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ABSTRACT

Lamins are major components of the nucleoskeleton in the cell nucleus. They polymerize and depolymerize

during the cell cycle, resulting in deformation and reformation of the nuclear envelope. This dynamic behaviour

of lamins is regulated by the enzyme protein phophatase (PP1), which dephosphorylates lamins at the end of

mitosis, enabling their incorporation into reassembling the nuclear envelope. Any mis-regulation in this process

4of addition or removal of PO  group on/from the protein can lead to excessive and insufficient programmed

cell death, which may further create certain pathological conditions.
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Introduction

During early phases of cell division, nuclear

identity is lost and regained towards the end of the

cell cycle, i.e. the telophase. Disappearance and

reappearance of the nuclear envelope (NE) during

cell cycle is controlled by intermediate filament

phosphoprotein called lamin. Lamins are an integral

part of the nuclear matrix and are apposed to the

inner nuclear membrane[7]. For this dynamic

behavior of NE many explanations have been

proposed by various workers, however; no precise

mechanism has been unified so far. Any mishap

during this long and complicated, yet not well

understood process of lamin polymerization can

become the root cause of cellular pathogenesis[17].

A group of cellular enzymes enter the interphase

nucleus and are most likely responsible for the cell

cycle events. Protein phosphatase 1 (PP1), a Ser/Thr

phosphatase, is the key enzyme responsible for

dephosphorylation of lamins in the cell nucleus.

Dephosphorylation of lamins is essential at the right

event in the normal direction[21]. Any deregulation

in this phosphorylation-dependent polymerization

process may lead to pathogenesis[see review 20].

Programmed cell death (PCD)

In multi-cellular organisms, cells are eliminated

from the body in a well defined genetically

programmed manner called programmed cell death

(PCD). PCD is a precise physiological mechanism

important for removal of unwanted cells from a

population of healthy cells by activation of an

intrinsic suicide program without evoking an

inflammatory response in the body[15]. It also plays

an important role in development and maintenance of

homeostasis in adult tissues. PCD is accomplished

not only by the process of apoptosis (as is generally

considered), but also by terminal differentiation.

These two cell elimination systems share some

common pathways but on the whole they are quite
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distinct[16]. In apoptosis, death inducing factors

induce the release of cytochrome-C from the

mitochondria, which in turn activates procaspase-9,

finally resulting in procaspase-3 cleavage. Once

active, caspase-3 induces all the characteristic events

of apoptosis[13]. Early morphological events of

apoptosis include disarray of actin cytoskeleton at the

adhesion sites resulting in loosening of cell to cell

contacts[10]. This is followed by cell shrinkage,

chromatin condensation, internucleosomal DNA

fragmentation, formation of apoptotic bodies and

their removal by phagocytosis[16,26]. In terminal

differentiation, both markers of apoptosis, i.e., the

characteristic DNA ladder formation by DNaseI and

down regulation of bcl-2 expression, are absent[16].

Terminal differentiation is characterized by degree of

expression of bcl-2, elimination of cell organelles

such as nucleus and activation of mitochondrial

membrane-bound transglutaminase[15,24]. 

Regulators of PCD

Bcl-2 family of proteins is a well established

apoptotic regulator, which controls the permeability

of outer mitochondrial membrane. Some of the

members of this family are pro-apoptotic (Bad, Bid,

Bik) while some are antiapoptotic (Bcl-2, Bcl-

XL)[18]. p53 has been called the master regulator of

apoptosis, as it regulates apoptosis by two different

mechanisms. First, it acts as a transcriptional factor

to regulate expression of many genes involved in

apoptosis. Second, it can activate Bax in

mitochondria to antagonize the antiapoptotic ability

of Bcl-2 and Bcl-XL[9]. Earlier, it has been reported

that starvation and steroid hormones also act as

apoptotic modulators[11,15]. Starvation down

regulates apoptosis, whereas, steroid hormones

influence PCD in a tissue specific manner. The same

hormone can inhibit PCD in one tissue and may

promote it in another tissue[15]. 

Nucleoskeleton 

Nucleoskeleton, analogous to the cytoskeleton in

the cytoplasm, is crucial for maintaining the shape of

interphase nucleus. It is mainly composed of nuclear

lamina, which at the periphery, interacts with the

inner nuclear membrane and is interconnected with

cytoskeleton at the pore complex. It consists mainly

of intermediate filaments called lamins and

m i c r o f i l a m e n t s  c a l l e d  a c t i n s  a n d  D N A

topoisomeraseII (Fig.1). All these together form a

tripartite network in the nucleoplasm and provide

topological surfaces for complex processes of DNA

replication and RNA transcription and processing of

RNA[19]. 

Lamins

Lamins are cytoskeletal proteins belonging to the

family of intermediate filaments. They are the major

components of a filamentous network underlying the

inner nuclear membrane, termed as the nuclear

lamina. Nuclear membrane, along with nuclear

lamina on its inner periphery, constitutes the nuclear

envelope (NE). Nuclear lamina plays an essential role

in maintaining the integrity of the NE and it provides

anchoring sites for chromatin[7,5]. 

Lamins are of two types, lamin B (B1 and B2)

which is present in all somatic cells and lamin A (A

and C) expressed only in differentiated cells. Lamins

A and C are splice variants of a single lamin A

(LMNA) gene, whereas lamins B1 and B2 are

encoded by two separate LMNB1 and LMNB2 genes.

The major components of nuclear lamina are lamins

B and A[8,14].

Lamins, have long been known for their role in

nuclear architecture, however, recently they have

been proved to play a crucial role in cell survival

also. During mitosis, the NE remains disintegrated

to enable the association of condensed chromosomes

with mitotic spindles. While by the end of mitosis,

in telophase, dispersed lamins again reassemble to

reform the NE thereby enclosing the decondensing

chromosomes inside. However, if lamins fail to

reassemble at this crucial stage in cell cycle, the

cell is sentenced to undergo programmed cell

death[22].

Mechanism of lamin polymerization during cell cycle

At the onset of mitosis, NE disintegrates and

throughout the mitosis the disrupted nuclear

membrane along with lamin B remains dispersed in

cytoplasm in the form of small vesicles[19]. In

telophase, again the ER derived membrane associates

with chromatin to reform the NE. Reassembly of

lamin B depends on protein phosphatase-1 (PP1)

mediated dephosphorylation and disintegration

depends on phosphorylation by lamin kinases. 

At telophase stage, PP1 (a Ser/Thr phosphatase)

is targeted to lamin B by A-kinase anchoring protein

(AKAP149) which is a membrane bound PP1 binding

protein (Fig.2(c)). PP1 then dephosphorylates lamin

B and promotes its polymerization into the

assembling NE during G1 phase (Fig.2 (d)).

However, at G1/S transition, phosphorylation of NE

associated AKAP149 by PKA causes release of PP1
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from the AKAP149 complex resulting in

downregulation of PP1 activity towards assembled

lamins (Fig.2(a)). In spite of this, lamin B remains

hypophosphorylated till the onset of next mitosis.

Steen et al.[21] suggested that this may happen

because by this time lamin B kinases are also down

regulated. They are activated only at the beginning

of mitosis, causing phosphorylation mediated

depolymerization of nuclear lamina (Fig.2(b)).

Moreover the new laminB synthesized de novo in S

phase are not phosphorylated and therefore do not

require a dephosphorylation step for polymerization.

Consequently, the lamin B phosphatase activity of

PP1, mediated by NE associated AKAP149, appears

to be dispensable beyond the G1/S transition till the

next te lophase  se ts  in[21]. How ever, the

consequences of PP1 inhibition from telophase till

G1/S transition can be fatal for the cell. 

Lamins as regulators of PCD

Apoptosis and terminal differentiation are the

two subsets of PCD. Lamin degradation is one of the

features of apoptosis. However studies have shown

that they even play a role in the induction of

apoptosis. Role of lamins in cell elimination via

terminal differentiation has not been worked out so

far and it is proposed in the present work.

Apoptosis

Steel and Collas[22] have shown that lamin B

are a prerequisite for cell survival. As already

explained, under normal conditions PP1 is targeted to

NE by AKAP149 at the end of mitosis and it

induces lamin B assembly. However, if PP1 targeting

to NE is inhibited, lamin B assembly is abolished

and lamin B is degraded in a caspase dependent

fashion. This is followed by nuclear fragmentation

indicating that apoptosis mechanism has set in. 

However, at the same time lamin A/C assembly

remains unaffected and NE forms even in

AKAP147 deficient cells, indicating that only lamin

B required AKAP149-mediated concentration of PP1

for the nuclear membrane assembly[22,1]. Possible

reason for this, as suggested by Steen and Collas,

could lie in the distinct assembly pathways of

lamin A/C and B. At mitosis, lamin A/C are more

soluble than lamin B (which remain mostly

membrane bound), and thus may not require

spatially restricted, elevated concentration of

phosphatase activity to be dephosphorylated and

polymerized. 

Studies have shown that lamin B concentrate on

the chromosome surface in telophase, and lamin A is

first found in an unpolymerized form in the

nucleoplasm, before it gets polymerised into the

lamina[12,5]. However under in-vitro conditions if

mitotic chromosomes are kept in contact with

unpolymerised lamin A/C, some elements on

chromosome  surface  induce  polymerization in

lamin A and C to form a coat on the surface of

chromosomes[4]. This, along with the fact that

PP1 is localized on chromosomes in anaphase[23],

s u g g e s t s  t h a t  P P 1  i s  r e s p o n s i b l e  f o r

polymerization of lamin A/C also, but some other

PP1 targeting protein may be there which targets

PP1 to lamin A/C and this targeting protein

might be getting activated only after the major

components of NE including the pore complex

have assembled again. 

In the KE37 lymphoid cells, which normally do

not express lamin A/C, failure of lamin B assembly

even induces the expression of lamin A genes. It is

as if cell is trying to adopt a rescue mechanism to

compensate for the absence of lamin B[22,1]. To

explain this phenomenon Steen and Collas have

suggested the presence of a signaling mechanism that

derepresses the LMNA gene in response to a

mislocalization of lamin B at the end of mitosis. The

interaction of lamins and lamin-binding proteins with

transcriptional activators (8, 2) further supports their

hypothesis. 

Regardless of the nuclear assembly of lamins

A/C, lamin B-deficient cells still undergo apoptosis,

indicating that NE targeting of lamin B is sine qua

non for cell survival. However, presence of some

additional PP1 dependent apoptosis inducing

mechanism, unrelated to lamin assembly, can not be

ruled out[22]. 

Terminal differentiation

Terminal differentiation is a form of PCD mainly

characterized by the process of enucleation, the minor

changes such as Bcl 2 expression does not alter and

cell does not become round, probably no

transformation of F actin to G actin[16]. 

Certain reported facts about the properties and

role of lamins suggest that lamins might be playing

a crucial role in PCD via terminal differentiation.

The expression of lamin A/C is restricted to

differentiated cells only. Based on this, their role in

maintenance of cell phenotype and differentiation has

already been suggested[3]. Various authors have

suggested their role in regulation of gene expression
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also, since lamins are known to interact with the key

players of transcription mechanism, transcriptional

activators and RNA polymerase II[8,2]. From this it

can be inferred that specialized expression of lamin

A/C in terminally differentiating cells might be

regulating gene expression in such a manner that

cell division almost ceases and the cell is directed

on the track of subset of PCD, terminal

differentiation. The characteristics of a cell

undergoing terminal differentiation further support

this hypothesis. In most of the terminally

differentiating cells phenomena of enucleation is

observed[15]. And lamins are known for their role

in maintaining nuclear integrity, being an intergral

part of nucleoskeleton and NE[19,7]. These

arguments indicate that somehow disappearance of

nucleus in terminal differentiation might be related

to the lamin gene expression. There are strong data

to substantiate the hypothesis that lamins might be

involved in terminal differentiation via regulating

expression of genes involved in this process,

including their own gene expression.

Pathogenesis

Deregulation of lamin polymerization may lead

to pathogenesis via PCD It has been discussed

already that lamin B deficient cells undergo untimely

death via apoptosis[22] or as proposed via terminal

differentiation. Though both the processes normally

do not lead to pathogenesis, any mutational activity

in lamins can certainly lead pathogenesis. If

excessive apoptosis takes place under such

conditions, it can give rise to various disorders such

as ischemic diseases and neurodegenerative

disorders[6]. 

We have hypothesized the role of lamins in

terminal differentiation and any process impairing

the normal path of terminal differentiation directly

leads to cancer as cancer cells are basically the

dedifferentiated form of normal cells. Therefore any

deregulation of lamins during the process of

terminal differentiation may result in cancer

development. In addition to this, malfunctioning of

nuclear lamina may give rise to muscular and

lipodystrophies[25].

Conclusion 

Lamins are playing a crucial role in the

assembly of nucleoskeleton and NE and as regulators

of PCD. They are acting as a deciding factor for cell

survival. All these functions of lamins are dependent

on the state of lamin phosphorylation. The key

enzyme therefore in this whole process is a protein

phosphatase, PP1. Absence of PP1 control for lamin

polymerization can cause to cell death via apoptosis.

Role of lamins in the PCD by means of terminal

differentiation has also been proposed by in this

review. Nevertheless, many questions still remain

unanswered about lamins and their role in PCD, and

need further research. How lamins regulate the

process of terminal differentiation? How is apoptosis

induced when lamin B are not targeted to NE at the

end of mitosis? With newer functions of lamins

coming to light and deeper study of PCD

mechanisms, these questions will hopefully be

answered in near future.

Fig. 1: A diagrammatic representation of the

nucleoskeleton. At the inner periphery of the

nuclear envelope (NE) lies the nuclear

lamina (the stippled area immediately to left

of NE) composed mainly of laminB and A.

Inside the nucleus there is a network like

s t r u c t u re  c o n s is t in g  o f  a c t in  a n d

topoisomerase II (stippled lines) and lamin

fibers originating from lamina (thick black

lines). The fine lines in nucleus represent

chromatin filaments, which have specific

binding sites for lamins. The pore complex

is shown as a dotted double walled structure

complexed with the NE, having a large

central channel and smaller peripheral

channels. The filaments passing through the

centre of the pore represent actin-myosin

component of the pore, which carries

proteins and RNA-protein complexes in and

out of the nucleus. These filaments may

originate from the actin-topoisomeraseII

component of the nucleoskeleton. The

filaments which traverse the peripheral

channels of the pore complex and insert into

the lamina represent cytoplasmic intermediate

filaments.
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Fig. 2: A diagrammatic representation of the NE assembly and disassembly during cell cycle. (c) At the end
of mitosis, in telophase chromosomes start decondensing and the fragments of disintegrated nuclear
membrane start reassembling to form the NE, enclosing the chromosomes inside. PP1 from
chromosome surface is recruited to the NE by AKAP149. (d) As PP1 gets associated with the NE,
it starts dephosphorylating lamin B, enabling their polymerization into the reforming nuclear lamina.
This process continues in G1. (a) At G1/S transition PKA phosphorylates AKAP149 causing the
release of PP1 from it. Still the nuclear lamina remains intact and lamins remain hypophosphorylated
till the onset of next mitosis, probably due to downregulation of laminB kinases. (b) At the onset of
mitosis, activated lamin B kinases phosphorylate lamin B resulting in the depolymerization of nuclear
lamina and disintegration of whole NE. Throughout the mitosis the disintegrated NE fragments remain
dispersed in cytoplasm. In telophase they again assemble, to reform the NE.
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