l\' frontiers

in Cell and Developmental Biology

MINI REVIEW
published: 03 November 2016
doi: 10.3389/fcell.2016.00124

OPEN ACCESS

Edited by:
Manoj B. Menon,
Hannover Medical School, Germany

Reviewed by:

Aaron T. Irving,

National University of Singapore,
Singapore

Elias T. Spiliotis,

Drexel University, USA

Serge Mostowy,

Imperial College London, UK

*Correspondence:
Michael Krauss
krauss@fmp-berlin.de

Specialty section:

This article was submitted to
Signaling,

a section of the journal

Frontiers in Cell and Developmental
Biology

Received: 31 August 2016
Accepted: 19 October 2016
Published: 03 November 2016

Citation:

Song K, Russo G and Krauss M
(2016) Septins As Modulators of
Endo-Lysosomal Membrane Traffic.
Front. Cell Dev. Biol. 4:124.

doi: 10.3389/fcell.2016.00124

Check for
updates

Septins As Modulators of
Endo-Lysosomal Membrane Traffic

Kyungyeun Song, Giulia Russo and Michael Krauss *

Leibniz-Institut fir Molekulare Pharmakologie, Berlin, Germany

Septins constitute a family of GTP-binding proteins, which assemble into non-polar
filaments in a nucleotide-dependent manner. These filaments can be recruited to
negatively charged membrane surfaces. When associated with membranes septin
filaments can act as diffusion barriers, which confine subdomains of distinct biological
functions. In addition, they serve scaffolding roles by recruiting cytosolic proteins
and other cytoskeletal elements. Septins have been implicated in a large variety of
membrane-dependent processes, including cytokinesis, signaling, cell migration, and
membrane traffic, and several family members have been implicated in disease. However,
surprisingly little is known about the molecular mechanisms underlying their biological
functions. This review summarizes evidence in support of regulatory roles of septins
during endo-lysosomal sorting, with a particular focus on phosphoinositides, which serve
as spatial landmarks guiding septin recruitment to distinct subcellular localizations.
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INTRODUCTION

Septins constitute a family of small GTPases that assemble into filaments and higher-order
structures in a nucleotide-dependent manner (Kinoshita, 2003). In humans 13 different paralogs
are expressed in a cell- and tissue-specific manner, which have been classified into the SEPT2,
SEPT3, SEPT6, and SEPT7 subgroups based on sequence similarity. All septins share a central
GTPase domain that allows for their oligomerization into filaments (Sirajuddin et al., 2007). The
G-domain is flanked by more variable N- and C-terminal extensions, which provide interfaces
for the association with non-septin binding partners. Septins have been implicated in a large
variety of membrane-dependent processes, including cytokinesis, signaling and membrane traffic.
During these events they act as barriers limiting diffusion of membrane-resident factors, but also as
molecular scaffolds that orchestrate the recruitment of downstream effectors (Caudron and Barral,
2009). Given the fundamental importance of septin-dependent processes, it is not surprising that
several septin family members have been implicated in disease, such as Alzheimer’s disease or
cancer (Dolat et al., 2014). However, surprisingly little is known about the molecular mechanisms
underlying septin-related pathogenesis.

SEPTIN FILAMENTS ASSOCIATE WITH MEMBRANE SURFACES

Septins bind to membrane surfaces enriched in negatively charged phospholipids, in particular
phosphoinositides (PIs) (Zhang et al., 1999; Tanaka-Takiguchi et al., 2009). This is mediated by a
patch of basic amino acids found in members of the SEPT2, SEPT3, and SEPT7 subgroups, which
is located in close proximity to the G-domain. Because septins assemble into hetero-oligomeric
filaments the association with negatively charged membrane surfaces might be a cooperative
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mechanism facilitated by septin oligomerization. Vice versa, it
has been noted that membrane association supports the assembly
of septins into filaments (Bridges et al, 2014). In the best-
characterized septin complex SEPT2/SEPT6/SEPT7 a flexible
region at the SEPT2 dimer interface promotes bending of the
oligomer (Sirajuddin et al, 2007). This might explain why
SEPT2-6-7 filaments can impose positive membrane curvature
(Tanaka-Takiguchi et al., 2009). More recently Bridges et al.
demonstrated that septins also associate with lipid bilayers devoid
of negatively charged lipid species, and in this case sense micron-
scale, positive membrane curvature in vitro and in living cells
(Bridges et al., 2016).

Both, the generation and the recognition of membrane
curvature are hallmarks of proteins involved in intracellular
membrane traffic (Krauss and Haucke, 2011). Membrane traffic
relies on the formation of transport carriers, which depends
on the concentration of cargo in confined membrane areas.
Furthermore, select machineries need to be assembled to aid
membrane deformation into highly curved vesicles, and to
promote fission from the donor compartment. Given the
proposed scaffolding function of septin filaments, and their
well-established roles as diffusion barriers, it is conceivable that
septins contribute to carrier formation, for instance by shielding
membrane subdomains, by imposing or sensing membrane
curvature, or by recruiting appropriate effector proteins assisting
vesicle generation.

Septins have been shown to bind to a variety of PI species,
which are generated on distinct subcellular membranes (see
below for details), and might thus act during carrier formation
at different organelles. This is supported by several studies that
identified septin binding partners with functions during endo-
lysosomal sorting (Table 1).

SEPTINS REGULATE THE FORMATION OF
ENDOCYTIC CARRIERS AT THE PLASMA
MEMBRANE

Membrane recruitment of septin filaments is supported by
PI(4,5)P, and PI(3,4,5)P3, two PI species found predominantly
at the plasma membrane (Zhang et al, 1999). Depletion
of plasmalemmal PI(4,5)P, disrupts the integrity of septin
filaments, indicating that this PI orchestrates filament assembly.
Moreover, septins have been suggested to support the generation
of PI(4,5)P,-enriched microdomains at the plasma membrane,
and to thereby promote the formation of junctions transiently
formed with the endoplasmic reticulum during store-operated
calcium entry (Sharma et al, 2013). This suggests that
septin filaments can undergo dynamic re-organization in a
spatiotemporally regulated manner, together with PI(4,5)P,
pools at the plasma membrane.

The generation of PI(4,5)P; initiates many plasma membrane-
derived processes, including endocytosis (Krauss and Haucke,
2007), and indeed, several studies implicated septins in endocytic
events. Depletion of SEPT2 or SEPT11 in macrophages perturbs
phagocytic uptake of opsonized latex beads (Huang et al., 2008),
and at sites of phagosome formation both septin family members

TABLE 1 | Binding partners of mammalian septin family members with
implication in endo-lysosomal sorting.

Septin  Binding partner Process References
SEPT3  GABA-RAPL2 Autophagy Nakahira et al., 2010
SEPT3  SNX6 Endosomal sorting
SEPT3  Myolb Endosomal sorting
SEPT8 RALBP1 Endocytosis,

endosomal sorting
SEPT9 CIN85 (SH3KBP1) Endosomal sorting
SEPT8 BLOC-1 Endosomal sorting Gokhale et al., 2012
SEPT5/ Dynamin Endocytosis Maimaitiyiming et al.,
SEPT11 2013
SEPT7  AP-3 Endosomal sorting Traikov et al., 2014
SEPT9  CIN85 (SH3KBP1) Endosomal sorting Diesenberg et al., 2015

co-localize with actin-rich structures, at a time when PI(4,5)P,
accumulates at the same spots (Figure 1A). Similarly, several
septins have been found to assemble in close proximity to actin
at the entry site of several pathogens (i.e., Listeria and Candida)
in human non-phagocytic cells, and have been proven important
for their internalization (Mostowy and Cossart, 2011; Phan et al.,
2013).

Interestingly, entry of some pathogens additionally depends
on parts of the clathrin machinery, including clathrin itself,
but also the vesicle fission enzyme dynamin, and a number of
accessory proteins known to associate with receptor tyrosine
kinases during their endocytosis (Veiga and Cossart, 2006). Some
of these factors encode SH3-domains, which could potentially
interact with proline-rich stretches present in several septins. One
of them, CIN85/SH3KBP1, interacts with SEPT9 (Diesenberg
et al, 2015) (see below for details) and could thereby link
the clathrin machinery to SEPT9-containing filaments. Based
on these findings it is tempting to speculate that septins
also participate in other actin- and/ or dynamin-dependent
endocytic pathways, such as clathrin-mediated and caveolar
endocytosis, or macropinocytosis (Figures 1B,C). In line with
this hypothesis SEPT5 and SEPT11 are found in complexes
with dynamin (Maimaitiyiming et al., 2013). Furthermore, yeast
septins associate with a subset of endocytic proteins (Renz
et al,, 2016), including the dynamin-like GTPase Vpsl, and the
accessory proteins Sla2 (ortholog of the mammalian clathrin- and
actin binding protein Hip1R) and Syp1 (ortholog of mammalian
FCHo proteins that are believed to nucleate clathrin coat
formation at the plasma membrane).

SEPTINS DURING ENDOSOMAL SORTING

Accumulating evidence suggests that septins also associate with
membranes of the endo-lysosomal system. A proteomic approach
identified several septins together with bona fide endosomal
proteins on early endosome-like liposomes containing PI(3)P
(Baust et al., 2008). Later, it was demonstrated that SEPT6 and
SEPT7 on endosomes regulate the biogenesis of multivesicular
bodies (MVBs) in a process involving the adaptor complex AP-3
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FIGURE 1 | Schematic representation of endosomal sorting events with proven or putative involvement of septins. Septin filaments are indicated in blue,
actin filaments in red. SEPT2/7/9/11 promote phagocytosis (A). Through associating with dynamin SEPT5/11 might function during clathrin-mediated endocytosis
(B). Interactions of septins with actin filaments might modulate macropinocytosis (C). Complex formation between AP-3 and SEPT6/7 facilitates degradative sorting
(D). SEPT2/6/7 promote fusion of macropinosomes (E) and potentially of MVBs with lysosomes (F). PI(5)P at endosomes protects cargo from degradative sorting,
and might recruit SEPT9 to sorting endosomes (G). SEPT2/6/7/9 form cages around intracellular pathogens and promote their sorting to autophagosomes (H).
SEPT9 inhibits ubiquitylation of EGF receptors at the plasma membrane by associating with CIN85, and thereby attenuates degradative sorting at endosomes (I). See

and ESCRT proteins (Traikov et al., 2014). They thereby facilitate
the degradation of ubiquitylated cargo proteins in lysosomes
(Figure 1D).

During maturation into MVBs PI(3)P-positive endosomes
acquire a PI(3,5)P,-positive identity, which is generated by FYVE
finger containing PI kinase (PIKfyve) to promote endo-lysosomal
fusion. Interestingly, a PIKfyve-dependent pool of PI(3,5)P,
recruits SEPT?2 to fusion sites on Rab7-positive macropinosomes
(Dolat and Spiliotis, 2016; Figure 1E). SEPT2 depletion does
not impair docking between macropinosomes, but reduces
their fusion. It remains elusive if this defect is caused by a
direct modulation of the SNARE machinery through SEPT2.
Alternatively, SEPT2-containing filaments might directly confer
fusogenic properties. Whether SEPT2 is recruited to MVBs as
well, is currently unknown (Figure 1F).

Several physiological stimuli, but also infection with certain
pathogens, can up-regulate PI(5)P on endosomes. In cells
infected with Shigella this pool of endosomal PI(5)P impedes
EGF receptor degradation (Ramel et al., 2011; Boal et al., 2015).
Interestingly, exogenous supply of PI(5)P translocates SEPT9 to
lipid droplets and possibly other organelles (Akil et al., 2016;
Figure 1G).

Besides its role at endosomes, PI(5)P can also regulate the
biogenesis of autophagosomes through a non-canonical, Vps34-
independent pathway (Vicinanza et al., 2015). Interestingly,
it has been noted that SEPT9 and SEPT7 are incorporated
into septin cages that entrap cytosolic Shigella to target
them for autophagy (Mostowy et al., 2010; Sirianni et al,
2016; Figure 1H). Septin cage formation occurs in concert
with, and dependent on proteins involved in autophagy,
including p62/SQSTM1, Atg5, Atg6, and Atg7. It is, thus,
tempting to speculate that septins have a regulatory role during
autophagy.

INDIRECT EFFECTS OF SEPTINS ON
DEGRADATIVE SORTING OF RECEPTOR
TYROSINE KINASES

Septins can also exert indirect effects on sorting of cargo
proteins. We recently noted a profound decrease in surface
levels of epidermal growth factor (EGF) receptors upon
depletion of SEPT9 (Diesenberg et al., 2015; Figure 1I). This
effect depends on a proline-rich motif within the SEPT9
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N-terminal domain that supports its association with the adaptor
protein CIN85/SH3KBP1. CIN85-SEPT9 complexes localize
exclusively to the plasma membrane, where SEPT9 is recruited
to ligand-engaged receptors in a CIN85-dependent manner.
CIN85 promotes down-regulation of EGF receptors through its
interaction with the ubiquitin ligase Cbl (Soubeyran et al., 2002).
As SEPT9 competes with Cbl for the same binding sites on CIN85
it negatively regulates receptor multi-ubiquitylation and thereby
attenuates subsequent degradative sorting of ubiquitylated EGF
receptors to lysosomes.

Similar mechanisms might apply for other receptors down-
regulated by the CIN85/Cbl module, such as the hepatoctyte
growth factor Met (Petrelli et al,, 2002). In support of this
hypothesis, decreased levels of Met have been detected in cells
depleted of septins (Mostowy et al., 2011). As Met serves as
a docking site for Listeria, this might provide an additional
explanation for the reduced capability of this pathogen to invade
host cells in absence of septins.

Marcus et al. have reported recently that septin
oligomerization stabilizes ErbB2 (Marcus et al., 2016), a receptor
tyrosine kinase mutated or overexpressed in multiple cancers.
SEPT2 and SEPT9 co-localize with Erb2 at the basolateral
plasma membrane of gastric cancer cells. Treatment of cells
with forchlorfenuron, an inhibitor impairing septin assembly
and dynamics, as well as septin depletion aggravate ubiquitin-
dependent degradation of ErbB2, similar to what has been seen
for EGF receptors. However, as ErbB2 is sorted independently
of the CIN85/Cbl-module, alternative effectors apparently act
downstream of septins in this case.

CONCLUDING REMARKS

Septins have been found to associate with a variety of PIs
at different intracellular membranes, where they regulate a
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