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Introduction

Macroautophagy (hereafter referred to autophagy for simplic-
ity) is an evolutionarily conserved membrane process that results 
in the transporting of cellular contents to lysosomes for degra-
dation.1 Autophagy involves the formation of double-membrane 
vesicles, known as autophagosomes, which engulf intracellular 
contents such as mitochondria, endoplasmic reticulum, and 
ribosomes and fuse with lysosomes for degradation.2 Autophagic 
degradation is an important regulator of cellular homeostasis as 
this process mediates the turnover of defective organelles, mis-
folded or aggregated proteins, and certain long-lived molecules.3 
However, the role of autophagy extends beyond the general 
homeostatic removal, degradation, and recycling of damaged 

proteins and organelles to many specific physiological and patho-
logical processes such as tumorigenesis and cell death.4

The involvement of autophagy within the context of cancer 
is a double-edged sword. On the one hand, autophagy functions 
as a tumor suppression mechanism by removing damaged organ-
elles and proteins and preventing genomic instability that drives 
tumorigenesis. On the other hand, autophagy has been shown to 
promote the survival of tumor cells within the tumor microen-
vironment.5-8 For instance, several studies used genetic knockout 
mice to establish a link between autophagy and cancer devel-
opment. Loss of BECN1/Beclin 1 or SH3GLB1/BIF-1 resulted 
in tumor susceptibility in mice,9,10 while ectopic expression of 
BECN1 or UVRAG could repress the growth of human cancer 
cell xenografts.11,12 Given these dual effects, it is not surprising 
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Metabolic stress induces autophagy as an alternative source of energy and metabolites. Insufficient autophagy in 
nutrient-deprived cancer cells would be beneficial for cancer therapy. here, we performed a functional screen in search 
of novel autophagy regulators from natural products. We showed that oblongifolin c (Oc), a natural small molecule 
compound extracted from Garcinia yunnanensis hu, is a potent autophagic flux inhibitor. exposure to Oc results in an 
increased number of autophagosomes and impaired degradation of sQsTM1/p62. costaining of GFP-Lc3B with Lyso-
Tracker Red or LAMP1 antibody demonstrates that autophagosome-lysosome fusion is blocked by Oc treatment. Further-
more, Oc inhibits lysosomal proteolytic activity by altering lysosomal acidification and downregulating the expression 
of lysosomal cathepsins. Importantly, Oc can eliminate the tolerance of cancer cells to nutrient starvation. starvation 
dramatically increases the susceptibility of cancer cells to Oc-induced cAsP3-dependent apoptosis in vitro. subsequent 
studies in xenograft mouse model showed that Oc has anticancer potency as revealed by increased staining of cleaved 
cAsP3, Lc3 puncta, and sQsTM1, as well as reduced expression of lysosomal cathepsins. combined treatment with Oc 
and caloric restriction potentiates anticancer efficacy of Oc in vivo. collectively, these data demonstrated that Oc is a 
novel autophagic flux inhibitor and might be useful in anticancer therapy.
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that autophagy has implications in both genesis and treatment of 
malignant disease.5 Therefore, therapeutic modulation of auto-
phagy may serve as an important and challenging endeavor for 
cancer treatment.13,14

Autophagy is mainly regulated via a group of highly conserved 
autophagy-related (ATG) proteins, many of which were first iden-
tified from yeast, with most of them having orthologs in mam-
malian cells.15 MAP1LC3/LC3 (microtubule-associated protein 
1 light chain 3), a homolog of the yeast protein Atg8, serves 
as a marker protein for the autophagosome. Changes in auto-
phagy in live cells can be monitored by using a GFP-fused LC3 
(GFP-LC3) protein. The number of GFP-LC3 puncta is very low 
under normal conditions, but rapidly increases when autophagy 
is activated by rapamycin or stress.16 However, the increase of the 
GFP-LC3 level is not necessarily dependent on autophagy induc-
tion; it may be the result of a lysosomal defect and associated with 
the inhibition of autophagy. To confirm the function of chemi-
cals as either inducers or inhibitors of autophagy, additional assay 
criteria such as monitoring autophagic flux are required.17,18 The 
polyubiquitin binding protein SQSTM1/p62 (sequestosome 1) is 
selectively incorporated into phagophores, the precursor to auto-
phagosomes, through direct binding to LC3 and is efficiently 
degraded by autophagy; thus, the total cellular expression levels 
of SQSTM1 correlate with autophagic activity.18-20 Therefore, by 
using several different concurrent methods to accurately assess 
the status and function of autophagic activity in any given bio-
logical setting, more specific agents will be developed to modu-
late autophagy and subsequently for use in anticancer therapy. In 
addition, novel autophagy regulators may also help to unravel the 
complex mechanisms in autophagy signaling pathways.

Compounds from natural plants or microbes are important 
resources for drugs against a wide variety of diseases such as can-
cer, malaria, and infectious diseases. Many traditional Chinese 
medicines containing toxic compounds from plants exhibit 
antitumor effects and have been used for the different stages of 
cancer therapy.21 Garcinia species have been studied for more 
than 70 years and many bioactive compounds were identified 
with anticancer potentials. Xanthones, polycyclic polyprenylated 
acylphloroglucinols (PPAPs), and benzophenones are the main 
chemicals from Garcinia plants.22 Gambogic acid, a caged xan-
thone from Garcinia hanburyi, has been tested in vitro and in 
vivo as a novel anticancer agent that inhibits cell proliferation, 
angiogenesis, and metastasis.23-25 The PPAPs have been used in 
antiseptics, antidepressants, and antibiotics for centuries and 
their mimics also show fascinating biological activities.26,27 For 

instance, oblongifolin C (OC), a PPAP purified from G. yun-
nanensis Hu, can activate a mitochondrial apoptotic pathway 
in human cervical cancer cells.28 Guttiferone K (GK), a PPAP 
extracted from G. cowa, inhibits colon cancer cell growth 
through CDKN1A-mediated cell cycle arrest and finally stimu-
lates CASP3-dependent apoptosis.29 These studies all focused on 
apoptosis because this process is the major mechanism of can-
cer cell killing. To explore the diverse activities of natural com-
pounds, it will be interesting to use multiple screening platforms 
to investigate their functions and detailed mechanisms.

Here, we screened novel autophagic regulators from natural 
compounds extracted from Garcinia species by use of human 
cervical carcinoma HeLa cells stably expressing GFP-LC3. We 
report that OC is a novel autophagic flux inhibitor by blocking 
autophagosome-lysosome fusion and autophagic degradation. 
OC also inhibits lysosomal activity by altering lysosomal acidi-
fication and downregulating the expression of lysosomal cathep-
sins. Notably, OC efficiently sensitizes nutrient-deprived cancer 
cells to apoptosis in vitro. The anticancer activity of OC was also 
observed in a cervical cancer xenograft mouse model. OC-treated 
nude mice exhibited increased staining of cleaved CASP3, LC3 
puncta, SQSTM1, and reduced expression of lysosomal cathep-
sins. Our results suggest that screening for novel autophagy 
modulators from plants may be an efficient approach for the 
identification of lead compounds for anticancer drug discovery.

Results

A functional screen to identify novel autophagy regulators 
from natural products

To identify novel autophagy regulators, we performed a func-
tional screen using a cell-based assay. GFP-LC3B, a fluorescent 
autophagosomal marker, was stably expressed in HeLa cells. 
Autophagosome accumulation can be detected with a fluores-
cence microscope. We started the screen with polycyclic poly-
prenylated acylphoroglucinols (PPAPs) and xanthones extracted 
from Garcinia species.30-32 Interestingly, several compounds could 
induce GFP-LC3B puncta accumulation in HeLa cells (For intel-
lectual property protection reasons, the names and structures of 
these compounds are not shown; Fig. S1). Among all the tested 
compounds, 2 PPAPs, OC and GK, exhibited preferential activ-
ity to induce a GFP-LC3B puncta increase (Fig. 1A). By quan-
tifying the number of GFP-LC3B puncta in the cells, we found 
that OC is more active than GK to modulate autophagy, and the 
effect of OC was dose dependent in HeLa cells (Fig. 1B and D). 

Figure 1 (See next page). screen for novel autophagy regulators from natural compounds extracted from Garcinia species. (A) Accumulation of GFP-
Lc3B puncta in heLa cells treated with Oc (10 μM), GK (10 μM) or DMsO for 24 h. The distribution of GFP-Lc3B was examined by confocal microscopy. 
scale bar: 10 μm. (B) Percentage of cells with GFP-Lc3B puncta was quantified by analyzing the number of GFP-Lc3B dots in the cells. Data are shown as 
the mean ± sD of 3 independent experiments. (C) The molecular structure of oblongifolin c (Oc). (D) Quantification of GFP-Lc3B puncta-positive cells at 
different drug concentrations (5, 10, 20 μM). each sample was analyzed using a threshold of >10 dots/cell. Data are shown as the mean ± sD of 3 indepen-
dent experiments. (E) Oc increases the amount of Lc3B-II protein in a dose-dependent manner. heLa or MeF cells treated with different concentrations 
of Oc (2, 5, 10, 25 μM) for 24 h were analyzed by western blotting for endogenous Lc3B. GAPDh was used as a loading control. (F) ImageJ densitometric 
analysis of the Lc3B-II/GAPDh ratio from Lc3B immunoblots (mean ± sD of 3 independent experiments). * indicates a significant difference from the 
controls. **P < 0.01; ***P < 0.001; student t test. (G) Oc increases the amount of Lc3B-II in a time-dependent manner. heLa or MeF cells were treated 
with Oc at 15 μM concentration over a certain time course; samples were analyzed by western blotting for endogenous Lc3B and GAPDh. (H) ImageJ 
densitometric analysis of the Lc3B-II/GAPDh ratio from Lc3B immunoblots (mean ± sD of 3 independent experiments). * indicates a significant differ-
ence from the controls. *P < 0.05; student t test.
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The formula of OC is shown in Figure 1C. In addition, we tested 
the effect of OC on several human cancer cell lines, including 
HepG2 (a human liver carcinoma cell line), CNE (a human naso-
pharyngeal cancer cell line), HCT116 (a human colon carcinoma 
cell line), MCF7 (a human breast carcinoma cell line), as well as 
mouse embryonic fibroblasts (MEFs). Consistently, OC treatment 

resulted in a dramatic increase of GFP-LC3B puncta in these cell 
lines (Fig. S2A). Therefore, we chose OC for further study to elu-
cidate its mechanisms of action in modulating autophagy.

During autophagy, the cytoplasmic form LC3B-I (18 kD) 
is processed and recruited to phagophores, where LC3B-II  
(16 kD) is generated by site-specific proteolysis and lipidation 

Figure 1. For figure legend, see page 737.
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at the C-terminus. Thus the amount of LC3B-II positively cor-
relates with the number of autophagosomes. This characteristic 
conversion from endogenous LC3B-I to LC3B-II can be used 
to monitor autophagic activity. We examined the effect of OC 
on LC3B conversion in both HeLa and MEF cells. Immunoblot 
analysis showed that OC treatment resulted in dose- and 
time-dependent accumulation of LC3B-II in both cell lines 
(Fig. 1E–H). Similarly, the effect of OC on LC3B conversion 
was confirmed in MDA-MB-231, MCF-7, HCT116, HepG2 and 
CNE cells (Fig. S2B).

OC inhibits autophagic flux
Both induction and suppression of autolysosomal matu-

ration result in increased numbers of autophagosomes. To 

distinguish whether autophagosome accumulation is due to 
autophagy induction or rather a block in downstream steps, we 
performed an autophagic flux assay. SQSTM1 serves as a link 
between LC3 and ubiquitinated substrates. Inhibition of auto-
phagy correlates with increased levels of SQSTM1 in mammals 
and Drosophila, suggesting that steady-state levels of this protein 
reflect the autophagic status.33 We then examined the total cel-
lular amount of SQSTM1 that was delivered to the lysosomes 
for degradation. Immunoblot analysis showed that a remarkable 
increase of SQSTM1 was detected at 24 h after OC treatment 
(Fig. 2A and B), which reflects an inhibition of autophagic deg-
radation. Consistently, increased expression of SQSTM1 protein 
was observed in MDA-MB-231, MCF-7, HCT116, HepG2, and 

Figure 2. Oc inhibits autophagic flux. (A) heLa or (B) MeF cells were treated with Oc (15 μM) over a certain time period (4, 8, 12 and 24 h), samples were 
analyzed by western blotting for endogenous sQsTM1 and GAPDh. ImageJ densitometric analysis of the sQsTM1/GAPDh ratio from immunoblots 
were shown (mean ± sD of 3 independent experiments, student t test, *P < 0.05). (C) heLa or MeF cells were treated with Oc (15 μM) for 24 h. Relative 
SQSTM1/Sqstm1 mRNA levels (compared with GAPDH/Gapdh) was analyzed by quantitative RT-PcR. N.s., not significant. (D to E) heLa or MeF cells were 
treated with DMsO or Oc (15 μM) for 2 h in the presence or absence of 10 nM BAFA1 as indicated. Western blotting was performed to analyze the status 
of Lc3B, sQsTM1 and GAPDh. ImageJ densitometric analysis of the Lc3B-II/GAPDh and sQsTM1/GAPDh ratios from immunoblots is shown (mean ± sD 
of 3 independent experiments). N.s., not significant, student t test.
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CNE cells treated with OC (Fig. S2B). To determine whether 
OC-induced SQSTM1 protein accumulation is due to tran-
scriptional activation, we performed RT-PCR to access SQSTM1 
mRNA levels in the presence or absence of OC. As shown in 
Figure 2C, OC treatment did not alter SQSTM1/Sqstm1 mRNA 
levels in both HeLa and MEF cells.

The effect of OC on autophagic flux was evaluated by treat-
ing cells with an autophagic inhibitor. Bafilomycin A

1
 (BAFA1), 

a vacuolar-type H+-ATPase (V-ATPase) inhibitor, significantly 
increased the amount of LC3B-II and SQSTM1 in both HeLa 
and MEF cells. OC-induced accumulation of LC3B-II and 
SQSTM1 was not significantly enhanced in the presence of 
BAFA1 (Fig. 2D and E), indicating that OC inhibits degrada-
tion of the autophagic contents. We also investigated the effect 
of OC on starvation-induced autophagy. OC treatment resulted 
in a significant increase of LC3B-II upon nutrient starvation, 
which was similar to the result caused by BAFA1, suggesting that 
OC has the same effect as BAFA1 to inhibit starvation-induced 
autophagic flux (Fig. S3). Together, these observations indicate 
that OC is a potent autophagic flux inhibitor; OC-induced auto-
phagosome accumulation is due to impaired autophagic degrada-
tion rather than promoting autophagic flux.

OC blocks autophagosome-lysosome fusion
The final step of autophagy is the fusion of autophagosomes 

with lysosomes; inhibition of this process impairs autophagic 
degradation. To address whether OC affect autophagosome-
lysosome fusion, we examined the colocalization of GFP-LC3B 
and LysoTracker Red, a specific dye for live cell lysosome label-
ing. As a positive control, HeLa cells were cultured in EBSS 
medium to induce nutrient starvation. As shown in Figure 3A, 
starvation induced a remarkable increase of GFP-LC3B puncta, 
which were well colocalized with LysoTracker Red, suggesting 
that autolysosome formation process normally during starva-
tion upon autophagy activation. Hydroxychloroquine (HCQ), 
a lysosomotropic agent, can prevent endosomal acidification and 
block autophagosome-lysosome fusion. Notably, we found that 
OC-treated cells exhibited a significant separation of GFP-LC3B 
and LysoTracker Red staining (Fig. 3A and B). We used Pearson 
correlation coefficient (PCC) as a statistic to quantify the extent 
of colocalization of these 2 signals. PCC values near zero reflect 
distributions of probes that are uncorrelated with one another. 
Consistent with confocal microscopy observations, the PCC 
value of OC or HCQ treated cells was significantly lower than 
starvation treatment, indicating that both OC and HCQ impair 
the colocalization of GFP-LC3B and LysoTracker Red (Fig. 3C). 
The intensity of LysoTracker dye can be changed by pH altera-
tion; therefore we performed immunostaining with anti-LAMP1 
antibody, a marker for endosomal and lysosomal membranes. As 
illustrated in Figure 3D, GFP-LC3B was well colocalized with 
LAMP1 during starvation, while colocalization was abolished by 
OC or HCQ treatment.

OC inhibits lysosomal proteolytic activity
Recent studies reported that lysosomal dysfunction causes 

increases in ubiquitinated proteins; for example, CQ treat-
ment results in an increased level of ubiquitinated proteins.34,35 
Thus, we employed fluorescence microscopy to examine the 

accumulation of ubiquitinated proteins in OC-treated cells. 
MG132, a proteasome inhibitor, was used as a positive control. 
Compared with untreated cells, both OC and MG132 treatment 
resulted in increased levels of endogenous ubiquitin-staining 
(Fig. 4A). In addition, confocal images revealed that some GFP-
LC3B puncta colocalized with ubiquitinated proteins under OC 
treatment (Fig. 4B). We quantified the level of ubiquitinated pro-
teins and found that both OC and MG132 significantly induced 
the accumulation of ubiquitinated proteins in HeLa and MEF 
cells (Fig. 4C).

To monitor lysosomal activity during OC treatment, cells 
were assayed for their ability to process DQ-BSA. This BSA 
derivative is so heavily labeled that the red fluorophore is self-
quenched. Proteolysis of this compound results in dequenching 
and release of brightly fluorescent fragments. Thus, the use of 
DQ-BSA is useful for the visualization of intracellular proteolytic 
activity.36 As a positive control, cells were incubated in starvation 
medium (EBSS) for 2 h to stimulate lysosomal activity. As shown 
in Figure 4D, dequenching of DQ-BSA occurred in cells under 
nutrient starvation, and the red fluorescence was partially colo-
calized with GFP-LC3B, indicating that starvation stimulated 
lysosomal activity in autophagic compartments. In contrast, in 
BAFA1 or OC-treated cells, nearly no dequenching of DQ-BSA 
was observed. The basal and starvation-induced lysosomal activ-
ity was quantified by measuring the red fluorescence intensity 
of DQ-BSA. Compared with the control, both OC and BAFA1 
could reduce basal level and starvation-induced proteolytic activ-
ity (Fig. 4E).

OC raises the pH in acidic compartments
Lysosomal enzymes function optimally over a narrow range of 

acidic pH values, next we used the acridine orange (AO) to evalu-
ate the lysosomal pH.37 AO is a nucleic acid dye that accumulates 
in acidic spaces, such as lysosomes. Under low pH conditions, 
the dye emits red light when excited by blue light. As shown in 
Figure 5A, unlike the control, the red fluorescence was greatly 
reduced in both BAFA1- and OC-treated cells. To eliminate the 
possibility that the reduction of the red fluorescent signal was 
due to the decrease of AO loading, we calculated the ratio of 
fluorescent intensity from red and green channels in the cytosolic 
region. BAFA1 is a selective inhibitor of the V-ATPase, which can 
raise the pH of acidic compartments. Our measurements indicate 
that OC has a similar but moderate effect to regulate lysosomal 
acidification (Fig. 5B).

OC downregulates lysosomal cathepsins
Autophagy is a process involved in the proteolytic degrada-

tion of cellular macromolecules in lysosomes, which requires the 
activity of proteases.38 As the major lysosomal proteases, cathep-
sins play important roles to maintain cellular homeostasis and 
differentiation by recycling cellular contents. We next investi-
gated whether OC treatment affects the expression and activa-
tion of lysosomal cathepsins. First, we performed an RT-PCR 
assay to examine mRNA levels of 2 main cathepsins, CTSB 
and CTSD. OC treatment resulted in a significant reduction of 
CTSB mRNA expression while CTSD mRNA levels remained 
the same (Fig. 5C). Cathepsins are synthesized as inactive mem-
brane-associated precursors. The precursors are further cleaved to 
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generate an active form within endosomes or lysosomes.39 Then 
we evaluated whether OC affects protein expression and the mat-
uration process of CTSB and CTSD. As shown in Figure 5D, 
OC dramatically downregulated CTSB and CTSD protein levels 
in HeLa and CNE cells, including both precursors and mature 
forms. Finally we performed fluorogenic substrate assays to mea-
sure the enzymatic activity of CTSB and CTSD. Both CTSB and 
CTSD activities were reduced in a time-dependent manner upon 
OC treatment (Fig. 5E and F). Taken together, these results sug-
gest that OC inhibits lysosomal proteolytic activity by altering 
lysosomal pH and downregulating lysosomal cathepsins.

OC eliminates the tolerance of cancer cells to nutrient 
starvation

Cancer cells have the ability to tolerate extreme conditions, 
such as insufficient nutrient/oxygen supply, by modulating their 
energy metabolism. Metabolic stress induces autophagy as an 
alternative source of energy and metabolites. Insufficient auto-
phagy in nutrient-deprived cancer cells would be beneficial for 
tumor therapy. To investigate whether OC-mediated autophagy 
inhibition and lysosomal dysfunction affect cancer cell survival 
to nutrient starvation, we performed flow cytometry to quantify 
the sub-G

1
 population. Treatment with OC alone (1 μM or 5 

μM) in nutrient-rich medium (DMEM) was not toxic to HeLa or 
CNE cells, whereas in nutrient-deprived medium (EBSS), nearly 
20% of the sub-G

1
 cells were detected from low concentration 

(1 μM) OC-treated cells, and more than 75% of the cells were 

Figure 3. Oc blocks autophagosome-lysosome fusion. (A) heLa cells stably expressing GFP-Lc3B were treated with Oc (15 μM), hcQ (50 μM) for 8 h, or 
cultured in eBss medium for 2 h. Live cell images of GFP-Lc3B and LysoTracker Red were taken using Olympus confocal microscope. enlarged images are 
cropped sections from the merge panels (white dash borders) which showing the colocalization of 2 signals. scale bar: 10 μm. (B) MeFs were transiently 
transfected with GFP-Lc3B and cultured in complete medium with or without Oc (15 μM) for 8 h. The colocalization of GFP-Lc3B and LysoTracker Red 
was analyzed by confocal microscopy. enlarged images show the colocalization of the 2 signals. scale bar: 10 μm. (C) Quantification of Pearson correla-
tion coefficient as a statistic for quantifying colocalization. More than 30 cells were counted in each condition and data (mean ± sD) are representative 
of 2 independent experiments (student t test, **P < 0.01, ***P < 0.001). (D) Immunofluorescence of heLa GFP-Lc3B cells with anti-LAMP1 antibody. cells 
were treated with Oc (15 μM) or hcQ (50 μM) for 8 h, or cultured in eBss solution for 2 h. Fusion between autophagosomes (GFP-Lc3B) and lysosomes 
(anti-LAMP1) was evident in eBss-treated cells (yellow in merged images). A complete separation of green and red signals was observed in hcQ- and 
Oc-treated cells. scale bar: 10 μm.
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killed by a high concentration of OC (5 μM). For comparison, 
we evaluated the proapoptotic effect of other known autophagy 
inhibitors, such as HCQ and BAFA1. HCQ at high concentration  
(100 μM) was able to kill cancer cells even in the absence of 

nutrient starvation. At lower concentration (25 μM), it decreased 
the viability of nutrient-deprived cancer cells; the percentage 
of sub-G

1
 cells was nearly 15% in HeLa and CNE cells, which 

was less than seen with the low concentration of OC. BAFA1, a 

Figure 4. Oc suppresses lysosomal degradation and lysosomal activity. (A) Immunofluorescence of ubiquitin in heLa and MeF cells treated with Oc  
(15 μM) for 24 h or MG132 (10 μM) for 8 h. The fluorescence intensity of endogenous ubiquitinated protein in Oc- or MG132-treated cells was signifi-
cantly higher than control. scale bar: 10 μm. (B) colocalization of ubiquitin and GFP-Lc3B. heLa cells stable expressing GFP-Lc3B were treated with or 
without Oc (15 μM) for 24 h. cells were fixed and stained with anti-ubiquitin antibody. The images were acquired using a confocal microscope. scale 
bar: 10 μm. (C) Quantification of ubiquitinated protein. heLa or MeF cells treated with control, Oc or MG132 were fixed and stained with anti-ubiquitin 
antibody. Fluorescent images were acquired and the intensity was analyzed with ImageJ software. More than 100 cells were counted in each condition 
and data are presented as means ± sD from 2 independent experiments, and analyzed using the student t test (**P < 0.01). (D) heLa cells stably express-
ing GFP-Lc3B were incubated with DQ-BsA (10 μg/ml) for 12 h, the cells were then washed with PBs before being treated with 15 μM Oc or 5 nM BAFA1 
for 8 h. Alternatively, cells were starved in eBss solution for 2 h with or without Oc or BAFA1 treatment. The cells were fixed and analyzed for confocal 
microscopy. Data shown are representative images of control, eBss-, eBss/BAF1-, or eBss/Oc-treated samples. scale bar: 10 μm. (E) The fluorescence 
intensity of DQ-BsA was quantified with ImageJ software. More than 100 cells were counted in each condition and data are presented as means ± sD 
from 2 independent experiments, and analyzed using the student t test (**P < 0.01, ***P < 0.001).



www.landesbioscience.com Autophagy 743

proton pump blocker that potently inhibits lysosomal acidifica-
tion and subsequent proteolytic digestion, however, caused no sig-
nificant cytotoxicity at both low (2 nM) and high concentration  
(10 nM) in either complete medium or nutrient-deprived 

conditions (Fig. 6A and B). We also tested the susceptibility of 
noncancer cell lines such as MEFs to OC and starvation treat-
ment. Low concentration OC (1 μM) did not cause an obvi-
ous level of cell death upon nutrient starvation, whereas 5 μM 

Figure 5. For figure legend, see page 744.
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OC exhibited the same cytotoxic effect as seen with cancer cells 
(Fig. S4D).

We then examined the OC-induced apoptotic cell death 
pathway by immunoblot analysis. OC treatment resulted in 
CASP3 activation, PARP1 cleavage, accumulation of SQSTM1 
and LC3B-II in a concentration-dependent manner in both 
complete and nutrient-deprived medium, indicating that 
OC-mediated apoptosis is associated with autophagy inhibi-
tion (Fig. 6C and D). Starvation dramatically increased the 
susceptibility of cancer cells to OC-induced apoptosis. Low 
concentration OC (0.5 μM) could efficiently promote CASP3 
activation and PARP1 cleavage under nutrient-starved con-
ditions. However, when cells were cultured in nutrient-rich 

medium, even 10 μM OC was not able to efficiently activate 
CASP3 (Fig. 6C and D).

Next, we determined whether silencing the expression of auto-
phagy essential genes or lysosomal cathepsins can phenocopy the 
proapoptotic effect of OC in response to nutrient deprivation. 
Flow cytometry analysis showed that ATG5 or ATG7 siRNA did 
not affect the viability of HeLa cells under starvation treatment. 
However, depletion of ATG5 or ATG7 resulted in a significant 
increase of the sub-G

1
 population (12% and 15%, respectively) in 

starved CNE cells (Fig. S4A and S4B). Immunoblot results also 
confirmed that ATG5 or ATG7 siRNA could promote PARP1 
cleavage in nutrient-deprived CNE cells (Fig. S4C). In addition, 
we found that both HeLa and CNE cells transfected with CTSB 

Figure 5 (See previous page). Oc raises lysosomal ph and downregulates lysosomal cathepsins. (A) Acridine orange (AO) staining in control, Oc- (15 μM) 
or BAFA1 (10 nM)-treated heLa cells. Green fluorescence was acquired at ex 488 nm, em 520 to ~560 nm; red fluorescence was acquired with ex 488 nm, em 
620 nm long pass in Zeiss confocal microscope. (B) Quantification of red/green intensity ratio of (A). The ratio of red and green in the cytosolic region was 
calculated by columbus software. The hoechst staining area (nuclear region) was exclusive (student t test, *P < 0.05, **P < 0.01; ***P < 0.001). (C) Relative 
CTSB and CTSD mRNA levels (compared with GAPDh) were analyzed by quantitative RT-PcR. heLa cells were treated with control or Oc (15 μM) for 4 h, 8 h 
and 24 h, as indicated. Data are presented as means ± sD from 2 independent experiments, and analyzed using the student t test (*P < 0.05). (D) Western 
blotting analysis for the processing of endogenous cTsB and cTsD. p/i, precursor/intermediate; m, mature form of cTsB and cTsD. (E and F) enzymatic 
activity of cTsB and cTsD in Oc-treated heLa cells. cells were treated with DMsO or Oc (15 μM) at 4 h, 8 h and 24 h as indicated. enzymatic activity 
was analyzed by fluorogenic kits. Data are presented as means ± sD from 3 independent experiments and analyzed using the student t test (*P < 0.05,  
**P < 0.01).

Figure 6. Oc eliminates the tolerance of cancer cells to nutrient starvation. (A) Flow cytometry analysis of the sub-G1 population in Oc-treated cells. 
heLa or (B) cNe cells were treated with Oc (1 μM or 5 μM), hcQ (25 μM or 100 μM) or BAFA1 (2 nM or 5 nM) and cultured in either complete medium 
(DMeM with serum) or nutrient-deprived medium (eBss without serum) for 24 h. The cells were fixed and stained with propidium iodide. (C) heLa or (D) 
cNe cells cultured in DMeM or eBss medium were treated with a certain amount of Oc for 24 h. samples were analyzed by western blotting for cleaved 
cAsP3, PARP1, Lc3B, and sQsTM1. GAPDh was used as a loading control.
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or CTSD siRNA were not more sensitive to starvation-induced 
apoptosis than control cells (Fig. S5A and S5B). Collectively, 
these data indicate that OC can eliminate the tolerance of cancer 
cells to nutrient starvation; the rapid killing of nutrient-deprived 
cancer cells by OC is not mediated solely by autophagic flux inhi-
bition and lysosomal dysfunction.

Caloric restriction enhances the anticancer activity of OC 
in vivo

To determine the anticancer activity of OC in vivo, nude mice 
were injected with human cervical cancer cells and then adminis-
trated OC, or vehicle control. Tumor volume and mass increased 
dramatically in the control group, whereas tumor growth was 
significantly less prominent in OC-treated mice (Fig. 7A–C). 
Caloric restriction is the most physiological inducer of auto-
phagy.40,41 Therefore, we investigated the therapeutic potential 
of combined treatment with OC and caloric restriction in a 

xenograft mouse model. As reported previously, caloric restriction 
significantly reduced tumor size and weight.42,43 Interestingly, 
in animals exposed to a combination of OC and caloric restric-
tion, tumor size, and tumor weight were significantly lower 
than other groups (Fig. 7A–C). The ability of OC to enhance 
the anticancer effect of nutrient deprivation is very similar to the 
autophagy inhibitor chloroquine (CQ), which can rapidly kill 
serum-starved cancer cells in vitro and inhibit melanoma growth 
in calorie-restricted mice.42

Finally, we performed immunohistochemistry to detect the 
levels of LC3B, cleaved CASP3, SQSTM1, CTSB, and CTSD. 
As shown in Figure 7D, LC3B staining was diffusely distributed 
in the cytoplasm, and no LC3B puncta staining was observed 
in control mice. However, staining of tumor tissue for LC3B 
from OC-treated mice revealed that puncta indicative of auto-
phagosomes could clearly be detected. A large number of cells 

Figure 7. Oc exhibits anticancer activity in cervical cancer xenograft. (A) Four-wk-old nude mice were engrafted with heLa cells and randomly divided 
into 4 groups. Tumor-bearing mice were then treated with vehicle, Oc (30 mg/kg), caloric restriction (cR, 70% food intake) and Oc+caloric restriction 
(Oc+cR, 30 mg/kg Oc with 70% food intake) (n = 8) by i.p. once a day for a total of 5 wk. Tumor volumes were calculated by the length and width mea-
sured by vernier calipers every 2 d. (B) The weight of tumors from mice from (A). Vehicle (mean: 423.5 mg; median: 410.0 mg; range: 130.0 to 910.9 mg), Oc 
(mean: 212.5 mg; median: 150.2 mg; range: 30.0 to 270.0 mg), cR (mean: 152.5 mg; median: 135.0 mg; range: 50.0 to 360.0 mg) and Oc+cR (mean: 75.0 mg; 
median: 65.0 mg; range: 40.0 to 100.0 mg). Tumors were resected and weighed 1 d after the final injection. (C) Images for representative tumors from (B). 
(D) Immunohistochemical staining for Lc3B, cleaved cAsP3, sQsTM1, csTB, and csTD in tumor sections treated with vehicle or Oc. Four-wk-old nude 
mice were engrafted with heLa cells and observed until tumors reached ~100 mm3. Tumor-bearing mice were then treated with vehicle or Oc (12 μg) by 
intratumoral once every 2 d for a total of 7 injections. Mice were killed and tumors were resected 2 d after the final injection. Panels are representative 
overview images taken at 400× magnification. Panels with dashed borders are cropped sections from the overview panels.
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exhibited increased staining of cleaved CASP3, indicating that 
OC induced CASP3-dependent apoptosis in vivo. Moreover, a 
significant increase of SQSTM1 and decrease of CTSB/CTSD 
were observed in further sequential sections from the same tissue 
block in OC-treated mice (Fig. 7D). In summary, these results 
indicate that OC-mediated inhibition of tumor growth is asso-
ciated with autophagy inhibition, lysosome dysfunction, and 
apoptosis.

Discussion

Cancer cells have the ability to tolerate extreme conditions, 
and autophagy-related stress tolerance enables cancer cells to sur-
vive by maintaining energy production that can lead to tumor 
growth and therapeutic resistance. As autophagy is clearly a 
survival pathway utilized by tumor cells to survive metabolic 
stress, inhibition of autophagy may be therapeutically useful.44-46 
Recently, numerous preclinical studies have demonstrated that 
inhibition of autophagy restores chemosensitivity of a broad array 
of anticancer agents and enhances tumor cell death.47-50 CQ, 
HCQ, and lucanthone are the only clinically relevant autophagic 
inhibitors being used for cancer therapy.14 Therefore, novel inhib-
itors of autophagy with a lower toxicity and a better therapeutic 
index are needed.

Compounds from natural plants or microbes are important 
resources for drugs against a wide variety of diseases including 
cancer. Many traditional Chinese medicines containing toxic 
compounds from plants exhibit antitumor effects and have been 
used for treating different stages of cancer. In this report, we sys-
tematically investigated the inhibitory effect of OC on autophagy 
and its consequence on the crosstalk with apoptosis. Using several 
different approaches, we show that OC inhibits autophagic flux 
by blocking autophagosome-lysosome fusion and inhibiting the 
lysosomal proteolytic activity. Notably, we demonstrate that OC 
can efficiently sensitize nutrient-deprived cancer cells to apop-
tosis both in vitro and in vivo. Based on the above, our research 
indicates that screening novel autophagy modulators from natu-
ral products might be an efficient approach for the identifica-
tion of novel autophagic flux inhibitors and lead compounds for 
cancer therapy.

To fully understand the possible mechanism of OC on auto-
phagy inhibition, we examined the different actions of OC 
on autolysosome formation and lysosomal proteolytic activ-
ity. LysoTracker Red and GFP-LC3B costaining show that the 
fusion of autophagosomes and lysosomes is severely impaired by 
the action of OC (Fig. 3). It has been reported previously that 
the process of autophagosome-lysosome fusion depends on the 
pH in acidic compartments.37 Results from AO staining indicate 
that OC-mediated blockage of autophagosome-lysosome fusion 
might be due to a rise of lysosomal pH (Fig. 5A and B). However, 
recent studies suggest that lysosomal positioning proteins, TFEB 
(transcription factor EB) and RAB7 can affect autophagosome-
lysosome fusion.51-53 Thus, other factors may also contribute to 
the inhibitory effect of OC on autophagosome-lysosome fusion. 
Autophagy is executed inside the lysosomal compartment, the 
efficiency of lysosomal degradation determines autophagic flux.38 

DQ-BSA is a specific marker that can be used to localize lyso-
somal degradation activity. Our data report that OC inhibits 
both basal level and starvation-induced lysosomal proteolytic 
activity (Fig. 4D and E). CTSB and CTSD are the most abun-
dant lysosomal proteases and participate directly in the execution 
of autophagy.54 Results from both RT-PCR and western blotting 
demonstrate that OC downregulates the expression of CTSB and 
CTSD. Moreover, in vitro cathepsin substrate assays show that 
OC dramatically reduces the activity of CTSB and CTSD, thus 
leading to the inhibition of lysosomal activity (Fig. 5C–F). These 
findings highlight the fact that OC exerts different actions as an 
autophagic flux inhibitor.

Apart from macroautophagy, both chaperone-mediated auto-
phagy (CMA) and microautophagy also involve the proteolytic 
lysosomal pathway.38 These 3 types of autophagy act together in 
cells to deliver cytosolic components into lysosomes. It might 
be possible that OC inhibits lysosomal degradation activity via 
CMA or microautophagy. We performed DQ-BSA and in vitro 
cathepsin substrate assays in both wild-type and autophagy-
deficient atg7−/− MEF cells. The results indicate that OC inhibits 
lysosomal activity to the same extent in wild-type and atg7−/− 
cells (Fig. S6). Thus, it remains possible that OC works through 
general inhibition of lysosomal function, like HCQ or BAFA1. 
While acting as an inhibitor of macroautophagy, OC would also 
likely affect CMA and microautophagy.

Apoptosis is the best described form of programmed cell 
death and involves the activation of a family of cysteine pro-
teases. Based on the appearance of cleaved CASP3 from both 
culture conditions and tumor tissues from nude mice, we dem-
onstrated that OC efficiently sensitizes nutrient-starved cancer 
cells to apoptosis both in vitro and in vivo. Similarly, a known 
lysosomotropic autophagy inhibitor, HCQ, exhibits a similar but 
moderate proapoptotic effect in serum-starved HeLa and CNE 
cells. Moreover, silencing the expression of ATG5 or ATG7 can 
promote apoptosis in nutrient-starved CNE cells (Fig. S4). These 
findings suggest that OC-mediated inhibition of autophagic flux 
may help to sensitize nutrient-deprived cancer cells to apoptosis in 
some cell types. However, apoptosis via autophagy inhibition and 
lysosomal dysfunction is not solely responsible for OC-induced 
apoptosis. Specific silencing of ATG genes does not significantly 
contribute to starvation-mediated apoptosis in HeLa cells. In 
addition, knocking down the expression of CTSB or CTSD does 
not sensitize HeLa and CNE cells to apoptosis upon nutrient 
starvation (Fig. S5). Notably, BAFA1, a specific inhibitor of the 
V-ATPase, which has been shown to pharmacologically inhibit 
autophagy and lysosomal functions, has a very weak effect on 
apoptosis in serum-starved HeLa and CNE cells. Furthermore, 
we observed that OC induced CASP3-dependent apoptosis in 
autophagy deficient atg7−/− MEFs (unpublished data). A recent 
study also reports that the autophagy inhibitor chloroquine (CQ) 
can sensitize breast cancer cells to chemotherapy independent of 
autophagy.55 Based on these facts, it could be that sensitization to 
apoptosis and inhibition of lysosomal proteolytic activity/auto-
phagic flux are 2 different mechanisms of OC action.

CTSB and CTSD are of significant importance for cancer 
therapy as they are involved in various pathologies and oncogenic 
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processes in cancer.56,57 In cancer patients, elevated CTSB activ-
ity correlates with poor therapy outcome. Therefore, it is neces-
sary to develop CTSB inhibitors, and some of them (cyctatins, 
CA-074, etc.) are able to reduce cancer cell motility and invasive-
ness.58,59 Similarly, CTSD can act as a mitogen on both cancer 
and stromal cells to stimulate their proinvasive and prometastatic 
properties.57 CTSD inhibitors not only show promising effects 
for cancer therapy but also some other diseases such as hyperten-
sion and atherosclerosis. Our results suggest OC severely inhibits 
the expression and activation of CTSB and CTSD, which might 
be related to cancer cell killing. Further investigation is needed 
to elucidate the detailed mechanism of OC acting on lysosomal 
cathepsins.

Materials and Methods

Cell lines and cell culture
HeLa, HCT116, CNE, MCF7, MDA-MB-231, HepG2, 

and MEF cells were maintained in Dulbecco’s modified Eagle’s 
medium (Gibco/Invitrogen, 12800-017) supplemented with 10% 
fetal bovine serum (PAA, A15-101), 10 U/ml penicillin-strepto-
mycin (Gibco/Invitrogen, 15140-122) at 37 °C in a humidified 
5% CO

2
 incubator. For nutrient starvation, HeLa or CNE cells 

cultured in DMEM were washed 3 times with PBS (137 mM 
NaCl, 2.7 mM KCl, 8 mM Na

2
HPO

4
, 2 mM KH

2
PO

4
, pH 7.4), 

then cultured in Earle’s Balanced Salt Solution (EBSS, Sigma, 
E6132) for the indicated time points.

GFP-LC3B translocation and quantitative analyses
MEF, HeLa, CNE, HCT116, MCF7, and HepG2 cells were 

transfected with pEGFP-LC3B plasmid using lipofectamine 
2000 (Invitrogen, 11668-019). One day after transfection, cells 
were treated with 10 μM OC for 24 h prior to fixation. Image 
acquisition was done using an Olympus FV1000 (Olympus) con-
focal microscope. The number of GFP-LC3B dots was counted 
from at least 150 cells from randomly placed positions within 
each sample.

Live cell imaging and colocalization analysis
For LysoTracker Red staining, HeLa or MEF cells grown on 

coverslips were stained with 50 nM LysoTracker Red DND-99 
(Molecular Probes/Invitrogen, L7528) in prewarmed medium 
for 20 min at 37 °C. All of the samples were examined under an 
Olympus FV1000 confocal microscope equipped with a 63 × oil 
immersion objective. The confocal images were acquired using 
FV10-ASW 2.0 software. Calculation of Pearson correlation 
coefficient was applied to quantify colocalization. PCC was cal-
culated by FV10-ASW 2.0 software between the stack of images 
from 2 channels.

Immunocytochemistry.
Cells were fixed in 4% paraformaldehyde in PBS for 15 min 

followed by permeabilization with 0.25% Triton X-100 in PBS 
for 10 min at room temperature. Fixed preparations were blocked 
with 3% BSA in PBS for 1 h, then incubated with primary anti-
bodies against LAMP1 (Cell Signaling Technology, 9091) or 
ubiquitin (Cell Signaling Technology, 3936) for 1 h. The stained 
cells were washed and incubated with Alexa Fluor-conjugated 
secondary antibodies (Alexa Fluor 488 goat anti-rabbit or Alexa 

Fluor 555 goat anti-mouse, Invitrogen, A11008 and A21422) for 
1 h. 4′,6-diamidino-2-phenylindole (DAPI) was used to stain 
nuclei. All steps were performed at room temperature. Images 
were captured using an Olympus FV1000 confocal microscope.

Flow cytometry.
Cells were treated with OC, hydroxychloroquine sulfate 

(Sigma, H0915), or bafilomycin A
1
 (Sigma, B1793) and then 

cultured in complete (DMEM with serum) or nutrient-deprived 
medium (EBSS) for 24 h. The cells were fixed in 70% ethanol 
in PBS overnight. For cell cycle distribution, cells were counter-
stained with propidium iodide (Sigma, P4170) and analyzed for 
DNA content by use of a BD Influx™ (BD Biosciences) flow 
cytometer.

Western blotting
Cells were lysed in ice-cold whole cell extract buffer  

(50 mM TRIS-HCl, pH 8.0, 4 M urea and 1% Triton X-100), 
supplemented with complete protease inhibitor mixture (Roche 
Diagnostics, 04693132001). Cell extracts were resolved by 
SDS-PAGE and transferred to a nitrocellulose membrane. After 
blocking with 5% nonfat milk in Tris-buffered saline (50 mM 
TRIS-HCl,pH 7.5, 150 mM NaCl) containing 0.2% Tween 
20, the membranes were probed with the following antibodies: 
LC3B (sigma, L7543), SQSTM1/p62 (MBL, PM045), GAPDH 
(Proteintech, 10494-1-AP), CASP3 (Cell Signaling Technology, 
9962). Following incubation with horseradish peroxidase coupled 
secondary anti-mouse (KPL, 074-1806) or anti-rabbit antibodies 
(KPL, 474-1506), protein bands were visualized using ECL blot-
ting detection reagents (KPL, 54-61-00).

Acridine orange staining
Cell staining with acridine orange (AO; Molecular Probes/

Invitrogen, A1301) was performed according to the protocol 
from the manufacturer, adding a final concentration of 5 μg/
ml for a period of 10 min (37 °C, 5% CO

2
). After washing with 

PBS 3 times, photographs were obtained using a confocal micro-
scope (Zeiss Observer Z1, Carl Zeiss) equipped with an argon 
laser (excitation wavelength 488 nm), and a 40× objective lens. 
AO produces red fluorescence (emission filter 620 nm long pass) 
in lysosomal compartments, and green fluorescence (emission 
between 520 and 560 nm) in the cytosolic and nuclear compart-
ments. The red and green intensity ratio in exclusive nuclear 
region was analyzed by Columbus software (Version 2.3.1).

DQ-BSA staining
Cells were incubated with DQ-BSA (DQTM Red BSA, 

Molecular Probes/Invitrogen, D-12051) at a concentration of  
10 μg/ml for 12 h (37 °C, 5% CO

2
). The cells were then washed 

3 times with PBS before being treated with 15 μM OC or 5 nM 
BAFA1 for 8 h or starved in EBSS for 2 h. The cells were fixed 
and photographs were obtained using an Olympus FV1000 
confocal microscope with excitation at 542 nm and emission at  
600 nm long pass.

Cathepsin activity assay
The catalytic activities of cathespins were determined by CTSB 

and CTSD activity fluorometric assay kits (BioVision, K140-100, 
K143-100,). Briefly, 2 × 106 cells were collected by centrifugation 
and lysed in 200 μl of chilled cell lysis buffer. Then 50 μl of cell 
lysate was transferred into 96-well plates, mixed with reaction 
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buffer and substrate, and incubated at 37 °C for 2 h. The samples 
were read in a fluorometer with 400 nm excitation and 505 nm 
emission filters. The activity was normalized with the samples’ 
protein concentration.

RNA isolation and quantitative RT-PCR
Total RNA isolation was performed using Trizol reagent 

(Beyotime, R0016) following the manufacturer’s protocol. 
Reverse transcription PCR was done using PrimeScript RT 
reagent kit (TaKaRa, DRR037A). qPCR analysis was performed 
in a Verti Thermal Cycler (Applied Biosystem, Life Technologies) 
using SYBR Green Real Time PCR kit (TOYOBO, QPK-201). 
Data collection was performed using a StepOne Plus Real-Time 
PCR System Thermal Cycling Block (Applied Biosystems, Life 
Technologies). Primers for qPCR reactions were as follows:

SQSTM1 (human): 5′-GAACTCCAGT CCCTACAGAT 
GCC-3′, 5′-CGGGAGATGT GGGTACAAGG-3′; Sqstm1 
(mouse): 5′-AAGAGTAACA CTCAGCCAAG CAGC-3′, 
5′-ATCTGTTCCT CTGGCTGTCC C-3′; CTSB (human): 
5′-AACACGTCAC CGGAGAGATG A-3′, 5′-CCCAGTCAGT 
GTTCCAGGAG TT-3′; CTSD (human): 5′-GGCTCTGTGG 
AGGACCTGAT TG-3′, 5′-CGATGCCAAT CTCCCCGTAG 
TA-3′; GAPDH (human): 5′-TGTTGCCATC AATGACCCCT 
T-3′, 5′-CTCCACGACG TACTCAGCG-3′; Gapdh (mouse): 
5′-ACAACTTTGG CATTGTGGAA-3′, 5′-GATGCAGGGA 
TGATGTTCTG-3′.

Tumorigenesis in nude mice.
Four-wk-old BALB/c nude mice ages were purchased from 

the Experimental Animal Center of the Chinese Academy of 
Science (Shanghai, China) and kept in a pathogen-free envi-
ronment at the Experimental Animal Center in the Shanghai 
University of Traditional Chinese Medicine. Approximately 2 × 
106 HeLa cells were injected into the left and right sides of the 
animals. Five days after tumor cell implantation (2 × 106 HeLa 
cells per mouse) all mice were randomly divided into 4 groups 
(n = 8 per group): 1) Vehicle (normally fed, receiving daily i.p. 
saline), 2) OC (normally receiving daily i.p. 30 mg/kg of OC), 
3) caloric restriction (CR) (fed with 70% of their normal food 
intake, receiving daily i.p. saline), and 4) OC+caloric restriction 

(calorie-restricted mice receiving daily i.p. 30 mg/kg of OC). At 
the end of the experiment (5 wk after tumor implantation), the 
mice were sacrificed and the tumor weight of each animal was 
analyzed.

Immunohistochemistry
Tumors were resected immediately after euthanasia and 

fixed in 10% neutral buffered paraformaldehyde at 4 °C for 
48 h. Selected samples were embedded in paraffin, sectioned 
and stained with hematoxylin and eosin (Sinopharm Chemical 
Reagent Co., Ltd.), cleaved CASP3 (Biosynthesis Biotech, bs-
0087R), LC3B (Sigma, L7543), SQSTM1/p62 (Medical and 
Biological Laboratories, PM045), CTSB (Abcam, 2487-1) and 
CTSD (Abcam, 3547-1). The primary antibodies were used at 
1:100 for cleaved CASP3, 1:200 for LC3, 1:1000 for SQSTM1, 
1:500 for CTSB and 1:100 for CTSD. The sections were finally 
mounted with D.P.X mountant (Sigma, 317616) for histology 
analysis.

Statistical analysis
All results were expressed as means ± SD of 3 independent 

experiments. Statistical analyses were performed using the 
Student 2-tailed t test. Values of *P < 0.05 were considered to be 
significant.
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