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Lamins constitute an integral struc-
tural component of the nuclear lam-
ina. However, their impact on the
structure and stability of chromosome
territories, and on the regulation of gene
expression is explored to a lesser extent.
By 3D-FISH, Camps and colleagues
showed that lamin B1 (LMNBI1) is
required for proper chromosome conden-
sation in interphase nuclei, and defi-
ciency of LMNBI triggers the relocation
of the epigenetic mark of facultative het-
erochromatin, H3K27me3, toward the
interior of the nucleus. Additionally,
LMNB1 repression slowed cellular
growth due to S-phase delays and
increased genomic instability. Finally,
silencing of LMNBI1 resulted in enlarged
nuclear speckles and in extensive changes
in alternative splicing of multiple genes.
Altogether, the data suggest a central role
of LMNBI for the condensation of chro-
mosome territories, for the distribution
of heterochromatin, and for the regula-
tion of gene expression and splicing.

Introduction

The nucleus is a compartmentalized,
yet dynamic structure. While chromo-
somes are organized in territories (CT),
the nuclear interchromatin compartment
(IC) is a DNA free space expanding
between chromatin domain clusters in
which central cellular processes, including
DNA replication, transcription and splic-
ing occur.! The nuclear lamina (NL) is a
meshwork of proteins located just inside
the inner layer of the nuclear envelope
involved in the maintenance of the

Nucleus

physiological equilibrium of cells. The
major constituents of the NL are the type-
V intermediate filament proteins known
as lamins, which include lamins A/C,
lamin B1 and lamin B2. Lamin A and
lamin C are the products of alternative
splicing of LMNA, whereas LMNBI and
LMNB? encode for the proteins lamin Bl
and lamin B2, respectively. The NL is
involved in many nuclear
including DNA replication and transcrip-
tion, nuclear and chromatin organization,

activities,

cell cycle regulation, cell development and
differentiation, nuclear migration, and
apoptosis.” Furthermore, the NL provides
structure and support for the nucleus,
controls the position of nuclear pore com-
plexes, interacts with pericentrometric het-
erochromatin, and initiates mitosis.> It has
also become evident that the NL, as well
as several lamina-associated proteins, play
a significant role in organizing the post-
mitotic nucleus and in repositioning chro-
mosomes after cell division. In addition,
mutations in the genes encoding the lam-
ins result in laminopathies, usually leading
to premature aging conditions, such as the
Hutchinson-Gilford progeria syndrome.4
The goal of our study was to determine
the extent to which the cross-talk between
the NL and the chromatin affects global
chromosome

organization and gene

expression.

Functional Compensation
of The Nuclear Lamins

As in many cell types the NL might be
composed of four different proteins, one

cannot exclude the possibility that their
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respective functions are to a certain extent
redundant. We therefore tested a potential
compensation effect using immunoblot
analysis. Using LMNB1-depleted DLD-1
cells, we could detect higher levels of
LMNB2 and/or LMNA/C only in one
out of three stable lines, indicating that
the function of LMNBI is not always
compensated by increased expression of
either one of the other three members of
this family (Fig. 1A). This interpretation
is supported by a recent report showing
that LMNB1 and LMNB2 have unique
functions in the developing brain and that
increased production of one B-type lamin
cannot compensate for the loss of the
other.’

Nuclear lamins are essential proteins
for the survival of mammalian somatic
cells.® However, in our model, not only
did LMNB1 depletion not induce activa-
tion of apoptosis or senescence, but co-
transfection of LMNBI-depleted DLD-1
cells with short interference oligonucleoti-
des against LMNB2 or LMNA barely
decreases cellular viability, suggesting that
cancer cells are less dependent on the
physiological stoichiometry of this net-
work (Fig. 1B). This is in agreement with
previous reports where it has been shown
that B-type lamins are dispensable in dif-
ferentiation of keratinocytes as well as in
maintaining the nuclear structure of both
keratinocytes and hepatocytes.7’8 These

authors suggested that lamin A/C might
be complementing the biological roles of
B-type lamins, at least in some cell types.
On the other hand, while loss of LMNB1
is a senescence-associated biomarker in
primary human and murine cultured nor-
mal fibroblasts induced by DNA damage,
replicative  exhaustion, or oncogene
expression,9’10 increased levels of LMNB1
in response to reactive oxygen species
(ROS)-induced senescence through p38
MAPK activation have also been observed
in ataxia telangiectasia cells."" This pheno-
type is not observed in LMNB1-depleted
DLD-1 cells. Several hypotheses are possi-
ble to explain why these cells are so resis-
tant to structural dysfunction of lamins:
(i) nuclear membrane assembly after kar-
yokinesis in these cancer cells is not sub-
jected to strict cellular checkpoints, (ii)
only little protein is enough to assemble
the lamina mesh, (iii) proteins other than
nuclear lamins are also involved in the
maintenance of the nuclear structure.

Nuclear Distribution and
Compaction of Chromosome
Territories

Chromosomes are non-randomly dis-
tributed in the interphase nuclei of mam-
cells.” In fact,
chromosomes are positioned more toward

malian gene-rich
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Figure 1. Functional consequences of silencing LMNB1. (A) Immunoblot showing decreased levels
no major disruption of the NL was observed when assessed the expression of lamin B2 and lamin

silencing LMNB2 and LMNA by siRNA assessed at 96 hours after transfection. AllStar Death was

duplicates). Note that in two out of three clones

viability analysis of LMNB1-depleted cells after
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the interior of the nucleus while gene-poor
chromosomes locate toward the periphery.
The extent to which the non-random posi-
tioning of chromosome territories is regu-
lated by components of the NL remains
largely elusive; however, it is reasonable to
speculate that the positioning of chromo-
some territories, in particular those that are
localized more peripherally, is altered upon
disruption of the NL. This is supported by
the close association between LMNB1 and
heterochromatin, as well as the association
of gene-rich chromosome regions in
LMNA/C rich nuclear blebs formed in
LMNBI knockout HelLa cells.'”® In addi-
tion, genes that transcriptionally
deregulated in Lmnbl ~" mouse primary
fibroblasts

whose location shifted in comparison to

are

clustered in chromosomes
normal primary fibroblasts, suggesting a
correlation between transcriptional activity
and nuclear positioning.14 In contrast to
these findings, 3D-FISH analysis with
whole chromosome painting probes for
human chromosomes 18 (gene-poor) and
19 (gene-rich) in LMNBI1-depleted DLD-
1 cells showed that the chromosome distri-
bution is maintained. This suggests, that at
least in DLD-1 cells, nuclear positioning of
chromosome territories is not strictly
dependent on the presence of LMNBI.
The question that naturally arises, but still
remains unresolved, is whether chromo-
some territories are tethered to the NL,
thus defining the nuclear structure or
whether there are self-organizing principles
that act as a driving force. And also, what
factors other than the NL are implicated in
organizing chromosome territories in the
3D space and whether these factors show
functional cell type specificity.

We next wanted to explore whether
depletion of LMNBI1 had effects on chro-
matin structure. In order to ensure that
only a few cells were in S-phase, so close
to none of the cells had relaxed chromatin
conformation due to DNA replication, we
first treated the cultures with nocodazole
to block cells at G2/M. Five hours after
the removal of nocodazole we proceeded
with fixation and 3D-FISH experiments.
We observed that chromosome territories
were considerably less compacted in the
LMNBI-depleted cells (Fig. 2A)." In
order to quantify this observation, we
applied 3D image reconstruction and



P<0.0001 P<0.0001 P<0.0001 P<0.0001
25- - — —_—
_ 80
[2
'—
E 204
0
5 15 . 3
g ‘ i 8 404
3 101 "uguat £
— > R e @
2 S e PO T 20
= oo X %
1 (RG 5
= .
“ T T T H 0 T T T T
shCTRL shLMNB1_12 shCTRL shLMNB1_12 shCTRL shLMNB1_12 shCTRL shLMNB1_12
Chromosome 18 Chromosome 19 Chromosome 18 Chromosome 19
H3K27me3
P<0.0001
L og (pval)
=i &
o s 20 T 0 1 2 3 4
= H
Y 2 Angiogenesis-
ic 8¢ 0 »  Blood vessel development
7] 50 @
5= 5 Cell moiil
£ E 40 % Regulation of cell motion
z 2 20 3 Cell migration
o & Giycosaminaglycan binding
=z Endothelial cell profiferation:
§ ShCTRL  shLMNB1_12
L
wv

Figure 2. Role of LMNBI1 in the regulation of the chromosome architecture and DNA transcriptional activity. (A) 3D-FISH showing chromosome 18
labeled in Spectrum Orange and chromosome 19 in FITC in control and LMNB1-depleted DLD-1 cells. Bar, 5 wm. (B-C) Plots indicating the increase of
both volume and surface of chromosome territories for HSA18 and HSA19 in the LMNB1-depleted cells. Measurements of the digitalized chromosome
territories were taken to determine changes in volume and surface. (D) Scattered distribution of the histone mark H3K27me3 in LMNB1-depleted cells
compare to the peripheral localization in control cells. Bar, 2 wm. (E) Quantification of the signal distribution of the epigenetic histone mark H3K27me3
determined by using Image J software (n = 600). (F) Functional GO terms significantly deregulated associated with transcriptionally altered spliced genes

as a consequence of LMNBT1 silencing.

measured volume and surface for chromo-
some 18 and 19 territories (Fig. 2B-C).
For both chromosomes, volume and sur-
face were approximately 2-fold higher in
LMNBI1-depleted cells (2 < 0 .0001).
Analyses of the width, height and depth
distances after 3D-FISH reconstruction fur-
ther confirmed such enlargement of chro-
Thus, these results
suggest that LMNBI1 plays a role in main-
taining the chromatin compaction in the

mosome territories.

nucleus rather than preserving the radial
positioning of chromosome territories.

In order to explore the stoichiometry
between chromosome condensation and
the total nuclear area when LMNBI is dis-
rupted, we performed measurements of
the nuclear size and compared to wild
type DLD-1 cells. The fact that chromo-
some territories are larger in cells with
depleted LMNBI1 translates to a 65%
increase in the nuclear size, most likely to
accommodate the increase volume of the

chromosome territories. It remains to be
explored in further detail how enlarge-
ment of chromosome territories affects the
ratio of the space of the chromatin territo-
ries compared to the interchromatin com-
partment, and to which extent the
interaction between chromatin and the
NL is disturbed. In fact, Camps and col-
leagues have shown a very drastic redistri-
bution of the epigenetic  mark
H3K27me3, which is a surrogate for fac-
ultative  heterochromatin  and  usually
marks peripheral, repressed DNA. Under
physiological conditions, H3K27me3 is
present as a rim at the nuclear periphery
and in the nucleoplasmatic compartment,
surrounding polycomb repressive com-
plexes involved in development and cellu-
lar differentiation. LMNBI1-depleted cells
showed a significantly reduced intensity of
the peripheral distribution of H3K27me3,
and the overall intensity of this epigenetic
mark decreased as well (Fig. 2D-E).

Nucleus

Intriguingly, a similar phenotype has been
identified in LMNA mutated cells, which
showed a decrease in the localization of
heterochromatin at the nuclear periphery.
This loss of peripheral heterochromatin
was accompanied with a reduction of the
levels of H3K27m3 as well as H3K9m3
epigenetic marks.'®'® In our model,
though, the distribution and intensity of
H3K9me3 remained stable in LMNBI-
depleted cells, indicating that constitutive
heterochromatin was not affected. Addi-
tionally, in LMNBI1-depleted cells gener-
ated by replicative and oncogene-induced
senescence, Shah and colleagues identified
chromatin  reorganization ~ of  the
H3K27me3 and H3K4me3 distribution
compared with proliferating cells by
ChIP-seq."” Their analysis revealed large
domain losses of H3K27me3 genome-
wide, while H3K27me3-enriched genome
span showed a striking overlap with

H3K4me3.

Volume 6 Issue 1



Effect of The Nuclear Lamina
on Regulating Gene Expression

DNA-lamin interactions at the nuclear
membrane are determinants of chromatin
organization and function. The nuclear
periphery, and per its extension, the NL
associated chromatin is perceived as a
repressive environment for gene expres-
sion. DNA at the nuclear periphery is
strongly associated with heterochromatin
and gene silencing.zo’23 By ChIP-DamID
experiments, it has also been shown that
LMNB1-associated domains are charac-
terized by low gene expression levels, and
preferentially correlate well with the radial
positioning of chromosomes.*

Despite the fact that the majority of
genes associated with the NL are repressed,
it is also interesting to note the extent as to
which chromatin dynamics of lamina-asso-
ciated domains determines the expression

of certain genes involved in processes such
as differentiation.”” Changes in chroma-
tin-lamina interactions may reflect cell
identity, as release from the repressed lam-
ina meshwork may result in the activation
of some genes. Thus, it seems that the NL
can be selectively repressive of gene expres-
sion, and this selectivity might depend on
several factors, e.g., epigenetic marks, prox-
imity to the nuclear pore complex (NPC),
etc. Recent reports have shown that nucle-
oporin-chromatin interactions at the NPC
or within the nucleoplasm have an impact
on gene expression in higher eukaryotes
that was previously underappreciated.”®
These authors could demonstrate that a set
of non-active genes interacted with the
NPC, while nucleoporins within the nucle-
oplasm predominantly interacted with
transcriptionally active genes, in particular
those involved in developmental and cell
cycle regulation.
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Figure 3. LMNB1 cooperates with the formation of DNA pre-replication complexes. (A) Cells were
incubated with EdU for 30 or 60 minutes, respectively. After EdU incorporation cells were fixed and
stained. EdU positive cells were counted (n > 400 ). (B) FACS analysis showing differences in cell
cycle stages in shCTRL and shLMNB1 cells. (C) Cellular viability after LMNB1-depleted cells were
transfected with siRNA against CDC6 and MCM3. (D) Immunoblot for CDC6 and the phosphorylated
form of CHK1 showing an increase amount of these proteins when LMNBT1 is silenced.
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By depleting the of
LMNBI, thus inducing changes in the
epigenetic mark H3K27me3, we hypothe-

expression

sized that genes located at the nuclear
periphery would have a major impact on
transcription, because they would be more
profoundly affected by changes of faculta-
tive heterochromatin. In order to assess
this hypothesis, we interrogated the levels
of gene expression by whole genome
microarray analysis. To our surprise, we
observed only minor changes. In fact,
unsupervised hierarchical clustering and
principal component analysis were unable
to differentiate LMNBI1-depleted clones
from empty vector transfected clones and
wild-type cells. Using a > 2-fold change
threshold and a p-value < 0.05, a total of
405 oligonucletotide features were deregu-
lated, 129 showed overexpression and 276
were expressed at lower levels. As a proof
of principle, one of the top 10 downregu-
lated genes was LMNBI. These transcrip-
tional changes were less prominent than
results previously published in the com-
parison of Lmnbl™" with wild-type
mouse embryonic fibroblasts."* Indeed,
there is very poor concordance in the top
deregulated genes, most likely because of
difference in the models and conditions of
the studies. In addition, deregulated genes
did not cluster to any particular region of
the genome (e.g., enrichment for gene
poor areas located toward the nuclear
periphery, data not shown).

In order to further explore the transcrip-
tional effects after depleting LMNBI1, we
focused our attention on the results from
two previous reports. First, Tang and col-
leagues showed that depletion of LMNBI1
resulted in structural changes in the mor-
phology of nuclear speckles, which mimic
those seen when pre-mRNA synthesis is
inhibited.”” Second, in cells of patients with
progeria syndrome, progressive telomere
damage led to extensive changes in alterna-
tive splicing in multple genes other than
LMNA.”® When we looked at the structure
of nuclear speckles of LMNBI1-depleted
DLD-1 cells by visualizing the splicing fac-
tor SC-35, we identified a significant
increase in the amount of total nuclear
speckles and an enlarged size of SC-35 foci
compared to control cells. Thereafter, we
proceeded to investigate whether genome-
wide transcriptional changes could affect

1



alternative splicing genes. We used the
human Exon 1.0 ST array, a splicing-sensi-
tive microarray with probes targeting indi-
vidual exons or exon junctions. This design
allows for the detection of RNA isoforms
expressed while simultaneously profiling
gene expression. Our results demonstrate
that changes in alternative splicing were
much more prominent in LMNBI-
depleted cells. In order to identify an associ-
ation of the 262 significantly deregulated
alnternative spliced genes with putative
functional roles, gene ontology enrichment
analysis using the DAVID database was per-
formed. The top affected pathways included
angiogenesis, cell motility, and regulation of
cell motion (Fig. 2F), indicating the poten-
tial linkage between the NL and cellular
structures related to cell mobility.

The mechanisms how the integrity of
the NL might affect pre-mRNA process-
ing machinery are not completely clear.
Cao and colleagues suggested that telo-
mere shortening in normal human fibro-
blasts during senescence played a causative
role in the activation, not only of the cryp-
tic splice site in LMNA, but also of many
other splice sites.”® In contrast to their
findings, our cells did not show cellular
senescence;  however,  depletion  of
LMNBI1 also resulted in telomere shorten-
ing, which could lead to an increase of
alternative splicing in multiple genes. It
has been demonstrated that interaction
between telomeres and the NL is not
mediated by TTAGGG repeat binding
factor, TRF.?’ Telomeres are localized in
condensed sites distributed throughout
the NL. Destabilization of heterochroma-
tin by cryptic splicing of LMNA or deple-
tion of LMNBI could affect the repressive
chromatin environment creating the telo-
mere position effect (IPE), thereby expos-
ing telomeres affecting telomeres and
stability. However, the mechanism for
increased splicing events due to telomere
damage has yet to be elucidated.

LMNB1 Depletion Affects DNA
Replication

Despite the absence of apoptotic or
senescent cells, we observed decreased pro-
liferative potential when LMNBI was sta-
bly silenced. We thus performed an EdU

assay to confirm decreased cellular prolif-
eration. However, similar amounts of
EdU positive cells were observed when
comparing LMNB1-depleted with control
cells, therefore we considered the possibil-
ity of changes of cells at certain stages of
the cell cycle (Fig. 3A). As EdU is incor-
porated in S-phase, higher amounts of
DNA replicating cells would explain an
equal amount of EdU cells, and a simulta-
neously reduced growth potential. Actu-
ally, time-lapse experiments showed that
LMNBI-depleted cells spent extended
time to go through S-phase (Fig. 3B). As
DNA replication takes place in S-phase, it
is reasonable to argue that LMNBI might
affect DNA synthesis. In fact, lamins are
known to play an important role in DNA
replication. In the mid-nineties, intranu-
clear LMNBI1 foci have been shown to
bind to proliferating cell nuclear antigen
(PCNA) during late S-phase in mouse
3T3 cells.® It was also shown that DNA
replication is inhibited when Lamin B3 is
depleted in Xenopus nuclei.?’*? Further-
more, when dominant negative lamin
mutants are introduced into interphase
extracts containing Xenopus egg nuclei
they result in a redistribution of the

intranuclear foci, which results in an inhi-
bition of replicaltion.33’34 Transferring
such nuclei into fresh extracts leads to nor-
mal lamin distribution and to the re-initi-

ation of the elongation phase of
replication. More recently, work from
Tang and colleagues suggested that

LMNB! depletion resulted in a 50%
decline of cells within S-phase, but
increased the proportion of mid/late S-
phase cells.”” These same authors also
stated that reduced LMNBI1 expression
resulted in an extended duration of S-
phase and in the abortion of DNA synthe-
sis before S-phase is complete. Taken
together, these results suggest an impor-
tant role of LMNBI in DNA replication,
mediated through the organization of
intranuclear  replication  scaffolds. In
accordance to our data, LMNB1-depleted
DLD-1 cells showed a prolongation of S-
phase, rather than a complete blockage of
the cell cycle.

Intriguingly, when LMNBI  was
depleted, DLD-1 cells became much more
sensitive to transient silencing of key factors
involved in licensing the initiation of the
DNA replication process, such as CDC6
and MCM3 by siRNA (Fig. 3C). Several

endogenous  lamin  network  into  reports investigated to which extent lamin-
Absence of Lamin B1
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Figure 4. Schematic representation of the proposed model of action by which NL affects high-
order chromatin organization, DNA replication and transcriptional activity.
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associated proteins actually participate in
the regulation of processes such as DNA
replication. Along with this, Martins and
colleagues showed that the interaction
between LAP2B and the chromatin-associ-
ated factor HA95 is required to bind
CDC6 to the pre-replication complex of
the DNA during late G1 phase.” > Data
derived from follow-up studies in our labo-
ratory provide evidence that LMNBI-
depleted cells show an increase of the DNA
associated protein CDC6, which would
suggest that the arrest in S-phase happens
during the formation of the pre-replication
complex.*® Granted that CDC6 physically
interacts with ATR aiding the activation of
replication checkpoints,3 7 it seems reason-
able that the increased amount of CDC6,
together with activation of the phosphory-
lated form of H2AX, result in the activation
of the replication stress-response factor
CHKI1 (Fig. 3D).

Summary and Perspective

We have observed that the absence of
LMNBI induced changes of the higher-
order chromatin organization, including
decondensation of chromosome territo-
ries, but not chromosome positioning,
and modification of histone marks associ-
ated with heterochromatin (Fig. 4). In
addition, we have observed telomere attri-
tion, potentially leading to increased alter-
native splicing changes in multiple genes.
Finally, LMNBI-depleted cells showed a
prolonged S-phase, most likely due to
activation of replication checkpoints.
Altogether, these data indicate that the
absence of LMNBI1 causes a phenotype
that recapitulates the one observed as a
consequence of dysregulation of LMNA,
suggesting that a delicate balance of NL
components is needed to maintain the
nuclear structure and function.
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