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ARTICLE INFO ABSTRACT

Keywords: Punicalagin, which is derived from pomegranate peel, is reported to exert growth-inhibitory effects against

Punicalagin various cancers. However, the underlying mechanisms have not been elucidated. Human papillomavirus (HPV),

E6 a major oncovirus, utilizes the host autophagic machinery to support its replication. Here, punicalagin markedly

erical cancer downregulated the levels of the major HPV oncoproteins E6 and E7 in cervical cancer cells through the

Autophagy autophagy-lysosome system. Additionally, punicalagin activated the reactive oxygen species (ROS)-JNK pathway
and promoted the phosphorylation of BCL2, which led to the dissociation of BCL2 from BECN1 and the induction
of autophagy. Treatment with autophagy and JNK inhibitors or ROS scavengers mitigated the punicalagin-
induced degradation of E6 and E7. Moreover, the knockout of ATG5 using the clustered regularly interspaced
palindrome repeat/Cas 9 system mitigated the punicalagin-induced downregulation of E6/E7. This indicated that
punicalagin-induced degradation of E6 and E7 was dependent on autophagy. The results of in vivo studies
demonstrated that punicalagin efficiently inhibits cervical cancer growth. In conclusion, this study elucidated a
mechanism of punicalagin-induced autophagic degradation of E6 and E7. It will enable the future applications of
punicalagin as a therapeutic for HPV-induced cervical cancer.

Introduction transducer and activator of transcription 3) [4]. The expression of E6

Human papillomavirus (HPV), a double-stranded DNA virus, is the
major etiological agent for cervical cancer, which is one of the most fatal
cancers among women worldwide. Based on their pathogenicity, HPVs
can be classified into high-risk and low-risk types. Type 16 and 18 HPVs,
which are high-risk types, are the etiological agents for approximately
70% of invasive cervical cancers [1]. The severe consequences of type 16
and 18 HPV infections can be attributed to the two transforming onco-
proteins E6 and E7. E6 mainly targets and degrades p53. Meanwhile, E7
regulates the expression of genes involved in modulating cell cycle ar-
rest, apoptosis, and differentiation through the degradation of retino-
blastoma (Rb) that interacts with E2F1 (E2F transcription factor 1) and
other protein factors [2, 3]. HPV promotes cervical carcinogenesis
through the modulation of p53 and Rb. Additionally, E6 promotes cell
proliferation and cervical carcinogenesis by activating STAT3 (signal
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and E7 is sustained in HPV-positive cervical cancer and the continuous
expression of E6 and E7 is required to sustain the immortality of
HPV-positive cervical cancer cells and their xenografts in vivo [2].
Several E6 and E7-based therapeutic strategies for cervical cancer have
been developed. For example, transfection with short-interfering RNA
(siRNA) targeting E7 simultaneously downregulated the expression of
E6 and E7 and induced senescence in HeLa cells. Additionally, specific
ligands and blocking peptides that bind to E6 restore the p53-mediated
cellular signaling pathway [5-7].

Recently, several novel small molecular weight compounds have
been developed for HPV-positive cancer therapy. Docosahexaenoic acid
and antimycin analogs derived from a marine Streptomyces sp. are
considered novel therapeutics for cervical cancer as they promote the
degradation of E6 and E7 in HPV-positive cervical cancer cells and
induce cell apoptosis [8, 9].
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Punicalagin is a polyphenolic tannin derived from pomegranate.
Previous studies have suggested that punicalagin exhibits various bio-
logical activities, including anti-cancer, anti-inflammatory, antioxidant,
and antiviral activities [10-12]. Punicalagin suppresses proliferation
and induces apoptosis or autophagic cell death in various types of cancer
cells in vitro, including colon cancer, lung cancer, cervical cancer, and
breast cancer cells [13-20]. Additionally, punicalagin is involved in
immune system regulation and antiviral processes. Previous studies
have reported that punicalagin suppresses inflammation in RAW264.7
cells, modulates murine macrophage polarization, and exerts immuno-
suppressive activities through the inhibition of NFAT (nuclear factor of
activated T cells). Furthermore, punicalagin can effectively inhibit
influenza and hepatitis B viruses by targeting viral neuraminidase and
covalently closed circular DNA, respectively [11, 12, 21-23]. The
mechanisms underlying the anti-tumor, anti-inflammatory, and anti-
viral activities vary. However, studies on the biological functions of
punicalagin will provide the basis for its future clinical applications.

Previous studies have demonstrated that punicalagin exhibits
growth-inhibitory activities against cervical cancer. However, the un-
derlying mechanisms have not been elucidated. This study aimed to
examine the mechanism underlying the growth-inhibitory activities of
punicalagin against cervical cancer with a special focus on its effect on
the main oncoproteins. The findings of this study will enable the
development of novel therapeutic strategies for cervical cancer.

Materials and methods
Cell culture

The cervical cancer cell lines (HeLa and SiHa cells) were purchased
from American Type Culture Collection. STR profiling for HeLa and SiHa
cells was performed by Biowing Applied Biotechnology company
(Shanghai, China) to confirm that these two cell lines were authenti-
cated. The cells were cultured in Dulbecco’s modified Eagle’s medium
(Hyclone, USA) and minimal essential medium/Earle’s balanced salt
solution (Hyclone, USA), respectively, supplemented with 10% fetal
bovine serum (FBS; Gibco, USA), 100 U/mL penicillin, and 100 pg/mL
streptomycin (Yeasen, Shanghai, China). All cells were cultured at 5%
CO2 and 37°C and passaged every three days using 0.25% trypsin
(Gibco, USA).

Regents and antibodies

Punicalagin was purchased from Macklin (purity > 98% determined
using high-performance liquid chromatography; Shanghai, China). The
anti-HPV type 16/18 E6 and anti-HPV type 16/18 E7 antibodies were
purchased from Novus and Genetex, respectively. The horseradish
peroxidase (HRP)-conjugated goat anti-mouse and goat anti-rabbit sec-
ondary antibodies were purchased from Zhongshan Goldenbridge
Biotechnology (Beijing, China). All other antibodies were purchased
from Cell Signaling Technology. LipoRNAi transfection reagent, MG-
132, and radioimmunoprecipitation assay (RIPA) lysis buffer were
purchased from Beyotime (Shanghai, China). TRIzol was purchased
from Invitrogen. E64d, pepstatin A, SP600125 (JNK inhibitor), and 3-
methyladenine (3-MA) (PI3KC3 inhibitor) were purchased from
Sigma-Aldrich. The reactive oxygen species (ROS) scavenger N-acetyl-L-
cysteine (NAC) was obtained from Selleck. Cycloheximide (CHX) was
purchased from Absin. The details of the antibodies and reagents are
listed in Table S1 and Table S2.

siRNA transfection

All siRNAs were synthesized by RiboBio (Guangzhou, China). The
anti-sense sequence used to target JNK was 5-UCACAGUCCU-
GAAACGAUA-3'. The HeLa cells were transfected with siRNAs against
JNK1 using the lipoRNAi transfection reagent, following the
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manufacturer’s instructions. Briefly, the cells were seeded in 6-well
plates one day before transfection. Transfection was performed after
the cells achieved 70%-80% confluency. The medium was replaced with
fresh complete medium supplemented with 10% FBS and penicillin-
streptomycin. In individual wells of the six-well plates, the cells were
incubated with a mixture of 125 pL Opti-MEM, 100 nM siRNA, and 5 pL
transfection reagent for 48 h. The knockdown efficiency was evaluated
using western blotting.

Co-immunoprecipitation and western blotting

The cells were lysed for 30 min in cell lysis buffer (Beyotime). and for
ubiquitin detection, cells were treated with 50 pM MG 132 for 6 h before
lysis. The lysates were centrifuged at 14000 g for 30 min. The protein
concentration in the supernatant was quantified. Next, the proteins in
the supernatant were incubated with the antibodies overnight at 4°C,
followed by incubation with protein A/G plus agarose beads (Santa
Cruz, USA) for 4 h. The beads were washed thrice with ice-cold phos-
phate-buffered saline (PBS, pH 7.4). The whole-cell lysates were incu-
bated with 2x loading buffer at 100°C for 10 min. The samples were
resolved using sodium dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE).

Western blotting was performed as described previously. Briefly, the
cells were scraped from the wells and lysed in RIPA containing 10 mM
phenylmethylsulfonyl fluoride for 30 min on ice. The lysate was
centrifuged at 12000 rpm and 4°C for 20 min. The supernatant was
boiled and the concentration of protein was determined using a bicin-
choninic acid protein assay kit (Takara, Japan). Equal amounts of pro-
teins were subjected to SDS-PAGE. The resolved proteins were
transferred to a polyvinylidene difluoride membrane. The membrane
was blocked with 5% skimmed milk in Tris-buffered saline with Tween-
20 for 1 h at room temperature, followed by incubation with the primary
antibodies at 4°C overnight. Next, the membrane was washed thrice
with Tris-buffered saline with Tween-20 (10 min/step) and incubated
with the corresponding HRP-conjugated secondary antibodies. Further,
the membrane was washed thrice (10 min/step) and the immunoreac-
tive signals were detected using enhanced chemiluminescence.

Quantitative real-time polymerase chain reaction (qRT-PCR)

Total RNA was isolated from the HeLa cells using TRIzol, following the
manufacturer’s instructions. The isolated RNA was reverse transcribed
into complementary DNA (cDNA) using the PrimeScript RT Master Mix
(Takara, Japan) under the following thermal cycling conditions: 37°C for
30 min and 85°C for 5 s and hold at 4°C. The gRT-PCR analysis was
performed using the SYBR Green Ex Taq mix (Takara, Japan), following
the manufacturer’s instructions. Each sample was analyzed in triplicate.
The PCR conditions were as follows: 95°C for 30 s, followed by 40 cycles of
95°C for 10 s, and 60°C for 45 s. The mRNA levels of E6 and E7 were
quantified using QRT-PCR. GAPDH and beta-actin were used as an internal
control. The following primers were used for qRT-PCR analysis: HPV type
18 E6, 5-ATAAGGTGCCTGCGGTGCC-3' (forward) and 5'-
TGCGTCGTTGGAGTCGTTC-3' (reverse); HPV type 18 E7, 5'-GAGCAC-
GACAGGAACGACT-3' (forward) and 5'-GGGCTGGTAAATGTTGATGAT-3
(reverse); GAPDH, 5'-CGGAGTCAACGGATTTGGTCGTAT-3' (forward)
and 5-AGCCTTCTCCATGGTGGTGAAGAC-3' (reverse); beta-actin, 5'-
GACGACATGGAGAAAATCTG-3' (forward) and 5-ATGATCTGGGT-
CATCTTCTC-3' (reverse). The fold change of target mRNA expression was
analyzed with the 2-22¢* method.

Autophagic flux

The autophagy flux was analyzed using the AdPlus-mCherry-green
fluorescent protein (GFP)-LC3B adenovirus (Beyotime), following the
manufacturer’s instructions. The HeLa cells were infected with the
adenovirus for 24 h and treated with various drugs. The cells positive for
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GFP, mCherry, or both were visualized using a confocal fluorescence
microscope (Leica Microsystems). Autophagic flux was determined by
analyzing the punctate patterns of GFP and mCherry.

Colony formation assay

The cells plated in a 6-well plate (1.5x10° cells/well) for 24 h were
incubated with punicalagin. On day 14 post-treatment, the cells were
washed twice with PBS, fixed with methanol for 30 min, and subjected
to crystal violet staining.

Cell counting kit-8 assay

The proliferation of HeLa and SiHa cells was determined using the
cell counting kit-8 (CCK-8) (Dojindo, Japan). Briefly, the cells plated in a
96-well plate (5x10° cells/well) were incubated with different con-
centrations of punicalagin for different durations. Cell viability was
determined using CCK-8, following the manufacturer’s instructions.

Transmission electron microscopy

For transmission electron microscopy analysis, HeLa cells were fixed
with 2.5% glutaraldehyde in 0.1 M phosphate buffer at room tempera-
ture for 30 min, followed by incubation at 4°C overnight. The samples
were embedded, sectioned, and observed under a transmission electron
microscope (FEI Tecnai Spirit120kV).

In vivo study

The mouse studies were performed according to the regulations of
the Institute of Microbiology, Chinese Academy of Sciences of Research
Ethics Committee. The study protocol was approved by the Research
Ethics Committee (permit number PZIMCAS2011001). All animal ex-
periments were performed according to the Institutional Guidelines on
the Handling of Laboratory Animals. BALB/c nude mice (female; aged
5-6 weeks) were purchased from SPF Biotechnology company (Beijing,
China) and housed under SPF conditions. To establish the HeLa cell
xenograft model, 5 x 10° HeLa cells were subcutaneously injected into
the right flank of the nude mice. The mice were randomly divided into
the following two groups after the mean diameter of the xenograft
reached 5 mm (6 mice/ group), punicalagin-treated group, mice intra-
peritoneally administered with punicalagin at a dose of 20 mg/kg
bodyweight; PBS-treated group, mice intraperitoneally administered
with PBS. The tumor size was monitored once every two days. On day 18
post-punicalagin/PBS administration, the mice were sacrificed. Western
blotting and immunohistochemical analyses were performed.

ROS assessment

Punicalagin-treated cells were incubated with the oxidation-
sensitive fluorescent probe 2',7'-dichlorofluorescein diacetate (10 mM;
Beyotime) for 20 min at 37°C. The cells were washed thrice with culture
medium, harvested, and subjected to flow cytometry analysis.

Cell apoptosis analysis

The cells were treated with punicalagin for 24 h, trypsinized, and
subjected to Annexin V-fluorescein isothiocyanate/propidium iodide
staining using the cell apoptosis kit (Invitrogen, USA), following the
manufacturers’ instructions. The stained cells were subjected to flow
cytometry analysis.

Immunohistochemistry

The tumor tissues were fixed with formalin, dehydrated, embedded
in paraffin blocks, sliced into thin sections, and transferred to glass
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slides. The sections were incubated with 3% H50- in methanol for 10
min to inactivate endogenous peroxidase activity. Next, the sections
were incubated in a 100°C water bath with ethylenediaminetetraacetic
acid antigen retrieval buffer for 10 min and cooled to room temperature
to unmask the antigenic epitope. The sections were then blocked with
5% bovine serum albumin at 37°C for 30 min and incubated with spe-
cific primary and secondary antibodies for 30 min at 37°C. Further, the
sections were incubated with streptavidin-biotin complex and 3,3'-dia-
minobenzidine and counterstained with hematoxylin. Finally, the sec-
tions were subjected to immunohistochemical and image analyses.

Establishment of ATG5 knockout HeLa cell lines using the clustered
regularly interspaced palindrome repeat/Cas 9 system

The pSpCas9 (BB)-2A-GFP plasmid was a kind gift from Professor
Cuihua Liu. Single guide RNA (sgRNA) oligonucleotides targeting ATG5
were annealed and ligated to the vector digested with BbsI (NEB, USA).
The sgRNA sequences used for targeting ATG5 were as follows: 5'-
CACCGTTCCATGAGTTTCCGATTGA-3' (forward) and 5-AAACT-
CAATCGGAAACTCATGGAAC-3' (reverse). HeLa cells were transfected
with the vector containing the ATG5 sgRNA using lipofectamine 3000
reagent (Invitrogen, USA). At 24 h post-transfection, GFP positive single
cells were sorted into 96-well plates using an Arialll flow cytometer (BD,
USA). The expression levels of ATGS5 in cell clones were assessed using
western blotting.

Statistical analysis

Data are expressed as mean + standard deviation (shown as error
bars). The data were analyzed using the Student’s t-test. All statistical
analyses were performed using GraphPad Prism 8 software (CA, USA).
Densitometry analysis of the protein bands in immunoblots was per-
formed using ImageJ. Differences were considered significant at *P <
0.05, **P < 0.01, and ***P < 0.001.

Results

Punicalagin suppresses the proliferation of cervical cancer cells, induces
caspase-dependent cell apoptosis, and inhibits carcinogenesis

The effect of punicalagin on the proliferation of HeLa and SiHa cells
was examined. As shown in Fig. 1A, punicalagin dose-dependently and
time-dependently inhibited the proliferation of HeLa and SiHa cells. The
half-maximal inhibitory concentration values of punicalagin against
HeLa and SiHa cells were 67 and 40 pM, respectively, at 48 h post-
treatment. This indicated that SiHa cells were highly sensitive to puni-
calagin treatment. Flow cytometric analysis revealed that apoptosis in
HeLa and SiHa cells treated with 140 or 90 pM punicalagin for 24 h was
approximately 8.5-fold and 6.3-fold, respectively, higher than that in
control cells (both P < 0.001) (Fig. 1B). Western blotting results indi-
cated that punicalagin-induced apoptosis was dependent on caspase.
The expression levels of CASP3, CASP7, and CASP9 were down-
regulated, whereas those of cleaved CASP3, CASP7, and CASP9 were
upregulated in HeLa cells upon treatment with 140 pM punicalagin for
6, 12, or 24 h (Fig. 1C). Moreover, the number and size of cell colonies
markedly decreased in HeLa and SiHa cells upon treatment with puni-
calagin (Fig. 1D).

Punicalagin promotes the lysosomal degradation of HPV E6 and E7
proteins

Next, the effect of punicalagin on E6 and E7, which are the two main
oncoproteins of HPVs that regulate the proliferation, apoptosis, and
carcinogenesis of cervical cancer cells, was examined. As shown in
Fig. 2A-B, punicalagin dose-dependently and time-dependently down-
regulated the levels of E6 and E7 in HeLa and SiHa cells. Consistently,
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Fig. 1. Effect of punicalagin (PUN) on the proliferation, apoptosis, and colony-forming ability of HeLa and SiHa cells. (A) HeLa and SiHa cells were treated with
different doses of punicalagin for 24, 48, or 72 h. Cell viability was evaluated using the cell counting kit-8. (B) Apoptosis in cells treated with 140 or 90 yM PUN or
dimethy] sulfoxide (DMSO) (control) for 24 h was analyzed using flow cytometry. (C) The levels of apoptosis-related caspase proteins in HeLa cells treated with 140
uM PUN for 6, 12, or 24 h were examined using western blotting. (D) HeLa and SiHa cells treated with 15 or 10 pM PUN for 14 days were stained with crystal violet.
Representative images of colonies are shown. Values represent mean + standard deviation. All experiments were performed in three replicates. * p<0.05, ** p<0.01.

the expression levels of the E6 related targeted proteins STAT3 and
phosphorylated STAT3 were markedly downregulated, whereas E7
targeted protein Rb was markedly upregulated in the punicalagin (140
pM)-treated HeLa cells (Fig. 2C). However, treatment with 140 pM
punicalagin did not downregulate the mRNA levels of E6/E7 (Fig. S2).
This indicated that punicalagin did not regulate the expression levels of
E6 and E7 at the transcriptional level. The stability of E6 and E7 protein
markedly decreased in the punicalagin (140 pM)-treated HeLa cells
(Fig. 2D). Next, the pathways through which punicalagin mediates the

degradation of E6 and E7 were examined. HeLa cells were co-treated
with 140 pM punicalagin and MG 132 (a proteasome inhibitor) or
pepstatin A (a protease inhibitor)/ E64d (a lysosome inhibitor). Co-
treatment with E64d and pepstatin A almost recovered the
punicalagin-mediated downregulation of E6/E7 (Fig. 2E). Meanwhile,
MG 132 partially mitigated the punicalagin-mediated downregulation of
E7. Treatment with 140 pM punicalagin did not affect the ubiquitination
levels of E7 and led to a moderate decrease of E6 ubiquitination in HeLa
cells (Fig. 2F). Together, these data indicate that besides lysosomal
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degradation, proteasome degradation may have a role in punicalagin-
mediated E7 loss.

Punicalagin induces autophagy in cervical cancer cells

To elucidate the underlying mechanisms of punicalagin-induced
lysosomal degradation of E6 and E7, the effect of punicalagin on auto-
phagy in HeLa and SiHa cells was examined. The expression of the
microtubule-associated protein 1 light chain 3 (LC3-II), a marker of
autophagy [24], was analyzed in punicalagin-treated cells. Treatment
with 140 or 90 uM time-dependently upregulated the LC3-II levels and
punicalagin treatment for 6 h also exhibited a dose-dependent upregu-
lation of LC3-II levels in HeLa and SiHa cells (Fig. 3A-B). Next, the cells
were treated with chloroquine, an autophagosome/lysosome fusion in-
hibitor [25], to determine whether the accumulation of LC3-II resulted
from increased autophagosome formation and/or inhibition of auto-
phagosome/lysosome fusion. Compared with those in the untreated
control HeLa and SiHa cells, either punicalagin or chloroquine mark-
edly upregulated LC3-II level. Meanwhile, the LC3-II levels in the
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punicalagin (140 or 90 pM)/chloroquine-co-treated cells were upregu-
lated when compared with those in the punicalagin (140 or 90
pM)-treated and chloroquine-treated cells (Fig. 3C). This indicated that
punicalagin induces autophagy in HeLa and SiHa cells.

Moreover, a tandem fluorescence probe-tagged adenovirus system
(AdPlus-mCherry GFP-LC3II) was used to evaluate autophagic flux in
punicalagin-treated HeLa cells (Fig. 3D). The red and yellow puncta
(merged from mCherry and GFP) indicate fused autophagosome-
lysosome and unfused autophagosomes, respectively. The number of
red and yellow puncta was counted after treatment with 140 pM puni-
calagin for 24 h. The autophagy flux in the punicalagin-treated HeLa
cells was higher than that in the control HeLa cells. Compared with that
in the punicalagin-treated cells, the autophagic flux was higher in the
cells co-treated with punicalagin and bafilomycin Al, which inhibits
both lysosomal acidification and autophagosome-lysosome fusion [26].
Transmission electron microscopy analysis provided direct insights into
autophagosomes and autolysosomes. The formation of autophagosomes
and autolysosomes in the punicalagin-treated HeLa cells was higher
than that in the control HeLa cells (Fig. 3E). Additionally, treatment
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with 3-MA, a PIK3C3 (phosphatidylinositol 3-kinase catalytic subunit
type 3) inhibitor that inhibits the formation of autophagosomes, miti-
gated the punicalagin-induced downregulation of E6 and E7. The levels
of E6 and E7 in the 3-MA/punicalagin-co-treated HeLa and SiHa cells
were similar to those in the control HeLa and SiHa cells, respectively.
This indicated that punicalagin promotes the degradation of E6 and E7
through the upregulation of autophagy (Fig. S3).

Punicalagin induces autophagy in cervical cancer cells through the ROS-
JNK-BCL2 pathway

Several studies have demonstrated that punicalagin promotes mito-
chondrial dysfunction and consequently promotes the production of
ROS [14, 27]. Additionally, the ROS-mediated PI3K/Akt/mTOR (phos-
phatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit beta,
PI3K/serine/threonine kinase, Akt /mechanistic target of rapamycin
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kinase, mTOR) pathway activation and/or activation of the JNK
(mitogen-activated protein kinase 8, MAPKS8) pathway are critical for
ROS-mediated autophagy induction [28-31]. Therefore, the ROS levels
were examined in the punicalagin-treated cervical cancer cells. As
shown in Fig 4A, treatment with 140 pM punicalagin upregulated the
ROS levels in HeLa cells. The mTOR pathway negatively regulates
autophagy [32]. Hence, the mTOR and phosphorylated mTOR
(p-mTOR) levels were examined in the punicalagin-treated HelLa cells.
Treatment with 140 pM punicalagin did not markedly affect the mTOR
and p-mTOR levels (Fig. 4B), suggesting that punicalagin-induced
autophagy does not involve the mTOR pathway. The total and phos-
phorylated JNK (p-JNK) levels were examined in HeLa cells treated with
140 pM punicalagin for different durations. As shown in Fig. 4B, puni-
calagin time-dependently upregulated the p-JNK levels. JNK-mediated
BCL2 (BCL2 apoptosis regulator) phosphorylation disrupts the binding
of BCL2 to BECN1 (beclin 1SQ). This process plays an important role in
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Fig. 4. Punicalagin promotes BCL2 phosphorylation
and consequently the dissociation of the BCL2-BECN1

complex through the ROS-JNK pathway. (A) Hela
cells treated with 140 pM punicalagin or dimethyl
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regulating cellular autophagy and apoptosis [33-35].. Hence, the total
and phosphorylated BCL2 (p-BCL2) levels were examined in
punicalagin-treated HeLa cells. As shown in Fig. 4C, treatment with 140
pM punicalagin for 6 h markedly increased the p-BCL2 levels but did not
affect the levels of phosphorylated BECN1 (p-BECN1) and PIK3C3,
another important binding partner of BECN1. Treatment with SP100625
(JNK inhibitor) significantly reduced the punicalagin-induced upregu-
lation of p-BCL2, and this indicated that this induction was dependent
on JNK (Fig. 4D). As shown in Fig. 4E-F, treatment with 140 pM puni-
calagin markedly inhibited the interaction between BCL2 and BECN1 in
HeLa cells. These results demonstrate that punicalagin activates the
ROS-JNK-BCL2 pathway and it promotes the dissociation of the
BCL2-BECN1 complex and the subsequent activation of autophagy.

JNK-mediated autophagy is involved in the punicalagin-mediated
degradation of E6 and E7 proteins

To evaluate the role of the punicalagin-induced JNK pathway in
autophagic E6/E7 degradation, the HeLa cells were co-treated with
punicalagin and NAC (ROS scavenger), SP100625, or 3-MA. As shown in
Fig. 5A, the E6 and E7 levels in the cells co-treated with punicalagin
(140 pM) and NAC, SP100625, or 3-MA for 6 h were similar to those in
the control cells. Similar results were obtained for E6 protein levels and
partially for E7 protein levels after knocking down JNK (MAPKS, gene
ID: 5599) using siRNA (Fig. 5B).

ATG5 (gene ID: 9474) plays a vital role in autophagosome formation
by promoting the conversion of LC3-I to LC3-II [36, 37]. Next, the role of
autophagy in punicalagin-mediated E6/E7 degradation was examined.
The ATG5 knockout HeLa cell line was established using the CRISPR/-
Cas9 system (Fig. 5C). The wild-type (WT) and ATG5 knockout HeLa
cells were treated with 140 pM punicalagin for 6 h. The knockout of
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Fig. 5. Role of JNK pathway-induced auto-
phagy in punicalagin-mediated degradation of
E6 and E7. (A) The E6 and E7 levels in HeLa
cells treated with 140 pM punicalagin or

év dimethyl sulfoxide (DMSO; control) or pre-

ec’ é@‘ treated with N-acetyl-L-cysteine (NAC; 10 mM),
3-MA (5 mM) or SP600125 (20 pM) for 1 h,

E — JNK followed by treatment with punicalagin for 6 h
100 0.30 were assessed using western blotting. (B) HeLa

cells were transfected with 100 nM short-
= interfering RNA (siRNA) against JNK or con-
trol siRNA. At 48 h post-transfection, the cells
were treated with 140 pM punicalagin for 6 h.
The E6 and E7 protein levels and JNK knock-
down efficiency were analyzed using western
blotting. (C-E) The levels of ATG5 in wild-type
(WT) and ATG5 knockout (KO) HeLa cells were
examined using western blotting (C). The levels
of LC3-II (D), E6, and E7 (E) in WT and ATG5
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ATGS5 inhibited the conversion of LC3-I to LC3-II in HeLa cells (Fig 5D). Discussion

The E6 and E7 levels in the punicalagin-treated WT cells were markedly
downregulated when compared with control cells and those in the
punicalagin-treated ATG5 knockout cells (Fig. S5E). ATG5 knockout
slightly increased the E6 and E7 levels. This indicated that the basal
levels of autophagy may play a role in the degradation of E6 and E7
proteins.

Punicalagin downregulates E6/E7 levels and suppresses cervical tumor
growth in vivo

Finally, the therapeutic efficacy of punicalagin in the HeLa cell
xenograft nude mouse model was examined. Consistent with the in vitro
results, the tumor growth in the punicalagin (20 mg/kg bodyweight)-
treated group was significantly slower than that in the PBS-treated
group (P < 0.05) (Fig. 6A-B). Additionally, the tumor weight in the
punicalagin (20 mg/kg bodyweight)-treated group significantly
decreased by approximately 32.7% when compared with that in the
PBS-treated group (P < 0.05). The downregulation of E6 and E7 in the
punicalagin-treated group was verified using western blotting (Fig. 6C)
and immunohistochemical analyses (Fig. 6D). Compared with those in
the PBS-treated group, the levels of LC3-II and cleaved CASP3 (the
apoptosis-related proteins) were upregulated in the punicalagin (20 mg/
kg bodyweight)-treated group (Fig. 6C). In addition, increased infiltra-
tion of inflammatory cells was observed in the punicalagin-treated
group and the PBS-treated group (Fig. 6D).

The malignant phenotype of HPV-infected cervical cancer cells is
mainly maintained by E6 and E7. In this study, punicalagin time-
dependently and dose-dependently downregulated the E6 and E7
levels in cervical cancer cells through the autophagy lysosome system.
However, the role of the proteasome pathway in the punicalagin-
mediated regulation of E6 and E7 cannot be completely ruled out
because treatment with the proteasome inhibitor MG 132 partially
mitigated the punicalagin-mediated downregulation of E7. The
autophagy-lysosome pathway majorly contributed to the regulation of
E6 and E7 levels as the inhibitors of autophagy and lysosome almost
completely inhibited the punicalagin-induced downregulation of E6 and
E7. Further investigation revealed that punicalagin activated the ROS-
JNK pathway and that treatment with NAC (ROS scavenger) and
SP600125 (JNK inhibitor) mitigated the punicalagin-induced down-
regulation of E6 and E7 levels. This indicated that the ROS-JNK pathway
is involved in the degradation of E6 and E7. Activated JNK promoted
BCL2 phosphorylation, which led to the dissociation of the BECN1/BCL2
complex and the formation of the BECN1-PIK3C3 complex, which is
important for autophagic phagophore assembly and recruitment of
accessory proteins to induce autophagy. The results of co-
immunoprecipitation and ATG5 knockout experiments confirmed our
hypothesis that punicalagin promotes the dissociation of the BECN1-
BCL2 complex and promoted autophagy. As shown in Figure 7,
punicalagin-mediated E6/E7 degradation was largely dependent on
autophagy. This model provided a novel mechanism of autophagy
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Fig. 6. Therapeutic efficiency of punicalagin
against cervical tumors. BALB/c-nu/nu mice
with the HeLa cell xenograft tumor of diameter
5 mm were injected with punicalagin (20 mg/

kg bodyweight) or phosphate-buffered saline
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induced degradation of the two oncoproteins E6 and E7 in HPV positive
cervical cancer cells.

SQSTM1/p62 (sequestosome 1), an adaptor of selective autophagy,
interacts with ubiquitinylated proteins and transports them to the
autophagosome for degradation. During this process, SQSTM1/p62 also
undergoes degradation. Treatment with punicalagin did not affect the
levels of SQSTM1/p62 (Fig. S4). However, the possibility of punicalagin
promoting SQSTM1/p62-induced selective autophagy cannot be
excluded. The SQSTM1/p62 levels can be affected by other factors, such
as NRF2 (nuclear factor, erythroid 2 like 2) after ROS exposure [38].
Autophagy induction can result in subtle changes in SQSTM1/p62
levels. Therefore, the SQSTM1/p62 levels may be regulated by multiple
regulators. The role of punicalagin in inducing selective or non-selective
autophagy in cervical cancer was not fully determined in this study. It
awaits further investigation whether punicalagin causes degradation of
E6 and E7 through specific or generalized mechanisms of the autophagic
pathway.

Autophagy can be induced through various pathways. AMP-
activated protein kinase (AMPK) and mTOR regulate several
autophagy-related pathways. Punicalagin upregulated AMPK phos-
phorylation in HeLa cells (Fig. S4). This is consistent with the results of a

100um

previous study, which reported that punicalagin upregulates the levels
of AMPK [20].. However, punicalagin did not affect the levels of mTOR
and p-mTOR (Fig 4B), which must be explored in future studies.
Several studies demonstrate that autophagy is a host defense mech-
anism against pathogens, including HPV. HPVs are reported to coun-
teract this protective system and exploit cellular autophagy to facilitate
their replication, which significantly contributes to cervical cancer
progression. Griffin et al. reported that the ability of type 16 HPV
pseudovirion to infect primary human keratinocytes is limited when
compared with its ability to infect established keratinocyte cell lines.
This may be attributed to the decreased levels of basal autophagy in
established keratinocyte cells lines. The knock down of autophagy
related genes or treatment with an autophagy inhibitor enhances the
infectivity of virions [39, 40]. To establish a successful infection, HPV
utilizes several strategies to inhibit host autophagy. E6 and E7 may
inhibit autophagy by modulating the Akt/mTOR pathway [41, 42].
Conversely, the depletion of E6 and E7 induces autophagy in a cervical
carcinoma model. This suggested that autophagy and HPV are inversely
correlated. Cervical carcinogenesis results from compromised auto-
phagy and successful HPV invasion. Recently, the clinical significance of
autophagy in cervical cancer has piqued the interest of the scientific
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community. The downregulation of BECN1 and LC3-II is associated with
poor survival in patients with cervical cancer [43-47]. Autophagy can
function as a tumor suppressor mechanism by inhibiting tumor initia-
tion, proliferation, invasion, and development, especially at the early
stages of tumorigenesis [48-50]. However, at the late stage of tumor
progression, autophagy can promote the pathogenesis of tumor cells, as
well as tumor growth, invasion, and metastasis [51-55]. Several auto-
phagy inhibitors, including chloroquine, 3-MA, bafilomycin Al,
LY294002, SB202190, and SB203580, exert growth-inhibitory effects
against tumors. These inhibitors mainly target the nucleation and
extension of the phagophore or inhibit the endosomal-lysosomal acidi-
fication process. Additionally, various natural compounds have been
developed to inhibit or activate autophagy. Natural compounds, such as
artemisinin, dihydroartemisinin, curcumin, and resveratrol are reported
as autophagy by modulating different pathways or proteins related to
autophagy [56-59]. The findings of this study demonstrated that puni-
calagin efficiently induced autophagy-mediated degradation of E6 and
E7, and inhibited cervical cancer both in vitro and in vivo. In addition,
induction of tumor cell autophagy and apoptosis, as well as increased
infiltration of inflammatory cells in tumors were also observed under
punicalagin treatment. It may be exploited to develop novel therapeutic
strategies for cervical cancer.

In conclusion, this study provided novel insight into the mechanism
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Fig. 7. Schematic of the pathways involved in
punicalagin-induced autophagic degradation of E6 and
E7. In human papillomavirus (HPV)-infected cervical
cancer cells, the binding of BCL2 to BECN1 blocks its
interaction with other components of the PIK3C3
complex that regulates autophagosome nucleation for
membrane formation. Treatment with punicalagin
promotes the production of reactive oxygen species
(ROS), which leads to the activation and phosphoryla-

JNK1 tion of JNK. Activated JNK directly phosphorylates
BCL2. Phosphorylated BCL2 promotes the dissociation
of the BECN1/BCL2 complex. BECN1 binds to the

‘ PIK3C3 complex and initiates autophagy. Accelerated
autophagosome formation and autophagosome-

lysosome fusion lead to the lysosomal degradation of
its targets E6 and E7. This results in the suppression of
cervical cancer cell proliferation and survival and the
inhibition of tumor growth.

3-MA

underlying the punicalagin-induced autophagic degradation of E6 and
E7. Punicalagin promoted autophagy in cervical cancer by activating the
ROS-JNK-BCL2 pathway and promoted the release of BECN1 from BCL2.
The growth-inhibitory effects of punicalagin against cervical cancer
were verified both in vitro and in vivo. Therefore, these findings will
enable the development of a novel therapeutic strategy for patients with
HPV-infected cervical cancer.
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