) that COS-7 cells untransfected odistribution to that of endogenous lamin A/C. When cells
transfected with wild-type or all the mutant emerins (S54Fwere transfected with 1-220 EGFP-emerin (Fig. 4D), the
P183T, P183H, Del95-99, 1-220), except for emerin mutardistribution patterns were similar to those seen when cells
Del236-241, complete two cell division by 24 hours, we carwere transfected with EGFP-vector alone. Cells transfected
calculate using the cycling rates that cells transfected wittvith Del236-241 EGFP-emerin at interphase (Fig. 4C)
Del236-241 EGFP-emerin cycle six to seven hours sloweshowed this mutant to be mainly localised in the cytoplasm
Thus, we could determine when cells expressing wild-typsvith only trace amounts at the nuclear envelope when
EGFP-emerin were at the same stage in the cell cycle as cetismpared to wild-type (Fig. 4A). At prometaphase, EGFP-
expressing Del236-241 EGFP-emerin. Cell-cycle profileemerin Del236-241 and lamin A/C showed a diffuse
(Fig. 3) show that cells transfected with either wild-type orcytoplasmic distribution pattern. However, at metaphase this
the mutants (S54F, P183T, P183H, Del95-99, 1-220) were iemerin mutant concentrated at specific points around the
G1-S, whereas cells transfected with Del236-241 EGFPehromosomes on the metaphase plate, and at anaphase less of
emerin were still in S-G2M 28 and 32 hours afterit was seen around the chromosomes or at the cleavage furrow
synchronisation. However, 35 hours after synchronisatiorduring telophase. Interestingly, at cytokinesis this emerin
cells transfected with Del236-241 EGFP-emerin were imutant was shown to redistribute endogenously expressed
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Fig. 5. The localisation of endogenous lamin A/C and exogenously .. . . . .
expressed EGFP-emerin in the nucleus after cell division. A series of z-

sections (0.21m apart) were taken through the nuclei of the transfected

COS-7 cells in interphase 28 hours after being released from nocodazo

treatment. EGFP-emerin is shown in green and endogenous lamin A/C

shown in red. The lamin A/C localisation was unaffected in cells

expressing wild-type EGFP-emerin (A; 18 z-sections taken in total);

however, in the cells expressing the mutant forms of emerin, endogeno

lamin A/C was redistributed. The nuclear morphology was altered in the
cells transfected with Del95-99 (B; 23 z-sections taken in total) and those cells with irregularly shaped nuclei constsexagehously
expressed Del95-99 EGFP-emerin and endogenously expressed lamin A/C lost from one of the poles. The nuclear morpholadfereas also
in cells that expressed Del236-241 (D; 31 z-sections taken in total) EGFP-emerin, and the number of z-sections shoWstleaptiessiag

this mutant were smaller and rounder. Intranuclear tubules of emerin and lamin A/C are seen to a greater extent irectdls wahsfither
wild-type (A) or missense mutations (C; S54F). Radiance Confocal Laser Scanning Systemirbar, 5

lamin A/C into the cytoplasm. Thus, after one cell division, To investigate the redistribution of lamin A/C, we examined
the mutant form of emerin Del236-241 causes a redistributiocells 28 and 35 hours after synchronisation. From our flow
of endogenous lamin A/C in a cell-cycle-dependent mannecytometry results (Fig. 3), we established that cells expressing
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wild-type EGFP-emerin 28 hours after synchronisation were ¢ 100
the same stage in the cell cycle as cells expressing Del236-2
EGFP-emerin 35 hours after synchronisation. To determine tt
extent of colocalisation of endogenous lamin A/C anc
exogenously expressed emerin, a series of z-sections we
taken (0.2um apart) through transfected cells using the
Radiance Confocal Scanning System (Fig. 5). We observe
that the lamin A/C localisation was unaffected in cells Wi Del236-241 Del9599  S54F
expressing wild-type EGFP-emerin (Fig. 5A), whereas in thi

cells expressing all the mutant emerin forms, endogenot

lamin A/C was redistributed to different extents. The mos B e e e i "“S"’Ca"sef
severe endogenous lamin A/C redistribution was seen in cel
expressing emerin mutant construct Del236-241 (Fig. 5D
followed by cells expressing the mutant Del95-99 (Fig. 5B). Ir
cells expressing emerin constructs S54F, P183H and P18:
lamin A/C distribution was least affected, as shown in Fig. 5C
The nuclear envelope architecture was also altered in the ce
transfected with EGFP-emerin Del95-99 and Del236-241 (Fic
5B, D). Interestingly, cells expressing Del95-99 EGFP-emeril
(Fig. 5B) with irregularly shaped nuclei consistently had 0
exogenously expressed emerin and endogenously expres: Wt Del236-241 Deld599  S54F

lamin A/C lost from one of the poles, and the cells expressingjg 6 A number of COS-7 and HeLa cells transfected with either
Del236-241 EGFP-emerin (Fig. 5D) appeared to be fewelid-type or mutant EGFP-emerins show endogenous lamin A/C
smaller and rounder (cell shrinkage) with cytoplasmredistribution and altered nuclear morphology. The endogenous
condensation. Intranuclear foci/tubules of exogenouslyamin A/C and nuclear architecture appeared unaffected (100%) in
expressed emerin and endogenous lamin A/C were seen tdah COS-7 or Hela cells transfected with wild-type (wt) EGFP-
greater extent in cells transfected with wild-type or missensemerin (COS-7n=3, an average of 857 cells per count, Hel=g,
mutations (Fig. 5A, C) when compared to cells transfected witA" average of 691 cells per count). The number of cells transfected
the emerin mutants Del236-241, Del95-99 or 1-220. These Yith either Del236-241 (COS-R=3, an average of 595 cells per
sections show that the targeting of wild-type and mutant emergg”m’ Hel.an=3, an average of 124 cells per count) or Del95-99

\'/

were in agreement with our previous localisation studie OS-7n=3, an average of 1169 cells per count, Het, an
9 P erage of 852 cells per count) EGFP-emerin that had irregularly

(Fairley etal., 1999). Thus, all the mutant forms of emerin wergnaneqd nuclei with lamin A/C mislocalised was greater than the
mistargeted to varying degrees, and as a consequence Hifnper of cells that had round nuclei with lamin A/C localised. The
endogenous lamin A/C was similarly mislocalised after theercentage of cells expressing S54F EGFP-emerin (C@S37an
completion of cell division. average of 1204 cells per count; Heha3, an average of 713 cells

In COS-7 and HelLa cells transfected with wild-type,per count) that had either irregularly shaped nuclei with lamin A/C
Del236-241 and S54F EGFP-emerins, the percentage of ceffislocalised or round-shaped nuclei with lamin A/C localised was
in which endogenous lamin A/C was redistributed andsim_ilar_. Th_e quantifi(_:ation data show that, after ceI_I di\_/ision, the
the nuclear morphology was affected 28 hours aftefedistribution of lamin A/C depends upon the localisation of EGFP-
synchronisation was determined (Fig. 6; Table 1). Th&Menn
endogenous lamin A/C and nuclear architecture appeared
unaffected in either COS-7 or HelLa cells transfected withmutations would be similar. The quantification data conclude
wild-type EGFP-emerin. The number of cells transfected wittihat, after cell division, the correct localisation of lamin A/C
either Del236-241 or Del95-99 EGFP-emerin that hadlepends upon EGFP-emerin being targeted to the nuclear
irregularly shaped nuclei with lamin A/C mislocalised wereenvelope.
greater than those cells that had round-shaped nuclei with
lamin A/C localised. No quantification data were obtained for
cells expressing either P183T or P183H EGFP-emeridntranuclear foci/tubules and cytoplasmic localisation of
although from measuring the cells expressing S54F EGFmerin and lamin A/C
emerin we can predict that cells expressing these missenfe examine the localisation of expressed emerin and

COs-7

3

Cell count(%)
5 8

]

o

100

Cell count(%)

N
o

Table 1. The comparison between the percentages of cells transfected with either wild-type or mutant EGFP-emerin
which show either irregular-shaped nuclei with lamin A/C localised or round-shaped nuclei with lamin A/C localised

Del236-241 % (s.e.m.) Del95-99 % (s.e.m.) S54F % (s.e.m.)
Nuclear morphology of COS-7 cells
Irregular-shaped nuclei with lamin A/C mislocalised 69.75 (2.21) 66.66 (3.77) 59.89 (1.78)
Round-shaped nuclei with lamin A/C localised 30.25 (2.21) 33.34 (3.77) 40.11 (1.78)
Nuclear morphology of HelLa cells
Irregular-shaped nuclei with lamin A/C mislocalised 68.98 (9.78) 62.12 (3.25) 48.16 (8.90)

Round-shaped nuclei with lamin A/C localised 31.02 (9.78) 37.88 (3.25) 51.84 (8.90)
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endogenous lamin A/C in greater detail, the z-sections obtaine
from the Radiance Laser Scanning microscope (Fig. 5) wel —_—
analysed further. Data from the centre of the nuclei, 0 an
0£5 pm, in the x-y direction, were obtained from all the z- _
sections taken for a specific cell. They were collected an g \
represented as a x-z slice through the cell (Fig. 7). Wild-typ FSER%

EGFP-emerin was localised at the nuclear envelope and
intranuclear foci/tubules; both of which colocalised with
endogenous lamin A/C (Fig. 7A). Interestingly, the x-z slices
of cells expressing the Del236-241 EGFP-emerin showed th _
this mutant form of emerin was localised in the cytoplasm an

at concentrated areas around the nuclear envelope 28 (Fig. 7

and 35 (Fig. 7C) hours after synchronisation. The endogenol B

lamin A/C colocalised with this expressed emerin mutant ir S
B Y&
C
R
*

emerin being correctly localised at the nuclear envelope; whe
emerin is mislocalised (as with the mutant forms above), th
localisation of endogenous lamin A/C is altered and this leac
to defects in the nuclear architecture.

the concentrated areas around the nuclear envelope. Thus, ¢

expressing Del236-241 EGFP-emerin exhibited an aberra
nuclear morphology confirming the results shown in Figures

and 6. In combination, these results indicate the importance

a P e
L it
Emerin —_—
Lamin A/C

Discussion

In our previous studies (Fairley et al., 1999), we showed th:
when EGFP-emerin mutant constructs, which reflect mutatior
found in a number of EDMD patients, are expressed i
undifferentiated C2C12 myoblasts, they were all targeted to tt
inner nuclear membrane but in a less efficient manner than tl
wild-type. The most severely mistargeted emerin mutant wg
Del236-241, which has a deletion in the transmembrane regio
In this paper, we have shown that COS-7 cells transfected wi
emerin mutant Del236-241 had an increased cell-cycle lengt _
which was six to seven hours longer per cycle, when compare
to COS-7 cells untrans_feCted or transfected with wild-type OFig. 7. Further localisation of emerin and lamin A/C by representing
the other mutant emerins (S54F, P183T, P183H, Del95-99, }:sections as x-z slices through cells. A series of z-sectiongr(0.2
220). Deletions in the transmembrane region of emerin havgart) were taken through the nuclei of COS-7 cells transfected with
also been reported to decrease the stability of emerin at tlegher wild-type or Del236-241 EGFP-emerin. The z-sections shown
nuclear envelope (Manilal et al., 1998a). Additional studies oare for: (A) a cell transfected with wild-type EGFP-emerin (18 z-
C-terminal mutants of emerin have also suggested that sgctions taken in total) 28 hours after being released from
function of emerin is to provide stability to the nuclearnocodazole; (B) a cell transfected with Del236-241 EGFP-emerin
structure (Tsuchiya et al., 1999). Thus the severe molecul&3l z-sections taken in total) 28 hours aft.er being released from
defect associated with the emerin mutant DeI236-24f°C°qa?§ée; and t('C) atci“ ”f"‘“fffﬁ;egs"‘gth De|%56-§4_1 EG'IZP' g
: . . ; merin (25 z-sections taken in tota ours after being release

Comp_ared with the othe_r mutations used in these studies mﬁ}ﬂm nocodazole treatment. All z-sections were collecteg and
explain why only this mutant produced a deteCta,bliepresented as x-z slices through the cells. The projections of all the
abnormality in cell-cycle length. The mutations we studied,_sections taken show emerin in green, lamin A/C in red and
may all cause a cell-cycle defect, but only the most seveigiocalisation in yellow. The white lines show where the z-sections
mutation (Del236-241) was detected by the experimentalere collected: the centre of the nucleus 0, @rBand 0-5um. The
system we used. Alternatively, this mutation may specificallyine thickness was +03m for wild-type cells at 28 hours, +0p8n
cause a delay in the cell cycle, suggesting that particulder Del236-241 at 28 hours and +Qu for Del236-241 at 35 hours.
mutations may affect the function of emerin differently. Each x-z slice is shown separately in black and white for clarity.

To determine the molecular processes underlying th&ells expressing Del236-241 EGFP-emerin 28 and 35 hours after
increase in the timing of the cell cycle associated with th&Ychronisation were microscopically similar. The correct .
emerin mutant Del236-241, the localisation of all the expresse calisation of emerin and lamin A/C to the nuclear membrane is

EGEP - d end lamin A/C ! d own to be important, as the mutant form of emerin (Del236-241)
-émerins and endogenous lamin were monitore Wdistributes lamin A/C with resultant defects in the nuclear

tra!nsfected cells during and after mitosis. We demonstrategchitecture. Radiance Confocal Laser Scanning System; jpar, 5
(Fig. 4) that both endogenous lamin A/C and exogenously

expressed emerins (whether present at the nuclear envelope or
in cytoplasmic aggregates) dispersed into the cytoplasm durimgassembly, the expressed emerins were relocated to the
nuclear envelope disassembly. Upon nuclear envelopauclear envelope to the same extent as before disassembly.
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However, it was observed that some lamin A/C was associateditically important for the correct formation of nuclear lamina
with the emerin mutant Del236-241 in the cytoplasmafter cell division. This could explain why we do not see
suggesting that this mutant form of emerin was able to prevechanges in the nuclear morphology of cells transfected with
lamin A/C from being correctly localised to the nuclearemerin mutants Del236-241 and Del95-99 (Fig. 5; Fig. 6) until
envelope. It should be noted that in our immunofluorescencadter cell division. A change in nuclear morphology and a
microscopy studies, we were unable to distinguish betweemduction in the layer of heterochromatin that lies just under the
lamin A and C because of the specificity of the antibodysurface of the nuclear envelope has also been reported in
used (see Materials and Methods). Furthermore, detailesimbryonic fibroblasts taken from lamin A knockout mice
examination of cells that had under gone division showed thgBullivan et al., 1999), which developed a muscular dystrophy
endogenous lamin A/C was mislocalised in cells expressing ghhenotype, and in muscle nuclei from X-EDMD patients that
the different emerin mutants (Fig. 5). The mislocalisation ofack emerin (Fidzianska et al., 1998; Ognibene et al., 1999). The
endogenous lamin A/C correlated with the amount of emeriembryonic fibroblasts with no lamin A/CLrana’) were

at the nuclear membrane. For example, the mutant emerimegular-shaped, elongated and exhibited a loss of B-type
Del236-241, which was almost completely absent from théamins, LAP2 and the nuclear pore complex protein Nup153
nuclear membrane, redistributed lamin A/C to the greate$tom one pole. Lamin A/C has also been shown (Collard et at.,
extent. These results support previous observations that emetifi92) to be redistributed from one pole of the nucleus to the
and lamin A/C interact with each other in vitro (Fairley et al.,periphery upon differentiation. This is of interest, as nuclei of
1999; Clements et al., 2000; Sakaki et al., 2001), suggestirnglls expressing the emerin mutant Del95-99 showed lamin
that emerin links A-type lamins to the nuclear enveloped/C to be lost from one of the poles (Fig. 5). Further
(Hutchison et al., 2001). We therefore suggest that once tlimmunofluorescence staining of wild-type, heterozygous and
nuclear envelope has been disassembled, the expressed EGRUI embryonic fibroblasts revealed that the loss of A-type
emerin is able to compete with endogenous emerin for bindingmins correlated with emerin mislocalisation (Sullivan et al.,
with endogenous lamin A and/or lamin C. It would thus appeat999) and in theLmnanull mice: emerin was diffusely
that the emerin mutants can act in a dominant-negative mannkrcalised in the nucleus and cytoplasm, suggesting that emerin
This is of particular interest as female carriers of X-EDMDwas mislocalised to the ER. Therefore, these results suggest that
have been described (Funakoshi et al., 1999) who exhibiertain mutants may have different cell-cycle effects as the
dominant-negative phenotypes such as varying degrees piienotypes exhibited by cells expressing the emerin mutants
conduction abnormalities without muscle weakness or vic®el236-241 or Del95-99 were different, that is, lamin A/C
versa. The longer cell-cycle length associated with théeing redistributed to the cytoplasm or being lost from one pole
transfectants expressing emerin mutant Del236-241 may lwd the nucleus, respectively. Thus the absence or reduced levels
because the lamin A and/or lamin C in those cells i®f either emerin and/or lamin A/C at the nuclear envelope may
sequestered away from the nuclear envelope in sufficiemause a severe alteration in both nuclear morphology and
quantities to impede the full function of the nuclear envelopefunction.

To date, two models exist to explain the role of lamins during During skeletal muscle differentiation, an increase in A-type
mitosis. In model one (Burke and Gerace, 1986; Dabauvalle &min expression is accompanied by changes in chromatin
al., 1991; Ulitzur et al., 1992; Ellis et al., 1997; Spann et alstructure and the induction of muscle-specific gene expression
1997; Ulitzur et al., 1997; Moir et al., 2000a; Moir et al., 2000byLourim and Lin, 1989; Collard et al., 1992; Lourim and Lin,
Spann et al., 2000), lamins have been shown to interact with ti©92). Recent studies (Lattanzi et al., 2000) have also shown
nuclear-envelope components during the early stages of tlleat emerin expression is increased upon differentiation.
reassembly process and are believed to be critical for nucleastlund et al. suggested that the absence or severe reduction in
envelope formation. In the second model (Newport and Spanamerin or lamin A/C at the nuclear envelope might disrupt
1987; Newport et al., 1990; Meier et al., 1991; Chaudhary anieiteractions with muscle-specific transcription factors or
Courvalin, 1993; Jenkins et al., 1993; Wiese et al., 1997DNA sequences, which are needed in muscle development or
lamins have been shown to be located in the nucleus after thegeneration (Ostlund et al., 1999). It also seems likely that
nuclear envelope has been formed. However, studies (Moir g#tere is a cardiac/skeletal muscle protein that interacts
al., 2000c; Steen and Collas, 2001) revealed that A- and B-tyspecifically with emerin and lamins. One candidate is the A-
lamins follow different pathways during nuclear assemblykinase anchoring proteins (AKAPSs) that anchor cyclic-AMP-
suggesting that the different forms of lamin play specific roleslependent protein kinase(s) to the nuclear membrane (Eide
during the cell cycle. Studies using HelLa cells indicated thatt al., 1998). They are involved in mitotic chromosome
the order in which proteins reassemble was emerin, LBR armbndensation (Hirano et al., 1997; Collas et al., 1999),
several nuclear pore complex components prior to the recovepyedominantly in cardiac and skeletal muscle (Kapiloff et al.,
of nuclear import activity (Haraguchi et al.,, 2000a). Recenfl999). Recently, a nuclear matrix protein HA95, which
immunofluorescence studies (Haraguchi et al.,, 2000b) hawxhibits high homology to the human nuclear A-kinase protein
suggested that BAF mediates or contributes to the localisatékKAP95, has been shown to interact directly with LAP2
of emerin during the initial stages of nuclear reassembh.BR, emerin and BAF in interphase (Martins et al., 2000).
Together, these results suggest that during mitosis, B-typehese results support the hypothesis that nuclear complexes,
lamins may assemble with the LBR, whereas emerin possibomprising emerin, BAF, lamin and at least one cell-type
assembles with A-type lamins and BAF prior to nuclear porapecific and/or developmentally regulated factor, are involved
complex formation. Thus, the lamina plays a fundamental rola gene regulation and that EDMD may specifically arise from
in regulating nuclear assembly and chromatin organisatiorthe alteration of gene expression in cardiac and skeletal muscle.
However, it may be the binding partners of lamins that are An alternative hypothesis is that physical damage to the
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nuclear envelope, which has been shown to cause leakageBofke, B. and Gerace, L.(1986). A cell free system to study reassembly of
lamins and chromatin into the cytoplasm (Fidzianska et al., the nuclear envelope at the end of mitoSisll 44, 639-652.

1998; Ognibene et al., 1999), destabilises the nuclear enveloﬁé'l,;k;a fﬁagtggﬁzbn%ggggsllégfRissi%caiaiigg-gelamms A and C with
which in turn increases fragility leading to the conditions, sucl&'anegni’ L., Di Barletta, R. M., Barresi, R., Squarzomi, S., Sabatelli, P.,

as tissue damage and cell death, seen in EDMD patients. Lamimaraldi, N., Mora, M., Di Blasi, C., Cormelio, F., Merlini, L. et al.
breakdown has been associated with apoptosis (Rao et al.(1997). Heart-specific localization of emerin: new insights into Emery-

1996), and recent studies (Cohen et al., 2001; Steen and Col:gﬁﬁéf#:;mﬁsiﬂgr ggztrr\?;if:]M%m-cM(cilé E%t;n%t?ésvigziigi-sembly of the
2001) suggest that failure to correctly assemble nuclear lami %uclear énvelope at the end of mitosisCell Biol. 122, 295-306.

triggers apoptosis. As fully differentiated cardiac and skeletatny, A, Rassadi, R. and Stochaj, U1998). Velcro in the nuclear envelope:
muscle cells are non-dividing, this is of interest because cell LBR and LAPsFEBS Lett441, 165-169.
death, either by apoptosis or necrosis, may account féiements, L., Manilal, S., Love, D. R. and Morris, G. E(2000). Direct

the cardiac phenotype The loss of a few specialised interaction between emerin and laminBiochem. Biophys. Res. Commun.
. . ’ s . 267, 709-714.
cardiomyocytes in the Purkinje fibres could lead to thQZohen, M., Lee, K. K., Wilson, K. L. and Gruenbaum, Y.(2001).

conduction abnormalities (Fishbein et al., 1993; Morris, 2000). Transcriptional repression, apoptosis, human disease and the functional
However, damage to nuclei within the skeletal muscle fibres, evolution of the nuclear lamindrends. Biochem. S@6, 41-47.
which has naturally low levels of lamin B1 (Broers et al., 1997 ollard, J.-F.,, Senecal, J.-L. and Raymond, Y(1992). Redistribution of

. . . . nuclear lamin A is an early event associated with differentiation of human
Ellis, 2001), is more likely to be caused by either the o o e jeukemia HL-60 cells. Cell Sci101, 657-670.

mechanical stresses associated with muscle contraction Orcgiias, P., Guellec, K. L. and Tasken, K(1999). The A-kinase-anchoring
disruption of the skeletal-muscle regeneration process. Traumaprotein AKAP95 is a multivalent protein with a key role in chromatin
to healthy skeletal muscle is characterised by myofibre condensation in mitosis. Cell Biol. 147, 1167-1179.

degeneration followed by the proliferation and differentiationco”as’ P. and Courvalin, J.-C.(2000). Sorting nuclear membrane proteins
at mitosis.Trends Cell Biol10, 5-8.

of satellite cells, Ieading tO. regeneration of the myOﬁbre%ullen, M. J. (1997). Muscle regeneration. Dystrophin-Gene, Protein and
(Cullen, 1997). However, in muscular dystrophies, the cell Biology (ed. S.C. Brown and J.A. Lucy), pp. 233-273. Cambridge,
regeneration process is defective, possibly due to an inability Cambridge University Press.

to keep pace with the amount of degeneration occurring. THeabauvalle, M.-C., Loos, K., Merkert, H. and Scheer, U.(1991).

; . - : .. Spontaneous assembly of a pore complex-containing membranes (“Annulate
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