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Summary

 

A number of diseases associated with specific tissue degen-
eration and premature aging have mutations in the nuclear
envelope proteins A-type lamins or emerin. Those diseases
with A-type lamin mutation are inclusively termed
laminopathies. Due to various hypothetical roles of nuclear
envelope proteins in genome function we investigated
whether alterations to normal genomic behaviour are
apparent in cells with mutations in A-type lamins and
emerin. Even though the distributions of these proteins
in proliferating laminopathy fibroblasts appear normal,
there is abnormal nuclear positioning of both chromosome
18 and 13 territories, from the nuclear periphery to the
interior. This genomic organization mimics that found in
normal nonproliferating quiescent or senescent cells. This
finding is supported by distributions of modified pRb in
the laminopathy cells. All laminopathy cell lines tested

and an X-linked Emery–Dreifuss muscular dystrophy cell
line also demonstrate increased incidences of apoptosis.
The most extreme cases of apoptosis occur in cells derived
from diseases with mutations in the tail region of the 

 

LMNA

 

gene, such as Dunningan-type familial partial lipodystrophy
and mandibuloacral dysplasia, and this correlates with
a significant level of micronucleation in these cells.
Key words: apoptosis; A-type lamins; genome organization;
laminopathies; micronucleation; nuclear architecture;
quiescence, senescence.

 

Introduction

 

The cell nucleus is a highly organized organelle that houses the

cell’s genome. There are a number of nuclear structures involved

in regulating the function of the cell nucleus (Foster & Bridger,

2005). One of these is the nuclear lamina located at the inner

nuclear envelope, which contains and is associated with a number

of proteins that interact with each other and the genome

(Margalit 

 

et al

 

., 2005a). Two of these proteins are the inner

nuclear envelope type V intermediate filament proteins, the

A-type lamins (lamin A and lamin C) encoded by the 

 

LMNA

 

 gene,

and the integral membrane protein emerin encoded by the 

 

EMD

 

gene. Both these proteins have DNA- and chromatin-binding

abilities (Taniura 

 

et al

 

., 1995; Stierle 

 

et al

 

., 2003; Bengtsson &

Wilson, 2004) and are therefore candidates for regulating genome

function (Bridger & Bickmore, 1998; Foster & Bridger, 2005).

A-type lamins and emerin are also binding partners of each

other and so may elicit a cellular function in combination

(Zastrow 

 

et al

 

., 2004). Further, the A-type lamins have other

roles in regulation of genomic function such as DNA replication

(Spann 

 

et al

 

., 1997 and references therein), proliferative cell

cycle progression (Margalit 

 

et al

 

., 2005a), transcription (Wilson,

2000; Lammerding 

 

et al

 

., 2004) and most recently, aging

(Bridger & Kill, 2004; Broers 

 

et al

 

., 2006; Kudlow & Kennedy,

2006; Scaffidi & Misteli, 2006). Emerin may also be involved in

the control of gene expression (Tsukahara 

 

et al

 

., 2002) and

chromatin organization (Margalit 

 

et al

 

., 2005b). It is interesting

that the A-type lamins are not only found at the nuclear peri-

phery but also in foci deep within nuclei (Goldman 

 

et al

 

., 1992;

Bridger 

 

et al

 

., 1993) associated with lamina-associated poly-

peptide 2 alpha (LAP2

 

α

 

) (Dechat 

 

et al

 

., 2000) and retinoblastoma

protein (pRb) (Markiewicz 

 

et al

 

., 2002; Johnson 

 

et al

 

., 2004).

Emerin is also found at internal sites within nuclei, colocalized

with A-type lamins (Manilal 

 

et al

 

., 1998). Therefore, emerin is

probably also a member of the complex containing pRb and

LAP2

 

α

 

. Indeed, in two recent studies mutations in either 

 

LMNA
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or 

 

EMD

 

 has been shown to lead to disruption of Rb-modulated

pathways (Bakay 

 

et al

 

., 2006; Melcon 

 

et al

 

., 2006).

In the past decade a number of diseases have been attributed

to mutations in both the 

 

LMNA

 

 gene (collectively termed

laminopathies) and the 

 

EMD

 

 gene. 

 

LMNA

 

 related laminopathies

include muscular dystrophies, dilated cardiomyopathies, type 2

diabetes, Charcot-Marie-Tooth type 2 B1 (CMT2B1), mandibuloacral

dysplasia (MADA) lipodystrophy, and premature aging syndromes

(for detail see Gruenbaum 

 

et al

 

., 2005; Somech 

 

et al

 

., 2005).

Emerin gene mutations have so far led to X-linked Emery–

Dreifuss muscular dystrophy (X-EDMD) (Bione 

 

et al

 

., 1994). These

diseases affect a wide range of tissue types including striated

skeletal and cardiac muscle, nervous tissue, skin, adipose, tendon

and bone. All the affected tissues are derived from mesenchymal

stem cells and this appears to be a potential connection between

the different diseases (Hutchison & Worman, 2004; Gotzmann

& Foisner, 2005).

Studies on cells derived from Hutchinson-Gilford progeria

syndrome (HGPS) patients have revealed the fraction of tissue

culture cells displaying nuclear abnormalities increased with

passage number (Bridger & Kill, 2004; Goldman 

 

et al

 

., 2004;

McClintock 

 

et al

 

., 2006). Further, cells from patients with HGPS

also display genomic instability (Liu 

 

et al

 

., 2005), are hyper-

proliferative and have foreshortened lifespans in culture (Bridger

& Kill, 2004) and towards the end of this lifespan in culture,

they display an increased fraction of cells undergoing apoptosis

(Bridger & Kill, 2004). Taken together, these data have led to

the hypothesis that HGPS symptoms are due to tissues becom-

ing senescent prematurely with a coincidental loss of cells that

could lead to tissue degeneration 

 

in vivo

 

 (Stehbens 

 

et al

 

., 1999).

Others have demonstrated apoptosis associated with altered

lamin A expression, i.e. in spermatocytes of 

 

Lmna

 

 knock-out

mice (Alsheimer 

 

et al

 

., 2004), as well as in fibroblasts of these

mice having been subjected to mechanical stress (Lammerding

 

et al

 

., 2004). Additionally, apoptosis is also increased after

RNAi of FACE1 (known as Zmpste24 in mice), the specific

metalloprotease required for prelamin A processing towards

maturation of lamin A (Gruber 

 

et al

 

., 2005).

One of the putative functions of nuclear structural proteins,

such as A-type lamins, is to interact with the genome, in order

to influence genome function (Bridger 

 

et al

 

., 2007; Maraldi 

 

et al

 

.,

2006). In cells derived from laminopathy patients it has been

observed that heterochromatin is displaced from the nuclear

envelope (Sabatelli 

 

et al

 

., 2001; Sewry 

 

et al

 

., 2001; Capanni

 

et al

 

., 2003; Fidzianska & Hausmanowa-Petrusewicz, 2003;

Goldman 

 

et al

 

., 2004; Columbaro 

 

et al

 

., 2005; Filesi 

 

et al

 

.,

2005; Scaffidi & Misteli, 2005) and this is also apparent in mice

with 

 

Lmna

 

 mutations (Arimura 

 

et al

 

., 2005) and in 

 

Lmna

 

null mice (Sullivan 

 

et al

 

., 1999; Nikolova 

 

et al

 

., 2004). Further,

this phenomenon has also been observed in cells with 

 

EMD

 

mutations (Ognibene 

 

et al

 

., 1999). Others have observed

alterations to histone methylation regulating heterochromatin

in laminopathy cells (Scaffidi & Misteli, 2005; Shumaker 

 

et al

 

.,

2006). To test the hypothesis that A-type lamins and/or emerin

are involved in genome behaviour we used a chromosome-

positioning assay. We have found that genome organization

is altered in cells carrying 

 

LMNA

 

 mutations or a mutation in the

 

EMD

 

 gene. Most interestingly, the pattern of chromosome

positioning mimics the chromosome positioning found in

normal nonproliferating cells (Bridger 

 

et al

 

., 2000; Mehta 

 

et al

 

.,

in preparation). We assessed the amount of micronucleation

present within these cultures. We found that primary laminopathy

fibroblast cultures and an X-EDMD cell line contain variable

fractions of micronucleated cells, the highest incidences correlat-

ing well with mutations in the tail region of lamin A. Similarly,

fractions of cells in apoptosis are high in all laminopathy cultures

with the highest incidences in those cultures with highest levels

of micronucleation.

Thus, we have established that in proliferating fibroblasts

containing mutations in 

 

LMNA

 

 and 

 

EMD

 

, there is perturbation

to normal genome behaviour giving nonproliferating characteristics

of genome organization, with micronucleation possibly leading

to apoptosis.

 

Results

 

Table 1 lists the human dermal fibroblast (HDF) cell lines that

have been employed in this study. They are heterozygous and

homozygous primary cells from affected patients and carriers,

as well as one patient that has mutations in both 

 

LMNA

 

 and

 

EMD

 

 genes (Ben Yaou 

 

et al

 

., 2004). The panel of cell lines was

developed to represent a range of lamin A/C-related lamin-

opathies as well as having cell lines with different mutations along

the lamin A/C gene from amino acid residue 298 to 608, and

one cell line with a heterozygous emerin mutation. Figure 1

displays a map of the different A-type lamin mutations along

the lamin proteins. Supplementary Figure S1 displays the patterns

of distribution of anti-A-type lamin and anti-emerin in these

cells. The fraction of cells displaying each distribution is also

shown in Supplementary Figure S1 K and L.

Fig. 1 Diagram of lamin A and C proteins. The position of all the mutations 
in LMNA for the cells used in this study are shown above the lamin A protein 
by vertical arrows. The regions of binding domains for Rb, DNA, emerin, 
LAP2α, histones (lamin C) and Ig-like domain (Krimm et al., 2002) are 
shown below the lamin A/C proteins by horizontal arrows (after Zastrow 
et al., 2004).



 

Altered genomic behaviour in primary laminopathy cells, K. J. Meaburn 

 

et al.

 

© 2007 The Authors
Journal compilation © Blackwell Publishing Ltd/Anatomical Society of Great Britain and Ireland 2007

 

141

 

Genome organization is altered in primary 
laminopathy and X-EDMD human dermal fibroblasts 
and mimics nonproliferating fibroblasts

 

To test the hypothesis that A-type lamins and/or emerin are

involved in translocating and anchoring chromosomes to the

nuclear envelope, we analysed the nuclear localization of the gene-

poor human chromosomes 4, 13, 18 and X in each of the cell

lines using standard interphase fluorescence 

 

in situ

 

 hybridization

(FISH) (Fig. 2). These chromosomes are known to be located

at the nuclear periphery, abut the nuclear lamina (Boyle 

 

et al

 

.,

2001; possibly anchored by the lamina) (Foster & Bridger, 2005;

Bridger 

 

et al

 

., 2007). Analysis of chromosome position was

performed by dividing the nucleus into five concentric shells of

equal area for 50–60 nuclei (Croft 

 

et al

 

., 1999; Bridger 

 

et al

 

.,

2000; Boyle 

 

et al

 

., 2001; Meaburn 

 

et al

 

., 2005). Shells 1 and 2

represent the area at the nuclear periphery, whereas shells 4

and 5 represent more the nuclear interior. The percentage of

signal generated by the chromosome paint was measured in

each of the five shells. To normalize the position data, the

percentage of chromosome paint signal was divided by the

percentage of DNA signal in each shell (Fig. 3 for data expressed

graphically). Unpaired 

 

t

 

-tests were performed to assess any

significant differences in the normalised chromosome signal in

each cell line, compared to the control cell line (1HD). The results

are summarised in Table 2. A chromosome was described as being

positioned towards the nuclear periphery if the chromosome

signal after normalisation was skewed towards the peripheral

shells (shells 1 and 2) (P), was distributed intermediately if a

bell-shaped curve with a peak in shell 3 was observed (IM), was

equally distributed if each shell contained similar amounts of

normalised chromosome signal (E) and was described as internal

if the chromosome signal was skewed towards the interior shells

(shells 4 and 5) (I). Since chromosome positioning is different

in nonproliferating nuclei as compared to proliferating nuclei

(Bridger 

 

et al

 

., 2000), the proliferation status of each nucleus

was assessed by staining for the presence of pKi-67 (Fig. 2), an

antigen found only in proliferating nuclei (Gerdes 

 

et al

 

., 1984;

Kill, 1996). PKi-67 has a number of distinct patterns in the

proliferative cell cycle, three different patterns of speckled

distribution can be discerned in early G1 (Bridger 

 

et al

 

., 1998),

with pKi-67 becoming only located at nucleoli in the rest of G1,

S-phase and G2 (Verheijen 

 

et al

 

., 1989a).

In normal control human dermal fibroblasts (1HD), the position

of chromosome 18 was affected by the proliferation status of

the cells, with chromosomes becoming located more internally

in nonproliferating nuclei (Figs 2G and 3; Table 2). This loss of

peripheral positioning was pronounced for chromosome 18 but

was also seen to a lesser extent for chromosome 13 (Figs 2F

and 3; Table 2). Interestingly, when chromosomes 4 and X were

positioned in the control human dermal fibroblast (1HD) line

they displayed little change in their nuclear positioning at the

nuclear periphery, whether in proliferating or nonproliferating

cells (Figs 2A,D,E,H and 3; Table 2). This demonstrates that

different chromosomes may interact differently with specific

nuclear structures and how they respond to signaled stimuli.

We also analysed the position of chromosomes 4, 13, 18 and

X in our library of HDF cell lines with mutations in the 

 

LMNA

 

and/or 

 

EMD

 

 genes. In all these mutant HDF cell lines chromo-

somes 4 and X were always positioned at the nuclear periphery

in both proliferating and nonproliferating cells (Figs 2I,L,M,P

and 3; Table 2), apart from chromosome X in R482L which has

become more intermediate in its positioning (Fig. 3; Table 2).

Most interestingly, when the nuclear positions of chromosomes

Table 1 Characterization of cell lines

Cell line Cell type Mutation Disease phenotype Reference

1HD Primary HDF (P8)* N/A Normal Bridger et al., 1998

2DD Primary HDF (P15, P36)* N/A Normal Bridger et al., 1993

R298C Primary HDF (P10)* LMNA R298C–/– CMT2B Unpublished data (N. Levy)

R298C–/–delK37y/– Primary HDF (P10)* LMNA R298C–/– & CMT2B+EDMD Unpublished data (G. Bonne)

EMD del K37 Y/–

E358K Primary HDF LMNA E358K+/– LGMD + atypical features Mercuri et al., 2004

R482L Primary HDF LMNA R482L+/– FPLD Muchir et al., 2004

R527H–/– Primary HDF LMNA R527H–/– MADA Novelli et al., 2002

R527H+/–M Primary HDF LMNA R527H+/– Unaffected, mother to R527–/– Novelli et al., 2002

R527H+/–F Primary HDF LMNA R527H+/– Unaffected, father to R527H–/– Novelli et al., 2002

R527P Primary HDF LMNA R527P+/– A-EDMD + FPLD Muchir et al., 2004

AGO6297 Primary HDF (P22)* LMNA G608G+/–† HGPS Coriel cell repository;

Eriksson et al., 2003;

Bridger & Kill, 2004

ED5364 Primary HDF (P12)* EMD +/– specifics unknown X-EDMD carrier Unpublished (G. Morris)

+/– indicates the patient is heterozygous for the mutation, –/– indicates the patient is homozygous for the mutation.

*denotes passage number (where known) when fluorescence in situ hybridization (FISH) and immunofluorescence were performed.

†Mutation only affects lamin A.

‘M’ signifies mother and ‘F’ signifies father.

HDF, human dermal fibroblast; FPLD, Dunningan-type familial partial lipodystrophy; MADA, mandibuloacral dysplasia; HGPS, Hutchinson-Gilford progeria syndrome.
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13 and 18 were determined in proliferating laminopathy cells

and an X-EDMD cell line, chromosomes 13 and 18 were located

away from the nuclear periphery, most often in the nuclear interior

or for chromosome 13 in an intermediate location in R482L or

R527H–/– (Figs 2J,K,R,S and 3; Table 2). This is a similar nuclear

location that these chromosomes take in nonproliferating cells

(Figs 2F,G and 3; Table 2). Despite having lamin A/C and emerin

present at the nuclear envelope (NE), in similar amounts, in the

majority of nuclei, these mutations lead to a pronounced effect on

the location of a subset of chromosomes in the majority of cells.

Thus, genome organization is affected in cells derived from

heterozygotes or homozygotes equally but it seems not to be

correlated with whether A-type lamin and/or emerin can be detected

at the nuclear periphery (also see Meaburn et al., 2005).

Increased micronuclei in patients with FPLD and MADA 
and an X-EDMD carrier

Abnormal nuclear morphology is common to laminopathy or

LMNA null cell lines (Hutchison & Worman, 2004) and in senescent

Fig. 2 Representative images of nuclear positioning of chromosomes 4, 13, 18 and X in proliferating and nonproliferating control and laminopathy human 
dermal fibroblasts (HDF). Methanol: acetic acid-fixed nuclei were hybridized with whole human chromosome paints (green), stained for the presence of a 
proliferation marker (pKi-67 red) and counterstained with DAPI (blue). A–D display representative images of Ki-67-positive 1HD nuclei, chromosomes 4, 13, 
18 and X, respectively. E–H display representative images of nonproliferating (Ki-67 negative) 1HD nuclei, chromosomes 4, 13, 18 and X, respectively. I–P, 
primary mutant laminopathy HDFs, whereas I–L display proliferating nuclei, and M–P, nonproliferating nuclei. I, M – E358K, J – AGO6297 and N – R527P+/–, K, 
O – R298C, L, P – ED5364. Scale bar = 5 µm.
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cells (Bridger & Kill, 2004). Thus, this intimates that laminopathy

cell lines may display an increased genomic instability (Liu et al.,
2005). Abnormal nuclei with micronuclei have been observed

previously for HGPS cells (Bridger & Kill, 2004) and when the

endoprotease responsible for cleaving prelamin A is knocked

down by RNAi in human cells (Gruber et al., 2005). Thus, we

wanted to assess whether other laminopathy cells also displayed

an increase in micronucleation.

Human dermal fibroblasts were grown on cover slips until

approximately 70% confluent, fixed by either methanol:acetone

or 4% paraformaldehyde, stained with 4’,6-diamidino-2-

phenylindole (DAPI) and counter stained with antilamin A/C or

anti-emerin and anti-pKi67. In this assay, micronuclei were only

counted if they were separated from the main nucleus therefore

only micronuclei and not blebs were scored. Representative

images of and the fraction of cells displaying micronucleation

are shown in Fig. 4 and Table 3, respectively. Interestingly, some

micronuclei were positive for pKi67 while the main nucleus was

negative. This could imply that these micronuclei were created

while the cell was still proliferating and there is no system for

breaking-down pKi67 inside the micronuclei but there is in

the main nucleus. There are a number of micronuclei (∼45%,

combined for all laminopathy cells and an X-EDMD cell line,

SD 16.5%) that are negative for pKi67 but the main nucleus

is still positive – this implies that the micronuclei are not

made at mitosis when all the chromosomes are coated

with pKi67 (Verheijen et al., 1989b), but during interphase,

which maybe an important insight into the behaviour of

the genome in laminopathies, X-EDMD and senescence/

quiescence.

Fig. 3 Graphs to demonstrate that genome organization is affected by LMNA and EMD mutations in laminopathy human dermal fibroblasts (HDF). Nuclei 
were submitted to erosion analysis (see Experimental procedures). The normalised amount of chromosome signal (x-axis) for each of the five shells (y-axis) was 
plotted as histograms. Error bars show standard error of the mean. Grey bars denote proliferating nuclei, Mauve bars denote nonproliferating nuclei. Fifty to 
60 nuclei were analysed, with the following exceptions: R298C chromosome 18 nonproliferating n = 46, R482L chromosome 18, nonproliferating n = 41, 
R527P+/–chromosome X and nonproliferating n = 42. The number or letter above each graph demonstrates which chromosome has been analysed. Statistical 
difference is denoted above the bar for that shell by * (P < 0.05), ** (P < 0.005) or # (P < 0.0005), as assessed by unpaired, unequal variances, two-tailed 
Students t-test, to the control cell line (1HD) in the case of proliferating data, or the proliferating data of the same cell line in the case of the nonproliferating 
graphs, except in the case of R482L, which was compared to 1HD nonproliferating.
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A significant increase in cells with micronuclei was detected

in the laminopathy cell lines R482L (11.9%, P < 0.001) and

R527H–/– (7.3%, P < 0.001), from that observed for senescent

normal HDF (2.6%) and in the X-EDMD line ED5364 (3.6%,

P < 0.05), from that observed for young normal HDF (0.7–1.3%).

Accordingly, from the analysed cell lines, only cells derived from

Dunningan-type familial partial lipodystrophy (FPLD) (R482L)

or MADA (R527H–/–) (Table 3) and the X-EDMD line ED5364

revealed a significant increase in micronucleation. For the remain-

ing laminopathy cell lines, the percentage of cells containing

micronuclei did not differ significantly from that of old or young

normal HDF. Both lines from healthy carriers heterozygous for

the MADA mutation (R527H+/–F and R527+/–M) were within

the range of young passage control HDF. These data reveal

that LMNA mutation R298C is not associated with an increase

in micronucleation, whereas the LMNA mutations in R482L and

R527H–/– patients are associated with an increase in micronuclei.

This, thereby, suggests a mutation or disease-specific aspect to

the A-type lamin/emerin-associated reduction in stable behaviour

of the genome.

Increased fraction of cells displaying apoptosis in all 
laminopathy and X-EDMD cells tested with massive 
increases in FPLD and MADA cells

We have shown previously that there is an increase in the

percentage of apoptotic cells in cultures derived from HGPS

patients compared with normal cultures (Bridger & Kill, 2004).

Fig. 4 Laminopathy cells displaying micronucleation. 
Laminopathy cells were either stained with antilamin 
A/C antibodies (A, B, E) or anti-emerin antibodies 
(C, D) (green) in combination antipKi-67 (red) and 
counterstained with 4’,6-diamidino-2-phenylindole 
(DAPI). A small range of representative images is 
shown in this figure – A, B = R527–/–; C, E = R298C–
/–delK37y/–; D = ED5364. Micronuclei are seen 
that are still connected with the main nucleus 
(B, E), some micronuclei display positive staining 
for pKi-67 when the main body of the nucleus 
is negative (A, D). A number of micronuclei are 
negative for A-type lamin and/or emerin but 
are associated with a nucleus that is positively 
stained (C). Scale bar = 10 µm.

Table 2 Positioning of chromosomes 4, 13, 18 and X in normal and mutant cell lines

Cell line

Chromosome 4* Chromosome 13* Chromosome 18* Chromosome X*

Proliferating† Nonproliferating‡ Proliferating† Nonproliferating‡ Proliferating† Nonproliferating‡ Proliferating† Nonproliferating‡

1HD P P P E P I P P

R298C P ND I ND I I P ND

R298C–/–delK37y/– ND P ND ND ND ND ND ND

E358K P P E/I E I I P P

R482L§ P P IM/E I I I n = 41 ND P/IM

R527H–/– P ND E/I ND I ND ND ND

R527H+/–M P ND I ND I ND P ND

R527H+/–F P ND E/I ND I ND P ND

R527P+/– P ND E/I E/I E E P P n = 42

AGO6297 P ND I ND I ND P ND

ED5364 P P I ND I I P P n = 48

*The position of the chromosome from each cell line, based on results as shown in Fig. 4. n = 50–60 unless otherwise stated.

†Nuclei positive for cell proliferation marker, pKi-67.

‡Nuclei negative for pKi-67.

§The majority of R482L’s proliferating cells were only weakly positive for pKi-67.

‘P’ denotes the chromosome in a peripheral position (chromosome enrichment at the nuclear edge, shells 1 and 2), ‘I’ denotes an internal (chromosome 
enrichment at the centre of the nuclei, shell 5) positioning of the chromosome, ‘IM’ denotes an intermediate positioning for the chromosome within the nuclei 
(chromosome enrichment in shell 3), ‘E’ denotes chromosome signal distributed evenly through out all shells. ‘ND’ indicates where the position of the chromosome 
has not been determined.
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Therefore, we predicted that cell lines derived from other

laminopathies would also show increases in levels of apoptosis.

We submitted a number of cell lines from our panel to an apoptotic

analysis using Annexin V and propidium iodide staining and flow

cytometry (Table 4). Cells were harvested within two passages

of when the cells were fixed for FISH. As predicted all laminopathy

cells analysed (R298C, E358K, R482L, R527–/–F, R527H–/–) show

significantly increased percentages of cells undergoing apoptosis

compared with normal fibroblasts. Even ED5364 with a muta-

tion in emerin displayed an increased level of apoptosis (13.4%).

Surprisingly, even the heterozygous cell line, R527H+/–F, shows

high rates of apoptosis (11%) although not as high as the

homozygote individual R527H–/– (36%). The largest increases

are found in cell lines derived from FPLD and MADA patients

(R482L and R527–/–, respectively). These are two of the cell lines

that show significant increases in micronucleus formation. Thus

it is possible that the two events are related. However, even

cell lines that do not show increased micronucleation, do have

increased levels of apoptosis (R298C, E358K, R527+/–F). It is

interesting to note that both FPLD and MADA are associated

with premature aging (Filesi et al., 2005; Vigouroux & Capeau,

2005).

Proliferating laminopathy cell lines are negative for 
pRB form normally associated with proliferating cells

In proliferating laminopathy fibroblasts, as determined by pKi-67

staining, aspects of genome distribution were reminiscent of

normal nonproliferating cells. One interpretation of this is that

mutation in A-type lamin permits an uncoupling of a normally

linked cell cycle signaling pathway. Since pRb is complexed with

A-type lamins (Zastrow et al., 2004) and is central in initiating

cellular senescence in combination with p16 (Thomas et al., 2003;

Itahana et al., 2004), we assessed the fraction of cells displaying

forms of pRb associated with all cells and with only proliferating

cells. For this we employed two antibodies, one that reacted

with both unphosphorylated and hyperphosphorylated forms

of pRb (Ab-11) (Fig. 5A,C,D,F), and one that reacted with Rb

phosphorylated at serine residue 795 (Clone pRb-10), reacting

with the modified Rb found in the proliferative cell cycle (Fig. 5G,I).

Lamin A binds pRb110 between amino acid residues 247 to

355 (Ozaki et al., 1994). Therefore, in our comparison we chose

a cell line with a mutation in the Rb-binding site of lamin A

(R298C), a cell line with a mutation just outside the Rb-binding

site in lamin A (E358K) and a cell line with a mutation distant

from the Rb-binding site (R527H–/–). We used normal fibroblasts

as a control along with ED5364, an X-EDMD carrier. As before

Table 3 Comparison of the fraction of mutant and control human dermal fibroblast (HDF)-containing micronuclei

Cell line Passage

Percentage of cells with MN (cell 

with MN/total number of cell counted)

χ2 to young 

normal HDF

χ2 to senescent 

normal HDF

1HD (WT) 10 0.7% (6/896) NSD NSD

2DD (WT) 15 1.3% 17/1298 NSD NSD

2DD (WT) 36 2.6% 26/1010 NSD –

R298C (L) 10 1.4% (32/2221) NSD NSD

R298C–/–delK37y/– (L) 10 1.5% (17/1148) NSD NSD

E358K (L) a 2.1% (66/3119) NSD NSD

R482L (L) a 11.9% (233/1966) P < 0.001 P < 0.001

R527H–/– (L) a 7.3% (146/2001) P < 0.001 P < 0.01

R527H+/–M (C) a 1.0% (6/581) NSD NSD

R527H+/–F (C) a 1.2% (9/763) NSD NSD

R527P+/– (L) a 2.3% (43/1850) NSD NSD

AGO6297 (L) 20 2.1% (18/841) NSD NSD

ED5364 (C) 12 3.4% (29/854) P < 0.05 NSD

WT, wild-type (normal), L, laminopathy cell line; C, Carrier line (see Table 1).

‘a’ is used in place of passage number, where passage number is unknown but denotes the passage at which samples were harvested for 2D fluorescence 
in situ hybridization (FISH), and are a presenescent culture.

χ2, Statistical significance was determined by Yates correlate χ2 analysis.

Mutant HDF cell lines were compared to either the average of the young passages of normal HDF (0.7%) or the senescent normal HDF (2.6%).

Table 4 Fraction of cells displaying apoptosis

Cell line Apoptotic index

1HD 1.1%

1HD + UV  18%

R298C 18.9%

E358K 11.4%

R482L 43.5%

R527H+/–F  11%

R527H–/–  36%

ED5364 13.4%

The apoptotic indices for a number of laminopathy cell lines and an 
EMD = +/– cell line are shown.

1HD is used as a control cell line with its irradiation by UV as a positive control.

Apotosis was measured using a flow cytometry after annexin V and propidium 
iodide staining.

Cells were harvested for the apoptosis study 2 passages after fluorescence 
in situ hybridization (FISH) was performed.
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we used pKi-67 positivity as an indicator of proliferative state.

In normal cell cultures 90% of pKi-67 positive cells were also

positive for Ab-11 (Table 5, Fig. 5A–C). Using Ab-10, ∼60% of

normal pKi-67 positive cells displayed staining with this antibody,

indicating that this fraction of proliferating cells contained active

pRb phosphorylated on ser 795. By inference 30% of Ki-67

positive cells contained only the form of pRb associated with

nonproliferating cells. The fraction of cells within the laminopathy

cultures that are pKi-67 positive and Ab-11 positive ranged from

77–99% (Table 5). These values are not significantly different

from control cells (Yates χ2 test). In contrast, the fraction of

pKi-67 positive cells that were also positive for Ab-10 varied

from 10 to 42% (Fig. 5G–H), which is significantly different from

the control cell line. By inference, it appears that the laminopathy

cultures assessed contain high fractions of proliferating cells with

the active form of Rb found in nonproliferating cells. Interestingly,

the cell line with the lowest fraction of cells containing active

Rb is R527H–/–, with a mutation most distant from the Rb-binding

site in lamin A but is within the DNA-binding site (Fig. 1).

Discussion

Since proteins of the nuclear lamina are postulated to have a

role in genome behaviour and stability, we wanted to test the

hypothesis that chromosomes would alter their characteristics

and behaviour in cells with mutations in A-type lamins and

emerin. Further, we hoped to determine which regions of the

lamin A protein were responsible for any alterations to genome

Fig. 5 Distribution of anti-Rb in proliferating and 
nonproliferating laminopathy cells. Paraformaldehyde 
(4%) fixed control and laminopathy human dermal 
fibroblasts were co-stained with anti-pKi67 
antibodies (second column, red in third column) to 
reveal all proliferating cells and either anti-Rb ab-
11 against phosphorylated and unphosphorylated 
forms of Rb (A, D) or clone Rb-10 reacting against 
pRb phosphoylated on ser 795 associated with 
proliferative cell cycle (first column, green in third 
column) (G, J, M). The third column displays a 
merged image of the anti-pRb staining (green), 
anti-pKi-67 (red) staining and a 4’,6-diamidino-
2-phenylindole (DAPI) counter stain (blue). 
Representative nuclei of control cells are displayed 
in A–C and G–I and laminopathy cells are displayed 
in D–F and J–O. Scale bar = 10 µm.
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behaviour. Thus, we analysed the nuclear position of chromo-

somes normally located at the nuclear periphery in a panel of

dermal fibroblast nuclei derived from individuals harboring

various mutations in A-type lamins and one in emerin.

The positioning of chromosomes observed in the proliferating

laminopathy cells and a carrier X-EDMD cell line was altered

with two smaller chromosomes normally found at the nuclear

periphery being located more towards the nuclear interior

and the position of two larger chromosomes unchanged at the

nuclear periphery, apart from chromosome X in nonproliferating

R482L cells. In these cells the X chromosome is slightly removed

from the nuclear edge (Fig. 3). Cells with this same mutation are

being investigated further for disturbed genome organization.

Our analyses revealed that genome organization was affected

in all proliferating laminopathy cells analysed, even in heterozygotes,

wherever the lamin A mutation was located in the LMNA gene

(see Fig. 1) and when cells were displaying what appeared

to be a normal A-type lamina at the nuclear envelope (see

Supplementary material). This then begs the question of how

important chromosome positioning is to normal development

since asymptomatic carriers displayed altered genome organiza-

tion, as did the patient cells. What is clear, however, is that nuclear

structural proteins A-type lamins and emerin are involved in

genome behaviour in fibroblast cells.

A similar alteration in genome organization was revealed in

all patient cells, whatever disease the donors were diagnosed

with. It should be noted that the same laminopathy syndromes

can be due to mutations at different regions of the lamin A gene

and that families carrying the same mutation can display a range

of different laminopathies (Jacob & Garg, 2006; Rankin & Ellard,

2006; and references therein). We have not yet assayed for

alterations in genome organization in cells with mutations at

the head region of lamin A, i.e. such as in atypical Werners

syndrome (Chen et al., 2003).

The nuclear positioning of chromosomes in these proliferating

laminopathy cells mimics the chromosome positioning found in

normal nonproliferating senescent and quiescent cells (Bridger

et al., 2000; Mehta et al., in preparation). Thus, proliferating

laminopathy cells display at least one characteristic of non-

proliferating cells. In addition, senescent cells are also characterized

by their inability to phosphorylate pRb and to generate active

forms of Rb (Stein & Dulic, 1998). Our analysis of pRb in lamin-

opathy cultures reveals high proportions of cells containing the

form of pRb (phosphorylated on Ser-795) associated with the

proliferative cell cycle despite being positive for pKi-67, a definitive

marker for proliferation (Fig. 5, Table 5). Thus, proliferating

laminopathy cells can also resemble nonproliferating normal

cells by this criterion as well.

This also begs the question of whether A-type lamins and

emerin are involved in normal senescence and quiescence, and

indeed Scaffidi & Misteli (2006) presented evidence that the

cryptic splice site mutated in many HGPS cell lines can be

used in cells derived from healthy individuals. Moreover, as mice

age there is a reduced expression of lamin A/C in osteoblasts,

chondrocytes and bone marrow (Duque & Rivas, 2006). Filesi

et al. (2005) found that fibroblasts derived from the aged

patients with MADA revealed a more pronounced irregularity

in envelope organization and heterochromatin distribution,

suggesting that lamins are directly involved in chromatin organiza-

tion and mechanical integrity of the nucleus and that this is

crucial to maintain cell and tissue integrity during aging. Our data

add credence to this development that younger laminopathy

and X-EDMD cells may behave like normal senescent cells and

that nuclear envelope proteins may well be involved in the

normal aging process. Further, we predict that the change in

chromosome position in proliferating laminopathy fibroblasts is

not just simply due to loss of anchorage at the nuclear envelope

but that there has been an uncoupling of pathways involved in

cellular proliferation that act through A-type lamins and/or

emerin. This requires further investigation in both symptomatic

and unaffected carriers since all cell lines display an alternative

location for the smaller chromosomes. Since lamin A may have

many functions, it is possible that we have uncovered a con-

sequence of affecting a role in proliferation, which when com-

bined with the effects of specific mutation on the differentiation

of distinct cell types leads to different disease phenotypes.

Table 5 Fraction of cells positive for anti-Rb

Cell line

% of proliferating cells pKi-67 positive anti-Rb positive 

Clone Rb 

ab-11 (total Rb)

Clone Rb-10 (Rb associated 

with the proliferative cell cycle)

Total number of cells displaying 

pRb associated with nonproliferation

1HD 90.0 ± 2.2 59.3 ± 1.7 30.7

R298C 96.7 ± 0.6 31.7 ± 3.0 65.0

E358K 93.3 ± 1.4 40.1 ± 6.2 53.2

R527H–/– 76.9 ± 1.2 10.4 ± 2.3 66.5

ED5364 98.9 ± 1.7 41.5 ± 6.6 57.4

Only cells positive for the proliferation marker pKi-67 were assessed for their presence or absence of anti-pRb staining with two different antibodies.

Clone Rb (ab-11) reacts with phosphorylated and unphosphorylated pRb and Clone Rb-10 reacts with phosphor-Rb (ser 795).

Total number of cells displaying pRb associated with nonproliferating cells is calculated by subtraction of the percentage positive for the proliferative form of 
Rb (phosphorylation on ser 795) from the percentage total Rb.

The percentage of cells that were positive for pKi-67 in the culture were 60% for 1HD, 40% for R298C, 42% for E358K, 34% for R527H–/– and 27% for ED 5364.
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It is not clear at this stage in our investigations whether

the altered positioning of specific chromosomes affects gene

expression and whether the chromosomes that move towards

the nuclear interior have less histone methylation as observed

for the X chromosome in the recent study in HGPS cells by

Goldman and colleagues (Shumaker et al., 2006). However, the

inactive X in the Goldman study does not appear to be located

away from the nuclear edge in HGPS or cells transfected with

the gene for progerin (the protein formed in HGPS patients with

G608 mutation), which is confirmatory of our data for the X

chromosomes. However, two of the cell lines employed in

this study have been used in microarray analyses to assess any

changes to gene expression and in the HGPS cell line AG06297

and MADA cell line R527H–/–, alterations to gene expression

as compared to normal cells have been observed (Ly et al., 2000;

Amati et al., 2004, respectively). Interestingly, when the aberrant

splicing that occurs in HGPS with G608 mutation is corrected

with an oligonucleotide morpholino, expression of certain genes

becomes more normal (Scaffidi & Misteli, 2005).

There has also been evidence of genomic instability in some

laminopathies (see Corso et al., 2005; Liu et al., 2005) that could

cause loss of genetic material and catatrosphic events such as

apoptosis. We wished to ascertain whether there was any

indication of unstable genomes in the laminopathy cell lines and

the X-EDMD cells by scoring the level of micronucleation in the

cultures, a feature prominent in cells with genomic instability

(Fenech, 2000) and obvious in cells towards the end of their

lifespan (Wojda & Witt, 2003). Due to the connection of micro-

nucleation with apoptosis and given that apoptosis could poten-

tially account for tissue degeneration in progeria (Bridger & Kill,

2004), we also assessed the fractions of laminopathy cells in

our panel undergoing apoptosis. Interestingly, the two lamin-

opathy cell lines that displayed increased levels of micronuclei

in this study showed the highest levels of apoptosis. These cell

lines are derived from MADA (R527H–/–) and FPLD (R482L)

patients. The former display aspects of premature aging (Filesi

et al., 2005) and lipodystrophy is found in premature aging

(Vigouroux & Capeau, 2005). Their mutations are reasonably

close together on the proteins at residues 482 and 527, respec-

tively, in the tail region encompassed by the DNA-binding motif

from residues 411 to 553 (Stierle et al., 2003), which does not

contain mutations for any of the other cell lines analysed in this

study. From our data, micronucleation does not appear to be

a feature of laminopathies per se. Indeed, the fraction of cells

displaying micronuclei in the other laminopathy cell lines is very

similar to normal senescent cells. However, ED5364 EMD +/–

line also has a significant increase in micronucleation, whereas

R298C–/–delK37y/– does not. The asymptomatic heterozygote

carriers for R527H–/+ did not show any increase in micronuclea-

tion above normal cells but did show higher levels of apoptosis

than normal. The consequences of these observations for the

heterozygotes are as yet unclear.

One important question to ask is how might any of the

A-type lamin and emerin mutations lead to an uncoupling of

proliferation and cell cycle arrest signals, given that we see

proliferating cells displaying characteristics of nonproliferating

cells. We know that A-type lamins have a putative role in cell

cycle control, probably through interactions with the cell cycle

regulator pRb (Ozaki et al., 1994; Markiewicz et al., 2002;

Johnson et al., 2004; Bakay et al., 2006). In addition, A-type

lamins have recently been demonstrated to be required for the

stabilisation, correct location and therefore activity of pRb

(Johnson et al., 2004). Indeed, Lmna null cells are phenotypically

similar to Rb null cells, displaying rapid proliferation and aberrant

cell cycle timing (Johnson et al., 2004). It has also been shown

that lamin A/C and binding partner LAP2α are required for pRb

nuclear tethering in intranuclear foci (Markiewicz et al., 2002).

This binding may be important for pRb function as a cell cycle

regulator, where it regulates gene expression required for the

cell to progress to S-phase (Mancini et al., 1994). Since the intra-

nuclear foci of A-type lamins, LAP2α and pRb probably also con-

tain emerin, it is not surprising that A-type lamin mutations and

emerin lead to deregulation of cell cycle events. Furthermore,

a mutation of the LAP2α gene has been shown to be respon-

sible for dilated cardiomyopathy (Taylor et al., 2005). PRb is also

associated and functions with histone deacetylases (HDAC) that

modify chromatin (Harbour & Dean, 2000), creating gene silen-

cing. Trichostatin A treatment, which inhibits HDAC activity, in

combination with mevinolin (inhibitor of farnesylation) improves

the nuclear organisation of heterochromatin and morphology

of HGPS cells with a G608G mutation (Columbaro et al., 2005).

Much attention is being placed on Rb-containing pathways,

however, Varela et al. (2005) have demonstrated that in Zmpste24

knock-out mice the cells display senescence characteristics with

the p53 signaling being up-regulated.

The nuclear distributions of A-type lamins in the laminopathy

cells are barely affected when compared to controls. This is

surprising as in other studies (Boyle et al., 2001; Meaburn et al.,
2005) it has been shown that genome organization is not

altered in cultured immortal laminopathy lymphoblastoid cells

even though A-type lamin and emerin distribution is severely

perturbed (Meaburn et al., 2005). This adds to the evidence that

laminopathic mutations affect certain tissues and specific cell

lineages because cells derived from haemopoetic stem cells do

not seem to be affected and that the tissues that are affected

are derived from mesenchymal stem cells (Hutchison & Worman,

2004) that are represented here by dermal fibroblasts. This

needs to be further clarified in affected nonimmortalized blood

cells and immortalized fibroblasts.

How then do our findings help explain the pathology observed

in patients suffering from laminopathy disease? Though it is

not formally proven it is widely accepted that accumulation of

senescent cells within tissues contributes to aging pathology

(Patil et al., 2005). Thus our findings that the laminopathy cells

behave to some degree as nonproliferating cells may be relevant

for pathology in laminopathies. It has already been suggested

that some laminopathies behave as premature aging syndromes

(Benedetti & Merlini, 2004; Filesi et al., 2005; Broers et al., 2006;

Mattout et al., 2006). However, our most significant finding

reveals large increases in fractions of apoptotic cells in cultures.
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Clearly, such a scenario in tissues would lead to tissue degen-

eration combined with proliferating cells becoming prematurely

senescent as in HGPS due to hyperproliferation (Bridger & Kill,

2004) and then these proliferating cells further displaying

nonproliferating-like behaviour.

In summary, fibroblasts derived from homozygous and

heterozygous individuals with A-type lamin mutations and

heterozygous individuals for emerin mutation display senescent/

quiescent type characteristics at least for genome organization.

Furthermore cells from all laminopathies tested had an

increased fraction of cells in apoptosis and this could be a

consequence of deregulated cell cycle control, possibly acting

through Rb- or p53-associated pathways.

Experimental procedures

Cell culture

The HDF cell lines (see Table 1) were maintained in Dulbecco’s

modified eagles medium supplemented with 10% (v/v) fetal calf

serum (FCS, Invitrogen, Paisley, UK), 20 mM glutamine (Invitrogen)

and 2% (v/v) penicillin/streptomycin (Invitrogen), with the

exception of AGO6297 which was grown in 15% FBS (v/v).

All cells were cultured at 37 °C, in a humidified atmosphere

containing 5% CO2. All the cells used were grown in 10%

serum and were not permitted to become confluent between

passaging. Thus, any cells lacking pKi-67 staining should be

senescent (Kill et al., 1994).

2D fluorescence in situ hybridization

Cells were harvested and swollen in hypotonic buffer (75 mM

KCl) for 15 min at room temperature before fixation in ice-cold

3 : 1 (v/v) methanol/acetic acid. Cells were dropped onto humid

slides and air dried before being aged at 70 °C for 1 h, or at

room temperature for 2 days. After this, slides were dehydrated

through an ethanol row (70%, 90%, 100%, 5 min each), air

dried and prewarmed for 5 min at 70 °C before being placed

in denaturing buffer [70% (v/v) formamide, 2× SSC (300 mM

sodium chloride, 30 mM hydrous tri-sodium-citrate), pH 7;

70 °C] for 2 min. Slides were then immediately plunged into ice

cold 70% ethanol, dehydrated in an ethanol row, air dried and

kept warm.

Total chromosome DNA Probes (Qbiogene, Cambridge, UK)

were prewarmed at 37 °C for 5 min, denatured at 72 °C for

10 min, followed by incubation at 37 °C for approximately 30–

60 min. Some preparations used amplified flow-sorted HSA 18

by performing degenerate oligonucleotide primed polymerase

chain reaction (DOP-PCR) and was subsequently labeled with

biotin-16-dUTP (Boehringer Mannheim, Mannheim, Germany)

and 8 µL PCR probe product, per slide, was combined with 7 µg

C0t1 (Roche, Welwyn Garden City, UK) and 3 µg herring sperm

(BDH, Poole, UK). The nuclei were hybridised with the probe

for 36–60 h at 37 °C. The slides were then washed with wash

buffer A [50% (v/v) formamide, 2× SSC, pH 7; preheated to

45 °C)], followed by wash buffer B (0.1× SSC, pH 7; preheated

to 60 °C), both washes were performed at 45 °C, with three

5-min incubations each. The slides were then placed into 4×
SSC, at room temperature. To detect the biotin-labeled probe,

the slides were then incubated in an humidified chamber for

30 min at 37 °C, in 100 µL per slide of 2× SSC per 4% bovine

serum albumin containing a 1 : 100 dilution of streptavidin

FITC antibody (Amersham Life Sciences Ltd, Buckinghamshire,

UK). The slides were then washed three times, for 5 min each

in 4× SSC containing 0.05% Tween-20, at 42 °C. To determine

if the HDF cells were proliferating or nonproliferating, the slides

were then incubated for 2–3 h at 37 °C or overnight at 4 °C,

with polyclonal rabbit anti-Ki67p (Novocastra, Newcastle upon

Tyne, UK) antibody (diluted 1 : 1500 in 1% new-born calf serum/

phosphate buffered saline (v/v, NCS/PBS). After PBS washes,

the nuclei were incubated with Swine antirabbit TRITC or FITC

(Dako UK Ltd., Cambridgeshire, UK; diluted 1 : 30 in 1% NSC/

PBS) for 1 h at room temperature. Slides were washed again in

PBS and counter stained by mounting in 1.5 µg mL−1 DAPI in

Vectashield-mounting medium. Slides were examined under

100× oil-immersion objective, on a Leica fluorescent microscope

(Leitz DMRB, Leica Microsystems Ltd., Milton Keynes, UK), and

images of random nuclei were collected with a CCD camera

(Sensys, Photometrics Inc, Huntington Beach, USA), using Quips

pathvysion, SmartCapture VP V1.4 (Digital Scientific Ltd.,

Cambridge, UK). Simple erosion analysis was then performed on

the captured images as described in Croft et al. (1999), briefly;

50–60 2D FISH images were run through a script written by P.

Perry (MRC HGU, Edinburgh, UK) in IPLab Spectrum software.

This separates the nuclei into five concentric shells of equal area

eroded from the periphery (shell 1) to the interior (shell 5),

recording DAPI and chromosome probe signal in each shell.

Background was removed from the FISH signal by subtraction

of the mean signal pixel intensity within the segmented nuclei.

To normalise the probe signal the percentage of probe signal in

each segment was divided by the percentage of the DAPI signal

(total DNA) in that segment. Error bars on graphs denote +/–

standard error of the mean. Statistical analysis was performed

with the unpaired, unequal variances, two-tailed Students t-test,

using Excel software.

Indirect immunofluorescence

Human dermal fibroblast cells of a similar passage number

to that used in the 2D FISH experiments were grown on sterile

cover slips and washed in PBS. Cells were fixed in either ice-

cold methanol: acetone [1 : 1 (v/v)] for 10 min at 4 °C, or 4%

(w/v) paraformaldehyde in PBS for 10 min at room temperature,

followed by a wash in PBS. After this the paraformaldehyde-fixed

cells were further treated with 1% (v/v) Triton-X 100 in PBS for

10 min at room temperature, followed with a PBS wash. Primary

antibodies were incubated at 4 °C overnight or for 1 h at room

temperature [mouse monoclonal antilamin A/C (Novocastra)

diluted 1 : 10; mouse monoclonal anti-Emerin (Novocastra)

diluted 1 : 20; rabbit antipKi-67 (Novocastra) 1 : 1000], mouse
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monoclonal anti-Rb (ab-11) (Oncogene Research Products)

1 : 200 and mouse monoclonal anti-Rb clone Rb-10 (pS795)

(Sigma-Aldrich Company Ltd., Dorset, UK) diluted 1 : 1000. The

cover slips or slides were then washed in PBS. Cells were then

incubated for 1 h, at room temperature, in donkey antimouse

FITC or Cy3 (Jackson Immunoresearch Laboratories, Cambridgeshire,

UK, diluted 1 : 60). The cover slips or slides were then washed

in PBS and rinsed in distilled water. Cells were counter stained

by mounting in 1.5 µg mL−1 DAPI in mounting medium (Vector

Laboratories, Ltd, Peterborough, UK). Slides were viewed on

Leica fluorescent microscope (Leitz DMRB).

Apoptosis

The fraction of cells undergoing apoptosis was determined

as described in Bridger & Kill (2004). Briefly, adherent cells were

harvested and resuspended in binding buffer (10 mM HEPES/

NaOH, pH 7.5, containing 140 mM NaCl and 2.5 mM CaCl2) at

a concentration of 106 cells per mL. These cells were two

passages later than those harvested for FISH experiments. The

cell suspension was incubated with 0.5 µg mL−1 Annexin V FITC

conjugate (Sigma-Aldrich) and 2 µg mL−1 propidium iodide

solution (Sigma-Aldrich) for 10 min in the absence of light.

Fluorescence was determined by flow cytometry using a

Beckman Coulter Epics XL-MCL (Beckman Coulter, Bucking-

hamshire, UK). For a positive apoptotic control cells were

subjected to 100 JM2 and assayed after 30 min.
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Supplementary material

Lamin A/C and emerin distribution in human dermal fibroblasts

containing mutations in A-type lamin and emerin.

In the cell lines used in this study, either emerin or lamin A and

C are affected. Both these proteins are found in the nuclear

envelope and both have DNA binding capabilities. Thus, we

analysed the distribution of these proteins and the position of

chromosomes normally associated with the nuclear lamina

(Boyle et al., 2001).

The distributions of A-type lamins and emerin were analysed in

the cell lines described in Table 1. After indirect immunofluo-

rescence analysis with anti-lamin A/C and emerin antibodies,

cells were classified by the staining patterns displayed in

Figure S1. The categories are nuclear envelope (NE) rim only

(Figure S1A,F), NE with internal foci (Figure S1B,G), internal

foci only (Figure S1I), honeycomb pattern (Figure S1C,H),
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homogenous staining throughout the nucleus (Figure S1D)

or negative (Figure S1E,J). Figure S1K and L show the fractions

of cells displaying each pattern. Unlike lymphoblastoid cells (see

Meaburn et al., 2005) A-type lamin and emerin distributions

appear fairly normal apart from in R298C-/-delK37y- and

ED5364 which both have mutations in emerin, resulting in loss

of emerin at the NE. Indeed, ED5364 cell line at the time of

fixation for FISH contained only 13% of the emerin found in

control cells and an absence lamin C, as determined by Western

blot (data not shown). In a small subset of nuclei in E358K,

R482L and R527H-/- cells an abnormal honeycomb-like staining

pattern of emerin was observed (Figure S1H). A similar staining

pattern was also observed for anti-lamin A/C in R298C-/-

delk37y/-, E358K, R482L, R527H-/-, R527H+/-F and R527P but

not in AG06297 (Figure S1C). This is not a novel finding, the

interesting distribution of these NE proteins has been observed

in cell lines from laminopathy patients and in heterozygous

carriers and was not seen in control HDF 1HD (Vigouroux et al,
2001; Novelli et al., 2002; Capanni et al., 2003; Muchir et al.,
2004).

The following supplementary material is available for this article:

Fig. S1. Indirect immunofluorescence of lamin A/C and emerin

in laminopathy. Laminopathy HDFs stained for the presence

of lamin A/C (green, A–E) or emerin (green, F–J) and counter

stained with DAPI (blue). A and F display representative nuclei

with nuclear envelope rim only staining, B and G display rep-

resentative nuclei with rim staining with internal foci, C and H

display representative nuclei with honeycomb staining pattern,

D displays a nucleus with a homogenous lamin A/C staining pat-

tern, whereas I displays a nucleus with internal foci of anti-emerin

staining and E and J display nuclei negative for anti-lamin A/C

staining and anti-emerin staining, respectively. The scale bar

= 10 µm. The fraction of cells from each cell line displaying the

individual staining patterns are shown by histograms in K and

L for anti-lamin A/C and anti-emerin staining, respectively.

Homogenous staining for lamin A/C was observed in <1% of

cells and is not displayed in the graph (Figure S1K).

This material is available as part of the online article from:

http://www.blackwell-synergy.com/doi/abs/10.1111/j.1474-

9726.2007.00270.x

(This link will take you to the article abstract).
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