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Cellular senescence is a mechanism that virtually irreversibly suppresses the proliferative capacity of cells in response to
various stress signals. This includes the expression of activated oncogenes, which causes Oncogene-Induced Senescence
(QIS). A body of evidence points to the involvement in OIS of chromatin reorganization, including the formation of sen-
escence-associated heterochromatic foci (SAHF). The nuclear lamina (NL) is an important contributor to genome organi-
zation and has been implicated in cellular senescence and organismal aging. It interacts with multiple regions of the genome
called lamina-associated domains (LADs). Some LAD:s are cell-type specific, whereas others are conserved between cell types
and are referred to as constitutive LADs (cLADs). Here, we used DamID to investigate the changes in genome-NL interac-
tions in a model of OIS triggered by the expression of the common BRAFY4C°E oncogene. We found that OIS cells lose most
of their cLADS, suggesting the loss of a specific mechanism that targets cLADs to the NL. In addition, multiple genes relo-
cated to the NL. Unexpectedly, they were not repressed, implying the abrogation of the repressive activity of the NL during
OIS. Finally, OIS cells displayed an increased association of telomeres with the NL. Our study reveals that senescent cells
acquire a new type of LAD organization and suggests the existence of as yet unknown mechanisms that tether cLADs to

the NL and repress gene expression at the NL.

[Supplemental material is available for this article.]

Cellular senescence is a virtually irreversible form of cell cycle ar-
rest that occurs in response to diverse stress signals including telo-
mere shortening, DNA damage, and oncogene expression. The
latter is called Oncogene-Induced Senescence (OIS). OIS was first
observed for an activated form of RAS, a cytoplasmic transducer
of mitogenic signals (Serrano et al. 1997). Subsequently, other
members of the RAS signaling pathway, like Raf-1, BRAF, and
MEK (Lin et al. 1998; Zhu et al. 1998), were shown to cause senes-
cence when overexpressed or expressed as oncogenic forms.
Work from several laboratories, including ours, demonstrated
that this phenomenon, which was initially identified and charac-
terized in vitro, acts as a robust tumor suppressive mechanism in
vivo. For instance, we found that human melanocytic nevi (moles)
harboring oncogenic mutant BRAFY®°°F display several hallmarks
of senescence: durable lack of proliferation, increased expression of
the tumor suppressor p16™¥*? and elevated senescence-associat-
ed B-galactosidase activity (Michaloglou et al. 2005). Concomi-
tantly, OIS was demonstrated to occur in vivo also in response to
a variety of other oncogenic mutations, an inactivated tumor sup-
pressor, and in several types of premalignant lesions in human and
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different mouse models (Braig et al. 2005; Chen et al. 2005; Col-
lado et al. 2005). Together, these and many subsequent studies
(Kuilman et al. 2010) demonstrated that OIS can effectively sup-
press progression of incipient cancer cells toward the malignant
stage. Given the importance of OIS in limiting the tumorigenesis
of human cancers, there is a crucial need to understand the mech-
anisms underlying this program.

Several studies pointed to a role for chromatin reorganization.
For example, relocation of entire chromosomes relative to the nu-
clear periphery was observed in senescent cells (Bridger et al.
2000). Moreover, OIS is commonly accompanied by the accumula-
tion of senescence-associated heterochromatic foci (SAHF), which
correspond to condensed individual chromosomes (Narita et al.
2003; Zhang et al. 2007). These foci contain histone modifications
and associated proteins characteristic of heterochromatin. They
are thought to contribute to the onset of senescence by repressing
the expression of proliferation-associated genes (Narita et al. 2003;
Zhang et al. 2007). A detailed immunofluorescence microscopy
analysis revealed that SAHF adopt a concentric organization with
a central core enriched for compacted chromatin and H3K9me3,
as well as a peripheral ring containing a more relaxed chromatin
and an H3K27me3 mark (Chandra et al. 2012; Chandra and
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LAD reorganization in OIS cells

Narita 2013). The functional significance of this organization is
unknown, however.

In recent studies, genome-wide approaches were applied to
map different features of the senescent cell epigenome. Mapping
of histone mark distribution identified large domains enriched
for H3K4me3 and H3K27me3 in replicative senescent cells (Shah
et al. 2013). In another study, FAIRE-seq analysis revealed a wide-
spread change in the distribution of open and closed chromatin
(De Cecco et al. 2013). Also, bisulfite-sequencing analysis identi-
fied large domains of hypomethylation and focal hypermethyla-
tion events in senescent cells, which resemble the methylome
changes seen in cancer (Cruickshanks et al. 2013). Finally, a Hi-C
study revealed a global change in the pattern of local chromatin in-
teractions (Chandra et al. 2015). All these observations suggest
that widespread changes occur in chromatin composition and
3D organization during senescence. However, it is still unclear
whether and how these changes contribute to the establishment
and maintenance of the senescent state.

Genome-nuclear lamina interactions are another important
aspect of the spatial organization of the genome. The nuclear lam-
ina (NL) is a fibrous multiprotein network lining the nucleoplas-
mic face of the inner nuclear membrane. Using the DamID
technique, we have previously shown that genomes of human
cells are organized into large lamina associated domains (LADs)
(Guelen et al. 2008). The genes in LADs are generally expressed
at low levels, and LADs are depleted for active histone marks
such as acetylation of H3 and H4 and methylation of H3K4.
Therefore, the NL is considered to be a repressive chromatin envi-
ronment (Guelen et al. 2008; Kind and van Steensel 2010). We also
previously described two classes of LADs—those that interact with
the NL in all cell types, designated as constitutive LADs; and LADs
that are cell-type specific, called facultative LADs (Meuleman et al.
2013).

Whether and how changes in LAD organization occur during
senescence is largely unknown. We have addressed this question
by using the DamlID technology to generate and compare maps
of genome-NL interactions of human proliferating, quiescent,
and OIS cells.

Results

Massive changes in genome-nuclear lamina interactions occur
during OIS

To map changes in LADs during OIS, we performed DamlID for
lamin B1 (LMNBI1), a major constituent of the nuclear lamina
(Peric-Hupkes et al. 2010). For this analysis, we used hTERT-immor-
talized Tig3 fibroblasts (Tig3ET), which were induced to senesce by
ectopic expression of BRAFV®°°F, This is a well-defined OIS model
that we used previously in several studies (Michaloglou et al.
2005; Kuilman et al. 2008; Kaplon et al. 2013). To express the
Dam fusion proteins, we used the “ProteoTuner” inducible system,
which is based on the fusion to a destabilization domain (DD).
Dam-lamin B1 expression is induced by a small molecule
(“Shield1”) that binds the DD, thereby preventing the targeting
of Dam-lamin B1 for proteosomal degradation (Kind et al. 2013).
Tig3ET cells were first transduced with retrovirus expressing
either BRAFV°F or control empty vector. After a period of cultur-
ing to allow the cells to enter senescence, they were transduced
with lentivirus encoding the Dam-lamin B1 fusion or unfused
Dam and subsequently induced to express these proteins for
24 h. Genomic DNA was then subjected to DamID in combination

with high-throughput sequencing (DamID-sequencing [DamID-
seq]) (Fig. 1A).

At the time of harvesting, cells displayed typical features of
senescence, including proliferation arrest, induction of senes-
cence-associated-B-galactosidase activity, and elevated p16™K+
expression (Supplemental Fig. S1A-C). Western blot analysis
confirmed Dam-lamin B1 expression in BRAFY®°“.senescent
cells, albeit at a lower level compared to cycling cells (Supple-
mental Fig. SID). In these conditions of expression, we were
able to identify a substantial number of LADs in OIS cell (see be-
low). We previously demonstrated that Dam-lamin B1 can be
used to map NL interactions in both cycling and noncycling
cells (Peric-Hupkes et al. 2010), and immunofluorescence confo-
cal microscopy confirmed that DD-Dam-lamin B1 was correctly
localized at the nuclear periphery both in cycling and OIS cells
(Supplemental Fig. S1E).

Two independent DamID-seq experiments were sequenced at
acombined depth of 49.9 million reads (with an average of 6.2 mil-
lion reads/sample). The Pearson correlation coefficient between
the biological replicates was 0.79 for cycling cells and 0.64 for
OIS cells (Fig. 1B). Consistent with previous DamID data generated
in Tig3 cells (Guelen et al. 2008), cycling Tig3ET cells display large
chromosomal domains of high NL association that alternate with
regions of low-level NL association. However, the pattern of Dam-
lamin B1 interaction was dramatically altered in OIS cells, with
some regions showing a loss of interaction and some a gain (Fig.
1C). Such changes occurred on all chromosomes (Supplemental
Fig. S2). Therefore, OIS cells profoundly change their chromosome
domain organization with respect to the NL. These changes can-
not be accounted for by the occurrence of nuclear blebs and/or mi-
cronuclei, because we found the frequencies of these structures to
be similar between cycling and OIS cells (Supplemental Fig. S3A,B).
The observed changes in DamlID profile can also not be caused by
systematic karyotype changes, because the Dam-lamin B1 data are
normalized to Dam-only data. Moreover, systematic changes in
karyotype are unlikely to accumulate, considering the rapid cell cy-
cle arrest that accompanies OIS.

We also generated a map of genome-NL interactions in quies-
cent cells. Remarkably, this profile was highly similar to that of
proliferative cells (Fig. 1C; Supplemental Fig. S2). This high degree
of similarity was also reflected by unsupervised hierarchical clus-
tering, which grouped proliferative and quiescent cells in one ma-
jor branch and OIS cells in another (Fig. 1B). This indicates that
most of the changes seen in OIS cells are not explained by cell cycle
exit per se, but are specific for the senescent state.

Validation of the DamID-seq profile of OIS cells

As DamlID-seq provides only a relative estimate of the levels of
methylation generated by Dam-LMNB1, we used the DpnlI protec-
tion assay to quantify absolute differences in the level of Dam-
LMNB1 mediated methylation at several loci (Kind et al. 2013).
Briefly, we digested genomic DNA from cycling and OIS cells in-
fected with Dam-lamin B1 with the methylation-sensitive enzyme
Dpnll, which cuts unmethylated but not Dam-methylated GATC
sequences. This digest was assayed by real-time quantitative PCR
with primers flanking sequences containing GATC. We selected
nine loci, for which the DamID-seq results showed either an in-
crease, decrease, or no change in NL interactions (Fig. 2A). The
Dpnll assay confirmed these results (Fig. 2B), indicating that in-
creased and decreased DamID-seq signals may be interpreted as in-
creased and decreased NL interactions, respectively.
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Figure 1.

correspond to days after BRAFY69F

Massive changes in genome-nuclear lamina interactions occur during OIS. (A) Experimental setup. The time points indicated in the brackets
retroviral transduction or serum starvation. (B) Heat map representation of correlations of Dam-LMNB1 methylation

ratios between the two biological replicates each for quiescent, cycling, and OIS cells. (C, i). Genome-NL interaction profile along Chromosome 6 for qui-
escent cells after 10 d of serum starvation, and cycling and OIS cells 10 d after retroviral transduction. The y-axis represents log, of Dam-LMNB1 over Dam-
only methylation ratio. (i) Changes in LMNB1 interaction in OIS cells for Chromosome 6. Some regions showing changes in NL interactions are highlighted

in purple boxes.

Loss of NL interactions during OIS affects primarily
constitutive LADs

Inspection of the chromosomal profiles revealed that OIS cells ex-
hibited very large regions losing NL interactions (Fig. 1A).
Quantification showed that OIS cells displayed substantial de-
creases both in LAD number and in proportion of the genome cov-
ered with LADs, indicating an overall reduction in genome-NL
interactions (Fig. 3A). We therefore investigated whether there
were specific characteristics associated with the domains that
were detaching from the NL in OIS cells.

We previously reported that LADs can be divided into consti-
tutive LADs (cLADs) that are conserved across cell types and facul-
tative LADs (fLADs) that contact the NL in a cell-type-specific
manner (Meuleman et al. 2013). We investigated whether there
was any relationship between the cLAD/fLAD status and LAD reor-
ganization during OIS. Because a cLAD/fLAD map is currently only
available for mouse cells (Meuleman et al. 2013), we constructed
one for human cells using previously published data from human
ES cells, HT1080 fibrosarcoma cells (Kind et al. 2013), KBM7
chronic myelogenous leukemia cell line (Kind et al. 2015), and cy-
cling Tig3 cells (this study). After identifying LADs in each of these
four cell types, we divided them into two classes: cLADs that are
NL-associated in all four cell types, and fLADs that are NL-associat-
ed in Tig3 cells, but do not associate with the NL in at least one of
the other cell types. Likewise, we divided iLADs into ciLADs, which
are not at the NL in any of the four cell types; and fiLADs, which
are detached from the NL in Tig3 cells, but are NL-associated in
at least one of the three other cell types.

We observed that the two classes of LADs behaved differ-
ently in OIS cells: whereas the majority of the cLADs had de-

tached from the NL in OIS cells (79% of regions covered with
cLADs move away from the NL after OIS), the fLADs mostly re-
mained at the NL (72% of regions covered with fLADs remain
at the NL after OIS) (Fig. 3B). We conclude from these observa-
tions that OIS cells undergo a preferential loss of constitutive ge-
nome-NL interactions.

Using single-cell DamID, we recently identified a class of
LADs that are at the NL in almost every single cell. These stable
LADs largely overlap with constitutive LADs (Kind et al. 2015).
We found that 80% of these regions with consistent NL inter-
actions in cycling cells had moved further away from the NL
upon OIS compared to 52% of regions without consistent NL
interactions (Fig. 3C). Therefore, the LADs that are not only
invariant across cell types but also between individual cells ap-
pear to be the ones that preferentially detach from the NL dur-
ing OIS.

DNA in cLADs has a low GC content (high AT content)
(Meuleman et al. 2013). Accordingly, we found that the most pro-
nounced loss of NL interaction in OIS cells occurred in regions
with low GC content, whereas the regions with the strongest
gain in NL interactions tended to be GC-rich (Fig. 3D). Our find-
ings are consistent with, and extend, the previously reported cor-
relation between GC content and LAD changes in the context of
RASY2.induced senescence (Sadaie et al. 2013).

Long interspersed nuclear elements (LINEs) are enriched at
the NL in murine cells (Meuleman et al. 2013). We also found
that LINE-1 elements are enriched at the NL in cycling Tig3 cells
(Fig. 3Ei). Along with the massive changes in genome localization
occurring in OIS, we observed the opposite in this setting: the
LADs from cycling cells detaching from the NL in OIS cells showed
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Figure 2. Validation of the changes in NL interactions at individual loci by Dpnll assay. (A) Genomic regions showing either increased, decreased, or
unchanged NL interactions in OIS cells selected for the Dpnll assay. Purple crosses represent the location of the designed PCR primers. (B)
Quantification by real-time PCR of Dam-LMNB1-mediated methylation at the loci presented in A in cycling and OIS cells. Results were generated from
two independent replicates and are presented as mean + SD. (*) P<0.05; (**) P<0.01, based on a two-tailed paired t-test.

a significantly higher L1 density than those that remained at the
NL, whereas iLADs from cycling cells remaining detached after
OIS had a significantly higher L1 density than those that moved
to the NL. We then looked more closely at the more recent L1 ele-
ments: LIHS (found specifically in humans) and L1PA2, L1PA3,
and L1PA4 (primate-specific) (Fig. 3Eii). For each of these subtypes,
LINE-1 elements in LADs in cycling cells were significantly more
likely to detach from the nuclear lamina after OIS. We also ob-
served that the iLADs in cycling cells were significantly more likely
to remain detached from the NL after OIS in all of these L1 sub-
types except L1HS. This appears to be specific to the primate-
and human-specific L1 elements, because LIMC2, a mammalian
L1 element, failed to show a significant shift away from the nuclear
lamina in OIS cells.

This was paralleled by short interspersed nuclear elements
(SINEs) moving in OIS cells in the opposite direction compared
to LINEs (Fig. 3F-H). It thus seems that the constitutive iLADs
move toward the nuclear periphery in OIS cells, which is in agree-
ment with the DamID data and DAPI distribution. That this anal-
ysis is specific for the SINE signal is shown by a comparative
analysis, based on the DAPI signal, which does not show this pat-
tern (Fig. 31).

Loss of gene repression at the NL during OIS

In addition to the widespread loss of NL interaction, we noted that
some regions moved closer to the NL in OIS cells (Fig. 1C;
Supplemental Fig. S2). This was the case for iLADs, which again
displayed a differential behavior according to their constitutive
or facultative status. Specifically, ciLADs displayed a strong trend
toward increased NL association in OIS cells, in contrast to
fiLADs, which mainly remained away from the lamina (Fig. 3B).
Thus, regions that do not even associate with the NL in other (non-
senescent) cell types showed a preference to contact the NL in OIS
cells. A correlation with GC content was apparent here also, with
GC-rich regions showing a trend toward increased interactions
(Fig. 3D).

GC-rich regions are generally more gene dense (Mouchiroud
etal. 1991; Zoubak et al. 1996). Therefore, we predicted that genic
regions would move toward the NL in OIS cells. Indeed, as previ-
ously reported (Guelen et al. 2008), LADs in cycling cells tended
to be depleted of genes, containing only a third of them (Fig.
4A). This was also the case for quiescent cells. In contrast, this pro-
portion increased in OIS cells, such that more than half of all genes
were at the NL.

Given the previously documented role of the NL in gene re-
pression (Guelen et al. 2008; Kind and van Steensel 2010), we
next wished to explore a possible relationship between these al-
tered gene-NL associations and changes in the transcriptome af-
ter OIS induction. For this, we generated gene expression profiles
of cycling, OIS, and quiescent cells using RNA-sequencing. We
first compared the distribution of NL interaction changes be-
tween up-, down-, and nonregulated genes in OIS cells. For
all three gene groups, we observed a shift toward the NL of a
similar magnitude (Fig. 4B). Thus, surprisingly, increased associa-
tion of genes with the NL is not linked to changes in their
expression status.

We then examined the expression level by LAD/iLAD status
in the three conditions. Consistent with our prior work (Guelen
et al. 2008), the genes outside LADs (i.e., those in iLADs) were
more highly expressed than genes inside LADs in cycling cells
(4.9-fold higher mean expression), as well as in quiescent cells
(6.5-fold higher mean expression) (Fig. 4A). However, this dif-
ference in expression was virtually lost in OIS cells (1.2-fold in-
crease in mean expression) (Fig. 4C). This indicates that the
genes moving toward the NL in OIS cells do not become repressed.
Therefore, there appears to be no global relationship between dif-
ferential NL interactions and differential gene expression during
OIS. This is in agreement with a previous study reporting lack of
correlation between changes in lamin B1 interactions and changes
in gene expression (Sadaie et al. 2013). In addition, the complete
loss of the difference in gene expression between LADs and
iLADs in OIS (Fig. 4B) suggests that the mechanisms responsible
for gene repression at LADs are abolished in OIS cells.

Genome Research 1637

www.genome.org


http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.225763.117/-/DC1

Number Coverage
of LADs of genome

Cycling 950 62%
oIS 572 46% © 1
Quiescent 1417 52%

-1

OIS: LMNB1 interaction (log2)

-2

T T T T

2

-1 0 1 2
Cycling: LMNB1 interaction (logy)
C D
— Consistent NL ~
interactions —_ 60
= Other region N
2 €
© o 55 @
> — -
oo - c
c < o
) i) 50 ©
3 - (&)
=3 o
o g ©
- o 8 o 45 g,
o c 8
2 £ g
5 3 408
QN z - 3
X o s a
- 35
ﬁ
o o 9 30
o T T T T
-2 -1 0 1 2
A LMNB1 Interaction Cycling: LMNB1 interaction (Iogz)
QIS - Cycling
E i ii iii
All L1 L1 HS L1PA2 L1 PA3 025 L1 PA4 0.10. LIMC2
15 0.025 0.10 0.25
3 20,020 R0.08 2020 :30'20 20084
10 o) [0) Q 0] [0)
g 30'015 gb.OG ?0.15 50’15 g0,0G
[ [ [ o [ )
> > > P > >
o 0.10 0.044
8s o010 §oo §o.10 8 3
0.005 0.02 0.05 0.05 0.024
, 0.000 0.00 0.00 J I8
Cycllng iLAD LAD Cycling /ILAD I/.AD Cycling iLAD LAD Cycllng |LAD LAD Cycllng iLAD LAD Cycling iLAD LAD
p; Z P Z
O ° 4ugq. %e, OIS 4gg, %k, OIS %l 4l OIS 4oy %agq OIS 4oy Zgq OIS %oy oly
F G
All SINE Cycling oIS Distribution of SINE- Distribution of DAPI in 5
FISH in 5 concentric concentric shells
shells (lamina > center) (lamina > center)
20
[Te) . [Te) y
—_ I < e o I ie -;3— -
o\o 15 * s » #_ & ¢ = - -‘
& G o < T oA T o K. % =
& . 59 FHER IR b IR
o % O 7 » © v W
o % © . ¥ T x
S s =g = < 5|
© Dol = S| %
B pas I oWT P i oWT
Cycling iILAD LAD e OIS ¥ ° OIS

OIS %Sy ZoSey

1 2 3 4 5
Concentric band

1 2 3 4 5
Concentric band
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repeat. Error bars indicate two standard deviations around mean L1 density for OIS LADs and iLADs randomly assigned to LAD or iLAD in OIS cells by circular
permutations. Differences in iLAD and LAD L1 element density in OIS cells that was significantly different ([*] P < 0.05) to the expected density generated
from random assignment of the LADs and iLADs in cycling cells. (F) SINE element coverage in LADs and iLADs. (G) Single z-section example of confocal
images of cycling and OIS cells stained with a SINE probe (Alexa Fluor-555, grayscale). DNA was stained with DAPI. (H,/) Quantification of SINE (H) and
DAPI (/) signal intensities in confocal sections, in five concentric shells having equal surface areas (shell 1 is closest to the NL, shell 5 is at the nuclear center).
Each dot represents one nucleus; horizontal lines depict medians.
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the different conditions were obtained by RNA-sequencing (at day 10 post BRA

each plot represent the median gene expression level of each condition.

Relocalization of telomeres and centromeres in OIS cells

The DamlID datareveal that chromosomal extremities often exhibit
increased NL interactions (Fig. 5A). When considering the last 2 Mb
of each chromosomal end, the DamID sequencing data revealed a
dramatic increase in the percentage of chromosomal extremities
associating with the NL (Fig. 5B). To confirm this result, we assessed
telomere localization by telomere fluorescence in situ hybridiza-
tion (FISH). In OIS cells compared to cycling cells, we detected an
enrichment of telomere signals at the nuclear periphery (Fig. 5C,
D). Of note, fixation and subsequent treatment of cells did not
cause loss of cellular architecture by artificial flattening, as demon-
strated by the appearance of a different spatial localization of telo-
meres throughout consecutive z-layers (Supplemental Fig. S4).

A similar analysis of nuclei labeled with a CENP-B antibody
showed that centromeres in OIS cells also tend to move toward
the NL (Fig. SE,F); likewise, we observed that centromeric regions
exhibit stronger DamlID signals in OIS cells (Fig. 5G). Therefore,
in addition to providing a microscopy validation of our DamID-
seq data, these results indicate that the telomeres and centromeres
shift toward a more peripheral localization in OIS cells.

Loss of LBR is not sufficient to induce OIS-like changes in NL
interactions

The lamin B receptor (LBR) has been implicated in the peripheral
positioning of heterochromatin in mouse cells (Clowney et al.
2012; Solovei et al. 2013) and is down-regulated in OIS (Lenain
etal. 2015). To test whether loss of LBR can account for the chang-
es in NL interactions as observed by DamlID, we created a LBR
knockout (KO) cell line by CRISPR/Cas9 technology (Methods;
Maresca et al. 2013). For this we chose human HAP1 cells, in which
the haploid genome simplifies the engineering of KO cells
(Burckstummer et al. 2013). Strikingly, DamID experiments re-
vealed that the LBR KO cells exhibit a genome-NL interaction pat-
tern that is comparable to wild-type cells (Fig. 6A), with essentially

FV690 retroviral introduction or serum starvation). The vertical bars on

no detachment of cLADs from the NL (Fig. 6B). In particular, loss of
LBR does not replicate the movement of the ciLADs toward the
lamina that is observed in senescence (Figs. 3B, 6C). We conclude
therefore that loss of LBR alone does not induce the massive alter-
ations in NL interactions as we observe in OIS cells.

Discussion

Although several lines of evidence point to a spatial reorganization
of the chromatin during senescence, it has remained unclear
whether these changes are associated with alterations in ge-
nome-NL interactions. Using DamID-sequencing for lamin B1 in
cells undergoing senescence following the expression of the com-
mon oncogene BRAFV%°°F, we found that OIS cells undergo a dra-
matic reorganization of genome-NL interactions. Our results are
consistent with previous work reporting changes in lamin B1 ge-
nome-binding distribution during RASY'%induced senescence
(Sadaie et al. 2013). This altered genome-NL interaction profile
is likely to reflect a global spatial repositioning of the genome
that is also manifested by SAHF formation (Chandra et al. 2012;
Chandra and Narita 2013).

We found a widespread loss of NL contacts affecting preferen-
tially the AT-rich, constitutive LAD compartment. These cLADs are
also rich in LINE elements; at present, it is unknown whether AT-
content or LINE elements play an active role in the positioning of
cLADs. cLADs are likely to play an important role in genome func-
tion given the high degree of their conservation across species and
cell types (Meuleman et al. 2013). Therefore, it is striking that al-
most all cLADs detached from the NL during OIS. This suggests
that constitutive genome-NL interactions are governed by a (yet
to be molecularly defined) distinct molecular mechanism that ap-
pears to be specifically lost during OIS.

It is remarkable that some of the epigenomic alterations pre-
viously identified in senescent cells, including large domains of
H3K4me3 and H3K27me3 enrichment (Shah et al. 2013) and
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Figure 5. Telomeric and centromeric regions shift toward the NL in OIS cells. (A) Increased nuclear
lamina association of chromosomal ends in OIS cells compared to cycling and quiescent cells in the 2-
Mb region closest to the end of the chromosome. The y-axis shows log, Lamin B1 binding ratio for
each graph. (B) Quantification of the frequency of interaction of chromosomal extremities as defined
in Ain cycling, OIS, and quiescent cells. Only the 38 chromosome ends for which a sequence assembly
is available were analyzed. (C) Single z-section example of confocal images of cycling and OIS cells
stained by FISH with a telomere probe (FITC, grayscale). DNA was stained with DAPI. (D) Distribution
of distances of telomere signals to the NL in cycling and OIS cells. Data are from two independent exper-
iments. Number of nuclei counted: 59 (OIS), 61 (cycling); total number of telomere signals counted: 417
(OIS), 740 (cycling). The difference in the distribution of the telomere distance between cycling and OIS
cells was statistically significant (P-value =2.34 x 1078, Wilcoxon test). (E) Centromeres labeled with a
CENP-B antibody (Alexa Fluor-568, grayscale). Single z-section examples of confocal images are shown.
DNA was stained with DAPI. (F) Distribution of centromeres determined as in D. Number of nuclei count-
ed: 55 (OIS), 49 (cycling); total number of centromere signals counted: 299 (OIS), 373 (cycling). The
distributions differ statistically significantly (P-value =4.17 x 1072°, Wilcoxon test). (G) Average DamID
signals in centromere-proximal regions are stronger in OIS cells compared to cycling cells (P=0.0067,
Welch two-sample t-test; data based on two independent DamID experiments).

DNA hypomethylation (Cruickshanks et al. 2013), overlap largely
with LADs in normal cells. This suggests that LADs are relatively
more prone to undergo these epigenetic changes during the tran-
sition to the senescent state. It will be of interest to determine
whether those domains that acquire a different chromatin compo-
sition correspond to the cLADs for which we observed detachment
from the NL in OIS cells.

Another senescence-associated
chromatin alteration that has been
linked to LADs during senescence is a
change in the pattern of interactions
within topological domains. Indeed, a re-
cent Hi-C study revealed that OIS cells
exhibit loss of interactions within topo-
logically associating domains (TADs)
and an increased degree of interactions
between TADs. This change was predom-
inantly observed for LADs harboring a
lower GC content (Chandra et al.
2015). Furthermore, it has been shown
by microscopy that H3K9me3 and late-
replicating DNA form the core of SAHFs
(Chandra et al. 2012). This, together
with our observation that cLADs detach
from the NL, suggests that cLADs cluster
together within the nuclear interior,
probably contributing to SAHF for-
mation.

We also show that the proportion of
genes present at the NL significantly in-
creases during OIS. Surprisingly, this
does not appear to be accompanied by
their repression. In normal cells, genes
in LADs are generally repressed and for
this reason, attachment to the NL is
thought to generate a repressive environ-
ment (Guelen et al. 2008; Kind and van
Steensel 2010). Therefore, it appears that
the repressive mechanisms operating at
the NL are no longer functional in OIS
cells. The reason for this remains to be de-
termined, but one possible explanation is
an uncoupling between changes in NL
interactions and those in chromatin
composition. Indeed, previous work us-
ing ChIP-sequencing for multiple repres-
sive histone marks failed to identify
substantial changes in the overall pattern
of their distribution in RASY'*induced
senescent cells (Chandra et al. 2012),
while major changes in lamin B1 interac-
tion were found in the same setting
(Sadaie et al. 2013).

The remodeling of nuclear archi-
tecture in OIS cells is remarkably
reminiscent of the inverted chromatin
organization described in retinal rod cells
of nocturnal mammals (Solovei et al.
2009, 2013). In these cells, gene-poor,
L1-rich heterochromatin coalesces into
a large chromocenter in the nuclear inte-
rior, which can be paralleled with

the clustering of the same regions into SAHF during OIS.
Similarly to OIS cells, genes—whether silent or active—are local-
ized at the nuclear periphery of rod cells, reflecting an uncoupling
between transcriptional status and nuclear positioning (Solovei
et al. 2009). Interestingly, this rod cell phenotype is associated
with the absence of lamin A and LBR expression; concomitant
deletion of the LMNA and LBR genes in nonrod cells results in
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Figure 6. Deletion of LBR does not cause OIS-like changes in NL interactions in cycling human HAP1 cells. (A) LMNB1 DamID profiles along Chromosome
7 for wild-type and LBR KO cycling human HAP1 cells. (B) Changes in LMNB1 interaction after LBR KO (top). For comparison, the changes in NL interactions
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chromatin inversion (Solovei et al. 2013). We recently showed that
OIS cells down-regulate several NE proteins, including lamin A and
LBR (Lenain et al. 2015). Our data in HAP1 cells indicate that loss
of LBR alone is insufficient for the reshaping of NL interaction dur-
ing OIS. An interesting possibility is that OIS and mouse rod cell
differentiation use the same mechanism for spatial reorganization
of the genome. One difference, however, is the positioning of cen-
tromeres. In rod cells, centromeres are preferentially located in the
nuclear interior; in OIS, we observe them to move toward the nu-
clear periphery. At present, we cannot explain this difference, but
it may be related to the fact that mouse chromosomes are acrocen-
tric, whereas most human chromosomes are not.

Finally, we found that OIS cells display an altered positioning
of the telomeres within the nucleus, with a shift toward the nucle-
ar periphery. Telomere enrichment at the NL has been observed in
two other physiological contexts also: in meiosis and immediately
after mitosis (Ding et al. 2007; Crabbe et al. 2012). It remains to be
determined whether a common mechanism drives peripheral telo-
mere position in these different situations. The relocalization of
telomeres to the NE could have an impact on telomere mainte-
nance. This is supported by the observation that loss of lamin A
in mouse cells results in telomere accumulation at the nuclear pe-
riphery that is accompanied by their shortening, a change in their
chromatin composition and a reduction in telomeric noncoding
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RNA (TERRA) expression (Gonzalez-Suarez et al. 2009). Of note, it
has been reported that oncogene expression, including BRAFY%*°F,
results in DNA replication stress preferentially affecting telomeres
and rapid telomere shortening (Suram et al. 2012). Future study
should shed light on whether and how this oncogene-driven telo-
mere dysfunction is mechanistically related to telomere relocation.

In conclusion, using DamID, we mapped the changes in ge-
nome-NL interactions during OIS. Our study reveals that OIS cells
dramatically alter their chromosomal organization relative to the
NL, consisting mostly of loss of constitutive interactions.
Investigation of the molecular mechanisms driving these changes
and their functional significance provides critical information
about the principles of genome organization and function in nor-
mal and senescent cells, with implications for our understanding
of aging and tumor suppression.

Methods

Plasmids and virus production

The retroviral vectors pBabe-puro and pBabe-puro-BRAFY®0F

were used to overexpress the oncogene BRAF®?E, The lentiviral
plasmids pCCL-hPGK-DD-Dam-V5/Wpre (DD-Dam) and pCCL-
hPGK-DD-Dam-V5-hLMNB1/Wpre (DD-Dam-LMNB1) that en-
code the Shield1l-inducible unfused Dam or Dam-lamin B1 were
used for DamID experiments. Retroviruses were produced in the
Phoenix packaging cell line and lentiviruses in HEK293T using
Polyethylenimine (PEI).

Cell culture

For all the senescence experiments, we used the human diploid fi-
broblast cell line Tig3 expressing the ecotropic receptor to allow in-
fection with ecotropic retroviruses and hTERT to prevent
replicative senescence (Tig3ET). Cells were propagated in DMEM
(GIBCO) supplemented with 9% fetal bovine serum.

OIS was induced by infecting Tig3ET with retroviruses encod-
ing oncogene BRAFV®°°F as described (Michaloglou et al. 2005).
Tig3ET cells were made quiescent by culturing them in 0% FBS
DMEM medium. Eight days after retroviral infection (a time point
at which cells have entered senescence) or after serum starvation,
cells were transduced with the Dam or Dam-lamin Bl-encoding
lentiviruses. Twenty-four hours after transduction, cells were re-
freshed with medium supplemented with 0.5 pM Shield
(Clontech). After 24 h of induction, cells were harvested and pro-
cessed for DamID sequencing. These experiments were repeated,
resulting in n =2 for each condition.

LBR knockout cell line

HAP1 cells were cultured in IMDM 1x (Gibco) supplemented with
10% fetal bovine serum (Thermo Scientific HyClone), 1% penicil-
lin, and 1% streptomycin. We first established a HAP1 clone stably
expressing a Shield1-inducible Dam-LMNB1 as well as the Fucci
cell cycle reporters by simultaneous lentiviral transductions of
the previously described hPGK-DD-Dam-LMNB1 and Fucci con-
structs (Sakaue-Sawano et al. 2008; Kind et al. 2015). Cells were
transduced with both lentiviruses simultaneously in the presence
of 8 ug/mL of polybrene and clonally selected based on the expres-
sion of both Fucci markers and the expression of the Dam-LMNB1
by screening for Dam methylation levels as determined by DpnlI-
qPCR assays (Kind et al. 2013). Based on this, we selected
clone #5FS. Next, we established a LBR knockout subclone of
#5F5 using CRISPR/Cas9 technology in combination with the
ObLiGaRe system for selection (Maresca et al. 2013). In brief, a

sgRNA expression vector targeting exon 1 of LBR was designed us-
ing an online CRISPR design tool (http://chopchop.cbu.uib.no).
Oligonucleotides CACCGGCCGATGGTGAAGTGGTAAG and AAA
CCTTACCACTTCACCATCGGCC were annealed and ligated into
pX330 (Addgene plasmid #42230), yielding plasmid pX330-
LBR2. This plasmid drives expression of the sgRNA as well as
Cas9. We then transfected #SF5 cells in a 24-well plate with 3 pg
plasmid pX330-LBR2, 1 pg 2A-Blas plasmid for insertion of the
Blasticidin cassette, and 6 pL FuGENE6 (Promega #E2691) accord-
ing to the manufacturer’s protocol. After 48 h, the cells were plated
on 10 cm dishes and selected for 14 d with 10 ug/mL Blasticidin.
Colonies were picked and screened for the correct integration
event by PCR using a primer binding in the Blasticidin cassette
(GACATGGTGCTTGTTGTCCTC) together with an LBR-specific
primer (GTAGCCTTTCTGGCCCTAAAAT). PCR products from
the positive clones were sequence verified by Sanger sequencing.
This screen yielded LBR knockout clone #5F5-LBR2-5. The se-
quence of the junction of the LBR gene and the inserted marker
gene is: GGTTAATTATAGAAAATGCCAAGTAGGAAATTTGCCGA
TGGTGAAGTGGTTGGAAGCGGAGCTACTAACTTCAGCCTGCT
GAAGCAGGCTGGAGACGTG, with the first 50 nucleotides corre-
sponding to Chr 1: 225611743-225611792 (hgl9 coordinates;
ending in exon 2 of LBR) and the remaining nucleotides corre-
sponding to part of the inserted plasmid region. RT-qPCR with
two sets of primers downstream from LBR exon 1 (set 1: CCGT
GAATTAAACCCTCGAA and ACGCTTCCTCATTCCAGAGA; set
2: TTTGGGGTCTACCTCCTGTG and TCTACGCCCTGGAAGAG
AGA) showed that expression of the remaining (mutated) mRNA
in this clone was reduced to ~3.5% of that in wild-type HAP1 cells.
Haploidy and proper expression of the Fucci markers were con-
firmed in clone #5F5-LBR2-5 by FACS.

Cell proliferation and senescence assays

Cells were labeled for 3 h with BrdU (Roche), followed by fixation
in 70% ethanol. After incubation with 0.1 mg/mL RNase A (Roche)
and denaturation in 2 M HCL/0.2% Triton X-100, immunostain-
ing for BrdU was performed using anti-BrdU antibody (DAKO)
and FITC-conjugated anti-mouse antibody (DAKO). DNA was
stained with propidium iodide. Samples were analyzed for fluores-
cein and propidium iodide on a BD Biosciences FACSCalibur flow
cytometer. SA-B-galactosidase was detected using the Senescence
Associated B-galactosidase staining kit (Cell Signaling) at pH6, fol-
lowing the manufacturer’s instructions.

DamID microarray data

We generated new DamID maps of lamin B1 in cycling Tig3 cells
with both microarray and sequencing technology. Using DamID
sequencing, we also generated lamin B1 profiles of Tig3 cells in
OIS and quiescence and LBR knockout and control profiles
lamin B1 in HAP1 cells. Microarray samples were processed and hy-
bridized to the human whole-genome design as described
(Meuleman et al. 2013).

DamlD sequencing

Genomic DNA was isolated using the using Gentra Puregene Cell
Kit according to the manufacturer’s instructions. To generate
and amplify the Dam-methylated DNA fragments, we used a mod-
ified version of the procedure described (Vogel et al. 2007). Details
are in Supplemental Methods; R code for processing DamlID se-
quencing reads is available as Supplemental Code.
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Assignment of NL interaction status

A hidden Markov model (HMM) was used to assign a state to each
normalized bin using a two state model as described (Meuleman
etal. 2013). State calls were derived through the Viterbi algorithm.
Bins in the “bound” state were interpreted as overlapping LADs,
and bins in the “unbound” state were interpreted as overlapping
iLADs. The number of domains was calculated by the number of
consecutive runs of the “bound” or “unbound” state, uninterrupt-
ed by bins without any data.

Dpnll assay

The Dpnll assay is a PCR-based method for quantifying the
amount of A®-methylation in cells infected with the DamID con-
structs (Kind et al. 2013). Details are in Supplemental Methods.

Facultative and constitutive LAD definitions

Microarray LMNB1 DamID data from Tig3 cells, ESCs (Meuleman
etal. 2013), HTC735 (a human HT1080 line which stably expresses
the Tet-off) (van Steensel and de Lange 1997), and KBM7 (Kind
et al. 2015) were used in our definition of facultative and constitu-
tive LADs. Probes were averaged into the same windows as the OIS
DamSeq data, and the HMM procedure as described above was
used to find states for each window; those that were in perfect
agreement were termed “constitutive” and the rest “facultative.”
The facultative regions were split into two groups based on their
status in our cell type of interest: cycling Tig3 cells (fLADs), those
that were at the NL in Tig3 cells; and fiLADs, those that were away
from the NL in Tig3 cells. We additionally developed a model of
facultative LADs in the wild-type HAP1 cells used in the LBR
knockout experiment, with the HMM procedure being applied to
the observed to expected ratios of reads in each window. These
states were combined with the microarray-based fLAD data to
define the facultative LADs for the HAP1 genome.

Regions with consistent interactions with the NL

We used the regions identified in Kind et al. (2015) in 1IN KBM7
cells (clone 14) with consistent interactions with the NL. These
are 100-kb regions that have more interaction with LMNB1 than
expected by chance in 80% of the single cells that were analyzed.
We then binned our OIS DamID data into equivalent 100-kb win-
dows to look at the change in LMNB1 interaction after OIS.

NL localization of LINEI elements

LINE elements were obtained from the UCSC Table Browser.
Coverage of LAD and iLAD regions was obtained by calculating
the overlap of the 50-kb regions as defined previously with L1 ele-
ments. We split the genome into regions that were LADs and
iLADs in cycling cells. Error bars for L1 element density in OIS cells
were then calculated by performing 1000 random circular permu-
tations to randomly assign these regions into two groups based on
the observed distribution of the regions as LADs and iLADs in OIS
cells, calculating the average L1 density and reporting two stan-
dard deviations. The significance of the difference between density
of regions that ended up in LADs versus iLADs was calculated using
the difference in the density of L1 elements assigned to LADs and
iLADs in the random circular permutations.

SINE probe design and SINE FISH

SINE elements were PCR-amplified from human genomic DNA
with primers based on the Alu consensus from http://bioinfo.ut.

ee/cgi-bin/primer3-0.4.0/cat_humrep_and_simple.cgi, resulting
in a £230-bp PCR product. Details are in Supplemental Methods.

Distribution of SINEs and DAPI relative to nuclear lamina

SINEs are ubiquitous over the entire genome, and the SINE-FISH
signal is present in the entire nucleus. We used the single confocal
section through the approximate center of the nucleus to deter-
mine the distribution of SINEs. We identified the nuclear lamina
as above. The midsection was divided into five concentric bands
of equal area. We summed the SINE-FISH signal in each of the
five bands and divided that by the total SINE-FISH signal in the sec-
tion. For the distribution of DAPI signal, we used the same method.

RNA-sequencing

RNA-seq libraries on biological triplicate vector and BRAFY¢0°E.

transduced Tig3 cells and senescent Tig3 cells were generated
from 1 pg total RNA using the Illumina TruSeq RNA Sample
Preparation kit, following the manufacturer’s instruction.
Libraries were single-end sequenced on the Illumina HTSeq 2000
platform. The reads were aligned to the human genome build
GTC37.75 using TopHat 2.012 (Kim et al. 2013). HTSeq-count
(Anders et al. 2015) was used to determine expression per gene us-
ing the default union mode. Differentially expressed genes were
determined in R using edgeR (Robinson et al. 2010) and voom
(Law et al. 2014) and were considered differentially expressed if
they had a P-value <0.05 after Benjamini-Hochberg adjustment
(Hochberg and Benjamini 1990). Relative expression of fragments
per kilobase per million reads (FPKM) of each gene was calculated
by normalizing the reads for each gene-by-gene length (kb) and li-
brary size (million reads).

Telomere interaction with the lamina

Telomere locations were downloaded from the UCSC Table
Browser. Two-megabase regions adjacent to telomeres were filtered
to only those that were more than 2 Mb from a centromere and
which were composed of more than 50% bins containing mappa-
ble reads. This left 38 telomeric regions. The average lamin B1
binding score across this region was calculated and positive scores
were considered to be at the NL.

Data access

Genome-wide DamID and RNA-seq data from this study have been
submitted to the Gene Expression Omnibus (GEO; http://www.
ncbi.nlm.nih.gov/geo/) under accession number GSE76605.
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