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The cytolinker plectin regulates nuclear mechanotransduction

in keratinocytes
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ABSTRACT

The transmission of mechanical forces to the nucleus is important
for intracellular positioning, mitosis and cell motility, yet the
contribution of specific components of the cytoskeleton to nuclear
mechanotransduction remains unclear. In this study, we examine how
crosstalk between the cytolinker plectin and F-actin controls keratin
network organisation and the 3D nuclear morphology of keratinocytes.
Using micro-patterned surfaces to precisely manipulate cell shape, we
find that cell adhesion and spreading regulate the size and shape of the
nucleus. Disruption of the keratin cytoskeleton through loss of plectin
facilitated greater nuclear deformation, which depended on acto-
myosin contractility. Nuclear morphology did not depend on direct
linkage of the keratin cytoskeleton with the nuclear membrane, rather
loss of plectin reduced keratin filament density around the nucleus. We
further demonstrate that keratinocytes have abnormal nuclear
morphologies in the epidermis of plectin-deficient, epidermolysis
bullosa simplex patients. Taken together, our data demonstrate that
plectin is an essential regulator of nuclear morphology in vitro and in
vivo and protects the nucleus from mechanical deformation.

KEY WORDS: Keratinocyte, Mechanics, Nucleus, Keratin,
Cyoskeleton, Plectin

INTRODUCTION
Mechanical and biophysical interactions between cells and their
surrounding environment regulate essential processes, such as
growth (Chen et al., 1997), survival (Chen et al., 1997), migration
(Pelham and Wang, 1997) and differentiation (Connelly et al., 2010;
Engler et al., 2006; McBeath et al., 2004), and in some instances
contribute to disease progression (Paszek et al., 2005). Integrin-
based adhesions and the actin cytoskeleton are classic physical
linkages between cells and the extracellular matrix and regulate
various aspects of cellular mechano-sensing (Dupont et al., 2011;
Engler et al., 2006; McBeath et al., 2004). Nevertheless, how
these intracellular structures transform mechanical forces into
biochemical signals and influence cell behaviour remains unclear.
Recent evidence suggests that the nucleus itself might be a central
mechano-sensing element within the cell. Expression levels of lamin
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A and lamin C (which are encoded by a single gene, LMNA, and
hereafter are referred to as lamin A/C), a structural component of the
nucleus, correlate with bulk tissue mechanics and, at a molecular
level, mediate gene expression and stem cell differentiation (Swift
et al., 2013). The nucleus also independently adapts to external
forces through phosphorylation of the nuclear membrane protein
emerin (Guilluy et al., 2014). Furthermore, chromatin has been
proposed to undergo rapid conformational changes when an external
mechanical stimulus is applied (Iyer et al., 2012). Thus, the
transmission of forces to the nucleus might be a critical component
of cellular mechanotransduction.

The nucleus physically connects to the cytoskeleton through the
linker of nucleoskeleton and cytoskeleton (LINC) complex, which
comprises nesprins, SUN1 and SUN2, and the nuclear lamina. The
integrity of this linkage is essential for maintaining nuclear shape,
structure and positioning within the cell (Gundersen and Worman,
2013; Isermann and Lammerding, 2013). Disruption of the LINC
complex or the nuclear lamina leads to dramatic morphological
changes in the nucleus (Lammerding et al., 2004), as well as defects
in mitotic spindle orientation (Hale et al., 2008) and cell migration
(Khatau et al., 2012; Lee et al., 2007; Zhang et al., 2009). Moreover,
mutations in the genes encoding these structural proteins have been
implicated in a variety of diseases, including progeria (Goldman
et al., 2004), muscular dystrophy (Bonne et al., 1999) and deafness
(Horn et al., 2013).

The nesprin family of proteins localise to the outer nuclear
membrane and contain extra-nuclear domains that provide the first
point of contact between the cytoskeleton and the nucleus (Zhang
et al., 2001). Although the different nesprin chains interact with
distinct components of the cytoskeleton, each has a conserved
KASH domain that binds SUN1 and SUN2 within the inter-
membrane space. SUN1 and SUN2 in turn bind to nuclear lamina
proteins, thereby forming a continuous physical link between the
cytoskeleton and the nucleoskeleton (Starr and Fridolfsson, 2010).
Nesprin-1 and nesprin-2 giant bind to F-actin microfilaments (Zhang
et al., 2001; Zhen et al., 2002), whereas nesprin-4 couples the
nuclear membrane to microtubules through the kinesin-1 motor
protein (Roux et al., 2009). Additionally, nesprin-3 connects to
intermediate filaments through plectin (Wilhelmsen et al., 2005), a
large (500 kDa) cytolinker that not only crosslinks intermediate
filaments to each other, but also links them to the nuclear membrane,
the actin cytoskeleton and integrin receptors (Castafion et al., 2013).

Whereas the actin cytoskeleton and LINC complex control nuclear
mechanotransduction for some cell types (Li et al., 2014; Versaevel
etal., 2012), the role of intermediate filaments in force transmission to
the nucleus is less clear. In epidermal keratinocytes, the keratin
cytoskeleton contributes substantially to overall cell rigidity and could
potentially influence nuclear mechanotransduction (Kroger et al.,
2013; Ramms et al., 2013; Seltmann et al., 2013). In this study, we
investigated the mechanisms of force transmission to the nucleus in
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keratinocytes using micro-patterned polymer substrates, which allow
for precise control over single-cell adhesion and spreading. We
demonstrate that cooperation between the cyto-linker, plectin and the
actin cytoskeleton regulates nuclear deformation in response to
defined biophysical cues. Furthermore, the nuclear morphology of
keratinocytes in the epidermis of epidermolysis bullosa simplex (EBS)
patients with plectin deficiency is perturbed. Taken together, our
findings provide novel insights into the complex process of nuclear
mechanotransduction and demonstrate a new function for plectin in
epidermal keratinocytes.

RESULTS

Keratinocyte shape specifies nuclear morphology
independently of acto-myosin contractility

To assess how cell shape affects the nuclear morphology of primary
human keratinocytes, single cells were seeded onto micro-patterned
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collagen substrates of different sizes and shapes: circular islands of
20, 30 and 50 pm diameter and elliptical islands of shape factor 8
(SF8; the shape factor, denoted SF, is the ratio of the major axis to
the minor axis) with an equivalent area to 30-um diameter islands.
The resultant 3D nuclear morphology was analysed by confocal
microscopy 4 h after seeding when the cells on the larger islands
were fully spread (Fig. 1A). The cross-sectional areas of the nuclei
increased significantly as cells spread progressively on the 30 um
and 50 pm islands (Fig. 1B), whereas the height of the nucleus
decreased slightly (Fig. 1C). Because the increase in area was
proportionally greater than the decrease in height, cell spreading on
the 50 um islands resulted in an ~40% increase in nuclear volume
compared to cells on the 20 um substrates (Fig. 1D). In addition to
nuclear size, cell shape also correlated with nuclear shape. The
nuclei of cells on the elliptical SF8 islands were more elongated,
switching from oblate (disk-like) to prolate (zeppelin-like)

Fig. 1. Keratinocyte shape specifies 3D
nuclear morphology. Primary human
keratinocytes were cultured on either
circular collagen islands with diameters of
20, 30 and 50 pum, or ellipses (SF8 with
equivalent area of 30 um).

(A) Representative immunofluorescence
images of F-actin (green), lamin A/C (red)
and DAPI (blue) through the central plane
of the cell were obtained by confocal
microscopy. (B—E) Quantification of the
maximum (B) cross-sectional area,

(C) height, (D) volume and (E) geometrical
shape coefficients was performed for
cells on each of the micro-patterns

using z-stacks of confocal images.

(F) Representative confocal images of
primary human keratinocytes cultured on
50-pm islands and treated with carrier
(0.1% DMSO) or 50 uM blebbistatin.

(G) Quantification of crosssectional area
for experiments shown in F. Quantitative
data represent meants.e.m. (n=3
experiments). *P<0.05 compared to

20 pm; $P<0.05 compared to 30 um (one-
way ANOVA). Scale bars: 10 pm.
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ellipsoids, compared to cells on SF1 substrates (Fig. 1E). These
results indicate that primary keratinocyte shape defines nuclear
morphology, consistent with the response of other cell types (Li
et al., 2014; Versaevel et al., 2012).

As the actin cytoskeleton is a key regulator of cell mechanics and
directly links to the nucleus (Li et al., 2014; Zhen et al., 2002), we
next investigated the role of cytoskeletal tension in cell-shape-
induced nuclear deformation. To disrupt acto-myosin contractility,
cells were treated with blebbistatin, which binds to the myosin II
head domain and inhibits phosphate release (Kovacs et al., 2004).
Although blebbistatin completely blocked F-actin stress fibre
formation, the cross-sectional areas of nuclei on 20 pm and 50 pm
islands were unaffected (Fig. 1F,G). A similar response was
observed in cells treated with the Rho-kinase inhibitor Y27632, and
even complete disruption of actin polymerisation with latrunculin
only partially blocked cell-shape-induced nuclear expansion on

the 50-um islands (Fig. S1A,B). We conclude that the actin
cytoskeleton is not solely responsible for maintaining nuclear
morphology in keratinocytes.

Plectin mediates cell-shape-induced nuclear deformation

The keratin network of intermediate filaments is a major structural
and mechanical component of keratinocytes (Ramms et al., 2013;
Seltmann et al., 2013). We therefore sought to determine how this
cytoskeletal structure contributed to the regulation of nuclear
morphology. We examined mouse keratinocytes lacking the gene
for plectin (Plec), which controls keratin cytoskeletal organisation
through non-covalent linkage of filaments (Castanon et al., 2013;
Rezniczek et al., 1998; Steinbdck et al., 2000). As previously
described (Osmanagic-Myers et al., 2006), Plec-knockout (KO)
keratinocytes had a more elongated, spindle-like morphology
(Fig. 2A), and the keratin bundles were thicker and less dense

Fig. 2. Plectin mediates cell shape-induced
A C Nuclear Area nuclear deformation. (A) Representative bright field
300 - - images of cell morphology for Plec** (WT) and
Plec +/+ (WT) Plec -/- (KO) _— Plec™~ (KO) keratinocytes. (B) Representative
: L : images of keratin 14 (K14) organisation and nuclear
&g 200 - morphology (DAPI) of WT and KO cells. Scale bars:
3 150 10 um. (C,D) Quantification of (C) nuclear cross-
g 160 sectional area and (D) aspect ratio of WT and
z KO cells cultured on non-patterned surfaces.
50 1 (E,F) Representative (E) bright field images and
0 (F) DAPI fluorescence of WT and KO cells on 50 pm
and SF8 micro-patterns. Scale bars: 50 um.
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(G) Quantification of nuclear cross-sectional area
and (H) aspect ratio of WT and KO cells on circular
20, 30 or 50 ym islands or SF8 islands. Quantitative
* data represent meants.e.m. (n=3 experiments).
*P<0.05 compared to WT (one-way ANOVA).
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compared to wild-type (WT) cells (Fig. 2B). Correlating with
overall cell morphology on non-patterned surfaces, the nuclei of KO
keratinocytes were significantly larger and more elongated than WT
cells. We then analysed the nuclear morphology of WT and KO cells
cultured on micro-patterned substrates to control for changes in cell
shape and determine the direct effect of plectin on the nucleus. Like
human keratinocytes, WT mouse cells displayed larger nuclei when
allowed to spread on 50-um islands and more-elongated nuclei on
SF8 islands (Fig. 2E-H). The response to the micro-patterned
surfaces was significantly more pronounced in Plec-KO cells, with
nuclear area increasing from ~150 um? to 220 um? on the 50-um
substrates and the aspect ratio increasing from 2 to 3 on the SF8
substrates (Fig. 2E-H). The differences in nuclear area were
observed within 4 h of seeding onto the patterned substrates and
were sustained for up to 24 h (Fig. S2A). It is interesting to note that
the level of nuclear deformation in KO cells was similar to that of
HeLa cells, which express a different pattern of cytokeratins from
epidermal keratinocytes (Moll et al., 1982) (Fig. S1). These findings
indicate that in the absence of plectin, the nuclei of keratinocytes are
more sensitive to extracellular physical cues and that plectin is a key
regulator of nuclear morphology.

Crosstalk between plectin and acto-myosin contractility
regulates keratin filament organisation and nuclear
morphology

To understand the mechanism by which plectin regulates nuclear
morphology, we next examined the organisation of various adhesive
and cytoskeletal structures in WT and Plec-KO keratinocytes. KO
cells displayed reduced staining for the hemidesmosomal integrin 0.6
(Fig. 3A), and more elongated focal adhesions, which appeared to
associate with keratin filaments (Fig. 3B). Both WT and KO cells were
competent to form actin stress fibres (Fig. 3C); however, the KO cells
were more sensitive to inhibition of acto-myosin contractility with

A WT

KO B

F-actin merge <
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WT

blebbistatin. In WT cells, treatment with blebbistatin reduced keratin
bundle thickness, but the dense network structure was maintained
(Fig. 3C). By contrast, treatment of KO cells with blebbistatin resulted
in a dramatic collapse of the keratin network (Fig. 3C). These results
suggest that cooperation between the actin and keratin cytoskeletons
modulates keratinocyte structure and that the keratin network prevents
a complete collapse of cell morphology even in the absence of acto-
myosin tension.

To test whether crosstalk between actin and keratin also
influences nuclear mechanics, we next examined the effects of
blebbistatin on the nuclear morphology of WT and Plec-KO cells on
micro-patterned substrates. Blebbistatin treatment abolished the
differences in nuclear cross-sectional area and elongation on the
50-um and SF8 micro-patterns, respectively (Fig. 4A-D). Thus,
acto-myosin contractility is required for plectin-dependent changes
in nuclear deformation. The reduced nuclear elongation caused by
blebbistatin treatment (Fig. 4B,D) in particular suggests that tensile
forces from the actin cytoskeleton promote nuclear deformation,
and the more-pronounced elongation in KO cells (Fig. 4B,D)
suggests that the keratin cytoskeleton opposes these forces and
protects the nucleus from deformation.

The keratin cytoskeleton modulates nuclear morphology

independently of direct linkage to the nuclear membrane

Plectin is a well-established cytolinker within the epidermis, and as
demonstrated here and by others, it controls keratin filament
organisation (Osmanagic-Myers et al., 2000). Plectin also connects
intermediate filaments such as vimentin to the nuclear membrane
through nesprin-3 (Wilhelmsen et al., 2005). Therefore, loss of
plectin might potentially affect nuclear morphology either by
disrupting the direct physical linkage and force transmission
between the cytoskeleton and the nucleus or indirectly through
changes in keratin structure and cellular mechanics. We examined

Fig. 3. Plectin regulates
organisation of adhesive and
cytoskeletal structures.
Representative confocal
immunofluorescence images of

(A) keratin 14 (K14) and integrin o6
and (B) K14 and paxillin localisation in
WT and Plec-KO keratinocytes.

(C) K14 and F-actin images of WT and
KO cells treated with carrier (0.1%
DMSO) or 50 uM blebbistatin. Scale
bars: 10 ym.
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the expression and localisation of plectin and nesprin-3 in mouse
keratinocytes. In WT cells, plectin colocalised with keratin
filaments in the cytoplasm but not the nucleus, as would be
expected based on its function as a cyto-linker (Osmanagic-Myers
et al., 2006) (Fig. 5A). Similarly, diffuse nesprin-3 staining was
only observed in the cytoplasm of WT keratinocytes, whereas in
3T3 fibroblasts it specifically localised to the nuclear membrane
(Fig. 5B). Previous studies have demonstrated low nesprin-3
expression within the epidermis, and mice lacking nesprin-3 have
a normal skin phenotype (Ketema et al., 2013). These findings
suggest that in keratinocytes, plectin and nesprin-3 do not directly
link keratins to the nuclear membrane.

To determine how disruption of nuclear—cytoskeletal linkages
influences nuclear morphology in keratinocytes, we overexpressed a
dominant-negative nesprin (DN-KASH), which comprises a KASH
domain for localisation to the nuclear membrane but lacks any
extranuclear cytoskeletal-binding domains (Zhang et al., 2001).
Compared to GFP overexpression, DN-KASH had no effect on
WT nuclei (Fig. 5CD), which in conjunction with the
immunofluorescence data, further supports an indirect role of
plectin in nuclear mechanotransduction. Interestingly, DN-KASH
expression in Plec-KO cells reduced nuclear area to WT levels
(Fig. 5D). This effect might be due to disruption of the linkage
between other nesprins (e.g. nesprin-1 and the nesprin-2 giant
isoform) and the actin cytoskeleton, which is required for nuclear
expansion in the absence of plectin.

Disulfide bonding of cysteine residues and serine/threonine
phosphorylation are post-translational modifications involved in
keratin filament assembly and organisation (Feng and Coulombe,
2015; Toivola et al., 2002). To gain further insight into how plectin

Fig. 4. Crosstalk between actin and keratin
regulates nuclear morphology.
Representative DAPI fluorescence images of
WT and Plec-KO keratinocytes on (A) 50 um
and (B) SF8 micro-patterns. Cells were
treated with carrier (0.1% DMSO) or 50 uM
blebbistatin. Scale bars: 50 um. Inset images
are at a 2x magnification. (C) Quantification of
nuclear cross-sectional area on 50 ym islands
and (D) aspect ratio on SF8 patterns.
Quantitative data represent meants.e.m.
(n=3 experiments). *P<0.05 compared to WT
(two-way ANOVA).
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deficiency affects keratin biochemistry and structure, we next
performed western blot analysis of keratin 14 within the Triton-X-
100-soluble and -insoluble fractions of cell lysates under both
reducing and non-reducing conditions. In the soluble fraction,
slightly increased keratin 14 could be observed in Plec-KO cells
compared to WT cells under both reducing and non-reducing
conditions, and there were decreased amounts of only the highest
molecular mass keratin 14 species in the insoluble fraction of Plec-
KO lysates under reducing conditions (Fig. SE). Increased serine
phosphorylation, which is associated with keratin solubility, was
also observed in the cytoskeletal fraction of Plec-KO cells (Fig. SF),
and extracellular-related kinase 1/2 (ERK1/2, also known as
MAPK3 and MAPK1) and p38 family proteins, upstream stimuli
of keratin phosphorylation (Busch et al., 2012; Toivola et al., 2002),
were required for plectin-dependent changes in nuclear area
(Fig. S2B). Taken together, these results suggest that in addition
to directly interacting with cytoskeletal components, plectin might
also regulate nuclear morphology by mediating effects on keratin
phosphorylation and filament stability.

Plectin dynamically mediates the effect of cell crowding on
nuclear morphology

In addition to single-cell adhesion and spreading, we also sought
to determine the role of plectin in regulating cell—cell interactions
and nuclear morphology within multi-cell structures. WT and
Plec-KO cells were seeded onto large micro-patterns of 200 um in
diameter at either low (37,500 per cm?) or high (225,000 per cm?)
densities, and the 3D nuclear morphology was assessed by
confocal microscopy. At low density (minimum to completely
cover the micro-pattern), similar numbers of WT and KO cells
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Fig. 5. Plectin regulates nuclear morphology independently of direct linkage to the nuclear membrane. (A) Immunofluorescence images of plectin, keratin
14 (K14) and DAPI localisation in WT and Plec-KO keratinocytes. (B) Immunofluorescence images of nesprin-3 and DAPI localisation in WT mouse keratinocytes
and NIH 3T3 fibroblasts. (C) Fluorescentimages of GFP-tagged dominant negative nesprin (dnKASH-GFP) expression in WT and KO keratinocytes. Scale bars:
10 pm. (D) Quantification of nuclear area in WT and KO cells transiently transfected with DN-KASH or GFP alone. All data represent meants.e.m. (n=3
experiments). *P<0.05 compared to WT (two-way ANOVA). (E) Western blot analysis of K14 in lysates from WT and KO keratinocytes separated into Triton-X-100-
soluble and non-soluble fractions and run under reducing (R; with B-mercaptoethanol) or non-reducing (NR) conditions. (F) Western blot analysis of serine
phosphorylation (pSer) and keratin 5 (K5) in insoluble cytoskeletal fractions of WT and KO lysates under reducing conditions.

adhered to the patterns, and the nuclei of the KO cells were
significantly larger than WT (Fig. 6A—C), consistent with the single-
cell experiments. When seeded at high density, however, there were
significantly more KO cells per micro-patterned island than WT
cells. The nuclear volume of KO cells at high density was also
significantly smaller than at low density, whereas the seeding
density had no effect on the nuclear volume of WT cells.
Intriguingly, the nuclei of the KO cells were more elongated in
the apical direction (z-axis) compared to the WT cells at both
densities (Fig. 6D,E). These results indicate that plectin is important
for cell density sensing. In the absence of plectin, keratinocytes are
more sensitive to cell crowding, which in turn affects cell packing
and nuclear deformation, and might reflect defects in the keratin
cytoskeleton and cellular mechanics.

4480

To investigate the plasticity and dynamics of nuclear
deformation, we next took advantage of dynamically adhesive
micro-patterns developed in our laboratory (Costa et al., 2014), and
investigated nuclear morphology when keratinocytes were released
from the micro-patterns and induced to migrate. Cells were seeded
onto 200-pum islands at high density for 12 h, then activated to
migrate by functionalisation of the surrounding polymer brushes
with a collagen mimetic peptide (Reyes and Garcia, 2003) (Fig. 6F).
Nuclear cross-sectional area remained relatively constant in WT
cells migrating onto the functionalised surfaces, whereas the nuclear
area increased significantly in Plec-KO cells within 6 h of activation
(Fig. 6G). These results demonstrate that reduced nuclear area
caused by cell crowding in KO cells is reversible, and the nuclei
expand again when cells are allowed to migrate and spread.
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Fig. 6. Plectin influences cell crowding and nuclear
morphology in multi-cell structures. (A) Representative
confocal images of DAPI-stained WT and Plec-KO cells
seeded on 200-pm islands at low (37,500 per cm?) and high
(225,000 per cm?) densities. Scale bars: 50 ym. (B,C)
Quantification of (B) the number of nuclei per pattern and (C)
nuclear volume. (D) Representative 3D reconstruction of
DAPI-stained nuclei. Yellow nuclei show those preferentially
aligned with the z-axis. (E) Quantification of the percentage
of nuclei preferentially elongated in the z-axis (angle of major
axis 45° above x-y plane). Data represent meants.e.m. (n=3
experiments). *P<0.05 comparing WT versus KO; ¥P<0.05
comparing low versus high density seeding (two-way
ANOVA). (F) Representative fluorescence images of F-actin
and DNA of WT and KO cells before (0 h) and 3 and 6 h after
photo-activated coupling of the collagen-mimetic peptide
(GFOGER) to the surrounding polymer surface. Scale bars:
10 pm. (G) Quantification of nuclear morphology at 0, 3 and
6 h after activation with the GFOGER peptide. Data
represent the meanzs.d. (n>72 cells) of a representative
experiment. *P<0.05 comparing WT and KO at 6 h (two-way
ANOVA).
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Nuclear morphology is perturbed in the epidermis of EBS-MD DISCUSSION

patients

In human skin, mutations in the PLEC gene cause the blistering
disease epidermolysis bullosa simplex with muscular dystrophy
(EBS-MD) (McLean et al., 1996; Smith et al., 1996; Winter and
Wiche, 2013). To investigate whether plectin also influences
nuclear mechanics in vivo, we analysed the morphology of nuclei
in the epidermis of four EBS-MD patients with confirmed plectin
deficiency (Table S1). Compared to normal epidermis, the nuclei of
basal keratinocytes in the EBS-MD samples were significantly
smaller, less circular and elongated in the apical direction (Fig. 7A-D),
and these differences occurred independently of cell proliferation
(Fig. S3). These findings demonstrate that plectin also regulates the
nuclear morphology of human keratinocytes in vivo. The more
apically elongated nuclei observed in the EBS-MD samples are
consistent with the in vitro effects of cell crowding and previously
reported changes in the nuclei of Kr#/4-KO mice (Lee et al., 2012).
Thus, our data suggest that PLEC mutations might directly
influence nuclear morphology within the epidermis through
changes in keratin structure and cellular mechanics.

In this study, we examined the mechanisms of force transmission
from external adhesive cues to the nucleus of epidermal keratinocytes.
We took advantage of micro-patterned collagen substrates to
precisely control the adhesion and spreading of single cells, as well
as crowding in multi-cell clusters. Our results demonstrate that in
keratinocytes, the size and shape of the nucleus changes in response to
defined biophysical cues, and the extent of this deformation is
controlled by crosstalk between plectin and acto-myosin contractility.
Plectin is required for maintaining a dense keratin network and
dampens nuclear deformation induced by either cell spreading or
crowding (Fig. 8). Interestingly, this effect does not appear to involve
direct linkage of plectin to the nuclear membrane. Based on these
findings, we propose a model in which the keratin cytoskeleton
provides a rigid network that resists both tensile and compressive
forces imposed on the cell and protects the nucleus from excessive
deformation.

Plectin is a well-established regulator of cytoskeletal architecture
across different cell types. Consistent with our findings, the absence
of plectin in keratinocytes induces the formation of thicker keratin
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bundles, with noticeably larger voids within the meshwork
(Osmanagic-Myers et al., 2006). Loss of plectin in keratinocytes
also increases MAPK activity and enhances cell migration
(Osmanagic-Myers et al., 2006). However, this response appears
to be specific to the cell type. In fibroblasts, plectin is necessary for
localisation of vimentin intermediate filaments to focal adhesions at
the cell periphery (Burgstaller et al., 2010; Spurny et al., 2008) and
inhibits cell motility (Gregor et al., 2014). MCF-7 breast cancer cells
similarly acquire a slower, less-protrusive phenotype in the absence
of plectin (Boczonadi et al., 2007). Plectin also affects the
organisation of the intermediate filament protein glial fibrillary

acidic protein (GFAP) in astrocytes, and contributes to the fibrotic

Circularity ratio

Fig. 7. Nuclear morphology is perturbed in
plectin deficient epidermis.

(A) Representative images of DAPI-stained
frozen sections from biopsies of normal
neonatal and adult and EBS-MD skin. Scale
bars: 10 ym. Inset images are at 2x
magnification. (B—D) Quantification of

(B) nuclear cross-sectional area, (C) aspect
ratio and (D) circularity of basal keratinocytes.
At least 100 cells were measured per
specimen. Data represent the meants.e.m.
(n=4 patients). *P<0.05 compared to normal
skin (one-way ANOVA).

Normal - Adult

Circularity

Normal EBS-MD

phenotype of R239C GFAP mutant cells (Tian et al., 2006). Finally,
loss of plectin reduces fibroblast stiffness and impairs force
transmission (Na et al., 2009). Thus, plectin is a key regulator of
cellular mechanics, and our data add a new dimension to this
function, specifically in the control of nuclear morphology.

Here, we provide evidence that plectin indirectly protects the
nucleus from deformation owing to altered keratin structure rather
than direct linkage to the nuclear membrane. Recent studies have
shown that disulfide bonding of cysteine residues within keratin 14
molecules are important for the maturation of the perinuclear keratin
network, which in turn limits nuclear movement (Feng and
Coulombe, 2015; Lee et al., 2012). Consistent with these reports,

Fig. 8. Proposed model for the role of plectin in nuclear

55 5 5 b5t
Basement Membrane

mechanotransduction. In the presence of plectin, a dense,
cross-linked keratin network protects the nucleus of keratinocytes
from excess expansion during cell spreading (e.g. on single-cell
micro-patterns), whereas at high cell density (e.g. in vivo) nuclei
are resistant to lateral forces from adjacent cells. Plectin deficiency
therefore causes increased nuclear deformation in response to
both tensile and compressive forces.

2D substrate In vivo
‘h Integrin cell-ECM contacts —r Keratin bundle
- Nucleus mmmmmd  [orce vector (lateral compression)
F-actin m====) Force vector (tension)
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our data suggest that loss of plectin might slightly inhibit the
assembly of high-molecular-mass keratin 14 species, thereby
weakening the structure of keratins around the nucleus and further
increasing the susceptibility to mechanical deformation. However,
the main effect of plectin on nuclear deformation likely results from
stabilisation of the keratin network by non-covalently linking
filaments to each other and to other cytoskeletal components.
Beyond keratins, other intermediate filaments, such as lamin A/C,
are also key regulators of nuclear morphology (Wang et al., 2008)
and cell function within the epidermis (Sagelius et al., 2008). How
the various cytoskeletal structures around the nucleus mechanically
integrate and depend on specific post-translational modifications
will be an important consideration for future studies.

The effects of plectin deficiency might not simply be due to
altered cellular mechanics. MAPK activity is elevated in Plec-KO
keratinocytes (Osmanagic-Myers et al., 2006), and our data further
demonstrate that MAPK signalling is required for changes in
nuclear area. Both p38 family proteins and ERK1/2 promote keratin
phosphorylation (Busch et al., 2012; Toivola et al., 2002), which
might regulate nuclear morphology through changes in keratin
solubility. However, these kinases affect many signalling pathways
and might regulate nuclear morphology through additional
mechanisms. Increased inflammation or cellular stress in the
fragile skin of plectin-deficient patients could similarly contribute
to altered nuclear morphology, independently of cytoskeletal
mechanics.

Although plectin clearly regulates keratinocyte nuclear
morphology, the direct impact on cell behaviour and disease
progression is still to be determined. Changes in the size and shape
of the nucleus could potentially affect chromatin structure and gene
expression. Our previous studies have shown that when cell
spreading is restricted on small micro-patterns, keratinocytes
decrease their rate of proliferation and increase terminal
differentiation, which is mediated by serum response factor and
AP-1 transcriptional activity (Connelly et al., 2010). In addition,
histone de-acetylation correlates with decreased cell spreading,
reduced nuclear size and terminal differentiation on micro-patterned
substrates (Connelly et al., 2011). During terminal differentiation in
the mouse epidermis, increased clusters of heterochromatin
accompany decreased nuclear volume (Gdula et al., 2013), and
regulators of nuclear architecture and chromatin remodelling, such
as Ezh2, Satbl and Brgl, are required for positioning and
expression of genes within the epidermal differentiation complex
(EDC) (Botchkarev et al., 2012; Ezhkova et al., 2009; Fessing et al.,
2011; Mardaryev et al., 2014). Thus, decreased nuclear volume on
small micro-patterns might facilitate terminal differentiation by
physically forcing chromatin condensation. In other cell types, such
as embryonic stem cells, chromatin de-condensation follows
nuclear softening (Chalut et al., 2012), and direct mechanical
stimulation of HeLa cells causes rapid de-compaction of chromatin
(Iyer et al., 2012). Although there is strong evidence that nuclear
mechanics might directly regulate chromatin remodelling, gene
expression and cell behaviour, a definitive causative relationship has
yet to be established.

Clinically, mutations in plectin (plectinopathies) manifest as
different symptoms according to the specific isoforms (Winter and
Wiche, 2013), whereas mutations in keratin 5 and 14 themselves
disrupt keratin filament mechanics (Russell et al., 2004) and lead to
distinct forms of EBS (Coulombe et al., 1991). In future studies,
investigation of how other types of plectin mutations, such as in
EBS Ogna (Walko et al., 2011), and EBS caused by keratin
mutations affect nuclear morphology and gene expression will be of

great importance. Recent mRNA expression profiling studies,
implicating pathways related to interleukins, lipid metabolism and
keratinisation, suggest that transcriptional mechanisms might
indeed play a role in EBS (Bchetnia et al., 2012; Lu et al., 2007).
Ultimately, identifying the impact of altered nuclear mechanics in
the pathophysiology of blistering skin diseases could shed new light
on our understanding and treatment of these complex and painful
conditions.

MATERIALS AND METHODS

Fabrication of micro-patterned substrates

In order to control adhesive area, patterned polymerised (oligo ethylene
glycol methacrylate; POEGMA) brushes were used. Briefly, master silicon
moulds were created by photolithography and used to cast poly-
dimethylsiloxane stamps. The micro-patterned stamps were inked with the
thiol initiator @-mercaptoundecyl bromoisobutyrate and brought into
conformal contact with gold-coated coverslips for 15s to deposit the
initiator as a self-assembled monolayer. Atom transfer radical
polymerisation (ATRP) of the monomeric solution oligo(ethylene glycol)
methacrylate (OEGMA; M, 360 for -OH brushes) and oligo(ethylene
glycol) methyl ether methacrylate (M,, 300 for -CHj;-terminated brushes),
was carried out in a water:ethanol (4:1) solution of OEGMA (1.6 M), Cu(Il)
Br (3.3 mM), 2,2-bipyridine (82 mM) and Cu(I)Cl (33 mM). The reaction
was performed at room temperature from 0.25-1h. For dynamically
adhesive micro-patterns, substrates were further modified with alkyne
moieties as previously described (Costa et al., 2014). Following sterilisation
with 70% ethanol, patterned substrates were coated with 20 ug/ml of rat type
I collagen (BD Biosciences) in PBS for 1 h at 37°C. Substrates were rinsed
three times with 1 mM HCI and twice with PBS. All chemicals were from
Sigma-Aldrich unless otherwise indicated.

Cell culture

Primary human keratinocytes were isolated from neonatal foreskin and
maintained on a feeder layer of J2 3T3 fibroblasts, as previously described
(Rheinwald and Green, 1977). Cells were cultured in FAD medium
containing 1 part Ham’s F12 (Life Technologies), 3 parts Dulbecco’s
modified Eagle’s medium (DMEM; Life Technologies), 10~* M adenine,
10% FBS (Biosera), 1% penicillin-streptomycin (Life Technologies),
0.5 ug/ml hydrocortisone, 5 ug/ml insulin, 107! M cholera toxin and
10 ng/ml EGF (Peprotech). Immortalised Plec™~ and Plec™™ mouse
keratinocyte cell cultures were established from Plec™/p53~~ and
Plec”*/p53™'~ mice, as previously described (Andrd et al., 2003) and
maintained in EpiLife medium with human keratinocyte growth supplement
(Life Technologies). NIH 3T3 cells were maintained in DMEM
supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-
streptomycin. For seeding onto micro-patterned substrates, regardless the
type of substrate, both primary human and mouse keratinocytes were
trypsinised (passages ranging 2—8 for the primary human keratinocytes and
8—18 for the mouse keratinocytes) and re-seeded onto the micro-patterned
substrates at varying densities ranging from 10,000 to 25,000 cells/cm?.
Cells were allowed to adhere for 0.5-1 h and then rinsed three times with
fresh medium. Where indicated, cells were treated for 3 h with 50 uM
blebbistatin (Merck Millipore), 1 uM latrunculin (Merck Millipore), 10 pM
Y27632 (Merck Millipore) or carrier control (0.1% DMSO). To activate cell
migration out of the micro-patterns, substrates were functionalised with a
collagen mimetic peptide containing the GFOGER motif (Reyes and Garcia,
2003) (Activotec). Cells were exposed to 1 mg/ml GFOGER in phenol-free
DMEM containing 0.5% Irgacure 2959. The coupling reaction was initiated
by exposure to 365-nm light from an LED array (Cetoni, Germany) for
1 min. After exposure, substrates were immediately washed three times with
DMEM.

EB skin samples

Plectin deficient EBS-MD and control skin biopsies were provided by the
EB Laboratory at St Thomas’ Hospital (Viapath, London). Ethical approval
was obtained from Guy’s and St Thomas’ NHS Trust Research Ethics
committee, code 07/H0802/104 (primary investigator, John A McGrath),
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with all experiments conducted according to the Declaration of Helsinki.
Following informed consent, a shave biopsy of normal-appearing, rubbed
skin was taken from the arm or thigh following local anaesthetic with 2%
lignocaine. Skin biopsies were transported to the EB Laboratory where they
were washed on a rotator in PBS at 4°C. Samples were then embedded and
mounted in Tissue-Tek® OCT compound (Agar Scientific) and snap frozen
in liquid nitrogen-cooled n-heptane for storage at —80°C until 5-7-um
cryostat skin sections were cut using a Bright OTF500 cryostat (Bright
Instruments). Plectin-deficient samples were previously identified by the
EB Laboratory by negative staining with at least two out of six anti-plectin
diagnostic antibodies.

Plasmids and transfection

Mouse keratinocytes were cultured in Epi-life medium for 24 h prior to
transfection. Cells were transfected for 3 h using 1 ul Lipofectamine 2000
(Life Technologies) and 1 pg of DNA per 10° cells. The dominant-negative
nesprin (DN-KASH) construct was kindly provided by Derek Warren
(King’s College London, London, UK) and has been described previously
(Zhang et al., 2001).

Immunofluorescence imaging and quantification

For immunofluorescence microscopy, cells were fixed with 4%
paraformaldehyde (PFA) and permeabilised with 0.2% Triton X-100 in
PBS for 10 min at room temperature and washed three times in PBS.
Samples were blocked for 1 h in 10% bovine serum plus 0.25% fish gelatin,
incubated with primary antibodies for 1 h at room temperature or at 4°C
overnight, and incubated with secondary antibodies (Life Technologies,
1:1000) for 1 h at room temperature. Samples were mounted on glass slides
with Mowiol reagent. Primary antibodies were against the following: lamin
A/C (Santa Cruz Biotechnology, Ms 636, 1:200), K14 (Cancer Research
UK, Ms LL002, 1:500), K14 (Covance, Rb polyclonal, 1:5000), .6 integrin
(BD Biosciences, Rat GoH3, 1:100), paxillin (BD Biosciences, Ms 177,
1:200), plectin (Ms 10F6, 1:2) (Walko et al., 2011) and nesprin-3 (gift from
Amoud Sonnenberg, Netherlands Cancer Institute, Amsterdam, The
Netherlands; rabbit polyclonal, 1:100). F-actin was labelled with
phalloidin—Alexa-Fluor-488 (Life Technologies, 1:500).

High-resolution images were acquired with either a Zeiss 510 or 710
confocal microscope. For low-magnification epi-fluorescence microscopy,
either a Leica DMI4000 or Leica DMI5S000 microscope was used. ImageJ
was used for two-dimensional data analysis of epi-fluorescent images. For
the processing and analysis of z-stacks of single cells, a MatLab
(MathWorks) script was developed. Briefly, each frame was threshold
using Otsu’s method. As the pixel area through the z-stacks followed a
normal distribution, the height was determined by counting the frames
resembling a pixel area superior within p=0.64c” of the fitted Gaussian
curve. For the quantification of 3D geometry, Imaris (Bitplane) was used to
fit an ellipsoid to the DAPI signal and calculate volume, ellipticity (both
prolate and oblate) and x-y-z axes (both absolute and normalised lengths). To
determine whether the nucleus was oriented in the apical or lateral direction,
the sine of the angle between the major axis of the fitted ellipsoid (c axis) and
the x-y plane was calculated. Nuclei oriented in the apical direction were
defined as having angles above 45° [sin (0)~0.71 of normalised vector].

Western blot analysis

Equal numbers of plectin-KO and WT keratinocytes were first lysed in cold
Triton X-100 lysis buffer (1% Triton X-100, 0.5% NP-40, 150 mM NacCl,
20 mM Tris-HCI, 1 mM EDTA and supplemented with PhosSTOP®
Phosphatase Inhibitor and cOmplete® EDTA-free Protease Inhibitor
Cocktails (Roche) for 30 min (4°C), and detergent-soluble and -insoluble
proteins were separated by centrifugation (16,000 g for 20 min at 4°C).
Detergent-insoluble proteins were then dissolved in the same volume of
radio-immune precipitation assay (RIPA) buffer (no reducing agent)
containing 6 M urea and supplemented with PhosSTOP® Phosphatase
Inhibitor and cOmplete®™ EDTA-free Protease Inhibitor Cocktails (Roche).
Reduced samples for SDS-PAGE were prepared in LDS sample buffer (Bio-
Rad Laboratories) in the presence of 5% B-mercaptoethanol and incubated at
room temperature for 1 h to reduce disulfide bonds. Non-reduced samples
were prepared in LDS sample buffer without f-mercaptoethanol.
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Samples were resolved by SDS-PAGE in 4-20% Criterion TGX Stain-
Free Precast Gels and transferred onto Immun-Blot® Low Fluorescence
PVDF membranes (Bio-Rad Laboratories). Immunoblotting analysis was
performed using primary rabbit polyclonal antibodies to K14 (PRB-155P,
Covance), or primary mouse monoclonal antibodies to phosphoserine
(clone 4A4, Millipore), followed by horseradish-peroxidase-conjugated
goat anti-rabbit-IgG or goat anti-mouse-IgG antibodies (Jackson
ImmunoResearch). Enhanced chemiluminescence (Clarity™ Western
ECL, Bio-Rad Laboratories) was performed according to the
manufacturer’s instructions. Protein bands were detected using a
ChemiDoc Touch Imaging System (Bio-Rad Laboratories).

Statistical analysis
All data were analysed by one- or two-factor ANOVA and Tukey’s test for
post-hoc analysis. Significance was taken as P<0.05.
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