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Abstract
Appropriate organization of cytoskeletal components are required for normal distribution and intracellular localization of 
different ion channels and proteins involved in calcium homeostasis, signal transduction, and contractile function of stri-
ated muscle. Proteins of the contractile system are in direct or indirect connection with the extrasarcomeric cytoskeleton. 
A number of other molecules which have essential role in regulating stretch-, voltage-, and chemical signal transduction 
from the surface into the cytoplasm or other intracellular compartments are already well characterized. Sarcomere, the basic 
contractile unit, is comprised of a precisely organized system of thin (actin), and thick (myosin) filaments. Intermediate fila-
ments connect the sarcomeres and other organelles (mitochondria and nucleus), and are responsible for the cellular integrity. 
Interacting proteins have a very diverse function in coupling of the intracellular assembly components and regulating the 
normal physiological function. Despite the more and more intense investigations of a new cytoskeletal protein family, the 
septins, only limited information is available regarding their expression and role in striated, especially in skeletal muscles. 
In this review we collected basic and specified knowledge regarding this protein group and emphasize the importance of this 
emerging field in skeletal muscle biology.
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Introduction: discovery and history 
of septins

The first discovery of septins was almost 50 years ago in 
the budding yeast Saccharomyces cerevisiae by Hartvell 
(1971) when they examined the genetic control and genes 
involved in cell division and cytokinesis. Four cell division 
cycle genes (cdc3, 10, 11, and 12) and a set of homologous 
proteins encoded by these genes were found to be associated 
with filaments at the cytoplasmic face of the plasma mem-
brane in the mother-bud neck (Longtine et al. 1996). They 
also showed that temperature-sensitive mutation of these 

genes caused defective cytokinesis as it blocked specific 
steps in the cell division, namely that mutant strains devel-
oped multiple elongated buds, but did not separate from the 
parent cell. Electron microscopy analysis identified 10 nm 
thick filaments that encircled the septating bud neck (Byers 
and Goetsch 1976). Protein products of the regulatory genes 
were demonstrated as a fluorescently labelled ring within the 
septation area and were named septins by Kim et al. (1991).

Since their discovery in yeast, homologous sequence pro-
teins have been described in almost all types of eukaryotic 
cells. Septins are 30–65 kDa, evolutionarily highly con-
served proteins that are considered as the fourth cytoskel-
etal component (Mostowy and Cossart 2012). All sep-
tins have multiple domains, and these domains possess a 
general organisation with the central Ras-like GTPase/
GTP-binding domain (Vetter and Wittinghofer 2001), the 
N-terminal variant proline rich domain (PRD), the lipid 
binding polybasic region (PBR), the septin unique element 
(SUE) and the C-terminal coiled-coil (CC) region which 
has been shown to participate in protein–protein interactions 
(Casamayor and Snyder 2003; Versele and Thorner 2004). 
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Septins belong to the family of P-loop GTPases (Weirich 
et al. 2008) with an alfa-beta core consisting of conserved 
G1 (or P-loop,“GxxxxGKS/T”), G3 (“DxxG”), and G4 
(N/TKxD replaced by AKAD in septins) motifs for GTP 
binding and hydrolysis (Sirajuddin et al. 2009) (Fig. 1a). 
The encoded 13 septins in humans are classified into four 
homology groups SEPT2 (SEPT1, SEPT2, SEPT4, SEPT5), 
SEPT3 (SEPT3, SEPT9, SEPT12), SEPT6 (SEPT6, SEPT8, 
SEPT10, SEPT11, SEPT14), and SEPT7 (Hall et al. 2005). 
Septin oligomers have been recognized as a filamentous 
structure within the cytoplasm and show association with 
the cell membrane (Bertin et al. 2010; Zhang et al. 1999; 
Tanaka-Takiguchi et al. 2009), actin filaments (Kinoshita 
et al. 2002), and also with microtubules (Sellin et al. 2011; 
Surka et al. 2002; Nagata et al. 2003; Bowen et al. 2011; 
Kremer et al. 2005; Spilitois et al. 2008). These interactions 
influence septin assembly into filaments (Kinoshita et al. 
2002; Bridges et al. 2014).

The expression of certain septin isoforms seems to be 
ubiquitous (SEPT2, SEPT7, and SEPT9) (Hall et al. 2005; 
Cao et  al. 2007; Connolly et  al. 2011), others (SEPT4, 
SEPT8, SEPT10, and SEPT11) are expressed extensively, 
however they are missing from some tissues, and further 
isoforms (SEPT1, SEPT3, SEPT12, and SEPT14) show tis-
sue specific expression. As cytoskeletal components, septins 
have important roles in various cellular processes, including 
cell mobility (Kelley et al. 2015), apoptosis (Zhang et al. 
2016; Fung et al. 2014), endocytosis (Hall and Russell 2012; 
Barve et al. 2018), and in determining cell shape (Mostowy 
et al. 2011; Kremer et al. 2007) within a wild range of 

organisms, such as yeast, drosophila, and mammals. Septin 
assemblies have been shown to act as scaffolds at the plasma 
membrane to regulate the distribution/recruitment of mem-
brane-bound proteins promoting their functional interaction 
(Kinoshita 2006) and can also serve the compartmentaliza-
tion of discrete cellular domains (Hall and Russell 2012). 
As a scaffold they can regulate the distribution of surface 
receptors (Kinoshita et al. 2004) and a clathrin-mediated 
endocytosis (Veiga and Cossart 2006; Mostowy et al. 2011, 
2012). Septins are involved in establishing membrane rigid-
ity and so regulating cell shape and directional cell move-
ment (Gilden et al. 2012). Septin scaffold can also regulate 
vesicle fusion (Estey et al. 2010), microtubule-dependent 
transport in the cytoplasm (Bowen et al. 2011; Spilitois et al. 
2008), has essential role during host–pathogen interactions 
and autophagy (Mostowy and Cossart 2009; Mostowy et al. 
2011). They have a function in axon dynamics (Ageta-Ishi-
hara et al. 2013), axon growth (Bai et al. 2013), chromosome 
segregation (Spilitois et al. 2005), cytokinesis (Menon et al. 
2014), and dendrite formation (Xie et al. 2007), but also 
regulate cell motility (Tooley et al. 2009) and DNA repair 
(Connolly et al. 2011).

Little is known about their tissue specific functions, 
however, apart from the ubiquitous functions listed in the 
“Cellular function of septin proteins” section below, their 
contribution to the development, maintenance, and dis-
eases of different organs are widely examined (Dolat et al. 
2014b). The involvement of septin isoforms in neurologi-
cal syndromes like Alzheimer’s and Parkinson’s disease 
(Kinoshita et al. 1998; Ihara et al. 2003), Down´s syndrome, 

Fig. 1  Shematic presentation of 
domains in the different septin 
subgroups (SUE: Septin Unique 
Elements) (a). Crystallographic 
data was used to generate a two-
dimensional structural picture 
of SEPT7-SEPT6-SEPT2 trim-
ers (PDB code:2QAG) using 
PyMol Software (b). SEPT2 
is presented in white, SEPT6 
in grey, while SEPT7 struc-
ture is shown more detailed; 
determined α-helices, β-sheets 
and linker regions within the 
different domains are presented, 
while dashed lines are used 
when proper information are 
missing from crystal structure
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schizophrenia, and different types of cancer such as leuke-
mia (Elhasid et al. 2004), lymphoma, skin, breast (Zhang 
et al. 2016), colon, ovarian (Burrows et al. 2003; Scott et al. 
2005) has already been proved. In this review we summa-
rize information and data regarding the expression of sep-
tins in organisms from different level of phylogenetics, the 
knowledge about oligomerization of the septin isoforms and 
regulatory possibilities of their assembly, the morphological 
and functional interaction of septins and other cytoskeletal 
components and membranes, the cellular functions of sep-
tin organizations, and the involvement of septin assemblies 
in muscle type tissues. We collected thriving information 
of septins in several tissues that imply their contribution to 
proper muscle function.

Phylogenetics, evolution

Septins are present in at least some representatives of every 
eukaryotic supergroup, with the possible exception of the 
Excavata. However, the structure, assembly, and biological 
roles of septins outside of the opisthokonts (animals, fungi, 
and their close relatives) largely remain unknown (Onishi 
and Pringle 2016). In non-opisthokonts, Nishihama et al. 
(2011) revealed septin genes in Chlamydomonas reinhardtii 
and Nannochloris bacillaris and in two other chlorophyte 
algae, Volvox carteri (one gene) and Chlorella variabilis 
(two genes); in the brown alga Ectocarpus siliculosus (five 
genes); and in two ciliates, Tetrahymena thermophila and 
Paramecium tetraurelia. These groups represent lineages 
that diverged from one another, and from the opisthokonts, 
very early in eukaryotic evolution. No septins have been 
found in protozoa and plants so far (Onishi and Pringle 
2016).

Originated from their common unicellular ancestor about 
1.2 billion years ago, opisthokonts inherited a set of genes 
which, undergoing duplications, deletions and other modi-
fications, resulted in a morphological and physiological 
diversity (Ruiz-Trillo et al. 2007). In accordance with this, 
the number of septins and the coding genes vary between 
organisms (Nishihama et al. 2011; Pan et al. 2007). Based 
on phylogenetic investigations, all septins from fungi, 
microsporidia, and animals were clustered into five groups: 
Group 1 and Group 2 contain septin sequences from fungi 
and animals, Group 3 and Group 4 contain septin sequences 
from fungi and microsporidia, and Group 5 contains septin 
sequences from filamentous fungi (Pan et al. 2007). Further 
evolutionary analysis separated all metazoan (multicellular 
eukaryotic organisms) septin proteins into four subgroups: 
SEPT2, SEPT3, SEPT6, SEPT7 (Cao et al. 2007). Consider-
ing their important roles in morphogenesis, septin proteins 
might have contributed to the evolution of opisthokont com-
plexity and diversity (Mostowy and Cossart 2012). Most 

opisthokont septins contain a strongly predicted coiled-coil 
domain at their C-termini (Longtine et al. 1996; Pan et al. 
2007; Momany et al. 2008). This structure is absent in all of 
the non-opisthokont septins except for C. variabilis. Septin 
groups, including septins with coiled-coil domains, were 
ancient in the opisthokonts, suggesting that not only septin 
heterooligomers but also higher order filaments were part 
of the ancestral cellular tool kit of both animals and fungi. 
The presence of a hydrophobic (possibly transmembrane) 
domain, only in non-opisthokont septins lacking the coiled-
coil domain, suggests that these motifs represent alterna-
tive evolutionary solutions in protein anchoring and/or pro-
tein–protein interaction (Nishihama et al. 2011).

In Saccharomyces cerevisiae septins have been identified 
as the major constituents of the bud-neck filaments, which 
have essential roles in cytokinesis (Nishihama et al. 2011). 
In this species 7 members of the septin family were identi-
fied, including cdc10, cdc3, cdc11, cdc12, shs1, which are 
expressed during vegetative growth, and spr3 and spr28, 
which are expressed in a temporally limited manner during 
spore formation and are involved in developing prospore 
wall. Interestingly, deletion of the spr3 or spr28 genes results 
in no obvious phenotype, and a double mutant has minimal 
defects in sporulation, suggesting that there is a compensa-
tion mechanism by the other septins (Kinoshita 2003a, b).

Septins were also identified in the phylogenetically dis-
tant (Kurtzman 1994) fission yeast Schizosaccharomyces 
pombe. The two yeast species are also morphogenetically 
different: instead of budding, S. pombe cells grow by extend-
ing the ends of the cylindrical cell and then divide by medial 
septum formation. This process partly depends on actin and 
associated proteins forming a contractile ring. Six septins 
(spn1p–spn6p) have been identified in S. pombe; spn1p 
appears to function in cell division, in a late stage of septum 
formation or in a localized cell-wall dissolution leading to 
the separation of the daughter cells (Longtine et al. 1996).

Caenorhabditis elegans has 2 septin members (unc-59, 
unc-61). The C. elegans mutants of unc-59 and unc-61 
exhibit minimal defects in embryonic cytokinesis, but abnor-
malities in postembryonic morphogenesis occur in multiple 
organs, including germ-cell defects, egg-laying failure, and 
deformities in the male tail and sensory neurons. Further 
evidence suggests that C. elegans septins are required for 
the proper formation and structural integrity of the somatic 
gonad (Nguyen et al. 2000).

Drosophila melanogester has 5 septin members (pnut, 
sept1, sept2, sept4, sept5). Protein localization and pheno-
type of the pnut mutant Drosophila significantly contributed 
to our understanding of septin function. Pnut-null mutant 
larvae have severely reduced cell number, with multinu-
cleated cells in the brain, and they die shortly after pupa-
tion. Mutant embryos lacking the pnut function from both 
the mother and the zygote, have abnormal organization of 
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actin rings in the late cellularization stage of embryogen-
esis and extensive morphological defects during gastrulation 
(Kinoshita 2003a, b).

The presence of the representative homologue of the 
SEPT2, SEPT3, SEPT6, and SEPT7 subgroups in the non-
vertebrate chordate Ciona intestinalis suggests that the 
emergence of the four septin subgroups described by Cao 
et al. (2007) occurred prior to the divergence of vertebrates 
from invertebrates, and the expansion of the number of sep-
tin genes in vertebrates was caused by mainly the duplication 
of pre-existing genes rather than by the appearance of a new 
septin subgroup (Cao et al. 2007). Humans have 13 septin 
members: 1–12 and 14 (Nishihama et al. 2011; Pan et al. 
2007). The orthologues (homologous gene sequences) of 
most human septins existed in zebrafish, which suggests that 
the human septin gene tool kit was mainly formed before the 
fishes and land vertebrates became separated. The evolu-
tionary rate within this septin family in mammalian lineage 
varies significantly, human SEPT1, SEPT10, SEPT12, and 
SEPT14 display a relatively elevated evolutionary rate com-
pared with other septin members (Cao et al. 2007).

Oligomerization of septin monomers

Septins form oligomeric complexes made up of different 
septin subgroup members, which are able to create higher-
order structures, such as filaments, sheets, or rings involved 
in several biological processes (Weirich et al. 2008; Bertin 
et al. 2010). More and more experimental data are available 
regarding the interaction between septins and other proteins 
(Fig. 2).

The oligomeric complexes of paralogous septins contain 
four, six, or eight subunits, depending on the organism (Field 
et al. 1996; John et al. 2007; Sirajuddin et al. 2007; Bertin 
et al. 2008), forming heterooligomeric building blocks that 
assemble into filaments via longitudinal and lateral interac-
tions (Weirich et al. 2008). These heterooligomeric com-
plexes are formed by the interaction of G-domains using 
two interactive surfaces. One interface includes the N- and 
C-terminal extensions (NC-Interface) and the other one con-
sists of the guanine nucleotide binding site and the β-hairpin 
insertion (G-interface). Within the heterooligomeric pro-
tein complexes G and NC interfaces alternate, the structure 
and order of the septin monomers determine the non-polar 
properties of the filaments. The stability of the interaction 
between two septin subunits depends on the presence of the 
guanine nucleotide (Sirajuddin et al. 2007; Zent et al. 2011; 
Macedo et al. 2013).

In addition to nucleotide binding, septin complexes 
show a slow GTP hydrolysis, however, rates of hydrolysis 
depend on the composition of the analyzed complex (Field 
et al. 1996; Farkasovsky et al. 2005; Huang et al. 2006). 

GTP-hydrolysis can be observed from yeast to human, prov-
ing it to be an important role in the function of septins. In 
2014, Zent et al. have investigated the complex GTPase reac-
tion of all members of the four human septin groups. They 
have observed similar hydrolysis reactions in three septin 
groups in the monomeric state while SEPT6 has no GTPase 
activity. SEPT7 forms a very tight G-interface dimer in the 
GDP-bound state. Additionally, the stability of the interface 
is dramatically decreased by replacing GDP with a nucleo-
side triphosphate, which is believed to have an influence in 
filament formation via SEPT7 (Zent and Wittinghofer 2014).

Interestingly, a number of studies report that septin oli-
gomers contain one member from each subgroup and sug-
gest subgroup-restricted binding preferences of mammalian 
septins (Nakahira et al. 2010; Sandrock et al. 2011). The 
group 7 seems to be unique, because SEPT7 is the only 
member of its subgroup, not only in humans but also in 
most other organisms. The absence of SEPT7 will lead to 
the loss of other septin proteins in homo- and heterooligo-
meric complexes, so it seems to be essential in the formation 
of filaments (Kinoshita et al. 2002). In hexamers, SEPT7 is 
in terminal position (Sirajuddin et al. 2007) and it is fur-
ther associated with nonpolar linear septin filaments (Tada 
et al. 2007; Mostowy and Cossart 2012). Sellin et al. (2011) 
explored native assembly states and subunits in the human 
septin system. These data indicate that mammalian septins 
exist predominantly in the context of six or eight subunit 
heteromers that depends on SEPT7 for stability. Accord-
ing to the crystallographic studies the basic unit is SEPT 
7:6:2:2:6:7 in a hexamer where SEPT2–SEPT2 and SEPT6-
SEPT7 interactions occurred via N–C interfaces and SEPT2-
SEPT6 and SEPT7–SEPT7 interactions occurred via the 
G–G interface. While SEPT2 and SEPT7 were associated 
with GDP in the hexamer, SEPT6 was GTP-bound, suggest-
ing that proteins in the SEPT6 family are GTPase-deficient, 
as mentioned above (Sirajuddin et al. 2007).

The composition of the septin complex is cell-type spe-
cific and essential for certain functions. Kuo et al. (2015) 
have investigated that SEPT12 as well as SEPT9 can flank 
the SEPT2-6-7 hexamers to form octamers in mammalian 
sperm annulus (e.g., 12-7-6-2-2-6-7-12 or 12-7-6-4-4-6-7-
12), suggesting a critical role in sperm motility. Interest-
ingly, human SEPT9, due to variable mRNA splicing, exists 
as multiple isoforms that differ between tissues. Sellin et al. 
(2011) have shown that the SEPT9 expression level directs 
the hexamer-to-octamer ratio in myeloid K562 cells, and 
that the isoform composition and expression level together 
determine higher-order arrangements of septins.

Several human septins might be exchangeable in these 
complexes (Tada et al. 2007; Xie et al. 2007), the indi-
vidual members within one septin subgroup can substitute 
for one of the others at the same position of the complex 
in vivo and in vitro (Nakahira et al. 2010; Sandrock et al. 
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2011). It has been suggested that SEPT2 can be replaced 
by SEPT5 (or SEPT1/SEPT4) and SEPT6 by SEPT11 (or 
possibly by SEPT8/SEPT10) in a SEPT2- SEPT6- SEPT7 
complex (Kinoshita 2003a, b). Therefore, the existence of 
SEPT5/7/11 complexes do not contradict the existence of 
previously reported SEPT2/6/7 or SEPT7/9b/11 complexes, 
and is consistent with earlier findings that downregulation 
of SEPT7 decreased the expression of other members of the 
septin complex (Kinoshita et al. 2002; Kremer et al. 2005). 
The absence of SEPT7 leads to the loss of other septin pro-
teins in homo- and heterooligomeric complexes, and this 

protein appears essential for the generation of filaments 
(Kinoshita et al. 2002), as mentioned above.

Posttranslational modifications SUMOylation (s mall 
u biquitin-related mo difier) that regulates the removal of 
old septin rings (Johnson and Blobel 1999), acetylation that 
likely has an important role in the ring to collar transition 
and in the localization of septin rings (Mitchell et al. 2011), 
and phosphorylation, the best characterized modification 
that might have a large influence on the morphogenesis 
and cytokinesis, have been reported in septin oligomers. 
There are posttranslational modification regions within 
the G domain, near the G interface, to modulate septin 

Interac�ng sep�n 
isoform

Interac�on with other sep�n isoforms Interac�on with other proteins

SEPT1 SEPT2, SEPT3, SEPT4, SEPT5, SEPT6, SEPT7, 
SEPT8, SEPT9, SEPT10, SEPT11, SEPT12

SEPT2 SEPT1, SEPT3, SEPT4, SEPT5, SEPT6, SEPT7, 
SEPT8, SEPT9, SEPT10, SEPT11, SEPT12

CDC42EP4 (BORG4), SAP18, AARSD1, SRSF7

SEPT3 SEPT1, SEPT2, SEPT4, SEPT5, SEPT6, SEPT7, 
SEPT8, SEPT9, SEPT10, SEPT11, SEPT12, SEPT14

CDC42EP4, CBR4

SEPT4 SEPT1, SEPT2, SEPT3, SEPT6, SEPT7, SEPT8, 
SEPT9, SEPT10, SEPT11, SEPT12

CDC42EP4

SEPT5 SEPT1, SEPT2, SEPT3, SEPT6, SEPT7, SEPT8, 
SEPT10, SEPT11, SEPT12

CDC42EP4

SEPT6 SEPT1, SEPT2, SEPT3, SEPT4, SEPT5, SEPT7, 
SEPT8, SEPT9, SEPT10, SEPT11, SEPT12, SEPT14

CDC42EP4

SEPT7 SEPT1, SEPT2, SEPT3, SEPT4, SEPT5, SEPT6, 
SEPT8, SEPT9, SEPT10, SEPT11, SEPT12, SEPT14

CDC42EP4, ZWILCH, BUD31, TRIM55, TRA2A, IK, 
CDC5L, SAP18, SRSF7, SAFB

SEPT8 SEPT1, SEPT2, SEPT3, SEPT4, SEPT5, SEPT6, 
SEPT7, SEPT10, SEPT11, SEPT12

ENSG00000108825, AARSD1, ZWILCH, 
CDC42EP4

SEPT9 SEPT1, SEPT2, SEPT3, SEPT6, SEPT7, SEPT10, 
SEPT11

CDC5L, CDC42EP4, FERMT2, SUCLG1, AURKA

SEPT10 SEPT1, SEPT2, SEPT3, SEPT4, SEPT5, SEPT6, 
SEPT7, SEPT8, SEPT9, SEPT11, SEPT12, SEPT14

CDC42EP4

SEPT11 SEPT1, SEPT2, SEPT3, SEPT4, SEPT5, SEPT6, 
SEPT7, SEPT8, SEPT9, SEPT10, SEPT12

CDC42EP4, SEC22B, TMEM189, STIM1, SIN3A, 
SUCLG1, TMEM9, FERMT2, SLC9A3R2

SEPT12 SEPT1, SEPT2, SEPT3, SEPT4, SEPT5, SEPT6, 
SEPT7, SEPT8, SEPT10, SEPT11

SEPT14 SEPT3, SEPT6, SEPT7, SEPT10 CDC42EP4

Fig. 2  Interacting proteins with SEPT7 according the functional 
protein association network STRING. Settings of the interaction 
search was highest confidence (≥ 0.9) from active experimental (a), 
co-expression (b), or database (c) sources. Table shows interaction 

partners of all human septin isoforms identified experimentally either 
from the different septin subgroups or as other proteins. Information 
was collected from STRING using high confidence (≥ 0.7) setting
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heteropolymer assembly and stability. The posttranslational 
modifications within the highly diverged N- and C-termini, 
might be the most important for the assembly of higher-
order septin structures that are unique to individual organ-
isms (Hernández-Rodríguez and Momamy 2012). According 
to Sandrock et al. (2011), mutations of a potential phos-
phorylation site within SEPT7 regulates the binding to all 
other septins. In cells deletion of SEPT7 or mutation of the 
interaction surface prevented SEPT9 association with the 
complex, suggesting that it interacts with SEPT7 (Kim et al. 
2011; Sellin et al. 2012).

Higher order assembly of septin filaments are facilitated 
by the association of these oligomers to the cell membrane 
(Bridges et al. 2014). Based on the results, that SEPT5 and 
SEPT11 can colocalize and coimmunoprecipitate with 
SEPT7, and expression levels of both are decreased in 
SEPT7 deficient neurons (Tada et al. 2007; Xie et al. 2007), 
the existence of a SEPT5–SEPT7–SEPT11 complex in neu-
ronal dendrites was suggested. This is consistent with an 
earlier finding that SEPT7 level is significantly decreased in 
homozygotic SEPT5 null mice (Peng et al. 2002).

Identification of small molecules that inhibit septins could 
help to explain the functions of septins under normal and 
pathological conditions. The plant growth regulator forchlo-
rfenuron (FCF), a synthetic cytokinin is known to inhibit 
septin dynamics in vitro without affecting either actin or 
tubulin polymerization (Hu et al. 2008). The inhibition of 
septin organization by FCF and the related physiological 
effects have been investigated in several organisms. Septins 
of the human blood fluke Schistosoma mansoni and their 
interactions with forchlorfenuron was investigated by Zeraik 
et al. (2014). Application of FCF at 50–500 μM concentra-
tion led to rapid polymerization of filaments and paralysis 
under different culturing developmental stages of schisto-
somes, which was reversible upon removal of the cytokinin. 
The findings implicated a direct effect on muscle contraction 
due to septin stabilization that might be responsible for the 
reversible paralysis. In infected cultures with Chlamydia tra-
chomatis, which is an obligate intracellular human pathogen 
that grows inside a membranous, cytosolic vacuole termed 
an inclusion, FCF administration reduced growth of the 
chlamydial inclusion substantially (Volceanov et al. 2014). 
However, off-target effects of FCF have also been published. 
In budding yeast cells FCF treatment inhibited growth and 
the proliferation but did not have detectable effect on septin 
structure or function. FCF potently inhibited ciliation and 
motility, and induced mitochondrial disorganization in Tet-
rahymena thermophila without apparent alterations in sep-
tin structure. Moreover, cultured mammalian cells treated 
with FCF displayed fragmented mitochondria (Heasley 
et al. 2014). The ability of FCF to modify cell proliferation 
and invasion was shown in breast cancer cells (Zhang et al. 
2016). FCF dose-dependently depressed cell viability and 

colony formation in MCF7 and in a highly invasive breast 
cancer cell line MDA-MB-231, also induced apoptosis, 
while at 100 µM concentration FCF developed cytotoxic-
ity. In silico analysis of FCF docking to all available crystal 
structures of septins indicates that FCF interacts preferen-
tially with the nucleotide-binding pockets of septins (Angelis 
et al. 2014). The inhibitor is predicted to form hydrogen 
bonds with residues involved in GDP-binding and thus sta-
bilizes septins by locking them into a conformation that 
mimics a nucleotide-bound state, preventing further bind-
ing and GTP hydrolysis. The effectiveness of this cytokin 
was also tested in human gastric epithelial (HGE-20) cancer 
cells, where septins and the receptor tyrosine kinase ErbB2 
were highly expressed. Cell exposure to FCF significantly 
reduced colocalization of ErbB2 with septins, but increased 
the level of ubiquitylated ErbB2 at the plasma membrane. 
These data suggest that septins protect ErbB2 from ubiquity-
lation, endocytosis, and lysosomal degradation and provide 
a basis for the development of new ErbB2-targeting anti-
cancer therapies (Markus et al. 2016).

Cellular function of septin proteins

Besides the originally described diverse function of septins 
in cytokinesis (Hartwell 1971), growing number of observa-
tions confirmed their other biological functions. They were 
found to contribute to several cellular processes, to partici-
pate in the development and physiology of specific tissues 
and organs, and their potential role in various pathophysi-
ological states has also been indicated.

They can have an impact—among others—on neurotrans-
mission e.g. on glutamate uptake. In a primary culture of 
glial cells, the expression of a SEPT2 isoform was critical 
for the assembly of septin units, the isoform with a mutated 
domain reduced the level of glutamate uptake (Kinoshita 
et al. 2004). Septins are also able to control the localization 
of ion channels, their clustering, and the release of synaptic 
vesicles. SEPT3, 4, 5, 6, 7, and 11 have been suggested to 
affect the neurotransmitter release and uptake.

Interacting with other components of the cytoskeleton 
Septins also play a role in the support and regulation of 
cell shape, the rigidity of the cell and facilitate their migra-
tion (Tooley et al. 2009; Dolat et al. 2014a, b; Kremer et al. 
2007; Kim et al. 2010; Gilden et al. 2012). In HeLa cells 
reduced rigidity was observed in the absence of SEPT2 or 
SEPT11 (Mostowy et al. 2011). In mouse T cells SEPT7 
depletion results in significantly impaired morphology. Fur-
thermore, septins can form diffusion barriers that control the 
localization of cellular proteins thus contributing to cellular 
compartmentalization.

Although septins neither present motor activity, 
nor force generation, due to their interactions with the 
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mechanotransduction machinery, they are supposed to have 
a role in mechanobiology and in the regulation of mecha-
notransductional pathways (Calvo et al. 2015; Dolat et al. 
2014a, b; Simi et al. 2018). Potentially affecting the con-
formation of stretch-sensitive ion channels, they might be 
able to modify the stretch-activated cellular responses and 
downstream mechanotransduction (Pardo-Pastor et al. 2018; 
Coste et al. 2010).

Because of their ability to modify the formation of actin 
filaments and membrane rigidity (Sirajuddin et al. 2007; 
Tanaka-Takiguchi et al. 2009), they are supposed to par-
ticipate in the creation and maintenance of curved cellular 
configurations. These assumptions are confirmed by the 
localization of septins: they are highly expressed in cellular 
structures with high curvature that generate or are exposed 
to mechanical stress (the annulus of spermatozoa, the bases 
of cilia and dendrites, surrounding invasive bacteria; see e.g. 
Mostowy and Cossart (2012).

The first mammalian septin (SEPT1) was cloned from 
lymphocytes (Carol et al. 1990), even so the role of septins 
in the immune system was not intensively studied so far. The 
proper function of the immune system requires coordinated 
work of different specialized cell types. Septins, especially 
SEPT9 have been found to be essential for the development 
of T lymphocytes (Lassen et al. 2013). The membrane struc-
ture of T-cells and their migrating capacity were also shown 
to be affected by septins (SEPT6 and SEPT7) (Gilden et al. 
2012).

The influence of septins on mammalian embryogenesis is 
not yet understood, but genetic deletion of SEPT7, SEPT9, 
and SEPT11 proved to be lethal in the embryonic phase, 
reflecting their essential role (Kinoshita 2008; Fuchtbauer 
et al. 2011; Roseler et al. 2011). During the early develop-
ment of the heart, the first organ to form during embryo-
genesis, SEPT2, 6, 7, and 9 interacting with the elements of 
the cytokinetic machinery could regulate cardiac functions 
(Ahuja et al. 2006). In the vascular network, in platelets 
SEPT5 has been observed and identified as a negative regu-
lator of the fusion of storage vesicules (α-granules) (Dent 
et al. 2002). In the DiGeorge syndrome, characterized by 
cardial impairment and lesions, SEPT5 is deleted (McKie 
et al. 1997). Bernard-Soulier syndrome, a rare autosomal 
recessive blood disorder is also connected to altered SEPT5 
expression (Lopez et al. 1998). In primary mouse cardiac 
endothelial cells, Borg5 (Binder of the Rho GTPase 5, 
also known as CDC42EP1) association with septins in the 
perinuclear region and its colocalization with actomyosin 
fibres were shown. Both Borg5 deletion and SEPT7 knock-
down resulted in a disruption of the perinuclear actomyosin 
and persistent directional migration thus affecting efficient 
microvascular angiogenesis (Liu et al. 2014). Several blood 
disorders are also connected to improper septin expression, 
e.g. acute myeloid leukemia, acute lymphoblastic leukemia, 

and mixed lineage leukemia. SEPT2, 4, 5, 6, 9, and 11 are 
potential key players of these diseases (Cerveira et al. 2011; 
Muntean and Hess 2012).

Septins are widely expressed in the nervous system. Their 
impact on neurotransmission was mentioned above. Their 
role in differentiation of neurites into axons and dendrites, 
neuronal migration, formation of dendritic spines, dendritic 
arborization, branching of axons were also revealed, and the 
involvement of SEPT4, 6, 7, 11, and 14 have been estab-
lished (Shinoda et al. 2010; Tada et al. 2007; Xie et al. 2007; 
Cho et al. 2011; Hu et al. 2012). Since septins have essential 
roles in the development and activity of the nervous system, 
and they are also integral elements of neurotransmission, any 
impairment of their expression results in neurodegenerative 
disorders. Schizophrenia, bipolar disorders (SEPT5, 6, and 
11) (Pennington et al. 2008), Down syndrome (SEPT4, 6, 
and 7) (Sitz et al. 2008), Alzheimer’s disease (SEPT1, 2, and 
4) (Kinoshita et al. 1998), and Parkinson’s disease (SEPT4) 
(Ihara et al. 2007) were all associated to abnormalities of 
septin expression.

The function of the reproductive system has also been 
connected with septin expression. Septins were assigned 
to male infertility and ovarian cancer. SEPT4 (Ihara et al. 
2005; Kissel et al. 2005), and in addition SEPT1, 6, 7, and 
12 (SEPT12 is expressed only in the testis) account for the 
former (Toure et al. 2011; Lin et al. 2009), while SEPT9 
has been found to contribute to the latter pathology (Kalikin 
et al. 2000; Russell et al. 2000).

The development and function of the excretory system, 
gastrointestinal tract, and respiratory system depend on the 
proper function of epithelial cells, which requires a well 
defined localisation of channels and transporter molecules 
in the membrane. SEPT2 has been proven to be necessary 
for the transport of vesicles from the Golgi apparatus to the 
membrane and for the structure of the cytoskeleton (Spilio-
tis et al. 2008; Bowen et al. 2011). Its deletion results in 
improper epithelial cell shape and membrane protein 
accumulation in the cytoplasm. SEPT2 and SEPT2/7/9 
complexes regulate morphology of cilium that helps to 
monitor the flow of fluid in the nephron (Hu et al. 2010; 
Ghossoub et al. 2013). SEPT7 might influence the regula-
tion of glucose transport in podocytes (Wasik et al. 2012). 
SEPT2 and 11 are overexpressed in renal cell carcinoma 
(Craven et al. 2006), SEPT4 in colorectal cancer (Zieger 
et al. 2000; Tanaka et al. 2001), while the level of SEPT9 
decreases progressively during tumorigenesis due to gene 
methylation during colorectal cancer progression (Toth et al. 
2011), consequently SEPT9 test is used to screen early-stage 
colon cancer (Warren et al. 2011). In the respiratory system, 
SEPT2 helps to sustain membrane integrity of shear-stressed 
epithelial cells (Sidhaye et al. 2011).

Septins are present in the skin as well. SEPT1, 4, 8, 
11, and 14 were observed in epidermal keratinocytes. In 
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squamous cell carcinoma and malignant melanoma upregu-
lation of these septins and their interaction with the cytoskel-
etal elements were detected (Mizutani et al. 2013). However, 
the metastasis formation and malignant transformation are 
not yet unambiguously connected to septins.

Interactions between septins and other 
cytoskeletal elements

Many recent studies have shown that septins fundamentally 
interact with actin-cytoskeleton, microtubules and mem-
brane structures of cells, respectively. So, they might be 
considered as the 4th element of the cytoskeletal structure 
(Mostowy and Cossart 2012).

Septin‑microtubule interactions

The first result that led to the conclusion that septins may 
interact with microtubules was an inspection on Drosophila, 
where SEPT1 and SEPT2 were shown to be able to bind to 
microtubules under in vitro conditions (Sisson et al. 2000). 
Subsequent studies have shown that more than half of septin 
isoforms colocalize with microtubules and these associations 
exert potential role of septins in mitotic events (Silverman-
Gavrila and Silverman-Gavrila 2008). A few septin vari-
ants like SEPT1, SEPT2, SEPT6, and SEPT9 are located 
at the mitotic spindle in the mitosis phase of the cell cycle, 
while these isoforms are found at midbody in the telophase 
of the mitosis (Qi et al. 2005; Spiliotis et al. 2005; Nagata 
et al. 2003). A further study confirmed the importance of the 
aforementioned septin variants in the mitotic events using 
gene silencing, where the lack of septins led to abnormalities 
in the cyto- and karyokinesis. Moreover, septins not only 
show co-localization with microtubules, but they are able 
to influence their dynamics through microtubule-associated 
protein 4 (MAP4) interaction, by linking with MAP4 and 
preventing its binding to the microtubules (Kremer et al. 
2005). Furthermore, interactions between septins and micro-
tubules have also been described in neuronal cells where 
microtubule-dependent cytoplasmic movements have cru-
cial role in neurotransmission and axonal outgrowth (Neu-
feld and Rubin 1994). Meanwhile, SEPT3 is presumably 
involved in synaptic vesicule recycling, since it is primar-
ily co-localized with synaptophysin and dynamine at the 
presynaptic terminal (Xue et al. 1989). On the other hand, 
SEPT2 is associated with tubulin and this interaction drives 
the vesicular transport in a MAP4-dependent manner (Ikeg-
ami et al. 2007).

Septin–actin interactions

Experiments performed on Drosophila embryos have proven 
that septins are essential for normal cell shape formation as 
septins contribute to the evolvation of regular actin bundles 
(Mavrakis et al. 2014). Shortly after identification of mam-
malian septins, it was found that some septin isoforms as 
SEPT2, SEPT6, SEPT7, and SEPT9 show colocalization 
with the actin cytoskeleton (Joberty et al. 2001; Kinoshita 
et al. 1997; Surka et al. 2002; Xie et al. 1999). In non-divid-
ing cells, the septins primarily interact with actin stress fib-
ers (ASF) (Kremer et al. 2007; Dolat et al. 2014a, b) and 
their role is crucial in their spatial organization and function 
exemplified by the fact that depletion of septins results in 
shorter, less massive and stable ASFs, and these fibers are 
dispersed rapidly after their formation (Estey et al. 2010). 
Moreover, the absence of septins leads to mislayed stress 
fibers (SF) and reduced mechanotransduction and it is well 
characterized by the lack of focal adhesion, maturation, and 
reduced extracellular matrix (ECM) transformation and con-
traction (Kremer et al. 2007). In mitotic cells septins concen-
trate mainly at the cleavage furrow and take part in the devel-
opment of the contractile and circular acto-myosin bundles 
during cell division (Estey et al. 2010; Schmidt and Nichols 
2004). In adherent HeLa and MDCK (Madin-Darby Canine 
Kidney) cells SEPT2 depletion interferes with the process 
of cleavage furrows, which finally results in bi-nucleated 
cells (Schmidt and Nichols 2004). Recent studies propose 
that septins play a role in the preservation of the perinuclear 
actin matrix based on the presence of septin filaments on 
the ventral side of nuclei where they colocalize with actin 
(Verdier-Pinard et al. 2017). Although we lack detailed 
information about the localization of septins in branched 
actin mash, but it has already been proven that septins, espe-
cially SEPT1 and SEPT5 in carcinoma and melanoma cells 
are highly present in lamellopodia and are required for cell 
spreading (Mizutani et al. 2013). Furthermore, experiments 
performed on DRG (Dorsal Root Ganglion) neurons suggest 
robust expression of SEPT6 at branched actin that results in 
axonal filopodia (Hu et al. 2012).

Septin–plasma membrane interactions

It has been shown that septins fundamentally interact with 
the lipid bilayer, especially with phospholipids, an associa-
tion which is capable of influencing the organization of sep-
tins into filaments. Experiments performed in yeasts have 
confirmed that lower-order septin structures in are able to 
polymerize into filaments on PtdIns-4,5-bisphosphate-con-
taining lipid monolayers (Bertin et al. 2012). In mammalian 
MDCK cells, septins have been shown to boost membrane 
fusion events that enhance the maturation of macropino-
somes and promote lysosomal functions (Dolat and Spilitois 



259Journal of Muscle Research and Cell Motility (2021) 42:251–265 

1 3

2016). Impressive results by Dolat and Spiliotis (2016) have 
demonstrated the original role of septins in endocytosis and 
the fusion of endomembranes. Septins localize the actin fila-
ments to the plasma membrane, which affects the binding 
of actin to the membrane, or even modifies the linear or 
diversified polymerization of actin (Hagiwara et al. 2011). 
Although experimental data are not yet available, it is fea-
sible that septins may be involved in the anchoring of mito-
chondria to membrane-derived intracellular organelles such 
as endoplasmic reticulum or Golgi, as it has been demon-
strated that membrane proteins of these organelles interact 
with mitochondria directly or indirectly (Gurel et al. 2014).

Septins and calcium signaling

The regulatory role of septins in intracellular calcium 
homeostasis was also investigated. Mutated stim1 and orai1 
genes reduce SOCE in T-cells and generate severe combined 
immunodeficiency syndrome. Altered expression of these 
proteins is also involved in muscle differentiation defects and 
several human diseases like congenital progressive myopa-
thy. There are evidences to show the regulatory function of 
septins in this process, however, septin subgroups can modu-
late SOCE differently in Drosophila flight circuit neurons 
(Deb and Hasan 2016). The SEPT2 subgroup (dSEPT1 and 
dSEPT4) functions as a positive regulator of SOCE, suggest-
ing an evolutionary conserved role of the isoforms of this 
subgroup in different cell types. While reduction of dSEPT7 
alongside with an  IP3-receptor mutation increased extracel-
lular  Ca2+ uptake even without store depletion. In Drosoph-
ila neurons the interaction between SEPT7 and functional 
Orai channels was proved (Deb et al. 2016). According to the 
results from primarily cultured neurons the authors suggest 
that SEPT7 works as a molecular brake on the activation 
of Orai channels. The molecular reason suggested for these 
results is that dSEPT7 forms a complex with dSEPT1 and 
dSEPT2 which then maintains a break on dSTIM recruit-
ment to the ER-PM regions.

In HeLa cells genome-wide RNA interference screen was 
used to identify new modulators of  Ca2+/NFAT signalling 
(Sharma et al. 2013). NFAT (Nuclear factor of activated 
T-cells) is a transcription factor activated by sustained  Ca2+ 
influx across plasma membrane, mainly through Orai chan-
nels. In septin depleted cells, where SEPT2, SEPT4, and 
SEPT5 were simultaneously targeted, physiological STIM1-
mediated Orai activation was impaired, while Orai channel 
itself was intact and could be gated by soluble STIM1. The 
role of septins was also proved by the application of FCF 
which immobilizes septin filaments and produced inhibited 
Orai cluster formation, STIM1-Orai1 colocalization and 
impaired SOCE. They suggested that septins organize highly 
localized plasma membrane domains that are required for the 

efficient STIM1-Orai1 communication or other membrane 
microdomains relevant to different signaling processes.

It has been shown that members of the SEPT2 subgroup 
destabilize septin complexes in mammalian cells, while 
reduction of SEPT7 allows heterodimeric or heterotetra-
meric formation of SEPT2 and SEPT6 group members, 
but affect the formation of complexes via its terminal posi-
tion within the assembly (Sellin et al. 2011). As SEPT2/4/5 
subunits are necessary for nucleate septin complex forma-
tion, their reduction destabilizes septin filaments leading 
to abnormal Orai organization in resting cells and reduced 
STIM/Orai coupling and Orai opening after store depletion. 
However, reduced SEPT7 levels result only in shorter fila-
ments and attenuate organization of membrane lipids into a 
permissive form for STIM/Orai coupling and Orai opening 
even in resting cells.

Function of septin proteins in muscles

Expression of septins in muscle in various organisms

Regarding the expression and role of septin proteins in mus-
cle type tissues limited information is available. A novel 
cDNA that encodes a protein homologous to yeast cdc10 
was isolated from human samples, and mapped to chromo-
some region 2q37 by fluorescent in situ hybridization. The 
peptide sequence contained a motif of the GTPase superfam-
ily with conserved domains are rich in basic residues. Two 
different transcripts were shown, the major type, 3.5 kb long, 
was expressed ubiquitously in all human tissues examined, 
but a 2.0-kb alternative transcript lacking any long AU-rich 
element in the 3′ non-coding region was expressed abun-
dantly only in testis, heart and skeletal muscle (Mori et al. 
1996). In acute myeloid leukemia a gene was identified as a 
myeloid/lymphoid leukemia (MLL) fusion protein partner 
and was named MSF (MLL septin-like fusion). Two human 
alternative transcript (MSF-A and MSF-B), and a third data-
base variant of MSF (MSF-C) were identified from adult and 
fetal tissues; a 4.0-kb transcript MSF-B was detected only in 
skeletal muscle, the appropiate protein of 422 amino acids 
included a conserved GTPase domain and a xylose isomer-
ase 1 domain, indicating that MSFs are involved in the com-
plex metabolic regulation in different tissues (Kalikin et al. 
2000).

Conserved SEPT7 expression was proved in both embry-
onic and adult zebrafish hearts reflecting to its role in the 
developmental immaturity of the zebrafish heart compared 
with mammals. In adult hearts SEPT7 expression could 
mainly be detected in the endothelium and not directly in 
the cardiomyocytes (Gomes et al. 2016). The SEPT7 (cdc10) 
gene has been shown to be expressed at different levels in 
the longissimus muscle (LM) between low-marbled and 
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high-marbled steer groups. It is located within the genomic 
region of a quantitative trait locus for marbling, and its 
expression level was shown to be positively correlated in 
LM with marbling in Japanese Black (JB) steers (Tong et al. 
2015b). High expression levels of SEPT2, SEPT6, SEPT7, 
and SEPT9 were shown in mice embryonic heart, while their 
level significantly decreased around birth and was not detect-
able in adult heart tissue (Ahuja et al. 2006). High-through-
put analysis of the potential genes related to blood pressure 
regulation was conducted from aorta, liver, heart, and kidney 
samples of a mouse model. As a result, sept6 and pigx were 
found in the top 10 high blood pressure (BPH)- related dif-
ferentially regulated genes (DEGs), indicating their roles in 
the pathogenesis of this common chronic disease (Zhu et al. 
2018).

Functional studies of septins linked to muscle

Knockdown of SEPT7 significantly reduced F-actin and 
α-cardiac actin expression and thus caused myofibrillar 
disorganization and disruption of sarcomere structure in 
zebrafish heart. Depletion of SEPT7 decreased the expres-
sion of retinaldehyde dehydrogenase 2, which is essential for 
the retinoic acid synthesis and thus necessary for the mor-
phogenesis of the heart. Functionally, the aforementioned 
genetic alteration reduced the ventricular dimensions, con-
tractility and cardiac output without changing intracellular 
 Ca2+ tranzients (Dash et al. 2017). Also in zebrafish, SEPT7 
knockdown altered myosin heavy chain localization and dis-
organization of muscle fibers in somitic muscle presumably 
due to depletion of SEPT7 from myotendinous junction, 
the contact sites between muscles and tendons (Dash et al. 
2017).

Functional interactions of SEPT2 were also investigated 
using specific Rho kinase or actin and myosin inhibitors sug-
gesting a strong correlation of septin expression and the abil-
ity of cardiomyocytes to undergo cytokinesis (Ahuja et al. 
2006). A study, where cardiovascular toxicity of non-ste-
roidal anti-inflammatory drugs were tested in cultured car-
diomyocytes revealed that many proteins involved in mem-
brane organization were affected. Among them, SEPT8, a 
filament scaffolding protein, showed lower expression levels 
in cells treated with drugs of relatively high toxicity such as 
celecoxib, diclofenac, valdecoxib, and rofecoxib. In contrast, 
SEPT8 expression was unaffected in the presence of less 
toxic drugs as ibuprofen, naproxen, and meloxicam (Baek 
et al. 2010). In cultured C2C12 cells, a model system of skel-
etal muscle, downregulation of SEPT7 expression resulted 
in significant changes in cell morphology, decreased cell 
proliferation, and markedly reduced differentiation process 
of the cells (Angyal et al. 2019). In vivo, skeletal muscle-
specific, inducible reduction of SEPT7 protein expression in 
mice severly modified muscle architecture. The individual 

myofibrils became smaller but their number increased in 
SEPT7 KD mice. However, the reduced SEPT7 expression 
was not associated with altered excitation–contraction cou-
pling machinery, but significantly modified tissue repair 
in  BaCl2-injected Tibialis posterior muscle (Dobrosi et al. 
2019). These findings suggest that special septin isoforms 
present in striated muscles could have an essential role in 
determining normal physiological properties, differentiation, 
and muscle regeneration.

Furthermore, not only the expression pattern of different 
septin isoforms, but genetic variations (e.g. small nucleo-
tide polymorphism, SNPs) within the appropriate genes 
can influence the physiological role of septins. SNP in the 
promoter region of the cdc10 gene was shown to affect mar-
bling in JB cattle (Tong et al. 2015a, b). A high number 
of SNPs are already known in septin genes, however their 
direct or indirect correlation with any disease has not to our 
knowledge been studied so far. Most of the possible SNPs in 
mouse SEPT7 gene are localized in the coiled-coil region, 
and none in the polybasic region or within the G1, G3, and 
G4 motifs.

Conclusion

Striated muscles are perfectly designed machines respon-
sible for contration (Henderson et al. 2018). The complex 
cytoskeletal networks are critical for the coordination of the 
contractile activity of the sarcomere. This basic contractile 
unit is comprised of precisely organized individual filament 
system including thin (actin), thick (myosin), titin, and nebu-
lin. Intermediate filaments serve as a connection between the 
sarcomeres and other organelles (mitochondria and nucleus) 
and are responsible for the cellular integrity. The connection 
site of sarcomeres and cell membrane (also called costamer) 
participates in the synchronization and transmission of mus-
cle force. Proteins involved in these cytoskeletal assemblies 
are intensively investigated, mutations within their genes 
contribute to a number of human myopathies, however, 
the detailed functions and interconnections still have to 
be cleared. One of the major missing parts is to clarify the 
possible role of septins in striated muscle tissues. Emerg-
ing evidence suggest an important function for septins as a 
cytoskeletal protein in cardiac and skeletal muscle, similarly 
to their contribution in different cellular processes in non-
exitable cell types. Recently published data revealed that 
SEPT7 has an essential role in cultured muscle cells during 
differentiation in vitro and in determining skeletal muscle 
architecture in vivo. Despite the myriad of information col-
lected on the tissue specific function of septins, their precise 
role in the pathology of the human diseases needs further 
investigation. They are already used as biomarkers, but their 
use as a therapeutic target requires additional research.



261Journal of Muscle Research and Cell Motility (2021) 42:251–265 

1 3

Acknowledgments Open access funding provided by University of 
Debrecen (DE).

Funding This work was supported by Grants from the Hungarian 
National Research, Development and Innovation Office (NKFIH 
NK-115461), the GINOP-2.3.2-15-2016-0004 project, the GINOP-
2.3.2-15-2016-0044 project, the EFOP-3.6.2-16-2017-00006 and 
20428-3/2018/FEKUTSTRAT project.

Compliance with ethical standards 

Conflict of interest The authors declare that there is no conflict of in-
terest regarding the publication of this paper.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

References

Ageta-Ishihara N, Yamakado H, Morita T, Hattori S, Takao K, 
Miyakawa T, Takahashi R, Kinoshita M (2013) Chronic over-
load of SEPT4, a parkin substrate that aggregates in Parkinson’s 
disease, causes behavioral alterations but not neurodegeneration 
in mice. Mol Brain 6:35

Ahuja P, Perriard E, Trimble W, Perriard JC, Ehler E (2006) Prob-
ing the role of septins in cardiomyocytes. Exp Cell Res 
312(9):1598–1609

Angelis D, Karasmanis EP, Bai X, Spiliotis ET (2014) In silico docking 
of forchlorfenuron (FCF) to Septins suggests that FCF interferes 
with GTP binding. PLoS ONE 9(5):e96390

Angyal Á, Gönczi M, Ráduly Z, Szabó L, Dobrosi N, Dienes B, Cser-
noch L (2019) Septin 7 has an essential role in differentiation of 
C2C12 cells. J Muscle Res Cell Motil 40:242

Baek SM, Ahn JS, Noh HS, Park J, Kang SS, Kim DR (2010) Pro-
teomic analysis in NSAIDs-treated primary cardiomyocytes. J 
Proteomics 73(4):721–732

Bai X, Bowen JR, Knox TK, Zhou K, Pendziwiat M, Kuhlenbäumer 
G, Sindelar CV, Spiliotis ET (2013) Novel septin 9 repeat motifs 
altered in neuralgic amyotrophy bind and bundle microtubules. J 
Cell Biol 203:895–905

Barve G, Sanyal P, Manjithaya R (2018) Septin localization and func-
tion during autophagy. Curr Genet 64(5):1037–1041

Bertin A, McMurray MA, Grob P, Park S, Garcia G, Patanwala I, Ng 
H, Alber T, Thorner J, Nogales E (2008) Saccharomyces cerevi-
siae septins: supramolecular organization of heterooligomers and 
the mechanism of filament assembly. Proc Natl Acad Sci USA 
105(24):8274–8279

Bertin A, McMurray MA, Thai L, Garcia G 3rd, Votin V, Grob P, Allyn 
T, Thorner J, Nogales E (2010) Phosphatidylinositol-4,5-bis-
phosphate promotes budding yeast septin filament assembly and 
organization. J Mol Biol 404:711–731

Bertin A, McMurray MA, Pierson J, Thai L, McDonald KL, Zehr EA, 
García G, Peters P, Thorner J, Nogales E (2012) Three-dimen-
sional ultrastructure of the septin filament network in Saccharo-
myces cerevisiae. Mol Biol Cell 23(3):423–432

Bowen JR, Hwang D, Bai X, Roy D, Spiliotis ET (2011) Septin 
GTPases spatially guide microtubule organization and plus end 
dynamics in polarizing epithelia. J Cell Biol 194:187–197

Bridges AA, Zhang H, Mehta SB, Occhipinti P, Tani T, Gladfelter AS 
(2014) Septin assemblies form by diffusion-driven annealing on 
membranes. Proc Natl Acad Sci USA 111(6):2146–2151

Burrows JF, Chanduloy S, McIlhatton MA, Nagar H, Yeates K, Don-
aghy P, Price J, Godwin AK, Johnston PG, Russell SE (2003) 
Altered expression of the septin gene, SEPT9, in ovarian neopla-
sia. J Pathol 201(4):581–588

Byers B, Goetsch L (1976) A highly ordered ring of membrane-associ-
ated filaments in budding yeast. J Cell Biol 69(3):717–721

Calvo F, Ranftl R, Hooper S, Farrugia AJ, Moeendarbary E, Bruck-
bauer A, Batista F, Charras G, Sahai E (2015) Cdc42EP3/
BORG2 and septin network enables mechano-transduction 
and the emergence of cancer-associated fibroblasts. Cell Rep 
13:2699–2714

Cao L, Ding X, Yu W, Yang X, Shen S, Yu L (2007) Phylogenetic 
and evolutionary analysis of the septin protein family in meta-
zoan. FEBS Lett 581(28):5526–5532

Carol G, Michael W, St. John T (1990) Lymphocyte HEV adhesion 
variants differ in the expression of multiple gene sequences. 
Gene 95:279–284

Casamayor A, Snyder M (2003) Molecular dissection of a yeast sep-
tin: distinct domains are required for septin interaction, locali-
zation, and function. Mol Cell Biol 23(8):2762–2777

Cerveira N, Bizarro S, Teixeira MR (2011) MLL-SEPTIN 
gene fusions in hematological malignancies. Biol Chem 
392:713–724

Cho SJ, Lee H, Dutta S, Song J, Walikonis R, Moon IS (2011) Septin 
6 regulates the cytoarchitecture of neurons through localization 
at dendritic branch points and bases of protrusions. Mol Cells 
32:89–98

Connolly D, Abdesselam I, Verdier-Pinard P, Montagna C (2011) Sep-
tin roles in tumorigenesis. Biol Chem 392:725–738

Coste B, Mathur J, Schmidt M, Earley TJ, Ranade S, Petrus MJ, Dubin 
AE, Patapoutian A (2010) Piezo1 and Piezo2 are essential com-
ponents of distinct mechanically activated cation channels. Sci-
ence 330(6000):55–60

Craven RA, Stanley AJ, Hanrahan S, Dods J, Unwin R, Totty N, 
Harnden P, Eardley I, Selby PJ, Banks RE (2006) Proteomic 
analysis of primary cell lines identifies protein changes present 
in renal cell carcinoma. Proteomics 6:2853–2864

Dash SN, Narumanchi S, Paavola J, Perttunen S, Wang H, Lakkisto P, 
Tikkanen I, Lehtonen S (2017) Sept7b is required for the sub-
cellular organization of cardiomyocytes and cardiac function in 
zebrafish. Amm J Physiol Heart Circ Physiol 312:H1085–1095

Deb B, Hasan G (2016) Regulation of store-operated  Ca2+ entry by 
Septins. Front Cell Dev Biol 117514:142

Deb B, Pathak T, Hasan G (2016) Store-independent modulation of 
Ca2+ entry through Orai by Septin 7. Nat Commun 7:11751

Dent J, Kato K, Peng XR, Martinez C, Cattaneo M, Poujol C, Nurden 
P, Nurden A, Trimble WS, Ware J (2002) A prototypic platelet 
septin and its participation in secretion. Proc Natl Acad Sci USA 
99:3064–3069

Dobrosi N, Szabó L, Ráduly Z, Gönczi M, Kis G, Cseri K, Dienes 
B, Csernoch L (2019) Septin 7 has no role in EC-coupling but 
severly modifies skeletal muscle architecture. J Muscle Res Cell 
Motil 40:250

Dolat L, Spiliotis ET (2016) Septins promote macropinosome matura-
tion and traffic to the lysosome by facilitating membrane fusion. 
J Cell Biol 214:517–527

http://creativecommons.org/licenses/by/4.0/


262 Journal of Muscle Research and Cell Motility (2021) 42:251–265

1 3

Dolat L, Hunyara JL, Bowen JR, Karasmanis EP, Elgawly M, Galkin 
VE, Spiliotis ET (2014a) Septins promote stress fiber-mediated 
maturation of focal adhesions and renal epithelial motility. J Cell 
Biol 207:225–235

Dolat L, Hu Q, Spiliotis ET (2014b) Septin functions in organ system 
physiology and pathology. Biol Chem 395:123–141

Elhasid R, Sahar D, Merling A, Zivony Y, Rotern A, Ben-Arush M, 
Izraeli S, Bercovich D, Larisch S (2004) Mitochondrial pro-
apoptotic ARTS protein is lost in the majority of acute lympho-
blastic leukemia patients. Oncogene 23:5468–5475

Estey MP, Di Ciano-Oliveira C, Froese CD, Bejide MT, Trimble WS 
(2010) Distinct roles of septins in cytokinesis: SEPT9 mediates 
midbody abscission. J Cell Biol 191:741–749

Farkasovsky M, Herter P, Voss B, Wittinghofer A (2005) Nucleotide 
binding and filament assembly of recombinant yeast septin com-
plexes. Biol Chem 386(7):643–656

Field CM, Al-Awar O, Rosenblatt J, Wonq ML, Alberts B, Mitchison 
TJ (1996) A purified Drosophila septin complex forms filaments 
and exhibits GTPase activity. J Cell Biol 133:605–616

Fuchtbauer A, Lassen LB, Jensen AB, Howard J, Quiroga Ade S, 
Warming S, Sorensen AB, Pedersen FS, Fuchtbauer EM (2011) 
Septin9 is involved in septin filament formation and cellular sta-
bility. Biol Chem 392:769–777

Fung KY, Dai L, Trimble WS (2014) Cell and molecular biology of 
septins. Int Rev Cell Mol Biol 310:289–339

Ghossoub R, Hu Q, Failler M, Rouyez M-C, Spitzbarth B, Mostowy S, 
Wolfrum U, Saunier S, Cossart P, James Nelson W, Benmerah 
A (2013) Septins 2, 7 and 9 and MAP4 colocalize along the 
axoneme in the primary cilium and control ciliary length. J Cell 
Sci 126:2583–2594

Gilden JK, Peck S, Chen YC, Krummel MF (2012) The septin cytoskel-
eton facilitates membrane retraction during motility and bleb-
bing. J Cell Biol 196(1):103–114

Gomes RSM, Skroblin P, Munster AB, Tomlins H, Langley SR, Zam-
petaki A, Yin X, Wardle FC, Mayr M (2016) ˝Young at heart˝: 
regenerative potential linked to immature cardiac phenotypes. J 
Mol Cell Cardiol 92:105–108

Gurel PS, Hatch AL, Higgs HN (2014) Connecting the cytoskeleton t 
the endoplasmic reticulum and Golgi. Curr Biol 24:R660–R672

Hagiwara A, Tanaka Y, Hikawa R, Morone N, Kusumi A, Kimura H, 
Kinoshita M (2011) Submembranous septins as relatively sta-
ble component of actin-based membrane skeleton. Cytoskeleton 
68:512–525

Hall PA, Russell SEH (2012) Mammalian septins: dynamic heteromers 
with roles in cellular morphogenesis and compartmentalization. 
J Pathol 226:287–299

Hall PA, Jung K, Hillan KJ, Russell SEH (2005) Expression profiling 
the human septin gene family. J Pathol 206:269–278

Hartwell LH (1971) Genetic control of the cell division cycle in yeast. 
Exp Cell Res 69:265–276

Heasley LR, Garcia G, McMurray MA (2014) Off-target effects of the 
septin drug forchlorfenuron on nonplant eukaryotes. Eukaryot 
Cell 13(11):1411–1420

Henderson CA, Gomez CG, Novak SM, Mi-Mi L, Gregorio CC 
(2018) Overview of the muscle cytoskeleton. Compr Physiol 
7(3):891–944

Hernández-Rodríguez Y, Momany M (2012) Posttranslational modifi-
cations and assembly of septin heteropolymers and higher-order 
structures. Curr Opin Microbiol 15(6):660–668

Hu Q, Nelson WJ, Spiliotis ET (2008) Forchlorfenuron alters mam-
malian septin assembly, organization, and dynamics. J Biol Chem 
283(43):29563–29571

Hu Q, Milenkovic L, Jin H, Scott MP, Nachury MV, Spiliotis ET, 
Nelson WJ (2010) A septin diffusion barrier at the base of the 
primary cilium maintains ciliary membrane protein distribution. 
Science 329:436–439

Hu J, Bai X, Bowen JR, Dolat L, Korobova F, Yu W, Baas PW, Svitkina 
T, Gallo G, Spiliotis ET (2012) Septin-driven coordination of 
actin and microtubule remodeling regulates the collateral branch-
ing of axons. Curr Biol 22:1109–1115

Huang YW, Surka MC, Reynaud D, Pace-Asciak C, Trimble WS 
(2006) GTP binding and hydrolysis kinetics of human septin 2. 
FEBS J 273(14):3248–3260

Ihara M, Tomimoto H, Kitayama H, Morioka Y, Akiguchi I, Shibasaki 
H, Noda M, Kinoshita M (2003) Association of the cytoskel-
etal GTP-binding protein Sept4/H5 with cytoplasmic inclusions 
found in Parkinson’s disease and other synucleinopathies. J Biol 
Chem 278:24095–24102

Ihara M, Kinoshita A, Yamada S, Tanaka H, Tanigaki A, Kitano 
A, Goto M, Okubo K, Nishiyama H, Ogawa O, Takahashi C, 
Itohara S, Nishimune Y, Noda M, Kinoshita M (2005) Cortical 
organization by the septin cytoskeleton is essential for struc-
tural and mechanical integrity of mammalian spermatozoa. 
Dev Cell 8:343–352

Ihara M, Yamasaki N, Hagiwara A, Tanigaki A, Kitano A, Hikawa 
R, Tomimoto H, Noda M, Takanashi M, Mori H, Hattori N, 
Miyakawa T, Kinoshita M (2007) Sept4, a component of pre-
synaptic scaffold and Lewy bodies, is required for the suppres-
sion of α-synuclein neurotoxicity. Neuron 53:519–533

Ikegami K, Heier RL, Taruishi M, Takagi H, Mukai M, Shimma S, 
Taira S, Hatanaka K, Morone N, Yao I, Campbell PK, Yuasa 
S, Janke C, Macgregor GR, Setou M (2007) Loss of alpha-
tubulin polyglutamylation in ROSA22 mice is associated with 
abnormal targeting of KIF1A and modulated synaptic function. 
Proc Natl Acad Sci USA 104:3213–3218

Joberty G, Perlungher RR, Sheffield PJ, Kinoshita M, Noda M, 
Haystead T, Macara IG (2001) Borg proteins control septin 
organization and are negatively regulated by Cdc42. Nat Cell 
Biol 3:861–866

John CM, Hite RK, Weirich CS, Fitzgerald DJ, Jawhari H, Faty M, 
Schläpfer D, Kroschewski R, Winkler FK, Walz T, Barral Y, 
Steinmetz MO (2007) The Caenorhabditis elegans septin com-
plex is nonpolar. EMBO J 26(14):3296–3307

Johnson ES, Blobel G (1999) Cell cycle-regulated attachment of the 
ubiquitin-related protein SUMO to the yeast septins. J Cell 
Biol 147:981–994

Kalikin LM, Sims HL, Petty EM (2000) Genomic and expression 
analyses of alternatively spliced transcripts of the MLL septin-
like fusion gene (MSF) that map to a 17q25 region of loss in 
breast and ovarian tumors. Genomics 63(2):165–172

Kelley JB, Dixit G, Sheetz JB, Venkatapurapu SP, Elston TC, Dohl-
man HG (2015) RGS proteins and septins cooperate to pro-
mote chemotropism by regulating polar cap mobility. Curr Biol 
25(3):275–285

Kim HB, Haarer BK, Pringle JR (1991) Cellular morphogenesis in 
the Saccharomyces cerevisiae cell cycle: localization of the 
CDC3 gene product and the timing of events at the budding 
site. J Cell Biol 112(4):535–544

Kim SK, Shindo A, Park TJ, Oh EC, Ghosh S, Gray RS, Lewis 
RA, Johnson CA, Attie-Bittach T, Katsanis N, Walling-
ford JB (2010) Planar cell polarity acts through septins to 
control collective cell movement and ciliogenesis. Science 
329:1337–1340

Kim MS, Froese CD, Estey MP, Trimble WS (2011) SEPT9 occu-
pies the terminal positions in septin octamers and mediates 
polymerization-dependent functions in abscission. J Cell Biol 
195(5):815–826

Kinoshita M (2003a) The septins. Genome Biol 4:236
Kinoshita M (2003b) Assembly of mammalian septins. J Biochem 

134:491–496
Kinoshita M (2006) Diversity of septin scaffolds. Curr Opin Cell Biol 

18(1):54



263Journal of Muscle Research and Cell Motility (2021) 42:251–265 

1 3

Kinoshita M (2008) Insight into septin functions from mouse models. 
In: Hall PA, Russell SEH, Pringle JR (eds.) The Septins. Wiley, 
Hoboken.

Kinoshita M, Kumar S, Mizoguchi A, Ide C, Kinoshita A, Haraguchi 
T, Hiraoka Y, Noda M (1997) Nedd5, a mammalian septin, is a 
novel cytoskeletal component interacting with actin-based struc-
tures. Genes Dev 11:1535–1547

Kinoshita A, Kinoshita M, Akiyama H, Tomimoto H, Akiguchi I, 
Kumar S, Noda M, Kimura J (1998) Identification of septins 
in meurofibrillary tangles in Alzheimer’s disease. Am J Pathol 
153:1551–1560

Kinoshita M, Field CM, Coughlin ML, Straight AF, Mitchison TJ 
(2002) Self- and actin-templated assembly of Mammalian sep-
tins. Dev Cell 3(6):791–802

Kinoshita N, Kimura K, Matsumoto N, Watanabe M, Fukaya M, 
Ide C (2004) Mammalian septin Sept2 modulates the activity 
of GLAST, a glutamate transporter in astrocytes. Genes Cells 
1:1–14

Kissel H, Georgescu MM, Larisch S, Manova K, Hunnicutt GR, Steller 
H (2005) The Sept4 septin locus is required for sperm terminal 
differentiation in mice. Dev Cell 8:353–364

Kremer BE, Haystead T, Macara IG (2005) Mammalian septins regu-
late microtubule stability through interaction with the microtu-
bule-binding protein MAP4. Mol Biol Cell 16(10):4648–4659

Kremer BE, Adang LA, Macara IG (2007) Septins regulate actin 
organization and cell-cycle arrest through nuclear accumulation 
of NCK mediate by SOCS7. Cell 130:837–850

Kuo YC, Shen YR, Chen HI, Lin YH, Wang YY, Chen YR, Wang CY, 
Kuo PL (2015) SEPT12 orchestrates the formation of mamma-
lian sperm annulus by organizing core octameric complexes with 
other SEPT proteins. J Cell Sci 128(5):923–934

Kurtzman CP (1994) Molecular taxonomy of the yeasts. Yeast 
10:1727–1740

Lassen LB, Fuchtbauer A, Schmitz A, Sorensen AB, Pedersen FS, 
Fuchtbauer EM (2013) Septin9 is involved in T-cell development 
and CD8(+) T-cell homeostasis. Cell Tissue Res 352:695–705

Lin YH, Lin YM, Wang YY, Yu IS, Lin YW, Wang YH, Wu CM, Pan 
HA, Chao SC, Yen PH, Lin SW, Kuo PL (2009) The expres-
sion level of septin12 is critical for spermiogenesis. Am J Pathol 
174:1857–1868

Liu Z, Vong QP, Liu C, Zheng Y (2014) Borg5 is required for angiogen-
esis by regulating persistent directional migration of the cardiac 
microvascular endothelial cells. Mol Biol Cell 25(6):841–851

Longtine MS, DeMarini DJ, Valencik ML, Al-Awar OS, Fares H, De 
Virgilio C, Pringle JR (1996) The septins: roles in cytokinesis 
and other processes. Curr Opin Cell Biol 8(1):106–119

Lopez JA, Andrews RK, Afshar-Kharghan V, Berndt MC (1998) Ber-
nard-Soulier syndrome. Blood 91:4397–4418

Macedo JN, Valadares NF, Marques IA, Ferreira FM, Damalio JC, 
Pereira HM, Garratt RC, Araujo AP (2013) The structure and 
properties of septin 3: a possible missing link in septin filament 
formation. Biochem J 450:95–105

Marcus EA, Tokhtaeva E, Turdikulova S, Capri J, Whitelegge JP, Scott 
DR, Sachs G, Berditchevski F, Vagin O (2016) Septin oligomeri-
zation regulates persistent expression of ErbB2/HER2 in gastric 
cancer cells. Biochem J 473(12):1703–1718

Mavrakis M, Azou-Gros Y, Tsai FC, Alvarado J, Bertin A, Iv F, Kress 
A, Brasselet S, Koenderink GH, Lecuit T (2014) Septins promote 
F-actin ring formation by crosslinking actin filaments into curved 
bundles. Nat Cell Biol 16:322–334

McKie JM, Sutherland HF, Harvey E, Kim U-J, Scambler PJ (1997) A 
human gene similar to Drosophila melanogaster peanut maps to 
the DiGeorge syndrome region of 22q11. Hum Genet 101:6–12

Menon MB, Sawada A, Chaturvedi A, Mishra P, Schuster-Gossler K, 
Galla M, Schambach A, Gossler A, Förster R, Heuser M, Kotl-
yarov A, Kinoshita M, Gaestel M (2014) Genetic deletion of 

SEPT7 reveals a cell type-specific role of septins in microtubule 
destabilization for the completion of cytokinesis. PLoS Genet 
10:e1004558

Mitchell L, Lau A, Lambert JP, Zhou H, Fong Y, Couture JF, Figeys 
D, Baetz K (2011) Regulation of septin dynamics by the Sac-
charomyces cerevisiae lysine acetyltransferase NuA4. PLoS ONE 
6(10):e25336

Mizutani Y, Ito H, Iwamoto I, Morishita R, Kanoh H, Seishima M, 
Nagata KI (2013) Possible role of a septin, SEPT1, in spread-
ing in squamous cell carcinoma DJM-1 cells. Biol Chem 
394:281–290

Momany M, Pan F, Malmberg RL (2008) Evolution and conserved 
domains of the septins. In: Hall PA, Russell SEH, Pringle JR 
(eds) The Septins. Wiley, Hoboken, pp 35–45

Mori T, Miura K, Fujiwara T, Shin S, Inazawa J, Nakamura Y (1996) 
Isolation and mapping of a human gene (DIFF6) homologous to 
yeast CDC3, CDC10, CDC11, and CDC12, and mouse Diff6. 
Cytogenetic Cell Genet 73(3):224–227

Mostowy S, Cossart P (2009) Cytoskeleton rearrangements during Lis-
teria infection: chlatrin ans septins as new players in the game. 
Cell Motil Cytoskel 66:816–823

Mostowy S, Cossart P (2012) Septins: the fourth component of the 
cytoskeleton. Nat Rev Mol Cell Biol 13(3):183–194

Mostowy S, Janel S, Forestier C, Roduit C, Kasas S, Pizzaro-Cerda J, 
Cossart P, Lafont F (2011) A role for septins in the interaction 
between the Listeria monocytogenes invasion protein InlB and 
the Met receptor. Biophys J 100:1949–1959

Muntean AG, Hess JL (2012) The pathogenesis of mixed-lineage leu-
kemia. Ann Rev Pathol 7:283–301

Nagata K, Kawajiri A, Matsui S, Takagishi M, Shiromizu T, Saitoh N, 
Izawa I, Kiyono T, Itoh TJ, Hotani H, Inagaki M (2003) Filament 
formation of MSF-A, a mammalian septin, in human mammary 
epithelial cells depends on interactions with microtubules. J Biol 
Chem 278:18538–18543

Nakahira M, Macedo JNA, Seraphim TV, Cavalcante N, Souza TACB, 
Damalio JCP, Reyes LF, Assmann EM, Alborghetti MR, Gar-
ratt RC, Araujo APU, Zankin NIT, Barbosa JARG, Kobarg J 
(2010) A DRAFT of the human septin interactome. PLoS ONE 
5(11):e13799

Neufeld TP, Rubin GM (1994) The Drosophila peanut gene is required 
for cytokinesis and encodes a protein similar to yeast putative 
bud neck filament proteins. Cell 77:371–379

Nguyen TQ, Sawa H, Okano H, White JG (2000) The C. elegans septin 
genes, unc-59 and unc-61, are required for normal postembryonic 
cytokineses and morphogenesis but have no essential function in 
embryogenesis. J Cell Sci 113:3825–3837

Nishihama R, Onishi M, Pringle JR (2011) New insights into the phy-
logenetic distribution and evolutionary origins of the Septins. 
Biol Chem 392:681–687

Onishi M, Pringle JR (2016) The nonopisthokont septins: How many 
there are, how little we know about them, and how we might 
learn more. Methods Cell Biol 136:1–19

Pan F, Malmberg RL, Momany M (2007) Analysis of septins across 
kingdoms reveals orthology and new motifs. BMC Evol Biol 
7:103

Pardo-Pastor C, Rubio-Moscardo F, Vogel-González M, Serra SA, 
Afthinos A, Mrkonjic S, Destaing O, Abenza JF, Fernandez-
Fernandez JM, Trepat X, Albiges-Rizo C, Konstantopoulos K, 
Valverde MA (2018) Piezo2 channel regulates RhoA and actin 
cytoskeleton to promote cell mechanobiological responses. Proc 
Natl Acad Sci 115(8):1925–1930

Peng XR, Jia Z, Zhang Y, Ware J, Trimble WS (2002) The septin 
CDCrel-1 is dispensable for normal development and neurotrans-
mitter release. Mol Cell Biol 22(1):378–387

Pennington K, Beasley CL, Dicker P, Fagan A, English J, Pariante 
CM, Wait R, Dunn MJ, Cotter DR (2008) Prominent synaptic 



264 Journal of Muscle Research and Cell Motility (2021) 42:251–265

1 3

and metabolic abnormalities revealed by proteomic analysis of 
the dorsolateral prefrontal cortex in schizophrenia and bipolar 
disorder. Mol Psychiatr 13:1102–1117

Qi M, Yu W, Liu S, Jia H, Tang L, Shen M, Yan X, Saiyin H, Lang Q, 
Wan B, Zhao S, Yu L (2005) Septin1, a new interaction partner 
for human serine/threonine kinase aurora-B. Biochem Biophys 
Res Commun 336:994–1000

Roseler S, Sandrock K, Bartsch I, Busse A, Omran H, Loges NT, 
Zieger B (2011) Lethal phenotype of mice carrying a Sept11 
null mutation. Biol Chem 392:779–781

Ruiz-Trillo I, Burger G, Holland PW, King N, Lang BF, Roger AJ, 
Gray MW (2007) The origins of multicellularity: a multi-taxon 
genome initiative. Trends Genet 23(3):113–118

Russell SE, McIlhatton MA, Burrows JF, Donaghy PG, Chanduloy 
S, Petty EM, Kalikin LM, Church SW, McIlroy S, Harkin DP, 
Keilty GW, Cranston AN, Weissenbach J, Hickey I, Johnston PG 
(2000) Isolation and mapping of a human septin gene to a region 
on chromosome 17q, commonly deleted in sporadic epithelial 
ovarian tumors. Cancer Res 60:4729–4734

Sandrock K, Bartsch I, Bläser S, Busse A, Busse E, Zieger B (2011) 
Characterization of human septin interactions. Biol Chem 
392:751–761

Schmidt K, Nichols BJ (2004) Functional interdependence between 
septin and actin cytoskeleton. BMC Cell Biol 5(1):43

Scott M, Hyland P, McGregor G, Hillan KJ, Russell SHE, Hall PA 
(2005) Multimodality expression profiling shows SEPT9 to be 
over-expressed in a wide range of human tumours. Oncogene 
24(29):4688–4700

Sellin ME, Sandblad L, Stenmark S, Gullberg M (2011) Deciphering 
the rules governing assembly order of mammalian septin com-
plexes. Mol Biol Cell 22:3152–3164

Sellin ME, Stenmark S, Gullberg M (2012) Mammalian SEPT9 iso-
forms direct microtubule-dependent arrangements of septin core 
heteromers. Mol Biol Cell 23(21):4242–4255

Sharma S, Quintana A, Findlay GM, Mettlen M, Baust B, Jain M, 
Nilsson R, Rao A, Hogan PG (2013) An siRNA screen for NFAT 
activation identifies septins as coordinators of store-operated 
 Ca2+ entry. Nature 499:238–244

Shinoda T, Ito H, Sudo K, Iwamoto I, Morishita R, Nagata K (2010) 
Septin 14 is involved in cortical neuronal migration via interac-
tion with Septin 4. Mol Biol Cell 21:1324–1334

Sidhaye VK, Chau E, Breysse PN, King LS (2011) Septin-2 mediates 
airway epithelial barrier function in physiologic and pathologic 
conditions. Am J Respir Cell Mol Biol 45:120–126

Silverman-Gavrila RV, Silverman-Gavrila LB (2008) Septins: new 
microtubule interacting partners. Sci World J 8:611–620

Simi AK, Anlaş AA, Stallings-Mann M, Zhang S, Hsia T, Cichon 
M, Radisky DC, Nelson CM (2018) A soft microenvironment 
protects from failure of midbody abscission and multinucleation 
downstream of the EMT-promoting transcription factor snail. 
Cancer Res 78(9):2277–2289

Sirajuddin M, Farkasovsky M, Hauer F, Kühlmann D, Macara 
IG, Weyand M, Stark H, Wittinghofer A (2007) Structural 
insight into filament formation by mammalian septins. Nature 
449(7160):311–315

Sirajuddin M, Farkasovsky M, Zent E, Wittinghofer A (2009) GTP-
induced conformational changes in septins and implications for 
function. Proc Natl Acad Sci USA 106:16592–16597

Sisson JC, Field C, Ventura R, Royou A, Sullivan W (2000) Lava lamp, 
a novel peripheral golgi protein, is required for Drosophila mela-
nogaster cellularization. J Cell Biol 151:905–918

Sitz JH, Baumgartel K, Hammerle B, Papadopoulos C, Hekerman P, 
Tejedor FJ, Becker W, Lutz B (2008) The Down syndrome can-
didate dual-specificity tyrosine phosphorylation-regulated kinase 
1A phosphorylates the neurodegeneration-related septin 4. Neu-
roscience 157:596–605

Spiliotis ET, Kinoshita M, Nelson WJ (2005) A mitotic septin scaffold 
required for Mammalian chromosome congression and segrega-
tion. Science 307:1781–1785

Spiliotis ET, Hunt SJ, Hu Q, Kinoshita M, Nelson WJ (2008) Epithelial 
polarity requires septin coupling of vesicle transport to polyglu-
tamylated microtubules. J Cell Biol 180:295–303

Surka MC, Tsang CW, Trimble WS (2002) The mammalian septin 
MSF localizes with microtubules and is required for completion 
of cytokinesis. Mol Biol Cell 13:3532–3545

Tada T, Simonetta A, Batterton M, Kinoshita M, Edbauer D, Sheng 
M (2007) Role of septin cytoskeleton in spine morphogenesis 
and dendrite development in neurons. Curr Biol 17:1752–1758

Tanaka M, Tanaka T, Kijima H, Itoh J, Matsuda T, Hori S, Yama-
moto M (2001) Characterization of tissue- and cell-type-specific 
expression of a novel human septin family gene, bradeion. Bio-
chem Biophys Res Commun 286:547–553

Tanaka-Takiguchi Y, Kinoshita M, Takiguchi K (2009) Septin-medi-
ated uniform bracing of phospholipid membranes. Curr Biol 
19(2):140–145

Tong B, Gao GQ, Muramatsu Y, Ohta T, Kose H, Li GP, Fatchlyah F, 
Yamada T (2015a) Association of the expression levels in the 
skeletal muscle and a SNP in the CDC10 gene with marbling in 
Japanese Black beef cattle. Meat Sci 108:28–31

Tong B, Li GP, Sasaki S, Muramatsu Y, Ohta T, Kose H, Yamada T 
(2015b) Association of the expression levels in the skeletal mus-
cle and a SNP in the CDC10 gene with growth-related traits in 
Japanese Black beef cattle. Anim Genetic 45(2):200–204

Tooley AJ, Gilden J, Jacobelli J, Beemiller P, Trimble WS, Kinoshita 
M, Krummel MF (2009) Amoeboid T lymphocytes require the 
septin cytoskeleton for cortical integrity and persistent motility. 
Nat Cell Biol 11:17–26

Toth K, Galamb O, Spisak S, Wichmann B, Sipos F, Valcz G, Leiszter 
K, Molnar B, Tulassay Z (2011) The influence of methylated 
septin 9 gene on RNA and protein level in colorectal cancer. 
Pathol Oncol Res 17:503–509

Toure A, Rode B, Hunnicutt GR, Escalier D, Gacon G (2011) Septins 
at the annulus of mammalian sperm. Biol Chem 392:799–803

Veiga E, Cossart P (2006) The role of clathrin-dependent endocytos is 
in bacterial internalization. TrendsCellBiol 16:499–504

Verdier-Pinard P, Salaun D, Bouguenina H, Shimada S, Pophillat M, 
Audebert S, Agavnian E, Coslet S, Charafe-Jauffret E, Tachibana 
T, Badache A (2017) Septin 9_i2 is downregulated in tumors, 
impairs cancer cell migration and alters subnuclear actin fila-
ments. Sci Rep 7:44976

Versele M, Thorner J (2004) Septin collar formation in budding yeast 
requires GTP binding and direct phosphorylation by the PAK, 
Cla4. J Cell Biol 164:701–715

Vetter IR, Wittinghofer A (2001) The guanine nucleotide binding 
switch in three dimensions. Science 294:1299–1304

Volceanov L, Herbst K, Biniossek M, Schilling O, Haller D, Nölke 
T, Subbarayal P, Rudel T, Zieger B, Häcker G (2014) Septins 
arrange F-actin-containing fibers on the Chlamydia trachomatis 
inclusion and are required for normal release of the inclusion by 
extrusion. mBio 5(5):e01802–e01814

Warren JD, Xiong W, Bunker AM, Vaughn CP, Furtado LV, Roberts 
WL, Fang JC, Samowitz WS, Heichman KA (2011) Septin 9 
methylated DNA is a sensitive and specific blood test for colo-
rectal cancer. BMC Med 9:133

Wasik AA, Polianskyte-Prause Z, Dong M-Q, Shaw AS, Yates JR, 
Farquhar MG, Lehtonen S (2012) Septin 7 forms a complex with 
CD2AP and nephrin and regulates glucose transporter trafficking. 
Mol Biol Cell 23:3370–3379

Weirich CS, Erzberger JP, Barral Y (2008) The septin family of 
GTPases: architecture and dynamics. Nat Rev Mol Cell Biol 
9:478–489



265Journal of Muscle Research and Cell Motility (2021) 42:251–265 

1 3

Xie H, Surka M, Howard J, Trimble WS (1999) Characterization of 
the mammalian septin H5: distinct patterns of cytoskeletal and 
membrane association from other septin proteins. Cell Motil 
Cytoskelet 43:52–62

Xie Y, Vessey JP, Konecna A, Dahm R, Macchi P, Kiebler MA 
(2007) The GTP-binding protein Septin 7 is critical for den-
drite branching and dendritic-spine morphology. Curr Biol 
17(20):1746–1751

Xue J, Tsang CW, Gai WP, Malladi CS, Trimble WS, Rostas JA, Rob-
inson PJ (1989) Septin 3 (Gseptin) is a developmentally regu-
lated phosphoprotein enriched in presynaptic nerve terminals. 
Cell 59:421–432

Zent E, Wittinghofer A (2014) Human septin isoforms and the GDP-
GTP cycle. Biol Chem 395(2):169–180

Zent E, Vetter IR, Wittinghofer A (2011) Structural and biochemical 
properties of Sept7, a unique septin required for filament forma-
tion. Biol Chem 392:791–797

Zeraik AE, Galkin VE, Rinaldi G, Garratt RC, Smouf MJ, Loukas A, 
Mann VH, Araujo AP, DeMarco R, Brindley PJ (2014) Reversi-
ble paralysis of Schistosoma mansoni by forchlorfeuron, a pheny-
lurea cytokinin that affcet septins. Int J Parasitol 44(8):523–531

Zhang J, Kong C, Xie H, McPherson PS, Grinstein S, Trimble WS 
(1999) Phosphatidylinositol polyphosphate binding to the mam-
malian septin H5 is modulated by GTP. Curr Biol 9:1458–1467

Zhang N, Liu L, Fan N, Zhang Q, Wang W, Zheng M, Ma L, Li Y, Shi 
L (2016) The requirement of SEPT2 and SEPT7 for migration 
and invasion in human breast cancer via MEK/ERK activation. 
Oncotarget 7(38):61587–61600

Zhu Y, Zhou J, Li C, Wang Q, Liu X, Ye L (2018) Regulatory network 
analysis of hypertension and hypotension microarray data from 
mouse model. Clin Exp Hypertens 40(7):631–636

Zieger B, Tran H, Hainmann I, Wunderle D, Zgaga-Griesz A, Blaser 
S, Ware J (2000) Characterization and expression analysis of two 
human septin genes, PNUTL1 and PNUTL2. Gene 261:197–203

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


	Septins, a cytoskeletal protein family, with emerging role in striated muscle
	Abstract
	Introduction: discovery and history of septins
	Phylogenetics, evolution
	Oligomerization of septin monomers
	Cellular function of septin proteins
	Interactions between septins and other cytoskeletal elements
	Septin-microtubule interactions
	Septin–actin interactions
	Septin–plasma membrane interactions

	Septins and calcium signaling
	Function of septin proteins in muscles
	Expression of septins in muscle in various organisms
	Functional studies of septins linked to muscle

	Conclusion
	Acknowledgments 
	References




