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The transmission of mechanical signals across the nuclear envelope is primarily mediated by linkers
of the nucleoskeleton and cytoskeleton (LINC complexes). These complexes bridge the inner and outer
nuclear membrane and connect various elements of the cytoskeleton to the nucleoskeleton. Through
their interaction with various cytoskeletal elements, LINC complexes repeatedly endure different types of
mechanical loading. In this short review, we discuss the structural features of LINC complexes that allow
them to withstand and transmit mechanical forces across the nuclear envelope, the types of mechanical
forces on these complexes, and the consequences of these forces on the integrity of the nuclear envelope.

© 2018 Elsevier Ltd. All rights reserved.
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1. Introduction

The skeletal elements in the cytoplasm and nucleus, namely the
cytoskeleton and nucleoskeleton, maintain the structural integrity
of the cell in these regions. Comparably, the linkers of cytoskeleton
and nucleoskeleton (LINC complexes) can be considered as the
chief structural elements of the nuclear envelope (NE), elegantly
connecting the nucleus to the cytoskeletal network and transmit-
ting mechanical signals across the NE. The nuclear pore complexes
that perforate the NE also conceivably contribute to the mechanics
of the NE, however their primary function is to control the ex-
change of biochemical signals between the cytoplasm and nucleus.
The LINC complexes are increasingly established as the rivets that
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transmit mechanical signals across the NE. Fittingly, LINC com-
plexes are structured for load bearing and force transmission and
perform central roles in several cellular processes.

Herein we review the roles of LINC complexes in maintaining
or disrupting the structural integrity of the NE. We first examine
the current crystallographic data on LINC complexes at the nu-
clear envelope. Next we discuss the various types of mechanical
loading that is experienced by the nuclear envelope through LINC
complexes during various cellular processes. Finally, we survey
available knowledge of the role of LINC in the loss of structural
integrity of the nuclear envelope during nuclear rupture.

The nuclear envelope of eukaryotes is double layered and com-
posed of an inner and outer nuclear membrane (INM and ONM).
The structural integrity of the NE is essential for the isolation and
protection of genomic information from the cytoplasm. With an
intact NE, the exchange of material between the nucleus and cy-
toplasm can be conducted in a controlled manner through macro-
molecular protein complexes known as nuclear pore complexes.
Although NPCs may also contribute to the mechanical integrity
of the nucleus as discussed in Jahed et al. [1], the only other
protein complex known to span the NE and physically link the INM
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and ONM are LINC complexes. LINC complexes are responsible for
the transmission of forces across the nuclear envelope [2,3]. Force
transmission across the nuclear envelope through LINC complexes
is essential for several cellular processes reliant on nuclear move-
ment and positioning, and nuclear mechanotransduction [4].

LINC complexes are formed by the interaction of conserved
Sad1/UNC-84(SUN) — domain and Klarsicht [ANC-1/SYNE homology
(KASH) — domain proteins in the perinuclear space (PNS) [2,5-
7]. At least six KASH proteins (nesprin-1-4, lymphoid-restricted
membrane protein, and KASH5) and five SUN proteins (SUN1-5)
have been identified in mammals [8-12]. KASH proteins are an-
chored to the outer nuclear membrane (ONM) and contain large cy-
toplasmic domains, and a short ~10-32 residue C-terminal KASH
domain that protrudes in to the PNS (Fig. 1). SUN proteins are an-
chored to the inner nuclear membrane (INM) and their conserved
C-terminal SUN domains reside in the PNS where they bind to
KASH. The N-terminal nucleoplasmic domains of SUN interact with
nucleoskeletal elements such as A-type lamins and chromatin, as
well as other INM proteins such as Emerin [13,2,14,15] (Fig. 1).
Lamins are type V nuclear intermediate filaments that form a
filamentous meshwork at the nuclear periphery, and interact with
chromatin, SUN proteins, and other INM proteins, to maintain the
structural integrity of the nucleus [16,17].

The N-terminal cytoplasmic domains of KASH proteins asso-
ciate with various elements of the cytoskeleton, including direct in-
teractions with the actin cytoskeleton through their actin binding
domains, and indirect bindings to microtubules and intermediate
filaments through motor proteins such as kinesin, dynein and
plectin (Fig. 1)[3,2,18,14,19,20,12,21].

2. LINC is structured for load bearing

Several studies have shown that SUN proteins must oligomerize
to bind to KASH proteins and are inactive for KASH binding in a
monomeric state [22,18,23,24]. Recent crystallographic data sug-
gest that in a monomeric state, the main KASH binding domain
of SUN2 (i.e. the KASH-lid) is inhibited by a three-helix bundle
preceding the SUN domain («1-a3) (Fig. 1(i)). Large coiled coil
(CC) domains preceding the SUN domain force the SUN domain
into a trimeric state, and activate it for KASH binding [22,18,23,24].
Upon trimerization, the minimal region required for KASH binding
consists of an alpha helix («3) that forms a trimeric CC, and a beta
sandwich core from which the KASH-lid emanates (Fig. 1(ii)). In
this conformation, the SUN trimer can bind to three KASH peptides
simultaneously, and form an overall hexameric SUN-KASH com-
plex (Fig. 1(iii)). Two coiled coil regions are predicted in most SUN
domain proteins [2,6], and the recently solved crystal structure of
one of the predicted CC regions of SUN2 revealed that it also forms
a trimer (Fig. 1(iv)) [23].

Based on the abovementioned crystallographic data, four main
attributes of LINC complexes contribute to their suitability as load
bearing elements in the nuclear envelope:

(1) The SUN domain is functional in a trimeric state and the
higher order oligomerization of these proteins allows for their
high stability under force. Additionally, some studies have sug-
gested that SUN proteins can further cluster into even higher order
oligomers, which would allow the transmission of even higher
forces [25,14,26].

(2) The interaction between the mammalian SUN2 trimer and
the KASH domains of nesprin 1 and nesprin 2 is highly stable, with
24 hydrogen bonds between each KASH peptide and the SUN2
trimer, and 1520 A? of the SUN2 trimer buried upon binding to one
KASH peptide [18].

(3) The interaction between mammalian SUN2 and the KASH
domains of nesprin 1 and nesprin 2 terminates with a covalent
disulfide bond between two highly conserved cysteine residues
on each protein. This intermolecular disulfide bond not only fur-
ther stabilizes the SUN2-KASH?2 interaction, but it also allows the
transmission of forces to the coiled coil regions of SUN2 (Fig. 1(iii))
[27,18,22].

(4) Most Sun proteins are predicted to contain at least two long
coiled coil domains. Coiled coils have been identified as elastic
elements in proteins [28-31]. In some cases like myosin, the CC
regions have been characterized and show truly elastic proper-
ties where they can reversibly extent more than two times their
length [28]. Although the mechanical properties of the CC regions
of SUN proteins have yet to be identified, it is likely that these
CCs can also extend reversibly under mechanical forces, and hence
contribute to the elasticity of the nuclear envelope.

3. Forces exerted on the nuclear envelope through the LINC
complex: Tension, compression and shear

The direct binding of nesprin proteins to the actin cytoskeleton
through their actin binding domains exposes the SUN-KASH link-
age to actomyosin dependent mechanical forces. In 2D cultures,
LINC complexes connect the apical surface of the nucleus to a
highly ordered and dynamic filamentous actin structure known
as the perinuclear actin cap (Fig. 2(A)) [32-36]. The perinuclear
actin cap is terminated by focal adhesion molecules that transmit
mechanical forces across the cell membrane. The coupling between
LINC complexes and focal adhesions through actin filaments in-
duces compressive stresses on the nuclear envelope at the top
surface of the nucleus and shear and tensile force at the two ends
(Fig. 2(A)). The magnitude and direction of local forces on SUN
and KASH proteins is not well known. There are some evidences
of tensile forces on elements of the LINC complex. For example,
increased separations were observed between the INM and ONM
in some regions of SUN1 and SUN2 depleted HeLa cells [2], as
well as at the two ends of force-bearing C. elegans muscle nuclei
with disrupted LINC complexes [37]. These observations suggest
that the LINC complex withstands tension at the nuclear envelope,
and plays a role in maintaining the even distance between the
INM and ONM, at least in load bearing regions [38,1,22,14,37].
Furthermore, in mammalian cells, a fluorescence resonance energy
transfer (FRET)-based tension biosensor for nesprin 2 showed that
nesprin is subject to tension in adherent fibroblast [39]. Higher
levels of tensile forces were observed on the apical and equatorial
planes of the nucleus. This study suggested that even in compres-
sive regions of the actin cap, nesprins are under tension and orient
towards the long axis of the cell [39]. Since nesprins are anchored
to the ONM, when oriented parallel to the NE, tensile forces on
these proteins translates to shear on the ONM (Fig. 2(A)).

The indirect interaction of nesprin proteins with microtubules
through motor proteins dynein and kinesin also exposes LINC
complexes to constant velocity pulling as these motor proteins
move along microtubules during several cellular processes reliant
on this interaction (Fig. 2(B)) [40,41,7]. Nesprins are likely under
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Fig. 1. Crystal structure of the LINC complex. Schematic representation of LINC complexes spanning the nuclear envelope and connecting various cytoskeletal elements
to the nucleoskeleton (Top). Crystal structures of various fragments of LINC complex proteins SUN2 and KASH2 (bottom): (i) Structure of mouse SUN2 monomer (PDB ID:
5ed8), magenta: KASH-lid (ii) Human SUN2 trimer (PDB ID: 4DXT) (iii) Human SUN2 trimer (green/purple) in complex with KASH2 (orange) forming an overall hexamer,
(iv) Coiled coil region of mouse SUN2. Yellow circles: covalent disulfide bonds between SUN and KASH. (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)

tension in these cellular processes and orient towards the direction
of dynein movement, exerting shear and tensile forces on the ONM.

How are these cytoskeletal forces on KASH transmitted to SUN
proteins? It has been shown that each SUN protein can interact
with three KASH peptides simultaneously in vitro. If this is the case
in vivo and three nesprin proteins can simultaneously bind a SUN
trimer, the NE may be subjected to forces in various directions
(Fig. 2(C)). However, since the LINC complex is anchored at the
INM and ONM, when transmitted across the ONM, these forces
likely translate to tensile forces in a direction perpendicular to the
INM and ONM on SUN proteins (Fig. 2(C)). One can envision the
design of new FRET-based tension sensors inserted into various
regions of SUN proteins to better determine the stress state of
SUN proteins in the nuclear envelope and further elucidate the
molecular mechanisms of force transmission across the nuclear
envelope. Similar approaches can be used to determine stress
states of the nucleoplasmic domains of SUN proteins to understand
how forces are ultimately transmitted through SUN proteins to
their interacting partners in the nucleus. No crystallographic data is
currently available on the nucleoplasmic domains of SUN proteins
and their dynamics inside the nucleus remains widely unexplored.

4. Consequences of forces on the NE through LINC (Role of
mechanical forces on LINC in NE rupture)

The mechanical forces exerted on the NE through LINC com-
plexes are essential for several cellular processes reliant on nu-
clear movement and positioning, and nuclear mechanotransduc-
tion [4]. These forces are transmitted across the LINC complex to
the filamentous lamin meshwork underlying the INM, resulting in
nuclear stiffening through the recruitment of more A-type lamin,
and hence, a change in the mechanical properties of the nucleus
[42,4]. Additionally, these forces can lead to changes in genome
organization and gene expression as discussed in a recent review
by Uhler and Shivashankar [43].

On the other hand, recent studies have shown that mechanical
stresses exerted on the nuclear envelope can also lead to nuclear
rupture both in vivo and in vitro, compromising the integrity of
DNA [44]. These stresses can be induced on the nucleus by an
external environment as cells migrate through confined spaces, or
by intracellular structures such as the perinuclear actin cap [45,46].
In the former case, external pressure is applied on the nucleus as
the cells “squeeze” through confined spaces and nuclear rupture
occurs in a LINC-independent manner. On the other hand, when
the actin cap is responsible for nuclear confinement in cultured
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Focal adhesions

Fig. 2. Mechanical forces on the NE through LINC complexes. (A) The perinuclear
actin cap exerts compressive forces on the apical surface of the nucleus and shear
and tension at the two ends. These forces are transmitted to the nuclear envelope
through LINC complexes. (B) KASH proteins bound to motor proteins moving along
microtubules exert mechanical forces on the NE. (C) Tensile cytoskeletal forces on
KASH proteins (orange) are translated to tension on SUN proteins (green). (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

cells, nuclear rupture is dependent on LINC complexes [45,46].
The in vivo relevance of LINC complex-dependent nuclear envelope
rupture requires further studies.

5. Outlook

Although our understanding of the role of LINC complexes in the
mechanical integrity of the nuclear envelope has significantly in-
creased in the past decade, several questions remain unanswered.
It is unknown whether KASH proteins are able to oligomerize
similar to SUN proteins, and if so, how their oligomerization would
influence the magnitude and direction of forces on the NE. Cur-
rently, no crystallographic data is available on the structure of
cytoplasmic domains of nesprins or other KASH proteins. Such
information would greatly enhance our understanding of the struc-
tural features of these proteins and their response to mechanical
forces. Additionally, no crystallographic data is available on the
nucleoplasmic domains of SUN protein where they interact with A-
type lamins and chromatin. Unraveling atomic level details of the
nucleoplasmic domains of SUN proteins, and the nature of their in-
teraction with the nucleoskeleton, will help better understand how
forces may be transmitted to nuclear contents, specially chromatin,
and how this may ultimately modulate gene expression [43,4].

Moreover, the structural data on SUN proteins is limited to the
most widely expressed mammalian SUN protein, SUN2. The crystal
structures of other mammalian SUN proteins such as SUN1 and

SUN3-5 are yet to be solved. Particularly interesting are SUN3-5
which contain much shorter CC regions than SUN1-2 proteins and
it is unclear how these shorter proteins are able to overcome the
NE spacing and reach across the NE to bind to KASH and withstand
cytoskeletal forces [22,38,1]. Also, how do mechanical boundary
conditions on SUN and KASH, i.e. anchorage to the INM and ONM,
affect their structures, mobility, interactions with other proteins,
and force transmission to the nucleus? It is important to note that
the small-scale mechanics of the lipid bilayers at the INM and ONM,
and their ability to rupture, largely influences the forces expe-
rienced by and transmitted across the transmembrane domains
of SUN and KASH proteins. Limited studies have addressed this
topic; however, recent advances in experimental and computa-
tional biophysical approaches to study cell membranes [47] will
allow researchers to better characterize local membrane responses
to mechanical force.

Finally, most of the current information on the structure and
higher order assembly mechanism of SUN proteins are based on in
vitro data. Recent developments of In vivo techniques allowing the
imaging and quantification of protein-protein interactions inside
the nuclear envelope of living cells promise new developments on
the LINC complex assembly at the nuclear envelope [48,49].
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