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Abstract

Proteins are endocytosed by various pathways into the
cell. All these pathways converge at the level of the early
endosome. The fate of the early endosome and how
proteins are sorted into recycling and late endosomes/
multi-vesicular body is a matter of debate and intense
research. Obviously, the transition from early to late
endosome poses an interesting logistic problem and
would merit attention on an intellectual level. Numerous
diseases are also caused by defects in turning off/over
signaling molecules or mis-sorting of proteins at the level
of the early endosome. This brief review aims to discuss
different molecular mechanisms whereby early-to-late
endosome transition could be achieved.
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Introduction: how to get inside the cell?

Endocytosis is essential for cell proliferation and inter-
cellular communication (Montagnac et al., 2008; Moses-
son et al., 2008). Material to be endocytosed is taken up
in vesicles or tubular structures that form at the plasma
membrane. The best-characterized endocytic vesicle
population is clathrin-coated vesicles. Clathrin patches
underlie the membrane (Miller and Heuser, 1984). Into
these patches, cargo can diffuse either constantly or by
activation, e.g., through ligand-binding in the case of
receptor-mediated endocytosis. Monoubiquitylation on
the cytoplasmic side of proteins frequently serves as a
tag for endocytosis. For simplicity, I will refer to cargo-
receptors and cargo proteins that contain transmem-
brane domains collectively as ‘cargo’; ligands and solu-
ble cargo will not be discussed in detail. Besides the
classical clathrin-dependent endocytosis events, other
clathrin-independent pathways have been identified in
recent years. The most prominent one is endocytosis
through caveolae. Caveolin 1 (Cav-1) is the hallmark pro-
tein of caveolin-dependent endocytosis. Cav-1-coated
vesicles may first fuse to form caveosomes before merg-
ing with an early endosome. Whether recycling of pro-
teins to the plasma membrane already occurs at the level

of the caveosome, remains to be established. Besides
the clathrin- and caveolin-dependent endocytic path-
ways, clathrin- and caveolin-independent pathways
exist. For example, GPI-anchored proteins (GPI-AP) and
fluid phase markers enter the cell in so-called CLICs (cla-
thrin- and dynamin-independent carriers), which then
form a distinct class of early endosomes (GPI-AP
enriched early endosomal compartments). However, a
clear distinction between the different clathrin-independ-
ent endocytosis pathways is still rather difficult. The anal-
ysis is hampered by the fact that certain cargoes, such
as GPI-AP, can enter the cell through different pathways.
Furthermore, some constituents of the individual path-
ways, e.g., Rab proteins and their effectors, are not
unique to these pathways. For a comprehensive descrip-
tion and classification of endocytosis pathways, a recent
review by Mayor and Pagano (2007) is recommended.

First stop: early endosome

No matter by which pathway a protein enters the cell, all
pathways converge at the level of early endosomes. Early
endosomes are characterized by several markers, such
as the early endosomal antigen, EEA1, and the PI(3)
kinase Vps34, but most importantly the small GTPase
Rab5 (Li et al., 1995; Christoforidis et al., 1999). Yet, not
even all early endosomes seem to be alike. Lakadamyali
et al. (2006) provided evidence that at least two different
classes of early endosomes exist. One mobile fraction
that also quickly turns over and a less mobile fraction,
which appeared as stable early endosomes. Adaptor
complex 2 (AP-2)-dependent cargo seemed to take the
slow route, while AP-2-independent cargo was endocy-
tosed into fast maturing endosomes. Thus, the mecha-
nism by which cargo is endocytosed may dictate the
recycling/degradation kinetics.

Moreover, Rab5 is already found at the plasma
membrane on a subset of endocytic structures (Bucci et
al., 1992; Sato et al., 2007). These endocytic vesicles can
then fuse with each other and also presumably with other
vesicles from independent endocytosis events and form
early endosomes. These early endosomes in turn under-
go homotypic membrane fusion and grow (Mills et al.,
1999). The various cargoes are destined to different sub-
structures of the early endosomes. This localization will
determine the fate of the cargo: recycling to the plasma
membrane, retrieval to the Golgi apparatus or degrada-
tion in the lysosome. This sounds rather simple, but how
does it work in molecular terms?

Similar to most of the small GTPases, Rab5 is recruited
to membranes via guanine nucleotide exchange factors
(GEFs), which all belong to the VPS9 family. The pres-
ence of three such GEFs in metazoa indicates that Rab5
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might be activated at different membranes. Once Rab5
is activated and associates with early endosomal mem-
branes by the exchange factor Rabex-5 (also referred to
as RabGEF1), it recruits effector molecules, such as the
protein kinase Vps15, which in turn interacts with the
PI(3) kinase of the Vps34 family (Stack et al., 1995; Pana-
retou et al., 1997). The PI(3) kinase produces PI(3)P,
which subsequently helps to recruit more effectors mole-
cules and to generate the early endosome identity. The
initial recruitment of Rabex-5 is regulated by binding to
ubiquitin, which would be present on endocytosed cargo
(Mattera and Bonifacino, 2008). Moreover, since Rabex-
5 is monoubiquitylated in the cytoplasm, its localization
on endosomes or in the cytoplasm may at least in part
be regulated by its ubiquitylation state. Rab5 effector
molecules, such as EEA1 and rabenosyn5, form a com-
plex with Rabex-5 thereby stabilizing Rabex-5 on the
membrane (Zerial and McBride, 2001). This accumulation
of Rab5 activating units subsequently results in a positive
feedback loop whereby more Rab5 is activated on the
early endosome and to which more vesicles and small
early endosomes can fuse. But at some point this posi-
tive feedback loop must be disrupted otherwise the early
endosome would grow eternally. The loop must be inter-
rupted so that other Rab proteins, such as Rab4, Rab7,
and Rab11, can also bind to these early endosomes. The
recruitment of these Rab proteins is important for the first
sorting step, which has to occur in these early endo-
somes: cargo to be recycled to the plasma membrane
has to be segregated away from the other cargo. Rab4
and Rab11 are required for recycling of cargo to the plas-
ma membrane (de Wit et al., 2001; Peden et al., 2004).
The proteins to be recycled to the plasma membrane are
segregated with the help of rabenosyn-5 to sites that are
positive for Rab4. Interestingly, rabenosyn-5 can interact
with both Rab5 and Rab4 (de Renzis et al., 2002). The
concept then is that these Rab4 domains bud off from
the early endosome and move to the plasma membrane.
How this fission event is brought about and how, for
example, specific SNARE proteins are efficiently co-
segregated remains elusive so far. The Rab7 domain on
early endosomes will contribute in a pivotal manner to the
biogenesis of late endosomes and subsequently to the
transport of cargo to lysosomes. Two other domains are
formed on early endosomes which mediate transport
from early endosomes back to the trans-Golgi network
(TGN). The first pathway is dependent on epsin R and
Rab6 and is required for recycling of mammalian man-
nose-6-phosphate receptor, MPR and TGN38/46 (Saint-
Pol et al., 2004). The other pathway involves the retromer
complex, which consists of the sorting nexin subcomplex
and the vacuolar protein sorting (VPS) subcomplex (Sea-
man et al., 1998; Bonifacino and Hurley, 2008). The VPS
subcomplex, consisting of Vps26, Vps29, and Vps35,
acts in cargo recognition and is required for the recycling
of the Saccharomyces cerevisiae carboxypeptidase Y
receptor, Vps10p, and MPR (Horazdovsky et al., 1997;
Arighi et al., 2004; Carlton et al., 2004; Seaman, 2004).
Interestingly, MPR can take multiple routes back to the
TGN; recycling in a Rab9-dependent manner from the
late endosome is probably the best characterized (Rie-
derer et al., 1994; Barbero et al., 2002; Ganley et al.,

2008). The retromer complex is supposed to polymerize
on the endosome, deform the membrane into a tubular
structure, and allow transfer of material to the TGN.
Although Rab5 does not bind directly to retromer com-
ponents, it regulates the association of retromer complex
members with endosomes: most likely through the reg-
ulation of PI(3)P levels (Gullapalli et al., 2004; Rojas et al.,
2008). In contrast, the activated form of Rab7 binds
directly to retromer (Rojas et al., 2008). All these inter-
actions supposedly start on early endosomes, yet Rab5
and Rab7 would occupy different domains on the same
endosome. The fate of these domains is still a matter of
debate. One possibility is that the early endosome is con-
verted into a late endosome by the concomitant decline
of Rab5 and increase of Rab7 on the same endosome
(Rink et al., 2005; Lakadamyali et al., 2006) (Figure 1,
lower panel). This process is referred to as Rab conver-
sion and also predicts that there is no vesicular transport
between early and late endosomes and that similarly to
the maturation in the Golgi apparatus, proteins that
should not reach the next level (e.g., next cisterna or late
endosome) are retrieved and sorted away. In contrast,
fission events have been observed that would separate
Rab5-positive and Rab7-positive domains (Vonderheit
and Helenius, 2005) (Figure 1, upper panel). However,
agreement seems to exist about the generation of differ-
ent, distinct domains on endosomes, which are marked
by different Rab proteins. Yet, the fate of these domains
has to be studied in more detail. A major obstacle in
resolving the debate represents the size of endosomes
in most mammalian cells. The imaging is very close at
the level of possible resolution, making any analysis
painstaking and error prone.

An alternative and more amenable system represents
the macrophage-like coelomocytes in Caenorhabditis
elegans, which have large and easy to spot endosomes.
Injection of tracers, such as BSA-Texas Red or expres-
sion of GFP, which is secreted into the body cavity serve
as endocytic cargo. The general mechanism of endocy-
tosis is conserved, and an increasing amount of studies
make use of this excellent endocytosis model (Fares and
Greenwald, 2001; Zhang et al., 2001; Dang et al., 2004;
Loria et al., 2004; Balklava et al., 2007; Poteryaev et al.,
2007).

Transfer to the late endosome

How is this switch from a Rab5-positive endosome to an
endosome with different Rab proteins achieved, which
will later result in the biogenesis of late endosomes? Del
Conte-Zerial and colleagues proposed a kinetic model
whereby Rab GTPase assembly on endosomes would be
regulated like a cut-out switch (Del Conte-Zerial et al.,
2008). In this model, the level of Rab5 on early endo-
somes would rise to a certain threshold and then the level
would suddenly drop. The drop would be achieved by
the recruitment of Rab7. Rab5 would allow the binding
of the GEF for Rab7 and hence not only promote the
activation of more Rab5, but also of its successor
GTPase, Rab7. Therefore, Rab5 would initiate a positive
and a negative feedback loop in a kinetic manner. The
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Figure 1 Transition between early and late endosomes.
On early endosomes, a Rab7-positive patch is formed. This patch can either give rise to a vesicle that will fuse with a late endosome
(upper panel) or the Rab7-positive patch will grow with the same rate as the Rab5 domain regresses (lower panel). The lower panel
represents the Rab conversion model, while the upper panel depicts the more classical view of communication between early and
late endosomes.

activated Rab7 would act to disrupt the positive Rab5
feedback loop by inhibiting the Rab5GEF. This model
predicts the presence of Rab5q endosomes, Rab5q

RAB7q endosomes, and Rab7q endosomes, all of which
have been observed in vivo. Moreover, Rab5 should
leave endosomes with a similar kinetic with which Rab7
is acquired, which seems indeed to be the case (Rink et
al., 2005; Del Conte-Zerial et al., 2008).

But how would Rab7 disrupt the activation of Rab5 on
endosomes? Potential proteins involved in such a proc-
ess are discussed in the following section. In a screen
for temperature-sensitive, embryonic lethal mutations in
C. elegans undertaken by the Bowerman lab (Encalada
et al., 2000), a mutant emerged which appeared to have
a strong defect in the transition from early to late endo-
somes (Poteryaev and Spang, 2005; Poteryaev et al.,
2007). In this mutant, sand-1(or552), RAB-7 was mostly
cytoplasmic and could not be efficiently recruited to
endosomes. Interestingly, at the same time, large early
endosomal structures accumulated, which were covered
with RAB-5. Moreover, the overall RAB-5 levels in the
mutant worms was strongly increased. One possible
explanation is that the positive feedback loop for RAB-5
can no longer be disrupted in the sand-1(or552) mutant.
SAND-1 is conserved from yeast to men. While yeast
and invertebrates have only one member of the SAND1
family, vertebrates possess two members. Mammalian
Mon1a has been implicated in the secretion and trans-
port of iron transporter to the plasma membrane in mac-
rophages, without affecting the endosomal or lysosomal
system or the morphology of the endoplasmic reticulum
(ER) or the Golgi apparatus (Wang et al., 2007). Mon1b,
also referred to as HSV-1 stimulation-related gene 1
(HSRG1), interacts with SV40 large T antigen and inhibits
its ability to activate SV40 late gene transcription (Guo
et al., 2006). Interestingly, HSRG1 also interacted with
flotillin1 in the same yeast two-hybrid screen, in which
the interaction with the large T antigen was discovered.
Flotillin1 is part of the machinery supporting endocytosis

in a clathrin- and caveolin-independent manner (Frick et
al., 2007; Mayor and Pagano, 2007). Yet, a direct con-
nection of either mammalian member of the SAND1 fam-
ily to endocytosis is missing, and at least for Mon1a the
function may have diverged. While the knowledge about
the function of the SAND1 family members in mammals
is very limited, more information is available on the yeast
SAND1 homolog Mon1p. Mon1p forms a complex with
another protein called Ccz1p and both interact with the
HOPS tethering complex (homotypic fusion and vacuole
protein sorting). The HOPS complex contains a subunit,
Vps39p, which acts as GEF for the yeast Rab7, Ypt7p.
All these proteins seem to act primarily at the yeast
vacuole (the functional equivalent of lysosomes) and
are required for homotypic vacuole fusion. Moreover,
mutants in the HOPS complex display a class C vacuolar
protein sorting defect (Rieder and Emr, 1997). This defect
is characterized by either fragmented vacuoles or cells
lacking vacuoles. Besides this well-established function,
at least a subcomplex of the HOPS complex in conjunc-
tion with two other proteins, Vps8p and Vps3p, termed
collectively the CORVET complex, seems to interact with
yeast Rab5, Vps21p (Horazdovsky et al., 1996; Peplows-
ka et al., 2007). Moreover, the CORVET and the HOPS
complexes can interconvert, whereby Vps11p, Vps16p,
Vps18p, and Vps33p are the common core components.
The interaction of the HOPS complex with Rab7 seems
to be conserved up to mammals. In addition, HOPS com-
plex members have also been detected on early endo-
somal membranes (Rink et al., 2005). Moreover, the
HOPS complex is thought to activate Rab7 on early
endosomal membranes. Yet, it remains unclear how the
HOPS complex is recruited to early endosomes and
whether the CORVET complex also plays a role in higher
eukaryotes. The core component Vps18 is required for
early endosome fusion because this process was spe-
cifically blocked by antibodies against Vps18 in mam-
malian cells (Richardson et al., 2004). Recently, a mutant
in C. elegans vps-18 was characterized (Xiao et al.,
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2009). On top of the expected lysosome biogenesis
defect, GFP::RAB-5 localization was strongly impaired in
coelomocytes, suggesting that the CORVET complex
may also play a role in higher eukaryotes. Vps8 is well-
conserved from yeast to men, but no functional studies
have been undertaken to date. RNAi of C. elegans VPS-
8 has not produced any obvious phenotypes in a variety
of genome-wide RNAi screens using different means of
dsRNA delivery (Kamath and Ahringer, 2003; Fernandez
et al., 2005; Sonnichsen et al., 2005). In contrast, a
mutant allele generated by the C. elegans knockout con-
sortium is homozygous lethal (www.wormbase.org). A
detailed analysis is still missing. Yeast Vps3p has been
proposed to be the homolog of human Vam6/Vps39 and
to act as guanine nucleotide exchange factor of Rab7
(Peplowska et al., 2007). Overexpression of hVam6
resulted in lysosome clustering and late-endosome-lyso-
some fusion events (Caplan et al., 2001). Interestingly,
co-expression of dominant-negative Rab7 did not rescue
the phenotype, providing evidence for a possibly parallel
action of Rab7- and Vps3-dependent pathways. Mutants
in zebrafish Vam6 have been identified (Schonthaler et
al., 2008). The phenotypes of these mutants are most
consistent with a defect in lysosome biogenesis. How-
ever, a detailed analysis on the cellular level is not avail-
able to date.

A possible scenario is that the shared components of
the CORVET and HOPS complexes can interact with pro-
teins on early endosomes or directly with PI(3)P, the
major phosphoinositide of early endosomes, and can
then serve as a platform on which – depending on the
interacting Rab protein – CORVET or HOPS specific
components would assemble. The HOPS complex can
interact with a variety of phosphoinositides (Stroupe et
al., 2006). While the function of the interaction with
Vps21p (Rab5) remains unclear, HOPS-Rab7 interaction
could recruit and activate Rab7 on early endosomes.
Obviously, there is something missing in this scenario:
how would a CORVET complex be turned into a HOPS
complex on early endosomes, if the HOPS complex was
also required for recruitment of Rab7 and may itself
depend for its formation/stabilization on Rab7? SAND1
family proteins could potentially serve as ‘converter’ for
the CORVET/HOPS complex. Deletion of MON1 results
in a delay of the transport of the lipophilic dye FM4-64
to the vacuole (Hoffman-Sommer et al., 2005). Interest-
ingly, the transport from the endosomes to the vacuole
was rescued by overexpression of Ypt7p. Delivery of
material through the multi-vesicular body pathway was
also delayed (Wang et al., 2002). Moreover, Dmon1 cells
failed to deliver endocytosed A30P a-synuclein to vac-
uoles (Flower et al., 2007). Instead, the marker accumu-
lated in enlarged endosomal structures. Whether these
endosomes were early or late endosomes remained
unclear. Yet, the best characterized role for Mon1p in
yeast is its function in homotypic-vacuolar fusion and
endosome-vacuole fusion (Wang et al., 2002, 2003;
Cabrera et al., 2009). Mon1p in complex with Ccz1p
appears to be critical for Ypt7p mediated tethering and
docking stages at vacuoles (Wang et al., 2003; Cabrera
et al., 2009). Moreover, Mon1p-GFP was enriched in spe-
cific dots on the vacuolar membrane (Wang et al., 2002).

Not all functions of the SAND1 family might be con-
served from yeast to metazoa. Overexpression of C.
elegans SAND-1 in Dmon1 yeast partially rescued the
CPY transport defect to the vacuole, but not the vacuolar
fragmentation phenotype (Poteryaev and Spang, 2005;
D. Poteryaev and A. Spang, unpublished data). Moreover,
SAND-1 is mostly cytoplasmic and only a minor fraction
is bound on membranes (Poteryaev et al., 2007). Yet,
transport from late endosomes to lysosomes in sand-
1(or552) mutants also appeared to be delayed as large
late endosomes accumulated (Poteryaev et al., 2007).
This effect might be more pronounced in C. elegans than
in mammals, because no Rab9 homolog was identified
in C. elegans, and hence retrieval from late endosomes
(Barbero et al., 2002) to the TGN may not occur. In meta-
zoa, SAND1 family members may have additional
functions compared to yeast, e.g., at the early-to-late
endosome transition. Further diversification may have
occurred in vertebrates. Alternatively, a subpopulation
of Mon1p could be present only transiently on early
endosomes.

Despite the potential importance of SAND1 family
members, deletion of either SAND-1 in C. elegans or
MON1 in S. cerevisiae is not lethal (Tizon et al., 1999;
Poteryaev et al., 2007). C. elegans lacking SAND-1
function are embryonic lethal at 258C, but they already
display numerous problems as being sluggish and
uncoordinated (unc) at the permissive temperature
(208C). The unc phenotype is mostly associated with
problems in neuronal signal transmission. A possible
explanation of the lack of more severe phenotypes after
the loss of SAND1 family members is that the maturation
from early-to-late endosomes still occurs, but at a highly
reduced rate. This reduced kinetics may be too low for
efficient neuronal function and hence the worms would
have neuronal defects. Yeast cells can still survive well
with partially functional and fragmented vacuoles and
slowed down endocytosis (Wang et al., 2003; Hoffman-
Sommer et al., 2005). However, mon1D cells are more
sensitive to metal ions, hyperosmotic stress, and less fit
than wild type cells in synthetic growth medium (Giaever
et al., 2002). Moreover, mon1D diploids are unable to
sporulate, indicating that under stress conditions, when
the endocytosis rates might be changed, Mon1p func-
tion becomes essential (Enyenihi and Saunders, 2003;
Marston et al., 2004). Alternatively, early-to-late endo-
some transition may never become rate limiting in yeast,
and the essential role of Mon1p is in autophagy.
Whether other SAND family members also play a role in
autophagy seems likely but has yet to be demonstrated.

Multiple players involved

Obviously, other proteins are also likely to be involved in
early-to-late endosome transition. They could in part take
over the function of SAND1 or alternatively make the
transition more efficient. One such potential candidate is
the protein called UVRAG (ultraviolet radiation resistance
associated-gene), which was first identified as a Beclin-
1 binding protein involved in autophagy (Perelman et al.,
1997; Liang et al., 2006). Interestingly, UVRAG can also
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interact with the class C VPS complex, which is synon-
ymous to the HOPS complex (Liang et al., 2008a).
UVRAG is localized to early endosomes, binds to the
activated form of Rab5 and enhances endocytosis when
overexpressed, and degradation of the EGF receptor and
BSA (Liang et al., 2006, 2008b). Thus, UVRAG is likely a
downstream effector of Rab5 and – via its interaction
with the HOPS complex – could aid the recruitment of
Rab7. Although overexpression of UVRAG increased
early endosome fusion, it seems unlikely that UVRAG is
major player, as loss of UVRAG function did not impair
endosome structure and function but rather increased
receptor signaling (Liang et al., 2008a). Further analysis
of UVRAG function may shed light on its involvement of
early-to-late endosome transition.

Another method to control the early-to-late endosome
transition could be to control the level of different phos-
phoinositide populations on endosomes. Early endo-
somes are rich on PI(3)P due to the action of Vps34 the
PI3 kinase, which is recruited by Rab5 and Vps15 to early
endosomes. Interestingly, a Vps34p/Vps15p complex is
also implicated autophagy, indicating that different
Vps34p/Vps15 complexes may regulate various traffic
events (Kihara et al., 2001). The phosphoinositide kinase
Fab1/PIKfyve is recruited to early endosomes via PI(3)P
and converts it into PI(3,5)P2, which is the phosphoino-
sitide predominantly found on late endosomes (Gary
et al., 1998; Gaullier et al., 1998; Odorizzi et al., 1998;
Gillooly et al., 2000). Hence, the levels of Fab1/PIKfyve
on early endosomes could determine the early-to-late
endosome transition kinetics. The matter is further
complicated, and at least in part counteracted, by the
presence of myotubularin lipid phosphatase on endo-
somes (Cao et al., 2007). Myotubularin is recruited to
Rab5- and Rab7-positive endosomes and carries a
dual substrate specificity towards PI(3)P and PI(3,5)
P2 (Laporte et al., 1998; Cao et al., 2007). Moreover, over-
expression of myotubularin caused the dilation of endo-
somal compartments and impaired EGFR trafficking,
which is again consistent with a defect in early-to-late
endosome transition (Tsujita et al., 2004). Therefore, both
the lipid and protein composition have an impact on the
fate and the turnover kinetics of early endosomes.

Conclusions

Endosomal transport has entered a new era. Tools have
now become available to study transport from the plas-
ma membrane to the lysosome in greater detail. Hope-
fully, recent findings and the discoveries that will be
made will spark a discussion and a dynamic in a field
similarly to what we have seen in the Golgi field in the
past. We still do not precisely understand how the trans-
port between early and late endosomes is achieved. It
will be critical to determine in the future how the crosstalk
between Rab5 and Rab7 is regulated via proteins and
phosphoinositides.
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