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Abstract

Hauling and anchoring the nucleus within immobile or motile cells, tissues and/or syncytia 

represents a major challenge. In the past 15 years, Linkers of the Nucleoskeleton to the 

Cytoskeleton (LINC complexes) have emerged as evolutionary-conserved molecular devices that 

span the nuclear envelope and provide interacting interfaces for cytoskeletal networks and 

molecular motors to the nuclear envelope. Here, we will review the molecular composition of 

LINC complexes and focus on how their genetic alteration in vivo has provided a wealth of 

information related to the relevance of nuclear positioning during tissue development and 

homeostasis with a special emphasis on the central nervous system. As it may be relevant for 

metastasis in a range of cancers, the involvement of LINC complexes in migration of non-

neuronal cells via its interaction with the perinuclear actin cap will also be developed.
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Introduction

The nuclear envelope (NE) physically separates the genome from the cytoplasm (Fig. 1). It 

is composed of an inner and outer nuclear membrane (INM and ONM, respectively) that 

connect at nuclear pores and delineate the luminal compartment that is continuous with the 

lumen of the endoplasmic reticulum (ER). Whereas the ONM is an extension of the rough 

ER, the INM is devoid of ribosomes and displays a unique set of resident proteins that are 

immobilized within the INM by virtue of the interaction of their nucleoplasmic domains 

with the nuclear lamina and/or chromatin [1]. The nuclear lamina is a meshwork of nuclear 

type-V intermediate filaments represented by A- and B-type lamins [2–4]. Whereas B-type 

lamins appear to be ubiquitously expressed both within progenitors and differentiated 

tissues, A-type lamins expression is restricted to subsets of differentiated cells and tissues 

[5–7].
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LINC complexes: macromolecular assemblies that span the nuclear 

envelope and mediate nuclear migration and anchorage

The diversity of physiological functions exerted by resident proteins of the INM has 

completely redefined the functionality of the NE [8]. In particular, major progress has been 

made in the identification and physiological roles of macromolecular complexes that span 

the NE and mediate nuclear movements during development as well as nuclear anchorage in 

differentiated tissues. The term LINC (LInkers of the Nucleoskeleton to the Cytoskeleton) 

was coined to describe these molecular assemblies [9] (Fig. 1). They consist of interactions, 

within the lumen, between evolutionarily conserved motifs that characterize two families of 

integral transmembrane proteins of the NE: Sun (Sad1/Unc84) proteins and Nesprins 

(Nuclear Envelope SPectrin Repeat containing proteINS). In the following sections, we will 

review the molecular nature of Sun proteins and Nesprins as well as their role as LINC 

complexes in nuclear dynamics and single cell migration.

Sun proteins

Fifteen years ago, a seminal study by Malone et al identified unc84, a gene whose mutation 

prevented both the migration and subsequent anchorage of nuclei populating the developing 

hypodermal syncytium of C. elegans [10]. UNC84 was identified as a transmembrane 

protein residing at the NE. One of its remarkable features was a C-terminal region of about 

200 amino acids that displayed a strong homology with the C-terminal region of Sad1, a 

spindle pole body-associated protein in S. pombe [11]. This region, called the SUN domain 

(Sad1-Unc84 homology, PFAM family PF03856), was also identified in two human genes 

called SUN1 and SUN2. Mammalian Sun1 and Sun2 proteins were later identified as type II 

integral membrane proteins of the INM with their conserved C-terminal SUN domain 

protruding within the luminal region between the INM and ONM of the NE [12–14]. Since 

then, orthologs have been identified in many phyla as well as in the plant kingdom [15] 

confirming the strong evolutionary conservation of SUN domains [16]. Recent 

crystallography studies have shown that SUN domains form homotrimeric structures 

displaying a cloverleaf-like arrangement [17,18].

The N-terminal nucleoplasmic region of Sun proteins is less well characterized. This region 

interacts with nuclear lamins [9,13] but lamins are not required for human Sun proteins 

localization at the NE [19]. An emerging feature of Sun1 is the versatility of its primary 

sequence [20] due to the alternative splicing of exons 5 to 10 that encode the central 

nucleoplasmic region (Fig. 2). The nucleoplasmic region of Sun2, by contrast, does not 

display any comparable alternative splicing (data not shown). Interestingly, the extensively 

spliced region encodes a region reported to bind to nucleoplasmic binding partners of Sun1 

[21] suggesting that specific Sun1 isoforms interact with distinct nucleoplasmic proteins. To 

date, the best-characterized nucleoplasmic variant of Sun1 was identified in testes and 

functionally defined by Gob et al. as being involved in mammalian sperm head formation 

[22]. Another intriguing feature of the nucleoplasmic region of Sun1 is the presence of a 

Mitochondrial RNA binding Protein domain (MRP, PFAM family PF09387) whose motif is 

highly conserved in mammalian Sun1 but not Sun2 (Fig. 2). In Trypanosoma, MRP1 and 

MRP2 belong to a complex machinery involved in mitochondrial RNA editing, a hallmark 
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of kinetoplastids [23]. Whether the synthesis of MRP-like proteins by Sun1 genes actually 

occurs in mammals and their functional roles remains to be established.

Nesprins

Within the lumen, the SUN domain interacts directly with the evolutionary-conserved 

KASH (Klarsicht/Anc-1, Syne Homology, PFAM family PF10541) domain, a stretch of ~60 

amino acids made up of a transmembrane domain followed by a short stretch of ~30 luminal 

C-terminal amino acids (Fig. 1). To date, KASH domain-containing proteins have been 

functionally identified in S. pombe, D. melanogaster, C. elegans and mammals [16]. In the 

latter, it is the typical molecular signature of a family of mammalian NE proteins called 

Nesprins that are encoded by five distinct genes (Nesprin-1 to -5) [24–28]. Whereas 

Nesprin-1, -2 and -3 are expressed in a wide variety of tissues, Nesprin-4 expression is more 

restricted and Nesprin-5 is a meiosis-specific KASH protein [28]. Nesprins harbor variable 

numbers of spectrin repeats along their cytoplasmic region that extend from ~50 kDa 

(Nesprin-4) to an astounding 1,000 kDa (giant isoform of Nesprin-1). Importantly, due to 

their gene size, a challenging plethora of Nesprin-1 and -2 isoforms (with and without 

KASH domains), are expressed to different degrees in different tissues and at different 

development times [29–31]. Next to these common structural features, giant isoforms of 

Nesprin-1 and -2 directly interact with actin through N-terminal actin binding domains 

[32,33] and Nesprin-3 with plectin [26] (Fig. 1). Nesprins also associate with molecular 

motors. In C. elegans, nuclear migration is mediated through direct interactions of the 

cytoplasmic region of UNC-83 with both kinesin-1 and dynein and their regulators [34,35]. 

In mammals, Nesprin-2 coimmunoprecipitates with the dynein complex and Nesprin-4 with 

kinesin-1 [27,36]. Together, these finding strongly support a model whereby LINC 

complexes connect the nucleus to the cytoskeleton and molecular motors.

LINC complexes: hubs for force transduction across the NE

Interactions between SUN and KASH domain-containing proteins across the NE are direct 

and essential for the recruitment of KASH domain-containing proteins at the NE. Indeed, 

studies in different biological systems clearly demonstrate that the presence of SUN 

domains is strictly required for the ONM localization of KASH domain-containing proteins 

[9,36,37]. In addition, the KASH domain, by itself, is both sufficient to localize at the NE 

and strictly required to specify the NE localization of KASH proteins [38]. Accordingly, 

either the targeted expression of SUN domains within the perinuclear space or the 

overexpression of recombinant tagged KASH domains act in a dominant-negative manner 

by dislodging endogenous KASH domain-containing proteins from the ONM to the ER [39]. 

As we will see below, this property of recombinant KASH domain, such as EGFP-KASH, 

has multiple experimental applications to examine the role of LINC complexes in different 

species.

Several lines of evidence indicate that LINC complexes transduce forces across the NE. 

Physical coupling between the nucleus and the cytoplasm was directly demonstrated in 

harpooning experiments of the cytoplasm using microneedles. In this experimental setting, 

the NE clearly protrudes in the direction of an outward cytoplasmic pull whereas it 

invaginates when the nucleoplasm itself is harpooned [40]. The NE is also distorted by 
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manipulating microbeads attached to integrins, thereby suggesting that mechanical forces 

can be directly applied at the NE from the cytoplasmic membrane. As described above, the 

structural analysis and domain composition of Sun proteins and Nesprins strongly suggested 

a central role for LINC complexes in establishing such physical connections. Accordingly, 

disruption of SUN/KASH interactions drastically reduces nuclear deformation in 

microneedle manipulations [41] and further disrupts stretch-induced nuclear rotation [39]. 

Beside nuclear mechanics and dynamics, disruption of LINC complexes induces an overall 

loss of mechanical stiffness across the cytoskeleton [39], a phenotype that most likely 

reflects reported alterations of the perinuclear cytoskeleton [41] as well as decreased cellular 

migration and loss of polarization ensuing from LINC complex disruption [39].

Human SUN/KASH complexes have recently been crystallized [17]. Solved structures and 

biochemical approaches indicate that SUN domains physiologically assemble as trimers 

whose interacting interfaces provide large grooves for KASH domain binding. Because 

these interactions consist of an extensive network of non-covalent interactions between SUN 

and KASH triads and SUN and KASH domains interact covalently through disulfide bonds 

[17], SUN/KASH interactions appear well adapted as force-resistant coupling devices to 

move or still anchor nuclei within cells or syncytia [42]. Accumulating data indicate that 

forces transduced by LINC complexes are used in two important biological phenomena: 

nuclear positioning and chromosome movements. For more information on the role of SUN/

KASH interaction in chromosome movements, readers are referred to a recent and thorough 

review by Kracklauer et al. [43]. Here, we will further focus on the involvement of LINC 

complexes in nuclear positioning.

LINC complexes and nuclear positioning in CNS development

As described above, pioneering studies in C. elegans and D. melanogaster [44] clearly 

pointed out the role of SUN and KASH domain-containing proteins in nuclear migration and 

anchorage. More importantly, they paved the way to more recent studies aimed at 

understanding the physiological relevance of different types of nuclear movement observed 

during central nervous system (CNS) development [16]. The latter proceeds through the 

transformation of a pseudostratified layer of precursor cells into laminated layers of 

differentiated neurons whose interconnections establish the CNS circuitry. This 

transformation and its accompanying nuclear movements are well illustrated by the 

development of the mammalian retina. In the latter, the pseudostratified neuroepithelium, 

called the neuroblast layer, morphs into three distinct laminae of differentiated neurons. This 

process can be divided in different steps: 1) exit of retinal progenitor cells, which populate 

the neuroblast layer, from the cell cycle, 2) migration of post-mitotic newborn neurons 

towards their final laminar position, 3) anchorage of differentiated neurons to their specific 

laminar position. Below, we describe the various types of nuclear movements as well as 

what is known about the involvement of LINC complexes in these different developmental 

steps.

Interkinetic nuclear migration in neuronal progenitors

Interkinetic nuclear migration (IKNM, Fig. 3) consists of cell cycle-dependent oscillations 

of neuronal progenitors nuclei within pseudostratified neuroepithelia (recently reviewed in 
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[45,46]). Importantly, IKNM appears to be a universal property of pseudostratified epithelia. 

It has mostly been studied in developing neural tissues but, importantly, it is neither 

restricted to developing CNS tissues nor confined to vertebrates [46–48]. During IKNM, 

nuclei migrate towards the basal side of neuroepithelia during the G1 phase of the cell cycle 

and move back to the apical side during G2. As a result, mitoses take place exclusively at 

the apical side (Fig. 3A) while S-phase proceeds at the basal side of neuroepithelia. Anti-

phospho-Histone H3, which specifically labels mitotic cells, and BrdU labeling, which 

labels S-phase cells, is commonly used to track IKNM in fixed samples.

Blocking nuclear oscillations during IKNM does not alter cell cycle progression of 

progenitors [49,50] whereas cell cycle arrest blocks nuclear oscillations [51,52]. These 

nuclear oscillations require an intact cytoskeleton (microtubule, actin and centrosome) and 

molecular motors (actomyosin, kinesins and the dynein complex). The identification of these 

molecular actors and their respective roles in apicobasal migration within neuroepithelial 

cells has been recently reviewed [45,46]. By comparison to the wide amplitude of apicobasal 

migration of neuroblast nuclei, the centrosome is relatively stationary on the apical side of 

neuroepithelia [53] (Fig. 3A). However, recent time-lapse video microscopy experiments on 

chicken neural tube indicate that the centrosome migrates basally to “meet” apically 

migrating nuclei at late G2 [54].

To date, two reports indicate that LINC complexes directly mediate IKNM in mammals. 

Using time-lapse video microscopy, Zhang et al. showed that nuclear migration towards the 

apical side of the ventricular zone was significantly slower in brain slices of Nesprin-2 KO 

and Sun1/Sun2 double knockout (DKO) mouse embryos by comparison to wild-type brains 

[36]. Accordingly, mitotic cells labeled with phospho-Histone H3 antibodies mislocalized 

across the length of the ventricular zone rather than on its apical side. IKNM is also 

significantly altered in Sun1 and Nesprin2 KO mouse retina [55]. In zebrafish retina, either 

the downregulation of Nesprin-2 or the expression of a recombinant dominant-negative 

EGFP-KASH protein during IKNM correlates with the accelerated genesis of earlier born 

neurons such as retinal ganglion cells at the expense of later-born photoreceptors [56]. These 

experiments did not directly examine nuclear positioning during IKNM. However, a similar 

phenotype of accelerated neurogenesis is also observed upon nonsense mutations of 

dynactin that directly affects nuclear positioning during IKNM. Because Nesprin2 interacts 

with dynactin in mouse retina and brain lysates [36,55] and these interactions are 

evolutionary conserved, these experimental results predict that LINC complex disruption 

should affect IKNM in Zebrafish retina. Furthermore they would suggest that intact LINC 

complexes are required to maintain an appropriate pool of neural progenitors while 

generating post-mitotic neurons in a timely fashion [50,51,56].

Together, these results strongly suggest that LINC complexes provide essential 

nucleocytoskeletal connections that directly mediate nuclear positioning during IKNM. 

Molecular motors-generated forces that move nuclei across the neuroepithelial cell length 

are most likely transduced to the NE through LINC complexes. The identification of unc-83 

binding domains to dyneins, kinesins and their accessory proteins further suggest that the 

Nesprin interaction with molecular motors may be direct [35]. According to a model 

whereby basalmost migration of progenitor nuclei favors a subsequent asymmetric division 
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into a newborn neuron and another retinal progenitor cells [49,51,56], faulty IKNM within 

retinal progenitor cells may affect the balance of asymmetric vs. symmetric division thereby 

affecting the relative abundance of retinal cell types in adult retinas. By contrast to the 

alteration of molecular motors that are involved in a diverse array of cellular functions, 

disruption of LINC complexes may provide a more specific mean to disrupt nuclear 

positioning during IKNM. Hence, the development of genetic tools to disrupt the SUN/

KASH interactions in different species may provide additional insight into the possible 

physiological function(s) of IKNM.

Nuclear translocation in post-mitotic neurons

Exit of progenitor cells from the cell cycle is followed by the migration of post-mitotic 

neurons from the apical side of the neuroepithelium toward their final laminar destination 

(Fig. 3B). In the developing neocortex, trekking of these newborn neurons towards the pial 

surface requires the active translocation of their nuclei [57,58]. This actin- and microtubule-

dependent process is initiated by the rapid extension and subsequent retraction of the leading 

neurite. The centrosome, which is invariably positioned ahead of the nucleus in these cells, 

moves away from the nucleus towards the leading process. The nucleus then translocates 

closer to the centrosome [59]. Hence, by contrast to IKNM where the centrosome remains 

relatively stationary, nuclear translocation within migrating post-mitotic neurons requires 

the coupling of the nucleus to the centrosome via a “fork-like” structure of microtubules 

wrapping the nucleus. The dynein/dynactin complex, LIS1 and other proteins that bind to 

microtubules and regulate dynein activity closely regulate nuclear translocation in these cells 

[57,59–61]. Abnormal nuclear translocation underlies the erroneous lamination of cortical 

layers, a phenotype that characterizes a wide range of human pathologies of the CNS called 

lissencephalies [62]. Similar cortical lamination defects, caused by hypoglycosylation of 

basement membrane components, are also observed in a subgroup of congenital muscular 

dystrophies called dystroglycanopathies. These include Muscle-Eye-Brain disease, 

Fukuyama congenital muscular dystrophy and the Walker-Warburg syndrome [63,64]. 

Severe retinal development abnormalities such as microphthalmia, optic nerve hypoplasia 

and retinal dysgenetic stratification are also prominent in patients affected by lissencephalies 

[65–70] and ocular defects are also observed in mouse models of human 

dystroglycanopathies [71,72]. It is therefore likely that similar molecular mechanisms 

underlying nuclear migration in the neocortex are at play during retinogenesis. For these 

reasons, a better understanding of the role of nuclear movements during retinogenesis will 

most likely provide essential information about molecular mechanisms underlying both 

congenital retinopathies and congenital brain development disorders.

LINC complexes are required for nuclear translocation during the migration of newborn 

cortical neurons. Indeed, radial migration of newborn cortical neurons is severely hampered 

in the developing cerebral cortex of SUN1/2 DKO and Nesprin2 KO embryos [36]. These 

defects are clearly associated to the failure of newborn cortical neurons to translocate their 

nuclei due to a loss of physical coupling between the nucleus and the centrosome. Indeed, 

whereas nuclei undergo robust translocation towards the pial surface in close association 

with the centrosome in wild-type brain slices, newborn cortical neuron nuclei remain at the 

ventricular side of SUN1/2 DKO or Nesprin2 KO brain slices even though centrosomes 
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keep moving towards the pial surface. These observations strongly suggest that transduction 

of apical forces on the migrating neuron nuclei are abolished upon LINC complex 

disruption. Whereas this mode of nuclear translocation has been clearly demonstrated for 

tangentially migrating cortical interneurons and radial cortical neurons [73,74], other modes 

of neuronal nuclear translocation may exist within the CNS. Indeed, during radial migration 

of granule cells in cerebellar slices, the centrosome most often localizes between the anterior 

and posterior poles of the migrating nucleus rather than leading the nucleus [75]. Another 

example of “unconventional” nuclear translocation is provided by newborn retinal ganglion 

cells migrating towards their final laminar position at the beginning of zebrafish 

retinogenesis. In that case, the centrosome localizes at the trailing edge of migrating retinal 

ganglion cells [53]. The postnatal development of cone photoreceptors may provide another 

example of unconventional nuclear translocation within post-mitotic neurons. Whereas cone 

photoreceptors are specified early during embryonic retinal development [76], their nuclei 

remain on the apical surface of the neuroblast layer. However, during postnatal retinal 

development, mouse cone nuclei localize within the upper 2/3 of the developing outer 

plexiform layer before regaining their apical position [77]. Through the spatiotemporal 

control of EGFP-KASH2 expression during mouse cone photoreceptor maturation, we 

recently showed that LINC complexes mediate the apical migration leg of that oscillation 

whereas basal migration appears unaffected. As a result, cone photoreceptor nuclei 

mislocalized at the basal edge of the outer nuclear layer as well as within the outer plexiform 

layer in adult retina [78]. Though less severe, a mislocalization phenotype of cone 

photoreceptor nuclei was also reported in adult retinas from Sun1 KO mice [55]. Even 

though the localization of the centrosome has not been formally examined during these 

oscillations, their apical location is required to elaborate the connecting cilium of 

presumptive photoreceptors. Hence, nuclear oscillations within maturing cone 

photoreceptors most likely take place without any significant movement of the centrosome 

thereby representing another case of unconventional nuclear translocation within a post-

mitotic neuron.

Molecular mechanisms mediating photoreceptor nuclei positioning appear to be 

evolutionary conserved. Indeed, in D. melanogaster and zebrafish, genetic alterations of 

either the dynein/dynactin complex or SUN/KASH interactions clearly affect nuclear 

positioning during photoreceptor maturation [79–81].

As mentioned above, the nucleoplasmic region of Sun proteins interacts with nuclear lamins. 

Therefore, forces generated by molecular motors and transduced through LINC complexes 

should act on the lamina meshwork to pull the nucleus in the direction of cellular migration. 

This essential contribution of lamins is best exemplified by nuclear movements associated 

with the development of the compound eye of D. melanogaster. Indeed, genetic alteration of 

lamin Dm0 prevents the apical migration of photoreceptor precursors nuclei [82]. 

Importantly, that same failure of apical migration is phenocopied by genetic alteration of 

klaroid (SUN protein), Klarsicht (KASH protein) or glued (Dynactin) mutants [80–83]. In 

mammals, A- and B-type lamins make up the nuclear lamina of most differentiated cells. 

However, mostly B-type lamins are expressed during CNS development. Accordingly, B-

type lamins KO mice display severe neurodevelopmental defects and die at birth whereas A-
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type lamin KO mice develop normally but die by 4–6 weeks and present muscular dystrophy 

phenotypes [84,85].

Nuclear anchorage

Mammalian Nesprin-1 was initially discovered as a direct binding partner of MuSK, a 

tyrosine kinase enriched at the post-synaptic membrane of the neuromuscular junction 

(NMJ), and further identified as a NE protein whose abundance was significantly higher in 

specialized nuclei that cluster beneath the NMJ (synaptic nuclei) by comparison to 

extrasynaptic nuclei [24]. Constitutive transgenic overexpression of the dominant negative 

KASH domain of Nesprin-1 induced a phenotype where synaptic nuclei mislocalize away 

from the NMJ [86]. The development of Nesprin-1 KO mice confirmed that phenotype and 

further indicated that Nesprin1 also mediate the spacing of extrasynaptic nuclei along 

skeletal muscle fibers. Because Nesprin2 is dispensable for synaptic nuclei to localize at the 

NMJ [87], anchoring of synaptic nuclei at the NMJ is one of the few cellular functions of 

Nesprin-1 that does not overlap with Nesprin-2. Similar synaptic nuclei mispositioning 

phenotypes have been reported in different models of genetic alterations of the Nesprin1 

gene in mice [88,89], and, in agreement with a central role of SUN/KASH interactions in 

synaptic nuclei anchoring, Sun1 and Sun2 function redundantly in myonuclear anchorage 

[90]. Synaptic nuclei mislocalization has also been reported in skeletal muscle biopsies from 

patients affected by autosomal recessive cerebellar ataxia type 1 (ARCA1) associated to 

mutations of Nesprin-1 [91]. In agreement with mouse models, NMJ structural organization 

is not affected by nuclear mislocalization. Whereas these results clearly indicate that genetic 

alteration of Nesprin1 alters nuclear positioning in skeletal muscle, the phenotypical 

outcome in these different mouse models greatly varies from the lack of any overt 

phenotype [87] to Emery-Dreifuss muscular dystrophy-like [89] or growth retardation [88] 

phenotypes. The reader is referred to [88] for further discussion about the potential reasons 

underlying this phenotypical variability. Taken together, these results clearly indicate that 

LINC complexes, mostly made of Nesprin1 and Sun1 in this case, mediate the anchorage of 

myonuclei within skeletal muscle fibers. Furthermore, results from different mouse models 

and ARCA1 patients suggest that whereas genetic alterations of Nesprin1 are clearly 

associated with mispositioning of synaptic nuclei away from the NMJ, this mispositioning is 

not a good indicator of the clinical presentation.

By contrast, there is a clear clinical correlation between genetic alteration of Nesprin-4 and 

deafness. Indeed, a study by Horn et al. recently reported that patients affected by 

progressive high frequency hearing loss carry genetic alterations of the gene encoding 

nesprin4 [92], a phenotype that can be reproduced in Nesprin-4 KO mice. In agreement for a 

direct role of LINC complexes in hearing, Sun1KO mice also present with severe hearing 

loss. Within outer hair cells from both KO models, nuclei mislocalized on the apical side 

whereas wild-type outer hair cells maintain their nuclei at significantly more basal positions. 

This mispositioning is accompanied by a severe degeneration of outer hair cells that occurs 

in a basal to apical gradient across the cochlea. Disruption of LINC complexes upon 

expression of dominant-negative KASH proteins (under the control of a heat shock 

promoter) induced after the full differentiation of zebrafish photoreceptors also induce 

nuclear mislocalization, a phenotype that is also accompanied by severe photoreceptor 
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degeneration. A challenging question regarding the consequences of LINC complex 

disruption in sensory neurons is the molecular mechanisms leading to their degeneration. 

Indeed, disruption of LINC complexes in cultured cells is accompanied by significant 

cytoskeletal and mechanical cellular defects. Hence, one can wonder whether either nuclear 

positioning per se or the alteration of cytoskeletal organization ensuing from LINC complex 

disruption underlies sensory neurons degeneration.

Role of the nucleus and LINC complexes in single cell migration

Since the nucleus is topologically enclosed within the intracellular space of migrating 

eukaryotic cells, nuclear movements and overall cell movements are highly correlated. But 

whether the interphase nucleus plays an active role in cell migration – and is not simply 

dragged along by the cell – is only beginning to be investigated. Recent discovery and 

characterization of LINC complexes suggests a much more tightly regulated functional 

connection between nuclear movements and positioning in the cell and cell migration than 

previously thought.

During planar cell migration in vitro, the nucleus is typically positioned near the myosin-

rich contractile tail of the cell, while the microtubule-associated organizing center (MTOC) 

polarizes the cell and is positioned between the nucleus and the cell’s leading edge, where 

active actin filament assembly and turnover occur [93]. Mesenchymal migrating cells 

dynamically switch back and forth between persistent moves and periods of migratory 

arrest, generating trajectories that are well approximated by a so-called persistent random 

walk. A persistent random walk is completely defined by just two parameters: cell speed and 

persistence time, the time it takes for the cell to deviate from a straight line, 

straightforwardly computed from fits of the mean squared displacements of cells. A long 

persistence time signifies a directionally persistent migration of the cell. During such 

migratory patterns, the cell dynamically changes its shape, from a mostly elongated 

morphology during persistent moves to a mostly rounded morphology during transient arrest 

and re-polarization of the MTOC for the cell’s next persistent move in a direction 

uncorrelated to the previous persistent move.

Recent work has revealed the existence of a highly contractile acto-myosin filamentous 

structure, the perinuclear actin cap, which tightly wraps around the nucleus and regulates its 

shape [94]. The perinuclear actin cap is composed of thick and mostly parallel fibers that are 

rich in phosphorylated myosin II and F-actin crosslinker α-actinin and are dynamically 

anchored to the apical surface and lateral sides of the interphase nucleus and its lamina 

through LINC complexes [94,95] (Fig. 4A). Hence, nucleus-anchored actin-cap fibers are 

topologically different from conventional stress fibers, which lie entirely at the bottom of 

adherent cells and are anchored to the plasma membrane. In interphase cells, the actin cap is 

not permanently affixed to the nucleus; rather it forms and dissolves dynamically due to 

both rapid turnover dynamics of F-actin fibers in the cap and the cap’s sliding motion above 

the apical surface of the nucleus, which causes the actin-cap fibers to take on characteristics 

of basal stress fibers [95].
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Cells forced to elongate on narrow adhesive (fibronectin- or collagen-coated) patterns 

flanked with non-adhesive PEG surfaces display an elongated nuclear morphology, while 

cells on round adhesive micropatterns display a round nucleus [94]. Accordingly, elongated 

cells show a prominent perinuclear actin cap, while rounded cells show no actin cap, 

suggesting that an important function of the actin cap is nuclear shaping and relating nuclear 

shape to cell shape. Cells on narrow patterns, which typically show an actin cap oriented 

along the long cell axis, are forced to undergo highly persistent migration, and cells on 

round patterns, which lack an actin cap, do not undergo net translocation. This global 

functional correlation between cell shape, nuclear shape, actin-cap status and mode of 

migration predict that cells migrating on flat (unpatterned) substrates, which undergo 

persistent migration, will dynamically show an actin cap during directionally persistent 

moves and no or disrupted actin cap during transient migratory arrest and re-polarization 

events [96,97]. These results also predict that disruption of the actin cap and LINC 

complexes, either through genetic depletion of LINC complex molecules or pharmacological 

inhibition of myosin activity or actin filament assembly, should affect cell persistence and 

speed. Cells harvested from mouse models of laminopathies typically show a disrupted or 

missing actin cap [94] (Fig. 4B). Therefore they should undergo reduced migration, which is 

indeed experimentally verified [98–100].

Actin cap fibers are terminated by focal adhesions that are significantly larger, more 

elongated, and longer-lived than conventional focal adhesions terminating stress fibers at the 

basal surface of the cell [95]. These actin-cap-associated focal adhesions are localized at the 

leading edge of migrating cells, while conventional focal adhesions are smaller and localized 

further away from the leading edge. The location and long lifetime of actin-cap-associated 

focal adhesions may maintain a productive lamellipodium in a given direction before 

retraction and cell repolarization. During random migration, upon spontaneous dissolution 

of the actin cap and of actin-cap-associated focal adhesions, the lamellipodium retracts, 

slowing down cell translocation. While the actin cap is present, the LINC interconnections 

between actin cap fibers on the nuclear surface and nuclear lamina would prevent nuclear 

rotation and only allows for nuclear translocation, inducing persistent migration [95,101]. 

When the actin cap (transiently) disappears, nuclear translocation stops, the brakes to 

nuclear rotation are released, and dynein-mediated nuclear rotation can occur. Accordingly, 

the MTOC can re-orient as it is physically connected to the NE and the cell repolarizes to 

prepare for the next persistent move of the cell in a new direction.

Fibroblasts and post-epidermal-mesenchymal transition cancer cells migrate within a mostly 

three-dimensional (3D) collagen I-rich matrix. In 3D cell migration, the interphase nucleus 

is typically smaller and more elongated than the same cells on 2D flat collagen-coated 

surfaces and located in the middle of the cell [102–105]. The 3D equivalent of the actin cap 

for cells inside 3D collagen matrices is constituted of acto-myosin fibers that are now 

isotropically located all around the nucleus and prolong the nuclear region into long and 

thick protrusions [103]. These pseudopodial protrusions mediate traction forces on the 

collagen fibers surrounding the cell, inducing net cell translocation. Cell migration in 3D 

matrices is much more persistent than in 2D migration presumably because the 3D actin cap 

is longer-lived compared to its 2D counterpart. Moreover, activated fibroblasts and cancer 

cells will locally digest the matrix through the expression of membrane-bound matrix 
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metalloproteinases (i.e. MT1-MMP), forming in their wake thin open channels of cross-

sectional size smaller than the nuclear size [96,97,102,106]. Disruption of LINC complexes 

significantly reduces the ability of cells to protrude and in turn reduces cell-induced matrix 

traction and therefore cell migration. Hence, the LINC-anchored contractile actin cap plays a 

central role in 3D cell migration by promoting the formation of protrusions and by actively 

compressing the nucleus [96].

Lateral confinement of cells by microfabricated channels of cross-sectional size smaller than 

nuclear size typically induces actin cap formation, which may help migration of these highly 

confined cells even for microchannel sizes that are multiple-fold smaller than the natural 

size of the nucleus [105,107]. How these in vitro systems mimic the in vivo context and 

whether actin cap formation is necessary for efficient cancer cell migration in the stromal 

matrix remains to be experimentally tested.

Concluding remarks

For the past fifteen years, our view of the NE has been radically transformed from a mere 

physical barrier between the nucleoplasm and the cytoplasm to a multifunctional 

compartment with “a life on its own”. In particular, the identification of LINC complexes 

and their roles as force transmission hubs involved in the physical communication between 

cytoplasmic and nucleoplasmic networks across the NE is currently fueling new research 

avenues. Whereas the “core” of LINC complexes is now well defined, we are starting to 

have an appreciation of the variability of their cytoplasmic and nucleoplasmic interfaces. For 

these reasons, appropriate tools need to be developed to address the variable composition of 

Nesprins in different tissues at different development stages (Which nesprin? Which isoform 

thereof? When?). By the same token, the putative variability of LINC complexes 

nucleoplasmic interface(s) needs to be further addressed. Finally, whereas current knockout 

animal models have been central in our understanding of how the LINC complex affects 

CNS development, conditional models of LINC complex disruption need to be developed in 

order to examine their physiological roles in vivo in a cell-autonomous manner and at 

specific developmental stages. Recent advances in methods allowing for the expression of 

exogenous proteins in either organotypic mammalian tissue slices or primary cell cultures 

combined to time-lapse video microscopy also provide very attractive experimental options 

[108,109]. Taken together, these approaches will most likely further fuel our expanding 

understanding of the role of the NE in normal and pathological biological processes. Given 

the central involvement of both LINC complexes and actin cap in cellular migration, 

examining new hypotheses about the relevance of these NE components in metastasis will 

be of particular interest.
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Abbreviations

CNS central nervous system

DKO double knock-out

ER endoplasmic reticulum

IKNM interkinetic nuclear migration

INM inner nuclear membrane

KO knockout

LINC linkers of the nucleoskeleton to the cytoskeleton

MTOC microtubule organizing center

NE nuclear envelope

NMJ neuromuscular junction

ONM outer nuclear membrane
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Figure 1. Linkers of the Nucleoskeleton to the Cytoskeleton (LINC complexes) organization at 
the nuclear envelope in mammals (see text for more details)
Nesprin α, β, γ refers to shorter spliced isoforms of Nesprin 1 and 2. INM, ONM: inner and 

outer nuclear membrane, respectively; NE: nuclear envelope; SUN: Sad1 and Unc84 

domain; KASH: Klarsicht/ANC1/Syne homology domain.
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Figure 2. The nucleoplasmic region of Sun1 is alternatively spliced and contains an MRP-
homology region
A) Primers location (arrows) and size of each amplicon predicted from indicated mRNA 

reference sequence of Sun1. Gray shaded rectangle corresponds to the transmembrane-

encoding region. B) RT-PCR amplification of Region I, II and III of Sun1 transcripts carried 

out on total RNA of C2C12 mouse myoblasts. Note the amplification of multiple bands from 

Region I of Sun1 that encodes the nucleoplasmic domain. C) PCR amplification of Sun1 

transcripts from human skeletal muscle first strand cDNAs with depiction of alternatively 

spliced isoforms. White rectangles: exonic region displaying MRP homology. Black 

rectangles: exonic region encoding the transmembrane domain of Sun1. Arrowheads: 

position of primers used in PCR amplification.
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Figure 3. Nuclear movements during embryonic retinal development
A) Interkinetic nuclear migration consists of the basoapical migration of retinal progenitor 

cell nuclei (RPC, blue nuclei) in phase with the cell cycle. A symmetric mitotic division 

generating two progenitor cells is also illustrated. Small red circles depict the position of the 

centrosome. Right panel: Immunofluorescence of an E14.5 mouse ocular globe showing the 

apical localization of mitotic progenitors (labeled with anti-phosphoHistone3, pH3) on the 

apical side of the neuroretina. B) In the case of an asymmetric division, the post-mitotic cells 

(in this case a retinal ganglion cell, red nuclei) migrate towards its final laminar position 

within the ganglion cell layer. Right panel: Immunofluorescence of an E14.5 mouse ocular 

globe showing newborn retinal ganglion cells (labeled with brn3) migrating towards the 

GCL. M: M-phase nuclei; S: S-phase nuclei; RPE: Retinal Pigment Epithelium; NBL: 

Neuroblast layer; GCL: Ganglion Cell Layer. Scale bar: 200mm.
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Figure 4. The architecture and function of the LINC-anchored actin cap in 3D cell migration
A. Cells with an intact actin cap, form thick pseudopodial protrusions that can pull on the 

surrounding matrix for net translocation. Actin cap fibers (green) provide mechanical 

support to the protrusion thanks to LINC-mediated anchorage to the nuclear lamina. B. Cells 

lacking an actin cap (caused by lamin A/C deficiency) cannot generate protrusions and, 

therefore, cannot translocate efficiently.
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