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A B S T R A C T   

Cervical cancer is one of the most common gynecological malignancies with poor prognosis due to constant 
chemoresistance and repeated relapse. Ciclopirox olamine (CPX), a synthetic antifungal agent, has recently been 
identified to be a promising anti-cancer candidate. However, the detailed mechanisms related to its anti-cancer 
effects remain unclear and need to be further elucidated. In this study, we found that CPX could induce pro-
liferation inhibition in cervical cancer cells by targeting PARK7. Further results demonstrated that CPX could 
induce cytoprotective autophagy by downregulating the expression of PARK7 to activate PRKAA1 or by PARK7- 
independent accumulation of ROS to inhibit mTOR signaling. Meanwhile, CPX treatment increased the glycogen 
clustering and glycophagy in cervical cancer cells. The presence of N-acetyl-L-cysteine (NAC), a ROS scavenger, 
led to further clustering of glycogen in cells by reducing autophagy and enhancing glycophagy, which promoted 
CPX-induced inhibition of cervical cancer cell proliferation. Together, our study provides new insights into the 
molecular mechanisms of CPX in the anti-cancer therapy and opens new avenues for the glycophagy in cancer 
therapeutics.   

1. Introduction 

Cervical cancer is one of the most common cancers in women, and its 
morbidity and mortality rank fourth among female malignancies. In 
2020, about 604,000 cases and 342,000 deaths of cervical cancer were 
reported worldwide and the morbidity and mortality in China accounted 
for 18% and 17%, respectively [1,2]. The incidence of cervical cancer 
has been on the rise in recent years, especially among young adult 
women. Standard treatments for cervical cancer include surgery, 
chemotherapy, and radiotherapy. Despite recent advances, the 
long-term prognosis of cervical cancer remains poor because of resis-
tance and recurrence [3]. Consequently, there is an urgent need to 
develop novel targeted therapeutic agents for cervical cancer to improve 

the survival rates. 
Ciclopirox olamine (CPX) is a synthetic antifungal agent and iron 

chelator that has been used to treat the mycoses of the skin and nails for 
decades. Recent preclinical and clinical studies have shown that CPX 
also possesses promising anti-cancer activities [4–6]. Our previous study 
has demonstrated the anti-colorectal cancer effects of CPX by inducing 
cell apoptosis and inhibiting cell proliferation, which is mediated by the 
down-regulation of PARK7 and the accumulation of ROS [5]. In addi-
tion, CPX can also exert its anti-cancer activity by suppressing cell 
migration and invasion [7]. Notably, pharmacological and toxicological 
profiles from preclinical and clinical studies support that systemic 
administration of CPX is feasible and safe for cancer treatment [8]. 
However, the detailed molecular mechanisms of CPX in cervical cancer 
remain to be further elucidated. 
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PARK7, a member of the PARK7/ThiJ/PfpI protein superfamily, is a 
pathogenic gene for familial Parkinson’s disease [9,10], and is generally 
recognized as an oxidative stress sensor with antioxidant and neuro-
protective effects [11]. Increasing evidence suggested that PARK7 also 
plays a critical role in tumor development and progression [12]. PARK7 
has been identified as a prognostic marker for patients with colorectal 
cancer, liver cancer, and pancreatic cancer. Patients with high PARK7 
expression often have a poor prognosis [13–15]. Thus, it is interesting to 
explore the functional role of PARK7 in cervical cancer. 

Autophagy is a lysosome-dependent catabolic pathway by which 
damaged or senescent organelles are removed. Autophagy plays an 
important role in the regulation of cancer progression and in deter-
mining the response of tumor cells to stress induced by chemotherapy. 
However, the role of autophagy in cancer therapy is multifaceted, 
depending on the cell type, microenvironment and the stage of tumor 
development [16–18]. Cytoprotective and cytotoxic functional forms of 
autophagy have been described to date, of which cytoprotective auto-
phagy is more frequent in response to chemotherapy. A series of evi-
dence implicated that autophagy can enhance the acquired resistance of 
cancer cells during chemotherapy, resulting in the limited effectiveness 
of many anti-cancer drugs, which suggests that autophagy could be a 
potential target for cancer treatment [19–21]. Up to know, more than 20 
different types of selective autophagy have been found according to 
different types of cytoplasmic contents, such as glycophagy, mitophagy 
and lysophagy [22]. A recent study reported the involvement of glyco-
phagy in cancer regulation, which further indicates that aberrant auto-
phagy selectivity is highly correlated with human cancers. STBD1, the 
adaptor protein which targets glycogen particles for their degradation 
through glycophagy, inhibits tumor growth via modulating glycophagy 
and inhibiting the metabolic reprogramming in cancer cells [23]. These 
findings open new avenues of selectively targeted autophagy for cancer 
therapeutics. 

As the largest macromolecule in the cytosol, glycogen is stored pri-
marily in the liver and muscle cells for energy reserves in mammals [24]. 
Synthesis and breakdown of glycogen is mainly accomplished by 
glycogen synthase (GYS1) and glycogen phosphorylase (PYGL). 
Loss-of-function mutations in glycogenolysis enzymes lead to glycogen 
storage diseases (GSDs), marked hepatomegaly, and development of 
hepatocellular adenomas and carcinomas [24–26]. Glycogen meta-
bolism is closely related to tumor aggressiveness and the survival of 
cancer cells [27]. The accumulation of glycogen has been reported to 

block the activities of Hippo signal and consequently activates YAP1, 
which promotes liver enlargement and cancer development [28]. 
Several studies also showed that glycogen is accumulated to improve 
several types of tumor cell survival under hypoxia or other stress con-
ditions [29–31]. In addition, glycogen has been reported to be a sensi-
tive indicator of the responsiveness of cervical cancer to treatment and 
no glycogen clustering was observed in patient cells with a poor 
response to chemotherapy [32]. 

In this study, we found that CPX inhibited the proliferation of cer-
vical cancer cells by targeting PARK7. CPX also induces cytoprotective 
autophagy through PARK7-induced activation of PRKAA1 and PARK7- 
independent accumulation of ROS. Notably, we found the important 
role of ROS in the regulation of glycogen clusters, glycophagy and 
inactivation of YAP1 and their involvement in CPX-treated cervical 
cancer cells. 

2. Materials and methods 

2.1. Cell culture 

Human cervical cancer cell lines HeLa and SiHa were obtained from 
the American Type Culture Collection (ATCC). Cells were routinely 
maintained in DMEM (Hyclone, Utah, USA) and MEM (Hyclone) me-
dium supplemented with 10% of fetal bovine serum (Hyclone), peni-
cillin (107 U/L) and streptomycin (10 mg/L) in a humidified incubator 
containing 5% CO2 at 37 ◦C. The last time of authentication for these 
cells was November 2021. 

2.2. Antibodies and reagents 

Antibodies were shown in Supplementary Table 1. 
Ciclopirox olamine (1134030), E64D (E8640) and PepA (P5318) 

were purchased from Sigma. Bafilomycin A1 (HY-100558), CQ (HY- 
17589A), Compound C (HY-13418), Wortmannin (HY-10197), Cyclo-
heximide (HY-12320) were purchased from MedChemExpress. NAC 
(Beyotime, ST1546). 

2.3. Cell viability and proliferation assays 

CCK8 assay was performed to determine the cell viability. Briefly, 
cells were seeded in 96-well plates at a density of 4000 cells. After 
treatment, CCK8 (Bimake, B34302) reagents were added and incubated 
for 1h. The absorbance value was then determined at 450 nm. 

The long-term effects of CPX on cervical cancer cell proliferation 
were analyzed with colony formation assays. After treatment, 800–1000 
cells were seeded in twelve-well plates and the medium was changed 
every 3 days. After two weeks, cells were fixed with 4% para-
formaldehyde (Sigma) for 30 min and stained with Crystal Violet for 
another 30 min, and then the colonies were washed three times and 
taken photos. 

2.4. Immunoblotting and immunoprecipitation 

Cells were lysed with RIPA buffer (Beyotime) supplemented with 
protease inhibitor cocktail (Sigma) and then protein lysates were 
centrifuged and boiled with loading buffer. For immunoprecipitations, 
cells were lysed with IP lysis buffer (Beyotime) and incubated with 1 μg 
of antibody overnight at 4 ◦C. Next day, Sepharose protein A/protein G 
beads were added for 2 h. The immune-complexes were then centrifuged 
and washed 3 times using RIPA buffer. All lysates were quantified by the 
BCA Protein Assay (Thermo Fisher Scientific) and analyzed by 
SDS–PAGE. 

2.5. Immunofluorescence 

Cells grown on coverslips that treated with CPX for 24 h were fixed 

Abbreviations 

ATG5 autophagy related 5 
CPX Ciclopirox olamine 
CQ chloroquine 
GABARAPL1 GABA type A receptor associated protein like 1 
GYS1 glycogen synthase 1 
GSK3B glycogen synthase kinase 3 beta 
LDH lactate dehydrogenase 
MAP1LC3B/LC3B microtubule associated protein 1 light chain 3 

beta 
mTOR mechanistic target of rapamycin kinase 
NAC N-acetyl-L-cysteine 
PARK7/DJ-1 Parkinsonism associated deglycase 
PRKAA1/AMPK AMP-activated protein kinase 
PYGL glycogen phosphorylase L 
ROS reactive oxygen species 
RPS6KB1/p70S6K ribosomal protein S6 kinase B1 
SQSTM1/p62 sequestosome 1 
STBD1 starch binding domain 1 
YAP1 Yes1 associated transcriptional regulator  
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with 4% paraformaldehyde (Sigma) for 30 min and then washed three 
times with PBS. Fixed cells were permeabilized with 0.5% Triton 100 for 
20 min and blocked with 1% BSA for 2 h at 37 ◦C. For staining, cells were 
incubated with primary antibodies for 12 h at 4 ◦C, followed by incu-
bation with secondary antibodies (Thermo Scientific) for 1 h at 37 ◦C. 
Finally, nuclei were stained with DAPI for 10 min. For autophagy flux 
studies, cells were transfected with GFP-RFP-LC3 for 24 h and then 
treated with CPX for another 24 h. Images were captured using a 
confocal microscopy (Leica). 

2.6. Quantitative RT-PCR (qRT-PCR) 

Total RNA was extracted using Trizol reagent (Invitrogen) and 
reverse transcribed using Reverse Transcription PrimeScript 1st Stand 
cDNA Synthesis kit (TaKaRa, Otsu, Japan). qRT-PCRs were performed 
using quantitative PCR reagents SYBR PremixEx TaqTM (TaKaRa) 
following the manufacturer’s instructions. Levels of GAPDH quantified 
with target genes acts as an internal control and fold-changes were 
analyzed using the 2− ΔΔCt method. The qRT-PCR primer sequences were 
shown in Supplementary Table 2. 

2.7. Transfection 

All siRNAs were designed using BLOCK-iT™ RNAi Designer (Invi-
trogen) and synthesized by GenePharma (Shanghai, China). The se-
quences of the siRNAs used are listed in Supplementary Table 2. Cells 
were transfected with siRNAs using Lipofectamine RNAiMax (Invi-
trogen) according to the manufacturer’s instruction. Cells were collected 
and subjected to subsequent analysis 24h–72h after transfection. 

pCMV-myc-PARK7 plasmids were obtained as described previously 
[33,34]. The plasmids were transfected into the indicated cells using 
Lipofectamine 3000 (Invitrogen) according to the manufacturer’s 
instruction. 

2.8. Cell cycle and apoptosis analysis 

Cell cycle distribution was determined by flow cytometry after 
staining cells with propidium iodide. In brief, floating and adherent cells 
were collected, washed with ice-cold phosphate-buffered saline (PBS), 
and fixed with 70% ethanol. The cells were then treated with 50 μg/ml 
of RNase A and 50 μg/ml of propidium iodide for 30 min at room 
temperature. The stained cells were analyzed using FACScan flow cy-
tometer (BD Biosciences). 

For apoptosis analysis, cells were stained with Annexin V-FITC and 
propidium iodide using the Annexin V-FITC Apoptosis Detection Kit 
(Sigma, Saint Louis, USA) and then subjected to FACS analysis. 

2.9. Transmission electron microscopy 

Transmission electron microscopy assay was used to visualize the 
autophagic vesicles. After 24-h CPX treatment, HeLa and SiHa cells were 
fixed in glutaraldehyde (Sigma) and ultrathin sections were prepared 
using a sorvall MT5000 microtome. Then, the sections were stained by 
lead citrate and/or 1% uranyl acetate and visualized by Philips EM420 
electron microscopy. 

2.10. Glycogen staining 

Glycogen was detected with a standardized periodic acid Schiff 
(PAS) staining technique (Solarbio, G1360). Briefly, cervical cancer cells 
were fixed with PAS Fixative for 10–15 min and then washed with 
water. Fixed cells were treated with Oxidant at room temperature for 
15–20 min. After washing with water, cells were bathed with Schiff’s 
reagent for 15 min in dark place at RT. After rinsing with running water, 
cells were counterstained with Mayer Hematoxylin Staining Solution. 
The PAS staining intensity from the image was quantified using ImageJ 

software. 

2.11. Data analysis and statistics 

Data were expressed as means ± s.d. All experiments were per-
formed at least three times. Statistical analysis was performed with 
GraphPad Prism 8.0 software. Statistical differences between groups 
were determined using two-tailed Student’s t-test. Significance was 
designated as follows: *, P < 0.05, **, P < 0.01, ***, P < 0.001. 

3. Results 

3.1. CPX inhibits proliferation in cervical cancer cells 

To identify whether CPX exhibited the anti-tumor effects against 
cervical cancer cells, CCK8 assays were applied to assess the cell viability 
in response to CPX treatment in cervical cancer cells (HPV18-positive 
HeLa and HPV16-positive SiHa). As shown in Fig. 1A, CPX treatment 
reduced the cell viability of cervical cancer cells to a certain extent. 
CCK8 growth curve assays demonstrated that CPX treatment inhibited 
cervical cancer cell proliferation in a concentration-dependent manner 
(Fig. S1A). Furthermore, a significant decrease in colony numbers was 
observed in cervical cancer cells after CPX treatment (Fig. 1B–C). 
Consistently, the proliferation of cervical cancer cells was markedly 
inhibited under CPX treatment, as evidenced by reduced EdU incorpo-
ration (Fig. 1D–E). Cell cycle analysis revealed that CPX treatment 
resulted in a remarkable G1 arrest in cervical cancer cells (Fig. S1B). 
Then we performed lactate dehydrogenase (LDH) assays to determine 
the cytotoxicity of the drug. CPX treatment caused weak cytotoxicity in 
HeLa and SiHa cells (Fig. S1C). In addition, Annexin V/PI stainings by 
flow cytometry further confirmed that CPX had no pro-apoptotic effect 
in HeLa and SiHa cells (Fig. S1D). In summary, these data indicate that 
proliferation inhibition is involved in CPX against cervical cancer cells. 

3.2. CPX induces autophagosome accumulation in cervical cancer cells 

Increasing evidence has highlighted the important role of autophagy 
in cancer treatment. To explore whether autophagy is regulated by CPX 
in cervical cancer cells, the conversion of MAP1LC3B/LC3BII was 
measured with CPX treatment. As shown in Fig. 2A–B and S2A-B, CPX 
treatment promoted the turnover of LC3B–I to lipidated LC3B-II in a 
dose- and time-dependent manner in HeLa and SiHa cells. The auto-
phagic phenotype was further supported by the accumulation of auto-
phagic vesicles (LC3B puncta) in CPX-treated cells compared with 
control cells (Fig. 2C–D). In addition, the transmission electron micro-
scopy experiment also showed that autophagic lysosomes increased 
significantly in cervical cancer cells treated with CPX (Fig. 2E). 

To explore whether the accumulated autophagosomes resulted from 
the activated autophagy, we used drugs and genetic tools to inhibit the 
induction of autophagy. Cells transfected with BECN1 or ATG5 siRNAs 
showed remarkably decreased LC3B lipidation and endogenous LC3B 
puncta accumulation even with CPX treatment (Fig. S2C-D). Consis-
tently, co-administration of wortmannin, a PI3K inhibitor, also showed 
remarkably decreased of LC3B lipidation (Fig. S2E). Together, these 
findings reveal that CPX induces autophagy initiation in cervical cancer 
cells. 

3.3. CPX promotes autophagy flux in cervical cancer cells 

To further determine whether CPX induced complete autophagic 
flux, we first examined the protein levels of SQSTM1/p62, a well-known 
autophagic substrate. Decreased SQSTM1/p62 levels were observed in 
CPX-treated cells along with the increased LC3B-II levels (Figs. 2A and 
S2A). In addition, using a tandem monomeric RFP-GFP-tagged LC3B, we 
found that CPX treatment resulted in dramatic formation of red fluo-
rescent autolysosomes, which transformed into yellow under co- 

H. Fan et al.                                                                                                                                                                                                                                     



Redox Biology 53 (2022) 102339

4

treatment with CQ (Fig. 3A). To further confirm the fusion of autopha-
gosomes with lysosomes in CPX-treated cells, we examined the coloc-
alization between LC3B and LAMP1 (lysosome marker). CPX treatment 
induced obvious colocalization of LC3B with LAMP1, suggesting the 
fusion between autophagosomes and lysosomes was enhanced (Fig. 3B). 
We also used the autolysosome inhibitors (Baf A1, CQ, or E64D and 
Pepstatin A) to further assess the intact of autophagic flux and found that 

combinational treatment of CPX with autolysosome inhibitors resulted 
in further enhanced accumulation of LC3B-II (Fig. 3C–D and S3A-E). In 
summary, these results show that CPX induces complete autophagic flux 
in cervical cancer cells. 

Fig. 1. CPX inhibits proliferation in cervical cancer cells 
(A) HeLa and SiHa cells were treated with the indicated concentrations of CPX for 24 h, 48h, 72h and cell viability was determined by CCK8 kit. (B and C) Cell 
proliferation rate was analyzed by clone formation assay. HeLa and SiHa cells were treated with the indicated concentration of CPX for 24 h, after treatment, cells 
were seeded into 12-well plates for two weeks and colony numbers were quantified. (D and E) EdU assay of HeLa and SiHa cells treated with the indicated con-
centration of CPX for 24 h. The EdU incorporation was quantitated. Scale bar, 100 μm. Data are means ± s.d. and are representative of 3 independent experiments. *, 
P < 0.05, **, P < 0.01, ***, P < 0.001. Statistical significance compared with respective control groups. 
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3.4. Autophagy attenuates CPX-induced anti-cancer effects 

Considering that autophagy regulates the proliferation, migration 
and even chemo-sensitivity of cancer cells, we wondered whether the 
induction of autophagy by CPX affected its anti-cancer effects. HeLa and 
SiHa cells were treated with CPX combined with autophagy inhibitor 
CQ. Compared to CPX alone, combined treatment with CQ significantly 
decreased the cell viability of cervical cancer cells (Fig. 4A). A similar 
decrease in cell proliferation was also observed as evidenced by colony 
formation analysis and EdU labeling (Fig. 4B and C). In addition, LDH 
release assay revealed that CQ enhanced the cytotoxicity induced by 

CPX (Fig. 4D). We also found that CQ augmented CPX-induced apoptotic 
cell death, as evidenced by cleaved-PARP1 expression detected by 
western blotting (Fig. S4A). Accordingly, obvious cytoplasmic vacuole 
formation and morphological changes that are typical of apoptosis were 
observed in cells treated with CPX combined with CQ using the light 
microscope (Fig. 4E). In conclusion, these results suggest that autophagy 
attenuates the anti-cancer effects of CPX. 

Fig. 2. CPX induces autophagosome accumulation in cervical cancer cells 
(A) Immunoblot analysis of MAP1LC3B and SQSTM1/p62 expression in cervical cancer cells treated with the indicated concentrations of CPX for 24 h. (B) Time 
course analysis of MAP1LC3B expression in HeLa and SiHa cells treated with CPX (20 μM) for 3, 6, 12, 24, 48 h by immunoblotting. (C and D) The formation of 
endogenous LC3B puncta was shown and quantitated by immunofluorescence analysis in cells treated with or without 20 μM CPX for 24 h. Scale bar, 20 μm. (E) 
Autophagic vesicles were detected by transmission electron microscope in HeLa and SiHa cells treated with or without 20 μM CPX for 24 h. Scale bar, 1 μm. Data are 
means ± s.d. and are representative of 3 independent experiments. ***, P < 0.001. Statistical significance compared with respective control groups. 
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Fig. 3. CPX promotes autophagy flux in cervical cancer cells 
(A) Immunofluorescence analysis of cells transiently transfected with tandem mRFP-GFP-tagged LC3B and treated with vehicle, CPX (20 μM), CQ (10 μM), or in 
combination for 24 h. Scale bar, 10 μm. The ratio of red puncta indicating autolysosomes (GFP-/RFP+) versus yellow puncta indicating autophagosomes (GFP+/ 
RFP+) was quantitated. GFP: GFP-LC3B; RFP: RFP-LC3B. (B) Immunofluorescence analysis of the co-localization of endogenous LC3B and LAMP1 in cervical cancer 
cells treated with vehicle, CPX (20 μM), CQ (10 μM), or in combination for 24 h. Scale bar, 10 μm. (C) Cervical cancer cells were treated with vehicle, CPX (20 μM), 
CQ (10 μM), or in combination for 24 h. Immunoblot analysis was used to detect the expression of LC3B. (D) HeLa and SiHa cells were treated with CPX (20 μM) 
alone or in combination with Baf A1 (100 nM) for 24 h. The expressions of LC3B and SQSTM1/p62 were examined by immunoblotting. Data are means ± s.d. and are 
representative of 3 independent experiments. **, P < 0.01, ***, P < 0.001. Statistical significance compared with respective control groups. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.) 
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3.5. PARK7/PRKAA1/mTOR axis contributes to CPX-induced 
autophagy 

Given that PRKAA1/mTOR pathway is the main regulator of auto-
phagy induction, we next aimed to identify whether PRKAA1/mTOR 
pathway was involved in CPX-induced autophagy in cervical cancer 
cells. As shown as Fig. 5A and S5A, CPX treatment resulted in the acti-
vation of PRKAA1 and inhibition of mTOR, as demonstrated by 
increased phosphorylation levels of PRKAA1 and decreased phosphor-
ylation levels of mTOR and RPS6KB1. Furthermore, inhibition of 
PRKAA1 with Compound C prominently inhibited CPX-induced eleva-
tion of LC3B lipidation (Fig. S6A). These results indicated that CPX ac-
tivates autophagy by PRKAA1/mTOR pathway. 

We have previously found that the expression of PARK7 was 

significantly reduced in CPX-treated colorectal cancer [5]. We supposed 
that PARK7 might be a target of CPX in the treatment of tumors. To 
determine whether PARK7 was involved in CPX-treated cervical cancer, 
we first detected the expression of PARK7. CPX treatment caused the 
decrease of PARK7 in a dose-dependent manner by transcriptional in-
hibition in HeLa and SiHa cells treated with CPX (Fig. 5B–C, S5B and 
S6B). We then evaluated the proliferation of cervical cancer cells stably 
overexpressing PARK7 under CPX treatment. As expected, PARK7 
overexpression markedly reversed the inhibition of cell proliferation 
caused by CPX (Fig. 5D–E). We also detected the changes of autophagy 
and found that knocking down PARK7 could induce elevation of LC3B 
lipidation, however, CPX can further induce LC3B accumulation in 
PARK7 knockdown cells (Fig. S6C), suggesting in addition to PARK7, 
others molecules were also involved in CPX-induced autophagy. On the 

Fig. 4. Autophagy attenuates CPX-induced 
anti-cancer effects 
Cervical cancer cells treated with 20 μM CPX 
in the presence or absence of 10 μM CQ for 
24 h. (A) The cell viability was detected by 
CCK8 assays. (B) Cell proliferation was 
detected by colony formation assays. (C) The 
EdU incorporation was quantitated. Scale 
bar, 200 μm. (D) Analysis of the LDH release 
experiments. (E) Represented images of 
HeLa and SiHa cells following treatment. 
Scale bar, 50-μm. Data are means ± s.d. and 
are representative of 3 independent experi-
ments. ***, P < 0.001. Statistical significance 
compared with respective control groups.   
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Fig. 5. PARK7/PRKAA1/MTOR axis contributes to CPX-induced autophagy 
(A) Cervical cancer cells were treated with the indicated concentrations of CPX. The total and phosphorylation levels of PRKAA1, mTOR and RPS6KB1 were 
examined by immunoblotting. (B) qRT-PCR was conducted in HeLa and SiHa cells treated with or without 20 μM CPX for 24 h to determine the transcription of 
PARK7. (C) Immunoblot analysis of PARK7 expression in cervical cancer cells treated with or without the indicated concentration of CPX for 24 h. (D and E) EdU 
assays of HeLa and SiHa cells stably overexpressing PARK7 or Vector treated with or without 20 μM CPX for 24 h. The EdU incorporation was quantitated. Scale bar, 
100 μm. (F) Immunoblot analysis on the expressions of PARK7 and phosphor-PRKAA1 in HeLa and SiHa cells transiently transfected with Vector or Myc-PARK7 
plasmid for 24 h, followed by treatment with or without 20 μM CPX for another 24 h. (G) Immunoblot analysis on the protein levels of PARK7 and phosphor- 
PRKAA1 in cervical cancer cells transfected with siNC or siPARK7 for 24 h, followed by treatment with or without 20 μM CPX for another 24 h. Data are means 
± s.d. and are representative of 3 independent experiments. ***, P < 0.001. Statistical significance compared with respective control groups. 
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contrary, PARK7 overexpression decreased CPX-induced LC3B-II levels 
in HeLa and SiHa cells (Fig. S6D). 

Then we tested whether the activation of PRKAA1 is related to CPX- 
induced downregulation of PARK7. As shown as Fig. 5F–G and S5C-E, 
enforced exogenous expression of PARK7 in cervical cancer cells 

inhibited the activation of PRKAA1 and knockdown PARK7 induced its 
activation. Taken together, these findings suggest that CPX activates 
PRKAA1 and induces autophagy though downregulation of PARK7 in 
cervical cancer cells, at least in part. 

Fig. 6. ROS accumulation is essential for CPX-induced protective autophagy independent of PARK7 
(A) ROS levels were determined by flow cytometry in cervical cancer cells treated with the indicated concentrations of CPX for 24 h. (B) HeLa and SiHa cells were 
treated with 20 μM CPX in the presence or absence of 5 mM NAC. Cell proliferation was detected by colony formation assays. (C and D) EdU assays of cervical cancer 
cells treated with 5 mM NAC in the presence or absence of 20 μM CPX for 24 h. The EdU incorporation was quantitated. Scale bar, 200 μm. (E) Immunoblot analysis 
of LC3B expression in HeLa and SiHa cells treated with CPX (20 μM) or vehicle and/or with NAC (5 mM). Data are means ± s.d. and are representative of 3 in-
dependent experiments. ***, P < 0.001. Statistical significance compared with respective control groups. 
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3.6. ROS accumulation is essential for CPX-induced protective autophagy 
independent of PARK7 

Given the important role of PARK7 in regulating the redox balance 
which was usually involved in chemotherapy, we examined the levels of 
ROS by flow cytometry. CPX increased the levels of ROS in cervical 
cancer cells in a dose-dependent manner (Fig. 6A). Unexpectedly, 
PARK7 overexpression couldn’t attenuate CPX-induced ROS accumula-
tion in cervical cancer cells (Fig. S7A). To investigate the role of ROS in 
the anti-cancer effects induced by CPX, HeLa and SiHa cells were treated 
with CPX combined with NAC, ROS scavenger. Compared to CPX alone, 
combinational use with NAC significantly decreased the viability of 
cervical cancer cells (Fig. 6B–D and S7B–C). In addition, NAC treatment 
reduced LC3B-II turnover induced by CPX (Fig. 6E. and S7D), which 
might be achieved through the mTOR pathway, as evidenced by the 
increased phosphorylation level of MTOR (Fig. S7E). NAC even reduced 
CPX-induced the turnover of LC3B-II in the presence of the autolysosome 
inhibitor CQ (Fig. S7F), suggesting that ROS is essential for CPX-induced 
autophagy flux. Collectively, these results indicate that ROS accumula-
tion is required for CPX-induced protective autophagy independent of 
PARK7 expression. 

3.7. Glycophagy contributes to the anti-cancer effects of CPX 

Interestingly, glycogen clustering and glycophagosomes formation 
were observed in CPX-treated HeLa and SiHa cells (Fig. 7A). While 
combinatorial treatment of CPX with the autolysosome inhibitor Baf A1 
resulted in further clustering of glycogen in CPX-treated HeLa and SiHa 
cells (Fig. S8A), suggesting CPX may induce glycophagy in cervical 
cancer cells. Since STBD1 is exclusively employed to bind glycogen, and 
involved in the transport of glycogen to lysosomes by binding with 
GABARAPL1. Thus, the interaction between STBD1 and GABARAPL1 
was further assessed. As shown in Fig. 7B, we found that CPX treatment 
increased the binding of STBD1 with GABARAPL1. In addition, co- 
localization analysis revealed that STBD1 strongly colocalized with 
GABARAPL1 in cervical cancer cells treated with CPX (Fig. 7C–D). These 
results indicated that CPX indeed could elicit glycophagy in cervical 
cancer cells. Thus, we wonder to reveal the role of glycophagy in CPX 
against cervical cancer cells. Quantitative analysis by Gene Expression 
Profiling Interactive Analysis confirmed the significant downregulation 
of STBD1 in cervical cancer relative to normal cervical tissues (Fig. S8B). 
Consistently, knockdown of STBD1 significantly reversed the inhibition 
of cell proliferation induced by CPX and enhanced the viability of CPX- 
treated cervical cancer cells (Fig. 7E and S8C-E). These findings indicate 
that glycophagy contributes to the anti-cancer effects of CPX. 

Since we have demonstrated that CPX activated protective auto-
phagy by downregulation of PARK7 and accumulation of ROS in the 
cervical cancer cells, we wondered whether PARK7 or ROS accounted 
for CPX-induced glycophagy. We first evaluated the glycogen clustering 
in cervical cancer cells stably overexpressing PARK7 under CPX treat-
ment and found that the glycogen clustering remained unchanged with 
PARK7 overexpression (data not shown). The presence of NAC, how-
ever, led to the further clustering of glycogen in the cervical cancer cells 
treated with CPX (Fig. S8F), which might be caused by the reduction of 
autophagy (Fig. 6D). More interestingly, combinational use of NAC with 
CPX further enhanced the binding of STBD1 with GABARAPL1 in the 
cervical cancer cells (Fig. 7F). These results indicate that although the 
combinatorial treatment of CPX with NAC reduces the overall auto-
phagy level in HeLa and SiHa cells, the lethal glycophagy is enhanced. 

The synthesis and breakdown of glycogen is mainly accomplished by 
glycogen synthase (GYS1) and glycogen phosphorylase (PYGL). GSK3B 
can inactivate GYS1 by phosphorylation, thereby reducing glycogen 
synthesis. After knocking down GSK3B, glycogen clustering further 
increased in CPX-treated HeLa and SiHa cells (Fig. S8G). Consistently, 
knocking down GYS1 reduced glycogen clustering in cells treated with 
CPX (Fig. S9A). Besides, we found that GSK3B knockdown decreased 

while GYS1 knockdown increased the turnover of LC3B-II with CPX 
treatment (Fig. S9B-C). Furthermore, glycogen clustering was slightly 
reduced under starvation conditions in CPX-treated HeLa and SiHa cells 
(Fig. S9D). These results show that the upstream regulation of glycogen 
synthesis was also involved in the autophagy and the glycogen clus-
tering induced by CPX in cervical cancer cells. 

A recent report found that glycogen accumulation and phase sepa-
ration block the activation of the Hippo signal and consequently acti-
vates YAP1, which promotes liver enlargement and cancer development 
[28]. We suspected whether CPX-mediated glycogen clustering would 
block phase separation of glycogen to regulate Hippo signaling activ-
ities. Therefore, we tested the activity of the YAP1 signaling pathway. As 
shown in Fig. S9E, CTGF and CYR61, target genes of YAP1, were 
downregulated upon CPX treatment, which was confirmed by the 
quantitative RT-PCR assay. In addition, the expression and nuclear 
localization of YAP1 were reduced in HeLa and SiHa cells treated with 
CPX (Fig. S9F-G). Together, these data indicate that CPX may inhibit the 
growth of cervical cancer cells by inhibiting the YAP1 pathway. 

4. Discussion 

CPX is a broad-spectrum fungicide, the effectiveness and safety of 
which have been well demonstrated [35,36]. Recent preclinical and 
clinical studies have shown that CPX also possesses promising 
anti-cancer activities [37–39]. It is of great significance to reveal the 
activity and mechanism of CPX in cancer therapy. In this study, we 
found that CPX exhibited remarkable anti-cancer effects on cervical 
cancer cells by inducing proliferation inhibition, which was achieved 
through downregulation of PARK7. Furthermore, CPX also caused the 
accumulation of ROS to elicit cytoprotective autophagy, decrease 
cellular glycogen clusters and inhibit glycophagy, which was indepen-
dent of PARK7 expression. Therefore, autophagy and glycogen metab-
olisms may become used novel targets in overcoming the drug resistance 
of cervical cancer. 

PARK7, a well-known oxidative stress sensor, mainly localized in the 
mitochondria and played a cytoprotective role by eliminating oxidative 
stress [40,41]. Several lines of evidence suggests that PARK7 is 
over-expressed in multiple types of tumors and is positively correlated 
with tumor progression, tumor recurrence, and chemotherapeutic drug 
resistance [42,43]. Arnouk et al. suggested that PARK7 is one of mo-
lecular markers for cervical carcinoma and the expression level is much 
higher than that in normal cervical tissues [44]. PARK7 contributes to 
the development of cervical cancer by improving the cell viability and 
inhibiting apoptosis [45]. A series of researches suggest that PARK7 can 
be used as a therapeutic target in the cancer treatment [42,46]. Sup-
pressing the expression of PARK7 by diallyl disulfide (DADS) induces 
apoptosis and inhibits the metastatic potential of leukemia cells [47]. 
Our previous study found that CPX also targets PARK7 to inhibit the 
growth of colorectal cancer cells by inducing mitochondrial dysfunction 
and ROS accumulation [5]. In this study, we found that downregulation 
of PARK7 induced by CPX caused proliferation inhibition of cervical 
cancer cells. Therefore, PARK7 is an important anti-cancer target of CPX. 

The roles of autophagy in response to chemotherapy is multifaceted 
[19]. On one hand, autophagy can be pro-death or inhibit proliferation 
to benefit the anti-cancer effects [48,49]. On the other hand, cytopro-
tective autophagy induced by therapeutic agents promotes cancer cell 
survival, leading to drug resistance [20,50]. In this study, we also found 
that CPX induced cytoprotective autophagy, resulted from 
PARK7-induced activation of PRKAA1 signaling. PARK7 is a traditional 
anti-oxidative protein and emerging evidence suggests that PARK7 may 
modulate autophagy dependent oxidative stress [51,52]. Ji Cao et al. 
found that in N-(4-hydroxyphenyl) retinamide (4-HPR)-treated HeLa 
cells, PARK7 acts as an intracellular redox sensor to detect the degree of 
ROS triggered by 4-HPR and determines the cellular response to 4-HPR 
by modifying its own oxidation status. Under mild oxidative stress, 
moderately oxidized PARK7 is recruited to ASK1 to inhibit its activity 
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Fig. 7. Glycophagy contributes to the anti-cancer effects of CPX 
(A) Aberrant subcellular glycogen deposits and glycophagosomes detected by transmission electron microscope in cervical cancer cells treated with or without 20 μM 
CPX for 24 h. The red asterisks indicate the glycogen clustering and the white arrows indicate glycophagosomes in the cytoplasm. Scale bar, 1 μm. (B) Co- 
immunoprecipitation assays were performed to determine the interaction between STBD1 and GABARAPL1 in cervical cancer cells treated with or without 20 
μM CPX for 24 h. (C and D) Immunofluorescent images (C) and co-localization analysis (D) of STBD1 and GABARAPL1 to assess their co-localization in cervical 
cancer cells treated with or without 20 μM CPX for 24 h. Scale bar, 20 μm. GABA: GABARAPL1. (E) EdU assays of HeLa and SiHa cells transfected with siNC or 
siSTBD1 and treated with 20 μM CPX for 24 h. The EdU incorporation was quantitated. Scale bar, 100 μm. (F) The interaction between STBD1 and GABARAPL1 was 
determined by co-immunoprecipitation assays in cervical cancer cells treated with 20 μM CPX in the presence or absence of 5 mM NAC for 24 h. Data are means ± s. 
d. and are representative of 3 independent experiments. ***, P < 0.001. Statistical significance compared with respective control groups. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.) 
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and keep the cell alive by activating autophagy [41]. In a previous study, 
we found CPX also targets PARK7 to trigger cell death and protective 
autophagy, which is dependent on ROS accumulation in colorectal 
cancer [5]. Zhou et al. found that CPX reduces cell viability and induces 
autophagy in human rhabdomyosarcoma cells which is attributed to the 
induction of ROS and ROS-mediated activation of the MAPK8 signaling 
pathway [53]. These studies suggest that PARK7 and ROS levels are 
essential for autophagy regulation. In addition, numerous chemother-
apies are cytotoxic towards cancer cells by directly inducing drastic 
increases in ROS levels [54]. Interestingly, we found that CPX-induced 
ROS was protective rather than killing in cervical cancer cells and its 
protective effect was achieved by inhibiting MTOR to promote protec-
tive autophagy, which was independent of PARK7 expression. There-
fore, we suppose that targeting ROS and autophagy in CPX-treated 
cervical cancer cells can promote the sensitivity of cervical cancer cells 
to CPX. 

Decreased in glycogen content have been found in cervical carcino-
genesis, causing the iodine test to be unstained [55]. Exfoliated cervical 
cancer cells from patients with poor responses to radiation or chemo-
therapy barely exhibit glycogen clustering in the cytoplasm. Therefore, 
glycogen clustering can be used as a sensitive indicator of cervical 
cancer treatment response and has prognostic value [29]. Cancer cells 
change glycogen storage and breakdown to sustain survival and growth 
according to the stages of cancer progression and tumor microenviron-
ment [28]. Multiple studies have shown that glycogen is accumulated to 
improve several types of tumor cell survival under hypoxia or other 
stress conditions [29,56,57]. In addition, many human tumor cell lines 
derived from tissues that do not normally store glycogen have been 
shown to exhibit glycogen accumulation under stress [31]. Cancer cells 
rely primarily on aerobic glycolysis to sustain their proliferation, thus 
adapt glycogen catabolic pathway toward aerobic glycolysis was 
developed [58]. Inhibition of glycogen decomposition leads to reduced 
glucose oxidation, thereby delaying the growth of cancer cells [56,59]. 
In our study, CPX increased the clustering of glycogen in cervical cancer 
cells and combined use of NAC further promoted it, with enhanced in-
hibition of cell proliferation. Glycophagy is the glycogen breakdown 
pathway alternative to gluconeogenesis [28,31]. Inhibition of glyco-
phagy may lead to metabolic reprogramming and thus promote 
tumorigenesis. STBD1 is the cargo receptor for glycogen autophagy, 
which is responsible for transporting glycogen into the lysosome to 
produce non-phosphorylated glucose [56,57]. Depletion of STBD1 or 
disruption its association with GABARAPL1 leads to enhanced glycolysis 
and accelerated growth in cancer cells, possibly through the pentose 
phosphate pathway. A recent study states that the W203C mutation of 
STBD1 impairs its co-localization with GABARAPL1 by disrupting its LIR 
motif, and inhibits the glycophagy and metabolic processes, thereby 
promoting tumor growth [20]. In this study, we found that CPX could 
promote glycophagy in cervical cancer cells. More interestingly, ROS 
scavenger inhibited CPX-induced autophagy whereas further enhanced 
lethal glycophagy, suggesting that ROS can attenuate the anti-cancer 
effects of CPX by inducing cytoprotective autophagy and simulta-
neously inhibiting glycophagy. Our study provides new evidence for the 
functional role of glycogen clustering and glycophagy in the treatment 
of cervical cancer and the selective regulation of autophagy in targeted 
cancers. 

In addition, YAP1 plays a central role in controlling the progression 
of cervical cancer [60–62]. The expression of the master Hippo kinase 
MST1 was reduced in HPV positive cervical cell lines and cervical dis-
ease samples, leading to the activation of YAP1, thereby promoting cell 
proliferation [61]. The expression of YAP1 is associated with a poor 
prognosis for cervical cancer [63]. HPV E6 protein, a major etiological 
molecular of cervical cancer, maintains high YAP1 protein levels in 
cervical cancer cells by preventing the proteasome-dependent YAP1 
degradation to drive the cervical cancer cell proliferation [61]. Mean-
while, a recent study revealed that accumulated glycogen undergoes 
liquid-liquid phase separation，which sequesters Hippo kinases 

MST1/2 in glycogen liquid droplets to relieve their inhibition on YAP1 
[28]. In this study, we found that CPX induced the glycogen clustering 
and glycogen autophagy in cervical cancer cells, which possibly inhibits 
the dynamic changes of glycogen morphology and thereby affects the 
activation of Hippo. In accordance, CPX treatment significantly inhibi-
ted the activity of YAP1. These results suggest that inactivation of YAP1 
was involved in CPX-induced proliferation inhibition in cervical cancer 
cells. 

Collectively, our findings indicate that PARK7 is an important anti- 
cancer target of CPX and provide evidence for targeting cytoprotective 
autophagy as a potential chemotherapeutic strategy in cervical cancer. 
Our results also indicate that ROS-triggered glycophagy inhibition, 
glycogen clustering and glycogen clustering-mediated YAP1 inactiva-
tion may be used as new markers to monitor the therapeutic reactivity of 
cervical cancer. 
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