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Endocytosis and autophagy are both 
membrane trafficking pathways vital 

for cell survival. Endocytosis, the pri-
mary means by which cells internalize 
material such as cell-surface receptors 
and their protein ligands, is essential for 
proper cell growth and communication. 
Autophagy is a catabolic process that 
degrades cargo ranging from organelles 
to protein aggregates to bacteria, and 
it is important for maintaining cellular 
homeostasis. Defects in both endosome 
and autophagosome maturation lead to 
an array of human diseases, including 
cancer; however, the molecular mecha-
nisms underlying endosome and auto-
phagosome maturation are not well 
characterized. In the case of endocytosis, 
small GTPases, key players in membrane 
organization, are required for endosome 
maturation. Specifically, activation of the 
small GTPase Rab7 is required for the 
initiation of the early-to-late endosome 
transition, although how this is regu-
lated is largely unknown. Now recent 
findings from our laboratory show that 
Rubicon, a component of the PI3KC3 
complex, inhibits endosome maturation 
by preventing activation of Rab7. Not 
only do our results clarify the molecular 
link between PI3KC3 and Rab7 function 
in endosome maturation, they lead us to 
propose new models for PI3KC3 involve-
ment in membrane trafficking, particu-
larly at the convergence between the 
endosome and autophagosome pathways.
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Background

Proteins entering the cell are enclosed 
within early endosomes, which then prog-
ress to different fates—recycling back to 
the plasma membrane, transport to the 
Golgi, or degradation in the lysosome.1 
Endocytosis contributes to several levels 
of control of signal transduction: spatial 
control, temporal control and amplitude 
control.2 As such, defects in endocytosis 
have been linked to human disease, most 
notably cancer.

Two important regulators of intracel-
lular membrane trafficking are phopha-
tidylinositol 3-kinases (PI3K) and Rab 
GTPases. The class III PI3K (PI3KC3) 
phosphorylates the 3-hydroxyl group of 
phosphatidylinositol (PI3P). Membrane 
domains enriched in PI3P then recruit 
specific proteins with PI3P-binding 
motifs.3 Rab GTPases similarly localize to 
specific domains of organelle membranes 
and, via their “molecular switch” capabili-
ties, bind to effectors to exert spatial and 
temporal regulation of membrane traf-
ficking events.4,5

Early endosomes are characterized by 
PI3KC3 and Rab5, whereas late endosomes 
are characterized by Rab7.6,7 For early endo-
somes to mature, Rab7 must be activated 
and recruited to early endosomes, displac-
ing Rab5.6 Active Rab7 then functions in 
vesicle tethering and fusion via interactions 
with effector proteins.8 How is the switch 
from Rab5 to Rab7 on the transition-
ing endosome membrane accomplished? 
Does PI3KC3 function in this switch? 
Understanding these mechanisms is key to 
understanding endosome maturation and 
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small GTPases and PI3KC3. On the one 
hand, PI3KC3 is required for Rab5 and 
Rab7 activation. On the other hand, 
Rab7 activates PI3KC3. The molecular 
mechanisms underlying this mutual reg-
ulation are not fully understood. It had 
previously been shown that the PI3KC3 
VPS34 functions in endocytic transport, 
and it and its adaptor, p150, have been 
shown to colocalize with Rab7 on late 
endosomes.37 Overexpression of Rab7 
stimulates VPS34 activity, and a previ-
ous model has proposed that this occurs 
via interaction with p150. However, p150 
preferentially binds to the inactive, nucle-
otide-free form of Rab7, so this model may 
not fully explain the role of p150 in the 
activation of VPS34 by GTP-bound Rab7. 
On the basis of our results and previous 
evidence showing that UVRAG activates 
PI3KC3, we propose an alternate model: 
by competing with UVRAG for Rubicon 
binding, active Rab7 releases UVRAG 
to activate PI3KC3 and C-VPS/HOPS. 
C-VPS/HOPS in turn promotes the GDP 
to GTP transition on Rab7. This generates 
a feed-forward loop, in which activated, 
GTP-bound Rab7 facilitates activation 
of more Rab7, ensuring that the Rab5-to-
Rab7 switch occurs and maturation can 
proceed.

Different from the competitive bind-
ing among Rab7, Rubicon, and UVRAG, 
Rubicon inhibition of PI3KC3 is executed 
within the same complex. Rubicon, in 
complex with UVRAG, Beclin-1, VPS34 
and p150, has been previously shown 
to inhibit autophagy. Knockdown of 
Rubicon causes reduction in protein levels 
of autophagic substrates. Overexpression 
of Rubicon leads to the accumulation of 
these substrates, and also inhibits VPS34 
kinase activity. When autophagosome 
maturation was tracked, it was found 
that cells overexpressing Rubicon showed 
accumulation of early autophagosomes, 
suggesting that Rubicon blocks auto-
phagosome maturation, perhaps through 
modulating VPS34 activity. We have 
shown that Rubicon directly interacts 
with UVRAG and VPS34. However, 
the PI3KC3-UVRAG complex, with-
out Rubicon, stimulates autophagosome 
maturation and autophagy.12,13 In the case 
of autophagy, PI3KC3 seems to exert its 
regulatory effect through two distinct 

We found that Rubicon specifically inter-
acts with Rab7 but not Rab5, although 
not through the RUN domain. Further, 
immunoprecipitation experiments showed 
that it also interacts with UVRAG and 
Rab7 in a mutually exclusive manner.

Using constitutively active or inac-
tive GTP- or GDP-bound mutants, we 
showed that Rubicon preferentially binds 
to GTP-bound Rab7. Overexpressing con-
stitutively active GTP-bound Rab7 Q67L 
mutant competed with UVRAG for 
Rubicon binding much more efficiently 
than a GDP-bound Rab7 T22N mutant, 
further supporting the mutually exclu-
sive binding of Rab7 and UVRAG with 
Rubicon, and indicating that this occurs 
in a nucleotide-dependent manner.

When in endosome maturation does 
Rubicon come into play? We investigated 
the subcellular localization of Rubicon in 
human osteosarcoma (U

2
OS) cells and 

found that Rubicon showed significant 
colocalization with Rab5. Further, in cells 
expressing a Rab5 GTP-bound Q79L 
mutant that arrests endosomes at the point 
of endosome maturation after acquir-
ing Rab7, we found that Rubicon again 
showed marked colocalization with Rab5. 
These data indicate that Rubicon localizes 
to early and maturing endosomes.

Rab7 is activated by the guanine 
nucleotide exchange factor C-VPS/
HOPS, and this complex is in turn acti-
vated by UVRAG.34 We propose that 
Rubicon interacts with UVRAG to block 
it from activating C-VPS/HOPS, which 
then blocks Rab7 activation. Indeed, in 
Rubicon RNA-i depleted cells, we observed 
increased interaction between UVRAG 
and Vps16, a component of C-VPS/
HOPS. We also observed increased inter-
action between Rab7 and its effectors, 
including RILP and Vps41.35,36 Rubicon’s 
inhibitory effect on endocytic degradation 
is physiologically relevant: degradation of 
epidermal growth factor was accelerated 
in cells depleted of Rubicon as compared 
to wild-type and slowed in cells that over-
expressed Rubicon.

Molecular Connection between 
Rab7 and PI3KC3

It has long been speculated that there 
are cross-regulatory interactions between 

other membrane trafficking pathways that 
involve the same proteins.

PI3KC3 also plays a crucial role in auto-
phagy.9,10 Cytosolic double-membraned 
structures called autophagosomes engulf 
targets ranging from entire organelles to 
microorganisms to protein aggregates. 
The initiating autophagosome mem-
brane is enriched in PI3P produced by 
PI3KC3;11-14 these PI3P-enriched regions 
constitute a docking site for downstream 
effectors including Atg5-Atg12-Atg16 
and LC3.15-19 LC3 has a critical role in 
bringing in cargoes through interaction 
with distinct adaptors.20-24 The completed 
autophagosomes eventually fuse with 
lysosomes in a Rab7 dependent man-
ner,25,26 resulting in the degradation of the 
autophagosomes’ contents. Autophagy is 
a tightly regulated process, and this recy-
cling of cellular components allows cells 
to survive under stress conditions, for 
example, nutrient deprivation, hypoxia 
or infection, and it is relevant to many 
human diseases.27 For example, the role 
of autophagy in cancer is an active area 
of research. Autophagy-regulator Beclin 1 
has been found to have tumor suppressor 
properties, but autophagy may also be a 
mechanism cancer cells use to survive in 
the hypoxic environment of a tumor.28

Rubicon (Run domain protein as 
Beclin 1 interacting and cysteine-rich 
containing) is a protein found in com-
plex with PI3KC3 on both endosomes 
and autophagosomes.12,13,29,30 In our recent 
publication, we find that it prevents Rab7 
activation by sequestering UVRAG and 
preventing it from activating C-VPS/
HOPS, the guanine nucleotide exchange 
factor for Rab7. As such, Rubicon acts as 
a negative regulator of endosome matu-
ration. We discuss these results in more 
detail below and their implications for our 
understanding of both the endosome and 
autophagosome maturation.

Rubicon Inhibition  
of Endosome Maturation

We identified Rubicon as a component of 
the PI3KC3 holocomplex on endosomes, 
which also includes VPS34, p150, Beclin 
1 and UVRAG. Rubicon contains a RUN 
domain, characteristic of a group of pro-
teins interacting with small GTPases.31-33 
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Figure 1. A cartoon model of UVRAG-Rubicon in autophagosome and endosome maturation. 
UVRAG (the General) acts as a strong activator for both PI3KC3 and HOPS, but it is only active if 
it escapes the sequestration of Rubicon (by crossing the Rubicon river). Rab7 (the boat) allows 
UVRAG to sail through the Rubicon by competing for its binding with Rubicon, leading to PI3KC3 
and HOPS activation and lysosomal degradation.
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Future Directions

Endosome and autophagosome matu-
ration are not completely understood. 
Our studies show that PI3KC3 and 
Rab7 function in endosome matura-
tion via a feed-forward loop: Rubicon 
prevents Rab7 activation by binding 
and sequestering UVRAG; when GTP-
bound Rab7 is present, it competes with 
UVRAG to bind Rubicon, thus promot-
ing its own activation and stimulating 
the early-to-late endosome transition. 
We contrast this with other mechanisms 
of PI3K action in autophagy, and sug-
gest that our results support a model in 
which autophagosomes first fuse with 
early endosomes. In addition to elucidat-
ing the pathways of endosome and auto-
phagosome maturation, these results may 
help us understand the role of the endo-
cytosis and autophagy, and the PI3KC3 
complex, in human diseases such as can-
cer. Beclin 1 and UVRAG have both 
been found to have tumor supressor activ-
ity. However, a recent study showed that 
microsatellite colon cancer carcinomas 
with monoallelic UVRAG mutations 
showed no inhibition of autophagy, sug-
gesting that another mechanism may be 
responsible for the tumorigenicity.42 It is 
possible that these mutations in UVRAG 
affect endosome maturation rather than 
autophagosome maturation. Future stud-
ies will further delineate the relationship 
between endocytosis and autophagy and 
their role in human disease.

complexes. On the basis of our results, we 
have shown that PI3KC3 can also regulate 
endosome maturation via a feed-forward 
loop.

Simply put, during autophagosome 
and endosome maturation, both PI3KC3 
and HOPS complex have to be activated. 
UVRAG is an activator for both enzymes 
but its activity is inhibited by Rubicon. 
Rab7 can release UVRAG from Rubicon 
sequestration, and therefore activate both 
PI3KC3 and HOPS and promotes lyso-
somal degradation (Fig. 1).

Endocytosis and Autophagy

The autophagy and endocytic pathways 
are intimately linked. Instead of directly 
fusing with lysosomes to form autolyso-
somes, autophagosomes may first fuse 
with endosomes to form amphisomes; in 
fact, five times as many amphisomes as 
autolysosomes are found in hepatocytes.38 
Several groups of proteins are involved in 
both autophagy and endocytosis, includ-
ing PI3K, coat protein complex I (COPI) 
and endosomal sorting complex required 
for transport (ESCRT).39-41 However, the 
exact sequence of fusion is not known—
when does the autophagosome fuse with 
endosome, and does it fuse with an early or 
late endosome? Now our results lend sup-
port to the model in which autophagosomes 
first fuse with early endosomes. Previously, 
it was not known whether the PI3K 
VPS34 in complex with Rab5 and Rab7 
could also form a complex with Beclin 1 
and Beclin 1 interacting partners. Here 
we have shown that Rubicon, a compo-
nent of the endosomal PI3K complex, is 
highly enriched on Rab5-decorated early 
endosomes and can form a complex with 
Rab7. PI3KC3 may thus serve to recruit 
autophagosome proteins to the early endo-
some, promoting fusion. In this way, the 
endosomal PI3KC3 complex might switch 
with autophagosomal PI3KC3 complex to 
promote fusion between autophagosomes 
and endosomes. In this model, we propose 
that the autophagy pathway is one of sev-
eral pathways an early endosome can take. 
As the early endosome stage can be viewed 
as a “sorting station,” with endosomes 
proceeding towards different fates, we 
propose that fusing with autophagosomes 
may be one option.
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