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Lamins are the ancient type V intermediate filament proteins contributing to diverse
biological functions, such as the maintenance of nuclear morphology, stabilization of
chromatin architecture, regulation of cell cycle progression, regulation of spatial-temporal
gene expressions, and transduction of mechano-signaling. Deregulation of lamins is
associated with abnormal nuclear morphology and chromatin disorganization, leading
to a variety of diseases such as laminopathy and premature aging, and might also play a
role in cancer. Accumulating evidence indicates that lamins are functionally regulated by
post-translational modifications (PTMs) including farnesylation, phosphorylation,
acetylation, SUMOQylation, methylation, ubiquitination, and O-GIcNAcylation that affect
protein stabilization and the association with chromatin or associated proteins. The
mechanisms by which these PTMs are modified and the relevant functionality become
increasingly appreciated as understanding of these changes provides new insights into the
molecular mechanisms underlying the laminopathies concerned and novel strategies for
the management. In this review, we discussed a range of lamin PTMs and their roles in both
physiological and pathological processes, as well as potential therapeutic strategies by
targeting lamin PTMs.
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INTRODUCTION

The nuclear lamina lies beneath the inner nuclear membrane and is a critical structure of the nuclear
envelope. Apart from providing structural support for the envelope, it also interacts with nuclear
proteins and chromatin at lamina-associated domains (LADs), therefore playing a critical role in
genome organization and the architectural maintenance of chromatin (Gruenbaum and Foisner,
2015). In mammals, LADs are broad genomic regions with a median size of about 0.5 Mb and low
transcriptional activity (Guelen et al., 2008; Peric-Hupkes et al., 2010). Several nuclear lamina
proteins, including lamins (especially lamin B1) (Pickersgill et al., 2006; Guelen et al., 2008), lamin B
receptor (LBR), and emerin (Figure 1A), have been shown to associate with the positioning of LADs
(van Steensel and Belmont, 2017). Lamins, the major component of the nuclear lamina, are the type
V intermediate filament proteins and exist in all metazoans, while being absent from unicellular
organisms and plants (Cohen et al., 2001; Melcer et al., 2007). Accumulating evidence indicates that
the lamin is a key player in maintaining the nuclear stability, nuclear and cytoskeletal organization,
chromatin architecture, genome stability, nuclear assembly or disassembly, DNA replication and
transcription, DNA damage repair, and differentiation and senescence (Hozak et al., 1995; Dorner
et al, 2007; Lund and Collas, 2013; de Leeuw et al., 2018; Zheng et al., 2018). Liquid-liquid phase
separation (LLPS) is an emerging mechanism of heterochromatin formation, and computational
models are developed to disentangle the interplay of chromatin phase separation and lamina
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FIGURE 1 | Structure of the nuclear periphery and lamins. (A) Schematic
representation of the nuclear envelope structure. The nuclear lamina lies
beneath the inner nuclear membrane and interacts with nuclear proteins and
chromatin at lamina-associated domains (LADs). Several nuclear lamina
proteins, including lamin A/C, B1, B2, lamin B receptor (LBR), and emerin, are
associated with LAD positioning. (B) Schematic structure of lamins. The
lamins consist of three domains including an N-terminal head domain, a
central coiled-coil rod domain, and a globular C-terminal tail domain with the
NLS and Ig-fold. Lamins assemble into higher order filaments through rod
domain interactions. Lamin dimers form head-to-tail polymers and then
assemble into filaments in an antiparallel manner. (C) Immunofluorescence
images of mouse collecting duct cells stained for lamin A/C (red) and lamin B1
(green) and DNA (blue).

interactions during nuclear organization (Laghmach et al., 2020;
Laghmach et al., 2021; Bajpai et al., 2021; Reynolds et al., 2021).
For example, Reynolds et al. found that disruption of the nuclear
envelope associated with lamin A/C depletion significantly
increases the nuclear strain in regions of low DNA
concentration using a mesoscale three-dimensional finite-
element model of a cell nucleus (Reynolds et al, 2021).
Another  study showed the  heterochromatin-lamina
interactions in the nuclear organization enhance the mobility
of euchromatin and indirectly introduce correlated motions of
heterochromatin droplets (Laghmach et al., 2021).

Lamins include types A and B, encoded by different genes with
significant sequence homology, similar structural features, and
biochemical properties. Most vertebrates have only one type A
lamin and two type B lamin genes, while Xenopus is a special
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animal model for the study of lamins, which possesses three
B-type genes (Melcer et al., 2007). The LMNA gene encodes
lamins A and C and the main A-type lamins, lamin A delta 10 and
lamin C2, as well as a toxic isoform progerin/LAA50, which will
be described in detail in the following chapter (Lin and Worman,
1993; Nakajima and Abe, 1995; Machiels et al., 1996). Lamins B1
and B2 are the major B-type lamins, encoded by LMNBI and
LMNB2, respectively. Besides, the latter also encodes another
isoform lamin B3 (Furukawa and Hotta, 1993). A-type lamins are
mainly expressed in differentiated cells but also found at
extremely low levels in embryonic stem cells and inner cell
mass of blastocysts (Eckersley-Maslin et al., 2013). In contrast,
B-type lamins are considered to exist in all cells (Schatten et al.,
1985; Lehner et al., 1987).

All lamins contain three domains: the N-terminal head
domain, the central coiled-coil rod domain, and the globular
C-terminal tail domain. The rod domain possesses four
subdomains that mediate interactions with other lamina
proteins. The C-terminal tail composed of a nuclear
localization signal (NLS), an immunoglobulin-fold (IgG fold)
domain, and a conserved CAAX motif (except for lamin C)
mediates interaction with non-lamina proteins (Snider and
Omary, 2014). Lamins first self-assemble into a coiled-coil
dimer in a head-to-head manner in parallel association with
two a-helical coiled-coil rod domains, and then, the lamin dimers
form head-to-tail polymers; finally, they array in an antiparallel
fashion into filaments (Figures 1B,C) (Guan et al., 2010; Zhao
et al., 2010).

It has been reported that LMNA mutations and alterations in
the lamin A/C expression or protein modifications drive a series
of pathological progression (Bickmore, 2013; Briand and Collas,
2020). Mutations in the LMNA gene are the main cause of
laminopathies, a spectrum of distinct genetic diseases
attributable to mutations or altered post-translational
processing of the nuclear envelope/lamina proteins (Maraldi
et al., 2011). LMNA mutations are associated with diverse
pathological conditions including muscular dystrophy (such as
Emery-Dreifuss muscular dystrophy (EMD), limb-girdle
muscular  dystrophy 1B (LGMDI1B) and  dilated
cardiomyopathy (DCM)), lipodystrophy, neuropathy, and
progeroid syndromes (such as Hutchinson-Gilford progeria
syndrome (HGPS) and restrictive dermopathy (RD)) (Dechat
et al,, 2008; Parnaik, 2008; Prokocimer et al., 2009; Dechat et al.,
2010; Dittmer and Misteli, 2011; Parnaik et al., 2011; Ho and
Lammerding, 2012; Burke and Stewart, 2013). In contrast to
LMNA, few reports have associated human diseases with
mutations in B-type lamin genes (Worman and Bonne, 2007),
possibly due to the embryonic and perinatal requirement of
B-type lamin genes (Kim and Zheng, 2013). Nonetheless,
lamins Bl and B2 have also been implicated in genetic
disorders affecting the heart, brain, and nervous system
(Dauer and Worman, 2009).

The mechanisms underlying laminopathies have been
extensively investigated. It is currently well recognized that
lamins are functionally regulated by a myriad of PTMs,
existing under certain biological or pathological conditions
with specific functions, including farnesylation (Farnsworth
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FIGURE 2 | Post-translational procession of prelamin A, B1, and B2. (A) Post-translational procession of prelamin A to lamin A. Prelamin A undergoes four post-
translational chemical reactions before the mature lamin A is formed. Step |, the farnesyltransferase mediates farnesylation of the CAAX motif of prelamin A. Step I, the
last tripeptide is clipped off by ZMPSTE24 or RCE1. Step lll, ICMT methylates the exposed famnesylated cysteine residue. Step IV, removal of the last 15 amino acid
residues by ZMPSTE24, including the C-terminal farnesylcysteine methyl ester. (B) Lamin C does not undergo these processing steps as it does not contain the
CAAX motif. The mature lamins B1 and B2 remain permanently farnesylated at their C-termini.
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et al., 1989), phosphorylation (Beausoleil et al., 2004; Olsen et al.,
2006), acetylation (Choudhary et al., 2009; Lundby et al., 2012;
Weinert et al., 2018), SUMOylation (Lumpkin et al.,, 2017),
methylation (Rao et al, 2019), ubiquitination (Wagner et al.,
2011; Povlsen et al.,, 2012), and O-GlcNAcylation (Alfaro et al.,
2012; Wang et al., 2012; Simon et al.,, 2018). PTMs of lamins
might directly affect their structure, therefore affecting the
functions or destructing LAD binding or its organization and
gene expression (Wong and Stewart, 2020), although the roles of
different types and specific sites of PTMs remain to be further
clarified. The different PTMs with corresponding mechanisms
and their biological functions in association with human diseases
are fundamental for us to target specific PTMs in lamins in the
management of laminopathies.

POST-TRANSLATIONAL MODIFICATIONS
OF LAMINS

Farnesylation and the Maturation of Lamins
Farnesylation is critical for the biogenesis of lamins (Snider and
Omary, 2014). Lamins with a terminal CAAX motif undergo
farnesylation of the C-terminal cysteine with a farnesyl moiety by
farnesyltransferase, including prelamin A (lamin A precursor)
and lamins B1 and B2 (Liu et al., 2010). Prelamin A undergoes
four post-translational chemical reactions to become fully
matured lamin A (Young et al, 2005; Rusinol and Sinensky,

2006). In brief, aforementioned farnesylation of the CAAX motif
is the first step that drives the clipping off of the last tripeptide by
Ras-converting enzyme 1 (RCE1) or the zinc metalloproteinase
Ste24 homolog (ZMPSTE24). Isoprenylcysteine carboxyl
methyltransferase (ICMT) then methylates the exposed
farnesylated cysteine residue, following the removal of the last
15 tail domain residues by ZMPSTE24, including the C-terminal
farnesylcysteine methyl ester (Bergo et al., 2002; Pendas et al,,
2002; Corrigan et al., 2005; Barrowman et al., 2008). Lamin C
does not undergo this processing step because it does not have a
CAAX motif, although being derived from the same gene with
lamin A (Corrigan et al., 2005). In contrast, lamins B1 and B2
remain permanently farnesylated at their C-termini (Figure 2).

The farnesylated form of lamin A is associated with
laminopathies. More than half of laminopathies are caused by
LMNA gene mutations, in which HGPS is the thoroughly studied
one that is caused by heterozygosity for LMNA point mutations,
such as the canonical G608G mutation. The mutation leads to
alternative pre-mRNA splicing and production of an irreversibly
farnesylated form of truncated prelamin A, generally called
progerin or LAA50 which causes premature aging (Smallwood
and Shackleton, 2010). Restrictive dermopathy (RD) is caused by
the autosomal recessive gene defect of ZMPSTE24 or a
homozygous classical mutation in the LMNA gene, resulting in
an accumulation of a farnesylated and methylated prelamin A
(Smallwood and Shackleton, 2010). Zmpste24 deficiency could
increase DNA damage because of defective 53BP1 recruitment in
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Zmpste24’/ ~ mouse embryonic fibroblasts (MEFs) and in HGPS
fibroblasts, resulting in delayed DNA damage repair and genomic
instability (Liu et al., 2005). RD is a perinatal-lethal progeroid
syndrome, but its diversified phenotypes depending on the site of
the mutation contribute to the differences in the patient condition
(Gruenbaum and Foisner, 2015). Disruption of lamin A
maturation by ZMPSTE24-knockout mice and knock-in
in mice recapitulates most of the premature aging
phenotypes of the human diseases (Varela et al., 2005; Young
et al., 2005; Liu et al., 2012; Ghosh et al., 2015).

On the other hand, the role of farnesylation of lamin B1 is also
emerging. Farnesylation deficiency of lamin Bl or B2 was
reported causing neuronal migration defects within the
developing brain (Coffinier et al, 2010; Kim Y. et al, 2011;
Coffinier et al, 2011; Hutchison, 2014). Another study
reported that farnesylation of lamin Bl is essential for
retaining chromatin within the bounds of the nuclear lamina
during neuronal migration of brain development in knock-in
mice expressing nonfarnesylated lamins Bl and B2 (Jung et al,,
2013).

PHOSPHORYLATION: MULTIFUNCTIONAL
POST-TRANSLATIONAL MODIFICATIONS

Phosphorylation is the most extensively studied and common
PTM of lamins. It has been reported that their head and tail
domains had a higher frequency of phosphorylation than the rod
domain (Machowska et al., 2015). Lamin A possesses over 70
identified unique Ser/Thr phosphorylation sites (Simon and
Wilson, 2013; Machowska et al., 2015), some of which have
been revealed to be critical for its structural features and
functions. The phosphorylation enzymes of lamins include
Cdkl, protein kinase C (PKC) (Goss et al., 1994; Thompson
and Fields, 1996; Collas et al., 1997; Collas, 1999), cellular kinases,
mitogen-activated protein kinase (MAPK), protein kinase A
(PKA), casein kinase II, and AKT (Gruenbaum et al., 2003;
Gruenbaum et al., 2005; Margalit et al., 2005), in which Cdk1
phosphorylates the N-terminal Ser22 and the C-terminal Ser392
in human lamin A/C or analogous residues in B-type lamins, and
PKC phosphorylates S22/S392 and S395/5405 sites of lamins, and
S404 is the target of AKT. In addition, lamins also have a few
tyrosine phosphorylation sites; the epidermal growth factor
receptor (EGFR) was reported to phosphorylate lamin A at
several tyrosine residues in vitro, including Y45, Y81, Y211,
Y359, Y376, Y481, and Y646 (Tsai et al., 2015). Moreover, Scr
has been found to be able to regulate the assembly of nuclear
lamina by phosphorylating lamin A, especially at Tyr45 (Chu
et al, 2021). Lamin functions depend on the capacity for
polymerization and depolymerization, in which the
phosphorylation contributes to the easily reversible regulation
of their ability to form polymers and solubility. The site-specific
phosphorylations of A-type lamins have been shown to influence
their nuclear envelope inner layer targeting and then regulate
lamin assembly or interaction with chromatin (Haas and Jost,
1993; Goss et al., 1994; Leukel and Jost, 1995). Phosphorylations
of B-type lamins could also alter their assembly state or inhibit
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their nuclear envelope targeting (Hennekes et al., 1993; Hocevar
et al,, 1993; Goss et al.,, 1994). Thus, lamin phosphorylation is
critical for nuclear assembly and chromatin organization and is
involved in multiple nuclear functions.

Phosphorylation and Cell Cycle Regulation
It has been confirmed that the phosphorylations at different
residues of lamins play critical roles throughout the cell cycle.
Disassembly of lamins is required for nuclear envelope
breakdown in the early stage of mitosis. Plenty of studies
revealed that this process was dominated by lamin
phosphorylation under the catalysis of Cdkl (Dessev et al.,
1990; Heald and McKeon, 1990; Peter et al., 1990; Mall et al.,
2012). Moreover, phosphorylated lamin A/C is released into the
cytoplasm, while phosphorylated farnesylated B-type lamins
remain membrane bound but disperse throughout the ER
during mitosis (Gerace et al, 1984; Georgatos et al., 1997).
Mitotic lamin phosphorylation sites are commonly called
“mitotic sites,” which include Ser22 and Ser392 in lamin A/C,
Ser23 and Ser393 in lamin B1 (amino acid position in UniProtKB
P20700), and Thr34, Ser37, and/or Ser405 in lamin B2 (amino
acid position in UniProtKB Q03252) (Heald and McKeon, 1990;
Peter et al., 1990).

In contrast with mitosis, some studies found that
phosphorylation of lamin A/C focused on the head, the
beginning, and the end of tails in interphase cells. Some
kinases, such as Cdkl and PCK, can also phosphorylate
lamins in the interphase; a few sites are reported as mitotic
sites, such as Ser22 and Ser392, but with a much lower rate
than mitosis. A new study reported that Ser22 phosphorylation of
lamin A/C could modulate the cardiac sodium channel,
associated with cardiac conduction disease (Olaopa et al,
2021). Another research demonstrated that lamin C was more
strongly phosphorylated at Ser22 than lamin A in interphase
fibroblasts (Kolb et al., 2011); the reason might be that lamin C
was easy to be touched by kinase due to its proximity to the
nuclear interior (Kolb et al, 2011). A recent study found
abnormal phosphorylation of lamin A at Tyr45 caused the
disassembly of lamina in interphase cells by Src (Chu et al,
2021). Ser390, Ser404, Thr424, and Ser652 residues of lamin A are
also reported to be phosphorylated during the interphase (Swift
etal., 2013). Thus, precise regulation of lamin phosphorylation is
critical to nuclear structural integrity and genomic stability.

Phosphorylation and Laminopathies

Lamin phosphorylation is closely associated with laminopathies.
A new genotype-phenotype analysis predicted that pathogenic
LMNA mutations were correlated with changes of lamin
phosphorylation, especially those located in the head and tail
domains by machine learning methods, and they predicted that
phosphorylation of Y45 and Y481 is associated with
laminopathies (Lin et al, 2020). Ser22 is a key
phosphorylation site during mitosis, contributing to
depolymerization of lamin A/C. Its phosphorylation of
permanent farnesylated lamin A mutants is reported to be
defected and associated with the pathogenesis of laminopathies
(Osorio et al., 2012; Moiseeva et al., 2016; Liu and Ikegami, 2020).
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Recently, a study has investigated the relationship between Ser22
phosphorylation of lamin A/C and progeria mutations, as well as
its possible mechanism (Ikegami et al., 2020). They found Ser22-
phosphorylated lamin A/C was not only localized to the nuclear
interior but was also able to bind to active enhancers in
euchromatin in the nuclear interior in human fibroblasts
throughout the cell cycle. However, a subset of Ser22-
phosphorylated lamin A/C-binding sites was found to be lost
in progeria-patient fibroblasts but emerged in normally quiescent
loci; then, new Ser22-phosphorylated lamin A/C binding was
accompanied by increased histone acetylation, increased c-Jun
binding, and upregulation of nearby genes implicated in progeria
pathophysiology.

Cho et al. found that Ser458 phosphorylation was only found
in muscle biopsies from myopathy patients with mutations in the
Ig-fold motif of A-type lamins and not found in those from
control patients with any other neuromuscular diseases, and they
further confirmed that phosphorylation of Ser458 was only found
in lamin A mutants associated with myopathy, whereas not in
lipodystrophy- or progeria-associated mutants. Furthermore,
they revealed that this disease-specific phosphorylation of
A-type lamins was induced by Aktl, and it contributes to
myopathy caused by LMNA mutations (Cho et al., 2018).

It still remains to be clarified whether laminopathy mutations
may directly alter the phosphorylation of lamins, or the change of
lamin phosphorylation in laminopathies is a result of the
mutation or a compensatory mechanism. Therefore,
investigation into lamin phosphorylation in laminopathies is
conducive to deeply understand how laminopathies arise and
why they are so specific.

Phosphorylation and Viral Infection

Reversible disassembly of the nuclear lamina through regulating
phosphorylation facilitates the mitosis and nuclear export of large
messenger ribonucleoprotein (mRNP) complexes and becomes a
sharp blade for some virus achieving nuclear egress of capsids.
For example, herpes simplex virus 1 (HSV-1), HSV-2, and
HCMV infections can cause phosphorylation of all three types
of lamins (Marschall et al., 2005; Park and Baines, 2006; Mou
et al., 2007; Mou et al., 2008; Cano-Monreal et al., 2009). EBV and
MCMV infections can induce phosphorylation of at least lamin
A/C (Muranyi et al., 2002; Lee et al., 2008). Lamina disruption by
lamin phosphorylation is a conserved trait of virus infection by
virus or host cell kinases. The cellular isomerase Pinl-induced
conformational change of lamins may represent the molecular
trigger contributing to the lamina disassembly upon herpes virus
infection (Milbradt et al., 2016). Research found that the virus
protein  y1134.5 could induce phosphorylation and
reorganization of lamin A/C by activating PKC, leading to the
disintegration of the nuclear lamina in host cells and promote
HSV-1 replication (Wu et al., 2016). Similarly, during circovirus
infection progression, p32, as the key regulator of porcine
circovirus type 2 (PCV2) nuclear egress, can form a complex
with the viral capsid protein, increasing the PKC activity and
resulting in the rearrangement of the nuclear lamina and facilitate
viral nuclear egress via lamin A/C phosphorylation (Wang et al.,
2019). It has been proved phosphorylation is also essential for
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neutrophil extracellular trap (NET) formation to protect against
infection. Li et al. reported that PKC mediates the nuclear
envelope rupture by phosphorylating lamin B1 at $395, S405,
and S408 to release chromatin for NET formation in neutrophils
(Li et al., 2020).

Phosphorylation and Development

Apart from the aforementioned functions, lamin
phosphorylation is also found to participate in the budding
process of large ribonucleoprotein particle (RNP) granules
harboring synaptic protein transcripts to exit the nucleus
through the inner and the outer nuclear membranes during
synapse development, in which it is involved in
phosphorylation of A-type lamins (Speese et al, 2012).
Furthermore, it has been confirmed that abnormal
phosphorylation of lamins was associated with some
neurodegenerative diseases, including Alzheimer’s disease
(AD). For example, a study found nuclear lamina dispersion
occurred due to the direct phosphorylation of lamin A (Ser392)
and lamin B1 (Ser393) by Cdk5 in AD primary neurons and
animal models, leading to significant neurotoxicity (Chang et al.,
2011).

In addition, inhibition of lamin phosphorylation might also
lead to pathogenesis during skin development. As is known,
nuclear degradation is a critical stage in keratinocyte terminal
differentiation and the formation of the cornified envelope, and
retention of the nuclear material is a common histological change
in many skin diseases, particularly in atopic dermatitis and
psoriasis. It has been proved that DNA degradation processes
are prevented in the absence of AKT1 phosphorylating lamin A/C
for degradation, leading to parakeratosis and changes in
epidermal differentiation (Naeem et al., 2015).

The latest research study reported that mitotic polo-like
kinase (PLK-1) phosphorylates the lamin LMN-1 to promote
the timely lamina disassembly and follow with the merging of
the parental genomes into a single nucleus after mitosis in C.
elegans  (Velez-Aguilera et al., 2020), indicating
phosphorylation of lamins might be also critical for embryo
development.

ACETYLATION AND THE STABILITY OF
LAMINS

Acetylation is another PTM of lamins, and its function might
associate with nuclear periphery stability, cell cycle progression,
and DNA repair, as well as nuclear architecture and genome
integrity (Karoutas et al., 2019; Murray-Nerger et al., 2021).
Acetylation sites of the lamin A/C reside mostly within its
coiled-coil rod domain (K97, K108, K114, K270, K311, and
K378), and some are at the NLS (K417) and the IgG-fold
domain (K450 and K470) (Karoutas and Akhtar, 2021). A
recent study showed that loss of the lysine acetyltransferase
MOF or its associated NSL-complex members KANSL2 or
KANSL3 led to a stochastic accumulation of nuclear
abnormalities (Karoutas et al., 2019). They found lamin A/C
was an acetylation target of MOF, and the loss of acetylation was
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accompanied by an increase in S392 phosphorylation of lamin
A/C, as a consequence of the increased solubility of lamins,
defective phosphorylation dynamics, and impaired nuclear
stability.

Moreover, it has been thought that lamin acetylation at the
nuclear periphery could prevent capsid nuclear egress to protect
against virus production. For example, Murray-Nerger et al.
reported that LMNBI K134 acetylation acted as a host
response to suppress human cytomegalovirus (HCMYV)
production by functionally stabilizing the nuclear periphery
(Murray et al, 2018), and their new laboratory findings
revealed that LMNB1 K134 acetylation, as a molecular toggle,
controlled nuclear periphery stability, cell cycle progression, and
DNA repair. It can inhibit lamina disruption during herpes
simplex virus type 1 (HSV-1) infection, thereby aborting virus
production (Murray-Nerger et al., 2021).

SUMOYLATION: A CONSERVED
POST-TRANSLATIONAL MODIFICATION

Lamins can also be modified with small ubiquitin-like
modifiers (SUMOs), known as SUMOylation. The SUMO
family contains four conserved 10 kDa proteins, which are
SUMO1, SUMO2, SUMO3, and SUMO4, in which SUMOLI, 2,
and 3 are ubiquitously expressed in all eukaryotic cells, while
SUMO4 is a newly found member with unique distribution,
which has only been detected in renal, immune and pancreatic
cells, and placenta until now (Wang and She, 2008; Chen et al.,
2014; Baczyk et al., 2017). They can covalently and reversibly
be attached to lysine residues on target proteins (Gareau and
Lima, 2010) under the effects of three critical enzymes: SUMO
El (the heterodimer SAE1 and SAE2), SUMO E2-conjugating
enzyme (UBE2I/UBCY), and several E3 ligases (Sekhri et al.,
2015; Mattoscio et al., 2017). As reported, the enzymes
responsible for SUMO conjugation are located mainly in
the nucleus (Gareau and Lima, 2010). A yeast two-hybrid
screen found that there was an interaction between lamin A
and UBCY, suggesting lamin A could be a target protein of
SUMO modification (Zhong et al., 2005). The analysis of the
amino acid sequence of lamin A revealed it had the
SUMOylation  consensus  sequence CKXE (MKEE)
surrounding lysine 201 in the rod-containing domain
(Zhang and Sarge, 2008). Emerging evidence showed that
mature lamin A might be SUMOylated at sites in the rod
domain by SUMO?2 (Zhang and Sarge, 2008) or by SUMO1 and
SUMOZ3 in the tail domain (Galisson et al., 2011; Simon and
Wilson, 2013).

SUMOylation involves regulating localization, function,
interactions, and stability of target proteins, and influence
nuclear import/export, transcription, apoptosis, and cell cycle
regulation (Geiss-Friedlander and Melchior, 2007). The
SUMOylation of lamins has been reported to be associated
with cell cycle progression. Moriuchi et al. have demonstrated
interactions between SUMO-interacting motif 3 (SIM3) of lamin
A and a putative SUMO2-modified protein, which played an
important role in the reorganization of the nuclear lamina at the
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end of mitosis. Furthermore, a study found that nuclear DNA
leakage activates nucleophagy through UBC9-mediated
SUMOylation of lamin A/C, leading to degradation of nuclear
components including lamin A/C and leaked nuclear DNA (Li
etal,, 2019), which suggested that lamin SUMOylation might play
a role in the degradation of abnormal lamina structures. A few
studies have implicated laminopathy mutants could alter lamin
SUMOylation. For instance, a research of the Zhang group
showed that SUMOylation could regulate lamin A function at
lysine 221, and it was lost in lamin A mutants associated with
familial cardiomyopathies (Zhang and Sarge, 2008). Boudreau
et al. revealed that laminopathy mutants resulted in the
mislocalization of SUMOI1 both in vitro and in vivo,
suggesting that the mutant lamin A/C altered the dynamics of
SUMOI, and thus, misregulation of SUMOylation may be
contributing to disease progression in laminopathies
(Boudreau et al., 2012).

OTHER POST-TRANSLATIONAL
MODIFICATIONS: METHYLATION,
UBIQUITINATION, AND
O-GLCNACYLATION

In addition to the aforementioned PTMs, there are various other
PTMs that have been reported in lamins with different cellular
and physiological functions. As we have mentioned earlier,
mutations in lamin A or ZMPSTE24 cause the premature
aging diseases HGPS an RD due to premature lamin A. The
processing of mature lamin A required not only farnesylation but
also carboxyl methylation of its C-terminal CAAX motif. In
addition, it has been reported that C-terminal isoprenylation
and carboxyl methylation of lamins increased their
hydrophobicity, thus promoting their interaction with relevant
inner nuclear membrane proteins (Chelsky et al, 1989;
Vorburger et al., 1989; Kitten and Nigg, 1991), and carboxyl
methylation of lamin B might also enable it more resistant to
proteolysis by interleukin converting enzyme (ICE)-like proteases
(e.g., caspases), thereby preventing chromatin condensation and
DNA fragmentation culminating in apoptotic cell death
(Kowluru, 2000). Moreover, Kim et al. (2011a) found that
lamin A/C contained an arginine methylation site by MALDI-
TOF analysis and then revealed that lamin A/C was arginine-
methylated by PRMT during muscle fusion, with potential
implications in muscle development. Depletion of intracellular
s-adenosylmethionine (SAM), a key co-substrate of methyl group
transfer reactions, damaged the carboxymethylation and
maturation of the nuclear lamina, thereby suppressing
neurogenic differentiation (Hwang et al., 2021).

It has been reported lamins can also undergo ubiquitination
in lamin mutation cells. Khanna et al. (2018) found that RING
finger-containing E3 ubiquitin ligase (RNF123) was
transcriptionally upregulated in cells expressing rod domain
lamin A mutations and then determined that RNF123 could
mediate the ubiquitination of these proteins and caused the
proteasomal degradation of pRb, LAP2a, and lamin BI,
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indicating that RNF123-mediated ubiquitination of lamin-
binding proteins may contribute to disease-causing
mechanisms in laminopathies by depletion of key nuclear
proteins and defects in cell cycle kinetics. Another research
established HECW?2 as an E3 ubiquitin ligase for PCNA and
lamin B1 which regulated their levels in laminopathic cells
(Krishnamoorthy et al., 2018), suggesting that the interplay
among HECW2, lamin A, PCNA, and lamin Bl determines
their respective homeostatic levels in the «cell, and
dysregulation of these interactions may contribute to the
pathogenicity of laminopathies. Smurf2 is also reported to
be related to ubiquitination of lamin A not proteasomal
degradation but its lysosomal degradation (Borroni et al,
2018).

Simon et al. (2018) reported that lamin A could be f-O-linked
N-acetylglucosamine-(O-GlcNAc)-modified in human
hepatoma (Huh7) cells and in the mouse liver. O-linked
glycosylation is the enzymatic addition of O-GlcNAc by the
enzyme O-GIcNAc transferase (OGT) to protein Ser/Thr
residues (Hart et al, 2011). They also showed robust
O-GlIcNAcylation of recombinant mature lamin A tails
(residues 385-646) with purified OGT enzyme in vitro but
with no detectable modification of lamin B1, lamin C, or A50
(progerin) tails. Then, they identified 11 O-GIcNAc sites in a
“sweet spot” (601-645) unique to lamin A with up to seven sugars

per peptide by mass spectrometry, and deletion of A50 and A35
(596-664) reduced O-GlcNAcylation, suggesting residues deleted
in progeria are required for substrate recognition and/or
modification by OGT in vitro.

LAMIN POST-TRANSLATIONAL
MODIFICATIONS: PROMISING
BIOMARKERS AND TARGETS OF
LAMINOPATHIES

The aforementioned PTMs of lamins play critical roles in a variety of
cell processes and pathological alteration of some human diseases
(Figure 3), especially laminopathies. Preventing post-translation
processing to progerin is the main area to target treatment of
laminopathies; it kindles the interest in the possibility of lamin
PTMs for drug development achieving therapeutic interventions due
to the relationship between different PTMs of lamins and
laminopathies, as described in this study.

As shown in Figure 4, mutated prelamin A fails to be clipped
off its farnesylated tail, and accumulation of permanent
farnesylated progerin leads to the HGPS. Based on this,
inhibitors of farnesyltransferase might be used therapeutically.
For example, farnesyltransferase inhibitors (FTIs) might be
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applied for reducing the accumulation of lots of progerin proteins
in the HGPS cells. The fibroblasts from mice and mouse model
experiments suggested the FTT could reverse the nuclear shape
abnormalities in fibroblasts from the mouse with laminopathies
(Yang et al, 2005); cultured cells from human subjects with
HGPS also showed nuclear morphological abnormalities, which
are reversed by inhibitors of protein farnesylation (Wang et al,
2010). In addition, mouse model experiments also found that
FTIs improved some aspects of the disease and increased life
expectancy, even though it did not completely halt or reverse the
disease process (Smallwood and Shackleton, 2010). The
aforementioned research encourages the further investigation
of FTIs as a potential treatment for children with HGPS. Two
trials were carried out in Europe and USA, in which they used
FTIs to prevent farnesylation of lamin A in an attempt to
ameliorate or reverse the disease process in HGPS children
(Kieran et al., 2007). Another clinical trial also reported that
children with HGPS seemed to show a positive response to FTI
and lonafarnib treatment (Gordon et al., 2012). It is inspiring that
the orally active farnesyltransferase inhibitor lonafarnib
(Zokinvy™) has been approved by the FDA to reduce the risk
of mortality in HGPS and for the treatment of processing-
deficient progeroid laminopathies in patients >12 months of
age with a body surface area of 0.39 m”. The clinical results
showed that it could prevent farnesylation of lamin A, decrease
vascular stiffness, and extend the survival of HGPS patients
(Dhillon, 2021; Misteli, 2021). In addition to FTIs, a study
showed that the isoprenylcysteine carboxyl methyltransferase
(ICMT) inhibitor increased AKT-mTOR signaling and
proliferation and delayed senescence in human HGPS
fibroblasts, suggesting targeting ICMT might be useful for
treating prelamin A-associated progeroid disorders (Ibrahim
et al, 2013). As we discussed earlier, Ser22, Y45, and Y481
phosphorylation of farnesylated prelamin A is associated with
laminopathies (Ikegami et al., 2020; Lin et al, 2020; Liu and
Ikegami, 2020); they might be promising therapeutic targets.
Alterations of nuclear morphology and stability are common
features in laminopathies, while the acetylation of lamins
promotes the nuclear periphery stability. Karoutas et al. found
the loss of MOF contributed to abnormal nuclear architecture
and genome integrity because its target site, Ser392 of lamin A/C,
was phosphorylated (Karoutas et al., 2019). In addition, UBC9-
mediated SUMOylation and ubiquitination are reported to
participate in degradation of defective lamina structures and
some key nuclear proteins individually, involving in disease-
causing mechanisms in laminopathies (Zhang and Sarge, 2008;
Boudreau et al.,, 2012; Khanna et al., 2018; Li et al., 2019).
Furthermore, some PTMs of lamins are expected to be clinical
diagnostic biomarkers for certain types of laminopathy. For example,
Ser458 phosphorylation was only found in lamin A mutants
associated with myopathy (Cho et al, 2018). Another PTM,
O-GlcNAcylation, was only found in mature lamin A but not in
lamin B1, lamin C, or A50 (progerin) tails (Hart et al, 2011).
Examination of the presence or absence of the aforementioned
modification could be used in diagnosing the laminopathies.

Functional Regulation of Lamins

CONCLUSION AND FUTURE
PERSPECTIVE

Lamins are critical for nuclear architecture and function; they
are involved in numerous nuclear processes, including
chromosomal architecture, peripheral epigenetic
landscapes, and eventually gene expression profiles. Diverse
PTMs have been identified on lamins and have revealed to
regulate the lamin functions in both normal and pathological
conditions. PTMs are precisely regulated in a variety of
normal physiological processes and specific functions, in
which PTMs are altered to adjust the lamin localization,
interaction, even epigenetic landscapes, and gene
regulatory networks responding to stimuli during various
processes. With respect to changes of lamin PTMs in
human diseases, such as gene mutations, the PTMs may be
caused by those diseases or may participate in the
pathogenesis, aggravation, or rescue of the disease,
independent or dependent of diseases. Identification of
various PTMs and their changes will help us understand
the fundamental nuclear biology and their regulation in
both biological and clinical contexts and provide
therapeutic ways for intervention.

In the future, there are several crucial fields of lamin PTMs
that remain to be further explored. The abnormal alterations of
PTMs are associated with the nuclear stability and might be
eventually involved in lots of pathological states such as
laminopathies, cancer, viral infection, and normal or
pathological aging. So the first is to investigate the potential
changes of lamin PTMs in some human diseases using large-
scale proteomic data, experimentally validate their functions,
and compare the different PTMs between normal and disease
groups for potential biomarkers. The second is to define the
key enzymatic machinery during these PTMs and their
regulated mechanism. The third is to investigate the
crosstalk among these kinds of PTMs, especially the same
residue with more than one PTM site. The fourth is to explore
whether other protein translational modifications have not
been reported in the lamins. Last but not the least is to assess
the suitability of PTMs as potential therapeutic targets in
diagnosis and treatment.

AUTHOR CONTRIBUTIONS

ZZ outlined the manuscript. MZ drafted the manuscript. GJ and
ZZ revised the manuscript.

ACKNOWLEDGMENTS

The authors would like to acknowledge the funding support by
Dengfeng Project from Guangdong Provincial Government,
Guangdong Provincial People’s Hospital, and the Inno@HK
program.

Frontiers in Cell and Developmental Biology | www.frontiersin.org

May 2022 | Volume 10 | Article 864191


https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Zheng et al.

REFERENCES

Alfaro, J. F., Gong, C.-X., Monroe, M. E., Aldrich, J. T., Clauss, T. R. W., Purvine, S.
O., et al. (2012). Tandem Mass Spectrometry Identifies many Mouse Brain
O-GlcNAcylated  Proteins Including EGF Domain-specific O-GlcNAc
Transferase Targets. Proc. Natl. Acad. Sci. U.S.A. 109, 7280-7285. doi:10.
1073/pnas.1200425109

Baczyk, D., Audette, M. C., Drewlo, S., Levytska, K., and Kingdom, J. C. (2017).
SUMO-4: A Novel Functional Candidate in the Human Placental Protein
SUMOylation Machinery. PLoS One 12, e0178056. doi:10.1371/journal.pone.
0178056

Bajpai, G., Amiad Pavlov, D., Lorber, D., Volk, T., and Safran, S. (2021). Mesoscale
Phase Separation of Chromatin in the Nucleus. Elife 10, €63976. doi:10.7554/
eLife.63976

Barrowman, J., Hamblet, C., George, C. M., and Michaelis, S. (2008). Analysis of
Prelamin A Biogenesis Reveals the Nucleus to Be a CaaX Processing
Compartment. MBoC 19, 5398-5408. doi:10.1091/mbc.e08-07-0704

Beausoleil, S. A., Jedrychowski, M., Schwartz, D., Elias, J. E., Villén, J., Li, J., et al.
(2004). Large-scale Characterization of HeLa Cell Nuclear Phosphoproteins.
Proc. Natl. Acad. Sci. U.S.A. 101, 12130-12135. doi:10.1073/pnas.0404720101

Bergo, M. O., Gavino, B., Ross, J., Schmidt, W. K., Hong, C., Kendall, L. V., et al.
(2002). Zmpste24 Deficiency in Mice Causes Spontaneous Bone Fractures,
Muscle Weakness, and a Prelamin A Processing Defect. Proc. Natl. Acad. Sci.
U.S.A. 99, 13049-13054. doi:10.1073/pnas.192460799

Bickmore, W. A. (2013). The Spatial Organization of the Human Genome. Annu.
Rev. Genom. Hum. Genet. 14, 67-84. doi:10.1146/annurev-genom-091212-
153515

Borroni, A. P., Emanuelli, A., Shah, P. A, Ili¢, N., Apel-Sarid, L., Paolini, B., et al.
(2018). Smurf2 Regulates Stability and the Autophagic-Lysosomal Turnover of
Lamin A and its Disease-Associated Form Progerin. Aging Cell 17, €12732.
doi:10.1111/acel. 12732

Boudreau, E., Labib, S., Bertrand, A. T., Decostre, V., Bolongo, P. M., Sylvius, N.,
etal. (2012). Lamin A/C Mutants Disturb Sumo1 Localization and Sumoylation
In Vitro and In Vivo. PLoS One 7, €45918. doi:10.1371/journal.pone.0045918

Briand, N., and Collas, P. (2020). Lamina-associated Domains: Peripheral Matters
and Internal Affairs. Genome Biol. 21, 85. doi:10.1186/s13059-020-02003-5

Burke, B., and Stewart, C. L. (2013). The Nuclear Lamins: Flexibility in Function.
Nat. Rev. Mol. Cel Biol. 14, 13-24. doi:10.1038/nrm3488

Cano-Monreal, G. L., Wylie, K. M., Cao, F., Tavis, J. E., and Morrison, L. A. (2009).
Herpes Simplex Virus 2 UL13 Protein Kinase Disrupts Nuclear Lamins.
Virology 392, 137-147. doi:10.1016/j.virol.2009.06.051

Chang, K.-H., Multani, P. S., Sun, K.-H., Vincent, F., de Pablo, Y., Ghosh, S., et al.
(2011). Nuclear Envelope Dispersion Triggered by Deregulated Cdk5 Precedes
Neuronal Death. MBoC 22, 1452-1462. doi:10.1091/mbc.e10-07-0654

Chelsky, D., Sobotka, C., and O’Neill, C. L. (1989). Lamin B Methylation and
Assembly into the Nuclear Envelope. J. Biol. Chem. 264, 7637-7643. doi:10.
1016/s0021-9258(18)83282-3

Chen, S., Yang, T, Liu, F,, Li, H,, Guo, Y., Yang, H,, et al. (2014). Inflammatory
Factor-specific Sumoylation Regulates NF-kB Signalling in Glomerular Cells
from Diabetic Rats. Inflamm. Res. 63, 23-31. doi:10.1007/s00011-013-0675-3

Cho, S., Abbas, A., Irianto, J., Ivanovska, I. L., Xia, Y., Tewari, M., et al. (2018).
Progerin Phosphorylation in Interphase Is Lower and Less Mechanosensitive
Than Lamin-A,C in iPS-Derived Mesenchymal Stem Cells. Nucleus 9, 230-245.
doi:10.1080/19491034.2018.1460185

Choudhary, C., Kumar, C., Gnad, F., Nielsen, M. L., Rehman, M., Walther, T. C,,
et al. (2009). Lysine Acetylation Targets Protein Complexes and Co-regulates
Major Cellular Functions. Science 325, 834-840. doi:10.1126/science.1175371

Chu, C. T., Chen, Y. H, Chiu, W. T., and Chen, H. C. (2021). Tyrosine
Phosphorylation of Lamin A by Src Promotes Disassembly of Nuclear
Lamina in Interphase. Life Sci. Alliance 4, €202101120. doi:10.26508/lsa.
202101120

Coffinier, C., Chang, S. Y., Nobumori, C., Tu, Y., Farber, E. A,, Toth, J. I, et al.
(2010). Abnormal Development of the Cerebral Cortex and Cerebellum in the
Setting of Lamin B2 Deficiency. Proc. Natl. Acad. Sci. U.S.A. 107, 5076-5081.
doi:10.1073/pnas.0908790107

Coffinier, C., Jung, H.-J., Nobumori, C., Chang, S., Tu, Y., Barnes, R. H,, 2nd, et al.
(2011). Deficiencies in Lamin Bl and Lamin B2 Cause Neurodevelopmental

Functional Regulation of Lamins

Defects and Distinct Nuclear Shape Abnormalities in Neurons. MBoC 22,
4683-4693. doi:10.1091/mbc.e11-06-0504

Cohen, M., Gruenbaum, Y., Lee, K. K., and Wilson, K. L. (2001). Transcriptional
Repression, Apoptosis, Human Disease and the Functional Evolution of the
Nuclear Lamina. Trends Biochem. Sci. 26, 41-47. doi:10.1016/s0968-0004(00)
01727-8

Collas, P., Thompson, L., Fields, A. P., Poccia, D. L., and Courvalin, J.-C. (1997).
Protein Kinase C-Mediated Interphase Lamin B Phosphorylation and
Solubilization. J. Biol. Chem. 272, 21274-21280. doi:10.1074/jbc.272.34.21274

Collas, P. (1999). Sequential PKC- and Cdc2-Mediated Phosphorylation Events
Elicit Zebrafish Nuclear Envelope Disassembly. J. Cel Sci. 112 (Pt 6), 977-987.
doi:10.1242/jcs.112.6.977

Corrigan, D. P., Kuszczak, D., Rusinol, A. E., Thewke, D. P., Hrycyna, C. A,
Michaelis, S., et al. (2005). Prelamin A Endoproteolytic Processing In Vitro by
Recombinant Zmpste24. Biochem. J. 387, 129-138. doi:10.1042/bj20041359

Dauer, W. T., and Worman, H. J. (2009). The Nuclear Envelope as a Signaling
Node in Development and Disease. Develop. Cel 17, 626-638. doi:10.1016/j.
devcel.2009.10.016

de Leeuw, R., Gruenbaum, Y., and Medalia, O. (2018). Nuclear Lamins: Thin
Filaments with Major Functions. Trends Cel Biol. 28, 34-45. doi:10.1016/j.tcb.
2017.08.004

Dechat, T., Pfleghaar, K., Sengupta, K., Shimi, T., Shumaker, D. K., Solimando, L.,
et al. (2008). Nuclear Lamins: Major Factors in the Structural Organization and
Function of the Nucleus and Chromatin. Genes Dev. 22, 832-853. doi:10.1101/
gad.1652708

Dechat, T., Adam, S. A., Taimen, P., Shimi, T., and Goldman, R. D. (2010). Nuclear
Lamins. Cold Spring Harbor. Perspect. Biol. 2, a000547. doi:10.1101/
cshperspect.a000547

Dessev, G. N., Iovcheva-Dessev, C., and Goldman, R. D. (1990). Lamin Dimers.
Presence in the Nuclear Lamina of Surf Clam Oocytes and Release during
Nuclear Envelope Breakdown. J. Biol. Chem. 265, 12636-12641. doi:10.1016/
$0021-9258(19)38391-7

Dhillon, S. (2021). Lonafarnib: First Approval. Drugs 81, 283-289. doi:10.1007/
$40265-020-01464-z

Dittmer, T. A., and Misteli, T. (2011). The Lamin Protein Family. Genome Biol. 12,
222. doi:10.1186/gb-2011-12-5-222

Dorner, D., Gotzmann, J., and Foisner, R. (2007). Nucleoplasmic Lamins and Their
Interaction Partners, LAP2a, Rb, and BAF, in Transcriptional Regulation. FEBS
J. 274, 1362-1373. doi:10.1111/j.1742-4658.2007.05695.x

Eckersley-Maslin, M. A., Bergmann, J. H., Lazar, Z., and Spector, D. L. (2013).
Lamin A/C Is Expressed in Pluripotent Mouse Embryonic Stem Cells. Nucleus
4, 53-60. doi:10.4161/nucl.23384

Farnsworth, C. C., Wolda, S. L., Gelb, M. H., and Glomset, J. A. (1989). Human
Lamin B Contains a Farnesylated Cysteine Residue. J. Biol. Chem. 264,
20422-20429. doi:10.1016/s0021-9258(19)47079-8

Furukawa, K., and Hotta, Y. (1993). cDNA Cloning of a Germ Cell Specific Lamin
B3 from Mouse Spermatocytes and Analysis of its Function by Ectopic
Expression in Somatic Cells. EMBO J. 12, 97-106. doi:10.1002/j.1460-2075.
1993.tb05635.x

Galisson, F., Mahrouche, L., Courcelles, M., Bonneil, E., Meloche, S., Chelbi-Alix,
M. K,, et al. (2011). A Novel Proteomics Approach to Identify SUMOylated
Proteins and Their Modification Sites in Human Cells. Mol. Cel Proteomics 10,
M110.004796. doi:10.1074/mcp.M110.004796

Gareau, J. R,, and Lima, C. D. (2010). The SUMO Pathway: Emerging Mechanisms
that Shape Specificity, Conjugation and Recognition. Nat. Rev. Mol. Cel Biol. 11,
861-871. doi:10.1038/nrm3011

Geiss-Friedlander, R., and Melchior, F. (2007). Concepts in Sumoylation: a Decade
on. Nat. Rev. Mol. Cel Biol. 8, 947-956. doi:10.1038/nrm2293

Georgatos, S. D., Pyrpasopoulou, A., and Theodoropoulos, P. A. (1997). Nuclear
Envelope Breakdown in Mammalian Cells Involves Stepwise Lamina
Disassembly and Microtubule-Drive Deformation of the Nuclear Membrane.
J. Cel Sci. 110 (Pt 17), 2129-2140. doi:10.1242/jcs.110.17.2129

Gerace, L., Comeau, C., and Benson, M. (1984). Organization and Modulation of
Nuclear Lamina Structure. J. Cel Sci. Suppl. 1984, 137-160. doi:10.1242/jcs.
1984.supplement_1.10

Ghosh, S., Liu, B, Wang, Y., Hao, Q., and Zhou, Z. (2015). Lamin A Is an
Endogenous SIRT6 Activator and Promotes SIRT6-Mediated DNA Repair. Cel
Rep. 13, 1396-1406. doi:10.1016/j.celrep.2015.10.006

Frontiers in Cell and Developmental Biology | www.frontiersin.org

10

May 2022 | Volume 10 | Article 864191


https://doi.org/10.1073/pnas.1200425109
https://doi.org/10.1073/pnas.1200425109
https://doi.org/10.1371/journal.pone.0178056
https://doi.org/10.1371/journal.pone.0178056
https://doi.org/10.7554/eLife.63976
https://doi.org/10.7554/eLife.63976
https://doi.org/10.1091/mbc.e08-07-0704
https://doi.org/10.1073/pnas.0404720101
https://doi.org/10.1073/pnas.192460799
https://doi.org/10.1146/annurev-genom-091212-153515
https://doi.org/10.1146/annurev-genom-091212-153515
https://doi.org/10.1111/acel.12732
https://doi.org/10.1371/journal.pone.0045918
https://doi.org/10.1186/s13059-020-02003-5
https://doi.org/10.1038/nrm3488
https://doi.org/10.1016/j.virol.2009.06.051
https://doi.org/10.1091/mbc.e10-07-0654
https://doi.org/10.1016/s0021-9258(18)83282-3
https://doi.org/10.1016/s0021-9258(18)83282-3
https://doi.org/10.1007/s00011-013-0675-3
https://doi.org/10.1080/19491034.2018.1460185
https://doi.org/10.1126/science.1175371
https://doi.org/10.26508/lsa.202101120
https://doi.org/10.26508/lsa.202101120
https://doi.org/10.1073/pnas.0908790107
https://doi.org/10.1091/mbc.e11-06-0504
https://doi.org/10.1016/s0968-0004(00)01727-8
https://doi.org/10.1016/s0968-0004(00)01727-8
https://doi.org/10.1074/jbc.272.34.21274
https://doi.org/10.1242/jcs.112.6.977
https://doi.org/10.1042/bj20041359
https://doi.org/10.1016/j.devcel.2009.10.016
https://doi.org/10.1016/j.devcel.2009.10.016
https://doi.org/10.1016/j.tcb.2017.08.004
https://doi.org/10.1016/j.tcb.2017.08.004
https://doi.org/10.1101/gad.1652708
https://doi.org/10.1101/gad.1652708
https://doi.org/10.1101/cshperspect.a000547
https://doi.org/10.1101/cshperspect.a000547
https://doi.org/10.1016/s0021-9258(19)38391-7
https://doi.org/10.1016/s0021-9258(19)38391-7
https://doi.org/10.1007/s40265-020-01464-z
https://doi.org/10.1007/s40265-020-01464-z
https://doi.org/10.1186/gb-2011-12-5-222
https://doi.org/10.1111/j.1742-4658.2007.05695.x
https://doi.org/10.4161/nucl.23384
https://doi.org/10.1016/s0021-9258(19)47079-8
https://doi.org/10.1002/j.1460-2075.1993.tb05635.x
https://doi.org/10.1002/j.1460-2075.1993.tb05635.x
https://doi.org/10.1074/mcp.M110.004796
https://doi.org/10.1038/nrm3011
https://doi.org/10.1038/nrm2293
https://doi.org/10.1242/jcs.110.17.2129
https://doi.org/10.1242/jcs.1984.supplement_1.10
https://doi.org/10.1242/jcs.1984.supplement_1.10
https://doi.org/10.1016/j.celrep.2015.10.006
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Zheng et al.

Gordon, L. B, Kleinman, M. E.,, Miller, D. T., Neuberg, D. S., Giobbie-Hurder, A.,
Gerhard-Herman, M., et al. (2012). Clinical Trial of a Farnesyltransferase
Inhibitor in Children with Hutchinson-Gilford Progeria Syndrome. Proc.
Natl. Acad. Sci. U.S.A. 109, 16666-16671. doi:10.1073/pnas.1202529109

Goss, V. L., Hocevar, B. A, Thompson, L. J., Stratton, C. A., Burns, D. J., and Fields,
A. P. (1994). Identification of Nuclear Beta II Protein Kinase C as a Mitotic
Lamin Kinase. J. Biol. Chem. 269, 19074-19080. doi:10.1016/s0021-9258(17)
32276-7

Gruenbaum, Y., and Foisner, R. (2015). Lamins: Nuclear Intermediate Filament
Proteins with Fundamental Functions in Nuclear Mechanics and Genome
Regulation. Annu. Rev. Biochem. 84, 131-164. doi:10.1146/annurev-biochem-
060614-034115

Gruenbaum, Y., Goldman, R. D., Meyuhas, R., Mills, E., Margalit, A., Fridkin, A.,
et al. (2003). The Nuclear Lamina and its Functions in the Nucleus. Int. Rev.
Cytol. 226, 1-62. doi:10.1016/s0074-7696(03)01001-5

Gruenbaum, Y., Margalit, A., Goldman, R. D., Shumaker, D. K., and Wilson, K. L.
(2005). The Nuclear Lamina Comes of Age. Nat. Rev. Mol. Cel Biol. 6, 21-31.
doi:10.1038/nrm1550

Guan, K-L, Yu, W,, Lin, Y., Xiong, Y., and Zhao, S. (2010). Generation of
Acetyllysine Antibodies and Affinity Enrichment of Acetylated Peptides.
Nat. Protoc. 5, 1583-1595. doi:10.1038/nprot.2010.117

Guelen, L., Pagie, L., Brasset, E., Meuleman, W., Faza, M. B., Talhout, W., et al.
(2008). Domain Organization of Human Chromosomes Revealed by Mapping
of Nuclear Lamina Interactions. Nature 453, 948-951. doi:10.1038/nature06947

Haas, M., and Jost, E. (1993). Functional Analysis of Phosphorylation Sites in
Human Lamin A Controlling Lamin Disassembly, Nuclear Transport and
Assembly. Eur. J. Cel Biol. 62, 237-247.

Hart, G. W., Slawson, C., Ramirez-Correa, G., and Lagerlof, O. (2011). Cross Talk
between O-GlcNAcylation and Phosphorylation: Roles in  Signaling,
Transcription, and Chronic Disease. Annu. Rev. Biochem. 80, 825-858.
doi:10.1146/annurev-biochem-060608-102511

Heald, R., and McKeon, F. (1990). Mutations of Phosphorylation Sites in Lamin A
that Prevent Nuclear Lamina Disassembly in Mitosis. Cell 61, 579-589. doi:10.
1016/0092-8674(90)90470-y

Hennekes, H., Peter, M., Weber, K., and Nigg, E. A. (1993). Phosphorylation on
Protein Kinase C Sites Inhibits Nuclear Import of Lamin B2. J. Cel Biol. 120,
1293-1304. doi:10.1083/jcb.120.6.1293

Ho, C. Y., and Lammerding, J. (2012). Lamins at a Glance. J. Cel Sci. 125,
2087-2093. doi:10.1242/jcs.087288

Hocevar, B. A., Burns, D. J., and Fields, A. P. (1993). Identification of Protein
Kinase C (PKC) Phosphorylation Sites on Human Lamin B. Potential Role of
PKC in Nuclear Lamina Structural Dynamics. J. Biol. Chem. 268, 7545-7552.
doi:10.1016/50021-9258(18)53210-5

Hozak, P., Sasseville, A. M., Raymond, Y., and Cook, P. R. (1995). Lamin Proteins
Form an Internal Nucleoskeleton as Well as a Peripheral Lamina in Human
Cells. J. Cel Sci. 108 (Pt 2), 635-644. doi:10.1242/jcs.108.2.635

Hutchison, C. J. (2014). B-type Lamins in Health and Disease. Semin. Cel Develop.
Biol. 29, 158-163. doi:10.1016/j.semcdb.2013.12.012

Hwang, I, Uchida, H., Dai, Z., Li, F., Sanchez, T., Locasale, J. W., et al. (2021).
Cellular Stress Signaling Activates Type-I IFN Response through FOXO3-
Regulated Lamin Posttranslational Modification. Nat. Commun. 12, 640. doi:10.
1038/s41467-020-20839-0

Ibrahim, M. X,, Sayin, V. I, Akula, M. K,, Liu, M., Fong, L. G., Young, S. G., et al.
(2013). Targeting Isoprenylcysteine Methylation Ameliorates Disease in a
Mouse Model of Progeria. Science 340, 1330-1333. doi:10.1126/science.1238880

Ikegami, K., Secchia, S., Almakki, O., Lieb, J. D., and Moskowitz, I. P. (2020).
Phosphorylated Lamin A/C in the Nuclear Interior Binds Active Enhancers
Associated with Abnormal Transcription in Progeria. Develop. Cel 52, 699-713.
doi:10.1016/j.devcel.2020.02.011

Jung, H. J., Nobumori, C., Goulbourne, C. N, Tu, Y., Lee, J. M., Tatar, A, et al.
(2013). Farnesylation of Lamin Bl Is Important for Retention of Nuclear
Chromatin during Neuronal Migration. Proc. Natl. Acad. Sci. U S A. 110,
E1923-E1932. do0i:10.1073/pnas.1303916110

Karoutas, A., and Akhtar, A. (2021). Functional Mechanisms and Abnormalities of
the Nuclear Lamina. Nat. Cel Biol. 23, 116-126. doi:10.1038/s41556-020-
00630-5

Karoutas, A., Szymanski, W., Rausch, T., Guhathakurta, S., Rog-Zielinska, E. A.,
Peyronnet, R, et al. (2019). The NSL Complex Maintains Nuclear Architecture

Functional Regulation of Lamins

Stability via Lamin A/C Acetylation. Nat. Cel Biol. 21, 1248-1260. doi:10.1038/
541556-019-0397-z

Khanna, R., Krishnamoorthy, V., and Parnaik, V. K. (2018). E3 Ubiquitin Ligase
RNF 123 Targets Lamin Bl and Lamin-binding Proteins. FEBS ]. 285,
2243-2262. doi:10.1111/febs.14477

Kieran, M. W., Gordon, L., and Kleinman, M. (2007). New Approaches to Progeria.
Pediatrics 120, 834-841. doi:10.1542/peds.2007-1356

Kim, Y., and Zheng, Y. (2013). Generation and Characterization of a Conditional
Deletion Allele for Lmna in Mice. Biochem. Biophys. Res. Commun. 440, 8-13.
doi:10.1016/j.bbrc.2013.08.082

Kim, S. J., Yoo, B. C, Uhm, C.-S., and Lee, S.-W. (2011a). Posttranslational
Arginine Methylation of Lamin A/C during Myoblast Fusion. Biochim. Biophys.
Acta Proteins Proteomics 1814, 308-317. doi:10.1016/j.bbapap.2010.11.006

Kim, Y., Sharov, A. A, McDole, K., Cheng, M., Hao, H., Fan, C.-M,, et al. (2011b).
Mouse B-type Lamins Are Required for Proper Organogenesis but Not by
Embryonic Stem Cells. Science 334, 1706-1710. doi:10.1126/science.1211222

Kitten, G. T., and Nigg, E. A. (1991). The CaaX Motif Is Required for
Isoprenylation, Carboxyl Methylation, and Nuclear Membrane Association
of Lamin B2. J. Cel Biol. 113, 13-23. doi:10.1083/jcb.113.1.13

Kolb, T., Maass, K., Hergt, M., Aebi, U., and Herrmann, H. (2011). Lamin A and
Lamin C Form Homodimers and Coexist in Higher Complex Forms Both in the
Nucleoplasmic Fraction and in the Lamina of Cultured Human Cells. Nucleus 2,
425-433. doi:10.4161/nucl.2.5.17765

Kowluru, A. (2000). Evidence for the Carboxyl Methylation of Nuclear Lamin-B in
the Pancreatic B Cell. Biochem. Biophys. Res. Commun. 268, 249-254. doi:10.
1006/bbrc.2000.2107

Krishnamoorthy, V., Khanna, R., and Parnaik, V. K. (2018). E3 Ubiquitin Ligase
HECW?2 Targets PCNA and Lamin B1. Biochim. Biophys. Acta Mol. Cel Res.
1865, 1088-1104. doi:10.1016/j.bbamcr.2018.05.008

Laghmach, R,, Di Pierro, M., and Potoyan, D. A. (2020). Mesoscale Liquid Model of
Chromatin Recapitulates Nuclear Order of Eukaryotes. Biophys. J. 118,
2130-2140. doi:10.1016/j.bpj.2019.09.013

Laghmach, R., Di Pierro, M., and Potoyan, D. A. (2021). The Interplay of
Chromatin Phase Separation and Lamina Interactions in Nuclear
Organization. Biophys. J. 120, 5005-5017. doi:10.1016/j.bpj.2021.10.012

Lee, C.-P., Huang, Y.-H,, Lin, S.-F,, Chang, Y., Chang, Y.-H., Takada, K, et al.
(2008). Epstein-Barr Virus BGLF4 Kinase Induces Disassembly of the Nuclear
Lamina to Facilitate Virion Production. J. Virol. 82, 11913-11926. doi:10.1128/
jvi.01100-08

Lehner, C. F, Stick, R., Eppenberger, H. M., and Nigg, E. A. (1987). Differential
Expression of Nuclear Lamin Proteins during Chicken Development. J. Cel Biol.
105, 577-587. doi:10.1083/jcb.105.1.577

Leukel, M., and Jost, E. (1995). Two Conserved Serines in the Nuclear Localization
Signal Flanking Region Are Involved in the Nuclear Targeting of Human Lamin
A. Eur. ]. Cel Biol. 68, 133-142.

Li, Y., Jiang, X., Zhang, Y., Gao, Z,, Liu, Y., Hu, J, et al. (2019). Nuclear
Accumulation of UBC9 Contributes to SUMOylation of Lamin A/C and
Nucleophagy in Response to DNA Damage. J. Exp. Clin. Cancer Res. 38, 67.
doi:10.1186/s13046-019-1048-8

Li, Y., Li, M., Weigel, B., Mall, M., Werth, V. P, and Liu, M. L. (2020). Nuclear
Envelope Rupture and NET Formation Is Driven by PKCa-Mediated Lamin B
Disassembly. EMBO Rep. 21, e48779. doi:10.15252/embr.201948779

Lin, F,, and Worman, H. J. (1993). Structural Organization of the Human Gene
Encoding Nuclear Lamin A and Nuclear Lamin C. J. Biol. Chem. 268,
16321-16326. doi:10.1016/s0021-9258(19)85424-8

Lin, E. W,, Brady, G. F., Kwan, R,, Nesvizhskii, A. I, and Omary, M. B. (2020).
Genotype-phenotype Analysis of LMNA -related Diseases Predicts Phenotype-
selective Alterations in Lamin Phosphorylation. FASEB J. 34, 9051-9073.
doi:10.1096/1j.202000500r

Liu, S. Y., and Tkegami, K. (2020). Nuclear Lamin Phosphorylation: an Emerging
Role in Gene Regulation and Pathogenesis of Laminopathies. Nucleus 11,
299-314. doi:10.1080/19491034.2020.1832734

Liu, B, Wang, J., Chan, K. M., Tjia, W. M., Deng, W., Guan, X,, et al. (2005).
Genomic Instability in Laminopathy-Based Premature Aging. Nat. Med. 11,
780-785. doi:10.1038/nm1266

Liu, Q., Kim, D. L, Syme, J., LuValle, P., Burke, B., and Roux, K. J. (2010). Dynamics
of Lamin-A Processing Following Precursor Accumulation. PLoS One 5,
€10874. doi:10.1371/journal.pone.0010874

Frontiers in Cell and Developmental Biology | www.frontiersin.org

11

May 2022 | Volume 10 | Article 864191


https://doi.org/10.1073/pnas.1202529109
https://doi.org/10.1016/s0021-9258(17)32276-7
https://doi.org/10.1016/s0021-9258(17)32276-7
https://doi.org/10.1146/annurev-biochem-060614-034115
https://doi.org/10.1146/annurev-biochem-060614-034115
https://doi.org/10.1016/s0074-7696(03)01001-5
https://doi.org/10.1038/nrm1550
https://doi.org/10.1038/nprot.2010.117
https://doi.org/10.1038/nature06947
https://doi.org/10.1146/annurev-biochem-060608-102511
https://doi.org/10.1016/0092-8674(90)90470-y
https://doi.org/10.1016/0092-8674(90)90470-y
https://doi.org/10.1083/jcb.120.6.1293
https://doi.org/10.1242/jcs.087288
https://doi.org/10.1016/s0021-9258(18)53210-5
https://doi.org/10.1242/jcs.108.2.635
https://doi.org/10.1016/j.semcdb.2013.12.012
https://doi.org/10.1038/s41467-020-20839-0
https://doi.org/10.1038/s41467-020-20839-0
https://doi.org/10.1126/science.1238880
https://doi.org/10.1016/j.devcel.2020.02.011
https://doi.org/10.1073/pnas.1303916110
https://doi.org/10.1038/s41556-020-00630-5
https://doi.org/10.1038/s41556-020-00630-5
https://doi.org/10.1038/s41556-019-0397-z
https://doi.org/10.1038/s41556-019-0397-z
https://doi.org/10.1111/febs.14477
https://doi.org/10.1542/peds.2007-1356
https://doi.org/10.1016/j.bbrc.2013.08.082
https://doi.org/10.1016/j.bbapap.2010.11.006
https://doi.org/10.1126/science.1211222
https://doi.org/10.1083/jcb.113.1.13
https://doi.org/10.4161/nucl.2.5.17765
https://doi.org/10.1006/bbrc.2000.2107
https://doi.org/10.1006/bbrc.2000.2107
https://doi.org/10.1016/j.bbamcr.2018.05.008
https://doi.org/10.1016/j.bpj.2019.09.013
https://doi.org/10.1016/j.bpj.2021.10.012
https://doi.org/10.1128/jvi.01100-08
https://doi.org/10.1128/jvi.01100-08
https://doi.org/10.1083/jcb.105.1.577
https://doi.org/10.1186/s13046-019-1048-8
https://doi.org/10.15252/embr.201948779
https://doi.org/10.1016/s0021-9258(19)85424-8
https://doi.org/10.1096/fj.202000500r
https://doi.org/10.1080/19491034.2020.1832734
https://doi.org/10.1038/nm1266
https://doi.org/10.1371/journal.pone.0010874
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Zheng et al.

Liu, B., Ghosh, S., Yang, X, Zheng, H., Liu, X., Wang, Z,, et al. (2012). Resveratrol
Rescues SIRT1-dependent Adult Stem Cell Decline and Alleviates Progeroid
Features in Laminopathy-Based Progeria. Cel Metab. 16, 738-750. doi:10.1016/
j.cmet.2012.11.007

Lumpkin, R. J., Gu, H., Zhu, Y., Leonard, M., Ahmad, A. S., Clauser, K. R,, et al.
(2017). Site-specific Identification and Quantitation of Endogenous SUMO
Modifications under Native Conditions. Nat. Commun. 8, 1171. doi:10.1038/
541467-017-01271-3

Lund, E., and Collas, P. (2013). Nuclear Lamins. Nucleus 4, 424-430. doi:10.4161/
nucl.26865

Lundby, A., Lage, K., Weinert, B. T., Bekker-Jensen, D. B., Secher, A., Skovgaard, T.,
et al. (2012). Proteomic Analysis of Lysine Acetylation Sites in Rat Tissues
Reveals Organ Specificity and Subcellular Patterns. Cel Rep. 2, 419-431. doi:10.
1016/j.celrep.2012.07.006

Machiels, B. M., Henfling, M. E., Schutte, B., van Engeland, M., Broers, J. L., and
Ramaekers, F. C. (1996). Subcellular Localization of Proteasomes in Apoptotic
Lung Tumor Cells and Persistence as Compared to Intermediate Filaments.
Eur. J. Cel Biol. 70, 250-259.

Machowska, M., Piekarowicz, K., and Rzepecki, R. (2015). Regulation of Lamin
Properties and Functions: Does Phosphorylation Do it All? Open Biol. 5,
150094. doi:10.1098/rsob.150094

Mall, M., Walter, T., Gorjanéacz, M., Davidson, I. F., Nga Ly-Hartig, T. B., Ellenberg,
J., et al. (2012). Mitotic Lamin Disassembly Is Triggered by Lipid-Mediated
Signaling. J. Cel Biol. 198, 981-990. doi:10.1083/jcb.201205103

Maraldi, N. M., Capanni, C, Cenni, V., Fini, M., and Lattanzi, G. (2011).
Laminopathies and Lamin-Associated Signaling Pathways. J. Cel. Biochem.
112, 979-992. doi:10.1002/jcb.22992

Margalit, A., Vlcek, S., Gruenbaum, Y., and Foisner, R. (2005). Breaking and
Making of the Nuclear Envelope. J. Cel. Biochem. 95, 454-465. d0i:10.1002/jcb.
20433

Marschall, M., Marzi, A., Siepen, P. a. d., Kalmer, M., Auerochs, S., Lischka, P., et al.
(2005). Cellular P32 Recruits Cytomegalovirus Kinase pUL97 to Redistribute
the Nuclear Lamina. J. Biol. Chem. 280, 33357-33367. doi:10.1074/jbc.
m502672200

Mattoscio, D., Casadio, C., Miccolo, C., Maffini, F., Raimondi, A., Tacchetti, C.,
et al. (2017). Autophagy Regulates UBC9 Levels during Viral-Mediated
Tumorigenesis. Plos Pathog. 13, €1006262. doi:10.1371/journal.ppat.1006262

Melcer, S., Gruenbaum, Y., and Krohne, G. (2007). Invertebrate Lamins. Exp. Cel
Res. 313, 2157-2166. doi:10.1016/j.yexcr.2007.03.004

Milbradt, J., Hutterer, C., Bahsi, H., Wagner, S., Sonntag, E., Horn, A. H. C,, et al.
(2016). The Prolyl Isomerase Pinl Promotes the Herpesvirus-Induced
Phosphorylation-dependent Disassembly of the Nuclear Lamina Required
for Nucleocytoplasmic Egress. Plos Pathog. 12, €1005825. doi:10.1371/
journal.ppat.1005825

Misteli, T. (2021). Farnesyltransferase Inhibition in HGPS. Cell 184, 293. doi:10.
1016/j.cell.2020.12.029

Moiseeva, O., Lopes-Paciencia, S., Huot, G., Lessard, F., and Ferbeyre, G. (2016).
Permanent Farnesylation of Lamin A Mutants Linked to Progeria Impairs its
Phosphorylation at Serine 22 during Interphase. Aging 8, 366-381. doi:10.
18632/aging.100903

Mou, F., Forest, T., and Baines, J. D. (2007). U S 3 of Herpes Simplex Virus Type 1
Encodes a Promiscuous Protein Kinase that Phosphorylates and Alters
Localization of Lamin A/C in Infected Cells. J. Virol. 81, 6459-6470. doi:10.
1128/jvi.00380-07

Mou, F., Wills, E. G, Park, R., and Baines, J. D. (2008). Effects of Lamin A/C, Lamin
B1, and Viral U S 3 Kinase Activity on Viral Infectivity, Virion Egress, and the
Targeting of Herpes Simplex Virus U L 34-Encoded Protein to the Inner
Nuclear Membrane. J. Virol. 82, 8094-8104. doi:10.1128/jvi.00874-08

Muranyi, W., Haas, J., Wagner, M., Krohne, G., and Koszinowski, U. H. (2002).
Cytomegalovirus Recruitment of Cellular Kinases to Dissolve the Nuclear
Lamina. Science 297, 854-857. doi:10.1126/science.1071506

Murray, L. A., Sheng, X., and Cristea, I. M. (2018). Orchestration of Protein
Acetylation as a Toggle for Cellular Defense and Virus Replication. Nat.
Commun. 9, 4967. doi:10.1038/s41467-018-07179-w

Murray-Nerger, L. A, Justice, J. L., Rekapalli, P., Hutton, J. E., and Cristea, I. M.
(2021). Lamin B1 Acetylation Slows the G1 to S Cell Cycle Transition through
Inhibition of DNA Repair. Nucleic Acids Res. 49, 2044-2064. doi:10.1093/nar/
gkab019

Functional Regulation of Lamins

Naeem, A. S., Zhu, Y., Di, W. L., Marmirolj, S., and O’Shaughnessy, R. F. L. (2015).
AKT1-mediated Lamin A/C Degradation Is Required for Nuclear Degradation
and normal Epidermal Terminal Differentiation. Cell Death Differ. 22,
2123-2132. doi:10.1038/cdd.2015.62

Nakajima, N., and Abe, K. (1995). Genomic Structure of the Mouse A-type Lamin
Gene Locus Encoding Somatic and Germ Cell-specific Lamins. FEBS Lett. 365,
108-114. doi:10.1016/0014-5793(95)00453-g

Olaopa, M. A, Ai, T., Chao, B., Xiao, X., Vatta, M., and Habecker, B. A. (2021).
Phosphorylation of Lamin A/C at Serine 22 Modulates Nav 1.5 Function.
Physiol. Rep. 9, e15121. doi:10.14814/phy2.15121

Olsen, J. V., Blagoev, B., Gnad, F., Macek, B., Kumar, C., Mortensen, P., et al.
(2006). Global, In Vivo, and Site-specific Phosphorylation Dynamics in
Signaling Networks. Cell 127, 635-648. doi:10.1016/j.cell.2006.09.026

Osorio, F. G., Barcena, C., Soria-Valles, C., Ramsay, A. J., de Carlos, F., Cobo, J.,
etal. (2012). Nuclear Lamina Defects Cause ATM-dependent NF-kB Activation
and Link Accelerated Aging to a Systemic Inflammatory Response. Genes Dev.
26, 2311-2324. doi:10.1101/gad.197954.112

Park, R,, and Baines, J. D. (2006). Herpes Simplex Virus Type 1 Infection Induces
Activation and Recruitment of Protein Kinase C to the Nuclear Membrane and
Increased Phosphorylation of Lamin B. J. Virol. 80, 494-504. doi:10.1128/jvi.80.
1.494-504.2006

Parnaik, V. K, Chaturvedi, P, and Muralikrishna, B. (2011). Lamins,
Laminopathies and Disease Mechanisms: Possible Role for Proteasomal
Degradation of Key Regulatory Proteins. J. Biosci. 36, 471-479. d0i:10.1007/
$12038-011-9085-2

Parnaik, V. K. (2008). Role of Nuclear Lamins in Nuclear Organization, Cellular
Signaling, and Inherited Diseases. Int. Rev. Cel Mol. Biol. 266, 157-206. doi:10.
1016/s1937-6448(07)66004-3

Pendas, A. M., Zhou, Z., Cadifianos, J., Freije, J. M. P., Wang, J., Hultenby, K, et al.
(2002). Defective Prelamin A Processing and Muscular and Adipocyte
Alterations in Zmpste24 Metalloproteinase-Deficient Mice. Nat. Genet. 31,
94-99. doi:10.1038/ng871

Peric-Hupkes, D., Meuleman, W., Pagie, L., Bruggeman, S. W. M., Solovei, L,
Brugman, W, et al. (2010). Molecular Maps of the Reorganization of Genome-
Nuclear Lamina Interactions during Differentiation. Mol. Cel 38, 603-613.
doi:10.1016/j.molcel.2010.03.016

Peter, M., Nakagawa, J., Dorée, M., Labbé, J. C., and Nigg, E. A. (1990). In Vitro
disassembly of the Nuclear Lamina and M Phase-specific Phosphorylation
of Lamins by Cdc2 Kinase. Cell 61, 591-602. d0i:10.1016/0092-8674(90)
90471-p

Pickersgill, H., Kalverda, B., de Wit, E., Talhout, W., Fornerod, M., and van
Steensel, B. (2006). Characterization of the Drosophila melanogaster Genome at
the Nuclear Lamina. Nat. Genet. 38, 1005-1014. doi:10.1038/ng1852

Povlsen, L. K., Beli, P., Wagner, S. A., Poulsen, S. L., Sylvestersen, K. B., Poulsen,
J. W., et al. (2012). Systems-wide Analysis of Ubiquitylation Dynamics Reveals a
Key Role for PAF15 Ubiquitylation in DNA-Damage Bypass. Nat. Cel Biol. 14,
1089-1098. doi:10.1038/ncb2579

Prokocimer, M., Davidovich, M., Nissim-Rafinia, M., Wiesel-Motiuk, N., Bar, D.
Z., Barkan, R, et al. (2009). Nuclear Lamins: Key Regulators of Nuclear
Structure and Activities. J. Cel Mol. Med. 13, 1059-1085. doi:10.1111/j.1582-
4934.2008.00676.x

Rao, R. A, Ketkar, A. A,, Kedia, N., Krishnamoorthy, V. K., Lakshmanan, V.,
Kumar, P, et al. (2019). KMT1 Family Methyltransferases Regulate
Heterochromatin-Nuclear Periphery Tethering via Histone and Non-histone
Protein Methylation. EMBO Rep. 20, 43260. doi:10.15252/embr.201643260

Reynolds, N., McEvoy, E., Ghosh, S., Panadero Pérez, J. A., Neu, C. P., and
McGarry, P. (2021). Image-derived Modeling of Nucleus Strain Amplification
Associated with Chromatin Heterogeneity. Biophys. J. 120, 1323-1332. doi:10.
1016/j.bpj.2021.01.040

Rusinol, A. E., and Sinensky, M. S. (2006). Farnesylated Lamins, Progeroid
Syndromes and Farnesyl Transferase Inhibitors. J. Cel Sci. 119, 3265-3272.
doi:10.1242/jcs.03156

Schatten, G., Maul, G. G., Schatten, H., Chaly, N., Simerly, C., Balczon, R, et al.
(1985). Nuclear Lamins and Peripheral Nuclear Antigens during Fertilization
and Embryogenesis in Mice and Sea Urchins. Proc. Natl. Acad. Sci. U.S.A. 82,
4727-4731. doi:10.1073/pnas.82.14.4727

Sekhri, P., Tao, T., Kaplan, F., and Zhang, X.-D. (2015). Characterization of Amino
Acid Residues within the N-Terminal Region of Ubc9 that Play a Role in Ubc9

Frontiers in Cell and Developmental Biology | www.frontiersin.org

12

May 2022 | Volume 10 | Article 864191


https://doi.org/10.1016/j.cmet.2012.11.007
https://doi.org/10.1016/j.cmet.2012.11.007
https://doi.org/10.1038/s41467-017-01271-3
https://doi.org/10.1038/s41467-017-01271-3
https://doi.org/10.4161/nucl.26865
https://doi.org/10.4161/nucl.26865
https://doi.org/10.1016/j.celrep.2012.07.006
https://doi.org/10.1016/j.celrep.2012.07.006
https://doi.org/10.1098/rsob.150094
https://doi.org/10.1083/jcb.201205103
https://doi.org/10.1002/jcb.22992
https://doi.org/10.1002/jcb.20433
https://doi.org/10.1002/jcb.20433
https://doi.org/10.1074/jbc.m502672200
https://doi.org/10.1074/jbc.m502672200
https://doi.org/10.1371/journal.ppat.1006262
https://doi.org/10.1016/j.yexcr.2007.03.004
https://doi.org/10.1371/journal.ppat.1005825
https://doi.org/10.1371/journal.ppat.1005825
https://doi.org/10.1016/j.cell.2020.12.029
https://doi.org/10.1016/j.cell.2020.12.029
https://doi.org/10.18632/aging.100903
https://doi.org/10.18632/aging.100903
https://doi.org/10.1128/jvi.00380-07
https://doi.org/10.1128/jvi.00380-07
https://doi.org/10.1128/jvi.00874-08
https://doi.org/10.1126/science.1071506
https://doi.org/10.1038/s41467-018-07179-w
https://doi.org/10.1093/nar/gkab019
https://doi.org/10.1093/nar/gkab019
https://doi.org/10.1038/cdd.2015.62
https://doi.org/10.1016/0014-5793(95)00453-g
https://doi.org/10.14814/phy2.15121
https://doi.org/10.1016/j.cell.2006.09.026
https://doi.org/10.1101/gad.197954.112
https://doi.org/10.1128/jvi.80.1.494-504.2006
https://doi.org/10.1128/jvi.80.1.494-504.2006
https://doi.org/10.1007/s12038-011-9085-2
https://doi.org/10.1007/s12038-011-9085-2
https://doi.org/10.1016/s1937-6448(07)66004-3
https://doi.org/10.1016/s1937-6448(07)66004-3
https://doi.org/10.1038/ng871
https://doi.org/10.1016/j.molcel.2010.03.016
https://doi.org/10.1016/0092-8674(90)90471-p
https://doi.org/10.1016/0092-8674(90)90471-p
https://doi.org/10.1038/ng1852
https://doi.org/10.1038/ncb2579
https://doi.org/10.1111/j.1582-4934.2008.00676.x
https://doi.org/10.1111/j.1582-4934.2008.00676.x
https://doi.org/10.15252/embr.201643260
https://doi.org/10.1016/j.bpj.2021.01.040
https://doi.org/10.1016/j.bpj.2021.01.040
https://doi.org/10.1242/jcs.03156
https://doi.org/10.1073/pnas.82.14.4727
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Zheng et al.

Nuclear Localization. Biochem. Biophys. Res. Commun. 458, 128-133. doi:10.
1016/j.bbrc.2015.01.081

Simon, D. N., and Wilson, K. L. (2013). Partners and post-translational
Modifications of Nuclear Lamins. Chromosoma 122, 13-31. doi:10.1007/
s00412-013-0399-8

Simon, D. N., Wriston, A., Fan, Q., Shabanowitz, J., Florwick, A., Dharmaraj, T.,
et al. (2018). OGT (O-GlcNAc Transferase) Selectively Modifies Multiple
Residues Unique to Lamin A. Cells 7, 44. doi:10.3390/cells7050044

Smallwood, D. T., and Shackleton, S. (2010). Lamin A-Linked Progerias: Is
Farnesylation the Be All and End All? Biochem. Soc. Trans. 38, 281-286.
doi:10.1042/bst0380281

Snider, N. T., and Omary, M. B. (2014). Post-translational Modifications of
Intermediate Filament Proteins: Mechanisms and Functions. Nat. Rev. Mol.
Cel Biol. 15, 163-177. doi:10.1038/nrm3753

Speese, S. D., Ashley, J., Jokhi, V., Nunnari, J., Barria, R., Li, Y., et al. (2012). Nuclear
Envelope Budding Enables Large Ribonucleoprotein Particle export during
Synaptic Wnt Signaling. Cell 149, 832-846. doi:10.1016/j.cell.2012.03.032

Swift, J., Ivanovska, I. L., Buxboim, A., Harada, T., Dingal, P. C. D. P,, Pinter, J.,
et al. (2013). Nuclear Lamin-A Scales with Tissue Stiffness and Enhances
Matrix-Directed Differentiation. Science 341, 1240104. doi:10.1126/science.
1240104

Thompson, L. ], and Fields, A. P. (1996). BII Protein Kinase C Is Required for the
G2/M Phase Transition of Cell Cycle. J. Biol. Chem. 271, 15045-15053. doi:10.
1074/jbc.271.25.15045

Tsai, C.-F., Wang, Y.-T., Yen, H.-Y., Tsou, C.-C., Ku, W.-C,, Lin, P.-Y., et al. (2015).
Large-scale Determination of Absolute Phosphorylation Stoichiometries in
Human Cells by Motif-Targeting Quantitative Proteomics. Nat. Commun. 6,
6622. doi:10.1038/ncomms7622

van Steensel, B., and Belmont, A. S. (2017). Lamina-Associated Domains: Links
with Chromosome Architecture, Heterochromatin, and Gene Repression. Cell
169, 780-791. doi:10.1016/j.cell.2017.04.022

Varela, I, Cadinanos, J., Pendas, A. M., Gutiérrez-Fernédndez, A., Folgueras, A. R.,
Sanchez, L. M., et al. (2005). Accelerated Ageing in Mice Deficient in Zmpste24
Protease Is Linked to P53 Signalling Activation. Nature 437, 564-568. doi:10.
1038/nature04019

Velez-Aguilera, G., Nkombo Nkoula, S., Ossareh-Nazari, B., Link, J., Paouneskou,
D., Van Hove, L., et al. (2020). PLK-1 Promotes the Merger of the Parental
Genome into a Single Nucleus by Triggering Lamina Disassembly. Elife 9,
€59510. doi:10.7554/eLife.59510

Vorburger, K., Kitten, G. T., and Nigg, E. A. (1989). Modification of Nuclear Lamin
Proteins by a Mevalonic Acid Derivative Occurs in Reticulocyte Lysates and
Requires the Cysteine Residue of the C-Terminal CXXM Motif. EMBO J. 8,
4007-4013. doi:10.1002/j.1460-2075.1989.tb08583.x

Wagner, S. A., Beli, P., Weinert, B. T., Nielsen, M. L., Cox, J., Mann, M., et al.
(2011). A Proteome-wide, Quantitative Survey of In Vivo Ubiquitylation Sites
Reveals Widespread Regulatory Roles. Mol. Cel Proteomics 10, M111.013284.
doi:10.1074/mcp.M111.013284

Wang, C.-Y., and She, J.-X. (2008). SUMO4 and its Role in Type 1 Diabetes
Pathogenesis. Diabetes Metab. Res. Rev. 24, 93-102. doi:10.1002/dmrr.797

Wang, Y, Ostlund, C., and Worman, H. (2010). Blocking Protein Farnesylation
Improves Nuclear Shape Abnormalities in Keratinocytes of Mice Expressing the
Prelamin A Variant in Hutchinson-Gilford Progeria Syndrome. Nucleus 1,
432-439. doi:10.4161/nucl.1.5.12972

Wang, S., Huang, X., Sun, D,, Xin, X, Pan, Q,, Peng, S, et al. (2012). Extensive
Crosstalk between O-GlcNAcylation and Phosphorylation Regulates Akt
Signaling. PLoS One 7, e37427. doi:10.1371/journal.pone.0037427

Functional Regulation of Lamins

Wang, T., Du, Q., Niu, Y., Zhang, X., Wang, Z., Wu, X,, et al. (2019). Cellular P32 Is
a Critical Regulator of Porcine Circovirus Type 2 Nuclear Egress. J. Virol. 93,
€00979-19. doi:10.1128/JV1.00979-19

Weinert, B. T., Narita, T., Satpathy, S., Srinivasan, B., Hansen, B. K., Schélz, C.,
et al. (2018). Time-Resolved Analysis Reveals Rapid Dynamics and Broad
Scope of the CBP/p300 Acetylome. Cell 174, 231-244. doi:10.1016/j.cell.
2018.04.033

Wong, X, and Stewart, C. L. (2020). The Laminopathies and the Insights They
Provide into the Structural and Functional Organization of the Nucleus. Annu.
Rev. Genom. Hum. Genet. 21, 263-288. doi:10.1146/annurev-genom-121219-
083616

Worman, H. J., and Bonne, G. (2007). "Laminopathies”: A Wide Spectrum of
Human Diseases. Exp. Cel Res. 313,2121-2133. doi:10.1016/j.yexcr.2007.03.028

Wu, S, Pan, S., Zhang, L., Baines, J., Roller, R., Ames, J., et al. (2016). Herpes
Simplex Virus 1 Induces Phosphorylation and Reorganization of Lamin A/C
through the y 1 34.5 Protein that Facilitates Nuclear Egress. J. Virol. 90,
10414-10422. doi:10.1128/jvi.01392-16

Yang, S. H., Bergo, M. O., Toth, J. I, Qiao, X., Hu, Y., Sandoval, S., et al. (2005).
Blocking Protein Farnesyltransferase Improves Nuclear Blebbing in Mouse
Fibroblasts with a Targeted Hutchinson-Gilford Progeria Syndrome
Mutation. Proc. Natl. Acad. Sci. U.S.A. 102, 10291-10296. doi:10.1073/
pnas.0504641102

Young, S. G, Fong, L. G, and Michaelis, S. (2005). Thematic Review Series: Lipid
Posttranslational Modifications. Prelamin A, Zmpste24, Misshapen Cell Nuclei,
and Progeria-New Evidence Suggesting that Protein Farnesylation Could Be
Important for Disease Pathogenesis. J. Lipid Res. 46, 2531-2558. doi:10.1194/jlr.
r500011-1r200

Zhang, Y.-Q., and Sarge, K. D. (2008). Sumoylation Regulates Lamin A Function
and Is Lost in Lamin A Mutants Associated with Familial Cardiomyopathies.
J. Cel Biol. 182, 35-39. doi:10.1083/jcb.200712124

Zhao, S., Xu, W, Jiang, W., Yu, W,, Lin, Y., Zhang, T., et al. (2010). Regulation of
Cellular Metabolism by Protein Lysine Acetylation. Science 327, 1000-1004.
doi:10.1126/science.1179689

Zheng, X., Hu, J., Yue, S., Kristiani, L., Kim, M., Sauria, M., et al. (2018). Lamins
Organize the Global Three-Dimensional Genome from the Nuclear Periphery.
Mol. Cel 71, 802-815. doi:10.1016/j.molcel.2018.05.017

Zhong, N., Radu, G., Ju, W., and Brown, W. T. (2005). Novel Progerin-Interactive
Partner Proteins hnRNP E1, EGF, Mel 18, and UBC9 Interact with Lamin A/C.
Biochem. Biophys. Res. Commun. 338, 855-861. doi:10.1016/j.bbrc.2005.10.020

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors, and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Zheng, Jin and Zhou. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org

13

May 2022 | Volume 10 | Article 864191


https://doi.org/10.1016/j.bbrc.2015.01.081
https://doi.org/10.1016/j.bbrc.2015.01.081
https://doi.org/10.1007/s00412-013-0399-8
https://doi.org/10.1007/s00412-013-0399-8
https://doi.org/10.3390/cells7050044
https://doi.org/10.1042/bst0380281
https://doi.org/10.1038/nrm3753
https://doi.org/10.1016/j.cell.2012.03.032
https://doi.org/10.1126/science.1240104
https://doi.org/10.1126/science.1240104
https://doi.org/10.1074/jbc.271.25.15045
https://doi.org/10.1074/jbc.271.25.15045
https://doi.org/10.1038/ncomms7622
https://doi.org/10.1016/j.cell.2017.04.022
https://doi.org/10.1038/nature04019
https://doi.org/10.1038/nature04019
https://doi.org/10.7554/eLife.59510
https://doi.org/10.1002/j.1460-2075.1989.tb08583.x
https://doi.org/10.1074/mcp.M111.013284
https://doi.org/10.1002/dmrr.797
https://doi.org/10.4161/nucl.1.5.12972
https://doi.org/10.1371/journal.pone.0037427
https://doi.org/10.1128/JVI.00979-19
https://doi.org/10.1016/j.cell.2018.04.033
https://doi.org/10.1016/j.cell.2018.04.033
https://doi.org/10.1146/annurev-genom-121219-083616
https://doi.org/10.1146/annurev-genom-121219-083616
https://doi.org/10.1016/j.yexcr.2007.03.028
https://doi.org/10.1128/jvi.01392-16
https://doi.org/10.1073/pnas.0504641102
https://doi.org/10.1073/pnas.0504641102
https://doi.org/10.1194/jlr.r500011-jlr200
https://doi.org/10.1194/jlr.r500011-jlr200
https://doi.org/10.1083/jcb.200712124
https://doi.org/10.1126/science.1179689
https://doi.org/10.1016/j.molcel.2018.05.017
https://doi.org/10.1016/j.bbrc.2005.10.020
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	Post-Translational Modification of Lamins: Mechanisms and Functions
	Introduction
	Post-Translational Modifications of Lamins
	Farnesylation and the Maturation of Lamins

	Phosphorylation: Multifunctional Post-Translational Modifications
	Phosphorylation and Cell Cycle Regulation
	Phosphorylation and Laminopathies
	Phosphorylation and Viral Infection
	Phosphorylation and Development

	Acetylation and the Stability of Lamins
	SUMOylation: A Conserved Post-Translational Modification
	Other Post-Translational Modifications: Methylation, Ubiquitination, and O-GlcNAcylation
	Lamin Post-Translational Modifications: Promising Biomarkers and Targets of Laminopathies
	Conclusion and Future Perspective
	Author Contributions
	Acknowledgments
	References


