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Abstract
Three major proteins in the nucleoskeleton, lamins, actin, and spectrin, play essential roles

in maintenance of nuclear architecture and the integrity of the nuclear envelope, in mecha-

notransduction and mechanical coupling between the nucleoskeleton and cytoskeleton,

and in nuclear functions such as regulation of gene expression, transcription and DNA

replication. Less well known, but critically important, are the role these proteins play in

DNA repair. The A-type and B-type lamins, nuclear actin and myosin, spectrin and the

LINC (linker of nucleoskeleton and cytoskeleton) complex each function in repair of DNA

damage utilizing various repair pathways. The lamins play a role in repair of DNA double-

strand breaks (DSBs) by nonhomologous end joining (NHEJ) or homologous recombination

(HR). Actin is involved in repair of DNA DSBs and interacts with myosin in facilitating

relocalization of these DSBs in heterochromatin for HR repair. Nonerythroid alpha spectrin

(aSpII) plays a critical role in repair of DNA interstrand cross-links (ICLs) where it acts as a

scaffold in recruitment of repair proteins to sites of damage and is important in the initial

damage recognition and incision steps of the repair process. The LINC complex contributes

to the repair of DNA DSBs and ICLs. This review will address the important functions of

these proteins in the DNA repair process, their mechanism of action, and the profound

impact a defect or deficiency in these proteins has on cellular function. The critical roles of

these proteins in DNA repair will be further emphasized by discussing the human disorders and the pathophysiological changes

that result from or are related to deficiencies in these proteins. The demonstrated function for each of these proteins in the DNA

repair process clearly indicates that there is another level of complexity that must be considered when mechanistically examining

factors crucial for DNA repair.
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Introduction

The nucleoskeleton is a major structural and functional net-
work of interacting proteins within the nucleus which is
critical for maintenance of nuclear shape, mechanical prop-
erties and virtually every essential function in the nucleus.1

It is comprised of lamins, lamin-binding proteins, nuclear

actin, nuclear myosins, spectrins, kinesins, titan, nuclear
pore-linked filaments, the nuclear mitotic apparatus and
proteins associated with the LINC (linker of cytoskeleton
and nucleoskeleton) complex.1 Three of its major proteins,
lamins, actin, and spectrin, are best known for their roles in

Impact statement
Proteins in the nucleoskeleton, lamins,
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maintaining nuclear architecture and the integrity of the
nuclear envelope, and in mechanotransduction and
mechanical coupling between the nucleoskeleton and
cytoskeleton.1–12 They also take part in essential nuclear
functions such as gene expression, regulation of transcrip-
tion, cell signaling and DNA replication.1,4–6,8 Less well
known and less extensively studied are the critical roles
these proteins play in DNA repair.

Maintenance of the integrity of nuclear DNA is essential
for genomic stability and preservation of fundamental cel-
lular functions, particularly after exposure to endogenous
and exogenous damaging agents such as ultraviolet light,
ionizing radiation, genotoxic chemical agents, and byprod-
ucts of metabolic activity. Specialized DNA repair systems
have evolved to maintain accurate genomic informa-
tion.13–15 DNA repair proteins involved in specific repair
pathways are available for detecting and repairing different
types of DNA lesions.13–15 Of major importance, and not as
widely recognized, is that nucleoskeletal proteins also play
important, often critical roles in the DNA damage response
in specific DNA repair pathways. These proteins include:
lamins, spectrins, nuclear actin, nuclear myosin and the
LINC complex.1,5,16–21 Evidence for the importance of
these proteins in various DNA repair pathways is demon-
strated in human disorders in which there is a deficiency or
defect in the presence or expression of these proteins. This
is particularly evident in inherited cancer predisposition
disorders, neurological diseases and premature aging syn-
dromes.21–28 The impact these proteins have on repair pro-
cesses, therefore, needs to be seriously considered and
taken into account when carrying out mechanistic studies
on protein interactions critical to repair of damaged DNA.
This is another tier in the complexity of the DNA damage
response and one that needs serious attention in order to
fully understand the critical impact these proteins have on
the repair process, particularly in disorders in which a defi-
ciency in these proteins leads to such severe pathological
consequences. This review will concentrate on a number of
the nucleoskeletal proteins which function in DNA repair,
their roles and mechanism of action in this process and the
disorders which are associated with a deficiency/defect in
each of them.

Lamins and their function in DNA repair

The nuclear lamins are intermediate filaments which are
key components of the nuclear lamina, a filamentous pro-
tein meshwork underlying the inner membrane of the
nuclear envelope. They contribute to the nuclear architec-
ture and maintenance of the shape and mechanical stability
of the nucleus.4,7,12,27–33 They also extend throughout the
nucleoplasm and function as a scaffold for tethering chro-
matin and proteins involved in a number of important
nuclear functions including transcription, replication, and
DNA repair.1,4,5,8,31,33 In mammalian cells, there are two
major types of lamins, A-type lamins and B-type
lamins.1,4,31–36 Expression of these proteins varies with
developmental stage and cell and tissue types, hence defi-
ciencies or defects in the lamins can differentially affect var-
ious organ systems at different stages of development.36,37

One function of nuclear lamins of significant interest,
and in which numerous studies have been carried out, is
their role in DNA repair. Mutations in the lamin A gene,
LMNA, have been linked to a number of degenerative dis-
orders, referred to as laminopathies. These include muscu-
lar dystrophies, lipodystrophies, neuropathies, and
premature aging diseases, all of which are associated with
defects in DNA repair.26–28,36,38 The role that A-type lamins
play in the DNA damage response, particularly the molec-
ular mechanisms they utilize in repair of DNA double-
strand breaks (DSB), is being actively investigated since
this is the type of repair pathway which is defective in a
number of these disorders. The importance of this repair
pathway and its link to the pathophysiological changes
observed in these disorders is discussed below.

A-type lamins and B-type lamins: Important
components of the DNA damage response

Of the myriad of different types of damage that can occur to
DNA, one of the most cytotoxic is the double-strand break
(DSB) since the integrity of the DNA helix is disrupted
when breaks are formed on both DNA strands. Inefficient
or inaccurate repair of this type of lesion can result in muta-
tions, chromosomal rearrangements and cell death.
In mammalian cells, there are two major pathways
involved in repair of DNA DSBs, non-homologous end-
joining (NHEJ) and homologous recombination (HR).39–47

In NHEJ, the two broken ends are fused together with only
a little or no homology or processing.42,47 This is the major
pathway for repair of non-replication associated DSBs and
can take place throughout the cell cycle, but is more prom-
inent during the G0 and G1 phases (mainly outside of the
S and G2 phases).38,44,45,47–52 It is considered to be relatively
error-prone.40,42,45,47,48 In contrast, HR occurs predominant-
ly in S and G2 phases of the cell cycle and uses the sister
chromatids generated during DNA replication to function
as templates in the repair process.39,41,45,46,49 It has a high-
fidelity of DNA repair and is considered to be error-
free.39,41,46 NHEJ is a faster and more efficient mechanism
of repair of DNA DSBs than HR but has a much lower level
of fidelity.46–48 There are two additional pathways that can
be utilized in repair of DNA DSBs: alternative end-joining
(A-NHEJ), which involves MRN, DNA end resection and
ligation of DNA ends with microhomology; and single-
strand annealing (SSA).53–59 Both of these methods require
varying degrees of DNA end resection and usage of
sequence microhomologies and are considered to be
minor pathways that may act as a backup system when
either of the other two systems is compromised and not
capable of repairing breaks.53–59 Deficiencies in these
DNA DSB repair pathways can lead to genomic instability,
genetic abnormalities, premature aging, cancer and a large
number of human disorders.18,46,47,54,59,60

Lamins have been shown to play an important role in
repair of DNA DSBs.16–18,38,61 The A-type lamins are
encoded by the LMNA gene and include lamin A and
lamins C1 and C2, which are alternative splicing products
of this gene.35–37 The B-type lamins include lamin B1, which
is encoded by the LMNB1 gene, and lamins B2 and B3,
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which result from alternative splicing of the LMNB2
gene.18,34,37,62 While B-type lamins are expressed during
all stages of development, A-type lamins are expressed
only after the onset of cell differentiation.18,35,37,62

Numerous lines of evidence have shown that both types
of lamins are essential for regulation of the NHEJ and/or
the HR pathways involved in DNA DSB repair.16–18,37,38,61

This has been demonstrated by studies in which loss or a
deficiency of these lamins has been found to be correlated
with defects in repair of DNA DSBs and with genomic
instability and by examination of genetic diseases in
which there are mutations in the LMNA or LMNB
genes.28,63,64 A-type lamins (lamins A/C) are also thought
to be important in the repair response to DNA ICLs at the
time of DNA replication. A deficiency in lamins A/C leads
to decreased restart of stalled replication forks occurring
after exposure to a DNA interstrand cross-linking (ICL)
agent.28,63,64 Repair of DNA ICLs, which involves homolo-
gous recombination, needs to occur before the replication
fork can proceed.28,63,64 These studies point to an important
role for lamins in maintenance of genomic stability after
DNA damage.

Lamins A/C play a dual role in DNA DSB repair

A particularly interesting question in repair of DNA DSBs
is what factors govern the choice of repair pathway which
will be used (i.e. NHEJ or HR). Numerous studies have
been carried out and are still ongoing to address this. The
stage of the cell cycle has been shown to have a major influ-
ence on the choice of repair pathways; whereas NHEJ
occurs throughout the cell cycle, HR requires that cells be
in the S or G2 phase of the cell cycle.49,58 Thus the phase of
the cell cycle in which damage occurs is an important factor
in selection of the repair mechanism utilized. Studies sug-
gest that 53BP1 (involved in NHEJ) and BRCA1 (involved
in HR) play critical roles in determining which of these two
pathways will be utilized by mutually affecting the recruit-
ment of each other to the site of a DSB.49,57,58 53BP1 and its
protein binding partners inhibit localization of BRCA1 at
sites of DNADSBs in G1 phase.49,58 BRCA1 is needed in HR
for facilitating resection of the 50 ends of DNA at the site of
the break and recruitment of RAD51 to the 30 ends, where it
is involved in homology search and strand invasion during
HR repair.43,44,46,49,58,65–67 Inhibition of BRCA1 localization
leads to suppression of HR while promoting NHEJ.65–68

In contrast, BRCA1 and its associated proteins promote
the removal of 53BP1 in S and G2 phases of the cell
cycle.44,49,66,69 53BP1 is needed for recruitment of proteins
involved in NHEJ. In this way, removal of 53BP1 and inhi-
bition of NHEJ allow end resection and HR to pro-
ceed.44,49,66,69 Thus the relative abundance of a particular
protein (i.e., 53BP1 or BRCA1) involved in either NHEJ or
HR could be important in the choice of repair path-
ways.50,57 In addition, studies indicate that the chromatin
environment may play a role in regulation of choice of the
repair pathway at the site of the DSB, for example whether
heterochromatin or transcriptionally active regions of chro-
matin are present at the DSB.58

Lamins A/C have been shown to be important in DNA
DSB repair, functioning in both NHEJ and HR and regulat-
ing the crosstalk between these repair pathways and the
factors involved in them.5,18,38,61 They have an impact on
levels of 53BP1, which is important in NHEJ. They bind to
53BP1 and promote its stability and nuclear retention.17,61

A model has been proposed in which lamins A/Cmaintain
a nucleoplasmic pool of 53BP1 so as to facilitate its recruit-
ment to sites of DSBs (Figure 1).17 After damage, 53BP1
dissociates from lamins A/C and can take part in the
repair process and in recruitment of proteins involved in
NHEJ.17 The heterodimer, Ku70/Ku80, is recruited and
binds to sites of DNA DSBs. DNA-PK forms a complex
with Ku70/Ku80 and participates in the end bridging pro-
cess along with additional proteins involved in NHEJ
(Figure 1).17 In addition, it has been proposed that 53BP1
can also inhibit localization of BRCA1 to sites of DSBs and
decrease HR repair in G1 phase.17,49,61 It may also play a
role in inhibition of an alternate method of NHEJ (A-NHEJ,
discussed above) involving microhomology end processing
(Figure 1).17,61,70 Depletion of lamin A/C reduces the sta-
bility of 53BP1.17,61 In its absence, 53BP1 can undergo deg-
radation by the ubiquitin-conjugating enzyme H7 (UbcH7)
or be cleaved by an endosomal/lysosomal protease,
cathepsin L (CTSL).18,38,61,67 This leads to a deficiency in
NHEJ, thus indicating that lamins A/C have an important
function in this mode of repair of DNA DSBs.18,38

Lamins A/C also play a role in HR after DNA DSB
damage (Figure 2).61 They are important in transcriptional
regulation and increased expression of BRCA1 and RAD51,
two key proteins essential for HR.5,61 They inhibit repressor
complexes, p130/E2F4, that mediate down regulation of
BRCA1 and RAD51.61 Loss of lamins A/C leads to lack
of inhibition of p130/E2F4 and transcriptional repression
of the BRCA1 and RAD51 genes leading to decreased
expression of BRCA1 and RAD51.5,61 Recent studies have
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Figure 1. A model for the role of lamins A/C in repair of DNA DSBs by non-

homologous end joining (NHEJ). In the cell, lamins A/C bind to 53BP1 to promote

its stability. After production of DNA DSBs, 53PB1 dissociates from lamins A/C

and takes part in the NHEJ repair process by recruiting proteins involved in this

DNA repair pathway. It recruits the heterodimer, Ku70/Ku80, which binds at sites

of DSBs. DNA-PK forms a complex with Ku70/Ku80 and participates in the end

bridging process along with several other proteins involved in NHEJ. 53BP1 can

also inhibit localization of BRCA1 to sites of DSBs and decrease homologous

recombination (HR) repair in G1 phase. It may also play a role in inhibition of an

alternate method of NHEJ (A-NHEJ) involving microhomology end processing.

This model is based on studies and models proposed by a number of investi-

gators.17,49,61,70 (A color version of this figure is available in the online journal.)
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also shown that lamins A/C directly interact with RAD51
and protects it from proteasome-mediated degradation.71

It has been speculated that RAD51 may undergo a post-
translational modification (e.g. phosphorylation) after for-
mation of DNADSBs which enables it to mobilize to sites of
damage (Figure 1).71 These studies suggest that lamins
A/C regulate levels of RAD51 in the cell in the absence of
DNADSBs and provide a reserve of RAD51 for use in HR.71

Thus lamins A/C can regulate repair of DNA DSBs by HR
in two different ways: by transcriptional regulation of
BRCA1 and RAD51 and by binding to RAD51 and protect-
ing it from proteasomal degradation.71 In addition,
increased expression of BRCA1 promotes the removal of
53BP1 in S and G2 phases of the cell cycle, leading to
decreased NHEJ (Figure 2).44,49,66,67

A-type lamins, therefore, play dual roles in the determi-
nation of choice of pathways utilized in repair of DNA
DSBs. They are important for: (1) NHEJ by regulating
levels of 53BP1 in the nucleus, and (2) HR by transcription-
ally regulating levels of BRCA1 and RAD51 in the nucleus
and by protecting RAD51 from proteasomal degrada-
tion.18,38,61 Determination of exactly how lamins A/C
mechanistically interact with proteins involved in these
two different pathways for repair of DNA DSBs should
significantly aid in the elucidation of the underlying mech-
anisms involved in choice of repair pathways and their
roles in maintenance of genomic stability.

Role of lamin A in mechanosensing protects cells
against DNA damage

A relationship has been found between lamin A, cellular
stress and DNA damage.72 Lamin A accumulates early and
progressively in tissue such as heart, lung and bone.73–75

and is highest in adult tissues that are mechanically

stressed, stiff and rich in an extracellular matrix (ECM).76

As tissues develop, they sustain higher physical stress due
to stiffening of the ECM or high actomyosin contractility.
Lamin A has been proposed to have mechanosensing abil-
ity for detection of these cellular stresses.72 It has very
recently been shown by Cho et al. that as embryonic
hearts develop they stiffen and strengthen and lamin A
accumulates to counter nuclear rupture from the increased
stress.72 Rupture of the nuclear envelope leads to loss of
repair factors, which results in increased DNA damage
and cell cycle arrest.72 These studies have demonstrated
that decreased levels of lamin A favor nuclear rupture
upon physical stress in embryonic cardiac cells and that
this leads to mis-localization of DNA repair proteins,
such as K80 and 53BP1, to the cytoplasm and an increase
in DNA damage, as determined by examining formation of
DNADSBs.72 It also leads to an increase in loss of telomeres
and in cell-cycle arrest72 It has been proposed that this
increase in lamin A after stress is an adaptive response
and that lamin A increases during development or after
stress to mechano-protect the genome.72 This mechano-
coupled accumulation of lamin A begins in early develop-
ment and persists into maturation of tissues; this can be an
important component in a broad range of diseases in which
there are deficiencies in lamin A.72

Lamin A is an activator of SIRT6 and stimulates
SIRT6-mediated DNA repair

SIRT6 is a member of the sirtuin family of proteins that has
a broad range of functions related to aging.77–79 In mam-
malian cells, SIRT6 is found in the nucleus; it catalyzes both
deacylation and mono-ADP ribosylation and is involved in
a spectrum of biological processes which include histone
deacetylation, telomere maintenance, DNA repair and
genomic stability.77,80–83 SIRT6 is critical in regulation of
the aging process and longevity.77,80,83,84 It mediates DNA
DSB repair via the HR and NHEJ pathways.82,85,86 Studies
on regulation of the activity of SIRT6 have been ongoing,
particularly those on the regulation of its activity in repair
of DNA damage. It has recently been reported that lamin A
can activate SIRT6 and facilitate chromatin localization of
SIRT6 upon DNA damage.79,85,86 Lamin A has been shown
to directly interact with SIRT6 and promote SIRT6-
mediated deacetylation of histones; it facilitates the
localization of SIRT6 to chromatin, and promotes SIRT6
mediated repair of DNA DSBs.79 After production of
DNA DSBs, lamin A aids in SIRT6-dependent recruitment
of DNA-PKcs (DNA-PK catalytic subunit) to chromatin,
which is involved in NHEJ repair.79 Lamin A also facilitates
SIRT6-mediated deacetylation of CtIP, a protein important
for promotion of end resection of DNA DSBs, and its
recruitment to sites of DSBs during HR repair.79 Thus
lamin A serves as an endogenous activator of SIRT6 and
promotes SIRT6-mediated DSB repair by both HR
and NHEJ.

Lamin A/C disorders with DNA repair defects

The role of lamins A/C in DNA DSB repair is further
highlighted by disorders in which there are mutations in
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Figure 2. A model for the role lamins A/C play in repair of DNA DSBs by HR. In

the cell, lamins A/C bind to RAD51 to promote its stability and protect it from

proteasome-mediated degradation. After formation of DNA DSBs, RAD51 is

speculated to undergo post-translational modification and be released from

lamins A/C which enables it to mobilize to sites of damage and enhance HR.71

Lamins A/C are involved in HR where they play an important role in transcrip-

tional regulation and increased expression of BRCA1 and RAD51, both key

proteins essential in this repair pathway. In addition, increased expression of

BRCA1 promotes the removal of 53BP1 in S and G2 phases of the cell cycle

leading to decreased NHEJ. This model is based on studies and models pro-

posed by a number of investigators.44,49,61,66,67,71 (A color version of this figure is

available in the online journal.)
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the LMNA gene that lead to a wide spectrum of disease
phenotypes.5,26–28,61,63 These degenerative disorders,
caused by mutations in genes encoding nuclear lamins,
are referred to as laminopathies and include muscular dys-
trophies, lipodystrophies, cardiomyopathies, peripheral
neuropathies, and premature aging syndromes such as
Hutchinson Gilford Progeria Syndrome (HGPS) and
Atypical Werner Syndrome (AWS).26–28,38,63,87–92 HGPS is
among the most severe of these disorders.26–28,38,89

In most HGPS cases, a mutation in the LMNA gene leads
to a deletion of 50 amino acids in lamin A resulting in a
protein named progerin.89,91–93 Expression of progerin elic-
its a number of cellular changes which include nuclear mor-
phological abnormalities, chromatin changes, defective
gene expression, chromosomal aberrations, defective
repair of DNA DSBs leading to accumulation of elevated
basal levels of DNA damage, accelerated telomere shorten-
ing and attrition, and premature senescence.28,61,63,64,89,93–95

Results similar to this have been observed in human and
mouse cells with an LMNA�/� genotype, supporting the
importance of lamins A/C in maintaining genomic
stability.61,64,71,86

In HGPS the increase in the basal level of DNA damage
is due to deficiencies in both HR and NHEJ.18,28 Studies
carried out on fibroblasts from both HGPS patients and
from mouse models of progeria, in which there is loss of
expression of lamin A and accumulation of progerin, have
enhanced our understanding of the mechanisms that con-
tribute to defects in DNA repair and an increase in genomic
instability. These studies have demonstrated that there are
defects in recruitment of proteins involved in NHEJ
(53BP1) and HR (Rad50, Rad51) to sites of DNA damage
(DSBs).28,63,96 HGPS patient-derived fibroblasts exhibit
reduced expression of DNA protein kinase (DNA PK)
and associated proteins (Ku70/Ku80) involved in the initial
steps of NHEJ.97 Aberrant accumulation at sites of DNA
DSBs of a protein involved in nucleotide excision repair,
xeroderma pigmentosum complementation group A
(XPA), has also been reported.96 These studies show that
this mislocalization occurs at stalled or collapsed replica-
tion forks where there is a concurrent significant loss of
proliferating cell nuclear antigen (PCNA), which is
needed for DNA synthesis and progression of the replica-
tion fork.98,99 The loss of PCNA could be due to enhanced
binding of progerin to PCNA compared to lower levels of
binding of lamin A to PCNA.98 It has been suggested that
this sequestration of PCNA by progerin many allow bind-
ing of XPA at the replication fork and promote a series of
signaling cascades involved in arrest of cell proliferation
and promotion of replication fork collapse.96,98 Both of
these factors have been suggested to contribute to prema-
ture senescence in these cells.96,98 Delayed recruitment of
proteins in the MRN complex (NBS1 and MRE11), which is
involved in the initial steps of HR and aids in the resection
of the 50 ends at the site of a DSB, has also been reported.100

In addition, recent studies have shown that progerin does
not stimulate SIRT6 activity in HGPS cells to the same
extent that lamin A does in normal human cells.79 The
functions of SIRT6 in HGPS fibroblasts are significantly
impaired following DNA damage, which indicates that

this may be a contributing factor in the pathogenesis of
HGPS.79 All of these studies indicate that a number of dif-
ferent mechanisms underly the genomic instability
observed in HGPS and that these are the consequence of
mutations or alterations in the lamin A gene which hinder
the ability of HGPS cells to recruit and retain proteins
needed in the DNA damage response for maintenance of
genomic integrity.18,38

Deficiencies in DNA DSB repair in HGPS occur not only
in genomic DNA but also in telomeric DNA. Lamins A/C
have been shown to play a key role in maintenance of telo-
mere structure, length and function.101 In HGPS, dysfunc-
tional telomeres arise due to loss of lamins A/C.101 Increased
shortening of telomeres has been observed in HGPS fibro-
blasts and fibroblasts from LMNA-deficient mice.101 Studies
have shown that lamins A/C interact with TRF2, a core pro-
tein of the shelterin complex which binds to telomeric DNA
and protects telomeres from loss or shortening at chromo-
some ends.102 The mutant form of lamins A/C, progerin,
does not interact with TRF2.102 It has been proposed that
in HGPS cells the disrupted interaction between lamins
A/C and telomeres, due to the presence of progerin rather
than lamins A/C, leads to the telomere instability observed
in these cells.101–103 This telomere instability is in part a result
of a deficiency in processing of dysfunctional telomeres
through the NHEJ pathway, a process for which lamins
A/C are critical.101–103 Deficiencies in this process contribute
to the pathogenesis of HGPS.101

A-Type lamins thus play an important role inmaintaining
genomic stability in cells and in processing damaged DNA
in not only genomic DNA but also in telomeric DNA.
Deficiencies in A-type lamins can lead to DNA repair
defects, whichmay involve more than one DNA repair path-
way, and to disorders such as HGPSwhere the expression or
recruitment of DNA repair components can be disrupted.

Lamin B1 plays a role in the DNA damage response

B-type lamins, like the A-type lamins, in addition to play-
ing an important role in the structural organization of the
nucleus, are essential for regulation of DNA metabolism.
This includes functions in not only gene activation and
silencing but also in DNA replication, transcription and
repair.2–4,16,36,104,105 Lamin B1 has been shown to play a
critical role in repair of DNA DSBs by HR (Figure 3).16

It is involved in maintaining the stability of RAD51 after
induction of DSBs by ionizing radiation or from replication
fork collapse.16,106 Lamin B1 binding to RAD51 is thought
to occur constitutively.16 After induction of DSBs, levels of
RAD51 increase.16 Lamin B1 is thought to be involved in
this process. It has been proposed that after DNA damage
there is increased binding of lamin B1 to RAD51.
This enhances the stability of RAD51 by repressing its
proteasome-mediated degradation (Figure 3).16 This leads
to increased RAD51 levels which are critical for repair of
DSBs by HR. Additional factors may be involved in the
regulation of RAD51 stability by lamin B1.16 Lamin
B1 has also been shown to bind directly to the promoters
of some genes important in HR including BRCA1, RAD51,
and MRE11 and can thus be involved in regulation of
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expression of these proteins after DSB formation and in
increased HR (Figure 3).106

Since the A-type and B-type lamins form interacting
networks within the lamina and the nucleoplasm in the
nucleus,16,107 it is possible that interactions between these
two types of lamins may play an important role in the reg-
ulation of DNA repair processes. In support of this view,
lamin B1 has been shown to be important in the mobility
and distribution of lamins A/C in the nuclear lamina and
nucleoplasm, which in turn may have an influence on DNA
repair activity.16,107 The lamins could act in conjunction
with each other. In mature cells, for example, in response
to DNA damage, levels of RAD51 may be regulated
through repression of its degradation by lamin B1 together
with its transcriptional activation by lamins A/C so as to
promote HR.16 The levels of RAD51 could be under the
control of both lamins A/C and lamin B1 which differen-
tially function together in a manner dependent upon state
of development, cell and tissue type, and physiological
circumstances.16

Lamin B1 has also been shown to be involved in repair of
UV damage by nucleotide excision repair (NER).106,108

Silencing of lamin B1 expression in tumor (e.g., human
osteosarcoma) cells leads to cell cycle arrest and altered
expression of several genes involved in NER which leads
to defects in the repair of UV-induced DNA damage.106

In these cells there is downregulation of several proteins
required for NER which include DDB1 (DNA damage
binding protein 1); CSB (ERCC6) (Cockayne Syndrome B
protein), PCNA and Pol g.106 A strong interaction has been
shown between lamin B1 and the promoter of DDB1 and,
when lamin B1 is silenced, levels of DDB1 are greatly
reduced.106 It has been proposed that lamin B1 regulates
expression of genes involved in NER at a number of differ-
ent levels including regulation of transcription and possi-
bly mRNA processing and stability.108 This regulation
could occur either directly or indirectly.108

Thus lamin B1, like lamins A/C, plays a pivotal role in
regulation of DNA repair processes. Both types of lamins
have roles in regulation of expression of genes critical for
specific DNA repair processes such as HR, NHEJ and/or
NER. These effects may be direct or indirect, just as is their
effect on the stability of specific repair proteins. It has been
speculated that different lamins may influence distinct pat-
terns of gene expression by interactions with subsets
of gene promoters.108 This could include genes directly or
indirectly involved in the repair process. This is an exceed-
ingly interesting area of investigation in which a great deal
more work needs to be carried out.

Nuclear actin and its role in DNA repair

Significant advances in the past decade have shown that
actin in the nucleus plays a dynamic role in a number of
essential nuclear functions in a variety of eukaryotic organ-
isms.1,109–114 It is actively transported between the cyto-
plasm and nucleus.1,110–112,114 In the nucleus, actin exists
in monomeric and polymeric forms. Its confirmation differs
in different cell types and under different circumstances.
There are, however, conformational differences between
cytoplasmic and nuclear actin.112,113,115–117 The majority of
actin in the nucleus is present in the monomeric form (80%)
with the remaining (20%) in a polymeric (i.e., filamentous)
form.113,115–117 There is evidence that both monomeric and
polymeric actin have on impact on the various nuclear pro-
cesses in which they participate.109,110,116,118–121 In addition
to actin’s role in maintaining the structure and integrity of
the nuclear envelope, nuclear pore complex, higher-order
chromatin structure and structure of sub-nuclear compart-
ments, it participates in many essential steps in gene
expression, chromatin remodeling, regulation of transcrip-
tion, signal transduction and DNA replication.111–114,122–124

Of particular interest, actin has also been shown to play an
important role in DNA repair. A number of recent studies
have expanded our knowledge of actin’s function in this
process, especially its role in DNA DSB repair and its
importance in both the HR and NHEJ pathways. These
studies will be described below.

Induction of actin after DNA DSB formation

Actin is actively involved in repair of damage to nuclear
DNA. Studies have demonstrated that DNA damage as
well as environmental stress induce formation of actin
filaments in the nucleus of human cells.19,123,125 Actin fila-
ments induced by various toxic agents display three char-
acteristic morphological patterns: (1) elongated
nucleoplasmic filaments; (2) dense nucleoplasmic clusters
of filaments; and (3) short, nucleolus-associated fila-
ments.123 Two actin assembly factors are needed for forma-
tion of these structures, Formin-2 and Spire-1/Spire-2.125

After DNA damage, Formin-2 accumulates in the nucle-
us.125 Loss of this protein increases the severity of the
damage occurring in the DNA, indicative of the importance
of its role in actin filament formation for the
repair process.125

Significant accumulation of nuclear actin filaments
occurs in the nucleus after formation of DNA double-
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strand breaks (DSBs) (Figure 4).19,125,126 A correlation has
been found between polymerization of actin into filaments
after DNA damage and the number of DNA DSBs
formed.19,125,126 Recent studies have shown that actin and
actin-related proteins (Arps) are recruited to chromosomal
DSBs and assemble at sites enriched in MRE11, a homolo-
gous recombination repair protein (Figure 4).127 Formation
of actin filaments is needed for efficient repair of the
induced DSBs.19,125,127 Actin filaments have also been
shown to form after cells are treated with a telomere uncap-
ping agent, which leads to structures resembling DNA DSB
formation.125 These studies are a strong indication that
nuclear actin filaments are needed for promotion of effi-
cient DNA DSB repair.

The exact function of these actin filaments and the mech-
anisms involved in their role in the repair process is still
poorly understood. The role of actin polymerization in
DNA repair has not been well characterized. It has been
hypothesized that actin could potentiate the DNA repair
response by several different mechanisms which include:
(1) altering the mobility or organization of chromatin; (2)
recruiting DNA repair factors to the damage site; and (3)
binding to or sequestering DNA repair factors which could
inhibit the repair process.125 Thus there are a number of
different avenues that need to be explored in order to
fully understand the mechanistic processes governing
actin’s role in the repair process.

Importance of actin in NHEJ and HR after DNA
DSB formation

There is evidence that nuclear actin plays a role in the NHEJ
and HR pathways involved in repair of DNADSBs and that
polymerized actin is required for this process. Proteins
important in NHEJ (e.g., Ku70-Ku80 heterodimer) and
HR (e.g., MRE11 and RAD51) have been found to associate
with polymerized actin in vitro (Figure 4).19 It has been
suggested that actin aids in the recruitment and stabiliza-
tion of these repair proteins at the site of damage.19

Consistent with this viewpoint are studies which show
that in human cells disruption of actin polymerization
after DNA damage inhibits repair by NHEJ.19 Similarly,
disruption of actin polymerization also reduces the efficien-
cy of HR repair of double-strand breaks.127,128 The detailed
mechanism underlying the role of nuclear actin filaments in
DNA repair still has to be elucidated. A number of actin-
binding proteins and actin-related proteins (Arps), which
aid in actin polymerization after DNA damage and also
bind to proteins involved in DNA repair, have been sug-
gested as important factors in this process.113

Nuclear actin is also a key component in several
chromatin-modifying complexes (i.e., IN080, SWR1, SWI/
SNF; BAF and RSC) which play pivotal roles in facilitating
DNA repair processes.113,129 Within these complexes, actin is
in a monomeric form and associates with Arps (Figure 4).113

The presence of Arps in these complexes is critical for assem-
bly of these complexes and maintenance of their structural
integrity.113,129 For one of these chromatin-remodeling com-
plexes, IN080, Arps are thought to maintain the monomeric
state of actin within the complex.113,130–132 The presence of

actin and Arps in this complex has been shown to promote
the response of this complex to chromatin remodeling after
DSB formation (Figure 4).113 This complex binds near sites of
DSBs and is required for processing of the DSBs.133 The
mechanism of action of monomeric actin in this process is
still unclear.

These studies further demonstrate the importance of
actin and its various structural forms in DNA repair pro-
cesses. Actin polymerization and its formation into fila-
ments is critical for repair of DSBs by NHEJ and
HR.19,126–128 Actin present in a monomeric form is a key
component of chromatin-remodeling complexes which
play a role in facilitating DNA DSB repair.113,129 The exact
mechanisms of action of actin in these repair processes and
the role its structural conformation plays in its activities is
an extremely interesting question and one which needs to
be studied in greater detail.

Actin and myosin—Partners in DNA repair
in the nucleus

Actin’s involvement in relocalization of DNA DSBs
in heterochromatin

DSBs repaired by HR exhibit extensive movement and
relocalization after formation during S and G phases of
the cell cycle.127,128,134,135 When DSB formation occurs in
pericentric heterochromatin (referred to as heterochroma-
tin) during S and G2 phases of the cell cycle, these DSBs
relocate to the nuclear periphery.127,128,135,136 Of impor-
tance, recent studies from the laboratories of Chiolo and
of Schrank have shown that nuclear actin, the Arp2/3 com-
plex, which is an actin nucleator,137 and the Arp2/3 activa-
tor, WASP (a Wiskott–Aldrich syndrome protein family
member), are recruited to sites of DSBs.127,128 WASP
brings the ARP2 and ARP3 subunits together, activating
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them and enabling actin filament elongation.127 Actin and
proteins in the ARP complex are recruited to MRE11-
enriched DSBs in chromatin.127 Actin filaments, after for-
mation at these sites, extend from the heterochromatin to
the nuclear periphery.128 Chiolo et al. have shown that DSBs
relocate from the pericentric heterochromatin to repair sites
along the actin filaments.128 The actin filaments then dis-
semble after relocalization.128 Actin polymerization is thus
required for migration of the DSBs from heterochromatin to
localize in discrete sub-nuclear clusters, a process that
is essential for homology-directed repair.127,128 ARP2/3
is not enriched at DSBs repaired by NHEJ and is not
involved in regulation of NHEJ.127 It is postulated that
this relocalization and clustering of DSBs may prevent
aberrant recombination from occurring, thereby shielding
breaks from misrepair, and promote exchanges with the
sister chromosome or homologue.127,128,136,138 This same
type of migration of DSBs does not take place during
NHEJ repair in heterochromatin.127,128

Myosin’s role in DNA DSB relocalization in
heterochromatin

Of particular interest, Chiolo et al. have demonstrated
that the actin motor protein myosin is also required for
relocalization in heterochromatin of DSBs, which are
repaired by HR during S and G2 phase of the cell
cycle.128 Myosin IA, Myosin IB and Myosin V have
been shown to have an important role in the movement
of heterochromatic DSBs to the nuclear periphery.128

Recruitment of these nuclear myosins to the site of a
DSB depends on targeting by MRE11, a protein involved
in HR.128 A network of actin filaments and interacting
proteins coordinates these activities in the heterochroma-
tin. The nuclear myosins direct the DSB repair sites
towards the nuclear periphery by “walking along” the
Arp2/3 mediated actin filaments allowing relocalization
of the damage sites so that they can be repaired.128 It has
been proposed that this type of movement of DSBs may
be especially important for allowing repair sites to be
released from the more compact heterochromatin and
that this type of movement is not as necessary in the
less compact euchromatin.128 These studies thus demon-
strate that actin filaments play a critical role in HR repair
that takes place in heterochromatin during S and G2
phases of the cell cycle and that their coordinated inter-
action with both Arp2/3 and myosins is critical for reloc-
alization of sites of DSBs to the nuclear periphery
for repair.

Nuclear actin/myosin in DNA DSB repair in
transcriptionally active euchromatin

DSBs in transcriptionally active chromatin in human cells
are preferentially repaired by HR.134 Studies have shown
that DSBs, induced at defined loci in transcriptionally
active genes, cluster and that this clustering occurs
mainly during G1 phase of the cell cycle in a period when
DNA repair is delayed.134 This clustering does not occur in
genes that are not transcriptionally active.134 It relies on
nucleoskeleton and cytoskeleton networks, as seen by its

dependence upon the LINC (linker of nucleoskeleton and
cytoskeleton) complex and the nuclear actin organizer pro-
tein Formin 2 (FMN2).134 Data suggest that microtubule-
and actin-related networks actively play a role in this
process.134 The MRN complex, which is involved in the
initial steps in HR, is also important for sustaining this
clustering.134 It has been suggested that, since HR is sup-
pressed during G1 phase of the cell cycle (i.e., the cells are
refractory for repair in G1), clustering may aid in seques-
tering DSBs until they can be repaired by HR in post-
replicative cells (G2 phase).134 Whether actin filament for-
mation is involved in this process has not as yet been clearly
demonstrated, though actin polymerization has been
shown to occur in the nucleus shortly after formation of
DNA DSBs and is dependent upon FMN2.134 There is
also evidence that, in transcriptionally active chromatin in
human cells, after induction of DSBs in G0/G1 phase of the
cell cycle, contact between homologous chromosomes can
occur and this depends on proteins involved in homology-
directed repair (i.e., BRCA1, RAD51, and RAD52), nuclear
F-actin polymerization and nuclear myosin.20 It has been
suggested that this is important for the prevention of chro-
mosomal rearrangements after induction of DNA DSBs in
transcriptionally active euchromatin.20

Actin thus works in concert with myosin in several dif-
ferent aspects of DNADSB repair. This interaction is impor-
tant in the relocalization of DNA DSBs in heterochromatin
to the nuclear periphery during the HR repair process.128

Nuclear actin/myosin are also involved in HR in repair of
DSBs in transcriptionally active euchromatin where they
are also important in mediation of contact between homol-
ogous chromosomes at sites of DSBs in the G0/G1 phase of
the cell cycle.128 In addition, the nuclear actin organizer
protein, Formin 2, and potentially actin filaments, along
with the LINC and MRN complexes are involved in clus-
tering of DNA DSBs in the G1 phase of the cell cycle, pos-
sibly sequestering the DSBs until they can be repaired
in G2.128

The LINC complex in DNA repair

Interactions between the nucleoskeleton and cytoskeleton
are mediated by the LINC complex, which spans the inner
and outer membranes of the nuclear envelope.139–142 The
key proteins of the complex are the trans-membrane SUN-
domain proteins, SUN1 and SUN2, which span the inner
nuclear membrane and contain domains that interact with
the nuclear lamins, in particular A-type lamins, and with
emerin and proteins of the inner nuclear membrane.139–145

SUN1 and SUN2 interact with the KASH-domain proteins,
the nesprins, in the perinuclear space.139–145 The nesprins
span the outer nuclear membrane and interact with micro-
tubules, microfilaments and intermediate filament in the
cytoskeleton.139–145 The LINC complex plays a role in
diverse functions which include: nuclear shape and posi-
tioning, nuclear migration, mechanotransduction between
the cytoplasm and nucleus, maintenance of the
centrosome-nucleus connection and movement of chromo-
somes within the nucleus during meiosis and DNA
repair.141,146–156
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The LINC complex plays a prominent role in the DNA
damage response.150,152,157 Studies indicate that the LINC
complex contributes, in human cells and C. elegans, to
repair of DNA DSBs. The human SUN1 protein and its
homolog in C. elegans (UNC-84) interact with Ku70/Ku80
and DNA-PK (DNA-dependent protein kinase) driving
inhibition of NHEJ and promoting loading of RAD51 to
the site of a DSBs which leads to stimulation of HR
(Figure 5(a)).150 SUN1 and UNC-84 have also been shown
to play a critical role in the recruitment of FAN-1 nuclease,
an endonuclease involved in DNA interstrand cross-link
(ICL) repair, to the nucleoplasm after damage with a
DNA ICL agent (Figure 5(b)).150 Though there are other
DNA endonucleases involved in production of incisions
at the site of DNA ICLs (e.g. XPF), which may depend
upon cell type and circumstance, this points to an involve-
ment of the LINC complex in DNA ICL repair.150

Additional evidence shows that, at sites of DSBs, SUN1
and UNC-84 inhibit NHEJ and promote HR (Figure 5
(b)).150 Since in the repair of DNA ICLs, DSBs are formed
and are repaired by HR, it has been proposed that in ICL
repair the LINC complex plays a role not only in the recruit-
ment of FAN1 to the damage site but also in promotion of
HR by suppression of NHEJ.150

In other studies, SUN1 and SUN2 have been shown in
mouse embryonic fibroblasts to interact with DNA-PK.155

This interaction is not influenced, however, by DNA dam-
aging agents (e.g. hydroxyurea). The role that this interac-
tion may play in the repair process in these cells is not clear
and whether it functions in inhibition of NHEJ is unknown
but certainly of interest. The LINC complex may also pro-
mote mobility of DNA DSBs after damage.157 Increased
mobility of damaged chromatin containing DSBs has been
shown to involve 53BP1 and the LINK proteins SUN1 and
SUN2.157 As mentioned above, 53BP1 plays a critical role in
limiting the 50 resection of broken ends of DNA at DSBs.
It also has been shown to block resection at dysfunctional
telomeres and alter their mobility, which leads to stimula-
tion of NHEJ.157 It has been proposed that 53BP1-
dependent chromatin mobility is mediated by the LINC
complex which, through association of nesprin with micro-
tubules, allows transfer of cytoskeletal forces to the nucleus
and enhancement of chromatin mobility.139–141 The 53BP-1
dependent mobility of dysfunctional telomeres thus
involves a LINC-microtubule dependent process which
promotes NHEJ of DNA DSBs.157

A number of different systems, repair proteins and path-
ways have been investigated in determining the role for the
LINC complex in the DNA repair response. This has led to
differing viewpoints on its exact mechanistic role in this
process. This is a complex but exceedingly important
area. The influence the LINC complex has on the DNA
repair process can have a major influence on the signaling
that occurs between the cytoplasm and the nucleus and can
play a significant role in safeguarding genomic stability
after DNA damage. This is an intriguing are of investiga-
tion which has only been briefly mentioned above.
Ongoing explorations in this field should produce some
exciting new insights into this process.

Spectrin in the nucleus and its role in
DNA repair

Nonerythroid spectrin is present in the nucleus as well as in
the cytoplasm.1,21 Since It is an essential protein in the cell,
knowledge of its roles in various cellular processes is crit-
ical in order to understand how these processes are dis-
rupted when there is loss or a deficiency in this protein.
In the cytoplasm, it is an important component of a cyto-
skeletal network which provides support to the plasma
membrane and helps maintain cell shape, flexibility and
elasticity.158–166 It is involved in cell spreading, lamellipodia
extension and cell migration.167–170 In addition, it has
numerous other functions which include trafficking of
organelles, vesicles and proteins, signal transduction,
cell cycle progression, synaptic transmission in neurons,
cell adhesion, immunological synapse formation, and cell
growth and differentiation.158–161,163–166,169–173

In the nucleus, a-spectrin (aSpII) and two b-spectrins
(bSpII and SpbIV) have been identified.1,13,21,174–180

Structurally a- and b-spectrin are composed of an extended
array of triple a-helical repeats and have multiple sites of
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interaction with other proteins in the nucleus.9,10,158–160,180

This helical repeat structure of spectrin is thought to con-
tribute to the elasticity of the nucleoskeleton.9,158–160,180 In
the cytoplasm, spectrin is present as a tetramer composed
of heterodimers of a- and b-spectrin.158–161,163,164,170–173

However, in the nucleus formation of heterodimers or tet-
ramers between aSpII and the b-spectrins has not, as yet,
been demonstrated. It is possible that there is some differ-
ence in the interaction of aSpII and b-spectrins in the
nucleus compared to their interaction in the cytoplasm.
aSpII may be present in a monomeric form and not as a
heterodimer or tetramer with b-spectrin or, if both forms
exist, they may have different nuclear functions. Actin, for
example, is present in both a monomeric form and a fila-
mentous form in the nucleus and both forms are involved
in different aspects of the DNA repair process.19,113,126–129

It is possible that a similar situation could hold true for
spectrin. Enhanced modes of detection may be required
in order to discern formation of heterodimers and tetramers
between a- and b-spectrin in the nucleus. Further studies
need to be undertaken in order to elucidate the relationship
between these proteins.

Like cytoplasmic spectrin, nuclear spectrin also has a
structural role; it is a component of a nucleoskeletal net-
work which is important in maintaining the structural
integrity and elasticity of the nucleus and recovery of the
nucleus from compression.1,10,158–161,164 It interacts with
other nucleoskeletal proteins which include, lamin A and
lamin B, actin, emerin, nuclear myosin 1C, protein 4.1, and
bSpIV and these interactions are thought to be critical for
the nuclear architecture and the biomechanical properties
of the nucleoskeleton (Figure 6).1,8–10,181 Spectrin also plays
an important role in the mechanical coupling between the
nucleoskeleton and the cytoskeleton. In HeLa cell nuclei,
aII-spectrin forms a complex with lamins A and B, emerin,
actin, nuclear myosin IC and the LINC complex protein
SUN2 and is thought to be an important component
in this coupling (Figure 6).1,9,10 aSpII also interacts with
proteins involved in DNA transcription and chromatin
remodeling indicating that it has additional functions in
the nucleus.1–7,16,17,181

Of particular significance, aSpII in human cells has been
shown to play an important role in DNA repair.21,182–185

Lambert et al. have clearly demonstrated this in cells in
which a deficiency or loss of aSpII leads to defects in
DNA repair and genomic instability.21,22,183–185 There are
now multiple lines of evidence that aSpII in the nucleus
plays a critical role in DNA repair in human cells in both
genomic (non-telomeric) DNA and telomeric DNA.21,183–187

These studies demonstrate that in repair of DNA ICLs:
(1) aSpII localizes at sites of DNA ICLs and is involved
in the recruitment of the DNA repair endonuclease, XPF,
to these sites; (2) it is needed for incisions produced by XPF
at these sites; (3) loss of aSpII from cells results in a defi-
ciency in DNA ICL repair and in chromosomal instability;
and (4) correction of loss of aSpII in cells restores chromo-
some stability and DNA ICL repair capabilities. Evidence
for this is presented below.

aSpII binds directly to DNA containing ICLs

Studies by Lambert et al. have shown that aIISp from HeLa
cell nuclei binds to a DNA substrate containing 4,50,8-
trimethylpsoralen (TMP) plus UVA light induced inter-
strand cross-links.182 In addition, purified bovine brain
aSpII also binds to this substrate.182 These studies were
the first to demonstrate that aSpII binds directly to DNA
containing ICLs.182 It has been proposed, based on the crys-
tal structure of aSpII, that interaction of aIISp with DNA
occurs through hydrogen bonds which form between its
protein side chains and the N3 of purines and O2 of pyri-
midines in the minor groove of DNA.182 Enhanced binding
of aSpII to DNA at sites of ICLs could be due to the
increased accessibility of aSpII to DNA when the minor
groove of DNA opens after ICL formation.182 These studies
thus demonstrate that aSpII can interact directly with DNA
after formation of ICLs, indicating that it plays an impor-
tant role in the damage-recognition step of DNA ICL repair,
as has been proposed.182

A deficiency in aSpII leads to reduced chromosomal
stability and cell survival after ICL damage

aSpII is a protein which is essential for cell survival; com-
plete loss of this protein leads to cell death.177,185,188,189

Levels of aSpII can be reduced to 35–40% of normal and
cells can survive.185 However, after knockdown of aIISp by
siRNA to these levels in normal human cells, followed by
damage with a DNA ICL agent, there is increased chromo-
somal instability which includes sister chromatid end-
to-end fusions, chromatid breaks, chromosome exchanges,
and radials.185,186 In addition, there is decreased cell sur-
vival and decreased DNA repair compared to cells trans-
fected with a nontarget siRNA.185 These results have been
observed using two different DNA ICL agents,
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8-methoxypsoralen (8-MOP) plus UVA light and mitomy-
cin C (MMC), and two different human cell lines.185 These
studies provide strong evidence for an important role for
aSpII in the DNA repair process.

aSpII is required for recruitment of XPF to sites of ICLs

An important indicator of whether a protein is involved in
DNA repair is whether the protein localizes to sites of
damage in the nucleus. This is usually measured by exam-
ining cells for the localization of the protein to sites of
damage-induced nuclear foci. After damage of human
cells with a DNA ICL agent (8-MOP plus UVA light, or
MMC), aSpII localizes to nuclear foci.22,183,185 Since aSpII
has been shown to bind directly to DNA containing a
TMP ICL, this indicates that the these foci represent sites
of ICLs.22,183,185 The DNA repair protein, XPF, which cre-
ates incisions at sites of DNA ICLs,187,190,191 co-localizes
with aSpII at these damage-induced foci.22,183,186 The local-
ization of XPF in these foci follows the same time course as
that of aSpII, with foci first appearing at 10 h after ICL
damage, peaking at 16 h and disappear by 24 h, when the
ICLs are presumed to be repaired.21,183 This indicates that
aSpII associates with XPF during the incision events and is
involved in the same repair steps as XPF, though their roles
in the repair process are different.21,184

The importance of aSpII for localization of XPF to sites of
damage is seen in studies in which aSpII is knocked down
by siRNA. After knockdown of aSpII, XPF fails to localize to
damage-induced foci and there is decreased ICL
repair.185,186 These studies indicate that aSpII is critical in
recruitment of XPF to sites of ICLs. In support of this, inci-
sions produced by XPF have been examined on a 140 bp
substrate containing a site-specific TMP ICL.182 XPF, pre-
sent in a complex of chromatin-associated proteins from
normal human lymphoblastoid cells, produced incisions
on both the 30 and 50 sides of the TMP ICL.182 This was
confirmed by studies showing that these incisions could
be inhibited by an antibody against XPF.182 Purified
bovine aSpII was shown to enhance the incisions produced
by XPF in the normal human cells; aSpII by itself did not
create any incisions on the cross-linked DNA.182 A purified
monoclonal antibody, which specifically recognized aSpII
from normal human lymphoblastoid cells, inhibited the
incisions produced by XPF in this system.182,192 These com-
bined studies have led to the development of a model in
which aSpII acts as a scaffold and aids in the recruitment of
repair proteins such as XPF to sites of ICLs; loss of aSpII
results in a deficiency in XPF recruitment and a loss in
incisions it produces at sites of ICLs leading, to a deficiency
in DNA repair.182

aIISp acts downstream from FANCD2 in ICL repair

DNA interstrand cross-links are an important block to
DNA replication. ICL repair takes place primarily in S
phase of the cell cycle at the site of a replication fork stalled
at the ICL.193–195 A large number of proteins are involved in
DNA ICL repair, a significant number of which are encoded
by genes which are defective in individuals with the inher-
ited bone marrow failure disorder, Fanconi anemia

(FA).25,196,197 FA is characterized by bone marrow failure,
chromosome instability, congenital abnormalities,
a marked predisposition for development of cancer and a
striking cellular sensitivity to DNA interstrand cross-
linking agents.25,196–207 There are 22 complementation
groups of FA (FANCA—FANCW), and genes from each
complementation group code for a specific protein
involved in the DNA ICL repair process.25,198-200,203 As a
result, this pathway has been called the Fanconi anemia
repair pathway.25 Patients from each of the complementa-
tion groups are defective in repair of DNA ICLs.25,196–205 In
the initial steps in the repair process, a core complex of FA
proteins forms which is critical for the monoubiquitination
of the FA proteins, FANCD2 and FANCI.25,200–203 This usu-
ally occurs at the site of a stalled replication fork.25,200–203

The monoubiquitination of FANCD2 (FANCD2-Ub) and
FANCI (FANCI-Ub) initiates a series of events which lead
to the repair of the ICL and results in replication fork
recovery.25,196–203

aSpII, though not a known FA protein, plays a critical
role in this repair process during S phase of the cell
cycle.21,186 After ICL damage, FANCD2 is monoubiquiti-
nated and localizes to nuclear foci.25,196–203 These foci
form before those of aSpII and XPF and have a different
time course for their formation.21,208 aSpII does not co-
localize in the same foci as FANCD2-Ub; however, it does
co-localize with XPF and FANCA foci.183,208 Formation of
aSpII, XPF and FANCA foci all follow the same time course
and form after FANCD2-Ub foci.21,208 In studies using
Xenopus extracts, XPF is also recruited to damage sites
after FANCD2-Ub.209 Importantly, aSpII is required for
the formation of both XPF and FANCA foci. FANCA is a
component of the core complex involved in the monoubi-
quitination of FANCD2 and FANCI.25,197-200 Its co-
localization with aIISp after formation of FANCD2-Ub
foci may indicate an additional role for it in the ICL
repair pathway. aSpII and XPF are not required for the
monoubiquitination of FANCD2 or its localization to foci
after ICL damage.21,208 Collectively, these studies show that
aSpII localizes to sites of ICLs after FANCD2-Ub and is not
required for monoubiquitination of FANCD2; they also
indicate that aSpII acts downstream of FANCD2-Ub, it
and recruits XPF and FANCA to sites of ICLs, and it is
important in the early incision steps in the repair process.

aSpII functions as a scaffold in recruitment of DNA
repair proteins to sites of damage

Since aSpII is proposed to function as a scaffold in the
recruitment of repair proteins, such as XPF, to sites of
ICLs, an important question is how does it accomplish
this. As mentioned above, aSpII consists of 21 triple-helical
repeats and a repeat which contains EF hand domains.158–160

The 10th repeat contains a Src-homology 3 (SH3) domain.158–
160,210 SH3 domains are modular domains important in
protein-protein interactions and assembly of protein net-
works.211,212 These domains interact with proteins contain-
ing proline-rich consensus sequences.211,212 There are three
major classes of protein ligands that bind to SH3 domains,
eachwith a different consensus sequence: class I, class II, and
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class 1@ ligands.212–215 The SH3 domain of aSpII preferen-
tially binds to class 1@ ligands.215 Of particular interest, a
number of the FA proteins contain motifs that bind to SH3
domains and this represents an important class of motifs in
FA proteins which can interact with cellular proteins con-
taining SH3 domains, such as proteins involved in signal
transduction and intracellular signaling.216

Significantly, the FA protein, FANCG, has a class 1@ con-
sensus sequence.216 Lambert et al. have shown, using site-
directed mutagenesis and yeast two hybrid analysis, that
FANCG binds directly to the SH3 domain of aSpII via this
consensus sequence.216 FANCG also binds directly to XPF-
ERCC1.216 FANCG contains seven tetratricopeptide repeat
(TPR) motifs, which are motifs involved in protein-protein
interactions.217–219 TPRmotifs 1, 2, 3 and 6 bind to the central
domain of ERCC1 (residues 120–220).220 ERCC1 in turn
binds to XPF via its C-terminal domain (residues
220–297).221–223 XPF binds to ERCC1 via its C-terminal
domain, which is different than its nuclease domain, and
produces incisions in DNA at sites of ICLs.223,224 Thus, it
has been proposed that aSpII, which binds directly to
DNA at sites of ICLs, acts as a scaffold in the recruitment
of XPF-ERCC1 to the damage site. It does this via FANCG.
aSpII binds directly to FANCG at its SH3 domain.216 FANCG
in turn recruits and binds to XPF-ERCC1,220 which can then
create incision(s) at the site of damage leading to unhooking
of the ICL. Thus, once aSpII localizes to the site of damage,
FANCG binds to aSpII and essentially acts as an intermedi-
ary in recruiting XPF-ERCC1 to the damage site.21,216,220

The mechanism of action of aSpII in DNA ICL repair

Several models have been proposed for the repair of ICLs at
DNA replication forks stalled at the sites of damage; they
are presented in several recent reviews.24,25,190,193,209,216,226–
228 Multiple proteins and steps are involved in this process
which include: damage recognition, incision or unhooking
of the cross-link, translesion DNA synthesis, homologous
recombination, and nucleotide excision repair
(NER).25,190,191,193,197,209 Two of the major models are the
dual fork convergence model, which describes ICL repair
that is triggered when two replication forks converge at the
site of an ICL24,25,190,193,209,227 and the replication fork rever-
sal model, in which one of the two converging forks at an
ICL undergoes reversal.24,216,227,228 Importantly, it needs to
be kept in mind that these models are based on studies
using several different organismal systems and the rela-
tionship of these studies to human systems and the role
of the FA proteins in them is still under investigation.

Lambert et al. have proposed a model for the role and
importance of aSpII in DNA ICL repair which is supported
by studies on the interaction of aSpII with not only dam-
aged DNA but also with proteins involved in DNA ICL
repair21 and which is also based on these previous
models for ICL repair (Figure 7).24,25,184,193–198,226–228 The
proposed role of aSpII in ICL repair is shown here for
each of the two major models described above. In the
dual fork convergence model24,25,190,193,209,226 (Figure 7(a)):
(1) When replication forks converge at an ICL, the CDC45/
MCM2-7/GINS (CMG) helicase complex, which

translocates along the leading strand template, stalls; (2)
CMG is unloaded and FANCM recognizes and localizes
to the DNA at the site of an ICL; (3) The FA core complex
(FANCA, FANCB, FANCC, FANCE, FANCF, FANCG,
FANCL) is activated and recruited to the site of DNA
damage; (4) The core complex monoubiquitinates
FANCD2 and FANCI to form the ID2 complex; (5) The
ID2 complex localizes at DNA ICLs; (6) aSpII binds to
DNA at the site of the ICL downstream of ID2. Whether
aSpII localizes to the site of the ICL directly or is recruited
by ID2 is not clear; however, aSpII can localize to sites of
damage in the absence of FANCD2-Ub208; (7) FANCG binds
to the SH3 domain of aSpII and XPF-ERCC1 is recruited to
bind to FANCG-aIISp; (8) XPF then takes part in the pro-
duction of incisions at the site of damage and the unhook-
ing of the ICL. Mechanistically, aSpII thus aids in the
recruitment of XPF to sites of ICLs via its association with
FANCG. SLX4/FANCP in a number of models functions in
assembly of proteins at the damage site.24,25,191 Additional
endonucleases may play a role in this step25,190; (9)
Translesion DNA synthesis then occurs by a translesion
polymerase leading to bypassing the tethered ICL; (10)
This is followed by repair of the broken DNA duplex in
several steps through NHEJ or HR; (11) The adducted
DNA base is removed and the site repaired by nucleotide
excision repair.

In the replication fork reversal model for ICL repair
(Figure 7(b))24,225,227,228: (1) Upon replication fork conver-
gence, the CMG complex is unloaded; (2) One of the two
converged forks then undergoes reversal, this promotes re-
establishment of a stretch of duplex DNA adjacent to the
ICL in the opposing fork; this substrate has been shown to
be a much better substrate for unhooking the ICL by
XPF227,228; (3) Repair proceeds in a manner similar to that
in the fork convergence model, FANCM localizes to the
ICL, which in this model is on the opposite fork; (4) The
FA core complex monoubiquitinates FANCD2 and FANCI
to form the ID2 complex which localizes to the damage site;
(5) aSpII binds to the DNA at the site of the crosslink; (6)
ERCC1-XPF are recruited to the site and bind to aSpII via
FANCG; SLX4-SLX1 are recruited and unhooking of the
ICL takes place; (7) The monoadducted lesion is then
bypassed by the action of translesion DNA polymerases;
(8) A double strand break intermediate, which has been
generated during the incision process, is repaired by HR
and the adduct removed by NER.

These models mainly emphasize the role of aIISp in the
ICL repair process. The complexities of protein interactions
in these models are still being investigated. For a more
extensive review of the additional proteins involved in
these processes, the reader is directed to other recent
reviews.24,25,190,191,227,228

The model outlined above for aSpII’s function in ICL
repair is supported by numerous lines of evidence, all of
which indicate that loss of aSpII leads to decreased locali-
zation of XPF to sites of DNA ICLs, to reduced repair of
ICLs, and to chromosome instability.21,184 The important
role aSpII plays in this model is that it acts as a scaffold
in the recruitment of proteins important in the initial inci-
sion steps of the repair process. Whether it has additional
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roles in other steps in this pathway has not yet
been explored.

Fanconi anemia and the effects of a deficiency in aSpII

on the DNA damage response

Fanconi anemia (FA), as mentioned above, is a bone
marrow failure disorder which displays diverse phenotyp-
ic characteristic.23,25,197–203 A distinctive hallmark of this
disorder is a defect in ability to repair DNA ICLs.25,187,191–
203,229,230 Of significance, there is a deficiency in aSpII in
cells from a number of FA complementation
groups.21,22,174,185 Levels of aSpII in FA are approximately
35–40% of those of normal human cells.174,185,192

Importantly, the reduced level of aSpII in these cells corre-
lates with a defect in ability to repair DNA ICLs, where

levels of repair, as determined by measuring UDS
(unscheduled DNA synthesis), are 34–43% of
normal.185,187,192 Reduced levels of aSpII in FA cells also
correlate with a defect in production of incisions produced
by XPF on a substrate containing a site-directed TMP plus
UVA ICL.229 The deficiency in aSpII additionally correlates
with the chromosomal instability in FA cells and an
increased number of chromosomal abnormalities after
DNA ICL damage such as sister chromatid end-to-end
fusions, chromosome exchanges and chromatid
breaks.185,186 These deficiencies in FA can be corrected
when levels of aSpII are returned to normal.22

Collectively these studies emphasize the importance of
aSpII in the DNA ICL repair process and the detrimental
effect that loss of aSpII can have on cellular functions. Based
on these studies, it has been proposed that reduced levels of
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aIISp in FA cells play an important role in the DNA repair
deficiency and chromosome instability observed in
these cells.21,184

The critical role of FA proteins in maintaining the
stability of aSpII

FA proteins are critical for the ICL repair process.21,25,196,197

Restoration of levels of individual FA proteins in FA cells
from the corresponding complementation group, by trans-
fection with the appropriate FA cDNA, leads to correction
of the DNA repair defect and other cellular phenotypic
deficiencies observed.21,25,197,198 It also leads to restoration
of aSpII levels to those found in normal cells.21,22 Thus, FA
proteins are important for maintenance of aSpII levels in
cells. A major question, however, is what role do the FA
proteins play in this process. Studies by Lambert et al. have
shown that in FA cells the deficiency in aSpII is not due to
its decreased expression but rather to its increased cleavage
by the protease, m-calpain.22,231 The activity of m-calpain,
but not its level, is increased 3–4 fold in FA cells compared
to normal cells leading to increased aSpII cleavage.22 This
group has proposed that FA proteins play a critical role in
reducing cleavage of aSpII by m-calpain and have devel-
oped a model for the role FA proteins play in this process,
which is described below.21,22

In normal cells, cleavage of aSpII by m-calpain is con-
trolled by phosphorylation of Tyr1176. When Tyr1176 is
phosphorylated by c-Src, a kinase that binds to the SH3
domain of aSpII, m-calpain cannot cleave aSpII at its
adjacent cleavage site.232,233 When low-molecular weight
phosphotyrosine phosphatase (LMW-PTP) binds to the
SH3 domain, it dephosphorylates Tyr1176 and m-calpain
can cleave aSpII.232,233 According to a model proposed by
Lambert et al., there are several possible mechanisms
by which FA proteins could aid in maintaining stability of
aIISp in cells (Figure 8).21,184

One proposed mechanism is that in normal human cells
FANCG binds to the SH3 domain of aSpII, which prevents
binding of LMW-PTP to this domain and inhibits cleavage
of aSpII by m-calpain (Figure 8). In support of this, it has
been shown that FANCG binds to the SH3 domain of aIISp
via its class 1@ consensus sequence.216 FANCG could be in
equilibrium with LMW-PTP and c-Src kinase for binding to
the SH3 domain (Figure 8). When FANCG binds to the SH3
domain, it prevents LMW-PTP from binding to this domain
and subsequently prevents dephosphorylation of Try1176
and cleavage of aIISp by m-calpain. Thus the presence of
FANCG, and potentially other FA proteins with consensus
sequences that recognize SH3 domains, would prevent the
cleavage of aIISp. Of considerable interest, a number of
patient derived mutations (at least 18) in the FANCG gene
result in the FANCG protein having either a defect in the
motif that binds to the SH3 domain or this motif is miss-
ing.216 FANCG with these mutations would not be able to
bind to the SH3 domain of aIISp which would lead to
increased binding of LMW-PTP to this domain and
increased cleavage by m-calpain.216 Thus, this is one poten-
tial mechanism by which an FA protein, in this case

FANCG, could play an important role in maintaining the
stability of aIISp in cells.

Another proposed mechanism is that an FA protein
would bind to m-calpain and inhibit its ability to cleave
aIISp (Figure 8). In support of this, it has been shown that
FANCA and FANCG bind directly to m-calpain.22 This
binding could interfere with the ability of m-calpain to
interact with its cleavage site on aIISp. A third proposed
mechanism is that FA proteins would modulate binding
of calmodulin to aIISp. Binding of calmodulin to a site on
aIISp adjacent to the cleavage site of m-calpain leads to
increased cleavage of aIISp by m-calpain.234–236 Binding
of an FA protein to calmodulin could potentially inhibit
calmodulin’s binding to aIISp; this in turn would
decrease the ability of m-calpain to cleave aIISp. These
studies still need to be carried out. Notably, more than
one of these mechanisms may be responsible for the
results observed.

Thus, there are a number of mechanisms by which an FA
protein could help maintain the stability of aIISp in the cell
by reducing its cleavage by m-calpain. According to the
model proposed above, a deficiency in a specific FA protein
involved in this process would have deleterious effects on
the stability of aIISp and on processes which depend on
aIISp such as DNA repair and chromosome stability. This
represents another important function for FA proteins—
one in which they are involved in maintaining the stability
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of a structural protein which plays a critical role in the DNA
repair process.

Decreasing m-calpain activity in FA cells restores DNA
repair and chromosome stability after ICL damage

Significantly, the studies of Lambert et al. have shown that,
when m-calpain activity is reduced in FA cells, levels of
aSpII, DNA repair and chromosome stability are restored
to those in normal cells.22 These studies have demonstrated
that in FA-A cells knock-down of m-calpain activity by
m-calpain siRNA to levels similar to those in normal cells
leads to restoration of aSpII to levels found in normal
cells.22 This in turn results in restoration of DNA repair
capabilities, localization of XPF in nuclear foci at sites of
ICLs and increased chromosomal stability.22 However, in
these FA-A cells there is still a deficiency in the FANCA
protein.22 which raises the question of how the repair
defect can be corrected in the absence of this protein.
Lambert et al. have proposed that when levels of aSpII are
restored, by knocking down m-calpain, the repair process is
able to continue since the stability of aSpII has been accom-
plished by an alternate means, without the need for
FANCA. In addition, after restoration of aSpII levels in
FA-A cells, non-Ub FANCD2 foci are observed at levels
approximately 80% of normal.208 Formation of these foci
follow the same time course as to those of FANCD2-Ub in
normal cells after ICL damage.208 aSpII does not, however,
co-localize to any extent with the non-Ub FANCD2 foci.208

These results thus indicate that aSpII plays a role in local-
ization of non-Ub FANCD2 to sites of damage, though it’s
role in this process may or may not be direct.208 Lambert
et al. have further proposed that in FA-A cells, when levels
of aSpII have been restored to normal, non-Ub FANCD2
plays a role in the ICL repair process, (in the absence of
FANCA).208 This proposal is supported by several other
studies which provide evidence that non-Ub FANCD2
may be important in the homologous recombination com-
ponent of ICL repair and in replication fork recovery.237–241

Thus there may be alternate pathways which can facilitate
the DNA damage response and which also involve aSpII.

aIISp is critical for maintenance of telomere function
after DNA ICL damage

aIISp functions not only in repair of DNA damage in geno-
mic DNA, it also plays a role in the repair of telomeric DNA
where it is critical for maintaining telomere function after
ICL damage.21,186 Telomeres are regions of repetitive nucle-
otide sequences located at the end of chromosomes which
are essential for maintaining genomic integrity.242–244 They
are protected by a multiprotein complex, shelterin, which
prevents the ends of telomeres from being recognized as
double-strand breaks and thereby prevents end-to-end
fusions.242,244–246 Since the functioning of telomeres is crit-
ical for maintenance of chromosome stability, it is impor-
tant that the integrity of telomeric DNA is maintained after
DNA damage.

Lambert et al. have shown that aSpII is recruited to telo-
meres after DNA ICL damage and plays an important role
in the repair process.186 These studies were carried out

using telomerase positive normal human lymphoblastoid
cells. Telomerase is a ribonucleoprotein enzyme complex
which maintains and extends chromosome ends during
DNA replication.247,248 Telomerase positive cells were uti-
lized since highly proliferating cells, peripheral blood cells,
bone marrow cells, stem cells such as hematopoietic stem
cells and numerous cancer cells express telomerase.249,250

Use of telomerase positive cells is highly relevant to exam-
ination of cellular repair deficiencies in FA. These studies
demonstrated, that after ICL damage, aSpII is recruited to
telomeres in S phase, indicating that it is important in telo-
mere function during the period when telomeres undergo
DNA replication.242–244,251 They also demonstrated that
after ICL damage aSpII co-localizes with two proteins in
the shelterin complex, TRF1 and TRF2, and is needed in
the recruitment of XPF to the telomeres where it co-
localizes with it at sites of damage and is necessary for
telomere function after DNA ICL damage. The importance
of aSpII is further emphasized by studies in which aSpII
was knocked-down by siRNA to levels that are 35% of
normal. These studies showed that after ICL damage
there was telomere dysfunction, as determined by the for-
mation of telomere dysfunction-induced foci (TIF), which
represent sites of DNA double-strand breaks that arise
when replication forks are stalled at the site of an ICL.186

There was also catastrophic loss of telomeres, which is
another indication of telomere dysfunction.186 This group
has proposed that reduced levels of aIISp result in defective
repair of ICLs in telomeric DNA in S phase and that this
leads to stalling of replication forks and formation of DSBs
in telomeric DNA, which in turn results in breakage and
loss of telomeres.186

The studies described above thus demonstrate the
importance of aSpII in maintenance of telomere function
after DNA ICL damage. The critical role aIISp plays in
ICL repair in telomeres is further strengthened by exami-
nation of telomeres in FA cells after ICL damage (Figure 9).
In FA complementation group A (FA-A) cells, for example,
it has been shown that there is a significant increase in
telomere dysfunction after DNA ICL damage.186 Strong
evidence supports the proposal that reduced levels of
aIISp are an important factor in the production of these
dysfunctional telomeres after production of DNA ICLs.186

In FA-A cells, there is a significant reduction in localization
of XPF to sites of damage in telomeres, which is indicative
of defective DNA repair and there is a significant increase
in the number of TIF positive FA-A cells after ICL damage
compared to normal cells as well as a significant loss of
telomeres (Figure 9).186 Importantly, when levels of aIISp
are restored to normal by knocking down m-calpain, the
number of TIF positive cells and cells in which there is a
loss of telomeres is reduced to normal levels, and levels of
XPF foci at telomeres return to normal (Figure 9).186 These
studies further demonstrate that aIISp plays a critical role
in telomere maintenance after DNA ICL damage. They also
indicate that reduced levels of aIISp in FA cells are a critical
factor in the telomere dysfunction observed in FA cells after
ICL damage.
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b-Spectrins and their involvement in DNA repair

Several b-spectrins are present in the nucleus. Two isoforms
of bIV-spectrin have been identified: SpbIVR5, a truncated
major isoform, and SpbIVR1, a full-length minor iso-
form.176 Both isoforms have proposed functions in the
nucleus; SpbIVR5 is thought to contribute to formation of
promyelocytic leukemia (PML) bodies.176 Though PML
bodies have been implicated in DNA repair,252,253 whether
SpbIVR5 and its association with these bodies plays a role
in DNA repair is not known. SpbIVR1 is hypothesized to be
involved in nuclear skeleton formation; whether it plays a
role in DNA repair is also unknown.176

Nesprins are members of a family of ubiquitously
expressed intracellular proteins containing spectrin
repeats.254,255 Nesprins have a large number of isoforms,
and as mentioned above are a component of the LINC
complex, extending from the nuclear envelope into the
cytoplasm where they associate with microtubules, actin
filaments and intermediate filaments. There are also
nesprin isoforms that are localized in the nucleus and
associate with lamins A/C and emerin.254 Recent studies
indicate that nesprin-2 binds to lamin A and also localizes
to PML bodies, which are tethered to the nuclear lamina in
vascular smooth muscle cells.256 This process is thought to
be important in the DNA damage response and in locali-
zation of signal-regulated kinases to damage-induced
repair foci.256 In addition, studies indicate that nesprin-1
co-localizes with two mismatch repair (MMR) proteins,
MSH2 and MSH3, in the nucleus and may have an impor-
tant role in the functioning of these proteins in mismatch

repair (MMR).257 Knockdown of nesprin-1 also leads to an
increase in DNA DSBs.257 It also leads to failure of recruit-
ment of Ku70, a protein involved repair of DNA DSBs by
NHEJ, to sites of DSBs.257 Since MMR and repair of DNA
DSBs by NHEJ are two interlinked processes, this may indi-
cate an involvement of nesprin-1 in both pathways.257

In various tumor cell lines, nesprin-1 levels are greatly
reduced and this correlates with an increase in DNA
DSBs and with DNA repair dysfunction.257 This suggests
that nesprin-1 may be important in tumorigenesis and
genomic stability.257 Whether nesprin-1 is associated with
PML bodies is not known but is certainly of interest.

Based on the studies described above, it would be inter-
esting to speculate that the association of nesprin-2 with
lamin A and PML bodies and their combined involvement
in the DNA damage response may be related to the associ-
ation of SpbIVR5176 and aSpII21 with PML bodies and that
multiple proteins are involved in the repair processes
taking place. This is particularly interesting since it has
been recently shown that disruption of PML bodies in
cells from a mouse model leads to increased sister-
chromatid exchanges and chromosome abnormalities and
also to impaired HR and NHEJ repair pathways in which
there are deficiencies in localization of repair proteins to
sites of DNA damage.258

Studies on another b-spectrin (bSpII) (i.e., b2Sp) indicate
that it may play a role in DNA repair and genomic stabil-
ity.177–179,259 bSpII is an adapter protein for the Smad3/
Smad4 complex which is involved in TGF-b signaling and
which is translocated from the cytoplasm into the
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Figure 9. A deficiency in aSpII in FA-A cells results in telomere dysfunction and loss of telomeres after DNA ICL damage. In normal human cells, after DNA ICL

damage, aSpII is recruited to telomeres where it plays an important role in the DNA repair process.186 It is necessary for telomere function after DNA ICL damage.

In FA-A cells, reduced levels of aSpII, due to its breakdown by m-calpain, lead to defective ICL repair in telomeric DNA, telomere dysfunction and catastrophic loss of

telomeres.186 When levels of aIISp are restored to normal by knocking down m-calpain by m-calpain siRNA, DNA repair in telomeric DNA takes place, telomere function

is restored and levels of telomere positive chromosomes are returned to normal.186 These studies demonstrate that aIISp plays an important role in telomere

maintenance after DNA ICL damage and that reduced levels of aIISp in FA cells are a critical factor in telomere dysfunction in FA cells after ICL damage.186 Metaphase

chromosome inserts showing telomeres are from Zhang et al.,186 and reproduced with permission of Oxford University Press. (A color version of this figure is available

in the online journal.)

Lambert Functional importance in DNA repair 1397
...............................................................................................................................................................



nucleus.177–179,259 These studies have shown that, after
exposure of bSpII deficient cells to several genotoxic
agents (i.e., ionizing radiation or ICL agents), cells exhibit
defective restart of stalled replication forks, decreased cell
survival, and increased chromosomal aberrations.177–179,259

This work suggests that bSpII in the nucleus may play a
role in the DNA damage response by facilitating repair fol-
lowing replication fork stalling and further suggests that
homologous recombination may be involved in this pro-
cess.177–179,259 The nuclear functions of bSpII, like those of
aSpII, may thus include a role in repair of damaged DNA.

Loss or deficiencies in spectrins and human disorders

Spectrins in the nucleus, in particular aSpII, play a role in a
number of important processes which, in addition to DNA
repair and chromosome stability, include maintenance of
the nuclear architecture, the biomechanical properties of
the nucleus, and mechanical coupling between the nucle-
oskeleton and cytoskeleton.1,10,158–161,164 aSpII’s interac-
tions with proteins, such as those involved in chromatin
remodeling, transcription, and RNA processing, suggests
that it may be involved in these processes as
well.1,21,181,207 Hence, due to the functional diversity of
aSpII, a deficiency or dysfunction in this protein would
be expected to lead to a number of different pathological
changes or disorders. As mentioned above, one of these is
the hematological disorder, FA, which is characterized by
bone marrow failure, defective DNA repair and develop-
ment of cancer (e.g. acute myeloid leukemia (AML), squa-
mous cell carcinoma).25 Reduced levels of aSpII in FA cells
are thought to be an important factor in the DNA repair
defects and genomic instability observed.21 Of particular
interest, and as yet unexplored, is the possibility that a defi-
ciency in aSpII could be related to some of the congenital
abnormalities observed in FA such as absent radii, radial
ray deformities, renal abnormalities and urogenital malfor-
mations.260 Since aSpII has a structural function and is
critical in many developmental processes,173,261–263 it is pos-
sible that a deficiency in aSpII in FA could be a factor in a
number of these congenital abnormalities.

Evidence also clearly points to a role for aSpII in cancer
development. A loss of aSpII in the bone marrow has been
reported in patients with AML.264,265 This indicates that a
deficiency in aSpII may play a role in leukemogenesis.264,265

Since FA patients have a predisposition to develop AML,
a deficiency in aSpII may be a contributing factor to the
bone marrow failure which occurs.21,264,265 Altered expres-
sion of SPTANI, the gene encoding aSpII, has been found in
a range of cancers and is reported to play an important role
in cancer development and progression.266,267 It has been
proposed that nuclear aSpII acts as a tumor suppressor
enabling DNA repair to take place.267 Loss of aSpII due to
either mutations in SPTAN1 or its breakdown could lead to
defects in DNA repair, which could play an important role
in tumorgenesis.266,267 Additionally, in several types of
cancer, changes in expression of aSpII are associated with
tumor development and progression. In Lynch syndrome
and sporadic colorectal cancers, for example, which are
deficient in the mismatch repair protein, MLH1, there is a

significant reduction in aSpII expression.266,267 Since aSpII
has been shown to directly interact with MLH1, it has been
proposed that loss of MLH1 in colorectal cancer leads to
destabilization of aSpII which can lead to defective DNA
repair and tumor progression.266,267,269 A reduction in aSpII
has also been reported in lung cancer; whether this is due to
mutations identified in the SPTAN1 gene is not clear but it
has been suggested that this could lead to DNA repair
defects and cancer development.270

In the neurological disorders, early infantile epileptic
encephalopathy type 5 (EIEE5) and West syndrome, in
which there is impaired neurodevelopment and progres-
sive brain atrophy, there are mutations in SPTAN1.271–274

In this disorder there is a defect in binding of aSpII to
b-spectrins (II, IV) in the cytoplasm, which is essential for
neural development. This is a disorder in which the defi-
ciency in aSpII is due to a mutation in the SPTAN1 gene
leading to a defective protein, not to a breakdown of aSpII
after expression. In EIEE5, it is loss of a structural function
of aSpII that leads to the neurodevelopmental deficiencies.
Whether there is a deficiency in DNA repair is not known
nor is it known whether this type of interaction takes place
in the nucleus as well as the cytoplasm.

There are also disorders in which there are defects in
bSpII. One of these is hepatocellular cancer.179,275 In
human hepatocellular carcinoma (HCC), there are signifi-
cant reductions in expression of bSpII which are thought to
contribute to the tumorgenesis of HCC.275,276 It has been
proposed that loss of bSpII in HCC cells activates Wnt sig-
naling, which leads to development of stem cell-like fea-
tures and a less differentiated state in these cells, and
ultimately contributes to tumor development and inva-
sion.275 Though mutations in DNA repair genes have
been noted in primary liver cancer cells,277 studies have
not been carried out to determine whether loss of bSpII in
HHC cells is related to defects in DNA repair in these cells.

These studies emphasize that a deficiency in spectrin can
have serious consequences and lead to a number of disor-
ders. It is important to keep in mind that in some disorders
a loss or deficiency in aSpII is due to post-transcriptional
events. In FA, for example, aSpII is expressed but is broken
down after expression. In other disorders, such as EIEE5,
the deficiency in aSpII is due to mutations in the SPTAN1
gene resulting in expression of a defective aSpII. The effects
that loss of a functional aSpII protein has on the cell are
variable. In FA and MLH1-deficient sporadic colorectal
cancers, for example, a deficiency or loss of aSpII is thought
to result in defective DNA repair which can lead to the
development of cancer. This emphasizes the functional
importance of the role aSpII plays in DNA repair. aSpII is
also important in cell development, and, as has been pro-
posed, it is possible that a deficiency in aSpII could play a
role in the congenital developmental abnormalities
observed in FA patients. Spectrins are multifunctional pro-
teins which play critical roles in the nucleus. As their inter-
actions with other nucleoskeletal proteins become more
fully recognized and more extensively studied, important
insights should be gained as to their role in a number of
other disease processes, many of which have not as yet
been recognized as being deficient in aSpII.
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Conclusions/perspective

Nucleoskeletal proteins play dynamic roles in a number of
essential nuclear processes. An important one, and one
which has been concentrated on in this review, is the role
these proteins play in DNA repair. Their importance in this
process is emphasized by the effects that a deficiency or loss
in each of these has on specific repair pathways critical for
maintenance of important cellular functions and for pres-
ervation of genomic stability. The A-type and B-type lamins
play critical roles in repair of DNA DSBs and in regulation
of the NHEJ and/or HR pathways involved in this process
(Figure 10). Loss or a deficiency in these lamins leads to a
wide spectrum of disease phenotypes such as the lamino-
pathies which include muscular dystrophies, cardiomyop-
athies, peripheral neuropathies and premature aging
syndromes (e.g. HGPS). Actin is actively involved in
repair of DNADSBs in both its monomeric and filamentous
forms. There is significant accumulation of actin filaments
after formation of DNA DSBs and these are critical for
repair of DSBs by both NHEJ and HR (Figure 10).
Monomeric actin is a key component of chromatin remod-
eling complexes which also facilitate DNA DSB repair.
Actin interacts with nuclear myosin in facilitating relocali-
zation of DNA DSBs in heterochromatin to discrete subnu-
clear clusters. This process is critical for HR repair and is
hypothesized to promote exchanges with sister chromo-
somes or homologues and prevent aberrant recombination.
The LINK complex contributes to repair of DNA DSBs and
ICLs. The SUN1 protein has been shown to interact with
NHEJ proteins to lead to inhibition of NHEJ and stimula-
tion of HR. It is also involved in endonuclease recruitment
in ICL repair. aSpII has been shown to play a critical role in
repair of DNA ICLs in both genomic and telomeric DNA.
It acts as a scaffold in recruitment of repair proteins impor-
tant in this process, particularly in the initial damage rec-
ognition and incision steps of the repair process (Figure 10).
It directly binds to DNA at the site of a DNA ICL and to
proteins involved in the ICL repair process. Its importance
in the repair process is seen in the disorder, FA, where there
is a deficiency in aSpII due to its breakdown by m-calpain.
Loss of aSpII in FA is thought to be an important factor in
the DNA repair deficiency and genomic instability associ-
ated with this disorder. Mutations in the SPTAN1 gene
resulting in expression of a defective aSpII have been
found in a number of cancers and this is proposed to lead
to defects in DNA repair and play a role in cancer devel-
opment and progression. There are thus multiple lines of
evidence demonstrating the importance of these nucleoske-
letal proteins in DNA repair processes.

What has not yet been explored, however, is how a defi-
ciency in one of these nucleoskeletal proteins (i.e., lamin,
actin, spectrin) affects the functioning in the DNA repair
process of the other nucleoskeletal proteins with which it
interacts. For example, does a loss or deficiency in lamin
affect actin or aSpII functioning in repair processes in cells?
Does a deficiency in aSpII have an effect on lamin or actin
repair function? There are some indications that this indeed
occurs. It has been shown that lamin A directly interacts
with actin in vitro leading to actin filament bundling.278,279

It has been hypothesized that lamin A may affect the levels
of free actin in the nucleus and lead to polymerization of
actin.278 Other studies have shown that emerin, a nuclear
membrane protein that caps actin filaments and binds
directly to lamins,280,281 could, together with lamins A/C,
modulate actin dynamics and play a role in nuclear actin
polymerization.279 It could be hypothesized that, after
exposure to a DNA damaging agent, bundling of actin
monomers into filaments, which has been shown to occur,
is aided by lamins A/C and emerin and this helps facilitate
the repair of DNA double strand breaks. aSpII could also
potentially affect actin dynamics in the nucleus, particu-
larly after DNA damage. It has been shown to interact
with actin.1,181 Impaired filamentous actin rearrangements
and lack of cellular protrusions have been observed in
macrophages from FANCC�/� mice.282 Of interest, studies
have shown that there is a deficiency in aSpII in bone
marrow cells from FANCC�/� mice (Lambert et al., unpub-
lished observations). A deficiency in aSpII in human lym-
phoblastoid cells has been shown to lead to changes in
cellular morphology; the cells become rounder and there
are fewer pseudopodia.185 It has been hypothesized that
aSpII plays a role in actin filament formation and that
reduction of aSpII in cells, such as FANCC�/� cells, leads
to defects in formation of actin filaments and to the changes
observed in cellular morphology.21 It is possible that aSpII
has a similar role in the organization of actin filaments in
the nucleus which would have an impact on repair of DNA
damage.21 These studies provide evidence that an
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interaction between some of these nucleoskeletal proteins is
an important factor in the DNA repair process.

The role these nucleoskeleton proteins play in the DNA
damage response and the effects that interactions between
these proteins have on repair pathways represents another
level of protein interactions which needs to be considered.
These interactions can have an important impact on the
outcome of DNA repair processes and the clinical manifes-
tations of disorders in which individual protein compo-
nents of the nucleoskeleton are defective or deficient.
They will have an important impact on development of
mechanistic studies on the involvement of these proteins
in pathways involved in the DNA repair process and need
to be seriously taken into consideration when developing
models for these DNA repair pathways.
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