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Abstract
Autophagy is a lysosome-directed membrane trafficking event for the degradation of cytoplasmic
components, including organelles. The past few years have seen a great advance in our understanding
of the cellular machinery of autophagosome biogenesis, the hallmark of autophagy. However, our
global understanding of autophagosome maturity remains relatively poor and fragmented. The
topological similarity of autophagosome and endosome delivery to lysosomes suggests that
autophagic and endosomal maturation may have evolved to share associated machinery to promote
the lysosomal delivery of their cargoes. We have recently discovered that UVRAG, originally
identified as a Beclin 1-binding autophagy protein, appears to be an important factor in autophagic
and endosomal trafficking through its interaction with the class C Vps tethering complex. Given the
ability of UVRAG to bind Beclin 1 and the class C Vps complex in a genetically and functionally
separable manner, it may serve as an important regulator for the spatial and/or temporal control of
diverse cellular trafficking events. As more non-autophagic functions of UVRAG are unveiled, our
understanding of seemingly different cellular processes may move a step further.
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Autophagy has been increasingly recognized as essential for cells to maintain homeostasis and
is particularly induced in response to various stress stimuli.1-3 Depending on different
autophagy modes (selective or non-selective), a cascade of degradative autophagic process is
initiated by the engulfment of cytoplasmic cargo into a double-membrane bound
autophagosome. Concurrently, the newly formed autophagosomes rapidly acidify as they
mature. Fusion with the late endosome and lysosome plays a critical role in this process and
results in the delivery of lysosomal hydrolases.4 Defects in autophagosome maturity or
autophagosome clearance lead to a piling up of autophagosomes within the cell, which can
induce serious disorders including cardiomyopathy, myopathy, neuronal ceroid lipofuscinosis
and Danon disease.5-7 Yet despite its importance, little is known about the molecular
machinery responsible for autophagosome maturation in mammals. Recently, several proteins
involved in endosomal dynamics have been identified to be required for autophagic maturation,
7-12 suggesting functional connection and coordinated regulation of two distinct but converged
membrane trafficking pathways. Here, we concentrate on very recent findings about
mammalian UVRAG, originally recognized as an autophagy protein specifically involved in
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autophagosome formation, its novel role in modulating autophagic and endosomal maturation.
13

UVRAG in Brief
The ultraviolet (UV) radiation resistance-associated gene (UVRAG) was originally identified
in a genetic screen for complementing UV sensitivity in xeroderma pigmentosum (XP) cells.
14 The name UVRAG was chosen to reflect its role in providing UV resistance. It maps to a
tumor-susceptibility locus on human chromosome 11q13 that is frequently implicated in
common human cancers, including breast, colorectal and gastric cancers.15-18 UVRAG
consists of four major regions: the proline-rich (PR) domain (residues 1–41), the calcium-
dependent lipid-binding C2 domain (residues 42–147), the coiled-coil domain (CCD, residues
200–269) and a C-terminal domain (residues 270–699) presumed to be unstructured (Fig. 1A).
The PR domain interacts with Bif-1, a Bax activator, which allows Bif-1 to associate with the
Beclin 1/PtdIns3-kinase III (PtdIns 3-KC3) complex, thereby inducing autophagy and
membrane curvature.19,20 The C2 domain is thought to confer the membrane-lipid association
ability of UVRAG.13 The highly hydrophobic CCD domain is the locus for Beclin 1 binding,
which is crucial for UVRAG-mediated autophagy activation and tumor suppression in vitro.
21,22 Besides its interaction with proteins involved in autophagosome biogenesis, UVRAG
was recently shown to bind the class C Vps complex (hereafter referred to as C/Vps),13 a
modular protein complex that serves diverse functions in multiple membrane fusion events.
23-26 The region of UVRAG that is responsible for this interaction independently maps to the
C2 and C-terminal regions. Interestingly, a mutated version of UVRAG that lacks the Beclin
1-binding activity exhibits efficient interaction with the C/Vps complex, whereas a mutated
version of UVRAG that lacks the C/Vps complex binding activity maintains efficient Beclin
1 interaction, suggesting that the UVRAG interaction with the C/Vps complex is likely
independent from its association with Beclin 1.13

UVRAG in Autophagic Trafficking
The UVRAG-C/Vps interaction connects the C/Vps complex to the mammalian autophagy
system—the overexpression of UVRAG induces the association of the C/Vps complex with
autophagosomes, whereas a mutated version of UVRAG that lacks C/Vps complex binding
fails to do so.13 The C/Vps complex was initially identified in genetic screens for vacuolar
protein sorting (vps) mutants.27 One group of vps mutants, called class C, is characterized by
the accumulation of multivesicular bodies and the missorting of multiple biosynthetic cargoes,
suggesting that it functions at the endosome-lysosome interface.28 Moreover, the C/Vps
proteins are evolutionarily conserved and have been identified in many different biological
contexts.23,24,29-32 Although it is clear that the C/Vps complex plays a central role in the
endolysosomal system, its function in autophagy is less established. Indeed, our findings
suggest that the C/Vps complex is a minor participant in the biogenesis of autophagosomes.
13 The siRNA-mediated depletion of the C/Vps complex has a minimal effect on UVRAG-
mediated autophagosome formation. Instead, our observations strongly support an important
role of the UVRAG-C/Vps complex in promoting autophagosome maturation. First, deletion
of the C2 domain of UVRAG that disrupts the interaction between UVRAG and the C/Vps
complex severely impairs the ability of UVRAG to promote autophagosome fusion with
lysosomes, even though it has only marginal effects on UVRAG-mediated autophagosome
formation. Second, the siRNA-mediated depletion of the C/Vps complex subunits potently
inhibits UVRAG-mediated autophagosome maturation. Finally, the overexpression of wild-
type UVRAG, but not the C/Vps binding defective UVRAG mutant, activates Rab7 GTPase
activity, a downstream effector of the C/Vps complex involved in both autophagic and
endocytic maturation.13
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It is important to note that the effects of the UVRAG-Beclin 1 interaction differ in important
respects from the UVRAG-C/Vps complex interaction in autophagy regulation. As mentioned
above, a mutation in UVRAG that prevents Beclin 1 binding generally has only minor effects
on autophagosome maturation, but pronounced effects on autophagosome formation. In
contrast, a mutation in UVRAG that prevents C/Vps complex association behaves in an
opposite manner. These results imply that mammalian UVRAG functions through two
successive activities in autophagy modulation: one involving Beclin 1 in the biogenesis of
autophagosomes and the other involving the C/Vps complex in the biogenesis of
autolysosomes.

UVRAG in Endosomal Trafficking
Although UVRAG is considered to be autophagosome-related, it is not exclusively present at
the autophagosomes. Rather, a large percentage of UVRAG colocalizes with the C/Vps
complex at the endosomal compartments carrying the early-endosomal marker Rab5 and
EEA1.13 The cellular outcome of this endosome-associated UVRAG was further investigated.
Several lines of evidences strongly support the notion that mammalian UVRAG has a major
role in promoting endosomal trafficking.13 First, UVRAG is required for receptor-mediated
endocytosed epidermal growth factor (EGF) trafficking. Overexpression of UVRAG causes
enhanced endocytic trafficking and EGF receptor (EGFR) degradation, whereas depletion of
UVRAG is associated with sustained receptor signaling. Notably, UVRAG in mammals is
recognized as a putative tumor suppressor.21,22 Tumor cells with enhanced expression of
UVRAG show reduced growth rate in culture and in nude mice. Moreover, aberrant levels of
UVRAG protein exist in many cancers, although their correlation with carcinogenesis remains
to be established.15-18 The tumor suppressor activity of UVRAG has been largely attributed
so far to its Beclin 1 binding and the resultant autophagy induction. Whether UVRAG-involved
receptor signaling also contributes to malignant transformation is of interest to be investigated.
Further support for UVRAG as a trafficking molecule was demonstrated in a DQ-BSA
dequenching assay.13 BSA is an endocytosed cargo destined for lysosomal degradation. In
UVRAG-overexpressing cells, the dynamics of BSA digestion is significantly increased, which
may reflect enhanced trafficking and/or increased lysosome activity. In addition to endocytic
trafficking, UVRAG was found to promote the intracellular protein sorting from the TGN to
lysosomes as measured by lysosomal protein cathepsin D processing (Fig. 1B and C). Recovery
of UVRAG expression in UVRAG-deficient HCT116 cells enhances cathepsin D maturation
(Fig. 1B and C). Given the general effects of UVRAG on multiple trafficking routes, it is
speculated that UVRAG may regulate trafficking steps at a converged point. Indeed, UVRAG
is found to promote endosomal fusion in vitro and in vivo,13 a process that coordinates most
of the lysosomal directed membrane dynamics and is also regulated by the C/Vps complex.

How might UVRAG regulate endosomal trafficking processes? UVRAG appears to have close
association with the endosome machinery. In addition to the C/Vps complex, an interaction
between UVRAG and the early-endosomal GTPase Rab5 has been detected (unpublished data).
Interestingly, UVRAG preferentially bound to the active (GTP-bound) form of Rab5 rather
than the wild-type and inactive (GDP-bound) form of Rab5, which suggests that UVRAG
possibly functions as a downstream effector of Rab5. Notably, the UVRAG-associated C/Vps
complex mediates Rab5-to-Rab7 conversion, thereby serving as a functional tie between Rab5
and Rab7 in mammalian cells.33 In this context, it is postulated that UVRAG interaction with
the C/Vps complex may enhance the ability of the C/Vps complex in Rab conversion, which
ultimately promotes endosomal sorting and protein trafficking. In support of this view,
disruption of the C/Vps complex binding site prevents UVRAG from activating Rab7 and
inducing endosome maturation. However, the detailed molecular function of the C/Vps
complex in UVRAG-mediated vesicle transport needs to be further defined. Alternatively or
additionally, UVRAG may act in concert with as-yet-undefined factors to assemble specific
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complexes on endosomal membranes. Together, the studies discussed above indicate that
UVRAG constitutes an important component in both autophagic and endosomal membrane
trafficking.

Conclusions
In recent years, there has been an explosion of information on the cellular machinery that drives
the sorting of autophagic cargoes into autophagosomes and controls the release of these cargos
into the lysosomal lumen. Parallel studies have revealed that many endolysosomal-related
proteins, including the AAA ATPases SKD1,10 Hrs,12 Vti1,11 and the small GTPases
Rab5,34 and Rab7,8,9 have evolved to function in the autophagy pathway and interact with
distinct components of the autophagy machinery. One of the key players in both endosomal
and autophagosomal pathways is UVRAG, a modular protein that serves diverse functions in
the cell ranging from autophagy and tumor suppression to membrane trafficking. Although the
role of UVRAG in promoting membrane trafficking awaits further investigation, important
insights have been gained through the observation that the binding of UVRAG to the C/Vps
complex is required for UVRAG-mediated trafficking activity. An intriguing question is how
UVRAG coordinates its distinct membrane-associated (autophagosome and endosome)
trafficking activities. How are these complex processes coupled mechanistically? It is also of
interest as to how endosomal and autophagic vesicle trafficking destined for the same organelle
is differentially regulated. Future studies on these topics will undoubtedly illuminate new views
on autophagy as an integral part of the lysosome system, and will, hopefully, suggest new
approaches to a number of human diseases associated with compromised membrane
trafficking.
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Figure 1.
(A) Domain organization of UVRAG. The PR, C2, CCD and C-terminal regions are indicated.
Amino acid positions are shown at the top. The binding sites for UVRAG-interacting proteins
are indicated with arrows. (B) UVRAG promotes cathepsin D maturation in HCT116 cells.
HCT116 cells expressing empty vector or wild-type UVRAG were labeled with [35S]-
methionine for the indicated time (hours). Cathepsin D was immunoprecipitated and subjected
to SDS-PAGE and radiography. The forms of cathepsin D are labeled as follows: P, proform;
I, intermediate form; M, mature form. (C) Densitometric quantification of cathepsin D
maturation in (B). The percentage of total radiolabeled procathepsin D at time 0 that is present
as a mature form after 4 hours in the cells was quantified.
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