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Interconnected functional strategies govern chromatin
dynamicsin eukaryoticcells.In this context, Aand B type lamins,
the nuclear intermediate filaments, act on diverse platforms
involved in tissue homeostasis. On the nuclear side, lamins
elicit large scale or fine chromatin conformational changes,
affect DNA damage response factors and transcription factor
shuttling. On the cytoplasmic side, bridging-molecules, the
LINC complex, associate with lamins to coordinate chromatin
dynamics with cytoskeleton and extra-cellular signals.

Consistent with such a fine tuning, lamin mutations
and/or defects in their expression or post-translational
processing, as well as mutations in lamin partner genes, cause
a heterogeneous group of diseases known as laminopathies.
They include muscular dystrophies, cardiomyopathy,
lipodystrophies, neuropathies, and progeroid syndromes. The
study of chromatin dynamics under pathological conditions,
which is summarized in this review, is shedding light on
the complex and fascinating role of the nuclear lamina in
chromatin regulation.

Lamins and Their Post-Translational Modifications

Lamins are type V intermediate filament proteins located
in the nuclear lamina, beneath the inner nuclear membrane.
Lamin A and C are the major splicing products of the LMNA
gene, which also encodes lamin C2 and lamin A delta 10 and it is
located on chromosome 1.! Lamin Bl is encoded by LMNBI gene
located on chromosome 5, while lamin B2 and B3 are alternative
splicing products of LMNB2 gene on chromosome 19.% Lamin
A and B type lamins are transcribed as precursor proteins that
undergo cysteine farnesylation at their C-terminal CaaX box,
aaX cleavage by the endoprotease ZMPSTE24 (prelamin A) or
RCEL! (prelamin B and in some instances prelamin A), carboxy-
methylation by the methyltransferase Icmt. Prelamin A is also
subjected to a second cleavage step by ZMPSTE24, leading to
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release of a 15 aminoacids C-terminal peptide and mature lamin
A (Fig. 1). Thus, B type lamins remain permanently farnesylated,
whilelamin A is devoid of the farnesylated and carboxymethylated
C-terminus.*> Lamin A processing (Fig. 1) is very efficient, so
that prelamin A is almost undetectable in normal cells, but it
is accumulated under particular conditions including stress,*”
organism aging,” and senescence® or differentiation of some cell
types.>” The role of lamin post-translational processing is not
completely elucidated. It has been proposed that the farnesylation
state avoids formation of mixed networks of A and B type
lamins' and ensures lamin B1 anchorage to the nuclear envelope.
Although prelamin A and lamin B maintain localization at the
nuclear rim even in their non-farnesylated form," farnesylation
clearly influences the interaction of lamins with chromatin and
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chromatin-associated proteins and protein localization.

For instance, farnesylated prelamin A selectively interacts with
NARF and SUNL,’ while fails to bind HPlalpha."* Moreover,
non-farnesylated prelamin A recruits LAP2alpha,'? HPlalpha,
and BAF into nuclear foci,’*" thus potentially influencing
chromatin remodeling. Defects in prelamin A processing and
accumulation of prelamin A forms are the cause of progeroid
laminopathies and ZAMNA-linked lipodystrophies' (Fig. 1). Of
note, Hutchinson-Gilford Progeria (HGPS) cells accumulate
an alternatively spliced form of prelamin A known as progerin
(Fig. 1), which lacks 50 aminoacids at its C-terminus, including
the second ZMPSTE24 cleavage site, and is permanently
farnesylated (Fig. 1).

LaminA/CandB typelaminsarealso phosphorylated atdiverse
serine and threonine residues in both interphase” and mitotic
cells.”?*#* Lamins phosphorylation in mitosis favors nuclear
envelope breakdown, while complex and not fully elucidated
roles of lamin phosphorylation are observed in interphase cells.”
Importantly, lamin B phosphorylation has been proposed to
regulate lamina attachment to MARs (matrix attachment
regions, DNA sequences that help generate an open chromatin
domain),” while phosphorylation of lamin A and prelamin A in
interphase cells” regulates several pathways, including protein
degradation” and chromatin binding. Interaction of lamins
with chromatin, regulated through phosphorylation at specific
sites, has been demonstrated for lamin C and lamin Dm0,'*** as
well as for LBR and lamin B.! Specific interplay between lamins
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Figure 1. LMNA splicing products involved in diseases and prelamin A forms accumulated in laminopathies. (A) Genomic organization and protein
domain structure of the LMNA splicing products involved in laminopathies: prelamin A, progerin, and lamin C. (B) Prelamin A processing steps. The four
different prelamin A forms are represented. Below each prelamin A processing intermediate structure, the disease(s) showing accumulation of that form
are indicated in parentheses. The processing steps of progerin seem to be the same as for prelamin A and are not represented in this scheme. Question

and gene promoter sequences depending on the phosphorylation
status has been further reported” and implicated in tissue
differentiation. Finally, phosphorylation by the kinase AKT1
targets non-farnesylated prelamin A to lysosomal degradation
mostly in G2, thus providing a fine tool to modulate prelamin A
levels during the cell cycle.?!

Lamins undergo sumoylation at known residues® and this
post-translational modification is disrupted by laminopathy-
causing mutations. Although the relevance of lamin A
sumoylation has been elusive, it has been proposed that loss
of sumoylated residues®® as in cardiomyopathy” and Familial
Partial Lipodystrophy (FPLD2) might impair binding of partner
proteins, such as the transcription factor SREBP1 that should
regulate chromatin activity.?’

Importantly, all of the known post-translational modifications
of A and B type lamins are dynamically regulated during cell
cycle, cellular differentiation, and aging"*?' and confer to the
nuclear lamina an impressive plasticity and an unexpected role
of “signal transmitter” from the cytoskeleton to chromatin and
back.?®%

Mechanisms of Chromatin Regulation
Chromatin regulation in eukaryotes occurs through complex

and interconnected mechanisms that ensure hetereochromatin
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maintenance and compartimentalization of chromosome
domains, DNA damage response and genome stability, chromatin
conformational changes before and after mitosis, gene silencing
and transcriptional activation, and chromatin remodeling at
specific promoters. In this paper, we refer to these events as awhole
using the term “chromatin dynamics.” Chromatin dynamics
involves a number of protein families including epigenetic
enzymes, DNA repair factors, heterochromatin proteins,
ATPases, and even nuclear actin. Moreover, transcription factors
and transcriptional regulators need to be specifically targeted to
sequences after nuclear import to elicit remodeling of chromatin.
Although lamins have been involved in almost all the above-
mentioned processes, three main functions of lamins in chromatin
regulation have been described: modulation and maintenance
of heterochromatin domains, recruitment of the DNA damage
response machinery, and transcription factor binding. These and
new proposed functions of lamins in chromatin dynamics will be
discussed in the next paragraph.

Why Chromatin Needs Lamins

3% through interaction with

Lamins regulate heterochromatin
diverse chromatin-binding factors (Fig. 2) including histone
methyltransferases such as Suv39HI, histones such as H2, H3,

and H4,** the heterochromatin proteins HPlalpha® and B,
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Figure 2. Known and Predicted nuclear lamina-chromatin networks. (A) The group of nuclear envelope proteins is shown in the left end corner.
Chromatin-associated proteins are shown in the right upper corner. (B) The group of nuclear envelope proteins is shown in the left end corner.
Transcription factors and transcriptional regulators are shown in the right upper corner. The gene name is reported in most cases. Light gray lines
indicate co-occurrence. The graphs have been obtained using String 9.1 application (http://string-db.org/).

bridging proteins such as LAP2alpha and BAF, which in turn
bind nucleosomal proteins. The lamin A/C and prelamin A
binding partner LAP2alpha associates with the nucleosomal
protein  HMGN5 within a protein platform that should
regulate chromatin mobility and the degree of heterochromatin
condensation.’? HP1 interaction with lamins is required for

heterochromatin anchorage at the end of mitosis,”

another key
role of lamins in chromatin dynamics.

The interaction between lamins and chromatin is complex
and also involves lamin interplay with proteins of the nuclear
membrane, including the lamin B receptor (LBR), LAP2beta,*
emerin," BAF,"” and SUN proteins,"” which in turn interact with
chromatin partners.*** The interplay between lamins and their
nuclear envelope partners is relevant to the timing and specificity
of chromatin regulation processes. A key role has been described
for emerin, which interacts with histone deacetylase 3 (HDAC3)
and influences its activity, specifically targeting muscle genes
during myogenesis.”” An extensive study®® has recently reported
that lamin A/C and LBR, through interaction with their
respective nuclear envelope and nuclear matrix partners, regulate
location of heterochromatin domains depending on extracellular
stimuli and differentially affect expression of the same group of
genes at different stages of muscle precursors differentiation.

In the same paper’® a major role of lamin A/C and LBR in
heterochromatin tethering is unraveled. The authors show that
in cells that do not express LBR or lamin A/C, heterochromatin
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is located at the nuclear interior and euchromatin is tethered at
the nuclear periphery. This unconventional pattern of chromatin
organization is found in the retina rods of nocturnal mammals
and can be reproduced by experimental knockdown of both LBR
and lamin A/C in other cell types. Importantly, expression of LBR
is sufficient to tether heterochromatin at the nuclear periphery,
while lamin A/C expression does not ensure heterochromatin
anchorage unless LBR or other LZMNA partners are expressed.®
Thus, a hierarchical function of nuclear envelope components
to regulate heterochromatin domains is being unraveled, yet not
completely understood.

The bulk of chromatin associated with lamins has been defined
as LADs, after Lamina-Associated chromatin Domains.*® LADs
are highly conserved gene-poor chromosome domains, which
include around 40 percent of the human genome and associate
with the nuclear periphery in a stochastic way.*” These domains
have been identified by a specific labeling technique to mark and
trace chromatin that contacts the nuclear lamina.®® In LADs,
lamin B and lamin A play similar roles, yet not fully elucidated.?
However, a major remodeling of LADs has been recently reported
in cellular senescence and it has been linked to downregulation of
lamin B1,* suggesting a key role of lamins in the recruitment and
release of those chromatin domains during aging. Perinucleolar
heterochromatin has been defined as NADs,* after Nucleolus-
Associated Domains. The LADs and NADs sequences are mobile
and are relocated upon appropriate stimuli,** depending on levels
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of lamin BI, lamin B2, and/or BAF, although location of genes
in the perinucleolar area appears to be mostly dependent on
BAF and lamin A.** Importantly, LADs and NADs are flanked
by insulator sequences such as CTCF** and D4Z74,* which
tethers chromatin domains at the nuclear periphery in a lamin
A-dependent way.® Noteworthy, D4Z4 macrosatellite repeats
number is affected in facioscapulohumeral muscular dystrophy
(FSHD),* leading to derepression of transcriptional regulators
through epigenetic modifications of DNA and histones.* An
interesting hypothesis suggests that LADs and NADs are not
merely structured chromosome domains, but are dynamic
domains aimed at maintenance of a default setting in nuclei.
Such a default setting may vary from one cell type to another and
even under different developmental or metabolic conditions®
and disruption of the mechanism is likely to be involved in
several diseases.

Prelamin A plays a major role in chromatin dynamics.!* The
role of prelamin A in heterochromatin anchorage is associated
with its ability to bind the heterochromatin protein HPI,
LAP2alpha,'? and BAF. BAF is recruited to the nuclear envelope
in a prelamin A-dependent way® and, in turn, influences specific
histone modifications leading to different degree of chromatin
condensation.** Importantly, prelamin A binding to HPlalpha
involves LAP2alpha and it is lost when prelamin A undergoes
farnesylation.”? This specificity might have a functional role
in normal human muscle cells that accumulate farnesylated
prelamin A upon myogenic commitment.” In fact, release of
HPlalpha from the prelamin A-LAP2alpha complex, which
has been detected in differentiating myoblasts,® is expected to
influence chromatin arrangement and gene transcription.®

However, it is widely accepted that accumulation of prelamin
A causes reorganization of heterochromatin domains under
both physiological'>'*" and pathological conditions**' and it
is becoming increasingly evident a major role of prelamin A in
nuclear events regulating normal aging.®”

Moreover, lamins have been shown to play a role in the
anchorage of factors involved in the DNA damage response. In
particular, a major role is exerted by lamins in the recruitment
of 53BP1 in the nucleus and proper localization of 53BP1 foci in
cells subjected to oxidative stress. Recruitment of 53BP1 in the
nucleus and protein stability rely on lamin A% and prelamin A’
and favors DNA double-strand breaks repair by non-homologous
end joining. Consistent with this role, loss of A-type lamins
hinders the processing of dysfunctional telomeres by non-
homologous end joining.”® It has been further reported that
lamin B1 anchors proteins involved in nucleotide excision repair
(NER), including PCNA.>* PCNA recruitment in nuclei occurs
through lamin A Ig-fold interaction,” so that both LMNA and
LMNBI integrity appear to be required for proper anchorage of
the DNA processivity factor. Importantly, a group of DNA repair
proteins in UV damaged cells are disrupted following lamin
B1 loss,”® indicating that lamins maintain a complex platform
required for genome integrity.

In addition, lamins play an indirect role in chromatin
dynamics due to their ability to anchor transcription factors at
the nuclear periphery thus regulating their nuclear import. This
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has been shown for SREBPI, Spl, and Oct-1, which interact
with prelamin A***® and for pRb, Mok2, and cFos, which bind
mature lamin A or lamin C.>% Also lamin Bl is able to recruit
the transcription factor Oct-1 to the nuclear envelope.®®* Most
of these interactions elicit an inhibitory effect on gene activity,
indicating the nuclear envelope as a gate or a resting place for
transcriptional regulators.’®®*¢* As expected, disruption or
accumulation of nuclear lamina proteins leads to mislocalization
and altered dynamics of these transcriptional regulators,’®>%¢
detailed below.

However, although a sequence-specific effect of lamin

as

mutations has been recently demonstrated,® the bulk of available
data suggest that lamins act as wide-scale regulators of chromatin

dynamics and organization.'>3>¢

Lamin-Dependent Chromatin Dynamics
during Stem Cell Differentiation

The LMNAgeneis notexpressed at the early stages of embryonic
development, while B type lamins appear to be constitutively
expressed.! Although recent studies have detected a small amount
of lamin A in pluripotent mouse embryonic stem cells® and
lamin B has been shown to be dispensable for development of
some cell types,* this general rule can still be accepted. However,
it has been demonstrated that no lamin type is required for self-
renewal and differentiation of embryonic stem cells (ESCs),”
while lamin B binding to promoters of developmentally regulated
genes increases after ESCs differentiation.” This observation and
the finding that both lamin B1 and B2 are required for neuronal
migration during mouse brain development support the view
that B type lamins have evolved to facilitate the integration of
different cell types into the complex tissues found in animals.”"”?
In this context, both A and B type lamins seem to coordinate
the chromatin transcriptional status with the nuclear and cell
movement, an intriguing hypothesis that is gaining evidence

71,72

from these’"’? and other studies.'® Despite these considerations,

lamins are involved in chromatin dynamics even in ESCs.””?
Stem cells that lack lamin A/C are characterized by chromatin
fluctuations’® and the epigenetic markers of heterochromatin
such as trimethylated H3K9 are generally reduced. Transient
transfection of lamins into stem cells, providing stiffness to
the nuclear envelope and interaction with specific chromatin
domains, elicits reduction of the fluctuations.” Recent studies
have confirmed that lamins are physiologically required for the
rearrangement of chromatin in the initial steps of development
in order to induce proper cell maturation.” In particular, ectopic
expression of LMNA gene influences histone dynamics and
contributes to formation of heterochromatin domains, while
absence of lamin A/C causes hypermobility of histones and loss
of heterochromatin with final impairment of differentiation
marker expression.”® Along this line, non-functional lamins, such
as progerin, alter chromatin dynamics in fibroblasts, but do not
affect iPS. For instance, HGPS-derived iPS$ reacquired expression
of HPlalpha and HDACI and trimethylation of H3K9, which

were dramatically reduced in skin fibroblasts.”>””
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In agreement with the latter observation, a major role of lamins
and particularly of lamin A has been restricted to differentiation
of adult stem cells.”® In that context, chromatin remodeling
occurs to activate cell type-specific genes and silence genes linked
to proliferation and multipotency. This process is governed by
lamin-triggered epigenetic modifications through recruitment of
histone deacetylases and methyltransferases and interaction with
LEM domain proteins such as LAP2alpha, BAF, and emerin.

A key feature of differentiating cells is cytoskeleton
reorganization. Mechano-transduction requires lamin function
to propagate extracellular stimuli to the nuclear compartment
as demonstrated by lamin knockdown and impairment of gene
transcriptional activation.””®® This process is likely mediated by
theactivity of histone deacetylases (HDAC:) that, following lamin
signaling, induce the modification of chromatin organization to
promote gene expression.®

An additional mechanism of chromatin regulation through
lamins during cellular differentiation is transcription factor
anchorage. In fact, SREBP1 translocation in differentiating pre-
adipocytes is regulated through lamin A or prelamin A binding
at the nuclear periphery, while 3-catenin export from the nucleus
during adipogenesis is regulated by lamin-emerin interaction.®!
Moreover, interaction of lamin A/C with pRb regulates cell cycle
exit required to initiate cellular differentiation.”

Of note, lamin-dependent regulation of chromatin activity
relies also on the fact that the expression of lamins and
their functional partners is regulated in differentiating cells.
For instance, lamin A/C, prelamin A, emerin, SUNI, and
LAP2alpha expression and nuclear recruitment are modulated
in differentiating muscle cells and/or during regeneration,®”#2-%4
thus representing a dynamic platform for chromatin interaction.

The whole evaluation of the available data suggests that lamin-
mediated modulation of chromatin is primarily involved in the
tissue homeostasis.

Lamin-Dependent Chromatin Dynamics
during Aging

Heterochromatin remodeling has been reported to occur
during cellular senescence. Partially contrasting data have been
published showing either formation of senescence associated
heterochromatin foci or loss of heterochromatin during the aging
process.® A recent paper recapitulates both proposed mechanisms
by showing that peripheral heterochromatin domains are
redistributed in aging cells leading to global loss of condensed
chromatin and formation of some heterochromatic foci at the
nuclear interior. Downregulation of lamin B1 has been involved in
this phenomenon, since reduction of lamin B1 levels in senescent
cells leads to LADs release and re-localization.”! More recently,
it has been shown that, in cells from very old individuals (aged
95-105 years), accumulation of prelamin A at sub-toxic levels
elicits heterochromatin decondensation and recruitment of DNA
repair factors ensuring prompt response to stress.” The main factor
recruited by prelamin A in centenarian fibroblasts is the DNA
repair protein 53BP1, which is involved in non-homologous end
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joining (NHE]).” It is suggested that a low energy mechanism
such as NHE] allows cells from very old individuals to efficiently
repair damaged DNA under conditions of caloric restriction.
This condition is mimicked by rapamycin, a drug known to

increase lifespan in mouse models.”*

Importantly, transient
accumulation of prelamin A has been observed under oxidative
stress conditions. Prelamin A accumulation facilitates recruitment
of 53BP1 and elicits an open chromatin conformation, ultimately
accelerating DNA repair.” The overall evaluation of these data
suggests that very old individuals have developed a prelamin
A-mediated mechanism to counteract repeated stress insults
during aging and preserve genome integrity. Thus, at least lamin
86,87 7,88 play a
role in chromatin remodeling linked to stress response and aging.

Bl downregulation®*® and prelamin A accumulation
However, lamin Bl accumulation has been also observed in cells
subjected to oxidative stress and entering senescence.®” Further,
SUNT recruitment at the nuclear envelope in centenarian cells has
been observed.” As a whole, nuclear envelope/lamina remodeling
appears to play a major role in stress response and cellular and
organism senescence. In this context, the nuclear envelope acts
as a sensor of stress conditions and favors chromatin dynamics
(heterochromatin decondensation, recruitment of 53BP1, rapid
repair of damaged DNA) aimed at cell survival and genome
maintenance. Nevertheless, exacerbation of lamina remodeling
as it occurs in progeroid laminopathies elicits opposite and
deleterious effects, as detailed below.

Lamin-Dependent Chromatin Dynamics
under Pathological Conditions

Laminopathies include three main groups of diseases:
muscular laminopathies, lipodystrophies, and developmental-
progeroid syndromes. Although laminopathies may be caused
by LMNA mutations or by mutations in functional partners
of lamin A/C, all the so far investigated diseases share defects
in chromatin organization and/or dynamics pointing to a
major pathogenetic mechanism caused by loss of chromatin
functionality. 0903

An early observation in laminopathic cells was the presence
of a percentage of misshapen nuclei (Fig. 3) and the so-called
honeycomb structures.”®?> These structures are areas devoid of
B type lamins and accumulating lamin A/C* and LAP2alpha.
Lamin A/C and emerin assume a honeycomb appearance at
these areas, which are often located at one pole of the nucleus.
Underneath the nuclear lamina, chromatin is dispersed, again
assuming a honeycomb appearance. It is suggested that formation
of these structures is related to altered protein-protein interplay
at the nuclear envelope during post-mitotic reconstitution of
the nucleus.”™”” In support of this, we demonstrated that lack of
emerin as in EDMDI fibroblasts causes honeycomb formation
and blebbing in nuclei upon overexpression of prelamin A, thus
showing that altered prelamin A-emerin interplay either due to
lamin mutations or to emerin absence is the cause of nuclear
dysmorphism."* The hypothesis that these events derive from
failure of mutated lamins to interact at the beginning of G1 phase is
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Figure 3. Altered nuclear shape in laminopathies. Representative
control, EDMD2, FPLD2, and RD nuclei labeled using anti-lamin A/C
antibody (Santa Cruz Sc-6215) are shown in the upper rows, OCT-1
(Santa-Cruz) and farnesylated prelamin A staining (Diatheva 1188-2) of
a MADA and HGPS nucleus, respectively, are shown in the lower row.
Honeycomb structures, characteristic of EDMD2 (and EDMD1) nuclei
are also observed in FPLD2 and MADA (arrows). Lamin A/C aggregates
(also labeled by SUN1 and prelamin A) are observed in FPLD2 and
MADA (arrowheads), nucler envelope blebs (asterisk) are found in most
laminopathies. Bar, 10 um

supported by the observed persistence of mid-body and its altered
composition in laminopathic cells.”*%

The first involvement of lamin-chromatin interplay in the
pathogenesis of laminopathies” came from observation that
mutations in lamins or their functional partners were linked to
abnormal chromatin organization in Emery-Dreifuss muscular
dystrophy muscle fibers” and Dunningan type familial
partial lipodystrophy skin fibroblasts.”*!®® These findings were
strikingly supported by the study of progeroid laminopathies. In
fact, complete loss of peripheral heterochromatin and dispersion
of euchromatin were observed in HGPS and MADA cells,
starting from the early ultrastructural analyses.*>* Large-scale
defects in heterochromatin were associated with altered genome
organization,'”" mislocalization of HP1,’* altered methylation
pattern of H3K9,"? loss of LAP2 «, and defective histone

deacetylase activity.

Muscular Laminopathies

Laminopathies affecting skeletal and/or cardiac muscle are
Emery-Dreifuss muscular dystrophy (EDMDI and EDMD2),
Limb-Girdle muscular dystrophy type 1B (LGMDIB), and
dilated cardiomyopathy with conduction system defects
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(CMD-CD). These disorders are caused by mutations in LMNA,
EMD, or SYNEI/2, encoding lamin A/C, emerin, or nesprinl/2
respectively, all of which are nuclear envelope constituents.
Mutations in LAP2alpha,'® FHL-1," and more recently SUN1/2
(Meinke et al., 2014) have been also associated with EDMD-like
or cardiomyopathy phenotypes, suggesting a complex picture
of the possible pathogenetic pathways, also involving lamina-
associated nucleoplasmic proteins (LAP2alpha), transcriptional
regulators (FHL-1), and strengthening the role of the LINC
complex (SUN1/2).

In EDMDI1 and EDMD2 detachment of peripheral
heterochromatin from the nuclear lamina and focal loss of
heterochromatin domains are observed in a significant percentage
of nuclei both in fibroblasts’® and mature muscle fibers.”"®
Similar chromatin defects have been reported in Lmna -/-

muscle fiber nuclet,'®

supporting the view that altered chromatin
organization in EDMD?2 is due to loss of function of mutated
lamins. Consistent with loss of heterochromatin domains, but
possibly associated with more complex defects occurring in
LMNA-mutated muscle fibers, myonuclei appear elongated both
in mouse'” and human laminopathic muscle.”*® We suggest that
these enlarged nuclei observed in EDMD?2 skeletal muscle and in
the myocardium of patients affected by dilated cardiomyopathy
(DCM-CD)"¢ are in fact derived from clustered nuclei, which
fail to properly position during muscle stem cell differentiation
and regeneration.” Several implications might derive from the
presence of elongated and clustered nuclei in EDMD2 muscle,
including the altered regulation of myonuclear domains, i.e.,
the cytoplasmic regions regulated by each myonucleus. In
agreement with this hypothesis, altered sarcomere structure has
been observed in close proximity of altered myonuclei in Lmna
-/~ mice'®” and in a new EDMD-like phenotype associated with
SUNI1 mutations (Meinke et al., 2014). Several lines of evidence
show in fact that transcriptional regulation is defective in
EDMD muscle. Histone H3 trimethylated at lysine 27 (H3K27)
and phosphorylated RNA polymerase II, markers of inactive and
active chromatin domains, respectively, are altered in EDMD2

17 In addition, acetylation of histone H3 on lysine 9

myoblasts.
is defective in Lmna-null muscle fibers, indicating deregulated
activation of gene expression.'” Such an altered mechanism has
been also described at the neuromuscular junctions in EDMD2
muscle.'”® Moreover, in a C. elegans model of EDMDI, lacking
emerin expression, histone deacetylases are downregulated,'”
suggesting that enzymes involved in epigenetic modifications
of histones could play a role in EDMD pathogenesis. This is
consistent with the occurrence of a specific interaction between
emerin and HDAC3.” However, although the only tissue
apparently affected in EDMD is striated muscle, the reason
why altered lamin-dependent heterochromatin dynamics affects
tissue-specific pathways is not completely elucidated. To address
this issue, we can consider the following reported data. (1) Muscle
represents the only tissue where prelamin A increase has been
demonstrated during normal differentiation.®® Since prelamin
A has been shown to regulate large scale heterochromatin

12,13

organization, it appears likely that altered prelamin A

modulation occurring in EDM D2’ might affect heterochromatin
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dynamics related to differentiation-linked positioning of
chromatin domains and specific gene expression.>?” (2) Along
this line, it has been shown that EDMD2-linked point mutations
in lamin impair reorganization of heterochromatic arrays during
muscle-specific promoter activation,’® including the myogenin

promoter,'”

indicating that lamin mutations also affect gene
expression at specific sites. (3) A recent study using the DamID
technology has shown enrichment of muscle and neuronal genes
in association with emerin in C. elegans, pointing to an upstream
role of the nuclear membrane protein with respect to lamins in
the regulation of those sequences.'® Interestingly, lack of emerin,
a common situation in EDMDJI, shifted those sequences to lamin
association, a phenomenon that might explain the much lower
frequency of deleterious emerin mutations causing EDMDI, with
respect to the huge number of pathogenetic LMNA mutations.'”
(4) The interaction of lamin A/C and emerin with their binding
partners including SUNI1, SUN2, BAF, and LAP2alpha could
be also relevant to the effects of lamin mutations on chromatin
specifically in muscle. Published data show that SUN1 levels
are reduced in EDMD2 myotubes and mature muscle due to
failure of interaction with mutated prelamin A. Moreover, SUN2
is not polarized in EDMD2 myonuclei, a defect associated
with myonuclear clustering both in myotubes and mature
muscle fibers’ (Meinke et al., 2014). Moreover, based on the
reported association of LAP2alpha with prelamin A,%'? the
heterochromatin protein HP1,'> DNA, and the nucleosomal
protein HMGN5,% it is likely that redistribution of LAP2alpha
in EDMD muscle stem cells or even in mature muscle might
drive chromatin alterations. Altered localization and/or lamin
interplay with the DNA-binding protein BAFY is also possible
in EDMD2 and it is most likely to occur in EDMDI, where the
BAF-binding protein emerin is not expressed in most cases.
Overall, these findings suggest that altered lamin-mediated
chromatin remodeling plays a pathogenetic role in EDMD,
through deregulation of chromatin dynamics and gene expression.

Familial Partial Lipodystrophy

Familial partial lipodystrophy linked to LAMNA mutations
(FPLD2) is the prototype of lipodystrophic laminopathies.
Lipodystrophic phenotypes are also observed in Mandibuloacral
dysplasia type A (partial lipodystrophy) or type B (generalized
lipodystrophy) and in Hutchinson-Gilford progeria (HGPS).
All those diseases share the common feature of prelamin A

accumulation at diverse levels.!!!

Two main pathogenetic
mechanisms involving altered chromatin dynamics have been
described for FPLD2. The first one involves altered organization
of peripheral heterochromatin associated with accumulation
of prelamin A and BAF in FPLD2 cells’**"* In fact, BAF
recruitment to the nuclear envelope is triggered by prelamin
A and its mutated R482Q form found in FPLD2 cases.”
The other mechanism implies that prelamin A elicits altered
transcription factor import in the nucleus. In fact, impaired
SREBP1 translocation and SREBP1-mediated transactivation of
adipocyte-specific genes including PPARG have been reported not
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only in LMNA-mutated lipodystrophies,”®'° but also in acquired
lipodystrophies caused by accumulation of prelamin A due to
anti-retroviral therapy.!'? Moreover, accumulation of prelamin A
by anti-retroviral protease inhibitors treatment of mesenchymal
stem cells has been shown to affect Spl import in nuclei and
expression of genes related to lipid metabolic processes.'” In
the same cellular model, Oct-1 activity has been shown to be
impaired due to sequestering at the nuclear periphery by prelamin
A Impairment of Oct-1 transactivation activity has been
shown to block the autophagic process,'? a mechanism involved
in white adipose tissue differentiation."* Aberrant differentiation
of adipocyte precursors has been also suggested by Oldenburg et
al.'® The authors found that lamin A associates with the RNA-
binding protein Fragile X syndrome related protein 1 (FXR1P)
and upregulation of FXRIP in FPLD2 adipogenic precursors
causes conversion to the myogenic lineage. These findings point
to a complex regulation of adipogenesis by lamins, involving not
only control of gene expression, but also microRNA activity and
miR-regulated expression of target genes.'” Interestingly, FXR1P
is also altered in FSHD, a disease linked to altered expression
of D4Z4 repeats, acting as insulators and regulating chromatin
dynamics through lamin A interaction.

Finally, differentiation into the adipogenic lineage has
been shown to reset lamin A-promoter interactions at PPARG,
FABP8, FABP9, FABP4, and FABPI2, leading to transcriptional
activation."® Thus, lipodystrophy-linked ZMNA mutations could
affect chromatin activity in terms of altered transcription factor
and/or transcriptional regulators targeting and activity. The
whole picture of altered gene expression in FPLD2 and in the
other LMNA-linked lipodystrophic disorders needs to be defined
and it is further complicated by the occurrence of two distinct
and opposite clinical phenotypes (lipoatrophy and adipose tissue
hypertrophy) downstream of the same lamin A mutations.
Consistent with this phenotype, it has been shown that mutated
lamin A downregulates adipocyte gene expression, including
PPARG2, RBI, CCND3, and LPL in thigh but not in abdomen
subcutaneous adipose tissue in patients with FPLD2.!°° Moreover,
it is conceivable that LMNA defects might affect a group of
adipogenic genes, depending on the type of adipogenic precursor
(white or brown pre-adipocytes, adipogenic mesenchymal stem
cells, etc.). Along this line, Xiong et al.”” demonstrated that
expression of truncated prelamin A (progerin) in iPS selectively
impairs expression of late adipocyte differentiation genes.

Progeroid and Developmental Laminopathies

In progeroid and developmental laminopathies, including
HGPS, MADA and MADB and restrictive dermopathy (RD),
a prominent pathogenetic role is exerted by prelamin A (or its
alternatively spliced form, progerin®®), which, in most cases,
elicits complete loss of heterochromatin in the nucleus of cultured
cells.*®>*>! This phenomenon is directly linked to the ability of
the farnesylated form of the lamin A precursor to elicit nuclear
size increase, nuclear envelope misfolding and heterochromatin
dispersion."*! The mechanism upstream of prelamin A-mediated
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Figure 4. Chromatin remodeling in HGPS fibroblasts. The experiment
was performed using the histone deacetylase inhibitor trichostatin A or
combination of trichostatin A and statins (that convert progerin into its
non-farnesylated form and elicit accumulation of wild-type prelamin A).
The images obtained using anti-trimethyl-H3K9 antibody to label het-
erochromatin domains have been elaborated using Photoshop 7. Note
recovery of heterochromatin domains (gray) using combined drugs,
indicating that heterochromatin status in HGPS is regulated by prelamin
A forms, most likely through histone deacetylase interaction.

chromatin remodeling has been elusive, but most likely involves
anomalous interplay between progerin or farnesylated prelamin
A and enzymes involved in epigenetic pathways. Our first study
performed in HGPS fibroblasts had shown that progerin levels
could be reduced by the use of trichostatin A, a drug known to
inhibit class I and Il mammalian histone deacetylases (HDAC:s).**
However, statin pretreatment of cells was required to efficiently
recover the chromatin phenotype of HGPS cells (Fig. 4),
suggesting that an interaction between HDACs and progerin
could be strengthened by the farnesylated residue of truncated
prelamin A. Further, aberrant interaction of progerin with the
facultative heterochromatin-associated trimethyl-H3K27 has
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been reported and, noteworthy, trimethyl-H3K27-enrichement
in gene-poor chromosome regions was reduced in HGPS.!"!!8
More recently, loss of SIRT1 from the nuclear matrix has been
reported in HGPS fibroblasts and partial rescue of the chromatin
phenotype and of lamin A-SIRT1 binding by SIRT1 activators
has been shown."” SIRT1 is a pleiotropic enzyme platform with
HDAC:s activity and its role in chromatin remodeling is not fully
elucidated. Moreover, the possibility that SIRT1 interaction with
lamin A, prelamin A, or progerin might cause different effects
on chromatin epigenetic modifications deserves further studies.
For instance, the deacetylation of SUV39H1 by SIRT1 enhances
SUV39H1 activity and facilitates H3K9 trimethylation and
heterochromatin formation."”® However, the finding that both
HDAC and DNA methyltransferases inhibitors affect prelamin
A and/or progerin levels suggests that prelamin A-progerin
interplay with HDACs*®'" and/or DNA methyltransferases'*4*
might be involved in pathogenetic mechanisms. Moreover,
these observations suggest that epigenetic enzymes and their
inhibitors and/or activators may be further explored in progeria
as potential therapeutic targets or pharmacological tools. In
the context of chromatin epigenetic modifications occurring
in progeroid laminopathies, the methylation status of histones
has been widely investigated. Trimethylation of histone H3K9,
a marker of constitutive heterochromatin and H3K27, a marker
of facultative heterochromatin has been reported to be reduced
in HGPS cells*®" and in MADA at high passage number.*>°
Importantly, a stepwise redistribution of trimethyl-H3K9 was
observed in MADA cells*® and decrease of trimethyl-H3K9 with
passage number was observed both in controls and laminopathic
fibroblasts,*®>*'?! suggesting that cell cycle progression and
population doublings influence lamin-mediated epigenetic
modifications. Intriguingly, the dynamics of heterochromatin
loss is less obvious in RD cells, which do not express mature lamin
A% suggesting a more severe, yet not understood mechanism
of chromatin de-regulation in the human disease, only in part
recapitulated by mouse models. In HGPS and MADA cells,
loss of the heterochromatin protein HP1 has been also reported
in several studies.’®>! However, some controversial data can be
found in the literature, showing beneficial effects of the histone
methyltransferase Suv39H1 knockdown in progeroid mice.'?! As
in the field of normal aging, formation of heterochromatin foci
or, vice versa, heterochromatin loss in senescent cells is matter
of debate.”® The most likely interpretation of the available
data are that lamin A and prelamin A forms, contribute to the
default setting of chromatin in cells by “locking in” a particular
transcriptional status. In this context, accumulation of anomalous
amount of prelamin A as in RD or MADB or mutated prelamin
A forms as in the other progeroid laminopathies impairs such a
fundamental function of the lamin network causing unordered
localization of chromatin domains and loss or increase of some
markers depending on stochastic events. Consistent with this
view, unordered distribution of heterochromatin markers is
always observed in laminopathic cells.®*' Further, an explanation
for the results showing that inhibition of enzymes involved
in heterochromatin organization improves the phenotype in
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progeria models is that the active enzymes are possibly
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entrapped by progerin or farnesylated prelamin A, so that their
inhibition may favor their release and restore heterochromatin
dynamics. We are currently testing this hypothesis in human
progeroid laminopathies.

Another feature of HGPS and MADA nuclei is that they
become more susceptible to ROS- or ionizing radiation-induced
DNA damage, although prelamin A accumulation does not
induce per se genomic instability.”'** The problem is that DNA
damage is less efficiently repaired in HGPS and RD nuclei'®
due to altered recruitment of DNA repair factors. This effect is
dependent on the environment created by progeroid cells and
opens a new question on the extent to which systemic effects
rather than (or along with) cell intrinsic factors contribute to
disease.!?412

The role of prelamin A binding partners in the chromatin
remodeling that occurs in progeroid laminopathies has been
better defined in the last years. A master regulator of the interplay
between progerin and chromatin is BAF"” which is recruited
to the nuclear lamina upon accumulation of any wild-type or
mutated prelamin A form.”” BAF is a DNA and emerin binding
factor, which also causes, when mutated, a rare progeroid disorder
featuring major bone involvement.'*

BAF also interacts with LADP2alpha, located in the
nucleoplasm, but recruited by farnesylated prelamin A at the
nuclear periphery.!? LAP2alpha is mostly downregulated in
the nuclear interior in HGPS cells as well as in MADA, while
peripheral staining is preserved in nuclei (Cenni et al., 2014).
Intriguingly, LAP2alpha interacts with HPlalpha, which is
displaced from the complex by farnesylated prelamin A."”

An interesting mechanism has been proposed as the cause
of altered chromatin dynamics in HGPS. The authors propose
that progerin accumulation results in disruption of functions of
some replication and repair factors, causing the mislocalization
of XPA (xeroderma pigmentosum group A) protein to the
replication forks and replication fork stalling and arresting cell-
cycle progression. Further, it has been shown failure to recruit
the DNA processivity factor PCNA and DNA polymerase delta
due to anomalous cleavage of the replication factor C.'¥” These
data might explain both the altered DNA damage repair and the
prolonged S-phase observed in progeroid laminopathies (Cenni
etal., 2014).

Finally, the relevance of pathogenetic lamin A mutations
on LADs organization and function is being investigated in
recent years. Lamin Bl depletion and overexpression are known
to cause senescence and to affect LADs localization in nuclei
as well as DNA binding.¥” In cells from an atypical progeria
syndrome carrying the E145K LMNA mutation lamin Bl levels
are reduced.’”® However, this is not the case of all progeroid
laminopathies, where increased or decreased levels of lamin B can
be found in nuclei at low passage. These apparently contradictory
effects are recapitulated in the interpretation that a fixed rate of
nuclear lamina constituents is required for proper chromatin
modulation, while loss of this condition elicits cell cycle arrest
and senescence linked to relocation and activation or inactivation
of specific genes.'*'® Here, we suggest that downregulation or
upregulation of lamin B1, as well as upregulation of SUNI or
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recruitment of BAF and LAP2alpha at the nuclear periphery are
part of the cellular response to the unstable situation caused by
prelamin A/progerin accumulation. Whether this “pathological
nuclear envelope remodeling” worsens the cellular phenotype
or attenuates deleterious effects on chromatin remains to be

established.

Other Laminopathies

The autosomal dominant leucodystrophy (ADLD) is a
laminopathy affecting the nervous system. It is caused by LMNBI
duplication and features high levels of lamin Bl accumulation in
nuclei at the onset of disease, which occurs around the fourth
decade. Heterochromatin disorganization and altered import
of the transcription factor Oct-1 in nuclei have been reported in
ADLD.®" Of note, Oct-1 sequestering in ADLD muscle nuclei
impairs transcription of Myosyn heavy chain 2B, one of the
Oct-1 target genes, playing a major role in muscle function.®!
The latter finding involves regulation of muscle genes in ADLD
pathophysiology, consistent with clinical and morphological
observations.® Moreover, studies performed in animal models
show that lamin Bl overexpression causes reduced occupancy
of Yin Yan transcription factor at the promoter of proteolipid
protein PLP, the most abundant protein in the central nervous
system myelin sheet.'”” The authors suggest that re-localization of
the promoter by lamin Bl to a more heterochromatic region may
reduce accessibility to the transcription factor. This hypothesis
is consistent with the observed alteration of heterochromatin
domains in ADLD tissues.®

The lamin B receptor LBR, when mutated or knocked down
as it occurs in Pelger-Huet Anomaly and in the severe skeletal
disease known as Greenberg Skeletal Dysplasia, elicits formation
of heterochromatin clumps and impairs nuclear fragmentation
in granulocytes,'? in agreement with the recently identified role
of LBR in chromatin organization and with its ability to bind
heterochromatin proteins.?

Fine mechanisms of chromatin control are probably at the
basis of LMNA-linked Charcot-Marie Tooth disease (CMT2B1)
or Heart Hand syndrome, both diseases caused by mutations in
LMNA and presenting with relatively mild clinical phenotype.!
Due to the rarity of samples, these disorders have been poorly
investigated.

Conclusions and Perspectives

In summary, at least four modes of action of lamins for
chromatin regulation (Fig. 5) are affected in laminopathies. (1)
Transcription factor retention at the nuclear lamina appears to be a
common mechanism shared by different laminopathies, including
FPLD2, MADA,* ADLD* and also observed in EDMD mouse
models.'” (2) Altered interplay between mutated lamins and
LADs is an emerging pathogenetic mechanism supporting and
going in depth into the first observations that heterochromatin

(3) Specific effects at

loss occurred in laminopathies.
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Figure 5. Chromatin dynamics dependent on lamins. Four major groups of events that contribute to chromatin dynamics are represented in the large
ellipses. Blue arrows indicate A type lamin pathways, purple arrows B type pathways. Lamin partners involved in chromatin regulation are indicated in
the respective arrows. Some targets of lamin activity (HP1alpha, HDAC3, SREBP1, OCT-1) are common to lamin A and lamin B-related pathways or are
misregulated in diverse diseases (SREBP1, OCT-1, HP1alpha). Targets affected in laminopathies are in yellow boxes. See text for references.

promoters exerted by lamin-dependent alterations of epigenetic
molecules such as HDACs, HP1, and histone methyltransferases
have been shown in a limited number of cases, although lamin
interplay with chromatin regulatory factors is gaining increasing
evidence. (4) Impaired tethering of DDR factors has been mostly
observed in progeroid laminopathies.

The pathogenic effects described above are linked not
only to the presence of mutated lamins, but also to their
altered expression levels and defective protein processing.
This apparently trivial observation must be kept in mind
when thinking about therapeutic approaches, which should
be aimed at reducing levels of toxic proteins and/or strength
of their aberrant interactions with chromatin and chromatin
regulatory factors. In this context, the use of epigenetic drugs
such as HDACs inhibitors and/or activators deserves further
investigation.

Finally, we cannot rule out the possibility that systemic

dynamics. Some papers report increase of cytokine expression
in cells bearing EDMD-linked mutations or in progeria
125134 Tnterestingly, altered gene expression downstream
of these systemic effects has been reported.’** The latter finding
raises the hypothesis that systemic disorders mediated by
cytokine signaling could in part cause or at least worsen (but
also improve) the chromatin defects observed in laminopathic

models.

cells. The latter aspect warrants further investigation in view of
possible therapeutic treatments acting on circulating factors.
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