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Nesprin proteins: bridging nuclear envelope 
dynamics to muscular dysfunction
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Abstract 

This review presents a comprehensive exploration of the pivotal role played by the Linker of Nucleoskeleton 
and Cytoskeleton (LINC) complex, with a particular focus on Nesprin proteins, in cellular mechanics and the patho‑
genesis of muscular diseases. Distinguishing itself from prior works, the analysis delves deeply into the intricate inter‑
play of the LINC complex, emphasizing its indispensable contribution to maintaining cellular structural integrity, espe‑
cially in mechanically sensitive tissues such as cardiac and striated muscles. Additionally, the significant association 
between mutations in Nesprin proteins and the onset of Dilated Cardiomyopathy (DCM) and Emery-Dreifuss Muscular 
Dystrophy (EDMD) is highlighted, underscoring their pivotal role in disease pathogenesis. Through a comprehensive 
examination of DCM and EDMD cases, the review elucidates the disruptions in the LINC complex, nuclear morphol‑
ogy alterations, and muscular developmental disorders, thus emphasizing the essential function of an intact LINC 
complex in preserving muscle physiological functions. Moreover, the review provides novel insights into the implica‑
tions of Nesprin mutations for cellular dynamics in the pathogenesis of muscular diseases, particularly in maintaining 
cardiac structural and functional integrity. Furthermore, advanced therapeutic strategies, including rectifying Nesprin 
gene mutations, controlling Nesprin protein expression, enhancing LINC complex functionality, and augmenting car‑
diac muscle cell function are proposed. By shedding light on the intricate molecular mechanisms underlying nuclear-
cytoskeletal interactions, the review lays the groundwork for future research and therapeutic interventions aimed 
at addressing genetic muscle disorders.
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Introduction
The nucleus, a central organelle within the cell, orches-
trates subcellular organization beyond its traditional 
role as a repository of genetic material [1, 2]. Its dynamic 
interplay with diverse organelles is facilitated by the 
cytoskeleton, establishing critical connections crucial for 
spatial organization [3–5]. While epithelial cells typically 
position the nucleus proximal to the basement membrane 
via microtubule-driven mechanisms, fibroblasts rely on 
actin filaments for nuclear localization [6, 7]. Remark-
ably, in skeletal and cardiac muscle cells, the nucleus acts 
as a Microtubule Organizing Center (MTOC), signifi-
cantly impacting cellular architecture and microtubule 
arrangement during muscle development. Mechanisms 
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governing nuclear positioning can be classified into two 
distinct types [8, 9]. The first operates independently of 
direct cytoskeleton-nuclear envelope interactions, poten-
tially restricting specific cytoplasmic elements’ access 
to the perinuclear region. This mechanism indirectly 
influences nuclear positioning by modulating local fiber 
density or inducing movement of other cytoplasmic 
components [10]. Conversely, the second mechanism 
relies on the physical coupling between the cytoskel-
eton and the nuclear envelope, exerting direct forces on 
the nucleus. The presence of the LINC complex further 
complicates this physical linkage [11, 12]. Responsible 
for establishing a stable yet dynamic connection between 
the nuclear membrane and cytoskeleton, the LINC com-
plex plays a pivotal role in transmitting forces and signals 
crucial for nuclear shaping, positioning, and centrosome-
nucleus association. Its significance extends to funda-
mental cellular processes, including DNA repair, nuclear 
envelope organization, cell migration, and chromosomal 
dynamics during meiosis [13].

The LINC complex stands as a cornerstone in cellular 
mechanics, orchestrating essential connections between 
the nuclear envelope and the cytoskeleton. Particularly, 
Nesprin proteins, integral components of the LINC com-
plex, emerge as pivotal mediators in this intricate inter-
play, influencing cellular morphology, structure, and 
mechanical stability [14]. Understanding their role is par-
amount, especially in mechanically sensitive tissues like 
cardiac and striated muscles, where disruptions in the 
LINC complex are implicated in various muscular dis-
orders [15, 16]. This review delves into the multifaceted 
functions of Nesprin proteins within the LINC complex, 
elucidating their involvement in muscular diseases such 
as DCM and EDMD, and exploring novel therapeutic 
strategies aimed at rectifying Nesprin-related patholo-
gies. Through a comprehensive examination, we aim to 
shed light on the intricate molecular mechanisms under-
lying nuclear-cytoskeletal interactions and pave the way 
for innovative therapeutic interventions in genetic mus-
cle disorders.

Role of the LINC complex in cellular mechanics 
and muscle function
The LINC complex stands as a pivotal mediator of 
mechanical coupling between the nuclear membrane 
and the cytoskeleton, crucial for sensing and regulating 
mechanical stimuli while maintaining cellular morphol-
ogy, structure, and mechanical stability [14, 17]. Com-
posed of SUN (Sad1/UNC84) and KASH (Klarsicht/
ANC-1/Syne) proteins, the mammalian genome encodes 
at least five SUN proteins (SUN1-5) and six KASH pro-
teins (Nesprin1-4, KASH5, LRMP), forming the core con-
stituents of the LINC complex. These proteins establish 

stable connections between the nuclear membrane and 
the cytoskeleton, facilitating mechanical transmission 
between the nucleus and the cytoskeleton, thereby influ-
encing cellular polarity, migration, mechanosensing, 
and gene expression [18] (Fig.  1). The adapter proteins 
within the LINC complex, including Nesprin, SUN, and 
lamins, exhibit abundant expression in cardiac and skel-
etal muscles. Nesprin, harboring a KASH domain within 
the outer nuclear membrane (ONM), directly interfaces 
with the cytoskeleton (including microtubules, actin, and 
intermediate filaments) in the cytoplasm. Concurrently, 
Nesprin interacts with SUN proteins, anchoring itself 
to the dense nuclear lamina beneath the inner nuclear 
membrane (INM) [19]. This intricate network of physical 
connections among the cytoskeleton, LINC complex, and 
nuclear lamina establishes a robust structural foundation 
for the direct transmission of extracellular forces into the 
cell nucleus, thereby allowing mechanical signals to mod-
ulate gene transcription [17] (Fig. 2A).

The importance of the LINC complex extends across 
diverse model organisms [20–22]. Studies in Caenorhab-
ditis elegans have elucidated the critical function of actin-
associated nucleus component 1 (ANC-1), a homolog 
of Nesprin-1/2, in actin-mediated nuclear positioning 
within muscle cells. Conversely, mutations in the SUN1 
homolog UNC-84 disrupt both nuclear migration and 
anchorage [23]. Further investigations in mice and human 
fibroblasts have unveiled that abnormalities in the LINC 
complex or the absence of specific Nesprin/SUN proteins 
lead to defects in centrosome attachment to the nucleus. 
Notably, cells lacking the LINC complex exhibit impaired 
polarization responses in wound healing assays, thereby 
compromising nuclear repositioning and centrosome 
movement [24]. Moreover, endothelial cells with reduced 
Nesprin-1 struggle to reorient under cyclic strain, conse-
quently impacting cell migration. Meanwhile, Nesprin-2 
plays a crucial role in facilitating rearward nuclear move-
ment in fibroblasts, a process preceding polarization and 
migration [25]. Disruption of the LINC complex poses 
a significant hurdle to cell polarization, with fibroblasts 
harboring defects in nuclear lamin A/C struggling with 
nuclear polarization and migration [26]. Engineered 
mice with genetic mutations in the LINC complex or 
lamin manifest aberrant synaptic nuclear positioning in 
skeletal muscle neuromuscular junctions [15, 27]. These 
findings address a fundamental inquiry: How do nuclear 
membrane proteins influence cellular structure and func-
tionality? The orchestrated movement of nuclei during 
cell migration corresponds with cytoskeletal remodeling, 
ensuring the nucleus’s stability amidst a dynamic cel-
lular milieu. Synaptic nuclei migration toward the cell 
periphery in muscle cells necessitates effective cytoskel-
etal forces to maneuver the nucleus. Firm anchorage to 
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the cytoskeleton proves pivotal in maintaining nucleus 
stability and averting random displacement [28–30]. 
Pioneering studies employing controlled mechanical 
forces on adherent fibroblasts have revealed the intricate 
mechanism of force transmission within cells. Disrupted 
LINC complexes exhibit diminished nuclear displace-
ment under mechanical strain, underscoring the pivotal 
role of this complex in transmitting forces between the 
nucleus and cytoskeleton [31, 32]. Such transmission sig-
nificantly impacts cell migration and polarization by reg-
ulating nuclear positioning and movement. The integrity 
of the LINC complex emerges as crucial for maintain-
ing cellular mechanical stability and facilitating adap-
tive responses to environmental stimuli [33]. A deeper 
understanding of these mechanisms offers insights into 
intracellular mechanical signal transduction and unveils 
potential therapeutic strategies for associated diseases.

The significance of the LINC complex is particularly 
pronounced in mechanically active tissues like stri-
ated muscles, where it acts as a crucial link connect-
ing the cytoskeleton and contractile mechanisms with 
the nucleus. In  vitro experiments have shed light on 
the essential role of microtubules in preserving nuclear 
shape, thereby contributing significantly to nuclear 
integrity and structure [34]. Investigations in rat car-
diomyocytes, where desmin or its associated Nesprin-3 
were deleted, revealed microtubule-dependent nuclear 
invagination, leading to DNA damage, disrupted nuclear 
envelope-chromatin interactions, and transcriptomic 
alterations. Co-expression of dominant-negative KASH 
genes mitigated nuclear invagination, suggesting an 
interaction between microtubules and Nesprin-1 and/or 
Nesprin-2 in this process [35, 36]. Intriguingly, Nesprin-1 
Calponin homology (CH) domains Knockout (KO) mice 

Fig. 1   The cytoskeletal interactions of the LINC Complex and Nesprin at the Nuclear Envelope. Giant Nesprin-1/2 localizes to the nuclear 
membrane and interacts with SUN-1/2, facilitating the formation of the LINC complex, which physically connects the cytoskeleton and the nucleus. 
The KASH domain of Nesprins, located at the outer nuclear membrane (ONM), interacts with the SUN domain situated in the perinuclear space 
(PNS), found between the ONM and inner nuclear membrane (INM). Each Nesprin isoform (Nesprin-1, Nesprin-2, Nesprin-3, Nesprin-4, and KASH5) 
exhibits specific positioning, forming distinct interactions with SUN proteins and displaying unique affinities for various cytoskeletal components. 
Nesprin-1/2 interact with SUN proteins in the perinuclear space and associate with actin filaments, playing a critical role in linking the nucleus 
to the actin cytoskeleton. Nesprin-3, located at the ONM, interacts with SUN proteins and exhibits a specific association with intermediate filaments, 
facilitating the connection between the nucleus and intermediate filament networks. Nesprin-4 interacts with SUN proteins in the perinuclear 
space and demonstrates an affinity for microtubules, contributing to tethering the nucleus to the microtubule cytoskeleton. KASH5, exclusive 
to meiotic cells, acts as an activator adapter for motor proteins, revealing the hierarchical assembly of the KASH5-motor protein-dynein complex. 
Nesprin-4 and KASH5 interact with microtubule motor proteins, including kinesin-1 or dynein/dynactin complexes
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lacking the actin-binding domain of Nesprin-1G exhib-
ited survival without apparent striated muscle defects, 
suggesting a potentially non-essential role of Nesprin-
1G and its homologs in muscle structure and function 
[37]. Moreover, in lamin A/C gene (LMNA) knockout 
muscle fibers, disruption of the LINC complex resulted 
in increased cell viability and contractility, highlight-
ing the role of Nesprin-1 in transmitting microtubule-
mediated mechanical tension to the nucleus [32]. These 
findings underscore the paramount importance of the 
LINC complex in preserving cellular structural integrity 
and function, particularly in mechanically sensitive tis-
sues such as cardiac and striated muscles. They accentu-
ate the significance of the microtubule network, Nesprin 
proteins, and other cytoskeletal components in main-
taining nuclear shape and preventing damage. Forming 
a sophisticated molecular network beneath the nuclear 
envelope, the LINC complex, connected with nuclear 

membrane protein emerin and the nuclear lamina, facili-
tates mechanical force transfer and direct regulation 
from the cytoskeleton to the nuclear genome, highlight-
ing its crucial role in transmitting mechanical signals 
[15, 38, 39]. Mutations in LINC complex components 
have been implicated in various nuclear envelope dis-
eases in muscle physiology, including DCM and EDMD, 
among other striated muscle disorders. Disruption of the 
LINC complex due to gene mutations leads to structural 
defects, chromatin disorganization, abnormal nuclear 
morphology, myonuclear positioning, impaired force 
transmission, and altered gene regulation, all contribut-
ing to muscle diseases (Fig. 2B). The integrity of the LINC 
complex is vital for maintaining nuclear structure and 
function, underscoring its significance in cell develop-
ment and function [15, 25, 27, 35, 40, 41]. Understand-
ing the LINC complex and its components not only 
elucidates muscle disease mechanisms but also unveils 

Fig. 2   The Role of Nesprin in LINC Complex Formation and Nuclear-Cytoskeletal Connectivity. A Nesprin plays a pivotal role in facilitating 
the formation of the LINC complex and establishing connectivity between the nucleus and the cytoskeleton. Nesprin proteins interact with SUN 
domain proteins, facilitating the physical connection between the nucleus and the cytoskeleton and enabling crucial cellular processes such 
as mechanotransduction, nuclear positioning, and intracellular signaling. Through its various isoforms and domain structures, Nesprin exhibits 
specific affinities for different cytoskeletal components, including actin filaments, intermediate filaments, and microtubules, further contributing 
to the versatility and functionality of the LINC complex in maintaining cellular integrity and homeostasis. Additionally, the LINC complex mediates 
chromatin binding through interactions with the nuclear lamina. Giant Nesprin-1/2 directly interfaces the nucleus with the actin cytoskeleton, 
while shorter Nesprin isoforms like Nesprin-1α2  associate with microtubules via KLC-1/2 and AKAP6. AKAP6, in turn, tethers centrosomal proteins 
such as PCM-1 and AKAP9 to the nuclear membrane, forming a cAMP-PKA signaling hub that may regulate nuclear envelope calcium dynamics 
through interactions with RyR on the sarcoplasmic reticulum. B Mutations in Nesprin can disrupt the LINC complex, uncoupling the cytoskeleton 
from the nucleus and inducing structural aberrations such as abnormal nuclear morphology, size, migration, or positioning. This perturbation can 
trigger the activation of signaling cascades and mechanosensitive transcription factors, ultimately resulting in cellular dysfunction



Page 5 of 12Zi‑yi et al. Cell Communication and Signaling          (2024) 22:208 	

potential treatments for nuclear envelope disorders and 
related diseases.

Nesprin protein variants: diverse functions 
and tissue localization
Nesprin-1 and Nesprin-2, classified as ‘giant’ isoforms, 
stand out as some of the largest proteins known, boasting 
impressive molecular weights of 1.01 MDa and 796 kDa, 
respectively. Spanning 146 and 116 exons, respectively, 
these proteins share a remarkable 64% structural homol-
ogy, emphasizing their close relationship and functional 
parallels [15, 42, 43]. Originally identified as markers for 
vascular smooth muscle cell differentiation and synaptic 
muscle components, subsequent research has unveiled 
their extensive expression across diverse cell types, 
underscoring their profound biological significance [15, 
42, 44–46]. Located at the outer nuclear membrane, 
Nesprin-1 and − 2, as formidable proteins, consist of 
three primary structural domains. The N-terminal region 
harbors paired CH domains crucial for actin interactions. 
The central domain, comprising multiple spectrin repeats 
(SRs), serves as a scaffold connecting the CH and KASH 
domains, facilitating various protein interactions. The 
C-terminal KASH domain interacts with proteins on the 
INM containing the SUN domain. Of particular note is 
the highly conserved adaptive domain (AD) at the C-ter-
minus of Nesprin-1 and − 2, which plays a pivotal role, 
particularly in stabilizing the conformation of the SRs 
[15, 42, 47]. Nesprin-3, the third member of the Nesprin 
family, interacts with members of the plakin family, par-
ticularly binding to the intermediate filament cell junc-
tion protein, plectin, to maintain its widespread presence. 
Overexpression of Nesprin-3 leads to significant recruit-
ment of plectin to the nuclear periphery, where both 
molecules colocalize with keratin-6 and − 14. Plectin 
forms connections with integrin α6β4 on the cell surface 
and Nesprin-3 on the ONM in keratinocytes, indicating 
a continuous link between the nucleus and the extracel-
lular matrix through the intermediate filament cytoskel-
eton [46]. In acephalic sperm syndrome, SUN5 plays a 
crucial role in positioning Nesprin-3 to the posterior 
nuclear membrane, essential for connecting the sperm 
head and tail [48]. Recent studies have highlighted the 
pathological role of sperm-associated antigen 4 (SPAG4) 
in cooperation with Nesprin-3 in lung cancer cell migra-
tion [49]. Nesprin-4, primarily expressed in epithelial 
cells, correlates with significant changes in cell organiza-
tion, including the repositioning of the centrosome and 
Golgi apparatus relative to the cell nucleus [50]. Defects 
in Nesprin-4 result in mispositioning of outer hair cell 
(OHC) nuclei and cell death, leading to deafness in 
humans and mice. LRMP, enriched in mammalian taste 
receptor cells and a subset of zebrafish fertilized eggs, 

binds to the calcium channel IP3 receptor, controlling 
taste signal transduction [51–53]. KASH5, restricted to 
meiotic cells, serves as an activator adapter for motor 
proteins, revealing the hierarchical assembly of the 
KASH5-motor protein-dynein complex. Nesprin-4 and 
KASH5 interact with microtubule motor proteins, kine-
sin-1 or dynein/dynactin complexes [54] (Fig. 1). Nesprin 
proteins engage with cytoskeletal elements such as actin, 
microtubules (MT), and intermediate filaments (IFs) via 
their N-terminus, contributing to the formation of the 
cytoplasmic cytoskeletal network and tethering extranu-
clear molecules to the ONM [23, 55, 56]. The broad func-
tional scope of Nesprins becomes apparent through their 
interactions with various linkers of the LINC complex, 
strengthening the bond between the nucleus and fila-
mentous cytoskeletal networks.

 Nesprin-1 and Nesprin-2, encoded by SYNE1 and 
SYNE2 genes respectively, exhibit extensive isoform 
diversity resulting from transcriptional processes, termi-
nation, and alternative splicing. These isoforms, integral 
to various cellular functions, often lack critical structural 
domains (e.g., CH, KASH, or SRs) and display distinct 
expression patterns and localizations across diverse tis-
sues [57] (Fig. 3, Supplementary data Table 1). For exam-
ple, Nesprin-1α2, present in both the ONM and INM, 
serves as a notable illustration of this diversity. Other 
Nesprin-1 and Nesprin-2 isoforms localize to various 
cellular compartments, including the Z-lines of sarcom-
eres in skeletal and cardiac muscles, focal adhesion sites, 
Golgi apparatus, and actin stress fibers [58, 59]. Particu-
larly relevant to cardiac and skeletal muscles are highly 
expressed isoforms such as Nesprin-1α2, Nesprin-2α1, 
and Nesprin-2ε2, which primarily consist of evolution-
arily conserved regions, including the C-terminal SRs 
and adjacent unstructured ADs [60–65]. These regions 
serve as binding sites for various interacting proteins, 
including lamin A/C and emerin. Among these isoforms, 
Nesprin-1α2, a smaller variant of Nesprin-1 weighing 
approximately 112 kDa, comprises the last six SRs of the 
giant Nesprin-1 protein’s C-terminal region and features 
a distinct N-terminal region composed of 31 amino acids, 
originating from a unique initiation site [60, 64]. During 
the process of muscle differentiation, Nesprin-1α2 exhib-
its prominent localization at the ONM, accompanied by 
a substantial increase in expression levels. This isoform 
interacts with pivotal constituents of the outer nuclear 
MTOC, including kinesin-1 subunits, kinesin light chain-
1/2 (KLC-1/2), and alpha-kinase anchoring protein 6 
(AKAP6). Such interaction with perinuclear microtu-
bules reveals a novel role for Nesprin-1α2 in the func-
tion of striated muscles. Notably, pathogenic mutations 
linked to striated muscle diseases are predominantly 
located in the C-terminal region of Nesprin, particularly 
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affecting Nesprin-1α2.This observation underscores the 
paramount importance of this region in the physiology 
of striated muscles. Insights derived from these stud-
ies carry significant implications for understanding the 

potential involvement of Nesprin-1α2 in muscle patholo-
gies, potentially laying the groundwork for novel thera-
peutic interventions targeting these diseases [15, 27, 66, 
67] (Fig. 2).

Fig. 3   Structure of Giant Nesprins and Isoforms. The structure of giant Nesprin-1/2 comprises three primary domains: tandem actin-binding 
CH domains, a central rod consisting of spectrin repeats (SRs), and the NE-targeting KASH domain, which includes a transmembrane (TM) 
domain and a luminal KASH peptide. Additionally, at the C-terminus, there is a highly conserved adaptive domain (AD) crucial for structurally 
stabilizing the SRs. Various Nesprin isoforms exist, some of which are depicted above, each with SRs close to the C-terminus. Nesprin-3 consists 
of a KASH domain and 7 SRs(3β) or 8SRs(3α).Nesprin-4 is the smallest member of the Nesprin family. It contains 1 SRs protein sequence and lacks 
an actin-binding domain (ABD).However, these isoforms often lack critical structural domains (e.g., CH or SRs) and display distinct expression 
patterns and localizations across diverse tissues
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The spectrum of disorders associated with Nesprin 
dysregulation
To date, mutations in SYNE1/2 have been identified 
through the screening of patients with muscle-specific 
disorders, including EDMD and DCM, comprising over 
3.5% of causative mutations [27]. The mutations identi-
fied in the C-terminus of Nesprin-1/2 have been exten-
sively characterized, demonstrating their capacity to 
induce defects in nuclear morphology, aberrant localiza-
tion, and disrupted binding of SUN1/2, lamin A/C, and 
emerin, thereby impairing myogenesis. These disrup-
tions in the LINC complex mirror those observed with 
mutations in lamin A/C and emerin. Furthermore, car-
diac muscle phenotypes are evident in two SYNE1 and/
or SYNE2 knockout mouse models, both of which display 
disrupted LINC complexes [25, 32, 68].

DCM
DCM represents a critical condition characterized by 
impaired left ventricular expansion and contraction, often 
culminating in heart failure and sudden cardiac death, 
particularly among younger individuals [69]. Recent 
investigations have unveiled that mutations in the LMNA 
gene, responsible for encoding lamin A/C, account for up 
to 5% of familial DCM cases. Understanding how muta-
tions in lamin A/C and emerin, proteins ubiquitously 
expressed across diverse tissues, contribute to muscle-
specific disorders has emerged as a central focus of sci-
entific inquiry [70]. Research underscores the pivotal role 
of their interacting partners—Nesprin-1, Nesprin-2, and 
SUN1/2—in the progression of these diseases. Cellular 
studies involving DCM patients have unveiled muta-
tions often leading to altered nuclear morphology. Fibro-
blasts or lymphocytes samples frequently exhibit nuclear 
abnormalities, including wrinkling, micronuclei forma-
tion, swelling, and fragmentation. Cells afflicted by DCM 
commonly show notable disturbances in the localization 
of LINC complex components and changes in the bind-
ing of Nesprin-1 and − 2. These mutations substantially 
disrupt the interconnections among Nesprin, lamin A/C, 
SUN proteins, and the microtubule motor protein KLC-
1/2 [25, 27]. Investigations on Nesprin-1 mutated C2C12 
cells associated with DCM have revealed reduced fusion 
capacity, decreased expression of myogenic proteins, and 
diminished MHC expression during myocyte differen-
tiation. Moreover, heightened levels of Nesprin-1 were 
detected in fibroblasts from these patients [27]. Reports 
underscore disruptions in the LINC complex, alterations 
in nuclear morphology, and disorders in muscular devel-
opment in DCM cases linked to mutations in lamin A/C 
or emerin, emphasizing the crucial role of an intact LINC 
complex in preserving muscle physiological functions 

[71]. These findings not only advance our comprehen-
sion of DCM’s pathophysiology but also identify poten-
tial therapeutic targets within these specific molecular 
pathways.

EDMD
EDMD manifests as a rare genetic myopathy encompass-
ing a spectrum of potentially life-threatening cardiac 
complications, necessitating prompt and precise diag-
nosis. Clinical presentations include muscle weakness, 
early-onset muscle contractures, cardiac conduction 
anomalies, and cardiomyopathy, exhibiting significant 
variability across EDMD subtypes and individual cases 
[72]. The genetic landscape of EDMD encompasses genes 
such as EMD, LMNA, SYNE1, SYNE2, FHL1, TMEM43, 
SUN1, SUN2, and TTN, encoding emerin, lamin A/C, 
Nesprin-1, Nesprin-2, FHL1, LUMA, SUN1, SUN2, and 
Titin, respectively. However, more than 60% of EDMD 
patients do not harbor mutations in these established 
genes (EMD or LMNA), implying the existence of uni-
dentified pathogenic genes [25, 56, 70, 73–90].

EDMD is characterized by a triad of symptoms, with 
retraction appearing first, followed by muscle weak-
ness and wasting, and finally, the development of car-
diac dilation [72]. Cardiac complications, such as atrial 
tachycardia, atrial standstill, ventricular tachycardia, 
and cardiomyopathy, are prevalent in EDMD. Symptoms 
typically manifest in the second decade of life, including 
palpitations, pre-syncope and syncope, exercise intoler-
ance, and heart failure. Notably, skeletal muscle weakness 
typically precedes cardiac symptoms in EDMD [91, 92]. 
However, it’s important to clarify that the elevated risk of 
cardiac complications in female EDMD patients primar-
ily applies to cases caused by mutations in X-linked genes 
such as EMD and FHL1. In these cases, females serve 
as carriers but may not necessarily develop symptoms 
or may experience less severe symptoms [74]. Moreo-
ver, EDMD patients with LMNA mutations beyond 50 
years of age exhibit over a 60% incidence of heart fail-
ure, underscoring the necessity for deeper insights into 
EDMD’s genetic underpinnings and pathomechanisms to 
enhance diagnostic accuracy, develop targeted therapies, 
and improve patient quality of life [93].

The pathogenesis of EDMD involves mutations in vari-
ous genes, including the TMEM43 gene, encoding the 
nuclear envelope protein LUMA. LUMA plays a pivotal 
role in nuclear envelope structuring and maintenance, 
collaborating with emerin and lamin A/C to preserve 
nuclear integrity and functionality [94]. Mutations in 
LUMA result in atypical nuclear shapes, impacting cel-
lular functions. LUMA is crucial for emerin positioning, 
and its interaction with SUN2 protein is critical; mutated 
LUMA may disrupt SUN2 intranuclear localization by 
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binding to it, contributing to its dysfunction [83, 94]. 
Additionally, altered Nesprin presence can affect emerin 
and lamin proteins’ positioning, while mutant lamin 
A proteins can lead to the mislocalization of LAP2, 
Nup153, and lamin B. Disrupted interactions between 
mutated SUN1, lamin A/C, and emerin could result in 
nuclear functional anomalies. Skeletal muscle biopsies of 
EDMD patients often exhibit clustered nuclei, increased 
variability in fiber size, fibrosis, and significant adipose 
tissue presence [41, 95].

Recent discoveries have unveiled multiple mutations 
in Nesprin-1, Nesprin-2, and SUN1/2 in both DCM and 
EDMD patients. Mislocalization of lamin A/C and SUN2 
has been observed in fibroblasts from EDMD patients 
and in neonatal rat cardiomyocytes transfected with 
Nesprin-1 isoforms carrying DCM-related mutations. 
These gene mutations, considered independent patho-
genic agents for muscle diseases, include SUN1/2, which 
are viewed as disease-modifying genes for other causa-
tive genes of EDMD, such as LMNA, EMD, and LAP2α 
[16, 27].Nesprin mutations variably impact LINC com-
plex functions, particularly in the C-terminal SR region, 
inducing nuclear morphology defects and disrupting 
binding with nuclear membrane-associated proteins. 
Such disruptions lead to LINC complex instability, com-
promising mechanical transduction within muscle cells, 
critical under mechanical strain [14, 17]. Mutations in the 
AD region of Nesprin significantly affect its interaction 
with microtubule motor proteins KLC-1/2, potentially 
leading to defects in nuclear migration and positioning, 
impeding muscle development and maturation [25]. This 
intricate network of interactions among nuclear envelope 
proteins underscores their pivotal role in maintaining 
nuclear structure and cellular functionality, particularly 
in tissues subjected to significant mechanical stress like 
cardiac and skeletal muscles.

Deciphering Nesprin mutations and their 
implications for cellular dynamics in muscular 
disease pathogenesis
In the realm of muscular disease pathologies, 
Nesprin-1/2 plays a crucial role by localizing at the 
nuclear envelope and forming the LINC complex 
alongside SUN1/2, lamin A/C, and emerin. This com-
plex acts as a vital bridge between the nucleus and the 
actin cytoskeleton [37, 96]. Ongoing investigations 
into these diseases propose two significant hypotheses. 
The structural hypothesis emphasizes the role of the 
LINC complex in tethering the nuclear scaffold to the 
cytoskeleton and associated proteins, including molec-
ular motors, microtubule-associated proteins (MAPs), 
microtubules, and the actin network. Disruption of this 

complex can compromise extracellular forces, render-
ing cells susceptible to mechanical damage [72, 96–99].
The pivotal role of Nesprin in myonuclear position-
ing spans organisms from Caenorhabditis elegans to 
higher ones, where mutations impede the recruitment 
of partners like Akap450 or KLC-1/2, resulting in mis-
placement of nuclei [72, 97–99]. The gene regulation 
hypothesis suggests that compromised LINC com-
plexes may alter nuclear membrane protein interac-
tions with chromatin, particularly lamin. Mutations in 
genes encoding LINC complex proteins can modulate 
transcription factor expression or tissue-specific gene 
patterns. Laminopathies exhibit ERK pathway hyper-
activation, observed in LMNA mutations causing car-
diomyopathy or SMAD6 overexpression, accelerating 
myogenic differentiation in LMNA-mutated cells [27, 
72].

Nesprin-1 mutations primarily disrupt nuclear mor-
phology by displacing lamin A/C, emerin, and SUN2 
from the nuclear membrane, consequently disrupt-
ing the LINC complex. These mutations interfere with 
microtubule-driven protein interactions, leading to the 
disassembly of nucleus-microtubule connections [25, 
85, 88, 100, 101]. In lower organisms like Caenorhab-
ditis elegans, ANC-1 mutations similarly result in mis-
placement of nuclei [72, 102]. Additionally, Nesprin-1 
mutations in mammalian myoblasts impede the nuclear 
envelope recruitment of Akap450 during muscle cell 
differentiation [97, 98]. Mutations in SYNE1/2 disrupt 
muscle-specific Nesprin isoforms, affecting nuclear 
morphology and nucleocytoskeletal coupling. These 
mutations potentially alter chromatin structural integ-
rity, influencing cell signaling and gene regulation, 
including MAPK hyperactivation, perturbation of myo-
genic regulatory factor (MRF) expression, and altera-
tion of mechanosensitive genes in Nesprin-1/2 double 
knockout (DKO) mouse cardiomyocytes [97].

Nesprin mutations exert a profound influence on car-
diac structural and functional integrity, illuminating 
their pivotal role in cardiac pathophysiology. Recent 
investigations offer a comprehensive overview of the 
repercussions of Nesprin mutations on cardiac struc-
ture, particularly within the SYNE1 gene [25]. Sig-
nificantly, in-depth analyses highlight the functional 
implications, including compromised mechanical sta-
bility and disturbance of cellular architecture in car-
diac myocytes. These mutations disrupt cytoskeletal 
organization, thereby impacting heart contractile func-
tion [27, 103]. By disrupting nuclear morphology and 
mechanical integrity, these mutations provide valuable 
insights into the pathophysiology of cardiac disorders.
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Advancing therapeutic strategies 
for nesprin‑related muscular disorders
Rectification of Nesprin gene mutations
Nesprin gene mutations underlie specific muscular 
degenerative diseases such as DCM and EDMD [15], 
offering potential avenues for corrective interventions 
through gene therapy. A range of techniques, includ-
ing CRISPR/Cas9 gene editing [104], gene replacement 
therapy, RNA interference, antisense oligonucleotides, 
and homologous recombination repair, provides oppor-
tunities to rectify or substitute defective Nesprin genes 
at the cellular level [37, 72, 103, 105]. Despite promising 
advancements, these methodologies pose intricate bio-
logical and technical challenges. Many gene therapy and 
editing strategies, although evolving rapidly, currently 
remain primarily experimental, necessitating further 
extensive research and meticulous clinical trials to firmly 
establish their safety and efficacy.

Controlling nesprin protein expression
Modulating Nesprin protein expression through phar-
macological [106] or gene-based interventions holds 
promise in restoring or enhancing cardiac muscle cell 
functionality. These strategies encompass a spectrum of 
methodologies, including gene editing, RNA interfer-
ence (RNAi), antisense oligonucleotides, transcription 
factor modulation, epigenetic regulation, and control 
over mRNA stability and protein degradation [107, 108]. 
Evaluating potential side effects and the broader reper-
cussions of modulating protein expression on cellular 
mechanisms is paramount, especially in clinical appli-
cations where comprehensive assessments of safety and 
efficacy are pivotal. Given the critical role of Nesprin 
proteins in maintaining cellular structure and function, 
manipulating their expression could intricately impact 
diverse cellular processes. Thus, precise management of 
these interventions is essential to mitigate unintended 
cellular responses. For instance, in cases where decreased 
Nesprin expression correlates with specific cardiac con-
ditions, the development of pharmaceuticals to boost its 
expression could offer valuable therapeutic benefits [107, 
109].

Enhancing LINC complex functionality
Recent studies have unveiled the potential therapeutic 
implications of targeting the LINC complex in LMNA-
related EDMD and DCM [16, 110, 111]. By modulat-
ing the expression of Nesprin proteins or implementing 
gene therapy strategies, researchers aim to restore the 
structural integrity of cardiac muscle cells and enhance 
mechanotransduction capacity [16]. Additionally, phar-
macological interventions targeting the components of 

the LINC complex offer promising avenues for thera-
peutic intervention [111]. Furthermore, refining mecha-
notransduction mechanisms, advancing cell therapy 
approaches, and exploring protein interactions within the 
LINC complex represent additional strategies to improve 
therapeutic outcomes for LMNA-related EDMD and 
DCM [110].

Nesprin serves as a pivotal component of the LINC 
complex, collaborating with SUN domain proteins, lamin 
A/C, and emerin at the nuclear membrane [15, 38, 39]. 
Enhancing the functionality of the LINC complex pre-
sents an opportunity to restore structural integrity and 
bolster mechanotransduction capacity within muscle 
cells [112–114]. This augmentation holds promise in 
potentially mitigating the progression of muscle degen-
erative diseases, thereby offering avenues for improved 
management and treatment outcomes for these condi-
tions. The disruption of the LINC complex offers a novel 
therapeutic avenue with significant potential benefits 
for individuals with LMNA-related EDMD and DCM. 
Through targeted interventions aimed at restoring the 
integrity of the LINC complex, researchers are positioned 
to inaugurate a new era of precision medicine for muscu-
lar disorders, promising enhanced patient outcomes and 
quality of life.

Augmenting cardiac muscle cell function
The focal point lies in amplifying the pivotal role of 
Nesprin protein in fortifying the connection between 
the nucleus and the cytoskeletal framework, essential 
for maintaining the structural stability of cardiac muscle 
cells. This endeavor encompasses a spectrum of strate-
gies, ranging from modulating Nesprin protein expres-
sion to implementing gene therapy, pharmacological 
interventions, refining mechanotransduction mecha-
nisms [96], advancing cell therapy, exploring protein 
interactions, and employing anti-inflammatory and anti-
oxidant methodologies [106], alongside biomechanical 
interventions. Given the intricate nature of cardiac mus-
cle cells and the multifaceted nature of heart diseases, the 
development of targeted small molecule drugs tailored 
specifically for the Nesprin protein emerges as a promis-
ing avenue toward potentially enhancing the functional-
ity of cardiac muscle cells and fortifying overall cardiac 
performance.

Conclusion
Nesprin, together with its associated components, 
stands as a critical determinant of nuclear stability and 
functional efficiency, essential for the preservation of 
normal muscle physiology and the prevention of mus-
cle-related pathologies. As ongoing research penetrates 
deeper into unraveling the complex architecture and 



Page 10 of 12Zi‑yi et al. Cell Communication and Signaling          (2024) 22:208 

diverse functionalities of these protein complexes, a vast 
potential emerges for the discovery of novel therapeutic 
avenues and targets. This advancement holds immense 
promise in effectively tackling genetic muscle disorders, 
including DCM and EDMD. By further elucidating the 
intricate roles of these proteins, new pathways are illu-
minated, paving the way for significant breakthroughs 
in the management and treatment of such debilitating 
conditions, thereby offering renewed hope for improved 
patient outcomes in the foreseeable future.

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s12964-​024-​01593-y.

Supplementary Material 1. 

Authors’ contributions
Zhou Zi-yi and Qin Qin write the main part of the article, and Zhou Zi-yi draws 
up the Figs. 1, 2, and 3. Zhou Fei and Cao Cun-Yu modify the article statement.
Teng Lin revise the article.

Availability of data and materials
No datasets were generated or analysed during the current study.

Declarations

Competing interests
The authors declare no competing interests.

Received: 28 January 2024   Accepted: 24 March 2024

References
	 1.	 Almonacid M. Mechanisms controlling division-plane positioning [J]. 

Semin Cell Dev Biol. 2010;21(9):874–80.
	 2.	 WONG X, STEWART CL. The laminopathies and the insights they pro‑

vide into the structural and functional organization of the nucleus [J]. 
Annu Rev Genomics Hum Genet. 2020;21:263–88.

	 3.	 Strickland D, Lin Y, Wagner E, et al. TULIPs: tunable, light-controlled inter‑
acting protein tags for cell biology [J]. Nat Methods. 2012;9(4):379–84.

	 4.	 Janson ME, Loughlin R, Loiodice I, et al. Crosslinkers and motors organ‑
ize dynamic microtubules to form stable bipolar arrays in fission yeast 
[J]. Cell. 2007;128(2):357–68.

	 5.	 Holy T E, Dogterom M. Assembly and positioning of microtubule 
asters in microfabricated chambers [J]. Proc Natl Acad Sci U S A. 
1997;94(12):6228–31.

	 6.	 Loisel T P, Boujemaa R. Reconstitution of actin-based motility of Listeria 
and Shigella using pure proteins [J]. Nature. 1999;401(6753):613–6.

	 7.	 Van Der Gucht J, Paluch E, Plastino J, et al. Stress release drives sym‑
metry breaking for actin-based movement [J]. Proc Natl Acad Sci U S A. 
2005;102(22):7847–52.

	 8.	 Kapitein, L C, Schlager M A, Van Der Zwan W A, et al. Probing intracel‑
lular motor protein activity using an inducible cargo trafficking assay 
[J]. Biophys J. 2010;99(7):2143–52.

	 9.	 Kapitein L C, Van Bergeijk P Lipkaj, et al. Myosin-V opposes microtubule-
based cargo transport and drives directional motility on cortical actin 
[J]. Curr Biol. 2013;23(9):828–34.

	 10.	 Almonacid M, Ahmed W W, Bussonnier M, et al. Active diffusion posi‑
tions the nucleus in mouse oocytes [J]. Nat Cell Biol. 2015;17(4):470–9.

	 11.	 Li Q, Kumar A. The regulation of dynamic mechanical coupling 
between actin cytoskeleton and nucleus by matrix geometry [J]. 
Biomaterials. 2014;35(3):961–9.

	 12.	 Cho S, Irianto J, DIscher DE. Mechanosensing by the nucleus: from 
pathways to scaling relationships [J]. J Cell Biol. 2017;216(2):305–15.

	 13.	 Hieda M. Signal transduction across the nuclear envelope: role of the 
LINC complex in bidirectional signaling [J]. Cells. 2019;8(2):124.

	 14.	 Bouzid T, Kim E, Riehl B D, et al. The LINC complex, mechanotrans‑
duction, and mesenchymal stem cell function and fate [J]. J Biol Eng. 
2019;13:68.

	 15.	 De Silva S, Fan Z, kang B, et al. Nesprin-1: novel regulator of striated 
muscle nuclear positioning and mechanotransduction [J]. Biochem 
Soc Trans. 2023;51(3):1331–45.

	 16.	 Zhou C, Rao L, Shanahan C M, et al. Nesprin-1/2: roles in nuclear 
envelope organisation, myogenesis and muscle disease [J]. Biochem 
Soc Trans. 2018;46(2):311–20.

	 17.	 Alam S G, Zhang Q, Prasad N, et al. The mammalian LINC complex 
regulates genome transcriptional responses to substrate rigidity [J]. 
Sci Rep. 2016;6:38063.

	 18.	 Wang W, Shi Z. Structural insights into SUN-KASH complexes across 
the nuclear envelope [J]. Cell Res. 2012;22(10):1440–52.

	 19.	 JANIN A. Nesprins and lamins in health and diseases of cardiac and 
skeletal muscles [J]. Front Physiol. 2018;9:1277.

	 20.	 Mews A R. Ban on sow stalls and tethers [J]. Vet Rec. 
1991;128(14):339.

	 21.	 Haque F, Lloyd D J, Smallwood D T, et al. SUN1 interacts with nuclear 
lamin A and cytoplasmic nesprins to provide a physical connection 
between the nuclear lamina and the cytoskeleton [J]. Mol Cell Biol. 
2006;26(10):3738–51.

	 22.	 Padmakumar V C, LibottE T, Lu W, et al. The inner nuclear membrane 
protein Sun1 mediates the anchorage of Nesprin-2 to the nuclear 
envelope [J]. J Cell Sci. 2005;118(Pt 15):3419–30.

	 23.	 Starr D A Hanm. Role of ANC-1 in tethering nuclei to the actin 
cytoskeleton [J]. Science. 2002;298(5592):406–9.

	 24.	 King SJ, Nowak K, Suryavanshi N, et al. Nesprin-1 and nesprin-2 
regulate endothelial cell shape and migration [J]. Cytoskeleton 
(Hoboken). 2014;71(7):423–34.

	 25.	 Zhang Q, Bethmann C, Worth N F, et al. Nesprin-1 and – 2 are 
involved in the pathogenesis of Emery Dreifuss muscular dystrophy 
and are critical for nuclear envelope integrity [J]. Hum Mol Genet. 
2007;16(23):2816–33.

	 26.	 Pfisterer K, Jayo A. Control of nuclear organization by F-actin binding 
proteins [J]. Nucleus. 2017;8(2):126–33.

	 27.	 Zhou C, Li C, Zhou B, et al. Novel nesprin-1 mutations associated 
with dilated cardiomyopathy cause nuclear envelope disruption and 
defects in myogenesis [J]. Hum Mol Genet. 2017;26(12):2258–76.

	 28.	 Lee GE, Lee C, Byun J. Molecular mechanisms for the regulation of 
Nuclear membrane Integrity [J]. Int J Mol Sci. 2023;24(20):15497.

	 29.	 Donnaloja F, Jacchetti E, Soncimi M, et al. Mechanosensing at the 
Nuclear envelope by nuclear pore complex stretch activation and its 
effect in physiology and pathology [J]. Front Physiol. 2019;10:896.

	 30.	 Nava MM, Miroshnikova YA, Biggs LC, et al. Heterochromatin-Driven 
Nuclear Softening protects the genome against mechanical stress-
Induced damage [J]. Cell. 2020;181(4):800-17 e22.

	 31.	 Zhou C, Rao L, Warren DT, et al. Mouse models of nesprin-related 
diseases [J]. Biochem Soc Trans. 2018;46(3):669–81.

	 32.	 Puckelwartz MJ, Zhang Y, Kessler E. Disruption of nesprin-1 produces 
an Emery Dreifuss muscular dystrophy-like phenotype in mice [J]. 
Hum Mol Genet. 2009;18(4):607–20.

	 33.	 VahabikashI A, Sivagurunathan S, Nicdao F A S, et al. Nuclear lamin 
isoforms differentially contribute to LINC complex-dependent 
nucleocytoskeletal coupling and whole-cell mechanics [J]. Proc Natl 
Acad Sci U S A. 2022;119(17):e2121816119.

	 34.	 Becker R, Leone M, Engel FB. Microtubule organization in striated 
muscle cells [J]. Cells. 2020;9(6):1395.

	 35.	 Heffler J, Shah PP, Robison P, et al. A Balance between Intermediate 
filaments and microtubules maintains nuclear architecture in the 
cardiomyocyte [J]. Circ Res. 2020;126(3):e10-26.

	 36.	 Zhang B, Powers JD, Mcculloch AD, et al. Nuclear mechanosignaling 
in striated muscle diseases [J]. Front Physiol. 2023;14:1126111.

https://doi.org/10.1186/s12964-024-01593-y
https://doi.org/10.1186/s12964-024-01593-y


Page 11 of 12Zi‑yi et al. Cell Communication and Signaling          (2024) 22:208 	

	 37.	 Stroud MJ, Feng W, Zhang J, et al. Nesprin 1α2 is essential for mouse 
postnatal viability and nuclear positioning in skeletal muscle [J]. J 
Cell Biol. 2017;216(7):1915–24.

	 38.	 Crisp M, Liu Q, Roux K, et al. Coupling of the nucleus and cytoplasm: 
role of the LINC complex [J]. J Cell Biol. 2006;172(1):41–53.

	 39.	 Lombardi ML, Jaalouk D E, Shanahan C M, et al. The interaction 
between nesprins and sun proteins at the nuclear envelope is critical 
for force transmission between the nucleus and cytoskeleton [J]. J 
Biol Chem. 2011;286(30):26743–53.

	 40.	 Warren D T, Zhang Q, Weissberg P L, et al. Nesprins: intracellular scaf‑
folds that maintain cell architecture and coordinate cell function? [J]. 
Expert Rev Mol Med. 2005;7(11):1–15.

	 41.	 Chen Z, Ren Z, Mei W, et al. A novel SYNE1 gene mutation in a Chi‑
nese family of Emery-Dreifuss muscular dystrophy-like [J]. BMC Med 
Genet. 2017;18(1):63.

	 42.	 Apel E D, Lewis R M, Grady RM, et al. Syne-1, a dystrophin- and 
klarsicht-related protein associated with synaptic nuclei at the neuro‑
muscular junction [J]. J Biol Chem. 2000;275(41):31986–95.

	 43.	 Shanahan C M, Weissberg P L, Metcalfe JC. Isolation of gene markers 
of differentiated and proliferating vascular smooth muscle cells [J]. 
Circ Res. 1993;73(1):193–204.

	 44.	 Behrens T W, Jagadeesh J, Scherle P, et al. Jaw1, a lymphoid-restricted 
membrane protein localized to the endoplasmic reticulum [J]. J 
Immunol. 1994;153(2):682–90.

	 45.	 Zhang Q, Skepper J N, Yang F, et al. Nesprins: a novel family of 
spectrin-repeat-containing proteins that localize to the nuclear 
membrane in multiple tissues [J]. J Cell Sci. 2001;114(Pt 24):4485–98.

	 46.	 Wilhelmsen K, Litjens S H, Kuikman I, et al. Nesprin-3, a novel outer 
nuclear membrane protein, associates with the cytoskeletal linker 
protein plectin [J]. J Cell Biol. 2005;171(5):799–810.

	 47.	 Abraham Padmakumarvc, Braune S. Enaptin, a giant actin-binding 
protein, is an element of the nuclear membrane and the actin 
cytoskeleton [J]. Exp Cell Res. 2004;295(2):330–9.

	 48.	 Zhang D, Huang WJ, Chen GY, et al. Pathogenesis of acephalic sper‑
matozoa syndrome caused by SUN5 variant [J]. Mol Hum Reprod. 
2021;27(5):028.

	 49.	 Ji Y, Jiang J, Huang L, et al. Sperm–associated antigen 4 (SPAG4) as a 
new cancer marker interacts with Nesprin3 to regulate cell migration 
in lung carcinoma [J]. Oncol Rep. 2018;40(2):783–92.

	 50.	 Roux KJ, Crisp ML, Liu Q, et al. Nesprin 4 is an outer nuclear mem‑
brane protein that can induce kinesin-mediated cell polarization [J]. 
Proc Natl Acad Sci U S A. 2009;106(7):2194–9.

	 51.	 Taiber S, Gozlan O, Cohen R, et al. A Nesprin-4/kinesin-1 cargo model 
for nuclear positioning in cochlear outer hair cells [J]. Front Cell Dev 
Biol. 2022;10;974168.

	 52.	 Taiber S, Cohen R, Yizhar-Barnea O, et al. Neonatal AAV gene therapy 
rescues hearing in a mouse model of SYNE4 deafness [J]. EMBO Mol 
Med. 2021;13(2);e13259.

	 53.	 Horn HF, Brownstein Z, Lenz D R, et al. The LINC complex is essential 
for hearing [J]. J Clin Invest. 2013;123(2):740–50.

	 54.	 Agrawal R, Gillies JP, Zang JL, et al. The KASH5 protein involved in 
meiotic chromosomal movements is a novel dynein activating adap‑
tor [J]. Elife. 2022;11;e78201.

	 55.	 Zhen YY, Libotte T, Munck M, et al. NUANCE, a giant protein 
connecting the nucleus and actin cytoskeleton [J]. J Cell Sci. 
2002;115(15):3207–22.

	 56.	 Zhang Q, Ragnauth CD, Skepper JN, et al. Nesprin-2 is a multi-iso‑
meric protein that binds lamin and emerin at the nuclear envelope 
and forms a subcellular network in skeletal muscle [J]. J Cell Sci. 
2005;118(Pt 4):673–87.

	 57.	 Carthew J. Detection of diverse and high Molecular Weight Nesprin-1 
and Nesprin-2 isoforms using western blotting [J]. Methods Mol Biol. 
2016;1411:221–32.

	 58.	 Liddane AG, Holaska JM. The role of Emerin in cancer progression 
and metastasis [J]. Int J Mol Sci. 2021;22(20):11289.

	 59.	 Iyer A, Holaska JM. EDMD-Causing emerin mutant myogenic pro‑
genitors exhibit impaired differentiation using similar mechanisms 
[J]. Cells. 2020;9(6):1463.

	 60.	 Duong NT, Morris GE, Lam LET, et al. Nesprins: tissue-specific 
expression of epsilon and other short isoforms [J]. Plos One. 
2014;9(4):e94380.

	 61.	 Rajgor D, Mellad JA, Autore F, et al. Multiple novel nesprin-1 and 
nesprin-2 variants act as versatile tissue-specific intracellular scaffolds 
[J]. Plos One. 2012;7(7):e40098.

	 62.	 Zhang Q, Ragnauth C, Greener MJ, et al. The nesprins are giant actin-
binding proteins, orthologous to Drosophila melanogaster muscle 
protein MSP-300 [J]. Genomics. 2002;80(5):473–81.

	 63.	 Fan GLL, Chu J. Golgi localization of Syne-1 [J]. Mol Biol Cell. 
2003;14(6):2410–24.

	 64.	 Simpson JG, Roberts RG. Patterns of evolutionary conservation in 
the nesprin genes highlight probable functionally important protein 
domains and isoforms [J]. Biochem Soc Trans. 2008;36(Pt 6):1359–67.

	 65.	 Autore F, Pfuhl M, Quan X, et al. Large-scale modelling of the divergent 
spectrin repeats in nesprins: giant modular proteins [J]. PLoS ONE. 
2013;8(5):e63633.

	 66.	 Holt I, Duong N T, Zhang Q, et al. Specific localization of nesprin-1-al‑
pha2, the short isoform of nesprin-1 with a KASH domain, in develop‑
ing, fetal and regenerating muscle, using a new monoclonal antibody 
[J]. BMC Cell Biol. 2016;17(1):26.

	 67.	 Holt I, Fuller H R, Lam L T, et al. Nesprin-1-alpha2 associates with kinesin 
at myotube outer nuclear membranes, but is restricted to neuromuscu‑
lar junction nuclei in adult muscle [J]. Sci Rep. 2019;9(1):14202.

	 68.	 Sullivan T, Escalante-Alcalde D, Bhatt H, et al. Loss of A-type lamin 
expression compromises nuclear envelope integrity leading to muscu‑
lar dystrophy [J]. J Cell Biol. 1999;147(5):913–20.

	 69.	 Elliott P, Andersson B. Classification of the cardiomyopathies: a position 
statement from the European society of cardiology working group on 
myocardial and pericardial diseases [J]. Eur Heart J. 2008;29(2):270–6.

	 70.	 Bonne G, Di Barletta MR, Varnous S, et al. Mutations in the gene encod‑
ing lamin A/C cause autosomal dominant Emery-Dreifuss muscular 
dystrophy [J]. Nat Genet. 1999;21(3):285–8.

	 71.	 Sosa B A, Kutay U, Schwartz T U. Structural insights into LINC complexes 
[J]. Curr Opin Struct Biol. 2013;23(2):285–91.

	 72.	 Storey EC, Holt I, Morris G E, et al. Muscle cell differentiation and devel‑
opment pathway defects in Emery-Dreifuss muscular dystrophy [J]. 
Neuromuscul Disord. 2020;30(6):443–56.

	 73.	 Ben Yaou R, Toutain A, Arimura T, et al. Multitissular involvement in a 
family with LMNA and EMD mutations: role of digenic mechanism? [J]. 
Neurology. 2007;68(22):1883–94.

	 74.	 Bione S, Maestrini E, Rivella S, et al. Identification of a novel X-linked 
gene responsible for Emery-Dreifuss muscular dystrophy [J]. Nat Genet. 
1994;8(4):323–7.

	 75.	 Collins FS, Capell BC. Human laminopathies: nuclei gone genetically 
awry [J]. Nat Rev Genet. 2006;7(12):940–52.

	 76.	 Clements L, Manilal S, Love D R, et al. Direct interaction between emerin 
and lamin A [J]. Biochem Biophys Res Commun. 2000;267(3):709–14.

	 77.	 Dechat T, Pfleghaar K, Sengupta K, et al. Nuclear lamins: major factors in 
the structural organization and function of the nucleus and chromatin 
[J]. Genes Dev. 2008;22(7):832–53.

	 78.	 Gueneau L, Bertrand A T, Jais J P, et al. Mutations of the FHL1 gene 
cause Emery-Dreifuss muscular dystrophy [J]. Am J Hum Genet. 
2009;85(3):338–53.

	 79.	 Haque F, Mazzeo D, Patel J T, et al. Mammalian SUN protein interaction 
networks at the inner nuclear membrane and their role in laminopathy 
disease processes [J]. J Biol Chem. 2010;285(5):3487–98.

	 80.	 Holt I, Ostlund C, Stewart C L, et al. Effect of pathogenic mis-sense 
mutations in lamin A on its interaction with emerin in vivo [J]. J Cell Sci. 
2003;116(Pt 14):3027–35.

	 81.	 Isermann P, Lammerding J. Nuclear mechanics and mechanotransduc‑
tion in health and disease [J]. Curr Biol. 2013;23(24):R1113–21.

	 82.	 Lammerding J, Hsiao J, Schulze P C, et al. Abnormal nuclear shape and 
impaired mechanotransduction in emerin-deficient cells [J]. J Cell Biol. 
2005;170(5):781–91.

	 83.	 Liang W C, Mitsuhashi H. TMEM43 mutations in Emery-Dreifuss muscu‑
lar dystrophy-related myopathy [J]. Ann Neurol. 2011;69(6):1005–13.

	 84.	 Markiewicz E, Tilgner K, Barker N, et al. The inner nuclear membrane 
protein emerin regulates beta-catenin activity by restricting its accu‑
mulation in the nucleus [J]. EMBO J. 2006;25(14):3275–85.

	 85.	 Meinke P, Mattioli E, Haque F, et al. Muscular dystrophy-associated 
SUN1 and SUN2 variants disrupt nuclear-cytoskeletal connections and 
myonuclear organization [J]. PLoS Genet. 2014;10(9):e1004605.



Page 12 of 12Zi‑yi et al. Cell Communication and Signaling          (2024) 22:208 

	 86.	 Mislow JM, Holaska JM, Kim MS, et al. Nesprin-1alpha self-associates 
and binds directly to emerin and lamin A in vitro [J]. FEBS Lett. 
2002;525(1–3):135–40.

	 87.	 Rowat A C, Lammerding J, Ipsen JH. Mechanical properties of the 
cell nucleus and the effect of emerin deficiency [J]. Biophys J. 
2006;91(12):4649–64.

	 88.	 Starr D A, Fridolfsson H N. Interactions between nuclei and the 
cytoskeleton are mediated by SUN-KASH nuclear-envelope bridges [J]. 
Annu Rev Cell Dev Biol. 2010;26:421–44.

	 89.	 Wheeler M A, Davies J D, Zhang Q, et al. Distinct functional domains in 
nesprin-1α and nesprin-2β bind directly to emerin and both interac‑
tions are disrupted in X-linked Emery–Dreifuss muscular dystrophy [J]. 
Exp Cell Res. 2007;313(13):2845–57.

	 90.	 Wilson KL, Foisner R. Lamin-binding proteins [J]. Cold Spring Harb 
Perspect Biol. 2010;2(4):a000554.

	 91.	 Soltanzadeh P, Friez M J. Clinical and genetic characterization of 
manifesting carriers of DMD mutations [J]. Neuromuscul Disord. 
2010;20(8):499–504.

	 92.	 Zhang L, Shen H, Zhao Z, et al. Cardiac effects of the c.1583 C–>G 
LMNA mutation in two families with Emery-Dreifuss muscular dystro‑
phy [J]. Mol Med Rep. 2015;12(4):5065–71.

	 93.	 Van Berlo J H, De Voogt W G, Van Der Kooi A J, et al. Meta-analysis of 
clinical characteristics of 299 carriers of LMNA gene mutations: do 
lamin A/C mutations portend a high risk of sudden death? [J]. J Mol 
Med (Berl). 2005;83(1):79–83.

	 94.	 Ramirez-Martinez A, Zhang Y, Chen K, et al. The nuclear envelope 
protein Net39 is essential for muscle nuclear integrity and chromatin 
organization [J]. Nat Commun. 2021;12(1):690.

	 95.	 Fanin M, Savarese M, Nascimbeni A C, et al. Dominant muscular 
dystrophy with a novel SYNE1 gene mutation [J]. Muscle Nerve. 
2015;51(1):145–7.

	 96.	 Van Ingen MJA, Kirby TJ. LINCing nuclear mechanobiology with skeletal 
muscle mass and function [J]. Front Cell Dev Biol. 2021;9;690577.

	 97.	 Wilson MH, Holzbaur EL. Nesprins Anchor kinesin-1 motors to the 
nucleus to drive nuclear distribution in muscle cells [J]. Development. 
2015;142(1):218–28.

	 98.	 Gimpel P, Lee Y L, Sobota R M, et al. Nesprin-1alpha-Dependent micro‑
tubule nucleation from the Nuclear envelope via Akap450 is necessary 
for nuclear positioning in muscle cells [J]. Curr Biol. 2017;27(19):2999–
3009. e9.

	 99.	 Puckelwartz MJ, Kessler E J, Kim G, et al. Nesprin-1 mutations in human 
and murine cardiomyopathy [J]. J Mol Cell Cardiol. 2010;48(4):600–8.

	100.	 Li P, Meinke P, Huong L T T, et al. Contribution of SUN1 mutations 
to the pathomechanism in muscular dystrophies [J]. Hum Mutat. 
2014;35(4):452–61.

	101.	 Raharjo W H, Enarson P, Sullivan T, et al. Nuclear envelope defects 
associated withLMNAmutations cause dilated cardiomyopathy and 
Emery-Dreifuss muscular dystrophy [J]. J Cell Sci. 2001;114(24):4447–57.

	102.	 Wang DZ, Banerjee I, Zhang J, et al. Targeted ablation of Nesprin 1 
and Nesprin 2 from murine myocardium results in cardiomyopathy, 
altered Nuclear morphology and inhibition of the Biomechanical Gene 
response [J]. PLoS Genet. 2014;10(2):e1004114.

	103.	 Östlund C, Chang W, Gundersen G G, et al. Pathogenic muta‑
tions in genes encoding nuclear envelope proteins and defective 
nucleocytoplasmic connections [J]. Experimental Biology Med. 
2019;244(15):1333–44.

	104.	 Leong E L, Khaing N T, Cadot B, et al. Nesprin-1 LINC complexes recruit 
microtubule cytoskeleton proteins and drive pathology in Lmna-
mutant striated muscle [J]. Hum Mol Genet. 2023;32(2):177–91.

	105.	 BRADY G F, Kwan R, Bragazzi Cunha J, et al. Lamins and Lamin-Associ‑
ated Proteins in Gastrointestinal Health and Disease [J]. Gastroenterol‑
ogy. 2018;154(6):1602-e191.

	106.	 Ligget JL, Choi CK, Donnell RL, et al. Nonsteroidal anti-inflammatory 
drug sulindac sulfide suppresses structural protein Nesprin-2 expres‑
sion in colorectal cancer cells [J]. Biochimica et Biophysica Acta (BBA) 
- Gen Subj. 2014;1840(1):322–31.

	107.	 Sur I, Neumann S, Noegel AA. Nesprin-1 role in DNA damage response 
[J]. Nucleus. 2014;5(2):173–91.

	108.	 Rey A, Schaeffer L, Durand B. Drosophila Nesprin-1 isoforms differen‑
tially contribute to muscle function [J]. Cells. 2021;10(11):3061.

	109.	 Carmosino M, Torretta S, Procino G, et al. Role of nuclear lamin A/C in 
cardiomyocyte functions [J]. Biol Cell. 2014;106(10):346–58.

	110.	 Worman H J, Bonne G. Laminopathies: a wide spectrum of human 
diseases [J]. Exp Cell Res. 2007;313(10):2121–33.

	111.	 Burke B, Stewart CL. The nuclear lamins: flexibility in function [J]. Nat 
Rev Mol Cell Biol. 2013;14(1):13–24.

	112.	 Bostani M, Rahmati M, Mard SA. The effect of endurance training on 
levels of LINC complex proteins in skeletal muscle fibers of STZ-induced 
diabetic rats [J]. Sci Rep. 2020;10(1):8738.

	113.	 Chiarini F, Paganelli F, Balestra T, et al. Lamin A and the LINC complex 
act as potential tumor suppressors in Ewing Sarcoma [J]. Cell Death Dis. 
2022;13:4.

	114.	 Colón-Bolea P, García-Gómez R, Shackleton S, et al. RAC1 induces 
nuclear alterations through the LINC complex to enhance melanoma 
invasiveness [J]. Mol Biol Cell. 2020;31(25):2768–78.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	Nesprin proteins: bridging nuclear envelope dynamics to muscular dysfunction
	Abstract 
	Introduction
	Role of the LINC complex in cellular mechanics and muscle function
	Nesprin protein variants: diverse functions and tissue localization
	The spectrum of disorders associated with Nesprin dysregulation
	DCM
	EDMD

	Deciphering Nesprin mutations and their implications for cellular dynamics in muscular disease pathogenesis
	Advancing therapeutic strategies for nesprin-related muscular disorders
	Rectification of Nesprin gene mutations
	Controlling nesprin protein expression
	Enhancing LINC complex functionality
	Augmenting cardiac muscle cell function

	Conclusion
	References


