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More than 20 mutations in the gene encoding A-type lamins (LMNA) cause progeria, a rare premature aging disorder.
The major pathognomonic hallmarks of progeria cells are seen as nuclear deformations or blebs that are related to the
redistribution of A- and B-type lamins within the nuclear lamina. However, the functional significance of these progeria-
associated blebs remains unknown. We have carried out an analysis of the structural and functional consequences of
progeria-associated nuclear blebs in dermal fibroblasts from a progeria patient carrying a rare point mutation p.S143F
(C428T) in lamin A/C. These blebs form microdomains that are devoid of major structural components of the nuclear
envelope (NE)/lamina including B-type lamins and nuclear pore complexes (NPCs) and are enriched in A-type lamins.
Using laser capture microdissection and comparative genomic hybridization (CGH) analyses, we show that, while these
domains are devoid of centromeric heterochromatin and gene-poor regions of chromosomes, they are enriched in
gene-rich chromosomal regions. The active form of RNA polymerase II is also greatly enriched in blebs as well as
nascent RNA but the nuclear co-activator SKIP is significantly reduced in blebs compared to other transcription factors.
Our results suggest that the p.S143F progeria mutation has a severe impact not only on the structure of the lamina but
also on the organization of interphase chromatin domains and transcription. These structural defects are likely to
contribute to gene expression changes reported in progeria and other types of laminopathies.

Introduction

The nuclear lamina is a fibrous meshwork comprised of
nuclear lamins and lamina-associated proteins.1 The lamina,
which underlies the inner nuclear membrane, determines nuclear
size, shape and stability and anchors chromatin at the nuclear
periphery.1 A fraction of lamins is also found throughout the
nucleoplasm2 where their functions are less well understood.3

Lamins are type V intermediate filament proteins that are
grouped into A- and B-types. While B-type lamins [lamin B1
(LB1), lamin B2 (LB2)] are ubiquitously expressed, A-type lam-
ins [lamin A (LA), lamin C (LC)] are primarily expressed in dif-
ferentiated cells.4,5 It has been shown however, that detectable
levels of LA/C exist in mouse embryonic stem cells.6 More than

400 disease mutations in the LMNA gene have been reported,
causing at least 15 distinct human diseases, collectively termed
the “laminopathies” (http://www.umd.be/LMNA/).7 These dis-
eases include dilated cardiomyopathy, Emery-Dreifuss muscular
dystrophy (EDMD), limb girdle muscular dystrophy 1B
(LGMD1B), familial partial lipodystrophy, peripheral neuropa-
thy (Charcot-Marie-Tooth disease type 2, CMT2B), Hutchinson
Gilford progeria syndrome (HGPS) and other atypical progerias.
Of all the laminopathies, HGPS shows the most severe pheno-
type. HGPS patients suffer from premature aging of skin, bone
and the cardiovascular system. Typically they die at an average
age of 13 y from complications of atherosclerosis (e.g. myocardial
infarction or stroke). Progeria can result from numerous LMNA
mutations, which can lead to slightly different clinical
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phenotypes. The most common mutation is a silent point muta-
tion (1824 C > T), which activates a cryptic splice site resulting
in a 50 amino acid deletion at the C-terminus of LA. This
mutated form of LA (LAD50 or progerin) is accumulated in the
nucleus and further interferes with the organization of chromatin
and transcription.8,9

Lamins are involved in gene regulation at different levels.
There is evidence that lamins can bind DNA directly, and some
of the lamin-DNA interactions are mediated through GAGA
rich lamina-associated sequences.10,11 In addition, LA can associ-
ate with several transcription factors through lamin-associated
proteins including LAP2a.12 Interestingly, progerin interacts
with a specific subset of repressed genes that are not bound by
wild-type LA, suggesting that mutations of lamins may directly
alter gene expression.10

Beyond the transcriptional control described above, lamins are
thought to affect gene activity at the epigenetic level by reorganiz-
ing chromosomes and subchromosomal regions within the
nucleus. The lamina is believed to create a transcriptionally
repressive environment, which is supported by the fact that some
genes change their positions toward a more interior localization
upon transcriptional activation.13,14 It has been reported that cer-
tain gene-poor chromosomes are relocated to the nuclear interior
in proliferating laminopathy cells including cells with mutations
causing HGPS, EDMD, LGMD, Dunnigan-type familial partial
lipodystrophy (FPLD), Mandibuloacral dysplasia type A
(MADA) and CMT2B.15 Furthermore, it has been shown that
the expression of progerin triggers mesenchymal stem cell differ-
entiation and activates Notch signaling by releasing the nuclear
co-activator SKIP from the nuclear periphery.16

One of the hallmarks of progeria is the occurrence of nuclear
deformations including nuclear herniations, lobulations and pro-
trusions.9 We have previously reported that a rare progeria muta-
tion (E145K) in the central rod domain of LA/C is characterized
by multilobulated nuclei and centrally clustered centromeres due
to defects in postmitotic nuclear assembly.17 The most common
progeria mutation (G608G) also leads to the formation of single
or multiple nuclear “blebs,” which have been defined as nuclear
microdomains with enlarged A-type lamin meshworks and a loss
of B-type lamin meshworks.9 However, a detailed analysis of the
genetic content of these blebs of progeria nuclei and their tran-
scriptional activity has not been carried out.

In the present study, we have determined which chromosomal
regions are located inside blebs in progeria patient cells and
whether the formation of these blebs has an impact on gene
expression. For this purpose, we have investigated cells from a
progeria patient with the p.S143F mutation. This missense
mutation is in close proximity to the E145K mutation but results
in a progeroid and myopathy phenotype and the cells typically
contain nuclei with one large bleb.18,19 Our results show that
gene-rich chromosomal regions are preferentially located in blebs
and that transcription is not globally inhibited or reduced in this
compartment. However, we have observed a loss of the co-activa-
tor SKIP, from the lamina region of nuclear blebs when com-
pared to the remainder of the nucleus in p.S143F fibroblasts.
Our results suggest that while the transcription machinery does

not seem to be compromised in the LA-rich bleb compartment,
the precise regulation of transcription by certain activators and
repressors may be altered.

Results

Nuclear blebs in p.S143F progeria cells are stable nuclear
microdomains

Immunofluorescence analysis showed that cultured skin fibro-
blasts from a patient carrying the 428 C > T mutation
(p.S143F) in the LMNA gene frequently displayed misshapen
nuclei, as previously reported (Fig. 1A).18,19 The number of cells
with nuclear blebs increased with the accumulation of passage
number and was »22% by passage number 15 (p15) and »60%
by p40. 69% of cells with abnormally shaped nuclei showed a
single large nuclear bleb, while 19% showed 2 blebs and 12% 3
or more blebs (n > 200). These LA/C rich blebs had very little
or no LB1/2 (Fig. 1A) and were similar to those found in fibro-
blasts carrying lamin mutations associated with various diseases
and some prostate cancer cell lines.9,20

In addition to progeria cells and certain prostate cancer cell
lines, we previously described similar blebs induced by silencing
LB1 expression in HeLa cells.3 Therefore, the expression levels of
LA/C, LB1 and LB2 in p.S143F patient fibroblasts were deter-
mined by immunoblotting at different passages. There were no
detectable changes in the expression levels of these lamins from
p20 to p38 when compared to control fibroblasts, indicating that
the presence of blebs is not related to loss of LB1 (Fig. 1B). How-
ever, a dramatic reduction of LB1 expression was eventually
detected at p42 when the cells stopped proliferating. This finding
is consistent with other studies, which showed that the loss of
LB1 is a senescence marker in normal diploid cells.21,22

A more detailed analysis of the nuclear envelope (NE) showed
several abnormalities in the structure of blebs in p.S143F fibro-
blasts. Although blebs were occasionally larger in size than the
main nuclear body, they were devoid of or had significantly fewer
NPCs (Fig. 1C) similar to blebs in HGPS cells with the G608G
mutation.9 We also verified that the organization of NPCs was
related to the loss of SUN1 in the bleb compartment.23 In con-
trast, SUN2 was evenly distributed on both the rim of the main
nuclear body and the bleb compartment, and it sometimes
appeared to be enriched in blebs along with LA (Fig. 1D).

In order to verify that the formation of blebs is due to the
p.S143F mutation in the LMNA gene, HeLa cells were transfected
with either FLAG-tagged p.S143F (FLAG-p.S143F-LA) or wild
type LA (FLAG-WT-LA) as a control. Approximately 17% of cells
expressing FLAG-p.S143F-LA showed morphologically similar
nuclear blebs with reduced amounts of LB1 and LB2 at 72 h post-
transfection, while only »0.5% of the cells ectopically expressing
FLAG-WT-LA contained structures similar to blebs (Fig. 1E; p D
2.5E-05). These results demonstrate that the p.S143F mutation in
LA/C induces large nuclear blebs that have the structural features
previously reported for progeria associated nuclear blebs.9 There-
fore, p.S143F fibroblasts provide a useful model to study the struc-
ture and function of blebs in more detail.
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Nuclear blebs are enriched in gene-rich chromosomal regions
We next analyzed the properties of the chromatin structures

within blebs. The reduced Hoechst staining intensity in the blebs
relative to the remainder of the nucleus suggested that blebs con-
tain primarily euchromatin (Fig. 1, 2). In support of this, we

found that the great majority of centromeres were located in the
main nuclear body, while few, if any were found in blebs as deter-
mined by staining with the CREST antiserum (derived from a
patient with scleroderma), which recognizes centromere proteins
(Fig. 2A).24 In order to further study the properties of

Figure 1. p.S143F mutation in LA
induces stable blebs. (A) Primary
fibroblasts (p15) from a patient car-
rying the 428 C> T (p.S143F) muta-
tion in the LMNA gene showed
nuclear blebs with enlarged LA/C
meshwork and little or no LB2. The
cells were stained with antibodies
for LA/C and LB2. Hoechst was
used to visualize DNA. Single con-
focal sections from mid-plane (first
row) and bleb surface (boxed area,
second row) are shown. Note the
fine chromatin strands that co-
align with the LA/C meshwork in
nuclear blebs while DNA staining is
generally reduced compared to the
main nuclear body. Scale bar 5 mm.
(B) The presence of blebs is not
due to changes in lamin expres-
sion. P.S143F patient fibroblasts at
different passages and fibroblasts
from a healthy control were har-
vested and the expression levels of
LA/C, LB1 and LB2 were analyzed
by western blotting. Actin was
used as a loading control. The
expression of LB1 was significantly
reduced at p42 when the cells
stopped proliferating. (C) Blebs are
devoid of NPCs. Primary p.S143F
fibroblasts (p28) were stained for
NPCs and LB1. Hoechst was used
to visualize DNA. Z-axis projections
of the images in different regions
of the whole nucleus are shown.
An arrow indicates the bleb. (D)
SUN1 and SUN2 localization in
blebs. P.S143F fibroblasts were
stained for either SUN1 or SUN2,
LA/C and Hoechst. Note that SUN1
is markedly reduced while SUN2 is
enriched at the NE of blebs. Arrows
show blebs. Scale bars 5 mm. (E)
The expression of FLAG-tagged p.
S143F-LA induces the formation of
blebs in cultured HeLa cells. HeLa
cells were transiently transfected
with a vector encoding FLAG-
tagged p.S143F-LA. 72 hours (hrs)
after transfection, the cells were
stained with anti-FLAG, anti-LB1
and Hoechst. Single mid-plane con-
focal sections from the whole cell
(A-C) and from the surface of the
bleb (boxed area, D) are shown.
Scale bars 5 mm.

68 Volume 6 Issue 1Nucleus



bleb-associated chromatin, the distribution of methylated and
acetylated histones was determined by immunofluorescence.
Staining for acetylated histone H3 (AcH3), a marker for tran-
scriptionally active euchromatin, showed an increased intensity
in »75% of blebs (Fig. 2B; n D 100) while staining for histone
H3 trimethylated at lysine 9 (H3K9me3), a marker for faculta-
tive heterochromatin, was reduced in »40% of blebs (Fig. 2C; n
D 100). These results indicate that blebs contain mostly tran-
scriptionally active euchromatin.

To determine which chromosomal regions are preferentially
located inside the blebs of the progeria nuclei, we isolated pools
of blebs by laser microdissection and analyzed their chromosome
content by CGH, using DNA from dissected whole nuclei from
the same membrane slide as a reference (Fig. 3A).3 All CGH pro-
files from 4 separate experiments showed an overrepresentation of
a gene-rich region of chromosome 6p (containing the MHC
genes) in blebs. The gene-rich chromosomes 17 and 19 were also
overrepresented in 4 and 3 out of 4 profiles, respectively. In con-
trast, the gene-poor chromosome 18 was underrepresented in 3
out of 4 profiles.

The CGH data were verified by fluorescence in situ hybridiza-
tion (FISH) analysis with whole chromosome painting probes
(WCPs). Despite the fact that chromosomes 17 and 18 are simi-
lar in size, we found that chromosome 17 was present in 84% of
blebs, while only 25% of blebs contained chromosome 18 (n D
100) (Fig. 3B). In addition, the gene-rich short arm of chromo-
some 6 (6p) was located in 64% of the blebs, while the gene-
poorer long arm of chromosome 6 (6q) was detected in 29% of
the blebs (n D 100). In summary, the results obtained by CGH
and FISH strongly suggest that chromosomal regions are not ran-
domly distributed. Gene-rich chromosomal regions preferentially
localize to the bleb compartment.

Transcription is active within blebs
Based on the predominantly gene-rich chromatin structures

located within blebs, we speculated that these LA-rich bleb
domains may be sites for active gene expression. Staining for
RNA polymerase II (Pol II) showed an increased staining inten-
sity in 86% of blebs (n D 50) when compared to the main body
of the nucleus (Fig. 4A). In addition, the active form of RNA Pol
II phosphorylated at Ser2 (Pol IIo) appeared to be excessively
accumulated in 90% of blebs (n D 80), suggesting that the chro-
mosomal regions within these domains are actively transcribed.

To investigate whether nascent RNA is located within blebs,
we incorporated BrUTP by scratch labeling followed by fixation
and staining for BrUTP at 10, 20 and 30 min. Nascent RNA
could be detected in 97% of blebs (n D 36) and typically the
intensity of the BrUTP staining was equal to or even more
intense than in the main nuclear body (Fig. 4B). This is likely
related to the relatively high concentration of gene-rich chromo-
somal regions in blebs.

We further investigated the expression of genetic loci within
blebs by RNA FISH. For this purpose, we chose a probe that
spans a transcriptionally active region on chromosome 19. RNA
FISH signals were detected throughout the nucleoplasm includ-
ing the bleb region, and larger foci likely representing the actual

transcription loci were occasionally detected (Fig. 4C). These
observations were further confirmed by staining for other epige-
netically modified histones. Histone H3 dimethylated at lys4
(H3K4me2) which marks promotor regions and therefore visual-
izes transcription initiation, as well as histone H3 trimethylated
at Lys36 (H3K36me3), a marker for transcription elongation,
were both observed in association with chromatin in blebs
(Fig. 4D, n D 100 for both). In summary, these results suggest
that transcription initiation and elongation can efficiently take
place in the LA-rich domains within blebs.

Finally, we tested by indirect immunofluorescence whether
the formation of blebs has an impact on the distribution of tran-
scription factors that have been shown to play a role in progeria.
The nuclear co-activator SKIP is known to be lost from the
periphery in progerin-expressing mesenchymal stem cells, to acti-
vating genes involved in the Notch pathway, which in turn, trig-
ger differentiation.16 We noticed that there was a significant
decrease in SKIP signals inside blebs (n D 50), compared to the
remainder of the nucleus (Fig. 5). However, this did not appear
to be a general feature of transcription factors as other factors
including p53 and pRb were equally distributed throughout the
nucleus including blebs (Fig. 5 and data not shown).

Discussion

Nuclear blebs have been described as one of the hallmarks of
HGPS patient cells bearing the mutation G608G, which causes
the permanent farnesylation of LA. Blebs occur more frequently
when the cells age in culture. This is likely due to the accumula-
tion of progerin, the mutant form of LA.9 Some reports have
shown that blocking the farnesylation of prelamin A by farnesyl
transferase inhibitors (FTIs) or N6-isopentenyladenosine
improves nuclear morphology (e.g., reduced blebbing) of HGPS
cells.25-27 Since it has been reported that progeria patients benefit
from FTI (lonafarnib) treatment28, this suggests that the nuclear
shape abnormalities are correlated with disease progression.

We previously reported that cells from a patient with a very
rare progeria mutation (E145K) are characterized by multilobu-
lated nuclei and clustering of centromeres in the middle of the
nucleus because of anaphase defects.17 These lobulations, how-
ever, have some LB1 and are structurally distinct from the larger
blebs found in nuclei of fibroblasts derived from patients bearing
the more frequently encountered G608G progeria mutation.
Similar large nuclear blebs are also commonly found in cells
expressing other laminopathy-associated mutant forms of lamins
which do not result in permanent farnesylation, but little is
known about their functional significance.29

In this study, we have characterized the structure and func-
tions of nuclear blebs in dermal fibroblasts from a progeria
patient carrying a rare C428T mutation (p.S143F) in the LMNA
gene. This particular mutation was selected as patient’s cells typi-
cally contain a single large nuclear bleb even in early passage cul-
tures.19 Nuclear blebs in p.S143F cells were devoid of B-type
lamins and similar to blebs seen in progerin expressing cells.9

The large size of these p.S143F-associated LA enriched bleb
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domains represents an ideal model for studies of their structural
and functional properties.

Our studies by immunofluorescence revealed several structural
alterations in the p.S143F blebs. They had no or very few NPCs,
and SUN1, a component of the LINC complex, was greatly
decreased in the bleb compartment compared to other regions of
the NE. In contrast, SUN2 was detected at the NE of both the
bleb compartment and the main nuclear body, which was similar
to the distribution of LA. The latter observation is in line with
reports showing that LA is required for the NE localization of
SUN2 but not of SUN1.30-32

There is evidence that the localization of SUN1 in the NE
might require binding to chromatin in interphase.33 Further sup-
port for this comes from the findings that both SUN proteins
appear to function in the removal of membranes from chromatin
during NE breakdown in mitosis34 and that SUN1 has been

shown to interact with telomeres during meiotic prophase I.35

Taken together, our observations and those from other laborato-
ries suggest that the formation of LA/C-rich blebs devoid of
gene-poor heterochromatin, interferes in some way with the
localization of SUN1 to the NE.

Other alterations in the LINC complex have been linked to
the progression of laminopathies.36 For example, it has been
reported that nesprin-2 is greatly reduced throughout the nuclear
periphery including the blebs and that the re-expression of the
nesprin-2 giant isoform restores a normal nuclear phenotype in
p.S143F progeria cells.19 For future research, it will be very
important to study the impact of the LINC complex on nuclear
shape changes and their role in other laminopathies.36

Our results also show that the LA/C-rich blebs in p.S143F
nuclei are devoid of centromeric heterochromatin and are
enriched in euchromatin. Using the DNA derived from

Figure 2. Pericentric heterochromatin and epigenetic modifications of chromatin in blebs. (A) p.S143F fibroblasts (p17) were stained for LA/C, LB1 and
centromeres. Hoechst was used to visualize DNA. The maximum projection of series of z-sections covering the entire nucleus are shown. A single centro-
mere spot is found in the bleb region (arrow). Scale bar 5 mm. (B) p.S143F fibroblast (p17) stained for LA/C and acetylated histone H3 (AcetH3). A single
mid-plane confocal section is shown. The intensity for AcetH3 is increased in the bleb region (arrow). Scale bar 5 mm. (C) p.S143F fibroblast (p17) stained
for LA/C and histone H3 trimethylated at lysine 9 (H3K9me3). A single mid-plane confocal section is shown. H3K9me3 is reduced in the bleb region
(arrow). Scale bar 5 mm.
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microdissected blebs, CGH- and FISH-analyses show that the
LA-rich domains contain mainly gene-rich chromosomal regions,
such as chromosomes 17 and 19, while gene-poor chromosomes
such as chromosome 18 are more likely to reside in the main
nuclear body. In normal interphase cell nuclei, gene-rich chro-
mosome regions are typically found in the nuclear interior, and

gene-poor chromosomes are typically detected at the nuclear
periphery.37 This interphase arrangement has been reported to
be of great importance for gene activation and transcription as
changes in intranuclear position can affect gene silencing or acti-
vation.13 Interestingly, it has been shown that gene-poor chro-
mosomes such as 13 and 18 are relocated to the nuclear interior

Figure 3. Gene-rich chromosomal regions are preferentially located in blebs.(A) Two examples of CGH profiles from pools of 20–25 blebs each, microdis-
sected from p.S143F patient fibroblasts (p22) and hybridized against a pool of 15–20 whole nuclei from the same sample. The fluorescence intensities
are depicted for each chromosome as an intensity ratio profile. Green and red bars indicate overrepresented and underrepresented chromosomal
regions within nuclear blebs, respectively. Note the overrepresentation of regions of gene-rich chromosomes 17 and 19 and the underrepresentation of
chromosome 18. (B) CGH results were verified by FISH using whole chromosome painting probes for chromosomes 17, and 18. A z-projected nucleus is
shown. Note that both chromosomes 18 are located in the main nuclear body, while chromosomes 17 appear in the bleb. Scale bar 5 mm.
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in proliferating laminopathy cells (with
mutations causing HGPS, EDMD,
LGMD, FPLD, MADA and CMT2B),
and this type of arrangement is frequently
found in quiescent or senescent normal
cells.15,38 Furthermore, the chromosomal
content of LA/C-rich blebs in p.S143F
progeria patient cells is similar to the blebs
induced by LB1-silencing in the nuclei of
HeLa cells.3

Based upon the available data and our
present findings, it appears that gene-poor
chromosome regions are mainly associated
with B-type lamins, while gene-rich
regions are more closely associated with
A-type lamins as seen in blebs. This
arrangement is likely established in daugh-
ter cells as nuclei reassemble. Our results
support the finding by Guelen et al, who
showed that LB1 is connected with large
gene-poor chromatin domains in human
fibroblasts.39 Our observations are also in
agreement with McCord et al, who found
that gene-poor genomic regions showed
decreased levels of H3K27me3 and a
reduced association with LA/C in HGPS
cells.40 Furthermore, it has been proposed that targeting of chro-
matin to the lamina is mediated by the interactions of LB1 with
multiple dispersed sequence elements (termed LASs).11 These

LASs are bound by the transcriptional repressor cKrox in a com-
plex with HDAC3 and Lap2b, supposedly to maintain hetero-
chromatin at the lamina.11

Figure 4. Bleb-associated genetic regions are
actively transcribed. (A) Primary p.S143F fibro-
blasts (p33) were stained for either RNA poly-
merase II (first row) or active RNA polymerase
II (Pol IIo, second row), LA and LB1. Hoechst
was used to visualize DNA. Single mid-plane
confocal sections from the whole cell are
shown. RNA polymerase II and active RNA
polymerase II (Pol IIo) are enriched in the
blebs (arrows). Scale bars 5 mm. (B) Transcrip-
tional activity in p.S143F fibroblasts (p30) was
visualized by BrUTP incorporation into
nascent RNA by scratch labeling. DAPI was
used to visualize DNA. A single mid-plane
confocal section is shown. Note the intense
BrUTP staining in the bleb compartment
(arrow). Scale bar 5 mm. (C) p.S143F fibro-
blasts (p36) were subjected to RNA FISH with
a probe for a highly transcribed region on
chromosome 19. DAPI was used to visualize
DNA. Single confocal sections from mid-plane
and nuclear surface are shown. FISH signals
are detectable in the bleb region (arrow).
Scale bar 5 mm. (D) p.S143F fibroblasts (p21)
were stained for LA/C and histone H3 trime-
thylated at lysine 4 or lysine 36. Hoechst was
used to visualize DNA. Single mid-plane con-
focal sections are shown. Both histone marks
are detectable in the bleb region (arrows).
Scale bars 5 mm.
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In our earlier study on LB1-silenced cells, we observed that
the gene-rich chromosomal regions residing in the blebs of LB1-
silenced cells could not be transcribed likely due to a stalling
effect of Pol II.3 This is a major difference to our results on
p.S143F cells, where we have shown that transcription takes place
in the blebs. Apparently, the reduction of LB1 in blebs does not
necessarily lead to a stalling of Pol II. This difference in transcrip-
tion between the blebs of progeria cells and LB1-silenced HeLa
cells is puzzling, but this may partly be explained by the amount
of LB1 in the whole cell nuclei. While HeLa cells with blebs were
devoid of detectable LB1, p.S143F cells with blebs still had sig-
nificant amounts of LB1 in the non-blebbed regions of the
nucleus. This amount of LB1 may be sufficient for transcription
to take place in the LB-deficient bleb compartment.

Our results also showed a loss of the transcription factor SKIP
within the lamina regions of the p.S143F blebs. SKIP is normally
associated with the lamina compared to the nuclear interior.
However, p53 appears to be distributed throughout the blebbed
and non-blebbed regions of p.S143F nuclei. It was reported by
others that the expression of progerin triggers mesenchymal stem
cell differentiation by releasing SKIP from the nuclear periphery,
which in turn activates genes of the Notch pathway.16 Our results
imply that tethering of certain transcription factors, such as
SKIP, to the lamina region41,42 can be compromised in LA-rich
blebs. Future studies are required to determine whether the
altered distribution of SKIP within the bleb compartment has an
impact on the transcription of SKIP-regulated genes.

In conclusion, the large LA-rich
nuclear blebs in the p.S143F form of
progeria contain gene-rich regions,
which can be transcribed despite the fact
that the expression of the B-type lamins
was significantly reduced. However, the
distribution of transcriptional repressors
and activators such as SKIP can be com-
promised. These findings should ulti-
mately lead to new insights into our
understanding of the alterations in gene
expression and nuclear organization in
both progeria patients and in other types
of laminopathies.

Materials and Methods

Cell culture
Dermal fibroblasts from a progeria

patient carrying the 428 C > T
(p.S143F) mutation in the LMNA gene
have been previously described.18,19 Cells
from a healthy donor (AG08470, derived
from a 10-year-old female) were
obtained from the NIA Aging Cell Cul-
ture Repository, Coriell Institute for
Medical Research (Camden, NJ) and
cultured as described before.9 HeLa cells
were obtained from the ATCC and cul-

tured in DMEM supplemented with 10% FCS and antibiotics.
For transfection, »3 £ 105 HeLa cells were plated into a 35 mm
culture dish one day before transfection. Two mg of DNA plas-
mids were introduced using the TransIT-HeLa MONSTER
transfection kit (Mirus cat.# MIR2900) in accordance with the
manufacturer’s instructions. The medium was replaced with fresh
medium 24 later later and the cells were fixed 72 h post-transfec-
tion. Transfection efficiencies were between 25–30% for all the
cultures as confirmed with anti-FLAG staining and immunofluo-
rescence in 3 separate experiments.

DNA plasmids
The pFLAG-CMV2-WT-LA vector has been previously

described.17 The vector was converted to pFLAG-CMV2-p.
S143F-LA with the QuikChange II XL Site-Directed
Mutagenesis Kit (Stratagene, cat.# 200522) using the primers
50-gctcagtgcggcctccttggagttcagca-30 and 50-tgctgaactccaaggaggccg-
cactgagc-30. All the vectors were verified by DNA sequencing.

Indirect immunofluorescence
Cells grown on glass coverslips were fixed in methanol at

¡20�C for 5 minutes or in 3.7% formaldehyde in PBS for 10
minutes on ice, followed by permeabilization with 0.1% Triton
X-100 in PBS for 10 minutes at room temperature. Primary anti-
bodies used were mouse monoclonal anti-LA/C (1:300; JoL2,
Chemicon, cat.# MAB3211), rabbit polyclonal anti-LA

Figure 5. Nuclear co-activator SKIP is reduced in blebs. Primary p.S143F fibroblasts (p36 and p25,
respectively) were stained for either SKIP or p53 and LB1. Hoechst was used to visualize DNA. Single
mid-plane confocal sections from the whole cell are shown. SKIP is localized at the lamina in the
main nuclear body but absent in the blebs (indicated with arrows) while p53 is equally distributed
throughout the nucleoplasm. Scale bars 5 mm.
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(1:1000)43, rabbit polyclonal anti-LB1 (1:1000)2, mouse mono-
clonal anti-LB2 (1:100; LN43, Abcam, cat.# ab8983), rabbit
polyclonal anti-H3K9me3 (1:1000, Abcam, cat.# ab8898) and
rabbit polyclonal anti-H3K27me3 (1:1000, Abcam, cat.#
ab108245), rabbit polyclonal anti-H3K4me2 (1:1000, Abcam,
cat.# ab7766), rabbit polyclonal anti-H3K36me3 (1:1000,
Abcam, cat.# ab9050, rabbit polyclonal anti-AcH3 (1:1000,
Upstate/Merck Millipore, cat.# 06–599), mouse monoclonal
anti-Pol II (1:1000, 4H8, Abcam, cat.# ab5408), mouse mono-
clonal anti-Pol II phosphorylated at Ser2 (H5, 1:100, Abcam,
cat.# ab24758), mouse monoclonal anti-FLAG (1:400, clone
M2, Sigma, cat.# F1804), rabbit polyclonal anti-SUN1 and anti-
SUN2 (1:40 and 1:20; kindly provided by Didier Hodzic)44,45,
goat polyclonal anti-LB1 (1:200 Santa Cruz cat.# sc-6217),
mouse anti-BrUTP (1:100, Caltag Laboratories, clone Br-3), rab-
bit polyclonal anti-p53 (1:100, Imgenex, cat.# IMG-533) and
rabbit polyclonal anti-SKIP (NCOA62) (1:100, Abcam, cat.#
ab153887). Centromeres were visualized with human CREST
antiserum (1:100; provided by Dr. Bill Brinkley, Baylor College
of Medicine, TX, USA), and NPCs were detected with mouse
monoclonal antibody 414 (1:1000; Covance, cat.# MMS-120R).
The secondary antibodies used were goat anti-mouse IgG-Alexa
Fluor 488 (Molecular Probes, cat.# A11017), goat anti-mouse
IgG-Alexa Fluor 568 (Molecular Probes, cat.# A11031), goat
anti-rabbit IgG-Alexa Fluor 488 (Molecular Probes, cat.#
A11008), goat anti-rabbit IgG-Alexa Fluor 568 (Molecular
Probes, cat.# A11036), goat-anti-human IgG-Alexa Fluor 633
(Molecular Probes, cat.# A21091), donkey anti-mouse Alexa
Fluor 488 (Molecular Probes, cat# A21202), donkey anti-goat
Alexa Fluor 568 (Molecular Probes, cat.# A11057) and donkey
anti-rabbit Cy5 (Jackson Immuno-Resarch Laboratories, Inc.,
cat.# 71–176–152). DNA was stained with Hoechst 33258
(1 mg/ml in PBS, Molecular Probes, Inc. cat.# H3569) or DAPI.

Fixed and stained cells were imaged with a Zeiss LSM 510
META (Carl Zeiss) microscope using oil immersion objective
lenses (PlanApochromat, 63£, 1.40 NA; PlanApochromat
100£, 1.40 NA; Carl Zeiss) and a Leica SP5 using an 100£ oil
immersion objective. For statistical analysis of primary fibro-
blasts, a minimum of 100–300 randomly selected cells were ana-
lyzed for each passage number and study group. In experiments
involving transfection, a minimum of 300 cells were analyzed for
nuclear shape in each experiment and the mean C/¡ SD from 3
separate experiments was determined. Statistical analysis was car-
ried out using the students T-test.

Laser microdissection and comparative genomic
hybridization (CGH) analysis

The experimental procedure was previously described.3 Proge-
ria cells were grown on PEN membrane slides (Carl Zeiss) and
analyzed by immunofluorescence with anti-LA/C and anti-LB2
to identify nuclei containing LB2-deficient nuclear blebs. Pools
of 20–30 blebs were collected from the samples by laser microdis-
section and prepared for CGH as described.3 Whole nuclei on
the same membrane were dissected and served as controls for the
CGH experiments. The amplified DNA from isolated nuclear
blebs was labeled with digoxigenin-11-dUTP. and the amplified

DNA from whole nuclei was labeled with biotin 16-dUTP. The
labeled DNA was mixed with an excess of human Cot-1 DNA
(Roche, cat.# 05480647001) and 5 ul of salmon testis DNA
(Invitrogen, cat.# AM9680). This preparation was hybridized
onto normal 46XY metaphase spreads. The biotinylated and
digoxigenin-labeled DNA probes were detected with avidin-
Cy3.5 (Rockland Inc, cat.# A003–12) and mouse anti-digoxige-
nin-FITC (Roche, cat.# 11207741910). Chromosomes were
counterstained with DAPI. Ratios between control and test
DNA were evaluated using the Zeiss Isis CGH software (Carl
Zeiss) to identify regions that were over- or underrepresented in
nuclear blebs. Four pools each containing 20–25 blebs were ana-
lyzed by CGH.

Fluorescence in situ hybridization (FISH) with whole
chromosome painting probes (WCPs)

Cells were fixed and pretreated for FISH as described before
using DNA from flow sorted chromosomes 17, 18, 6p and 6q.46

FISH probes were indirectly labeled by either Nick-Translation
or DOP-PCR with digoxigenin-dUTP or biotin-dUTP. Images
were taken using a Leica SP5 confocal microscope with a 100£
immersion oil objective lens.

Visualization of nascent RNA by BrUTP scratch labeling
Cells were grown on glass coverslips to 90% confluency. After

removal of culture medium, 20 ml of 5 mM BrUTP diluted in
complete culture medium was added to the coverslips, which
were scratched with the tip of a hypodermic needle as
described.47 Immediately after scratching, prewarmed growth
medium was added to flood the coverslips and the cells were
incubated for 10–20 min at room temperature. Cells were fixed
in 4% paraformaldehyde in PBS for 10 min at room temperature
and permeabilized with 0.5% Triton X-100 in PBS for 5 min at
room temperature. Primary antibodies used were goat anti-LB1
(Santa Cruz, cat.# sc-6217) and mouse anti-BrUTP (Caltag Lab-
oratories, clone Br-3), The secondary antibodies used were don-
key anti-mouse Alexa 594 (Life technologies, cat.# A-21203)
and donkey anti-goat DyLight 488 (Jackson Immuno Research,
cat.# 705–486–147).

RNA Fluorescence in situ hybridization (RNA FISH)
For RNA FISH, a BAC FISH probe (RP11–43N16), which

spans a GC-rich region on chromosome 19q13.32 and contains
at least 6 genes was used, which was earlier shown to be highly
expressed in normal female fibroblasts (Thomas Cremer, per-
sonal communication). The probe was hybridized onto cells
using a protocol modified from (http://www.singerlab.org/proto
cols) and the protocol described by Edith Heard (personal com-
munication). Briefly, cells were grown on coverslips, washed with
PBS, permeabilized for 5 min in 0,5% Triton X-100 in cytoskel-
etal (CSK) buffer on ice, fixed in 4% paraformaldehyde in PBS
on ice, washed with PBS, equilibrated in 2£ SSC buffer and the
denatured probe was hybridized onto the cells at 37�C over
night. After hybridization, cells were washed twice in 50% form-
amide in 2£ SSC (pH 7.2 – 7.4) at 42�C and twice in 2 £ SSC
(pH 7.0) at 50 C followed by counterstaining with DAPI.
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Immunoblotting
Cells were collected and processed for SDS-PAGE as previ-

ously described.17 The protein concentration of each sample was
determined using a BCA kit (Pierce cat.# 23227), and 20 mg of
each sample was loaded on SDS-gels. Proteins were transferred
onto nitrocellulose membranes and blocked with 5% fat-free
milk for 1 h. Primary antibodies used were rabbit polyclonal
anti-LA and anti-LC (both 1:500)43, rabbit polyclonal anti-LB1
(1:500)2, mouse monoclonal anti-LB2 (1:300; LN43, Abcam)
and mouse monoclonal anti-a-actin as a loading control (1:600,
Sigma, cat.# A4700). The secondary antibodies used were horse-
radish peroxidase (HRP)-conjugated goat anti-mouse IgG (KPL,
cat.# 074–1809), goat anti-rabbit IgG (KPL, cat.# 074–1516)
and donkey anti-goat IgG (KPL, all 1:15000). After enhanced

chemiluminescense reaction, signals were collected with Kodak
Imaging Station (Carestream).
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