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REVIEW

Nuclear filaments: role in chromosomal positioning and gene expression
Manindra Bera a,b and Kaushik Senguptaa,c

aBiophysics and Structural Genomics Division, Saha Institute of Nuclear Physics, Kolkata, India; bDepartment of Cell Biology, Yale University
School of Medicine, Connecticut, New Haven, USA; cHomi Bhabha National Institute, Mumbai, India

ABSTRACT
Nuclear lamins form an elastic meshwork underlying the inner nuclear membrane and provide mechanical
rigidity to thenucleus andmaintain shape. Lamins alsomaintain chromosomepositioning andplay important
roles in several nuclear processes like replication, DNA damage repair, transcription, and epigenetic modifica-
tions. LMNA mutations affect cardiac tissue, muscle tissues, adipose tissues to precipitate several diseases
collectively termed as laminopathies. However, the rationale behind LMNA mutations and laminopathies
continues to elude scientists. During interphase, several chromosomes form inter/intrachromosomal contacts
inside nucleoplasm and several chromosomal loops also stretch out to make a ‘loop-cluster’ which are key
players to regulate gene expressions. In this perspective,wehave proposed that the lamin network in tandem
with nuclear actin and myosin provide mechanical rigidity to the chromosomal contacts and facilitate loop-
clusters movements. LMNA mutations thus might perturb the landscape of chromosomal contacts or loop-
clusters positioning which can impair gene expression profile.
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Introduction

Eukaryotic cells developed a filamentous protein net-
work to balance the progressive enlargement coupled
with acquiring of organellar systems. Eukaryotes also
developed a filamentous system to maintain their size,
shape and functions. Eukaryotes evolved three major
filamentous systems, namely, microfilaments/actin,
microtubule and intermediate filaments (IFs) to main-
tain shape, size, rigidity and proper functioning of each
cell. Active transport along the microtubule and actin
filaments involving numerous proteins provides pre-
cise solutions to diffusion rate and physiological rele-
vance. Brownian diffusion inside the cell varies
significantly depending on the size of the molecules;
for example, in ~1 cm long neuron, macromolecules
with ~10 μm2/s diffusion coefficient can take about 2
weeks to travel across one end to another solely
depending on Brownian diffusion. On the contrary,
the same macromolecule using active diffusion along
the microtubule takes about 2–3 hours to travel the
same distance which makes it physiologically relevant
[1]. Actin and microtubules are conserved throughout
the evolution, whereas intermediate filaments evolved
into several different types through gene duplication
[2–4]. Intermediate filaments have been majorly

classified into five different categories [5]. All inter-
mediate filament proteins with the sole exception of
lamins are resident in the cytoplasm [6]. Lamins are
nuclear intermediate filament proteins that are targeted
inside the nucleus by the nuclear localization signal
(NLS) and are indispensable in maintaining nuclear
shape, size and homeostasis [7]. Along with lamins,
actins also form very small and transient filamentous
structures inside the nucleus during interphase [8,9].
Tubulin forms filaments during cell division for faith-
ful chromosome segregation [10]. Although lamins are
primarily structural proteins involved in maintaining
nuclear shape and rigidity, several reports suggest
a strong correlation between their filamentous struc-
ture and gene expression [11–13]. In this review, we
will focus on lamins/nuclear actin and provide
a different perspective in this article for their role in
chromosome organization, gene expression and sub-
sequently discuss their implications in laminopathies.

Nuclear lamin

Nuclear lamins form a filamentous network
underlying the inner nuclear membrane and pro-
vide mechanical rigidity to the nucleus [14]. The
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mechanical scaffolding of lamina helps to retain
nuclear shape and morphology. In 1966, Fawcett
first observed a filamentous network underlying
the inner nuclear membrane which he termed as
‘lamina’[15] and a few years later Gerace & Blobel
successfully identified the proteins involved in this
lamina formation [16,17]. Three major types of
lamins, namely, A/C, B1 and B2 have been identi-
fied so far where B1 and B2 are expressed from
two different genes LMNB1 and LMNB2 [18,19].
Lamin A & C are expressed from LMNA gene as
splice variants. B-type lamins are expressed from
the embryonic stage while A-type lamins are
expressed in differentiated cells [20]. Lamin A is
expressed as a premature protein pre-lamin A (664
amino acids) with a CAAX box which is farnesy-
lated by farnesyltransferase and subsequently AAX
is cleaved by an endopeptidase Rce1 (Ras-
conversating enzyme 1) and/or Zmpste24 (Zinc
metalloprotease related to Ste24p) to yield the
mature lamin A having 18 fewer amino acid resi-
dues [21]. On the contrary, B-type lamins retain
the isoprenylation thereby facilitating anchorage to
the nuclear membrane. Like all other intermediate
filaments (IFs), lamins also possess a characteristic
tripartite motif consisting of an N-terminal head
domain, an α-helical central coiled-coil forming
rod domain and C-terminal domain which
uniquely contains an immunoglobulin (Ig) domain
[22]. In vitro analysis revealed that lamin assembly
is initiated by dimer formation through the hydro-
phobic interaction in the helical regions and sub-
sequently progress to form higher-order assembly
via the parallel and head-to-tail and lateral com-
paction to form ~10 nm filaments [12,23].
However, this notion was also revised recently as
the cryo-EM study revealed that lamins within
nuclear lamina meshwork form tetramers of
~3.5 nm thick filament [24]. Lamins are differen-
tially expressed among different tissue types, such
as mechanically active tissues like muscle or car-
diac tissue express more lamin A compared to the
soft tissue like brain [25]. In retrospect, it has been
shown earlier that lamin A is the principal
mechanical component of the nucleus which
attests to its preponderance in mechanically active
tissues [26,27]. Several emerging reports suggest
that external mechanical force is directly trans-
mitted to the nucleus through the Linker of

Nucleoskeleton and Cytoskeleton Complex
(LINC) [28,29]. Integrin first senses the mechan-
ical force from extracellular matrix (ECM) which
is transmitted to actin and then subsequently pro-
pagated to the nucleoskeleton via the interaction
with Nesprin 1/2, emerin, Sun protein which
directly interact with nuclear lamins [30,31].

Over the past few decades, nearly 500 mutations
have been identified in LMNA which cause
a plethora of diseases such as Emery-Dreifuss
Muscular Dystrophy (EDMD), dilated cardiomyo-
pathy (DCM), Hutchinson-Gilford Progeria
Syndrome (HGPS), Lipodystrophy syndrome, per-
ipheral neuropathy, etc., which are collectively
named as ‘laminopathies’[32]. The underlying rea-
son behind these mutations and laminopathies still
continues to elude the community of scientists.
However, based on the discoveries of potential sig-
naling pathways that go awry in laminopathies,
researchers have shed some light that led to two
different modes of explanation -the Structural and
Gene regulation hypotheses [33]. The structural
hypothesis suggests that lamin A mutations perturb
higher-order assembly thereby leading to an aber-
rant network formation and result in a loss of
nuclear shape and rigidity. As an effect, the link for
external force transmission to the nucleus gets per-
turbed. Secondly, the gene regulation hypothesis
suggests that lamin A participates in several nuclear
processes like replication, transcription, splicing and
epigenetic modification. Hence, lamin A mutations
directly perturb those processes leading to aberrant
gene expression. Nevertheless, these two hypotheses
are not mutually exclusive but rather should be
viewed as reconciliatory factors to explain the patho-
genesis of laminopathies. In this perspective, we
attempt to review a plausible mechanism to bring
forth the role of other filaments like actin and their
role in gene expression in tandem with lamin A.

Importance of lamins inside the nucleoplasm
and their role in organizing chromosomal
contacts

In prokaryotes, the nucleoid tethers to the plasma
membrane to maintain its positioning [34]. Along
the evolutionary pathway, eukaryotes evolved and
acquired distinct nuclear boundaries to separate its
chromosomal space from the cytoplasmic domain.
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All metazoans ranging from hydra to human con-
sist of at least one form of lamins (B-type lamin)
[35]. However, lower eukaryotes like yeast and
Arabidopsis thaliana do not produce any lamin
homologs [36]. In contrast to cytoplasmic IFs,
the expression of at least one type of lamins is of
paramount importance to maintain viability [37].
Sequence comparison studies also reflect that
lamins are the most primitive IFs [38,39]. Most
likely, essential nuclear membrane proteins like
Nups (Nucleoporins), lamina associated polypep-
tides (LAP1) co-evolved with nuclear membrane
[40]. With the evolution of higher eukaryotes,
lamins also evolved and interactions with other
nuclear envelope proteins help to organize chro-
matin architectures which may be indispensable
for gene expression. It can be speculated that
unlike cell membranes, the nuclear membrane
does not face external mechanical fluctuations
directly; therefore, the stiffness of the nuclear
membrane need not be comparable to that of the
plasma membrane but enough to retain its shape
and rigidity. In addition, nuclei should be flexible
enough to respond to the external force transmis-
sion as a feed-back mechanism to regulate gene
expression. Hence, intermediate filaments
emerged as the perfect candidate for these func-
tions because of its unique mechanical stiffness
property which is lower than both actin filaments
and microtubules [41]. More importantly, persis-
tence length is very small compared to the other
filament systems which provide them with
increased flexibility and bendability. Most biopo-
lymers can be classified as semi-flexible as
described by their bending rigidity according to
the Worm-like chain (WLC) model [42].
Persistence length is the quantitative measurement
of the stiffness of the polymers. The persistence
lengths of double-stranded DNA, actin polymer,
microtubule and IF are ~50 nm, ~10 μm, ~1 mm,
400–1000 nm, respectively, [43–46]. Therefore,
microtubules are the stiffest polymer amongst all
filamentous systems. Microtubules form mainly
linear and rigid cables to facilitate active diffusion
of the cargoes along their lengths as well as orga-
nelle movements [47]. Actin cables are strong
enough to bear a load of organellar tethering,
thereby ensuring the positional integrity of the
organelles. Lamins amongst all other intermediate

filaments are unique in a way because of their
immunoglobulin (Ig) domains which interact
with histones and other nuclear factors [48]. The
major filament assembly happens through this
long central helical domain which is also the prin-
cipal load-bearing component of this protein [49].
The elastic nature of lamin A originates from long
coiled-coil domain as it has been shown earlier
[49]. The coiled-coil domains 1A, 1B, 2A and 2B
are assembled around the heptad repeats and
finally arranged into protofilament [12]. The dis-
ordered C-terminal domain also contains the Ig-
fold topology which provides flexibility to the fila-
ment systems [50]. In the nucleoplasm, the chro-
mosomes can assume specific positions through
the interaction with the Ig domain [51,52].
Lamin protofilaments in C. elegans indicated
remarkably high elasticity as persistence length
was calculated to be ~167 nm [53]. In vitro
assembled lamins and other IFs also exhibited
persistence length to be 100–300 nm [54,55]. In
vitro, microrheology experiments showed that
lamin A network can resist up to 500% strain at
0.85 mg/ml concentration, while E161 K mutant
could resist only up to >100%[56]. Several groups
including ours have shown that in the presence of
lamin A mutation, network assembly was severely
perturbed and so was the elasticity [57–59].
Micropipette aspiration study has shown the elas-
tic modulus to be ~25 mN/m [60]. Hence, lamin
A meshwork acts as a mechanical shock absorber
of nucleus and provides the major elastic contri-
bution of nuclear envelope. However, lamins
A and B also form a mesh-like structure inside
the nucleoplasm apart from being present at the
nuclear periphery [61,62]. Inside the nucleoplasm,
lamin can exist in both soluble (phosphorylated)
and insoluble meshwork (dephosphorylated) form.
The ratio between the two forms can make lamin
network very dynamic. Earlier, it had also been
revealed that lamin A and lamin B form separate
distinct but with some overlapping structure both
in perinuclear and nucleoplasm [62]. Lamin
B meshwork remains anchored predominantly to
INM via the isoprenylation even during the mito-
sis [16]. Our group had showed previously that
several mutants of lamin A bind to lamin B1
with differential stoichiometries and in these
mutants, lamin B1 forms dilated meshwork [63].
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Nevertheless, the influence on the lamin
B network inside the nucleoplasm due to lamin
A mutation is a little enigmatic. Henceforth,
lamina at the nuclear periphery will be referred
as peripheral lamina or p-lamina and lamin net-
work in the nucleoplasm as nucleoplasmic lamina
or n-lamina. Distribution of chromosomes inside
nucleus is nonrandom; some of them are periph-
eral and some of them reside in the interior posi-
tions giving a characteristic heterochromatin and
euchromatin distribution, respectively. The gen-
eral notion is that peripheral chromosomes are
heterochromatin which tends to be in closed con-
formations thereby inhibiting transcription as the
accessibility of the other nuclear factors to this
topology is rigorously limited. These heterochro-
matins are also tightly attached to the peripheral
lamin meshwork. The other variety is euchroma-
tin, which retains open conformation with
ongoing active transcription. Most gene-poor
chromosomes, which have less density of genes,
tend to reside toward the periphery while gene-
rich chromosomes maintain an interior distribu-
tion [64,65]. Chromosomes in open conformations
often form loops which are maintained by the
strong interactions of series of cohesin and CTCF
molecules [66,67]. These loops are the hubs for
transcriptions and other nuclear processes [68].
Although these are connected through cohesin
molecules but still lack firm rigidity of their posi-
tioning. We propose that n-lamina provides the
stability and rigidity for euchromatin positioning.
Hence, the formation of the chromatin loop would
also be tightly controlled by the n-lamina. Now,
these loops often interact with the neighboring
loop either from the same chromosome or in an
inter-chromosomal fashion. To maintain consis-
tent interactions, these loops require mechanical
support. As depicted in Figure 1, p-lamina (in red
color) forms a very dense network underlying the
INM and remain strongly associated with the het-
erochromatin, whereas the n-lamina (in brown
color) forms a dilated meshwork throughout the
nucleoplasm where several euchromatin fibers are
tethered. Often, the extension of these chromatin
structures comes together (labeled as A, B, C and
D) and form a loop-contact topology. N-lamina
meshwork binds to the chromatin loops via his-
tone and stabilizes that loop-contacts (zoomed

image). So far, we have discussed the reason for
the requirement of mechanical support systems
inside the nucleoplasm in the context of chromatin
loop stability. We will subsequently discuss the
importance of these contacts in gene expression.

Nuclear lamin and heterochromatin
formation at the nuclear periphery

To better understand the relationship between
nuclear lamin and gene expression, it is critical to
delineate the role of lamin meshwork in chromatin
packaging and their accessibility to the epigenetic
and transcription factors. DNA adenine methyl-
transferase identification (DamID) method
revealed the association between gene-poor or tran-
scriptionally inactive heterochromatin to lamin B1
[69]. In general, chromosomes near the nuclear
periphery are transcriptionally inactive but these
chromatins can also modify their packaging occa-
sionally and form the transcription loop structure
[70,71]. Distribution of nuclear pore complexes
(NPCs) on the surface is not random and the posi-
tionings of the NPCs and heterochromatin alternate
with each other. NPCs are envisaged as gene gating
components where the transcribing loop regions of
the heterochromatin position themselves with the
proximal NPCs and the transcripts would exit the
nucleus through these NPCs [72]. The peripheral
lamina can participate in the organization of these
transcribing loops and help in the gene gating pro-
cesses. The complete mechanism behind this is still
unknown. The concentration of both lamin B1 and
lamin A is quite high near the nuclear periphery;
hence, it is quite intuitive that they might form
a very dense meshwork [24]. As revealed recently,
phase-separation of the nucleosome and corre-
sponding histone modifications play a pivotal role
in the heterochromatin formation [73,74]. We
hypothesize that highly dense p-lamina creates
a hydrogel-phase which helps in the heterochroma-
tin formations and their maintenance. Thus, these
factors, as well as lamin phosphorylation, can reg-
ulate this dense meshwork formation and subse-
quently lead to the stabilization of the
heterochromatin. The concentration of lamins
toward the interior region of the nucleus tapers off
compared to the nuclear periphery [61,75,76]. We
can presume that this lamin network is less dense
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compared to the periphery and there is a gel to sol
transition from the periphery to the inner core.
However, nucleoplasmic lamin meshwork or the
n-lamina provides necessary structural stabilization
of the inter-chromosomal contacts and topologi-
cally associating domains (TADs) formations. Like
any other filamentous system, regulation of lamin
assembly is directly controlled by phosphorylation
[77]. These filaments are designed by evolution not
only to provide mechanical support to chromo-
somes but also to facilitate the nuclear processes
by melting locally and reversibly. The phosphoryla-
tion of lamins can provide such reversible dynamics
based on the requirement of the chromosomes [78].
The local phosphorylation and dephosphorylation
can help in movements of the loop contacts and
formation of new contacts, respectively.

Importance of the chromosomal contacts

Eukaryotic, specifically mammalian genomes are
organized into two conformations, active and

inactive compartments. Recent findings suggest
that each chromosome consists of several distinct
domains, called TADs [79,80]. These TADs can be
100 k base pairs to several megabase pairs long and
these are stably maintained throughout the cell
cycle and evolutionarily conserved in related spe-
cies [80,81]. The chromatin loop extrusion model
elucidates the organization of these TADs and
explains the TAD formations through the interac-
tion of the ring-shaped cohesin and transcription
factor CTCF proteins [82]. An overwhelming
amount of literature suggests that the chromosome
often forms loops that are maintained by a series of
cohesin molecules [83,84]. Now, these loops regu-
late the gene expression forming open conforma-
tions allowing nuclear factors to interact [85]. This
loop formation also provides long-range interaction
where the distant promoter can physically come
closer to control the gene expression [86].
Especially in immune cells, where the gene cluster-
ing is a common phenomenon to regulate certain
processes [87]; several genes either from same

Figure 1. Schematic diagram of chromatin loop-cluster stabilization via lamin meshwork inside the nucleoplasm.
Inside the nucleoplasm, chromosomes maintain their neighbors. These neighborhoods are important players regarding gene
expression. Chromatin inside the nucleoplasm opens and forms loop-like structures. Several loops either intra- or inter-chromatins
come together and maintain loop clusters. Left panel shows A, B, C, D four different chromosomes extend out their loops and
peripheral heterochromatin (black) are closely associated with lamina meshwork (dense meshwork, red in color) underlying inner
nuclear membrane, dilated lamin meshwork (brown) are ubiquitous inside nucleoplasm. Lamin meshwork and chromatins are absent
nearby any nuclear pore complex to facilitate nuclear import and exports. In right panel, these four loops (A, B, C, and D) are
stabilized by the lamin meshwork (red) through their close interactions. Lamins can interact with these loop structures through
histone and lamin Ig domain interactions. As lamins also form meshwork like structures, these loop-clusters can be stabilized firmly
and dependent on the lamina assembly. Peripheral chromosomes generally form heterochromatin and at the periphery, lamina
meshwork is also very dense. This dense lamina can help in the phase transition of these chromatins and thereby filtering out all
other nuclear gene expression factors.
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chromosome or from different chromosomes come
together to form a cluster which can be regulated in
an isometric manner by the same promoter [88].
These chromosomal contacts are very cell-specific
and depend on the cell cycle stage. Although evi-
dence for chromosomal contacts is very promising,
how these contacts regulate the gene expression and
subsequent cellular function is yet to be uncovered.
Earlier, we had hypothesized how these contacts
can regulate functions [89]. During the transition
from prokaryotic genome to eukaryotes, eukaryotes
had lost the polycistronic nature of the genome and
functionally relevant genes are distributed through-
out genomes, often in different chromosomes. It’s
questionable whether these chromosomal contacts
are reminiscent of the polycistronic nature of pro-
karyotes. However, these contacts directly affect the
gene-expression profile of the cell. As chromo-
somes interact directly with the lamina meshwork,
it can be hypothesized that the lamina helps to
position and maintain these chromosomal contacts.
In addition, the filamentous nature of lamins
directly controls the stability of inter/intrachromo-
somal loops and their long-range interactions,
thereby regulating gene expression and their sub-
sequent functions.

Positioning matters: neighborhood controls
the efficacy of gene expressions

An emerging concept of ‘phase-separation’ dom-
inates several nuclear processes like transcrip-
tion, splicing, etc. Phase-separation provides
a local compartment to execute these processes
where local concentration of individual compo-
nents can be reliably maintained. As mentioned
earlier, several chromosomes come together and
form a phase-separated loop cluster [90]. These
phase-separated condensates can regulate tran-
scription and splicing in the cohort. In the
early 1980 s, Cremer laboratory first showed
that each chromosome maintains its specific
location during interphase [91]. Subsequently, it
has also been shown that gene-rich chromo-
somes (such as Ch 19) tend to be in the interior
region of the nucleus while gene-poor chromo-
somes (such as Ch 18) reside in the peripheral
region [65]. Emerging Hi-C techniques arguably
suggest that each individual chromosome

possesses a preferential location and neighbor-
hood inside the nucleus. Hence, maintaining the
neighborhood may be important to regulate gene
expression. Earlier, it had been proposed that
these chromosomal contacts or loop clusters
can increase the efficiency and efficacy in the
protein complex formation [89]. Nevertheless,
through long-range interactions and gene cluster
formation, a single promoter can regulate gene
expression [92,93]. Therefore, stable mainte-
nance of these clusters and their precise posi-
tioning account for their expression and
subsequent functions. It is thus proposed that
the n-lamina maintains and positions these
phase-separated clusters. Although n-lamina
may be dispensable to initiate the chromosomal
contacts and gene clusters formation, nonethe-
less, lamin can provide the mechanical support
to stabilize these clusters.

The most important question is why neigh-
borhood matters for chromosomes.
Chromosomes are long stretchable strings that
are compacted by multiple orders of packaging.
These open up locally in an open conformation.
Now unlike a small molecule, a single chromo-
some can participate in multiple loop formations
in multiple places simultaneously; therefore,
their mechanical rigidity is very important to
maintain these loops and loop clusters with
other chromosomes. The probability of multiple
loop formation with multiple neighbors would
be very less and stochastically controlled until
their positions are very tightly regulated.
Moreover, as the chromosome needs to be
stretched to form loop-clusters, we hypothesize
that small actin cable and myosin motors pro-
vide the active energy and route to facilitate this
phenomenon.

Small actin cables dictate movements of
chromosomal contacts through active
diffusion

There has been a longstanding debate regarding
the presence of actin and myosin motors inside the
nucleoplasm. However, it has been established
arguably that actin filaments do exist inside the
nucleus along with myosin motors [9]. Here, we
will attempt to provide some insights and
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subsequently a hypothesis to support the require-
ment of actin cables. As we mentioned earlier,
chromatin positioning varies depending on the
cell types and cell cycles. However, for consistent
gene-expression patterns, specific loops-clusters
formations are indispensable. We propose that
these loop-clusters are established by the actin
cable with the help of myosin motors. Specific
cognate chromatin organization elements may
bind to myosin and actin cable and loops-clusters
can be established via the interaction of the other
receptor binding elements. Nuclear actins do not
necessarily form long cables like the cytosolic
form, but, form short cables which are highly
dynamic in nature [94]. Now, the pertinent ques-
tion may arise – what is the requirement of these
cables inside the nucleus when lamin meshwork is
already existent? These actin cables may not be
required for the mechanical support inside the
nucleoplasm, but unlike lamin filaments, actin fila-
ments can participate as a vehicle of active diffu-
sion [95]. Therefore, it can be argued that actin
and myosin mediated active diffusion can facilitate
transient chromosomal contact formation (either
intra or inter) inside the nucleoplasm. For inter-
chromosomal contact formations, the individual
chromosome opens and forms a stable loop
through the help of cohesin molecules and multi-
ple loops eventually come together via the active
diffusion mediated by the small actin cables and

myosin motors and subsequently, these loop clus-
ters are mechanically anchored and stabilized by
the lamin filaments. This hypothesis has been illu-
strated in Figure 2 which is a cartoon to explain
how four chromatin loops A, B, C and D are
initially located distantly and so form a loop-
cluster among themselves just following
Brownian diffusion which may take very long
time considering a slow diffusion rate of the chro-
mosome inside nucleoplasm. Histones and other
chromatin packaging proteins can bind to actin
and myosin [96–98]; therefore, these loops can
diffuse easily on the actin cable using myosin
motor proteins. Now, to form A-B-C-D loop-
clusters consistently, there must be cognate bind-
ing partners which can recognize their partners.
These cognate partners may uniquely bind to the
sequence of individual loop. The small actin fila-
ments have enough persistent length to provide
the flexibility and direct chromosomal transition
from one place to another. These filaments are
very dynamic and transient in nature. Therefore,
once active loop clusters are firmly established,
these filaments can be disassembled through phos-
phorylation. The high bendability and small dia-
meter enable these filaments to pass through the
thicker lamina meshwork without disassembling it.
However, there is no experimental evidence yet to
reinforce this hypothesis and it may very well be
refutable.

Figure 2. Active movements of chromatin loops inside the nucleoplasm.
During interphase, chromosomes establish loop contacts (A, B, C and D) via either intra- or inter-chromosomes which are conserved.
Small nuclear actin filaments can bring individual loop through the active diffusion with help of myosin motors and can help to
establish these contacts. The left panel shows small actin cables bind to individual loop with the help of myosin motor and move
along the actin filaments. The right panel explains that after establishing those chromatin loop contacts, these actin filaments can be
disassembled into soluble nuclear actin. Through this pathway, active diffusion of individual loop establishes their contact with each
other.
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Perturbation in filaments and aberrant gene
expression

Numerous examples have shown that mutations in
the laminA protein lead to several diseases commonly
called laminopathies [99,100]. Previously, it had been
shown that in DCM and EDMD cells, there was
significant inhibition in myoblast differentiation
[101] and downregulation of MyoD expression
[102]. The pluripotent stem cell consisting DCM
causing LMNA mutation produced a elevated stress-
responsive MEK1/ERK1/2 pathway leading to apop-
tosis [103]. Lipodystrophic lamin AR482Wmutation
perturbs chromatin conformation at an anti-
adipogenic microRNA locus in adipose progenitor
cells and EDMD causing R453 W mutant alters the
lamin-associated domains (LADs) and lamin-
Polycomb repressor complex interactions [104].
Muscular dystrophic patients showed a severe discre-
pancy in the Micro-RNA expression profile [105]. It
had been established earlier that due to these muta-
tions, mechanical stability even at dimer level and
higher-order assembly had been abrogated which
subsequently depleted the strain bearing capacity
[49,56]. Often due to these mutations, lamin
A forms aggregates inside the nucleoplasm [106].
Now, one could challenge how lamin A mutation
can alter gene expression. Lamin A interacts with
lamin-associated domains (LADs) that are scattered
throughout the genome and participate in epigenetic
modification and regulation of gene expression [104].
Hence, defects in the lamin A assembly affect the
lamin A matrix underlying the inner nuclear mem-
brane and the meshwork inside the nucleoplasm. As
a result, the mechanical rigidity of the INM gets
sacrificed and nuclei become vulnerable to any
mechanical stress. As the rigidity of the nuclear mem-
brane also goes down, under any stressed condition,
chromosomes attached to the nuclear membrane and
loop protrusions from these chromosomes would be
directly affected, hence, it would lead to altered gene
expression. According to our proposed hypothesis,
n-lamina distribution can be severely impaired due
to LMNA mutation; hence, the stability of chromo-
some loop-clusters can be severely scarified. N-lamina
can no longer provide the mechanical support for any
chromosomal contacts, gene clusters and long-range
interactions in chromosomes become unstable. As
a result, gene expression patterns from these clusters

can be altered. In addition, depending on the loss of
these loop-cluster formations, different cell types can
produce different phenotypes because of the same
lamin A. mutation. Earlier, hypotheses could not
answer the reasoning behind different disease pheno-
types in different cell types. However, our hypothesis
can predict the possibility of the outcome if one could
identify the loss of the chromosomal contacts. In
addition, mutations in actin and myosin proteins
can also produce similar effects.

Conclusion and perspective

Rabl proposed the territorial organization of the chro-
mosome in 1885 [107] and a century later since
Cremer et al. elucidated that each chromosome exists
as distinct territory inside the nucleus [91], the gen-
ome architecture and their organizations have drawn
considerable attention of many scientists. However, it
is still an enigma to provide a holistic explanation of
how chromosome organizes themselves and regulate
their gene expression.Chromosomes consist of several
TADs and chromatin in open conformation form
loops which are transcriptionally active. Although
lamins form a dense meshwork underlying the INM
and provide structural rigidity to the nucleus, lamins
also control chromatin dynamics and gene expression.
In this article, we have attempted to present a new
perspective on how lamin can regulate gene expres-
sion. Briefly, lamins form less dense meshwork inside
the nucleoplasm which stably maintain the inter- and
intra-chromosomal contacts. These chromosomal
contacts can form a phase-separated cluster where
transcription and their expression can be regulated
in a concertedmanner. These contacts are not random
but active diffusion through the interactions with
small actin cables and myosin motors ensures these
contact formations and provide dynamicity.However,
due to lamin A mutation, there could be
a perturbation in lamin assembly thereby leading to
an alteration in the stability of chromosomal contacts
or loop-clusters. Nature of the alterations in the chro-
mosomal contacts can dictate the aberrant gene-
expression pattern and as a result, different cell types
can produce different phenotypes because of the simi-
lar lamin Amutations. This hypothesis, therefore, can
answer the puzzle behind lamin A mutations and
laminopathies in different tissue types. Even though,
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B-type lamins are indispensable for cell viability,
whether the perturbation in the chromosomal con-
tacts inside nucleoplasm due to lamin A mutations
can be rescued by membrane-anchored lamin B is
questionable. Although an overwhelming amount of
literature on lamin A mutations and laminopathies
exists, still a systematic investigation involving lamin
A network formation and its interaction with chro-
mosomal contacts or loop-clusters subsequentlymod-
ulating gene expressions is needed.
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