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Organelles within the endomembrane system are connected via vesicle flux. Along the
endocytic pathway, endosomes are among the most versatile organelles. They sort cargo
through tubular protrusions for recycling or through intraluminal vesicles for degradation.
Sorting involves numerous machineries, which mediate fission of endosomal transport in-
termediates and fusion with other endosomes or eventually with lysosomes. Here we review
the recent advances in our understanding of these processes with a particular focus on the
Rab GTPases, tethering factors, and retromer. The cytoskeleton has also been recently rec-
ognized as a central player in membrane dynamics of endosomes, and this review covers the
regulation of the machineries that govern the formation of branched actin networks through
the WASH and Arp2/3 complexes in relation with cargo recycling and endosomal fission.

The endomembrane system of eukaryotic
cells allows cells to secrete and take up pro-

teins and lipids without perturbing the cytosol-
ic environment or other organelles. This is pos-
sible because proteins that have been initially
inserted into the endoplasmic reticulum remain
within the lumen of organelles of the endo-
membrane system and are transported between
organelles via vesicular carriers. These carriers,
usually vesicles, form during a budding process
at one organelle and then fuse with their target
organelle to deliver their luminal content. This
general transport process to deliver cargo ap-
plies for both the endocytic pathway and the
secretory pathway, which includes the endo-
plasmic reticulum and Golgi as organelles (Bo-
nifacino and Glick 2004).

Endocytosis begins at the plasma mem-
brane, where selected transmembrane proteins
such as amino acid transporters or growth fac-
tor receptors are sorted into endocytic vesicles.
Vesicles are released by scission from the plasma
membrane and then fuse with the early endo-
some. This organelle serves as a sorting plat-
form, where the fate of endocytosed proteins
is decided (Huotari and Helenius 2011). They
can be either sorted into tubular extensions,
which separate from the endosomes and deliver
the protein back to the plasma membrane, or
are funneled into the endosomal lumen within
intraluminal vesicles (ILVs) along the degrada-
tion pathway. These sorting processes require
fission of the endosomal membrane. During
these processes, endosomes change their ap-
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pearance and converge from a structure with
tubular extensions into a round multivesicular
endosome with multiple ILVs. Furthermore,
endosomes continue to fuse with themselves
or with vesicles, which arrive from the Golgi
and deliver lysosomal hydrolases. Homotypic
fusion is essential to generate sufficient mem-
brane surface for the ILV formation. Further-
more, Maxfield and colleagues suggested early
on that endosomal fusion and fission are neces-
sary to sort selected membrane proteins into
intraluminal vesicles of late endosomes, while
allowing bulk membranes and receptors to be
recycled back to the plasma membrane. This
process, which was termed “geometric sorting”
(Mayor et al. 1993), could explain the existence
of recycling endosomes as well as the need of
fusion and fission at the level of the early endo-
some to concentrate cargo proteins for their
degradation in the lysosomal lumen (Huotari
and Helenius 2011). In the course of the mor-
phological transition of endosomes, which is
called endosomal maturation, endosomes also
change their membrane surface composition
to become competent for fusion with the lyso-
some. Before fusion between the late endosome
and lysosome, cargo-sorting receptors that were
initially bound to luminal hydrolases are sorted
in tubular structures, which pinch off from
the endosome and fuse with the Golgi (Cullen
2008).

Rab GTPases OF THE EARLY AND LATE
ENDOSOME

The described sorting, fission, and fusion pro-
cesses require conserved machinery that is
closely linked to Rab GTPases, tethers, and
SNAREs. The fusion process includes the trans-
port of vesicles along the cytoskeleton to the
target organelle membrane, where Rabs and
tethering factors mediate the initial interaction
(Bonifacino and Glick 2004; Cullen 2008; Yu
and Hughson 2010). This contact allows mem-
brane-embedded SNARE proteins, which are
found on both vesicle and target membrane,
to form so-called SNARE complexes, which
then drive the merging of bilayers and complete
luminal mixing (Jahn and Scheller 2006).

Rabs are switch-like proteins with very poor
enzymatic activity (Itzen and Goody 2011; Barr
2013). In their GDP form, Rabs interact with
the cytosolic chaperone GDI, which also binds
to their carboxy-terminal prenyl anchor and
thus keeps the Rab soluble in the cytoplasm.
On organelle membranes, specific guanine-nu-
cleotide exchange factors (GEFs), which are
possibly assisted by a GDI displacement factor,
promote the conversion of the Rab into the ac-
tive GTP form and the insertion of the prenyl
anchor into the membrane. The Rab-GTP can
then bind to effectors such as tethering factors
(Jahn and Scheller 2006; Barr and Lambright
2010; Lachmann et al. 2011; Barr 2013). Within
the endolysosomal system, several Rab GTPases
are required (Galvez et al. 2012), and we focus
here primarily on Rab5 and Rab7. Rab5, which
is found on early endosomes, is activated by the
Rabex-5 GEF protein (Vps9 and Muk1 in yeast)
(Horiuchi et al. 1997; Hama et al. 1999; Itzen
and Goody 2011; Cabrera et al. 2013). Then
it interacts with multiple effectors, including
the phosphatidylinositol (PI)3-kinase Vps34,
the large coiled-coil tethers early endosomal
antigen 1 (EEA1), rabaptin-5, rabenosyn-5, and
subunits of the CORVET/HOPS tethering
complex (Christoforidis et al. 1999; Rink et al.
2005; Galvez et al. 2012). By binding to the PI3-
kinase Vps34, Rab5 promotes the generation of
a PI3 phosphate (PI3P), which is character-
istic of early endosomes and serves as a binding
partner of multiple endosomal effectors. In fact,
Rab5 is most critical for endosomal biogenesis,
and loss of Rab5 function results in severe loss of
all downstream organelles (Zeigerer et al. 2012).
Early endosomes harbor several other addition-
al Rabs including Rab11 and Rab4. These are
both involved in recycling events, can form dis-
tinct domains on their own, and have their own
effectors (Sonnichsen et al. 2000; Fouraux et al.
2004).

Early endosomes change in shape and mem-
brane composition during their biogenesis.
This does not only include the formation of
ILVs, but also an exchange of the respective
Rab GTPase, in that Rab5 is consecutively re-
placed by Rab7 (Rink et al. 2005; Vonderheit
and Helenius 2005; Poteryaev et al. 2010; Zei-
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gerer et al. 2012). This transition requires the
Mon1–Ccz1 complex, which was identified as
the Rab7-specific GEF (Nordmann et al. 2010;
Gerondopoulos et al. 2012). In vivo analyses in
Drosophila and human cells confirmed these
findings (Kinchen and Ravichandran 2010; You-
sefian et al. 2013). In metazoan cells, the Mon1
subunit of the Mon1–Ccz1 complex seems to
promote the exchange by displacing the Rab5-
activating Rabex-5 protein from endosomes,
which is required for endosomal maturation
(Poteryaev et al. 2010). Further inactivation of
Rab5 is thought to be catalyzed by one of its
GAPs, called RabGAP5 (Haas et al. 2005). An-
other GAP for Rab5, RN-Tre, is thought to also
act on Rab5 at the plasma membrane (Lanzetti
et al. 2000, 2004), whereas RabGAP5 could be
endosome specific. It should be noted, however,
that RN-Tre has considerably stronger prefer-
ence for Rab41 and Rab43, and its depletion
clearly affects Shiga toxin uptake (Haas et al.
2005, 2007; Fuchs et al. 2007). In yeast, the likely
equivalent is the Msb3 protein, which inacti-
vates the yeast Rab5 protein Vps21 at endosomes
(Lachmann et al. 2012; Nickerson et al. 2012).
Recent work suggests that the BLOC-1 complex,
which is involved in the biogenesis of lysosome-
related organelles (Di Pietro et al. 2006; Setty
et al. 2007), is an adapter of Msb3 and targets
the GAP to Vps21 on endosomes (John Peter et
al. 2013). In metazoan cells, BLOC-1 functions
primarily at lysosome-related organelles even
though an effect on Rab5 on early endosomes
is also possible. Overall, this observation is in
agreement with a model in which endosomal
maturation is coordinated with the spatiotem-
poral control of Rab activity. In this context, it
should be noted that Msb3 also acts on the yeast
Rab7 Ypt7 and the exocytic Rab Sec4 (Gao et al.
2003; Lachmann et al. 2012; Nickerson et al.
2012). It is possible that GAPs might be modu-
lated in their substrate recognition, depending
on the local recruitment and environment.

At least two effectors have been identified
for Rab7-GTP. It binds and recruits both the
retromer complex (Haas et al. 2005; Rojas et
al. 2008; Seaman et al. 2009; Balderhaar et al.
2010; Poteryaev et al. 2010; Liu et al. 2012) and
the HOPS tethering complex (Seals et al. 2000;

Bröcker et al. 2012). Retromer is a heteropen-
tamer in yeast, which is subdivided into two
independent complexes in mammalian cells.
The retromer consists of the cargo recognition
complex (CRC) with its subunits Vps35, Vps26,
and Vps29, and the SNX subcomplex that dis-
plays heterodimeric Sorting NeXin (SNX) pro-
teins, Vps5 and Vps17, in yeast (Bonifacino and
Hurley 2008; Seaman 2012; John Peter et al.
2013). These SNX proteins have Bin–Amphi-
physin–Rvs (BAR) domains that sense or in-
duce curvature of membranes (McMahon and
Gallop 2005; Cullen 2008). A major function of
retromer is to collect receptors that deliver lyso-
somal hydrolases to the endosome, for example,
mannose-6-phosphate receptor, via the CRC,
sort them into tubular structures generated via
the SNX proteins, and finally sort them back
to the Golgi (Bonifacino and Hurley 2008; Sea-
man 2012). For this, activated Rab7 is probably
the most critical because it becomes available
only once endosomes have sufficiently matured.
However, the role of the CRC has recently been
extended to cargoes recycling to the plasma
membrane, such as the b2 adrenergic receptor
or the glucose transporter GLUT1 (Temkin et
al. 2011; Seaman et al. 2013; Steinberg et al.
2013). Retromer recruitment at the late endo-
somes involves Rab7, whereas retromer recruit-
ment at the early endosome seems to depend on
SNX27, a sorting nexin unrelated to the Vps5 or
17 in yeast (Rojas et al. 2008; Seaman et al. 2009;
Temkin et al. 2011; Steinberg et al. 2013). In-
terestingly, Rab7 also binds the HOPS tethering
complex, which is required for late endosome–
lysosome fusion, and it remains unclear how
Rab7 coordinates retromer and this tethering
complex, which are involved in different routes.

TETHERING FACTORS AND ENDOSOMAL
FUSION

The understanding of endosomal and lyso-
somal fusion was guided by two powerful in
vitro assays that rely on content mixing of two
different populations of endosomes or lyso-
somes. The endosomal fusion assay was semi-
nal in characterizing many factors involved in
early endosomal biogenesis (e.g., Christoforidis

Machineries of Endosomal Fusion and Fission
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et al. 1999). For lysosomal fusion, the yeast vac-
uole fusion assay of Wickner and colleagues
paved the way to understand many factors in-
volved in tethering and SNARE-driven content
mixing (Haas et al. 1994; Wickner 2010). Both
fusion reactions were eventually reconstituted
with purified components (Mima and Wickner
2009; Ohya et al. 2009; Stroupe et al. 2009).
Below, we summarize the main findings on en-
dosomal tethering factors and fusion, which
have relied in part on these assays.

At least two general classes of tethering fac-
tors exist in the endocytic pathway (Fig. 1). The
first type of tethering factors is composed of
long coiled-coil molecules, which capture vesi-
cles at early endosomes. Among the identified
proteins are rabenosyn-5, EEA1, and its yeast

equivalent the Vac1 protein, although in vitro
tethering activity was only shown for EEA1
(Christoforidis et al. 1999). All seem to form
dimers and bind Rab5 (Simonsen et al. 1998;
Peterson et al. 1999; Tall et al. 1999; Nielsen et al.
2000). In an impressive effort, early endosomal
fusion has been reconstituted in vitro (Ohya
et al. 2009). Among the required proteins were
Rab5 and the two long coiled-coil tethers EEA1
and rabenosyn-5. Interestingly, only the com-
bination of both tethers led to significant fu-
sion, suggesting that one cannot substitute for
the other. These two tethers also coordinate
Rab function with SNARE assembly on early
endosomes, because rabenosyn-5 binds the
Sec1/Munc18-like Vps45 protein (Nielsen et
al. 2000; Morrison et al. 2008), and EEA1 binds

Early
endosomes Rab7 activation and

retromer-mediated recycling

Early endosomal
tethering machinery

A

B

Mon1-Ccz1 Late
endosomes

GDI
Rab7/

Ypt7 GDP
7

5

5

5

7

7

7

7

7

GTP

GTP

GTP

Lysosome/
vacuole

GTP

Rab5/
Vps21

Endocytosis
EEA1
Rabenosyn5

CORVET

Homotypic fusion
of early endosomes

Retromer
CRC

HOPS

Plasma
membrane

Golgi

SNX-bar
complex

C

Homotypic fusion
of late endosomes and
lysosomes

D

Figure 1. Roles of tethering factors within the endolysosomal pathway. (A–D) Sequence of events requiring the
different tethering factors. Fusion of early endosomes requires Rab5 and different Rab5 effectors for tethering.
EEA1 and Rabenosyn5, which are long coiled-coil proteins, are both required forearlyendosomal fusion, whereas
the multiprotein complex CORVET is required for homotypic fusion of endosomes. How these fusion events
differ is not yet clear. Rab7 gradually replaces Rab5 along maturation toward late endosomes. Rab7 promotes both
recycling through membrane tubule, a process that requires the retromer, and degradation through the fusion
with lysosomes. The latter event depends on the HOPS complex to fuse two Rab7-positive membranes.

A. Gautreau et al.

4 Cite this article as Cold Spring Harb Perspect Biol 2014;6:a016832

 on March 3, 2014 - Published by Cold Spring Harbor Laboratory Press http://cshperspectives.cshlp.org/Downloaded from 

http://cshperspectives.cshlp.org/
http://cshperspectives.cshlp.org/


PI3P and SNAREs (Peterson et al. 1999; Tall
et al. 1999), indicating that tethering and fusion
machineries are organized into Rab5-depen-
dent proteolipidic domains of early endosomes
(Galvez et al. 2012). The second type of tether-
ing factor is composed of multiprotein com-
plexes, which are similarly organized by Rab
proteins. These multiprotein complexes are
named CORVET (Class C core vacuole/endo-
some tethering) and HOPS (homotypic fu-
sion and protein sorting). CORVET is an effec-
tor of Rab5 and functions on early endosomes,
whereas HOPS is a Rab7-binding protein and is
found on late endosomes and lysosomes (Figs. 1
and 2).

CORVET and HOPS have been initially
identified in yeast, but seem to be conserved
across species (Seals et al. 2000; Wurmser et al.
2000; Kim et al. 2001; Richardson et al. 2004;
Nickerson et al. 2009). Both are heterohexamers
that share in yeast the four subunits Vps11,
Vps16, Vps18, and Vps33 (Fig. 2) (Balderhaar
et al. 2013). It is possible that the two A and B
isoforms of Vps16 and Vps33 found in meta-
zoan cells mark a further specialization of
CORVET and HOPS complexes. In agreement
with this proposal, Vps16A is required on late
endosomes, whereas Vps16B is critical for pha-
gocytosis and, thus, may exert early endo-
cytic functions (Pulipparacharuvil et al. 2005;

Cullinane et al. 2010; Akbar et al. 2011). For the
yeast complexes, it was shown that two subunits
in each complex determine the Rab specificity.
The CORVET subunits Vps3 and Vps8 both
interact with yeast Rab5-like Vps21 protein (Pe-
plowska et al. 2007; Markgraf et al. 2009; Ohya
et al. 2009; Plemel et al. 2011; Cabrera et al.
2013), as does the purified CORVET (Balder-
haar et al. 2013). Vps41 and Vps39 are HOPS-
specific subunits, which bind to the yeast Rab7-
like protein Ypt7 and thus determine localiza-
tion of HOPS to late endosomes and vacuoles/
lysosomes (Seals et al. 2000; Ostrowicz et al.
2010; Plemel et al. 2011; Bröcker et al. 2012).
This localization has now been generalized to
mammalian cells (Pols et al. 2012).

In vitro and in vivo assays suggest that both
complexes might conduct similar functions in
tethering membranes. Purified CORVET can
drive tethering of yeast Rab5-positive mem-
branes (Balderhaar et al. 2013), whereas HOPS
was sufficient to promote clustering of yeast
Rab7-decorated liposomes (Hickey and Wick-
ner 2010; Zick and Wickner 2012). Likewise,
both complexes can stimulate membrane fu-
sion (Balderhaar et al. 2013), although HOPS
is so far the best-characterized and seemingly
the most-active complex (Stroupe et al. 2006,
2009; Mima and Wickner 2009; Zick and Wick-
ner 2012; Balderhaar et al. 2013). Recently, the
overall structure of the yeast HOPS complex
was determined (Fig. 2) (Bröcker et al. 2012).
This first structure revealed insights into the
likely function of both complexes in tethering.
HOPS forms an elongated structure with a large
head and a small tail. The two Rab-specific sub-
units were localized to the opposite ends of the
complex. Vps41 is found in the large head and is
proximal to one of the SNARE-binding sites
provided by the Sec1/Munc18-like Vps33 sub-
unit, whereas Vps39 is localized to the small tail.
Because HOPS is able to bind to two Ypt7-GTP
molecules via its two subunits Vp41 and Vps39
simultaneously and Ypt7 is required on both
membranes for efficient vacuole fusion (Haas
et al. 1995), it is likely that the tethering com-
plex bridges Rab7-positive membranes such as
late endosomes and lysosomes (Bröcker et al.
2012). The ability of HOPS to bind SNAREs

18

39

CORVET

33
8

16
18

3

33
41

16

11

HOPS

10 nm

11

Figure 2. Architecture of CORVET and HOPS com-
plexes. CORVET and HOPS complexes share four
subunits (depicted in gray). Vps3 and Vps8 connect
the CORVET complex to Rab5, whereas Vps39 and
Vps41 connect the HOPS complex to Rab7. The EM
density of the HOPS complex, shown next to its di-
agram, displays a large head, which contains Vps41,
and a small tail, which contains Vps39 (Bröcker et al.
2012).

Machineries of Endosomal Fusion and Fission

Cite this article as Cold Spring Harb Perspect Biol 2014;6:a016832 5

 on March 3, 2014 - Published by Cold Spring Harbor Laboratory Press http://cshperspectives.cshlp.org/Downloaded from 

http://cshperspectives.cshlp.org/
http://cshperspectives.cshlp.org/


via Vps33 and other subunits (Collins et al.
2005; Kramer and Ungermann 2011; Lobingier
and Merz 2012) might facilitate their assem-
bly and subsequent fusion of membranes. It is
likely that CORVET conducts a similar function
at endosomes because Vps33 also has the abili-
ty to interact with the endosomal syntaxin-like
Pep12 protein (Subramanian et al. 2004). More-
over, the fusion between clathrin-coated vesicles
and early endosomes also requires Rab5 on
both membranes (Rubino et al. 2000). Because
CORVET has two Rab5-binding sites (Vps3
and Vps8), it may bridge Rab5-positive endo-
somes and promote fusion as shown for Rab5-
positive membranes in yeast (Balderhaar et al.
2013). We have discussed that Rab proteins co-
ordinate different steps of endosomal fusion,
such as tethering and lipid mixing upon mem-
brane fusion. In the next section, we see that
they also play a role in endosomal fission.

ENDOSOMAL FISSION AND THE
CYTOSKELETON

Mechanistic dissection of endosomal fission has
lagged behind compared with the fusion ma-
chinery. Fission is also more easily monitored
in the context of endocytosis, within the plane
of the plasma membrane by TIRF microscopy
(see Merrifield and Kaksonen 2014), than in the
context of an endosome, which moves fast along
microtubule tracks in three dimensions (3D). In
the few instances in which fission is caught in
the act, physical separation of small buds or
membrane tubules from the tubulovesicular
endosome was observed. Fission generates the
autonomous transport intermediates that ad-
dress specific cargoes to their proper destina-
tions.

The cytoskeleton plays a critical role in en-
dosomal fission. It was shown in a reconstituted
system using cytosol that microtubules are re-
quired for fission of purified endosomes (Bana-
nis et al. 2003; Murray et al. 2008). Microtubules
are also instrumental for endosome movement
and shape and for the generation of tubular
structures (Soldati and Schliwa 2006). Endoso-
mal tubules that contain cargo are elongated
along microtubule tracks using dynein and ki-

nesin molecular motors. This requirement for
microtubules is a major difference between en-
docytic and endosomal fission. In contrast, the
actin cytoskeleton is critical for both types of
fission.

The Arp2/3 complex that generates
branched actin networks is required in both en-
docytic and endosomal fission, but it is activat-
ed by different activators: N-WASP activates the
Arp2/3 at the clathrin-coated pit, whereas
WASH activates the Arp2/3 at the surface of
endosomes (Suetsugu and Gautreau 2012).
WASH associates with all organelles of the en-
dosomal/lysosomal system with an enrichment
in early and late endosomes (Derivery et al.
2009; Gomez and Billadeau 2009). WASH labels
restricted areas of the endosomal membrane,
which we refer to as microdomains. These mi-
crodomains are associated with polymerized ac-
tin. When WASH is inactivated, Arp2/3 and
most polymerized actin are lost from the surface
of endosomes, indicating that WASH plays a
major role in the polymerization of endosomal
actin (Derivery et al. 2009). WASH is constantly
associated with the endosomal surface, and
there is usually one WASH microdomain when
the endosome is small and several when they are
bigger. When endosomal tubules are present,
WASH microdomains usually are associated
with these tubules. However, WASH is constant-
ly associated with the endosomal surface wheth-
er or not tubules are present.

THE ROLE OF WASH IN ENDOSOMAL
FISSION

The evidence that WASH is involved in endo-
somal fission relies on several observations.
First, upon WASH knockdown, endosomes
form exaggerated tubules, as if their fission
was impaired (Derivery et al. 2009; Gomez
and Billadeau 2009). This exaggerated tubula-
tion along microtubules occurs on all WASH-
positive organelles, that is, Rab 4, 5, 7, and 11
positive compartments. This phenotype is asso-
ciated with defects of transport of cargoes from
all three major routes: (1) recycling of transfer-
rin receptor (Derivery et al. 2009), b2 adrener-
gic receptor (Puthenveedu et al. 2010), integrins
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(Zech et al. 2011; Duleh and Welch 2012),
Glut1, and TCR (Piotrowski et al. 2013); (2)
retrograde transport of the mannose-6-phos-
phate receptor (Gomez and Billadeau 2009;
Harbour et al. 2010); and (3) along the degra-
dative pathway of epidermal growth factor re-
ceptor (EGFR) (Duleh and Welch 2010) and in
the retrieval of v-ATPase from lysosomes in
Dictyostelium (Carnell et al. 2011).

Because actin polymerization is critical for
endocytic fission and dynamin is the major ma-
chinery of scission in mammalian cells, a con-
nection between WASH and dynamin was hy-
pothesized and identified (Derivery et al. 2009).
Dynamin recruitment is probably facilitated by
numerous additional interactions. For example,
the branches that correspond to the Arp2/3
complex in actin networks are recognized
by the protein cortactin, which contains an

SH3 domain that directly binds to dynamin
(McNiven et al. 2000; Cai et al. 2008). WASH
depletion is phenocopied by dynamin inhibi-
tion. Upon dynamin inhibition, long tubules
are extended, and the WASH microdomain is
found in most cases associated with the base
of tubules, at the expected localization to gen-
erate a transport intermediate by fission (Deriv-
ery et al. 2009). Altogether these data support
the idea that WASH and the resulting branched
actin network at the surface of endosomes play a
critical role in endosomal fission (Fig. 3), in an
analogous manner to the role of N-WASP in
fission of clathrin-coated pits.

EHD molecules form another class of en-
zymes that oligomerize around lipid tubules
in ring-like structures like dynamin (Daumke
et al. 2007). Through their fission-promoting
activity, they are critical for endosomal recycling

Branched actin network
WASH complex

Dynamin Arp2/3

Molecular motor
Microtubule

Retromer

Endosome

Figure 3. WASH complex generation of branched actin network at the surface of an endosome. The WASH
complex labels a restricted domain of endosome, which corresponds to a location where endosomal tubules are
elongated. The WASH complex interacts with the Arp2/3 complex and activates it. The activated Arp2/3
complex nucleates new actin filaments branching off preexisting filaments. The branched actin network has
been shown to be instrumental first for the elongation of the endosomal tubule, in tight coordination with
microtubule motors, and then to promote endosomal fission. Fission, which occurs at the base of the tubule,
requires the activity of the large GTPase dynamin. All these steps are necessary to generate an intermediate of
transport-containing sorted cargoes.
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(Rapaport et al. 2006; Pant et al. 2009). What is
not fully established, however, is whether EHD
proteins represent an alternative to dynamin for
performing fission or whether they function
upstream of dynamin (Jakobsson et al. 2011).
Interestingly, the EHD proteins interact with
the retromer (Gokool et al. 2007) and with the
F-BAR protein PACSIN/Syndapin (Braun et al.
2005). These two interactions connect EHD
proteins to the formation of branched actin net-
works (Suetsugu and Gautreau 2012; Seaman
et al. 2013).

Branched actin networks are well estab-
lished to generate a pushing force against the
membrane that displays the Arp2/3 activator.
Branched actin networks push against the plas-
ma membrane to create protrusions involved in
cell migration. In trafficking, it is still not fully
understood how this force contributes to fis-
sion. In the case of endocytic fission, branched
actin networks make collars at the neck of
clathrin-coated pits (Collins et al. 2011). So it
is certainly possible that actin polymerization
around the endosomal tubule results in neck
constriction and favors scission. However, it is
also likely that WASH and the generated endo-
somal branched actin networks possess addi-
tional functions, which all contribute to endo-
somal sorting. The situation is reminiscent of
Rab proteins, where key roles at different steps
of endosomal transport have been discovered
over the last years.

ADDITIONAL ROLES OF WASH
IN ENDOSOMAL SORTING

Recently, many observations suggested that
WASH might not be only involved in the fission
stage, but also before endosomal tubules are
elongated. Indeed, downstream from WASH,
silencing of the Arp2/3 complex or inhibiting
actin polymerization using drugs result in en-
larged endosomes with no tubules (Derivery
et al. 2012). Silencing of cortactin also leads to
a defective accumulation of b2 adrenergic re-
ceptor in endosomal tubules (Puthenveedu
et al. 2010). These results are at odds with the
exaggerated tubulation observed in earlier re-
ports upon WASH knockdown (Derivery et al.

2009; Gomez and Billadeau 2009; Duleh and
Welch 2010). Recently, a WASH knockout in
mice was generated, and complete depletion
of the WASH protein induces enlarged endo-
somes with no tubules at all (Gomez et al.
2012). Together, these data argue for an ad-
ditional role of branched actin networks in
the elongation of endosomal tubules (Fig. 3).
Even if the two phenotypes associated with
WASH depletion and defective endosomal ac-
tin polymerization appear contradictory—ex-
aggerated tubulation versus no tubule at all—
they likely represent defects in two distinct steps
of the same pathway of endosomal sorting, as
suggested by the enlargement of endosomes,
which reflects the accumulation of endosomal
material.

Another possible role of endosomal actin is
to prevent endosomes from clumping (Drengk
et al. 2003). Indeed, in WASH knockout cells,
endosomes and lysosomes are aggregated (Go-
mez et al. 2012). This suggests that endosomal
actin structures form a protective shell that sur-
rounds the organelles and prevents their mem-
branes from docking onto each other. Even
though it is still unclear what this phenotype
reveals, it is probably important that organelles
are separated from each other to permit their
correct intracellular targeting. Endosomal actin
is also required for endosomal maturation (Mo-
rel et al. 2009).

Endosomal sorting relies on the generation
of specialized membrane microdomains that
cluster cargoes, before intermediates of trans-
port can be generated. Branched actin networks
are also likely instrumental in the definition of
such microdomains. Branched actin networks
can promote the formation of distinct lipidic
phases on a homogeneous liposome (Liu and
Fletcher 2006). When lipid demixing occurs,
small microdomains of the same lipid compo-
sition coalesce over time to form a single large
patch, and constriction occurs at the interface
between lipid phases (Baumgart et al. 2003; Ba-
cia et al. 2005). These two effects are due to the
so-called line tension that develops at the inter-
face because of the energetic cost of accommo-
dating different lipids of unmatched character-
istics, such as different heights of acyl chains.
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This constriction at the interface favors mem-
brane fission (Jülicher and Lipowsky 1993) and
has been proposed to be critical for endocytic
fission in yeast (Liu et al. 2006), where dyna-
min-related proteins appear dispensable, or in
toxin-induced clathrin-independent endocyto-
sis in mammalian cells (Römer et al. 2010; Jo-
hannes et al. 2014).

Evidence suggests that similar biophysical
mechanisms implicating lipids might play a
role in endosomal fission, before dynamin
comes into play or in addition to dynamin’s
role (de Figueiredo et al. 2001; van Dam et al.
2002; Egami and Araki 2008). For example,
when the Vps34-related PI3 kinase, producing
PI3P at the surface of endosomes, is inactivat-
ed, apical endosomes of kidney epithelial cells
swell (Carpentier et al. 2013). Upon inhibitor
washout, numerous tubules are induced. These
tubules recruit dynamin and allow cargo recy-
cling. Several WASH microdomains are ob-
served at the surface of endosomes that are en-
larged by the homotypic fusion induced by
active Rab5. These microdomains likely possess
a lipid composition distinct from the surround-
ing membrane, because they spontaneously co-
alesce when actin polymerization is impaired
(Derivery et al. 2012). This study suggests that
endosomal actin polymerization prevents small
microdomains from coalescing as if actin was
shielding the interface of proteolipidic do-
mains. Such a role is likely to be important for
cargo clustering and tubule fission.

REGULATION OF THE WASH MACHINERY

The WASH protein is regulated within a multi-
protein complex. This stable complex contains
five core subunits, which are all required for
WASH stability in mammalian cells (Fig. 4)
(Derivery et al. 2009; Jia et al. 2010). Two large
conserved subunits, Strumpellin and SWIP, are
mutated in diseases affecting the neurons of pa-
tients. The first one is hereditary spastic para-
plegia (HSP), characterized by degeneration of
motor neurons. Mutations at several different
genetic loci can cause this disease. One locus
is the Strumpellin gene; several other HSP loci
encode proteins relevant for microtubule phys-

iology, for example, spastin, which cuts micro-
tubules, and KIF5A, which encodes a kinesin
motor (Dion et al. 2009). A second genetic dis-
ease is nonsyndromic mental retardation, where
a point mutation in the gene encoding the
SWIP subunit of the WASH complex has been
reported (Ropers et al. 2011). This single point
mutation in the 1100-amino-acid-long SWIP
protein is sufficient to destabilize the entire
WASH complex and to induce clumping of en-
dosomes (Fig. 5) (Ropers et al. 2011). Neurons
appear particularly sensitive to defective endo-
somal traffic. This requirement might be due to
the critical traffic along the long axons of motor
neurons (up to 1 m). Another remarkable sub-
unit is FAM21, which shows a long, unstruc-
tured carboxy-terminal arm containing multi-
ple functional binding sites (Fig. 4) (Derivery
and Gautreau 2010).

The WASH complex directly binds to lipids
(Derivery et al. 2009), and a binding site for
the endosomal phosphoinositides PI3P and
PI(3,5)P2 has been identified in the carboxyl
terminus of FAM21 (Jia et al. 2010). This direct
binding to lipids suggests that the WASH com-
plex might have a direct role in the definition of
the proteolipidic domain required for endoso-
mal sorting.

FAM21 also recruits the capping protein
(CP). The heterodimer of CP is a complex on
its own, which is secondarily recruited by the
WASH complex (Derivery et al. 2009). CP is an
antagonist of WASH, in the sense that it blocks
the elongation of new actin filaments, which
WASH and the Arp2/3 complex nucleate. A
CP-interacting (CPI) motif has been identified
close to the end of the long, unstructured arm of
FAM21 (Hernandez-Valladares et al. 2010). The
CPI motif is required for the function of the
WASH complex, as recently shown in the amoe-
ba Dictyostelium (Park et al. 2013). However, the
function of the CPI is still enigmatic. The CPI
can uncap actin filaments (Hernandez-Valla-
dares et al. 2010), but CP also stays associated
with the WASH complex, where it shows a de-
tectable capping activity (Derivery et al. 2009).
CP might hold the key to the different roles of
the WASH complex in different stages of endo-
somal sorting, because these different stages are
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likely to correspond to different regimes of actin
polymerization.

The retromer has recently been shown to be
the receptor of the WASH complex at the surface
of endosomes (Fig. 4) (Harbour et al. 2010; Jia
et al. 2012; Helfer et al. 2013). FAM21 interacts
with the CRC through multiple binding sites
scattered along its long, unstructured arm (Jia
et al. 2012). The WASH complex becomes cyto-
solic, upon knockdown of the CRC of retromer
(Harbour et al. 2010) or upon overexpression of

FAM21 fragments containing functional bind-
ing sites for this subcomplex (Helfer et al.
2013). The presence of a dozen retromer-bind-
ing sites on FAM21 together with the limited
affinity of each one of them suggests that car-
goes, retromer, and WASH complexes might
constitute fluid sorting platforms linked to the
actin cytoskeleton.

The ability of WASH to activate the Arp2/3
complex is critically regulated by ubiquitination
(Hao et al. 2013). The VCA output domain of

Branched actin network

Arp2/3 activation

VCA exposure
WASH complex

Strumpellin

SWIP VCA

FAM21

WashCCDC53

K63 polyubiquitination

E3 ubiquitin
ligase complex

TRIM27

MAGE-L2

Vps35

Vps26 Vps29

Retromer
CRC

Endosomal surface

CPα
CPβ

Figure 4. Regulation of WASH within a stable multiprotein complex and associated activities. The WASH
complex is composed of five core subunits and of the peripheral capping protein (CP) heterodimer. The core
complex regulates the activity of the VCA output domain harbored by WASH. This ouput region interacts with
the Arp2/3 complex, activates it, and thus induces the formation of a new actin filament branching of a
preexisting filament. The exposure of the VCA output domain is regulated by WASH polyubiquitination
catalyzed by the E3 ubiquitin ligase TRIM27 bound to its enhancer MAGE-L2. Recruitment of the WASH
complex at the surface of endosomes and recruitment of the E3 ubiquitin ligase require the cargo recognition
complex of retromer, composed of Vps35, Vps26, and Vps29. There are multiple weak binding sites along the
FAM21 tail for Vps35, suggesting that these machineries form a fluid sorting platform with the abilities to
elongate tubules and to fission them. In this context, the role of CP, which can block the dynamics of newly
created actin filaments, is not yet understood.
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WASH that binds and activates the Arp2/3
complex is masked by interactions within the
core WASH complex. Polyubiquitination by a
K63-linked chain of a flexible region of WASH
induces VCA exposure and actin polymeriza-
tion (Fig. 4). Importantly, the E3 ubiquitin li-
gase TRIM27 and its enhancer MAGE-L2 are
recruited by the CRC retromer platform close
to its substrate WASH, as depicted in Figure 4.
Upon depletion of TRIM27 or of MAGE-L2,
endosomes were shown to tubulate, an obser-
vation that further reinforces the importance of
WASH complex activity and of actin polymeri-
zation in endosomal scission.

CONCLUDING REMARKS AND FUTURE
DIRECTIONS

Despite tremendous advances in the under-
standing of the machineries required for endo-
somal fusion and fission, we believe several
open questions highlight future research direc-
tions.

Rab Coordination and Turnover

Studies on Rab5 and Rab7 in metazoan cells
suggest that Rabs affect each other in so-called
Rab cascades, where active Rab5 promotes the
recruitment of Rab7. This appealing model
does not yet clarify when such a process is
initiated, nor how inactivation of Rab5 is
coordinated with Rab7 activation. A simple
mathematical model by (del Conte-Zerial et al.

(2008) suggests that the density of Rab5 and the
activation of Rab7 must increase beyond a
threshold level, which then results in repression
of Rab5. However, the molecular basis of such
a switch, including the expected molecular
density of Rab5 and Rab7, is not yet known.
The recent identification of yeast BLOC-1 as
a Rab5-GAP-recruiting complex suggests that
Rab turnover extends beyond the countercon-
trol of these two Rab GTPases as Rab5 seems to
control its own turnover (John Peter et al. 2013).

Endosomal Maturation

Maturing endosomes are challenged with the
task to handle material that arrives both from
the Golgi and the cell surface and sort ubiquiti-
nated proteins into intraluminal vesicles via the
ESCRT machinery. They also need to redirect
the receptors that deliver hydrolases to the lyso-
some from the late endosome back to the Golgi
via the retromer complex. Thus, receptors and
ubiquitinated cargo are on the same membrane
but need to be separated into distinct domains.
Moreover, it is expected that the phosphoinosi-
tide composition will change while endosomes
mature. Loss of any of the involved machineries
results in strong endosomal and lysosomal de-
fects, because activated receptors will still signal
if they have not been sequestered into the endo-
somal lumen. Even if molecular machineries
have been identified, the coordination between
them in space and time and the hierarchy of the
processes they perform are not understood.

Figure 5. Endosome clumping in patients affected with mental retardation. In a family of patients where the
SWIP subunit of the WASH complex harbors a single point mutation, the whole WASH complex is destabilized
(Ropers et al. 2011). In lymphoblastoid cell lines derived from these patients, endosomes, labeled here with
transferrin, are clumped (E Derivery and A Gautreau, unpubl.), suggesting that actin polymerization prevents
unspecific aggregation of organelles. Neurons appear particularly sensitive to defective endosomal sorting
associated with impairment of WASH activity. Scale bar, 10 mm.
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The Sharing of Subunits between Two
Endosomal Tethers

The fact that HOPS and CORVET share four
subunits raises several questions. Are these
complexes built once for all? Or do these com-
plexes gradually change composition from
CORVET to HOPS along endosomal matura-
tion? If this is the case, how is disassembly/
reassembly controlled? At least in the absence
of the Rabs, CORVETand HOPS are still main-
tained as hexamers (Epp and Ungermann 2013).
This does not exclude that efficient assembly re-
quires the endosomal surface.

Role of Actin in Yeast Endosomal Fission

Recent years have seen a tremendous amount of
work highlighting the role of the WASH com-
plex in endosomal fission in mammalian cells
and amoebae. However, this machinery is not
conserved in yeasts. Is endosomal fission less
important in yeast? Does endosomal actin play
a similar role? If yes, what is the nature of the
actin polymerization machinery?

How Are Branched Actin Networks
Organized at the Surface of Endosomes and
How Does the Associated Force Generation
Contribute to Endosomal Sorting?

The WASH complex combines antagonistic ac-
tivities, actin nucleation, and capping, in the
regulation of actin polymerization at the surface
of endosomes. Thus, a major question is to un-
derstand how these activities are coordinated at
different stages of endosomal sorting: during
the generation of a proteolipidic microdomain,
tubule elongation, and endosome fission.

The Challenge of In Vitro Reconstitution

Given the technical difficulty associated with
direct observation of endosomal fission, in vitro
reconstitution seems appropriate to directly ob-
serve fission and to cease interpreting endo-
somal tubulation as defective fission. The re-
constitution of endosomal fusion with pure
proteins was a tour de force. Reconstitution of

endosomal fission is an even bigger challenge
ahead of us, because fission requires dynamics
of both the actin and microtubule cytoskele-
tons. A stepwise approach using first cell-free
extracts to unambiguously the identify machin-
eries involved in the process and then pure com-
ponents seems an appropriate endeavor.
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