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A critical role for UVRAG in apoptosis
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Autophagy and apoptosis are tightly
regulated biological processes that

are crucial for cell growth, development
and tissue homeostasis. UVRAG (UV
radiation resistance-associated gene), a
mammalian homolog of yeast Vps38,
the Beclin 1/PtdIns3KC3

phosphatidylinositol-3-ki-

activates

(class TII
nase) complex, which promotes auto-
phagosome  formation. = Moreover,
UVRAG promotes
maturation by recruiting class C Vps
complexes (HOPS complexes) and Rab7
of the late endosome. We found that
UVRAG has anti-apoptotic activity
during tumor therapy through inter-
actions with Bax. UVRAG inhibits

Bax translocation from the cytosol to

autophagosome

mitochondria during chemotherapy- or
UV irradiation-induced apoptosis of
human tumor cells. Moreover, deletion
of the UVRAG C2 domain abolishes
Bax binding and anti-apoptotic activity.
These results suggest that, in addition
to its previously recognized pro-autoph-
agy activity in response to starvation,
UVRAG has cytoprotective functions
in the cytosol that control the localiza-
tion of Bax in tumor cells exposed to
apoptotic stimuli.

Radiation and chemotherapy are the most
common nonsurgical methods used in
cancer treatment. These therapies induce
autophagy as well as apoptosis in tumor
cells, and the role of autophagy in these
cells depends on the type of tumor, the
stage of tumorigenesis, and the nature
and extent of the insule. Although
UVRAG-mediated autophagy has been
documented in mammals since 2006,
the expression and function of UVRAG
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during apoptosis is poorly understood.
In our recent study, we demonstrated
that genotoxic and metabolic stress lead
to apoptosis and increase the expression
of UVRAG in human tumor cells. We
found that UVRAG binds to Bax in the
cytosol and prevents Bax translocation to
mitochondria and subsequent induction
of apoptosis.

Overexpression of UVRAG during
Anticancer Therapy

Autophagy is a major pathway for deg-
radation of cytosolic proteins and organ-
elles, and has been implicated in tumor
suppression and anticancer therapy resis-
tance. UVRAG was first cloned from
the myeloid leukemia cell line. UVRAG
promotes autophagy through interac-
tions with Beclin 1, a protein that forms
a complex with PtdIns3KC3. UVRAG
may also have tumor suppressor activity,
as mutations in the UVRAG gene have
been identified in various human colon
cancer cells and tissues. Following genetic
and metabolic stress (e.g., doxorubicin,
cisplatin and UV radiation), we found
an upregulation of UVRAG mRNA
and protein levels. UVRAG expression
was related to levels of autophagy, but
not apoptosis. Cancer cells treated with
autophagy inhibitors (e.g., 3-methylad-
enine), and autophagy-deficient Azg5
" mouse embryonic fibroblasts (MEFs)
demonstrate decreased levels of UVRAG
during administration of chemotherapy
and radiation, suggesting that autoph-
agy mediates UVRAG overexpression.
Thus, there may be a positive feedback
loop between UVRAG expression and
autophagy.
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UVRAG Regulates Anticancer
Therapy Resistance in vivo
and in vitro

Resistance to anticancer therapy emerges
due to a variety of reasons including
genetic or epigenetic changes, which alter
the binding site of the drug target, cellular
metabolism, export mechanisms or mech-
anisms of cell death. To explore the poten-
tial role for overexpression of UVRAG
in response to anticancer therapy, we
decreased UVRAG expression by trans-
fection with specific short hairpin RNAs.
Interestingly, knockdown of UVRAG in
human tumor cells (e.g., HL60 leuke-
mia cells, HCT116 clone cancer cells and
HeLa cervical cancer cells) significantly
increases the population of apoptotic
annexin V* cells following doxorubicin,
cisplatin and UV radiation treatment. As
expected, autophagy is decreased after sup-
pression of UVRAG following anticancer
therapy. Autophagy and apoptosis can be
triggered by common upstream signals.
To explore whether the increase in apop-
tosis is a direct result of loss of UVRAG
expression rather than a secondary result
of autophagy inhibition causing a shift to
the apoptosis pathway, we knocked down
UVRAG in autophagy-deficient Azg5™"
MEFs. Indeed, knockdown of UVRAG
in Arg5" MEFs increases doxorubicin-
induced apoptosis, which is inhibited
by pan-caspase inhibitors (e.g., Z-VAD-
FMK). These findings suggest that
UVRAG has a direct role in the regulation
of apoptosis, which is not dependent on its
pro-autophagic activity. Furthermore, in a
xenotransplantation mouse model, inhibi-
tion of UVRAG expression increases the
sensitivity of leukemia cells to doxorubi-
cin, decreases tumor growth and increases
apoptosis as determined by the terminal
deoxynucleotidyl transferase dUTP nick
end labeling (TUNEL) assay. These find-
ings demonstrate that UVRAG plays a
critical role in modulating apoptosis and
autophagy in cancer cells in vitro and in
vivo in response to stressful stimuli.

UVRAG Regulates Bax-Dependent
Apoptosis

The B-cell lymphoma 2 (Bcl-2) family
comprises a class of pro- and anti-apoptotic
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Figure 1. Conceptual relationships between UVRAG and apoptosis/autophagy. Tumor thera-
pies, such as chemotherapy and radiation, increase UVRAG expression in tumor cells. Moreover,
UVRAG forms two different complexes to regulate crosstalk between apoptosis and autophagy.
On the one hand, UVRAG promotes autophagy through interactions with Beclin 1 via the CCD
domain. Cdk5-mediated phosphorylation of Bif-1 interacts with the PR domain within UVRAG,
which promotes formation of the Beclin 1/PtdIns3KC3 complex. Microtubule-associated protein

1 light chain 3 (LC3), a mammalian homolog of yeast Atg8, is the most widely-used marker of
autophagosomes. During autophagy, LC3-1is converted to LC3-Il. On the other hand, UVRAG
binds directly to Bax in the cytosol through the C2 domain, which prevents Bax translocation to
mitochondria and subsequent induction of apoptosis.

proteins whose interactions regulate the
balance between cellular survival and
death. Bax and Bak, the critical pro-apop-
totic effector proteins of the Bcl-2 family,
are responsible for mitochondrial mem-
brane permeabilization. Notably, suppres-
sion of UVRAG increases Bax-induced
apoptosis in tumor cells, whereas overex-
pression of UVRAG by gene transfection
inhibits Bax-induced apoptosis. However,
UVRAG does not suppress apoptosis
induced by other pro-apoptotic Bcl-2 fam-
ily effector proteins (e.g., Bad or Bid) or
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by ‘extrinsic’ cell death stimuli (e.g., Fas
or TRAIL). Moreover, UVRAG inhib-
its caspase activation and mitochondrial
cytochrome C release, which are down-
stream mitochondrial apoptotic events
following Bax activation. These findings
suggest that UVRAG selectively regulates
Bax-dependent apoptosis in tumor cells.
Interestingly, other studies have demon-
strated that Bax plays a dual role in the
control of apoptosis and autophagy. On
the one hand, Bax-induced autophagy
contributes to apoptosis. On the other
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hand Bax-induced apoptosis contributes
to inhibition of autophagy. It is unknown
whether UVRAG regulates Bax-associated
autophagy.

UVRAG Interacts with Bax
and Regulates Bax Mitochondrial
Translocation

UVRAG confers anti-apoptotic activi-
ties potentially via controlling Bax trans-
location to mitochondria. UVRAG does
not mediate this effect by regulating the
expression of Bax. Rather, our experimen-
tal data suggest that UVRAG may func-
tion as a specific anchoring protein for Bax
in the cytosol, because: (1) UVRAG is
specifically co-immunoprecipitated with
Bax, but not Bad and Bid in tumor cells;
(2) GST pull-down assays confirmed an
interaction between UVRAG and Bax;
(3) deletion of UVRAG expression leads
to a parallel increase in mitochondrial Bax
during apoptosis; (4) overexpression of
UVRAG decreases mitochondrial trans-
location of Bax in apoptosis. Structurally,
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UVRAG contains an N-terminal proline
rich (PR) sequence followed by a potential
calcium-dependent  phospholipid  bind-
ing C2 domain, a central Beclin 1-bind-
ing coiled-coil domain (CCD) and a
C-terminal region (Fig. 1). A previous
study demonstrated that UVRAG binds
Beclin 1 through its CCD, and binds
Bif-1 (also known as Endophilin BI)
through the PR domain, which promotes
autophagy. Moreover, cyclin-dependent
kinase 5 (Cdk5)-mediated phosphoryla-
tion of Bif-1 is required for recruitment of
UVRAG and induction of autophagy. In
contrast, we demonstrated that UVRAG
binds Bax through its C2 domain.
Deletion of the C2 domain inhibits the
interaction between UVRAG and Bax,
rendering it unable to inhibit chemo-
therapy and radiation-induced apoptosis.
Furthermore, loss of UVRAG enhances
conformational changes in Bax follow-
ing treatment with doxorubicin and UV
radiation, suggesting that UVRAG inhib-
its exposure of the Bax N terminus during
apoptosis.
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Therefore, our experimental data
suggest that UVRAG forms two differ-
ent complexes (UVRAG-Beclin 1 and
UVRAG-Bax), which regulate the bal-
ance between apoptosis and autophagy
(Fig. 1). In this complex, UVRAG is pro-
posed to function as a positive regulator
of autophagy and a negative regulator of
apoptosis. Our findings provide a pos-
sible mechanism for the crosstalk between
apoptosis and autophagy in determin-
ing which process will dominate. Indeed,
the existence of negative and/or positive
feedback loops increases the complex-
ity of signaling pathways and may influ-
ence the predominance of autophagy and
apoptosis.
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