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Editor: Dr. S Nan The environmental toxicity of bisphenol A (BPA) and its analog like bisphenol S (BPS) have drawn wide
attention, but their roles in cancer progression remain controversial. Here, we investigated the effect of BPA/BPS
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BPS treatment significantly increased Cancer Stem Cell (CSC) markers expression including OCT4, NANOG and
SOX2. Cancer cell stemness evaluation induced by BPA/BPS was notably attenuated by the knockdown of PINK1
or Mdivi-1 treatment. The activation of PINK1 initiated mitophagy by inhibiting p-p53 nuclear translocation in a
non-canonical manner. In vivo studies validated that BPA/BPS-exposed mice have higher tumor metastasis
incidence compared with the control group, while mitophagy inhibition blocked such a promotion effect. In
addition, CSC markers such as SOX2 had been found to be overexpressed in the tumor tissues of BPA/BPS
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exposure group. Taken together, the findings herein first provide the evidence that environmentally relevant
BPA/BPS exposure could enhance ovarian cancer cell stemness through a non-canonical PINK1/p53 mitophagic
pathway, raising concerns about the potential population hazards of BPA and other bisphenol analogs.

1. Introduction

Bisphenol A (BPA) is extensively utilized in food, beverage con-
tainers, cigarette filters and many other usages production[66]. As a
kind of xenoestrogen, BPA has the potential to promote the progression
of many estrogen-related tumors including ovarian and breast tumors
[57]. Previous studies have verified that BPA can affect estrogen and/or
androgen concentrations by inhibiting gonadal hormone synthesis and
metabolism [74]. Increasing concerns about BPA for its possible adverse
effects on human health have promoted the emergence of “BPA-free”
products. Some of the structural analogs like bisphenol S (BPS) and
bisphenol F (BPF), however, are also bisphenols (BPs) and their toxicity
profile is largely unknown [30].

The occurrence of BPA and bisphenol analogs in foods, consumer
products and human fluids has been documented [38,53], of which BPS
was highly detected among bisphenol substitutes [4]. Determined from
measurable concentrations of BPA of normal people in body tissues and
fluids, the concentration ranging from 0.5 to 10 ng/ml has been regar-
ded as a theoretical internal concentration [65]. Studies suggested that
the detectable BPS concentration in human plasma is basically equal to
or slightly less than the BPA [22]. To be more specific, the mean plasma
detected concentration of BPA and BPS were 0.67 pg/L and 0.78 pg/L
respectively [22]. While in breast milk, ND~0.548 pg/L and ND~0.683
pg/L [43] BPA/BPS were detected. Moreover, in some tissues like the
placenta, BPA could also be measured (0.53 pg/kg) which means
bisphenols exposure during pregnancy may affect their offspring[24].
For occupationally exposed people, epidemiological data indicated that
occupational exposure would cause higher urine levels of BPA than
general individuals about 70 times [17]. It is noteworthy that numerous
toxicological and epidemiological studies have shown that BPs including
BPA and BPS exhibit a variety of toxic effects, such as reproductive
toxicity [2,7], neurotoxicity [47,55] and metabolic toxicity [63].
Whether an internal dose of BPA or BPS could cause the development of
tumors remained to be controversial.

Among the estrogen-related tumors of women reproductive system,
ovarian cancer is the third prevalent but deadliest of the gynecological
malignancies [12], fewer than half of the patients survive beyond 5
years [64], of which posing a serious threat to women health worldwide.
It is reported that the occurrence and development of ovarian cancer are
closely related to EDCs exposure, especially exposure to environmental
estrogen such as BPA[18]. However, the molecular mechanism by which
environmental dose BPA or its analog exposure promotes the develop-
ment of ovarian tumors has not been clarified yet.

The mechanism of Cancer Stem Cell (CSC) is adopted to explain
tumor development in recent years, which has indicated that the growth
and metastasis of tumors depend on a small number of tumor stem cells
with "self-renewal" ability in tumor cells [1]. Accumulating evidence has
also supported that the poor prognosis of tumors was essentially
ascribed to the acquired stemness properties of cancer cells [23,33,60].
Our previous study [20] has found that low-dose BPA could promote
epithelial-mesenchymal transition (EMT) of cancer cells via canonical
Wnt pathway , which tends to be associated with the acquisition of
stemness phenotype [25]. Nevertheless, the underlying mechanism be-
tween BPs and estrogen-related tumor stem cells (such as the ovarian
cancer stem cells) has not been intensively elucidated.

Mitochondrial autophagy (mitophagy) is a key mitochondrial quality
control pathway that eliminates impaired, aged or dysfunctional mito-
chondria through autophagy [72], which is essential in maintaining
cellular homeostasis and stemness [11,40,46]. Mitophagy plays a crit-
ical role during tumor progression [5]. In the late stage of tumorigenesis,

cancer cells could tolerate adverse conditions (low nutrient levels and
hypoxia) better under enhanced mitophagy, which is involved with
canonical PINK1/Parkin signaling or non-canonical pathways indepen-
dent of Parkin [41,68,9]. Furthermore, mitophagy is highly indispens-
able in maintaining stem cell characteristics as well as alterations in the
metabolic phenotype during cell fate transition in normal and cancer
cells [39,42]. For instance , the mitochondrial fission factor FIS1 pro-
motes stemness of human lung cancer stem cells via mitophagy [31],
while mitochondrial fission factor (MFF) enhances stemness and
tumor-initiating capability via promoting mitochondrial fission in
non-liver cancer-initiating cells [62]. However, whether BPs could
regulate the stemness of ovarian cancer via canonical or non-canonical
mitophagic signaling has remained to be unclear.

In this present study, we aimed to determine whether environmental
BPs could enhance ovarian cancer cell stemness in vitro/in vivo and the
underlying mechanism. Western blotting, qRT-PCR and immunofluo-
rescence staining were conducted to assess ovarian cell stemness
phenotype induced by BPA/BPS. Our established ATdb tool [6], bioin-
formatics analyses, nucleocytoplasmic separation and Co-IP assays were
used to screen the underlying mitophagic pathway which accounts for
the mechanism of how BPA/BPS regulates the stemness of ovarian
cancer cells. Additionally, histopathological analyses and immunofluo-
rescent staining were implemented among the in vivo models after
BPA/BPS exposure. Overall, this study firstly provides new evidence that
how environmental concentrations of BPA and BPS regulate cancer cell
stemness and tumor metastasis via a novel mitophagic pathway.

2. Materials and methods
2.1. Study population

Our analyses were based on cross-sectional data from the National
Health and Nutrition Examination Survey (NHANES) 2013-2016. In our
research, we extracted data from 5337 participants aged 20 years and
older enrolled in two NHANES cycles (NHANES 2013-2014 and
2015-2016). 541 participants were not involved in further research due
to the lack of urinary concentration of BPA and BPS. A total of 4796
individuals were brought into our main analyses. The method for
measuring phenols uses online solid phase extraction coupled with
HPLC/MS detection technology. Internal standards labeled isotopically
were used as standard quality control, the detection limits in 100 pl of
urine are 0.1 — 0.2 micrograms per liter (ug/L), sufficient for measuring
urinary levels of phenols. The limits of detection (LODs) were 0.20 and
0.10 pg/L for BPA and BPS.

2.2. Chemical treatments and cell culture

BPA (>99.0%), BPS (>98.0%) and Mdivi-1 (>98.0%) were pur-
chased from Sigma Aldrich (St. Louis, MO, USA). The stock solution of
BPA (20 mM ) , BPS ( 20 mM ) and Mdivi-1 (25 mg/ml) were prepared
in dimethyl sulfoxide (DMSO, Sigma-Aldrich). Human ovarian cancer
cell lines SKOV3 were purchased from the Culture Collection of the
Chinese Academy of Sciences (Shanghai, China), and epithelial ovarian
cancer cell lines A2780 were purchased from iCell Bioscience Inc
(Shanghai, China). SKOV3 and A2780 cells were cultured in McCoy’s 5
A (Gibco, USA) and DMEM (Gibco, USA) media, respectively.

2.3. Animal study

5-week-old female BALB/c nude mice were purchased from
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Shanghai SLAC Laboratory Animal Co. Ltd. (Shanghai China). All pro-
cedures were performed according to the Ethics Committee of Animals
Using in Zhejiang University (ZJU20220208). The ovarian tumor
xenograft metastasis model in BALB/c nude mice establishment was
outlined in previous studies [26]. Animals were randomly divided into 6
groups (each group containing 6 members): (1) control group (2) BPA
group (3) Mdivi-1 group (4) BPA+ Mdivi-1 group (5) BPS group (6)
BPS+ Mdivi-1 group. BPA/BPS was dissolved in sesame oil and given by
gavage administration at a dose of 50 pg/kg body weight/day [21,50,
75], control mice were exposed to the same dose of sesame oil without
BPA/BPS. The experimental mice received 25 mg/kg/day Mdivi-1
intraperitoneally [77], while the control mice received saline treat-
ment. The mice were sacrificed after 4 weeks before taking represen-
tative images of the metastasis tumors. Then the number and weight of
metastatic lesions were measured. The metastases nodes were fixed with
formalin for subsequent analysis.

2.4. EAU cell proliferation assay

EdU-594 Cell Proliferation Kit (BeyoClick™) was used to detect cell
proliferation ability and carried on as previously explained [35]. We
used a cell density of 5 x 10* per well as a starting point in a 12-well
plate. After being cultured for 24 h, ovarian cancer cells were exposed
to different concentrations of BPA/BPS for 24 h. Fluorescence imaging
was collected by fluorescence microscope (Nikon, Japan).

2.5. SDS-PAGE and western blot analysis

SKOV3 or A2780 cells were harvested and lysed in cold RIPA
(Beyotime) buffer for 30 min. After centrifuging and collecting the su-
pernatants, cell lysates were then subjected to SDS-PAGE analysis.
Nitrocellulose filter membranes (0.22 or 0.45 um) were used for protein
transferring and 5% non-fat milk in Tris-buffered saline was used for
membrane blocking. Then, the membranes were incubated with the
primary and secondary antibodies and visualized by ChemiScope 3300
Mini (Clinx, China) with the help of ECL substrate (Cyanagen, Italy).
Experiments were performed in triplicate. A list of antibodies was
itemized in Table S1.

2.6. Immunofluorescence staining

After 24 h BPA/BPS treatment, tumor cells were fixed by 4% para-
formaldehyde in PBS for 15 min, followed by permeabilized with 1%
Triton X-100 (Sangon Biotech, China # A110694) for 10 min and then
blocked with 5% bovine serum albumin (BSA) for 1 h. The primary and
secondary antibodies used there are listed in Table S1. After incubated
with the antibody, the coverslips were stained with DAPI (1 pg/ml,
Beyotime, China #C1002) for 5 min. Images were captured and merged
using bx63 Olympus microscope. Experiments were performed three
replicated times.

2.7. RNA extraction and Real-Time PCR

SKOV3 or A2780 cells were treated as mentioned above. Total RNA
was extracted using Trizol reagent (Sangon Biotech, China #B511311)
and was reversed for cDNA synthesis by Takara Prime Script™ RT re-
agent Kit. Applied Biosystems 7500 fast System was carried for QPCR
analysis, with an SYBR Green PCR master Mix Kit (Takara, Otsu, Shiga,
Japan). The necessary primers were synthesized by Sangon Biotech
(Sangon Biotech, Shanghai, China). Primer sequences of p-actin, Sox2,
Oct-4, Nanog and PINK1 are shown in Supplementary Materials
(Table S2). The 2" 24 method was applied to analyze the expression
levels of each gene, which was normalized with p-actin.
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2.8. siRNA transfection

PowerFect reagent (SignaGen, USA #SL100569) was utilized to
conduct small interfering RNA (siRNA) transfection. A diluted mixture
of si-PINK1 and PowerFect reagent (SignaGen, USA) was added to the
culture medium, and the cells were cultured for another 4-6 h.
Following medium refreshment, the cells were cultured for 24 h
accompanied with BPA/BPS. Negative control siRNA, siRNAs targeting
PINK1 were designed and synthesized by GenePharma (China). The
siRNA sequences were listed in Table S3.

2.9. Nucleocytoplasmic separation

The cells were collected and lysed with cell lysis buffer (Beyotime).
Nucleocytoplasmic separation of cultured ovarian cancer cells was
separated by Nuclear and Cytoplasmic Protein Extraction Kit (Beyotime)
according to the manufacturer’s protocol.

2.10. Co-Immunoprecipitation (Co-IP)

SKOV3 cells were harvested in NP40 lysis buffer containing PMSF,
and cell debris is removed by centrifugation (12,000xg for 10 min at 4
°C). The cell lysate was first pre-cleaned with IgG mixed with Protein A/
G PLUS-Agarose (Santa Cruz, #G1321) at 4 °C for 30-60 min. Then anti-
PINK1 or IgG antibodies were added into cell lysate and incubated at 4
°C overnight. On day 2, 20 pl resuspended volume of Protein A/G PLUS-
Agarose was supplemented to the cell lysate. Further, the protein was
separated by SDS-PAGE. Western blot was conducted to assess the de-
gree of p53 and p-p53. Detailed information was shown in supporting
information.

2.11. Survival analysis

Overall survival of TCGA and GSE13876 ovarian cancer patients was
determined by Kaplan-Meier analysis. Hazard ratio (HR) and corre-
sponding 95% confidence interval (CI) were calculated with an optimal
cutoff value.

2.12. Immunohistochemistry (IHC)

Formalin-fixed, paraffin-embedded (FFPE) tumor sections were
prepared for immunohistochemistry (IHC) analysis. Images were
captured and merged using Olympus FV1000 microscope or bx63
Olympus microscope. Experiments were performed three replicated
times. The detailed methods are stated in the supporting information.

2.13. Transmission electron microscopy (TEM)

Tumor cells were imaged at the Research Center of Diagnostic
Electron Microscopy at Zhejiang University using Thermo Scientific
Talos L120C. Cells were fixed with 2.5% glutaraldehyde and stained
with uranyl acetate.

2.14. Statistical analyses

GraphPad Prism 9 and R 4.1.0 were applied for statistical analyses in
our research. Pearson correlation coefficients were calculated to mea-
sure the linear relationship. Scatter plots were drawn with R package
ggpubr. Three independent experiments results were presented as mean
+ SD. Two-tail student’s t-test and one-way analysis of variance
(ANOVA) were adopted for two or multiple groups comparisons,
correspondingly. A p-value < 0.05 was considered statistically
significant.
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Fig. 1. Effects of BPA/BPS exposure on ovarian cancer cell proliferation. (A-D) SKOV3 and A2780 cell viability was determined after treatment with DMSO control or
10 nM/100 nM/1 pM/10 pM/100 pM/1 mM BPA/BPS for 24 h by CCK-8 kit. (E-H) EdU proliferation assay in BPA/BPS treated SKOV3 and A2780 cells. (I-L) The
results for EdU-positive cells were graphed and statistically analyzed. ns, no statistical significance, * p < 0.05, *** p < 0.001, by one-way ANOVA with Dunnett’s
test compared with the control group (n = 3). Error bar indicates the mean + SD.

3. Results As shown in Fig. 1A, no significant decrease in viability was observed in
SKOV3 cells following BPA exposure lower than 10 pM, while in A2780

3.1. Effects of BPA/BPS exposure on ovarian cancer cell proliferation cells the threshold was 100 pM (Fig. 1C). BPS was characterized by
lower cell toxicity (Fig. 1B, D). Then we chose 10-1000 nM of BPA and

To investigate the cell toxicity of BPA/BPS on ovarian cancer cells, BPS as concentration gradients accompanied by blank control and sol-
SKOV3 and A2780 were exposed to concentration gradients of BPA/BPS. vent control. In EAU cell proliferation assays, 24 h BPA/BPS treatment at
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Fig. 2. BPA/BPS upregulated ovarian cancer cell stemness. (A, B) The level of urine BPA and BPS concentration was analyzed in NHANES database (2013-2016,
n = 4796). (C, D) The arithmetic mean and geometric mean change of BPA/BPS. (E, F) Representative western blot showing the expression of cancer stem cell (CSC)
related proteins OCT4, NANOG and SOX2 after BPA/BPS treatment at concentrations of 0,10,100,1000 nM with blank control for 24 h in SKOV3 cell. -actin served
as an internal control. (G, H) Quantification of western blot detection of OCT4, NANOG and SOX2 in SKOV3 cells after treatment with BPA/BPS 24 h.The relative
intensity was analyzed with Image J software and calculated by the ratio relative to the p-actin intensity. (I, J) mRNA expression levels of Oct-4, Nanog, Sox2 were
measured by qPCR. The gene f-actin was used as an internal control. (K) SKOV3 cells were exposed to DMSO or 100 nM BPA/BPS for 24 h. OCT4, NANOG, SOX2
expression were detected by Immunofluorescence. (L-N) Quantification of immunofluorescence detection of SOX2, OCT4 and NANOG in SKOV3 cells after treatment
with BPA/BPS 24 h.The immunofluorescence intensity was analyzed with Image J software and calculated by the ratio relative to the Ctrl group. Scale bar: 20 um.
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Fig. 3. Low-dose BPA/BPS enhanced mitoph-
agy by upregulating PINK1. (A) The correlation
between mitophagy-related protein with
ovarian cancer patients’ prognosis. (B) Kaplan-
Meier analyses for overall survival of
GSE13876 ovarian cancer patients. The optimal
cutoff value was automatically chosen.
n = 415, p = 0.0062. (C) The correction anal-
ysis between PINK1 and SOX2 expression in
ovarian cancer patients was determined via
Spearman rank correlation analysis. n = 415.
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different concentrations, however, showed no significant change in cell
proliferation ability (Fig. 1E-L). The results above indicated that ovarian
cancer cell proliferation ability was not obviously altered under low-
dose Bisphenols administration.

3.2. BPA/BPS upregulated ovarian cancer cell stemness

To determine the actual BPA/BPS exposure level in humans, we
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(D) The correction analysis between PINK1 and
CD44 expression in ovarian cancer patients was
determined via Spearman rank correlation
analysis. n = 415. (E, F) Representative western
blot showing the expression of PINK1, p53,
TIM23, TOM20 after BPA/BPS treatment at
concentrations of 0,10,100,1000 nM for 24 h in
SKOV3 cell. p-actin served as the internal con-
trol. (G, H) Quantification of western blot
detection of PINK1, p53, TIM23 and TOM20 in
SKOV3 cells after treatment with BPA/BPS
24 h.The relative intensity was analyzed with
Image J software and calculated by the ratio
relative to the f-actin intensity. (I) SKOV3 cells
were treated with 100 nM BPA/BPS for 24 h
accompanied with control and analyzed by
transmission electron microscopy (TEM). Insets
(black boxes) show mitochondria and the
autophagosomes engulfing mitochondria. Scale
bars, 2 pum; insets: Scale bar, 500 nm. (J)
Representative immunofluorescent images of
xenograft tumors from control, BPA and BPS
groups. Boxes: co-localizations of TOM20 with
LC3B. DAPI was used to tag the nucleus. Scale
bar: 20 um.
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analyzed data from 4796 participants aged 20 years and older enrolled
in two NHANES cycles (NHANES 2013-2014 and 2015-2016) for our
main analyses. The results showed that in recent years, the internal
exposure concentration of BPA in the general population exhibited a
certain downward trend while its substitute BPS showed a contrary
trend, the mean BPA/BPS internal concentration was around 10 nM and
the upper limit of these bisphenols was about 200 nM (Fig. 2A-D;
Table S4-6). In our early study, Hui et al. found that low-dose BPA could
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promote Epithelial to Mesenchymal Transition (EMT) via canonical Wnt
pathway [20]. Cells that have undergone EMT also acquire resistance to
several drugs and chemotherapeutic agents [8], which is similar to
cancer stem-like cells (CSCs) [36]. Based on these concepts, we deter-
mined to explore the association between BPA as well as its analog BPS
and cancer cell stemness. As expected, BPA upregulated the expression
of stemness biomarkers OCT4, NANOG and SOX2 in a dose-dependent
manner in both cell lines (Fig. 2E, Fig. S1A). The intensity qualifica-
tion was shown in Fig. 2G and Fig. S1C. It was perturbing that BPS
treatment exhibited a similar manner with BPA and SOX2 showed an
obvious enhancement even under 10 nM BPS treatment (Fig. 2F, H;
Fig. S1 B, D). Since 100 nM BPA/BPS exposure could obviously promote
stemness, which is also comparable with human environmental expo-
sure level [27,28,65], 100 nM was taken as the working concentration
subsequently. The transcription level changes of the stemness bio-
markers were detected by qPCR. Under 100 nM BPA/BPS treatment, the
mRNA level of Oct-4, Nanog, and Sox2 were significantly promoted
(Fig. 2I, J; Fig. S1E, F). Similar alterations were also observed by
immunofluorescence of which 100 nM BPA/BPS treatments dramati-
cally stimulated the expression of CSC markers in SKOV3 and A2780
(Fig. 2K-N; Fig. S1G-J). In addition, nuclear accumulation of OCT4,
NANOG and SOX2 was found after BPA/BPS exposure, while SOX2
presented the most evident nuclear translocation effect. Altogether,
these results suggested that BPA/BPS exposure in a concentration
comparable to the environmental level could promote cancer cell
stemness.

3.3. Low-dose BPA/BPS enhanced mitophagy by upregulating PINK1

Mitophagy is a distinct autophagic process that can selectively clear
redundant or damaged mitochondria via autophagic lysosomes [29]. It
was not controversial that mitophagy plays a momentous role in the
maintenance and remodeling of stem cell populations through metabolic
reconfiguration for better adaption to the tumor microenvironment [48,
49]. Enriched cancer stem cell further results in a worse prognosis. We
used ATdb [6] database to screen the mitophagy-related proteins asso-
ciated with worse prognosis of ovarian cancer patients, and found that
the high expression of PINK1 was highly correlated with the poor
prognosis of ovarian cancer patients (Fig. 3A). In GSE13876 database,
ovarian cancer patients with higher PINK1 level showed significantly
worse prognosis (Fig. 3B), which was also verified in TCGA database
(Fig. S2C). Moreover, correlation analysis revealed that the expression
of PINK1 was positively correlated with SOX2 and CD44 (Fig. 3C, D),
both of which are important stemness makers in ovarian tumors. Pa-
tients with higher SOX2, OCT4 and NANOG expression levels also
exhibited worse prognoses (Fig. S2F-H). As expected, our results showed
that PINK1 expression was extremely elevated under 100 nM BPA/BPS
treatment (Fig. 3E-H; Fig. S2A, B; D, E). Since PINK1 is an initiating
kinase that activates cellular mitophagy, we further determined the
expression of mitochondrial membrane markers in ovarian cancer cells.
Results showed that BPA/BPS treatment decreased TOM20 and TIM23
protein levels in ovarian cancer cells, which are translocases associated
with outer and inner mitochondrion membranes, respectively [14]
(Fig. 3E-H ; Fig. S2A, B; D, E). Electron microscopy also confirmed that
100 nM BPA/BPS treatment for 24 h drove mitophagy compared with
the control group (Fig. 31). Finally, we evaluated whether environmental
BPs exposure triggered mitophagy in vivo. The results on immunofluo-
rescent staining showed that the co-localization of TOM20 and LC3B
was significantly enhanced in BPA/BPS-stimulated tumor tissues
(Fig. 3J). These results provided evidence that low-dose BPA/BPS
enhanced mitophagy by upregulating PINK1 in ovarian cancer cells.

3.4. BPA/BPS increased mitophagy in ovarian cancer in a Parkin-
independent manner

We have verified that low-dose BPA/BPS enhanced mitophagy by

Journal of Hazardous Materials 452 (2023) 131288

A Patients(%)
100+

80

60

404

20

y T & J& & PR Py y
S LFFLF LSS LELSLEEE
SO S S S T T M- SIS S S
«r? ‘(\c? & & \o’b & Qr? AP AP \c? K
¥ & & & RN S G N I I o
F g VES S
g® < & S ¢ O
Q® ¢ &
2
B (o}
& NEEgr S
SR 4
2 <

Parkin

==

Liver cancer Ovarian cancer

Fig. 4. Parkin relative expression level in different tumor tissues and cell lines.
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Representative western blot of SH-SY5Y, SKOV3, A2780 cell showing the
expression of Parkin. p-actin served as the internal control.

The above data are compiled from The Human Protein Atlas, the original data
can be obtained from https://www.proteinatlas.org/ENSG0000018
5345-PRKN/pathology.

upregulating PINK1, then we decided to investigate possible molecular
contributions to the process. Since PINK1/Parkin-mediated mitophagy
is a canonical mitophagy mechanism, we wonder whether Parkin could
involve in this pathway. Unexpectedly, based on the sample data
retrieved from Human Protein Atlas (HPA) and TCGA [54], in
estrogen-related tumors including ovarian tumors, Parkin was expressed
at a low level or even not detected (Fig. 4A). Moreover, the immuno-
histochemical results showed that the liver tumor tissue exhibited a high
positive rate of Parkin, while the ovarian cancer tissue showed not
(Fig. 4B). In tumor cell lines, ovarian cancer cells substantially did not
express Parkin either, compared to SH-SY5Y cells as a positive control
(Fig. 4C). In order to have a better understanding of the downstream
proteins that may interact with PINK1 besides of Parkin, we screened the
non-canonical mitophagy-related proteins that directly interact with
PINK1 in the NCBI database, and drew gene mutation fingerprint for the
16 interacting proteins. The result showed that p53 was top-ranked
(Fig. 5A). Co-IP also verified the crosstalk between PINK1 and p53,
p-p53 (Fig. 5B). Treating SKOV3 cells with BPA/BPS, which enhanced
mitophagy, decreased p53 protein level (Fig. 3E-H) and significantly
inhibit the nuclear translocation of p-p53, which was reversed by the
knockdown of PINK1 expression (Fig. 5C-H). Whereas no conspicuous
changes were observed in cytoplasmic under BPA/BPS treatment. The
conclusion was also verified in A2780 cells (Fig. S2A, B; D, E; Fig. S3E-J).

3.5. Role of PINK1 in BPA/BPS-induced ovarian cancer cell stemness

Next, siRNAs were adopted to knock down PINK1 expression and
further studied its role in BPA/BPS-induced ovarian cancer stemness.
According to knockdown efficiency, siRNAs si-2 were adopted in sub-
sequent experiments (Fig. S3A-D). Knockdown of PINK1 significantly
reversed the increased expression of OCT4, NANOG, SOX2 enhanced by
BPA/BPS. This phenotype was verified in both SKOV3 and A2780 cell
lines (Fig. 6A-H; Fig. S4A-H). Immunofluorescence staining revealed a
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Student’s t-test compared with the control group (n = 3). Error bar indicates the mean =+ SD.

similar conclusion (Fig. 6I-L; Fig. S4I-L). These findings demonstrated
the pivotal role of PINK1 in the stemness of ovarian cancer under low-

dose BPA/BPS exposure.

3.6. Mdivi-1 alleviated environmental BPA/BPS-induced cancer cell
stemness via inhibiting mitophagy

Having established the concept that low-dose BPA/BPS could
enhance ovarian cancer cell stemness via PINK1/p53 involved non-
canonical mitophagy pathway, a specific mitophagy inhibitor Mdivi-1

was used to determine the particular effect of mitophagy on environ-
mental BPA/BPS-caused cell stemness. The results showed that in the
presence of BPA/BPS, p-p53 protein level decreased while that of CSC
biomarkers (SOX2, OCT4, NANOG) increased. However, treating
ovarian cancer cells with Mdivi-1 (10 pM) alleviates such effect (Fig. 7A-
D; Fig. S5A-D). All in all, our results verified that environmental BPA/
BPS exposure caused cell stemness via triggering p53 involved non-
canonical mitophagy.
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Fig. 6. Role of PINK1 in BPA/BPS-induced ovarian cancer cell stemness. (A, B) Representative western blot of SKOV3 cell showing the expression of OCT4, NANOG
and SOX2 after 100 nM BPA/BPS treatment combined with PINK1 knockdown. B-actin served as the internal control. (C-H) Quantification of western blot detection
of OCT4, NANOG and SOX2 in SKOV3 cells after treatment with 100 nM BPA/BPS combined with PINK1 knockdown. The relative intensity was analyzed with Image
J and calculated by the ratio relative to the p-actin intensity. (I, J) Representative immunofluorescent images of SKOV3 cells under BPA/BPS (100 nM) treatment
combined with PINK1 knockdown. (K, L) Quantification of immunofluorescence detection of SOX2 in SKOV3 cells under BPA/BPS (100 nM) treatment combined
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3.7. Low-dose BPA/BPS promoted ovarian cancer in a non-canonical 4. Discussion
mitophagy-dependent manner in vivo
The ubiquitous use of BPA and its substitute BPS leads to numerous

As mentioned above, BPA/BPS may promote tumor metastasis via a adverse effects in humans such as reproductive system disorders [2,7],
non-canonical mitophagy pathway in vitro. To test our hypothesis that neural toxicity [47], endocrine disruption and metabolism alteration
exposure to BPA/BPS could also contribute to the development of [45], but the role of BPA/BPS in tumor progression has remained to be
ovarian cancer in vivo, an ovarian cancer xenograft metastasis model explained. Based on studies from NHANES [19] and several Asian
was established. The mice were euthanized 5 weeks after tumor cell countries [75], the average exposure concentration of BPA and BPS in
injection (Fig. 8A). As shown in representative photographs of mice the general population is about 1-10 nM, and the upper limit is
(Fig. 8B), the metastatic tumors could be observed in many organs such 25-140 nM [13,22]. In this present study, we found that low-dose
as intestine, liver and peritoneum which was also similar to the metas- BPA/BPS treatment upregulated the expression of OCT4, NANOG and
tasis pattern of human ovarian cancer. The mice fed with BPA/BPS led SOX2 in a dose-dependent manner in both protein and mRNA levels,
an augmented number and weight of metastatic lesions compared with which are all key CSC regulators. It was noticed that 10 nM BPS could
those in the control group, which indicated that BPA/BPS could promote already increase SOX2 protein level while BPA showed such effect in
ovarian cancer metastasis in vivo. Conversely, the administration of 100 nM, which intimated that BPS may have stronger cancer stem cell
25 mg/kg Mdivi-1 daily significantly attenuated BPA/BPS-induced in- inducing ability. In fact, although BPS was less estrogenic than BPA[4],
crease of metastatic nodes (Fig. 8C, D). The evaluation of biomarkers for BPS was characterized by more serious EDCs ability in many diseases
cell stemness showed that BPA/BPS treatment increased the expression [45]. BPS exhibited stronger catalytic efficacy on 17a-hydrox-
level of SOX2 in tumor tissues, whereas Mdivi-1 could inhibit such effect yprogesterone (17a-OH progesterone) [52].

(Fig. 8E; Fig. S6C). OCT4 and NANOG expression in the tumor also Cancer stem cell concept was first reported 40 years ago, which was
exhibited similar trends (Fig. S6A, B; D, E). These findings further considered to be closely related to tumor growth and renewal of healthy
confirmed that environmental BPA/BPS exposure could promote tissues [1]. CSCs were first identified in acute myeloid leukemia [3] and
ovarian cancer development in a mitophagy-dependent manner in both then in various tumors including pancreatic [16], colon [44,51], ovarian
vitro and vivo. [73], lung [10] and brain cancers [59]. Ovarian cancer patients with

higher CSCs markers expression (SOX2, POU5F1, NANOG) also showed
worse prognosis (Fig. S2 F-H). The relationship between EMT progress
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and the cancer cell stemness has been primarily evaluated in the situa-
tion of cancer pathogenesis. Following the study in 2008 which impli-
cated this procedure in the formation of breast CSCs [37], EMT has since
been linked to CSCs in a variety of solid malignancies [58]. Apart from
this, TGF3/SMADs, Wnt/p-catenin and NF-kB pathways which have
been proven essential for EMT program are also known to contribute
critically to the “stemness” of cancer cells [34,56,69,71]. Therefore, the
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role of BPA in inducing stemness of ovarian cancer cells in the present
study is consistent with our previous research, which indicated that a
low dose of BPA could promote EMT of ovarian cancer cells significantly
[20]. Given the perturbing evidence that BPS had a similar ability in
cancer cell stemness inducing, we further examined the underlying
mechanism.

Recently, some novel mechanisms that contributed to CSC
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development have emerged. For instance, CSCs are usually character-
ized by a dysregulation of mitophagy [42]. Inhibition of DRP1 (a key
mitophagy regulator) inhibits mouse embryonic fibroblast reprogram-
ming after being provided with the Yamanaka factors (SOX2, OCT4,
KLFF4) [67]. Another study showed that a novel inhibitor of mitophagy
liensinine could sensitize breast tumors to chemotherapy in a
DNM1L-dependent way [76]. Since we uncovered that BPA/BPS could
enhance CSC property, then we continued to explore the underlying
mechanism. Interestingly, our established ATdb tool was used to find
that the progression of ovarian cancer was significantly associated with
the critical key mitophagy activating kinase PINK1, which could be
upregulated in ovarian tumor cells after BPA/BPS exposure. Therefore,
those phenotypes mean BPA/BPS may increase tumor stemness via
PINK1-involved mitophagy.

Previous studies proposed that PINK1/Parkin cascade mediated
mitophagy is regarded as one of the most well-characterized pathways
[15,72,9]. Once mitochondria are damaged under specific stimulation,
the initiating molecular PINK1 stabilizes at the outer mitochondrial
membrane (OMM) and recruits its direct substrate E3 ubiquitin ligase
Parkin, which is an amplified signaling molecule for canonical
mitophagy. PINK1/Parkin cascade activation can remove damaged
mitochondria to maintain cell homeostasis [41], while the
non-canonical mitophagy pathway only requires the initiation of PINK1
to recruit other substrate proteins to complete [68]. Although our results
confirmed BPA/BPS-induced PINK1 activation, Parkin was not involved
in our further investigation due to the expression of parkin was unde-
tectable in both SKOV3 and A2780 cells according to our experiments
(Fig. 4C). Furthermore, the immunohistochemistry analyses of HPA
database also confirmed parkin expression level is almost unobserved in
estrogen-related cancers, especially in ovarian cancer. (Fig. 4A, B).
Therefore, we screened the non-canonical mitophagy-related proteins
that have been reported directly interacting with PINK1 in the NCBI
database of the past ten years, and drew a gene mutation fingerprint map
(cBioPortal) for 16 candidate genes, TP53 was top-ranked. Recent
studies also suggested that PINK1 may act in its mitophagy regulation
effects via p53. In murine colon tumor cells, PINK1 overexpression
promoted mitophagy by decreasing glycolysis and increasing mito-
chondrial respiration potentially via p53 activation [70]. In addition,
Liu. et al. showed that PINK1 binds to p53 on mitochondria and phos-
phorylates p53 at serine-392 [32]. But no research yet was focused on
the relationship between EDCs like BPA/BPS and cancer stem cells
through non-canonical mitophagy. Based on this, we furtherly carried
out Co-IP experiments, which strongly confirmed the endogenous
interaction between PINK1 and p-p53, p53 protein in ovarian cancer
cells. We creatively noticed the critical role of non-canonical PINK1/p53
mitophagic signaling in cancer stemness induced by low-dose BPs.

Exposure to BPA and BPS enhanced tumor cell stemness in both vitro
and vivo. It should be noted that in ovarian cancer cell lines, our present
study proposed enhanced mitophagy induced by PINK1 is essential for
ovarian tumor stemness which can be attenuated by whether PINK1
knockdown or Mdivi-1 treatment. Mdivi-1 is a mitophagy inhibitor that
prevents mitochondrial fission via targeting DRP1[61], and the accu-
mulation of DRP1 on mitochondria leads to a dramatic mitochondrial
division which is similar to PINK1 OMM stabilization. In our ovarian
cancer xenograft metastasis model, intraperitoneal injection of Mdivi-1
also declined BPA/BPS-induced SOX2 overexpression.

In summary, our present study firstly investigated the regulation
effect of BPA and its substitute BPS on the stemness of ovarian cancer
cells through PINK1/p53 induced non-canonical mitophagic pathway.
Our data showed that BPA/BPS-promoted ovarian cancer cell stemness
was tightly associated with enhanced mitophagy which was driven by
PINK1 activation. In addition, the orchestrated activation of PINK1 by
BPA/BPS may be an important process for inhibiting p-p53 nuclear
translocation. Interestingly, the blockade of PINK1 appeared to retard
the CSC phenotype. Correspondingly, mitophagy inhibitor Mdivi-1
could also attenuate BPA/BPS-induced cancer cell stemness in vitro
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and tumor metastasis in vivo. These findings may have important im-
plications for understanding the biology of cancer cell stemness and the
role of mitophagy in ovarian cancer progression induced by BPA/BPS,
which could provide novel evidence for the evaluation and preventive
strategy of Bisphenols.

5. Conclusions

In summary, the present research demonstrated for the first time the
effect of BPA/BPS exposure on ovarian cancer cell stemness. BPA/BPS
treatments evaluated CSC marker expression including OCT4, NANOG
and SOX2, such effect was notably attenuated by the knockdown of
PINK1 or Mdivi-1 treatment. The findings from in vivo experiments
supported that environmentally relevant BPA/BPS exposure promoted
ovarian tumor metastasis. This study provides evidence that environ-
mental concentrations of BPA/BPS regulate cancer cell stemness and
tumor metastasis via a novel PINK1/p53 involved non-canonical mito-
phagic pathway.
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Environmental Implication

There are many sources for Bisphenol A (BPA) and its substitute
Bisphenol S (BPS) exposure such as food, beverage containers and many
other usages production. The environmental level of BPA/BPS exposure
is still a threat to public health, yet understanding the potential tumor
progression impact of bisphenols (BPs) remains challenging. Here, we
found a novel pathway accounting for the promotion effect induced by
BPA/BPS in ovarian cancer. Our findings contributed to the under-
standing of the effects and mechanisms of BPA/BPS exposure and
further raised concerns about the potential population hazards of
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bisphenol analogs.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the

online version at doi:10.1016/j.jhazmat.2023.131288.

References

[1

—

[2

=

[3

=

[4]

[5

fad}

[6

[}

[7

—

[8

[}

[9

—

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

Batlle, E., Clevers, H., 2017. Cancer stem cells revisited. Nat Med 23 (10),
1124-1134. https://doi.org/10.1038/nm.4409.

Bonefeld-Jgrgensen, E.C., Long, M., Hofmeister, M.V., Vinggaard, A.M., 2007.
Endocrine-disrupting potential of bisphenol A, bisphenol A dimethacrylate, 4-n-
nonylphenol, and 4-n-octylphenol in vitro: new data and a brief review. Suppl 1
Environ Health Perspect 115 (Suppl 1), 69-76. https://doi.org/10.1289/ehp.9368.
Bonnet, D., Dick, J.E., 1997. Human acute myeloid leukemia is organized as a
hierarchy that originates from a primitive hematopoietic cell. Nat Med 3 (7),
730-737. https://doi.org/10.1038/nm0797-730.

Chen, D., Kannan, K., Tan, H., Zheng, Z., Feng, Y.L., Wu, Y., Widelka, M., 2016.
Bisphenol Analogues Other Than BPA: Environmental Occurrence, Human
Exposure, and Toxicity-A Review. Environ Sci Technol 50 (11), 5438-5453.
https://doi.org/10.1021/acs.est.5b05387.

Chen, H., Zhang, J., Sun, X., Wang, Y., Qian, Y., 2022. Mitophagy-mediated
molecular subtypes depict the hallmarks of the tumour metabolism and guide
precision chemotherapy in pancreatic adenocarcinoma. Front Cell Dev Biol 10,
901207. https://doi.org/10.3389/fcell.2022.901207.

Chen, K., Yang, D., Zhao, F., Wang, S., Ye, Y., Sun, W., Lu, H., Ruan, Z., Xu, J.,
Wang, T., Lu, G., Wang, L., Shi, Y., Zhang, H., Wu, H., Lu, W., Shen, H.M,, Xia, D.,
Wu, Y., 2020. Autophagy and Tumor Database: ATdb, a novel database connecting
autophagy and tumor. Database (Oxf) 2020. https://doi.org/10.1093/database/
baaa052.

Dong, X., Zhang, Z., Meng, S., Pan, C., Yang, M., Wu, X., Yang, L., Xu, H., 2018.
Parental exposure to bisphenol A and its analogs influences zebrafish offspring
immunity. Sci Total Environ 610-611, 291-297. https://doi.org/10.1016/j.
scitotenv.2017.08.057.

Dongre, A., Weinberg, R.A., 2019. New insights into the mechanisms of epithelial-
mesenchymal transition and implications for cancer. Nat Rev Mol Cell Biol 20 (2),
69-84. https://doi.org/10.1038/s41580-018-0080-4.

Eldeeb, M.A., Thomas, R.A., Ragheb, M.A., Fallahi, A., Fon, E.A., 2022.
Mitochondrial quality control in health and in Parkinson’s disease. Physiol Rev.
https://doi.org/10.1152/physrev.00041.2021.

Eramo, A, Lotti, F., Sette, G., Pilozzi, E., Biffoni, M., Di Virgilio, A., Conticello, C.,
Ruco, L., Peschle, C., De Maria, R., 2008. Identification and expansion of the
tumorigenic lung cancer stem cell population. Cell Death Differ 15 (3), 504-514.
https://doi.org/10.1038/sj.cdd.4402283.

Green, D.R., Galluzzi, L., Kroemer, G., 2011. Mitochondria and the autophagy-
inflammation-cell death axis in organismal aging. Science 333 (6046), 1109-1112.
https://doi.org/10.1126/science.1201940.

Gubbels, J.A., Felder, M., Horibata, S., Belisle, J.A., Kapur, A., Holden, H.,
Petrie, S., Migneault, M., Rancourt, C., Connor, J.P., Patankar, M.S., 2010. MUC16
provides immune protection by inhibiting synapse formation between NK and
ovarian tumor cells. Mol Cancer 9, 11. https://doi.org/10.1186/1476-4598-9-11.
Guo, C., Ren, F., Jin, J., Zhang, H., Wang, L., Chen, J., 2021. Internal exposure of
Chinese children from a typical coastal city to bisphenols and possible association
with thyroid hormone levels. Environ Int 156, 106759. https://doi.org/10.1016/j.
envint.2021.106759.

Han, J., Zhang, J., Zhang, W., Zhang, D., Li, Y., Zhang, J., Zhang, Y., Diao, T.,
Cui, L., Li, W., Xiao, F., Liu, M., Zou, L., 2019. Abiraterone and MDV3100 inhibits
the proliferation and promotes the apoptosis of prostate cancer cells through
mitophagy. Cancer Cell Int 19, 332. https://doi.org/10.1186/512935-019-1021-9.
Harper, J.W., Ordureau, A., Heo, J.M., 2018. Building and decoding ubiquitin
chains for mitophagy. Nat Rev Mol Cell Biol 19 (2), 93-108. https://doi.org/
10.1038/nrm.2017.129.

Hermann, P.C., Huber, S.L., Herrler, T., Aicher, A., Ellwart, J.W., Guba, M.,
Bruns, C.J., Heeschen, C., 2007. Distinct populations of cancer stem cells determine
tumor growth and metastatic activity in human pancreatic cancer. Cell Stem Cell 1
(3), 313-323. https://doi.org/10.1016/j.stem.2007.06.002.

Hines, C.J., Jackson, M.V., Deddens, J.A., Clark, J.C., Ye, X., Christianson, A.L.,
Meadows, J.W., Calafat, A.M., 2017. Urinary Bisphenol A (BPA) Concentrations
among Workers in Industries that Manufacture and Use BPA in the USA. Ann Work
Expo Health 61 (2), 164-182. https://doi.org/10.1093/annweh/wxw021.

Ho, S.M., Cheong, A., Adgent, M.A., Veevers, J., Suen, A.A., Tam, N.N.C,, Leung, Y.
K., Jefferson, W.N., Williams, C.J., 2017. Environmental factors, epigenetics, and
developmental origin of reproductive disorders. Reprod Toxicol 68, 85-104.
https://doi.org/10.1016/j.reprotox.2016.07.011.

Hu, P., Pan, C., Su, W., Vinturache, A., Hu, Y., Dong, X., Ding, G., 2022.
Associations between exposure to a mixture of phenols, parabens, and phthalates
and sex steroid hormones in children 6-19 years from NHANES, 2013-2016. Sci
Total Environ 822, 153548. https://doi.org/10.1016/].scitotenv.2022.153548.
Hui, L., Li, H,, Lu, G., Chen, Z., Sun, W., Shi, Y., Fu, Z., Huang, B., Zhu, X., Lu, W.,
Xia, D., Wu, Y., 2018. Low Dose of Bisphenol A Modulates Ovarian Cancer Gene
Expression Profile and Promotes Epithelial to Mesenchymal Transition Via

13

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

Journal of Hazardous Materials 452 (2023) 131288

Canonical Wnt Pathway. Toxicol Sci 164 (2), 527-538. https://doi.org/10.1093/
toxsci/kfy107.

Ji, H., Song, N., Ren, J., Li, W., Xu, B., Li, H., Shen, G., 2020. Metabonomics reveals
bisphenol A affects fatty acid and glucose metabolism through activation of LXR in
the liver of male mice. Sci Total Environ 703, 134681. https://doi.org/10.1016/j.
scitotenv.2019.134681.

Jin, H., Zhu, J., Chen, Z., Hong, Y., Cai, Z., 2018. Occurrence and Partitioning of
Bisphenol Analogues in Adults’ Blood from China. Environ Sci Technol 52 (2),
812-820. https://doi.org/10.1021/acs.est.7b03958.

Lambert, A.W., Weinberg, R.A., 2021. Linking EMT programmes to normal and
neoplastic epithelial stem cells. Nat Rev Cancer 21 (5), 325-338. https://doi.org/
10.1038/541568-021-00332-6.

Lee, J., Choi, K., Park, J., Moon, H.B., Choi, G., Lee, J.J., Suh, E., Kim, H.J., Eun, S.
H., Kim, G.H., Cho, G.J., Kim, S.K., Kim, S., Kim, S.Y., Kim, S., Eom, S., Choi, S.,
Kim, Y.D., Kim, S., 2018. Bisphenol A distribution in serum, urine, placenta, breast
milk, and umbilical cord serum in a birth panel of mother-neonate pairs. Sci Total
Environ 626, 1494-1501. https://doi.org/10.1016/j.scitotenv.2017.10.042.

Lee, S.Y., Jeong, E.K., Ju, M.K., Jeon, H.M., Kim, M.Y., Kim, C.H., Park, H.G.,
Han, S.I., Kang, H.S., 2017. Induction of metastasis, cancer stem cell phenotype,
and oncogenic metabolism in cancer cells by ionizing radiation. Mol Cancer 16 (1),
10. https://doi.org/10.1186/s12943-016-0577-4.

Leng, J., Li, H., Niu, Y., Chen, K., Yuan, X., Chen, H., Fu, Z., Zhang, L., Wang, F.,
Chen, C., Héroux, P., Yang, J., Zhu, X., Lu, W., Xia, D., Wu, Y., 2021. Low-dose
mono(2-ethylhexyl) phthalate promotes ovarian cancer development through
PPARa-dependent PI3K/Akt/NF-kB pathway. Sci Total Environ 790, 147990.
https://doi.org/10.1016/j.scitotenv.2021.147990.

Li, Z., Lyu, C., Ren, Y., Wang, H., 2020. Role of TET Dioxygenases and DNA
Hydroxymethylation in Bisphenols-Stimulated Proliferation of Breast Cancer Cells.
Environ Health Perspect 128 (2), 27008. https://doi.org/10.1289/ehp5862.

Lin, M., Hua, R., Ma, J., Zhou, Y., Li, P., Xu, X., Yu, Z., Quan, S., 2021. Bisphenol A
promotes autophagy in ovarian granulosa cells by inducing AMPK/mTOR/ULK1
signalling pathway. Environ Int 147, 106298. https://doi.org/10.1016/j.
envint.2020.106298.

Lin, Q., Chen, J., Gu, L., Dan, X., Zhang, C., Yang, Y., 2021. New insights into
mitophagy and stem cells. Stem Cell Res Ther 12 (1), 452. https://doi.org/
10.1186/513287-021-02520-5.

Liu, B., Lehmler, H.J., Sun, Y., Xu, G., Liu, Y., Zong, G., Sun, Q., Hu, F.B.,
Wallace, R.B., Bao, W., 2017. Bisphenol A substitutes and obesity in US adults:
analysis of a population-based, cross-sectional study. Lancet Planet Health 1 (3),
el14-e122. https://doi.org/10.1016/52542-5196(17)30049-9.

Liu, D., Sun, Z., Ye, T., Li, J., Zeng, B., Zhao, Q., Wang, J., Xing, H.R., 2021. The
mitochondrial fission factor FIS1 promotes stemness of human lung cancer stem
cells via mitophagy. FEBS Open Bio 11 (7), 1997-2007. https://doi.org/10.1002/
2211-5463.13207.

Liu, K., Lee, J., Kim, J.Y., Wang, L., Tian, Y., Chan, S.T., Cho, C., Machida, K.,
Chen, D., Ou, J.J., 2017. Mitophagy Controls the Activities of Tumor Suppressor
P53 to Regulate Hepatic Cancer Stem Cells. €285 Mol Cell 68 (2), 281-292.
https://doi.org/10.1016/j.molcel.2017.09.022.

Liu, L., Tao, T., Liu, S., Yang, X., Chen, X., Liang, J., Hong, R., Wang, W., Yang, Y.,
Li, X., Zhang, Y., Li, Q., Liang, S., Yu, H., Wu, Y., Guo, X,, Lai, Y., Ding, X.,
Guan, H., Wu, J., Zhu, X., Yuan, J., Li, J., Su, S., Li, M., Cai, X., Cai, J., Tian, H.,
2021. An RFC4/Notchl signaling feedback loop promotes NSCLC metastasis and
stemness. Nat Commun 12 (1), 2693. https://doi.org/10.1038/541467-021-22971-
X.
Liu, Q., Sun, J., Luo, Q., Ju, Y., Song, G., 2021. Salinomycin Suppresses
Tumorigenicity of Liver Cancer Stem Cells and Wnt/Beta-catenin Signaling. Curr
Stem Cell Res Ther 16 (5), 630-637. https://doi.org/10.2174/
1574888x15666200123121225.

Lu, W., Zhang, H., Niu, Y., Wu, Y., Sun, W., Li, H., Kong, J., Ding, K., Shen, H.M.,
Wu, H,, Xia, D., 2017. Long non-coding RNA linc00673 regulated non-small cell
lung cancer proliferation, migration, invasion and epithelial mesenchymal
transition by sponging miR-150-5p. Mol Cancer 16 (1), 118. https://doi.org/
10.1186/512943-017-0685-9.

Lytle, N.K., Barber, A.G., Reya, T., 2018. Stem cell fate in cancer growth,
progression and therapy resistance. Nat Rev Cancer 18 (11), 669-680. https://doi.
org/10.1038/s541568-018-0056-x.

Mani, S.A., Guo, W., Liao, M.J., Eaton, E.N., Ayyanan, A., Zhou, A.Y., Brooks, M.,
Reinhard, F., Zhang, C.C., Shipitsin, M., Campbell, L.L., Polyak, K., Brisken, C.,
Yang, J., Weinberg, R.A., 2008. The epithelial-mesenchymal transition generates
cells with properties of stem cells. Cell 133 (4), 704-715. https://doi.org/10.1016/
j.cell.2008.03.027.

Mustieles, V., D’Cruz, S.C., Couderq, S., Rodriguez-Carrillo, A., Fini, J.B., Hofer, T.,
Steffensen, 1.L., Dirven, H., Barouki, R., Olea, N., Fernandez, M.F., David, A., 2020.
Bisphenol A and its analogues: A comprehensive review to identify and prioritize
effect biomarkers for human biomonitoring. Environ Int 144, 105811. https://doi.
org/10.1016/j.envint.2020.105811.

Naik, P.P., Mukhopadhyay, S., Panda, P.K., Sinha, N., Das, C.K., Mishra, R.,
Patil, S., Bhutia, S.K., 2018. Autophagy regulates cisplatin-induced stemness and
chemoresistance via the upregulation of CD44, ABCB1 and ADAM17 in oral
squamous cell carcinoma. Cell Prolif 51 (1). https://doi.org/10.1111/cpr.12411.
Naik, P.P., Panigrahi, S., Parida, R., Praharaj, P.P., Bhol, C.S., Patil, S.,
Manjunath, N., Ghosh, D., Patra, S.K., Bhutia, S.K., 2022. Metabostemness in
cancer: Linking metaboloepigenetics and mitophagy in remodeling cancer stem
cells. Stem Cell Rev Rep 18 (1), 198-213. https://doi.org/10.1007/512015-021-
10216-9.


https://doi.org/10.1016/j.jhazmat.2023.131288
https://doi.org/10.1038/nm.4409
https://doi.org/10.1289/ehp.9368
https://doi.org/10.1038/nm0797-730
https://doi.org/10.1021/acs.est.5b05387
https://doi.org/10.3389/fcell.2022.901207
https://doi.org/10.1093/database/baaa052
https://doi.org/10.1093/database/baaa052
https://doi.org/10.1016/j.scitotenv.2017.08.057
https://doi.org/10.1016/j.scitotenv.2017.08.057
https://doi.org/10.1038/s41580-018-0080-4
https://doi.org/10.1152/physrev.00041.2021
https://doi.org/10.1038/sj.cdd.4402283
https://doi.org/10.1126/science.1201940
https://doi.org/10.1186/1476-4598-9-11
https://doi.org/10.1016/j.envint.2021.106759
https://doi.org/10.1016/j.envint.2021.106759
https://doi.org/10.1186/s12935-019-1021-9
https://doi.org/10.1038/nrm.2017.129
https://doi.org/10.1038/nrm.2017.129
https://doi.org/10.1016/j.stem.2007.06.002
https://doi.org/10.1093/annweh/wxw021
https://doi.org/10.1016/j.reprotox.2016.07.011
https://doi.org/10.1016/j.scitotenv.2022.153548
https://doi.org/10.1093/toxsci/kfy107
https://doi.org/10.1093/toxsci/kfy107
https://doi.org/10.1016/j.scitotenv.2019.134681
https://doi.org/10.1016/j.scitotenv.2019.134681
https://doi.org/10.1021/acs.est.7b03958
https://doi.org/10.1038/s41568-021-00332-6
https://doi.org/10.1038/s41568-021-00332-6
https://doi.org/10.1016/j.scitotenv.2017.10.042
https://doi.org/10.1186/s12943-016-0577-4
https://doi.org/10.1016/j.scitotenv.2021.147990
https://doi.org/10.1289/ehp5862
https://doi.org/10.1016/j.envint.2020.106298
https://doi.org/10.1016/j.envint.2020.106298
https://doi.org/10.1186/s13287-021-02520-5
https://doi.org/10.1186/s13287-021-02520-5
https://doi.org/10.1016/s2542-5196(17)30049-9
https://doi.org/10.1002/2211-5463.13207
https://doi.org/10.1002/2211-5463.13207
https://doi.org/10.1016/j.molcel.2017.09.022
https://doi.org/10.1038/s41467-021-22971-x
https://doi.org/10.1038/s41467-021-22971-x
https://doi.org/10.2174/1574888x15666200123121225
https://doi.org/10.2174/1574888x15666200123121225
https://doi.org/10.1186/s12943-017-0685-9
https://doi.org/10.1186/s12943-017-0685-9
https://doi.org/10.1038/s41568-018-0056-x
https://doi.org/10.1038/s41568-018-0056-x
https://doi.org/10.1016/j.cell.2008.03.027
https://doi.org/10.1016/j.cell.2008.03.027
https://doi.org/10.1016/j.envint.2020.105811
https://doi.org/10.1016/j.envint.2020.105811
https://doi.org/10.1111/cpr.12411
https://doi.org/10.1007/s12015-021-10216-9
https://doi.org/10.1007/s12015-021-10216-9

X. Yuan et al.

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

Narendra, D.P., Jin, S.M., Tanaka, A., Suen, D.F., Gautier, C.A., Shen, J.,
Cookson, M.R., Youle, R.J., 2010. PINK1 is selectively stabilized on impaired
mitochondria to activate Parkin. PLoS Biol 8 (1), €1000298. https://doi.org/
10.1371/journal.pbio.1000298.

Nazio, F., Bordi, M., Cianfanelli, V., Locatelli, F., Cecconi, F., 2019. Autophagy and
cancer stem cells: molecular mechanisms and therapeutic applications. Cell Death
Differ 26 (4), 690-702. https://doi.org/10.1038/541418-019-0292-y.

Niu, Y., Wang, B., Zhao, Y., Zhang, J., Shao, B., 2017. Highly Sensitive and High-
Throughput Method for the Analysis of Bisphenol Analogues and Their
Halogenated Derivatives in Breast Milk. J Agric Food Chem 65 (48), 10452-10463.
https://doi.org/10.1021/acs.jafc.7b04394.

O’Brien, C.A,, Pollett, A., Gallinger, S., Dick, J.E., 2007. A human colon cancer cell
capable of initiating tumour growth in immunodeficient mice. Nature 445 (7123),
106-110. https://doi.org/10.1038/nature05372.

Oliviero, F., Marmugi, A., Viguié, C., Gayrard, V., Picard-Hagen, N., Mselli-
Lakhal, L., 2022. Are BPA Substitutes as Obesogenic as BPA? Int J Mol Sci 23 (8).
https://doi.org/10.3390/ijms23084238.

Palikaras, K., Lionaki, E., Tavernarakis, N., 2018. Mechanisms of mitophagy in
cellular homeostasis, physiology and pathology. Nat Cell Biol 20 (9), 1013-1022.
https://doi.org/10.1038/541556-018-0176-2.

Pang, Q., Li, Y., Meng, L., Li, G., Luo, Z., Fan, R., 2019. Neurotoxicity of BPA, BPS,
and BPB for the hippocampal cell line (HT-22): An implication for the replacement
of BPA in plastics. Chemosphere 226, 545-552. https://doi.org/10.1016/j.
chemosphere.2019.03.177.

Panigrahi, D.P., Praharaj, P.P., Bhol, C.S., Mahapatra, K.K., Patra, S., Behera, B.P.,
Mishra, S.R., Bhutia, S.K., 2020. The emerging, multifaceted role of mitophagy in
cancer and cancer therapeutics. Semin Cancer Biol 66, 45-58. https://doi.org/
10.1016/j.semcancer.2019.07.015.

Praharaj, P.P., Panigrahi, D.P., Bhol, C.S., Patra, S., Mishra, S.R., Mahapatra, K.K.,
Behera, B.P., Singh, A., Patil, S., Bhutia, S.K., 2021. Mitochondrial rewiring
through mitophagy and mitochondrial biogenesis in cancer stem cells: A potential
target for anti-CSC cancer therapy. Cancer Lett 498, 217-228. https://doi.org/
10.1016/j.canlet.2020.10.036.

Rahman, M.S., Kwon, W.S., Karmakar, P.C., Yoon, S.J., Ryu, B.Y., Pang, M.G.,
2017. Gestational Exposure to Bisphenol A Affects the Function and Proteome
Profile of F1 Spermatozoa in Adult Mice. Environ Health Perspect 125 (2),
238-245. https://doi.org/10.1289/ehp378.

Ricci-Vitiani, L., Lombardi, D.G., Pilozzi, E., Biffoni, M., Todaro, M., Peschle, C., De
Maria, R., 2007. Identification and expansion of human colon-cancer-initiating
cells. Nature 445 (7123), 111-115. https://doi.org/10.1038/nature05384.
Rosenmai, A.K., Dybdahl, M., Pedersen, M., Alice van Vugt-Lussenburg, B.M.,
Wedebye, E.B., Taxvig, C., Vinggaard, A.M., 2014. Are structural analogues to
bisphenol a safe alternatives. Toxicol Sci 139 (1), 35-47. https://doi.org/10.1093/
toxsci/kfu030.

Rudel, R.A., Gray, J.M., Engel, C.L., Rawsthorne, T.W., Dodson, R.E., Ackerman, J.
M., Rizzo, J., Nudelman, J.L., Brody, J.G., 2011. Food packaging and bisphenol A
and bis(2-ethyhexyl) phthalate exposure: findings from a dietary intervention.
Environ Health Perspect 119 (7), 914-920. https://doi.org/10.1289/ehp.1003170.
Sanchez-Vega, F., Mina, M., Armenia, J., Chatila, W.K., Luna, A., La, K.C,,
Dimitriadoy, S., Liu, D.L., Kantheti, H.S., Saghafinia, S., Chakravarty, D., Daian, F.,
Gao, Q., Bailey, M.H., Liang, W.W., Foltz, S.M., Shmulevich, L., Ding, L., Heins, Z.,
Ochoa, A., Gross, B., Gao, J., Zhang, H., Kundra, R., Kandoth, C., Bahceci, I.,
Dervishi, L., Dogrusoz, U., Zhou, W., Shen, H., Laird, P.W., Way, G.P., Greene, C.S.,
Liang, H., Xiao, Y., Wang, C., Iavarone, A., Berger, A.H., Bivona, T.G., Lazar, A.J.,
Hammer, G.D., Giordano, T., Kwong, L.N., McArthur, G., Huang, C., Tward, A.D.,
Frederick, M.J., McCormick, F., Meyerson, M., Van Allen, E.M., Cherniack, A.D.,
Ciriello, G., Sander, C., Schultz, N., 2018. Oncogenic Signaling Pathways in The
Cancer Genome Atlas. €310 Cell 173 (2), 321-337. https://doi.org/10.1016/j.
cell.2018.03.035.

Santoro, A., Chianese, R., Troisi, J., Richards, S., Nori, S.L., Fasano, S., Guida, M.,
Plunk, E., Viggiano, A., Pierantoni, R., Meccariello, R., 2019. Neuro-toxic and
Reproductive Effects of BPA. Curr Neuropharmacol 17 (12), 1109-1132. https://
doi.org/10.2174/1570159x17666190726112101.

Scheel, C., Eaton, E.N., Li, S.H., Chaffer, C.L., Reinhardt, F., Kah, K.J., Bell, G.,
Guo, W., Rubin, J., Richardson, A.L., Weinberg, R.A., 2011. Paracrine and
autocrine signals induce and maintain mesenchymal and stem cell states in the
breast. Cell 145 (6), 926-940. https://doi.org/10.1016/j.cell.2011.04.029.
Seachrist, D.D., Bonk, K.W., Ho, S.M., Prins, G.S., Soto, A.M., Keri, R.A., 2016.

A review of the carcinogenic potential of bisphenol A. Reprod Toxicol 59, 167-182.
https://doi.org/10.1016/j.reprotox.2015.09.006.

Shibue, T., Weinberg, R.A., 2017. EMT, CSCs, and drug resistance: the mechanistic
link and clinical implications. Nat Rev Clin Oncol 14 (10), 611-629. https://doi.
org/10.1038/nrclinonc.2017.44.

14

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

Journal of Hazardous Materials 452 (2023) 131288

Singh, S.K., Hawkins, C., Clarke, 1.D., Squire, J.A., Bayani, J., Hide, T.,
Henkelman, R.M., Cusimano, M.D., Dirks, P.B., 2004. Identification of human brain
tumour initiating cells. Nature 432 (7015), 396-401. https://doi.org/10.1038/
nature03128.

Sullivan, J.P., Minna, J.D., Shay, J.W., 2010. Evidence for self-renewing lung
cancer stem cells and their implications in tumor initiation, progression, and
targeted therapy. Cancer Metastas— Rev 29 (1), 61-72. https://doi.org/10.1007/
$10555-010-9216-5.

Tanaka, A., Youle, R.J., 2008. A chemical inhibitor of DRP1 uncouples
mitochondrial fission and apoptosis. Mol Cell 29 (4), 409-410. https://doi.org/
10.1016/j.molcel.2008.02.005.

Tang, M., Yang, M., Wu, G., Mo, S., Wu, X,, Zhang, S., Yu, R, Hu, Y., Xu, Y., Li, Z,,
Liao, X., Li, J., Song, L., 2021. Epigenetic Induction of Mitochondrial Fission Is
Required for Maintenance of Liver Cancer-Initiating Cells. Cancer Res 81 (14),
3835-3848. https://doi.org/10.1158/0008-5472.can-21-0436.

Tarafdar, A., Sirohi, R., Balakumaran, P.A., Reshmy, R., Madhavan, A., Sindhu, R.,
Binod, P., Kumar, Y., Kumar, D., Sim, S.J., 2022. The hazardous threat of Bisphenol
A: Toxicity, detection and remediation. J Hazard Mater 423 (Pt A), 127097.
https://doi.org/10.1016/j.jhazmat.2021.127097.

Torre, L.A., Trabert, B., DeSantis, C.E., Miller, K.D., Samimi, G., Runowicz, C.D.,
Gaudet, M.M., Jemal, A., Siegel, R.L., 2018. Ovarian cancer statistics, 2018. CA
Cancer J Clin 68 (4), 284-296. https://doi.org/10.3322/caac.21456.
Vandenberg, L.N., Chahoud, L., Heindel, J.J., Padmanabhan, V., Paumgartten, F.J.,
Schoenfelder, G., 2010. Urinary, circulating, and tissue biomonitoring studies
indicate widespread exposure to bisphenol A. Environ Health Perspect 118 (8),
1055-1070. https://doi.org/10.1289/ehp.0901716.

Vandenberg, L.N., Maffini, M.V., Sonnenschein, C., Rubin, B.S., Soto, A.M., 2009.
Bisphenol-A and the great divide: a review of controversies in the field of endocrine
disruption. Endocr Rev 30 (1), 75-95. https://doi.org/10.1210/er.2008-0021.
Vazquez-Martin, A., Cufi, S., Corominas-Faja, B., Oliveras-Ferraros, C., Vellon, L.,
Menendez, J.A., 2012. Mitochondrial fusion by pharmacological manipulation
impedes somatic cell reprogramming to pluripotency: new insight into the role of
mitophagy in cell stemness. Aging (Albany NY) 4 (6), 393-401. https://doi.org/
10.18632/aging.100465.

Wang, C., Liu, K., Cao, J., Wang, L., Zhao, Q., Li, Z., Zhang, H., Chen, Q., Zhao, T.,
2021. PINK1-mediated mitophagy maintains pluripotency through optineurin. Cell
Prolif 54 (5), e13034. https://doi.org/10.1111/cpr.13034.

Wang, J., Quan, Y., Lv, J., Gong, S., Dong, D., 2020. BRD4 promotes glioma cell
stemness via enhancing miR-142-5p-mediated activation of Wnt/p-catenin
signaling. Environ Toxicol 35 (3), 368-376. https://doi.org/10.1002/tox.22873.
Yin, K., Lee, J., Liu, Z., Kim, H., Martin, D.R., Wu, D., Liu, M., Xue, X., 2021.
Mitophagy protein PINK1 suppresses colon tumor growth by metabolic
reprogramming via p53 activation and reducing acetyl-CoA production. Cell Death
Differ 28 (8), 2421-2435. https://doi.org/10.1038/541418-021-00760-9.

Yong, L., Yao, Y., Chen, G.S., Yan, X.X., Guo, Y.C., Han, M.Y., Xue, J.S., Jian, W.Z.,
Zhou, T.Y., 2022. QAP14 suppresses breast cancer stemness and metastasis via
activation of dopamine D1 receptor. Acta Pharm Sin 43 (4), 1001-1012. https://
doi.org/10.1038/541401-021-00701-9.

Youle, R.J., Narendra, D.P., 2011. Mechanisms of mitophagy. Nat Rev Mol Cell Biol
12 (1), 9-14. https://doi.org/10.1038/nrm3028.

Zhang, S., Balch, C., Chan, M.W., Lai, H.C., Matei, D., Schilder, J.M., Yan, P.S.,
Huang, T.H., Nephew, K.P., 2008. Identification and characterization of ovarian
cancer-initiating cells from primary human tumors. Cancer Res 68 (11),
4311-4320. https://doi.org/10.1158/0008-5472.can-08-0364.

Zhang, X., Chang, H., Wiseman, S., He, Y., Higley, E., Jones, P., Wong, C.K., Al-
Khedhairy, A., Giesy, J.P., Hecker, M., 2011. Bisphenol A disrupts steroidogenesis
in human H295R cells. Toxicol Sci 121 (2), 320-327. https://doi.org/10.1093/
toxsci/kfr061.

Zhang, Z., Alomirah, H., Cho, H.S., Li, Y.F., Liao, C., Minh, T.B., Mohd, M.A.,
Nakata, H., Ren, N., Kannan, K., 2011. Urinary bisphenol A concentrations and
their implications for human exposure in several Asian countries. Environ Sci
Technol 45 (16), 7044-7050. https://doi.org/10.1021/es200976k.

Zhou, J., Li, G., Zheng, Y., Shen, H.M., Hu, X., Ming, Q.L., Huang, C., Li, P., Gao, N.,
2015. A novel autophagy/mitophagy inhibitor liensinine sensitizes breast cancer
cells to chemotherapy through DNM1L-mediated mitochondrial fission. Autophagy
11 (8), 1259-1279. https://doi.org/10.1080/15548627.2015.1056970.

Zhu, H.L., Shi, X.T., Xu, X.F., Xiong, Y.W., Yi, S.J., Zhou, G.X., et al. Environmental
cadmium exposure induces fetal growth restriction via triggering PERK-regulated
mitophagy in placental trophoblasts. Environ Int 2021 ; 47, 106319. doi :
10.1016/j.envint.2020.106319.


https://doi.org/10.1371/journal.pbio.1000298
https://doi.org/10.1371/journal.pbio.1000298
https://doi.org/10.1038/s41418-019-0292-y
https://doi.org/10.1021/acs.jafc.7b04394
https://doi.org/10.1038/nature05372
https://doi.org/10.3390/ijms23084238
https://doi.org/10.1038/s41556-018-0176-2
https://doi.org/10.1016/j.chemosphere.2019.03.177
https://doi.org/10.1016/j.chemosphere.2019.03.177
https://doi.org/10.1016/j.semcancer.2019.07.015
https://doi.org/10.1016/j.semcancer.2019.07.015
https://doi.org/10.1016/j.canlet.2020.10.036
https://doi.org/10.1016/j.canlet.2020.10.036
https://doi.org/10.1289/ehp378
https://doi.org/10.1038/nature05384
https://doi.org/10.1093/toxsci/kfu030
https://doi.org/10.1093/toxsci/kfu030
https://doi.org/10.1289/ehp.1003170
https://doi.org/10.1016/j.cell.2018.03.035
https://doi.org/10.1016/j.cell.2018.03.035
https://doi.org/10.2174/1570159x17666190726112101
https://doi.org/10.2174/1570159x17666190726112101
https://doi.org/10.1016/j.cell.2011.04.029
https://doi.org/10.1016/j.reprotox.2015.09.006
https://doi.org/10.1038/nrclinonc.2017.44
https://doi.org/10.1038/nrclinonc.2017.44
https://doi.org/10.1038/nature03128
https://doi.org/10.1038/nature03128
https://doi.org/10.1007/s10555-010-9216-5
https://doi.org/10.1007/s10555-010-9216-5
https://doi.org/10.1016/j.molcel.2008.02.005
https://doi.org/10.1016/j.molcel.2008.02.005
https://doi.org/10.1158/0008-5472.can-21-0436
https://doi.org/10.1016/j.jhazmat.2021.127097
https://doi.org/10.3322/caac.21456
https://doi.org/10.1289/ehp.0901716
https://doi.org/10.1210/er.2008-0021
https://doi.org/10.18632/aging.100465
https://doi.org/10.18632/aging.100465
https://doi.org/10.1111/cpr.13034
https://doi.org/10.1002/tox.22873
https://doi.org/10.1038/s41418-021-00760-9
https://doi.org/10.1038/s41401-021-00701-9
https://doi.org/10.1038/s41401-021-00701-9
https://doi.org/10.1038/nrm3028
https://doi.org/10.1158/0008-5472.can-08-0364
https://doi.org/10.1093/toxsci/kfr061
https://doi.org/10.1093/toxsci/kfr061
https://doi.org/10.1021/es200976k
https://doi.org/10.1080/15548627.2015.1056970

	Low-dose BPA and its substitute BPS promote ovarian cancer cell stemness via a non-canonical PINK1/p53 mitophagic signaling
	1 Introduction
	2 Materials and methods
	2.1 Study population
	2.2 Chemical treatments and cell culture
	2.3 Animal study
	2.4 EdU cell proliferation assay
	2.5 SDS-PAGE and western blot analysis
	2.6 Immunofluorescence staining
	2.7 RNA extraction and Real-Time PCR
	2.8 siRNA transfection
	2.9 Nucleocytoplasmic separation
	2.10 Co-Immunoprecipitation (Co-IP)
	2.11 Survival analysis
	2.12 Immunohistochemistry (IHC)
	2.13 Transmission electron microscopy (TEM)
	2.14 Statistical analyses

	3 Results
	3.1 Effects of BPA/BPS exposure on ovarian cancer cell proliferation
	3.2 BPA/BPS upregulated ovarian cancer cell stemness
	3.3 Low-dose BPA/BPS enhanced mitophagy by upregulating PINK1
	3.4 BPA/BPS increased mitophagy in ovarian cancer in a Parkin-independent manner
	3.5 Role of PINK1 in BPA/BPS-induced ovarian cancer cell stemness
	3.6 Mdivi-1 alleviated environmental BPA/BPS-induced cancer cell stemness via inhibiting mitophagy
	3.7 Low-dose BPA/BPS promoted ovarian cancer in a non-canonical mitophagy-dependent manner in vivo

	4 Discussion
	5 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data Availability
	Acknowledgments
	Environmental Implication
	Appendix A Supporting information
	References


