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Abstract
Degradation of signaling proteins is one of the most powerful tumor-suppressive mechanisms by which a cell

can control its own growth. Here, we identify RHOA as the molecular target by which autophagy maintains
genomic stability. Specifically, inhibition of autophagosome degradation by the loss of the v-ATPase a3 (TCIRG1)
subunit is sufficient to induce aneuploidy. Underlying this phenotype, active RHOA is sequestered via p62
(SQSTM1) within autolysosomes and fails to localize to the plasma membrane or to the spindle midbody.
Conversely, inhibition of autophagosome formation by ATG5 shRNA dramatically increases localization of active
RHOA at the midbody, followed by diffusion to the flanking zones. As a result, all of the approaches we examined
that compromise autophagy (irrespective of the defect: autophagosome formation, sequestration, or degrada-
tion) drive cytokinesis failure, multinucleation, and aneuploidy, processes that directly have an impact upon
cancer progression. Consistently, we report a positive correlation between autophagy defects and the higher
expression of RHOA in human lung carcinoma. We therefore propose that autophagy may act, in part, as a
safeguard mechanism that degrades and thereby maintains the appropriate level of active RHOA at the midbody
for faithful completion of cytokinesis and genome inheritance. Cancer Res; 73(14); 4311–22. �2013 AACR.

Introduction
Cells are faced with the tasks of dividing, of keeping the

genome intact, and even of dying when appropriate. At their
heart, these cell fates are dictated by tumor suppressor
mechanisms. One such mechanism is autophagy, which is
commonly mutated or downregulated in human cancers (1).
Indeed, the essential autophagy gene BECN1 is deleted or
mutated in 40% to 75% of breast, ovarian, colon, and prostate
cancers. Consistently, the notion that autophagy suppresses
tumor development came from the demonstration that allelic
loss of Becn1 predisposes mice to lymphomas, hepatocellular

carcinomas, and lung carcinomas (2, 3). Likewise, defects in
other autophagy genes (Atg4c, Atg5, Uvrag, Ambra1, and Bif-1/
Sh3glb1) render cells or mice tumor prone (4–8).

Physiologically, autophagy ensures in all cell types the
turnover of all organelles and most long-lived proteins by a
pathway, which begins with the formation of a double-mem-
brane compartment, termed a "phagophore" that sequesters
them. The phagophore expands into a completed vesicle, an
"autophagosome," and subsequently, the autophagosome rap-
idly fuses with a lysosome to become an "autolysosome" where
the content is finally degraded. Originally identified as a
housekeeping process, emerging data suggest that constitutive
autophagy (i.e., under nutrient-rich conditions) might also
fight cancer by limiting inflammation (9), facilitating senes-
cence (10), or clearing signaling proteins (11). Likewise, recent
studies reveal that both BECN1 and ATG5 function as "guar-
dians" of cellular genome. Epithelial cells with loss of Becn1 or
Atg5 display gene amplification and aneuploidy (7, 8). In
support, activation of autophagywas shown to reduce genomic
instability within hepatocarcinoma cells (12). However, despite
the importance of aneuploidy in cancer development (13, 14),
the mechanisms underlying how autophagy deficiency com-
promises genomic stability are still unknown.

To address this issue, we explored the possibility that
signaling proteins essential for cell growth might be degraded
by autophagy. Whereas significant advances have been made
in the discovery of autophagy machinery, less is known about
the nature of the autophagy substrates. Therefore, a key feature
of our strategy was to inhibit the autophagy pathway at the
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degradation step, to achieve sequestration and accumulation
of substrates within autolysosomal structures (Supplementary
Fig. S1A).

Materials and Methods
Cell culture and treatments

To inhibit the maturation of autophagosomes into degra-
dative autolysosomes, renal cells derived from proximal con-
voluted tubules of wild-type (WT, a3þ/þ) or the lysosomal v-
ATPase a3/TCIRG1-null mice (a3�/�) were isolated and
immortalized with the pSV3 neo vector. The renal epithelial
cell lines that do or do not express a3 were referred to as WT
and a3�/� cells, respectively. As controls, cells were stimulated
with an inhibitor of v-ATPase activity, bafilomycin A1 (100
nmol/L, bafA1; Sigma); or a weak base that raises intralyso-
somal pH, chloroquine (100 mmol/L, CQ; Sigma). Alternatively,
the formation of autophagosomes was inhibited at the initi-
ation step by Atg5 or Atg7 short hairpin RNA (shRNA). As a
further control, we analyzed the phenotype of Atg5 KO MEFs
(provided by N. Mizushima; ref. 15) and ATG5-depleted A549
lung epithelial cells. We also prevented the sequestration of
autophagy substrates within the autophagic vesicles by p62
shRNA. For details on cell culture and shRNA sequences, see
Supplementary Information.

Clinical samples
Primary non–small cell lung cancer (NSCLC; pairs of path-

ologic and control tissues from the samepatient) were obtained
from patients in Nice (France) and collected by the Tumor
Biobank of Nice Hospital (Nice CHU, agreement 2010–06).

Analysis of autophagy
The activity of the autophagy pathway was monitored by 4

hallmarks: (i) the formation of autophagic vesicles; and the
degradation of 3 well-established autophagy substrates: (ii)
membrane-associated LC3-II, (iii) p62/SQSTM1, and (iv) long-
lived proteins.

Ploidy determination and chromosomal abnormalities
by metaphase spread

At 70% confluency, cells were arrested with colchicine
(Invitrogen) in metaphase. Chromosomes were stained with
Giemsa, and about 150 mitotic figures per cell line were
photographed and the number of chromosomes was counted
by Metafer M-Search Metaphase Finder and Ikaros softwares
(Metasystems).

Time lapse video microscopy
For monitoring cell progression through mitosis, expo-

nentially growing cells cultured in complete growth medium
were imaged every 5 minutes during 18 hours on an inverted
microscope (Carl Zeiss) equipped with a CO2-equilibrated
chamber.

Analysis of the RHOA pathway
The activity of RHOA pathway was monitored by (i) the

levels of active GTP-bound RHO (RHOTEKIN RHO-binding
domain pull-down and ELISA-based G-LISA assays, Cytoskel-

eton Inc.), (ii) the recruitment of RHOA tomembranes, and (iii)
the downstream phosphorylation of myosin regulatory light
chain (P-MLC) and reticulation of actin cytoskeleton.

RHOA immunoprecipitation
Cells were lysed in radioimmunoprecipitation assay (RIPA)

and RHOAwas immunoprecipitated with anti-RHOA antibody
(clone 26C4; Santa-Cruz Biotechnology) followed by Western
blotting with anti-ubiquitin, anti-p62, anti-LC3, and anti-
RHOA antibodies.

RHOA stability
HEK 293 cells and A549 cells (control, ATG5, or p62 shRNA-

transduced cells) were transfected with FuGeneHD (Promega)
and plasmids encoding the active (RHOA Q63) or inactive
(RHOA N19) RHOA mutants. Twenty hours after transfection,
cells were treated with cycloheximide (CHX; Sigma; C-4859;
10–20 mg/mL) to stop de novo protein synthesis for 7 to 57
hours, alone or in combination with proteasomal (MG132,
Sigma; 10 mmol/L) and lysosomal (CQ; 100 mmol/L) inhibitors,
and the drop in the levels of RHOA mutants was assayed by
anti-myc Western blotting (Millipore; P01106; 1:1,000).

Complete and detailed description of all methods used is
available as Supplementary Data.

Statistical analysis
When adequate, results are presented as means � SD from

the indicated number n of separate experiments. Statistical
comparisons were done using c2 or Student t tests as appro-
priate. P < 0.05 was considered significant.

Results
The V-ATPase a3-dependent autophagy defect is
characterized by the formation of giant multinucleate
cells

To gain a deeper insight into the role of autophagy, we
established cell lines from v-ATPase a3/TCIRG1-null mice
(16). PCT (proximal convoluted tubule) cells were chosen as
they express the highest level of v-ATPase (17); the a3 subunit
is localized in the lysosomal limiting membrane (18). In
agreement with the other reported defect of v-ATPase (19,
20), we show that the a3 loss increased autophagy seques-
tration and simultaneously impaired autophagic degrada-
tion, as evidenced by the accumulation of ATG12–ATG5
conjugate, of autolysosomes and of autophagic substrates
(long-lived proteins, LC3-II, and p62; Fig. 1A and Supplemen-
tary Fig. S1B). In contrast, a3-null cells seemed to have
functionally intact proteasomes (Supplementary Fig. S1C).
Remarkably, this a3-dependent autophagy defect was char-
acterized by an increase in cell size and a flattened morphol-
ogy with the accumulation of vesicles and nuclei (Fig. 1B and
C), supporting the importance of autophagy in maintaining
cell size (21, 22).

By using different approaches, we excluded a role for senes-
cence as a cause of enlarged morphology (Supplementary Fig.
S2). Consistently, fluorescence-activated cell-sorting (FACS)
analysis revealed that a3�/� cells were dividing and displayed
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increased DNA content (3–4 N; Supplementary Fig. S2C).
Of interest, no subdiploid or subtetraploid cells were detected,
indicating that the a3 loss did not induce cell death. Subse-
quent karyotypes of a3�/� cells confirmed a near-triploid
karyotype (group average, 131; Fig. 1D). Therefore, despite
aneuploidy, the a3�/� cells continued to proliferate and
escaped apoptosis or senescence. All these abnormalities,
which are hallmarks of cancer cells, were reminiscent of that
reported for Atg5�/� or Becn1�/þ cells (8). Collectively, these
data support the notion that defects of the entire autophagy
pathway [i.e., either at the step of formation (Atg5�/� or
Becn1�/þ) or degradation (herein, V-ATPase a3�/�) of auto-
phagosomes] could result in aneuploidy.

The multinucleate phenotype of a3�/� cells arises from
cytokinesis failure
We hypothesized that the aneuploidy of a3�/� cells might

arise through cytokinesis failure. Multiple mitotic defects
leading to aneuploidy were indeed identified in a3�/� cells,
as these cells often showed multipolar spindles and several
chromosome segregation defects: improper attachment of
chromosomes to spindle microtubules, lagging chromosomes,
chromosome bridges connecting daughter cells, and micro-
nuclei. Strikingly, a large proportion of a3�/� cells were con-
nected via an asymmetric bridge, in contrast to the short
intracellular bridge observed in the middle of the two WT
daughter cells (Supplementary Fig. S3).

Using real-time imaging, we showed that the WT cells
completed cytokinesis in only 15 min (Fig. 2A, Supplementary
Movie S1). In contrast, the cytokinesis was incomplete upon v-
ATPase inhibition by bafilomycin A1 treatment (Fig. 2B) or a3
loss (Fig. 2C–G, Supplementary Movies S2–S5). About 72% of
a3�/� cells that enteredmitosis normally failed abscission (Fig.
2C) and instead remained connected by an intracellular bridge
for up to 8 hours before separating (Fig. 2D, Supplementary
Movie S2), re-entering mitosis synchronously (still bound to
the sister cell, Fig. 2E, Supplementary Movie S3) or collapsing
back, forming a single binucleate cell (Fig. 2F and G, Supple-
mentary Movies S4 and S5). Moreover, we did not observe
cell–cell fusion, cell engulfment, and endoreplication during
live cell imaging (n ¼ 200). Thus, impairment of cytokinesis at
the membrane abscission step was the key event responsible
for the formation of multinucleate a3�/� cells.

The inhibition of autophagy degradation by v-ATPase a3
loss stabilizes RHOA-GTP within autolysosomes

We then explored which signaling proteins might be degrad-
ed by autophagy and could underlie this phenotype. One
candidate was the small GTPase RHOA that dictates cell shape
and completion of cytokinesis via F-actin reticulation (23). In
this regard, a striking hallmark of a3�/� cells was a dramatic
remodeling of actin cytoskeleton with the loss of stress fibers
and the formation of actin patches (Fig. 3A and Supplementary
Fig. S4A and S4B). The current consensus is that fine-tuning of
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Figure 1. The a3-dependent autophagy defect is characterized by the formation of giant multinucleate cells. A, accumulation of autolysosomes (LC3-II and
LAMP1 positive; fluorescence images) that were defective in the degradation of long-lived proteins (top left inset), LC3-II and p62 (right insets). Right, note
the accumulation of the ATG12–ATG5 conjugate (a marker of autophagosome formation) in response to the a3 loss (see Supplementary Fig. S1). B, cell
and nuclei area of WT and a3�/� cells (n ¼ 400). C, representative photomicrographs showing that the WT cells were all small (200 � 47 mm2) with one
nucleus, whereas the a3-null cells were heterogeneous in size. About 30% to 40%of a3�/� cells showed agigantic size (200–7,300 mm2) and a flattened shape
with the accumulation of vesicles and nuclei. D, representative karyotype figures showing aneuploidy and structural abnormalities in a3�/� cells.
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RHO activity involves the guanine nucleotide exchange factors
(GEF) that activate them, the GTPase-activating proteins (GAP)
that inactivate them, and the guanine nucleotide dissociation
inhibitors (GDIs) that maintain RHO inactive within the cyto-

plasm (23). Exciting findings have revealed that RHO GTPases,
their upstream regulators and downstream targets might also
be subjected to irreversible proteasome-dependent degradation
(24–32).
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Figure 2. Cytokinesis is specifically impeded by v-ATPase inactivation. Control (A, treated with dimethyl sulfoxide, Supplementary Movie S1; inset, high
magnification of the last frame where the daughter WT cells are outlined in white to help visualize their successful division), bafA1-treated WT cells
(B, 100 nmol/L, 8 hours after the addition of bafA1), or a3�/� cells (C–G, Supplementary Movies S2–S5), all under complete medium, were followed for
18 hours using phase-contrast time lapse microscopy. C, frequency of cytokinesis failure in a3�/� cells (n ¼ 125). D, still images of a mitotic a3�/� cell that
remained connected by an intracellular bridge for up to 8 hours before abscission (Supplementary Movie S2). E, pairs of a3�/� cells that entered
mitosis synchronously are outlined in white (Supplementary Movie S3). Bottom, 2 mitotic cells (white arrows) remained connected by an intracellular bridge
(empty arrow). F, still images of an a3�/� cell that exited mitosis as a binucleated cell after 18 attempts of cleavage furrow formation. Note that this cell
developed ectopic furrows, which led to the formation of anuclear fragments (white filled arrows) that fused back to the cell (Supplementary Movie S4). G,
still images of a mononucleate a3�/� cell that formed a tetranucleate cell after 2 rounds of abortive mitoses (Supplementary Movie S5). Both giant and
small a3�/� cells failed cytokinesis, resulting in multinucleation and differentially sized daughter cells. All daughter cells were viable throughout imaging
(up to 18 hours). White empty arrows indicate cleavage furrow formation, arrowheads indicate nuclei, and time points are in hours:minutes from the initiation
of metaphase (zero time point).
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Instead of proteasome, however, we determined that active
RHOA was constitutively maintained at low levels by auto-
phagy. Indeed, the active RHOA was barely detected at the
plasma membrane of a3�/� cells but instead accumulated
intracellularly within autolysosomes positive both for the
autophagy marker LC3 and lysosomal marker LAMP1 (Fig.
3B, Supplementary Fig. S4B, inset). Notably, the level of RHOA-
GTP was elevated in resting a3�/� cells, as evidenced by the
RHOTEKIN-binding pull-down assay, the recruitment of RHOA
to cellular membranes and the downstream phosphorylation
of myosin regulatory light chain (P-MLC; Fig. 3C, Supplemen-
tary Fig. S4B).
A role for autophagy in controlling RHOA-GTP level was

then suggested by the shRNA-mediated inhibition of autopha-
gosome formation: Expression of Atg5 shRNA increased the
localization of active RHOA at the plasma membrane of a3�/�

cells, which allowed actin polymerization into filaments (Fig.
3D). Consistently, the Atg5 shRNA-transduced a3�/� cells
displayed a smaller size and tight cohesion within the colony
(Fig. 3D). Importantly, the control of RHOA by autophagy was

remarkably specific, as the related GTPase RAC (Supplemen-
tary Fig. S4E), aswell as the RHOA regulator, RHOGDI, were not
affected (Fig. 3C). Together, these data highly suggest a work-
ing model in which autophagy might sequester and degrade
active RHOA. Inhibition of v-ATPase by a3 loss would stabilize
RHOA-GTP within autolysosomal structures, protecting it
from autophagy degradation, and at the same time, this would
preclude reticulation of actin cytoskeleton (Supplementary
Fig. S1A).

p62-dependent autophagy specifically degrades active
RHOA

As proof-of-concept, pharmacologic inhibition of auto-
phagy degradation by bafA1 or CQ treatment similarly increas-
ed the levels of membrane-bound RHOA together with the
autophagy substrates LC3-II and p62 (Supplementary Fig. S5).
This occurred in multiple cell types including fibroblast, kid-
ney, and lung epithelial cells (Supplementary Fig. S5A). In
contrast, impairment of proteasome by MG132 failed to alter
the levels of the membrane-bound RHOA in every cell line
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Figure 3. The inhibition of autophagy degradation by v-ATPase a3 loss stabilizes RHOA-GTP within autolysosomes. A, phalloidin labeling showed the loss
of stress fibers in a3�/� cells that instead developed actin patches (empty arrows). B, intracellular ring of RHOA (arrows) that colocalized with LC3-II and
LAMP1 (insets; see also the color images in Supplementary Fig. S4B, left) in a3�/� cells in contrast to the WT cells that displayed RHOA at their plasma
membrane (arrowhead). C, accumulation of RHOA-GTP in a3�/� cells was evidenced by RHOTEKIN binding (pull-down assay and G-ELISA kit; left and
middle, respectively); the recruitment of active RHOA proteins to Triton X-100 insoluble cell membranes; and the downstream phosphorylation of
myosin regulatory light chain (*p-MLC; bottom). Bound proteins (top) and total cell lysates (bottom) were analyzed by Western blotting. Note that a3 loss
increased the ratio of activated (membrane-associated): total RHOA from 2% (WT) to 4% (a3�/� cells). Western blot analyses are representative of 3
independent experiments. Reverse transcriptase PCR analysis showing that RHOA-GTP accumulation was not due to an increased RHOA transcription
(right). D, Atg5 shRNA rescues RHOA localization at the plasma membrane (arrowhead) of a3�/� cells. Cells were infected with Atg5 shRNA lentivirus
andselectedwithmedia containingpuromycin for 72 hours. Shownare representative imageswhere 40,6-diamidino-2-phenylindole (DAPI)marks nucleus and
F-actin denotes the filamentous actin stained by phalloidin.
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tested (Supplementary Fig. S5A). As expected, all features
of a3�/� cells (i.e., RHOA autolysosomal recruitment, F-actin
depolymerization, and increased cell size) were mimicked by
bafA1, but notMG132 treatment, further supporting themodel
that activity of the RHOA pathway can be controlled by the
autophagy–lysosome pathway (Supplementary Fig. S5B and
S5C). Consistently, the active, but not inactive, RHOAmutants
were long-lived proteins selectively degraded by autophagy
(Fig. 4). Indeed, upon inhibition of protein synthesis with
cycloheximide, the active RHOA (RHOAþ, Q63) was degraded
within 28 hours and stabilized by inhibiting lysosomal degra-

dation (CQ, Fig. 4A), or autophagosome formation (ATG5
shRNA, Fig. 4B and Supplementary Fig. S6A and S6B) but not
proteasomal activity (MG132, Fig. 4A). Inversely, the inactive
form of RHOA (RHOA�, N19) was unstable and as expected
stabilized by inhibition of proteasome but not by inhibition of
lysosomal activity or of autophagy (Fig. 4A and B), in agree-
ment with previous reports (24–30).

At this stage, it was of interest to address how autophagy
may specifically target the active RHOA. One adaptor by
which autophagy acquires specificity is p62 (SQSTM1) that
targets ubiquitinated substrates to the autophagy machinery
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Figure 4. p62-dependent
autophagy controls the levels of
active RHOA. A, the active RHOA is
specifically degraded by a
lysosomal pathway. HEK cells
were transfected with plasmids
encoding the active (Q63, RHOAþ)
or inactive RHOA (N19, RHOA�)
mutants and incubated with CHX
(10 mg/mL) for the indicated
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of CQ (100 mmol/L) or MG132
(10 mmol/L) to inhibit the lysosomal
or proteasomal functions,
respectively. Expression of
RHOA mutants was analyzed
by anti-myc Western blotting
(see Supplementary Fig. S5).
B, inhibiting autophagy
sequestration in A549 cells by
ATG5 or p62 depletion stabilized
the active but not the inactive
RHOA mutant. Control, ATG5, or
p62 shRNA-transduced A549 cells
were transfected with the RHOA
mutants and treated with CHX
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protein loading was verified by
anti-tubulin immunoblotting. The
data are representative of at least
3 independent experiments (see
Supplementary Fig. S6A and S6B).
C, the ubiquitin-binding protein
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a complex with p62 and LC3-II in
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(33). Of interest, p62 appears as a prime candidate for regu-
lating RHOA as it is the sole autophagy adaptor involved in cell
mitosis (34), cell spreading (35), and tumor growth (36–38).We
observed that p62 not only co-immunoprecipitated (Fig. 4C)
and co-localized (Fig. 4D) with ubiquitinated RHOA and LC3-II
in CQ-treated cells but was also essential in the selective
clearance of active RHOA by autophagy (Fig. 4B and D). Upon
p62 silencing and CQ treatment, autophagosomes formed
normally (as evidenced by LC3-II conversion, Supplementary
Fig. S6A), but the autophagic sequestration (Fig. 4D) and
degradation (Fig. 4B) of active RHOA were defective. Collec-
tively, these results strongly suggest a new signaling role for
p62-dependent autophagy in the control of RHOA pathway.

Regulation of the amount of active RHOA at themidbody
during cytokinesis by autophagy
The multinucleate phenotype of a3�/� cells raised the

question of whether autophagy may control cytokinesis
through regulation of RHOA. Autophagy was suggested to
clear the midbody ring after cytokinesis completion (39, 40).
Likewise, the depletion of several autophagy genes (Atg5,
Becn1, Uvrag, Bif-1, And Vps34) was shown to lead to poly-
nucleation, but the role of autophagy in controlling RHOA
activation during cytokinesis was not documented (8, 41).
Although several key RHOA activators have been identified

(42), little is known about the mechanisms that confine active
RHOA at the midbody. Using the a3�/� cells, we observe that
little, if any, active RHOA was at the equatorial furrow and was
instead sequestered within autolysosomes, close to the mid-
body (Fig. 5A), likely as a result of increased sequestration.
Inversely, when we blocked autophagosome formation by
ATG5 shRNA (Supplementary Fig. S6A), RHOA was highly
enriched at the equatorial furrow of cytokinetic A549 lung
cancer cells (Fig. 5B, Supplementary Fig. S7A). Notably, the
RHO activity zone in ATG5-depleted cells was 3 times as wide
and bright as in controls (control shRNA¼ 3.7� 0.8 mm; ATG5
shRNA¼ 11.4� 2.6mm;mean� SD; Fig. 5C andD). Outside the
cell equator, RHOA activity was also abnormally high at the cell
cortex (Fig. 5B, Supplementary Fig. S7). Accordingly, Atg5
knockdown inmouse embryonic fibroblasts (Fig. 5E) andATG7
or p62 depletion in A549 cells (Supplementary Fig. S6) faithfully
recapitulated the same phenotype with regard to the RHOA
pathway. Likewise, closer examination indicated that the
upstream regulators required for narrowed activation of RHOA
such as the kinesin MKLP1, the RHOA GEF ECT2, and spindle
microtubules concentrated at the midbody of cytokinetic cells
(Supplementary Fig. S8A and S8B; ref. 43). It is also highly likely
that the loss of ATG5 would create defects in the generation
and the delivery of new membranes to the cleavage furrow, a
process that is central to cytokinesis. As shown in Supplemen-
tary Fig. S8C, the delivery of endosomes to the midbody
appeared not to be affected by ATG5 depletion: the endosomes
were delivered to the cleavage furrow and clustered on either
side of midbody of ATG5-depleted cells, as observed in control
cells. In contrast, ATG5-depleted cells exhibited in addition
to RHOA a broader distribution of downstream F-actin that
triggers the formation of actomyosin ring (Supplementary Fig.
S7B). Our data therefore suggest that the degradation of RHOA

by autophagy may function as a key, but hitherto uncharacter-
ized, mechanism concentrating active RHOA at midbody.

Autophagy defects fuel chromosomal instability in lung
cancer cells

Considering the apparent connection between autophagy
and RHOA, a key issue is how defects in autophagymight affect
cell behavior in a way relevant for cancer progression. Main-
taining the appropriate amount of active RHOA at midbody is
critical for faithful cytokinesis as it dictates the position, the
formation and the contraction of actomyosin ring (42, 44). If
ourmodel were correct, onewould expect that the inhibition of
autophagy sequestration in autophagy-competent A549 tumor
cells would be sufficient to disturb cytokinesis and thereby
drive the genomic instability required for tumor progression.
As shown in Fig. 6, in control A549 cells, the clustering of RHOA
in a narrow zone resulted in the formation of a unique and
compact ring whose position and size remained constant
throughout furrow ingression (Fig. 6A and B, top). As a result,
control cells successfully completed cytokinesis (Supplemen-
tary Movie S6). Without functional autophagy, the subsequent
hyperactivation of RHOA zone would jeopardize the assembly
of an efficient contractile ring, as expected from the cytokinesis
defects observed for active RHOAmutants (Supplementary Fig.
S4C). Indeed, ATG5-depleted A549 cells progressed through
mitosis until the furrow started to constrict, then 52% of the
cells showed unstable and loose furrowing that suddenly fell
apart, reformed, and constricted more slowly than control
furrows, delaying cytokinesis completion (Fig. 6A and B, bot-
tom, Supplementary Movie S6). As result of cytokinesis failure,
these autophagy compromises (ATG5 shRNA and p62 shRNA)
were sufficient to increase the percentage of cells withmultiple
nuclei (Fig. 6C), and the frequency of chromosomal gains
and losses in nearly all of the chromosomes (Fig. 6D), one
hallmark of aggressive cancers. Together, these findings highly
suggested that autophagy may act, in part, as a master safe-
guard mechanism of active RHOA localization during cyto-
kinesis for faithful genome inheritance.

Overexpression of RHOA is correlated with autophagy
defects in lung carcinomas

The biochemical, cellular, and genomic changes (increased
RHOA activity, increased cellular sizes, and aneuploidy) we
consistently observed herein following autophagy inhibition
(irrespective of particular autophagy defects) are noteworthy
because they accompany the onset and progression of cancers.
RHOA overexpression has been observed in many aggressive
cancers, such as breast, colon, prostate, and lung cancers, but
has been attributed largely to increased RHOA transcription
(45). Consistent with a role of autophagy in RHOA degradation,
we found that RHOA, together with p62 and LC3-II, were
overexpressed in late stages of NSCLCs (T; pTNM stage IIIA),
compared with normal epithelia (N) and stage I adenocarci-
nomas (Fig. 7A and B). An impaired autophagic degradation
rather than an increased transcription was correlated with
RHOA overexpression, as the levels of RHOA expression and
activity increased progressively with the accumulation of
the autophagy substrates p62 and LC3-II (Fig. 7A), and no
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significant changes in RHOAmRNA expression weremeasured
(Fig. 7A, right). Of interest, the inactivation of autophagy and
the subsequent RHOA upregulation were not early events but
instead were late events in the progression of lung cancer,
when these cancers acquire a more genomic instability. All
tumor cells positive for p62 were also RHOA-positive (Fig. 7B).
p62 overexpression, as a readout of an autophagy defect, was
associated with a reduced or absent RHOA membrane local-
ization, which instead displayed intracellular localization (T,
right). In sharp contrast, normal bronchial epithelial cells that
barely expressed p62 showed strong membrane expression of
RHOA primarily at their apical ciliated cell surface (N, left).

Discussion
So far, most studies suggest that signal termination and

irreversible progression through cell cycle depend largely on
the proteasomal degradation of key regulatory proteins (46).
Recently, Gao and colleagues provide the first evidence that
autophagy negatively regulates Wnt signaling by degrading
Dishevelled; however, this occurs under nutrient starvation
(11). Therefore, the ability of autophagy to degrade signaling

proteins under basal conditions and thereby to ensure tumor-
suppressive functions remains to be established.

We show here that autophagy promotes the degradation of
active RHOA. In support of this, (i) RHOA-GTP was elevated in
cells deficient in autophagosome clearance, (ii) importantly,
RHOA failed to localize to midbody and instead accumulated
within autolysosomes, (iii) a role for autophagy in regulating
RHOA-GTP was then suggested by the shRNA-mediated inhi-
bition of autophagosome formation:ATG5 shRNAdramatically
increased the localization of RHOA-GTP at the equatorial
furrow of cytokinetic cells. One related RHO GTPase, RAC,
was not targeted by autophagy. As a result, defects of the entire
autophagy pathway [i.e., either at the formation (ATG5 orATG7
shRNA), sequestration (p62 shRNA), or degradation of autop-
hagosomes (v-ATPase a3�/� cells)] similarly drive the forma-
tion of unstable and loose furrowing, disturbing cytokinesis
completion and genome inheritance; processes that directly
contribute to cancer development.

The regulation of RHOA is unique in that it involves GEF,
GAP, and GDI proteins, along with the proteasome (47) and
autophagy. Depending on its activation state, we provide the
first lines of evidence that RHOA used distinct routes for
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Figure 7. Correlation between RHOA protein levels and autophagy in human lung cancers. A, immunoblotting of NSCLC samples (T, tumor: early stage
n ¼ 4; late stage n ¼ 4; see Supplementary Table S1) versus normal peritumoral tissues (N, normal) using the indicated antibodies. p62 served as a positive
control for autophagy impairment (36) and actin as a loading control. SimilarRHOAmRNA levels in tumor andnormal tissues (right, not statistically significant).
B, immunohistochemical staining revealed a high overexpression of RHOA and p62 in late stages of NSCLCs. In line with a3�/� cell results (Fig. 3), the
defect in lung cancer samples was a defect in autophagosome degradation with the concomitant accumulation of the 3 autophagy substrates LC3, p62, and
active RHOA (RHOA recruitment to intracellular cell membranes; and downstream *p-MLC). C, proposed model by which autophagy sequesters
and degrades the active RHOA that would otherwise diffuse frommidbody to flanking zones. Together with RHOGEF, autophagy seems essential to confine
RHOA activation at midbody, allowing the assembly of a unique and compact contractile ring, for successful cytokinesis and faithful genome inheritance.
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degradation: while the proteasome degraded the cytosolic and
inactive forms, the autophagy pathway specifically degraded
the membrane-associated and active pool of RHOA. This is
consistent with the recently reported degradation of 2 consti-
tutively active RHO, RHOH and RHOB, within lysosomes
(48, 49) and the redistribution of active RHOA to undefined
perinuclear localization after treatment of enterocytes with
an autophagy inducer, lipopolysaccharide (LPS; ref. 50). We
therefore propose that autophagy may act as a tumor sup-
pressor pathway, in part, by turning off RHOA activation (Fig.
7C). In this model, the remarkable dynamics of autophagy
together with its integration of extracellular cuesmight dictate
the time and place where a RHOA is active and is able to inter-
act with its downstream substrates. Accordingly, we reported
the targeting of autolysosomes at midbody during cytokinesis,
the same subcellular and temporal localizations where RHOA
should be controlled. Therefore, autophagy might be critical
for localized degradation of active RHOA at midbody and
thereby proper actin dynamics during accurate completion of
cytokinesis and faithful genome inheritance.
The development of a cancer depends on the ability of tumor

cells to acquire growth advantages. Whatever the mutations,
deletions, and epigenetic silencing of autophagy genes, our
findings provide new information on how autophagy defects
can drive tumor progression through deregulation of RHOA
pathway. As autophagy is commonly downregulated in cancers
(1) where RHOA is overexpressed (47), this new paradigm may
be a general mechanism for the acquisition of aneuploidy and
progression of human cancer cells.
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