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Abstract

We have applied the fluorescence loss of intensity after photobleaching (FLIP) technique to study the molecular dynamics and

organization of nuclear lamin proteins in cell lines stably transfected with green fluorescent protein (GFP)-tagged A-type lamin cDNA.

Normal lamin A and C proteins show abundant decoration of the inner layer of the nuclear membrane, the nuclear lamina, and a generally

diffuse localization in the nuclear interior. Bleaching studies revealed that, while the GFP-tagged lamins in the lamina were virtually

immobile, the intranuclear fraction of these molecules was partially mobile. Intranuclear lamin C was significantly more mobile than

intranuclear lamina A.

In search of a structural cause for the variety of inherited diseases caused by A-type lamin mutations, we have studied the molecular

organization of GFP-tagged lamin A and lamin C mutants R453W and R386K, found in Emery–Dreifuss muscular dystrophy (EDMD), and

lamin A and lamin C mutant R482W, found in patients with Dunnigan-type familial partial lipodystrophy (FPLD). In all mutants, a prominent

increase in lamin mobility was observed, indicating loss of structural stability of lamin polymers, both at the perinuclear lamina and in the

intranuclear lamin organization. While the lamin rod domain mutant showed overall increased mobility, the tail domain mutants showed

mainly intranuclear destabilization, possibly as a result of loss of interaction with chromatin. Decreased stability of lamin mutant polymers

was confirmed by flow cytometric analyses and immunoblotting of nuclear extracts.

Our findings suggest a loss of function of A-type lamin mutant proteins in the organization of intranuclear chromatin and predict the loss

of gene regulatory function in laminopathies.

D 2004 Elsevier Inc. All rights reserved.

Keywords: Lamin-GFP; Laminopathies; Fluorescence loss of intensity after photobleaching; Vital imaging
Introduction

The development of green fluorescent protein (GFP)

technology in recent years has boosted the use of bleaching

techniques, including the commonly used fluorescence

recovery after photobleaching (FRAP) and fluorescence loss

of intensity after photobleaching (FLIP) techniques [1,2].
0014-4827/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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Bleaching techniques can be pivotal for the characterization

of the molecular organization of fluorescent molecules. If

alterations in bleaching behavior are encountered, a change in

polymerization or a change in association with other

molecules is especially likely.

Nuclear lamins are proteins organized into a fibrous

network at the inner layer of the nuclear membrane. There-

fore, it is suggested that lamins play a key role in providing

structural support to the nuclear membrane. Next to the

ubiquitously expressed B-type lamins, lamins B1 and B2

[3,4], most highly differentiated cells express A-type lamins.

These proteins, lamin A, lamin AD10, and lamin C, are
h 304 (2005) 582–592
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encoded by the A-type lamin (LMNA) gene [5,6]. In addition

to perinuclear lamins, lamins can be found in intranuclear

regions as tubule-like structures as well as in a fine veil-like

network [7,8]. Their interaction with heterochromatin sug-

gests an important function in the maintenance of chromatin

organization and gene transcription (for a recent review, see

Ref. [9]). Yet, their importance in these processes is still a

matter of debate, despite the increased knowledge of the

function of these proteins. While the discovery of A-type

lamin mutations (causing laminopathies) as well as the

generation of A-type lamin knockout mice has provided

some insight into their function, the complexity of clinical

symptoms simultaneously raised several additional func-

tional questions.

Mutations in the lamin A/C gene (LMNA) appear to be

responsible for at least eight inherited disorders, including

the autosomal form of Emery–Dreifuss muscular dystrophy

(EDMD), limb girdle muscular dystrophy, Dunnigan-type

familial partial lipodystrophy (FPLD), dilated cardiomyop-

athy, mandibuloacral dysplasia, Charcot–Marie–Tooth dis-

order type 2, and two types of Progeria, Hutchinson–

Gilford Progeria and atypical Werner syndrome [9–11]. In

addition, the combination of Lamin A and ZMPSTE24

defects has been shown to cause restrictive dermatopathy

[12]. The relation between LMNA mutations and the

development of these different diseases is unclear. Poten-

tially, disturbed functions include a diminished mechanical

support for the nuclear membrane, which would lead to

nuclear fragility. Alternatively, disrupted chromatin orga-

nization could alter gene expression and even DNA

replication characteristics.

At the nuclear membrane level, the absence of A-type

lamins appears to induce structural changes, including the

loss of emerin, and nesprin 1a from the nuclear membrane

[13,14]. However, studies on abnormalities in cells from

(heterozygous) mutant patient material or cells transfected

with mutant lamins yielded partly contradictory results. For

instance, while some studies could find no nuclear abnor-

malities in nuclei of cells transfected with R482W A-type

lamin mutants [15,16], others [17] did see clear nuclear

abnormalities in fibroblast cells from patients with this

mutation.

In order to study nuclear lamina organization in affected

cells, we have generated GFP-A-type lamin constructs with

point mutations identical to those seen in patients. Cells

were transfected with these constructs and the integrity of

the GFP-lamin polymers was examined using the FLIP

technique in living cells. We chose to examine two

different LMNA mutations occurring in the autosomal

form of EDMD, R386K and R453W [18,19], and a LMNA

mutation, R482W, characteristic for patients with FPLD

[20,21]. The R386K mutation is in the rod domain of

lamin A/C, while the other two mutations are localized in

its tail domain [22]. While the effects of several of these

mutations on lamina organization were already studied

previously [15–17,23,24], these studies did not examine the
effect on internally localized lamins. Moreover, this is the

first study that examines the feasibility of FLIP to study

organization of lamins at the molecular level. In order to

avoid artefacts due to transfection and overexpression, we

chose to examine exclusively cell lines stably transfected

with GFP-tagged mutant A-type lamins, with GFP-lamin

expression levels similar to native A-type lamins. The use

of the boldQ temperature-sensitive GFP vector ps65T-C1,

permitting a controlled expression of lamin-GFP during

only a limited period of time [25], can avoid the occurrence

of structural nuclear abnormalities as seen in cells trans-

fected with lamin-EGFP [23].

Based on FLIP and supported by conventional cellular

extraction methods, it become obvious that most mutant

lamins studied are more loosely organized, both in the

lamina and in intranuclear areas.
Materials and methods

Mutant constructs

cDNA-encoding prelamin A [26] was cloned into the

ps65T-C1 vector (Clontech Laboratories, Inc., Palo Alto,

CA) to generate plasmid constructs encoding lamin A-GFP.

Lamin C-GFP was generated as described previously [8].

cDNAs encoding mutant forms of lamin A and C were

made using the Transformerk Site-Directed Mutagenesis

Kit (Clontech) following the manufacturer’s instructions.

R386K and R453W are identified in patients with autoso-

mal-dominant EDMD [18,19]; while R482W is found in

patients with FPLD [20,21].

Transfection

CHO-K1 cells were transfected overnight with mutant

constructs using DOTAP (Roche Diagnostics, Almere, The

Netherlands) according to the manufacturer’s instructions.

After selection for stable transfectants by geneticin (G418,

500 Ag/ml, Gibco-Invitrogen Life Technologies, Carlsbad,

CA, USA), cells were subcloned to single-cell colonies by

limited dilution. GFP-expressing colonies were selected

using an inverted fluorescence microscopy and used for

further experiments. Comparison of cells transfected with A-

type lamin EGFP or with A-type lamins in pS65T-C1 showed

that clones generated with the former construct showed

significantly more nuclear abnormalities, including forma-

tion of multinucleated cells, prominent nuclear enlargement

and folding, and indentation of the nuclear membrane (data

not shown). Therefore, no EGFP-tagged lamins were

examined further.

FLIP

Fluorescence intensity in living cells was measured

using a MRC600 confocal microscope (BioRad, Hemel



J.L.V. Broers et al. / Experimental Cell Research 304 (2005) 582–592584
Hempstead, UK), equipped with an air-cooled Argon–

Krypton mixed gas laser and mounted onto an Axiophote

microscope (Zeiss), using an oil-immersion objective

(40�, NA = 1.3). The laser-scanning microscope was

used in the dual parameter set-up, according to the

manufacturer’s specifications, using dual wavelength

excitation at 488 and 568 nm. Emission spectra were

separated by the standard sets of dichroic mirrors and

barrier filters. Comos software (BioRad) was used for

bleaching setup. Cells grown on glass coverslips for at

least 2 days were exposed to a bleaching regimen,

consisting of prebleach recording, bleaching, and post-

bleach recording.

In the prebleach recording phase, the central optical

slice of a nucleus was determined and a picture was

recorded in the Kalman filtering mode (five scans) with a

laser setting of 1% of full laser power. To obtain optimal

bleaching, scanning was performed at a 30� zoom

(vertical box recording setting, i.e., 368 � 512 pixels),

in our system is equivalent to scanning a rectangular area

of 5 � 7.5 Am. This area was exposed to a repetitive

series (15�) of 10 bleaching scans at fast (F3) scan

speed at full laser power (100%). The interval between

the start of each bleaching round was set at 15 s. As a

result, duration of the complete bleaching regimen was

approximately 230 s. This bleaching regimen is capable

of bleaching all free mobile fluorescent molecules within

a cell, as determined by bleaching cells transfected with

the ps65T-C1 vector (encoding GFP only), and by

bleaching the fluorescence of A-type lamin-GFP in

mitotic cells. In fact, most mitotic cells showed no

longer fluorescence already after 10 rounds of bleaching

(data not shown). The bleaching series was immediately

followed by a postbleach recording with settings identical

to the prebleach recordings.

Fluorescence intensities of selected cellular regions

before and after bleaching were compared with NIH

Image software (version 1.62, Wayne Rasband, National

Institutes of Health, USA). Identical regions in cells

before and after bleaching were selected and the mean

fluorescence intensity expressed in pixel values (1–256)

was measured in these regions. The relative loss of

intensity was calculated for each region after background

subtraction. For each cell average intensities were

measured for the following areas: lamina (nuclear

membrane), intranuclear area without any visible struc-

tures, intranuclear tubules (if present), nucleolus (if

visible), background area, and bleached areas (only after

bleaching). In all recording, the intensity measured in the

bleached area corresponded to the background signal.

From each subclone of a particular mutant, 10–15 cells

were chosen with an average fluorescence intensity and

subjected to the FLIP regimen. Cells with very brightly

fluorescent intranuclear aggregates were excluded, as well

as cells with fluorescence intensity too low to correct for

background variations.
Preparations of whole cell lysates

Cells were cultured in 75-cm2 tissue culture flasks (Costar,

Corning Costar Europe, Badhoevedorp, The Netherlands).

Cells were detached by trypsin and after centrifugation the

pellet was resuspended in ice-cold lysis buffer (containing

62.5 mM Tris–HCl, pH 6.8, 12.5% glycerol, 2% NP40,

2.5 mM phenylmethylsulphonyl chloride (PMSC), 1.25 mM

EDTA, 12.5 Ag/ml leupeptin, and 116 Ag/ml aprotinin). Next,

cell suspensions were incubated on ice for 30 min, dissolved

(1: 1) in SDS-sample buffer, boiled for 5 min, and then

frozen at �208C until use in immunoblotting.

Nuclear extraction studies

Cells were resuspended by trypsin treatment and extracted

using 0.5% Triton X-100 in CSK buffer (10 mM PIPES; pH

7.0; 100 mM NaCl; 300 mM sucrose; 3 mM MgCl2; 1 mM

EGTA containing 0.5 mM PMSC) for 7 min at 08C, followed
by Dnase I treatment (2 Ag/ml DNAse, 30 min at RT). Next,

cytoskeletal proteins were extracted by 2 mg/ml sulpho-

NHS-acetate in CSK-buffer; 20 min at room temperature,

which allows the removal of DNA attached to nuclear

scaffold proteins concurrently with proteins attached to DNA

and not to the nuclear scaffold [27]. This reaction was stopped

by the addition of 10 mM glycine, followed by fixation in 4%

formaldehyde in PBS, containing 1% BSA. Fluorescence

intensity of different fractions of these cellular remnants (no

extraction, extraction with Triton X-100 only, and extractions

followed by sulpho-NHS treatment) was measured by flow

cytometric analysis. Flow cytometric analyses were per-

formed essentially as described [28]. Different fractions of

lamin GFP-transfected cells were analyzed using a FACSort

flow cytometer and Cellquest analysis software (Becton

Dickinson, Sunnyvale, CA). Excitation was done at 488 nm

and emission was detected using a 515- to 545-nm bandpass

filter.

For immunoblotting, nucleo-cytoskeletal fractions were

prepared as follows: cells were rinsed with ice-cold PBS and

then harvested by scraping in ice-cold RSB buffer contain-

ing 10 mM Tris–HCl, pH 7.4, 10 mM NaCl, 1.5 mM

MgCl2, and 0.5 mM PMSC. Next, the cell suspension was

extracted in 0.5% Triton X-100 in RSB buffer for 10 min on

ice, followed by incubation in buffer containing 1 Ag/ml

DNase I (Sigma), 50 Ag/ml RNase A (Sigma), 10 mM Tris–

HCl, pH 7.4, 110 mM NaCl, 1.5 mM MgCl2, and 0.5 mM

PMSC, for 20 min at RT. Next, cells were exposed to high

salt extraction (500 mM NaCl in PBS) for 20 min at room

temperature. Finally, after washing with RSB buffer, the

pellet was dissolved 1:1 in SDS sample buffer, boiled for

5 min, and stored at �208C for gel electrophoresis.

Gel electrophoresis and immunoblotting were per-

formed as described previously [29]. After blocking in

0.5% Triton X-100/PBS buffer containing 3% nonfat dry

milk, cells were incubated with mouse antibody JOL2

(IgG1; dilution 1:50). This antibody reacts with an epitope
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(amino acids 464–572) in the C-terminal domain of lamin

A, AD10, and C [30]. A secondary antibody peroxidase-

conjugated rabbit anti-mouse Ig (DAKO A/S, Glostrup,

Denmark) was used. Peroxidase activity was detected by

chemiluminescence (Pierce, Rockford, IL, USA). Finally,

RX Fuji medical X-ray films (Fuji, Tokyo, Japan) were

used for the visualization of luminescent signals.
Results

Altered localization of mutated GFP lamins

In contrast to some previously published papers, we

chose to examine the nuclear localization of lamins and

nuclear membrane-related proteins in stably transfected,

cloned cell lines only. Subclones with apparent normal

nuclear localization were selected and used for further

analyses. While for each mutant a spectrum of intranuclear

localization pattern was observed, this spectrum was

retained within most of the subclones. Therefore, only one

subclone for each mutant was chosen for analysis. Fig. 1

shows representative cells from transfections with wild-type

(wt) lamin A-GFP, wt lamin-C-GFP, and mutant clones.

Both in normal and in mutant clones it is clear that lamin C-

GFP shows more intranuclear signal than lamin A-GFP

(compare panels A and B).

Characteristic for the lamin A-R386K-GFP (Figs. 1A3

and A4) and lamin C-R386K-GFP (Figs. 1B3 and B4)

mutants was the observed change in ratio between the

nuclear membrane and the nuclear interior. Compared

with wt lamin A or C transfected cells, relatively more

signal was observed in intranuclear areas, mainly seen as

a diffuse intranuclear labeling. The bright intranuclear

fluorescence almost completely masks the lamina fluo-

rescence, which only becomes clearly visible after

bleaching (Fig. 2). Furthermore, these mutants displayed

the absence of fluorescent intranuclear tubules.

Comparison of lamin A R453W-GFP (Figs. 1A5 and

A6) and lamin C R453W-GFP (Figs. 1B5 and B6) with

wt lamin A or lamin C-GFP showed subtle alterations in

localization of the transfected protein, both in the ratio

between nuclear membrane and nuclear interior fluores-

cence. Careful examination of transfected cells with

confocal microscopy showed irregular fluorescence dis-

tribution along the nuclear rim and even sometimes a

pronounced absence of lamin A R453W-GFP and lamin

C R453W-GFP in particular nuclear membrane areas (Fig.

1A5, arrow; 1B5 and B6, arrow). This pattern was only

rarely observed in wt lamin A- or C-transfected cells. In

addition, fluorescence signal was often very pronounced

in irregular intranuclear aggregates. Tubular structures

extending from the nuclear membrane into the nuclear

interior were not observed. Most cells appear to have a

reduced level of diffuse lamin labeling in intranuclear

lamins.
Lamin A R482W-GFP (Figs. 1A7 and A8) patterns

were very similar to lamin A 453W-GFP mutants, i.e., an

uneven distribution over the nuclear membrane, with

locally complete absence of fluorescence (Fig. 1A7, arrow)

and the presence of highly irregular intranuclear aggre-

gates. Cell lines of the R482W mutant showed a striking

difference between lamin A R482W-GFP and lamin C

R482W-GFP uptake in the nucleus in part of the cells. In

the lamin C R482W-GFP transfectant (Figs. 1B7 and B8),

some GFP signal can be seen as a diffuse fluorescence

outside of the nucleus. Moreover, the intense, diffuse

labeling of the nuclear interior of these cells completely

covers the characteristic nuclear rim labeling in some cells.

In other cells, pronounced intranuclear tubular structures

were seen, with a much more irregular appearance than wt

cells.

Fluorescence loss of intensity after photobleaching

Characteristic bleaching behaviors for normal and mutant

A-type lamins are shown in Figs. 2A–D. Average percen-

tages of fluorescence retained after photobleaching in

denoted areas are shown in Figs. 3A and B. Comparison

of normal lamin A-GFP with lamin C-GFP showed that both

proteins had almost identical bleaching characteristics at the

nuclear rim (loss in lamina intensity) with an average

retention of 95% and 88%, respectively (Figs. 2A and 3A).

The same held true for intranuclear tubules, which appeared

to be similarly stable (calculations not shown), and for

diffuse intranuclear areas (Fig. 3B).

In contrast, an increased solubility of intranuclear

(diffuse) fluorescence was observed in lamin C-GFP-trans-

fected cells (retainment 88% vs. 55%, respectively; Figs. 2A

and B). While lamin C-GFP showed more diffuse intra-

nuclear lamins, these proteins appeared to be significantly

more mobile than lamin A-GFP. Strikingly, intercellular

variation in fluorescence retainment in lamin C-GFP-trans-

fected cells was much larger than lamin A-GFP-transfected

cells, ranging from 20% to 80% retainment in the internal

nucleus.

The R386K mutant is characterized by the large loss of

fluorescence both in the lamina and in intranuclear areas (Fig.

2B). Only about half of the fluorescence intensity of lamin A

R386K-GFP (54%) is retained in the lamina after bleaching,

while in intranuclear areas 20% is retained. An even more

dramatic decrease of signal is observed in the lamin C

R386K-GFP mutant with an almost complete loss of mutant

lamin C fluorescence both in the lamina and in intranuclear

areas (retainment of 7% and 2%, respectively) after photo-

bleaching. In several lamin C R386K-GFP-transfected cells,

no lamina signal at all was retained after bleaching, indicating

that this mutant seems to have lost most of its capability to

participate in a structural lamin network. Bleaching of the

other two mutants revealed more subtle differences in

bleaching behavior. Calculations of the loss of intensity in

the lamina showed that lamin A R453W-GFP did integrate



Fig. 1. Comparison of fluorescence patterns in CHO-K1 cells stably transfected with A-type lamin-GFP. (A) Lamin A-GFP and lamin A-GFP mutants. Wild-

type (wt) lamin A-GFP shows an evenly GFP-decorated nuclear lamina, modest amounts of intranuclear lamins, and variable amounts of intranuclear tubules

(A1 and A2). The lamina A R386K-GFP mutant shows much more diffuse intranuclear labeling, with only occasional intranuclear tubules (A3 and A4). The

lamin A R453W-GFP (A5 and A6) and lamin A R482W-GFP (A7 and A8) mutants showed similar patterns with irregular decoration of lamins at the nuclear

membrane (arrows) and in the nuclear interior. (B) Lamin C-GFP and lamin C-GFP mutants. Compared to wt lamin A in general, more diffuse intranuclear

lamin C can be observed (B1 and B2). In the lamin C R386K-GFP mutant, the decoration of the nuclear membrane cannot be distinguished from the bright

diffuse intranuclear labeling (B3 and B4). Note the absence of intranuclear aggregates and tubules in these cells. In the lamin C R453W-GFP mutant, the

irregular decoration of the nuclear membrane is striking (B5 and B6, arrow). Pronounced intranuclear aggregates and absence of tubules are characteristic. The

lamin C R482W-GFP mutant (B7 and B8) shows variable amounts of this protein in the cytoplasm (arrow). In cells with large amounts of this protein in the

cytoplasm, a strongly reduced labeling of tubules and nuclear membrane can be found (B7). However, some cells do show membrane labeling, next to

intranuclear aggregation (B8). Scale bars represent 10 Am in all pictures.
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quite well into the lamina, and no significant differences with

wt lamin A-GFP in bleaching loss were found (Fig. 2C). Still,

integration into the intranuclear areas of the cell was

significantly decreased (P b 0.005, Student’s t test).

Integration of lamin C R453W-GFP both into the lamina

and into intranuclear areas was significantly reduced (P

values of 0.003 and 0.005, respectively, Student’s t test).

Bleaching of lamin R482W-GFP mutants showed a

moderate loss of intensity in the lamina with the lamin A

R482W-GFP mutant (P value 0.064 when compared with

wt lamin A-GFP, Student’s t test), while a very pronounced

loss was seen in the lamina with the lamin C R482W-GFP

mutant (P b 0.006).

Loss of signal in intranuclear areas was much more

significant (P values of 0.0001 and 0.003 for lamin A
and C, respectively, Student’s t test). Interestingly, the

fluorescence signal seen in the cytoplasm of these cells

was also lost during bleaching, indicating that these

molecules were freely interchangeable between the two

compartments (Fig. 2D).

Biochemical extraction

In order to confirm the increased solubility of most of

the mutant lamins investigated, we performed nuclear

protein extractions and analyzed them at cellular level by

flow cytometric analysis as well as by immunoblotting.

Comparison of fluorescence intensities by flow cytom-

etry (Fig. 4) showed that in all mutants the extraction by

Triton X-100 and sulpho-NHS resulted in a relatively



Fig. 2. Fluorescence loss of intensity studies on CHO-K1 cells transfected with wt lamin A-GFP (A1–4), wt lamin C-GFP (A5–8), and the GFP-tagged A-type

lamin mutants R386K (panel B), R453W (panel C), and R482W-GFP (panel D). Panels A1 and A2: example of different areas measured in cell before and after

photobleaching. la = lamina, int = intranuclear region, bg = background, bl = bleached area. For clarity, only the rectangle of the bleached area is shown in the

other panels. Note that bleaching for lamin A has only limited effect on fluorescence intensities outside of bleached region (A1–4). Bleaching of lamin C

revealed stable lamina fluorescence in most cells (A5–8) with, however, a significant decrease in intranuclear labeling (A7 and A8). Panel B: note the overall

decrease in lamina and intranuclear areas for lamin A R386K-GFP (B1 and B2) and the dramatic decrease to barely detectable levels for the lamin C R386K-

GFP mutant (B3 and B4). Panel C: note the stability of lamin A R453W-GFP mutant fluorescence at the lamina and intranuclear aggregates after

photobleaching (C1 and C2), while for the lamin C mutant a significant decrease both at the peripheral lamina and the nucleoplasm is observed (C3 and C4).

Panel D: loss of fluorescence is limited in the lamina for the lamin A 482W-GFP mutant (D1 and D2), while a considerable loss is seen in the lamin C R482W-

GFP mutant (D3 and D4). Note in addition that the cytoplasmic signal in this bleached cell is lost, indicating that these molecules can diffuse rapidly into the

nucleus. Cytoplasmic signal from neighboring cells, however, is not affected (arrow).
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larger loss of fluorescence as compared with wt lamin-

GFP. Fig. 4 shows a comparison of extractions performed

with lamin C-GFP and with the three lamin C-GFP

mutants. Indeed, in all three mutants, increased extract-
ability was observed, with the best retention in the

mutant showing the least bleaching in the FLIP studies

(lamin C R453W-GFP), and an almost complete loss of

fluorescence in the lamin C R386K-GFP mutant, similar



Fig. 3. Summary of fluorescence loss of intensity measurements. Mean

values of retained fluorescence in the perinuclear lamina (A) and diffuse

intranuclear regions (B) are given with standard errors. Statistical analyses

were performed using Student’s t test, comparing lamin A-GFP with lamin

A mutants and lamin C-GFP with lamin C mutants. Asterisks indicate

significant ( P b 0.05) differences.
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to the bleaching studies (compare Figs. 2 Figs. 3 Figs. 4).

Extraction with sulpho-NHS was performed, since a

previous study indicated that this extraction would

differentiate between (lamin) molecules associated with

DNA in the nucleus and molecules not associated with

DNA. Since we suspect that mutant lamin-GFP is less

well associated with chromatin than wt lamin-GFP, we

expected to find that the additional sulpho-NHS treatment

after Triton X-100 extraction would cause more loss of

signal in the wt lamin transfected. However, such a

distinction could not be found with the cells examined

(comparison not shown).

Different extractions on cell populations for immuno-

blotting (Fig. 5) showed that mutant GFP-tagged lamins

could more easily be extracted from cells than wt GFP-

tagged lamins. While lamin C-GFP was largely resistant

to Triton X-100 extraction, followed by high-salt treat-

ment, most of the mutant signal (in this case lamin C

R482W-GFP) was lost upon extraction by 500 mM

NaCl.
Discussion

In this study, we have compared the molecular organ-

ization of different mutant forms of A-type lamin proteins.

Integration of lamins into internal nuclear structures can be

observed at three distinguishable levels The first and the

most prominent level of organization is at the nuclear

envelope, where lamins are organized into a thick meshwork

of lamin polymers, the nuclear lamina [31]. The exact

lamina organization remains unclear, since lamins, in

contrast to other intermediate filaments, have only a limited

tendency to form filaments in vitro [32]. Yet, it is clear that

the lamina is mainly formed by A- and B-type lamins,

tightly anchored to the nuclear membrane by several inner

nuclear membrane binding proteins, including LAP2 iso-

forms, the lamin B receptor (LBR), nurim, the MAN

antigen, otefin, and emerin [9,33]. Recently, several new

inner nuclear membrane proteins have been discovered.

These include the ring-finger binding protein RFBP, luma,

and the group of nesprin/myne-1 proteins [34] (for a review,

see Ref. [35]). The molecular interaction between these

lamina-associated proteins and lamins remains obscure.

Recent studies indicate that lamins keep the lamina-

associated proteins localized to this membrane, rather than

the membrane proteins holding lamins. Absence of lamins

causes the loss of emerin from the nuclear membrane into

the cytoplasm [14]. In addition, nesprin 1alfa becomes

mislocalized with emerin to the endoplasmic reticulum in

human fibroblast cells lacking A-type lamin expression

[13]. Moreover, LAP2 beta as well as lamin B becomes

absent from large areas of the nuclear membrane in LMNA

null cells [13,14] or LMNA mutant cell lines [17].

The second level of lamina organization is the presence

of prominent intranuclear tubule-like structures, the function

of which remains largely unknown. These structures, partly

resulting from invaginations of the nuclear membrane and

partly consisting of lamins not associated with the nuclear

membrane [8,36], penetrate deep into the nucleus and often

transverse the complete nucleus, suggesting a potential

transport function. Unclear so far is whether these tubule-

like structures correspond to some of the intranuclear

speckles observed by other groups [37].

The third level of lamina organization is a so-called veil-

like [7] network of lamin proteins seen as diffuse internal

nuclear fluorescence by immunocytochemistry and GFP

tagging of lamins [7,8]. While the resolution of light

microscopy is not sufficient to reveal any structure in this

veil, it has been shown that there is a molecular organization

of these proteins to each other or to other intranuclear

structures, since bleaching studies showed that these

proteins are only partly freely mobile [7,8]. This level of

organization could well represent the intranuclear 10-nm

filaments, visible at EM level using specialized nuclear

extraction techniques [38]. However, the head and tail of

lamins seem to prohibit the typical filament formation [32].

The possible alterations at this level of organization have



Fig. 4. Flow cytometric analysis of fluorescent signal before and after Triton X-100 and sulpho-NHS extraction. A: wt lamin C-GFP, B: mutant lamin C

R386K-GFP, C: lamin C R453W-GFP, D: lamin C R482W-GFP. Note that especially lamin C R386K-GFP fluorescence is susceptible to extraction.
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gained our special attention, since it has been stated that

lamins could form a framework for transcription regulation

[38]. Since most potentially active genes are not localized at

the periphery, but in well-defined transcriptional complexes

in the nuclear interior [39], one would expect that if lamins

have a functional role in this process, they should indeed by

localized in these regions. As a consequence, loss of gene

regulatory function, as predicted in laminopathies, should be

reflected in the loss of intranuclear lamin organization.

Mutations in A-type lamins cause a spectrum of diseases

ranging from EDMD to Hutchinson–Gilford progeria and

atypical Werner syndrome [40]. Several studies have

already shown that most A-type lamin mutations result in

nuclear abnormalities, including frequent blebbing or

dherniationsT, large-scale alterations in nuclear shape,

increased separation of the inner and outer nuclear

membranes, clustering of nuclear pores, loss of some inner

nuclear membrane proteins from one pole of the nucleus,

and disruption of the underlying electron-dense hetero-

chromatin. These abnormalities can be observed in cells

lacking A-type lamins [13,14,41], in cells from patients

with A-type lamin mutations [17,42], and in cells trans-

fected with A-type lamin mutants [15,23,24,43]. However,

the extent of these alterations seems to be highly variable,
especially in cultured cells, in which A-type lamin-

containing cells are transfected with mutant forms of A-

type lamin constructs. Even the effects of the same

mutation on nuclear morphology appear to vary. For

instance, the R482W or R482Q mutants in FPLD cause

no visible abnormalities in A-type lamin localization and

association with other nuclear proteins after transient

transfection [15,16,24]. However, other studies show

nuclear alterations in a minority of cells in cultured

fibroblasts from a patient carrying this mutation [17] or

the R482L mutation [44]. A major difference between the

two systems could be the fact that in all transfection studies

performed so far only transiently transfected cells were

studied. In order to possibly solve this issue we have

generated stable transfectants.

FLIP experiments on normal A-type lamins tagged with

GFP confirmed that these proteins are very stably incorpo-

rated into the nuclear lamina (see also Refs. [7,8,45]), since

these proteins could not be bleached by repetitive bleaching

in a nearby area of the nucleus. A considerable amount (up

to 90%) of intranuclear lamins, visible as a diffuse

fluorescence pattern in GFP-lamin-transfected cells,

appeared also immobile. However, about half of the cells

transfected with lamin C showed a much higher intranuclear



Fig. 5. Immunoblotting of total cellular extracts (upper panel) of CHO cells

transfected with lamin C-GFP and lamin C R482W-GFP, identifying the

lamin C-GFP protein (wt.) or lamin C R482W-GFP (mut.), next to native

lamins A and C of CHO-K1 cells. In cells transfected with wt lamin C-GFP

(middle panel), the high-salt treatment (+NaCl, right) had only little effect

on the intensity compared to lamin C-GFP signal in Triton X-100-extracted

cells (Tx100, left). Lower panel: Triton X-100 extraction followed by high-

salt extraction of CHO cells transfected with lamin C R482W-GFP resulted

in a considerable loss in lamin C R482W-GFP signal (compare left and

right lane), while native lamin A and lamin C remained to a large extent

present in these extracts.
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lamin mobility. These data suggest a dynamic shuttling of

lamin C molecules from immobile nuclear complexes into a

diffusible nucleoplasmic state. In contrast to previous

studies that assigned this more soluble state to the beginning

of G1-phase for lamin A(-GFP) [7], we could not find such

a correlation for lamin C, nor did we find a relation between

mobility levels and other cell cycle phases (data not shown).

Our studies on mutant lamin localization based on

confocal fluorescence microscopy alone confirmed most

findings of previous studies. However, because of the rigid

selection of apparently normal looking clones, we have

largely excluded abnormalities due to the transfection and/or

integration into the genome. As a result, most mutants we

have examined exhibited only limited morphological

abnormalities. Clearly the most dramatic structural changes

are seen in the R386K-GFP mutant, with a prominent

reduced incorporation into the nuclear lamina. R453W-GFP

and R482W-GFP mutants showed only limited abnormal-
ities, such as uneven lamina thickness. In addition, the loss

of well-structured tubules was notable in all mutants.

Bleaching studies of different mutants did not show a

significantly compromised assembly at the level of the

lamina for two out of three lamin A mutants compared to wt

lamin A. However, all three lamin C mutants showed a

decreased ability to stably integrate into the nuclear lamina

compared to lamin C. These differences imply a different

effect of identical mutations, when they occur either in

lamin A or in lamin C, stress the differential behavior of the

two lamin proteins, and suggest a different role in the

formation of the nuclear lamina. Combined with the known

differences in processing between lamins A and C [46], as

well as differential levels of expression in differentiated

cells [47,48], it is likely that the contribution of each

(mutant) lamin to this disorganization will be different.

Mutations in the rod domain of lamin proteins are

predicted to have more impact on lamina organization than

tail domain mutations, since lamin dimer formation is

achieved via the alpha-helical rod domains [49]. While a

recent study indicated that most of the known coil-2b A-

type lamin mutations, including R386K, do not have a

major impact on coiled-coil dimer formation itself, it is

suggested that these mutations affect molecular interactions

in higher-order filament assembly [49]. Indeed, a previous

study showed that mutations in the rod domain affect the

assembly of the lamina in transfected LMNA-deficient cells

[16]. Our study confirms that the lamin A- and the lamin C

R386K-GFP proteins exhibit a pronounced disturbance in

lamina association and exhibit the highest mobility as

compared to R453W and R482W mutants. These two other

mutants, with mutations localized in the carboxy terminal

tail region of the molecule, show a more stable nuclear

envelope localization. Compared to wild-type lamins,

however, these latter two mutants show a compromised

association with intranuclear structures. The carboxy termi-

nal region of A-type lamin proteins is known to contain a

DNA-binding region and A-type lamin proteins containing

the R482Q or the R482W mutation show a 5-fold decrease

in affinity to DNA [50]. While nothing is published about

the affinity to DNA of the R453W mutant, this mutation

does also occur in this DNA-binding region of the A-type

lamin proteins (AA 411–553) [50] and could thus affect

DNA affinity as well. The increased intranuclear mobility

could thus very well reflect the decreased association with

DNA in these mutants. From a previous study it was

predicted that the R453W and not the R482W mutation

destabilizes the A-type lamin carboxy terminal domain

structure [22]. These apparent structural differences are not

reflected in our bleaching studies, since both mutants

behaved essentially similar.

Clearly, more research should be performed to solve this

issue. Meanwhile, evidence is accumulating that lamina

disorganization causes not only nuclear [51], but also total

cellular weakness [52]. In this respect, the absence of

tubules in mutant cells could add to the reduced mechanical
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stiffness. Whether these tubules do perform a structural

support function is not yet shown. Mechanical weakness

explains part of the symptoms seen in patients with

laminopathies, especially those associated with muscle

wasting and muscular weakness, since mechanical weaken-

ing of vascular endothelial and smooth muscle cells may be

the initial pathological event leading to these symptoms

[53]. However, mechanical factors alone do not seem to

explain all of the symptoms in these patients, such as severe

conduction disturbances, often resulting in sudden heart

failure. An explanation for these symptoms could be the loss

of gene regulatory functions in these cells. Indeed, in normal

cells, the association with the retinoblastoma gene protein

[54,55] and with transcription factors SREBP1 [56], BAF

[57], and MOK1 [58] was shown. Loss of association with

Rb and with SREBP1 was found in LMNA�/� cells

[41,54]. In this respect, our finding that intranuclear lamins

are not correctly assembled into the internal nuclear veil in

all of the mutants strongly argues in favor of the loss of

other gene regulatory functions in these diseases, in addition

to the loss of mechanical stiffness.

In summary, we have analyzed the molecular organ-

ization of mutant A-type lamin constructs in stable

transfected cell and found disorganization of these

proteins at three different levels of organization, each of

which could explain different aspects of the clinical

symptoms of laminopathies.
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