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Purpose: Iron-based nanomaterials have recently been developed as excellent and potent
Fenton reagents to reactive oxygen species (ROS) during chemodynamic therapy (CDT). The
performance of the materials, however, can be impaired by the intrinsic antioxidant defense
mechanism in organisms, such as autophagy.

Methods: The nanoscale metal-organic frameworks (nMOFs), nMIL-100 (Fe), were
exploited and characterized. Also, the Fenton-like catalytic characteristics, anti-endometrial
cancer (EC) effects and potential mechanisms of nMIL-100 (Fe) nanoparticles were inves-
tigated in vitro.

Results: The synthesized nMIL-100 (Fe) nanocatalyst catalyzed hydroxyl radicals (-OH)
production in the presence of hydrogen peroxide (H,O,) and simultaneously depleted
intracellular glutathione (GSH). Combining with H,O,, nMIL-100 (Fe) nanoparticles exhib-
ited enhanced cytotoxicity for EC cells, especially for progesterone treatment-insensitive
KLE cells, probably due to relatively lower expression of the catalase gene. The accumulated
-OH initiated PTEN induced putative kinase 1 (PINK1)/E3 ubiquitin-protein ligase Parkin-
mediated cytoprotective mitophagy in turn to partially rescue -OH-induced cell apoptosis.
Furthermore, both pretreatments of EC cells with siRNA-mediated Parkin knockdown and
Mdivi-1 (a mitophagy inhibitor) addition were sufficient to ensure nMIL-100 (Fe) synergiz-
ing with H,O,-induced oxidative damages.

Conclusion: These results suggest that the degree of mitophagy should be taken into
consideration to optimize therapeutic efficiency when developing ROS based-CDT for EC
cancer therapies. Therefore, a nMIL-100 (Fe)-guided, elevated ROS and overwhelmed
mitophagy-mediated therapeutic strategy may have greater promise for EC therapy compared
with current treatment modalities.

Keywords: mitophagy, chemodynamic therapy, metal-organic frameworks, nanocatalyst,
endometrial cancer

Introduction
Endometrial cancer (EC) is the most common gynecologic malignancy of the
female genital tract in developed countries. The incidence of EC increase by
approximately 1% every year as individual ages potentially due to the declining
fertility rate and increasing body weight." It was estimated that there will be 66, 570
new uterine cancer cases, with 12,940 deaths eventually succumb to this disease in
the United States in 2021.°

common cancer types except uterine cancers have been improved,

However, since the mid-1970s, survival rates of most
? in which EC-
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related mortality has increased from 0.3% (1997-2008) to
1.9% (2008-2018), being 2-fold higher of that in
occurrence.*> Although hormonal therapy using progesta-
tional agents has demonstrated promising clinical out-
comes, with ~68-85.3% of response rates, particularly in
patients with estrogen receptor (ER)/progesterone receptor
33.1-49.8% of
patients who were initially sensitive to progesterone gra-

(PR)-positive disease.® Unfortunately,
dually become resistant to that, which lead to the disease
recurrence and progression.” Thus, many patients, espe-
cially those of childbearing age, eventually will have to
undergo hysterectomies and permanently be deprived of
reproductive function. Despite the increased number of
non-endometrioid carcinoma subtype may contribute to
the worse prognosis,® an undeniable fact is that over the
past decades little treatment advances have been substan-
tially achieved.” Therefore, novel therapeutic strategies are
urgently needed to improve treatment outcomes.

Oxygen-containing chemical species with high reactiv-
ity are termed to ROS mainly including singlet oxygen
('0,), superoxide radicals (0,"), -OH and peroxides (O,”
7).'% The regulation of intracellular ROS levels is funda-
mentally important to maintain cellular homeostasis."’
Actually, ROS is a double-edged sword. At lower levels,
ROS serves as second messengers in modulating various
physiological processes and stimulating stress-response
signaling pathways.'? However, excessive ROS activates
the higher level of oxidative stress and further induces
cytotoxicity through triggering peroxidation of protein,
lipids and DNA,'* which further reinforces efficacy of
chemotherapy and radiotherapy to achieve excellent syner-
gistic antitumor outcome."*

Recently, multiple nanoplatforms incorporating endo-
genous and exogenous stimuli-responsive ROS production
have been applied to cancer therapy, such as photodynamic
therapy (PDT), sonodynamic therapy (SDT) and CDT,
have been designed and developed. Among those, CDT
has been a spotlight of investigations. Specifically, based
on the intrinsic biochemical properties of special tumor
microenvironment (TME) (e.g. weak acidity,'> high H,O,
level'® and elevated GSH concentration'”), CDT could
convert intra-tumoral H,O, into higher oxidative -OH
against tumors by triggering and facilitating various cata-
lytic reactions such as Fenton or Fenton-like chemistry in-
situ TME. The targeted therapy can effectively avoid the
tissue penetration of ROS generated by exogenous trigger-
ing mechanism (eg, light, ultrasound, and X-ray). Yet few

reports in this attractive and feasible CDT strategy for EC
have been performed.

Spontaneous Fenton reactions occur naturally in organ-
isms and play a significant role in sustaining ROS steady-
state without any therapeutic benefits. This is primarily
due to ROS accumulation below the toxicity threshold.
Thus, many pH-sensitive self-catalyzed peroxidase mimics
(represented by iron-based nanomaterial) as exogenous
Fenton reagents have been introduced into acidic-TEM to
trigger excessive cytotoxic ‘OH generation for cancer
therapy.'® Fes0, is one of the most prominent nanocata-
lysts with inherent horseradish peroxidase (HRP)-like
activity and can efficiently catalyze substrate oxidation to
occur chromogenic reaction as that of natural enzymes in
the presence of H,0,.'”?* Iron oxide nanoparticles
(IONPs) have a pH-sensitive dual enzyme-like potential,
which could exert peroxidase-like activity at the mildly
acidic pH of TME, and also exhibit catalase-like activity at
the neutral pH in normal tissues. This versatile nanozyme
displayed highly selective antitumor implication.>
Moreover, a FeOx-engineered hollow mesoporous silica
nanoparticles (HMSNs) showed both tumor-specific lyso-
somal -OH generation and high biodegradability by an

“iron-extraction”
24,25

approach in a high-protein tumor
environment.

In fact, the endogenous redox-defense mechanisms
dedicated to scavenging oxidative threat will be corre-
spondingly activated to reach a new redox equilibrium
state.'? It is commonly accepted that ROS stress can
induce cellular autophagy (specifically refer to
Macroautophagy) in a direct or indirect manner (eg,
Adenosine Monophosphate Activated Protein Kinase:
AMPK, transcription factors as nuclear factor kappa-B:
NF-kB),**?® which is an evolutionarily highly conserved
catabolic process and has been used to describe to be
intracellular self-digestion processes since 1960, in which
self-impaired, denatured and aging macromolecules as
well as organelles undergo a lysosomes-mediated
degradation.”” As a result, aberrant autophagy will elicit
the onset and progression of diabetes, dysfunctional immu-
nity, cancer and neurodegenerative disorders.>*>? In
established tumors, it exerts the dual role in redox regula-
tion associated with not only the duration and dose of ROS
exposure but also the cell types. Moderate ROS-induced
autophagy allows cells to escape from oxidative damages,
whereas excessive or persistent ROS will cause autophagic
cell death.**** Notably, this phenomenon occurred only in

cancer cells, not untransformed counterparts.35 However,
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the impact of Fenton nanocatalyst-induced ROS cytotoxi-
city on EC and the role of mitophagy in CDT have rarely
been reported.

Herein, the nMOFs, nMIL-100 (Fe), with highly avail-
able Fe active sites was firstly selected as Fenton nanoca-
talyst to escalate intracellular high reactive -OH stress in
EC cells (Scheme 1). The inherent peroxidase-like activity
of nMIL-100 (Fe) and the inductive effect on autophagy,
especially mitophagy, were adequately evaluated and
documented in the presence of H,O,. Moreover, further
studies had demonstrated that nMIL-100 (Fe)-amplified
highly toxic -‘OH could initiate classical PINK1/Parkin
pathway mediated protective mitophagy. In turn, mito-
phagy acted as an obstacle to the full effect of -OH
oxidative damage. Our results suggested that mitophagy
was endogenous negative feedback for nMIL-100 (Fe)
nanocatalyst-driven CDT strategy. It is thus necessary to
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timely counteract passive upregulation of mitophagy to
ensure efficient antineoplastic treatments for EC cancer.

Materials and Methods

Chemicals

Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12
(DMEM/F12) was from GE Healthcare Life Sciences
HyClone Laboratories (Beijing, China), Epithelial Cell
Medium (ECM) from ScienCell (Carlsbad, CA, USA). Fetal
(FBS),
Lipofectamine™ 3000 Transfection Reagent were from
Thermo Fisher Scientific (Beijing, China). H202 was obtained
from Sinopharm Chemical Reagents Co., Ltd. Enhanced Cell
Counting Kit-8 (C0042), Lyso-Tracker Red (C1046), Mito-
Tracker Red CMXRos (C1035), Antifade Mounting Medium
with DAPI (P0131), Calcein AM Cell Fluorescence Counting

bovine  serum penicillin—streptomycin ~ and

Tumor cells
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Scheme | lllustration of nMIL-100 (Fe) nanocatalyst for tumor chemodynamic therapy and the underlying mechanism of mitophagy. The nMIL-100 (Fe) NPs were

internalized into the cytoplasm of EC cells (Step 1) and acted as Fenton reagents catalyzed H202 to generate highly oxidative A OH in slightly acid TME (Step 2). Owing to
the excessive toxic A OH around normal mitochondria, the depolarization of mitochondrial membrane potential (I"i") was subsequently initiated, which further induced
mitochondrial oxidative damages and ultimate cell apoptosis (Step 3a). During this process the loss of Ay forced PINKI to be stagnated on the outer membrane of
mitochondria (OMM). Step 3b) PINK further recruited the upregulated cytosolic Parkin in response to A OH pressure and eventually activated mitophagy for cellular
rejuvenation (Step 4). As a solution, suppressing mitophagy using both Parkin siRNA transfection and Mdivi-1 addition (a mitophagy inhibitor) observably amplified A OH
therapeutic effects and exacerbated cell damage.
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Kit (C2013FS), Reactive Oxygen Species Assay Kit (S0033S)
and BeyoClick™ EdU-594 (C00788L) were from Beyotime
Biotechnology (Jiangsu, China). Micro Reduced Glutathione
(GSH) Assay Kit (BC1175) was from Solarbio Life Science

(Beijing, China). Iron (II) chloride hexahydrate
(FeCI3-6H20, AR), 1,3,5-Benzenetricarboxylic  acid
(H3BTC, 99%), 2,2'-Azino-bis (3-ethylbenzothiazoline

—6-sulfonic Acid Ammonium Salt) (ABTS), 5,5-Dimethyl-
1-pyrroline N-oxide (DMPO) and 3-Methyladenine (3-MA)
were purchased from Aladdin (Shanghai, China).
Mitochondrial division inhibitor 1 (Mdivi-1) was from
MedChemExpress. JC-1 MitoMP Detection Kit (MT09) was
obtained from Dojindo Laboratories (Shanghai, China). 3,3’,
5.5"-Tetramethyl benzidine (TMB), Glutathione reduced
(GSH), 1.10-Phenanthroline monohydrate, Fluorescein iso-
thiocyanate, Isomer I (FITC) (A642107-0500), Cytoplasmic
and Mitochondrial Protein Extraction Kit (C500051-0050)
were from Sangon Biotech (Shanghai, China). Antibodies
were purchased from Cell Signaling Technology as follows:
anti-rabbit IgG, HRP-linked antibody (#7074S), anti-mouse
IgG, HRP-linked antibody (#7076S), rabbit anti-Parkin
(#42218S), rabbit anti-SQSTM1/P62 (#8025T), rabbit anti-
Cleaved Caspase-3 (9662S), rabbit anti-Cleaved PARP
(5625T), rabbit anti-Atg7 (#383498), rabbit anti-LC3B
(#382687), rabbit anti-COX IV (250135), rabbit anti-
Mitofusinl (Mfnl, 509880), rabbit anti-Mitofusin2 (Mfn2,
340604) and rabbit anti-PINK1 (385376) were from Zen
BioScience (Chengdu, China). Rabbit anti-Mirol (A5838)
was from ABclonal (shanghai, China). Hoechst 33342-
PropidipMIodide (PI), HRP-conjugated mouse anti-GAPDH
(#30203ES10) were from Yeasen Biotech (Shanghai, China).

Preparations of nMIL-100 (Fe)
of nMIL-100 (Fe) was
a previously protocol described in the literature with

Synthesis adapted from
minor modification. In a typical procedure, iron (III)
nitrate nonahydrate (484 mg, 1.2 mmol) and 1,3,5-benze-
netricarboxylic acid (210 mg, 1.0 mmol) were dissolved in
5 mL of deionized water (DI) under stirring at room
temperature. Then, the as-prepared solution was trans-
ferred into a Teflon-lined stainless-steel autoclave, which
was subsequently sealed and maintained at 180 °C for 12
h. The autoclave was then cooled down to room tempera-
ture naturally. The yellow precipitate was collected by
filtration and washed with DI and menthol three times.
Finally, the nMIL-100 (Fe) was recovered by further dry-
ing for 12 h in a vacuum oven at 60 °C.

Characterizations

SEM measurements and atomic EDS mapping were car-
ried out on a Gemini SEM 500 working at 15 kV accel-
eration voltage.

X-ray diffraction (XRD) of the samples was performed
on a Rigaku-3014 diffractometer with a monochromator
using Cu Ka (A=0.154 nm) radiation. The diffractograms
were recorded in the 20 range 3—50° in steps of 0.04° with
a scan rate of 2° per min. The UV—vis diffuse reflectance
spectrum (UV—vis DRS) was obtained with a UV—vis
spectrophotometer (Varian Cary 500).

The surface element states were determined by X-ray
photoelectron spectroscopy (XPS, Thermo Scientific
EscalLab250Xi) with Al Ka radiation (1486.6 ¢V) and all
binding energies were corrected by the C 1s line at
284.6 eV.

Catalytic Activity Measurement

In order to investigate the catalytic activity for TMB
oxidation, the absorbance changes at 652 nm were mea-
sured under various experimental conditions including
different concentration of H,0O, (25, 50, and 100 puM),
nMIL-100 (Fe) (12.5, 25, 50 and 100 pg/mL), as well
different pH values (PH=5.0, 6.5, 7.4). Among these,
100pg/mL nMIL-100 (Fe) and 50 uM H,O, in deionized
(DI) water (PH=6.0) followed by the addition of 1mM
TMB was a major catalytic reaction system in follow-up

experiments.

ESR Detection

A 20 mM DMPO, a spin trapping probe, was added into
DI water (pH=6.0) containing 100 pg/mL nMIL-100 (Fe)
and 50 uM H,O, at ambient temperature for 1| min. The
reaction solution was immediately transferred to a quartz
capillary tube. The ESR spectra was recorded on a Bruker
EMX-8/2.7 Electron Spin Resonance Spectrometer.

Reaction Kinetic Measurement

To assess the peroxidase-like activity, the kinetic analyses
were performed at a fixed concentration of nMIL-100 (Fe)
(100 pg/mL) using H,O, (100 uM) or TMB (1 mM) as the
substrate followed by adding varying concentration of
TMB (0.1 to 1.6 mM) or H,O, (0.05 to 0.8 mM), respec-
tively. The absorbance changes of the reaction solution at
652 nm were read by a UV spectrophotometer in a kinetic
absorbance values were then

mode. The measured
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transformed into the corresponding concentration of oxi-
dized TMB according to the Beer—Lambert Law:

A = ebc

In which A is the absorption value at 652 nm, b stands for
the optical length (1.0 cm), € represents the molar absorp-
tion coefficient of oxidized TMB (39,000 M 'cm™ ') and
¢ indicates concentration for oxidized TMB.

The kinetic curve of nMIL-100 (Fe) was obtained
based on the Michaelis—Menten equation:

 Vinax X [5]

N T 1 Is]

In which vy is the initial velocity, Vmax is the maximal
rate of the reaction, [S] represents the substrate concentra-
tion, and K,, denotes the Michaclis—Menten constant.
Vimax and K, were calculated via Lineweaver—Burk plots
on the basis of the following equation:

1 ke
11

Y0 Vmax [g5,

‘max

GSH-Depletion Ability

In order to address the consumption of GSH, the absor-
bance variations of the solution including 50 uM H,0,,
0.2 mM Phe and 100 pg/mL nMIL-100 (Fe) with/without
GSH (10 mM) at 525 nm were detected by UV—vis spec-
trophotometer. Moreover, to investigate GSH-depletion
ability of oxidized TMB, the UV absorbance changes at
625 nm of the reaction solution containing 50 uM H,0,, 1
mM TMB and 100 pg/mL nMIL-100 (Fe) in the presence/
absence of GSH (10 mM) were immediately monitored.
Subsequently, quantitative analysis of intracellular GSH
level after nMIL-100 (Fe) treatment was tested by reduced
GSH assay kit.

Cell Lines and Culture

Human endometrial carcinoma cancer cell lines KLE and
Ishikawa were obtained from the American Type Culture
Collection (ATCC) and incubated in DMEM-F12 medium
added with 10% FBS, 1% penicillin and streptomycin at
37 °C in a 5% CO2 atmosphere. The cells were pretreated
with 3-MA and Mdivi-1 for 2 h.

Human endometrial epithelial cells (hHEEC; MZ-2408)
were purchased from Mingzhou Biotechnology Co., Ltd.
(Ningbo, China). The cells were maintained in ECM med-
ium supplemented with 2% FBS, 1% epithelial cell growth
supplement and 1% penicillin-streptomycin at 37 °C in an

incubator with 5% CO,_ The cell viability of hEEC treated
with nMIL-100 (Fe) or H,O, for 24 h was assessed,
respectively.

Cell Uptake

To perform endocytosis analysis of nMIL-100 (Fe), KLE
cells were cultured in 6-well plates at a density of 2x10°
cells well . After 24 h, 100 pg/mL FITC-nMIL-100 (Fe)
diluted with complete cell medium was introduced into
every well for an additional 6 h. Thereafter the cells were
stained with Lyso-Tracker Red dye, shielded from light for
30 min at 37 °C, and then washed with PBS three times.
Finally, DAPI was added into each well for nuclear stain-
ing in the dark for 10 min. Subsequently, the cells were
immediately monitored using fluorescence microscopy and
red/green fluorescence co-localization was analyzed by the
ImageJ 1.8.0 (USA) software.

Cell Viability Assays

To identify cell mortality induced by different treatment
regimens, KLE and ISK cells were cultured in 96-well
plate at a density of 5x10° cells well ' supplemented 200
ul DMEM-F12 complete medium overnight. Cell culture
medium was replaced with fresh DMEM-F12 medium
containing various dose of nMIL-100 (Fe) or H,O, alone
or together for a further 24 h or 48 h in 5% CO, at 37 °C.
The same amount of PBS was used as negative control.
Cell viability was determined by an enhanced CCK-8
assay. Briefly, a 100 pL medium with 10uL CCK-8 solu-
tion was introduced to each well for 1 h and then the
absorbance values at 450 nm were detected with
a microplate reader (EL800, Bio-Tek Instrument, USA).
The detection steps of hEEC cell viability were the same
as the above.

Moreover, cytotoxicity assays were also evaluated
using Calcein AM Cell Viability Assay Kit combined
with Propidium lodide (PI) double staining, in which the
numbers of live (green fluorescence) and dead cells (red
fluorescence) were counted by Image J 1.8.0 (USA) soft-
ware. In brief, the 100 pg/mL nMIL-100 (Fe) or 50 uM
H,0, or both treated cells were incubated with Calcein
AM working buffer (1x) in the dark at room temperature
for 30 min followed by PI staining for 10 min.
Subsequently, cells were observed by a FV1000 confocal
fluorescence microscope.

Besides, to assess the effect of Parkin expression on
cell proliferation, EAU Cell Proliferation Kit assay was
performed according to manufacturer’s protocols. Briefly,
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10 uM EdU prewarmed at 37 °C was added into the
treated cells and the incubation continued for another 2
h. After that, the medium was removed and cells were then
fixed for 15 min (Immunol Staining Fix Solution,
Beyotime P0098), washed 3 times for 5 min (3% BSA/
PBS) 10 min (Enhanced
Immunostaining Permeabilization  Buffer,
P0097). After washing again, cells were supplemented

and permeabilized for
Beyotime

with a 0.5 mL click reaction buffer incubated at room
temperature for 30 min, shielded from light. Afterwards,
Hoechst 33342 was used with nuclear counterstain for 10
min. Cells immediately were detected with a FV1000 con-
focal fluorescence microscope and subsequently the red
and green intensity ratio was analyzed by the Imagel
1.8.0 (USA) software.

ROS Detection

The intracellular ROS was detected with a 2’, 7'-dichloro-
(DCFH-DA) fluorescent probe
according to the instructions. KLE and ISK cells were

fluorescein diacetate

incubated in 6-well plates, respectively, with a density of
2x10° cells/well overnight. Afterward, cells were added
with 100 pg/mL nMIL-100 (Fe) or 50 uM H,O,, or both
all for 24 h. Meanwhile, cells cultured in complete med-
ium as control. Then, the mediums were replaced by
a mixture containing 10 uM DCFH-DA probe. After incu-
bation at 37 °C for 30 min, the cells were rinsed with
serum-free media three times and subsequently visualized
via a FV1000 confocal fluorescence microscope. The
green fluorescence intensity in each group was calculated
by the ImageJ 1.8.0 (USA) software.

Autophagy Analysis

Immunofluorescence

A 2x10° cells/well KLE cells were seeded in 6-well plates
and allowed to attach overnight. Cells were transfected
with pEGFP-LC3B (OBiO Technology Shanghai Corp.,
Ltd.) by Lipofectamine™ 3000 transfection reagent.
After 24 h of transfection, the medium was changed by
fresh culture media containing 100 pg/mL nMIL-100 (Fe)
or 50 uM H,0,, or combination for 4 h or 6 h. Afterward,
the cells were washed with pre-warmed PBS three times
and fresh media containing Lyso-Tracker Red or Mito-
Tracker Red fluorescent dyes were further added. After
incubation at 37 °C for 30 min, cells were rinsed again
gently and then observed using a FV1000 confocal fluor-
escence microscope. Subsequently, the co-localization of
green LC3 puncta with red lysosomes or mitochondria

was, respectively, evaluated by the Image] 1.8.0 (USA)
software.

Bio-TEM

Above 10° KLE cells were collected with a cell scraper
and centrifuged at 3000 rpm for 10 min, then the super-
natant was discarded. A 2.5% glutaraldehyde solution
precooled at 4 °C was slowly added along the wall of
the tube and then placed for at least 12 h at 4 °C (The
fixed solution was required to be filled to the centrifuge
tube, so that the samples were completely immersed in it),
and placed it at 4°C overnight. The fixed solution was
poured out and the samples were rinsed three times with
phosphate buffer saline (PBS, 0.1 M, pH 7.0) for 15 min
each time. Further, 1% osmium acid solution was used to
fix the sample for another 2 h, then the waste fixed solu-
tion was carefully taken out, and the samples were washed
again with PBS (0.1 M, pH 7.0) three times for 15 min
each time. Next, the samples were dehydrated with ethanol
solution of gradient concentration (including 30%, 50%,
70%, 80%, 90% and 95%) for 15 min at each concentra-
tion, and then treated with 100% ethanol for 20 min.
Finally, the samples were transferred to pure acetone for
20 min. The sample was treated with a mixture of embed-
ding agent (EPON 812 resin) and acetone (V/V=1/1) for 1
h and at another ratio (V/V=3/1) for an additional 3
h. After that, the samples were embedded in pure EPON
812 resin overnight. The embedded samples were obtained
by embedding the permeated samples and heating them
overnight at 70 °C. The samples were sliced with Leica
EM UC7 ultrathin slicer, and slices at 70-90 nm were
obtained. The slices were stained with lead citrate solution
and 50% ethanol saturated solution of uranium dioxide
acetate for 10 min, respectively, and then observed under
transmission electron microscope (JEOL 1010).

Immunoblotting

KLE and ISK cells were, respectively, treated with 100 pg/
mL nMIL-100 (Fe) or 50 uM H,O,, or both all in the
presence or absence of 3-MA (2 mM, 2 h) pretreatment for
24 h or 48 h. Afterward, cytotoxicity was firstly deter-
mined by CCK-8 assay. Secondly, whole-cell extracts
lysed with RIPA lysis buffer were prepared for Western
blotting analysis as follows. Protein lysates were separated
by 12.5% sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) gel and then transblotted onto
nitrocellulose (NC) membranes. Subsequently, the NC
membranes were blocked in 5% BSA at room temperature
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for 2 h and further incubated with anti-LC3B, anti-P62,
anti-PINK 1, anti-Parkin, anti-cCaspase-3, anti-cPARP and
HRP-conjugated mouse anti-GAPDH (diluted to 1:1000)
at 4 °C overnight. After washing in Tris-buffered saline
with 0.1% Tween-20 (TBST) three times for 5 min each on
the shaker, the membranes were incubated with corre-
sponding horseradish peroxidase (HRP)-labeled secondary
antibodies (diluted to 1:5000) at room temperature for 1
h. The protein signals were visualized using enhanced
chemiluminescence (ECL) reagent on an Image Quant
LAS4000 system (GE Healthcare), and were subjected to
semi-quantitative assays by the ImageJ 1.8.0 (USA) soft-
ware followed by normalized to background.

KLE and ISK cells were transiently transfected with
negative control (NC) siRNA or ATG7, PRKN-targeting
siRNAs as pcDNA3.1-NeoGreen-P2A-PRKN-
3XxFLAG or empty vector plasmids using Lipofectamine

well

Transfection Reagent according to the manufacturer’s
instructions at 24 h before treated with 100 pg/mL
nMIL-100 (Fe) and 50 uM H,O,. On one hand, the cell
viability was detected by CCK-8 kit or EdU incorporation
assay and other, the whole-cell lysates were collected for
Western blot analysis. The primary antibodies used
included anti-ATG 7, anti-Parkin, anti-cCaspase-3, anti-
cPARP, anti-Mfnl, anti-Mfn2, anti-Mirol and HRP-con-
jugated mouse anti-GAPDH. All primary antibodies were
diluted to 1:1000.

Mitochondrial Translocation of Parkin
Immunoblotting

Total cell lysates of KLE and ISK cells were harvested at
different time points after the combination treatment con-
taining 100 pug/mL nMIL-100 (Fe) and 50 uM H,O,.
Furthermore, to establish whether -OH induced by nMIL-
100 (Fe) and H,O, involved Fenton-like reaction stimu-
lated PINKI1/Parkin pathway mediated-mitophagy, the
associated protein expression levels were estimated with
Western blotting analysis.

Detection of Mitochondrial Membrane Potential

In order to investigate the effects of ROS on mitochondrial
damage, variations in mitochondrial membrane potential
between different treatment groups were verified staining
with JC-1 fluorescent probe according to manufacturer’s
protocols, in which mitochondrial depolarization was
assessed by measuring the red/green ratio of fluorescence
intensity after 6 h of treatments using ImageJ 1.8.0 (USA)
software.

The Enrichment of Mitochondrial Components and
Immunoblotting

KLE and ISK cells were incubated in 10 cm dishes to
a density of 1x107 cells/dish and then treated by 100 pg/
mL nMIL-100 (Fe) combined with 50 uM H,O, for 6
h. Cells were collected and rinsed twice in pre-chilled
PBS. The mitochondrial and cytosol fractionation isolation
from both cells were respectively carried out as follows:
Cells were sequentially centrifuged at 3000 rpm for 5 min
and then resuspended with 1 mL cytoplasmic fraction
extracts buffer followed by being homogenized on ice 50
times. After that, the obtained homogenate was vortexed
vigorously for 15 s, rested on ice for 15 min and centri-
fuged at 3000 rpm for 10 min at 4 °C. The supernatant was
harvested directly and concentrated at 12,000 rpm for 30
min at 4 °C. As a result, the purified supernatant was the
cytosolic proteins. Immediately, the precipitation was
resuspended again with 0.1 mL cytoplasmic fraction
extract buffer, vortexed for 30 s, and centrifuged at
13,000 rpm for 30 min at 4 °C. Finally, the obtained
precipitation was further added with 0.1 mL mitochondria
lysate buffer and the centrifugation procedure in previous
step was repeated. The supernatants were considered as
the denatured mitochondria proteins. The mitochondrial
and cytosol fractionations were subjected to Western blot
analysis.

Immunofluorescence

After the addition of 100 pg/mL nMIL-100 (Fe) and 50 pM
H,0, for 6 h, ISK cells fixed in prechilled methanol/acetone
(7:3) mixture for 10 min, washed twice for 5 min in PBS, and
blocked with 3% BSA for 30 min. Then, the cells were
incubated with the Parkin primary antibody (1:200 dilution)
at 4 °C overnight followed by rinsing in PBS twice for 5 min
on a shaker, the Alexa Fluor 488 goat anti-mouse secondary
antibody (1:1000 dilution, Jackson ImmunoResearch, 115-
545-003) was added for 1 h at 37 °C. Afterwards, Mito-
Tracker Red and Hoechst 33342 dyes were applied succes-
sively for mitochondria and nuclear labeling. Fluorescence
images of different channels were recorded by fluorescence
microscopy and the mean fluorescence intensity value of
Parkin and its co-localization with red mitochondria were
measured by Image]J 1.8.0 (USA) software.

Statistical Analysis

All the experiments were performed independently at least
in triplicate. All the data were expressed as mean + standard
deviation (SD). Statistical analyses were carried out with the
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GraphPad Prism software version 8.0. The unpaired two-
tailed Student’s ¢-test was used for comparison between two
groups. Multiple group comparisons were performed using
one-way ANOVA or two-way ANOVA test. P < 0.05 was
considered statistically significant.

Results and Discussion

Synthesis and Characterization of
nMIL-100 (Fe) Nanoparticles

The structure of MIL-100 (Fe) is established from trimers
inorganic structural units of FeOg octahedra joined with
a common vertex p3-O, which are further linked by
1,3,5-benzenetricarboxylic acid (1,3,5-BTC) ligands to

form the hybrid supertetrahedra.’® As shown in
A
O
A +
Fe** HsBTC

Figure 1A, the nanoscale MIL-100 (Fe) nanoparticles
[nMIL-100 (Fe) NPs] were fabricated via a typical sol-
vothermal reaction with Fe (NO3);.9H,O and BTC as
previously reported.’” Figure 1B was SEM images of the
nMIL-100 (Fe) NPs, which showed highly homogeneous
dispersity and exhibited an average diameter of approxi-
mately 100 nm. The morphologies were similar to those of
previously published investigations.*®** Moreover, the
X-ray diffraction (XRD) pattern of as-prepared nMIL-
100 (Fe) NPs matched well with the diffraction peaks of
the simulated Fe (III)-based MIL-100 structure from the
crystallographic information file (Figure 1C). The atomic
EDS mapping showed the distribution of carbon, oxygen
and iron corresponded to the inset images of the area
enclosed by the white rectangles. The distribution of iron
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Figure | Preparations and characterizations of nMIL-100 (Fe) Nanoparticles. (A) Schematic representation of nMIL-100 (Fe) synthesis process. (B) SEM images of the nMIL-
100 (Fe) NPs (scale bars are 200 nm and 50 nm, respectively). (C) Powder XRD pattern s of nMIL-100 (Fe) NPs and simulation. (D) SEM images of nMIL-100 (Fe) and atomic
EDS mapping of the inset region: C: carbon, O: oxygen, Fe: iron (scale bar is 100 nm). (E) XPS spectra of nMIL-100 (Fe).
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marked with blue color revealed a large amount of iron is
uniformly distributed on the surface of nMIL-100 (Fe)
(Figure 1D). The X-ray spectroscopy (XPS) spectra
showed that nMIL-100 contained the
Further, the Fe 2p spectrums could be deconvoluted into

Fe element.

two peaks centered at 724.6 and 711.5 eV, corresponding
to the peaks of Fe 2p,,, and Fe 2p;),, respectively, which
indicated that the iron atoms in the nMIL-100 (Fe) were
presented as Fe** (Figure 1E). The above results illustrated
the synthesized nanoparticles were in accord with the
canonical MIL-100 (Fe) structures.

Catalytic Activity and GSH-Depletion

Capability of the nMIL-100 (Fe)
To investigate whether the as-synthesized nMIL-100 (Fe)
NPs in our study exert a Fenton nanozyme effect, the
catalytic property of nMIL-100 (Fe) NPs was assessed
via oxidizing the substrate 3,3', 5,5'-tetramethylbenzidine
(TMB) into oxidized TMB (0xTMB) in the presence of
H,0,. As is presented in Figure 2A, only in nMIL-100
(Fe) NPs combined with H,O, (hereafter referred to as “M
+H”) group the colorless TMB turned into blue oxTMB
with the maximum absorption peak at 652 nm, which were
precisely attributed to nMIL-100 (Fe) Fenton-reagents cat-
alyzing H,O, conversion into high reactive -OH. Besides,
we also evaluated the peroxidase-like activity of nMIL-
100 (Fe) NPs with 2,2'-azino-bis (3-ethylbenzothiazoline-
6-sulfonic acid) (ABTS) as substrate (Figure S1).

Additionally, the optimum pH value for effective
Fenton action was pH=3-4 as previously reported,*
while the pH in TME varied from approximately 5.0
(inner lysosome) to 7.4. Therefore, it is necessary to
further explore the effect of various pH (simulated mild
acidic TME) on catalytic activity of nMIL-100 (Fe).
Notably, the catalytic activity of nMIL-100 (Fe) NPs in
pH 5.0 was superior to that in pH 7.4 in our reaction
system according to the oxTMB absorbance maximum of
650 nm (Figures 2B and S2). Also, the UV—vis absorption
spectra demonstrated that the peroxidase activity of nMIL-
100 (Fe) NPs was concentration-dependent with nMIL-
100 (Fe) NPs and H,O, (Figure 2C and D).

Considering the short half-life of -OH (107 s),*
Electron spin resonance spectrum (ESR) was conducted
to detect and validate the generation of -OH, which was
trapped by adding 5,5-dimethyl-1-pyrroline-N-oxide
(DMPO) to form relatively long-lived DMPO/-OH
adducts. As performed in Figure 2E, the characteristic

1:2:2:1 spectrum of DMPO/-OH could be only observed
in M+H groups, while no signal was detected in nMIL-100
(Fe) NPs, H,O, and the control groups, which suggested
the existence of H>O, was necessary for nMIL-100 (Fe)
NPs to exert its catalytic activity observed. The above ESR
data was the direct evidence that nMIL-100 (Fe) catalyzed
H,0, to convert into highly oxidative -OH in mildly acidic
TME as shown in Figure 2J.

As known, in response to augmented oxidative stress,
enormous antioxidant defense mechanisms will be resorted
to offset the risk factor in vivo. Glutathione (GSH), one of
the most important endogenous antioxidants, plays a well-
established role in maintaining cellular redox homeostasis.
However, it is reluctant to accept that the protective func-
tion is constantly amplified in cancer due to the elevated
levels of GSH, which is inevitable to conferring therapeu-
tic resistance to tumor cells.***> Recently, many experi-
ments have confirmed that Fe-based nanoparticles can
deplete GSH via transforming the reduced state into the
oxidized glutathione (GSSG).**** In this study, we also
found nMIL-100 (Fe) NPs could be reduced by GSH to

form orange metal ion complexes with 1.10-
Phenanthroline monohydrate (Phe), appearing
a concomitant increase in absorbance at 525 nm

(Figure 2F). As confirmed in Figure 1A, only in the pre-
sence of nMIL-100 (Fe) and H,O,, TMB can be oxidized
to oxTMB, which has a characteristic absorption peak at
525 nm. However, when GSH was added to the system,
the characteristic absorption peak completely disappeared,
indicating that oxXTMB was reduced into TMB by GSH,
and the reduced GSH was depleted and converted to
GSSG (Figure 2G). Altogether, our as-prepared nMIL-
100 (Fe) NPs acted as a peroxidase-like nanocatalysts,
which catalyzed the formation of -OH, simultaneously
consumed the radical scavenger-GSH via Fenton-like reac-
tion, eventually exacerbated the accumulation of ROS.
Afterwards, the peroxidase-like catalytic activity of
nMIL-100 (Fe) NPs were also evaluated by determining
Michaelis—Menten steady-state kinetics. Using diverse
concentrations of TMB and H,0, as substrates, respec-
tively, in pH =6 reaction system, the corresponding plots
of initial reaction velocities for oxidized TMB product
unfold typical Michaelis—Menten curves (Figure 2H and
K). The maximum initial velocity (Vmax) and Michaelis—
Menten constant (Km) were calculated using Lineweaver—
Burk fitting by the reciprocal transition of the abscissa and
ordinate of Michaelis—Menten curves (Figure 2I and L).
Learning from enzymology research, the smaller the Km
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Figure 2 Catalytic activity and GSH-depletion Capability of the nMIL-100 (Fe) NPs. (A and B) UV-vis absorption of TMB at 652 nm of TMB/H,O,, TMB/nMIL-100 (Fe) and
TMB/H,0,/nMIL-100 (Fe). (C and D) PH values, nMIL-100 (Fe) and H,O, concentration-dependent catalytic activity of nMIL-100 (Fe) to TMB. (E) ESR spectra for DMPO/
‘OH adducts detection in the presence of DMPO, DMPO/H,0,, DMPO/nMIL-100 (Fe), DMPO/nMIL-100 (Fe)/H,O,. (F) UV-vis absorption spectra of GSH/Phe/nMIL-100
(Fe) at 525 nm. (G) UV-vis absorption spectra ox-TMB and ox-TMB/GSH. (H and K) Michaelis-Menten kinetic assays of nMIL-100 (Fe): (H) TMB as substrates; (K) H,O, as
substrates. (I and L) Lineweaver-Burk plotting of nMIL-100 (Fe) based on (H and K) respectively. (J) Fenton reaction mechanism. [T]=TMB 1x1073 M, [H]= H,0, 50x10°¢
M, [M]=nMIL-100 (Fe) x100 pg mL™', [DMPO]=50 X103 M, [GSH]=10 x10~® M, [Phe]=0.2 x10~® M. Data were represented as mean * SD (n=3).

value, the higher the enzyme binding affinity to substrates
was. The apparent Km value of nMIL-100 (Fe) NPs with
either TMB or H,O, as the substrate was lower than that
of horseradish peroxidase (HRP),* indicating that nMIL-

100 (Fe) had relatively higher catalytic activity even
though in pH =6 mild acidic buffer (Table 1). That may
be attributed to the regular meso- and micro-porous hybrid
nanostructure of nMIL-100 (Fe) NPs with higher porosity,
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Table 1 Comparison of the Kinetic Parameters TMB Oxidation

by nMIL-100 (Fe)

Catalysts Substrates Km (M) Vmax M s ')
nMIL-100 (Fe) H,0, 6.70x1077 477x10°8
nMIL-100 (Fe) T™MB 1.50x1077 1.32x10°¢
HRP* TMB 3.17x107* 3.30x10°8
HRP* H,0, 5.48x107° 3.30x10°8

leading to the Fe (III) in its active center contacting more
guest molecules (eg TMB, H,0,) compared to natural
HRP, and in turn, increasing the nanozyme—substrate inter-
action. Therefore, nMIL-100 (Fe) NPs will be a sharp
object for tumor treatment by oxidative damage, especially
in tumor tissue with high expression of H,O,.

Cytotoxicity of nMIL-100 (Fe) and H,0O,

Nanosystem

The preceding experiments have established NPs mediated
Fenton-like reaction to convert H,O, into higher oxidation
activities ‘OH. In an attempt to confirm the tumoricidal
potential of nMIL-100 (Fe) NPs - H,O, system in vitro,
we first assessed the cellular internalization efficiency of
nanoparticles using progesterone-insensitive human endo-
metrial adenocarcinoma cell line KLE as a model.
Currently, progestin is used as the first-line therapy for
inoperable EC patients. A high response rate is achieved
in patients who are in initial use, however a higher recur-
rence rate (19.2-33.8%) was followed due to the occurrence
of the acquired resistance to progestin.”® Therefore, a new
replacement therapy need to be developed to overcome
insensitivity and resistance to progestin treatment. In our
study, after 2 hours of incubation, the nMIL-100 (Fe) NPs
(brighter green spots) were successfully internalized into
the KLE cells and co-localized within the lysosomes (red
spots), forming yellow fluorescence in merge images com-
pared with that of the control group (Figure 3A). In the
merge channel, white arrows indicated the colocalization of
nMIL-100 (Fe) and lysosomes. Furthermore, to better quan-
tify the relative position relationship, Pearson’s correlation
coefficient (PCC) and Manders’ Overlap coefficient (MOC)
were calculated respectively by Imagel software plug-in,
Colocalization-Finder. The colocalization was confirmed as
PCC rate > 0.5 and meanwhile MOC rate > 0.6. As dis-
played in Figure 3B, compared with nMIL-100 (Fe) or
H,0, treated alone groups, the combination group includ-
ing nMIL-100 (Fe) and H,O, exhibited brighter green
H2DCFDA fluorescence in both KLE and Ishikawa cells

(ISK, progesterone-sensitive human endometrial adenocar-
cinoma cell lines). The results suggested that the nMIL-100
(Fe) and H,0O, synergistic treatments mediated-Fenton
chemistry evoked intracellular ROS production indepen-
dently of cell type. Intriguingly, the intracellular GSH also
could be depleted by nMIL-100 (Fe) NPs in a concentration
dependent manner (Figure 3C). The “attack-defense”
mechanisms imbalances inevitably led to excessive accu-
mulation of ROS, which was a vital prerequisite for cellular
constant oxidative damage. Accordingly, no significant
cytotoxicity of nMIL-100 (Fe) NPs was observed in the
absence of H,O,. Low cytotoxicity was induced by H,O,
at the concentration range within 200 pM (Figure S3).
While in the nMIL-100 (Fe) and H,O, combined treatment
group, cell viability began to show signs of suppression
when nMIL-100 (Fe) NPs concentration was just greater
than 25 pg/mL (Figure 3D). That was probably owing to the
‘OH accumulation accompanied with the GSH reduction
with  increasing incubation duration. Afterward,
a combination of 100 pg/mL nMIL-100 (Fe) and 50 uM
H,0,, which hereafter was abbreviated as “M+H” for sim-
plicity, was selected for subsequent experiments unless
otherwise special stated. One embarrassing problem must
be acknowledged: The M+H system induced cytotoxicity
was suboptimal. Specifically, the inhibition rate of ISK cell
proliferation was only less than 50% for 24 h after treatment
and the percent of apoptotic cells did not exceed 10%
regardless of the duration of treatment (Figure S4). That
may be attributed to intrinsic differential expression of
estrogen receptor (ER) and progesterone receptor (PR) in
EC cells. Specifically, ISK was double-positive cells (ER
+/PR+) compared to the double-negative expression in KLE
(ER-/PR-). Meanwhile, we learned from the TCGA data-
base in EC patients there was a positive correlation between
the expression of ER and catalase (CAT),*® a critical anti-
oxidant enzyme (Figure S5A and B). Thus, it was reason-

able to speculate that catalase was highly expressed in ISK
cells as we had confirmed in Figure S5B. Precisely owing to
the conversion of H,O, into H,O and O, by catalase, the
amount of H,O, involved in nMIL-100 (Fe) mediated
Fenton-like reaction was significantly diminished. That
made -OH, generated through the above catalytic reaction
and with inherent short half-life, fail to effectively accumu-
late in the local environment, which ultimately mitigated
the toxic effects of M+H Fenton nanocatalyst. Besides,
other radical scavenger mechanisms such as superoxide
dismutase (SOD),” nuclear factor erythroid 2-related factor
2 (NRF2)*” and NADPH*® except for GSH may counteract
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Figure 3 Cytotoxicity of nMIL-100 (Fe) and H,O, nanosystem. (A) Confocal fluorescence images of nMIL-100 (Fe) NPs uptake by KLE cells treated with nMIL-100 (Fe)
-FITC (green) for 2 h, and then incubated with Lyso-Tracker (red) and DAPI (blue) (scale bar is 20 pm). The colocalization (white arrows) between nMIL-100 (Fe)-FITC and
Lyso-Tracker in (a) by Pearson’s coefficient and Manders overlap coefficients analysis. (B) ROS detection of ISK and KLE cells using fluorescent probe H2-DCFDA (scale bar
is 20 um), graph of mean fluorescence intensities (MFI) in different formulations (control, 100 ug mL™' nMIL-100 (Fe) alone, 50x 10 M H,O, alone and or a combination of
both) for 24 h. (C) Relative levels of GSH after treatment with (50,100,150 pg mL ") nMIL-100 (Fe) for 24 h (scale bar is 50 um). (D) Cell viability detection of ISK and KLE
cells by CCK-8 assay after different administrations including Control, 50x10® M H,O, alone and a combination of (0, 12.5, 25, 50, 100, 200 g mLfl) nMIL-100 (Fe) and
50%10°¢ M H,0, for 24 h and 48 h. (E)The fluorescent images of ISK and KLE cells undergoing the same treatments as aforementioned (B). Both cells were stained with
Live/Dead kit (scale bar is 100 um). Living (green) and dead (red) cells were labeled and the relative ratio of dead to total cells was shown. [H,O,] = 50107 M, [nMIL-100
(Fe)] = 100 pg mL ™', [M+H] = 100 pg mL™' nMIL-100 (Fe) + 50x10 ¢ M H,O,, Data were represented as mean + SD (n=3). *p < 0.05, **p < 0.01, ¥*P< 0.001, ns, not
significant.

the disruption induced by -OH. Additionally, the LIVE/  (red) for dead and apoptotic cells. In line with the CCK-8
DEAD kit was applied to repetitively visualize the KLE  results, the red fluorescence in cells was readily detected in

and ISK cells killing effect of different additions, in which ~ both KLE and ISK cells after being treated with M+H for 24
co-staining with calcein-AM (green) for live cells and PI  h. Furthermore, cell shrinkage and cell volume reduction
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were remarkably observed in this group (Figure 3E). Taken
together, after successful internalization, nMIL-100 (Fe)
next acted as Fenton reagents to catalyze intracellular
H,0, into highly oxidative -OH. However, the effects of
its oxidative damage to EC cells were not satisfactory,
which could be partially due to different cell types, even
though it simultaneously consumed intracellular antioxi-
dants-GSH. Thus, other resistance mechanisms irrespective
of cell types were likely to exist, which contributed to
counteract cytotoxic effect of -OH.

Autophagy Induction by nMIL-100 (Fe)
and H,O, Nanosystem

Aberrant increased endogenous and/or exogenous ROS is
a potent activator of autophagy primarily including

A  EGFP-LC3B Lyso-Tracker

Control

nMIL-100 (Fe)

M+H

Merge

macroautophagy and chaperone-mediated autophagy
(CMA).*>*® Less is known about the influence of ROS
on microautophagy. In light of this, KLE cells were first
transient transfected with EGFP-LC3B plasmid. At 24
h after transfection, the combination of nMIL-100 (Fe)
and H,O, as well as nMIL-100 (Fe) or H,O, alone were
supplied for an additional 6 h. As expected, M+H treat-
ment induced a significant aggregation of EGFP-LC3B
puncta (green fluorescence) even being into plaque-like
structure, indicating the increased autophagosome forma-
tion. Additionally, the colocalization of LC3B puncta with
Lyso-Tracker (red fluorescence) was also observed, reveal-
ing the process of autophagosomes-lysosomes fusion into
autolysosomes (autophagosome maturation) to facilitate
further degradation of the internal contents (Figure 4A).
In addition, bio-TEM was further used to observe the

Figure 4 Autophagy induction by nMIL-100 (Fe) and H,O, nanosystem. (A) Confocal fluorescence images of KLE cells transfected with EEGFP-LC3B plasmids followed by
different treatments for 24 h. And the co-localization analysis of EEGFP-LC3B puncta (green) and lysosomes (red) after con-stained with Lyso-Tracker (red) (scale bar is 5
um). (B) Bio-TEM images of KLE cells subjected to the same treatment as (A) for 24 h. White arrowheads indicate the formation of isolation membrane at early stage of
autophagy; red arrows denote the mature autophagosome; blue arrowheads mark the autophagolysosome at the late stage of autophagy, respectively (left, scale bar; 2 pm;
right, scale bar, 0.5 pm).
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dynamic autophagic process (also known as autophagy
flux) including initiation (isolation membrane generation
and elongation indicated by white arrows), maturation (the
formation of autophagosomes denoted by red arrows),
fusion and cargo degradation (the formation of autolyso-
somes presented by blue arrows) (Figure 4B). The num-
bers of autophagosomes and autolysosomes were strongly
increased after the co-treatment of nMIL-100 (Fe) and
H,0, than that of nMIL-100 (Fe), H,O, treated alone
and control group. Such TEM observations echoed the
aforementioned immunofluorescence results, suggesting
that nMIL-100 (Fe)-H,O, catalytic nanosystems could
induce autophagy in EC cells.

The autophagic flux was regulated by the effect of
ROS on the transcriptional activation of autophagy-related
genes and degradation of proteins and organelles (eg mito-
chondria). Since 2% mitochondrial oxygen consumption

mitochondria were
S 51,52

was converted into superoxide,
regarded as a major source of endogenous RO
Excessive mitoROS can induce the opening of mitochon-
drial permeability transition pore (MPTP) and the inner
membrane anion channel (IMAC), and further trigger the
loss of mitochondrial membrane potential and sudden
increase of ROS from mitochondrial electron transport
chain (ETC), which is termed as ROS-induced ROS
release (RIRR).* As shown in Figure 5A, we visualized
a remarkably increased number of autophagosomes and
the overlap of EGFP-LC3B and Mito-Tracker red treated
by M+H for 4 h or 6 h, indicating the existence of mito-
chondrial autophagy (mitophagy), which was consistent
with the bio-TEM analysis that the damaged mitochondria
were being wrapped by isolation membranes (white
arrows indicated in Figure 4B). Moreover, mitochondrial
membrane depolarization was evidenced by a decrease of
the ratio of red to green JC-1 fluorescence after M+H
addition, especially in the pretreatment with Mdivi-1 com-
bination group (Figure 5B). The fluorescence images again
highlighted cells with smaller volume and irregular mor-
phology after M+H treatment (Figure S6). This may be
owing to the aberrant accumulation of injured mitochon-
dria, which failed to be removed by selective form of
autophagy-mitophagy. The LC3BII is a well-established
indicator for autophagosomes. To elucidate the phenom-
enon of autophagy in response to the -OH production,
KLE and ISK cells were, respectively, treated with M+H
for different time intervals. The transformation of endo-
genous LC3BI to LC3BII was significantly increased in
a time-dependent regardless of cell types, accompanied by

up-regulation of critical nodal proteins in classic PINK1/
Parkin mitophagy pathway (Figure 5C). In dysfunctional
mitochondria, PINK1 was unable to be imported to the
inner mitochondrial membrane (IMM) to undergo clea-
vage and degradation, and then was forced to stabilize on
the damaged outer mitochondrial membrane (OMM).>*°
Otherwise, M+H treatment promoted the translocation of
Parkin from the cytosol to the mitochondria compared
with the control group (Figure 5D). Afterwards, the immu-
noblotting results were further verified by immunofluores-
cence staining in ISK cells expressing relatively higher
Parkin. Despite the green fluorescence intensity of Parkin
was apparently increased after M+H stimulation. A well-
established colocalization of Parkin with Mito-Tracker
was also validated; however, no significant differences of
the PCC and MOC values were noted in both pre- and
post-treatment group (white straight line in merge channel
in Figures 5E and S7), which indicated a basal level of
mitophagy occurred in ISK cells. It is now well appre-
ciated that the translocation of Parkin activated by PINK1
kinase activity was a pivotal step for follow-up, ubiquiti-
nating special substrates and autophagosome recruitment
to instigate the autophagic clearance of damaged
mitochondria.’’* The above phenomenon reflected the
fast self-renewal of EC cells via mitochondrial quality
nMIL-100 (Fe) and H,O,
mediated -OH production induced a collapse of mitochon-

control. Taken together,
drial membrane potential via the RIRR process. The sig-
nals were further sensed and recognized by upregulated
PINK1 kinase, resulting from retention on the dysfunc-
tional OMM to escape from proteolysis. The latter
recruited Parkin from cytoplasm to initiate the removal
of dysfunctional and devastatingly damaged mitochondria.

Effects of Mitophagy on nMIL-100 (Fe)
and H,O, Nanosystem Mediated

Oxidative Damage

Substantial evidence has confirmed that autophagy is
a protective mechanism against various stress-induced
cell apoptosis. In our previous results, autophagy levels
were remarkably upregulated after M+H addition, primar-
ily manifested by an increase of conversion of LC3-I to
LC3-II and also PINK1/Parkin activation. Autophagy inhi-
bitor 3-Methyladenine (3-MA) pretreatment followed by
M+H treatment partially suppressed autophagy. At the
same time, the caspase 3 was activated and the cleaved
PARP (c-PARP) was increased. It suggested the initiation

6674

Dove!

International Journal of Nanomedicine 2021:16


https://www.dovepress.com/get_supplementary_file.php?f=329341.docx
https://www.dovepress.com/get_supplementary_file.php?f=329341.docx
https://www.dovepress.com
https://www.dovepress.com

Dove Gong et al

A EGFP-LC3B Mito-Tracker B *
*
< 20 —NS
< > ns
T e =
+ 515 I
= Lo
000 002 004 0.06 £ G
Distance (mm) o= 10
e
250 S T
< 200 o B— 0.5
150 73]
© 100 oE
:_|'_: 50 gmo.o > o O
EGFP-LC3B = O &2 O X W
= Mito-Tracker L <)o‘{" QQ\ ¥ N . )‘\&
0.00 0.02 0.04 0.06 0.08 & &
Distance (mm) o@ NS
C ISK D
M+H Oh 1h 2h 4h 6h 12h .
PINK1 —Cp  Witc Parkin Mitochondria trabslocation
Parkin ) Con M+H Con MH g 4 wm Control
LC3BI Parkin K M+H
S N
GAPDH GAPDH [ ] 3 i
KLE 8 2
M+H Oh 1h 2h 4h 6h 12h KLE -'5 T
) - Con WM+H Con_M+H S
2
Lc3B Il I1SK KLE
oty —————— GAPDH [ -]
Parkin Mito-Tracker Hoechst Merge
g 250[ mm Mito-Tracker 150
§‘=‘:200 == GFP-LC3B
— L
S g 2150
= 3% 100 - **
c °oc S
S S5 s0 % 100 T
(&) (= =
%0 o5 70 s L
Distance (mm) i
2501 == Mito-Tracker E
8 T200] = GFP-LC3B S 50
G
< 8 2150
© a2
b 8 5100
¥ 8§ 50
= g = g 0
0 D?s-ﬁangé"(m,},-f Control M+H 6h

Figure 5 PINKI/Parkin mediated-mitophagy activation by nMIL-100 (Fe) and H,O, nanosystem. (A) The fluorescence images of GFP-LC3B-transfected ISK cells after
treatment with 100 pg/mL nMIL-100 (Fe) and 50 uM H,O, for 4 h or 6 h followed by Mito-Tracker (red) incubation (scale bar is 20 pm). The colocalization between green
spots and red mitochondria tracker was elevated by Plot Profile tool. (B) Quantifications of the mitochondrial membrane potential (MMP) A¥m (JC-I red/green
fluorescence intensity ratio) after different treatment including control, 100 ng mL™" nMIL-100 (Fe) alone, 50%10® M H,O, alone, a combination of both or
a pretreatment of Mdivi-1 (5%107¢ M, | h) before the both additions for 24 h. (C) Western blot analysis of PINK1, Parkin, LC3-I and LC3-Il expression in ISK and KLE
cells treated with 100 ug mL™' nMIL-100 (Fe) and 50%107¢ M H,O, for different time intervals, using GAPDH as loading control. (D) Parkin expression in mitochondrial and
cytosolic enriched fractions of ISK and KLE cells after100 ug mL™"' nMIL-100 (Fe) and 5010 ¢ M H,O, treatment for 6 h was determined by Western blot, using GAPDH
and COX |V as cytosolic and mitochondrial loading control respectively. (E) The images of immunofluorescence in ISK cells undergoing the same treatments as the
aforementioned in (D) followed by co-staining with Mito-Tracker (red) and Hoechst 3342 (blue) (scale bar is 20 um). The MFI of Parkin and the colocalization (white straight
lines) between green Parkin and red mitochondria tracker was analyzed by Plot Profile tool. Data were represented as mean * SD (n=3). *p < 0.05, **p < 0.0, ns, not
significant.

of apoptotic processes (Figure 6A). Besides, the above Figure 6C, the Atg7-siRNA3 sequence had a higher
combined treatment dramatically inhibited cell prolifera- knockdown efficiency accompanied by significant down-
tion irrespective of cell types (Figure 6B). To further regulation of Parkin expression, which was chosen for
verify the role of autophagy in the M+H-induced cytotoxi-  subsequent experiments. In line with the previous 3-MA
city, key autophagy genes were knocked down by Atg7 pretreatment effects, Atg7 RNA silencing in KLE cells
Small interfering RNA (siRNA). As displayed in before the M+H addition remarkably elevated the
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Figure 6 Effects of mitophagy on nMIL-100 (Fe) and H,O, nanosystem mediated oxidative damage. (A) Western blot analysis of PINKI, Parkin, P62, cPARP, cCaspase-3,
LC3-l and LC3-Il expression in ISK and KLE cells treated with control, 100 pg mL"' nMIL-100 (Fe) alone, 50x10~® M H,O, alone, a combination of both or a pretreatment of
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blot for ATG 7-siRNA [-3 knockdown efficiencies and the Parkin protein expression of ISK cells at 48 h after transfection. (D) The corresponding expression of apoptosis-
related molecules in KLE cells transfected with or without control siRNA or ATG 7-siRNA followed by the aforementioned combination. (E) The relative cell viability of ISK
and KLE cells after the same treatments as in (D) for 24 h or 48 h. (F) The protein levels of Parkin and its downstream molecules including Mirol, Mfnl and Mfn2 after
transient knockdown or overexpression its PRKN gene in ISK and KLE cells respectively. (G—I) Detection of active caspase 3 and relative cell growth inhibition ratio of ISK
cells by the aforementioned combination additions for 24 h after different types pretreatments with Mdivi-1 (5x107¢ M, | h), Parkin-siRNA or Parkin-pcDNA transfection.

Data were represented as mean + SD (n=3). *p < 0.05, **p < 0.01, ***P< 0.005, ****P< 0.001, ns, not significant.

expression of cPARP and cCaspase-3 and reduced cell
viability compared with other groups in a time-dependent
manner in both EC cells (Figure 6D and E). Interestingly,
the proliferation ability was unaffected in cells transfected
using ATG 7 siRNA alone. Also, the inhibitory efficiency
of cell proliferation was not ideal only by M+H treatment
for 24 h (Figure 3D). While the synergistic treatment with

autophagy blockage and M+H addition significantly sup-
pressed cell viability, indicating adequately that the com-
bination of both nMIL-100 (Fe) and H,O, was necessary
to ensure the function of the nMIL-100 (Fe) nanocatalyst.
Taken together, autophagy inhibition by pretreatment with
3-MA or Atg7 RNA silencing hampered repair of oxida-
tive DNA damage mediated by M+H stress and then
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exacerbated cell apoptosis. That is in turn potential che-
modynamic antitumor effects mediated by ‘OH deriving
from M+H involved-Fenton-like reaction, which further
might be aggravated by depletion of intracellular GSH.
Mitochondria are the important members in redox reg-
ulation of autophagy. A tight regulation of mitochondria
quantity and quality is therefore essential for cellular
homeostasis. As confirmed in Figure 5, M+H treatment
initiated canonical PINK1/Parkin mitophagy pathway, in
which increasing PINK1 triggered Parkin mitochondria
translocation from cytoplasm and promoted the Parkin’s
E3 ubiquitin ligase activity by phospho-ubiquitin chains.
Then Parkin ubiquitinated more downstream mitochon-
drial substrates (such as Mfnl, Mfn2 or Mirol) in order
to be recognized by autophagy receptors (e g p62 and
OPTN). The interaction between mitochondria and autop-
hagosomes launched selective autophagic clearance of
damaged mitochondria.”® Therefore, to further assess the
role of mitophagy in M+H-induced cell death, transient
overexpression or knockdown of Parkin was conducted in
ISK cells and KLE cells, respectively. Due to altered E3
ubiquitin ligase activity of Parkin, the corresponding
change of substrate molecules including Mfnl, Mfn2 and
Mirol was observed (Figure 6F and G). Moreover, Parkin
siRNA transfection in accordance with Mdivi-1 pretreat-
ment in ISK cells markedly enhanced M+H-induced cyto-
toxicity by augmenting the expression of cCaspase-3 as
well increased the inhibition of cell proliferation.
However, Parkin gene overexpression apparently attenu-
ated M-+H-mediated
(Figure 6H and I). Overall, mitophagy, induced by
nMIL-100 (Fe) and H,O, nanosystem-elicited -OH pro-
duction, was proven to be a cytoprotective mechanism that

oxidative stress  cytotoxicity

allowed cell to survive under lethal oxidative stress via
selective scavenging of damaged mitochondria to remodel
cellular homeostasis. Therefore, it is necessary to identify
whether therapeutic approaches (eg, chemotherapy, radio-
therapy and nanotherapy)-induced autophagy exert
a cytoprotective or cytotoxic role, whether autophagy
enhances or weakens the therapeutic effect during treat-
ments. As other studies confirmed, the inhibition of
PINK1/Parkin- or Rab9a-involved mitophagy process
acquired a radiosensitive effect on cancer cells.®*®" Also,
downregulation expression of key genes including PINK1,
FUNDCI and AMBRAI was considered as a profound
chemosensitization approach for cancer therapy.®*
However, ULK1-mediated mitophagy demonstrated an

anti-cell proliferation property in colon cancer cell

lines.®* Therefore, the results above reveal that the combi-
nation of Fenton reagents mediated-CDT and a mitophagy
inhibitor like Mdivi-1 will exert synergistic antitumor
effects, which is favorable to acquire high-efficacy cancer
therapy. Next, our research efforts will focus on exploiting
a versatile nanoplatform to implement the cooperation
between CDT and chemotherapy in EC.

Conclusion

In conclusion, this study provided a potential therapeutic
option based on special TME for EC patients. First, we
successfully synthesized a nanoscale MIL-100 (Fe) and
demonstrated its intrinsic peroxidase-like activity.
Furthermore, significant cytotoxicity was elicited by
nMIL-100 (Fe) involved CDT due to excellent catalysis
and the property of intercellular GSH depletion. The abun-
dant accumulated ROS during nMIL-100 (Fe)-CDT pro-
cess induced cytoprotective mitophagy mediated by
canonical PINK 1/Parkin pathway, which in turn attenuated
itself oxidative damages of EC cells. Overall, the current
data highlights the importance of synergistic therapy of the
inhibition of mitophagy and ROS-based treatment.
Notwithstanding the present results was limited to
in vitro levels, this work certainly offered valuable insights
into how to establish more effective integrated therapeutic
regimens. Therefore, extensive efforts will be devoted to
developing such a nanocatalysis system that can accom-
modate both elevated oxidative attack and declined anti-
oxidant defense, which is a feasible and potential strategy
with tremendous clinical translation value for cancer

therapy.
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