
Induction of autophagy and senescence by
knockdown of ROC1 E3 ubiquitin ligase to suppress
the growth of liver cancer cells
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Regulator of Cullins-1 (ROC1) or RING box protein-1 (RBX1) is an essential RING component of Cullin-RING ligase (CRL). Our
previous studies showed that ROC1 is required for the growth of several cancer cell lines while ROC1 siRNA silencing
inactivates CRL, leading to cell cycle arrest, cell senescence and/or apoptosis. However, it is completely unknown whether ROC1
knockdown triggers autophagic response by inactivating CRL. Moreover, the role of ROC1 in liver cancer remains elusive. In this
study, we reported that ROC1 knockdown significantly inhibited the growth of liver cancer cells by sequentially and
independently inducing autophagy and p21-dependent cell senescence. Mechanism analysis revealed that ROC1 silencing
triggered autophagy by inhibition of mammalian target of rapamycin (mTOR) activity due to accumulation of mTOR-inhibitory
protein Deptor, a substrate of CRL. Consistently, Deptor knockdown significantly blocked autophagy response upon ROC1
silencing. Biologically, autophagy response upon ROC1 silencing was a survival signal, and blockage of autophagy pathway
sensitized cancer cells to apoptosis. Finally, we demonstrated that ROC1 was overexpressed in hepatocellular carcinomas,
which is associated with poor prognosis of liver cancer patients. These findings suggest that ROC1 is an appealing drug target
for liver cancer and provide a proof-of-concept evidence for a novel drug combination of ROC1 inhibitor and an autophagy
inhibitor for effective treatment of liver cancer by enhancing apoptosis.
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The Cullin-RING ligase (CRL) (also known as SKP1-Cullin-
F-box proteins (SCF) E3 ubiquitin ligases as its founding
member) is the largest family ofmultiunit ubiquitin ligases. CRL/
SCF E3 ligase (CRL/SCF) regulates diverse biological
processes by controlling the degradation of a variety of
substrates, including tumor suppressors, oncoproteins, cell
cycle regulators, transcriptional factors and signal transducers,
whereas its dysfunction leads to carcinogenesis and tumor
progression, suggesting CRL/SCF as a potential anticancer
target.1,2 Most recently, MLN4924, as a first-in-class inhibitor of
Nedd8-activating enzyme, was discovered via high-throughput
screening. By blocking cullin neddylation, which is required for
CRL/SCF activity, MLN4924 inactivates CRL/SCF, leading to
the accumulation of CRL/SCF substrates and the subsequent
growth suppression of cancer cells.3 Owing to its promising
anticancer efficacy, MLN4924 has been advanced into phase I
trials for several solid tumors and hematological malignancies,
which further highlights the promise of targeting CRL/SCF E3
for drug discovery and cancer treatment.4,5

The core structure of CRL/SCF is a complex of regulator of
Cullins-1 (ROC1) in which ROC1 interacts with all seven cullin
family members to activate CRL/SCF.6 ROC1 is a highly
evolutionarily conserved RING-H2 finger domain-containing
protein that binds to two zinc ions and is required for CRL/SCF
ligase activity.7,8 On one hand, ROC1 complexes with cullin
and through which the substrate-recruiting proteins to form
functional CRL/SCF E3 ligases, and on the other hand, ROC1
binds to ubiquitin-loaded E2 ubiquitin-conjugating enzyme,
catalyzing the reaction of transferring ubiquitin to specific
substrates for proteasome-targeted degradation.9 As an
essential component of CRL/SCF, ROC1 is required for the
development of Caenorhabditis elegans,10 Drosophila11 and
mouse,12 by preventing the accumulation of growth-suppres-
sive substrates of CRL/SCF, such as p27.12

Recently, we reported that ROC1 is overexpressed in
multiple human tumor tissues whereas ROC1 knockdown
via siRNA silencing suppresses the growth of multiple lines of
cancer cells.13 Mechanistically, ROC1 silencing disassembles
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CRL/SCF complexes and thus inhibits CRL/SCF activity. As
the result, DNA replication licensing proteins CDT1 andORC1,
two well-known CRL/SCF substrates, accumulate to trigger
DNA damage response, leading to G2–M cell cycle arrest,
senescence and/or apoptosis in cancer cells. A recent study
showed that autophagy could mediate the transition of
oncogene-induced senescence (OIS).14,15 Here, we deter-
mined whether ROC1 knockdown also induces autophagy and
reported that, in liver cancer cells, ROC1 knockdown induces
autophagy in addition to senescence, leading to substantial
growth suppression. We also found that ROC1 is over-
expressed in liver cancer, which is associated with poor
survival of patients. Thus, our study provides the first piece of
appealing evidence supporting the notion that ROC1 is an
attractive target for liver cancer as well as serving as a potential
prognosis marker.

Results

ROC1 silencing suppressed the growth of liver cancer
cells in vitro and in vivo. To address the role of ROC1 in
the growth of liver cancer cells, we knocked down ROC1 in
HepG2 and Huh7 cells using two siRNA oligoes targeting two
well-identified regions of ROC1 sequences (named siROC1
and siROC1-2, respectively, Figures 1a and b; Supplemen-
tary Figure 1). ROC1 knockdown significantly inhibited the
proliferation of HepG2 and Huh7 cells (Figures 1c and d;
Supplementary Figure 1). ROC1 silencing also notably
suppressed clonogenic survival by inhibiting colony formation
in both cell lines (Figures 1e and f). Based on these in vitro
findings, we further hypothesized that the ability of in vivo tumor
formation of siROC1-silenced cells would be significantly
impaired when compared with siControl cells. To address this,
we next evaluated the effect of ROC1 knockdown on
tumorigenesis using LM616,17 xenograft model of human
hepatocellular carcinomas (HCCs) with rapid growth upon
transplantation into mice. We first confirmed that ROC1
knockdown indeed caused substantial growth suppression of
LM6 cell in culture (Figure 1g), and then implanted LM6 cells
transfected with control siRNA (siControl) and siROC1 into the
left or right flanks of nude mice, respectively. As shown in
Figure 1h, the tumor growth in the siROC1 group was
significantly inhibited by 70% when compared with that of the
siControl group. Thus, transient knockdown of ROC1 by siRNA
silencing is sufficient to suppress in vivo tumor formation. Taken
together, these findings demonstrated that ROC1 is required for
the growth of liver cancer cells both in vitro and in vivo.

ROC1 silencing induced G2–M cell cycle arrest
and p21-dependent cell senescence. To investigate the

mechanism underlying the growth suppression of liver
cancer cells by ROC1 knockdown, we first determined cell
cycle profile of the ROC1-silenced cells by PI staining and
FACS analysis. As shown in Figure 2, siROC1 induced the
G2–M arrest, which occurred at 48 h post ROC1 silencing,
and reached a peak at 96 h in HepG2 (Figure 2a) and Huh7
(Figure 2b) as well as LM6 cells (data not shown). No
obvious apoptosis occurred, as demonstrated by the lack of
sub-G1 peak. Morphologically, when compared with control
cells, ROC1-silenced cells were much larger in size with
flattened shape, a feature of cell senescence, (Figures 2c
and d, top left panel). To determine whether ROC1 knock-
down indeed induced senescence, we examined the
expression of senescence-associated b-galactosidase (SA-
b-gal), a classic biochemical marker for cellular senescence,
in ROC1-silenced cells by SA-b-gal staining. We found that
about 40% of ROC1-knockdown cells, but o5% of control
cells, were positively stained (Figures 2c and d, bottom left
panel and right bar graph, and Supplementary Figure 2). The
findings indicated that cells arrested at the G2/M upon ROC1
knockdown eventually underwent senescence.
To address how ROC1 knockdown induced senescence in

liver cancer cells, we determined the activation status of the
p16/pRB and p53/p21 axes, two major senescence-triggering
pathways in response to stresses18 and found that ROC1
knockdown consistently induced the accumulation of CRL/
SCF substrate p21, but not p53, pRB and p16, in both HepG2
cells (Figure 2e and Supplementary Figure 2a) and Huh7
cells (Figure 2f and Supplementary Figure 2b), suggesting
a potential involvement of p21 in ROC1 silencing-induced
cellular senescence. We further showed that p21 knockdown
largely abrogated senescence response induced by ROC1
knockdown (Figures 2e and f, right bar graphs). These results
suggested that ROC1 knockdown induced a p21-dependent
cell senescence to suppress the growth of liver cancer cells.

ROC1 silencing induced autophagy as a novel cellular
response in liver cancer cells. Having established that
ROC1 knockdown induced cell senescence in liver cancer
cells, we next investigated whether ROC1 knockdown also
triggers autophagy, as a novel cellular response, to regulate
cell survival upon CRL/SCF inactivation. During autophagy,
microtubule-associated protein light chain 3-I (LC3-I) is
converted to lipidated LC3-II, which is associated with
autophagic vesicles and displays classical punctate distribu-
tion, as classical hallmarks of autophagy.19,20 As shown in
Figure 3, ROC1 silencing induced time-dependent conver-
sion of LC3-I to LC3-II in both HepG2 and Huh7 cells
(Figure 3a and Supplementary Figure 3) and punctate
distribution of membrane-associated lipidated LC3II in

Figure 1 The growth-suppressive effect of ROC1 silencing on liver cancer cells in vitro and in vivo. (a and b) ROC1 knockdown via siRNA silencing inhibited the
proliferation of HepG2 (a) and Huh7 (b) cells. The cells were transfected with siControl or siROC1 for 24–120 h, and subjected to IB analysis of expression of ROC1 (a and b)
with actin as a loading control, quantification relative to actin by densitometric analysis using the Image J software (MD, USA), and cell proliferation assay by cell counting
(c and d, top panels) and CCK8 assay (c and d bottom panels). The results were presented as mean value±S.E. from three independent experiments with each running in
triplicate. (e and f) ROC1 silencing reduced colony formation in HepG2 (e) and Huh7 (f) cells. (g and h) ROC1 knockdown inhibited the growth of LM6 cells in vitro and in vivo.
LM6 cells transfected with siRNAs were subject to IB for ROC1 expression (g, top panel), quantification relative to actin by densitometric analysis using the Image J software,
cell proliferation assay in vitro (g, bottom panel) and xenograft tumor growth in vivo (h). The representative image for xenograft tumor on the nude mouse is shown on (h top
panel) and tumor growth curve was shown in (h bottom panel). (n¼ 10). *Po0.05, **Po0.01 and ***Po0.001
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HepG2-EGFP-LC3 (Figure 3b, top left panel) and Huh7-
EGFP-LC3 cells (Figure 3b, top right panel). Specifically,
35–40% of ROC1-silenced cells, but only 5–10% of control
cells, underwent autophagy (Figure 3b, bottom panels).
Consistently, the degradation of p62, another autophagic
marker, was observed in both cell lines upon ROC1 knock-
down (Figure 3a). Furthermore, we performed cell staining
with acridine orange (AO) and FACS analysis to detect acidic
vesicular organelle (AVO) formation as a characteristic of
autophagy, and found significant accumulation of AVO in
the cytoplasm of ROC1-silenced cells, but not of control cells
(Figure 3c), suggesting the induction of autophagy upon
CRL/SCF inactivation. By transmission electron microscopy,
we further observed the obvious double-membrane auto-
phagosome and vacuoles with engulfed bulk cytoplasm and
cytoplasmic organelles in siROC1-silenced cells, but not in
siControl cells, as another golden hallmark of autophagy19,20

(Figure 3d). Finally, we performed autophagic flux analysis
by treating cells with classical autophagy inhibitor,20,21

including 3-methyladenine (3-MA), bafilomycin A1 (BafA1)
and Chloroquine (CQ), respectively. As expected, 3-MA
inhibited, but BafA1 and CQ enhanced the accumulation of

LC3 II, indicating that autophagic flux was intact and
supraphysiological autophagic response was indeed induced
by ROC1 knockdown (Figure 3e). These results convincingly
demonstrated that ROC1 knockdown induces autophagy in
liver cancer cells. Furthermore, we found that ROC1 knock-
down also induced autophagy in Hela cervical cancer cells
and H1299 human lung carcinoma cells (Supplementary
Figure 4), indicating that the effect is not limited to liver
cancer cells, and is likely a general phenomenon.

ROC1 silencing induced the accumulation of mamma-
lian target of rapamycin (mTOR)-inhibitory protein
Deptor to trigger autophagy response. As ROC1 silen-
cing triggers cellular responses by inactivating CRL/SCF,
leading to the accumulation of CRL/SCF substrates, we next
searched for CRL/SCF substrates whose accumulation may
trigger autophagy. We focused on Deptor, a naturally
occurring inhibitor of mTOR, a well-known negative regulator
of autophagy, as our recent study showed that Deptor is
bona fide SCF E3 ligase substrate.22–24 We hypothesized
that by inactivating CRL/SCF to induce Deptor accumulation,
thus inhibiting mTOR activity, ROC1 knockdown could trigger

Figure 2 ROC1 silencing induced G2–M cell cycle arrest and p21-dependent cell senescence. (a and b) ROC1 silencing induced G2–M cell cycle arrest in HepG2 (a) and
Huh7 (b) cells. Cells were transfected with siControl or siROC1 for 48–120 h, and subjected to PI staining and FACS analysis to determine cell cycle profile. (c and d) ROC1
silencing induced cell senescence in HepG2 (c) and Huh7 (d) cells. Cells were transfected with siControl or siROC1 for 120 h and subjected to cellular morphological
observation (top left panels), SA-b-gal staining (bottom left panels) and quantification of positively stained cells (right panels). (e and f) ROC1 silencing-induced cell
senescence is p21-dependent in HepG2 (e) and Huh7 (f) cells. The HepG2 and Huh7 cells transfected with siRNAs for 96 h, and were subjected to IB analysis of expression of
proteins indicated (left panels) and senescence analysis with SA-b-gal staining (right panels). The results were presented as mean value±S.E. from three independent
experiments, ***Po0.001
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autophagy. Indeed, we found that, in HepG2 and Huh7
cells, the ROC1 knockdown caused Deptor accumulation
(Figure 4a) and mTOR inactivation, as demonstrated by the
significant decrease in phosphorylated 70S6K (p-70S6K) and

phosphorylated 4EBP1 (p-4EBP1; Figure 4b), which are
phosphorylated by mTOR and serve as classical markers for
mTOR activation.22 As a positive control, the classical mTOR
inhibitor rapamycin was included and shown to induce a

Figure 3 ROC1 silencing induced autophagy in liver cancer cells. (a) ROC1 silencing induced obvious conversion of LC3-I to LC3-II and p62 degradation in HepG2 (left
panel) and Huh7 (right panel) cells. Cells transfected with siControl or siROC1 for 48–120 h were subjected to IB analysis for the expression of LC3 and p62 with actin as a
loading control, and quantification relative to actin by densitometric analysis using the Image J software. (b) ROC1 silencing at 120 h induced punctuative distribution of
membrane-associated lipidated LC3II in HepG2-EGFP-LC3 (left panels) and Huh7-EGFP-LC3 (right panels) cells, observed with fluorescence microscope. Arrows denoted
punctate vesicle structure indicating autophagy induction. The percentage of cells undergoing autophagy in 10 independent areas was quantified (b, bottom panels). (c) ROC1
silencing at 120 h induced significant accumulation of AVO in HepG2 (left panel) and Huh7 (right panel) cells, determined by AO staining and FACS analysis. (d) Obvious
double-membraned autophagosome and vacuoles with engulfed bulk cytoplasm and cytoplasmic organelles in siROC1, but not siControl HepG2 cells at 120 h. (e) Autophagic
flux analysis. HepG2 or Huh7 cells, transfected with siControl or siROC1 for 48 h, were incubated with or without CQ (50mM), BafA1 (50 nM) or 3MA (5 mM) for 6 h. The
treated cells were then subject to IB analysis with actin as a loading control, and quantification relative to actin by densitometric analysis using the Image J software
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significant reduction of p-4EBP1 and p-70S6K and trigger
autophagy in liver cancer cells (data not shown). To
determine whether the accumulation of Deptor upon ROC1
knockdown triggered autophagy directly, we knocked down
Deptor via siRNA silencing and examined its effect on
autophagy response in ROC1-silenced cells. Deptor knock-
down largely abrogated ROC1 silencing-induced autophagy,
as demonstrated by reduced conversion of LC3-I to LC3-II in
HepG2 and Huh7 cells (Figures 4c and e) and decreased
classical punctate distribution of EGFP-LC3 in HepG2 and
Huh7 cells expressing EGPP-LC3 (Figures 4d and f). These
findings indicated that Deptor is essential and causally
related to autophagy induced by ROC1 knockdown in liver
cancer cells.

Sequential induction of autophagy and senescence by
ROC1 knockdown. As we found that ROC1 knockdown
induced both senescence and autophagy in liver cancer
cells, we then determined how these cellular responses
occurred temporally. To address this, we measured
punctuative distribution of EGFP-LC3 for autophagy and
performed the SA-b-gal staining for senescence in HepG2-
EGFP-LC3 and Huh7-EGFP-LC3 cells upon ROC1 knock-
down. As shown in Figure 5, autophagy occurred as early as
24 h, continued to increase over time and reached the peak
at 120 h post treatment in both HepG2 and Huh7 cells
(Figures 5a and b). In contrast, senescence started to occur
at 72 h with continuous increase and reaching the peak at

120 h (Figures 5c and d). These data suggested that ROC1
knockdown caused a sequential induction of autophagy and
senescence, with autophagy dominating at the early stage in
liver cancer cells.
To address the possible relevance of autophagy activation

to the occurrence of cell senescence, we blocked autophagy
pathway by knockdown of autophagy essential genes Beclin
and Atg5 in ROC1-silenced cells, and determined its effect
on senescence induction, reflected by SA-b-gal staining, in
HepG2 and Huh7 cells. As shown in Figures 5e–h, the
blockage of autophagy pathway had no obvious effect on
senescence induction upon ROC1 knockdown in both cell
lines.

Autophagy induced by ROC1 knockdown was a survival
signal and blockage of autophagy pathway promoted
cancer cell death by triggering apoptosis. Next, we
addressed the role of autophagy response induced by
ROC1 knockdown in growth suppression of liver cancer
cells. We blocked autophagy pathway via siRNA silencing of
autophagy essential genes ATG5 or Beclin1 (Figures 6a and
b, left panels), and found that while ROC1 knockdown
consistently suppressed cell growth, knockdown of ATG5 or
Beclin1 alone did not notably affect cell proliferation, as
compared with control cells. However, the simultaneous
knockdown of ROC1 and ATG5 or Beclin1 significantly
enhanced the growth-suppressive effect of siROC1 in both
HepG2 and Huh7 cells (Figures 6a and b, right panels),

Figure 4 The accumulation of mTOR-inhibitory protein Deptor contributed to autophagy response upon ROC1 silencing. (a and b) Cells transfected with siControl or
siROC1 were subjected to IB analysis for expression of indicated proteins over time. ROC1 silencing induced Deptor accumulation (a) and mTOR inactivation, as
demonstrated by notable reduction of p70S6K and p4EBP1 in HepG2 cells (b). (c–f) Autophagy was rescued by Deptor siRNA silencing. Deptor knockdown largely abrogated
ROC1 silencing-induced conversion of LC3-I to LC3-II in HepG2 (c) and Huh7 (e) cells, and decreased classical punctuative distribution of EGFP-LC3 in HepG2-EGFP-LC3
(d) and Huh7-EGFP-LC3 (f) cells 96 h post transfection. The percentage of GFP-punctuate-positive cells were quantified by counting cells in 10 independent areas. The results
were presented as mean value±S.E. from three independent experiments with each running in triplicate. **Po0.01
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suggesting that autophagy response as a survival signal
upon CRL/SCF inactivation. We next determined how
blockage of autophagy pathway enhanced growth-inhibitory
effect of ROC1 silencing. Morphological observation of
treated cells showed that combinational knockdown of

ROC1 with ATG5 or Beclin1 induced more cell death with
shrunk cellular morphology, a feature of cell apoptosis
(Supplementary Figure 5). Apoptosis assay using PI and
Annexin V-FITC double staining further revealed that
simultaneous knockdown of ROC1/ATG5 or ROC1/Beclin1

Figure 5 Sequential induction of autophagy and senescence by ROC1 silencing. (a–d) Sequential induction of autophagy and senescence by ROC1 silencing. HepG2-
EGFP-LC3 (a and c) or Huh7-EGFP-LC3 (b and d) cells transfected with siROC1 or siControl were subjected to autophagy analysis (a and b) by punctuative distribution of
membrane-associated lipidated EGFP-LC3 under fluorescence microscope and senescence analysis (c and d) by SA-b-gal staining at time points indicated. (e–h) Blockage
of autophagy pathway had no obvious effect on senescence induction upon ROC1 knockdown in liver cancer cells. HepG2 (e, g) and Huh7 (f, h) cells were transfected with
siRNAs as indicated and were subjected to IB analysis of expression of proteins indicated and senescence analysis with SA-b-gal staining 96 h post transfection. A total of 10
independent areas were analyzed to quantify percentage of GFP-punctuate-positive cells (a and b) or SA-b-gal-positively stained cells(c and d, g and h).The results were
presented as mean value±S.E. from three independent experiments with each running in triplicate
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indeed rendered ROC1-silenced cells to undergo apoptosis
in both cell lines (Figures 6c and d). Moreover, we found that
combinational knockdown of ROC1 with ATG5 or Beclin1
significantly enhanced caspase3 activation when compared
with ROC1 silencing alone (Figures 6e and f), as another
golden maker of apoptosis induction. These data demon-
strated that autophagy upon ROC1 knockdown serves as a
survival signal and blockage of autophagy pathway sensi-
tizes liver cancer cells to apoptosis.

ROC1 overexpression was observed in HCCs and
predicted a poor prognosis in HCC patients. To investi-
gate the clinical significance of ROC1 in liver cancers, we first
determined the expression of ROC1 in HCCs and adjacent

liver tissues by immunohistochemistry (IHC) staining of
human HCC tissue array containing 151 primary HCC
tissues and their adjacent liver tissues with a well-defined
anti-ROC1 antibody.12,13 As shown in Figure 7a, we found
that ROC1 was overexpressed in the tumor tissues (top
panels) compared with adjacent liver tissues (bottom
panels). Based upon the intensity of staining, we classified
the samples into four groups with increasing staining
intensity from weak (þ ) to the strongest (þ þ þ þ ;
Figures 7b and c). ROC1 expression was weak, falling into
groups 1 and 2, in a majority of adjacent normal tissues
(86%). But it was high, falling into groups 2–4 in a majority of
liver cancer tissues (85%; Figure 7c). We further quantified
the expression level of ROC1 in HCC tissues, as compared

Figure 6 Blockage of autophagy pathway enhanced growth-inhibitory effects of siROC1 by triggering apoptosis. HepG2 (a, c and e) and Huh7 (b, d and f) cells were
transfected with siRNAs as indicated for cell proliferation assay in 24–120 h (a and b), or for apoptosis assay by either annexin V and PI double staining (c and d) or by caspase
3 activation assay with the caspGLOW fluorescein active caspase-3 staining kit with FACS analysis (e and f) in 120 h. These data were representative results of at least two
independent experiments with similar trend
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with their adjacent liver tissues (a total of 24 paired cancers
versus adjacent samples) by immunoblotting (IB) analysis.
As shown in Figures 7d and e, the level of ROC1 in tumor
tissues was significantly higher than that in the surrounding
adjacent liver tissues from the same patient.
Finally, we analyzed the correlation of ROC1 expression

status (low expression for group 1(þ ) and 2(þ þ ) versus
high expression for group 3(þ þ þ ) and 4(þ þ þ þ )) with
clinicopathological features of HCC patients. We found that
the ROC1 expression in the HCC tissues was negatively
correlated with the survival rate of the patients (Figure 7f,
P¼ 0.027). Moreover, ROC1 expression seemed to be
positively correlated with (a) tumor size, as high level of
ROC1 expression was detected in 54 out of 87 tumors (62%)
with size 45 cm, but in 28 out of 64 tumors (44%) with size
o5 cm (Supplementary Table 1, P¼ 0.032); and (b) to a less

extent, pathological differentiation grade, as high level of
ROC1 expression was detected in 36 out of 56 tumors (64%)
with differentiation grade 3, but in 7 of 20 tumors (35%) with
differentiation grade 1 (Supplementary Table 1, P¼ 0.065).
However, no correlation between ROC1 expression and other
clinical parameters (e.g., age and tumor location) was
observed. Taken together, these findings suggested that
ROC1 overexpressionmay be required for liver tumorigenesis
or for the maintenance of its malignant phenotypes.
Thus, ROC1 overexpression has a potential to be developed
as a prognosis biomarker for liver cancer patients.

Discussion

Our recent study revealed that ROC1 is essential for the
growth and survival in a number of human non-hepatic cancer

Figure 7 ROC1 was overexpressed in HCCs and negatively correlated with patient survival. (a) IHC staining of human HCC tissue array using ROC1-specific antibody, as
described in Material and Methods. (b and c) Classification of samples according to the intensity of staining of ROC1 expression (n¼ 151; P¼ 0.001). (d) IB analysis to
determine expression of ROC1 in HCCs and adjacent liver tissues. A, adjacent liver tissues; T, HCC tumor tissues. Representative results of 12 out of 24 pair of tissues were
shown. (e) Quantification of ROC1 expression in HCCs and adjacent liver tissues (n¼ 24). (f) Correlation analysis of ROC1 expression status and patient survival (n¼ 75)
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cell models, as ROC1 knockdown caused sequential induc-
tion of G2/M arrest, senescence and apoptosis.10,13 Here, we
extended this work to liver cancer cells and found that ROC1
knockdown indeed remarkably suppressed growth and
survival of liver cancer cells with uniquemechanisms involving
G2/M arrest, senescence and autophagy, but not apoptosis.
This difference in apoptotic induction in different cancer lines
is most likely attributed to cell line-specific responses, but not
the induction of autophagy, as ROC1 knockdown induced
autophagy in all these cancer lines of hepatic lineage
(Figure 3) and non-hepatic lineage (Supplementary Figure 4
and data not shown). Interestingly, apoptosis only occurs
when autophagy is inhibited in liver cancer cells in response to
ROC1 knockdown (Figure 6).
Cellular senescence is amechanism to restrain proliferation

of potentially tumorigenic cells, and induction of senescence
in cancer cells has become a promising approach for cancer
therapy.18,25 In this study, we found that cell senescence
induced by ROC1 knockdown contributes to the growth
suppression of liver cancer cells. Consistently, recent studies
from our laboratory and other groups revealed that CRL/SCF
inhibition by MLN4924 also triggered cell senescence as
mechanism of growth suppression,26,27 indicating that induc-
tion of senescence is a general phenomenon of cancer cells in
response to CRL/SCF inactivation. However, unlike senes-
cence induced by ROC1 knockdown in H1299 and U87 cells
in which p21 was not involved,26 we found that ROC1
knockdown-induced senescence in liver cancer cells is largely
dependent on p21, as (a) p21 is significantly induced in
response to ROC1 knockdown, and (b) simultaneous
knockdown of p21 and ROC1 remarkably abrogated the
senescence. This apparent discrepancy is likely due to cell
line-dependent accumulation of CRL/SCF substrates in
response to ROC1 knockdown. Nevertheless, it is noteworthy
that senescence induced by CRL/SCF inhibitor MLN4924was
also attributable to p21 accumulation even in H1299 and U87
cells.26

ROC1 knockdown-induced senescence in liver cancer
cells seemed to occur in a p53-independent manner as
ROC1 silencing induced senescence in both wild type p53-
expressing HepG2 cells28 and mutant p53-containing Huh7
cells29 (Figure 2). Similarly, we previously reported that, in
other cancer cell lines, senescence induced by CRL/SCF
inactivation via either ROC1 knockdown or MLN4924 treat-
ment was also independent of p53.13,26 In addition, our recent
studies using multiple cancer lines indicated that senescence
induced by CRL/SCF inactivation is pRB-independent as
well.13,26 In this study, we noticed that ROC1 knockdown
reduced, but not increased the level of the tumor suppressor
pRB, which contributes to cell senescence induction in some
circumstances,25 further excluding the involvement of pRB in
ROC1 silencing-induced senescence in liver cancer cells.
Autophagy is a process of cellular stress response by which

some cytosolic materials are engulfed into autophagosome,
followed by lysosome-mediated degradation. In this study, we
made a novel observation that ROC1 knockdown induces
autophagy in liver cancer cells (Figure 3). In addition to liver
cancer cells, we found that autophagy could also be triggered
by ROC1 knockdown in multiple other cancer cell lines,
including Hela cervical cancer cells and H1299 human lung

cancer cells (Supplementary Figure 4). Moreover, we found
that CRL/SCF inactivation by MLN4924 triggers autophagy in
a broad spectrum of cancer cells as well.30,31 These findings
indicate that autophagy is a universal cellular response to
CRL/SCF inactivation, induced by either siRNA knockdown of
its essential components (such as ROC1) or small molecule
inhibitors (such as MLN4924).
Several recent studies implied that autophagy may regulate

senescence. Reports from Narita and colleagues14,15 sup-
ported a promoting role of autophagy in OIS in human diploid
fibroblasts. They found that autophagy was activated during
mitotic senescence transition and contributed to the induction
of senescence. Consistently, overexpression of autophagy-
related gene ULK3 induced autophagy and senescence.
Conversely, another report32 showed that autophagy impair-
ment via the depletion of ATG7, ATG12 or lysosomal-
associated membrane protein 2 genes could also induce
premature senescence in human diploid fibroblasts. The
apparent discrepancy arising from these studies suggests
that (a) potential regulation of senescence by autophagy could
be context-dependent with mechanism(s) remaining elusive;
and (b) autophagy response is not required for senescence
induction under some circumstances. In this study, we found
that the blockage of autophagy pathway had no obvious effect
on senescence induction upon ROC1 silencing (Figure 5).
A potential explanation of our results may be that ROC1
knockdown triggered autophagy and senescence indepen-
dently, resulting from accumulation of different sets of CRL/
SCF substrates. Indeed, we showed that accumulation of
Deptor or p21 is causally related to autophagy and senes-
cence, respectively (Figures 2 and 4).
It is well known that mTOR, as an evolutionarily conserved

serine/threonine kinase, integrates signals from growth
factors, nutrients and stresses to regulate cell survival and
autophagy whereas the inhibition of mTOR by genetic
inactivation or small molecule inhibitor triggers autophagy.
Recently, Deptor, a physiological inhibitor of mTOR, was well-
characterized as a substrate of CRL/SCF by three groups,
including our own,22–24 and siRNA knockdown of b-TrCP, an
F-box protein that binds to Deptor caused Deptor accumula-
tion to block mTOR signals, thus inducing autophagy.21 Here,
we reported that autophagy induced by ROC1 knockdown in
liver cancer cells is largely dependent on Deptor,
as evidenced by (a) notable accumulation of Deptor and
subsequent mTOR inactivation upon ROC1 knockdown, and
(b) more importantly, the notable rescue of autophagy
response by simultaneous Deptor knockdown. However, it
should be mentioned that other autophagy-regulated path-
ways may also be involved in autophagy response upon
ROC1 knockdown as Deptor knockdown alone failed to
completely abrogate autophagy response, an interesting
subject for future investigation.
Autophagy is initially considered as an adaptive pro-survival

program under cellular stresses. However, recent accumu-
lated data indicate that autophagy response could also have a
cell-killing but not cell-protective role under some cellular
stresses, which leads to autophagic cell death (also known as
type II programmed cell death).33,34 In this study, we found
that autophagy response upon CRL/SCF inactivation by
ROC1 knockdown seemed a survival signal, as blockage of
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autophagy pathways enhanced its growth-suppressive
effects and triggered massive apoptosis in liver cancer cells
(Figure 6). Similarly, we found that pharmaceutical inactiva-
tion of CRL/SCF by MLN4924 also triggered pro-survival
autophagy response in liver cancer cells,30 as well as in many
other human cancer cells press.31 The findings provide proof-
of-concept evidence for a novel drug combination of CRL/SCF
inhibitor and autophagy inhibitors for more effective cancer
therapy.
Another interesting finding of this study is that ROC1 is

overexpressed in liver cancer tissues and ROC1 overexpres-
sion is associated with poor prognosis of liver cancer patients.
Although descriptive, the finding suggests that ROC1 may
contribute to liver carcinogenesis or is essential for the
maintenance of malignant phenotypes of liver cancers. It is
logically assumed that cells with ROC1 overexpression
display a growth advantage and are likely selected for during
liver tumorigenesis, as ROC1-mediated degradation of tumor
suppressors (e.g., p21 and p27), and DNA replication
licensing proteins (e.g., CDT1 and ORC1) would accelerate
cell growth. Similarly, we found that other cancer cells are also
addicted to overexpression of ROC1, likely due to the fact that
ROC1 is the essential RING component of CRL/SCF E3
ligases that are required for the growth of cancer cells.10,13,26

Future work is directed to address this important issue
using in vivo mouse models with liver-specific deletion
and transgenic expression of ROC1. Furthermore, our study
also provided a basis for future development of ROC1 as a
prognosis biomarker for liver cancer.
In summary, our study suggested the following working

model. In liver cancer cells, ROC1 knockdown triggers
autophagy response mainly by Deptor accumulation to
maintain cell survival, while it induces senescence in p21-
dependent manner to inhibit cell growth. Blockage of
autophagy pathway sensitizes ROC1-silenced cells to apop-
tosis (Figure 8). Our study revealed a novel mechanism of
ROC1 knockdown by inducing survival autophagy and
suggested a rationale drug combination for effective treat-
ment of liver cancer with ROC1 inhibitor (e.g., MLN4924) and
an autophagy inhibitor.

Materials and Methods
Cell culture and reagents. Human liver cancer cell lines Huh-7 and Hep
G2 were obtained from the American Type Culture Collection (Manassas, VA,
USA) and the highly spontaneous metastatic human HCC cell line LM616,17 was
obtained from the Liver Cancer Institute, Zhongshan Hospital, Fudan University
(Shanghai, China). These cells were cultured in Dulbecco’s modified Eagle’s
medium (Hyclone), containing 10% fetal bovine serum and 1% Penicillin–
Streptomycin solution, at 371C with 5% CO2. CQ, BafA1 and 3-MA were
purchased from Sigma (St. Louis, MO, USA).

Immunoblotting. Cell lysates were extracted with cell lysis buffer (Beyotime,
Hangzhou, China) and the protein concentration in the lysates was quantified
using an Enhanced BCA Protein Assay Kit (Beyotime). Protein samples with 30–
50mg were loaded for IB, using antibodies against p16, p4EBP1, 4EBP1, p70s6k,
ATG5, Beclin1 (Cell Signaling Inc., Danvers, MA, USA), P53, p21, p-p70s6K
(Epitomics, Hangzhou, China), Rb (Santa Cruz Biotechnology, Santa Cruz, CA,
USA), LC3, Deptor (Sigma), ROC1 (Abcam, Hongkong, Hongkong) and Actin
(Kangwei, Shanghai, China).

IHC staining of human tumor tissue array. Human HCC tumor
tissue arrays were provided and IHC stained with ROC1-specific antibody
made against COOH-terminal peptide of human ROC1 (Abcam) by Shanghai
Biochip (Shanghai, China), using the DakoCytomation EnVisionþ System-
HRP (DAB) detection kit. Briefly, the tissue array sections in 5 mm were
dehydrated and subject to peroxidase blocking. ROC1 antibody was added at a
dilution of 1 : 200 and incubated at room temperature for 30 min on the Dako
AutoStainer (Carpinteria, CA, USA) using the DakoCytomation EnVisionþ
System-HRP (DAB) detection kit. The slides were counterstained with
hematoxylin. The stained slides were observed under microscope and images
were acquired.

HCC tissue collection and patient follow-up. Fresh HCC tissues and
their adjacent liver tissues were collected from 151 patients undergoing resection
of HCCs from February 2004 to December 2008 at Huashan Hospital.
HCC diagnosis was based on the World Health Organization criteria. Tumor
differentiation was defined according to the Edmondson grading system. The
detailed clinicopathological characteristics are given in Supplementary Table 1.
Ethical approval was obtained from the Research Ethics Committee of Huashan
Hospital, and written informed consent was obtained from each patient. Follow-ups
were terminated until 8 December 2011. The median follow-up was 59 months
(range, 2–90 months). During the follow-up period, a total of 76 patients were lost,
which meant 75 patients were eventually available at the final follow-up, giving a
follow-up rate of 49.6%.

siRNA silencing. Liver cancer cells were transfected with siRNA oligonucleo-
tides using Lipofectamine 2000.10,13 Briefly, siRNA and Lipofectamine 2000 were
each incubated separately with Opti-MEM for 5 min, mixed together for 20 min at
room temperature and then the mixture was applied to the cells plated in 4 ml of
medium (final concentration of siRNA is 60 nM). The sequences of siRNAs are as
follows: for ROC1,10,13,35 siROC1:50-GACTTTCCCTGCTGTTACCTAATT-30; siROC1-2:
50-CTGTGCCATCTGCAGGAACCACATT-30; for ATG5,36 siATG5: 50-GGATGAGATAA
CTGAAAGG-30; for Beclin 1,37 siBeclin 1: 50-CAGTTTGGCACAATCAATA-30;Deptor:
50-GCCATGACAATCGGAAATCTA-30; for Deptor,38 siDeptor-1: 50-GCCATGACAATCG
GAAATCTA-30, siDeptor-2: 50-GCAAGGAAGACATTCACGATT-30; and for control
scrambled siRNA, siControl: 50-TTCTCCGAACGTGTCACGTTT-30. All above siRNAs
were purchased from GenePharma (Shanghai, China). siRNA against p21 was
purchased from Cell Signaling Inc.

FACS analysis. Cells were harvested and fixed in 70% ethanol at � 201C
overnight, then stained with propidium iodide (36 mg/ml, Sigma) containing
400mg/ml RNAase (Roche, Mannhein, Germany) with shaking for 1 h and
analyzed by flow cytometry (CyAn ADP, Beckman Coulter, Brea, CA, USA) for cell
cycle profile and apoptosis analysis. The activation of caspase 3 was determined
by the CaspGLOW fluorescein active caspase-3 staining kit (BioVision, Milpitas,
CA, USA) according to the manufacturer’s instructions.

SA-b-galactosidase staining. The expression of senescence-associated
b-galactosidase (SA-b-gal) in cells was determined by SA-b-gal staining as
described.39

Figure 8 Working model. ROC1 silencing induced p21-dependent senescence
to suppress the growth of liver cancer cells, while it triggered autophagy as a survival
signal by inducing accumulation of Deptor as a CRL/SCF substrate. Blockage of
autophagy pathway via siRNA silencing of autophagy essential genes sensitized
cancer cells to apoptosis upon ROC1 silencing
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Cell proliferation and clonogenic assay. Cells transfected with the
indicated siRNAs were split 24 h post transfection, and seeded into 24-well plates
with 10 000 cells per well in quadruplicate for cell counting with TaiPan blue
staining at indicated time points, or seeded into 96-well plates with 2000 cells per
well in triplicate for CCK8 colorimetric assay40 (Dojindo) according to the
manufacture’s specifications. For clonogenic assay, the split cells were seeded
into six-well plates (100 cells per well) and cultured for 10 days. The colonies on
the plate were fixed with 4% paraformaldehyde, stained with crystal violet and
counted.

Establishment of Huh-7-EGFP-LC3 and Hep G2-EGFP-LC3
stable cell lines. Huh-7 and Hep G2 cells expressing EGFP-LC3 fusion
protein were established as described. Briefly, cells were seeded in six-well plates
and transfected with 3 mg pEGFP-LC3 plasmid using Lipofectamine 2000
(Invitrogen, Carlsbad, CA, USA). Cells with EGFP fluorescence were selected
by MoFlo XDP Cell Sorter (Beckman Coulter) and cultured in complete cell culture
medium containing G418 at 200mg/ml. The autophagy was measured by
appearance of punctate vesicle structure and photographed under fluorescence
microscope (Leica, Wetzlar, Germany).

AO staining. Quantification of autophagy by AO staining was performed as
described.41 Briefly, cells were transfected with siROC1 or control siRNA for 120 h
and stained with 1 mM AO in PBS solution at 371C for 15 min. Cells were washed,
re-suspended and subjected to FACS assays. Green (510–530 nm) and red
(650 nm) fluorescence emission from cells illuminated with blue (488 nm) excitation
light was measured by CyAn ADP (Beckman Coulter).

Tumor formation assay. Five-week-old female athymic nude mice were
purchased from the Shanghai Experimental Animal Center (Shanghai, China).
LM6 cells transfected with siROC1 or siControl for 24 h, were trypsinized,
resuspended in PBS and then subcutaneously injected into the right back for
siROC1 or left back for siControl with 106 cells per injection. Tumor size was
measured by a vernier caliper weekly and calculated as (length�width2)/2. All
procedures were performed in accordance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals.

Statistical analysis. The statistical significance of differences between
groups was assessed using the GraphPad Prism5 software, La Jolla, CA, USA.
The unpaired two-tailed t-test was used for the comparison of parameters between
two groups. We estimated the probabilities of overall survival rate according to the
Kaplan–Meier method. For all the tests, three levels of significance (Po0.05,
Po0.01 and Po0.001) were used.
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