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The nuclear lamins function in the regulation of replication, transcription, and epigenetic modifications of
chromatin. However, the mechanisms responsible for these lamin functions are poorly understood. We
demonstrate that A- and B-type lamins form separate, but interacting, stable meshworks in the lamina and
have different mobilities in the nucleoplasm as determined by fluorescence correlation spectroscopy (FCS).
Silencing lamin B1 (LB1) expression dramatically increases the lamina meshwork size and the mobility of
nucleoplasmic lamin A (LA). The changes in lamina mesh size are coupled to the formation of LA/C-rich
nuclear envelope blebs deficient in LB2. Comparative genomic hybridization (CGH) analyses of microdissected
blebs, fluorescence in situ hybridization (FISH), and immunofluorescence localization of modified histones
demonstrate that gene-rich euchromatin associates with the LA/C blebs. Enrichment of hyperphosphorylated
RNA polymerase II (Pol II) and histone marks for active transcription suggest that blebs are transcriptionally
active. However, in vivo labeling of RNA indicates that transcription is decreased, suggesting that the
LA/C-rich microenvironment induces promoter proximal stalling of Pol II. We propose that different lamins
are organized into separate, but interacting, microdomains and that LB1 is essential for their organization. Our

evidence suggests that the organization and regulation of chromatin are influenced by interconnections

between these lamin microdomains.
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The nuclear lamina lines the inner membrane of the
nuclear envelope (NE) and contributes to the size, me-
chanical stability, and shape of the nucleus (Lammerding
et al. 2006). The major structural proteins of the lamina
are the nuclear lamins, consisting of the A-type lamins
lamin A (LA) and lamin C (LC) and the B-type lamins
lamin B1 (LB1) and lamin B2 (LB2) (Krohne et al. 2005).
Although the majority of lamin proteins are concentrated
in the lamina, a small fraction is also found throughout the
nucleoplasm (Moir et al. 2000). Little information is avail-
able on the structure and/or the assembly state of the
lamins within nuclei, although there are reports that
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they can form filamentous structures in some types of
cells (Aebi et al. 1986; Schermelleh et al. 2008). The
lamina localization of LA and LB is disrupted in nuclei
following the introduction of an N-terminal deletion
mutant of LA (Goldman et al. 1992), suggesting that they
are part of the same structure or separate interdependent
structures. Fluorescence resonance energy transfer (FRET)
experiments show that LA and LB1 can interact with each
other both homotypically and heterotypically in live cells
(Delbarre et al. 2006). These studies suggest that A- and
B-type lamins polymerize into homopolymers that inter-
act with homopolymers of the opposite type within the
lamina and the nucleoplasm. In vitro, lamins can form
both homotypic and heterotypic interactions of varying
stability (Schirmer and Gerace 2004). Furthermore, it has
been suggested that the variation in expression of lamin
subtypes in different cells could be related to the tissue-
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specific properties of the lamin polymers (Schirmer and
Gerace 2004).

Lamins and lamina structure are important for the or-
ganization of chromatin, DNA replication, and tran-
scription (Dechat et al. 2008). Lmna~/~ mice show a loss
of chromatin integrity associated with deformations or
blebbing of the NE and lamina (Sullivan et al. 1999).
Furthermore, mutations in human LMNA that cause
progeria, a premature aging disease, induce an abnormal
thickening of the lamina, nuclear blebbing, and a loss
of peripheral heterochromatin correlated with histone
methylation changes and the mislocalization of chromo-
somes (Goldman et al. 2004; Shumaker et al. 2006; Mea-
burn et al. 2007). Gene expression and chromosome po-
sitioning are abnormal in ImnbI*/* mice and in LBI si-
lenced cells (Malhas et al. 2007; Tang et al. 2008), while
disruption of lamina organization or depletion of B-type
lamins inhibits DNA replication and RNA polymerase II
(Pol II) transcription (Dechat et al. 2008). The effects of
lamins on chromatin structure and function may be direct
through the interaction of lamins with histones or with
other chromatin-binding proteins (Dechat et al. 2008).

The nuclear lamina is also thought to play important
roles in gene regulation at the nuclear periphery (Schneider
and Grosschedl 2007). The prevalence of heterochroma-
tin in the lamina region in some cells and observations
that several silenced genes are localized to this area have
led to the suggestion that the nuclear periphery is a re-
pressive environment for transcription. Recent studies
in which chromosomes are artificially tethered to the
NE using LB1, lamina-associated polypeptide (LAP) 28,
or emerin fused to the lacI repressor protein found that
some genes are suppressed when closely associated with
the NE, but that others are not (Finlan et al. 2008; Ku-
maran and Spector 2008; Reddy et al. 2008). The variable
regulation of gene expression may be due to differences
in the experimental methods or the regulation of gene
expression at the nuclear periphery could be gene-spe-
cific (Finlan et al. 2008).

Using a combination of high-resolution confocal mi-
croscopy and fluorescence correlation spectroscopy
(FCS), we show that A- and B-type lamins form intercon-
nected networks within the lamina and the nucleoplasm.
To investigate the structure and function of these lamin
networks, we silenced the expression of either LA/C, LBI,
or LB2. Our results demonstrate that the individual lam-
ins form distinct nuclear compartments in mammalian
cells and that there are specific roles for each lamin in
chromatin organization and gene expression. The results
also provide new insights into the mechanisms respon-
sible for the numerous LMNA mutations causing a wide
range of human diseases.

Results

A- and B-type lamins form separate structures
in the lamina and in the nucleoplasm

In mid-plane sections of HeLa nuclei, immunolocalized
LA/C, LB1, and LB2 were distributed in discontinuous
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patterns in the lamina (Fig. 1A-F; Supplemental Fig.
S1A-F). Gaps in either LB1 or LB2 staining (Fig. 1D-F,
arrowheads) were frequently filled with LA/C and vice
versa. Occasional points of colocalization were also ap-
parent (Fig. 1D-F). The nucleoplasm had a reduced fluo-
rescence signal relative to the lamina with LA/C and
LB1/2 forming foci and short fibrous structures that were
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Figure 1. The distributions of LA/C and LB1 were determined
by double-label confocal immunofluorescence. LA/C (green)
and LBI (red), from a single nucleus are seen in an equatorial
section (A-I) and the nuclear surface (J-O). The areas indicated
by white squares in C and L are enlarged fivefold in D-I and
M-O, respectively. (P) A line scan showing the fluorescence
intensity profile along the dotted line in O. These images dem-
onstrate that lamins form mainly separate networks with some
overlapping regions. Bar, 5 pm.



mostly separate with occasional points of colocalization
(Fig. 1G-IL; Supplemental Fig. S1G-I). At the upper and
lower surfaces of nuclei, each of the lamins appeared as
a complex meshwork of densely packed interconnected
fibers and foci (Fig. 1J-P; Supplemental Fig. S1J-P). The
A- and B-type lamin meshworks were similar in appear-
ance, but were mainly separate from each other with
some points of colocalization (Fig. 1P). Similar separa-
tion of the A- and B-type lamin meshworks was also
observed in human foreskin fibroblasts (Supplemental
Fig. S6).

Silencing LB1 alters LA/C and LB2 meshworks

and induces nuclear blebs in the lamina

The points of partial colocalization between the A- and
B-type lamin meshworks suggest that they may be struc-
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turally linked in the lamina. Previous FRET experiments
also suggested a possible close interaction between A-
and B-type lamins in the lamina (Delbarre et al. 2006).
The physical interaction between A- and B-type lamins
in the nucleus was tested experimentally by silencing
the expression of LA/C, LB1, or LB2 using shRNAs in
HeLa cells. At 4-5 d following transfection, the amount
of targeted lamin was decreased by ~75%-90% without
an apparent effect on the expression of the remaining
lamins as determined by immunoblotting (Fig. 2A). Lam-
ins in individual cells were silenced to nearly undetect-
able levels as determined by immunostaining (Supple-
mental Fig. S2A-L; data not shown). Immunofluores-
cence analysis of the lamina showed that silencing of
either LA/C or LB2 did not change the appearance of the
remaining lamin meshworks compared with controls
transfected with scrambled sequences or nonsilenced
cells (Fig. 2B-I,N-Q). However, ~75% of the nuclei in
LB1 silenced cells showed a dramatic enlargement of the
mesh sizes in some regions of the lamina for both LA/C
and LB2 (Fig. 2J-M,R), while the remaining ~25%
showed no detectable changes. An enlarged mesh is
defined as a lamina containing mesh sizes larger than 1.3
um?, which was the largest mesh size observed in
control cells (Fig. 2R). The LA/C and LB2 meshworks
were always enlarged together in the same nucleus fol-
lowing LB1 silencing; enlargement of only one mesh-
work was never observed. The mesh sizes were increased
up to 55-fold for LA/C and 125-fold for LB2 (Fig. 2R). The
reason for this wide range of increase in mesh sizes is
unknown. In contrast, no obvious changes in the nucleo-
plasmic lamin structures were observed following the
silencing of each of the lamins (data not shown).

The structural alterations in the LA/C and LB2 mesh-
works after LB1 silencing were examined in greater de-
tail. Within enlarged regions, the LA/C and LB2 mesh-

Figure 2. The effects of silencing LA/C, LB1, or LB2 in HeLa
cells were determined by confocal immunofluorescence. (A)
Immunoblots of equivalent protein loadings show lamin ex-
pression levels in whole cell lysates of control and silenced
cells. LA/C and LB1 or LB2 were localized in silenced cells and
controls. (B-Q) Silencing vector is shown on Ileft side. LA/C is
shown in green, while LB1 and LB2 are shown in red. Controls
are cells transfected with a scrambled sequence shRNA. (B,C)
Equatorial region. (D,E) Surface of the same nucleus. Bar, 5 pm.
(R) Mesh size variations within the lamina in control and si-
lenced cells. In controls, LA/C, and LB2 silenced cells, the mesh
size ranged from the limit of resolution (0.04 pm?2, assuming
that the shape of the minimal mesh is square) to 1.3 pm? (me-
dian: 0.13-0.15 um? for all lamins). The data are displayed using
box plots. The bars indicate the maximum and minimum mesh
sizes measured. The line separating the rectangular region is
the median of all measurements. The top region of the rectangle
shows the distribution of 50%-75% of the mesh size measure-
ments; whereas the bottom part of the rectangle shows the
distribution of 25%-50% of the mesh size measurements. Im-
ages were taken with a PlanApochromat 100x, 1.40 NA oil im-
mersion lens. In LB1 silenced cells, the mesh size ranged from
0.04 um? to 15 ym? for LA/C and 45 pm? for LB2 (n = 2000-
3000 in 10 nuclei, median: 0.6-0.7 pm?).

GENES & DEVELOPMENT 3411



Shimi et al.

works frequently appeared to be collinear with a few
sites of overlap (Fig. 3A-I). In many cells, some of the
larger open areas contained LA/C-rich islands of small
meshworks connected to the surrounding LA/C mesh-
work (Fig. 3A-C,G-I). LB2-rich islands within the open
areas of the meshwork were never observed. Through-
focus series revealed that these LA/C-rich structures had
two forms: flat areas or plaques on the nuclear surface
and outpocketings or blebs of the NE (Figs. 3]-R; Supple-
mental Fig. S2M). In all cases, blebs were enriched in
LA/C, with little or no staining with LB2 antibody. Blebs
devoid of all lamins were not observed. The LA/C lamina
in the blebs frequently contained meshworks enlarged to
the same degree as seen in nonblebbed regions of LB1
silenced cells (Fig. 3S,T). Blebs varied in appearance from
smaller semicircular profiles (Fig. 3P-R) to larger struc-
tures with long axes of up to 13 um (Fig. 3S,T). Further-
more, the larger blebs contained larger LA/C meshes,
and the smaller blebs contained smaller meshes in their
lamina regions (Fig. 3S,T). The enrichment of LA/C in
both plaques and blebs and the increased mesh size of
blebs suggested that blebs may have emerged from the
plaques (Fig. 3M-R). Of the ~75% of LB1 silenced cells
with enlarged LA/C and LB2 meshworks, 31% formed
blebs (Supplemental Fig. S2G-I). The ~25% of silenced
cells that did not contain enlarged lamina meshworks
were never observed to contain blebs. In addition, blebs
were not found in controls, or in LA/C or LB2 silenced
cells (Supplemental Fig. S2A-F,J-L). The number of these
structures seen in the nucleus of an LBI1 silenced cell
varied from one to three, while the largest appeared in
nuclei with a single bleb. In addition to HeLa cells, we
also observed similar increases in meshwork size and
bleb formation in the nuclei of other human cell types
including U-2 OS and MCF-7 (data not shown). Interest-
ingly, nuclear pore complexes were not seen along the
surface of blebs, but were located primarily along the
fibers comprising the LB2 meshwork (Supplemental Fig.
S3A-I). These results suggest that LBl is required to
maintain nuclear shape and organize the structures of
the LA/C and LB2 meshworks and that B-type lamins are
involved in positioning nuclear pore complexes within
the lamina.

FCS reveals that A- and B-type lamins form separate,
but interacting, nucleoplasmic structures

The enlarged LA/C and LB2 meshwork observed after
LBI1 silencing could be related to changes in their dy-
namic properties. Previous fluorescence recovery after
photobleaching (FRAP) analyses demonstrated that the
lamins incorporated into the lamina have little or no
mobility, while a fraction of nucleoplasmic LC is mobile
(Broers et al. 1999). However, FRAP analyses require sig-
nificant overexpression of GFP-tagged lamins, potentially
inducing artifacts. To investigate the dynamic properties of
the lamins under more physiological conditions, we car-
ried out FCS measurements. This technique permits the
spatial and temporal analysis of diffusion coefficients of
extremely low levels of GFP-tagged lamins in nuclei
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Figure 3. LA/C and LB2 were colocalized in LB1 silenced cells.
LA/C and LB2 are shown in green and red, respectively. A single
nucleus with an enlarged meshwork in the lamina and several
small blebs are seen in different focal planes in A-R. Z-stacks of
fluorescence images were taken, and the nuclear surface and
the equatorial planes are shown in A-I and J-R, respectively.
Indicated regions of the lamina mesh in C are enlarged and
shown in D-I. Other regions within the lamina shown in a
midplane section in L are seen at higher magnification in M-O
depicting an LA/C-rich plaque and a small LA/C-rich bleb
(shown in P-R). Another nucleus of an LB1 silenced cell con-
taining two blebs is seen in S and T. The larger of these blebs
has a significantly enlarged LA/C meshwork; see higher-mag-
nification view of the rectangular area in S, which is enlarged
~2.4-fold in T. Bars, 5 pm.



(<100 kilocounts per second, keps), equivalent to concen-
trations of <20 molecules (<0.1 uM) per detection vol-
ume (Pack et al. 2006).

In order to determine the effects of silencing, the dif-
fusion coefficients of each GFP-tagged lamin were first
determined by FCS in nonsilenced cells expressing ex-
tremely low levels of protein. FCS measurements were
not possible for any of the GFP-lamins within the lamina
due to photobleaching (Fig. 4A,B; Hof et al. 2005). For the
nucleoplasmic lamins, GFP-LB1 and LB2 were photo-
bleached, but GFP-LA and LC diffused rapidly (Fig. 4C).
Quantitative analysis of the FCS results (Fig. 4 C; Hess et
al. 2002) revealed two mobile fractions of nucleoplasmic
GFP-LA: a fast fraction of ~53% of the protein moved
with a diffusion coefficient of 5.0 + 0.3 um?/sec, and a slow
fraction of ~47% of the protein moved with a diffusion
coefficient of 0.38 + 0.04 pm?/sec. GFP-LC was also pres-
ent in two mobile fractions: a fast (5.6 + 0.3 nym?/sec) and
a slower fraction (0.65 = 0.06 ym?/sec), each consisting
of ~50% of the mobile protein. These mobile fractions
comprised ~90% of GFP-LA and GFP-LC in the nucleo-
plasm, while the remaining fractions (~10%) were rela-
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Figure 4. The mobilities of GFP-LA, LB1, LB2, and LC in live
HeLa cells were measured by FCS. Fluorescence images of GFP-
LA before and after FCS measurements are shown in A and B,
respectively. Cross-hairs in the inset in A represent points mea-
sured by FCS. An arrowhead in the inset in B indicates the zone
within the lamina bleached during FCS measurement. Bar, 5
um. (C) Representative fluorescence fluctuations of GFP-LA,
LB1, LB2, and LC in the nucleoplasm plotted as a function of
time (yellow line for GFP-LA, blue line for GFP-LC, green line
for GFP-LBI, and red line for GFP-LB2). (D,E) Note that LB1 and
LB2 are rapidly photobleached. Mobilities of GFP-LA and LC in
LB1 and LB2 silenced cells were measured by FCS. Averaged
normal fluorescence autocorrelation curves of GFP-LA and
GFP-LC in the nucleoplasm of control, LB1, and LB2 silenced
cells were calculated from the fluorescence fluctuations and
plotted as a function of correlation time T (in microseconds)
(blue dots for control cells, green dots for LB1 silenced cells, and
red dots for LB2 silenced cells). G7) is the fluorescence autocor-
relation function.
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tively immobile as they photobleached during FCS mea-
surements. Based on the diffusion coefficients of the
mobile fractions of nucleoplasmic GFP-LA and GFP-LC,
estimates of nucleoplasmic viscosity, and the assump-
tion that these fractions are globular in shape, we esti-
mated their apparent molecular weights (Pack et al.
2006). For the fastest GFP-LA and GFP-LC fractions, the
estimated molecular weight is ~1.3 MDa. Similar esti-
mates of the slower-moving fractions of GFP-LA and
GFP-LC correspond to 2.9 GDa and 830 MDa, respec-
tively. However, these latter estimates of molecular
weights of the largest components in the slower-moving
fractions cannot be attributable to free diffusion as it has
been demonstrated that the cutoff for diffusion in nucle-
oplasm is 2-2.5 MDa (Gorisch et al. 2005).

We next determined the effects of silencing individual
lamins on the mobilities of the remaining lamins. Both
GFP-LB1 and GFP-LB2 remained immobile in the lamina
and the nucleoplasm when LA/C expression was silenced
(data not shown). Likewise, the silencing of either LB1 or
LB2 did not lead to changes in the mobilities of GFP-LA,
GFP-LC, or the remaining B-type lamins in the lamina at
least over the 15-sec time frame used for FCS measure-
ments. However, when the mobilities of lamins are mea-
sured over longer time frames (~300 min) by FRAP analy-
ses, the recovery halftime of GFP-LA/C following LB1
silencing increases (Tang et al. 2008). Within the nucle-
oplasm, FCS analyses following LB1 or LB2 silencing
showed an approximate twofold increase in the mobility
of the slow fraction of GFP-LA (0.7-0.8 = 0.1 pm?/sec,
P < 0.05) (Fig 4D), while the mobilities of the fast-mov-
ing fractions of GFP-LA (Fig. 4D) and of both fast and
slow fractions of GFP-LC were unaltered (Fig. 4E). It
should be noted that the FCS results for LB1 silencing
were the same in cells with or without nuclear blebs.
The significantly different mobilities of the A- and B-
type lamins in the nucleoplasm provide further support
that they form separate structures.

LB1 silencing alters chromatin organization:
euchromatin is enriched in blebs

During our characterization of changes in the lamina
after LB1 silencing, we observed that the DNA immedi-
ately beneath the large open areas of the meshworks and
within the blebs stained weakly with Hoechst compared
with areas directly under the lamin meshworks (Fig.
5A,B,E FJ-M). Hoechst preferentially binds AT-rich
DNA, which is typically enriched in heterochromatic
regions (Hilwig and Gropp 1972), suggesting that DNA
in the lightly stained areas is packaged as euchromatin.
Immunofluorescence with anti-acetylated histone H3
(AcH3), a mark for transcriptionally active euchromatin
(Trojer and Reinberg 2007), showed an enrichment of
AcH3 in ~87% of the enlarged lamina mesh regions (Fig.
5C,D,G,H) and in 100% of the blebs (Fig. 5N-Q). In con-
trast, the facultative heterochromatic mark histone H3
dimethylated at Lys 9 (H3K9me2) (Trojer and Reinberg
2007) was absent from ~93% of the blebs, but was pres-
ent in the main nuclear body (Fig. 5R-U). We were also
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able to correlate the overall increase in mesh size in-
duced by LB1 silencing with more global changes in his-
tone acetylation and H3K9me2. When the lamina mesh
size increased above 1.3 um? (see Fig. 2R), there was an
~30% reduction in fluorescence intensity with anti-
H3K9me2 (P < 0.05) and an increase of ~5% with anti-
AcH3 (Fig. 5I) over the entire nucleus. There were no
detectable changes in either H3K9me2 or AcH3 in the
LBI1 silenced cells without enlarged LA/C meshworks or
blebs (Fig. 5I). These data show that the alterations in the
structure of the lamina induced by LB1 silencing affect
the normal organization of heterochromatin and euchro-
matin in interphase nuclei.

Since euchromatin replicates in early S phase, we also
determined the effects of LBI1 silencing on the replica-
tion states of chromatin by double replication labeling
to visualize any alterations in early and mid-to-late rep-
licating sites (Aten et al. 1992). When nuclei with blebs
were analyzed, ~84% of the blebs contained only early
replicating chromatin (Fig. 5V-Y). The remaining ~16%
contained a few foci of late-replicating chromatin re-
stricted to regions proximal to the main nuclear body
(data not shown). Importantly, the main bodies of blebbed
nuclei contained apparently normal early/mid-late repli-
cation patterns (Fig. 5V-Y). In order to characterize the
chromatin content of the blebs in more detail, LB1 silenced
cells were stained with CREST antiserum to localize cen-
tromeres (Shumaker et al. 2006). We hypothesized that the
blebs, which contained only early replicating chromatin
(Fig. 5V-Y), might be devoid of centromeres since peri-
centric heterochromatin is late replicating (O’Keefe et al.
1992). The results showed that >85% of the blebs were
completely devoid of centromeres (Fig. 5Z-AC, arrow-
heads). In the remaining ~15%, only one or two centro-
meres were located just inside the most proximal region
of the bleb, while the remaining centromeric regions
were localized to the main nuclear body away from the
lamina (Fig. 5Z-AC).

LB1 silencing alters Pol II activity

The presence of AcH3 and the almost complete absence
of H3K9me?2 in the blebs induced by LB1 silencing sug-
gest that these regions may be more transcriptionally
active relative to other areas of the nucleus. Pol II was
present in the blebs but was not enriched relative to the
nuclear body (Fig. 6B-E). In contrast, there was a dra-
matic enrichment of activated hyperphosphorylated
forms of Pol II (Pol ITo S2 and S5) labeling in ~80% of the
blebs (Fig. 6F-I; data not shown). In comparison with
control cells, there was an ~59% increase in fluorescence
staining intensity for Pol Ilo S2 (P < 0.05) and ~30% for
Pol o S5 (P < 0.05) in LB1 silenced nuclei with enlarged
meshworks, but devoid of blebs (Fig. 6A). As was the case
for H3K9me2 and AcH3 (see above), there was a positive
correlation between LA/C lamina mesh size and Pol Ilo
fluorescence intensity (Fig. 6A). Nuclei in LBI1 silenced
cells with normal mesh size did not display a significant
change in Pol Ilo staining compared with nonsilenced
cells (Fig. 6A). Immunoblotting of extracts from LB1 si-
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lenced cells showed a 1.7-fold increase in Pol Ilo com-
pared with controls confirming the overall increase in
Pol Ilo fluorescence intensity (Supplemental Fig. S4A).

In order to confirm the apparent increase in Pol II
activity in LBI1 silenced cells, we labeled nascent RNA
by BrU incorporation in vivo (Pellizzoni et al. 2001).
There were no obvious differences in BrU incorporation
between control nuclei and LB1 silenced cells with nor-
mal meshworks or in bleb-free nuclei with enlarged
lamina meshworks (data not shown). Surprisingly, ~94%
of the blebs showed almost no BrU incorporation, even
though incorporation into the nuclear body appeared
normal (Fig. 6J]-M). Nucleoli were present in a small
number of blebs, as demonstrated by the absence of
Hoechst staining or antibody staining for Ki67, a nucleo-
lar marker (Verheijen et al. 1989; data not shown). These
nucleoli had levels of BrU incorporation similar to those
in the nuclear body, even though there was little or no
incorporation into the surrounding nucleoplasm within
the bleb (Fig. 6N-Q). This suggests that the bleb micro-
environment can accommodate normal RNA polymer-
ase I (Pol I) transcription, but is nonpermissive for Pol II
transcription.

During Pol II transcription, modifications of chroma-
tin are required for the polymerase to proceed along the
template. The promoter regions of transcribed genes are
modified by acetylation of histone H3 as well as trimeth-
ylation of histon H3 at Lys 4 (H3K4me3) (Berger 2007).
Both of these marks are present throughout the nucleus,
including the blebs, in silenced (Figs. 5N-Q, 6R-U) and
nonsilenced cells (Supplemental Fig. S4B-E). Transcript
elongation also requires the transcribed chromatin regions
to become trimethylated on histone H3K36 (Berger 2007).
Immunostaining for histone H2 trimethylated on Lys 36
(H3K36me3) showed its absence in ~90% of the blebs
compared with the nuclear body in LBI1 silenced cells
(Fig. 6V-Y). The absence of H3K36me3 in the blebs is
consistent with the failure to incorporate BrU into these
structures and suggests that transcription elongation is
inhibited in the blebs.

Gene-rich chromatin is concentrated in LA/C-rich,
LB2-deficient nuclear blebs

Chromosome territories (CTs) within spherical nuclei
are distributed according to their gene density, with
gene-rich chromosomes more likely to be in the interior
and gene-poor chromosomes at the periphery (Croft et al.
1999). Because the blebs were highly enriched in euchro-
matin relative to the nuclear body and individual chro-
mosomes contain different proportions of euchromatin
and heterochromatin, we examined whether specific
chromosomes or subregions of chromosomes were pref-
erentially located in the blebs of LB1 silenced cells due to
their higher gene density. Nuclei containing one bleb
(that stained for LA/C, but not LB2) were microdissected
using a Zeiss laser microdissection system (PALM)
equipped with fluorescence optics (Supplemental Fig. S5A—
D). The isolated DNA was amplified and characterized by



comparative genomic hybridization (CGH) with pools of
20-30 blebs each to determine if there is a general over-
or underrepresentation of certain chromosomal regions
(Geigl and Speicher 2007). Control DNA for the CGH
experiments was isolated from microdissected whole nu-
clei of LBI1 silenced cells. In an additional experiment,
DNA isolated and amplified from one large bleb was ana-
lyzed by CGH. The results showed that there was an
overrepresentation of several gene-rich chromosomal re-
gions in blebs. Most striking was a consistent overrepre-
sentation of a region of chromosome 6p, 6p21 (Fig. 7;
Supplemental Fig. S5E,F). Regions of the gene-rich chro-
mosomes 17 and 19 were also overrepresented in bleb
pools and present in the single bleb analysis, while re-
gions of gene-poor chromosome 18 were underrepre-
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sented in the bleb pools and missing in the single bleb
analysis (Fig. 7A; Supplemental Fig. SS5E-G). The CGH
findings were supported by interphase fluorescence in
situ hybridization (FISH) experiments using specific
chromosome painting probes (Fig. 7B,C). The distribu-
tion of whole chromosome paints for chromosomes 18
and 19 was compared in nuclei of LB1 silenced cells. The
results demonstrated that chromosome 19 was signifi-
cantly more likely to reside in a bleb (~45% = 5.2%) than
chromosome 18 (~33% + 4.3%; P = 0.038). When the dis-
tribution of chromosome arms 6p and 6q was examined,
it was observed that 6p was present in ~55% of the
nuclear blebs, while 6q was present in 21% (Fig. 7D).
There were no changes in the radial arrangement of CTs
18 and 19 in LBI silenced cells without nuclear blebs or
in controls. As in control cells, chromosome 19 was
found to be located more toward the nuclear interior and
chromosome 18 more at the nuclear periphery
(P <0.001) (Supplemental Fig. S5H). Taken together,
these results suggest a preference for gene-rich chromo-
some regions to localize in blebs that contain LA/C, but
not LB2. Global changes in chromatin movements in
LB1 silenced cells could explain the relocalization of a
gene-rich chromosome from the nuclear interior to the
blebs. However, the results of 6- to 12-h observations of
LB1-silenced cells expressing GFP-histone H3 after pho-
tobleaching showed no significant long-range move-
ments of chromosomes in nuclei with or without blebs
(data not shown).

Figure 5. (A-H) The state of chromatin modifications associ-
ated with the enlarged meshwork of the LA/C lamina in LB1
silenced cells assessed by confocal immunofluorescence. Si-
lenced cells were processed for double-label immunofluores-
cence using anti-LA/C (green) and anti-AcH3 (red), and coun-
terstained with Hoechst 33258 (white/blue). A region of mesh
within the lamina in D is enlarged and shown in E-H. (J-Y) A
series of equatorial confocal immunofluorescence images of
LBI silenced nuclei with blebs. In J-M, the bleb at the top right
of the nucleus contains LA/C, but is devoid of LB2. In N-Q,
AcH3 is present in the bleb, which is weakly stained with
Hoechst 33258 and is devoid of LB1. R-U depict a nucleus
with a bleb that is devoid of H3K9me2 (H3K9) and LB1 and
stains very weakly with Hoechst 33258. V-Y show early (green)
and mid to late replication patterns (red) visualized by double
replication labeling. DNA is counterstained with Hoechst
33258 (blue). (Z-AC) Z-projected images of centromeres in a
LBI silenced cell with a nuclear bleb are visualized by immu-
nostaining with CREST antiserum (red). DNA is counterstained
with Hoechst 33258 (blue). Bar, 5 uym. Arrowhead indicates the
position of the bleb. (I) Fluorescence intensities of AcH3 and
H3K9me?2 in nuclei of control and LB1 silenced cells. In each
case, the fluorescence intensity in 40-150 nuclei was deter-
mined in each of two experiments. The relative fluorescence
intensities in control cells and in LB1 silenced cells with nor-
mal meshes (<1.3 um?) and large meshes (>1.3 pm?) are plotted
in the histogram as green, yellow, and red bars, respectively.
The error bar represents +SD. The bar with an asterisk shows
significant changes (P < 0.05) in the relative fluorescence inten-
sity of AcH3 and H3K9me2 in LB1 silenced cells compared with
those of control.
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Discussion

In this study, we showed by confocal microscopy that A-
and B-type lamins form separate, but interconnected
meshworks within the lamina and are present in less
organized states in the nucleoplasm. Similar meshworks
have been described recently for LB using a microscope
equipped for three-dimensional (3D) structured illumi-
nation (Schermelleh et al. 2008). Selective silencing of
each of the lamins has provided insights into the inter-
actions between these different lamin meshworks. Re-
moval of either LA/C or LB2 had no effect on the struc-
tural organization of the other lamins, but LB1 silencing
dramatically changed the appearance of both the LA/C
and LB2 meshworks, suggesting that LB1 provides a scaf-
fold required for the structural integrity of the entire
nuclear lamin system. The loss of LB1 also induced the
formation of blebs containing LA/C, but not LB2. These
blebs contained predominantly early replicating, gene-
rich euchromatin. Surprisingly, the chromatin in the
blebs was not actively transcribed despite the presence of
activated RNA Pol II and other histone marks signifying
active transcription.

Nuclear herniations that are morphologically similar
to blebs have also been reported in Imna™/~ embryonic
fibroblasts (MEFs). These NE herniations lack LB, Nup153,
and LAP2 (Sullivan et al. 1999). This is in contrast to our
results in LA/C silenced HeLa cell nuclei that were devoid
of blebs. In addition, ~40% of Imnb1*/* MEFs exhibit
nuclei with structures described as blebs. These blebs
contain LA/C and nuclear pore complexes, whereas the
blebs induced by LB1 silencing reported in this study
lack pore complexes. While the blebs described in the
Imnb1*/* cells have some features in common with the
blebs we describe here, these cells appear to express LB1
lacking a portion of the central rod domain and the non-a-
helical C terminus (Vergnes et al. 2004). Therefore, it is

Figure 6. Transcriptional activity in LBl silenced cells. (A)
Total fluorescence intensities of Pol II, Pol Ilo S2, and Pol IIo S5
in nuclei of control and LB1 silenced cells were measured using
wide field microscopy. In each case, the fluorescence intensity
in 40-150 nuclei was determined in each of two experiments.
The relative fluorescence intensities in control cells and LB1
silenced cells with normal meshes (<1.3 um?) and large meshes
(>1.3 pm?) are plotted in the histogram as green, yellow, and red
bars, respectively. Error bars represent +SD. The bars with an
asterisk mark experiments with significant changes (P < 0.05)
in relative fluorescence intensity of Pol II and Pol Ilo in LB1
silenced cells compared with those of controls. (B-E) Total Pol
II in a nucleus with one bleb. Pol II is present both in the
bleb and throughout the main nuclear body. (F-I) Pol II hyper-
phosphorylated on Ser 2 in the CTD (Pol ITo S2), LB1, and DNA
showing the enrichment of Pol Ilo in the bleb. (-Q) RNA syn-
thesis was visualized by BrU incorporation. Note the virtual
absence of BrU incorporation into the bleb region (J-M), and the
incorporation of BrU into a nucleolus in one of the few nuclei
in which a nucleolus has entered the bleb (N-Q). (R-U) Local-
ization of H3K4, LB1, and DNA demonstrating that this histone
mark is present both in blebs and the nuclear body. (V-Y) Lo-
calization of H3K36, LB1, and DNA showing the absence of this
histone mark within blebs. Bars, 5 pm.
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difficult to compare the blebs in HeLa cells in which there
is silencing of LB1 with MEFs expressing a truncated form
of LBI.

Our FCS data show that >90% of nucleoplasmic LA
and LC exhibit rapid mobility, while LB1 and LB2 are
static, further highlighting the differences in the organi-
zational states of the two types of lamins. LBI silencing
also leads to a significant increase in the mobility of the
slow nucleoplasmic LA fraction, but no measurable
changes in the other LA or LC fractions. The differences
in mobility between LA and LC could be explained by
transient interactions with the immobile B-type lamins
or perhaps other lamin-associated proteins or factors
such as LAP2a, BAF, or PCNA (Schirmer and Gerace
2004; Shimi et al. 2004; Dechat et al. 2008). It should be
noted that the high-molecular-weight estimates for the
slowest-moving fractions are likely to be incorrect, since
macromolecules larger than 2.5 MDa have been shown
to be immobile in the nucleoplasm (Gorisch et al. 2005).
The anomalous sizes calculated in this study for the

A_
= 200
= * = Control
2150 *— 0| B1shRNA
2 [ (mesh size <1.3 um?)
€ 100 =
© = B1shRNA
2 50 H (mesh size >1.3 um?)
©
©
¥

Polll Polllo Polllo
S2 S5

Pol Il

H3K4

H3K36




I

1(13) 2(14) 3(16) 4(16) 5(15)
T6(18) 715 8(12) °(5) | 10013 11(5)  12(13)
BN A B BN &R
13(15)  14(14)  15(13) 16(15)  17(12)  18(13)

L BHL BN AL gi

19(14)  20(13) 20(13)  22(12) X (6)

O B

60 60

50 - 50
40 | 40
30 30
20 - 20
10 10

HH

Frequency in
Bleb (%)

R e NS N
C;é C)\QK Q\(\Q Q&

Figure 7. (A) CGH profile from a pool of 20 blebs from LB1
silenced cells. The fluorescent intensities of the green and red
channels are depicted as an intensity ratio profile next to each
chromosome. Regions that are overrepresented in nuclear blebs
are indicated by a green bar, and regions that are underrepre-
sented are indicated by a red bar. Note the underrepresentation
of regions of chromosome 18 and the overrepresentation of 6p,
regions of chromosome 17, and regions of chromosome 19. (B,C)
Chromosome distributions in LB1 silenced cells. DNA is coun-
terstained with Hoechst 33258. DNA, chromosome 6p (or 19),
and chromosome 6q (or 18) are shown in blue, green, and red,
respectively. Bars, 5 pm. (D) Percentiles of the distributions of
painting probes for 6q/6p and 18/19 in LB1 silenced cells with
nuclear blebs. Error bars are +SD.

slow fractions could be due to more stable interactions
with immobile structures. It is also possible that these
lamin fractions are not globular structures but are short
filaments, enabling them to negotiate small channels
within the chromatin network. Such filamentous struc-
tures have been described as protofilaments in in vitro
lamin assembly assays (Heitlinger et al. 1991; Stuurman
et al. 1998). The static B-type lamins in the nucleoplasm
could be bound to immobile nuclear structures or exist
in very large complexes, which could restrict their move-
ment. Alternatively, the nucleoplasmic B-type lamins
could form a polymer network in the nucleoplasm that
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provides a scaffold for interactions with A-type lamins
and other unknown factors.

The formation of LA/C-rich blebs that do not contain
LB2 in the LB1 silenced cells provides a unique opportu-
nity to examine the formation and interrelationships of
lamin networks. Our results suggest that blebs form
from LA/C-rich plaques in the lamina and that the in-
teraction of chromatin with these regions is involved in
bleb formation. It is also possible that blebs are formed at
the time of cell division during daughter cell nuclear
assembly. In support of this latter idea, tethering of re-
porter genes to the nuclear periphery with lamins or
lamina-associated proteins also requires a round of mi-
tosis (Finlan et al. 2008; Kumaran and Spector 2008;
Reddy et al. 2008), suggesting that interactions of the
reporter gene with the lamina may be established during
NE assembly. In addition, it has been shown that CTs
are established during mitosis and the early G1 phase of
the cell cycle (Walter et al. 2003). The formation of these
LA/C-rich plaques and blebs in LB1 silenced cells sug-
gests that, under normal conditions, the A- and B-type
lamins form microdomains, each interacting with differ-
ent types of chromatin. In support of this, we observed
global increases in the fluorescence intensity of AcH3
and decreases in fluorescence intensity in H3K9me2.
These changes were directly correlated with the increase
in meshwork size. However, the most dramatic changes
in AcH3 up-regulation and H3K9me2 down-regulation
were observed in the blebs. These changes may be attrib-
utable to the loss of anchorage sites for peripheral het-
erochromatin, which in turn could affect the organiza-
tion of both heterochromatic and euchromatic regions
throughout the nucleus. Our immunolocalization stud-
ies of histone marks and CREST, along with double
replication labeling and CGH analyses of the DNA ex-
tracted from blebs, indicate that the bleb is a unique
microenvironment containing only euchromatin. The
dramatic separation of LA/C and LB2 meshworks in the
blebbed nucleus may reflect a LA/C association with
gene-rich chromatin and LB2 (and LB1) with gene-poor
chromatin. For example, the absence of CREST staining
in the blebs suggests that B-type lamins are responsible
for attaching centromeres to the nuclear periphery (So-
lovei et al. 2004). The CGH analyses of DNA associated
with blebs indicate that they contain gene-rich regions of
chromosomes, including those from chromosomes 6, 17,
and 19, while regions of gene-poor chromosomes such as
18 were underrepresented. Most interestingly, a region of
the short arm of chromosome 6, 6p21, is significantly
overrepresented in blebs. With >200 gene loci, this is one
of the most gene-rich regions in the human genome
(Volpi et al. 2000).

Other studies have also linked significant alterations
in the organization of chromatin in the nucleus with
lamins. In Imnb1%/* MEFs, chromosome 18 has been
shown to be positioned away from its normal location at
the nuclear periphery, supporting the role of the B-type
lamins in tethering gene-poor chromosomes (Malhas et
al. 2007). A recent genome-wide analysis of human fi-
broblasts revealed that LB1 is preferentially associated
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with large gene-poor chromatin domains up to 10 Mb in
length (Guelen et al. 2008). In another study, it has been
reported that the gene-rich chromosome 19 is located
closer to the nuclear periphery in LBI silenced cells
(Tang et al. 2008). However, we did not observe a change
in the distribution of these CTs in the majority of LB1
silenced nuclei. We only observed changes in the posi-
tioning of whole CTs when blebs were present and there
was a dramatic separation of the LA/C and LB2 mesh-
works.

The chromatin associated with LA/C-rich blebs and
enlarged meshworks in LB1 silenced cells is primarily
euchromatic. Therefore, we expected that Pol II tran-
scription would be elevated. In support of this, immuno-
staining with Pol Ilo antibodies increased throughout
the entire nucleus of LB1 silenced cells, especially in
the blebs. Enrichment of H3K4me3 in the bleb was also
consistent with active transcription. However, nascent
RNA labeling and H3K36me3 localization within blebs
were almost undetectable. These observations are con-
sistent with the phenomenon of promoter proximal
stalling (Kumar et al. 1998). Since several Pol II transcrip-
tion factors are known to promote escape from stalling
(Adelman et al. 2005; Peterlin and Price 2006), it is pos-
sible that the interaction of lamins with some of these
factors is disrupted in the LBI silenced cells, leading to
an increase in stalling. It is also possible that lamin bind-
ing regulates other factors necessary for transcription or
recycling of the polymerase after termination. The inac-
tivation of Pol II transcription has also been shown fol-
lowing disruption of lamin networks by depleting LB1 or
expressing a truncated LA (Pendas et al. 2002; Spann
et al. 2002; Tang et al. 2008). In contrast to our results
showing an increase in Pol Ilo accompanying a decrease
in RNA synthesis by quantitative immunofluorescence
and immunoblotting, Tang et al. (2008) found that there
was a decrease in Pol ITo by immunofluorescence follow-
ing LBI silencing in HeLa cells. Although at the present
time we do not understand this discrepancy, our local-
ization of multiple factors involved in Pol II transcrip-
tion and their correlation with structural changes in the
lamina of LB1 silenced cells strongly suggest that inhi-
bition of RNA synthesis is due to promoter proximal
stalling, not to a decrease in the amount of enzyme. In-
terestingly, Pol I activity appeared to be unaffected in
blebs, as nucleoli in these domains incorporated BrU (see
also Spann et al. 2002). The apparent lack of nuclear pore
complexes within LA/C-rich blebs is also worthy of con-
sideration as it has been shown that some transcription-
ally active genes require tethering to nuclear pores
(Schneider and Grosschedl 2007). Therefore, genes that
are most likely to be associated with B-type lamin mi-
crodomains may not be activated unless tethered to
nuclear pore complexes. Alternatively, the lack of nuclear
pore complexes in the bleb could prohibit local export of
mRNA, thereby inhibiting transcription, as it has been
shown that export of mRNA is coupled to splicing and
transcription (Tokunaga et al. 2006; Valencia et al. 2008).

We propose that the nuclear lamina and nucleoplas-
mic lamin networks are organized into separate but in-

3418 GENES & DEVELOPMENT

terconnected microdomains. Our results demonstrate
that when the LA/C and LB2 microdomains within the
lamina are artificially expanded by silencing LB1, the
separate functions of A- and B-type lamins become more
obvious. These microdomains have different functions
in chromatin organization and gene regulation. Our re-
sults from silencing LB1 suggest that its presence is criti-
cal for organizing both the LA/C and the LB2 microdo-
mains. The data also show that LB1 and LB2 assemble
into separate, but interconnected networks and that they
each interact differently with the LA/C network. Based
on the evidence presented in this study, we propose that
B-type lamins within the lamina and nucleoplasm form
relatively static structures that provide a scaffold for
gene-poor chromosomal regions. This latter interaction
is supported by the recent finding that gene-poor chro-
mosomal regions are associated with LB1 in the lamina
(Guelen et al. 2008). The results also suggest that the
A-type lamins are preferentially associated with gene-
rich regions. In normal cells, the close interactions of
A-type and B-type lamins could provide an environment
in which cross-talk between the different microdomains
could finely regulate gene expression. These findings
have important implications for the understanding of the
laminopathies that frequently display enlarged mesh-
works such as in muscular dystrophies, lipodystrophies,
and the LA/C-rich nuclear blebs seen in progeria (Gold-
man et al. 2004; Burke and Stewart 2006). In the lami-
nopathies, significant alterations in the interrelation-
ships between different microdomains could lead to de-
fects in gene expression. In the future, the identification
of lamin-associated factors involved in histone modifi-
cation and Pol II transcription could provide new in-
sights into their roles in chromatin organization and
gene regulation.

Materials and methods
Plasmids used for live imaging and silencing of lamins

The plasmids used for live cell imaging in the FCS experiments
were pEGFP-myc-HsLMNA, pEGFP-myc-HsLMNB1, and
PEGFP-myc-HsLMNC (Moir et al. 2000). pEGFP-HsLMNB2 was
prepared from pEYFP-HsLMNB?2 (provided by Dr. Harald Herr-
mann, Heidelberg) (Schumacher et al. 2006).

The construction of shRNA expression plasmids were de-
scribed elsewhere (Brummelkamp et al. 2002; Kojima et al.
2004). The target sequences for silencing lamin expression were
as follows: LMNA T1, 5'-AGCAGTCTCTGTCCTTCGA-3' (hu-
man LA/C); LMNA T8, 5'-ATGATCCCTTGCTGACTTA-3’ (hu-
man LA/C);, LMNB1 T3, 5'- CGAGCATCCTCAAGTCGTA-3'
(human LB1); LMNBI T4, 5'-GAATCAGAGGCGAGTAGTA-
3’ (human LBI1); LMNB2 T7, 5'-CGGTGATGCGTGAGAAT
GA-3' (human LB2); LMNB2 T8, 5-TCAAGAACAACTCGGA
CAA-3' (human LB2); Neg-ctrl, 5'- ATGTACTGCGCGTGGA
GA-3’ (negative control, scrambled). The loop sequence is either
5'-GCTTCCTGTCAC-3' (for LMNA T1 and T8) or 5'-TTCAA
GAGA-3’ (for the others). All the constructs were verified by
DNA sequencing.

Cell culture and transfection

HeLa cells were grown as described previously (Shumaker et al.
2006) and transfected using the TransIT-HeLa MONSTER trans-



fection kit (Mirus) in accordance with the product manuals or by
electroporation as described previously (Yoon et al. 2001).
Transfection efficiencies were routinely ~90%. In shRNA si-
lencing experiments, transfected cells were assayed 3-5 d fol-
lowing transfection.

Gel electrophoresis and immunoblotting

HelLa cells transfected with the silencing vectors were solubi-
lized in Laemmli sample buffer (Laemmli 1970) lacking dithio-
threitol (DTT) and dyes. The protein concentration was deter-
mined by the BCA protein assay kit (Pierce Biotechnology, Inc.).
Prior to electrophoresis, DTT was added to the samples to a
final concentration of 0.1 M, and the proteins were separated by
SDS-PAGE on 10% gels and transferred to nitrocellulose. Im-
munoblotting was carried out with the primary antibodies:
mouse anti-LA/C (1:200; JoL2, Chemicon), rabbit anti-LB1
(1:4000) (Moir et al. 1995), mouse anti-LB2 (1:200; LN43, Abcam),
mouse anti-Pol II hyperphosphorylated at Ser5 (1:500; Pol Ilo,
provided by Dr. David Spector, Cold Spring Harbor Laboratory,
NY), mouse anti-a-tubulin (1:5000; B-5-1-2, Sigma), and mouse
anti-importin g1 (1:4000; Affinity Bioreagents, Inc.). Horserad-
ish peroxidase-conjugated secondary antibodies (KPL) were used
at a dilution of 1:40,000, and the peroxidase activity was de-
tected by the Super Signal Pico-West chemiluminescence kit
(Pierce). Images were collected using a Kodak Image Station
440CF (Kodak) and quantified using Kodak Molecular Imaging
software.

Indirect immunofluorescence

Cells grown on glass coverslips were fixed either in methanol
for 10 min at -20°C or in 3.7% paraformaldehyde in PBS for 10
min followed by extraction in 0.1% Triton X-100 in PBS for 10
min at room temperature. Cells used for Pol Ilo immunofluo-
rescence were fixed in 3.7% paraformaldehyde on ice and per-
meabilized as above. Primary antibodies included mouse anti-
LA/C (1:200; JoL2), goat anti-LA/C (1:500; N-18, Santa Cruz
Biotechnologies), rabbit anti-LA (1:2000) (Dechat et al. 2007),
rabbit anti-LB1 (1:1000) (Moir et al. 1995), goat anti-LB1 (1:300;
M-20, Santa Cruz Biotechnologies), mouse anti-LB2 (1:200;
LN43, Abcam), and rabbit anti-LB2 (1:1000; prepared by Co-
calico using the LB2-specific peptide TVKKSSVMRENENG).
Nuclear pore complexes were stained with the mouse monoclo-
nal antibody mAb414 (1:1000; Covance). Chromatin was
stained with rabbit AcH3 (1:1000; Upstate Biotechnologies),
rabbit anti-histone H3K4me3 (1:1000; Abcam), rabbit anti-
histone H3K36me3 (1:1000; Abcam), mouse anti-Pol II hyper-
phosphorylated at Ser2 (H5) and Ser5 (H14) (1:100; provided by
Dr. David Spector, Cold Spring Harbor Laboratory, NY), anti-
Pol II (1:1000; 4H8, Abcam), human anti-CREST (1:100; pro-
vided by Dr. Bill Brinkley, Baylor College of Medicine, TX), and
rabbit anti-histone H3K9me2 (1:1000; provided by Dr. Thomas
Jenuwein, The Vienna Biocenter, Vienna). The secondary anti-
bodies used were goat anti-mouse IgG-Alexa Fluor 488, goat
anti-mouse IgG-Alexa Fluor 568, goat anti-mouse IgG-Cy5, don-
key anti-mouse IgG-Alexa Fluor 488, donkey anti-mouse IgG-
Alexa Fluor 568, donkey anti-mouse IgG-Cy5, goat anti-rabbit
IgG-Alexa Fluor 488, goat anti-rabbit IgG-Alexa Fluor 568, goat
anti-rabbit IgG-Cy5, donkey anti-rabbit IgG-Alexa Fluor 488,
donkey anti-rabbit IgG-Alexa Fluor 568, and donkey anti-rabbit
IgG-Cy5 (all 1:200; Molecular Probes, Inc., Jackson Immuno-
Resarch Laboratories, Inc.). DNA was stained with Hoechst
33258 (Molecular Probes, Inc.). Fixed cells were observed with
either the Zeiss Axiolmager.Z1 or Zeiss LSM 510 META (Carl
Zeiss, Inc.) microscopes using oil immersion objective lenses
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(PlanApochromat, 63x, 1.40 NA; PlanApochromat 100x, 1.40 NA;
Carl Zeiss, Inc.). The images were analyzed using a script, to call
functions in the AutoMeasure Plus module of AxioVision 4.6
(Carl Zeiss, Inc.) to determine mesh size within the lamina in
control, LA/C, LBI1, and LB2 silenced cells. Briefly, mesh size
was measured after converting the lamin staining picture to a
thresholded binary image, and the area of each dark region
within the nucleus was measured. Fluorescence intensities of
the histone and Pol II staining in control and LB1 silenced cells
were quantified by determining average pixel intensities over a
whole nucleus. For presentation, images were adjusted for
brightness, contrast, and +y settings. Statistical values were de-
termined using the Student’s t-test.

Laser microdissection of nuclear blebs

LBI silenced cells were grown on PEN membrane slides and
prepared for immunofluorescence with antibodies directed
against LA and LB2. Nuclei containing blebs that stained with
anti-LA but not anti-LB were identified, imaged, and then pre-
pared for PALM laser microdissection (Geigl and Speicher 2007).
Either single blebs or pools of 20-30 blebs were collected and
prepared for CGH. Whole nuclei on the same membrane were
dissected and served as controls. The amplified bleb DNA was
labeled with digoxigenin-11-dUTP, and the whole nuclei DNA
was labeled with and biotin 16-dUTP. The labeled DNA was
mixed with Cot DNA (Roche) and hybridized on 46XY meta-
phase spreads. The biotinylated and digoxigenin-labeled DNA
probes were detected with avidin-Cy3.5 (Rockland) and mouse
anti-digoxigenin-FITC (Roche). Chromosomes were counter-
stained with DAPI. The ratio of test DNA and control DNA was
evaluated using the Zeiss Isis CGH software to identify regions
that were over- or underrepresented in nuclear blebs. Three bleb
pools each containing 20-30 blebs and two single blebs were
analyzed by CGH.

FISH

Cells were prepared for FISH as described (Solovei et al. 2002)
using DNA from flow-sorted chromosomes 18 and 19 labeled by
nick translation. Chromosome 18 was labeled with biotin-dUTP,
and chromosome 19 was labeled with digoxigenin-dUTP and de-
tected with avidin-Alexa Fluor 488 (Molecular Probes, Inc.) and
mouse anti-digoxigenin Cy3 (Dianova), respectively. Radial ar-
rangements of the chromosomes were analyzed as described
(Ronneberger et al. 2008) using images obtained with the Zeiss
LSM510Meta.

Double replication labeling

HeLa cells were pulsed for 40 min with 0.01 mM IdU (Sigma) in
complete media, chased with media without IdU for 4.5 h, in-
cubated in complete media containing 0.01 mM CldU (Sigma)
for 30 min at 37°C, then prepared for examination as described
(Aten et al. 1992). IdU-labeled DNA was detected with mouse
anti-BrdU (Caltag Laboratories), and CldU-labeled DNA was de-
tected with rat anti-BrdU antibody (Abcam). Secondary antibod-
ies were donkey anti-rat IgG-Cy3 (Jackson ImmunoResearch
Laboratories, Inc.) and goat anti-mouse IgG-Alexa 488 (Molecu-
lar Probes, Inc.).

Transcription labeling

In vivo detection of transcription sites was carried out as de-
scribed (Pellizzoni et al. 2001) using HeLa cells and processed
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for immunofluorescence as described above. Mouse monoclonal
anti-BrdU (BU-33, Sigma) was used at 1:30 dilution.

FCS measurements

Live cell imaging for FCS was carried out at 24-48 h following
transfection using the Zeiss LSM 510 META (Carl Zeiss, Inc.)
with a water immersion objective lens (PlanApochromat, 40x,
1.45 NA). Transfected cells were maintained in Opti-MEM me-
dium (Invitrogen) during observation. Cells with very low levels
of GFP expression, <100 kcps, were used for FCS analyses as
described (Pack et al. 2006). Lamin particle size was estimated
using known values for nuclear viscosity as described (Pack et
al. 2006).
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