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DIRAS3 regulates the autophagosome initiation
complex in dormant ovarian cancer cells
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DIRAS3 is an imprinted tumor suppressor gene that is downregulated in 60% of human ovarian cancers. Re-expression
of DIRAS3 at physiological levels inhibits proliferation, decreases motility, induces autophagy, and regulates tumor
dormancy. Functional inhibition of autophagy with choroquine in dormant xenografts that express DIRAS3 significantly
delays tumor regrowth after DIRAS3 levels are reduced, suggesting that autophagy sustains dormant ovarian cancer cells.
This study documents a newly discovered role for DIRAS3 in forming the autophagosome initiation complex (AIC) that
contains BECN1, PIK3C3, PIK3R4, ATG14, and DIRAS3. Participation of BECN1 in the AIC is inhibited by binding of BECN1
homodimers to BCL2. DIRAS3 binds BECNT1, disrupting BECN1 homodimers and displacing BCL2. Binding of DIRAS3 to
BECN1 increases the association of BECN1 with PIK3C3 and ATG14, facilitating AIC activation. Amino acid starvation of
cells induces DIRAS3 expression, reduces BECN1-BCL2 interaction and promotes autophagy, whereas DIRAS3 depletion
blocks amino acid starvation-induced autophagy. In primary ovarian cancers, punctate expression of DIRAS3, BECN1,
and the autophagic biomarker MAP1LC3 are highly correlated (P < 0.0001), underlining the clinical relevance of these
mechanistic studies. Punctate expression of DIRAS3 and MAP1LC3 was detected in only 21-23% of primary ovarian
cancers but in 81-84% of tumor nodules found on the peritoneal surface at second-look operations following primary
chemotherapy. This reflects a 4-fold increase (P < 0.0001) in autophagy between primary disease and post-treatment
recurrence. We suggest that DIRAS3 not only regulates the AIC, but induces autophagy in dormant, nutrient-deprived

ovarian cancer cells that remain after conventional chemotherapy, facilitating their survival.

Introduction

Autophagy is a highly conserved catabolic process in which
organellesandlong-lived intracellular proteinsare engulfed within
double-membrane vesicles, termed autophagosomes. Lysosomes
then fuse with autophagosomes, forming autolysosomes."?
Depending upon the cellular context, induction of autophagy
can either sustain or eliminate metabolically active cancer cells.
In the short-term, autophagy can facilitate survival of cancer
cells in nutrient-deprived microenvironments with inadequate
blood supply. Consistent with a protective role for autophagy,
inhibition of autophagic function with chloroquine can induce
cancer cell death through necroptosis.® Persistent autophagy
can, however, eliminate cancer cells. Enhanced mammary
tumorigenesis has been observed in heterozygous BecnI*'~ mice
with reduced expression of an essential component required for
autophagy.

Formation of autophagosomes is a highly regulated and
complex process that includes phases of initiation, nucleation,
membrane extension, maturation, and fusion.>* Factors
regulating formation of autophagosomes in normal and malignant
cells are not completely understood. Autophagy is initiated
during starvation when MTOR activity is reduced, leading to
the formation of a ULKI-ATG13-RBICC1 complex. Further
induction of autophagy depends upon formation of a second
autophagosome initiation complex that contains BECN1.5¢
Following nutrient deprivation, BECN1 dimers dissociate from
their negative regulator BCL2. BECNI dimers are then disrupted
and monomers bind to PIK3C3, a class III phosphatidylinositol
3-kinase, forming the BECNI1-PIK3C3 AIC.>7 A regulatory
protein, ATGI4, subsequently associates with and directs the
AIC to a phagophore assembly site, activating and initiating the
biogenesis of autophagosomes.”®® The mechanisms that mediate
dissociation of BECNI1 from BCL2, disruption of BECNI
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dimers, and formation of BECN1-PIK3C3 AIC have not been
defined.

DIRAS3 is widely expressed in human epithelial cells from
different organs and is downregulated in carcinomas of the ovary,
breast, lung, prostate, thyroid, and pancreas.'”' While DIRAS3
is highly expressed in normal ovarian surface epithelial cells," it
is downregulated in > 60% of ovarian cancers and is associated
with decreased progression-free survival.’® As an imprinted gene,
only one DIRAS3 allele is expressed in normal adult cells. In
ovarian and breast cancers, downregulation of the expressed
DIRAS3 allele is mediated by multiple mechanisms including loss
of heterozygosity, DNA methylation, transcriptional regulation,
and shortened mRNA half-life.>?!

Ovarian cancer cell lines have been established with tet-
inducible expression of DIRAS3 at physiological levels similar to
those found in normal ovarian epithelial cells. Re-expression of
DIRAS3 induces autophagy in cultured cells and in xenografts.*
DIRAS3 downregulates the PtdIns3K-AKT-MTOR pathway,
facilitating formation of the ULK1-ATG13-RB1CC1 complex.
DIRAS3 also induces expression of the ATG4 cysteine protease
that cleaves the microtubule-associated protein LC3-I (LC3-I) to
form the autophagosome biomarker LC3-II. While re-expression
of DIRAS3 at physiological levels in cell culture results in
autophagic cell death within 3—4 d, re-expression of DIRAS3
in xenografts induces dormancy with persistent suppression of
viable tumor growth. When DIRAS3 is downregulated after
6 wk of expression, dormant xenografts undergo angiogenesis
and grow promptly to kill their murine hosts. Treatment of
dormant avascular xenografts with chloroquine significantly
delays outgrowth of tumors after downregulation of DIRAS3,*
consistent with the possibility that DIRAS3-induced autophagy
enhancessurvival of dormantcells in a nutrient-poor environment.

In this report, we show that DIRAS3 regulates assembly of
the AIC in nutrient-deprived ovarian cancer cells in culture.
DIRAS3 expression is increased upon nutrient deprivation and
colocalizes with BECNI. Interaction of DIRAS3 and BECNI
is required for both starvation-induced and DIRAS3-induced
autophagy. DIRAS3 promotes autophagosome biogenesis and
triggers vesicle nucleation by binding to BECNI, inhibiting
BECNI1 dimerization, disrupting BECN1-BCL2 interaction, and
promoting assembly of the BECN1-PIK3C3-ATG14 initiation
complex.

The clinical relevance of these observations was evaluated by
examining the coordinate expression of DIRAS3 and BECNI1
with LC3 puncta, which served as a biomarker for autophagy in
primary ovarian cancers. The level of autophagy was compared
in primary ovarian cancers at initial cytoreductive surgery and in
the small, dormant nodules of ovarian cancer removed from the
peritoneal surface at “second-look” operations following primary
chemotherapy, where nutrient deprivation is likely to occur. In
primary cancers, punctate expression of DIRAS3, BECNI, and
the autophagic biomarker LC3-II are highly correlated. Punctate
expression of DIRAS3 and LC3-II was dramatically upregulated
in small nodules of persistent cancer excised during second-look
procedures performed in the same patients. These studies suggest
that DIRAS3 not only regulates the AIC, but induces autophagy
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in dormant, nutrient-deprived ovarian cancer cells that remain
after conventional chemotherapy and facilitates their survival.

Results

DIRAS3 expression is increased during amino acid
starvation-induced autophagy

Our previous studies demonstrated that re-expression of
DIRAS3 at physiological levels in ovarian cancer cell lines
(SKOv3 and HEY) can induce autophagy, associated with an
increase in the number of characteristic GFP-LC3 puncta in
cultured cells and the formation of typical double-membrane
vesicles both in cell culture and in xenografts.?> Others have
demonstrated that starvation of ovarian cancer cells can induce
LC3 processing and autophagosome formation.> To examine
the role of DIRAS3 in the regulation of amino acid starvation-
induced autophagy, we first tested the relationship between
endogenous DIRAS3 expression and nutrient deprivation in
ovarian cancer cells. Both mRNA and endogenous protein
levels of DIRAS3 were significantly increased upon nutrient
withdrawal (Fig. 1A and B). To measure the induction of
autophagy during amino acid starvation, western blot analysis of
cell lysates with antibody against LC3 demonstrated conversion
of LC3-I to LC3-II in a time-dependent manner after nutrient
withdrawal. Increasing D/IRAS3 mRNA expression and protein
level correlated with increased conversion of LC3-I to LC3-II in
OVCA433 and EFO21 ovarian cancer cells following nutrient
deprivation (Fig. 1A). Consistent with these results, the amino
acid starvation-induced increase in endogenous DIRAS3 protein
also correlated with an increase in LC3 puncta in EFO21 cells
(Fig. 1B). We next examined changes in autophagic flux by
comparing the levels of LC3-II in the presence and absence of
the lysosome inhibitor chloroquine (CQ). Treatment with CQ
significantly increased endogenous LC3-II accumulation after
nutrient deprivation. Similarly, in tet-inducible SKOv3-DIRAS3
cells treated with doxycycline (DOX), induced re-expression
of DIRAS3 at physiological levels increased LC3-II. Levels of
LC3-II were further increased by CQ-mediated inhibition of
autolysosome turnover (Fig. 1C),* suggesting that re-expression
of DIRAS3 had increased autophagic flux. To test the effect
of DIRAS3 on autophagic flux, we measured changes in the
levels of SQSTM1/p62, a selective substrate that is degraded in
autolysosomes.?* Consistent with the enhanced LC3 turnover,
SQSTM1/p62 levels were significantly decreased after DIRAS3
induction (Fig. 1C). Moreover, the DIRAS3-induced reduction of
SQSTM1/p62 was prevented by CQ, consistent with autophagic
degradation of SQSTMI1/p62. Collectively, these results
demonstrate that DIRAS3 expression is associated with a robust
autophagic response upon nutrient deprivation and re-expression
of DIRAS3 at physiological levels induces autophagic flux in
ovarian cancer cells.

DIRASS3 is required for induction of autophagy by nutrient
depletion

To determine whether DIRAS3 protein is
for the induction of autophagy, we measured the effect of
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Figure 1. DIRAS3 expression is important for induction of autophagy. (A) Induction of DIRAS3 mRNA is correlated with increased conversion of LC3-|
to LC3-Il. OVCA433 and EFO21 ovarian cancer cells were incubated in growth medium or HBSS plus 0.3% glucose for 2, 4, 8, or 16 h. Cells were collected
for western blotting with antibodies and RNA was extracted for analysis by real-time PCR analyses. Band intensities were quantified using ImageJ.
(B) Increasing endogenous DIRAS3 protein is correlated with increasing LC3 puncta. EFO21 cells were incubated in growth medium or in HBSS plus 0.3%
glucose for 4 h. Cells were stained for DIRAS3 or LC3 and imaged by immunofluorescence microscopy. The quantities of LC3 puncta and the intensities
of endogenous DIRAS3 protein were quantified using ImagelJ. Scale bars: 5 um. (C) Re-expression of DIRAS3 at physiological levels increased the conver-
sion of LC3-I to LC3-Il and decreased the level of SQSTM1/p62. SKOv3-DIRAS3 cells were treated with DOX for the indicated intervals to induce DIRAS3
expression and then treated with CQ to block the function of autolysosomes. Band intensity was quantified using ImageJ. Data were obtained from
3 independent experiments. Values are the means + SD (*P < 0.05; **P < 0.01).
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Figure 2. DIRAS3 expression is required for induction of autophagy. (A) DIRAS3 depletion inhibits LC3 turnover. SKOv3-DIRAS3 cells in growth medium
were transfected with siControl, siDIRAS3, siATG5 or siBECN1 for 48 h before incubation in growth medium or HBSS plus 0.3% glucose for 16 h. Cells
were then treated with or without 400 nM bafilomycin A, (BA) for 4 h. Cell lysates were subjected to western blotting. Band intensities were measured
and analyzed for the relative accumulation of LC3-1l/LC3-I. Data were obtained from 3 independent experiments. Values are the means = SD (**P <
0.01). (B) DIRAS3 depletion inhibits accumulation of LC3 puncta. SKOv3-DIRAS3 cells were depleted of DIRAS3, ATG5 and BECN1 by siRNA transfection
for 48 h before they were switched to growth medium or HBSS plus 0.3% glucose. Left panel, cells were stained for endogenous LC3 and imaged by
immunofluorescence. Scale bars: 10 wm. Right panel, the expression of DIRAS3 and BECN1 knocked down with siRNA were analyzed by western blot.

siRNA-mediated DIRAS3 depletion on amino acid starvation-
induced autophagy. Knockdown of DIRAS3 in SKOv3-DIRAS3
(Fig. 2A and B), EFO21 (Fig. S1A) and OVCA433 cell lines
(Fig. S1B) significantly impaired amino acid starvation-induced
conversion of LC3-I to LC3-II (Fig. 2A), autophagy-mediated
SQSTM1/p62 degradation (Fig. 2A), and formation of LC3
puncta (Fig. 2B; Fig. S1C), consistent with inhibition of
autophagosome formation. Inhibition of autophagy observed
after DIRAS3 knockdown was equivalent to that seen upon
depletion of 2 known components of the autophagic pathway,
ATGS and BECNI (Fig. 2A and B). Thus, DIRAS3 is required
for the induction of amino acid starvation-induced autophagy.

DIRAS3 colocalizes with ATG12 and LC3 during DIRAS3-
and amino acid starvation-induced autophagy

In our previous studies, colocalization of DIRAS3 and
GFP-LC3 was observed using immunofluorescence confocal
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microscopy, and the association of DIRAS3 with LC3 in the
autophagosome membrane was confirmed by UV cross-linking.
To further document the direct participation of DIRAS3 in
autophagosome formation, we measured colocalization of
DIRAS3, ATG12 and LC3 during DIRAS3-induced autophagy
in SKOv3-DIRAS3 cells treated with DOX to induce DIRAS3.
ATGI2 is required for autophagy and forms a complex with ATG5
and ATGIG6LI to form the ATG12-ATG5-ATGI16L1 complex
that is found within elongating phagophore membranes prior
to LC3 lipidation and insertion into the maturing phagophore
membrane.”?* When autophagy was induced in SKOv3-DIRAS3
cells treated with DOX for 48 h, DIRAS3 formed punctate
structures that were evenly distributed throughout the cytoplasm
(Fig. 3A; Fig. S2A). DIRAS3 colocalized with the elongation
marker ATG12, and the maturation marker LC3, in cells by
24 h after the addition of DOX but stronger colocalization of
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experiments. Values are the means + SD (**P < 0.01). Scale bars: 5 pm.

Figure 3 (See previous page). Expression of DIRAS3 induces colocalization of DIRAS3 with markers of autophagosomes. (A) DIRAS3 colocalizes with
ATG12 and LC3 in SKOv3-DIRAS3 cells. SKOv3-DIRAS3 cells and SKOv3 cells were treated with DOX for 48 h. Immunofluorescence staining of DIRAS3
and endogenous ATG12 and LC3 was analyzed by confocal microscopy. Scale bars: 5 wm. Higher magnifications of indicated regions are shown. Scale
bars: 1 um. (B) DIRAS3 colocalizes with LC3. Representative immuno-gold electron microscopy images of induced and uninduced SKOv3-DIRAS3 cells
are shown. The green arrows indicate DIRAS3 labeled with small gold particles in the autophagosome vesicles, and the red arrows indicate LC3 labeled
with large gold particles. Scale bars: 0.2 wm. Higher magnification of an indicated region is shown. Scale bar: 1 um. (C) DIRAS3 depletion inhibits
accumulation of BECN1 and LC3 puncta, but not ULK1 puncta. SKOv3-DIRAS3 cells in growth medium were transfected with DIRAS3 siRNA 48 h before
incubation in growth medium or amino acid starvation medium (HBSS + 3% glucose) for 16 h. Cells were stained for endogenous ULK1, BECN1, and
ATG14 and imaged by immunofluorescence microscopy. Fluorescence intensity was quantified using ImageJ. Data were obtained from 3 independent

DIRAS3 with ATG12 (Pearson r = 0.716988) and LC3 (Pearson
r = 0.773758) was observed at 48 h post-induction (Fig. 3A;
Fig. S2A). Importantly, when autophagy was induced by nutrient
deprivation in SKOv3-DIRAS3 cells, colocalization of DIRAS3
puncta with ATGI12 puncta was observed within 8 h after
nutrient withdrawal (Fig. S2B). By 16 h, DIRAS3 puncta further
accumulated, many of which colocalized with LC3 (Fig. S2B).
Finally, immuno-gold electron microscopy was performed to
verify the colocalization of DIRAS3 with endogenous LC3.
After induction of DIRAS3 in SKOv3-DIRAS3 cells for 48 h
with DOX, small gold particles conjugated with anti-DIRAS3
immunoglobulin were clustered with large gold particles
conjugated with anti-LC3 immunoglobulin on the membrane
of autophagosomes (Fig. 3B), suggesting direct participation of
DIRAS3 with LC3 at the autophagosome. Taken together, our
results demonstrate that DIRAS3 participates directly in the
formation of autophagosomes.

DIRAS3 is required for the punctate formation involving
ATGl14 and BECNI1, but not ULKI1, during amino acid
starvation-induced autophagy

To determine whether DIRAS3 participates in earlier
stages of autophagosome formation, we studied the effect of
siRNA-mediated DIRAS3 depletion on early stages of amino
acid starvation-induced autophagy using immunofluorescent
staining with antibodies against ULK1, ATG14, and BECNI.
ULKI1 is a mammalian ortholog of Atgl, which forms a complex
with ATG13 and RBICCI, and is required for the initial step
of autophagosome biogenesis after downregulation of MTOR
activity.>**® Activation of ULKI leads to formation of the
BECNI-ATG14-PIK3C3-PIK3R4  complex.”'  Depletion
of DIRAS3, in SKOv3-DIRAS3 cells, did not affect puncta
accumulation of ULKI after amino acid starvation for 16 h
(Fig. 3C). In marked contrast, DIRAS3 depletion significantly
impaired amino acid starvation-induced accumulation of BECN1
and ATG14 puncta (Fig. 3C), suggesting that DIRAS3 might
regulate autophagy during formation of the BECNI-ATGI14-
PIK3C3-PIK3R4 complex.

DIRAS3 colocalizes with BECN1 and binds directly to
BECNI1 protein

BECNI is an important component of an autophagy-
specific class IIT PtdIns3K complex (BECNI1-ATG14-PIK3C3-
PIK3R4 complex) and the activity of this complex coats a
cup-shaped phagophore membrane with PtdIns3P, which
serves as a signal to recruit additional membrane to form the
autophagosome.”? To test whether DIRAS3 is involved in
regulation of the BECN1 autophagy initiation complex, we
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first asked whether DIRAS3 colocalized with endogenous
BECNI1 by immunofluorescent staining. BECN1 colocalized
with DIRAS3 after DIRAS3 induction with DOX (Pearson
r = 0.762936) (Fig. 4A; Fig. S3A) or amino acid starvation
(Pearson r = 0.702286) (Fig. S3B). Furthermore, immunogold
electron microscopy analysis of SKOv3-DIRAS3 cells showed
that anti-BECNI immunoglobulin labeled with large gold
particles, clustered near anti-DIRAS3 immunoglobulin labeled
with small gold particles (Fig. 4B). We next examined whether
DIRAS3 could interact directly with endogenous BECNI
in ovarian cancer cells. When DIRAS3 was re-expressed at
physiological levels in SKOv3-DIRAS3 or Hey-DIRAS3 ovarian
cancer cells, DIRAS3 could be coprecipitated with anti-BECNI1
antibodies and BECN1 could be coprecipitated with anti-
DIRAS3 antibodies in both cell lines (Fig. 4C). Interaction of
DIRAS3 with BECN1 was also demonstrated in CAOv3 ovarian
cancer cells that have high endogenous DIRAS3 levels and high
basal autophagy (Fig. S3D and S3E). Thus, robust interaction
of DIRAS3 with BECNI1 was verified with endogenous
levels of these proteins (Fig. 4D) and, more importantly, this
interaction was further enhanced by amino acid starvation
(Fig. 4D), indicating that DIRAS3-BECNI interactions are
strengthened during nutrient deprivation of ovarian cancer
cells. Co-immunoprecipitation of DIRAS3 and BECNI might
not be mediated by direct protein-protein interactions, but
rather through BECN1-interacting proteins. To clarify whether
DIRAS3 and BECNI interact directly, co-immunoprecipitation
was performed ex vivo with purified recombinant DIRAS3
and using BECNI proteins from 2 different sources. Purified
DIRAS3 could be co-precipitated with purified BECN1 using
DIRAS3 antibody and purified BECNI could be co-precipitated
with purified DIRAS3 using anti-BECNI1 antibody (Fig. 4E;
Fig. $3C), indicating direct protein-protein interaction between
DIRAS3 and BECNI.

DIRAS3 inhibits the BECN1-BCL2 interaction

Having demonstrated that DIRAS3 interacts directly with
BECNI, we sought to examine the effect of DIRAS3 on the
ability of BECNI to bind BCL2. It is known that BCL2 inhibits
autophagy by binding to BECNI, preventing its interaction
with PIK3C3 to form the active ‘core complex’.*34 SKOv3-
DIRAS3 cells were transfected with a Flag-BCL2 plasmid and
treated with DOX to induce DIRAS3 at physiological levels.
Induction of DIRAS3 increased formation of the DIRAS3-
BECN1 complex while dramatically reducing BECN1-BCL2
interaction, as indicated by the dramatically reduced BCL2
co-immunoprecipitated with anti-BECN1 antibody (Fig. 5A).
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or anti-DIRAS3 antibodies and analyzed by western blotting.

DIRAS3 inhibition of the BECN1-BCL2 interaction was further
validated in Hey-DIRAS3 cells (Fig. 5B). Therefore, induction
of autophagy by DIRAS3 closely correlates with a concomitant
decrease in BECN1-BCL2 interaction. To verify that disruption
of the BECNI-BCL2 complex is mediated by DIRAS3, we
knocked down DIRAS3 and examined the BECNI1-BCL2
interaction. As shown in Figure 5C, inhibition of BECN1-BCL2
interaction was completely reversed by siDIRAS3, demonstrating

www.landesbioscience.com
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that dissociation between BECN1 and BCL2 is a DIRAS3-
dependent event.

Inhibition of BECN1-BCL2 interaction following DIRAS3
induction is also time-dependent (Fig. 5D) and correlates
with increased DIRAS3 expression. To examine whether this
inhibition may be due to competition of DIRAS3 with BCL2
for BECNI binding, purified DIRAS3 was added to cell lysates
from SKOv3-DIRAS3 in the absence of DOX. As increasing
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Figure 5. DIRAS3 disrupts the BECN1-BCL2 complex by competing for BECN1 binding. (A and B) Expression of DIRAS3 inhibits BECN1 and BCL2 inter-
action in vivo. SKOv3-DIRAS3 cells and Hey-DIRAS3 cells were transfected with Flag-BCL2 followed by DOX treatment. The BECN1-BCL2 complex was
immunoprecipitated with anti-BECN1 and analyzed for co-immunoprecipitation of BECN1-BCL2 interaction. (C) DIRAS3 depletion increases BECN1-BCL2
interaction. SKOv3-DIRAS3 cells were transfected with siDIRAS3 for 48 h to knock down DIRAS3 expression. The BECN1-BCL2 complex was immuno-
precipitated with anti-BECN1 and analyzed with the indicated antibodies. (D) Expression of DIRAS3 inhibits BECN1 and BCL2 interaction in a time-
dependent manner. SKOv3-DIRAS3 cells were treated with DOX for the indicated intervals. The BECN1-BCL2 complex was immunoprecipitated with
anti-BECN1 and analyzed by western blot. (E) DIRAS3 protein competes with BCL2 for BECN1 binding. Increasing amounts of Flag-DIRAS3 (Coomassie
Blue staining) was added to BECN1-BCL2 complex and BECN1-interacting proteins were immunoprecipitated with anti-BECN1 and analyzed by western
blotting. (F) DIRAS3 is required for amino acid starvation-induced dissociation of BECNT and BCL2. SKOv3-DIRAS3 cells were depleted of DIRAS3 by
incubation with siRNA for 48 h before they were incubated in growth medium or in HBSS plus 0.3% glucose for 16 h. The BECN1-BCL2 and BECN1-DIRAS3
complexes were immunoprecipitated with anti-BECN1 and analyzed by western blotting. (C, siControl; A, siDIRAS3.)

amounts of purified DIRAS3 were added, BCL2 was displaced
from BECNI in a dose-dependent manner (Fig. 5E).

Under nutrient-rich conditions, BECNI1 is complexed with
BCL2 in SKOv3-DIRAS3 and Hey-DIRAS3 ovarian cancer cells
(Figs. 5F; Fig. S4A). Nutrient depletion could, however, produce
nearly complete dissociation of this complex, which could be

blocked by depletion of DIRAS3 (Figs. 5F; Fig. S4A). Taken
together, our results indicate that disruption of the BECNI-
BCL2 complexes may be one mechanism by which cells promote
autophagy and survival during nutrient deprivation. Moreover,
the amino acid starvation-induced disruption of the BECNI1-
BCL2 complex depends upon DIRAS3 expression.
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DIRAS3 inhibits BECN1 homodimerization

BECNI regulates the induction of autophagy by switching
from a BCL2-bound BECNI homodimer to a BECNI1
monomer. This monomer binds PIK3C3 and ATGI4,
upregulating PIK3C3 kinase activity and increasing PtdIns3P
levels to induce autophagy.” In agreement with our previous
observation that induction of autophagy by DIRAS3 requires
its N-terminal 34 amino acids, expression of NTD in SKOv3-
NTD cells did not alter LC3-II.22 To examine whether
DIRAS3 mediates dissociation of BCL2 from BECNI1 and
whether DIRAS3 facilitates disruption of BECN1 homodimers
to monomers, we treated SKOv3-DIRAS3, SKOv3-NTD,
and Hey-DIRAS3 cells with DOX or diluent to modulate
physiological DIRAS3 expression and then transfected treated
cells with both Flag-BECN1 and RFP-BECNI. In the absence of
DIRAS3 expression, substantial amounts of RFP-BECNI were
detected in the anti-Flag immunoprecipitates, indicating the
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presence of Flag-BECNI-RFP-BECNI heterodimers (Fig. 6A).
Induction of DIRAS3, however, reduced RFP-BECNI1 levels
in the immunoprecipitates, while not affecting Flag-BECNI1
protein levels, indicating that re-expression of DIRAS3 reduced
Flag-BECNI1-RFP-BECN1 interaction and reduced Flag-
BECNI-RFP-BECN1 dimer formation (Figs. 6A; Fig. S4B).
Concomitant with decreased BECN1 dimer formation, DIRAS3
also reduced the Flag-BECNI-endogenous BCL2 interaction
while increasing DIRAS3-BECN1 complex formation (Fig. 6B).
However, expression of NTD had no inhibitory effects on Flag-
BECNI1-RFP-BECNI1 dimer formation (Fig. S4C), and did not
disrupt Flag-BECN1-BCL2 interaction (Fig. S4D) confirming
that the DIRAS3 N-terminal 34 amino acids are required for
DIRAS3 to induce autophagy. To further document a direct
role of DIRAS3 in disrupting BECN1 dimers, the association
of BECN1 dimers was measured with LANCE TR-FRET with
and without induction of DIRAS3. The LANCE TR-FRET
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assay measures protein-protein interaction using an assembly of
donor and acceptor dye pairs to detect protein binding. SKOv3-
DIRAS3 cells were treated with DOX to induce DIRAS3
expression and then transfected with both Flag-BECNI and
HA-BECNIL. In the absence of DIRAS3 expression, interactive
fluorescence was observed (Fig. 6C), whereas in the presence
of DIRAS3, fluorescence was markedly decreased (Fig. 6C).
To demonstrate formation of BECNI1-DIRAS3 heterodimers in
intact cells, we used the in situ PLA system, which is a proximity
ligation assay that enables detection and quantification of protein
interactions in fixed cells. Ligation of antibody-conjugated
oligonucleotides with a bridging probe in a proximity-dependent
manner permits rolling-circle amplification of signals. The
product is then detected by complementary fluorescent probes.
As shown in Figure 6D, the green dots indicate that BECN1
and DIRAS3 formed heterodimers in CAOv3 cells that have
high basal autophagy. Finally, a protein cross-linking experiment
was performed with CAOvV3 cells and further confirmed the
heterodimer formation of DIRAS3 with BECNI in the anti-
DIRAS3 immunoprecipitates (Fig. 6E). Taken together, these
results indicate that DIRAS3 heterodimerizes with BECN1 and
prevents the formation of BECN1 homodimers.

The central region (amino acids/aa 84-200) of GTP-bound
DIRASS3 binds to the N terminus (aa 1-144) of BECN1

To delineate the interaction domains between DIRAS3 and
BECNI, a series of vectors that express deletions of DIRAS3
or BECNI1 were constructed;**” Each Myc-tagged DIRAS3
mutant was tested for binding with Flag-BECN1. The DIRAS3
C-terminal deleted DIRAS3 (Myc-CTD), N-terminal deleted
DIRAS3 (Myc-NTD), and Myc-DIRAS3 (84-229) were able
to bind BECNI, albeit with reduced affinity when compared
with wild-type DIRAS3 (Fig. 7A; Fig. S5A). However, Myc-
DIRAS3(1-84) and Myc-DIRAS3(1-64), were unable to bind
BECNI. Thus, the central region of DIRAS3 is critical for
interaction with BECNI1. Since DIRAS3 exists in an active (GTP-
bound) or an inactive (GDP-bound) state, we asked whether its
interaction with BECN1 would be affected by binding to GTP.
Unlike wild-type Ras, DIRAS3 has very low intrinsic GTPase
activity’® and exists predominantly in a constitutively activated
state. Previously, we have reported that point mutations that
increase DIRAS3’s GTPase activity reduce its tumor suppressor
function.?® Here we validated the interaction of DIRAS3 mutant,
Myc-M2 (L93A G95Q) (Fig. 7B; Fig. S5B) with BECNI
using expression co-immunoprecipitation. Myc-M2  showed
significantly reduced co-immunoprecipitation with BECNI
(Fig. 7B; Fig. S5B). In addition, the GST-affinity isolation assay
confirmed that BECNI predominately co-immunoprecipitated
with the GTP-bound DIRAS3 (Fig. S5D) suggesting that
BECNI interacts preferentially with the active GTP-bound
DIRAS3.

We also generated a series of Flag-tagged BECN1 deletion
mutants and examined their interaction with Myc-DIRAS3. The
N terminus of BECNI (aa 1-144), including the BIR domain (aa
88-144) was required for interaction with DIRAS3. However,
the N terminus of BECN1 with a deleted BCL2-interacting
domain (aa 1-144A108-127), which did not bind BCL2, did
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associate with DIRAS3 (Fig. 7C; Fig. S5C). These results further
suggest that the disruption of BCL2 interaction with the BECNI1
BIR domain by DIRAS3 may not be due to direct competition
for its physical binding site, but rather through inhibition of
BECNI-BECN1 homodimerization by DIRAS3. Inhibition of
this homodimerization reduces the BECNI interaction with its
negative regulator BCL2. BECNT’s coiled-coil domain (aa 144—
244) and the evolutionarily conserved domain (aa 244-337) were
not required for interaction with DIRAS3 (Fig. 7C; Fig. S5C).
Thus, interaction between DIRAS3 and BECNI is mediated
through the central domain of DIRAS3 with the N-terminal
region of BECNI.

DIRAS3 mutants that fail to bind BECN1 cannot induce
autophagy

To examine whether DIRAS3's ability to induce autophagy
is dependent on its interaction with BECNI1, wild-type DIRAS3
and DIRAS3 mutants were transfected into SKOv3 (Fig. 8) and
293T (Fig. S6) cells and autophagy was assessed by changes in
the levels of LC3-1I. Increased LC3-II was clearly evident in cells
transfected with DIRAS3 and a C-terminal deletion mutant
(CTD), but not with other DIRAS3 mutants, including NTD,
M2, 84-229, 1-84, and 1-64 (Fig. 8A and B; Fig. S6A). In line
with the enhanced levels of LC3-1I, SQSTM1/p62 expression
levels were significantly decreased in the cells transfected with
DIRAS3 and C-terminal deletion mutant (Fig. 8A and B;
Fig. SGA). Similar results were observed using RFP-LC3 as
a readout for autophagy (Fig. 8C). Taken together, our data
indicate that the N-terminal 34 amino acids of DIRAS3 and its
active GTP-bound state are required for interaction with BECNI1
and are critical for DIRAS3's ability to induce autophagy.

DIRASS3 is an integral component of the BECN1-PIK3C3-
ATG14 complex

BECNI1 interacts with PIK3C3 and ATGI4 to induce
autophagosome formation and interacts with PIK3C3 and
UVRAG to regulate autophagosome maturation and endocytic
trafficking.”®4" PIK3C3 in association with BECN1 is a
biochemical trigger for the initiation of phagophore assembly,
elongation, and maturation.”**? ATGIl4 in complex with
BECNI1 and PIK3C3 is required to initiate autophagy.>®’
ATGI14 and UVRAG bind to BECNI in a mutually exclusive
manner.*** To investigate the presence of DIRAS3 in the
BECNI-PIK3C3-ATG14 complex, we performed sequential
co-immunoprecipitation using cell lysates from 293T cells
that were transfected with Flag-BECN1 and Myc-DIRAS3
together with HA-PIK3C3, HA-ATG14 or HA-UVRAG. Cell
lysates were first immunoprecipitated with anti-Flag antibodies
(BECN1) or control IgG. Proteins eluted with the Flag peptide
were then immunoprecipitated with either anti-HA (PIK3C3,
ATG14 or UVRAG) or anti-Myc (DIRAS3) antibodies. DIRAS3
was found together with BECN1, PIK3C3, and ATG14 in both
sequential immunoprecipitations (Fig. 9A and B), but not in
a complex with BECNI and UVRAG. However, BECN1 was
found together with UVRAG and with DIRAS3 independently
(Fig. 9C), suggesting that DIRAS3 participates in the same
complexes with BECNI and PIK3C3 or ATG14 and is therefore

an integral component of the BECNI initiation “core complex.”
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Figure 7. The GTP-binding motif of DIRAS3 and N terminus of BECN1 are required for their interaction. (A) The central region of DIRAS3 is critical for
interaction with BECN1. Myc-tagged wild type and mutant DIRAS3 were cotransfected with Flag-BECN1 into 293T cells. Interaction between Flag-BECN1
and each DIRAS3 mutant was analyzed by western blotting following immunoprecipitation with anti-Flag antibodies (BECN1), anti-Myc antibodies
(DIRAS3) or control IgG and followed by western blotting with anti-Myc or anti-Flag as indicated. (B) BECN1 interacts preferentially with the active, GTP-
bound DIRAS3. Wild type and DIRAS3 mutant [Myc-M2(K93A G95Q) with point mutations that increased DIRAS3’s GTPase activity were cotransfected
with Flag-BECN1 and their interaction analyzed by immunoprecipitation and western blotting. (C) The N-terminal region of BECN1 interacts with DIRAS3.
Flag-tagged full-length and deletion mutants of BECN1 were cotransfected with Myc-DIRAS3. Interaction between Myc-DIRAS3 and each BECN1 mutant
was analyzed by co-immunoprecipitation. The semiquantitative analysis of the DIRAS3-BECNT1 interaction presented in Figure 5A-C was based on the
ratio of anti-Myc (DIRAS3) relative to the amount of Flag-BECN1 that was affinity isolated with the anti-Flag antibody, and the anti-Flag (BECN1) ratio
relative to the amount of Myc-DIRAS3 that was affinity isolated with the anti-Myc antibody.
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The presence of DIRAS3 in the same immune complex with
PIK3C3 and ATGIl4 may be through direct protein-protein
interactions or through association mediated by their mutual
interaction with BECN1. Knockdown of BECN1 had no effect

1082

RFP-LC3 puncta/cell
N
<

0.

O A I I )
O & D A KA 2N
\\e‘c NN %b‘fl' AN &

Autophagy

Figure 8. DIRAS3 induces
autophagy  dependent
on its interaction with
BECN1. (A and B) DIRAS3
mutants that fail to bind
BECNT cannot induce
autophagy in SKOv3 and
293T cells. DIRAS3 and
DIRAS3 deletion mutants
were transfected into
SKOv3 and 293T cells for
24 h. Induction of auto-
phagy was examined by
western blotting of LC3
and SQSTM1/p62. Band
intensity was quantified
using ImagelJ. Data were
obtained from 3 indepen-
dent experiments. Values
are the means = SD (**P
< 0.01). (C) DIRAS3 and
CTD mutants can induce
autophagy in SKOv3 cells.
GFP-DIRAS3 and GFP-
DIRAS3-mutants were
cotransfected into SKOv3
cells with RFP-LC3 for 24 h.
Cells were analyzed using
confocal microscopy and
RFP-LC3  puncta were
counted. The puncta were
quantified using ImagelJ.
Data were obtained from
3 independent experi-
ments. Values are the
means = SD (**P < 0.01).
Scale bars: 5 pm.

on the interaction between DIRAS3 and PIK3C3 (Fig. 9D), but
significantly reduced DIRAS3 and ATG14 interaction (Fig. 9E),
suggesting that DIRAS3 might interact directly with PIK3C3,
but associates indirectly with ATGI14 through BECNI. As
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Figure 9. DIRAS3 is an integral component of the BECN1-PIK3C3-ATG14 multiprotein complex. (A) DIRAS3 is in the same complex with BECN1 and
PIK3C3. 293T cells were transfected with Flag-BECN1, HA-PIK3C3, and Myc-DIRAS3 or Flag-Vector, HA-Vector and Myc-Vector for 24 h. Cell lysates were
immunoprecipitated first with anti-Flag antibodies (BECN1), and the Flag peptide eluates were then immunoprecipitated with anti-HA or anti-Myc. The
immunoprecipitates from the first and the second immunoprecipitations were analyzed by western blotting. (B) DIRAS3 is in the same complex with
BECN1 and ATG14. Experiments were done as in (A), except HA-ATG14 was used in the co-transfection instead of HA-PIK3C3. (C) DIRAS3 is not in the same
complex with BECN1 and UVRAG. Experiments were done as in (A), except HA-UVRAG was used in the co-transfection instead of HA-ATG4. (D) DIRAS3
interacts directly with PIK3C3. SKOv3-DIRAS3 cells were transfected by siBECN1 for 24 h followed by DOX treatment. The DIRAS3-PIK3C3 complex was
immunoprecipitated with anti-DIRAS3 and analyzed by western blotting. (E) DIRAS3 interacts with ATG14 through BECN1. SKOv3-DIRAS3 cells were
transfected with siBECN1 for 24 h followed by DOX treatment. The DIRAS3-ATG14 complex was immunoprecipitated with anti-DIRAS3 and analyzed by
western blotting. (F and G) DIRAS3 increases interaction of BECN1 with ATG14 and PIK3C3. SKOv3-DIRAS3 cells were treated with or without DOX for 24
h. The BECN1-ATG14 or BECN1-PIK3C3 complexes were immunoprecipitated with anti-BECN1 and analyzed by western blotting.
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knockdown of BECN1 was not complete we cannot, however,
exclude the possibility that BECN1 can also mediate DIRAS3
and PIK3C3 interaction.

DIRAS3 enhances BECN1 binding to ATG14-PIK3C3 and
increases PIK3C3 kinase activity

We next examined the role of DIRAS3 in forming or stabilizing
the BECN1-ATGI14-PIK3C3 AIC and the ability of DIRAS3
to regulate PIK3C3 kinase activity. When SKOv3-DIRAS3
cells were treated with DOX to induce DIRAS3 expression,
the re-expression of DIRAS3 at physiological levels increased
the amount of endogenous PIK3C3 and ATGI14 that could be
co-immunoprecipitated with anti-BECN1 (Fig. 9F and G).
Moreover, amino acid starvation for 16 h substantially increased
the association of DIRAS3 with PIK3C3 and ATG14 (Fig. 10A).
Conversely, knockdown of DIRAS3 reduced the interaction
between BECN1, PIK3C3, and ATG14 (Fig. 10B). The BECNI-
PIK3C3 interaction is associated with increased PIK3C3 kinase
activity. Re-expression of DIRAS3 increased PIK3C3 kinase
activity (Fig. 10C), and knockdown of DIRAS3 reduced the
accumulation of GFP-2X-FYVE puncta in SKOv3-DIRAS3
cells treated with DOX to induce DIRAS3 (Fig. 10D), or in cells
incubated with amino acid starvation medium (Fig. S6B). These
results suggest that binding of DIRAS3 to BECNI can enhance
or stabilize the interaction with the BECNI, PIK3C3, and
ATGI14 core complex, contributing to increased PIK3C3 kinase
activity, which is required for the initiation of the autophagosome
and the induction of autophagy.

Expression of DIRAS3 correlates positively with BECN1
and punctate LC3 staining in surgical specimens of ovarian
cancer

Our studies in cell culture indicate that nutrient deprivation
increases levels of DIRAS3 and that DIRAS3 regulates the
induction of autophagy by binding to the BECNI-PIK3C3
AIC. To assess the clinical relevance of these observations,
immunohistochemical methods have been developed to measure
association of DIRAS3 and BECNI in formalin-fixed, paraffin-
embedded tissues. Staining conditions for the 3 antibodies were
optimized on sections from formalin-fixed, paraffin-embedded
pellets of DIRAS3-induced and uninduced SKOv3 human
ovarian cancer cells that had been treated with or without DOX.
Tissue microarray (TMA) samples of primary ovarian cancers
were obtained from the Yale Human Investigation Committee
(Table S1) and the “second-look” ovarian cancers were from
the gynecological oncology tumor bank of Memorial Sloan
Kettering Cancer Center (Table S2). Expression of DIRAS3,
BECNI1, and LC3 was measured by immunohistochemical
staining of tissue microarray sections that contained cores
from more than 200 primary ovarian cancers. Different
staining patterns, reflecting punctate vs. diffuse staining,
between DIRAS3, LC3, and BECN1 were recorded for each
specimen in the tissue array (Fig. 11) and were compared with
staining of induced and uninduced SKOv3-DIRAS3 controls
(Fig. S7A). Immunohistochemical staining was measured on a
scale of 0 to 3 for both total staining intensity and for puncta
or diffuse staining, which represents the presence or absence of
autophagosome formation. A dot plot shows the distribution
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of cases with total or punctate staining for DIRAS3, LC3, and
BECNI at different levels of intensity (Fig. S8).

We previously reported that DIRAS3 is downregulated
in > 60% of ovarian and breast cancers.”” DIRAS3 expression
was measured on a scale of 0 to 3, with 0 to 1 being negative
and 2 to 3 being positive. In the current study, in comparison
with staining observed in normal ovarian surface epithelial
cells (Fig. S7B), total (diffuse and puncta) DIRAS3 staining
was observed in 41% of ovarian cancers (n = 223). When LC3
and BECNI were measured using the same scale, total (diffuse
and puncta) LC3 staining was observed in 60% (n = 200) and
total (diffuse and puncta) BECNI staining in 71% (n = 232) of
cases. Punctate staining was also measured for DIRAS3, LC3,
and BECNI using the same scale system. Punctate staining for
DIRAS3 was observed in 30% (n = 176), LC3 in 41% (n = 163)
and BECNI1 in 31% (n = 170) of cases.

When the entire scale from 0 to 3 was considered, DIRAS3
correlated positively with LC3 and BECNI for both total staining
(Spearman rho, 0.322, P=0.0001; 0.442, P=0.0001, respectively)
and for the presence of punctate staining (Spearman rho, 0.797, P
=0.0001; 0.847, P =0.0001, respectively) (Table §3). Chi squared
analysis further confirmed the positive association of DIRAS3
with LC3 and BECNI1 for punctate and total staining (Fig. 11A;
Figs. S9 and S10). When LC3 punctate staining was positive,
only 2 cases (1.4%; n = 139) were observed in which DIRAS3
showed only diffuse staining without puncta (Fig. S11). Similarly,
we observed one case (0.7%; n = 137) in which DIRAS3 showed
only diffuse staining while BECNI punctate staining was present
(Fig. S12). In triple-positive cases (represented by patient A), all
3 markers were detected and punctate staining was prominent,
consistent with detection of autophagosome structures (Fig. 11B).
In triple negative cases (represented by patient B), none of the 3
proteins stained immunohistochemically (Fig. 11B). When little
or no DIRAS3 (represented by patient C) or BECNI1 (represented
by patient D) could be detected, only diffuse staining for LC3
was observed, consistent with an absence of autophagosome
structure(s) (Fig. 11B). The remarkable correlation of punctate
staining for LC3 with DIRAS3 and BECNI suggests that these
molecules are colocalized in human ovarian cancers undergoing
autophagy and that DIRAS3 and BECNI are important for
inducing autophagy in ovarian cancer.

DIRAS3 expression is increased in second-look specimens
of ovarian cancer

Nutrient deprivation is likely to occur in poorly vascularized
portions of primary ovarian cancers as well as in small collagen-
dense nodules of dormant ovarian cancer that persist on the
peritoneal surface after primary treatment. In the past, “second-
look” operations have been performed after conventional surgery
and chemotherapy to detect persistent disease. Nests of ovarian
cancer cells have been found within small, avascular collagenous
nodules on the surface of the peritoneal cavity. Even when
persistent disease has been detected, a prolonged period of many
months to years may elapse before clinical recurrence, consistent
with the presence of dormant disease.

If DIRAS3 were required to induce autophagy, and autophagy
facilitates the survival of nutrient-deprived dormant cancer cells,
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Figure 10. DIRAS3 enhances BECN1-ATG14 and BECN1-PIK3C3 interaction and increases PIK3C3 kinase activity. (A) Amino acid starvation increases
interaction of DIRAS3 with ATG14 and PIK3C3. SKOv3-DIRAS3 cells were incubated in growth medium and amino acid starvation medium for 16 h. The
DIRAS3-ATG14 or DIRAS3-PIK3C3 complexes were immunoprecipitated with anti-DIRAS3 antibody and analyzed by western blotting. (B) Knockdown
of DIRAS3 reduced interaction between BECN1 and ATG14 but not interaction between BECNT and PIK3C3. SKOv3-DIRAS3 cells were transfected by
siDIRAS3 for 24 h. The BECN1-ATG14 and BECN1-PIK3C3 complexes were immunoprecipitated with anti-BECN1 and analyzed by western blotting. (C)
Expression of DIRAS3 increases PIK3C3 kinase activity. SKOV3-DIRAS3 cells were treated with DOX to induce DIRAS3 for 24 h. Left panel shows PIK3C3
protein was immunoprecipitated with anti-BECN1 antibody. Right panel shows kinase activity assay. The ADP-Glo™ Kinase assay kit was used to measure
the kinase activity of the PIK3C3 protein immunoprecipitated by anti-BECN1 antibody. Data were obtained from 2 independent experiments in triplicate.
Values are the means + SD (*P < 0.05). (D) Depletion of DIRAS3 reduced the accumulation of GFP-2X-FYVE puncta. SKOV3-DIRAS3 cells were transfected
with siDIRAS3 for 24 h and then transfected with GFP-2x-FYVE for 24 h. GFP-2x-FYVE puncta were quantified using ImageJ. Scale bars: 10 um. Data were
obtained from 2 independent experiments in triplicate. Values are the means + SD (*P < 0.05). (E) A working model of DIRAS3-dependent regulation of
the autophagosome initiation complex.

then DIRAS3 expression and punctate LC3 expression should
be enhanced in the small deposits of dormant ovarian cancer
cells that survive in poorly vascularized scars on the peritoneal
cavity. To test this hypothesis, we prepared serial sections from
primary ovarian cancers and second-look surgical specimens
from the same 34 patients (Table S2). All patients were in

a complete clinical remission at the completion of adjuvant
chemotherapy defined by normal CA-125 level, normal CT scans
of the abdomen and pelvis, and a normal physical exam. When
immunohistochemical analysis was performed, DIRAS3-positive
staining was observed in 41% of primary cancers and 97% of
second-look cases. LC3-positive staining was observed in 35% of

www.landesbioscience.com Autophagy 1085

Do not distribute.

I0Science.

©2014 Landes B



POS POS
NEG NEG
NEG POS

DIRAS3 punctate staining
Prob>ChiSq <0.001

LC3 punctate staining

==
NEG POS

o
8=
=

©

» POS
)

b

©

3

©

c

5

o NEG
-

=z
O

w

o

DIRAS3 punctate staining
Prob>ChiSq <0.0001

e

DIRAS3

BECN1

LC3

Patient A Patient B

DIRAS3 punctate staining? DIRAS3 punctate staining ¥

LC3 punctate staining 4 LC3 punctate staining |

Patient D

DIRAS3 punctate staining! DIRAS3 punctate stainingT
BECN1 punctate staining ¥ BECN1 punctate staining { BECN1 punctate staining? BECN1 punctate staining |

LC3 punctate staining | LC3 punctate staining |

Figure 11. DIRAS3 expression associates with punctate LC3 and BECN1 staining in autophagosomes in ovarian cancers. (A) LC3 punctate staining is
associated with robust DIRAS3 and BECN1 punctate staining in an ovarian cancer tissue microarray. Chi squared analysis was used to confirm the positive
association between DIRAS3 and LC3 and BECN1 for punctate staining. (B) Representative tissue microarray images show different combinations of
DIRAS3,BECN1,and LC3 expressionin different ovarian cancers. Patient A: Positive for DIRAS3,BECN1, and LC3 with punctate staining. Lower magnification,
scale bars: 25 um. Higher magnification (inset), scale bars: 10 wm. The red arrows indicate the autophagosome vesicles. Patient B: Negative for DIRAS3,
BECN1 and LC3. Patient C: Low DIRAS3 with only diffuse LC3 and BECN1 staining. Patient D: Low BECN1 with diffuse DIRAS3 and LC3 staining.

primary cancers and 85% of second-look cases. Punctate
DIRAS3 staining was observed in 23% of primary cancers
and 84% of second-look cases, whereas punctate LC3 staining
was observed in 21% of primary cancers and 81% of second-
look cases. Positive staining of both total and punctate
DIRAS3 and LC3 was significantly higher in second-look
specimens than in primary cases (Fig. 12A and B; Figs. S13
and S14). DIRAS3 and LC3 punctate staining correlated
positively at a highly significant level with Pearson Chi-
square analysis (Fig. 12C). Taken together, these data suggest
that DIRAS3 is associated with punctate LC3 expression
in autophagosomes in human ovarian cancers undergoing
autophagy and that DIRAS3 and autophagy are upregulated in
dormant ovarian cancer cells that survive in poorly vascularized
scars on the peritoneal cavity after conventional surgery and
chemotherapy.
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Discussion

Our findings document for the first time that DIRAS3 is a
member of the BECNI interactome and can act as a regulatory
switch to promote initiation of autophagosome formation
(Fig. 7L). Re-expression of DIRAS3 at physiological levels
induces autophagy, whereas DIRAS3 depletion blocks amino acid
starvation-induced autophagy. Under nutrient-poor conditions,
DIRAS3 is upregulated, displaces BCL2 from BECNI, disrupts
BECNI dimers, forms DIRAS3-BECNI heterodimers and
promotes interaction of BECNI monomers with PIK3C3 and
ATGI4, increasing PIK3C3 kinase activity and ultimately
inducing autophagy.

Binding or dissociation of BECN1 and BCL2 is an important
mechanism by which autophagy can be regulated in response
to diverse stimuli” Molecular mechanisms that govern such
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interaction include posttranslational
modifications of BECN1 or BCL2,®
disruption of BECN1-BCL2 interaction
by BH3-only proteins,* and binding of
BECNI by different receptors or their
adaptor proteins.”** BECNI1 forms
homodimers via its coiled-coil domain

Primary X

and BCL2 preferentially interacts with
the BECN1 dimer.” Bindingof UVRAG
disrupts this homodimerization, freeing
BECNI to bind other core complex
proteins.”” One member of the initiation
core complex is ATGI4,>*’ and
ATG14 and UVRAG are found with
the BECN1-PIK3C3 complexes in a
mutually exclusive manner.® Similar iy e
to UVRAG, DIRAS3 can also disrupt
BECNI1 dimers and facilitate BECN1

2nd look

DIRAS3

dissociation from BCL2. In addition, B
DIRAS3 appears to participate directly
in the same complex with BECN1 and
PIK3C3 as well as with BECN1 and
ATGI14. Consequently, our data suggest
that there are 2 populations of BECN1
complexes, one involving ATG14 driven
by DIRAS3 and a second driven by
UVRAG.
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protein that are important for inducing

autophagy.  First, the N-terminal
extension of DIRAS3 is required to
induceautophagy.?? By contrast, deletion
of the C-terminal domain of DIRAS3
(CTD) did not prevent interaction with
BECNI to induce autophagy, despite
the lack of a membrane anchor. The role

Figure 12. DIRAS3 expression associates with punctate LC3 and BECN1 staining in autophagosomes
in ovarian cancer second-look samples. (A) Representative primary and second-look images stained
with DIRAS3 and LC3. Lower magnification, scale bars: 10 um. Higher magnification, scale bars: 5 pm.
(B) Positive staining of the punctate DIRAS3 and LC3 is significantly higher in second-look than in
primary cases. A bar graph of staining was generated by analysis of 34 pairs of primary and second-
look ovarian cancer patient tissue samples. (C) DIRAS3 punctate staining correlates significantly with
LC3 punctate staining. Contingency analysis of DIRAS3 puncta by LC3 puncta with Pearson Chi-
square test (0: negative; 1: +; 2: ++; 3: +++).

of this N-terminal extension in inducing
autophagy is not fully elucidated. It is,
however, intriguing to speculate that the leucine-rich domain
within the DIRAS3 N-terminal extension is necessary for
intercalation and structural distortion of BECNT1’s coiled-coil
dimerization domain, which contains the metastable leucine
zipper sequences. Because recent structural studies indicate that
the BECNI coiled-coil dimerization domain is anti-parallel,’
the DIRAS3 molecule may associate with the N terminaus of
BECNI on opposite sides of the BECN1 dimer, intercalating
into the weak coiled-coil of BECN1 from opposite sides by its
N-terminal leucine-rich domain, thus helping to destabilize
the BECNI1 dimer. Second, the central domain of DIRAS3 is
involved in direct protein-protein interaction with BECN1 and is
also critical for induction of autophagy. Third, the GTP-bound
form of DIRAS3 preferentially interacts with BECNI, suggesting
that DIRAS3 induces autophagy in a GTP-dependent manner.
A deeper understanding of DIRAS3-BECNI interaction awaits
crystallization and structural analysis of the complex.

www.landesbioscience.com

TP53 regulates autophagy in a dual fashion whereby the pool of
cytoplasmic TP53 protein represses autophagy in a transcription-
independent fashion and the pool of nuclear TP53 stimulates
autophagy in a transcription-dependent fashion. However, we
performed all protein-protein interaction experiments with both
SKOv3-DIRAS3 cells (7P53 null) and Hey-DIRAS3 cells (7753
wild type), suggesting that DIRAS3 had very comparable results
in both SKOv3 cells and Hey cells. It is without question that
TP53 plays an important role in regulating autophagy in other
systems.

A growing body of evidence shows that cancer cells exhibit
significant metabolic alterations that promote nutrient uptake,
enabling cancer cell proliferation, dysregulation, and autonomy.
In nutrient-poor environments within primary cancers or
dormant metastases, induction of autophagy may be critical to
maintain the viability of metabolically dysfunctional cancer cells.
DIRAS3 expression is increased during amino acid starvation
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and is required for starvation-mediated autophagy in cancer cells,
but it is unaltered in normal ovarian epithelial cells (Fig. S15);
cancer cells that lack DIRAS3 expression may be incapable of
utilizing this mechanism to maintain their viability in nutrient-
poor conditions and may be less prone to dormancy. DIRAS3
expression and punctate LC3 expression were, however, enhanced
in the small deposits of dormant ovarian cancer cells that survive
in poorly vascularized scars on the peritoneal cavity and that
are found at second-look surgical surveillance procedures. Our
previous studies showed that functional inhibition of autophagy
with CQ markedly inhibits growth of dormant, autophagic
ovarian cancer cells that express DIRAS3.22 As DIRAS3-
associated autophagic cells have been found in 84% of positive
second-look specimens, trials of adjuvant therapy with CQ or
hydroxychloroquine might be considered as maintenance therapy.

Survival factors provided by the tumor or microenvironment
may also be an important factor in determining the fate
of dormant autophagic cancer cells. In our previous study,
induction of DIRAS3 in SKOv3-DIRAS3 cells in culture led
to autophagic death within 4 d, judged by clonogenic assays.
Autophagic cells could be rescued in culture by the addition of
survival factors found within the xenograft, including VEGFA
(vascular endothelial growth factor A), IL8 (interleukin 8) and
IGF1 (insulin-like growth factor 1 [somatomedin C]). Treatment
with antibodies against these survival factors or inhibition
of their receptors might eliminate dormant cancer cells with
or without functional inhibition of autophagy using CQ or
hydroxychloroquine. Of interest is that maintenance therapy
with the anti-VEGFA antibody bevacizumab has prolonged
progression-free survival in multiple clinical trials.”">

While our studies of DIRAS3 have been performed with
ovarian cancer, DIRAS3 is downregulated in a fraction of cancers
from several other sites, including breast, lung, prostate, thyroid,
and pancreas. Consequently, DIRAS3-associated autophagy
could contribute to maintaining dormant cancer cells from a
significant fraction of cancer patients.

Materials and Methods

Antibodies and recombinant proteins

Antibodiesagainst LC3 (2775),ATG5 (2630), BECN1 (3738),
Actin (2367), Flag-tag (2368), Myc-tag (2278), and HA-tag
(3724, 2367) were purchased from Cell Signaling Technology,
and anti-ATG14 (PD045) was obtained from MBL. Antibodies
against Flag-tag (F1804), HA-tag (H9658) and BECN1 (B6061)
were purchased from Sigma. Anti-ULK1 (NB110-74844) was
obtained from Novus Biologicals. Anti-ATG14 was purchased
from Acris antibodies (AP55472PU-1V). Murine monoclonal
antibodies against DIRAS3 were generated in our laboratory.
Purified recombinant human BECN1 (TP301627) and DIRAS3
(DIRAS3; TP302787) proteins were purchased from OriGene
Technologies. Purified GST-BECN1 (human, H00009077-P01)
was purchased from Abnova, and BECN1-purified recombinant
human GST-DIRAS3 and BECNI1 (aa 1-144) were obtained
through a collaboration with Dr Choel Kim.
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Cell culture

Tet-on inducible SKOv3-DIRAS3 ovarian cancer cells
(TP53 null) were grown in McCoy’s medium supplemented
with 10% FBS, 200 pg/mL G418 (Fisher Scientific, 61-234-
RG) and 0.12 pg/mL puromycin (Sigma, P7266).** Tet-on
inducible Hey-DIRAS3 ovarian cancer cells (TP53 wild type)
were cultured in RPMI-1640 medium supplemented with 10%
FBS 25 pg/mL blasticidin (InvivoGen, Ant-bl-1) and 1 pg/mL
puromycin.”? DIRAS3 expression was induced by adding 1 pg/
mL DOX (Sigma, D9891) to the culture medium. In addition to
2 inducible cell lines, we also used Caov3, OVCa433 and EFO21
cells, which have relative higher endogenous DIRAS3 expression
by comparison with other ovarian cancer cell lines, to help to
demonstrate the physiological relevance of the study. HEK 293T
cells and EFO21 ovarian cancer cells were grown in RPMI-1640
medium supplemented with 10% FBS, while OVCA433 and
CAOv3 ovarian cancer cells were grown in DMEM medium
supplemented with 10% FBS. In previous studies, we have
shown that induced levels of DIRAS3 expression closely resemble
expression levels found in normal ovarian surface epithelial
cells.?*% To further demonstrate this point, we have compared
DIRAS3 expression at the protein level in doxycycline-induced
SKOv3-DIRAS3 cells with normal ovarian epithelium tissue
by immunohistochemical staining with anti-DIRAS3 antibody
(Fig. S1D). During amino acid starvation, cells were incubated
with Hanks balanced salt solution (HBSS) (Sigma H9269)
supplemented with glucose with a final concentration of 3 g/L
for the indicated time periods.

Plasmids

Flag-BCL2, HA-PIK3C3, HA-ATGI14, Flag-BECNI, REFDP-
Myc-tagged wild-type, mutant DIRAS3 constructs (Myc-
DIRAS3, Myc-CTD, Myc-NTD, Myc-DIRAS3[84-229],
Myc-DIRAS3[1-84], Myc-DIRAS3[1-64], Myc-M2[K93A
G95Q)], and Myc-M3[A46V K93A GI5Q)]) as well as Flag-
tagged wild-type and mutant BECNI1 constructs (Flag-
BECN1[1-450], Flag-BECNI1[1-144A108-127], Flag-
BECNI1[1-144], Flag-BECN1[88-272], Flag-BECN1[142-272],
Flag-BECN1[144-450], and Flag-BECN1[273-450])

custom made by Origene.

were

Transient transfection

Ovarian cancer cells were transfected with Lipofectamine 2000
(Invitrogen, 11668-019) for plasmid DNA or DharmaFECT4
(ThermoScientific, T-2004-02) for siRNA, using manufacturer’s
protocols. The predesigned siRNAs were from Dharmacon
(ThermoScientific).

RT-PCR

Ovarian cancer cell lines were starved by incubation in Hank’s
solution supplemented with glucose with a final concentration of
3 g/L. Total RNA was extracted using Trizol reagent (Invitrogen,
15596-026) and reversely transcribed into cDNA from 2 ug total
RNA with the SuperScript III kit (Invitrogen, 11904-018). SYBR
Green-based real-time PCR reactions were conducted in triplicate
in 7900HT Fast Real-Time PCR system (Applied Biosystems)
with 20 ng cDNA using iTaq SYBR green supermix with Rox
(Bio-Rad, 172-5853). Human GAPDH (glyceraldehyde-3-

phosphate dehydrogenase) served as an endogenous control.
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Data were analyzed using the delta Ct method. Primers for
DIRAS3 are forward (NY2P2) 5" TCTCTCCGAG CAGCGCA
and reverse (3Y2SP2) 5-CGTCGCCACT CTTGCTGTCG;
primers for GAPDH are forward (F45) 5- TCGACAGTCA
GCCGCATCTTCTTTandreverse (R138) 5'-ACCAAATCCG
TTGACTCCGA CCTT.

Immunoprecipitation and immunoblotting

SKOv3-DIRAS3 cells were incubated in lysis buffer (50 mM
HEPES, pH 7.0, 150 mM NaCl, 1.5 mM MgClz, 1 mM EGTA,
10 mM NaF, 10 mM sodium pyrophosphate, 10% glycerol, 1%
Triton X-100) plus protease and phosphatase inhibitors (1 mM
PMSF (Sigma, P7626), 10 pg/mL leupeptin (Sigma, 1L2884),
10 pg/mL aprotinin (Sigma, A6103) and 1 mM Na, VO,
(Sigma, 450243)). Cells were lysed for 30 min on ice, and
then centrifuged at 17,000 x g for 30 min at 4 °C. The protein
concentration was assessed using a bicinchoninic acid protein
assay (Thermo, 23223/23224). Lysates (0.8—-1 mg protein)
were diluted with lysis buffer to 1 mL. Immune complexes
were incubated overnight with 2 pg of the antibody and
precipitated with protein G magnetic beads (Thermo Scientific,
88803) for 60 min. Complexes were washed in lysis buffer (3
x 5 min) and in PBS (phosphate-buffered saline, 3 x 5 min).
Immunoprecipitated proteins were separated by SDS-PAGE
and transferred to PVDF membranes. Immunoblot analysis was
performed with the indicated antibodies and visualized with
an ECL-enhanced chemiluminescence detection kit (Perkin
Elmer, NEL104001EA). Band intensity from western blots was
quantified using the Image] program.

Cross-linking assay

To examine heterodimer formation of DIRAS3 with BECNI,
dilute formaldehyde solution (0.4%) was used as a cross-
linker.*® Cells were incubated with formaldehyde solution with
mild agitation for 10 min and quenched with ice-cold 1.25 M
glycine in PBS, and then cells were washed with glycine in PBS
and solubilized with lysis buffer. Co-immunoprecipitation and
western blotting were performed as describe in the figure legends.

GST affinity isolation assay

200 pg of purified GST-DIRAS3 and 200 pg of purified
BECNI1 (1-144 aa) were added into binding buffer (4.3 mM
Na,HPO,, 1.47 mM NaCl, 2.7 mM KCI, pH 7.3 1 mM PMSF)
with 1 mM GTPyS or GDP for 4 °C overnight incubation, then
exactly 40 pL of protein G (Clontech, 635607) was added for
1 h incubation at 4 °C and the precipitate was washed 3 times
with wash buffer (4.3 mM Na ,HPO,, 1.47 mM NaCl, 2.7 mM
KCl, pH 7.3). The bound proteins were eluted after boiling
with a 4x SDS sample buffer and eluates were analyzed by
co-immunoprecipitation followed by western blotting.

Immunofluorescence

Cells on coverslips were fixed in 4% formaldehyde in PBS
for 10 min, rinsed twice in PBS, and then permeabilized in
100% ethanol for 1 h at -20 °C. Coverslips were rinsed twice
in PBS and blocked with 5% BSA (Sigma, A7906) in PBS for
1 h at room temperature followed by incubation with primary
antibodies diluted in 1.5% BSA in PBS overnight at 4 °C.
Cells were then washed 4 x 5 min in PBS and incubated with
secondary antibodies diluted in 1.5% BSA for 1 h at room
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temperature. Coverslips were then washed 4 x 5 min in PBS and
mounted on glass slides with Vectashield fluorescent mounting
medium (Vector Lab, H-1500). Goat anti-mouse or goat anti-
rabbit secondary antibodies conjugated to Alexa Fluor 488
(A-11017), or 594 (A-11072) were purchased from Invitrogen.
Puncta were quantified by Image]. Briefly, cells in a region of
interest were encircled using the program’s freechand selection
tool. Puncta from the images were measured and counted. Dots
per cell were calculated by dividing the total number of dots
by the total number of cells (at least 30-50 cells) within each
sample. Colocalizations of 2 proteins were quantified by Image]
“Colocalization_Finder” plugin (Christophe Laummonerie;
2006/08/29: Version 1.2).

LANCE time-resolved fluorescence
transfer (LANCE TR-FRET)

LANCE Eu-labeled anti-HA antibody (donor) and
Surelight APC anti-Flag antibody (acceptor) were purchased
from PerkinElmer (ADO0059F). SKOv3-DIRAS3 cells were
treated with DOX to induce DIRAS3 expression, and induced
cells were transfected with Flag-BECN1 and HA-BECNI
plasmids. Cells were rinsed with cold PBS and solubilized
with lysis buffer after 24 h. The protein concentration was
assessed using a bicinchoninic acid protein assay. Cell lysate
was incubated with LANCE Eu-labeled anti-HA antibody
(2 nM) and Surelight APC anti-Flag antibody (50 nM) in a
96-well plate at room temperature for 1 h. Energy transfer
signal was measured with PHERstar FS plate reader (BMG Lab
TECH) at both donor (Eu at 615 nm) and acceptor (APC at 665
nm) emissions.

DUOLINK in situ assay

Duolink in situ PLA probes and Duolink in situ detection
reagents were purchased from Sigma (DUO92014). BECNI-
DIRAS3 heterodimer formation was studied in CAOv3
ovarian cancer cells. Procedures were performed following the

resonance energy

manufacturer’s instructions. Briefly, cells were seeded on chamber
slides, fixed, blocked, incubated with primary antibodies, and
then with secondary antibodies, conjugated with oligonucleotides
(PLA probe MINUS and PLA probe PLUS). Finally, cells were
incubated sequentially with ligation solution and amplification
solution followed by analysis with fluorescence microscopy.

Kinase activity assay

The PIK3C3 assay was performed using the ADP-Glo™
Kinase assay kit (Promega, V9101) which quantifies the amount
of ADP produced by the PIK3C3 reaction. Briefly, 10 pl of
PIK3C3 protein immunoprecipitated by anti-BECN1 antibody
from SKOv3-DIRAS3 lysates, 5 pl of PtdIns3K lipid substrate
(Life technologies, PV5371) and 5 pl of kinase dilution buffer
were added to a pre-cooled 96-well white opaque plate, followed
by the addition of 5 pl of 250 pM ATP assay solution. The
reaction mixture was sonicated in the 96-well plate for 10 s
and the reaction mixture incubated at 30 °C for 15 min. The
reaction was terminated by adding 25 pl of ADP-Glo reagent.
The plate was then incubated with agitation for 40 min at room
temperature. Finally, 50 pl of kinase detection reagent was added
to the plate, which was incubated for an additional 30 min, and
intensity measured on a plate reader (BioTek Synergy 2). The
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specific activity (ADP) was calculated based on an ADP standard
curve.

Transmission electron microscopy (TEM)

SKOv3-DIRAS3 cells were fixed with a mixture of 3%
paraformaldehyde (Electron Microscopy Science, 15720) and
0.15% glutaraldehyde (Electron Microscopy Science, 15720) in
PBS for 20 min at room temperature. Cells were then treated with
0.1% sodium borohydride (Sigmam, 213462) in PBS for 15 min
and washed with PBS (4 x 10 min) followed by permeabilization
with 2.5% Triton X-100 in PBS for 15 min at room temperature.
Specimens were then blocked with 5% BSA for 20 min at room
temperature. Cells were incubated with 2 different species of
antibodies for 24 h at 4 °C, followed by washing with PBS (4 x
10 min). Cells were then incubated with 2 secondary antibodies
labeled with 2 different sizes of gold particles that recognize
IgG from different species and washed with PBS (4 x 10 min)
followed by post fixation with 2.5% glutaraldehyde in PBS for
20 min. Finally, cells were stained with aqueous uranyl acetate
and lead citrate before imaging with a Jeol-100 (JEOL) TEM at
80 kV.

Immunohistochemistry

Formalin-fixed, paraffin-embedded ovarian tumors were
resected from 429 patients at Yale University/New Haven
hospitals between 1981 and 2001. Tissues were obtained from
the archives of the Pathology Department, Yale University (New
Haven, CT). Specimens and associated clinical information were
collected under informed consent under the ethics guidelines and
approval of the Yale Human Investigation Committee. Cohort
detail characteristics are described in Table S1. Paired samples of
paraffin-embedded, formalin-fixed ovarian cancer from patients
who had undergone primary and “second-look” operations
were obtained from the gynecological oncology tumor bank
of Memorial Sloan Kettering Cancer Center with the approval
of their Institutional Review Board. All patients underwent a
second-look procedure which is a surgical re-evaluation of
the peritoneal cavity preformed at the completion of adjuvant
chemotherapy for patients in clinical remission defined by
normal CA-125 level, normal CT scan of the abdomen and pelvis,
and a normal physical exam. Clinical information regarding the
patients donating tissues are described in Table S2. To provide
positive and negative controls, SKOv3-DIRAS3 cells were
grown for 24 h in McCoy’s medium supplemented with 10%
FBS, 200 pg/mL G418 and 0.12 pg/mL puromycin as described
above, with or without 1 ug/mL DOX. Cells were harvested
in 0.25% trypsin (Fisher Scientific, MT-25-052-CI) washed 2
times in PBS, fixed in 10% neutralized formalin, and embedded
in paraffin.

Oven incubation at 60 °C for 20 min was used to restore
antigenic reactivity followed by 2 20 min incubations in xylene.
Afterslides were rehydrated, antigen retrieval was performed in 6.5
mM sodium citrate buffer (pH 6.0) for 10 min. 3% bovine serum
albumin in 0.1 M Tris-buffered saline was used for blocking. The
primary antibody (anti-DIRAS3 mouse monoclonal, 1:1000,
R.C. Bast Laboratory; anti-LC3B rabbit monoclonal, 1:250, Cell
Signaling Technology, 2775; or anti-BECNI1 rabbit monoclonal
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1:800, Epitomics, 2026) were incubated for 4 °C overnight
incubation. Mouse (GMG601H) or rabbit (GR602H) secondary
antibody was then applied for 1 h at room temperature (Biocare
Medical) followed by washing 3 times in PBS for 10 min. DAB
chromagen (Biocare Medical, BDB 2004L) was added for 1 min
per slide followed by 3 additional washes in PBS for 10 min and
then hematoxylin staining was performed for 1 min per slide
followed by 3 additional washes in PBS for 10 min. Serial sections
of cell line test arrays and IgG staining served as positive and
negative controls and were stained alongside TMAs to confirm
assay reproducibility. Omission of the primary antibody served as
a negative control for each immunostaining event.

Immunohistochemical staining was evaluated for a) total
staining intensity and b) punctate staining (indicating the
presence of an autophagosome structure) vs. diffuse staining
(indicating staining but with absence of autophagosome
structure(s) and/or autophagosome formation) by Zhen Lu (ZL)
and Maria T Baquero (MTB). A TMA serial section stained
for mouse IgGl served as an additional negative control. Total
staining intensity was determined as 0 (no staining), 1 (weak
staining), 2 (moderate staining), and 3 (strong staining).
Punctate staining was also evaluated and scored on the scale
described above. All slides were evaluated independently by
2 investigators (ZL and MTB) without knowledge of the identity
of the patient or clinical outcome.

Statistics

All experiments were repeated independently at least 2 times
and the data (bar graphs) expressed as mean + s.e. Statistical
analysis was performed using the Student # test (2-sample assuming
unequal variances). The criterion for statistical significance
was taken as P < 0.05 (2-sided). Staining expression values for
DIRAS3, LC3B, and BECNI were obtained from each TMA or
tissue slide and treated as ordinal variables. Spearman rho was
used to assess the direction and strength of association between
expression scores for DIRAS3, LC3B, and BECN1. Chi-square
analysis was used to compare positive and negative expression
values between the 3 markers (JMP Statistical Discovery
Software, Version 7.0.1 (SAS Institute, Inc., Cary, NC).
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