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and maintenance of functional actomyosin networks at
distinct regions of the plasma membrane and cytoplasm2,12,39.
These networks are commonly associated with saddle-shaped
curvatures of the plasma membrane, which outline the neck of
membrane protrusions resembling the S. cerevisiae mother–
bud neck, and perinuclear as well as lamellar actin stress
fibers10–12. Direct septin roles in the nucleation, dynamics,
capping and/or branching of actin filaments have yet to be eluci-
dated; however, septins can regulate actomyosin organization
and contractility by interacting with scaffolding and/or clustering
actin-binding proteins, and signaling effectors that provide
feedback regulation (Figure 2).

On fungal cell membranes, septins interact with actin indirectly
via myosin II, which is linked to septins by the myosin-binding
factor Bni540–43, and via actin-binding protein complexes that
contain the formin Bnr1 as well as Bin/amphiphysin/Rvs (BAR)
domain and ezrin/radixin/moesin (ERM) family proteins44–46.
In animal cells, by contrast, membrane and cytoplasmic septins
interact both directly and indirectly with actin filaments32,37,47–51.
In vitro reconstitution assays demonstrated that insect septins
(Drosophila Sep1–Sep2–Pnut) and mammalian septins (human
SEPT2–SEPT6–SEPT7 and SEPT9) associate directly with poly-
merizing and pre-assembled actin filaments, crosslinking them
into curved, circular and linear bundles36,52,53. However,
in vitro SEPT2–SEPT6–SEPT7 binding to actin filaments has
also been shown to require the actin-binding protein anillin50. It
is unclear whether septins exist as oligomers or filamentous
polymers on the surface of intracellular actin filaments, but the
oligomeric and polymeric states of septins correlate with the

in vitro formation of curved and linear bundles, respectively52.
Hence, the actin-binding, -bending and -crosslinking properties
of septins may depend on their oligomeric and polymeric
states, which also have differential effects on microtubule
dynamics54,55.
In addition to binding linear actin, septins associate with Arp2/

3-nucleated branched actin filaments. In the axons of sensory
neurons, SEPT6 localizes to membrane actin patches, which
consist of branched actin filaments, and promotes the recruit-
ment of cortactin, an activator of Arp2/3-mediated actin poly-
merization37. In vitro assays indicate that SEPT6 binding to actin
filaments and branch points is enhanced in the presence of Arp2/
3, while SEPT7 shows no such preference37. In epithelial cells,
SEPT6 overexpression increases the levels of cortactin in lamel-
lipodia, which have also been reported to contain SEPT1, SEPT4
and SEPT5 in the absence of other septin paralogs32,37. These
findings suggest that septins may distinguish between actin net-
works of different organization in a paralog- and complex-spe-
cific manner.
The actin-binding domains of septins and the underlyingmech-

anism(s) of their interactionwith actin are not well understood. The
actin-binding sequence of SEPT9 has been narrowed down to its
amino-terminal basic domain, which does not appear to contain
any known actin-binding motifs36. Of note, SEPT9 has a uniquely
long amino-terminal extension that is alternatively spliced, giving
rise to a multitude of SEPT9 isoforms with different actin- and
microtubule-binding properties33,38,56. Electron microscopy
studies have shown that the amino-terminal extension of SEPT9
isoform 1 (SEPT9_i1) binds actin using three different modes,
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Figure 1. Septin domains and assembly.
(A) The mammalian septin family consists of thirteen paralogs, which are classified into four groups: SEPT2 (SEPT1, SEPT2, SEPT4, SEPT5), SEPT3 (SEPT3,
SEPT9, SEPT12), SEPT6 (SEPT6, SEPT8, SEPT10, SEPT11, SEPT14), and SEPT7. Septin paralogs have a highly conserved GTP-binding domain (G-domain)
followed by a unique sequence termed the septin unique element (SUE). Septins of the SEPT6 group do not hydrolyze GTP, while some paralogs (e.g., SEPT9)
have faster rates of GTP hydrolysis. The amino- and carboxy-terminal extensions (NTEs and CTEs) of the GTP-binding domains are highly variable. CTEs contain
a-helical coiled-coil domains, and SEPT9 contains a unique and alternatively splicedNTE, which interacts directly with actin filaments andmicrotubules. This NTE
sequence is divided into basic and acidic proline-rich domains and consists of a repeat motif (K/R-R/x-x-D/E) that interacts with the acidic carboxy-terminal tails
of tubulin. Septins also contain polybasic domains and amphipathic helices, with which they bind to membrane bilayers of distinct phospholipid content and
curvature. (B) Septins homodimerize and heterodimerize in tandem through two alternating interfaces of their GTP-binding domains, assembling into non-polar
palindromic oligomers. The prevailing oligomeric unit is a dimer of tetramers consisting of a paralog from each of the four septin groups (SEPT2, SEPT3, SEPT6,
SEPT7). Septins of the same group can replace one another, generating octamers of variable combinations. Depending on septin expression levels and rates of
GTP hydrolysis, which influence the homodimeric and heterodimeric interactions of the G-domains, smaller unit oligomers can form (e.g., SEPT2–SEPT6–SEPT7
heterohexamers). Additionally, oligomeric complexes of atypical combinations that consist of paralogs of the same septin group have been reported. (C) Septin
oligomers associate with actin, microtubules and cell membranes. Septins form higher-order filamentous networks on cell membranes and may also polymerize
into filaments on the surface of actin and microtubules.
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Figure 1. Septin domains and assembly.
(A) The mammalian septin family consists of thirteen paralogs, which are classified into four groups: SEPT2 (SEPT1, SEPT2, SEPT4, SEPT5), SEPT3 (SEPT3,
SEPT9, SEPT12), SEPT6 (SEPT6, SEPT8, SEPT10, SEPT11, SEPT14), and SEPT7. Septin paralogs have a highly conserved GTP-binding domain (G-domain)
followed by a unique sequence termed the septin unique element (SUE). Septins of the SEPT6 group do not hydrolyze GTP, while some paralogs (e.g., SEPT9)
have faster rates of GTP hydrolysis. The amino- and carboxy-terminal extensions (NTEs and CTEs) of the GTP-binding domains are highly variable. CTEs contain
a-helical coiled-coil domains, and SEPT9 contains a unique and alternatively splicedNTE, which interacts directly with actin filaments andmicrotubules. This NTE
sequence is divided into basic and acidic proline-rich domains and consists of a repeat motif (K/R-R/x-x-D/E) that interacts with the acidic carboxy-terminal tails
of tubulin. Septins also contain polybasic domains and amphipathic helices, with which they bind to membrane bilayers of distinct phospholipid content and
curvature. (B) Septins homodimerize and heterodimerize in tandem through two alternating interfaces of their GTP-binding domains, assembling into non-polar
palindromic oligomers. The prevailing oligomeric unit is a dimer of tetramers consisting of a paralog from each of the four septin groups (SEPT2, SEPT3, SEPT6,
SEPT7). Septins of the same group can replace one another, generating octamers of variable combinations. Depending on septin expression levels and rates of
GTP hydrolysis, which influence the homodimeric and heterodimeric interactions of the G-domains, smaller unit oligomers can form (e.g., SEPT2–SEPT6–SEPT7
heterohexamers). Additionally, oligomeric complexes of atypical combinations that consist of paralogs of the same septin group have been reported. (C) Septin
oligomers associate with actin, microtubules and cell membranes. Septins form higher-order filamentous networks on cell membranes and may also polymerize
into filaments on the surface of actin and microtubules.
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Figure 1. Septin domains and assembly.
(A) The mammalian septin family consists of thirteen paralogs, which are classified into four groups: SEPT2 (SEPT1, SEPT2, SEPT4, SEPT5), SEPT3 (SEPT3,
SEPT9, SEPT12), SEPT6 (SEPT6, SEPT8, SEPT10, SEPT11, SEPT14), and SEPT7. Septin paralogs have a highly conserved GTP-binding domain (G-domain)
followed by a unique sequence termed the septin unique element (SUE). Septins of the SEPT6 group do not hydrolyze GTP, while some paralogs (e.g., SEPT9)
have faster rates of GTP hydrolysis. The amino- and carboxy-terminal extensions (NTEs and CTEs) of the GTP-binding domains are highly variable. CTEs contain
a-helical coiled-coil domains, and SEPT9 contains a unique and alternatively splicedNTE, which interacts directly with actin filaments andmicrotubules. This NTE
sequence is divided into basic and acidic proline-rich domains and consists of a repeat motif (K/R-R/x-x-D/E) that interacts with the acidic carboxy-terminal tails
of tubulin. Septins also contain polybasic domains and amphipathic helices, with which they bind to membrane bilayers of distinct phospholipid content and
curvature. (B) Septins homodimerize and heterodimerize in tandem through two alternating interfaces of their GTP-binding domains, assembling into non-polar
palindromic oligomers. The prevailing oligomeric unit is a dimer of tetramers consisting of a paralog from each of the four septin groups (SEPT2, SEPT3, SEPT6,
SEPT7). Septins of the same group can replace one another, generating octamers of variable combinations. Depending on septin expression levels and rates of
GTP hydrolysis, which influence the homodimeric and heterodimeric interactions of the G-domains, smaller unit oligomers can form (e.g., SEPT2–SEPT6–SEPT7
heterohexamers). Additionally, oligomeric complexes of atypical combinations that consist of paralogs of the same septin group have been reported. (C) Septin
oligomers associate with actin, microtubules and cell membranes. Septins form higher-order filamentous networks on cell membranes and may also polymerize
into filaments on the surface of actin and microtubules.
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Mendonça et al., Cytoskeleton (2019) Soroor et al., Mol. Biol. Cell (2021)
D’après Spiliotis and Nakos, Curr. Biol. (2021)
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Les hétéro-oligomères s’assemblent bout à bout pour
former des filaments non polarisés
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LOCALISATION SUBCELLULAIRE
du cytosquelette de septines
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Liaison des septines à la membrane plasmique

Cannon et al., J. Cell Biol. (2019)
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Bertin et al.,J. Mol. Biol. (2010)

Liaison des septines aux membranes riches en phosphoinositides
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Co-alignement avec l’actine sous-corticale et les fibres de stress

Co-alignement avec les microtubules
Suite à un traitement par du Paclitaxel
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Co-alignement avec l’actine sous-corticale et les fibres de stress
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Co-alignement avec les microtubules
Suite à un traitement par du Paclitaxel
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LES SEPTINES
Modifications post-traductionnelles
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Ribet et al., J. Cell Biol. (2017)

Les septines des 4 groupes
peuvent être SUMOylées

SUMOylation

La SUMOylation impacte la filamentation
et la localisation des septines
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Impact sur la cytocinèse

Liaison covalente de protéine(s) SUMO sur une(des) Lysine(s) des protéines cibles
régulant ainsi leurs propriétés biochimiques 
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By analyzing the phenotype of different cell lines express-
ing non-SUMOylatable septin variants, we demonstrate that 
septin SUMOylation plays a critical role in the organization of 
septin !laments. Speci!cally, SUMOylation of a set of septins 
prevents their bundling into aberrant structures. We show that a 
lack of SUMOylation in SEPT7 and SEPT11 does not inhibit 
canonical septin complex formation. In addition, assembly of 
septin !laments can be observed with C-terminally truncated 
septins (in particular with SEPT6 and SEPT7; Sirajuddin et al., 
2007). Finally, we could not identify SUMO-interacting mo-
tifs (SIMs), i.e., domains mediating noncovalent interactions 
with SUMO moieties in human septins in silico (Table S1). 
Collectively, these results suggest that SUMOylation is not re-
quired for septin–septin interactions per se. Thus, we propose 
that SUMOylation of septins instead regulates interactions 
with nonseptin molecules critical for the correct assembly of 
septin higher-order structures. This !ts well with the mapping 
of SUMO sites in the C-terminal domain of SEPT6, SEPT7, 
and SEPT11, which are domains known to be involved in bun-
dling and bending and/or in interactions with nonseptin mole-
cules (Sirajuddin et al., 2007; Bertin et al., 2008; de Almeida 

Marques et al., 2012). A lack of septin SUMOylation, and thus 
a lack of recruitment of these septin-interacting factors, would 
consequently lead to assembly defects and accumulation of bun-
dles with aberrant thickness and dynamics. Of note, as for the 
vast majority of other SUMO targets, the cellular level of septin 
SUMOylation is low in steady state. This may indicate that 
septins are only transiently SUMOylated (for example, during 
the bundling of different preassembled septin !laments) and/or 
that only a small fraction of septin monomers is decorated by 
SUMO in an assembled !lament. Our observation that SUMO- 
ylation of SEPT6, SEPT7, and SEPT11, but not SEPT9, is crit-
ical for septin !lament organization furthermore highlights the 
speci!c role of SUMOylation of different septins. This result 
is in agreement with previous studies suggesting that octam-
ers versus hexamers might have different roles, even within the 
same cell type (Kim et al., 2011; Sellin et al., 2011). Interest-
ingly, other posttranslational modi!cations have been reported 
for septins that modulate septin assembly, including phosphor-
ylation, acetylation, and ubiquitylation (Hernández-Rodríguez 
and Momany, 2012). In particular, phosphorylation of the 
C-terminal domain of the yeast Shs1 septin was recently shown 
to regulate the capacity of Shs1-containing septin complexes to 
form rings (Garcia et al., 2011). Collectively, these data suggest 
that a complex set of coordinated posttranslational modi!ca-
tions tightly regulates the three-dimensional architecture of the 
septin cytoskeleton. Of note, the role of septin posttranslational 
modi!cations has mainly been characterized in yeast, whereas 
their function in mammals remains poorly understood. In mam-
malian cells, defects in septin SUMOylation, and thus in septin 
cytoskeleton architecture, may have severe outcomes in cell 
physiology, such as defects in late cytokinetic stages, after fur-
row ingression. Interestingly, mutations of lysine residues in the 
C-terminal domain of SEPT6 and SEPT7 have been reported in 
carcinoma samples (Catalogue of Somatic Mutations in Cancer; 
Angelis and Spiliotis, 2016). Whether these mutations or other 
naturally occurring mutations affect septin SUMOylation is 
unknown. Our results thus open new avenues for better under-
standing the molecular mechanisms underlying human diseases 
in which septins have been implicated.

Materials and methods

Plasmids
References and information on plasmids are described in Table S2. 
pCDNA3-FLAG-Ubc9 plasmid encoding N-terminal FLAG-tagged 
Ubc9 was obtained by changing the tag from the pCDNA3-HA-Ubc9 
plasmid (gift from F. Melchior, Zentrum für Molekulare Biologie der 
Universität Heidelberg, Heidelberg, Germany; Bossis and Melchior, 
2006). pSG5-His6-SUMO1 and SUMO2 plasmids encoding N-termi-
nal His6-tagged mature SUMO isoforms were previously described in 
Impens et al. (2014). pSG5-His6-SUMO1ΔGG and SUMO2ΔGG plas-
mids encode SUMO isoforms in which the C-terminal diglycine motif 
was deleted. Plasmids encoding human septins with a C-terminal HA 
tag were obtained by inserting into pCDNA3 vector (Invitrogen) HA-
tagged versions of human SEPT2, SEPT6, SEPT7, SEPT9, or SEPT11. 
These plasmids were then used to generate expression vectors for KRn 
septin mutants (in which all lysines from the N-terminal domain were 
replaced by arginines), KRn+m septin mutants (in which all lysines 
from the N-terminal and central domains were replaced by arginines), 
or KRc septin mutants (in which all lysines from the C-terminal do-
main were replaced by arginines). Plasmids encoding septins fused to 

Figure 8. SUMO-deficient septin bundles localize at intercellular bridges 
during cell division. (a) Fluorescent light microscopy images of HeLa cells 
transfected with HA-tagged WT, non-SUMOylatable (KRc), or constitutively 
SUMOylated (KRcSUMO1) SEPT7. Cells were stained for HA-tagged septins 
(anti-HA antibodies, green) and KIF20A to label intercellular midbodies 
(red). Bars, 2 µm. (b) Percentage of transfected cells undergoing cell divi-
sion and showing septin recruitment or septin bundles longer than 5 µm 
and thicker than 1 μm at intercellular midbodies (mean from three indepen-
dent experiments; error bars, SD; **, P < 0.01).
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not the kinase-deadTAOK2K57A, phosphorylatedSept7-CWT, and
neither phosphorylated Sept7-CT426A, as expected. Moreover,
endogenous PSD95 from the brain lysate was pulled down by
Sept7-CWT that was incubated with wild-type TAOK2, but not
the kinase-dead mutant, whereas mutation of T426 to alanine
completely abolished the interaction between Sept7 C-terminal
tail andPSD95 (Figures 8A,S7F, andS7G). In addition,when incu-
bated with the kinase-dead TAOK2K57A, neither the wild-type nor

the phosphomutant Sept7 could pull down PSD95 from the brain
lysate, indicating that Sept7 associates with PSD95 via its C-ter-
minal tail in a strictly phosphorylation-dependent manner (Fig-
ure 8A). Given that 10%–15% of endogenous Sept7 was pulled
down with PSD95 from mouse brain lysates, it appears that a
small fraction of Sept7 is phosphorylated by TAOK2 in vivo.
Stabilization of the postsynaptic machinery including the scaf-

folding machinery and glutamate receptors can dramatically

(F) Phosphorylation level of Sept7 was quantified as a percent of the total normalized fluorescence intensity. The error bars are SEM and n > 7 per condition.

(G) Higher magnification images comparing localization of GFP-tagged Sept7WT and Sept7T426D along with RFP-tagged PSD95 (red). The merged image

highlights co-localization between Sept7T426D and PSD95. The scale bar represents 2 mm.

(H) Percent dendritic spines positive for Sept7 in neurons transfected with either Sept7WT or Sept7T426Dmutant (n = 15–20 neurons per condition, p < 0.0001, and

t test). The error bars are SEM.

Figure 8. Phosphorylated Sept7 Interacts
with PSD95 and Restricts Its Mobility
(A) Purified TAOK2WT or TAOK2K57Awas incubated

with either purified GST-Sept7WT or GST-

Sept7T426A in a kinase reaction, followed by incu-

bation with mouse brain lysate. Glutathione beads

were used to pull down the GST-tagged proteins

and the co-immunoprecipitates were probed in a

western blot for presence of PSD95 and phos-

phorylated Sept7. Total GST protein was detected

by GST antibody.

(B) Montage depicts time-lapse images of neurons

expressing GFP-tagged PSD95 along with control

and TAOK2 shRNA taken before (pre), immediately

after (0’), and then after every 5 min of photo-

bleaching of the region of interest marked by the

circle. The scale bar represents 3 mm.

(C) Montage depicts time-lapse images of neu-

rons expressing GFP-tagged PSD95 along with

Sept7T426A (blue) or Sept7T426D (green) taken

before (pre), immediately after (0’), and then after

every 5 min of photobleaching of the region of

interest marked by the circle. The scale bar rep-

resents 3 mm.

(D) Graph plots the normalized PSD95-GFP fluo-

rescence intensity of the region of interest as a

percent of the prebleach intensity over 20 min in

control (gray), TAOK2 knockdown (orange), or

expression of phosphomimetic (green) and phos-

phomutant Sept7 (blue).

(E) Schematic summarizes how Sept7 phosphor-

ylation by TAOK2 mediates dendritic spine matu-

ration. TAOK2 phosphorylated by MST3 kinase

then phosphorylates Sept7, which translocates to

the dendritic spine and, through its association

with the synapse scaffolding protein PSD95, re-

stricts its mobility. Stabilization of PSD95 at the

spine leads to spine synapse maturation likely

through accumulation of glutamate receptors, cell

adhesion molecules, and other synaptic regula-

tors. In absence of TAOK2 orMST3, Sept7 exists at

the base of the protrusions in the non-phosphory-

lated form unable to interact with PSD95. In the

absence of any stabilizing force, PSD95 along with

associated receptors accumulates in the dendritic

shaft leading to mislocalization of synapses to the

dendritic shaft.
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Figure 7. Sept7 Localization and Mobility Is Regulated by TAOK2 Mediated Phosphorylation
(A) Representative images of hippocampal neurons transfected with TdTomato along with GFP-tagged Sept7T426A or Sept7T426D show an increase in Sept7

localization in spines on expression of the phosphomimetic T426D mutant. The scale bar represents 3 mm.

(B) Montage of images from hippocampal neurons expressing GFP-tagged Sept7T426A or Sept7T426D depict prebleach image, photobleached image, and

fluorescence recovery at 20 min after bleaching of the Sept7 fluorescence in the region of interest (ROI) marked by the circle.

(C) Graph depicts the mean normalized fluorescence intensity in ROI of neurons expressing either GFP-tagged Sept7T426A (blue) or Sept7T426D (green) over

20 min where fluorescence intensity was measured every min. The error bars are SEM and n = 6 per condition. The scale bar represents 3 mm.

(D) Western blot of neuronal lysates obtained from cultured hippocampal neurons transduced with virus expressing control shRNA or shRNA against MST3 and

TAOK2 depicts the changes in levels of phosphorylated Sept7 (T426) and phosphorylated TAOK2 (T441) on knock down of either TAOK2 or MST3.

(E) Hippocampal neurons were transfected at DIV9 with control or MST3 shRNA and the levels of phosphorylated Sept7 were visualized at DIV12 by immu-

nofluorescence assay using the pSept7 T426 antibody.

(legend continued on next page)
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fluorescence recovery at 20 min after bleaching of the Sept7 fluorescence in the region of interest (ROI) marked by the circle.

(C) Graph depicts the mean normalized fluorescence intensity in ROI of neurons expressing either GFP-tagged Sept7T426A (blue) or Sept7T426D (green) over

20 min where fluorescence intensity was measured every min. The error bars are SEM and n = 6 per condition. The scale bar represents 3 mm.

(D) Western blot of neuronal lysates obtained from cultured hippocampal neurons transduced with virus expressing control shRNA or shRNA against MST3 and

TAOK2 depicts the changes in levels of phosphorylated Sept7 (T426) and phosphorylated TAOK2 (T441) on knock down of either TAOK2 or MST3.

(E) Hippocampal neurons were transfected at DIV9 with control or MST3 shRNA and the levels of phosphorylated Sept7 were visualized at DIV12 by immu-

nofluorescence assay using the pSept7 T426 antibody.

(legend continued on next page)
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Lin et al., Cytoskeleton (2019)

Phosphorylation

La phosphorylation dissocie les
complexes de septines, entrainant

la perte de l’espace annulaire
Impact sur la mobilité du spermatozoïde

Impact sur la maturation des épines dendritiques

La phosphorylation entraîne un changement de localisation des septines

Yadav et al., Neuron (2017)
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The pioneering cell division cycle screens carried
out by Hartwell in 1971 first identified septins as
genes that are essential for yeast cytokinesis
(Hartwell, 1971). However, significant character-
ization of the evolutionarily conserved proteins
they encode did not begin until the late 1980s.
Since then, septins have been shown to be
fundamental for cytokinesis in many organisms
and are recognized as important components of
the cytoskeleton. In addition to cytokinesis,
septins have been implicated in a wide range 
of biological processes, including cell polarity,

(See poster insert)
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 spermatogenesis, exocytosis, ciliogenesis,
phagocytosis, motility and apoptosis. As septins
can form filaments and interact directly with
membranes, microfilaments and microtubules,
they have also been suggested to act as 
diffusion barriers and multimolecular scaffolds.
Furthermore, alterations in septin amino acid
sequence or their expression levels have been
linked to neurological disorders and a multitude
of cancers. In this Cell Science at a Glance article
and the accompanying poster, we highlight recent
studies that have provided important information
about the structure of septin proteins and that
have defined the underlying principles of septin
polymer assembly. In addition, we discuss the
unique biological properties of septins and
explain how each of these contributes to their
diverse functions. We then give examples of
where the perturbation of septin function is linked
to human disease and, finally, discuss some of the
many questions that remain pertinent to the septin
field.

Septin structure
A multitude of septins exists across many
species. Which specific septins are expressed,
as well as their proportion to each other, can
vary in different cell types. In this section, 
we review the diversity of septin subunits, 
their properties and how they assemble into
filaments. 

Septin subunits
Septins are conserved from yeast to humans and
are present in widely divergent eukaryotic
species – including some algae – but they are
notably absent in plants (Nishihama et al., 2011;
Pan et al., 2007). The number of genes that
encode septins ranges from one in
Chlamydomonas reinhardtii to 13 in humans.
Why some eukaryotic organisms have
conserved – and amplified – septin genes,
whereas others have presumably lost them is
unclear but might reflect distinct mechanisms of
cytokinesis in different organisms.

Joo et al., Dev. Cell (2007)

Phosphorylation de la Myosine II
par la kinase ROCK

Ageta-Ishihara et al., Nat. Commun. (2013)

Régulation du niveau d’acétylation du microtubule
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Les filaments de septines le long des fibres de stress
échafaudent des protéines pour l’activation de la myosine

the physiological requirement of SEPT7 in a common cell
autonomous mechanism that drives neurite extension.

SEPT7 limits acetylation and stabilization of microtubules.
One of the common and major structural determinants of den-
dritogenesis and axonogenesis is the dynamic assembly of micro-
tubules, which is regulated by a number of mechanisms including
tubulin modifications21. On the basis of previous studies on aberrant
microtubule modifications in septin-depleted non-neural cells (see
Discussion), we examined the status of the two major microtubule
modifications, acetylation and polyglutamylation, in cerebrocortical
neurons in vivo and in vitro. Acetylated a-tubulin significantly
accumulated in GFP-positive/SEPT7-depleted layer II/III
cerebrocortical neurons, determined by immunoblot of FACS-
collected neurons from E17 embryos (! 5, Fig. 3a and

Supplementary Fig. S10), and by immunofluorescence of the somata
and dendrites (! 9, Fig. 3b) and of axons to a lesser extent (! 3,
Fig. 3c). The differential acetylation levels of dendrites and axons
might be correlated with the differential effects of SEPT7 depletion
observed in vivo (Fig. 1d,f).

Consistently, in vitro experiments showed that the amount of
acetylated a-tubulin increased after depletion of SEPT7 either via
RNAi or gene disruption. In either case, the gross increment of
acetylated a-tubulin estimated by immunoblot was 30–40%
including the GFP-negative untransfected population (Fig. 3d,e;
Supplementary Fig. S10), whereas the amount of polyglutamy-
lated a-tubulin was changed only by " 1% as compared with the
control. Immunofluorescence analysis detected hyperacetylated
a-tubulin along the dendrites and axons, and in the somata of
SEPT7-depleted neurons (Fig. 3f).
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Figure 3 | Depletion of SEPT7 causes significant accumulation of acetylated a-tubulin in vivo and in vitro. (a) (top) Coronal section of P15 brain depicting
two subcellular segments of layer II/III pyramidal neurons in S1/S2 (modified from Fig. 1c). (bottom) FACS-sorted GFP-positive cerebrocortical neurons
electroporated in utero at E15 and collected at P2 (Supplementary Fig. S2) were immunoblotted for total and acetylated a-tubulin. Depletion of SEPT7 by
RNAi caused significant acetylation of a-tubulin. (Triplicated experiments. ***Po0.001 by t-test). Error bars denote s.e.m. (b,c) Image-based quantification
of acetylated a-tubulin in the somata and dendrites and the axon bundle proximal to the corpus callosum. (top) Representative immunofluorescence
images of acetylated a-tubulin in the somata/dendrites (b) and in the axon bundle (c) of GFP-positive S1/S2 pyramidal neurons with or without SEPT7
depletion via RNAi (#1) or gene disruption. In SEPT7-depleted neurons, microtubules were significantly acetylated in the somata/dendrites and in the axons
to a lesser extent. Scale bars, 500mm (b), 200mm (c). Graphs: Acetylated a-tubulin/GFP immunofluorescence ratio in vivo via RNAi (S7KD#1 and #2) or
gene disruption (S7KO). All three modes of SEPT7 depletion consistently caused significant acetylation of a-tubulin in the somata/dendrites and in the axons
to a lesser extent. (KD; n¼ 12, 6, 6. ***Po0.001 by one-way ANOVA with post hoc Tukey. KO; n¼ 3, ***Po0.001, *Po0.05 by t-test). Error bars denote
s.e.m. (d,e) Immunoblot estimation of the gross acetylated/total a-tubulin ratio (including GFP-negative untransfected population) in SEPT7-depleted
cerebrocortical neurons via RNAi (#1, KD) or gene disruption (KO) at div2. Note that a-tubulin was hyperacetylated in SEPT7-depleted neurons. (Triplicated
experiments. *Po0.05, **Po0.001 by t-test). Error bars denote s.e.m. (f) (top) Representative immunofluorescence images of acetylated a-tubulin in
pyramidal-like cerebrocortical neurons in culture (div2). The insets show GFP co-expressed with shSept7(#1) or the empty vector. The signals for acetylated
a-tubulin were elevated in the soma, dendrites and axons of SEPT7-depleted neurons (SEPT7 KD). Scale bars, 50mm. (bottom) Quantification of acetylated
a-tubulin immunofluorescence measured separately in dendrites and axons, showing that SEPT7 depletion caused hyperacetylation of microtubules
in axons and dendrites to a comparable degree. (n¼ 12, ***Po0.001, **Po0.01 by t-test). Error bars denote s.e.m.
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Froidevaux-Klipfel et al., Oncotarget (2015)
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Figure 5: Microtubule-bound septins function as scaffolds to recruit tubulin polyglutamylation enzymes. A. The 

overexpression of polyglutamylation (TTLL11) or deglutamylation (CCP1) enzyme combined or not with SEPT2 depletion modulates tubulin 

long chain polyglutamylation and alters the recruitment of the elongating enzyme TTLL1 to the MT fraction of Tr cells. B. The overexpression 

of SEPT2 boosts the recruitment of TTLL1 to MTs in Tr cells. Immunoblot analysis of MT fractions (Tr MTs) or whole cell lysates (Tr Lys.) 

was performed from cells subjected to the overexpression of YFP-SEPT2 or GFP alone as indicated. C. Preventing the recruitment of 

polyglutamylation enzymes to the MTs of Tr cells by SEPT2 RNAi restores chemosensitivity to Taxol®, even after TTLL11 overexpression. 

D. TTLL1 co-immunoprecipitates with SEPT2. Top panel: MT fractions from cells overexpressing YFP-SEPT2 or GFP alone were subjected 

WR�LPPXQRSUHFLSLWDWLRQ�ZLWK�DQWL�*)3�<)3�DQWLERG\�DQG�DQDO\]HG�IRU�WKHLU�FRQWHQWV�LQ�<)3�6(37��DQG�77//��DV�LQGLFDWHG��%RWWRP�SDQHO��
WKH�SUHFLSLWDWLRQ�RI�HQGRJHQRXV�6(37��IURP�07�IUDFWLRQV�DOORZV�WKH�UHFRYHU\�RI�77//���1RQ�VSHFL¿F�DQWLERG\��16�,J*��ZDV�XVHG�DV�D�
control. The (*) indicates the antibody heavy chains used for precipitation. E. MT fractions from cells overexpressing either GFP or YFP-

77//���WRJHWKHU�ZLWK�6(37�BL��9��ZHUH�VXEMHFWHG�WR�LPPXQRSUHFLSLWDWLRQ�ZLWK�DQWL�*)3�<)3�DQWLERG\�DQG�DQDO\]HG�IRU�WKHLU�FRQWHQWV�
LQ�*)3�<)3��<)3�77//����6(37�BL���DV�UHYHDOHG�E\�DQ�DQWLERG\�WR�WKH�9��WDJ��DQG�Į�WXEXOLQ�DV�LQGLFDWHG��7KH�YROXPH�ORDGHG�RQWR�JHOV�
compared to the initial MT fraction volume is indicated at the bottom. F. CCP1 co-immunoprecipitates with SEPT2 in the MT environment of 

Tr cells. G. TTLL1 co-precipitation with YFP-SEPT2 from MT fractions only occurs in Tr cells.
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Rôle de barrières de diffusion

Caudron and Barral, Dev. Cell (2009)

Perspectives
As diffusion barriers have been described in different organisms
and cell types, we can compare their mechanisms and ask
whether they all rely on a common, evolutionarily conserved
mechanism or whether different mechanisms emerged indepen-
dently from each other at different times in evolution (Figure 6).
Do All Barriers Rely on the Same Molecular
Mechanisms?
The observation that the different barriers known thus far show
different sizes and shapes suggests independent mechanisms.
The axon initial segment is approximately 60–90 mm in length
(Winckler and Mellman, 1999). In contrast, budding yeast diffu-
sion barriers are restricted to the bud neck and are therefore

limited in thickness (z0.4 mm) and diameter (z1 mm). Unlike
these barriers, the TJ seems to affect mainly the outer leaflet of
the plasma membrane. This selectivity is not very well under-
stood mechanistically, but establishes a clear difference with
the yeast and neuronal barriers. Therefore, it is unlikely that these
three types of barriers share the same mechanism.

These distinctions are reflected by the differences observed at
the molecular level. Septins have been observed neither in the
initial segment of the neuron nor in the TJ complex. Instead,
a network of cortical actin that anchors transmembrane proteins
forms the diffusion barrier of the initial segment in the axon.
These proteins then act as pickets, where their increasing
concentration impairs the lateral diffusion of lipids and proteins.
Likewise, no occludin-like proteins have been identified in the
initial segment or in the yeast bud neck, where the formation of
diffusion barriers does not correlate with cell-cell interactions.
Thus, the different barriers described so far rely on at least three
different types of molecular mechanisms, which must have
emerged independently in evolution.

Remarkably, however, evolutionary convergence seems to not
be limited to barrier formation, but is also evident in the recruit-
ment of regulatory factors to the compartmentalization boundary.
For example, reminiscent of the role of septins in the recruitment
and regulation of cell-cycle control proteins such as Hsl1p and
Swe1p at the yeast bud neck, the TJ probably plays an important
role in the control of cell proliferation for example through recruit-
ment of the transcription factor ZONAB (Balda et al., 2003). This
might reflect the general importance of coordinating cell
compartmentalization and differentiation with cell division.
Are Septins Involved in Barrier Formation Apart
from Yeast?
As septins are conserved from yeast to higher eukaryotes, their
roles in the formation of diffusion barriers might also be
conserved. The observation that septins are present at the bases
of spines (Tada et al., 2007; Xie et al., 2007), in the annuli of sper-
matozoa (Ihara et al., 2005; Kissel et al., 2005; Steels et al., 2007),
and at cytokinetic barriers (Schmidt and Nichols, 2004) strongly
suggests that septins are also involved in the formation of diffu-
sion barriers in higher eukaryotes. Interestingly, there are many
morphological and size similarities between the annulus, the
late cytokinetic bridge, the spine neck, and the yeast bud neck
(Barral and Mansuy, 2007), suggesting more profound connec-
tions. For example, similar to yeast, septin depletion or overex-
pression interferes with spine morphogenesis and complexity
(Tada et al., 2007; Xie et al., 2007). Furthermore, the presence
of septins correlates with the specialization of the ER in the spine
to form the spine apparatus, a smooth ER structure. In sperma-
tozoa, septins are thought to be the major constituent of the
annulus at the boundary of the anterior and posterior tail
compartments (Ihara et al., 2005; Kissel et al., 2005; Steels
et al., 2007). Accordingly, depletion of Sept4 affects sperm
maturation and leads to male infertility in mice. The annulus
also affects the distribution of internal organelles such as mito-
chondria. During cytokinesis in HeLa cells, the localization of
septins in a ring at the cleavage plane correlates with the exis-
tence of a diffusion barrier for transmembrane proteins
(LYFPGT46) and proteins associated with the inner leaflet of
the plasma membrane (Lyn-GFP) (Schmidt and Nichols, 2004).
In these three mammalian cases, the barriers localize to the

Figure 6. Summary of the Different Diffusion Barriers
In each cell type, the nucleus-containing compartment (blue), the ciliary or
flagellar-like compartment (orange), or other compartments (green) are de-
picted. Epithelial cells have a basolateral (blue), an apical (green), and a primary
cilium (orange) domain. Chlamydomonas cells have a cell body (blue) and two
flagellar (orange) domains. Spermatozoa have a head (blue), an anterior tail
(green), and a posterior tail (orange) domain. Neurons have an axon (green),
a somatodendritic (blue), a primary cilium (orange), and dendritic spine (dark
blue) domains. Budding yeast have a mother (blue) and a bud (green) domain.
Similarly, cytokinetic cells have two daughter (blue) domains and a cytokinetic
domain (brown) at the cleavage plane. Photoreceptor cells have an outer
segment (orange) and an inner segment (blue) including an axon (green). The
different diffusion barriers (dashed lines) can be septin dependent (red), poten-
tially septin dependent (violet), or septin independent (yellow).

502 Developmental Cell 16, April 21, 2009 ª2009 Elsevier Inc.
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Exemples où le rôle des septines
a été clairement démontré

Pointes dendritiques

Espace annulaire

Cytocinèse
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Exemple de la division cellulaire

McMurray and Thorner, Cell Div. (2009)

Les septines, en établissant une barrière de diffusion lors de la croissance du 
bourgeon, jouent un rôle dans la polarité cellulaire  

Avant la cytocinèse,
des protéines (en bleu)

sont retenues dans le bourgeon  

Au début de la cytocinèse,
ces mêmes protéines (en vert)

sont alors accumulées au niveau du cou
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Exemple des neurones

Les septines jouent un rôle important au niveau des dendrites
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Tri directionnel assuré par SEPT9 à l’entrée de la dendrite

Rôle de barrières de diffusion

modulate spine morphology, particularly by enlarging the spine
head (Alvarez and Sabatini, 2007; Nimchinsky et al., 2002).
Thus, each spine on a dendrite behaves as an autonomous
entity, reflecting its individual history.

The properties of spines are the result of isolation of both their
plasma membrane and cytosol content from that of the dendritic
shaft. The strength of the cytosolic compartmentalization varies
according to spine morphology and inversely with respect to the
width of its neck (Sabatini et al., 2002; Svoboda et al., 1996).
Also, the lateral mobility of the AMPA (Alpha-amino-3-hydroxy-
5-methyl-4-isoxazole propionic acid) receptor and membrane-
targeted GFP is strongly restricted within the neck membrane
of certain categories of spines, indicating the presence of diffu-
sion barriers at these locations (Ashby et al., 2006). Thus, a major
function of spine necks appears to be confinement of postsyn-
aptic components to their resident spines, thereby ensuring
spine individualization. However, induction of LTP in one spine
also reduces the threshold of activation in neighboring spines
from the same dendrite (Harvey and Svoboda, 2007). This is
correlated with the diffusion of activated Ras from the induced
spine to the dendritic shaft (Harvey et al., 2008). Therefore, the
compartmentalization of the spines is not absolute but instead
selective, perhaps allowing individualization of each spine as
one compartment while still allowing interaction between neigh-
boring spines.
Summary
This list of known or potential areas where lateral diffusion is
restricted in cellular membranes, here called diffusion barriers, is
not comprehensive. There is also evidence for the existence of
diffusion barriers at the paranodes flanking the nodes of Ranvier
of myelinated axons (Sherman and Brophy, 2005), at the leading
edge of migrating keratocytes (Weisswange et al., 2005), in the

Spine Somato-dendritic specific 
membrane protein

Axon specific 
membrane protein F-actin

‘Pickets’ Diffusion barriers

AMPAr

A

B C
60 to 90µm

1µm

Figure 3. Diffusion Barriers in Neurons
(A) Neurons are compartmentalized into an axon (blue) and
a somatodendritic compartment (green). Dendritic spines
are depicted as orange circles. The axon initial segment’s
diffusion barrier (red dashed line) supports the differentia-
tion of the axon.
(B) Dendritic spines have a diffusion barrier at their neck
(red dashed line) restricting the diffusion of AMPA receptor
(violet) across the spine neck.
(C) The initial segment of the axon contains a diffusion
barrier composed of an actin network (red filaments) and
transmembrane proteins (red) such as b-IV spectrin and
AnkyrinG (‘‘pickets’’). These proteins prevent the diffusion
of lipids and membrane proteins and thereby separate the
axon (blue) and somatodendritic (green) domains from
each other.

cleavage furrow of dividing cells (Schmidt and
Nichols, 2004), and at the neck of budding yeast
cells (see below; Barral et al., 2000; Takizawa
et al., 2000; Dobbelaere and Barral, 2004; Lue-
deke et al., 2005; Shcheprova et al., 2008). The
recurring theme emerging from these studies is
that many different diffusion barriers can be iden-
tified in a wide range of cell types, where they
assume important roles in the control of cellular
organization and particularly in the maintenance
of long-term cellular architecture.

Although we still know little about how diffusion barriers are
established or how they work, the answers to several central
questions appear to be within our reach. Do all diffusion barriers
function according to the same mechanism or are there different
types of diffusion barriers? Are different barriers formed using
different types of molecules, or are most barriers similarly struc-
tured? Did the barrier principle arise several times during evolu-
tion? Before exploring these questions, we will focus on the
budding yeast Saccharomyces cerevisiae, where several diffu-
sion barriers have been described at the functional and structural
levels, and for which mechanistic insights have begun to be
revealed.

Septin-Dependent Diffusion Barriers in Budding Yeast
Yeast cells divide in a highly asymmetric manner by producing
de novo a daughter cell in the form of a bud that emerges from
the surface of its mother. During bud formation, the cytoskeleton
polarizes and targets exocytic vesicles to the bud, which grows
while the size of the mother cell remains static (Pruyne et al.,
2004). Over the last decade, the bud neck has been shown to
control the exchange of material between mother and bud
through the formation of diffusion barriers. Such barriers have
been described in the plasma membrane, the endoplasmic retic-
ulum, and the nuclear envelope (Barral et al., 2000; Luedeke
et al., 2005; Shcheprova et al., 2008; Takizawa et al., 2000;
Figure 4).

In the plasma membrane, fluorescence recovery after photo-
bleaching (FRAP) experiments established that over-produced
Ist2p protein freely diffuses in the bud part of the membrane.
The highly compartmentalized localization of Ist2p depends on
the septins, as Ist2p localizes to both the mother and bud plasma
membranes in septin-defective cells (Takizawa et al., 2000).
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Division cellulaire

Glomb and Gronemeyer, Front. Cell Dev. Biol. (2016)

Glomb and Gronemeyer Septin Organization and Functions in Budding Yeast

FIGURE 2 | Septins in the cell cycle of S. cerevisiae. The septins undergo cell cycle depending transitions: In G1 phase active Cdc42 (dark blue) polarizes at the

plasma membrane, defining the presumptive bud site. The septins (dark green) are recruited to this site and remain as a ring at the neck upon bud emergence. This

ring expands into a stable hourglass-shaped collar until the onset of mitosis. In late anaphase the septin collar splits into two distinct rings. In a recent study, Renz

et al. detected interaction partners systematically at different stages of the cell cycle and could thereby reconstitute a time-resolved interactome of the septin rod

(Renz et al., 2016). Treatment of the yeast cells with alpha factor arrested cells in early G1 phase, where no septin structure was visible. Using hydroxyurea arrested

the cells in S-phase, where a stable septin ring was visible at the bud neck. Finally, a temperature shift in cells carrying a cdc15-1 allele, allowed determining

interaction partners with split septin rings. The respective cell cylce blocks and major known post translational modifications (Hernández-Rodríguez and Momany,

2012) of the respecive cell cycle state are indicated. The nucleus is colored in purple.

monolayer model PIP2 enhanced the filament assembly rate of
septin hetero-octamers (Bertin et al., 2010).

After bud formation, the septin ring expands into a stable
hourglass-shaped collar that is present at the bud neck until
the onset of mitosis (Vrabioiu and Mitchison, 2006; Oh and
Bi, 2011; Ong et al., 2014). Before cytokinesis, the septin collar
splits into two distinct rings, one located at the mother and
one at the daughter site of the bud neck. The contractile
actomyosin ring (AMR), which powers the ingression of the
cleavage furrow and septum formation, is assembled between
the two septin rings (Wloka and Bi, 2012). Myo1, one essential
constituent of the AMR, is recruited to the site of cytokinesis
via the septin interacting protein Bni5 (Fang et al., 2010;
Schneider et al., 2013). Bni5 in turn associates with the C-
terminal extensions of the septin subunits Cdc11 and Shs1
(Finnigan et al., 2015).

After completion of cell separation, the old septin rings are
disassembled and septin subunits are partially replaced and
recycled for the next round of the cell cycle (McMurray and
Thorner, 2008).

Taken together, the septins act mainly as scaffold for other
proteins that are recruited to the bud neck or the site of
cytokinesis, respectively. Additionally, the septins function as a
diffusion barrier for proteins and organelles at the cortex of the
bud neck (Luedeke et al., 2005; Shcheprova et al., 2008; Caudron
and Barral, 2009; Orlando et al., 2011).

The transitions that the septins undergo throughout the
cell cycle are supposed to be regulated by posttranslational
modifications: Transition of the septin ring into a stable septin
collar after bud emergence is associated with the phosphorylation
and acetylation of certain subunits (Mitchell et al., 2011;
Hernández-Rodríguez and Momany, 2012). For example, the
p21-activated kinase Cla4 phosphorylates Cdc10 after bud
emergence and a deletion of CLA4 strongly affects the timely
formation of septin structures (Dobbelaere et al., 2003; Kadota
et al., 2004; Versele and Thorner, 2004). The splitting of the septin
collar at the onset of cytokinesis is supposed to be initiated by a
collective switch in the orientation of the septin filaments from
parallel to perpendicular to the growth axis of the cell (DeMay
et al., 2011). The switch is accompanied by at least two different
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Intégrité du cil primaire
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Désorganiser cette barrière de diffusion à la base du cil résulte en une perte de
localisation de protéines membranaires dans le cil, une inhibition de la voie de
signalisation Sonic Hedgehog et une inhibition de la ciliogenèse



2017). On the ventral side of nuclei, septins form a dense network of
filaments, which colocalizes with actin. Surprisingly, overexpression
of a specific isoform of SEPT9 (SEPT9_i2), which suppresses the
migration of breast cancer cells, disrupts the integrity of the septin
meshwork and its colocalization with actin (Verdier-Pinard et al.,
2017). Overexpression of SEPT9_i2 phenocopies in part the
depletion of the formin FMN2, which nucleates a subnuclear actin
network, thereby maintaining nuclear shape, position and integrity
during cell migration (Skau et al., 2016; Verdier-Pinard et al., 2017).
Although more studies are needed to determine whether septins are
involved in the generation and maintenance of this actin network, it
appears that specific septin paralogs and/or isoforms are linked to
spatially and functionally distinct actin networks.
During cell division, septins are involved in the organization of

the actomyosin contractile ring of the cytokinetic cleavage furrow.
In adherent mammalian cells, knockdown of some septins (e.g.
SEPT2, SEPT7, SEPT11) disrupts the ingression of cleavage
furrows, which then fail to close completely, leading to the
formation of binucleated cells (Estey et al., 2010; Joo et al., 2007;
Kinoshita et al., 1997; Menon et al., 2014; Spiliotis et al., 2005).
However, cells of hematopoietic origin complete cytokinesis
independently of septins, and certain septin isoforms (e.g.
SEPT9_i3) do not affect cleavage furrow ingression but function
in cytokinetic abscission (Estey et al., 2010; Menon and Gaestel,
2015; Menon et al., 2014). Thus, depending on cell type, septins
may have different localizations and functions that range from
membrane-coupling and positioning of the actomyosin ring to
activation of myosin II and actin turnover. From studies in
Drosophilia melanogaster, it is nevertheless apparent that septins
are crucial for the correct organization of actin within the contractile
ring (Mavrakis et al., 2014).

Our knowledge of septin localization and function in branched
actin networks is limited. There is scant evidence of septin
enrichment in lamellipodia. In squamous carcinoma and melanoma
cells, SEPT1 and SEPT5 are found in lamellipodia, and required for
cell spreading (Mizutani et al., 2013). In dorsal root ganglia neurons,
SEPT6 also exhibits a paralog-specific enrichment in patches of
branched actin that gives rise to axonal filopodia (Hu et al., 2012).
Moreover, SEPT6 overexpression enhances lamellipodial actin in
Madin-Darby canine kidney (MDCK) epithelia cells (Hu et al.,
2012). Furthermore, several septins (e.g. SEPT2, SEPT11) have been
implicated in the formation of phagocytic cups in macrophages, but
without affecting actin accumulation (Huang et al., 2008). In
metastatic human cancer cells, proteomic analysis of pseudopodia,
which are enriched with branched actin, yielded SEPT9 as a
pseudopod-specific protein (Shankar et al., 2010). These data suggest
that specific septin paralogs and complexes are involved in the
organization of branched actin networks, but more work is needed to
ascertain their exact localization and function.

Septin-based mechanisms of actin organization
Challenging a decade-long posit that septins associate with actin
filaments indirectly, new evidence from in vitro reconstitution
experiments indicates that septins interact with actin (Dolat et al.,
2014b; Mavrakis et al., 2014; Smith et al., 2015). Polymerization of
actin together with recombinant Drosophila Sep1−Sep2−Pnut or
human SEPT2−SEPT6−SEPT7 complexes results in long, highly
curved and looped actin filaments that are, in patches, coated with
septins (Mavrakis et al., 2014). Interestingly, the linear or curved
morphology of actin depends on the filamentous state of septins.
Actin polymerization in the presence of septin filaments yields
straighter SF-like actin bundles that are heavily enriched with septins
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Fig. 1. The roles of septin in actin SF organization. (A) Confocal images showing a fibroblast cell (NIH 3T3) stained with phalloidin (actin; black and white) and
anti-SEPT7 (green). SEPT7 decorates partially a subset of SFs and is largely absent from lammelipodia. Scale bar: 5 µm. (B) Structured illumination super-
resolution image shows a peripheral lamellar region from a motile MDCK cell stained with phalloidin (actin; red), anti-SEPT2 (green) and anti-paxillin (white).
Arrows point to SEPT2 localization at transverse arc SFs and their junctions with dorsal (radial) SFs. Scale bar: 5 µm. (C) Model of how septins may coordinate
actin SF interactions at the peripheral lamellae of motile cells. Septins associate with the distal ends of FA-anchored dorsal (radial) SFs and may mediate their
anchoring to transverse arc SFs (left). In parallel, septins may promote the generation of ventral SFs by annealing transverse arc SFs with the free ends of dorsal
(radial) SFs from two opposing FAs (right).

3

REVIEW Journal of Cell Science (2018) 131, jcs207555. doi:10.1242/jcs.207555

Jo
ur
na

lo
f
Ce

ll
Sc
ie
nc

e

Spiliotis, J. Cell Sci. (2018) 

Migration

27

lamellipode

Les septines coordonnent l’organisation et la contractilité de l’actomyosine au niveau du lamellipode

Certaines septines sont essentielles pour la migration de différents types cellulaires,
dont les cellules épithéliales, les fibroblastes, les lymphocytes et les neurones  
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Internalisation de pathogènes

Torraca and Mostowy Septin-Bacteria Interplay

FIGURE 2 | Septin recruitment and function in bacterial infections. (A) The enteropathogenic E. coli (EPEC) pedestal. Type 3 secretion system (T3SS) effectors

of EPEC are implicated in septin phosphorylation and assembly into filaments and rings. It is proposed that septins assemblies (depicted here as rings) remodel

cortical actin for pedestal biogenesis (B) The C. difficile microtubule-based protrusion. Intoxication with the C. difficile toxin (CDT) leads to patches of cortical

actin/septin depolymerization followed by rearrangement of septins into ring-like structures, facilitated by the factors Cell Division Control Protein 42 (CDC42) and

Binder of Rho GTPase (BORG). By interacting with End Binding 1 (EB1) protein, septins redirect microtubule polymerization and initiate protrusion formation.

Protrusions prevent the mechanical clearance of C. difficile by wrapping around the bacterium. (C) Zipper-mediated entry by L. monocytogenes. During invasion of

Listeria into host cells, interaction of the virulence factor Internalin B (InlB) with its membrane receptor Met, initiates septin recruitment to the entry site where it forms

ring-like structures at the base of the phagocytic cup. (D) Trigger-mediated entry by S. flexneri or S. Typhimurium. Septin ring-like structures associate with the

bacteria upon injection of T3SS effectors into the host cell to induce membrane ruffles and macropinocytosis at the bacterial entry site. In the case of (C,D), septins at

the plasma membrane may facilitate actin remodeling, membrane protrusion, and bacterial internalization by acting as diffusion barriers for lipids and signaling

molecules. (E) The C. trachomatis inclusion vacuole. Septin and actin filaments form a coat that associate with the cytosolic surface of the inclusion vacuole, and

contributes to its remodeling to accommodate bacterial growth. The chlamydial enzyme CPAF is able to cleave septins for control of inclusion remodeling. (F) The L.

monocytogenes or S. flexneri actin tail. Although dispensable for actin-based motility, septins assemble into rings around a subset of cytosolic bacteria polymerizing

actin tails. The precise role of septins in the functionality of the actin tail remains unknown. (G) The S. flexneri septin cage. Septins assemble into cage-like structures

around a subset of cytosolic bacteria polymerizing actin. In the case of Shigella, septin cage assembly is promoted by mitochondria and leads to the restriction of

bacterial replication by autophagy.

phosphorylation remains unknown, however a previous study
performed in S. cerevisiae showed that overexpression of the
T3SS effector proteins Mitochondrial associated protein (Map)
and E. coli secretion protein F (EspF) cause abnormal and
mislocalized septin assemblies that affect morphogenesis and
cell division (Rodríguez-Escudero et al., 2005). The same study
implicated Map and EspF in the activation of a phosphorylation
cascade via the Mitogen-Activated Protein Kinase (MAPK)
pathway. Taken together, it is tempting to speculate that
EPEC virulence factors activate a phosphorylation cascade to
mediate the recruitment and assembly of septins at the plasma
membrane for actin-mediated pedestal formation. Further
experiments will be required to address this hypothesis. Notably,
increased phosphorylation of SEPT9 has also been identified
from infections with other T3SS-positive enterobacteria,
including Shigella and Salmonella spp. (Rogers et al., 2011;
Schmutz et al., 2013), raising the possibility that septin
phosphorylation is commonly exploited by bacterial pathogens to

coordinate rearrangements of the actin cytoskeleton and plasma
membrane.

Microtubule-Based Protrusions from
Clostridium difficile Infection
Hypervirulent strains of C. difficile infect humans provoking
colitis, antibiotic-associated diarrhea, and occasionally death.
The increased virulence of some C. difficile isolates is associated
with the expression of the C. difficile transferase (CDT), a
toxin that mediates formation of microtubule-based protrusions,
which wrap around bacteria and increase their adherence to the
host cell (Schwan et al., 2014). When exposing cells to CDT,
the cellular cortex undergoes extensive remodeling, resulting
in patches of actin depolymerization. Complexes of SEPT2-
SEPT6-SEPT7-SEPT9 are recruited to the plasma membrane
shortly after initial depolymerization events and form collar-
like structures that initiate CDT-dependent protrusions (Nölke
et al., 2016) (Figure 2B). Depletion of septins by siRNA or their
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Fission mitochondriale

Pagliuso et al., EMBO Rep. (2017)
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previously to directly bind Sept2 [19]. This binding was required

for phosphorylation-dependent activation of Myo2, which played

an important role in stress fiber maintenance and during cyto-

kinesis [19]. However, whether the Sept2–Myo2 interaction can

also occur at mitochondria and/or have a functional role in

mitochondrial dynamics is unknown to date. Therefore, we explored

whether Sept2 depletion would alter Myo2 localization at mitochon-

dria or decrease its activation. We neither detected changes in

total Myo2A or Myo2B levels (Fig EV4A and B) nor a decrease in the

levels of phosphorylated regulatory myosin light chain (P-MLC

and PP-MLC; Fig EV4C–F), which determines the actin-binding

properties of Myo2 in Sept2-silenced cells [52]. We also failed to

detect a significant change in mitochondria-associated P-MLC by

immunolocalization (Fig 6A and B). We thus concluded that the

mitochondrial elongation observed in Sept2-depleted cells is not due

to perturbation of Myo2 levels or activity.

Notably, P-MLC has been shown to localize to mitochondria in

an actin-dependent manner [18]. The lack of P-MLC redistribution

in Sept2-depleted cells suggests that the interaction of actin with

mitochondria is not perturbed in this context. In agreement with this

observation, we found that Sept2 depletion did not interfere with

the induction of actin recruitment to mitochondria upon FCCP

treatment [17] (Fig 6C). In addition, we examined whether Sept2

depletion would affect the mitochondrial localization of the actin-

binding proteins Arp3, cofilin, and cortactin, which were recently

shown to regulate mitochondrial morphology [17]. Immunofluores-

cence and cell fractionation experiments showed that the mitochon-

drial association between Arp3, cofilin, and cortactin was not

affected in Sept2-depleted cells (Fig 6D and E).

We next tested whether the interaction between Sept2 and Drp1

requires actin polymerization by treating cells with cytochalasin D

prior to immunoprecipitation and found that the Sept2–Drp1 interac-

tion was not affected (Fig 6F). Together, these results indicate that

Sept2 is not involved in the recruitment of actin and Myo2 at mito-

chondria and that the interaction between Sept2 and Drp1 is inde-

pendent of actin dynamics.
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Figure 5. Sept2 is required for efficient recruitment of Drp1 to mitochondria.

A Immunofluorescence of Sept2 (blue), mitochondria (Tom20, red), and Drp1 (green) in mock-treated and Sept2-depleted cells. Scale bar: 10 lm, insets are enlarged
fourfold.

B Quantification of mitochondria-associated Drp1 in mock-treated and Sept2-depleted cells (mean of 3 independent experiments ! SEM, n = 44–51 cells).
C Average distance between mitochondria-associated Drp1 oligomers (mean ! SEM, representative experiment with n > 25 individual mitochondria, ***P < 0.005).
D HeLa cytosol and crude mitochondrial fractions prepared from mock- and Sept2 siRNA-treated cells. The samples were analyzed by Western blotting with the

indicated antibodies, and show a decrease in mitochondria-associated Drp1 in Sept2-depleted cells.

Source data are available online for this figure.
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Vagin and Beenhouwer, Front. Cell Dev. Biol. (2016)

Régulation de la stabilité des protéinesVagin and Beenhouwer Septins: Regulators of Protein Stability

TABLE 1 | Septin-mediated regulation of protein stability.

Septin- regulated

protein

Septin(s)

involved in

regulation

Protein-septin interaction Effect(s) of septins on protein

stability

Molecular mechanism of

septin-mediated effect

References

LCA Septin 2

Septin 3

Septin 5

Septin 6

Septin 7

Septin 9

Septin 11

Dileucine motif (428L/429L)

required for binding

Protect from

ubiquitylation-dependent

degradation

Unknown Vagin et al., 2014

EGFR Septin 9

Septin 2

Septin 7

Not demonstrated Protects from ubiquitylation and

degradation

Septin 9 competes with

CBL for binding to CIN85

Diesenberg et al., 2015

ErbB2 Septin 2

Septin 9

Septin 7

Multiprotein complex with

several septins

Protect from ubiquitylation and

lysosomal degradation

Unknown Marcus et al., 2016

HIF-1α Septin 9 GTPase domain of septin 9

required for interaction

Protects from ubiquitylation and

degradation

Septin 9 competes for

RACK1 binding to HIF-1α

Amir et al., 2006, 2009;

Golan and Mabjeesh, 2013;

Vardi-Oknin et al., 2013

MET Septin 2

Septin 11

Unknown Differently modulate surface

expression and association with

the cytoskeleton

Unknown Mostowy et al., 2011

JNK Septin 9 GTPase domain of septin 9

required for interaction

Protects from degradation Unknown Gonzalez et al., 2009

SEPTINS STABILIZE RECEPTOR
TYROSINE KINASES

Persistent Signaling of Receptor Tyrosine
Kinases
EGFR family receptor tyrosine kinases (ErbB1 or EGFR, ErbB2,
ErbB3, ErbB4) trigger signaling cascades that regulate critical
cellular processes, such as growth, differentiation, proliferation,
adhesion, survival, and migration (Blume-Jensen and Hunter,
2001). One of the primary mechanisms that regulates the
duration of downstream signaling after activation is the removal
of these receptors from themembrane by endocytosis followed by
trafficking back to the cell surface or to lysosomes for degradation
(Wiley and Burke, 2001; Sorkin and Goh, 2009). Over-expression
and aberrant degradation of ErbB receptors lead to enhanced
or continuous signaling, promoting malignant transformation
(Sangwan and Park, 2006; Lemmon and Schlessinger, 2010;
Tebbutt et al., 2013; Arteaga and Engelman, 2014).

Endocytosis and degradative sorting of EGFR are regulated
by the ubiquitin ligase CBL (Levkowitz et al., 1996; Schmidt
and Dikic, 2005). EGFR stimulation by ligand binding triggers
the recruitment of CBL, which induces multi-mono- and K63-
polyubiquitylation of the receptor (Mosesson et al., 2003;
Huang et al., 2006, 2013). Whether ubiquitylation is required
for endocytosis is still a point of controversy. However, it
is generally agreed that CBL-mediated receptor ubiquitylation
targets internalized receptors for lysosomal degradation, while
non-ubiquitylated receptors are recycled back to the membrane.

CBL-interacting protein of 85 kDa (CIN85) mediates the
interaction between CBL and EGFR and hence is involved in the
downregulation of EGFR (Soubeyran et al., 2002; Haglund et al.,
2003).

In contrast to EGFR, ErbB2 does not have a known ligand
(Garrett et al., 2003) and is thought to be resistant to endocytic
down-regulation (Wang et al., 1999; Haslekås et al., 2005;
Roepstorff et al., 2008; Sorkin and Goh, 2008). Ubiquitylation is
important for ErbB2 degradation (Vuong et al., 2013), but the
involvement of CBL is not clear (Levkowitz et al., 1996; Klapper
et al., 2000). Heat shock protein 90 (HSP90) is required for stable
expression of ErbB2 at the plasma membrane, and disruption
of ErbB2 association with HSP90 allows for recruitment of
HSP70 and ubiquitin ligases CHIP and/or Cullin-5, leading to
ErbB2 ubiquitylation (Xu et al., 2002; Ehrlich et al., 2009),
internalization and lysosomal degradation (Tikhomirov and
Carpenter, 2000; Austin et al., 2004; Lerdrup et al., 2006).
Proteasomal activity is required for endocytosis and lysosomal
targeting of ErbB2 but is not directly involved in ErbB2
proteolysis (Lerdrup et al., 2006, 2007; Roepstorff et al., 2008).

Septins Protect Receptor Tyrosine Kinases
from Ubiquitylation, Endocytosis and
Degradation
CIN85 is involved in down-regulation of EGFR by tethering
CBL to the endocytic machinery in an EGF-dependent manner
(Dikic, 2002). A number of studies have suggested that CIN85
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SEPT9 Isoformes longues SEPT9_i1  and SEPT9_i3

Isoformes courtes

Au moins 18 isoformes de SEPT9

Biomarqueur pour le cancer colorectal 

Oncogenèse

- SEPT5, partenaire de translocation du gène MLL dans des leucémies aiguës myéloïdes

Cancérogenèse

Megonigal et al., Proc. Natl. Acad. Sci.. USA (1998)

- Puis SEPT9, SEPT6, SEPT2 et SEPT11 également identifiées comme partenaires de fusion
Osakal et al., Proc. Natl. Acad. Sci.. USA (1999)

ADN méthylé de SEPT9 circulant dans le plasma
Grutzmann et al., PLoS One (2008)
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FIGURE 1 | Septin over- and under-expression in human cancers. Bar graphs show the percentage of tumor samples, in which a specific septin is

over-expressed (red) or under-expressed (green). In the COSMIC database, the thresh-hold value for over- or under-expression is set at two times the standard

deviation from the mean values of expression in tumor samples that were diploid for a septin gene. The number (N) of samples analyzed is shown in parenthesis under

each tumor type. Note that several septins are both over- and under-expressed in samples of the same tumor type.

Somatic Mutations In Cancer (COSMIC; http://cancer.sanger.
ac.uk/cosmic) is an on-line database that compiles cancer
genomic information from scientific publications, The Cancer
Genome Atlas (TCGA) and the International Cancer Genome
Consortium (ICGC) databases. Currently, COSMIC contains
data for 42 different primary tumor types (e.g., intestinal, skin,
kidney), which were derived from approximately 1.23 million
patients. The majority of these samples are from patients with
haemotopoietic and lymphoid cancers (∼32%). Large intestine,
lung and thyroid cancer samples account for ∼14%, ∼13%,
and ∼5% of patients, respectively. All other tumor types are
each under 5% of the total pool of patients. Presently, COSMIC
contains data from screening a cumulative of 28,611 genes,
including isoforms from identical genes, and 301,848 unique
mutations are catalogd.

In COSMIC, 693 septin missense mutations are reported;
for this review’s purpose, we focused on single amino
acid substitutions and not on gene deletions, duplications,
translocations or epigenetic alterations. A number of these septin

mutations are found in different tumor types or different patients
with the same type of tumor. Over 20% of the septin mutations
correspond to large intestine tumors (Figure 2A). Approximately
15% of septin mutations belong to skin cancers, >10% to
lung tumors and >5% to endometrial and stomach tumors.
The percentage of total septin mutations for any other tumor
type is lower than 5%. Given that intestine, skin, endometrial
and stomach cancers represent 14.4%, 3.3%, 1.3%, and 2%
of the total tumor samples, respectively, the percentage of
septin mutations in these tumor types is above the relative
abundance of samples. Similarly, the percentage (4–5%) of septin
mutations in liver and kidney tumors is more than double
the percentage (1.3–1.4%) of these tumors in the total samples
screened.

Septins of the SEPT6 group account for 44.6% of total
septin mutations, while the SEPT2 and SEPT3 groups each
harbor ∼25% of septin mutations (Figure 2B). From all
13 septin paralogs, the top two most mutated septins are
SEPT14 and SEPT9, which contain ∼15% and ∼10% of total
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FIGURE 2 | Global view of septin missense mutations in human cancers. (A) All 693 septin missense mutations were grouped per tumor type. Bar graph

shows the percentage of total septin mutations that occur in each tumor type. Tumors of uncertain type are designated as “not set.” (B,C) Pie charts show the

percentage of septin mutations per septin group (B) and individual septin paralog (C).

mutations, respectively (Figure 2C). Each of the remaining septin
paralogs account for 5–9% of total mutations. Interestingly, the
ubiquitously expressed SEPT7 is the least mutated, accounting
for less than 5% of total mutations (Figures 2B,C).

Grouping the mutations of each septin paralog under their
corresponding tumor types shows that 25–35% of the SEPT2,
SEPT4, and SEPT9 mutations are found in large intestine tumors
(Figures 3A,B). SEPT2 and SEPT9 had notably more mutations
(∼14%) in liver and stomach cancers, respectively, relative to
all other septins (Figures 3A,B). The majority of SEPT12 and
SEPT14 mutations occur in skin (20–26%), large intestine (20%)
and lung (13–15%) cancers (Figures 3B,C). Similar trends are
observed for SEPT3, SEPT5, SEPT6, SEPT10, and SEPT11.
Compared to all other septins, SEPT7 has a higher percentage of
mutations in cancers of the central nervous system (∼13%) and
endometrium (∼16%) (Figure 3D).

In contrast to the high mutation frequencies of Ras GTPases
and other classical oncogenes (Fernandez-Medarde and Santos,
2011; Pylayeva-Gupta et al., 2011; Chang et al., 2016), the
incidence of septin mutations appear to be below 3% (Table 1).
Among the top ten most frequent septin mutations, SEPT14
and SEPT9 top the list with frequencies of 2.56 and 1.86%
in skin and stomach cancers, respectively (Table 1). The same

TABLE 1 | Septins with the highest mutation frequencies (f).

Rank SEPT Primary tumor f (%) Samples screened Total samples

1* SEPT14 Skin 2.56 1094 16,706

2 SEPT9 Stomach 1.86 592 24,308

3 SEPT9 Large intestine 1.55 1482 179,020

4 SEPT14 Large intestine 1.35 1482 179,020

5 SEPT9 Endometrium 1.25 640 16,706

– SEPT6 Endometrium 1.25 640 16,706

7 SEPT3 Cervix 1.24 322 5828

8 SEPT4 Large Intestine 1.21 1482 179,020

9 SEPT12 Skin 1.10 1094 40,749

10 SEPT14 Soft tissue 1.06 567 40,032

*SEPT6 frequency in peritoneal tumors is 10%, but only 10 out of 400 samples have been

screened.

septins also have the highest frequencies (1.3–1.5%) in tumors
of the large intestine. The mutation frequencies (1.25%) of
SEPT9 and SEPT6 in endometrial tumors, and of SEPT3 in
cervical cancer are also among the highest of all septins.
Overall, septin mutations occur with the highest frequency
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Implication dans la résistance aux taxanes

Restauration de la dynamique microtubulaire
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