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a b s t r a c t

The nuclear lamina defines both structural and functional properties of the eukaryotic cell nucleus. Muta-
tions in the LMNA gene, encoding A-type lamins, lead to a broad spectrum of diseases termed laminop-
athies. While different hypotheses have been postulated to explain disease development, there is still no
unified view on the mechanistic basis of laminopathies. Recent observations indicate that laminopathies
are often accompanied by altered levels of reactive oxygen species and a higher susceptibility to oxidative
stress at the cellular level. In this review, we highlight the role of reactive oxygen species for cell function
and disease development in the context of laminopathies and present a framework of non-exclusive
mechanisms to explain the reciprocal interactions between a dysfunctional lamina and altered redox
homeostasis.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction: form and function of the nuclear lamina

The nuclear envelope (NE) is a double lipid bilayer that physi-
cally separates the nuclear contents from the cytoplasm; only
allowing regulated bidirectional transport at the nuclear pore com-
plexes. The inner nuclear membrane is directly connected to the
nuclear lamina, a dense fibrous network of intermediate filament
proteins called lamins [1]. Two classes of lamins exist: A-type lam-
ins (lamin A & C) and B-type lamins (lamin B1 & B2). Lamins A and
C are alternative splice products of the LMNA gene, whereas lamins
B1 and B2 are products from two separate genes. The nuclear lam-
ina has a multitude of functions, the most prominent one being its
role in providing mechanical support for the nucleus [2]. Next to
this structural role, an accumulating body of evidence indicates
that the nuclear lamina modulates gene expression either by di-
rectly interacting with chromatin, or by (conditionally) sequester-
ing transcriptional regulators at the nuclear periphery [3–5]. Other
functions involve signal transduction, cell cycle control and DNA
repair mechanisms [6–8]. Mutations in genes encoding compo-
nents of the nuclear lamina, mostly LMNA, lead to a class of dis-
eases called laminopathies. Disease manifestations are very
diverse, ranging from tissue-specific pathologies such as muscular
dystrophies and lipodystrophies, to systemic disorders such as
Hutchinson-Gilford Progeria Syndrome (HGPS) [1]. Despite this
diversity, laminopathies share several features on the cellular level,
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including misshapen nuclei, disorganization of heterochromatin
and defects in the DNA damage response pathway [9]. After
transcription and translation of LMNA, a prelamin A is formed
which is further processed to lamin A in four distinct steps: (1)
farnesylation, (2) removal of the last three amino acids, (3) car-
boxymethylation and finally (4) removal of the last 15 amino acids,
including the farnesyl group [10]. Most laminopathies arise from
defects in this posttranslational maturation process which often
leads to an accumulation of intermediate prelamin A isoforms.
One well-documented example is HGPS, which is associated with
a mutation in the lamin A/C gene (LMNA) that results in an activa-
tion of a cryptic splice site in the LMNA transcript, causing a dele-
tion of 50 amino acids in exon 11. This inhibits the final cleavage
step and leads to the accumulation of a permanently farnesylated
mutant lamin A protein, called progerin [11].
2. Reactive oxygen species and oxidative stress

Reactive oxygen species (ROS) are small, short lived molecules
that mediate various cellular responses including cell proliferation,
differentiation, gene expression and migration [12]. Excessive
accumulation of ROS however, can lead to DNA damage and the
buildup of irreversibly oxidized proteins [13,14]. The term oxida-
tive stress refers to a state of the cell where the production of
ROS is higher than the removal of ROS, which is either due to in-
creased production of ROS or reduced antioxidant defenses. The
major intracellular sources of ROS are the mitochondria and the
NADPH oxidases (NOX). Whereas mitochondria mostly produce
ROS as a byproduct of the oxidative phosphorylation [15], NADPH
oxidases directly catalyze the production of superoxide (O�2 ) [16].
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To counter the potential damaging effects of ROS, cells have
evolved several antioxidant systems, including ROS defusing en-
zymes like catalase (CAT), superoxide dismutase (SOD) and gluta-
thione peroxidase (GPX), as well as non-enzymatic systems
comprising glutathione (GSH) and Vitamins (A, C and E) [17].

Cells respond to oxidative stress by altering gene expression.
Apart from their direct damaging effects to coding sequences [13],
ROS can alter gene expression through epigenetic and genetic
mechanisms. Whereas the epigenetic mechanisms mainly concern
alterations in DNA-methylation patterns [18], the genetic mecha-
nisms rely on the activation of various redox-sensitive transcription
factors, such as Rb, p53, FoxO and NF-jB [19]. These regulatory
proteins become activated by an oxidative signal in the cytoplasm
after which they translocate into the nucleus. There, specific
cysteine residues within the DNA-binding domain of each tran-
scription factor are reduced by thioredoxin 1 and redox factor-1.
This reduction is necessary for transcription-factor binding to
DNA and subsequent gene activation. Thus, oxidants in the cyto-
plasm activate redox signaling, whereas oxidative stress in the
nuclear compartment blocks this process [20].
3. Laminopathies are correlated with oxidative stress at the
cellular level

Recent data point to a relationship between lamin mutations and
altered ROS metabolism. Both A-type and B-type lamins seem to
have a dual function in this respect, both as sensors and as elicitors
of oxidative stress. Elevated levels of ROS and an increased sensitiv-
ity to oxidative stress have been reported in cells from patients suf-
fering from many different laminopathies associated with LMNA
mutations and prelamin A accumulation. A few examples are:
Dunnigan-type familial partial lipodystrophy (FPLD) [21] and other
lipodystrophies [22], Amyotrophic quadricipital syndrome with
cardiac involvement [23], Autosomal dominant Emery Dreifuss
muscular dystrophy (AD-EDMD) [14], HGPS [24] and Restrictive
dermopathy (RD) [24]. In particular, the farnesylated form of prel-
amin A seems to induce excessive ROS and protein oxidation
[22,24]. Reduction of the levels of mature lamin A and the presence
of aberrant prelamin isoforms also alter the levels of antioxidant en-
zymes. Reduced levels of CAT and GPX were observed in HGPS fibro-
blasts [25], while elevated levels of SOD, CAT and GST were found in
lamin deficient patient fibroblasts (LMNAY259X/Y259X) [14,26].

Oxidative stress also affects lamin structure. Oxidation of con-
served cysteine residues in the tail domain of mature lamin A ap-
pears to perturb its function and promote cellular senescence and
susceptibility to ROS [14].

Next to the involvement of A-type lamins, increasing evidence
also suggests a role for B-type lamins in oxidative stress. Exposure
to oxidative stress induces lamin B1 accumulation in a p38-MAPK
dependent manner [27]. Plausibly, lamin B1 attempts to decrease
the ROS levels by regulating stress-responsive gene expression.
But under conditions of chronic oxidative stress lamin B1 eventu-
ally decreases and fails to prevent senescence. Indeed, downregula-
tion of lamin B1 has been shown to alter the expression of several
anti-oxidants either through regulation of Oct1 or p53 [4,28].

Downstream effects of ROS, specifically in the context of lamin-
opathies, include protein oxidation, telomere shortening and persis-
tent DNA damage [6], ultimately converging in a state of cellular
senescence. It is well established that there is an exponential corre-
lation between cellular oxidative stress levels and telomere short-
ening rates [29]. Increased telomere shortening has also been
observed in several human fibroblast cell lines overexpressing dif-
ferent mutant LMNA variants. Interestingly, overexpression of
wild-type LMNA also causes accelerated telomere shortening [30].
Telomere shortening in turn is known to induce premature cell cycle
arrest by activation of p53 (tumor suppressor), thereby promoting
senescence. p53 then represses PGC-1a and PGC-1b, both master
regulators of mitochondrial physiology and metabolism [31]. This
way, a direct reinforcing loop is initiated of increased ROS, telomere
shortening and impaired mitochondrial function.

It has also been shown that, under oxidative stress conditions,
telomerase, the major enzyme for telomere length homeostasis,
can translocate from the nucleus to the cytosol and the mitochon-
dria to exert a regulatory role in apoptosis [32,33]. Furthermore,
telomerase appears to repress ROS-dependent cellular responses
to tumor necrosis factor-a without affecting NF-jB activation [34].

In the context of laminopathies, ROS have also been linked with
persistent DNA damage. DNA double-strand breaks, induced by
ROS are repaired efficiently in normal human fibroblasts, but
appear to be unrepairable in HGPS fibroblasts. These breaks are a
major cause of the poor growth of the HGPS fibroblasts since
adding N-acetyl cysteine, a ROS scavenger, to the culture medium
reduces DSBs and markedly improves population doubling times
[13].
4. Lamin-dependent mechanism of oxidative stress response

Although, as described above, there are many indications for a
link between a dysfunctional lamina and disturbed redox biology,
the underlying pathways remain poorly understood. In this section
a framework comprising of several non-exclusive mechanisms is
postulated, based on the various functions of lamins in cellular
physiology. A simplified overview is given in Fig. 1.

A dysfunctional lamina can arise from mutations in the lamin-
coding genes and in the genes responsible for the processing of
prelamin A. We refer to this hereditary form of dysfunction as in-
nate lamina dysfunction. Lamina perturbation can also originate
from drug treatments such as anti-retroviral protease inhibitors
(HIV-PIs) that, as a side effect, also block ZMPSTE24, the metallo-
peptidase that removes the terminal 15 amino acids in the fourth
processing step of prelamin A [10] or it can originate from irrevers-
ible (oxidative) damage to normal mature lamins [14]. We refer to
this type of dysfunction with the term acquired lamina dysfunction.
It has been suggested that lamin A acts as a ROS-sink inside the
nucleus, protecting other, less abundant and more critical proteins
from transient, mild oxidative damage [14]. This has also been re-
ported for other abundant structural proteins inside the cytosol
like actin [35]. Lamins, however can only buffer up to a certain
critical level, such that chronic or highly acute oxidative stress in-
duces irreversible oxidative damage to some conserved cysteine
residues leading to a dysfunctional lamina as demonstrated in
Fig. 2. [14].

A dysfunctional lamina, innate or acquired, may influence ROS in
several ways. It is known that the lamina serves as a docking station
inside the nucleus, but presumably also in the cytoplasm, e.g.
through components of the LINC complex, a mechanical connection
between the nucleo- and cytoskeleton involved in signaling path-
ways and gene regulation [36]. Inside the nucleus this docking
function results in gene regulation, either by direct interactions with
chromatin or transcriptional complexes or indirect via interaction
with transcription factors. As for direct interactions, lamins play a
key role in intranuclear positioning and compaction of chromo-
somal domains [37]. Aberrant chromatin organization has been
observed in various conditions of abnormal lamin expression: lamin
deficiency as well as overexpression of progerin leads to the deple-
tion of heterochromatin and abnormal nuclear morphology [38,39].
This may induce activation of repressed genes and alter DNA bind-
ing of transcription factors and regulatory proteins. Indeed, in HeLa
cells expressing different disease inducing LMNA mutations, DNA
damage repair is perturbed due to incorrect localization of ATR



Fig. 1. Framework for reciprocal interactions between lamins and oxidative stress. Genetic (innate) or non-genetic (acquired) mechanisms cause lamina dysfunction, which
leads to an altered affinity (docking) for redox-responsive transcription factors and/or ROS defusing enzymes, reduced compartmentalization potential (ruptures) or
mitochondrial dysfunction. This causes changes in stress-responsive gene expression and/or spatial redistribution of pro- (mitochondria, NOX) and anti-oxidants (CAT,
SOD. . .), inducing a state of oxidative stress. Chronic oxidative stress induces telomere shortening, protein oxidation and persistent DNA damage, eventually heralding cellular
senescence. See text for more details.
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[40]. It was proposed that this mislocalization is caused by dis-
turbed lamin-chromatin interactions. Indirect influence of the lam-
ina on gene expression can mostly be brought back to the reversible
associations of lamins with a multitude of redox-responsive tran-
scription factors including Rb, SREBP1 and Oct1 [5,41]. In lamin B
deficient mouse embryonic stem cells (MEFs), the transcription fac-
tor Oct-1, is no longer properly sequestered at the nuclear lamina.
This leads to an increase of free Oct-1 inside the nucleus and higher
expression of genes that are involved in oxidative stress response
such as GPX3, IL-6 and SOD1 [4]. Conversely, in LMNA knockout
MEFs as well as in lamin A/C deficient patient cells (Y259X/
Y259X), repetitive ruptures of the nuclear membrane lead to a tem-
porary and local translocation of nuclear Oct-1 from nucleus to
cytoplasm [26]. This lowers the concentration of free Oct-1 inside
the nucleus and, has opposite downstream effects on Oct1-depen-
dent gene expression compared to the lamin B deficient cells [26].
Nevertheless, both Lmna�/� and Lmnb1D/D MEFs eventually show
elevated ROS levels and higher susceptibility to oxidative stress
compared to wild type cells, pointing to a delicate balance between
pro- and antioxidants in regulation of the oxidative stress response.

From the cytoplasmic side, changes can occur in spatial concen-
tration of ROS defusing or generating enzymes [42]. Recently
Fabrini et al. [43] postulated the presence of a nuclear shield, a
300 nm thick perinuclear hyper-crowding of protective enzymes,
among which ROS defusing enzymes like CAT, GPX and GST are
highly represented, up to seven times higher than in the cytosol.
It concerns mainly cationic enzymes that assemble through elec-
trostatic interactions. The role of this shield could be the protection
of the nuclear DNA against oxidative stress. To induce assembly,
the anionic nesprin 1 and nesprin 2 were postulated as charge-
counterparts and scaffolding proteins. These giant proteins directly
link the actin cytoskeleton to the nuclear lamina via the LINC com-
plex [36]. Lamin A/C is essential for proper nesprin 2 localization at
the nuclear membrane [44] so absence of normal and/or presence
of mutant lamin A can disturb proper formation of this nuclear
shield, leading to a local decline of antioxidants around the nucleus
which could in turn elicit a higher susceptibility to oxidative stress.

Next to a perturbed docking function, a dysfunctional lamina
can also cause repetitive and transient disruptions of the nuclear
envelope [26]. This leads to an intermixing of cytoplasmic and nu-
clear components, ranging from small diffusible molecules such as
transcription factors to large macromolecular complexes such as
PML bodies and mitochondria. Indeed, in patient cells of several
different laminopathies, functional mitochondria were observed
inside the nucleoplasm [26,45]. Obviously the close proximity of
these ROS-sources to genomic DNA greatly increases the risk of
oxidative damage and senescence. This is indirectly demonstrated
by the fact that mitochondrial DNA (mtDNA) shows increasing
amounts of damage with increasing age, likely attributed to the
proximity of the mtDNA to the source of ROS [46]. Mitochondria
are not the only ROS sources that could become displaced, another
potential source is NADPH oxidase 4 (NOX4), which contributes to
superoxide (O2

�) and H2O2 generation, and has been shown to
colocalize with lamin A/C, especially after hepatitis C virus infec-
tion [47,48].

Recent data also point to a relationship between lamins and
mitochondrial dysfunction. Cells, which accumulate farnesylated
prelamin A, (either due to LMNA mutations or HIV-PI therapy),



Fig. 2. The lamina as a ROS sink [14]. Conserved cysteine residues of A-type lamin
proteins can become reversibly oxidized under conditions of mild oxidative stress.
Chronic or highly acute oxidative stress induces irreversible oxidative damage
leading to an acquired dysfunctional lamina.
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show a lowered expression of the mtDNA encoded subunit II of the
cytochrome oxidase complex IV (COX 2). This disrupts the electron
transport chain, lowering the mitochondrial potential, perturbing
ATP production and generating ROS [22]. It is not yet known,
whether the downregulation is caused by direct interactions with
prelamin isoforms or due to reduction in functional lamin A. Sim-
ilarly, after silencing of lamin B1, the expression of the mitochon-
drial SOD2 gene decreases [28] and the expression of p53, which
plays a central role in mitochondrial oxidative phosphorylation, in-
creases [49]. A whole organism study on Zmpste24�/� mice, which
accumulate farnesylated prelamin A, also shows an increased
mitochondrial response to oxidative stress, further supporting
the relationship between defective prelamin A processing and
mitochondrial dysfunction [50].

References

[1] J.L.V. Broers, Nuclear lamins: laminopathies and their role in premature ageing,
Phys. Rev. 86 (2006) 967–1008.

[2] J. Lammerding, P.C. Schulze, T. Takahashi, S. Kozlov, T. Sullivan, R.D. Kamm,
et al., Lamin A/C deficiency causes defective nuclear mechanics and
mechanotransduction, J. Clin. Invest. 113 (2004) 370–378.

[3] K.L. Reddy, J.M. Zullo, E. Bertolino, H. Singh, Transcriptional repression
mediated by repositioning of genes to the nuclear lamina, Nature. 452
(2008) 243–247.

[4] A.N. Malhas, C.F. Lee, D.J. Vaux, Lamin B1 controls oxidative stress responses
via Oct-1, J. Cell Biol. 184 (2009) 45–55.

[5] V. Andres, J.M. Gonzalez, Role of A-type lamins in signaling, transcription, and
chromatin organization, J. Cell Biol. 187 (2009) 945–957.

[6] C.J. Hutchison, The role of DNA damage in laminopathy progeroid syndromes,
Biochem. Soc. Trans. 39 (2011) 1715–1718.

[7] I. Gonzalez-Suarez, A.B. Redwood, S.M. Perkins, B. Vermolen, D. Lichtensztejin,
D.A. Grotsky, et al., Novel roles for A-type lamins in telomere biology and the
DNA damage response pathway, Embo J. 28 (2009) 2414–2427.

[8] T. Dechat, T. Shimi, S.A. Adam, A.E. Rusinol, D.A. Andres, H.P. Spielmann, et al.,
Alterations in mitosis and cell cycle progression caused by a mutant lamin A
known to accelerate human aging, Proc. Natl. Acad. Sci. USA 104 (2007) 4955–
4960.

[9] T. Dechat, K. Pfleghaar, K. Sengupta, T. Shimi, D.K. Shumaker, L. Solimando,
et al., Nuclear lamins: major factors in the structural organization and function
of the nucleus and chromatin, Genes Dev. 22 (2008) 832–853.

[10] B.S.J. Davies, L.G. Fong, S.H. Yang, C. Coffinier, S.G. Young, The Posttranslational
processing of prelamin A and disease, Annu. Rev. Genom. Human Genet. 10
(2009) 153–174.

[11] M. Eriksson, W.T. Brown, L.B. Gordon, M.W. Glynn, J. Singer, L. Scott, et al.,
Recurrent de novo point mutations in lamin A cause Hutchinson–Gilford
progeria syndrome, Nature 423 (2003) 293–298.

[12] R.R. Bartz, C.A. Piantadosi, Clinical review: oxygen as a signaling molecule, Crit.
Care 14 (2010) 234–243.

[13] S.A. Richards, J. Muter, P. Ritchie, G. Lattanzi, C.J. Hutchison, The accumulation
of un-repairable DNA damage in laminopathy progeria fibroblasts is caused by
ROS generation and is prevented by treatment with N-acetyl cysteine, Hum.
Mol. Genet. 20 (2011) 3997–4004.

[14] V. Pekovic, I. Gibbs-Seymour, E. Markiewicz, F. Alzoghaibi, A.M. Benham, R.
Edwards, et al., Conserved cysteine residues in the mammalian lamin A tail are
essential for cellular responses to ROS generation, Aging Cell. 10 (2011) 1067–
1079.

[15] R.S. Balaban, S. Nemoto, T. Finkel, Mitochondria, oxidants, and aging, Cell. 120
(2005) 483–495.

[16] B. Babior, NADPH oxidase: an update, Blood. 93 (1999) 1464–1476.
[17] T. Finkel, N. Holbrook, Oxidants, oxidative stress and the biology of ageing,

Nature 408 (2000) 239–247.
[18] R. Franco, O. Schoneveld, A.G. Georgakilas, M.I. Panayiotidis, Oxidative stress,

DNA methylation and carcinogenesis, Cancer Lett. 266 (2008) 6–11.
[19] R.G. Allen, M. Tresini, Oxidative stress and gene regulation, Free Rad. Bio. Med.

28 (2000) 463–499.
[20] J.M. Hansen, Y.M. Go, D.P. Jones, Nuclear and mitochondrial compartmentation

of oxidative stress and redox signaling, Annu. Rev. Pharmacol. Toxicol. 46
(2006) 215–234.

[21] V.L.R.M. Verstraeten, S. Caputo, M.A.M. van Steensel, I. Duband-Goulet, S. Zinn-
Justin, M. Kamps, et al., The R439C mutation in LMNA causes lamin
oligomerization and susceptibility to oxidative stress, J. Cell. Mol. Med. 13
(2009) 959–971.

[22] M. Caron, M. Auclair, B. Donadille, V. Béréziat, B. Guerci, M. Laville, et al.,
Human lipodystrophies linked to mutations in A-type lamins and to HIV
protease inhibitor therapy are both associated with prelamin A accumulation,
oxidative stress and premature cellular senescence, Cell Death Differ. 14
(2007) 1759–1767.

[23] J.C. Charniot, D. Bonnefont-Rousselot, C. Marchand, K. Zerhouni, N. Vignat, J.
Peynet, et al., Oxidative stress implication in a new phenotype of amyotrophic
quadricipital syndrome with cardiac involvement due to lamin A/C mutation,
Free Radical Res. 41 (2007) 424–431.

[24] G. Viteri, Y.W. Chung, E.R. Stadtman, Effect of progerin on the accumulation of
oxidized proteins in fibroblasts from Hutchinson Gilford progeria patients,
Mech. Ageing Dev. (2009) 1–7.

[25] T. Yan, S. Li, X. Jiang, L.W. Oberley, Altered levels of primary antioxidant
enzymes in progeria skin fibroblasts, Biochem. Biophys. Res. Commun. 257
(1999) 163–167.

[26] W.H. De Vos, F. Houben, M. Kamps, A. Malhas, F. Verheyen, J. Cox, et al.,
Repetitive disruptions of the nuclear envelope invoke temporary loss of
cellular compartmentalization in laminopathies, Hum. Mol. Genet. 20 (2011)
4175–4186.

[27] A. Barascu, C. Le Chalony, G.E.L. Pennarun, D. Genet, N. Imam, B. Lopez, et al.,
Oxidative stress induces an ATM-independent senescence pathway through
p38 MAPK-mediated lamin B1 accumulation, Embo J. (2012) 1–15.

[28] T. Shimi, V. Butin-Israeli, S.A. Adam, R.B. Hamanaka, A.E. Goldman, C.A. Lucas,
et al., The role of nuclear lamin B1 in cell proliferation and senescence, Genes
Dev. 25 (2011) 2579–2593.

[29] T. Richter, T. von Zglinicki, A continuous correlation between oxidative stress
and telomere shortening in fibroblasts, Exp. Geront. 42 (2007) 1039–1042.

[30] S. Huang, R.A. Risques, G.M. Martin, P.S. Rabinovitch, J. Oshima, Accelerated
telomere shortening and replicative senescence in human fibroblasts
overexpressing mutant and wild-type lamin A, Exp. Cell Res. 314 (2008) 82–
91.

[31] E. Sahin, S. Colla, M. Liesa, J. Moslehi, F.L. Müller, M. Guo et al., Telomere
dysfunction induces metabolic and mitochondrial compromise, Nature (2011)
1–7.

[32] J. Haendeler, J. Hoffmann, R.P. Brandes, A.M. Zeiher, S. Dimmeler, Hydrogen
peroxide triggers nuclear export of telomerase reverse transcriptase via Src
kinase family-dependent phosphorylation of tyrosine 707, Mol. Cell. Biol. 23
(2003) 4598–4610.

[33] C. Massard, Y. Zermati, A.L. Pauleau, N. Larochette, D. Métivier, L. Sabatier,
et al., HTERT: a novel endogenous inhibitor of the mitochondrial cell death
pathway, Oncogene 25 (2006) 4505–4514.

[34] M. Mattiussi, G. Tilman, S. Lenglez, A. Decottignies, Human telomerase
represses ROS-dependent cellular responses to tumor necrosis factor-a
without affecting NF-jB activation, Cell. Signal. (2011) 1–10.

[35] I. Dalle-Donne, R. Rossi, D. Giustarini, R. Colombo, A. Milzani, Actin S-
glutathionylation: evidence against a thiol-disulphide exchange mechanism,
Free Rad. Bio. Med. 35 (2003) 1185–1193.

[36] A. Méjat, T. Misteli, LINC complexes in health and disease, Nucleus. 1 (2010)
40–52.



T. Sieprath et al. / Biochemical and Biophysical Research Communications 421 (2012) 635–639 639
[37] S.K. Mewborn, M.J. Puckelwartz, F. Abuisneineh, J.P. Fahrenbach, Y. Zhang, H.
MacLeod, et al., Altered chromosomal positioning compaction, and
gene expression with a lamin A/C gene mutation, PLoS ONE. 5 (2010)
1–13.

[38] V. Nikolova, C. Leimena, A. McMahon, J. Tan, S. Chandar, D. Jogia, et al., Defects
in nuclear structure and function promote dilated cardiomyopathy in lamin A/
C-deficient mice, J. Clin. Invest. 113 (2004) 357–369.

[39] R.D. Goldman, D.K. Shumaker, M.R. Erdos, M. Eriksson, A.E. Goldman, L.B.
Gordon, et al., Accumulation of mutant lamin A causes progressive changes in
nuclear architecture in Hutchinson–Gilford progeria syndrome, Proc. Natl.
Acad. Sci. USA 101 (2004) 8963–8968.

[40] K. Manju, B. Muralikrishna, V.K. Parnaik, Expression of disease-causing lamin A
mutants impairs the formation of DNA repair foci, J. Cell Sci. 119 (2006) 2704–
2714.

[41] S. Heessen, M. Fornerod, The inner nuclear envelope as a transcription factor
resting place, EMBO Rep. 8 (2007) 914–919.

[42] A.N. Malhas, D.J. Vaux, The nuclear envelope and its involvement in cellular
stress responses, Biochem. Soc. Trans. 39 (2011) 1795–1798.

[43] R. Fabrini, A. Bocedi, V. Pallottini, L. Canuti, M. De Canio, A. Urbani, et al.,
Nuclear Shield: a multi-enzyme task-force for nucleus protection, PLoS ONE. 5
(2010) 1–11.
[44] T. Libotte, H. Zaim, S. Abraham, V. Padmakumar, M. Schneider, W. Lu, et al.,
Lamin A/C-dependent localization of Nesprin-2, a giant scaffolder at the
nuclear envelope, Mol. Biol. Cell. 16 (2005) 3411–3424.

[45] N. Sylvius, Z.T. Bilinska, J.P. Veinot, A. Fidzianska, P.M. Bolongo, S. Poon, et al.,
In vivo and in vitro examination of the functional significances of novel lamin
gene mutations in heart failure patients, J. Med. Genet. 42 (2005) 639–647.

[46] J. Sastre, F. Pallardo, J. Vina, The role of mitochondrial oxidative stress in aging,
Free Rad. Bio. Med. 35 (2003) 1–8.

[47] U. Weyemi, O. Lagente-Chevallier, M. Boufraqech, F. Prenois, F. Courtin, B.
Caillou, et al., ROS-generating NADPH oxidase NOX4 is a critical mediator in
oncogenic H-Ras-induced DNA damage and subsequent senescence, Oncogene
31 (2011) 1117–1129.

[48] N.S.R. de Mochel, S. Seronello, S.H. Wang, C. Ito, J.X. Zheng, T.J. Liang, et al.,
Hepatocyte NAD(P)H oxidases as an endogenous source of reactive oxygen
species during hepatitis C virus infection, Hepatology 52 (2010) 47–59.

[49] S. Matoba, J.-G. Kang, W.D. Patino, A. Wragg, M. Boehm, O. Gavrilova, et al., P53
regulates mitochondrial respiration, Science. 312 (2006) 1650–1653.

[50] J.R. Peinado, P.M. Quiros, M.R. Pulido, G. Mariño, M.L. Martinez-Chantar, R.
Vazquez-Martinez, et al., Proteomic profiling of adipose tissue from
Zmpste24(�/�) mice, a model of lipodystrophy and premature aging, reveals
major changes in mitochondrial function and vimentin processing, Mol. Cell.
Proteomics 10 (2011) 1–16.


	Lamins as mediators of oxidative stress
	1 Introduction: form and function of the nuclear lamina
	2 Reactive oxygen species and oxidative stress
	3 Laminopathies are correlated with oxidative stress at the cellular level
	4 Lamin-dependent mechanism of oxidative stress response
	References


