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Nuclear—cytoskeletal linkages facilitate cross talk
between the nucleus and intercellular adhesions
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he linker of nucleoskeleton and cytoskeleton (LINC)

complex allows cells to actively control nuclear po-

sition by coupling the nucleus to the cytoplasmic
cytoskeleton. Nuclear position responds to the formation
of intercellular adhesions through coordination with the cy-
toskeleton, but it is not known whether this response im-
pacts adhesion function. In this paper, we demonstrate
that the LINC complex component SUN2 contributes to
the mechanical integrity of intercellular adhesions be-
tween mammalian epidermal keratinocytes. Mice defi-
cient for Sun2 exhibited irregular hair follicle intercellular

Introduction

Keratinocytes comprise most of the mammalian epidermis and
its appendages, such as the hair follicle, and must withstand sub-
stantial mechanical stress to effectively function as the body’s
protective barrier against pathogen invasion and dehydration
(Madison, 2003). The mechanical integrity of the epidermis re-
quires tight cell-cell and cell-ECM adhesions. Indeed, the loss
or disruption of cadherin-based intercellular adhesions, such as
adherens junctions (AJs) or desmosomes, or integrin-based
cell-ECM junctions, such as focal adhesions and hemidesmo-
somes, results in defects in skin barrier function and hair follicle
structure (Simpson et al., 2011).

Both cell—cell and cell-ECM adhesions are mechanosen-
sitive (Galbraith et al., 2002; le Duc et al., 2010; Yonemura
et al., 2010) and are capable of transducing externally applied
force (Grashoff et al., 2010; Borghi et al., 2012; Mertz et al.,
2013) and responding to mechanical stimulation (Pelham and
Wang, 1997; Riveline et al., 2001; Oakes et al., 2012). Tension
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adhesions, defective follicle structure, and alopecia. Pri-
mary mouse keratinocytes lacking Sun2 displayed aber-
rant nuclear position in response to adhesion formation,
altered desmosome distribution, and mechanically defec-
tive adhesions. This dysfunction appeared rooted in a
failure of Sun2-null cells to reorganize their microtubule
network to support coordinated intercellular adhesion.
Together, these results suggest that cross talk between the
nucleus, cytoskeleton, and intercellular adhesions is im-
portant for epidermal tissue integrity.

at cadherin-based junctions can elicit cell-signaling events
(Vaezi et al., 2002; le Duc et al., 2010; Yonemura et al., 2010),
alter actin dynamics (le Duc et al., 2010; Yonemura et al., 2010;
Niessen et al., 2011; Hong et al., 2013; Engl et al., 2014), and
coordinate mechanical behavior across multiple cells (Trepat
et al., 2009; Maruthamuthu et al., 2011; Mertz et al., 2012, 2013).
Although proteins that link intercellular junctions to cytoskele-
tal elements respond to mechanical stimuli at the cell membrane
(le Duc et al., 2010; Yonemura et al., 2010; Ray et al., 2013),
the mechanisms that allow forces to be coordinated within the
cell to support epidermal homeostasis are largely unknown.
Interestingly, cadherin-based cell—cell adhesions in epi-
thelial cells can alter nuclear position (Dupin et al., 2009), sug-
gesting a link between intercellular junctions and the nucleus.
An interconnected cytoskeletal network linking cell-cell adhe-
sions to cell-ECM adhesions may be integrated at the nucleus
through nuclear envelope (NE)—spanning linker of nucleoskel-
eton and cytoskeleton (LINC) complexes (Wang et al., 2009;
Simon and Wilson, 2011). The well-conserved LINC complex
consists of SUN (Sad1/UNC-84) domain proteins embedded in
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the inner nuclear membrane, coupled to KASH (Klarsicht/ANC-1/
Syne homology) domain proteins, the Nesprins or SYNEs in
mammals, located in the outer nuclear membrane (Sosa et al.,
2012). Although SUN1 and SUN2 interact with lamins, other
inner nuclear membrane proteins, and chromatin inside the nu-
cleus, Nesprin-1, -2, and -3 associate with actin, microtubules
(MTs), and/or intermediate filaments in the cytoplasm (Sosa
et al., 2012). LINC complexes, by transducing force from the
cytoskeleton to the nuclear interior, mediate nuclear migration
and anchorage in various mammalian tissues (Zhang et al.,
2007; Lei et al., 2009; Yu et al., 2011; Razafsky et al., 2012) and
have the potential to act as conduits for nuclear mechanotrans-
duction (Dahl et al., 2008; Wang et al., 2009; Brosig et al., 2010;
Guilluy et al., 2014). Mice expressing a mutant form of Nesprin-2
Giant lacking its actin binding domains displayed defective
nuclear morphology in epidermal keratinocytes and delayed
wound healing in vivo (Liike et al., 2008; Rashmi et al., 2012).
These data hint at the necessity of functional nuclear—cytoskeletal
linkages in supporting the epidermis, although extensive exami-
nation of LINC complex function in the epidermis has not been
performed to date.

Here, we define a role for LINC complexes in supporting
epidermal keratinocyte cytoskeletal organization and intercellu-
lar adhesion and, thereby, the mechanical integrity of the mu-
rine hair follicle. Sun2-null mice displayed defects in follicle
structure, which lead to transient alopecia. Primary keratino-
cytes derived from Sun2-null mice failed to reorganize the MT
cytoskeleton or properly control nuclear position in response to
adhesion formation, exhibited defective desmosome distribution
at cell—cell junctions, and had impaired mechanical stability of
intercellular adhesions. Ultrastructural analysis revealed that
alterations in desmosome number and structure also occurred
between Sun2-null follicular trichocytes in vivo. These results
implicate LINC complexes, and therefore nuclear—cytoskeletal
interactions, in supporting the strength of cell—cell adhesions
and the overall mechanical integrity of the epidermis.

Results

SUNRZ is expressed in the epidermis and

hair follicle

To characterize the expression of SUN domain-containing pro-
teins of the LINC complex in the skin, we immunostained back
skin from wild-type (WT) mice for the broadly expressed SUN1
and SUN2 proteins. SUN1 was primarily found in the basal and
suprabasal layers of the epidermis at the NE but was absent from
the hair follicle at postnatal day 4 (P4; Fig. 1 A, arrows). Promi-
nent expression of SUN2, also localized to the NE, was detected
throughout the epidermis and dermis, as well as through all layers
of the hair follicle, at P4 (Fig. 1 B and Fig. S1, A and B). SUN2
continued to be robustly expressed in the regressing hair shaft at
P17 and the regrown hair follicle at P32 (Fig. S1, C and D).

SunZ2’ mice exhibit alopecia and abnormal
hair follicle morphology

Given the postnatal lethality of Sunl/Sun2 double-null mice
(Lei et al., 2009) and our finding that SUN2 was the primary
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SUN domain-containing protein expressed in the hair follicle
(Fig. 1, A and B), we used a Sun2-null mouse model (which
lacked exons 11-16, including the SUN domain) to investigate
the consequences of disrupting LINC complex function in the
epidermis (Lei et al., 2009). As in the original publication, we
refer to this mouse as Sun2~"~. We note that a truncated frag-
ment of SUN2 lacking the SUN domain could be expressed in
these mice but would be incapable of interacting with Nesprins
(Lei et al., 2009). As originally described, Sun2™’" mice did
not display any overt phenotypic abnormalities at birth, and
skin sections from Sun2 ™/~ mice revealed an absence of SUN2
staining, as assessed with an antibody raised to the C-terminal
SUN domain (Fig. S1, E and F). Strikingly, these mice dis-
played progressive hair loss beginning at P16 (Fig. 1 C). In
contrast, Sunl ™"~ mice (Ding et al., 2007) did not exhibit alo-
pecia (Fig. S1 G).

To elucidate the origin of the alopecia phenotype in
Sun2~'~ mice, we examined the morphology of WT and Sun2~"~
hair follicles in histological sections during the first hair cycle
(Fig. 1 D). Although Sun2~"~ follicles displayed grossly normal
morphology at P4 (Fig. 1 D, I and II), hair shaft breakages were
observed at P16 (Fig. 1 D, III-VI, arrow) and P18 (Fig. 1, D
[VII-X, arrow] and E). In contrast, histological analysis of fol-
licles from Sunl " mice revealed no structural differences com-
pared with WT follicles (Fig. S1 G).

To determine whether structural changes to the hair fol-
licle occurred during follicular morphogenesis in Sun2™"" mice,
we analyzed skin sections from WT and Sun2™" mice at P4,
when all of the follicles have entered into a mature growth stage.
We found that trichocytes in Sun2~"~ follicles formed the dif-
ferentiated layers of the hair follicle normally (Fig. S1, H and I).
However, closer analysis of the keratin 6—positive companion
layer demonstrated that Sun2~"~ follicles were extensively bent
compared with the aligned structure of WT follicles (Fig. 1,
F, G [arrows], and H). These bends extended to the outer root
sheath (ORS) in Sun2~’~ follicles (Fig. S1, H and I, arrow-
head). By P32, Sun2™~ mice regained a normal hair coat that
was maintained over the course of their remaining life span, and
follicles at this age exhibited no gross morphological defects
(Fig. 1, C and D, XI and XII). Together, these results indicate
that SUN2 is required for the maintenance of normal hair fol-
licle structure during the first hair cycle.

Nuclear position is influenced by

intercellular adhesion and SUNZ2

Given the established role for the LINC complex in regulat-
ing nuclear position, we examined this process in the context
of a cultured epidermal keratinocyte model. In this system, the
formation of cadherin-based adhesions in primary mouse ke-
ratinocytes (MKCs) is driven by the elevation of extracellular
calcium (Ca*"). We first established that both SUN1 and SUN2
were expressed in isolated WT MKCs, although the relative ex-
pression levels of the two SUN proteins could not be determined
(Fig. S2 A). MKCs derived from the Sun2™'~ mouse model
lacked SUN2 expression, whereas SUN1 was expressed at
comparable levels in both WT and Sun2~~ MKCs (Fig. S2 A).
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Figure 1. Sun2~/~ mice exhibit alopecia
and abnormal hair follicle structure. (A) Im-
munostaining of mouse back skin revealed
NE localized SUNT (also greyscale insef,
arrows) was expressed in the epidermis. As-
terisk indicates nonspecific staining. Dotted
lines delineate hair follicles. (B) SUN2 was
strongly expressed in the epidermis, dermis,
and hair follicle. Dotted lines delineate hair
follicles. Bar, 100 pum. (C) Sun2/~ mice
developed alopecia at P16 yet regained a
normal coat by the second hair cycle (P32).
(D) Hematoxylin and eosin-stained back
skin from WT and Sun2™/~ mice show hair
shaft breaks at P16 (IV and VI, arrow) and
P18 (VIIl and X, arrow). (E) Quantification
of broken follicles in WT and Sun2~/~ mice.
n > 160 follicles in three mice per geno-
type. (F and G) Immunostaining of back
skin from WT and Sun2~/~ mice for keratin
6 (K6) and Hoechst illustrated acute bends
in Sun2~/ follicles (G, arrows), whereas

Sun2-/-

WT follicles remained linear (F, arrow).
(H) Percentage of total follicles with at least

one bend <130°. n > 98 follicles in three mice
per genotype. Error bars indicate SDs. Statis-
tical significance determined by unpaired,
two-ailed tfest.
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Furthermore, SUN2 localized to the NE before and after calcium-
induced adhesion formation (Fig. 2 A).

To determine how nuclear position would respond to
the formation of intercellular adhesions, we measured the dis-
tance between the centroids of the cell and nucleus in MKCs
at the periphery of small colonies that featured a “free” edge
(Fig. 2 B, black cells). Before Ca** addition, WT MKCs main-
tained the nucleus at the cell center (Fig. 2, C and E). How-
ever, 12-24 h after the induction of intercellular adhesion, the
nucleus progressively moved away from the cell center toward
“interior” cell—cell adhesions (Fig. 2, B [magenta adhesions],

% follicles with bends <130°
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D, and E), an effect previously seen in epithelial cell lines
(Dupin et al., 2009). Here, we define interior adhesions as
those located close to the colony center and “lateral” adhe-
sions (Wu et al., 2014) as those adjacent to the colony free
edge (Fig. 2 B; see also Fig. 5 E). The nuclear positioning
bias toward interior cell-cell adhesions was only observed
in cells with free edges (Fig. 2 B, black cells), whereas cells
with contacts on all sides displayed centrally located nuclei
(Fig. 2, D [arrow] and E). A reorganization of cytoskeleton-
dependent tension across MKC colonies occurs on a similar
timescale (Mertz et al., 2013), suggesting that the changes in
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Figure 2. Adhesion-dependent nuclear movement occurs in WT epidermal MKCs and is exaggerated in Sun2~/~ MKCs. (A) SUN2 and Ecadherin (E-cad)
localization in WT MKCs in low calcium (Ca?) or in high Ca?* medium for 24 h. (B) Diagram of a MKC colony illustrating interior adhesions (magenta)
at cell-cell contacts opposite from the free edge in cells at the colony periphery. Nuclear position (asterisks) is biased toward interior adhesions and away
from the cell centroid (marked with x’s). (C and D) E-cad and nuclear position in WT MKCs cultured in high Ca?* medium for O and 24 h. Each cell periph-
ery is outlined (dotted lines), and the nuclear centroid (asterisks) and cell centroid (x’s) are shown in matching colors. Arrow in D indicates a cell without a
free edge with a central nuclear position. (E) Plots of the nuclear centroid to cell centroid distance normalized to cell radius during MKC adhesion formation
at indicated time points after Ca?* addition. n > 50 cells per time point (representative of three experiments). Error bars indicate SDs. Asterisks denote
indicated significance (*, P < 0.05; *** P <0.001; **** P <0.0001; ANOVA with Tukey's posttest). (F and G) E-cad and nuclear position in WT and
Sun2~/~ MKCs cultured in high Ca2* medium for 24 h. Nuclei (asterisks) directly abut E-cad—positive Als (dotted lines) in Sun2~/~ MKCs at colony edges
(G, inset). (H) Quantification of nuclear position as in E for WT and Sun2~/~ MKCs. n > 50 cells per genotype at each time point (representative of three
experiments). Error bars indicate SDs. Statistical significance determined by unpaired, two-tailed ttest. AU, arbitrary unit.

nuclear position may reflect cytoskeletal forces that coordi-
nate cell—cell and cell-ECM adhesions.

Sun2™’~ MKCs exhibited E-cadherin (E-cad) recruitment to
regions of cell-cell contact after Ca*>* addition (Fig. 2, F and G).

Next, we assessed whether the adhesion-dependent nu-
clear movement is influenced by loss of SUN2. Both WT and

JCB « VOLUME 209 « NUMBER 3 « 2015

We analyzed the nuclear position of WT and Sun2~~ MKCs
at the edges of colonies after 0, 6, 12, and 24 h in high Ca*"
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medium (Fig. 2, F-H; and Fig. S2 B). As expected, nuclei were
centrally located in both WT and Sun2™"~ MKCs before adhesion
formation (Figs. 2 H and S2 B). In contrast to WT MKCs, the
nuclei of Sun2™"~ MKCs exhibited a closer association with in-
terior intercellular junctions at all time points after Ca** addition
and directly abutted these junctions at 24 h (Fig. 2, G and H).
Thus, loss of Sun2 influences adhesion-dependent nuclear posi-
tion in MKCs, possibly by impacting the association of the cyto-
skeleton with the NE.

Actomyosin contractility drives adhesion-
induced nuclear movement, whereas MTs
counteract this movement
To examine whether the cytoskeleton influences the nuclear re-
sponse to adhesion formation, we treated WT MKCs with a vari-
ety of pharmacologic agents during the induction of intercellular
adhesion by Ca®* addition (Fig. 3 A). Treating WT MKCs during
adhesion formation with inhibitors of actomyosin contractility,
including the myosin II inhibitor blebbistatin (Fig. 3, B and C)
and the Rho-associated protein kinase inhibitor Y-27632 (Fig. S2,
C and D), prevented the typical movement of nuclei toward inte-
rior junctions (Fig. 3 C and Fig. S2 D). The mean cell centroid to
nuclear centroid distance observed in these treated cells mimicked
that seen in cells before adhesion formation (~0.1), indicating that
the nuclei were centrally located. In contrast, depolymerization of
MTs with nocodazole before adhesion formation resulted in an
unusually strong bias in nuclear position toward interior junctions
(Fig. 3, B and D). Interestingly, nuclear position in cells treated
with both blebbistatin (or Y-27632; Fig. S2, C and D) and no-
codazole did not differ from control cells (Fig. 3, B and D). These
observations suggest that actomyosin contractility promotes the
movement of nuclei toward interior adhesions, whereas the MT
cytoskeleton attenuates this movement.

Because disruption of the cytoskeleton can compromise
AlJ, desmosome, and focal adhesion formation and dynamics
(Gardel et al., 2010; Harris and Tepass, 2010; Nekrasova and
Green, 2013), we next examined the impact of cytoskeletal dis-
ruption on nuclear position after mature adhesions had formed
(Fig. 3 E). Treatment of MKCs with blebbistatin or Y-27632
after adhesion formation had little effect on nuclear posi-
tion, which remained biased toward interior junctions (Fig. 3,
F and G; and Fig. S2, E and F). However, depolymerization of
the actin cytoskeleton with latrunculin A reduced the position-
ing bias, and nuclei moved to a more central position (Fig. 3,
F and G). Again, MT depolymerization with nocodazole led
to unusually close apposition of nuclei and interior junctions
after adhesion formation (Fig. 3, F and H). Concomitant depo-
lymerization of MTs and inhibition of actomyosin contractility
after adhesion formation led to a more central nuclear position
(Fig. 3, F and H; and Fig. S2, E and F), although this effect
did not fully recapitulate the results seen with drug addition be-
fore Ca®* addition (Fig. 3 D). Thus, an intact actin network is
required to maintain nuclei at interior junctions after adhesion
formation, whereas myosin activity is not. Furthermore, MTs
appear to have a dynamic function in promoting a more centrally
positioned nucleus by opposing actomyosin-based forces.

Sun2’~ MKCs fail to reorganize the MT
cytoskeleton upon adhesion formation
Interestingly, nuclear position in nocodazole-treated WT MKCs
mimicked the nuclear positioning defect in Sun2 ™"~ MKCs, sug-
gesting that alterations in the MT cytoskeleton may contribute
to this phenotype. To test this, we first analyzed cytoskeletal
organization in WT MKCs (Fig. 4 A). The steady-state distri-
bution of MTs was similar before and after formation of inter-
cellular adhesions, although a denser enrichment of perinuclear
MTs was observed in cells after 24 h of Ca®* exposure (Fig. 4 A,
3-tubulin images, arrows). In addition, we found that MTs ac-
cumulated along the cell periphery 24 h after Ca** addition,
appearing similar to the lamella-localized MTs observed in
migratory cells (Wittmann and Waterman-Storer, 2005), whereas
most MTs were found orthogonal to the cell cortex in low Ca?*
(Fig. 4, A, B [arrowheads], and C). These observations are
consistent with the adhesion-dependent reorganization of MT-
regulatory proteins that has previously been described (Lechler
and Fuchs, 2007; Sumigray et al., 2011, 2012). The F-actin cy-
toskeleton, as assessed by phalloidin staining, and actomyosin
contractility, as assessed by phosphorylated myosin light chain
staining, were predominantly organized as stress fibers along
the cell periphery under both Ca** conditions (Fig. 4 A). We
also observed the formation of a keratin 14 (K14) perinuclear
cage 24 h after Ca’* addition (Fig. 4 A, arrows), as expected
(Lee et al., 2012).

We next asked whether Sun2~"~ MKCs recapitulated the
cytoskeletal rearrangements observed in WT cells upon adhe-
sion formation. Cytoskeletal organization before Ca** addition
did not differ greatly between WT and Sun2~"~ MKCs, except
for a modest increase in stress fibers in Sun2 ™'~ cells (Fig. S2 G).
However, we observed two defects in the steady-state distribu-
tion of MTs in Sun2~~ MKCs after Ca®* addition (Fig. 4, B-D):
first, the perinuclear cage of MTs was often substantially less
intense (Fig. 4, A and D, B-tubulin images, arrows) and second,
the enrichment of adhesion-induced MTs along the cell periph-
ery was reduced (Fig. 4, A-D, arrowheads). We also observed
a modest increase in the number of stress fibers passing through
the cell center, along with normal stress fiber staining at the cor-
tex (Fig. 4 D). A perinuclear K14 cage and K14 localization at
junctions were also seen, along with an increase in a nuclear
keratin pool (Fig. 4 D).

We reasoned that MT dynamics, in addition to steady-
state MT organization, may be altered in Sun2™~ MKCs, es-
pecially in the context of the MT reorganization that occurs
upon adhesion formation (Lechler and Fuchs, 2007; Sumigray
et al., 2011, 2012). Taxol-treated WT MKCs exhibited stabi-
lized MTs at intercellular junctions and cell-free edges, as pre-
viously described (Fig. 4 E, B-tubulin images [arrows] and I
[arrow]; Sumigray et al., 2012). In addition, we observed a pool
of stabilized MTs at the NE (Fig. 4 E, III, arrow). In contrast,
taxol-treated Sun2 "~ MKCs exhibited severe disruption of both
adhesion-associated and NE-associated MT pools (Fig. 4 E,
B-tubulin images [arrows], I and II [arrows], and III and IV
[arrows]). This result suggests that modulation of MTs at the
NE and cell cortex may be mechanistically linked, and both are
affected by loss of Sun2.

LINC complex function in the epidermis * Stewart et al.
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Figure 3. Adhesion-dependent nuclear movement is differentially regulated by the actin and MT cytoskeletons. (A) Diagram illustrating treatment of WT
MKCs with the indicated drug before Ca?* addition in B-D. (B) E-cadherin (E-cad; green), B-tubulin (magenta), actin (phalloidin, red), and nuclei (Hoechst)
localization are shown. Diagrams illustrate the effect of drug treatment on nuclear position. (C and D) Plots of the nuclear centroid to cell centroid distance
normalized to cell radius. n > 50 cells per condition (representative of three experiments). Nuclei in blebbistatin-treated cells remained located at the cell
center. Nuclei in nocodazole-treated cells moved closer to adhesions than in DMSO-treated cells, which was rescued by blebbistatin treatment. (E) Diagram
illustrating treatment of WT MKCs with the indicated drug after Ca?* addition in F-H. (F) Staining as in B. (G and H) Quantification as in C and D. n > 50
cells per condition (representative of three experiments). Nuclear position was unaltered in blebbistatin-treated cells, whereas latrunculin A reduced nuclear
movement. Nuclei in nocodazole-treated cells moved closer to adhesions than in control cells, which were partially rescued by blebbistatin. Asterisks denote
indicated significance (**, P <0.01; **** P < 0.0001) as assessed by unpaired, two-ailed ttest (C), ANOVA with Tukey’s posttest (D and H), or ANOVA
with Dunnett's posttest (G). All data plotted as box and whiskers plots; the bottom and top of the box display the 25th and 75th percentiles, whereas the
central band represents the median. The whiskers indicate the minimum and maximum values, and the plus signs indicate the means. AU, arbitrary unit;
Noco, nocodazole; Blebb, blebbistatin; Lat A, Latrunculin A.
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light chain (p-MLC), keratin 14 (K14), actin (phalloidin), and nuclei (Hoechst) in WT MKCs. (B) Insets of B-tubulin localization in white boxes in A and D.
Arrowheads indicate MT organization at the cell periphery. (C) Quantification of the percentage of WT or Sun2/~ MKCs in the indicated media with
cortical accumulation of MTs. n > 200 cells per condition or genotype from three experiments. Asterisks denote indicated significance (**, P < 0.01;
ANOVA with Dunnett's posttest). Error bars indicate SDs. (D) Staining as in A for Sun2~/~ MKCs in high Ca?* medium after 24 h. Arrows in B-tubulin
images indicate a perinuclear B-tubulin cage in WT cells that is often lacking in Sun2~/~ MKCs. Arrows in K14 images indicate a perinuclear K14 cage
in both WT and Sun2~/~ MKCs. (E) Localization of -tubulin, E-cad, and nuclei (Hoechst) after 5 h of taxol treatment in WT or Sun2~/~ MKCs. Arrows
indicate intercellular junctions (B-tubulin images), cell periphery (I and II), or NE (Il and IV). Note the lack of MT accumulation at these sites in Sun2~/~
MKCs. Dashed lines indicate the colony periphery defined by E-cad staining. (F) Quantification of the percentage of WT and Sun2~/~ MKCs with a stabi-
lized pool of NE-associated MTs. n > 200 cells from three experiments. Error bars indicate SDs. Statistical significance determined by unpaired, two-tailed
ttest. (G) Actin (phalloidin), Ecad, and nuclei (Hoechst) localization in Sun2~/~ MKCs in high Ca2* medium for 24 h treated with the indicated drug for
5 h. Diagrams illustrate the effect of drug treatment on nuclear position. (H) Plots of nuclear centroid to cell centroid distance normalized to cell radius.
Latrunculin A partially rescued the excessive nuclear movement of Sun2™/~ MKCs. n > 50 cells (representative of three experiments). Asterisks denote
indicated significance (**, P = 0.0087; ANOVA with Dunnett's posttest). The bottom and top of the box display the 25th and 75th percentiles, whereas
the central band represents the median. The whiskers indicate the minimum and maximum values, and the plus signs indicate the mean. AU, arbitrary unit;
cal, calcium; Blebb, blebbistatin; Lat A, Latrunculin A.
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Figure 5. Cultured Sun2~/~ keratinocytes form altered, mechanically weak intercellular adhesions. (A and B) WT or Sun2~/~ MKCs in high Ca?* medium
after 72 h revealed desmosome (DPI/Il) and AJ (E-cad) formation. (B) Insets from A show adhesion formation in WT and Sun2/~ MKCs (arrowheads).
(C) Western blot analysis of Triton X-100-soluble and —insoluble fractions of WT and Sun2~/~ MKC cell lysates, cultured in low or high Ca?* medium, and
probed for desmoglein 3 (Dsg3), desmoplakin I/1I (DPI/I1l), and B-actin (loading control). (D) DPI/II (red), Ecad (green), and nuclear (Hoechst) localization
in WT and Sun2~/~ MKCs after 24 h in high Ca?* medium revealed a uniform distribution of DPI/Il along interior and lateral junctions in WT cells. This
pattern of localization was perturbed in Sun2~/~ cells. Insets display single lateral adhesions indicated by white boxes. (E) Diagram illustrating the location
of interior (magenta) and lateral (blue) cell-cell adhesions in MKCs at the edge of colonies. Black arrow indicates direction of measurements in H. (F) The
ratio of interior junction DPI/Il infensity per micrometer to lateral junction DPI/Il intensity per micrometer in WT and Sun2~/~ MKCs after 24 h in high Ca2*
medium or for WT cells pretreated with DMSO or nocodazole before Ca?* addition. Both Sun2~/~ and nocodazole-treated MKCs displayed a significantly
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We next asked whether perturbations in cytoskeletal or-
ganization could be responsible for the nuclear positioning de-
fect in Sun2~~ MKCs. Inhibition of actomyosin contractility in
Sun2~"~ MKCs with blebbistatin after adhesion formation was
unable to rescue the defective nuclear positioning (Fig. 4,
G and H). However, depolymerization of the actin cytoskeleton
with latrunculin A after adhesion formation could partially restore
nuclear position in Sun2™’~ MKCs to a more central, WT-like
position (Fig. 4, G and H). Collectively, with the antagonistic
roles for actin and MTs on nuclear position (Fig. 3) and the
organization of MTs in Sun2™"~ MKCs, these results suggest
that the altered nuclear position in Sun2™"~ MKCs reflects al-
tered cytoskeletal dynamics. Furthermore, as complete depoly-
merization of the MT cytoskeleton in WT MKCs caused more
severe nuclear positioning defects than in Sun2™’~ MKCs, dif-
ferent pools of MTs with discrete functions may be disrupted
upon loss of SUN2.

Desmosome distribution and adhesion
strength are disrupted in Sun2’- MKCs
Given the importance of MTs in the formation and function of
intercellular adhesions (Pasdar et al., 1991; Nekrasova et al.,
2011; Sumigray et al., 2011), we next examined AJ and desmo-
some formation in Sun2’~ MKCs. Cadherin-based AJs, marked
by E-cad, did not differ greatly between WT and Sun2~"~ MKCs,
except for increased membrane overlap and ruffling in Sun2™""
cells (Figs. 2 G and 5, A and B, arrowheads). Likewise, desmo-
some formation appeared similar in WT and Sun2~"~ MKCs as
assessed by desmoplakin I/Il (DPI/II) staining (Fig. 5, A and B,
arrowheads; and Fig. S3 A).

Furthermore, Sun2™’~ MKCs appeared competent to
build desmosomes when assessed by biochemical fraction-
ation, incorporating both desmoglein 3 (Dsg3) and DPI/II into
the insoluble fraction of lysates after Ca’* addition (Fig. 5 C).
Indeed, Sun2™~ MKCs displayed elevated levels of incorpo-
rated Dsg3 and DPI/II. A similar up-regulation of classical
and desmosomal cadherins has previously been observed in
response to E-cad loss (Tunggal et al., 2005). We did note,
however, apparent differences in the distribution of desmo-
somes (Fig. 5 D). In WT MKCs, DPI/II and E-cad appeared
to distribute equally across both interior (Fig. 5 E, magenta)
and lateral (Fig. 5 E, blue) junctions (Fig. 5 D, insets, arrows).
In Sun2™’~ MKCs, however, there was an increase in DPI/II
staining at interior junctions (Fig. 5 D) and a depletion at lat-
eral junctions, particularly near the free edge (Fig. 5 D, insets,
arrows). To quantify this, we measured the ratio of DPI/II
fluorescence at interior compared with lateral junctions as the
intensity per micrometer for WT and Sun2 ™"~ MKCs located at

the colony edge and found an increased ratio of interior/lateral
DPI/II intensity in Sun2™"~ MKCs (Fig. 5 F). We further ex-
amined this effect by measuring the absolute intensity of DPI/II
orthogonally across interior junctions and found a dramatic
increase in Sun2”’" compared with WT MKCs (Fig. 5 G).
Thus, desmosomes were preferentially assembled, or inad-
equately turned over, at interior cell-cell interfaces in the ab-
sence of SUN2.

Knowing that MT organization was perturbed in Sun2~"~
MKCs, we next asked whether MT disruption during adhesion
formation was sufficient to induce alterations in desmosome dis-
tribution. We treated WT MKCs with nocodazole before Ca**
addition and analyzed the localization of DPI/II to interior and
lateral adhesions after adhesion induction. Again, the ratio of
interior/lateral DPI/IT intensity was significantly greater in no-
codazole-treated MKCs than DMSO-treated MKCs (Figs. 5 F
and S3 B), suggesting that altered MT dynamics in Sun2™/~
MKCs may be sufficient to produce the observed defects in
desmosome distribution.

Because the interior/lateral ratio measurement integrates
DPI/IT staining along the entire lateral surface, we next evalu-
ated line scans of DPI/II intensity along the representative
lateral junctions in the insets in Fig. 5 D (Fig. 5 E, arrow).
Although DPI/II was uniformly distributed along lateral adhe-
sions in WT MKCs (Fig. 5 H, red), this staining was increased
near interior adhesions and nearly lost at the colony-free edge
in Sun2™"~ MKCs (Fig. 5 H, blue). Indeed, a large proportion
of Sun2™"" cells exhibited a loss of DPI/II staining proximal
to colony edges (Fig. S3 C). These results further suggest that
SUN?2 is required to maintain proper adhesion targeting and/or
turnover in MKCs.

To determine whether the defects in desmosome distribu-
tion seen in Sun2™~’~ MKCs influenced the strength of intercel-
lular adhesion, we mechanically challenged adhesive monolayers
of WT and Sun2~"~ cells after 48 or 72 h in high Ca** medium
(Huen et al., 2002). At both time points, sheets of Sun2™/~
MKC:s formed significantly more fragments when mechanically
challenged than WT cells (Fig. 5, I-K). Given that Sun2™""
MKCs exhibit defects in desmosome distribution and cell—cell
adhesion strength, we next considered whether these defects
might underlie the hair follicle fragility seen in Sun2™"" mice.

Intercellular adhesions are defective

in Sun2 hair follicles

Mice lacking the desmosomal cadherins Dsg3 or desmoglein 4
(Dsg4) exhibit alopecia after the first telogen, a defect attributed
to abnormal intercellular trichocyte adhesion (Koch et al., 1998;
Kljuic, et al., 2003). Together with the adhesion defects in

increased distribution of DPI/II at interior junctions. n > 67 cells per genotype and condition from three experiments. Statistical significance determined
by unpaired, two-tailed ttest. The bottom and top of the box display the 25th and 75th percentiles, whereas the central band represents the median. The
whiskers indicate the minimum and maximum values, and the plus signs indicate the mean. (G) Averaged line scans of DPI/Il intensity (arbitrary units
[AU]) measured orthogonally across WT and Sun2~/~ interior junctions for images as in D. n > 26 cells per genotype, three measurements per adhesion.
(H) Line scans of DPI/Il intensity (arbitrary units) along single representative WT and Sun2~/~ MKC lateral adhesions, extending from the interior junctions
to the cell edge (representative of n > 106 junctions from three experiments). (I and J) WT monolayers remained intact (I), whereas Sun2™/~ monolayers
fragmented drastically (J) after 72 h in high Ca?* medium followed by mechanical challenge. (K) Quantification of the adhesion integrity assay in | and J.
Error bars indicate SD for two replicates of three monolayers per genotype. Statistical significance determined by unpaired, two-ailed ttest. AU, arbitrary

unit; Noco, nocodazole.
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Figure 6. Intercellular adhesions are structurally and functionally perturbed in Sun2=/~ hair follicles. Transmission electron micrographs of P4 WT and
Sun2~/~ follicles. (A and B) Overview of sectioned follicle structure, with the ORS at the edges of the image, followed by the companion (Cp), Henle
(He), and Huxley (Hu) layers. Note the gaps between Sun2~/~ He cells (B, arrows). (C and D) WT He-He cell junctions were evenly spaced with classical
electron-dense desmosome morphology (C and C’, arrow), whereas Sun2~/~ junctions included large gaps between cells, abnormal desmosome structure,
and fewer desmosomes (D and D', arrow). (E) Quantification of infermembrane spacings between He cells, displayed on a log, scale. n > 138 adhesions
from two mice. (F) Quantification of linear desmosome density between He layer cells. n > 13 cells from two mice. (G) Quantification of desmosome length
between He layer cells. n > 62 desmosomes from two mice. (H and 1) A greater number of desmosomes (insets H' and I’, arrows) were found between He
and Hu layer cells in Sun2~/~ follicles. (J) Quantification of linear desmosome density between He and Hu cells. n > 19 cells from two mice. (K and L) Back
skin from P4 WT and Sun2~/~ mice immunostained for Dsg4. Junctions between He and Hu layers were desmosome rich (boxes). (M) Mean fluorescence
intensity per micrometer for stretches of He-Hu junctions. n > 13 junctions. In all cases, statistical significance was determined by unpaired, two-tailed
t test. For box and whiskers plots, the bottom and top of the box display the 25th and 75th percentiles, whereas the central band represents the median.
The whiskers indicate the minimum and maximum values, and the plus signs indicate the means.
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Sun2~"~ MKCs, these data led us to hypothesize that adhesion
could be disrupted in the hair follicles of Sun2~~ mice. To test
this, we analyzed adhesions in P4 WT and Sun2~/~ murine hair
follicles using transmission EM (TEM). Although Sun2™"" fol-
licles were grossly normal (Fig. 6, A and B), cells in the Henle
(He) layer of the inner root sheath (IRS) displayed defects in
adhesion, including widened intermembrane spaces (Fig. 6,
B [arrows], C-D’ [arrows], and E). Consistent with this increased
spacing, the desmosome density and desmosome length between
He layer cells, identified by their electron-dense membrane-
associated plaques, was significantly reduced in Sun2~" folli-
cles (Fig. 6, D', F, and G).

Interestingly, the desmosome density between He and
Huxley (Hu) layer cells was significantly increased in Sun2~/~
follicles relative to WT (Fig. 6, H-I" [arrows] and J). To cor-
roborate these measurements, we immunostained skin sections
for Dsg4 and measured the mean fluorescence intensity per
micrometer along He—Hu layer boundaries defined by WGA
staining (Fig. 6, K and L; and Fig. S4 A). We again found a
greater desmosome density between He and Hu layer cells in
Sun2~"~ follicles (Fig. 6 M). In contrast, we did not observe any
differences in hemidesmosome number or length in ORS cells
(Fig. S4, B and C). Thus, the altered desmosome distribution
in cultured Sun2~~ MKCs appears to be recapitulated in the
hair follicle, particularly in the He and Hu layers. Furthermore,
this change in desmosome distribution is once again linked to a
failure of intercellular adhesion, in this case along the junctions
between He cells in vivo.

SUN1 is up-regulated in the Sun2"
epidermis during the second hair cycle

SUNI and SUN?2 are thought to be functionally redundant in
most tissues (Crisp et al., 2006; Lei et al., 2009). We therefore
hypothesized that the recovery of normal hair growth and fol-
licle structure observed in Sun2 ™"~ mice might occur as a result
of an increase in SUN1 expression after the first hair cycle. We
performed real-time PCR to quantify the levels of Sun/ mRNA
in isolated hair follicles of WT and Sun2~’~ mice at P4 and P27.
In Sun2™" mice, Sunl mRNA levels were increased 2.5-fold
at P27 compared with WT (Fig. S5 A). Furthermore, although
minimal follicle-specific SUN1 staining was observed at P4
(Fig. 1 A), we observed increased NE-associated SUN1 expres-
sion in regenerated P32 hair follicles, particularly in Sun2~""
mice (Fig. S5 B, arrows). Although the SUN1 antibody pro-
duced high background staining (Fig. S5 C), specific staining—
denoted by puncta at the nuclear rim—was observed in the basal
and suprabasal layers of the epidermis, and in the IRS and ORS
of P32 follicles (Figs. 1 A and S5 B, arrows). These data suggest
that a compensatory increase in SUN1 expression after the first
hair cycle may restore normal hair follicle structure in Sun2™"~
mice by functionally regenerating LINC complexes. However,
the defects in Sun2~"~ MKCs, which express SUN1, suggest that
either SUN1 can only partially compensate for SUN2, and this
is sufficient for epidermal structure in vivo, and/or SUN1 up-
regulation, which is not observed in Sun2™’~ MKCs (Fig.S2 A),
is necessary to support normal hair follicle structure.

Sun2-/-

=== Actin === Microtubules == Desmosome

B

WT Sun2-/-

He Hu He Hu

Figure 7. Model of the effect of Sun2 loss on intercellular adhesion and
cytoskeletal organization in vitro and in vivo. (A) Diagram depicting the
organization of cytoskeletal elements, forces on nuclei (F in arrows), and
desmosome distribution in differentiated WT and Sun2™/~ MKCs. In WT
cells, the MT and actin cytoskeletons appear to impose opposing forces
on the nucleus, resulting in a bias in nuclear position toward interior adhe-
sions. Sun2~/~ cells display defective MT and actin organization; altera-
tions in MT dynamics in Sun2~/~ cells most likely produce the observed
defect in nuclear positioning. An even distribution of desmosomes along
interior and lateral intercellular adhesions is disrupted in Sun27/~ cells.
(B) Sun2~/~ hair follicles exhibit a desmosome deficiency along lateral-
like He-He junctions, along with alterations in desmosome morphology
and intermembrane spacing, as well as an increase in desmosomes along
interior-like He—Hu junctions compared with WT follicles. These changes
in desmosome density parallel the changes in desmosome distribution
observed in vitro.

Discussion

In this study, we have identified a previously unappreciated
role for the LINC complex component SUN2, and therefore the
nuclear—cytoskeletal interface, in epithelial tissue integrity.
Based on our data, we propose that the association of the cy-
toskeleton with the nucleus is central to both cytoskeletal and
cell—cell adhesion organization and function (Fig. 7 A). By dis-
rupting MTs and F-actin in WT MKCs, we are able to modulate
nuclear positioning during adhesion formation, suggesting that
the nucleus balances normally opposing forces provided by the
actin and MT cytoskeletons (Fig. 7 A). We find that during
intercellular adhesion formation, MKCs lacking SUN2 fail to cor-
rectly reorganize their MT cytoskeleton; we link this cytoskeletal
defect to altered nuclear positioning. Furthermore, reorganiza-
tion of the MT cytoskeleton after adhesion formation appears to
be important for proper desmosome distribution, which in turn
likely supports the mechanical strength of intercellular adhesion
in vitro and in vivo.
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The ability of the LINC complex to influence all ele-
ments of the cytoskeleton, and the resulting complexity of
downstream effects, presents an ongoing challenge. LINC
complex disruption can perturb the perinuclear organization
of vimentin, keratin, and actin in various cell types (Lombardi
etal., 2011; Postel et al., 2011; Rashmi et al., 2012; Chambliss
et al., 2013). Our data suggest that SUN2 is particularly im-
portant for MT organization in adhesive MKCs, which could
not only influence desmosome stability (Nekrasova et al.,
2011; Sumigray et al., 2011; Sumigray and Lechler, 2011) but
may also regulate actin-associated structures such as focal ad-
hesions (Wu et al., 2008). Furthermore, although our data sug-
gest that both actin and MTs impact nuclear positioning in
MKGCs, it is not clear how these cytoskeletal elements are co-
ordinated in MKCs. Our observation that actomyosin contrac-
tility is initially required to drive nuclear movement toward
intercellular adhesions in MKCs mirrors related processes in
other contexts. Contractility aids in nuclear positioning during
neuronal development (Bellion et al., 2005; Norden et al.,
2009; Martini and Valdeolmillos, 2010; Strzyz et al., 2015),
whereas myosin-dependent retrograde actin flow, coupled to
transmembrane actin-associated lines, drives the nucleus rear-
ward in fibroblasts (Gomes et al., 2005; Luxton et al., 2010).
MTs also influence nuclear position and interface with the
LINC complex through the molecular motors dynein and ki-
nesin (Malone et al., 2003; Fridolfsson et al., 2010; Yu et al.,
2011), although polymerization-derived pushing forces have
also been implicated in nuclear movement (Zhao et al., 2012).
Further work will be required to define the mechanisms by
which the cytoskeleton positions nuclei in response to adhe-
sion formation in MKCs. In addition, a role for keratin in po-
sitioning the nucleus and influencing desmosome distribution
in MKCs cannot be ruled out. Recent work indicates that vi-
mentin intermediate filaments are trafficked to the cell cortex
in an MT-dependent fashion (Hookway et al., 2015), suggest-
ing that the Sun2™~ phenotype may be attributed to keratin
dysfunction downstream of MT disorganization. Importantly,
our observation that MT depolymerization is sufficient to re-
capitulate the Sun2™~ MKC nuclear positioning and desmo-
some distribution defects indicates that MT organization plays
an important role in intercellular adhesion.

Our study provides evidence that the ability of the nu-
cleus to integrate mechanical inputs from cytoskeletal ele-
ments may control the balance of cellular tension in MKCs.
SUN?2 specifically seems to allow MTs to counterbalance
forces generated by the actin cytoskeleton (Fig. 7 A). Although
the LINC complex has been implicated in nuclear positioning
by mediating nuclear—cytoskeletal force transmission (Lombardi
and Lammerding, 2011), the adhesion-dependent nuclear move-
ment in MKCs suggests that nuclei are responsive to tension at
cell—cell junctions. This role of the nucleus could prove criti-
cal to the mechanical robustness of intercellular adhesions,
which both modulate and respond to changes in cytoskeletal
tension (le Duc et al., 2010; Yonemura et al., 2010; Borghi
etal., 2012; Ray et al., 2013; Harris et al., 2014), and, ultimately,
tissue homeostasis. Tension is coordinated across multiple cells
through AJs (Mertz et al., 2013), and the integrity of cohesive
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epithelial cells is regulated by the distribution of tension at
apical versus lateral AJs (Wu et al., 2014). Thus, the poten-
tial function of the nucleus to regulate cellular tension could
strongly influence adhesion.

MTs can contact and cluster cadherin proteins and are
required for maintaining adhesions and generating polarity
in epithelial cells (Siegrist and Doe, 2007). We find a SUN2-
dependent polarity of desmosome localization to interior and
lateral junctions of both MKCs in vitro and in hair follicle
trichocytes in vivo (Fig. 7, A and B). Indeed, the desmosome
deficiency in lateral He—He junctions and enrichment in interior
He-Hu junctions of Sun2™" mice closely mimics our in vitro
observations (Fig. 7 B). Interestingly, companion—He junctions
contain scant desmosomes compared with He—He junctions,
somewhat recapitulating the organization of adhesions in MKC
colonies (Morioka, 2005). Given the importance of the MT cy-
toskeleton in desmosome targeting (Nekrasova et al., 2011), the
defects in desmosome distribution in Sun2~'~ MKCs may result
from alterations in MT organization that influence the adhesion-
dependent reorganization of centrosomal components, such as
Lis1, which are crucial for cortical MT stabilization (Sumigray
et al., 2011; Sumigray and Lechler, 2011). Alternatively, the
close apposition of nuclei with interior junctions could result
in defects in cadherin targeting, migration, or internalization
(Kametani and Takeichi, 2007; Niessen et al., 2011; Wang
et al., 2012). It remains unclear whether the nuclear positioning
defect in Sun2~"~ MKCs simply reflects the altered cytoskeletal
organization observed in these cells or whether it directly influ-
ences desmosome localization. Further studies will be required
to dissect these questions.

The compromised adhesion between He cells in Sun2™/~
hair follicles supports the hypothesis that the force of hair
growth generates a slippage plane that exerts force on He—He
junctions, as the hair shaft and its associated IRS move toward
the skin’s surface (Stenn and Paus, 2001). Interestingly, the
defects in Sun2™"" hair follicle structure are reminiscent of the
hair follicles of patients with loose anagen hair syndrome, char-
acterized by easily pluckable hairs with defective He and Hu
structures, which often resolves as individuals age into adult-
hood (Mirmirani et al., 2011). Whether LINC complex compo-
nents are altered in loose anagen hair syndrome or other skin
disorders in which intercellular adhesions and epithelial tissue
integrity are affected will be an interesting area of future study.

Materials and methods

Mouse breeding and care

All animal care and experimental procedures were conducted in accord
with requirements approved by the Institutional Animal Care and Use Com-
mittee of Yale University. Sunl~/~ (strain B6;129S6-Sun1™Mhan /),
Sun2~/~ (strain B6;12956-Sun2™Mhan/)) and C57BL/é6 WT mice were
obtained from Jackson ImmunoResearch Laboratories, Inc. Sun1~/~ mice
were previously generated through the replacement of exons 10-13 with
a neomycin resistance cassette (Ding et al., 2007), whereas Sun2~/~ mice
were generated through the replacement of exons 11-16 and part of exon
17 with a neomycin resistance cassette (Lei et al., 2009).

Isolation and culture of primary mouse keratinocytes
Mouse keratinocytes were isolated from skin from newborn Sun2~/~ or WT
pups as previously described (Mertz et al., 2013). Under sterile conditions,
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pups were sacrificed, and back skin was excised, washed in PBS, and
floated on dispase at 4°C for 16-20 h. Epidermis was separated from the
dermis with forceps and incubated in 0.25% trypsin for 15 min at RT. Cells
were liberated by frituration, filtered using a 40-70-pm strainer, and plated
on mitomycin-C—treated J2 fibroblasts in medium-~alcium medium (0.3 mM
CaCl,). After two to four passages, keratinocytes were plated on plastic
dishes without feeder cells and maintained in media containing 0.05 mM
CaCl, (Elow calcium media).

Mouse tissue isolation, histology, and immunofluorescence staining

Frozen back skin samples embedded in O.C.T. compound (Tissue-Tek)
were sectioned using a cryostat (CM3050S; Leica). For histological analy-
ses, 10-pm sections were cut and stained with hematoxylin and eosin. For
immunofluorescence, 6- or 8-pm sections were fixed in 4% formaldehyde
at RT for 10 min. For immunostaining with nonmouse primary antibodies,
tissue sections were blocked in gelatin block (2.5% normal goat serum,
1% BSA, 2% gelatin, and 0.25% Triton X-100 in PBS) at RT for 1 h and
incubated with the following primary antibodies overnight at 4°C:
SUN2 (1:1,000; rabbit; ab124916; Abcam), SUNT (1:1,000; rabbit;
ab124770; Abcam), oy integrin (1:500; rat; GoH3; R&D Systems), keratin 6
(1:100; rabbit; Covance), and E-cad (1:200; rat; DECMA-1; Abcam).
Sections were subsequently washed in multiple changes of PBS and incu-
bated with fluorescent dye—conjugated secondary antibodies (1:2,000;
mouse, rat, or rabbit; Alexa Fluor; Life Technologies). Costaining with Hoechst
33342 (Thermo Fisher Scientific) diluted in PBS (1:2,000) or Alexa Fluor
488—conjugated WGA (Life Technologies) diluted in PBS (1:2,000) was
performed when indicated. Sections were mounted using Fluoromount-G
mounting medium (SouthernBiotech). For immunostaining with the mouse pri-
mary antibodies AE15 (1:500; mouse; sc-80607; Santa Cruz Biotechnology,
Inc.) and Dsg4 (1:50; mouse; 18G8; against the intracellular domain; Bazzi
et al., 2006), the Mouse-on-Mouse Immunodetection kit Blocking Reagent
and Protein Diluent (Vector Laboratories) were used according to manu-
facturer’s instructions.

For immunostaining of cells on coverslips, cells were fixed in 4%
paraformaldehyde for 10 min at RT and washed with PBS. Cells were then
permeabilized in 0.5% Triton X-100 in PBS at RT for 10 min, blocked using
10% goat serum, 5% BSA, and 0.5% Tween 20 in PBS for 1 h, and subse-
quently incubated with primary antibody diluted in blocking buffer at 37°C
for 1 h. In addition to the primary antibodies in the previous paragraph,
DP I/l {1:200; mouse; Abcam), B-tubulin (1:60; mouse; TUB 2.1; Sigma-
Aldrich), phospho-myosin light chain (1:200; mouse; Cell Signaling Tech-
nology), and K14 (1:1,000; goat; custom against the C-terminal sequence
[KVVSTHEQVIRTKN] through New England Peptide) were used in immuno-
staining cells. Coverslips were washed in PBS for 15 min and incubated
with fluorescently conjugated secondary antibodies diluted in PBS (1:1,000)
at RT for 1 h. Costaining with Hoechst 33342 (1:2,000; Thermo Fisher
Scientific) or Alexa Fluor 594~ or Alexa Fluor 647-conjugated phalloidin
(1:40; Invitrogen) diluted in blocking buffer was performed when indicated.
Coverslips were washed and mounted using Fluoromount-G.

Imaging and image analysis

Hematoxylin and eosin-stained skin sections were imaged on a micro-
scope (Axio Imager M1) with AxioVision software (version 4.8.2.0) and a
camera (AxioCam MRm; Carl Zeiss). Skin sections processed for immuno-
fluorescence were imaged on a widefield deconvolution microscope (Delta-
Vision; Applied Precision/GE Healthcare) with a charge-coupled device
(CCD) camera (CoolSNAP K4; Photometrics) and SoftWoRx software or a
microscope (Axio Imager Z1; Carl Zeiss) with a CCD camera (ORCA-ER;
Hamamatsu Photonics) and AxioVision software (version 4.8.2.0). Immuno-
cytochemistry images were captured using the described Axio Imager Z1,
Axio Imager M1, and DeltaVision microscopes. Specifically, images in
Figs. 1 D, 3 (Band F), S1 G, and S2 (B and D) were acquired on the Axio
Imager M1. Images in Figs. 1 (A, B, F, and G), 2 (A-D, F, and G), 3 (B and F),
4 (Eand G), 5 (A, B, and D), S1 (E and F), and S3 (A-C) were acquired
on the Axio Imager Z1. Images in Figs. 4 (A-C), S1 (A-D, H, and I), S2 F,
S4 A, and S5 (B and C) were acquired on the DeltaVision microscope. All
images acquired on the DeltaVision microscope were deconvolved using
the Deconvolve tool (constrained iterative deconvolution) in SoffWoRx soft-
ware. The DeltaVision microscope was equipped with an oil Plan Apochro-
mat N 60x/1.42 NA objective (Olympus). The Axio Imager Z1 microscope
was equipped with air EC Plan Neofluar 10x/0.3 Ph1 (Carl Zeiss), air
Plan Apochromat 20x/0.8 NA (Carl Zeiss), and oil EC Plan Neofluar
40x/1.30 NA objectives (Carl Zeiss). The Axio Imager M1 was equipped
with air EC Plan Neofluar 10x/0.3 NA (Carl Zeiss), air Plan-Apochromat
20x/0.8 NA (Carl Zeiss), and oil EC Plan Neofluar 40x/1.3 NA objectives

(Carl Zeiss). In all cases, images were analyzed using Fiji software (Image)
1.48d; National Institutes of Health) as indicated.

For the analysis of follicular bending at P4, fluorescent images of K6
staining were acquired on the Axio Imager Z1 using the 20x objective,
and follicles were counted as bent if they contained at least one bend
<130°, which corresponded to a severe deviation from normal follicle
structure; this analysis was performed for three mice. Angles were mea-
sured in Fiji using the angle tool.

Images for nuclear positioning assays were acquired either on the Axio
Imager Z1 or Axio Imager M1 using the 20x objectives. Nuclearto-cell centroid
distance was calculated as (cell centroid — nucleus cen’rroid)/\/cell area;
normalization to cell area was performed as a result of variability in cell
size. For Figs. 2 H and 3 C, statistical significance was determined using un-
paired, two-ailed ttests with Prism software (version 6; GraphPad Software),
with Welch's correction when appropriate. For Figs. 3 G, 4 H, S2 (C and E),
statistical significance was determined by analysis of variance (ANOVA)
with Dunnett's multiple comparisons posttest with Prism; for Figs. 2 E and 3
(D and H), it was determined by ANOVA with Tukey’s multiple compari-
sons posttest with Prism. For box and whiskers plots, the bottom and top of
the box display the 25th and 75th percentiles, whereas the central band
represents the median. The whiskers indicate the minimum and maximum
values, and the plus signs indicate the mean.

For cortical MT organization analyses, images were acquired on the
Axio Imager Z1 with the 40x objective, and cells were considered to have
a cortical accumulation of MTs if Bubulin staining at the cell periphery
was observed to run parallel to the cell surface. Statistical significance was
determined by ANOVA with Dunnett’s posttest with Prism. Because the quan-
titative analysis of perinuclear MTs and K14 in Sun2~/~ MKCs proved fech-
nically challenging as a result of the close proximity of nuclei and adhesions
in these cells, a qualitative assessment of perinuclear B-tubulin and K14 was
made, as indicated in the Results. For the analysis of NE-associated MTs
in taxoHreated cells, images were acquired on the Axio Imager Z1 with
the 20x objective, and cells were counted as positive for NE-associated
MTs only if an unbroken ring of B-tubulin staining, surrounding the Hoechst
signal, was observed (see Fig. 4 E, image Il for a cell positive for this MT
organization). In all other cases, cells were scored as negative for NE-
associated MTs.

For the analysis of desmosome distribution, images were acquired on
the Axio Imager Z1 with the 40x objective, and only cells with one free
edge, at least three cell-cell contacts, and two visible lateral junctions were
measured. Interior and lateral junctions were identified by both DPI/Il and
E-cad staining. The plot profiles corresponding to the fluorescence intensity
of DPI/Il per micrometer for interior and lateral junctions were measured, the
intensity per micrometer for each junction was determined, and the ratio of
interior DPI/Il intensity per micrometer to lateral DPI/Il intensity per microme-
ter was calculated. For the analysis of DPI/Il fluorescence intensity at interior
junctions, images were background subtracted in Fiji with a rolling ball ra-
dius of 200 pixels. 8-ym lines centered on each interior junction were drawn
orthogonally across junctions, and the DPI/Il plot profile was measured for
at least three regions per junction. The plot profile values were then aver-
aged across the 8-pm segments for each genotype. Line scan analyses of
DPI/Il fluorescence intensity along lateral junctions were performed for the
representative junctions indicated in Fig. 5 D (insets). The beginnings of lat-
eral junctions were defined as the intersection between interior and lateral
junctions, whereas the cell-free edges were defined by a loss of E-cad stain-
ing. Images were background subtracted in Fiji with a rolling ball radius of
200 pixels, and DPI/Il fluorescence infensity line scans were collected. For
the quantification of DPI/II localization to lateral junction edges, junctions
were considered positive for DPI/Il staining at junction edges if any DPI/II
staining was observed above the background signal at the free edge. For the
immunofluorescence desmosome density analysis of skin sections, images
were acquired on the DeltaVision widefield deconvolution microscope with
the 60x objective, deconvolved, and background subtracted in Fiji. He layer
and Hu layer cell—cell junctions were identified based on WGA staining and
nuclear shape. The plot profile corresponding to the fluorescence intensity
along cell—cell junctions was measured, and the mean fluorescence intensity
per micrometer was calculated; this analysis was performed for one mouse.
Unless otherwise stated, statistical significance was determined by unpaired,
two-ailed ttests with Prism software.

Intercellular adhesion and cell integrity assays

For adhesion formation assays, low passage MKCs were trypsinized using
0.25% trypsin-EDTA (Life Technologies), seeded on 18-mm glass coverslips
coated in 50 pg/ml fibronectin (Sigma-Aldrich) in 12-well dishes, and al-
lowed to adhere in Elow calcium medium for 16 h. Once small colonies
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had formed, cells were washed with PBS and incubated in 1.2 mM calcium-
containing medium to induce cell junction assembly. Cells were washed and
fixed in 4% paraformaldehyde in PBS for 10 min at RT at O, 24, 48, and
72 h after calcium addition, and processed for immunofluorescence stain-
ing. For nuclear positioning assays, cells were fixed at 0, 6, 12, and 24 h
after calcium addition (see Mouse tissue isolation, histology, and immuno-
fluorescence staining). For intercellular adhesion integrity assays, WT and
Sun27/~ cells were seeded in three wells each of 6-well plates and grown
in Elow calcium media for 24 h to 100% confluency. Cells were switched
to high calcium media to induce adhesion formation and incubated for 48
or 72 h. Monolayers were washed twice in PBS + 1.2 mM CaCl, and incu-
bated with 2.4 U/ml dispase Il (Roche) for 30 min at 37°C. Once completely
released from the bottoms of the wells, monolayers were carefully transferred
to 15-ml conical tubes, washed three times in PBS + 1.2 mM CaCl,, and
then rotated 20x in a total volume of 5 ml PBS + 1.2 mM CaCl,. Fragments
were counted using a dissecting microscope (SZH Zoom Stereo Microscope;
Olympus) at 7.5x magnification.

Cytoskeletal disruption with pharmacological agents

For the analysis of nuclear positioning in drugtreated WT MKCs, cells
were trypsinized and allowed to adhere to 50 pg/ml fibronectin-coated
glass coverslips in E-low calcium media for 16 h. For drug treatment before
calcium addition (during adhesion formation), cells were incubated with
DMSO vehicle, 10 pM blebbistatin, 10 pM Y-27632, 10 yM nocodazole,
and 10 pM blebbistatin in combination with 10 pM nocodazole or 10 pM
Y-27632 in combination with 10 yM nocodazole in low calcium media
for 30 min at 37°C. Calcium was then added to a final concentration
of 1.2 mM to induce adhesion formation, and the cells were incubated
in high calcium media with a drug for an additional 6 h. The coverslips
were then washed in PBS, fixed in 4% paraformaldehyde for 10 min at
RT, and processed for immunofluorescence staining. Nuclear position was
analyzed as described in Imaging and image analysis. For drug treatment
after calcium addition, cells were exposed to 1.2 mM calcium-containing
media for 24 h. DMSO vehicle, 10 pM blebbistatin, 10 pM Y-27632,
0.5 pM latrunculin A, 10 pM nocodazole, and 10 pM blebbistatin in com-
bination with 10 yM nocodazole or 10 pM Y-27632 in combination with
10 pM nocodazole were then added to the cells for an additional 5 h.
Cells treated with drug after calcium addition were fixed, processed, and
analyzed in the same manner as cells treated before calcium addition. For
the analysis of taxol-stabilized MTs in WT MKCs, cells were prepared for
drug treatment in the same manner as cells treated with drug after calcium
addition and incubated with 1.2 mM calcium-containing media for 24 h.
10 pM taxol was then incubated with the cells for an additional 5 h, and
the coverslips were processed for immunofluorescence staining. For the
analysis of nuclear position in drugreated Sun2~/~ MKCs, cells were pre-
pared for drug treatment in the same way as WT cells and then incubated
with 1.2 mM calcium-containing media for 24 h. DMSO vehicle, 10 yM
blebbistatin, or 0.5 pM latrunculin A was then incubated with cells for an
additional 5 h before coverslips were processed for immunofluorescence
staining as in Mouse fissue isolation, histology, and immunofluorescence
staining and analyzed as in Imaging and image analysis.

Western blot analysis

Whole<cell lysates of WT and Sun27/~ MKCs were prepared on ice in
radioimmunoprecipitation lysis buffer (50 mM Tris-Cl, pH 7.4, 1 mM
EDTA, 1% NP-40 alternative, 0.1% Na deoxycholate, 0.1% SDS, 150 mM
NaCl, and protease inhibitor cocktail [Sigma-Aldrich]). The insoluble
debris was removed by centrifugation for 20 min at 14,000 rpm in a
4°C tabletop microcentrifuge (Sorvall Legend Micro 21R; Thermo Fisher
Scientific). The supernatant was stored at —80°C for later use. Extracted
protein samples were diluted in SDS-PAGE sample buffer and separated
using a 7.5% polyacrylamide gel. The separated proteins were trans-
ferred to a nitrocellulose membrane using a transfer system (Bio-Rad Lab-
oratories). Membranes were subsequently blocked in 10% nonfat milk
(Omniblok; American Bioanalytical) in TBST (TBS with Tween 20) for 1 h
at RT and incubated with SUNT (1:1,000; rabbit; Epitomics), SUN2
(1:1,000; rabbit; Abcam), or B-actin (1:1,000; mouse; Abcam) primary
antibodies at 4°C overnight. The membranes were washed for 15 min
in TBST and then incubated for 1 h with HRP-conjugated secondary an-
tibodies (1:5,000; Pierce Antibodies; Thermo Fisher Scientific) in TBST
at RT. After washes with TBST, the membranes were incubated with HRP
chemiluminescent substrate (SuperSignal West Femto Chemiluminescent
Substrate; Thermo Fisher Scientific) for 5 min and then imaged using
an imaging system (VersaDoc; Bio-Rad Laboratories). For the analysis of
desmosomal protein fractionation, whole cell lysates of WT and Sun2~/~
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MKCs were prepared on ice using Triton X-100 lysis buffer (10 mM Tris-Cl,
pH 7.5, 5 mM EDTA, 1% Triton X-100, 145 mM NaCl, and protease
inhibitor cocktail [Sigma-Aldrich]). Triton X-100-soluble and —insoluble
fractions were isolated by centrifugation in the same manner as for ly-
sates prepared with radioimmunoprecipitation assay buffer. The soluble
supernatants were diluted in 2x SDS-PAGE sample buffer, the insoluble
pellets were diluted in SDS-PAGE sample buffer containing 8 M ureaq,
and the proteins were separated using a 7.5% polyacrylamide gel and
transferred to nitrocellulose. Membranes were blocked in 10% milk in
TBST for 1 h at RT and incubated with Dsg3 (1:500; goat; Santa Cruz
Biotechnology, Inc.), DPI/II (1:500; mouse; Abcam), or B-actin (1:1,000;
mouse; Abcam) primary antibodies at 4°C overnight. The membranes
were then processed using the chemiluminescent substrate and the Bio-
Rad imaging system.

TEM

TEM was performed in the Yale School of Medicine Center for Cellular and
Molecular Imaging Electron Microscopy core facility. Back skin sections
from P4 WT and Sun2™/~ mice were isolated and processed for TEM;
two mice were examined for each genotype. Tissue blocks were fixed in
2.5% glutaraldehyde/2% paraformaldehyde in 0.1 M sodium cacodylate
buffer, pH 7.4, for 30 min at RT and 1.5 h at 4°C. The samples were
rinsed in sodium cacodylate buffer and were postfixed in 1% osmium te-
troxide for 1 h. The samples were rinsed and en bloc stained in aqueous
2% uranyl acetate for 1 h followed by rinsing, dehydrating in an ethanol
series fo 100%, rinsing in 100% propylene oxide, infiltrating with EMbed
812 (Electron Microscopy Sciences) resin, and baking overnight at 60°C.
Hardened blocks were cut using an ultramicrotome (UltraCut UC7; Leica).
Ultrathin 60-nm sections were collected and stained using 2% uranyl ace-
tate and lead citrate for transmission microscopy. Carbon-coated grids
were viewed on a transmission electron microscope (Tecnai BioTWIN; FEI)
at 80 kV. Images were taken using a CCD camera (Morada; Olympus)
and iTEM (Olympus) software.

Gene expression analysis

Realtime PCR was performed as previously described (Festa et al., 2011).
In brief, total RNA was isolated with TRIzol (Invitrogen) and RNeasy kit
(QIAGEN) from isolated hair follicles from P4-5 and P27 Sun2~/~ or WT
mice. To isolate hair follicles, dorsal (P4) or tail (P27) mouse skin was
floated overnight on dispase (Gibco). The epidermis was removed by force,
and the dermis was minced with scissors and incubated in collagenase 1a
(Sigma-Aldrich) followed by trituration and low-speed centrifugation to iso-
late hair follicles. TRIzol was added to the purified hair follicles, and total
RNA was isolated according to manufacturer’s instructions. To generate
cDNA, equal amounts of total RNA (1,000 ng) were added fo reverse
transcription reaction mix (Agilent Technologies) with oligo-dT as a primer.
Quantitative realHime PCR was conducted with a LightCycler system (Roche)
using the LightCycler DNA master SYBR Green kit for 45 cycles. Primers
used in these experiments are SUN1 forward, 5-CCACTTCTGGGGTCTC-
GATG-3’, and reverse, 5’ TGCAGTCACGGCAAGTGTAT-3’; and B-actin
forward, 5'-ATCAAGATCATTGCTCCTCCTGAG-3’, and reverse, 5'-CTG-
CTTGCTGATCCACATCTG-3". PCR product levels were normalized to
B-actin mRNA levels.

Online supplemental material

Fig. S1 shows SUN2 localization in the hair follicle during the first hair
cycle, SUN2 staining in Sun27/~ skin, Sun1~/~ skin hematoxylin and
eosin, and bends in the ORS of Sun2~/~ hair follicles. Fig. S2 shows SUN2
and SUNT Western blots of MKCs, additional images for the nuclear posi-
tioning assay quantifications in Fig. 2 E, nuclear positioning assays with
Y-27632 treatment, and cytoskeletal organization in MKCs cultured in low
Ca? medium. Fig. S3 shows additional images for the intercellular adhe-
sion analyses in Fig. 5 A and the DPI/Il localization analysis in nocodazole-
treated MKCs for Fig. 5 F as well as the quantification of DPI/Il at lateral
junction free edges for Fig. 5 D. Fig. S4 shows additional images of Dsg4
and WGA costaining in skin for Fig. 6 (K and L), and the quantification of
hemidesmosome length and number in hair follicles. Fig. S5 shows SUN1
gene expression analysis, and immunofluorescence images of hair follicles
illustrating SUNT staining at P32. Online supplemental material is avail-
able at http://www.jcb.org/cgi/content/full /jcb.201502024/DC1. Ad-
ditional data are available in the JCB DataViewer at http://dx.doi.org/
10.1083/icb.201502024.dv.
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