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Abstract Cell polarization is a fundamental process
underpinning organismal development, and tissue homeo-
stasis, which requires an orchestrated interplay of nuclear,
cytoskeletal, and centrosomal structures. The underlying
molecular mechanisms, however, still remain elusive. Here
we report that kinesin-1/nesprin-2/SUN-domain macro-
molecular assemblies, spanning the entire nuclear envelope
(NE), function in cell polarization by anchoring cytoskel-
etal structures to the nuclear lamina. Nesprin-2 forms
complexes with the kinesin-1 motor protein apparatus by
associating with and recruiting kinesin light chainl (KLC1)
to the outer nuclear membrane. Similar to nesprin-2, KLC1
requires lamin A/C for proper NE localization. The
depletion of nesprin-2 or KLCI, or the uncoupling of
nesprin-2/SUN-domain protein associations impairs cell
polarization during wounding and dislodges the centro-
some from the NE. In addition nesprin-2 loss has profound
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effects on KLCI1 levels, the cytoskeleton, and Golgi
apparatus organization. Collectively these data show that
NE-associated proteins are pivotal determinants of cell
architecture and polarization.
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Abbreviations

AD Gal4-activating domain
BD Gal4-DNA-binding domain
f-gal p-Galactosidase

CT C-terminus

DN Dominant negative

ER Endoplasmic reticulum

G Giant

GST Glutathione-S-transferase

GFP Green fluorescent protein
IF Intermediate filament

KHC Kinesin heavy chain
KLC Kinesin light chain

MT Microtubule

NE Nuclear envelope
N2-SR  Nesprin-2 SR

NT N-terminus

PDI Protein disulfide isomerase
Pc Pericentrin

shRNA  Small hairpin RNA

SP Signal peptide

SR Spectrin repeat

TPR Tetratricopeptide repeat

WB Western blot
WT Wild type
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Introduction

The acquisition of asymmetry (i.e., polarization) is a fun-
damental process exhibited by all living organisms. In
metazoa, cell polarization is a prerequisite for directed
cellular movement, tissue development, and homeostasis.
In response to extracellular cues, cells align external and
internal cellular structures towards the stimulus. Reorien-
tation of the centrosome, Golgi apparatus, cytoskeleton,
and nucleus enables cells to acquire the necessary geom-
etry and sustains directional movement [1, 2].

Members of the evolutionarily conserved KASH
(Klarsicht, ANC-1, and Synel homology) domain family,
which includes the integral nuclear membrane proteins
Kmsl1 in S. pombe; interaptin in D. discoideum; ANC-1,
UNC-83, and ZYG-12 in C. elegans; Klarsicht and
MSP-300 in D. melanogaster; syne in D. rerio; and the
four mammalian nesprins, play pivotal roles in nuclear
migration, centrosomal positioning, and consequently cell
polarization [3-5]. KASH proteins positioned in the outer
nuclear membrane function throughout evolution as
adaptors that connect nuclei to surrounding cellular
structures [4]. Kmslp, ZYG-12, and Klarsicht interact
with dynein and mediate centrosome positioning and
anchorage [6-8]. Nesprin-3 and nesprin-4 link interme-
diate filaments (IFs) and microtubule (MT)-associated
structures, respectively, to the nuclear envelope (NE)
[9, 10]. The largest 0.8—-1 MDa expressed isoforms
(termed giant: G) of the syne-1/-2 (Nesprin-1/-2) loci in
vertebrates tether nuclei to F-actin via their N-terminal
actin-binding domain [11-13]. In addition, nesprin-2 iso-
forms containing the actin-binding domain interact with
the ciliary membrane meckelin protein and mediate cili-
ogenesis [14].

The KASH-protein NE-targeting mechanism involves
the C-terminal KASH domain, which interacts with inner
nuclear membrane SUN-domain family members in the
perinuclear space. These physical bridges (termed the
“LINC” complex) span both nuclear membranes and link
the cytoskeleton to the nuclear lamina [4, 15-17]. The
lamin A/C-associated sunl/sun2-protein complexes are
prerequisites for the proper nesprin NE anchorage [15, 16],
as nesprin NE localization is affected when the underlying
lamin meshwork is compromised [18-20]. Lamin A/C
mutations themselves cause severe degenerative disorders
(laminopathies), including muscular dystrophies and pre-
mature ageing [21, 22]. Moreover, lamin A/C functions are
required for centrosomal tethering, cytoskeleton architec-
ture, cellular mechanical stiffness, and cell polarity
[23-26]. Consequently, cell polarization and centrosome
positioning are the result of a trans-compartmental
molecular connection, although the underlying molecular
mechanisms remain elusive.
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Similar to other NE proteins, nesprins are also involved
in human degenerative disorders. Nesprin-1 mutations
cause cerebellar ataxias, dilated cardiomyopathy, and
arthrogryposis, whereas other nesprin-1/-2 mutations lead
to muscular dystrophies [27-29]. Likewise, mice lacking
the nesprin-1 C-terminal KASH domain exhibit a neuro-
muscular and a cardiac pathology [30]. Nesprin-2 giant
isoform knockout mice (Nesprin-2 G—/—) are viable,
exhibit an increased epidermal thickness, and harbor cell
polarity defects [31]. In sharp contrast, the deficiency of
nesprin-1/-2 KASH-domain isoforms results in severe
laminary brain defects, respiratory failure, and lethality
[32, 33]. While this evidence underlines their functional
significance, it remains unclear why defects in these NE
proteins have devastating degenerative effects in affected
organisms.

Here, we characterize novel nesprin-2 associations with
the kinesin-1 MT-motor protein apparatus. The plus-end-
directed kinesin-1 motor comprises two kinesin heavy
chains (KHCs) containing the motor domain and two light
chains (KLC) providing cargo binding via their tetratrico-
peptide-repeat (TPR) domains [34, 35]. By associating
directly with the TPR domains, nesprin-2 recruits KLC1 to
the nucleus. These molecular frameworks require the
linkage to an intact nuclear lamina in order to facilitate
centrosome tethering, cytoskeleton organization, and cell
polarization. By unravelling nesprin-2 as a key determinant
of crucial cytoskeleton-associated processes that entail
tissue morphogenesis, we provide novel insights into why
NE defects are detrimental in vertebrates.

Materials and methods
Plasmid and shRNA construction

All cloned fragments were sequenced in their entirety.
Constructs were tagged with myc, GFP, GST, Gal4-AD,
Gal4-DNA-BD, or V5 by cloning the specific PCR fragment
in frame into pPCMV-Myc, pEGFP-C2 (Clontech), pGEX-
4T-1 (Amersham), pGADT-7-Rec, pGBKT-7 vectors
(Clontech), or pTracer™-EF/Bsd-B (Invitrogen), respec-
tively. pcDNA3.1 (—) (Invitrogen) was used to engineer the
DN-SUNL and the specific control (SPGFP) constructs,
which contain the torsin-A signal peptide (SP) sequence
(MKLGRAVLGLLLLAPSVVQAYV) at the N-terminus. All
plasmids used and precise details of construction are indi-
cated in supplementary material Table S1. Human KLCI1
and nesprin-2 knock-downs were accomplished by plasmid-
based RNA-interference (RNAi) as described [31]. All
shRNA oligonucleotides were annealed and cloned into
BseRI and BamHI sites of pSHAG-1 [36]. The following
shRNA oligonucleotides were used: nesprin-2 C-terminal
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shRNA, sense: 5’ gagaagaaactcaaacagtgaagcttgactgtttgag
tttettctetttttt 3', anti-sense: 5 gatcaaaaaagagaagaaactcaaa
cagtcaagcttcactgtttgagtttcttctceg 3’; nesprin-2 C-terminal
control shRNA: sense: 5’ atctactcgacgtgagcgtgaagcttgac
gctcacgtcgagtagatttttt 3', anti-sense: 5’ gatcaaaaaatctactc
gacgtgagcgtcaagcettcacgeteacgtegagtagatcg 3'; nesprin-2 G
shRNA [31]: sense: 5 aaccagaagatgtggatgttgaagcttgaac
atccacatcttct 3/, anti-sense: 5'gatcaaaaaaccagaagatgtggatg
ttcaagcttcaacatcca 3'; KLC1 shRNA: sense: 5’ cagggtcttgaca
atgttcacgaagcttggtgaacattgtcaagaccctgtttttt 3’, anti-sense: 5
gatcaaaaaacagggtcttgacaatgticaccaagcttcgtgaacattgtcaagacc
ctgcg 3'; lamin A/C siRNA (Qiagen; [37]): target sequence:
5" ggacttccagaagaaca 3'; lamin A/C control siRNA (Ambi-
on; Silencer® negative control #1 siRNA)

Cell culture, transfection, MT depolymerization,
and wounding assays

HaCaT, COS7, and NIH-3T3 cells were cultured at 37°C,
5% CO, in Dulbecco’s Modified Eagles Medium, high
glucose supplemented with 10% fetal calf serum, 2 mM
penicillin, and 2 mM streptomycin (all from Sigma). For
the cultivation of stable transfected DN-SUNL HaCaT
cells, 0.5 mg/ml G418 disulfate (Sigma) was added to the
nutrient solution. COS7 cells were transiently transfected at
170 V, 950 uF using a Gene-Pulser®II (Bio-Rad). For
transient transfections of HaCaT and NIH-3T3 cell lines,
the Amaxa Cell Line Nucleofector®Kit V (Lonza) was
utilized. To depolymerize the MTs, 12.5 uM colchicine
(Sigma) was added to the culture medium. HaCaT and
COS7 cells were treated for 4 h, whereas NIH-3T3 cell
lines were incubated for 2 h with colchicine before the
fixation. Alternatively, MTs were depolymerized by incu-
bating cells on ice for 30 min. To study cell polarization
defects, confluent serum-starved HaCaT monolayers were
wounded by scraping cells away with a P200 pipette tip.
Cells were fixed 6 h after wounding and serum addition.

Immunofluorescence microscopy

Cells were fixed in 4% paraformaldehyde/phosphate-buf-
fered saline (PBS) for 15 min and permeabilized in 0.5%
Triton X-100/PBS for 4 min before the samples were pro-
cessed for indirect immunostaining. To visualize intact
MTs, cells were fixed with 4% paraformaldehyde/BRB80
(80 mM Pipes, 1 mM EGTA, 1 mM MgCl,, pH 6.8) for
15 min, or alternatively with methanol for 10 min at —20°C.
In wash-out experiments, cells were permeabilized in 0.1%
Triton X-100/PBS for 10 s before the fixation. Nuclei were
stained with 4,6-diamino-2-phenylindone (DAPI; Sigma)
and F-actin with FITC-Phalloidin (Sigma). All indirect
immunofluorescence samples were analyzed by confocal
laser-scanning microscopy using either a TCS-SP1, a TCS-

SP5 (Leica), or a LSM510 Meta Axiovert (Zeiss) with the
exception of Fig. 4d, d’ and supplement Fig. S2, which were
documented using the wide-field epifluorescence micro-
scope DMR and a DC 350 FX camera (Leica).

Antibodies

Primary antibodies used were directed against the N-ter-
minus of nesprin-2 (Nes2NT) mAb K56-386 [31] and mAb
K20-478 [12], the C-terminus of nesprin-2 (Nes2CT) pAb
K1 [19], y-tubulin mAb GTU and f-actin mAb AC-74
(Sigma), pericentrin pAb Pc-4448 (Abcam), Myc mAb
9E10 [38], Sunl pAb SunlB and Sun2 pAb Sun2 [17], V5
mAb V5 (Invitrogen), GST pAb GST [39], GFP mAb
K3-184-2 [40], KLC1 pAb H-75 (Santa Cruz), KLC1 mAb
63-90 (kind gift from Prof. Dr. S.T. Brady), KHC mAb
H2 (Chemicon), tubulin mAb WA3 (kind gift from
Dr. U. Euteneuer), Golgi mAb Gm130 (BD Transduction
Laboratories), pan-keratin mAb AE1/AE3 (Milipore), PDI
(Stressgen Biotechologies), and lamin A/C mAb Jol2 (kind
gift from Prof. Dr. C.J. Hutchinson). For indirect immu-
nofluorescence studies, Alexa 488, Alexa 568, and Alexa
647 fluorescently conjugated secondary antibodies (Invit-
rogen) were utilized. Peroxidase-coupled secondary
antibodies (Sigma) were adopted in Western blot analysis.

Yeast two-hybrid analysis

The Matchmarker two-hybrid system 3 was adopted on the
basis of the yeast protocols handbook (http://www.
clontech.com/images/pt/PT3024-1.pdf; PT3024-1, Clon-
tech). N2-SR was cloned into the yeast pGBKT-7 plasmid
[19]. The Gal4-BD-N2-SR fusion was nontoxic and did not
provoke autonomous activation. This bait was used in
AHI109 yeast to screen a pretransformed human brain
cDNA library prepared in the pGADT-7-Rec expression
vector, which generates Gal4-activating domain
(AD)-cDNA fusion products in Y187 yeast (http://www.
clontech.com/images/pt/PT3183-1.pdf; PT3183-1, Clon-
tech). Positive AD-library plasmid DNA clones were
isolated, sequenced, and retransformed with the N2-SR bait
to confirm interactions.

Purification of GST-proteins, GST-pulldown assays,
immunoprecipitation, and Western blotting

GST-fusion purification and GST-pulldown experiments
were performed as described [19]. GST fusions were bound
to Glutathione-SepharoseTM 4B (Amersham) at 4°C over-
night. GFP-N2-SR-transfected or GFP-KLCI-transfected
COS7 cell lysates were prepared using lysis buffer [SO mM
Tris/HCI (pH 7.5), 150 mM NaCl, 1% Nonidet-P40, 0.5%
sodium desoxycholate, and protease inhibitors (Roche)].
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Lysates were then incubated with equal amounts of GST-
fusion proteins coupled to GST-Sepharose beads at 4°C
overnight. Samples were centrifuged, and the pellets were
washed several times with PBS. Supernatants and pellets
were assessed by SDS-polyacrylamide-gel electrophoresis
(SDS-PAGE) [41], Coomassie Blue staining, and/or Wes-
tern blot analysis [42].

Six-day-old mice brains were dissected out, submerged,
and homogenized in lysis buffer or IP buffer (50 mM Tris/
HCI (pH 7.5), 75 mM NaCl, 5 mM EDTA, 5 mM N-eth-
ylmaleimide, 10 mM CHAPS, and protease inhibitors;
adopted from [43]). Samples were centrifuged at 3,000g at
4°C for 20 min. The supernatants were processed through a
27-gauge needle (10 times), centrifuged at 12,000g, and
employed for GST-pulldown analysis (see above) and
immunoprecipitation.

For immunoprecipitation, analysis supernatants were
pre-cleared with Protein-A-Sepharose CL-4B (Pharmacia
Biotech) for 2 h at 4°C. Tissue samples were centrifuged
for 1 min at 4°C and 1,000g. Supernatants (Input) were
mixed with the specific purified antibodies (each 6 pg) and
incubated for 4 h at 4°C. Protein-A-Sepharose beads were
added to the antibody-antigen complexes, and the samples
were incubated overnight at 4°C. Immunocomplexes were
washed three times with PBS supplemented with protease
inhibitors and subjected to SDS-PAGE concomitant with
silver staining [44] and immunoblotting.

Densitometric measurements were performed using
Image Gauge software (Version 4.23). Actin chemilumi-
nescence signals provided standardized baselines.

Proteinase K digestions

HaCaT cells were transiently transfected with S°GFP and
DN-SUNL constructs. Plates reaching 60-70% conflu-
ency were washed with ice-cold PBS, and the cells were
removed from the plates by scraping. Cells were pelleted
briefly by centrifugation at 1,000g and resuspended
either in lysis buffer (see above) or in ice-cold hypotonic
buffer [10 mM HEPES (pH 7.5), 1.5 mM MgCl,,
1.5 mM KCI and 0.5 mM dithiothreitol]. Samples con-
taining lysis buffer were incubated for 15 min on ice,
centrifuged at 12,000g, and the supernatants were mixed
with sample buffer. Cells resuspended in hypotonic
buffer were either directly permeabilized with 5 pg/ml
digitonin or 1% Triton X-100 for 4 min on ice before the
samples were subjected to proteinase K (5 pg/ml)
digestion for 30 min on ice. After the digestion, the
lysates were supplemented with 10 pg/ml phenylsulfonyl
fluoride (PMSF), centrifuged, and the supernatants
incubated with sample buffer. Cell extracts were pro-
cessed through a syringe, subjected to SDS-PAGE, and
analyzed by Western blotting.
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Statistical analysis

Statistical analysis was performed using Student’s ¢ test;
300 cells were used for every data set. Results were shown
as mean + SD. P values of <0.05 were considered sig-
nificant. The mean &+ SEM centrosome-nucleus distance
was measured by the image processing software LAS AF
(Leica Application Suite; Advanced Fluorescence Lite) and
Zeiss LSM510 Image Browser.

Results

Nesprin-2 KASH proteins mediate centrosome
attachment to the NE

To explore how nesprin-2 G (also known as NUANCE;
[12]) controls cell polarization [31], we examined its
functions in centrosome positioning and cytoarchitecture.
We employed preferably HaCaT keratinocytes and COS7
cells due to their high expression of nesprin-2 G [19, 20].
Since the syne-2 locus generates several structurally dis-
tinct isoforms, our studies also aimed to identify the
implicated domains. In order to establish roles for KASH-
domain-containing isoforms, we overexpressed the Sunl
luminal domain in the endoplasmic reticulum (ER) and
perinuclear space, thereby achieving a saturation of KASH-
domain binding sites. This was accomplished by fusing an
ER signal peptide (SP) to the entire GFP-tagged Sunl
luminal domain (termed DN-SUNL, Fig. 1a). A fusion of
SP to GFP alone was used as a control (**GFP, Fig. 1a). To
confirm the proper translocation of SP fusions into the ER
lumen and the perinuclear space, cell homogenates were
subjected to proteinase K degradation in the presence of
Triton X-100 or digitonin (Fig. 1b). In contrast to Triton
X-100, which permeabilizes all biological membranes, low
concentrations of digitonin leave the internal ER and NE
membranes unperturbed. Similar to the ER and perinuclear
space resident disulfide isomerase (PDI) protein, the S*GFP
and DN-SUNL molecules were susceptible to proteinase K
degradation only when cell homogenates were permeabi-
lized with Triton X-100 (Fig. 1b).

The overexpression of SPGFP in HaCaT cells did not
have any discernable effects on the nesprin-2 localization
pattern (Fig. 2a’) or centrosome positioning (Fig. 2a”,
arrow). In contrast, DN-SUNL functionally displaced
nesprin-2 from the NE (Fig. 2b/, arrows). Furthermore,
centrosome and Golgi polarization upon wounding was
largely impaired (Fig. S1). This indicates that cellular
asymmetry is affected when the physical linkage of outer
nuclear membrane structures (KASH-protein interactomes)
to SUN proteins is compromised. In addition, these mutants
exhibited substantial centrosome positional changes with
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Fig. 1a, b The SPGFP and DN-SUNL fusions are targeted to the ER
lumen and perinuclear space. a Schematic indicating the domain
architecture of full-length Sunl, SPGFP, and DN-SUNL molecules.
b Immunoblot analysis of cell homogenates expressing S*GFP and
DN-SUNL, which were subjected to proteinase K treatment after
digitonin or Triton X-100 permeabilization. Untreated cell lysates
serve as positive controls. Note that in the presence of digitonin, the
GFP fusions and the ER-lumen resident PDI protein resist proteinase-
K-induced protein degradation, whereas tubulin is fully degraded.
Complete degradation of the SPGFP and DN-SUNL proteins is
achieved after Triton X-100 exposure

respect to the NE (Fig. 2b”, arrows). In control cells, cen-
trosomes were positioned near the NE at a mean distance of
1.66 £ 0.12 pm, whereas a significant dislodgement was
observed in two independent DN-SUNL-expressing clones,
with an increase to 2.55 4+ 0.23 um (Ppn.sunrs = 3.56
x 107* and 2.50 & 0.20 pum (Ppn.sunisz = 5.71 x 1074,
respectively (Fig. 2e).

The specific role of nesprin-2 G was investigated by
silencing studies using shRNAs directed against the actin-
binding domain (Fig. 2c). Consistent with our previous
results, the average centrosome-NE distance increased
significantly in nesprin-2 G-silenced cells (3.63 £ 0.21 vs.
1.52 £ 0.07 pm in control cells) (Fig. 2¢, arrows, and
Fig. 2e; Prna; = 1.93 x 107'7). A similar increase was
found in primary fibroblasts obtained from nesprin-2 G—/—
mice (Fig. 2e; P_,_ = 3.56 x 107%). Intriguingly, the
expression of a myc-tagged KASH-deficient C-terminal
nesprin-2 fragment (termed N2-SR; Fig. 3a) recapitulated
the centrosomal detachment phenotype (Fig. 2d). The
mean centrosome—NE distance increased from 1.78 £
0.10 pm in myc-transfected control cells to 3.30 +
0.31 pum in N2-SR transfected cells (Fig. 2e; Ppyc.Nn2-sr =
6.74 x 1076). Collectively, these data unravel novel
roles for nesprin-2 isoforms containing the actin-binding

domain, KASH domain, and/or N2-SR domain in centro-
somal anchorage.

In order to provide additional evidence for a function of
nesprin-2 KASH isoforms in centrosomal positioning, we
stained cells for the nesprin-2 KASH-domain binding
proteins, Sunl and Sun2 (Fig. 2f—f", g—g”). Endogenous
Sunl did not form noticeable accumulations near centro-
somal structures (Fig. 2f’, arrowhead, and Fig. 2f”, inset).
Sun2, however, was found localized in distinct structures
that lay in close proximity to the centrosome (Fig. 2g'-g”,
inset). While the Sun2 presence at the centrosome attach-
ment site confirmed previous findings [45], Sunl only
accumulated around the centrosome upon ectopic overex-
pression (data not shown). This result was further
supported by our finding that RNAi-mediated knock-down
of Sun2 also resulted in a significant centrosome detach-
ment from the nuclear periphery (data not shown). Thus,
these results suggest the presence of specific nesprin-2/
Sun2-based macromolecular assemblies that span the entire
NE facilitating centrosomal attachment to the nucleus.

Nesprin-2 associates with KLC1

To gain insights into the centrosome tethering mechanism,
the nesprin-2 C-terminal fragment N2-SR [19] was further
investigated. Interestingly, myc-tagged N2-SR still local-
ized along the NE (Fig. 3b) in transiently transfected cells,
despite the fact that it lacked a KASH domain. Intrigued by
its localization properties and its ability to dislodge the
centrosome from the NE (Fig. 2d), we performed a yeast
two-hybrid library screen, in order to identify N2-SR-
associated proteins. Using a Gal4-DNA-binding domain
(BD)-fused N2-SR as bait, we identified full-length KLC1
as well as shorter KLC1 segments (Fig. 3c, lower panel) as
nesprin-2 binding partners. As indicated in Fig. 3¢ (upper
panel) and in contrast to controls, yeast harboring the
KLC1 segment 138-560 (TPR-domains) and the N2-SR
bait grew under restrictive growth conditions and expressed
p-galactosidase (f-gal). Thus, the KLC1 C-terminal TPR
domains were sufficient to mediate the nesprin-2 associa-
tion. By subdividing N2-SR into smaller segments (N2-SR
1 + 2, N2-SR 2 + 3, and N2-SR 3 + 4), the nesprin-2
binding domain to KLC1 was narrowed down to N2-SR
2 + 3 (Fig. 3d).

Nesprin-2/KLC1 binding sites were confirmed by GST-
pulldown studies. We engineered and purified a series of
different GST-KLC1 (Fig. 3e) and GST-N2-SR fusions
(Fig. 3f); beads and GST alone were used as negative
controls. Equal amounts of recombinant proteins were
immobilized on glutathione-agarose and incubated with
GFP-N2-SR-expressing (Fig. 3e) or with GFP-KLCI-
expressing (Fig. 3f) cell extracts, respectively. The
predicted sizes and the usage of equal quantities of
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DN-SUNL

F

y=-Tub, DAPI

Fig. 2a—g Nesprin-2 KASH proteins tether the centrosome to the
NE. S’GFP (a-a”) and DN-SUNL (b-b") expressing HaCaT cells
were subjected to indirect immunofluorescence using nesprin-2-
specific (pAb Nes2CT) and centrosome-specific (y-tubulin) antibodies.
In contrast to the controls, mutants exhibit increased centrosome—
nucleus distances (b”, arrows). See supplementary material Fig. S1
for DN-SUNL-induced cell polarity defects. ¢ and d Nesprin-2
G-silenced HaCaT cells (asterisks) stained for pericentrin (pAb Pc)
and nesprin-2 G (mAb Nes2NT) (c) as well as transiently transfected
myc-N2-SR  COS7 cells processed with pericentrin (d, inset,

GFP-/GST-fusion proteins was verified by Western blot-
ting or Coomassie staining (Fig. 3e—f). Immunoblotting on
the precipitated samples demonstrated that the KLCI1
interaction with nesprin-2 is mediated by the TPR domains
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. 3] y<Tub, DAPI

y-Tub, DAPI

E Centrosome-Nucleus
distance [um]
Control DN-SUNL
1.66 =0.12] 2.55 £ 0.23 (clone #1)
2.50 £+ 0.20 (clone #2)
Control Nesprin-2 G RNAI
1.52+0.07 3.63 £0.21
WT Nesprin-2 G -/-
2.13+£0.10 3.66 +0.15
Myc Myc-N2-SR
1.78 £ 0.10 3.30+0.31

arrowheads) and myc antibodies (d) also show centrosomal detach-
ment from the NE. Scale bars 10 pum. e Quantitative measurements of
centrosome—nucleus distances in DN-SUNL, nesprin-2 G knock-
down, nesprin-2 G knockout (—/—), myc-N2-SR-expressing, and
control cells. Results are mean distances + SEM. f-g” HaCaT cells
were stained for y-tubulin and Sunl (f—f”) or Sun2 (g-g”). Note that
only Sun2 (g”) and not Sunl (f’) accumulates underneath the
centrosome. Scale bar 5 pm. DAPI was used to visualize DNA (a”,
b, ¢, d, f, g). mAb Monoclonal antibody, pAb polyclonal antibody

and the N2-SR 2, N2-SR 2-3 segments, respectively.
Notably, the strongest KLC1 binding was observed with
N2-SR 2 + 3, which encompasses N2-SR 2 and N2-SR 2-3
(Fig. 3f). Moreover, we showed that KLLC1 fusions that
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Fig. 3a—j Nesprin-2 interacts in vivo and in vitro with KLCI.
a Illustration of nesprin-2 G and N2-SR structural features.
N-terminal (NT) and C-terminal (CT) nesprin-2 antibody epitopes
are marked (inverted Y). b Myc-tagged N2-SR-transfected COS7 cells
were subjected to indirect immunofluorescence analysis using anti-
myc-specific mAb. DNA was stained with DAPL. Note the N2-SR
localization along the NE. ¢ The yeast two-hybrid library screen
yielded KLCI as a new binding partner of N2-SR. Growth of BD-N2-
SR and AD-KLC1'*¥%% coexpressing AH109 yeast and the positive
X-Gal assay indicates an interaction. Four independent BD-N2-
SR-interacting AD-KLC1 clones could be identified in the yeast
two-hybrid screen. d Mapping of the N2-SR-binding site by yeast
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two-hybrid analysis. e and f GST-pulldown analysis using different
GST-tagged KLC1 (e) or GST-tagged N2-SR fusions (f) incubated
with either GFP-N2-SR-transfected (e) or GFP-KLCI-transfected
(f) COS7 cell extracts, respectively. M marker, S supernatant,
P pellet, WB Western blot. g-g” Myc-tagged KLCI expressed in
COS7 cells colocalizes with nesprin-2 at the nuclear rim. h-h” GFP-
N2-SR- and myc-KLC1-coexpressing COS7 cells stained with anti-
myc mAb demonstrate colocalization. DNA visualized by DAPI stain.
i~j’ Cells expressing either myc-KLC1 CT alone or GFP-N2-SR
together with myc-KLC1 CT were stained with anti-myc mAb.
Differential localization is indicated: nuclear staining (i, arrow), myc-
KLCI recruitment by GFP-N2-SR (j—j'). Scale bar 10 pm
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harbor four TPR domains (T1-4) are sufficient to mediate
nesprin-2 binding, although the association appeared
weaker when compared to longer TPR fusions (Fig. 3e).

Further support of the interaction between nesprin-2 and
KLC1 was found in COS7 cells ectopically expressing
myc-KLC1 alone or in the presence of GFP-N2-SR.
Immunofluorescence microscopy revealed intense myc-
KLC1 staining at the NE, which colocalized with endog-
enous nesprin-2 in single transfected cells (Fig. 3g-g").
Interestingly, the KLCI nuclear rim pattern remained
unperturbed upon N2-SR co-expression. Moreover, the
KLC1 and N2-SR fusions colocalized at the NE, cyto-
plasm, and cell periphery (Fig. 3h-h"). Intriguingly, the
single transfected KLC1 C-terminal TPR domain fusions,
KLC1 CT and KLC1 TI-6 (see Fig. 3e for construct
details), localized unexpectedly in the nucleus (Fig. 3i,
arrow). Upon N2-SR coexpression, however, these KLCI
fusions were excluded from the nuclear compartment and
overlapped instead with N2-SR at the NE and in the
cytoplasm (Fig. 3j—j’). Similar results were obtained in
NIH-3T3 and HaCaT cell lines (data not shown). In
summary these data corroborate the proposed interac-
tion between the KLC1 TPR domains and nesprin-2
C-terminus.

Nesprin-2 forms complexes with the kinesin-1 motor
protein apparatus

Inspired by the concentrated localization of overexpressed
KLC1 at the nuclear rim, we next turned our focus to the
biology of the endogenous KLC1 protein. In addition to its
well documented pattern in the cytoplasm, endogenous
KLC1 was strongly detected at the NE of HaCaT (Fig. 4a,
arrowheads) and cerebellum cells, respectively (data not
shown). Collectively, these data reveal the KLC1 NE
localization as an authentic property of the endogenous
protein.

Considering that KLLC1 associates with KHC, we next
investigated whether nesprin-2 is part of the kinesin-1
holoenzyme complex using GST-pulldown and coimmu-
noprecipitation assays. Equal quantities of the GST-tagged
N2-SR 1 + 2, N2-SR 2 + 3, N2-SR 3 + 4, and N2-SR
fusion proteins (see Fig. 3f for construct details) were used
for precipitation of KLC from murine brain homogenates.
These studies demonstrated the specific binding of N2-SR
and N2-SR 2 + 3 to KLC1 and KHC (Fig. 4b, left panel).
Comparable results were obtained when endogenous
nesprin-2 was immunoprecipitated from mouse brain
extracts and revealed the presence of various nesprin-2
isoforms, KLC1, KHC, and tubulin (Fig. 4b, right panel).
Supportively, analysis of coexpressed myc-tagged KHC
and GFP-KLCI1 in COS7 cells exhibited qualitative colo-
calization with nesprin-2 along the NE (Fig. 4c, inset).
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Interestingly, the presence of KLC1 at the NE of COS7 and
fibroblast cells coincided largely with the presence of
prominent NE-associated MT structures (Fig. 4d and Fig.
S2). In summary, these data suggest that nesprin-2 physi-
cally tethers the microtubule-based kinesin-1 motor protein
complex to the outer nuclear membrane.

In order to examine whether the KLC1 NE localization
depends on the MT network, transiently transfected GFP-
KLC1 COS7 cells were immunostained for tubulin in the
presence and absence of the MT-depolymerization drug
colchicine (Fig. 4d, d’). Although the NE of cells treated
with colchicine lacked intact MT structures, the GFP-
KLC1 localization remained unaffected (Fig. 4d’). Thus we
concluded that the KLC1 nuclear rim localization does not
require an intact MT network.

KLC1 NE-targeting requires KASH/SUN protein
interactions

Next we elucidated the involvement of lumenal KASH/
SUN protein interactions into the KLC1 NE-targeting
mechanism. Therefore, transiently transfected control
(*’GFP) and DN-SUNL NIH-3T3 fibroblasts were immu-
nostained for nesprin-2 G and KLC1. Our decision to use
this particular cell line model, as opposed to HaCaT cells,
was based on the prevalence of nesprin-2 C-terminal
KASH-domain isoforms in fibroblasts [31]. In sharp con-
trast to control cells (Fig. Sa, arrow), the DN-SUNL
expression (Fig. 5b, asterisk) not only dislodged nesprin-2
from the NE but also KLC1 (Fig. 5b, arrows and Fig. 5b).
Importantly, nesprin-2, KLC1, tubulin, and actin expres-
sion levels remained unaffected upon DN-SUNL
expression (Fig. 5b”). These data suggest that DN-SUNL
affects the KLC1 topology by disrupting protein—protein
interactions at the NE. Notably we also observed a direct
correlation between the nesprin-2 and KLC1 NE staining
intensities in untreated NIH-3T3 cells. Cells exhibiting
weak nesprin-2 signal (Fig. Sc, asterisk) harbored reduced
KLC1 staining, whereas brightly nesprin-2-stained cells
also exhibited a strong KLC1 NE staining (Fig. Sc,
arrows). Similar observations were noted between KLC1
and tubulin structures. Colchicine-treated cells exhibiting
strong KLC1 NE staining consistently harbored intensive
tubulin NE signals as well (Fig. 5¢/, arrowhead) and vice
versa (Fig. 5¢/, arrow).

Nesprin-2 regulates the amount and the subcellular
localization of KLC1

Using a silencing approach, we intended to define the
hierarchy and physiological significance of the previously
identified molecular players that tether KLC1 at the NE.
HaCaT cells were transiently transfected with nesprin-2 G
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Fig. 4a—d Nesprin-2 associates with kinesin-1 at the NE. a Immuno-
stainings of HaCaT cells using nesprin-2-specific (mAb Nes2NT) and
KLC1-specific antibodies shows KLC1 along the NE (arrowheads),
where it overlaps with nesprin-2. Nuclei are stained with DAPIL
b GST-pulldown and immunoprecipitation (IP) were performed using
GST-tagged N2-SR fusions and pAb Nes2CT, respectively. Precip-
itated brain lysates were separated on 12% SDS-PAGE stained with
Coomassie (GST-pulldown, left) or on 3—15% SDS-PAGE gradient
gels probed with pAb Nes2CT (IP, right). Silver staining was used as
a control. ¢ Cells transiently transfected with GFP-tagged KLC1 and

shRNA constructs and stained for nesprin-2 G and KLC1.
Upon silencing of nesprin-2 G we observed a lack of
NE-associated KLCI1 (Fig. 6a—-a”, asterisks) and a distinct
reduction of the KLC1 staining. Therefore we analyzed and
compared the protein lysates of cells after KLC1 or
nesprin-2 silencing. Whereas KLC1 silencing did not
significantly alter the expression levels of nesprin-2, KLC1
protein levels were significantly reduced in the nesprin-2
knock-down lysates (Fig. 6b). Densitometric measure-
ments on the Western blot signals (three independent
experiments) indicated a 51% reduction in KLC1 expres-
sion when compared to untransfected HaCaT extracts. This
observation was corroborated by an alternative silencing
strategy that eliminated, in addition to nesprin-2 G, the
C-terminal nesprin-2 isoforms (Fig. S3). Collectively these
experiments show that KLCI protein levels are tightly
coupled to that of nesprin-2.

In order to investigate a potential role of nesprin-2 and
KLC1 in the organization of perinuclear MTs, nesprin-2
G-silenced and KLC1-silenced HaCaT cells were examined

GFP-KLC1 Nes2CT

GFP-KLCT

+ colch
+ washout

D!

— || Tub, DAPI

GFP-KLCT

myc-tagged kinesin heavy chain (KHC) were stained with specific
myc and nesprin-2 (pAb Nes2CT) antibodies. Note KLC1, KHC, and
nesprin-2 colocalization along the NE (¢, inser). d and d’ Untreated
(d) and colchicine-treated, pre-extracted (d') GFP-KLCI1 expressing
cells were subjected to indirect immunofluorescence using anti-
tubulin mAb. DAPI visualizes nuclei. Tubulin is enriched at the NE in
control cells (d), whereas in colchicine and pre-extracted cells nearly
all tubulin structures are washed out (d’). Note that the GFP-KLC1
NE localization is unaffected in cells lacking MTs (d'). Scale bars
10 pm. See also supplementary material Fig. S2

under conditions that induce MT depolymerization.
Nesprin-2-silenced cells exhibited the anticipated nuclear
deformations (Fig. 6¢, asterisk) and harbored diminished
tubulin staining at the NE (Fig. 6¢’, arrows) compared to
untransfected cells (Fig. 6¢/, arrowheads). Interestingly,
pronounced MT structures, even resisting cold-induced MT
depolymerization [46], were visible at the NE of untrans-
fected HaCaT cells (Fig. 6d-d’, arrowheads) and were
mostly associated with NE-localized KLC1. Hence we
speculated whether KLC1 is directly involved in the orga-
nization of perinuclear MTs. Indeed, when KLC1 was
silenced (Fig. 6e, asterisks), the MT network at the NE was
strongly reduced (Fig. 6¢’) compared to KLCl1-positive
control cells (Fig. 6¢’, arrowheads).

Since lamin A/C affects the NE localization of nesprin-2,
we next assessed the consequences of lamin A/C silencing
on KLC1. In addition to dislodging nesprin-2 from the NE
(Fig. 7v’, arrows), absence of lamin A/C led to a complete
lack or only weak KLC1 NE staining (Fig. 7d’, arrows).
Similar to DN-SUNL, the lamin A/C loss left the nesprin-2,
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SPGEP, DAPI

Nes2NT, DAPI

Fig. 5a—c SUN-protein dominant-negative (DN) interference affects
KLC1 NE localization. NIH-3T3 fibroblasts transiently expressing
SPGFP control (a) and DN-SUNL constructs (b) were subjected to
indirect immunofluorescence using anti-nesprin-2 (Nes2NT, mAb
K56-386) and anti-KLC1 (pAb H-75). The nesprin-2 and KLC1 NE
pattern is unaffected in control fibroblasts (a, arrows). In DN-SUNL-
expressing cells (b, asterisk), however, staining of both nesprin-2 and
KLC1 NE is diminished (b, arrows). b’ The histogram represents a
statistical evaluation of the KLC1 localization phenotypes at the NE
in control and DN-SUNL-expressing cells (results are the
mean =+ SD; Student’s 7 test: Ppormal = 3.84 X 1074, Prequcea = 6.46
x 1073, Popsent = 1.79 x 1072). b” Immunoblot analysis of stably

KLC1, and tubulin expression levels unperturbed (Fig. 7e).
In summary, these data suggest that an intact nuclear
lamina enables nesprin-2 to recruit KLC1 and structure the
MT cytoskeleton at the nuclear surface.

The KLC1 loss affects centrosome anchorage
and cell polarization

Next we questioned whether the cellular phenotypes
exhibited by nesprin-2 mutants (i.e., aberrant centrosomal
positioning and cell polarization) arise via KLC1 deregu-
lation. Silencing experiments in HaCaT cells indicated that,
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transfected DN-SUNL human keratinocytes (HaCaT; clones #1 and
#2) and untransfected HaCaT control cells. Note that the DN-SUNL
expression did not alter the nesprin-2, KL.C1, and tubulin expression
levels. Actin is shown as a loading control. ¢ Untransfected NIH-3T3
fibroblasts exhibiting weak nesprin-2 staining (asterisk) have a
decreased KLC1 immunostaining at the NE, whereas an intensive
nesprin-2 signal correlates with strong KLCI1 staining at the NE
(arrows). DAPI was used to visualize DNA. ¢/ KLC1 and tubulin
stainings of colchicine-treated NIH-3T3 cells indicate a direct
correlation of their fluorescence intensities at the NE (arrows denote
weak staining signals, whereas strong signals are labelled by
arrowheads). Scale bars 10 pm

similar to nesprin-2, the loss of KLC1 caused centrosomal
detachment from the NE (Fig. 8a—a’). Centrosomes were
positioned 1.52 & 0.07 and 4.09 £ 0.21 pm away from
the NE surface, in control and mutant cells, respectively
(Fig. 8b). Moreover, KLC1 downregulation resulted in
defective cell polarization during wound healing in scratch
assays (Fig. 8d). While in 97% of control cells the cen-
trosome was positioned within a 120° area facing the
wound (Fig. 8c), this number dropped to 45% in KLCI1
knock-down cells (Fig. 8e). Taken together, these data
demonstrate that KLC1 loss recapitulates major aspects of
the nesprin-2 G mutant cellular phenotype.
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Fig. 6a—e Loss of nesprin-2 G alters expression and NE targeting of
KLC1. a-a” Immunostainings of nesprin-2 G-silenced cells (aster-
isks) using nesprin-2 G-specific (Nes2NT) and KLCl1-specific
antibodies. Nuclei are stained by DAPI. KLC1 NE staining is either
reduced or absent in nesprin-2 G knock-down cells. b Western blot
analysis of control, KLC1, and nesprin-2 G knock-down HaCaT
homogenates indicates protein silencing efficacy. Note that nesprin-2
G loss affects KLC1 expression. c—¢” Nesprin-2 G knock-down and

Nesprin-2 determines cell architecture

Since centrosome polarization in wounded fibroblast mon-
olayers is the result of actin-based nuclear movement away
from the wound edge [47], we examined the perinuclear
F-actin organization in nesprin-2-silenced cells. The pres-
ence of prominent F-actin perinuclear filaments (Fig. 9a, a’,
arrows and insets) coincided with the occurrence of nesprin-
2. These structures were largely absent in nesprin-2-silenced
cells (Fig. 9b, arrowheads, insets, and Fig. 9¢), which also
exhibited profound stress fibers throughout their cytoplasm
(Fig. S4). Examination of the intermediate filament (IF)
network in WT cells revealed pronounced keratin bundles
adjacent to the NE (Fig. 9d”, arrows and inset). Upon
nesprin-2 depletion, however, these bundles were drastically

Nes2CT

KLC1
KLC (H-75)

(- — -]

p-Actin

KLC1 RNAi
% +cold
+ washout

*

Tub, DAPI

colchicine-treated cells (asterisk) stained for tubulin lack pronounced
tubulin structures at the NE (¢, arrows). Nesprin-2-positive cells,
however, show clear accumulation of tubulin along the NE (¢/,
arrowheads). d—e' Control (d, d') and KLCl-silenced (e, €') cells
were incubated on ice to depolymerize MTs. Detergent pre-extracted
cells were fixed and stained for KLC1 and tubulin. Note that the
existence of KLC1 at the NE is accompanied by the presence of MTs
along the NE (d' and €', arrowheads). Scale bars 10 pm

reduced or absent from the NE (Fig. 9d”, arrowheads, and
Fig. 9e). Frequently IFs were found a few micrometers away
from the NE in nesprin-2 knock-down cells (Fig. 9d”,
arrowheads, inset). In addition, nesprin-2 mutants displayed
fragmented or perinuclear-arranged Golgi structures
(Fig. 9f—g). Based upon these results we conclude that
nesprin-2 exerts an integrative and essential function in
organizing major cellular structures and organelles at the
intersection between nuclear interior and cytoplasm.

Discussion

The NE and in particular the nuclear lamina have been
spotlighted during the past decade in the scientific
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Fig. 7a—e Lamin A/C determines the localization of both KLC1 and
nesprin-2 at the NE. HaCaT cells were transiently transfected with
control (a—a” and c¢—¢”) or lamin A/C siRNAs (b-b” and d-d”) and
costained for lamin A/C and nesprin-2 (pAb Nes2CT) (a, a’ and b, b’)
or lamin A/C and KLC1 (¢, ¢’ and d, d’). While lamin A/C-positive
control cells (a, ¢) exhibit prominent localization of nesprin-2 and

community due to the fact that an increasing number of
mutations in those genes could be linked to a large and
heterogeneous group of inherited diseases in humans, the
so-called laminopathies. Their pathogenesis is currently
explained by several nonmutually exclusive hypotheses
[21, 22, 48]. Especially applicable for our new findings
would be the “structural” hypothesis. It is based on the
assumption that defects in the nuclear lamina compromise
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KLC1 at the NE (a/, ¢, arrowheads, respectively), in lamin A/C-
silenced cells (b, d, asterisks) both nesprin-2 and KLC1 NE structures
are either less pronounced or completely absent (b', d’, arrows,
respectively). e Immunoblot analysis of untransfected, transiently
transfected control and lamin A/C RNAi HaCaT cell lysates

the NE structural integrity and render cells more suscep-
tible to mechanical stress-induced cell degeneration.
Indeed it could be shown that lack of lamin A/C results in
reduced mechanical stiffness, which is determined by the
LINC complex [25]. Additionally, impaired cytoskeletal
organization, loss of cell polarity, and centrosomal mis-
positioning were described [23, 24, 26]. The underlying
molecular mechanisms were, however, poorly understood.
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Fig. 8a—e KLC1 mediates centrosome anchorage and functions in
cell polarity. a and a' KLC1 knock-down HaCaT cells (asterisks)
stained for KLC1 and y-tubulin exhibit increased centrosome—nucleus
distances. Nuclei were stained with DAPI. b Statistical evaluation of
control and KLCl1-silenced cells illustrate a significantly (Student’s
t test: P = 3.38 x 10726) increased centrosome—nucleus distance in
KLC1 mutants. Values are mean distances + SEM. ¢ and d Indirect
immunofluorescence examination of control (¢) and KLC]1-silenced
(d) cell monolayers 6 h post-wounding using antibodies against

Our data now provide important mechanistic insights into
these processes and offer clues that far-reaching forces
interconnect larger cellular entities with the nuclear lamina.

A LINC subcomplex, which includes nesprin-2, KLC1,
KHC, and MTs, is central to laminopathic cellular
defects

We uncover here that nesprin-2 binds both in vitro and in
vivo to the KLC1 C-terminal TPR domains and forms
complexes with KHC and MTs at NE anchor points.
Similar to other LINC complex constituents such as Sun2
and nesprin-2 [16, 19], the KLC1 nuclear rim localization
required lamin A/C. Based on our data, we postulate that
this effect is indirect and due to nesprin-2 mislocalization,
considering that nesprin-2 silencing is sufficient to dislodge
KLCI1 from the NE. However, other NE constituents than
nesprin-2 may also bind to KLC1 and strengthen this
connection. Indeed it was shown recently that KLC can be
recruited by UNC-83 and nesprin-4 KASH proteins [10,
49]. Our data on the KLLC1 localization at the NE corrob-
orates previous reports [50-52] and provides for the first

B
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y-tubulin and KLC1. Nuclei were visualized with DAPI. The dashed
lines indicate the wound edge. Note that the centrosomes are not
positioned towards the leading edge when KLCI1 is absent. e Statistical
evaluation of the representative experiments shown in ¢ and d indi-
cates defective cell polarization upon KLCI1 knock-down.
Centrosomes positioned within a 120° sector (dotted line) facing
the wound were assessed as polarized. Results are the mean £+ SD;
Student’s 7 test: P = 3.03 x 107>. Scale bars 10 pm

time insights into the potential functions of KLC1 at the
NE. We could show that NE-associated KLC1 organizes
the perinuclear MT network. This function may directly
account for the neurological pathologies observed in
nesprin-1/-2 KASH-domain knockout animals [33, 53],
considering that functional perinuclear MT “cages” are
critical for neuronal migrations [54].

We have previously shown that nesprin-2 G controls cell
polarization and cellular migration [31]. We now show that
cellular asymmetry is also affected when the binding of
KASH proteins to SUN proteins is interrupted or when KLC1
is silenced. Taking into account that similar cell polarity
defects are triggered when lamin A/C is missing or mutated,
this evidence suggests that the aforementioned proteins
operate within the same structural and functional framework.

Nesprin-2 affects major cytoskeletal networks
and Golgi structure

This study shows that nesprin-2 is involved in the organi-

zation of major cytoskeletal elements (i.e., MTs, IFs, and
F-actin). By determining how nesprin-2 interacts with
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Control RNAI

Nes2C

Fig. 9a—g Nesprin-2 controls cell architecture. a-b’ Control (a-a’)
and nesprin-2-silenced (b-b’, asterisks) HaCaT cells were stained for
nesprin-2 (pAb Nes2CT) antibodies and FITC-phalloidin (Phall).
Nesprin-2-positive cells display F-actin-rich perinuclear structures
(arrows and insets), which are lost from the NE of nesprin-2-deficient
cells (arrowheads and insets). Insets are higher magnifications of the
boxed areas. ¢ Statistical evaluation of perinuclear F-actin structures
in control and nesprin-2-silenced cells. Results are the mean + SD,
Student’s ¢ test: P = 2.57 x 107>, See also supplementary material
Fig. S4. d-d” Indirect immunofluorescence examination of the keratin
network in nesprin-2-silenced cells (d', asterisks) indicates the
absence of perinuclear IF structures (arrowheads). Note the presence

kinesin-1, the effects on MTs can now be reasonably
explained. Since nesprin-2 is an F-actin-binding protein
[12], an impact on the perinuclear F-actin cytoskeleton was
very likely, but intriguingly, loss of nesprin-2 coincides
also with the occurrence of pronounced stress fibers.
Although F-actin bundle formation could be the direct
consequence of perinuclear actin release, we favor more
elaborate models. F-actin formation is tightly controlled
and a complicated cellular process [55]. Therefore, we
speculate the uncoupling of nesprin-2 tethered stress fiber
inducing or stabilizing factors (Fig. 10). Perinuclear actin
defines nuclear shape and migration [47, 56]. Moreover, in
C. elegans, kinesin-1 is required for nuclear migration [49].
Notably, nuclear migration rates are drastically reduced in
nesprin-2 KASH-domain knockout brain cells [33]. Thus,
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of pronounced IF bundles at the NE of nesprin-2-positive cells
(arrows, insets). Nuclei were visualized with DAPI. e Statistical
evaluation of perinuclear IFs in control and nesprin-2-silenced cells.
Results are the mean & SD, Student’s 7 test: P = 2.57 x 1072 f—f"
Golgi apparatus immunostaining reveals fragmented (f) or perinuclear
(p) arranged structures in nesprin-2-silenced cells (f, asterisks) as
compared to the confined Golgi cisternae arrangement (n normal) in
nesprin-2-positive cells. g Quantification analysis reveals the occur-
rence of Golgi defects in nesprin-2 knock-downs. Results are the
mean & SD, Student’s ¢ test: Py, = 1.89 x 1072, Py = 5.00
x 107, Py = 1.80 x 107>, Scale bars 10 pm

nesprin-2 might directly account for the perinuclear cyto-
skeleton perturbations and the nuclear migration deficits
exhibited by lamin A/C mutants [26, 57].

MT integrity is required for the organization of the
Golgi apparatus, which plays key roles in directed secre-
tion, cell polarity, and wound closure [2]. In addition,
specific KLC1 isoforms associate with the Golgi complex
[58]. Therefore, the Golgi deformities exhibited by
nesprin-2 mutants may result from both KLCI and
MT-network defects.

Nesprin-2 controls centrosome attachment to the NE

Nesprin-2 KASH-domain knockout mouse data [33] as
well as our DN-SUNL data indicate an essential function of
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Fig. 10a, b Model of NE-mediated centrosomal and cytoskeletal
anchorage. Comparison of nesprin-2/KLC1-dependent centrosomal
positioning and cytoskeletal organization at the NE of WT (a) and
nesprin-2 G-deficient cells (b). SUN-protein-tethered nesprin-2
KASH-isoform assemblies, kinesin-1 NE-associated complexes
(MTs and rootletin), dynein, and unknown factors enable the physical

nesprin-2 in centrosome attachment to the NE. In contrast,
a recent study [10] showed that nesprin-4 KASH-domain
overexpression in HeLa cells did not perturb centrosome
positioning, which might be explained by an incomplete
displacement of all endogenous nesprin-2 isoforms. The
compelling evidence that nesprin-2 G is involved in cen-
trosomal tethering too implicates that both KASH- and
actin-binding-domain-containing nesprin-2 isoforms have a
role in centrosomal tethering. Taken together, our data
combined with the results by Zhang et al. [33] suggest that,
similar to lamin A/C [23, 59], nesprin-2 is also a positive
regulator of centrosomal attachment.

MT- and NE-mediated mechanisms of centrosomal
anchorage

The integrity of the MT network is essential for the
physical anchorage of centrosomes at the NE [59, 60].
Interestingly, emerin, which is positioned in the outer
nuclear membrane and which binds to nesprin-2, also
facilitates centrosomal attachment by associating directly
with MTs [59]. Hence, nesprin-2/kinesin-1 and nesprin-2/
emerin complexes may physically link centrosomes to the
NE surface via MTs. Several lines of evidence indicate,
however, that centrosome-NE tethering is far more com-
plex. For example, centrosomal tethering in C. elegans

linkage of the cytoskeleton and the centrosome to the NE. Dynein
pulls the nucleus towards the centrosome, whereas active kinesin-1
pushes nuclei away. We hypothesize that when the nesprin-2 G
scaffold is absent, the centrosome attachment site is severed and the
cytoskeleton is detached, and that the MT-motor protein content at the
NE is modulated

involves the minus-end-directed motor protein dynein [7].
Moreover, centrosomal tethering to the mammalian NE is
currently conceived as the result of dynein-mediated pull-
ing of the nuclei towards the centrosome, and centrosome
detachment as the result of kinesin-1-mediated nuclear
movement away from the centrosome [10, 33, 61].

In KLC1 knockout mice, the KHC behavior and local-
ization are profoundly affected [62]. Furthermore, cargo
binding and the presence of KLC subunits determine the
activity of the kinesin complex [63, 64]. Hence, we
envisage that the functions of nesprin/kinesin-1 complexes
may differ in various cell types during the cell cycle and
might be modulated spatially and temporally by further
interactions. The latter is best exemplified in the kinesin-1
association with rootletin, which is a ubiquitous centro-
somal component [65, 66]. Rootletin associates directly
with the KLLC N-termini [67]. Taking into account that the
KLC1 C-terminus binds to nesprin-2 (this study), tripartite
complexes with rootletin (putative centrosome attachment
site) can be assumed. Interestingly, rootletin overexpres-
sion recruits both KLC and KHC, however, these resulting
complexes neither recruit nor bind MTs [67].

The presence of centrosome attachment sites is reflected
by microdomains built by SUN proteins at the inner
nuclear membrane. Indeed, Sunl- and Sun2-deficient mice
exhibit centrosome detachment [33]. Since centrosome-NE
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tethering resists harsh biochemical purification procedures
[68, 69], it is obvious that MT-independent tethering
mechanisms must exist. All together, this evidence lead us
to speculate that the controlled balance of plus- and minus-
end-directed motor proteins as well as direct associations
between the NE and centrosomal proteins themselves
(including MTs) may result in proper centrosome posi-
tioning (Fig. 10).

In conclusion, our data show that nesprin-2 is a versatile
protein that controls cytoskeleton organization, organelle
positioning, KLC1 subcellular localization, and polariza-
tion of epithelial cells. However, further efforts have to be
undertaken to elucidate how these vital functions are
coordinated and coupled with extracellular and/or intra-
cellular cues to master cellular behavior and tissue
organization.
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