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LAPI Lamina-associated polypeptide 1

LAP2 Lamina-associated polypeptide 2

LBR Lamin B receptor

LINC Linker of Nucleoskeleton and Cytoskeleton
MEF Mouse embryonic fibroblast

RGD Arginylglycylaspartic acid

TAN lines Transmembrane actin-associated nuclear lines

11.1 Introduction: Skin Epithelial Keratinocytes
and the Nucleus

The skin and its appendages, including hair follicles, sweat glands, and sebaceous
glands, provide essential functions for animal survival, such as protection from
water loss and environmental insults, as well as the capacity for tactile sense. The
interfollicular epidermis (IFE), which composes the outermost layer of the skin,
consists of a series of functionally and structurally distinct stratified layers. The
basal layer contains proliferative progenitor keratinocytes that tightly bind to extra-
cellular matrix (ECM) molecules in the basement membrane, which separates the
epidermis from the underlying dermis. During embryonic development, basal kera-
tinocytes divide asymmetrically, giving rise to daughter cells that move upwards to
form the suprabasal layers (spinous, granular, and stratum corneum); the resulting
cells of the stratified epithelium generate a cornified envelope essential for the
barrier function of the skin [1]. A subset of basal cells also gives rise to hair follicles
and other appendages [2—4].

Keratinocyte differentiation during epidermal development requires coordinated
changes in the cytoskeleton that support the generation and mechanical stability of
cell-cell adhesions, including adherens junctions (AJs), desmosomes, and tight
junctions. Keratin intermediate filament proteins, the major structural component of
the IFE, interact with integrin-based hemidesmosome adhesions that connect the
basal IFE to the dermis (Fig. 11.1a). E-cadherin-mediated cell-cell junctions,
located throughout the epidermis and its appendages, connect to actin and microtu-
bule networks through catenin molecules [5]. As basal cells move upward during
differentiation, another class of intercellular junction, desmosomes, which contain
desmosomal cadherins and are connected to keratins, becomes abundant (Fig. 11.1a).
Desmosome density and desmosomal cadherin composition markedly change as
cells differentiate [6]. Finally, tight junctions assemble in the granular layer [7-9].
These junctions provide mechanical stability to the epidermis and are essential for
the barrier function of the skin.

During the process of terminal differentiation in the IFE and during hair follicle
stem cell activation and differentiation, the cell nucleus goes through remarkable
changes in shape and size [10]. In the most differentiated cells in the IFE and hair
follicle, a poorly understood process leads to beneficial loss of the nucleus. When
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intact, the nucleus is bounded by the nuclear envelope that serves to physically and
functionally segregate the genome from the cytoplasmic milieu. Research over the
last several decades has highlighted that, in addition to this role, the nucleus addi-
tionally serves to integrate transcriptional, biochemical, and mechanical networks
within cells and tissues. In this chapter, we will discuss how the structure and orga-
nization of the nucleus impacts gene expression, genome integrity, cell and tissue
level mechanics, and disease in the context of skin homeostasis and regeneration.

11.2 The Nuclear Lamina and Nuclear Organization

The nucleus is organized into distinct but dynamic subnuclear compartments,
including chromosome territories and nuclear bodies (nucleoli, Cajal bodies, etc).
One critical nuclear landmark is the nuclear envelope, which is contiguous with the
endoplasmic reticulum and is comprised of both an inner and outer nuclear mem-
brane (INM and ONM, respectively). The interface between the nuclear interior and
the INM is characterized by the nuclear lamina, a highly complex proteinaceous
structure that consists of a meshwork of the nuclear lamins, an array of lamin-inter-
acting integral INM proteins, and the associated chromatin, which is typically het-
erochromatic in nature [11]. In addition, the nuclear lamina is physically connected
across the nuclear envelope lumen to integral ONM proteins that mechanically
attach the cytoskeleton to the chromatin in the nuclear interior [12].

In vitro studies have provided some insight into the potential structure of lamins,
which are members of the type V intermediate filament protein family [13]. Much
like other intermediate filament proteins, the lamins exist as parallel coiled-coil
dimers in vitro, and interact in a head-to-tail fashion to generate long polymers [14].
These polymers also associate with one another in parallel to give rise to large net-
works [15-17]. In vivo studies using super-resolution microscopy suggest that the
A-type and B-type lamins are organized into distinct meshworks associated with the
INM [18, 19]. The lamins are classified as A-type or B-type depending on their
chemical and structural qualities. The B-type lamins, lamin B1 and B2, are tran-
scribed from the separate LMNB1 and LMNB?2 genes, while A-type lamins, lamins
A and C (lamin A/C), are derived from alternative splicing of the single LMNA gene.
While B-type lamins are expressed in all metazoan cell types throughout develop-
ment, including embryonic stem cells, A-type lamins are only found in differenti-
ated cells [20-25]. Most A- and B-type lamins are farnesylated during biosynthesis,
the exception being lamin C. While farnesylation of B-type lamins appears to be
constitutive and promotes association with the INM, A-type lamins undergo proteo-
lytic cleavage by the zinc metalloproteinase Zmpste24 to remove the farnesylated
C-terminal region [26]. This processing is critical, as a mutation that disrupts cleav-
age of the lamin A farnesylated tail gives rise to the pathogenic “progerin” form of
lamin A and is the cause of the accelerated aging disorder progeria [27].

Interestingly, lamin composition varies with both differentiation state and tissue
type [22, 23]. Although the broad requirements for lamin A/C in skin biology have
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Fig. 11.1 (a) The nuclear lamina allows crosstalk between the nuclear envelope and plasma mem-
brane. The nuclear periphery is a richly complicated cellular compartment that functions in chroma-
tin organization, transcriptional regulation, mechanosensing, integration of the nucleus into the
cytoskeleton, and DNA damage repair, among other functions. In epidermal keratinocytes, the
nuclear lamina network is mechanically integrated into the cytoskeleton via nuclear envelope-span-
ning LINC complexes. Actin, microtubules, and intermediate filaments interact with the LINC com-
plex through either direct or indirect interactions. Through these cytoskeletal connections, forces
exerted on plasma membrane adhesions from either the extracellular matrix, mediated by Fig.
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not yet been examined in great depth, lamins have been shown to play roles in epi-
dermal differentiation and development. Interestingly, lamin A/C and LBR appear
to have temporally distinct functions during cellular differentiation in various mam-
malian cell types, although at least one must be present for proper tethering of het-
erochromatin to the INM [28]. Using the hair follicle as a model tissue that contains
both highly differentiated and undifferentiated cells, the authors of this study found
that transit amplifying matrix progenitors and bulge stem cells in the hair follicle
express only LBR, while the more differentiated cells of the follicular dermal
papilla, epidermis, and dermis express lamin A/C [28]. Emerin and other LEM
domain proteins may be particularly important in dermal papilla cells [28]. Further,
mice expressing the progerin form of lamin A that is associated with premature
aging exhibit aberrant LBR expression in suprabasal layers, in many cases con-
comitant with aberrant compaction of DNA at the nuclear periphery [29]. Epidermal
differentiation appears sensitive to these defects, as these mice also display epider-
mal thickening and mislocalization of keratin 5 to suprabasal layers [29]. Other
work has shown that simultaneous ablation of lamins A/C, lamin B1, and lamin
B2 in mice produces a thickened epidermis with abnormal development of the stra-
tum corneum and hypotrophic hair follicles, coincident with incursion of endoplas-
mic reticulum components into the chromatin of epidermal keratinocytes [30].
While lamin B1 and B2 are uniformly distributed in human epidermal cells,
lamin A/C may be expressed at lower levels in human basal layer cells of the IFE
[24]. However, a similar analysis of lamin expression in murine skin found high
levels of lamin A/C in the basal layer, with decreased expression in suprabasal

<
<

11.1 (continued) integrin-based focal adhesions and hemidesmosomes, or from adjacent cells,
mediated by adherens junctions and desmosomes, can be transmitted to the nuclear interior to alter
cellular function. Likewise, recent work indicates that changes at the nuclear envelope can alter the
function of the cytoskeleton and plasma membrane adhesions. Thus, crosstalk exists between
plasma membrane adhesions, the cytoskeleton, and components of the nuclear periphery. (b)
Schematic of nuclear periphery components involved in epidermal homeostasis. The nuclear enve-
lope is composed of both inner and outer nuclear membranes (INM and ONM), as well as conduits
for macromolecular transport known as nuclear pore complexes (NPCs). Constituents of the nuclear
periphery, including integral INM proteins, peripheral membrane proteins, and chromatin-binding
proteins have all been shown to influence epidermal development and function. The LINC complex,
which consists of SUN and KASH domain proteins, spans the INM, perinuclear space, and ONM
to connect the nuclear periphery to the cytoskeleton. A number of other significant integral INM
proteins function at the nuclear periphery, including the LAP2-Emerin-MAN1 (LEM) domain pro-
teins, lamin B receptor (LBR), LAP1/Torsin, and a multitude of additional nuclear envelope trans-
membrane proteins (NETs) with currently unknown functions. Lamins A/C and lamin B1 and B2
form a meshwork underlying the INM. A number of chromatin-binding proteins, which also exhibit
crosstalk with other nuclear periphery components, modulate chromatin organization and function,
including the chromatin remodeling factor Brgl, the chromatin organizer Satb1, polycomb group
proteins, heterochromatin-binding protein HP-1, histone methyltransferases (HMTs), histone
deacetylases (HDACS), and a number of transcription factors including p63 and the AP-1 complex.
In general, lamina-associated domains (LADs) are rich in the histone mark H3K9me, while
H3K27me is commonly found at the LAD borders, known as variable LADs (vLAD). In the context
of epidermal differentiation, a switch from H3K27me to H3K4me and H3K79me marks has been
shown to mediate the transcriptional activation of lineage commitment genes



268 R. M. Stewart et al.

layers, suggesting either differences in the expression pattern of these proteins in
mice and humans, or differences in antibody accessibility [25, 31].

The disassembly of lamin A/C during keratinocyte terminal differentiation is
required for epidermal function [32]. Normally, lamin A/C are highly phosphory-
lated by the serine/threonine kinase AKT1 in the granular and cornified layers of the
IFE, and loss of this activity results in parakeratosis, the retention of undegraded
nuclei [32]. Deletion of AKT1 also produces increased BMP2/SMADI signaling
and altered terminal differentiation in the IFE, including decreased keratin 1/10 and
loricrin expression [32]. Interestingly, mice lacking keratins 1/10 exhibit premature
nuclear degradation, with concomitant reductions in the levels of lamin A/C and the
INM proteins emerin and SUN1 in suprabasal keratinocytes [33]. These results sug-
gest that a feedback mechanism exists in the IFE between the nuclear lamina and
cellular signaling, although the mechanistic basis for this signaling circuit remains
unclear.

In addition to farnesylation, multiple lamin-binding integral INM proteins rein-
force interactions between the lamins and the INM. The largest class of these pro-
teins is comprised of members of the LAP2, emerin, and MAN1 (LEM) domain
family [34]. These proteins share a common 40 amino acid motif known as the LEM
domain that facilitates their interaction with chromatin through the DNA-binding
Barrier-to-Autointegration Factor (BAF or BANF1). Additional proteins such as
LAP1 (lamina-associated polypeptide 1), LAP2 (lamina-associated polypeptide 2)
and LBR (lamin B receptor) also interact with lamins, as well as carrying out dis-
tinct biochemical functions [35-37]. Of particular interest are the lamin-binding
SUN (Sad2/UNC-84) domain proteins that make up the nuclear aspect of the LInker
of Nucleoskeleton and Cytoskeleton (LINC) complex. SUN domain proteins, found
in the INM, bind to the ONM-resident KASH (Klarsicht/ANC-1/SYNE homology)
domain proteins (also called Nesprins) in the nuclear envelope lumen, allowing
LINC complexes to bridge both membranes of the nuclear envelope [12]. KASH
domain proteins facilitate either direct or indirect interactions with actin, microtu-
bules, and intermediate filaments in the cytoplasm, thereby facilitating a continuous
connection between the nuclear interior and cytoplasmic cytoskeleton [12].
Interestingly, mutations in many of the lamin-associated INM proteins drive dis-
eases (so-called “nuclear envelopathies”) that phenocopy those associated with
mutations in the lamins themselves [38], suggesting both complex and integrated
functions for the nuclear lamina.

11.3 The Nuclear Lamina Is Mechanically Integrated
into the Cell by the LINC Complex

As in most tissues, the cells of the epidermis and dermis contain an interconnected
cytoskeletal network that can propagate forces from externally applied mechanical
stimuli. Forces from both ECM adhesions and cell-cell junctions can propagate to
the nuclear interior [39, 40] (Fig. 11.1a) and reorganize nuclear proteins [22, 41, 42].
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One of the earliest demonstrations of this continuous connection was performed by
applying pulling forces to plasma membrane-localized integrins on single cells using
RGD-coated microbeads and monitoring nuclear distention in the direction of pull-
ing [40]. Magnetic twisting cytometry induces dissociation of the nuclear-localized
Cajal body components coilin and SMN within seconds in HeLa cells, indicating
that mechanical stimulation is sufficient to induce changes to nuclear architecture
[42]. Intranuclear movements have also been observed in response to compressive
and shear forces [43].

How are mechanical signals communicated between the cell surface and the
nuclear interior? The LINC complexes at the nuclear envelope provide a conduit for
forces to be transmitted from the ECM or adjacent cells, through the cytoskeleton,
to the nuclear lamina (Fig. 11.1a). Indeed, the LINC complex is essential for cyto-
skeletal-nuclear force transmission, as its disruption eliminates the nuclear response
to mechanical stimuli [44—47] and abrogates cytoskeleton-dependent nuclear posi-
tioning in a broad range of contexts (reviewed in [48]). An emerging area of research
also suggests that alterations in the composition of the nuclear lamina can likewise
impact cell-ECM adhesions [49-54] (Fig. 11.1a).

While the nuclear response to ECM-derived forces is well established, cell-
cell adhesion can also deliver forces on the nucleus to alter nuclear position [55,
56], suggesting a link between the nucleus and intercellular adhesions. Several
components of the LINC complex are expressed in the IFE and its appendages,
including multiple KASH domain-containing proteins and the widely expressed
SUN domain proteins SUN1 and SUN2. Surprisingly, SUNI is absent from the
hair follicle after morphogenesis, and mice lacking SUN2 display transient alo-
pecia during the first hair growth cycle [56]. Ultrastructural and cell culture
experiments revealed alterations in the integrity of cell-cell adhesion, possibly
due to a loss of LINC complex-dependent organization and/or maintenance of
the cytoskeletal network and desmosome based adhesions [56]. Thus, the nucleus
plays an essential role in allowing epidermal keratinocytes to generate mechani-
cally stable cell-cell adhesions.

In addition to changes in nuclear position and the organization of intranuclear
components, forces propagated to the nuclear interior can also influence the nuclear
proteome and nuclear mechanics (Fig. 11.2). The expression level of lamin A/C
scales with tissue stiffness in vivo and with substrate stiffness in vitro: lamin A/C
levels are high in stiff tissues like bone and lower in soft tissues like brain [22]. As
a result, nuclear stiffness scales with ECM stiffness, giving rise to the concept of
“mechanical reciprocity” between the nucleus and the substrate that cells are grown
on. Interestingly, the correlation of lamin expression level with stiffness appears to
be a specific function of lamin A/C, as lamin B levels do not vary as drastically
between tissue or substrate types [22]. Additionally, B-type lamins do not seem to
play the same role as lamin A/C in influencing nuclear mechanics [57]. Importantly,
while low substrate stiffness is known to decrease keratinocyte-ECM adhesion to
induce differentiation [58], the effect of cell-ECM or intercellular adhesion-derived
forces on lamin A/C levels and/or their polymerization state in keratinocytes has not
yet been investigated.
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Fig. 11.2 The mechanosensitive function of the nuclear periphery modulates epidermal function.
On softer substrates/tissues or when cells are not exposed to stretch, cytoskeletal tension is low.
Signaling proteins involved in the sensing of cytoskeletal tension, like MKL and YAP/TAZ, remain
inactive in the cytoplasm. Low levels of force are exerted on the LINC complex via the cytoskel-
eton. Emerin is localized to the inner nuclear membrane, where it associates with lamins A/C. Under
these conditions, epitopes in lamins A/C are available for phosphorylation, leading to rapid turn-
over of the lamin network. In human epidermal stem cells, epidermal differentiation loci on chro-
mosomes | and 18 associate with the lamina, most likely mediated by H3K9me chromatin marks.
On stiffer substrates/tissues or upon cell stretching, higher cytoskeletal forces are exerted on the
LINC complex and transmitted to the nuclear interior; cellular compression forces can also be
transmitted to the nuclear interior without the LINC complex. These changes in cytoskeletal orga-
nization promote nuclear localization of MKL and YAP/TAZ, and the transcriptional activation of
their target genes; importantly, the nuclear periphery plays a role in modulating the activity of
these factors. Lamins A/C undergo reinforcement in response to elevated cytoskeletal tension,
leading to multimerization and stabilization of the lamin network. This process may involve the
burial of force-sensitive epitopes in lamins A/C, preventing their phosphorylation and turnover.
When under tension, the LINC complex exhibits stronger association with lamins A/C, while
emerin is phosphorylated, potentially weakening its interaction with the nuclear lamina. In human
epidermal stem cells, this altered association with lamins A/C could drive the relocation of emerin
from the inner nuclear membrane to the outer nuclear membrane, allowing for the emerin-depen-
dent formation of an actomyosin cage around the nucleus. Reduced emerin localization to the inner
nuclear membrane facilitates loss of H3K9me and accumulation of H3K27me marks on the pro-
moters of epidermal differentiation loci, resulting in global chromatin rearrangements and disso-
ciation from the periphery. Combined with PRC2 association and reduced RNAPII accumulation
at promoters, these changes drive transcriptional silencing of lineage commitment genes. The rein-
forcement of the lamin network, the formation of a perinuclear actomyosin cage, and the release
of chromatin from the nuclear periphery may protect the genome from force-induced damage
under conditions of high cytoskeletal strain
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While the structural integrity provided by the lamin A/C polymer network is
proposed to impart nuclear stiffness directly, the associated chromatin may also
influence the mechanical properties of the nucleus. Mechanical measurements made
with optical tweezers on isolated nuclei derived from a fission yeast model,
Schizosaccharomyces pombe, which lacks lamins, have shown that chromatin asso-
ciation with the nuclear periphery can impart nuclear stiffness in the absence of
lamins, and can influence the viscoelastic properties of nuclei [59]. Thus, the periph-
erally localized heterochromatin that associates with the lamina may also play a role
in defining the mechanics of nuclei. Indeed, evidence suggests that heterochromatin
may also buffer forces exerted on the nucleus, acting in concert with the lamins
[60-62]. Cell migration, which is a mechanically taxing process for the nucleus,
leads to an increase in facultative heterochromatin at the leading edge of the nucleus
in a mouse melanoma cell line, further suggesting that chromatin condensation and
nuclear mechanical challenge can be linked [63]. The lamin network may also influ-
ence local chromatin mobility, which is limited by the association of heterochroma-
tin with the nuclear periphery [64]. Indeed, the loss of lamin A in mammalian cells
[65] or INM proteins in yeast [59] results in increased chromatin mobility, which
can strongly influence nuclear mechanics, particularly nuclear viscosity, and there-
fore nuclear function.

In addition to changes in expression level, a central theme in the response of the
nuclear lamina to mechanical input appears to be force-dependent changes in lamin
A/C multimerization [31], which may serve several functions (Fig. 11.2). First,
reinforcement of the lamin A/C network and subsequent nuclear stiffening may
improve the efficiency of force transmission from the cytoskeleton through the
LINC complex to the lamin network. This change in nuclear stiffness would be
important for processes where the nucleus must be actively positioned or moved,
such as during polarization prior to cell migration [66]. Second, the differential
exposure of binding sites for interaction partners, including chromatin, histones,
and INM proteins, may serve as a regulatory mechanism for guiding signal trans-
duction and/or transcription. Finally, modulation of the lamin network may influ-
ence how susceptible the genome is to mechanically-induced DNA damage. Defects
in the remodeling of the lamina, including chromatin, in response to force could
result in increased damage; this may explain why the ablation of SUN proteins or
lamin A/C can produce increases in baseline DNA damage [67] and apoptosis in
response to mechanical challenge [68].

11.4 The Nuclear Lamina and Chromatin Organization

In addition to its roles in defining nuclear mechanics, the nuclear lamina, and lamin
A/C and LBR in particular, sequester heterochromatic regions of the genome at the
nuclear periphery [28, 69, 70]. Lamina associated domains (LADs), which account
for 40% of the mammalian genome [71], are recruited to lamins through the coordi-
nated activity of transcription factors, distinctly localized heterochromatic marks,
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and sequence specificity (Fig. 11.1b). Lamina-associated sequences, sometimes
enriched in extended GA-rich sequence motifs, in combination with the facultative
heterochromatin marks H3K27me3 and H3K9me2/3, are capable of driving periph-
eral association of ectopic LADs [72, 73]. These marks have been identified in other
studies as important facilitators of lamina tethering [71, 74, 75]. However, GA
repeats are not found in all LADs [71], and indeed non-GA sequences in LADs
appear to be sufficient for lamina-targeting [72]. The transcription factor YY1, as
well as histone deacetylase 3 (HDAC3), LAP2pB, and lamin A/C appear to be
required for peripheral recruitment [72], although additional transcription factors
such as Zbtb7b may also be involved in particular cases, such as in recruiting the
IgH locus to the lamina in fibroblasts [73]. Interestingly, either lamin C alone, or an
optimum ratio of lamin A to lamin C, may specifically be involved in this process,
suggesting distinct roles for lamin A and lamin C in LAD tethering [72].

Efforts to understand whether the tethering of individual genes to the nuclear
periphery is sufficient to repress gene transcription have given mixed results,
depending on the experimental system analyzed [76, 77]. Importantly, lamins
appear dispensable for repression at the nuclear periphery, just as transcriptional
repression is not an essential requirement for peripheral recruitment. Indeed,
genomic loci with transcriptionally active histone marks are also found in this sub-
nuclear compartment (reviewed in [78]). Further, the release of LADs from the
nuclear periphery is not sufficient to induce their transcriptional activation [79].
Thus, lamin A/C does not seem to directly influence heterochromatinization, and
instead merely sequesters these regions at the nuclear periphery. However, several
INM proteins have an established connection with the regulation of chromatin state.
For example, emerin interacts with HDAC3, an HDAC found in the NCoR complex
that represses transcription, recruiting it to the nuclear lamina, and promoting its
activity [80].

While techniques such as ChIP-seq and Hi-C have allowed static “images” of
genome-nuclear lamina interactions to be identified, dynamic alterations in genome
organization have also been observed using microscopy-based techniques [75].
Using these methods, it has been observed that LADs in mammalian cells undergo
stochastic rearrangements in sub-nuclear localization, from peripheral to nucleolar
regions, following mitosis [75]. These results suggest that the peripheral localiza-
tion of LADs is not an essential regulator of gene expression and cell function in
differentiated cells. Further, Hi-C analysis of chromosome territories in single
mammalian cells suggests that chromosome organization is highly dynamic and
variable between individual cells [81]. Similar analyses of LAD dynamics in dif-
ferentiating epidermal cells will be an essential avenue of experimental inquiry.

While association with the lamina is not generally sufficient to predict transcrip-
tional state, several studies suggest that the nuclear lamina helps tune gene expres-
sion in different tissue types and at different stages of cellular differentiation and
development [82]. The characteristic changes in nuclear shape and size that occur
during epidermal terminal differentiation occur concomitantly with changes in the
3D architecture, and therefore the “transcriptional microenvironment”, of epidermal
keratinocytes [10]. Indeed, while basal progenitors exhibit markers of active
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transcription, increasingly suprabasal cells show global decreases in active
transcriptional markers and increases in pericentromeric heterochromatin [10].
Further, a chromosomal region termed the epidermal differentiation complex
(EDC), that consists of sixty consecutive genes necessary for epidermal stratifica-
tion and the production of a cornified envelope (reviewed in [83]), has been observed
to associate more frequently with pericentromeric heterochromatin regions in
suprabasal cells, and relocates away from the nuclear periphery towards the nuclear
interior [10, 84, 85]. These results suggest that functional reorganization of chroma-
tin within the nucleus occurs during epidermal differentiation. Interestingly, reloca-
tion of the EDC locus is accompanied by the increased transcription of EDC genes,
and is dependent on the chromatin remodeling factor Brgl and the chromatin orga-
nizer Satb1; both of these chromatin interactors are regulated by p63, a transcription
factor essential for epidermal specification and progenitor activity [85, 86]. In addi-
tion, the differentiation process is associated with the loss of H3K27me3 chromatin
marks on differentiation-specific genes, and their replacement with H3K79me2 and
H3K4me3 marks, although the full complexity of this transition is still under inves-
tigation [87] (Fig. 11.1b).

More generally, regulated histone deacetylation is important for both epidermal
development and hair follicle specification. The chromatin remodeling factor Brgl,
which interacts with HDAC proteins, is required for epidermal differentiation [88].
Conditional deletion of Mi-2b, a component of the HDAC1 and HDAC2-containing
NURD complex, results in failure of hair follicle specification and atrophic epider-
mis due to loss of epidermal progenitor cells [89]. Similarly, deletion of both
HDACI1 and HDAC?2 in murine epidermis results in thin skin due to the upregula-
tion of the specific target genes normally repressed by p63, as well as increases in
acetylated p53 [90]. Furthermore, these mutant mice do not form hair follicles,
teeth, or tongue papillae, all of which derive from basal epidermal keratinocytes.
Additionally, treatment of adult skin with the HDAC inhibitor trichostatin A can
induce hair follicle stem cell activity [91], while deletion of HDAC1 and HDAC2
postnatally in the epidermis results in alopecia, claw dystrophy, and hyperkeratosis
[92]. Whether these functions of HDACs are related to the regulation of transcrip-
tional repression at the nuclear periphery is unknown. Interestingly, mice lacking
p63 display aberrant nuclear morphology, as well as alterations in the expression of
LINC complex components, including the increased expression of SUN2 and
decreased expression of SUN1, Nesprin 3, lamin A/C, lamin B1, and plectin [85,
93]. These changes are further linked to relocation of repressive heterochromatin
marks H3K27me3, H3K9me3, and HP 1o away from the nuclear periphery, as well
as reorganization of the keratin-encoding loci Ktyl and Ktyll towards repressive
chromocenters [93]. Thus, p63 may carry out aspects of its influence on transcrip-
tional control of epidermal differentiation in coordination with the nuclear lamina.

In addition to histone deacetylation and chromatin remodelers, the nuclear lam-
ina can also serve as a platform for the concentration of transcription factors and
components of signaling pathways, thereby influencing gene expression. For exam-
ple, the lamin A/C scaffold is postulated to regulate the transcription factor c-Fos,
which heterodimerizes with c-Jun to form the AP-1 complex. The sequestration of
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c-Fos at the nuclear periphery by lamin A/C prevents c-Fos/c-Jun heterodimerization,
attenuating AP-1 DNA binding and transcription [94]. The interaction of c-Fos with
lamin A/C appears to be regulated by ERK1/2-dependent c-Fos phosphorylation,
which allows it to be released from the periphery and activate transcription [95].
Interestingly, AP-1 regulates EDC gene expression in both proliferating and differ-
entiating keratinocytes in vitro [96] and coordinates with Ezh2 in the polycomb
complex to regulate epidermal differentiation [97]. Thus, the nuclear lamina may
support epidermal differentiation by regulating AP-1 activity.

Several additional nuclear envelope components can influence specific signal
transduction cascades, including signaling through the Wnt pathway, itself an
important regulator of stem cell renewal and differentiation in the epidermis [98].
Emerin interacts with p-catenin via its adenomatous polyposis coli (APC) homol-
ogy domain and antagonizes Wnt signaling, potentially by promoting p-catenin
export from the nucleus [99—-101]. Conversely, the LINC complex component
Nesprin-2 may positively regulate the nuclear localization of f-catenin [102]. Thus,
because the level of -catenin signaling influences stem cell lineage choice (reviewed
in [98, 103]), the nuclear lamina-dependent tuning of nuclear p-catenin levels may
impact lineage selection.

TGF-f is another important modulator of epidermal stem cell activity and wound
healing that is regulated by nuclear lamina components. MAN1 antagonizes TGF-/
BMP signaling by binding Smad2 and Smad3, upstream regulators of TGF-f sig-
naling, although the mechanism of inhibition is unclear [104, 105]. Disruption of
this activity by a loss-of-function mutation in MAN1 is linked to Buschke-Ollendorff
syndrome, characterized by skeletal dysplasia and skin abnormalities [106].
Interestingly, increased TGF-f} signaling is often seen in fibrotic skin disorders, such
as those that characterize the early aging disorder progeria, associated with expres-
sion of the progerin form of lamin A [107, 108]. Once again, Nesprin-2 may act
conversely to promote Smad activity, as mice expressing a mutant actin-binding
domain-null Nesprin-2G exhibit delayed nuclear accumulation of Smad2/3, as well
as delayed wound healing in vivo [109]. These changes have also been linked to
aberrant fibroblast differentiation and keratinocyte proliferation in response to
wounding [109]. Thus, in addition to the lamins, other nuclear envelope compo-
nents likely act to modulate signaling cascades leading to proper stimulation and
repression of signaling circuits in the epidermis.

11.5 Maintenance of Genome Integrity

In addition to regulating chromatin dynamics, activation state, and organization,
increasing data suggest that the lamina also plays a role in maintaining genome
integrity. Although this topic has been less well studied to date, there are likely two
primary mechanisms that underlie the functions of the lamina in genome integrity:
one in the prevention of DNA double-strand breaks (DSBs), and the other in mod-
ulating the efficiency and fidelity of repairing the DSBs that do occur. Mechanical
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stresses have been shown to induce DNA damage, leading to apoptosis, in vascular
smooth muscle cells [110]. A role for the nuclear lamina in supporting mechanical
stability when high force is exerted on the nucleus may protect the genome from
damage. For example, mechanical stresses in the form of nuclear deformation dur-
ing cellular migration through pores have been shown to induce apoptosis in lung
carcinoma A549 cells with partial knockdown of lamin A [68]. While this study
did not directly examine whether DNA damage was the driver of the apoptotic
response, increases in genome instability, including DNA Iesions and telomere
dysfunction, have been observed in response to mutations in nuclear lamina com-
ponents. For example, mouse embryonic fibroblasts (MEFs) from Sunl/Sun2—/-
mice exhibit elevated basal DNA damage and increased sensitivity to DNA
damaging agents [67], as do C. elegans deficient for the SUN domain-containing
protein UNC-84 [111].

In addition, the nuclear lamina likely contributes to DSB repair pathway choice.
Components of the nuclear lamina have been found to directly interact with DNA
damage signaling or repair-associated proteins. Nesprin-1 physically interacts with
MSH?2 and MSH6, components of the mismatch repair pathway [112]. A Nesprin-2
isoform lacking a KASH domain may also influence the DNA damage response
(DDR), specifically influencing ATM localization to sites of damage through its
interaction with ERK1/2 [113]. Further, SUNI and SUN2 have been implicated in
modulating DDR in MEFs [67], and the budding yeast SUN protein Mps3p recruits
DSBs to the nuclear periphery [114, 115]. Interestingly, the bridging of persistent
DSBs through the LINC complex to dynamic cytoplasmic microtubules promotes
homology-directed repair in fission yeast [116], while a similar LINC complex-
mediated process may inhibit non-homologous end joining in favor of homology-
directed repair in the C. elegans germline [111]. Lamin A/C may also influence
DDR by directly interacting with DDR components, such as Ku70 and y-H2AX
[117], and influencing the formation of repair foci (reviewed in [118-122]). Indeed,
MEFs null for Zmpste24 or expressing unprocessed prelamin A exhibit delayed
53BP1 and Rad51 recruitment to sites of damage, leading to defective repair and
irreparable DSBs [121]. Further, defects in DNA damage repair were identified in a
restrictive dermopathy-like disease — characterized by severe epidermal defects —
which arose through mutation of lamin A and subsequent postnatal loss of mature
lamin A expression [123]. This lamin A mutation resulted in the accumulation of
DSBs in vivo, as well as decreased 53BP1 localization at breaks and impaired DNA
repair in human fibroblasts [123].

While it is not yet mechanistically clear if or how defects in DNA repair contrib-
ute to progeria and other diseases of the lamina, fibroblasts from progeria patients,
Zmpste24—/— mice (defective in lamin A processing), or MEFs overexpressing
unprocessed prelamin A all show increased susceptibility to DNA damage [121].
Interestingly, SUN1 has been shown to accumulate in progeroid-expressing and
lamin A-null mouse fibroblasts [124]. Given the potential role of SUN proteins in
the DDR, Lei et al. proposed a mechanism for progerin-toxicity where excessive
accumulation of SUNI at the nuclear envelope could lead to hyperactive DDR sig-
naling [67]. Indeed, the loss of SUNI1 is capable of rescuing many of the defects in
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a mouse model of progeria [124]. The loss of SUNI in this context would
theoretically reduce DDR signaling in lamin A mutant mice, and minimize the asso-
ciated defects. However, it remains possible that the amelioration of the progeria
phenotype may instead be due to a concomitant decrease in the number of LINC
complexes, and therefore the force exerted on the nucleus. The emerging connection
between lamins A/C, lamin B1, and autophagy [125-130] may additionally play a
role in modulating cellular senescence and aging in progeria patients. For example,
epidermal keratinocytes deficient for Atg7 exhibit decreased lamin B1 expression
coupled with increased DNA damage foci, altered lipid metabolism, and cellular
senescence [129]. As an alternative model, progerin itself may interfere with the
activity of repair factors, thereby promoting irreparable DSBs [119, 131].

As genome integrity is essential for skin homeostasis and regeneration (reviewed
in [132]), a potential role for the nuclear lamina in protecting the genome and even
repairing DNA has significant consequences for epidermal function. The homeosta-
sis of different components of the epidermis, including the stratified epithelium,
hair follicles, and the sebaceous glands, is maintained by resident stem cell niches;
in the case of the hair follicle, stem cells located in the bulge region promote hair
follicle regeneration throughout adulthood [133]. Adult bulge stem cells may utilize
distinct DNA repair strategies at different developmental stages, as these cells rely
on non-homologous end joining and expression of the anti-apoptotic protein Bcl2
during the resting phase of the hair cycle [134]. Interestingly, progerin has been
implicated in suppressing 53BP1-mediated non-homologous end joining in human
keratinocytes following UVA radiation [135]. Further, ablation of BRCAI, an
important mediator of homologous recombination, in the murine epidermis results
in DNA damage accumulation, apoptosis, and loss of transit amplifying cells and
bulge stem cells, preventing adult regeneration of hair follicles [136]. Additional
work must be carried out to determine if the nuclear lamina’s regulation of DNA
repair has implications for skin homeostasis and tumorigenesis.

11.6 Mechanosensing: The Lamina and the LINC Complex

In addition to biochemical signaling, mechanical signals are also known to influ-
ence chromatin structure, gene expression, and differentiation (reviewed in [137,
138] (Fig. 11.2). Cell geometry can influence gene expression downstream of
MKL1/SRF signaling and HDAC3 localization [139], while modulation of the
cytoskeleton and/or LINC complexes can modify nuclear morphology, chroma-
tin organization, and gene expression [140-142]. Similarly, cell geometry, sub-
strate stiffness, and intracellular tension can influence stem cell lineage selection
[58, 143, 144].

Interaction of the nucleus with the cytoskeleton through LINC complexes pro-
vides a mechanism for external forces to be propagated from the ECM or adjacent
cells to the nuclear interior directly. Thus, in addition to the modulation of nuclear
mechanics in response to extracellular biochemical cues, mechanosensing at the



11 Integration of Biochemical and Mechanical Signals at the Nuclear Periphery... 2717

nuclear lamina is also likely critical for the cell to integrate and respond to mechani-
cal cues from adhesions and the cytoskeleton. An attractive model is the possibility
that the nuclear lamina responds to mechanical inputs in a fashion similar to that
described for E-cadherin-based AJs and integrin-based focal adhesions, which
increase in size in response to exogenous force [145—-147]. The acute application of
force on Nesprin-1 molecules on isolated nuclei using magnetic tweezers has been
shown to produce nuclear stiffening within seconds, an effect dependent on the
LINC complex, emerin, and lamin A/C [46]. Further, force application to nuclei in
this context increases the association of lamin A/C with LINC complexes [46].
Nuclear stiffening in response to stress has been observed in other contexts as well:
endothelial cell nuclei stiffen in response to shear stress [148], while HeLa cells
exposed to shear exhibit increased peripheral recruitment of lamin A/C [149].
Interestingly, acute force application to isolated nuclei also results in emerin phos-
phorylation [46]. This process is required for force-induced nuclear stiffening, as
the expression of a phosphomutant emerin prevents nuclear stiffening and abrogates
an increased association of LINC complexes with lamin A/C [46]. As both SUN2
and emerin bind to the same region of lamin A/C, the force-induced phosphoryla-
tion of emerin in this context may decrease lamin A/C-emerin affinity and promote
a lamin A/C-SUN?2 interaction. In support of this notion, emerin-null nuclei exhibit
increased nuclear stiffness, suggesting that the association of lamin A/C with SUN
proteins is even greater than in control nuclei [46] (Fig. 11.2).

Interestingly, uniaxial stretch applied to human epidermal progenitor cells drives
the redistribution of emerin from the INM to the ONM, leading to the formation of
a perinuclear non-muscle myosin II-actin scaffold, nuclear actin depletion and inac-
tivation of RNAPII, and the subsequent H3K27me3- and PRC2-dependent tran-
scriptional repression of genes associated with epidermal differentiation [150]
(Fig. 11.2). While a role for emerin phosphorylation in this process has not yet been
identified, reduced association between lamin A/C and emerin could facilitate the
redistribution of emerin to the ONM in this context. Additional nuclear lamina com-
ponents may have the capacity to swap between the INM and ONM, such as short
nesprin isoforms [151-154] and LUMA [155].

Like emerin, lamin A/C has also been shown to undergo force-induced phos-
phorylation, perhaps in response to unfolding of its immunoglobulin-like domain
[22, 41]. During mitosis, lamin A is phosphorylated on Ser22, prompting disassem-
bly of the lamin network in preparation for nuclear envelope breakdown [156]. This
same modification appears to be sensitive to mechanical input: increased intracel-
lular cytoskeletal tension, induced by growing mesenchymal stem cells on stiff sub-
strates, decreases phosphorylation of Ser22, while reduced tension, either through
plating on soft substrates or inhibition of myosin II, increases phosphorylation [22,
41] (Fig. 11.2). These changes in phosphorylation level are seen within tens of min-
utes, and correspond to changes in nuclear stiffness as measured by micropipette
aspiration [41].

While a definitive role for forced unfolding has not yet been identified in lamin
A/C function, the discovery of two mechanically-regulated epitopes of lamin A/C
hints at such a mechanism [31]. The first epitope is located within the first 50
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residues of the N-terminus, while the second is a conformational epitope consisting
of sequences in the Ig domain and the Ig-proximal unstructured linker. These
regions become inaccessible to antibodies at the basal side of nuclei in response to
compressive forces, including those applied by an apical actin cap [31], an actin-
rich meshwork found in close association with the nucleus in various cell types
[157]. The observed differential lamin A epitope accessibility is regulated by cyto-
skeletal tension, and requires intact LINC complexes [31]. Further, steered molecu-
lar dynamics simulations show that the loss of the epitope can be linked to lamin
A/C multimerization, and therefore reinforcement of the lamin network [31].
Several previously identified stress-sensitive phosphorylation sites [22], including
Ser22, are present in the two epitopes. These results suggest that cytoskeletal ten-
sion could regulate the phosphorylation state of lamin A/C by influencing the expo-
sure of phosphorylation sites to kinases and/or phosphatases, potentially through
partial unfolding of the Ig domain and concomitant multimerization of lamins
(Fig. 11.2).

This force-dependent exposure of lamin A/C epitopes may play an important role
in stem cell lineage selection. Fascinatingly, human mesenchymal stem cells that
are shunted down osteogenic or adipogenic lineages exhibit different levels of basal
epitope exposure, with the lamin epitope more polarized in osteoblasts than in adi-
pocytes [31]. Previous work has also identified actin cap and LINC complex-depen-
dent polarization of lamin A/C to the apical side of nuclei, as well as the apical
polarization of histone marks H3K12ac and H4KS5ac, which are associated with
active transcription [158]. Interestingly, the conformational epitope in lamin A/C
overlaps with binding sites for DNA, histones, emerin, and SUN proteins [31].
Thus, the force-dependent differential exposure of these binding sites may influence
the interaction of lamin A/C with the genome, either directly or through modulation
of the activity of its binding partners. As described earlier, emerin is capable of
binding to DNA, and can also interact with and activate HDAC3 [80]. Again, these
responses harken back to the force-dependent modulation of adhesion morphology
and function at the cell surface.

Interestingly, Thalainen et al. showed that integrin-based connectivity to the
nucleus might play a crucial role in determining the polarity of lamin A/C epitope
exposure, suggesting this activity of lamins may be important for cell types that are
exposed to both cell-cell and cell-ECM adhesions. Thus, the polarized, force-depen-
dent exposure of lamin A/C epitopes may be particularly relevant for the skin, where
polarized basal layer cells — which contact both the basal lamina and other keratino-
cytes — must differentiate in a highly regulated manner to correctly form the layers
of the IFE. Further, other work has shown that the geometry of exogenous force
application to cells may influence nuclear lamina-dependent regulation of gene
expression by modulating the extent of chromatin stretch [159].

While mechanosensing at the nuclear interior by lamin A requires the LINC
complex, likely for force transduction across the nuclear envelope, it is also possible
that the LINC complex is itself mechanoresponsive. The majority of the extranu-
clear domains of Nesprin proteins are composed of spectrin repeats, known to
undergo force-induced unfolding, which could serve multiple functions [160, 161].
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As with other mechanosensitive proteins, such as talin [162], this unfolding could
either abrogate or reveal cryptic interacting sites, potentially influencing signaling
pathways or LINC complex oligomerization [153, 163]. Increased affinity between
Nesprins under tension could allow increased force to be transmitted to the nuclear
lamina and could therefore mediate changes in lamina-regulated signaling, chroma-
tin interactions, and transcription. Alternatively, unfolding of the spectrin repeats
could instead release tension on LINC complexes, preventing excessive and poten-
tially dangerous levels of force from being exerted on the nuclear interior. Indeed,
using an optical tweezers assay to apply force to LINC complexes on isolated
nuclei, Balikov et al. showed that nesprin spectrin repeats may undergo unfolding in
response to physiological levels of force [164]. Interestingly, the LINC complex is
not only capable of adapting to the sustained application of high forces, such as dur-
ing the formation of TAN lines for nuclear positioning, but also to transient (10s of
milliseconds) [42, 45] or low magnitude [165] mechanical signals. This suggests
that the LINC complex may be able to coordinate differential responses tuned to the
magnitude and geometries of forces exerted on the nucleus, which could in turn dif-
ferentially influence lamin A/C activity.

Thus far, studies of nuclear lamina mechanosensitivity have focused on isolated
cells in which mechanical cues are driven exclusively by cell-ECM adhesions.
Indeed, little is known about the potential role intercellular adhesions, and the bal-
ance between forces generated at cell-cell and cell-ECM adhesions, may have on
the lamina, particularly in tissues. In the current model, mechanical signals originat-
ing at intercellular adhesions would be relayed to the nucleus in the same way as
signals from cell-ECM adhesions, resulting in changes in lamin A/C phosphoryla-
tion and structure. However, the types of mechanical inputs studied to date represent
unnaturally high levels of force or asymmetrical compressive forces (due to apical
actin cap formation). In an epithelial sheet, the force distribution at intercellular
adhesions reaches a homeostatic equilibrium, suggesting that these cells may
respond differently to changes in tension in vivo [166].

Many of the mechanosensing functions of cells are dependent upon YAP/TAZ
and/or MKL/SREF signaling [167]. YAPI regulates epidermal stem cell proliferation
and tissue expansion [168, 169] and is downstream of a-catenin, which links YAP
signaling to cadherin junctions [170]. MKL/SRF signaling is an essential regulator
of epidermal differentiation [171-173] and hair follicle morphogenesis [174]. SRF
further regulates epidermal differentiation by modulating actomyosin-guided
mitotic spindle orientation during asymmetric divisions of basal layer cells to pro-
mote epidermal stratification [171], as well as controlling the expression and local-
ization of AP-1 family members, and the C/EBPa transcription factor [174].
Postnatal deletion of SRF in mice yields alterations in cell-cell and cell-ECM adhe-
sion as well as altered differentiation and actin organization, leading to an inflam-
matory hyperproliferative phenotype similar to psoriasis [172].

Interestingly, YAP/TAZ and MKL/SRF are regulated by the nuclear lamina
(Fig. 11.2). In MEFs, the transcription of the mechanically sensitive immediate
early genes egr-1 and iex-/ in response to cyclic strain requires lamin A/C and
emerin [175, 176]. Further, YAP/TAZ and MKL/SRF signaling are perturbed upon
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loss of lamin A/C [22, 177, 178] and a nonphosphorylatable mutant lamin A/C has
been shown to increase gene expression compared to a phosphomimetic, suggest-
ing that the structure of the lamin network can influence mechanosensitive tran-
scription [41]. Further, emerin, through its mechanosensing capacity, is specifically
required for MKL/SRF-dependent gene expression on stiff versus soft substrates,
implicating it in the regulation of fibrosis and other pathologies involving tissue
stiffening [179].

Thus, a model is emerging in which a mechanical stimulus can be rapidly trans-
mitted from the cytoskeleton to the nuclear interior through LINC complexes, lead-
ing to force-induced changes in posttranslational modifications of nuclear lamina
components, subsequent lamina reinforcement, and transcriptional regulation. This
model is consistent with recent work showing that YAP/TAZ works with AP-1 to
activate target genes via chromatin looping [180]. Phosphorylation of emerin may
link nuclear lamina changes to these signaling pathways by promoting MKL/SRF
signaling, potentially by promoting actin polymerization and/or organization in the
cytoplasm and nucleoplasm [177, 181]. However, mutant emerin protein that cannot
be phosphorylated does not influence YAP/TAZ transcription [46], suggesting that
modulation of these two pathways may occur through distinct mechanisms. These
changes may promote increased stiffness of the nuclear lamina through reinforce-
ment of the lamin network [22, 41, 46]. How the nuclear lamina functions in mecha-
nosensing and through these signaling pathways during epidermal differentiation
and homeostasis will be an interesting area of future investigation.

11.7 The Nuclear Lamina and Human Disease

Disruption of the nuclear lamina leads to a host of rare diseases, known as lami-
nopathies and nuclear envelopathies, which include muscle dystrophies, premature
aging, lipodystrophies, peripheral nerve disorders, and bone diseases (reviewed in
[182]). These disorders are often associated with hallmark defects in epidermal
structure and function, which hints at the special role the nuclear lamina plays in
epidermal homeostasis. While we are just beginning to dissect the etiology of
human diseases associated with the nuclear lamina, the burgeoning field of epider-
mal nuclear biology highlight the importance of this domain in regulating epidermal
development and integrity.

In particular, mutations in lamin A, associated with either Hutchinson-Gilford
Progeria Syndrome (HGPS) or other laminopathies, have been implicated in alter-
ing interactions between LADs and the nuclear lamina. Numerous studies have
shown that loss of lamin A/C, or expression of lamin A/C mutants, can result in
global changes in 3D genome organization and gene expression. Further, global
changes in H3K27me3 marks, dissociation of chromatin from lamin A/C and the
lamina, and gene expression changes have been identified in epidermal fibroblasts
from HGPS patients [183]. However, in line with the fact that lamin association
does not necessarily influence transcriptional state, these changes do not always
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induce altered gene expression. Other work suggests that progerin expression is not
sufficient to induce such vast perturbation of chromatin organization and transcrip-
tion [79]. While progerin preferentially interacts with a subset of genes distinct
from lamin A/C, these altered associations are not associated with global expression
changes [79]. A complex array of interactions between nuclear lamina proteins and
chromatin-interactors or —modifiers has been identified. These interactions may be
disrupted in diseases where the nuclear lamina is altered, such as in HGPS and
restrictive dermopathy [184]. Further work will be required to understand the exact
changes that occur upon lamin A/C disruption, and the mechanisms by which these
occur. The use of sophisticated tools to map the dynamic interactions of chromatin
with the nuclear periphery over time [75], including in embryonic development,
will prove an essential component in understanding the etiology of laminopathies
and nuclear envelopathies.

11.8 Summary

Skin is subject to constant mechanical challenge through external insults and as a
result of the cellular changes that occur during development and homeostasis.
Recent data suggest that tissue homeostasis requires crosstalk between the cell sur-
face (in the form of cell-ECM and cell-cell adhesions) and the nucleus to coordinate
biochemical and mechanical cues. The LINC complex, which spans the nuclear
envelope, plays a critical role in communicating mechanical information from the
cytoskeleton to the nuclear interior. The nuclear lamina responds to forces trans-
duced by the LINC complex by coordinating changes in chromatin organization and
transcriptional output; the lamina also helps to maintain genome integrity, although
the mechanisms at play will require further investigation. Understanding how the
lamina coordinates these integrated functions will be critical to defining how lamin
dysfunction contributes to defects in epidermal structure and function.
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