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Review

Accessorizing and anchoring the LINC complex

for multifunctionality

Wakam Chang,' Howard J. Worman,'? and Gregg G. Gundersen'

'Department of Pathology and Cell Biology and ?Department of Medicine, College of Physicians and Surgeons, Columbia University, New York, NY 10032

The linker of nucleoskeleton and cytoskeleton (LINC) com-
plex, composed of outer and inner nuclear membrane
Klarsicht, ANC-1, and Syne homology (KASH) and Sad1
and UNC-84 (SUN) proteins, respectively, connects the
nucleus to cytoskeletal filaments and performs diverse func-
tions including nuclear positioning, mechanotransduction,
and meiotic chromosome movements. Recent studies have
shed light on the source of this diversity by identifying
factors associated with the complex that endow specific
functions as well as those that differentially anchor the
complex within the nucleus. Additional diversity may be
provided by accessory factors that reorganize the com-
plex into higher-ordered arrays. As core components of
the LINC complex are associated with several diseases,
understanding the role of accessory and anchoring pro-
teins could provide insights into pathogenic mechanisms.

Introduction

The linker of nucleoskeleton and cytoskeleton (LINC) com-
plex is widely recognized as the major means by which the
nucleus is mechanically linked to the cytoskeleton in eukaryotic
cells. It is composed of Klarsicht, ANC-1, and Syne homol-
ogy (KASH) domain proteins in the outer nuclear membrane
and Sadl and UNC-84 (SUN) domain proteins in the inner
nuclear membrane (Fig. 1). The KASH domain projects into
the perinuclear space between the inner and outer nuclear
membranes, where it interacts with the SUN domain of SUN
proteins. This interaction prevents the KASH protein from dif-
fusing out of the outer nuclear membrane into the contiguous
ER. KASH proteins extend into the cytoplasm and allow the
LINC complex to bind to different cytoskeletal elements and
signaling molecules. SUN proteins in turn are localized in the
inner nuclear membrane, anchoring the LINC complex in the
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nucleus by interactions with A-type lamins, chromatin-binding
proteins, and other proteins.

Atits core, the LINC complex is a two-membrane adhesive
assembly that is capable of transmitting mechanical force across
the nuclear envelope. This capability is adapted for a diverse
range of functions including moving the nucleus, maintaining
the centrosome—nucleus connection, shaping the nucleus, signal
transduction, DNA repair, and moving chromosomes within the
nucleus (Burke and Roux, 2009; Starr and Fridolfsson, 2010).
This functional diversity is achieved by assembling the LINC
complex from distinct KASH proteins that interact with dif-
ferent cytoskeletal filaments and by associating with accessory
factors. The LINC complex must be dynamic in order to switch
between these functions, and to allow assembly of higher-ordered
arrays that can transmit force to the nucleus as a whole or, alter-
natively, into the nucleus.

We review the core LINC complex and interacting partners
that alter cytoskeletal functionality and reinforce the core com-
plex to permit force transduction. We consider how the LINC
complex is differentially anchored for transmitting force to or
into the nucleus. Furthermore, we examine data revealing that
LINC complex components interact with signaling molecules,
which suggests a role in signal transduction. Finally, we exam-
ine higher-ordered assemblies of LINC complexes and the role
that accessory and anchoring proteins play in their formation
and function. We do not address the function of short isoforms
of KASH proteins that are generated by alternative transcrip-
tional start sites or splicing, as these forms either do not localize
to the nuclear membrane (KASH-Iless isoforms) or are unlikely
to form LINC complexes, given their localization in the inner
nuclear membrane (see Rajgor et al., 2012 for further discus-
sion). Additionally, we refer the reader to reviews that cover
other aspects of the LINC complex such as the discovery of its
components and functions (Starr and Fridolfsson, 2010), three-
dimensional structure (Sosa et al., 2013), role in nuclear posi-
tioning (Gundersen and Worman, 2013) and meiosis (Hiraoka
and Dernburg, 2009), and association with disease (Burke and
Stewart, 2014).
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License (Attribution—-Noncommercial-Share Alike 3.0 Unported license, as described at
http://creativecommons.org/licenses/by-nc-sa/3.0/).
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Figure 1. The LINC complex bridges the cytoskeleton and nucleoskeleton. The LINC complex is composed of KASH proteins in the outer nuclear membrane
and SUN proteins in the inner nuclear membrane. The lumenal region of SUN proteins forms a triple helical coiled-coil, allowing trimerization of their SUN
domains. The hydrophobic groove between neighboring SUN domains is required for the KASH peptide to bind, and this interaction is further strengthened by
a KASH-lid of the SUN domain (see text). The cytoplasmic extensions of KASH proteins vary in size and interact with different cytoskeletal elements. Mam-
malian KASH proteins typically contain several SRs (see text). The nucleoplasmic domains of SUN proteins anchor the LINC complex to the nucleoskeleton,
through its interaction with nuclear lamina, as well as chromosome-binding proteins and probably other anchoring proteins (see Fig. 3). INM, inner nuclear

membrane; ONM, outer nuclear membrane.

Structure of the LINC complex:
implications for force transmission

Two groups have described the crystal structure of the SUN2
protein in complex with the KASH domain of Syne-2/nesprin-2
(Sosa et al., 2012; Wang et al., 2012). (Note: the original KASH
proteins in mice were named Syne-1 and Syne-2 [Apel et al.,
2000], but as the family expanded, most KASH proteins in ver-
tebrates became known as nesprins, for nuclear envelope spec-
trin repeat [SR] protein [Zhang et al., 2001], a term we use here.)
SUN?2 is a trimer with a globular head composed of SUN do-
mains and a stalk composed of a triple helical coiled-coil (Fig. 1).
The KASH peptide binds along a hydrophobic groove between
adjacent SUN domains, with additional interaction provided by
a “KASH-1id” that covers part of the peptide. Consistent with the
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binding interface lying between adjacent SUN domains, multi-
merization of SUN monomers through the triple helical coiled-
coil is required for KASH peptide binding (Sosa et al., 2012; Zhou
et al., 2012b). In addition to multiple noncovalent interactions, the
KASH peptide can make a disulfide bond to the SUN domain. The
extensive interactions between the KASH and SUN domains pro-
vide an explanation for how the LINC complex resists mechanical
forces applied on KASH proteins by the cytoskeleton.

Based upon the projected length of the coiled-coil of the
SUN trimer, it has been proposed that the LINC complex main-
tains the spacing of the inner and outer nuclear membranes
(Sosa et al., 2012). Data are mixed on this issue. In HeLa cells,
disrupting the SUN-KASH interaction with dominant-negative
versions or knockdowns alters spacing of the two membranes
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(Crisp et al., 2006). However, disruption of the SUN protein
UNC-84 in Caenorhabditis elegans only affects spacing when
nuclei are actively under force, as in body wall muscle cells, and
deleting a large portion of the luminal domain does not change
the spacing (Cain et al., 2014). As nuclei in HeLa cells and other
adherent cells are under constant tension, these studies suggest
that the LINC complex only contributes to spacing when the
nucleus is under stress.

A striking feature of SUN protein structure is its trimeric
nature. It is clear from the crystal structure that SUN domain
interfaces are required for KASH peptide binding, and individ-
ual SUN2 domains fused with an unrelated trimeric coiled-coil
restore their KASH binding (Sosa et al., 2012). Yet, the trimeric
nature of the SUN protein suggests additional features of LINC
complex function. The triple helical nature of the SUN stalk
may be required for efficient force transmission across the nu-
clear membranes and to withstand the high loads required for
bulk movement of the nucleus or movements of meiotic chro-
mosomes. Another possibility, which we consider later, is that
the trimer contributes to the formation of higher-ordered arrays
of LINC complexes.

Accessorizing the LINC complex through
KASH protein interactions

KASH protein cytoplasmic extensions. Specificity
of the LINC complex for attachment to cytoskeletal elements
is determined by specific KASH proteins. These proteins have
cytoplasmic extensions with distinct domains that bind directly
or indirectly to cytoskeletal filaments. The repertoire of KASH
proteins expressed in vertebrates and invertebrates allows for
binding to actin and microtubules and, in vertebrates, inter-
mediate filaments (Gundersen and Worman, 2013). Yeast and
plants have divergent KASH-like proteins that engage microtubules
in Schizosaccharomyces pombe (Chikashige et al., 2006; King
et al., 2008) and actin filaments in Saccharomyces cerevisiae
(Conrad et al., 2008; Koszul et al., 2008) and plants (Tamura
et al., 2013; Zhou et al., 2014). KASH protein cytoplasmic ex-
tensions vary greatly in size from <30 kD to >1 MDa in mam-
mals, C. elegans, and Drosophila melanogaster. For most KASH
proteins, and the large ones in particular, the most prominent
structural feature in their cytoplasmic extensions is the presence
of extended regions containing predicted SRs or coiled-coil do-
mains (Fig. 2). In the “giant” KASH proteins in mammals, the
vast majority of the cytoplasmic extension is predicted to be
composed of SRs, with 74 in nesprin-1G and 56 in nesprin-2G
(Simpson and Roberts, 2008; Autore et al., 2013). Smaller
KASH proteins in mammals (nesprin-3, nesprin-4, and small
isoforms of nesprin-1 and nesprin-2 arising from alternative splic-
ing and transcriptional initiation) also contain SRs. However,
except for the Drosophila Msp-300, SRs are not found in other
KASH or KASH-like proteins, including the giant C. elegans
ANC-1, which instead is predicted to contain coiled-coil seg-
ments within tandem repeats (Fig. 2).

The significance of the dramatic size variation among
KASH proteins is unclear. It has been proposed that the large size
and presumed extended length of the giant KASH proteins may
enhance their interaction with the cytoskeleton (Starr and Han,

2002). However, small KASH proteins such as nesprin-3a and
nesprin-4 in mammals and UNC-83 in C. elegans also interact with
cytoskeletal elements. Additionally, in at least one case, a small
chimeric variant of nesprin-2G is capable of functionally rescuing
actin-dependent nuclear movement defects when expressed in
cells depleted of nesprin-2G (Luxton et al., 2010). Alternatively,
large KASH proteins may provide scaffolding functions that en-
hance resistance to mechanical force, influence signaling, or con-
tribute to higher-ordered assemblies of LINC complexes.

Actin filaments. The giant KASH proteins nesprin-1G,
nesprin-2G, ANC-1, and Msp-300 bind directly to actin fila-
ments through paired calponin homology (CH) domains that
strongly resemble those in other actin-binding proteins such as
a-actinin. Aside from SRs or coiled-coils, these CH domains
are one of the few recognizable structural domains in cytoplasmic
extensions of KASH proteins (nesprin-4 contains a leucine zip-
per that may contribute to dimerization; Roux et al., 2009). In
each case, the CH domains are at the amino terminus of the pro-
tein separated by a long stretch of SRs or coiled-coils from the
C-terminal membrane-spanning KASH domain (Fig. 2).

The CH domains of giant KASH proteins are sufficient
for recruiting actin filaments to the nuclear surface and are re-
quired for actin-dependent nuclear movement and positioning
(Zhang et al., 2001; Starr and Han, 2002; Luxton et al., 2010).
Yet, a recent study indicates that these domains alone are not
sufficient to resist the mechanical load when actin moves the
nucleus (Kutscheidt et al., 2014). Fibroblasts polarizing for mi-
gration move their nucleus rearward, resulting in reorientation
of the centrosome (Gomes et al., 2005). This movement results
from coupling of retrogradely moving dorsal actin cables to the
nucleus by SUN2-nesprin-2G LINC complexes that assemble
into linear arrays known as transmembrane actin—associated nu-
clear (TAN) lines (Luxton et al., 2010, 2011). The CH domains
of nesprin-2G are necessary for TAN line formation and nuclear
movement, yet nesprin-2G requires interaction with another
actin-binding protein, the formin FHODI, to assemble TAN lines
and move the nucleus (Kutscheidt et al., 2014). FHOD1 has
a typical formin domain structure, but has a unique second actin-
binding site in its amino terminus that, in conjunction with an
adjacent site that binds to SR11-13 of nesprin-2G (see Fig. 2), is
sufficient to cross-link nesprin-2G and actin filaments (Kutscheidt
et al., 2014). The FHODI-interacting domain of nesprin-2G is
within one of two clusters of SRs that are highly evolutionarily
conserved and not contained in nesprin-1G (Kutscheidt et al.,
2014). This region is predicted to be a site for protein—protein
interaction (Autore et al., 2013), and also binds to the mem-
brane protein meckelin, which participates in ciliogenesis (Fig. 2;
Dawe et al., 2009).

Plant KASH-like proteins have been identified based upon
their interaction with SUN proteins, localization to the nuclear
envelope, and conserved carboxyl-terminal domains (Tamura
et al., 2013; Zhou et al., 2014). Two of the five newly identi-
fied plant KASH-like proteins, termed SUN-interacting nuclear
envelope (SINE) proteins, bind actin filaments through their
amino-terminal armadillo repeats and are required for actin-
dependent anchorage of the nucleus in the center of guard cells
(Zhou et al., 2014). Other plant KASH-like proteins called WPP
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Figure 2. Domain structures of KASH proteins and their interacting proteins. Schematics are shown summarizing findings in mammals and C. elegans where
the most information is available. Lines under KASH proteins indicate binding regions. “Unmapped” refers to proteins whose sites of interaction have not yet
been identified. Giant KASH proteins (e.g., nesprin-1G, nesprin-2G, and ANC-1) contain CH domains that bind to F-actin, microtubule motors, and signaling
proteins. The small isoforms typically interact with microtubule motors and/or their regulators. Interacting proteins in blue are characterized in isoforms lacking
the KASH domain. Note that two KASH proteins, mammalian LRMP and C. elegans KDP-1, were omitted because of the lack of known interacting proteins.

domain—interacting protein (WIP) interact with myosin XI-i
through another integral membrane protein called WPP domain—
interacting tail-anchored protein (WIT). Myosin XI-i is re-
cruited to the nuclear membrane by WIP-WIT proteins to regu-
late nuclear shape and dark-induced nuclear movement in plant
cells (Zhou et al., 2012a; Tamura et al., 2013).
Microtubules. KASH proteins that interact with micro-
tubules include nesprin-1, nesprin-2, nesprin-4, and probably
KASHS in mammals, fie in zebrafish, UNC-83 and ZYG-12 in
C. elegans, Klar in Drosophila, Kif9 in Dictyostelium discoideum,
and Kms1 and Kms?2 in fission yeast (Starr and Fridolfsson,
2010; Gundersen and Worman, 2013). In almost all cases, the
interaction with microtubules is mediated through association
of the KASH protein with the motor proteins kinesin, dynein,
or both. The D. discoideum KASH protein Kif9 itself contains

JCB « VOLUME 208 « NUMBER 1 « 2015

a kinesin motor domain that appears to act as a microtubule
depolymerase (Tikhonenko et al., 2013). An exception is the
KASH-less pSON*?' isoform that contains SRs 48-51 of nesprin-1
and interacts directly with microtubules in cosedimentation as-
says and colocalizes to P granules in cells (Rajgor et al., 2014).
Presumably, all nesprin-1 isoforms containing SR 48-51 have
the potential to directly interact with microtubules.

In many cases, association of KASH proteins with micro-
tubule motor proteins is direct and occurs through discrete re-
gions in their cytoplasmic extensions and specific subunits of
motor proteins (Fig. 2). Nesprin-1, nesprin-2, KASHS, UNC-83,
and Zyg-12 interact either directly or indirectly with cytoplasmic
dynein (Fig. 2). Detailed mapping has shown that a site near
the KASH domain of UNC-83 binds dynein light chain DLC-1
and the dynein regulators NUD-2 (a homologue of mammalian
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NudE) and BICD-1 (Fridolfsson et al., 2010). Mammalian KASHS5
also binds dynein and dynein regulators near its KASH domain
(Morimoto et al., 2012; Horn et al., 2013b). Mammalian NudE/
EL may indirectly interact with the LINC complex, as SUN1/2
and NudE/EL are required for dynein-dependent removal of
nuclear membranes from chromatin during nuclear envelope
breakdown (Turgay et al., 2014). Sites of dynein interaction with
nesprin-1 and nesprin-2 have not yet been identified. Several
KASH proteins also bind kinesin-1 motors, including nesprin-2
(Zhang et al., 2009; Schneider et al., 2011; Yu et al., 2011),
nesprin-4 (Roux et al., 2009), and UNC-83 (Meyerzon et al., 2009;
Fridolfsson et al., 2010). The interaction is usually mediated by
direct binding of kinesin-1 light chains, through their tetratrico-
peptide repeats, to sites near the KASH domains (Fig. 2).

An emerging theme is that KASH proteins do not simply
interact with a single motor or cytoskeletal filament but rather
functionalize the surface of the nucleus by providing binding
sites for multiple cytoskeletal elements. For example, nesprin-
2G binds actin filaments at one end through its amino-terminal
CH domains and FHOD1 interaction site, whereas its other end
binds kinesin-1 (Fig. 2). This calls into question how KASH
protein-bound motors and other elements are coordinated to
yield the largely unidirectional and single cytoskeletal track
movements of nuclei that have been observed. For example,
nesprin-2G is involved in actin-dependent nuclear movement in
polarizing fibroblasts (Luxton et al., 2010) as well as microtubule-
and dynein-dependent movement of nuclei in migrating neurons
and developing photoreceptor cells (Zhang et al., 2009; Yu
et al., 2011). Clearly, KASH proteins and/or their associated
motors must be regulated to select one activity over another.

Interaction with multiple microtubule motors may allow
nuclei to be moved predominantly in one direction but with the
capability of “back-tracking” to negotiate obstacles. In a de-
tailed analysis of nuclear movement in hypodermal precursors
in C. elegans, which involves the KASH protein UNC-83 and
its binding partners kinesin and dynein, microtubule plus end—
directed movements were interspersed with minus end—directed
movements and rolling movements (Fridolfsson and Starr,
2010). In the absence of dynein, these latter movements were
lost and nuclei failed to move efficiently toward the plus ends.

KASH protein engagement of microtubule motors also
facilitates centrosome association with the nucleus, one of the
first functions attributed to the LINC complex. In C. elegans,
the KASH protein ZYG-12 interacts with dynein through its
light intermediate chain and a centrosome-localized splice vari-
ant that lacks the KASH domain to maintain the centrosome
near the nucleus (Malone et al., 2003). Several KASH proteins,
including nesprin-1, nesprin-2, nesprin-3, and KASHS in mam-
mals and Kif9 in D. discoideum, have been implicated in main-
taining the centrosome in close juxtaposition to the nucleus
(Zhang et al., 2009; Schneider et al., 2011; Yu et al., 2011; Horn
et al., 2013b; Tikhonenko et al., 2013). In contrast, overexpres-
sion of nesprin-4 increases the nucleus—centrosome distance
(Roux et al., 2009). In yeast, KASH proteins are integral com-
ponents of the spindle pole body and maintain the close associa-
tion between the nucleus and microtubule organizing centers
(Niwa et al., 2000; King et al., 2008).

Intermediate filaments. Nesprin-3a is the only KASH
protein known to interact with cytoplasmic intermediate fila-
ments. It is one of two known isoforms and contains a unique
region at its amino terminus that interacts with the actin-binding
domain (ABD) of plectin, which binds intermediate filaments
through its plakin domain (Fig. 2; Wilhelmsen et al., 2005). The
same region of nesprin-3a also interacts with the ABD of BPAG1n/
dystonin-2a (Wilhelmsen et al., 2005; Young and Kothary, 2008).
It is unknown whether the binding of these proteins’ ABDs to
nesprin-3a prevents simultaneous binding to actin. Interestingly,
nesprin-3a also binds to the ABD (i.e., CH domains) of nesprin-1G
and nesprin-2 and may control nuclear size through formation of
a nesprin meshwork (Lu et al., 2012). Nesprin-3 also appears to
function in the cellular response to shear stress and force trans-
mission (Lombardi et al., 2011; Morgan et al., 2011; Chambliss
et al., 2013) and in fibroblast migration in 3D matrices, where
the cells use a distinct form of migration in which the front and
rear of the cell are compartmentalized by the nucleus and asso-
ciated ER so that actomyosin-dependent forward movement of
the nucleus creates pressure in the front of the cell to generate
lobopodial protrusions (Petrie et al., 2014).

Signaling scaffolds. Growing evidence indicates that
KASH proteins act to tether signaling molecules. Early studies
showed that nesprin-1 interacts with muscle-specific tyrosine ki-
nase (Apel et al., 2000) and muscle A kinase anchoring protein
(mAKAP; Pare et al., 2005). A KASH-less form of nesprin-2 in-
teracts with active mitogen-activated protein kinases and promy-
elocytic leukemia protein (Warren et al., 2010). More recently,
nesprin-2 has been shown to interact with a-catenin (Neumann
etal., 2010). Through this interaction and its interaction with the
nuclear envelope protein emerin, nesprin-2 positively regulates
the nuclear localization of active B-catenin and Wnt signaling
(Neumann et al., 2010). Curiously, emerin, which interacts with
both nesprin-2 and 3-catenin, negatively regulates Wnt signaling
by restricting nuclear accumulation of -catenin (Zhang et al.,
2005; Markiewicz et al., 2006). Given that emerin and a-catenin
interact with the same region of nesprin-2 (see Fig. 2), it is possi-
ble that competition between emerin and catenins for nesprin-2
binding may explain the opposing roles of nesprin-2 and emerin
in Wnt signaling.

KASH protein regulation of 3-catenin and Wnt signaling
may be phylogenetically conserved. C. elegans ANC-1 interacts
with Regulator of Presynaptic Morphology 1 (RPM-1), a regu-
lator of neuronal development and regeneration (Tulgren et al.,
2014). Genetic analysis suggests that RPM-1, ANC-1, and
-catenin function together to regulate synapse formation in
motor neurons and axon termination in the mechanosensory
neurons. This function of ANC-1 requires its nuclear localiza-
tion and is negatively regulated by emerin as in mammalian
cells (Tulgren et al., 2014). Although additional research is
required to understand how KASH proteins contribute to Wnt
signaling, an attractive hypothesis is that they enhance the peri-
nuclear concentration of active 3-catenin.

The LINC complex has also been implicated in very
rapid mechanochemical signaling to the nucleus (Isermann and
Lammerding, 2013). It is clear that the nucleus responds to force
and that LINC complex components are necessary for this force
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Figure 3.  Anchoring the LINC complex. Mammalian SUN proteins are anchored to the inner nuclear membrane through at least three different mecha-
nisms. (A) The nucleoplasmic tail of SUN2 binds to lamin A and anchors the LINC complex to the nuclear lamina in somatic cells. Samp1 and emerin
are required to strengthen this anchorage during nuclear movement, presumably to resist the high mechanical force. For clarity, nesprin-2G is shown as
a shorter protein without all of its 56 SRs. INM, inner nuclear membrane; ONM, outer nuclear membrane. (B) The nucleoplasmic tail of SUNT binds TERB1
and anchors the LINC complex to chromosomes through telomere binding proteins (TRF1 and cohesion) in meiotic cells. Lamin C2 also associates with this
complex, probably through SUNT binding. (C) Nucleoplasmic tails of SUN proteins shown binding to nuclear pores (SUNT) and a hypothetical protein as
possible alternative anchors for the LINC complex in somatic cells. As described in the text, the localization of SUNT and SUN2 in the nuclear membrane

is only slightly affected in somatic cells lacking all lamins, which indicates the presence of additional anchoring factors.

transmission (Maniotis et al., 1997; Lombardi et al., 2011;
Chambliss et al., 2013). Nevertheless, it has been difficult to
determine whether the LINC complex directly transmits mechan-
ical force into chemical signals within the nucleus. The first evi-
dence for direct mechanosensing by the LINC complex comes
from a recent ground-breaking study in which magnetic tweezers
were used to pull on nesprin-1 antibody-coated beads attached to
isolated nuclei (Guilluy et al., 2014). Pulling on nesprin-1 resulted
in a stiffening response in which greater force was required to
displace the bead. Stiffening was accompanied by and required
the recruitment of A-type lamins to the LINC complex, activa-
tion of Src, and tyrosine phosphorylation of emerin. This study
identifies the first mechanotransduction pathway into the nucleus
and raises several provocative questions including how tension
on nesprin-1 activates Src and whether other KASH proteins
also mediate mechanotransduction.

Anchoring the LINC complex

Nuclear lamins. To position and move the nucleus, the LINC
complex must be anchored so that it can transmit force to the
nucleus. Several studies clearly show that lamins contribute to
nucleoplasmic anchoring of the LINC complex (Fig. 3 A). In
mammals, the three lamin genes encode lamin B1, lamin B2
(and an alternatively spliced lamin B3), and the A-type lamins,
which include the alternatively spliced isoforms lamin A, lamin C,
and lamin C2 (Worman, 2012). In support of a LINC complex
anchoring function, the carboxyl terminus of lamin A binds to
SUN proteins, whereas binding to lamin B1 and lamin C ap-
pears to be very weak (Crisp et al., 2006; Haque et al., 2006).

JCB « VOLUME 208 « NUMBER 1 « 2015

Additionally, both SUN1 and SUN2 have increased diffusional
mobility in nuclei of mouse fibroblasts lacking A-type lamins
compared with cells from wild-type mice (Ostlund et al., 2009).
Finally, experiments on actin-dependent nuclear movement in
migrating fibroblasts that lack A-type lamins show that nesprin-
2G-SUN TAN lines are relatively unstable and slip over the nu-
cleus rather than move with it, indicating a defect in anchoring
(Folker et al., 2011). Similarly, nuclear migration in C. elegans
is impaired when the interaction between UNC-84 and the
lamin LMN-1 is weakened (Bone et al., 2014).

Nevertheless, studies on the intracellular localization of
SUN proteins show that factors other than lamin A binding
must contribute to anchoring the LINC complex, particularly
in mammalian cells. Expression of the single C. elegans lamin
is apparently required for proper localization of UNC-84 (Lee
et al., 2002), yet its closest mammalian orthologue SUN1
is properly localized in cells lacking A-type lamins or both
A-type and B-type lamins (Padmakumar et al., 2005; Crisp
et al., 2006; Haque et al., 2006; Hasan et al., 2006). Similarly,
SUN?2 is only minimally displaced to the ER when lamins
A and C are lacking, which suggests that additional factors are
also involved in its localization (Crisp et al., 2006). It should be
noted that the Lmna '~ fibroblasts used in some of these studies
actually expresses a truncated lamin A (Jahn et al., 2012), which
may have dominant-negative effects because some of the pheno-
types in the Lmna '~ cells cannot be rescued by reexpression of
wild-type lamin. However, most of the results were confirmed
with siRNA knockdown. These studies indicate that at least
in mammalian cells, other factors contribute to SUN protein
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localization in the nucleus and hence potentially in anchoring
the LINC complex.

A-type lamins also interact directly with nesprin-1 and
nesprin-2 through SRs near their KASH domains (Fig. 2). How-
ever, this interaction is not likely to contribute to LINC complex
anchoring, given that nesprins in the outer nuclear membrane do
not contact the lamina. Indeed, nesprin-2G localization in the
outer nuclear membrane is not strongly affected by the absence
of A-type lamins (Folker et al., 2011). Instead, A-type lamin’s
interactions with nesprins are likely to reflect interactions with
smaller nesprin isoforms that enter the inner nuclear membrane.

Phenotypes of genetically modified mice imply that lamins
other than A-type lamins may participate in anchoring the LINC
complex in certain cell types. Although they develop growth re-
tardation, muscular dystrophy, and cardiomyopathy after birth,
mice with germline deletion of A-type lamins develop to term,
suggesting that critical LINC complex—mediated events occur in
these mice during embryonic development (Sullivan et al., 1999).
B-type lamins, despite their weak interaction with SUN proteins,
may play a role. In fact, lamin B1-, lamin B2—, nesprinl/2-,
and SUN1/2-deficient mice all show similar defects in neuronal
migration, which suggests that B-type lamins may contribute
to anchoring the LINC complex in migrating neurons during
development (Zhang et al., 2009; Coffinier et al., 2010, 2011).
Perhaps the weak interaction between B-type lamins and SUN
proteins is strengthened by other factors. Alternatively, B-type
lamins may play an indirect role in anchoring the LINC com-
plex, for example by overall stiffening of the nucleus.

Lamin-associated proteins. Two A-type lamin—
associated proteins, Samp1 (also known as NETS5) and emerin,
have also been implicated in LINC complex anchoring. Both of
these proteins depend on A-type lamins for their localization to
the inner nuclear membrane (Sullivan et al., 1999; Borrego-Pinto
etal.,2012). Samp1 was initially reported to interact with SUN1
and emerin and to be required for proper localization of emerin
in the inner nuclear envelope (Gudise et al., 2011). Subsequently,
Sampl was found to be necessary for actin-dependent nuclear
movement in fibroblasts and to interact with SUN2, lamin A,
and lamin C, although localization of these proteins was not de-
pendent on Sampl (Borrego-Pinto et al., 2012). Sampl also co-
localized with nesprin-2G and SUN2 in TAN lines in fibroblasts
polarizing for migration, although the effect of Sampl deple-
tion on TAN lines was not addressed. SAMP1 colocalization in
TAN lines and its requirement for nuclear movement suggest
that it enhances anchoring of TAN lines by providing a second
interacting site for SUN2 in addition to that provided by A-type
lamins. Such a model is supported by a recent report on C. ele-
gans SAMP-1 (Bone et al., 2014). Interestingly, the LINC com-
plex anchoring function of Sampl was originally reported for
its yeast orthologue Imal (see the following sections).

Emerin may also contribute to LINC complex anchoring.
Emerin associates with SUN1 and SUN2, and the interaction
between SUNI1 and emerin has been mapped to their nucleo-
plasmic domains (Haque et al., 2010). Consistent with a possi-
ble role in anchoring the LINC complex, depletion of emerin
from polarizing fibroblasts leads to abnormal nuclear migration
and slipping of TAN lines on the nucleus (Chang et al., 2013).

Thus, emerin may function together with A-type lamins and
Sampl in the nucleoplasmic anchoring of the LINC complex.
Anchors not clearly associated with lamins.
Mouse embryonic stem cells harboring deletions of all lamin
genes exhibit normal proliferation and can differentiate into
fibroblast-like cells, beating cardiomyocytes and neural progeni-
tor cells in vitro (Kim et al., 2011), which suggests that at least
some LINC-complex—mediated functions can occur. Combined
with data showing that lack of lamins does not completely dis-
rupt the nuclear location of SUN proteins (discussed earlier),
this suggests that proteins other than lamins or those bound to
lamins can function in anchoring the LINC complex in the nu-
cleoplasm (Fig. 3 C). In mammals, one possible candidate is the
nuclear pore. SUNI associates with the nuclear pore complex,
and disruption of SUN1 interferes with nuclear pore assembly
and distribution (Liu et al., 2007; Talamas and Hetzer, 2011).
Yet it is unclear whether this association reflects SUNI in
a LINC complex, and there are no reports of KASH proteins
contributing to nuclear pore distribution. In yeast, which lack
nuclear lamins, it has been proposed that the yeast SUN protein,
Sadl, interacts with Imal to anchor it within the nuclear mem-
brane (King et al., 2008). The binding of Imal to centromeric
DNA may provide the resistive force to anchor Sadl. Indeed, in
the absence of Imal, the Sad1-Kms2 LINC complex is partially
disrupted, causing microtubule-dependent forces to distort the
nucleus and depleting spindle pole body components from the
nucleus. However, this finding has been questioned recently be-
cause it was found that some of the Imal deletion strains did not
disrupt Imal (Hiraoka et al., 2011). Nonetheless, the authors re-
port that Imal and two LEM domain proteins, Man1 and Lem?2,
interact with Sad1, and that when all three are disrupted similar
nuclear phenotypes result, as originally reported for Imal.
Meiotic chromosome anchorage. The LINC com-
plex functions in chromosome movements and pairing in meio-
sis, and for this function, the anchoring of the LINC complex is
distinct from that in somatic cells. In meiosis the LINC complex
is mobile within the plane of the nuclear membrane and is teth-
ered to defined regions of chromosomes (telomeres in mice and
yeast or pairing centers in C. elegans; Fig. 3 B). Tethering is re-
quired for movements of chromosomes and is mediated by spe-
cific meiotic proteins that link factors at the chromosomal sites
with SUN proteins in LINC complexes, which in turn engage
the cytoskeleton. Reflecting their distinct chromosomal binding
sites, these tethering proteins are not conserved among mice,
C. elegans, Drosophila, and yeast. For example, in mice SUN1
interacts with telomeres through TERB1, a meiosis-specific
protein that binds telomere protein TRF1 and telomere repeat
sequences, and recruits cohesin that encircles and holds sister
telomeres together (Fig. 3 B; Daniel et al., 2014; Shibuya and
Watanabe, 2014). Through its interaction with a meiotic-specific
KASH protein KASHS, telomere-associated SUN1 engages dy-
nactin and dynein to mediate meiotic chromosome movement
(Morimoto et al., 2012; Horn et al., 2013b). SUN2 is also asso-
ciated with sites of telomere tethering at the nuclear envelope,
but may not be required for meiosis (Schmitt et al., 2007). In fis-
sion yeast, the telomeric Rap1/Taz1 complex recruits the SUN pro-
tein Sad1 to telomeres (Chikashige et al., 2006). This interaction
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is indirect and is bridged by meiotic prophase-specific Bqtl/2
(Chikashige et al., 2006). On the outer nuclear membrane, the
KASH protein Kms1 binds to dynein to facilitate the movement
of telomeres, which is essential for telomere clustering and the
formation of the “telocentrosome” (Shimanuki et al., 1997;
Yoshida et al., 2013). In C. elegans, specific pairing center proteins
(HIM-8 and ZIM-1-3) attach chromosomes to LINC complexes
composed of SUN1/Matefin and the KASH protein ZYG-12,
which in turn binds dynein (Phillips and Dernburg, 2006; Sato
et al., 2009). Budding yeast also use a telomere-specific binding
protein (Ndj1) to attach to LINC components Csm4 and Mps3 for
actin-dependent chromosome movements during meiosis (Conrad
et al., 2007, 2008; Koszul et al., 2008; Wanat et al., 2008).

How the LINC complex in meiotic cells is modified to allow
force transmission to chromosomes rather than, for example,
the lamina, is still unclear. One possibility is that LINC complex
components are posttranslationally regulated. In C. elegans, spe-
cific phosphorylation of Ser/Thr residues in the nucleoplasmic
tail of SUN-1/Matefin occurs during meiosis and is required for
meiotic chromosome movements (Penkner et al., 2009). These
modifications may contribute to the reduced constraints on LINC
complex mobility that have been observed at the onset of meio-
sis in C. elegans (Wynne et al., 2012).

Another possibility is that the lamina itself is modified. In
mammalian germ cells, a meiotic-specific A-type lamin, lamin
C2, is expressed and localizes to sites of LINC complex—mediated
telomere tethering (Jahn et al., 2010; Link et al., 2013). Lamin
C2 lacks the amino-terminal head and part of the central o-helical
rod domain necessary for assembly into filaments, and shows
higher diffusional mobility than lamin C when expressed in so-
matic cells (Jahn et al., 2010). Lamin C2 overexpression in so-
matic cells alters the distribution of lamin B1 and SUN proteins,
which suggests that it may modify their normal anchoring
mechanisms. Despite these considerations, tethering of telo-
meres to the nuclear periphery and their rearrangement into the
characteristic bouquet conformation occurs normally in meio-
cytes lacking lamin C2, indicating that the formation of LINC
complexes at telomeres and their initial movements during mei-
osis do not require this protein. Release of chromosomes from
the bouquet stage was affected, so perhaps lamin C2 is only re-
quired for these later movements.

Chromosome anchorage during DNA repair.
Evidence has accumulated that the LINC complex also func-
tions in DNA repair. Initial work in budding yeast showed that
the SUN protein Mps3 was required for localization of DNA
double-strand breaks to the cell periphery, delaying homologous
repair and enhancing repair through an alternative pathway (Oza
et al., 2009). More recently, in fission yeast both LINC complex
components Sadl and Kms1 were shown to be localized at sites
of DNA double-strand breaks and participate in repair (Swartz
et al., 2014). Interestingly, microtubules are also colocalized to
these sites, presumably through interaction with Kms1, and pro-
mote movements of the complexes and DNA repair. The LINC
complex also appears to participate in DNA repair in mamma-
lian cells: SUN1 and SUN2 interact with DNA-dependent pro-
tein kinase that functions in DNA repair, and early events in the
repair process are defective in cells lacking SUN1 and SUN2
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(Lei et al., 2012). Nesprin-1 interacts with the DNA damage re-
sponse proteins MSH2 and MSH6 through its CH domains (Sur
et al., 2014). It is not yet clear whether DNA breaks associate
with the LINC complex in mammalian cells as appears to be the
case in yeasts.

Assembling higher-ordered arrays
of LINC complexes
A fascinating aspect of the LINC complex is its formation of
higher-ordered assemblies. These assemblies function to move
nuclei in fibroblasts polarizing for migration (Luxton et al.,
2010, 2011), to position nuclei in adherent smooth muscle cells
(Nagayama et al., 2014), and to move meiotic chromosomes in
numerous organisms. In polarizing fibroblasts, the TAN lines are
higher-ordered linear alignments of SUN2-nesprin-2G LINC
complexes along dorsal actin cables. Similar linear arrays of
nesprin-1 also align with dorsal actin fibers in smooth muscle
cells (Nagayama et al., 2014). In contrast, the higher-ordered ar-
rays observed during meiosis in S. pombe, C. elegans, and mice
are spot-weld clusters of LINC complexes that tether chromo-
somes to the nuclear envelope and allow for chromosome move-
ments, which are usually powered by microtubules and dynein
(Chikashige et al., 2006; Ding et al., 2007; Schmitt et al., 2007,
Penkner et al., 2009; Sato et al., 2009; Morimoto et al., 2012).
The formation of TAN lines and meiotic clusters appears to
involve different topological mechanisms. TAN lines only form
when dorsal actin cables contact the nucleus, and disruption of
actin cables by actin or myosin inhibitors or myosin II knock-
down completely prevents their formation (Luxton et al., 2010;
Chang et al., 2013). This “outside-in” initiation of TAN line for-
mation is further emphasized by their absence in cells depleted of
the formin FHOD1, which is primarily cytoplasmic (Kutscheidt
etal., 2014), and by the observation that “nesprin-2G-only” TAN
lines form in cells lacking SUN2 (Folker et al., 2011). In contrast,
meiotic patches form by an “inside-out” mechanism triggered
by the accumulation of meiotic-specific proteins at telomeres (or
pairing center-associated proteins in C. elegans). Evidence for
this includes: (1) the temporal correlation between appearance
(and disappearance) of telomere/pairing center—associated pro-
teins and the LINC complex patches in meiotic prophase, (2) the
failure of LINC complexes to redistribute into patches in cells
deficient in telomere/pairing center—associated proteins, (3) the
formation of clusters of SUN proteins in somatic cells ectopi-
cally expressing the telomere-associated proteins, and (4) the
absence of the effects of SUN or KASH protein depletion on the
accumulation of the telomere/pairing center—associated proteins
(Chikashige et al., 2006; Ding et al., 2007; Schmitt et al., 2007,
Penkner et al., 2009; Sato et al., 2009; Morimoto et al., 2012).
In contrast to TAN line formation, disruption of the associated
cytoskeleton in meiocytes does not prevent the formation of mei-
otic patches of LINC complexes, although it reduces their size
and increases their number, presumably reflecting the inability
to cluster patches in the absence of cytoskeletal-derived forces
(Sato et al., 2009). A similar inside-out mechanism may function
during homology-directed DNA repair in yeast as shown by the
accumulation of Sad1-Kms1 LINC complexes after initiation of
double-strand DNA breaks (Swartz et al., 2014).
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In order for higher-ordered assemblies of LINC complexes
to form, SUN and KASH proteins must have sufficient mobility
in the membrane to permit their clustering. In fact, fluorescence
recovery after photobleaching experiments in fibroblasts show
that both SUNs and nesprins are relatively mobile in the nuclear
envelope (Ostlund et al., 2009). In TAN lines, nesprin-2G be-
comes relatively immobilized (Luxton et al., 2011). In meiosis,
both KASH proteins and SUNS redistribute from dispersed sites
in mice and C. elegans and from the spindle pole body in fission
yeast, which implies their mobility.

To understand these and perhaps other higher-ordered as-
semblies of LINC complexes still to be discovered, it is worth
considering the trimeric nature of the SUN2 protein and the
possibility that LINC complexes themselves may contribute to
clustering. As noted by Sosa et al. (2012), clustering of LINC
complexes could occur if oligomeric KASH proteins were at-
tached through their KASH domains to separate SUN trimers.
Although the oligomeric state of KASH proteins is unknown,
evidence suggests that they may form homo-oligomers (Mislow
et al., 2002; Ketema et al., 2007) or even hetero-oligomers, as
shown by the binding of nesprin-1 and nesprin-2 CH domains
to nesprin-3 (Lu et al., 2012). Zhou et al. (2012b) offered the
alternative possibility that SUNs themselves cluster through for-
mation of hybrids of their amino-terminal dimeric and carboxyl-
terminal trimeric coiled-coils. Another possibility is that other
proteins interacting with SUN or KASH proteins contribute to
clustering, as seems to be the case for SUN interaction with
telomere-binding proteins in meiosis and by the requirement for
the dimeric formin FHOD1 for nesprin-2G TAN line formation
(Kutscheidt et al., 2014). These possibilities are not mutually
exclusive and more than one may contribute to the assembly of
higher-ordered LINC complexes. The varied possibilities sug-
gest that exploring the basis for higher-ordered assemblies of
LINC complexes will be a rich area for further understanding of
how the nucleus is attached to the cytoskeleton.

Future perspectives
The identification of LINC complex—associated proteins has
begun to explain how the LINC complex is adapted to the grow-
ing list of functions attributed to it. We have considered how pro-
teins associated with KASH proteins determine its specificity
for the cytoskeleton, enhance its resistance to mechanochemical
force, and contribute to both conventional and mechanosensitive
signaling activities. In an analogous fashion, proteins associating
with SUN proteins may alter or adapt the anchoring of the LINC
complex for specific tasks. It is likely that more proteins will be
identified that contribute to the known functions of the LINC
complex and suggest new functions. Indeed, in the only compre-
hensive screen of KASH protein—interacting proteins, myriad
new potential interactors of C. elegans UNC-83 were identified
in a yeast two-hybrid screen (Fridolfsson et al., 2010).
Understanding how the LINC complex function is speci-
fied or modified by its associated proteins will also enhance our
understanding of how alterations in its protein components con-
tribute to disease and whether certain sets of proteins function
in a LINC complex pathway. Several diseases and syndromes
are caused by mutations in genes encoding core LINC complex

components, including Emery-Dreifuss muscular dystrophy, cer-
ebellar ataxia, arthrogryposis, and progressive high-frequency
hearing loss (Gros-Louis et al., 2007; Zhang et al., 2007; Attali
et al., 2009; Horn et al., 2013a; Meinke et al., 2014). Polymor-
phisms in genes encoding LINC complex components have also
been putatively linked to autism, bipolar disorder, and several
cancers (Sjoblom et al., 2006; Doherty et al., 2010; O’Roak et al.,
2011; Green et al., 2013; Schoppmann et al., 2013; Yu et al.,
2013). Emery-Dreifuss muscular dystrophy is a particularly
provocative case given that disease-causing mutations occur in
genes encoding SUNs and nesprins as well as in genes encoding
their binding proteins emerin and A-type lamins (Bione et al.,
1994; Bonne et al., 1999; Zhang et al., 2007; Puckelwartz et al.,
2010; Taranum et al., 2012; Meinke et al., 2014). All of these
proteins function in nuclear positioning, which suggests that
mispositioning of nuclei may be a contributing factor to the dis-
ease. Future research should determine whether other proteins
associated with the LINC complex can be implicated in specific
pathways that reflect their contribution to disease pathogenesis.
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