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Senescence is a stress-responsive form of stable cell cycle exit. Senescent cells have a distinct gene expression
profile, which is often accompanied by the spatial redistribution of heterochromatin into senescence-associated
heterochromatic foci (SAHFs). Studying a key component of the nuclear lamina lamin B1 (LMNB1), we report
dynamic alterations in its genomic profile and their implications for SAHF formation and gene regulation during
senescence. Genome-wide mapping reveals that LMNB1 is depleted during senescence, preferentially from the
central regions of lamina-associated domains (LADs), which are enriched for Lys9 trimethylation on histone H3
(H3K9me3). LMNB1 knockdown facilitates the spatial relocalization of perinuclear H3K9me3-positive hetero-
chromatin, thus promoting SAHF formation, which could be inhibited by ectopic LMNB1 expression. Further-
more, despite the global reduction in LMNB1 protein levels, LMNB1 binding increases during senescence in
a small subset of gene-rich regions where H3K27me3 also increases and gene expression becomes repressed. These
results suggest that LMNB1 may contribute to senescence in at least two ways due to its uneven genome-wide
redistribution: first, through the spatial reorganization of chromatin and, second, through gene repression.

[Keywords: Lamin B1; senescence; epigenetics]

Supplemental material is available for this article.

Received March 6, 2013; revised version accepted July 22, 2013.

Cellular senescence is a state of stable cell cycle exit
triggered by cellular stress, including genotoxic, oxida-
tive, and oncogenic stress. Senescence is characterized
by the activation of tumor suppressor proteins, including
p53 and Rb, and limits cellular immortalization in culture.
These tumor-suppressive hallmarks are reinforced by the
paradoxical induction of senescence observed upon the
activation or loss of certain oncogenes or tumor suppres-
sors in both cultured cells and premalignant tumors

(Serrano et al. 1997; Collado and Serrano 2006). Senes-
cence has also been implicated in aging: Cells derived
from premature aging syndrome patients become senescent
more readily in culture compared with young or healthy
individuals (McClintock et al. 2006). Age-dependent ac-
cumulation of senescent cells in progenitor compart-
ments has also been observed in various tissues, limiting
the regenerative capacity of those organs during aging
(Sharpless and DePinho 2007).

Senescent cells exhibit dynamic gene expression changes,
including some specific features such as the up-regulation
of p16INK4A and components of senescence-associated
secretory phenotype (SASP) as well as the stable repres-
sion of proliferation-related genes (Shelton et al. 1999). In
addition, senescence is often accompanied by changes in
chromatin structure, forming senescence-associated het-
erochromatic foci (SAHFs) (Narita et al. 2003). Through
the study of senescence induced by the ectopic expres-
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sion of oncogenic Ras in human fibroblasts, a number of
functional and physical components of the process of
SAHF formation have been identified (Chan et al. 2005;
Zhang et al. 2005; Funayama et al. 2006; Narita et al.
2006; Ye et al. 2007). SAHFs are highly organized struc-
tures, where Lys9 trimethylation on histone H3 (H3K9me3;
a constitutive heterochromatin marker) forms the core,
which is surrounded by a layer of H3K27me3 (a faculta-
tive heterochromatin marker). These repressive layers are
clearly separated from the outer transcriptionally active
layer, supporting the idea that SAHF formation may
contribute to gene expression profile stability for both
active and repressive genes, although the direct relation-
ship between SAHFs and gene regulation is still elusive
(Chandra and Narita 2013). Despite the striking struc-
tural alteration in chromatin, the global landscapes of the
repressive histone marks are highly static during SAHF
formation, with only localized alterations in some genic
regions, thus suggesting that SAHFs are formed through
a spatial repositioning of repressively marked chromatin
(Chandra et al. 2012).

The nuclear lamina is a filamentous structure, forming
a scaffold underneath the inner nuclear membrane. In
addition to its role in maintaining nuclear structural
integrity, it has been implicated in the nuclear position-
ing of chromatin and transcription regulation (Dechat
et al. 2010; Kind and Van Steensel 2010; Peric-Hupkes
et al. 2010; Dittmer and Misteli 2011; Burke and Stewart
2012). The major structural components of the lamina in
mammals are the intermediate filament proteins Lamin
A/C (LMNA/C), LMNB1, and LMNB2. Genome-wide
mapping of LMNB1 identified large lamina-associated
domains (LADs), which are devoid of active histone
marks and enriched for repressive marks (Pickersgill et al.
2006; Guelen et al. 2008). LADs are relatively gene-poor,
and those genes included in LADs are generally silenced
in both humans and Drosophila. During mouse embry-
onic stem cell (ESC) differentiation, the overall LAD
pattern remains largely static. However, more localized
changes in lamina–chromatin association are also ob-
served, and their correlation with gene expression re-
inforces the idea that LADs provide a transcriptionally
repressive environment (Peric-Hupkes et al. 2010).

Recent reports have shown that the global LMNB1
level is altered during senescence (Shimi et al. 2011;
Barascu et al. 2012; Freund et al. 2012; Dreesen et al.
2013). However, it is unclear how the LMNB1 alterations
affect the dynamic alterations seen in chromatin struc-
ture and the gene expression profile during senescence.
Here we show that the alterations in LMNB1 in senescent
human diploid fibroblasts (HDFs) are far from uniform
along the genome. Despite the global down-regulation in
LMNB1, LMNB1 binding is reduced mainly in H3K9me3-
enriched regions, and this reduction is correlated with the
spatial repositioning of H3K9me3-enriched chromatin
but not with gene expression changes during senescence.
Furthermore, we also found de novo gains in LMNB1
binding in small sections of the genome, which are corre-
lated with increased H3K27me3 and gene repression. Our
data suggest that the alterations in LMNB1–genome bind-

ing have different roles between regions with different
chromatin states.

Results

LMNB1 genomic binding is redistributed during
senescence

We first examined the senescence-associated alteration
in the LMNB1 level using IMR90 HDFs. Consistent with
previous reports (Shimi et al. 2011; Freund et al. 2012;
Dreesen et al. 2013), total LMNB1 protein levels were
down-regulated during oncogenic H-Ras-induced senes-
cence (RIS) and replicative exhaustion senescence but not
in quiescent cells (induced by serum starvation) or cells
immortalized through adenoviral oncoprotein E1A expres-
sion (Fig. 1A; Supplemental Fig. S1A,B). The chromatin-
bound LMNB1 level was also reduced in RIS cells (Sup-
plemental Fig. S1C).

To analyze how the genome-wide LMNB1 DNA bind-
ing profile changes during senescence, we performed
three replicates of LMNB1 chromatin immunoprecipi-
tation (ChIP) followed by genome-wide parallel sequenc-
ing (ChIP-seq; mean Spearman correlation coefficient
rs = 0.9) in growing and RIS IMR90 cells. Since the global
level of LMNB1 protein in RIS was substantially reduced,
the LMNB1 ChIP-seq libraries generated from RIS cells
suffered from lower complexity, which was taken into
account through intercondition and intracondition nor-
malization for all read-based analyses (Supplemental
Material; Supplemental Fig. S2). The similarity between
our ChIP-seq results (growing cells) and the LADs iden-
tified in different HDFs by the DamID (DNA adenine
methyltransferase identification) technique using a Dam-
LMNB1 fusion protein (Guelen et al. 2008) was high (rs =
0.7), and >80% of DamID-defined LADs were detected by
ChIP-seq (Supplemental Table S1; Supplemental Fig. S3,
see the legends for details). Consistent with the global
down-regulation in the LMNB1 protein level, LMNB1-
binding events were reduced overall during RIS (Fig.
1B,C). Nevertheless, we identified a substantial number
of LADs in RIS cells (Supplemental Table S1). Indeed, in
some regions, LMNB1 binding was even increased. The
increase of LMNB1 binding was confirmed for several
regions by independent ChIP-qPCR experiments, thereby
supporting our normalization method for the LMNB1
ChIP-seq data across the two conditions (Supplemental
Fig. S4). Thus, despite the global reduction in LMNB1
protein levels, the alterations in the LMNB1 binding profile
during RIS were not uniform across the genome.

LMNB1 is preferentially reduced from H3K9me3
regions

To investigate the changes in the LMNB1 binding profile
further, we divided the genome into six classes according
to the differential LMNB1 binding between growing and
RIS (Fig. 1D, see the legend for details). LMNB1-decreased
regions (‘‘Grow-only’’ + ‘‘RIS-down’’) contained a relatively
low frequency of genes (Grow-only in particular), CpG
islands, and promoters (Fig. 1E; Supplemental Fig. S5
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shows three representative examples of genome browser
shots of LMNB1 ChIP-seq from ‘‘RIS-only’’ regions that
overlap with genes). Consistently, chromosome-wide anal-
yses revealed that the extent of LMNB1 reduction varied
between chromosomes with the more prominent reduc-
tions in gene-poor chromosomes (Supplemental Fig. S6A).

Next, to examine the genome-wide dynamic associa-
tion between LMNB1 and repressive histone marks, we
conducted principal component analyses (PCAs) on the
ChIP-seq reads for LMNB1, H3K9me3, and H3K27me3
in growing and RIS cells. The profiles of H3K9me3 and
H3K27me3 were highly distinct, and, consistent with re-
sults from our previous study (Chandra et al. 2012), the
profile of each mark was globally unaltered during RIS.
The DNA binding profile of LMNB1 was altered during
RIS, and its orientation in the PCA was shifted away from
the projection of H3K9me3 to that of H3K27me3, sug-
gesting that the nature of the differential LMNB1 binding
may be distinct between H3K9me3 and H3K27me3 re-
gions (Supplemental Fig. S6B). To confirm this, we per-
formed PCAs for both the H3K9me3 and H3K27me3
reads in growing and RIS conditions and colored them
differentially based on the nature of the LMNB1 alter-
ation. The LMNB1-decreased and LMNB1-increased/
unchanged regions were biased toward the H3K9me3 and
H3K27me3 PCA projections, respectively (Fig. 2A). Con-
sistently, H3K9me3 occupancy was relatively high in
LMNB1-decreased regions (Grow > RIS), whereas LMNB1-
increased regions (Grow < RIS) tended to be more

H3K27me3-enriched (Supplemental Fig. S6C). These data
indicate that LMNB1 binding is primarily reduced from
H3K9me3-positive regions during RIS and that LMNB1
gain is more likely to occur in H3K27me3-positive
regions.

We next examined the alteration in LMNB1 binding in
the H3K9me3 and H3K27me3-enriched regions in the
context of LADs. It has been shown that LADs are en-
riched for H3K27me3 at their edges, whereas H3K9me2
occupies the whole LAD (Guelen et al. 2008). Our data
agree with this and, in addition, we found a predominant
enrichment of H3K9me3 in the central region of LADs in
growing conditions (Fig. 2B). Consistent with the PCA,
the average reduction in LMNB1 was more prominent in
the H3K9me3-enriched central regions than it was in the
flanking H3K27me3 regions (Fig. 2C). A focused analysis
of the LMNB1-increased regions (‘‘RIS-up’’ + ‘‘RIS-only’’)
revealed that gains in LMNB1 were closely associated
with H3K27me3 regions (Fig. 2D). Thus, there is effec-
tively an element of redistribution in LMNB1 together
with a preferential reduction in LMNB1 from H3K9me3
regions despite the global reduction of LMNB1 during
RIS.

Perinuclear heterochromatin is reduced during
senescence

In human diploid cells, an array of H3K9me3 foci are
often observed in perinuclear regions, whereas H3K27me3

Figure 1. Uneven alterations in LMNB1 genomic
profile during RIS. (A) Western blotting with the
indicated antibodies for whole-cell lysates collected
over 10 consecutive days after estrogen receptor
(ER)-tagged H-RasG12V (ER:Ras) induction by adding
100 nM 4-hydroxytamoxifen (4-OHT) in IMR90
cells. (B) A smoothhist2D plot showing the global
reduction of LMNB1 during RIS. Normalized ChIP-
seq counts of LMNB1 in 100,000-segmented regions
in growing versus RIS cells are plotted (see the
Materials and Methods for normalization). Only
fragments that are LMNB1-positive in either condi-
tion were included. (C) A representative whole-
chromosome browser snapshot overlap of normalized
ChIP-seq reads from growing and RIS IMR90 condi-
tions. (D) Pie chart describing six nonoverlapping
classes of genomic regions based on differential bind-
ing events of LMNB1 between growing and RIS.
Numbers represent percentage of the genome in
each class. (‘‘RIS-only’’ or ‘‘Grow-only’’) LMNB1 is
positive only in one condition; (‘‘RIS-up’’ or ‘‘RIS-
down’’) LMNB1 is positive in both conditions, and
its levels are significantly up-regulated or down-
regulated, respectively, in RIS cells; (‘‘Unchanged’’)
LMNB1 is positive in both conditions with no
significant differences. (E) Genomic features of each
class as defined in D. The features are represented as
a percentage of total base pairs in each class. (Gene)
Protein-coding gene bodies; (LINE) long interspersed
nuclear element; (SINE) short interspersed nuclear
element; (CpG) CpG islands; (Promoter) �1.5 to +0.5
kb of transcription start sites.
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is localized to the interior of nuclei (Chandra et al. 2008,
2012). In addition, we showed recently that repressively
marked chromatin is spatially repositioned during RIS to
form SAHFs (Chandra et al. 2012). We found that the
thickness of perinuclear electron-dense heterochromatin
(by electron microscopy) and the number of H3K9me3
foci (by confocal microscopy) adjacent to the nuclear
envelope were significantly diminished in RIS cells (Fig.
3A,B). Indeed, although some SAHFs contacted the nu-
clear envelop, the major part of the H3K9me3 core of
SAHFs was located in the interior of the nucleus (Sup-
plemental Movies S1, S2). The perinuclear heterochro-
matin reduction was also observed in replicative senes-
cent IMR90 cells and RIS BJ cells (Supplemental Fig.
S7A–D). In addition, oncogenic BRAF-induced senescent
human melanocytes also exhibited SAHF formation as
well as a reduction in perinuclear H3K9me3 foci and
LMNB1 levels, although the LMNB1 reduction in se-
nescent melanocytes was less pronounced than in HDFs
(Supplemental Fig. S7E–I). We hypothesized that the
reduction of LMNB1, particularly from H3K9me3 re-
gions, during RIS facilitates the spatial redistribution
of heterochromatin, providing a ‘‘pro-SAHF’’ nuclear
environment. Although the reduction in perinuclear
H3K9me3 foci was observed in both SAHF-positive and
SAHF-negative RIS cells, it was more prominent in
SAHF-positive cells (Fig. 3B). In addition, in single-cell
analyses using laser-scanning cytometry (LSC) on IMR90
cells, we mapped the majority of SAHF-positive nuclei
to the LMNB1-low RIS population (Fig. 3C). These data

indicate that the reduction of both LMNB1 and perinu-
clear heterochromatin is closely correlated with SAHF
formation.

To confirm that specific genomic regions do relocalize
upon LMNB1 reduction during RIS, we used DNA fluo-
rescence in situ hybridization (FISH). We chose seven
bacterial artificial chromosome (BAC) probes mapped to
genomic regions where LMNB1 became reduced to var-
ious degrees during RIS (Fig. 4A). These were mostly
H3K9me3-enriched regions. Consistent with previous
reports (Guelen et al. 2008; Haferkamp et al. 2009), we
detected a correlation between the LMNB1 density as-
sociated with a particular DNA region and its perinuclear
localization in combined samples from growing and RIS
conditions. In addition, each probe tended to show a more
perinuclear pattern in growing conditions relative to RIS
(Fig. 4A). These results suggest that the global reduction
in LMNB1 levels, particularly in H3K9me3 regions, during
RIS is correlated with the release of heterochromatin
from the nuclear perimeter.

Modulation of the global LMNB1 level affects SAHF
formation

To examine the direct consequences of LMNB1 reduction
in normal HDFs, we generated shRNAs targeting LMNB1
using a miR30-based design (Fig. 4B; Silva et al. 2005).
LMNB1 depletion in IMR90 and BJ cells resulted in a
significant reduction in the number of perinuclear
H3K9me3 foci, although it induced only a modest senes-

Figure 2. Preferential reduction of LMNB1
from H3K9me3 regions. (A) PCA of ChIP-seq
data for H3K9me3 and H3K27me3 using a
500-kb window size in growing and RIS con-
ditions. LMNB1-positive segments in either
condition are colored based on the classes
defined in Figure 1D. (B) Profiles of the in-
dicated chromatin features around LADs in
growing cells. To align LADs, all LADs were
segmented using a moving window of 1% of
the domain size. LMNB1 and other ChIP-seq
profiles were overlaid on the segmented win-
dows using median reads per kilobase per
million mapped (RPKM). (C, top) Genome
browser representations of enrichment pro-
files of LMNB1 and indicated histone marks.
The gray shading represents the LAD. (Mid-

dle) A standardized score (Z-score) is used
to show the signature of each histone mark
overlapping the LAD. (Bottom) The log ratio
of LMNB1 read counts between RIS and grow-
ing conditions around scaled LADs is shown.
To avoid any contamination of the outside of
scaled LADs with neighboring LADs, only
short (10-kb) leading and tailing regions were
added. (D) Profiles of histone marks overlap-
ping aligned LMNB1-increased (Grow < RIS
in Fig. 1D) regions (the gray shading) in the
RIS condition. Domain alignment was per-

formed such that all domains were orientated 59 to 39; a distance equal to the domain width was added upstream of and downstream
from the region, and the whole region was cut into equal 100 percentiles, where the LMNB1-enriched regions are now the mid-tertile of
the data.
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cence phenotype (including SAHFs) (Fig. 4C; Supplemen-
tal Fig. S8A). We showed previously that the HMGA
proteins are required for SAHF formation as architectural
components (Narita et al. 2006). Thus, we hypothesized
that the spatial removal of perinuclear heterochromatin
together with the accumulation of these architectural
components of SAHFs might cooperatively contribute to
SAHF formation. Indeed, LMNB1 and HMGA2 protein
levels were inversely correlated during the time course of
RIS (Fig. 1A). To test this, we stably expressed sh-LMNB1
and/or HA-tagged HMGA proteins in IMR90 cells. Con-
sistent with results from our previous study, overexpres-
sion of the HMGA proteins alone using a weak promoter
showed a minimal effect, similar in extent to that of
sh-LMNB1 alone (Fig. 4D; Narita et al. 2006). However,
the coexpression of both sh-LMNB1 and HA-HMGA1 (or

HA-HMGA2) more efficiently induced SAHFs (Fig. 4D;
Supplemental Fig. S8B). Similar results were also obtained
using BJ cells (Supplemental Fig. S8C). We next examined
whether ectopic expression of LMNB1 affects SAHF for-
mation. The overall effect of LMNB1 overexpression on
senescence has been controversial: LMNB1 overexpres-
sion was originally shown to increase the proliferation
rate and delay the onset of senescence in HDFs (Shimi
et al. 2011), but more recent studies suggested that it ac-
tually induces senescence (Barascu et al. 2012; Dreesen
et al. 2013). When we ectopically expressed LMNB1 using
the weak promoter, we managed to express it at a level
comparable with endogenous LMNB1 in growing cells
(Fig. 4E). In these conditions, while ectopic LMNB1 in-
duced an irregular nuclear shape in both growing and RIS
conditions, the impact on cell proliferation was marginal
(Fig. 4E). Nevertheless, SAHF formation was partially, yet
significantly, reduced by the ectopic expression of LMNB1
(Fig. 4E; Supplemental Fig. S8D). These data suggest that
LMNB1 reduction during senescence induces the spatial
repositioning of perinuclear heterochromatin and thus,
together with architectural proteins, facilitates SAHF
formation.

De novo LMNB1 binding is correlated with gene
repression

It has been suggested that the association of genes with
the nuclear lamina is involved in their silencing, but this
repressive effect appears to depend on the genes and their
chromatin context (Kind and Van Steensel 2010). Thus,
we next examined whether there was any relationship
between differential LMNB1 binding on genic regions and
the differential expression of those genes during RIS. A
genome-wide analysis failed to show any global correla-
tion (Fig. 5A). This is consistent with a recent study
showing that gene expression changes due to the double
knockout of Lmnb1 and Lmnb2 in mouse trophectoderm
and ESCs are not correlated with the binding of Lmnb1 to
the promoters of those genes (Kim et al. 2011). Thus, our
data suggest that expression of only a small subset of
genes, if any, is correlated with the alteration of regional
LMNB1 occupancy during RIS. To identify such genes,
we took advantage of gene sets included in the regions
defined in Figure 1D based on the differential binding of
LMNB1 and performed a gene set enrichment analysis
(GSEA) (Subramanian et al. 2005). This technique allowed
us to test for a nonrandom distribution of an a priori
defined subset of genes within a ranked expression data
set. Genes within the RIS-only class were significantly
down-regulated during RIS (Fig. 5B; Supplemental Table 2),
while genes in all other classes failed to show significant
association with the phenotype (Supplemental Fig. S9).
High-scoring ‘‘leading-edge’’ genes (Subramanian et al.
2007) from the RIS-only class as well as other classes were
subjected to a gene ontology (GO) analysis, revealing a
distinct GO feature in the RIS-only class with prominent
enrichment in cell cycle GO categories (Fig. 5C; see also
Supplemental Fig. S5, where the examples overlap with
leading-edge genes). In contrast, other classes mostly

Figure 3. Reduction of perinuclear heterochromatin during
senescence. (A) Representative electron micrographs of growing
(G) and RIS IMR90 cells. Areas indicated by the rectangles are
magnified. (Right) Thickness of high-electron density perinu-
clear areas was measured from the inner nuclear membrane
using a superimposed grid and ImageJ. The data represent the
average thickness of five to 17 points per nucleus. Black bars
represent mean. Representative plot of two independent exper-
iments is shown. (***) P < 0.001. (B) Confocal images of the
equatorial section for the indicated antibodies in growing and
RIS cells with (+) or without (�) obvious SAHFs. The number of
H3K9me3 foci adjacent to the peripheral LMNA/C signals per
nucleus (n $ 25) was counted. Black bars indicate mean.
Representative plot of three independent experiments is shown.
(***) P < 0.001. (C) LMNB1 intensity per nucleus was quantified
with a laser-scanning cytometer (n > 1000). (Top) Averaged
histogram of three independent experiments is shown. (Bottom)
RIS cells with low (RIS-1) and high (RIS-2) LMNB1 levels were
gated, and SAHFs were assessed in each gated population.
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share a ‘’’membrane’’ signature, which we previously
showed is strongly associated with RIS, suggesting that
this correlation is likely to be nonspecific (Narita et al.
2011). Furthermore, the H3K27me3 ratio between RIS
and growing cells (log2 RIS/Grow) was elevated within the
gene bodies of the leading-edge genes, whereas the same
ratio for H3K36me3 dropped (Fig. 5D; Supplemental Fig.
S10). These data suggest that the potential role of LMNB1
in gene repression is limited to a specific subset of genes
representing a small fraction of the genome, wherein
LMNB1 binding is paradoxically increased during RIS.

Finally, we performed additional DNA FISH experi-
ments using probes that overlapped with the RIS-only
region leading-edge genes, where H3K27me3 was more
prominent than H3K9me3 (Supplemental Fig. S11). Sim-
ilar to the H3K27me3 immunolabeling pattern (Chandra
et al. 2012), these regions were mostly located in the
interior of the nucleus in both growing and RIS cells
(Fig. 5E). In contrast to the first probe set, however, most
RIS-only probes exhibited a shift toward the nuclear
periphery, although the dynamic range was small (Fig. 5E;
see Supplemental Fig. S11 for a better comparison be-
tween the two probe sets). These data further suggest that
the regional gains in LMNB1 binding in part facilitate

a perinuclear relocalization and thus may contribute to
gene silencing.

Discussion

Increasing evidence has shown that LMNB1 global levels
are altered during senescence, but the directionality of
the change and its impact on the senescence phenotype
are unclear (Shimi et al. 2011; Barascu et al. 2012; Freund
et al. 2012; Dreesen et al. 2013). In this study, we con-
firmed that LMNB1 expression levels are down-regulated
during senescence using human fibroblasts and melano-
cytes. At the same time, our data revealed that the al-
terations in LMNB1 binding to chromatin are uneven
throughout the genome. This uneven redistribution is not
random, since the major reductions in LMNB1 occur
mostly in H3K9me3-enriched regions. In addition, in a
small but substantial portion of the genome, particularly
in H3K27me3-enriched regions, gains in LMNB1 binding
occur during senescence. The global reduction and re-
gional gains in LMNB1 binding are correlated with SAHF
formation and gene repression, respectively; thus, it is
possible that these two parallel processes collectively
contribute to the senescence phenotype.

Figure 4. Correlation between LMNB1 re-
duction and intranuclear location of geno-
mic regions. (A) Projections of confocal FISH
images. (Left) FISH signals of the BAC clone
784D7 are shown. (Right) Mean percentage
of cells that displayed at least one FISH
signal at the nuclear periphery (n = 3) is
plotted against mean RPKM of LMNB1
ChIP-seq within regions covered by each
probe in each condition (n = 3). (B) Western
blot analysis for the indicated antibodies in
IMR90 cells expressing three different sh-
LMNB1. (C) Confocal images of LMNB1-
depleted cells stained with the indicated
antibodies. (Left) Inset numbers represent
percentage of cells with SAHFs (mean 6

SEM). (Right) The number of perinuclear
H3K9me3 foci was assessed as in Figure 3B.
Two independent experiments for three in-
dependent shRNAs are shown. (D) Combi-
nation of LMNB1 depletion and ectopic
expression of HMGA promotes SAHF for-
mation and senescence. sh-LMNB1-1 or the
control miR30 vector (�) and either HA-
HMGA1 (A1), HA-HMGA2 (A2), or the con-
trol vector (�) were coexpressed in IMR90
cells. Cells were assessed for protein expres-
sion, SAHFs, BrdU incorporation, and SA-
b-galactosidase activity. Values represent
mean 6 SEM from six experiments. (E) Ec-
topic expression of LMNB1 inhibits SAHF
formation. LMNB1 or control vector was
retrovirally transduced to IMR90 cells ex-
pressing ER:Ras. Cells were assessed for
protein expression, SAHFs, and BrdU incor-
poration at the indicated time points after
ER:Ras induction. (*) P < 0.05; (**) P < 0.01;
(***) P < 0.001.
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High-order chromatin structure alteration is a complex
and perhaps multimodular process. The ‘‘pro-SAHF’’
nuclear environment achieved through the preferential
reduction of LMNB1 from H3K9me3 regions appears to
be independent of the architectural aspect of SAHF for-
mation. Our findings therefore provide an additional
element in the machinery of SAHF formation. Consider-
ing the modest effects of both the depletion and over-
expression of LMNB1 on the process of SAHF formation,
it is clear that other factors are involved in this process.
It also remains to be elucidated how such an organized
redistribution of LMNB1 during senescence is regulated.
Interestingly, it has recently been shown that nuclear
envelope proteins and their associated factors are in-
volved in heterochromatin tethering to the nuclear

periphery. For example, Lap2b, a nuclear envelope pro-
tein, forms a complex with the transcription repressor
cKrox (ThPOK) and the histone deacetylase HDAC3 and
tethers LADs to the nuclear lamina in a sequence-de-
pendent manner (Zullo et al. 2012). In addition, Lamin B
receptor (LBR), another nuclear envelope protein, has
been shown to contribute to tethering peripheral hetero-
chromatin: The absence of both LBR and LMNA/C leads
to the loss of peripheral heterochromatin (Solovei et al.
2013). LBR preferentially binds to B-type lamins as well as
heterochromatin protein 1 (HP1), a H3K9me3-binding
protein (Ye and Worman 1996). Although the dynamic
status of these factors during senescence is not known, it is
possible that, together with the global regulation of the
LMNB1 level itself, modulation of more specific mecha-

Figure 5. Gene repression in de novo LMNB1 re-
gions in RIS cells. (A) Scatter plot comparing log2
fold change of gene expression and LMNB1 ChIP-seq
reads on the gene body during RIS. (B) GSEA profile
of genes within the classes defined in Figure 1D.
Genes are ranked into an ordered list based on dif-
ferential expression between growing and RIS cells.
Genes that are repressed during RIS are ranked
toward the right (blue). The rectangle indicates the
‘‘leading-edge’’ subset of genes. (C) Heat map show-
ing GO analysis in genes in the leading-edge subsets
from GSEA analyses of genes included in the in-
dicated classes. (D) Log2 ratios of normalized read
counts for the indicated ChIP-seq data between RIS
and growing conditions around scaled gene bodies
associated with the RIS-only region are shown for
the indicated gene sets. Gene bodies were aligned
59 to 39 according to transcription direction. (B–D)
Note that genes are included when at least 50% of
gene bodies overlap with RIS-only regions. (E) Lo-
calization of selected leading-edge genes by FISH in
growing and RIS cells. Mean percentage of cells that
displayed at least one FISH signal at the nuclear
periphery (n = 3) is plotted against mean RPKM of
LMNB1 ChIP-seq within regions covered by each
probe in each condition (n = 3). See also Supplemen-
tal Figure S11.
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nisms involving genomic sequence- or histone mark-
dependent chromatin tethering to the nuclear lamina
contribute to the complex and uneven redistribution of
LADs. Regardless of the nature of the mechanism, our
results imply that the differential affinity of LMNB1 for
regions with different genomic and chromatin features
may itself be a mechanism that allows for the fine-tuning
of LMNB1 functions. It has also been shown that LMNB1
defects affect interphase chromosomal positioning and
gene expression (Malhas et al. 2007) and that the nuclear
location of genes can change in a disease- and loci-specific
manner during tumorigenesis (Meaburn and Misteli 2008;
Meaburn et al. 2009). Thus, the regulation of the balance
between alterations in LMNB1 on both global and re-
gional levels might have wider implications for the
development of disease.

Materials and methods

Antibodies

Antibodies used for Western blotting were as follows: LMNA/C
(sc-7292, Santa Cruz Biotechnology), LMNB1 (ab16048, Abcam),
Cyclin A (C4710, Sigma), p16 (sc-759, Santa Cruz Biotechnol-
ogy), HMGA2 (sc-30223, Santa Cruz Biotechnology), H-Ras
(OP23, Calbiochem), b-actin (A5441, Sigma), Rb (9309, Cell
Signaling), HA (3724, Cell Signaling), and BRAF (F7, sc-5258,
Santa Cruz Biotechnolgy).

Cell culture and gene transfer

IMR90 (female, embryonic lung-derived) and BJ (male, neonatal
foreskin-derived) fibroblasts (American Type Culture Collection)
were cultured in phenol-red-free DMEM with 10% FBS under
5% oxygen. The retroviral and lentiviral gene transfer was carried
out as described (Narita et al. 2006) using the vectors detailed
in the Supplemental Material. RIS was induced by retrovirus-
mediated expression of either H-RasG12V or H-RasG12V fused to
the estrogen receptor (ER) ligand-binding domain (ER:Ras) (Young
et al. 2009). Primary human melanocytes (Tissue Bank, Yale
SPORE in Skin Cancer, Yale University) were grown in 254
medium, including a melanocyte growth supplement (Cascade
Biologics/Life Technologies), under 5% oxygen. Senescence
was induced by lentivirus-mediated expression of BRAFV600E

(Michaloglou et al. 2005).

Immunofluorescence, LSC, electron microscopy,

and senescence assays

Immunofluorescence and senescence-associated b-galactosidase
were performed as described (Narita et al. 2003). The primary
antibodies used were H3K9me3 (07-523, Millipore), H3K27me3
(CMA323) (Hayashi-Takanaka et al. 2011), LMNA/C (sc-7292,
Santa Cruz Biotechnology), LMNB1 (ab16048, Abcam; sc-6216,
Santa Cruz Biotechnology), HA (H9658, Sigma), and BrdU (555627,
Becton Dickinson). For quantitative imaging, LSC (Compucyte
iCys) was used. Electron microscopy was performed as reported
(Motskin et al. 2011).

ChIP-seq

ChIP was performed as described (Chandra et al. 2012). For
LMNB1 and control IgG ChIP-seq, three independent biological
replicates were performed with matched inputs for each con-

dition using a LMNB1 antibody (ab16048, Abcam) and then
anti-rabbit IgG-conjugated Dynabeads (112.04D, Invitrogen). All
ChIP-seq data from this study have been submitted to the Gene
Expression Omnibus database (GSE49341). All other ChIP-seq
data came from our previous study and were obtained using the
same conditions (Chandra et al. 2012), except for H3K79me1
(Hawkins et al. 2010). CTCF-binding regions were obtained from
published data (Kim et al. 2007). For detailed ChIP-seq data
analyses, see the Supplemental Material.

Expression microarray

The gene expression data sets on HumanHT-12 version 3.0
Expression BeadChip (Illumina) arrays were those published
previously (Chandra et al. 2012). For detailed data analyses, see
the Supplemental Material.

DNA-FISH

DNA-FISH was performed as described elsewhere (Chandra et al.
2012).
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