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KEY WORDS Abstract Pancreatic cancer is a more aggressive and refractory malignancy. Resistance and toxicity
limit drug efficacy. Herein, we report a lower toxic and higher effective miriplatin (MPt)-loaded lipo-
some, LMPt, exhibiting totally different anti-cancer mechanism from previously reported platinum
agents. Both in gemcitabine (GEM)-resistant/sensitive (GEM-R/S) pancreatic cancer cells, LMPt exhibits
prominent anti-cancer activity, led by faster cellular entry-induced larger accumulation of MPt. The level

Miriplatin-loaded
liposome;

Pancreatic cancer;

Caveolae-mediated

endocytosis; of caveolin-1 (Cav-1) determines entry rate and switch of entry pathways of LMPt, indicating a novel role
Caveolin-1; of Cav-1 in nanoparticle entry. After endosome—lysosome processing, in unchanged metabolite, MPt is
Mitophagy; released and targets mitochondria to enhance binding of mitochondria protease LONP1 with POLG and
Mitochondria DNA; TFAM, to degrade POLG and TFAM. Then, via PINK1—Parkin axis, mitophagy is induced by POLG and
POLG; TFAM degradation-initiated mitochondrial DNA (mtDNA) replication blocking. Additionally, POLG and
TFAM TFAM are identified as novel prognostic markers of pancreatic cancer, and mtDNA replication-induced

mitophagy blocking mediates their pro-cancer activity. Our findings reveal that the target of this lipo-
somal platinum agent is mitochondria but not DNA (target of most platinum agents), and totally distinct
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mechanism of MPt and other formulations of MPt. Self-assembly offers LMPt special efficacy and mech-
anisms. Prominent action and characteristic mechanism make LMPt a promising cancer candidate.

© 2023 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical
Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Pancreatic cancer is one of the most refractory and aggressive
digestive system cancer. With its increasing incidence and poor
prognosis, pancreatic cancer has a high mortality rate worldwide
(4.5% in 2020) and a poor 5-year survival rate (< 10%) (WHO
GLOBOCAN, 2020)1, making it a serious health burden. How-
ever, because of the inconspicuous symptoms, rapid progression,
and lack of diagnostic markers, most pancreatic cancers are
unresectable at diagnosis, making chemotherapy a vital treatment
option for pancreatic cancer™®. Gemcitabine (GEM) is the stan-
dard first-line drug for pancreatic cancer treatment’. However,
primary and secondary resistance limits the clinical application of
GEM?. In addition to GEM, oxaliplatin (OXA) is listed as the first-
line treatment for patients with locally advanced pancreatic cancer
in the National Comprehensive Cancer Network guidelines of the
USA*. However, the lack of specificity for in vivo distribution,
neurotoxicity, and myelosuppressive toxicity greatly limits OXA
application in pancreatic cancer treatment. Therefore, safer and
more effective agents are required to improve the treatment effi-
cacy of pancreatic cancer.

Liposomes are one of the most effective drug delivery systems
for cancer therapy. Their unique structure offers liposomes various
advantages in tumor treatment, the most remarkable ones being
increased efficacy, passive tumor targeting, lower toxicity,
biocompatibility and biodegradability’. Specifically, after injec-
tion into the blood, liposomes can protect the encapsulated drug
from physiological disruption and fast plasma clearance,
contributing to prolonged half-life and thus strengthened thera-
peutic efficacy®’. Furthermore, during in vivo circulation, lipo-
somes preferentially accumulate in tumor tissue via the enhanced
permeability and retention effect, called passive targeting of li-
posomes”®, and thus decrease the nonselective toxicity of anti-
cancer drug application. Moreover, upon reaching the tumor
cells, the phospholipid membranous structure, resembling natural
cell membranes, promotes efficient cellular uptake by forming
excellent interactions between liposomes and cell membranes®’.
Additionally, liposomes can co-load different types of bio-
molecules such as genes and proteins to expand these bio-
molecules  application in  photodynamic therapy and
immunotherapy of tumors™'%'°,

Platinum agents are classical anti-cancer drugs with broad anti-
cancer spectrum and potential anti-cancer abilities'"'®, but side
effects such as kidney toxicity and neurotoxicity limit their
application. Liposome formulation of platinum agents may be
beneficial for overcoming these drawbacks'®. Several platinum-
based liposomes have been constructed and assayed in lab or
clinical trials, such as SPI-077 (liposomal formulation of
cisplatin)zo, Lipoplatin (liposomal formulation of cisplatin)ZI,
Lipoxal (liposomal formulation of OXA)**, Aroplatin (liposomal

formulation of NDDP), albumin-bound nanoparticle and platinum
ultrasmall dots encapsulated nanoparticle'®>*. But so far, there are
no platinum-based liposomes or nanoparticles approved”*. Inad-
equate in vivo drug release and unclear mechanism of action may
hinder their further pharmaceutical development™.

As the third-generation platinum agent, miriplatin (MPt)
(Supporting Information Fig. S1A) is designed and synthesized for
local administration of transarterial chemoembolization for unre-
sectable hepatocellular carcinoma®®?’. MPt is poorly soluble in
water and organic solventszs, and its sole clinical formulation is
the MPt/lipiodol suspension (Miripla, Dainippon Sumitomo
Pharma, Osaka, Japan). Although MPt suspension is effective in
transarterial chemoembolization treatment for hepatocellular car-
cinoma, this formulation cannot be used for intravenous admin-
istration. After careful analysis, we found that MPt, containing
two long myristoyl chains, is highly lipophilic and structurally
similar to phospholipids, forming phospholipid bilayers in lipo-
somes (Fig. SIA)*’. Thus, we hypothesized that the two long
myristoyl chains of MPt would encapsulate into phospholipid
layers, forming liposomes™’~*'. Accordingly, our team prepared a
novel liposomal formulation of MPt:LMPt, also named lip-
omiriplatin (Fig. S1B)*°. Pharmaceutical evaluations showed that
LMPt possessed fine pharmaceutical characteristics, including
favorable colloidal properties, high drug-loading capacity and
robust stability (Fig. S1C and S1D)*. Considering that MPt is a
structural analog of OXA***, which is used for the treatment of
pancreatic cancer, we wondered that if LMPt could be applied to
the treatment of pancreatic cancer, employing the passive target-
ing ability of liposomal formulation to realize increased efficacy
and reduced toxicity, which might be beneficial to overcome
resistance. However, the therapeutic effect, as well as the expected
action mechanism of LMPt on cancer has not been previously
studied, which needs in-depth research.

In this study, we demonstrated that LMPt could exert potent
anti-cancer activity in both GEM-resistant (GEM-R) and GEM-
sensitive (GEM-S) pancreatic cancer cells. The endocytosis-
induced increased accumulation of LMPt contributed to potent
anti-cancer activity, and the level of caveolin-1 (Cav-1) allows for
LMPt accumulation and determines the switch of entry pathways
(caveolae or macropinocytosis), revealing a novel role of Cav-1.
In mechanism exploration, we first proved that, instead of DNA as
usually reported, the main target of this liposomal platinum agent,
LMPt, is the mitochondria. In addition, we found that mitophagy
mediated its anti-cancer activity. Based on these findings, we
further clarified that the mtDNA-associated enzymes, DNA po-
lymerase gamma (POLG) and Recombinant transcription factor A
(TFAM), played a negative role in mitophagy in tumor cells,
which has not yet been reported. These results uncover LMPt
possessing a totally distinct mechanism from previously reported
platinum agents, including MPt and other formulations of MPt.
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2. Material and methods

2.1.  Reagents

For LMPt preparation, DMPG (1,2-dimyristoyl-sn-glycero-3-
phosphoglycerol, F0344), cholesterol (for injection, B41239)
and mPEG;(9-DSPE (1, 2-distearoyl-sn-glycero-3-phosphoethanol
amine-N-[amino (polyethylene glycol)-2000], B51152) were
obtained from AVT (Shanghai, China). MPt was bought from
Kunming Guiyan Pharmaceutical Company, Ltd. GEM and OXA
were purchased from Cancer Hospital of the Chinese Academy of
Medical Sciences (Beijing, China). Endocytosis inhibitors: cyto-
chalasin D (CytoD, C102396), chlorpromazine (CPZ, C131611),
genistein (G106673) were purchased from Aladdin (Shanghai,
China); amiloride (A0080) and nystatin (IN0260) were purchased
from Solarbio (Beijing, China). Autophagy inhibitors 3-
methyladenine (3-MA, HY-19312) and Bafilomycin Al (Baf-Al,
HY-100558), endoplasmic reticulum (ER) stress inhibitors 4-
phenylbutyric acid (4-PBA, HY-A0281) and tauroursodeoxycholate
(TUDCA, HY-19696) were all bought from MedChemExpress
(Shanghai, China). Dil (D-282), lipofectamine 2000 (11668019) and
lipofectamine RNAIMAX (13778030) transfection reagent were
purchased from Invitrogen (Waltham, MA, USA). 3-(4,5-Dimethyl-
2-thiazolyl)-2,5-diphenyl-2H tetrazolium bromide (MTT) and sul-
forhodamine B (SRB) were purchased from Sigma—Aldrich (MO,
USA).

For organelle labeling, early endosomes labeling reagent
(CellLight Early Endosomes-GFP *BacMam 2.0*, C10586), late
endosomes labeling reagent (CellLight Late Endosomes-GFP
*BacMam 2.0*, C10588), lysosomes labeling reagent (CellLight
Lysosomes-GFP *BacMam 2.0*, C10596) and mitochondria la-
beling reagent (CellLight Mitochondria-GFP *BacMam 2.0%,
C10508) were obtained from Invitrogen (MA, USA). Mito-
Tracker Red CMXRos (C1035) was purchased from Beyotime
(Jiangsu, China). ER lumen labeling plasmids sfGFP-ER-5 was a
gift from Michael Davidson (Addgene plasmid #56483).

Antibodies were as follows: anti-caveolin-1 (AF1231), anti-
ATP7B (AF6264), anti-GSTP1 (AF7038), anti-IREla (AI601-1),
anti-phospho-IRE1« (AF5842), anti-PINK1 (AF7755), anti-FEN1
(AF6885), anti-PCNA (AF1363), anti-Rad51 (AF7860), anti-
ATF4 (AF2560) and anti-ATF6 (AF6243) antibodies were pur-
chased from Beyotime (Jiangsu, China). Anti-H2AX (Ser139,
80312), anti-LC3B (3868), anti-Ubiquitin (3936), anti-POLG
(13609), anti-TFAM (D5C8), anti-BiP (C50B12), anti-PERK
(5683), anti-elF2ac (5324), anti-phospho-EIF2a (Ser51, 3398),
anti-CHOP (5554), anti-SAPK/JNK (92527), anti-phospho-SAPK/
JNK (9255s), anti-XBP-1s (12782s), anti-COXIV (3E1l), and
anti-GAPDH (D16H11) antibodies were purchased from Cell
Signaling Technology (MA, USA). Anti-clathrin HC antibody (sc-
12734) was purchased from Santa Cruz (California, USA). Anti-
POLG?2 antibody (10997-2-AP), anti-LONP1 antibody (66043-1-
Ig) was bought from Proteintech (Rosemont, Maryland, USA).
Anti-MRP2 (ab172630), anti-Parkin (phospho S101, ab73015)
were purchased from Abcam (MA, USA). Anti-ATP7A
(TA350995) was obtained from OriGene (Beijing, China). For
secondary antibodies, Peroxidase-conjugated goat anti-mouse
(ZB-2305) and goat anti-rabbit (ZB-2301) secondary antibodies
were purchased from OriGene (Beijing, China). The fluorescent
secondary antibodies, goat anti-rabbit IgG(H + L) highly cross-
adsorbed secondary antibody (Alexa Fluor 633, A-21071),
donkey anti-rabbit I[gG(H + L) highly cross-adsorbed secondary

antibody (Alexa Fluor 488, A-21206) were purchased from
ThermoFisher (MA, USA).

Constructs: wild-type human caveolin-1 pCMV3 plasmid
(HG11440-UT), human POLG pCMV3 plasmid (HG17306-UT),
human POLG2 pCMV3 plasmid (HG19722-UT) and human
TFAM pCMV3 plasmid (HG15937-NM), were purchased from
Sino Biological (Beijing, China).

Small interfering RNA (siRNA): clathrin HC siRNA (h) (sc-
35067) and caveolin-1 siRNA (h) (sc-29241) were purchased from
Santa Cruz (California, USA). si-h-POLG_101 (siGO00005428A-
1-5) and si-h-TFAM_001 (siB144193812-1-5) were purchased
from Ribobio (Guangzhou, China).

Primers used in this study were synthesized in Sangon Biotech
(Shanghai, China):

Cav-1 forward, 5'-GCGGCCGCATGTCTGGGGGCAAATAC-3,

Cav-1 reverse, 5'-GAATTCTTATATTTCTTTCTACAAGTTG-3';

POLG forward, 5'-TGCAGTGAGGAGGAGGAGTT-3',

POLG reverse, 5'-CCCAGGTAAGTGCCATGAGT-3';

TFAM forward, 5'-TAAGACTGCAAGCAGCGAAG-3',

TFAM reverse, 5'-TTCTCAGTTTCCCAGGTGCT-3';

NADH dehydrogenase subunit 2 (ND2) forward, 5'-
CCCTTACCACGCTACTCCTA-3';

ND2 reverse, 5'-GGCGGGAGAAGTAGATTGAA-3';

B-Actin forward, 5'-AGACGCAGGATGGCATGGG-3,

B-Actin reverse, 5'-GAGACCTTCAACACCCCAGCC-3'.

2.2.  Cells and animals

AsPC-1, BxPC-3, MIA-PaCa-2, PANC-1 and SU.86.86 human
pancreatic cancer cells were obtained from the Institute of Basic
Medical Sciences, Chinese Academy of Medical Sciences (Bei-
jing, China) and cultured in RPMI-1640 or DMEM supplemented
with 10% fetal bovine serum and 1% antibiotics in an incubator at
37 °C with 5% CO,.

BALB/c nude mice (6—8 weeks old, 18—22 g) were purchased
from SPF (Beijing, China). All care and handling of animals were
complied with the ARRIVE (Animal Research: Reporting of
In Vivo Experiments) guidelines and carried out in accordance
with the National Research Council’s Guide for the Care and Use
of Laboratory Animals. All animal protocols were approved by
the China Medical University Animal Care and Use Committee.

2.3.  LMPt and fluorescence-labeled LMPt

LMPt was prepared by a thin-film dispersion technique using MPt
and other conventional lipid materials (DMPG, cholesterol and
mMPEG,000-DSPE) as previously described”. Fluorescence Dil
labeled LMPt (Dil-LMPt) was prepared in the same way as LMPt
except for adding 63 pg Dil (in a total ingredient molar ratio of
5%) into the organic solvent, and the stability was similar to
LMPt. LMPt was dispersed as individual particles with spherical
structure with size of 125.23 £ 5.23 nm, zeta potential of
—57.87 &+ 2.49 mV, drug-loading capacity of 19.04%, entrapment
efficiency of 99%, robust storage stability at 2—10 °C for at least 3
years (Fig. S1C) and at 37 °C for least 14 days in cell culture
medium (Fig. S1D).

2.4.  Cell viability assay
MTT and SRB assay was used to analyze cellular viability**. For

MTT assay, a total of 5000 cells per well were cultured in a 96-
well plate. At the indicated incubation time points after the
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addition of the tested drugs, the medium was replaced by 100 pL
fresh medium containing 20 pLL MTT solution (5 mg/mL) for each
well. After additional 4 h incubation, the medium was discarded
and 150 pL dimethylsulfoxide (DMSO) was added into each well
to solubilize the converted formazan. Blank wells were set at the
same time. The absorbance was read at 490 nm with a microplate
reader (elx800, BioTek, USA). Survival (%) was calculated at
each concentration, and the ICs, values were calculated by Sig-
maPlot. For SRB assay, cells were seeded in 6-well plates for
adherence. Then the medium was changed to LMPt or OXA
containing medium suspension for 48 h incubation. Then cells
were fixed with 10% (w/v) trichloroacetic acid and stained with
SRB for 30 min, after which the excess SRB was removed by
washing with 1% (v/v) acetic acid. SRB staining was recorded by
digital images and then dissolved in 10 mmol/L tris base solution
for absorbance determination at 570 nm using a microplate reader
for survival calculation.

2.5.  Colony formation assay

Cell colony formation assay was performed with reference to the
previously published article™. Briefly, 1000 cells were seeded in a
6-well plate and treated with different concentrations of LMPt or
OXA for 12 h. Then, the previous medium was replaced with fresh
medium. After continued incubation for 10 days, the cells were
washed with PBS, fixed with 2% paraformaldehyde for 15 min at
room temperature, stained with 0.1% crystal violet solution
(CO0121, Beyotime, Jiangsu, China) for 10 min and washed three
times with sterile water. Digital images of the colonies in each
well were obtained. Colonies were counted using ImageJ software
(version 1.52a, National Institutes of Health, Bethesda, MD, USA)
to calculate colony formation rate Eq. (1):

Colony formation (%) = (Number of colonies/Number of seeded
cells) x 100 (D

2.6.  EAU proliferation assay

5-Ethynyl-2'-deoxyuridine (EdU) assay was used to evaluate cell
DNA replication™ using Cell-Light EdU Apollo488 In Vitro Kit
(C10310-3, Ribobio, Guangzhou, China). Briefly, a total of
5 x 10* cells were seeded in a 24-well plate cell slide for
adherence, followed with EdU assay according to the standard
commercial protocols. Digital images of the cells were obtained
under fluorescence microscope (IX73, Olympus, Japan) and the
EdU positive rates were analyzed using Image]J software.

2.7.  Invivo antitumor efficacy and safety evaluation

An AsPC-1 mouse xenograft model was established by subcuta-
neously implanting 0.1 mL AsPC-1 cells suspension
(5 x 107 cells/mL) into the right flank of the mice and the inoc-
ulation day was set as Day 0. The tumor length and width was
measured with a dial caliper and the tumor volume was calculated
according to Eq. (2):

Volume = 0.5 x Length x Width x Width 2)

When the tumor volume reached approximately 90 mm® on
Day 8, the mice were randomized into 4 groups (n = 6 per group)

for treatment with 5% glucose solution (Ctrl), 6 mg/kg OXA,
30 mg/kg GEM and 30 mg/kg LMPt. Each formulation was
injected intravenously via the tail vein every three days for a total
of 7 doses. The mice weight and tumor volume were measured
every three days until experiment ended. And then mice were
sacrificed for safety evaluation including histological feature
analysis, myelosuppressive toxicity evaluation and peripheral
neurotoxicity evaluation. For histological feature analysis, organs
were harvested for hematoxylin—eosin (HE) staining. For mye-
losuppressive toxicity, blood smear was prepared. Briefly, 5 pL
tail vein blood was obtained upon mice sacrifice and prepared into
thin blood smear immediately on a slide, air-dried, fixed with
100% methanol and stained for 10 min with 10% Giemsa stain
(DMO0012, Leagene, Beijing, China), according to the method
described before®®*’. Then the stained blood smear was examined
immediately under a light microscope, making sure that the
cellular density of the examined area was similar. For peripheral
neurotoxicity, cold hyperalgesia was set as an evaluation index
according to the precious study”® *. Briefly, tamped ice was used
to render cold environment and a thermometer was used to ensure
the temperature of ice surface within 0 = 1 °C. Then mice were
placed on the ice surface for 2 min, during which the times of
quick paw lifts and jumps of each mouse that demonstrate cold
hyperalgesia were counted by two independent investigators.

2.8.  Fluorescence microscope observation

Fluorescence microscope was employed for cellular uptake
observation of Dil-LMPt. Cells were seeded in 96-well glass
bottom cell culture plates and incubated with Dil-LMPt. At
intended time points, the Dil-LMPt containing medium was dis-
carded and the cells were carefully washed with PBS three times,
supplemented with fresh medium. Fluoresce images of the cells at
different incubation time points were recorded. Mean fluorescence
intensity (FI) was analyzed using ImageJ.

2.9.  Fluorescent labeling of organelles

For endosome—lysosome system and mitochondria specifical la-
beling, live cells were treated with early endosomes, late endo-
somes, lysosomes, and mitochondria labeling reagents according
to the commercial instructions. For ER labelling, AsPC-1 cell
stably expressing green fluorescence protein (GFP) specifically in
ER lumen was established. Briefly, after transfected with sfGFP-
ER-5, AsPC-1 cells were treated with G418 (2 mg/mL) for se-
lection of the successfully transfected cells. AsPC-1-ER poly-
clonal cells were maintained in RPMI-1640 containing G418
(1 mg/mL). After successfully expressing the GFP signals, the
cells underwent subsequently treatment.

2.10.  Flow cytometry assay

Flow cytometry was used for quantitative detection of the Dil-
LMPt cellular internalization. Concretely, cells, seeded in 6-well
plates, were treated with Dil-LMPt for intended time points. Then
cells were washed three times with cold PBS, digested from the
culture plate with trypsin solution, centrifugated (4 °C, 1200 x g,
5 min) for collection and resuspended in 500 pL cold PBS.
Finally, the mean FI of cells containing Dil-LMPt was detected
and analyzed using a flow cytometry (BD Biosciences, San Jose,
207 CA, USA). A total of 10,000 events were recorded for each
sample.
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2.11.  Inductively coupled plasma mass spectrometry (ICP-MS)

ICP-MS was used for the quantification of intracellular mass of
platinum element (Pt), which was set as reference to the inter-
nalized amount of LMPt or OXA. Briefly, after treated with LMPt
or OXA, the cells were washed with PBS, digested and centri-
fuged at 1000 x g for 5 min to obtain cell pellets. Then cells were
resuspended in 500 pL PBS for accurate cell counting and un-
derwent the same centrifugation process for collection. Then
100 pL of 65% HNOj; was added to nitrate the cells overnight
followed by ICP-MS detection (ELAN DRC-II, PerkinElmer,
USA). The mass of Pt in 1 x 10* cells was set as relative mass of
Pt.

2.12.  Endocytosis mechanism studies with endocytosis
inhibitors

In the endocytosis study, cells were pre-treated with each of the
endocytosis inhibitors at 37 °C for 2 h, followed by the incubation
with 12 pmol/L LMPt or 12 pmol/L Dil-LMPt (the dosing based
on MPt) for predetermined time points. Then LMPt uptake
changes between inhibitor treated and untreated groups were
compared employing fluorescence microscope investigation, flow
cytometry and ICP-MS assay.

2.13.  Ultra-high pressure liquid chromatography tandem mass
spectrometry (UHPLC—MS/MS)

UHPLC—MS/MS was used to analyze MPt in various organelles.
Briefly, after treated with LMPt, mitochondrial and ER lysates
were first obtained according to the instruction of mitochondrial
isolation kit (89874, ThermoFisher, MA, USA) and Endoplasmic
Reticulum Isolation Kit (ER0100, Sigma—Aldrich). Then MPt,
mitochondrial and ER lysates were further processed based on a
liquid—liquid extraction method. Briefly, 0.2 g of homogenized
sample was weighed into a 1.5 mL polypropylene tube and dis-
solved. The tube was shaken for 5 min and centrifuged at
15,000 rpm (3-30 KS, Sigma, Hamburg, Germany) for 5 min at
4 °C. An aliquot of the upper phase was analyzed by
UHPLC—MS/MS detection. The liquid chromatography separa-
tions were performed with an Agilent 1290 Series UHPLC
(Agilent, CA, USA) equipped with a quaternary pump, an auto-
injector, a column heater, and a 2.7 um pro-shell 120 EC Cg
column (2.1 mm x 50 mm, Agilent, CA, USA). Isocratic elution
was performed with mobile phase consisted of methanol con-
taining 0.1% formic acid. The total run time was 7.5 min, the flow
rate was 0.3 mL/min, and the injection volume was 5 pL. The
column temperature was maintained at 30 °C. The mass spec-
trometry was performed on an Agilent 6495 Triple Quad mass
spectrometer (Agilent, CA, USA) with a positive ion mode. The
optimized conditions were as follows: capillary voltage of 3500 V,
nozzle voltage of 0 V, fragmentor of 380 V, and octopole RF of
750 V. The drying gas was 180 °C at 15 L/min, nebulizer gas
pressure was 40 psi, and the sheath gas was 260 °C at 12 L/min.
Multiple-reaction monitoring mode (MRM) was performed.

2.14.  Transmission electron microscopy (TEM)
Cells were prefixed in Karnovsky’s solution (1% para-

formaldehyde, 2.5% glutaraldehyde, 2 mmol/L calcium chloride,
0.1 mol/L cacodylate buffer, pH 7.4) and washed with cacodylate

buffer. Post-fixing was carried out in 1% osmium tetroxide and
1.5% potassium ferrocyanide for 1 h. After dehydration with
increasing concentrations of ethanol (50%, 60%, 70%, 80%, 90%,
and 100%), the cells were stained with 2% uranyl acetate in 70%
ethanol overnight at room temperature and then embedded in
Epon. The embedded samples were sectioned into 60-nm-thick
slices using a sliding ultramicrotome. Thin sections supported by
copper grids were examined using a JEM-1400 Plus transmission
electron microscopy system (JEOL, Japan) at 120 kV.

2.15.  Transfection of plasmids and siRNA

Briefly, 25 x 10* cells were cultured in 6-well plates until
adherence. For plasmids transfection, 1.5 or 2.5 pL plasmids
(1 pg/pL) was mixed with Lipofectamine 2000 transfection re-
agent (Invitrogen, MA, USA) according to the manufacturer’s
protocol and incubated for 5 min. The mixtures were then added to
the wells of six-well plates and incubated for 6 h at 37 °C. For
siRNA transfection, 50—100 nmol/L. siRNA was mixed with
Lipofectamine RNAIMAX transfection reagent (Invitrogen, MA,
USA) according to the manufacturer’s protocol and incubated for
15 min. The mixtures were then added to the wells of six-well
plates and incubated for 24 h at 37 °C.

2.16.  Immunoprecipitation and Western blot analysis

Cells were washed with PBS, and protein was extracted in co-
immunoprecipitation buffer or RIPA lysis buffer supplemented
with 1 X phenylmethanesulfonyl fluoride, followed with centri-
fugation (4 °C, 12,000 x g, 20 min). Total protein concentration in
the supernatant was determined with Bicinchoninic Acid assay
(BCA Protein Assay Kit, Beyotime, China). For immunoprecipi-
tation, total cell lysates were immunoprecipitated with appropriate
antibodies overnight at 4 °C and then incubated with Protein A/G
Plus Agarose (sc-2003, Santa Cruz) for 2 h at 4 °C. After three
washes at 4 °C, the immunocomplexes were mixed with
2 x sodium dodecyl sulfate (SDS) loading buffer and boiled for
10 min. For Western blot analysis, the cell lysates were mixed
with 5 x SDS loading buffer and boiled for 10 min. For mito-
chondria protein analysis, mitochondrial extraction was first ob-
tained according to the instruction of mitochondrial isolation kit
(89874, Thermo Fisher, MA, USA) followed with the above
protein extraction. Equal amounts of lysates were electrophoresed
by SDS-PAGE and transferred to polyvinylidene fluoride mem-
branes. The membranes were blocked with 5% skimmed milk at
room temperature for 2 h and then immunoblotted overnight with
primary antibodies at 4 °C, followed with another 2 h incubation
with an appropriate secondary antibody. The immunoreactive
signals were revealed using the enhanced chemiluminescence
method (Millipore, MA, USA) and visualized with a Protein
Simple FluorChem HD2 imaging system (ProteinSimple, CA,
USA).

2.17.  Immunofluorescence

Cells were washed with PBS and fixed with 4% paraformaldehyde
for 30 min at 4 °C in avoid of quenching of green fluorescent
protein*'. Then the fixed cells were rinsed with PBS and per-
meabilized with 0.2% Triton-X-100 for 5 min on ice. After which,
cells were blocked with 5% bull serum albumin for 1 h. In a
humidified chamber, primary antibodies (1:200, against human
albumin) were added in blocking solution and the cells were
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incubated overnight at 4 °C. After rinsed with PBS, the cells were
incubated with secondary antibody (1:300, conjugated to Alexa
Fluor 488 to display green fluorescence signal and Alexa Fluor
633 to display red fluorescence signal) at room temperature for
40 min. Cells were then rinsed, mounted with DAPI containing
mountant (P36931, Invitrogen, MA, USA) and sealed until visu-
alization with fluorescence microscope.

2.18.  RNA sequencing (RNA-seq)

Control and 30 pmol/L LMPt treated cells were sent to the Beijing
Genomics Institute (BGI, Shenzhen, China) for RNA extraction,
complementary DNA (cDNA) library construction and
sequencing. Quality control of the raw reads enabled the down-
stream analysis to be based on clean reads with high quality.
Sequencing was performed on a BGISEQ-500RS platform. The
raw sequencing data are available in the Sequence Read Archive
database in connection with BioProject FIOFTSNCWLIJ7274. The
clean reads were mapped to the reference genome using HISAT2
(v2.0.4). Bowtie (v2.2.5) was applied to align the clean reads to
the reference coding gene set, and the gene expression levels were
calculated with RSEM (v1.2.12). A heatmap was drawn with
heatmap (v1.0.8) according to the gene expression in different
samples. Differential expression analysis was performed using the
PossionDis function with thresholds of a false discovery rate
(FDR) < 0.001 and a |log2 Ritio| > 1. To gain insight into changes
in phenotype, Gene Ontology (Go; https://www.geneontology.org)
and Kyoto Encyclopedia of Genes and Genomes (KEGG; https://
www.kegg.jp) enrichment analyses of annotated differentially
expressed genes (DEGs) were performed with Phyper based on a
hypergeometric test. The significance levels for terms and path-
ways were corrected by Q values with a rigorous threshold (Q
value < 0.05) via the Bonferroni method.

2.19.  Real-time quantitative PCR (qRT-PCR) assay

Total RNA was isolated with TRIzol reagent (15596026, Invi-
trogen, MA, USA), while cDNA was generated using a Tran-
scriptor First Strand cDNA Synthesis Kit (04897030001, Roche,
Basel, Switzerland). The relative expression levels of specific
genes were determined with an ABI 7500 Fast Real-Time PCR
system (Thermo Fisher, MA, USA) employing TB Green qRT-
PCR master mix (RR42LR, Takara, Beijing, China). The results
were analyzed using the comparative AACt method.

2.20.  Detection of mtDNA copy number

Total DNA was isolated from whole-cell extracts using EasyPure
Genomic DNA Kit (EE101-01, TransGen Biotech, Beijing, China)
according to the manufacturer’s instructions. qRT-PCR was per-
formed as previously reported”>. Two primers were used for
amplification of the gene for ND2 in mtDNA and the §-actin gene
in nuclear DNA. After the performance of qRT-PCR assay,
mtDNA/B-actin ratio was calculated for each sample as an index
of the relative content of mtDNA.

2.21.  8-Hydroxydeoxyguanosine (8-OHdG) detection

8-OHdG was detected as a marker of DNA damage using 8-OHdG
ELISA kit (ab201734, Abcam, MA, USA). After treatment with
30 pmol/L LMPt for 24 h, cells and the corresponding medium
were collected. For cell samples, total DNA was isolated and

purified as described above. The purified DNA was digested using
nuclease P1 (M0660S, Biolabs, Hitchin, England), adjusted to pH
8 using 1 mol/L Tris-HCL, incubated with alkaline phosphatase at
37 °C for 30 min, boiled for 10 min and placed on ice until use.
The medium samples were detected without further treatment.
Then 50 pL sample and 50 pL diluted 8-OHdG antibody were
added to the enzyme-labeled coating plate before sealing and in-
cubation at 37 °C for 1 h. According to the manufacturer’s in-
structions, the ultimate OD at 450 nm was determined.

2.22.  Statistical analysis

Statistical results were presented as the mean =+ standard deviation
(SD) of at least three independent experiments. Statistical signif-
icance was performed using Graphpad Prism software 7.0 version
(GraphPad Software company, San Diego, CA, USA). Multiple-
group comparison was performed using ordinary one-way
ANOVA with Dunnett’s multiple comparison tests. Two-group
comparison was performed using two-tailed Student’s 7 test.
P < 0.05 was regarded as statistical significance, symbolized by
*P < 0.05, **P < 0.01, ***P < 0.001 and not significant (ns).

3. Results

3.1.  LMPt exhibits potent anti-pancreatic cancer activity in both
GEM-R and GEM-S cells

Although GEM is the standard first-line drug for pancreatic cancer
treatment, many patients exhibit primary or secondary resistance
to it, which limits pancreatic cancer treatment. As reported in the
literature™ ™, many cell lines such as MIA-PaCa-2, PANC-1, and
SU.86.86 are resistant to GEM; and the cell lines such as AsPC-1
and BxPC-3 are sensitive to GEM. In this study, we used GEM-S
(AsPC-1 and BxPC-3) and GEM-R (MIA-PaCa-2, PANC-1 and
SU.86.86) pancreatic cancer cells to determine the anti-cancer
activity of LMPt and to further evaluate the ability to overcome
GEM-resistance, in which, GEM, MPt, and OXA were used as
controls.

Results showed that after LMPt treatment for 24 h, both in
GEM-R or GEM-S cells, cell proliferation was suppressed and the
inhibition occurred in a dose-dependent manner. For example,
AsPC-1 cell survival was 70.67% of the control at 0.1 umol/L of
LMPt and decreased to 28.68% at 1.6 umol/L. When the con-
centration increased to 25 umol/L, the survival was only 17.94%
compared to the control (Fig. 1A), indicating that LMPt could
exert a strong tumor inhibitory activity. Similar effect was
observed in 48 h-treated cells. Compared with OXA and GEM, the
inhibitory action of LMPt was higher at each tested concentration
in both the GEM-R and GEM-S cells, indicating a superior anti-
tumor efficacy of LMPt. The ICsq of GEM, OXA and LMPt is
displayed in Fig. 1B.

Then we detected MPt’s anti-pancreatic effect with all the
above-mentioned cells at the dose of maximal solubility of MPt in
cell culture medium (1.3 pumol/L), and compared the anti-cancer
effect of MPt and LMPt under this concentration. As shown in
Fig. 1C, in the five pancreatic cancer cells, MPt induced poor anti-
cancer activity (about 15% in 3 cells and 3% in the other 2 cells)
for 48 h treatment. While at the same concentration and treated
time, the inhibitory effect of LMPt was about 2.70—16.74 folds
higher than that of MPt.
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It was worth mentioning that, in the 24 h LMPt-treated group,
a more distinct and potent anti-proliferation effect was observed
compared with that of GEM and OXA. That is, the ICsq values of
GEM in all GEM-R/S cells at 24 h were all beyond 75 pmol/L,
and in OXA treated cells, the ICsq values also exceeded 75 umol/
L, except in MIA-PaCa-2 cells (which was still 18.52 times larger
than that of LMPt). In LMPt treated cells, the ICso values were
between 0.28 £ 0.06 to 19.81 + 3.57 pmol/L, indicating that 24 h
treatment with GEM or OXA did not exert obvious anti-cancer
activity, while there was a strong effect observed in the LMPt
treated groups. When the treatment continued for 48 h, OXA and
GEM began to exhibit action, but the action of LMPt was still
greater than that of GEM or OXA, and the gap in action difference
at 48 h was lower than that at 24 h between LMPt and GEM or
OXA. The above anti-cancer assays not only demonstrated that
LMPt maintained aggressive anti-pancreatic cancer ability over
GEM and OXA in both GEM-S and GEM-R cell lines, but also
suggested that LMPt was an anti-tumor agent characterized by
rapid efficacy, indicating it is a multifunctional and promising
chemotherapeutic.

Given that colony formation assay is the gold standard for the
analysis of cytotoxicity®>*°, it was conducted for further com-
parison of the inhibitory effects between LMPt and OXA. AsPC-1
and MIA-PaCa-2 cells were seeded in 6-well plate and treated
with 4, 12 or 30 umol/L. LMPt or OXA before colony counting.
Results showed that, colony formation rate of LMPt-treated cells
was significantly lower than that of OXA-treated cells at all
treatment concentrations, indicating a superior anti-pancreatic
cancer activity of LMPt compared to OXA (Fig. 1D and Sup-
porting Information Fig. S2A). In addition, LMPt inhibited
cellular colony formation in a dose-dependent manner.

Cell-number dependent inhibitory assay was also performed
with SRB. 5 x 10*—50 x 10* AsPC-1 and MIA-PaCa-2 cells were
seeded in 6-well plates and treated with 30 pmol/L LMPt or OXA
for 24 h before SRB staining. As shown in Fig. 1E and Fig. S2B,
for both AsPC-1 and MIA-PaCa-2 cells, at any cell number group
treated with LMPt, almost no surviving cells were observed,
compared with 10.71%—29.06% (AsPC-1) and 21.42%—58.30%
(MIA-PaCa-2) cell viability in OXA-treated groups. This indi-
cated the superior anti-cancer activity of LMPt for large numbers
of tumor cells.

EdU, a thymidine analogue, can incorporate into replicating
DNA during cell proliferation to reflect DNA replication®’. Thus,
the EAU assay can be used to evaluate DNA replication reflecting
cell proliferation ability. The results revealed that, LMPt signifi-
cantly inhibited EAU incorporation compared to OXA, indicating
a stronger inhibitory effect of LMPt on DNA replication (Fig. 1F
and Fig. S2C).

Besides OXA and GEM, MPt was also taking as control in
colony formation assay (Fig. S2D), cell-number dependent
inhibitory assay (Fig. S2E) and EdU assay (Fig. S2F) against
AsPC-1 and MIA-PaCa-2 cells at the maximal solubility of MPt in
medium. The results also indicated that at the same dose, LMPt
exhibited more significant anti-pancreatic cancer action than MPt.

To fully understand the anti-tumor activity of LMPt, in vivo
anti-tumor effect and the subsequent toxicity was assessed on
AsPC-1 xenograft tumors in nude mice, in which OXA and GEM
were used as controls. Results showed that LMPt significantly
retarded tumor growth with higher tumor inhibitory action than
that of GEM and OXA (Fig. 1G), as well as smaller tumor weight
at the experiment endpoint (Fig. 1H). Moreover, no significant
difference in body weight was observed between the LMPt treated

group and the Ctrl group, however, the body weight decreased in
GEM and OXA administrated groups by 21.03% and 33.07%,
respectively, at the end of the treatment (Fig. 1I). This suggested
less systematic toxicity and the increased in vivo safety of LMPt.
Correspondingly, nude mice bearing GEM-R MIA-PaCa-2 xeno-
graft tumors were also used to evaluate LMPt’s effect, and similar
anti-tumor activity was observed (Supporting Information Fig.
S3A and S3B).

Given that LMPt is a platinum anti-cancer agent, besides
general toxicity evaluation with HE staining*®*°, the platinum
agent-associated toxicities such as myelosuppressive toxicity and
peripheral neurotoxicity™””', were also examined for identifying
LMPt safety. HE staining showed that in LMPt-treated mice, there
was no obvious pathological damage observed in liver, spleen,
kidney, intestine, or bone compared to the Ctrl group (Fig. 1J).
While in the OXA treated group, we visualized obvious organ
damaged, such as disappearance of white and red pulp in the
spleen, damage to the glomerulus and proximal renal tubules in
the kidney, and structural changes in goblet cells in the intestine.
Besides, bone marrow cells decreased in the OXA treated group,
indicating myelosuppressive toxicity.

In further myelosuppressive toxicity evaluation, blood smear
results are shown in Fig. 1K, showing no significant difference in
white blood cells in the LMPt treated group. While both numbers
of white blood cells and red blood cells significantly decreased in
the OXA group, which is a typical symptom of myelosuppression.
For peripheral neurotoxicity, paw lifts, indicating cold hyper-
algesia®™>" are shown in Fig. 1L. No significant difference in paw
lifts was observed between the LMPt and Ctrl group, while paw
lifts were significantly increased in OXA treated mice. This in-
dicates the induction of peripheral neurotoxicity by OXA.

MPt is poorly soluble in water and organic solvents'®"* and
only dissolves in 4-methylpyridine (50 °C water bath, 25 mg/mL)
and DMSO (2 mg/mL, inactive in DMSO’?). Although MPt can
be dissolved in 4-methylpyridine at 50 °C, 4-methylpyridine is not
suitable for in vivo administration, especially for intravenous in-
jection, due to its high toxicity. Thus, MPt was not chosen as the
control of in vivo anticancer assay at the same concentration as
that of LMPt.

To elucidate the stronger in vivo anti-cancer effect of LMPt
than MPt, we injected intravenously LMPt or MPt at the same
dose (maximum solubility of MPt in 5% glucose, approximately
1 pg/mL) at the maximal injection volume of 0.5 mL (25 pg/kg)
into pancreatic tumor-bearing mice every day for a total seven
doses. Tumor growth and MPt content in the tumor tissue were
measured. As shown in Fig. S3C and S3D, LMPt exhibited about
31.36% inhibitory effect, which was much weaker in free MPt
group, approximately 4.45%. The in vivo inhibitory action of
LMPt was about 8-fold of that of MPt. Similarly, the MPt content
in tumor tissue in LMPt group was about 3-fold of that in MPt
group (Fig. S3E). These results indicate that liposomal MPt
increased anti-cancer action and tumor accumulation of MPt
compared with that of free MPt.

3.2.  Faster cellular uptake-induced large accumulation
contributes to the potent anti-tumor efficacy of LMPt

We next explored the anti-cancer mechanism of LMPt. As a
liposomal formulation, LMPt should be characterized by superior
advantage in drug load and intracellular drug delivery. As reported
previously, the Pt in platinum agents including MPt, is the main
effector responsible for inducing anti-cancer efficacy’* >°. Thus,
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Figure 1 LMPt exhibits potent anti-pancreatic cancer activity in both GEM-S and GEM-R cells. (A) GEM-S cells AsPC-1 and BxPC-3, and
GEM-R cells MIA-PaCa-2, PANC-1 and SU.86.86 were treated with the indicated concentrations of GEM, OXA or LMPt for 24 or 48 h, and cell
survival was detected with MTT assay. Survival (%) = (OD\estea—ODp1ank)/(ODcri—ODpjank) X 100. A dose-dependent survival curve was plotted
using SigmaPlot software. (B) ICsy of GEM, OXA and LMPt in different pancreatic cancer cells (GEM-R/S), calculated using SigmaPlot 10.0 by
standard curve analysis. (C) The indicated pancreatic cancer cells were treated with MPt or LMPt at the maximal solubility of MPt in medium for
48 h, and cell vitality was detected with MTT. Inhibitory rate (%) = [1—(ODyestea—ODp1ank)/(ODcri—ODpjank)] X 100. (D) GEM-S cells AsPC-1
or GEM-R cells MIA-PaCa-2 were seeded in 6-well plate at 1000 cells/well. After 24 h, 4—30 umol/L LMPt or OXA was added and continued to
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we hypothesized that the higher Pt accumulation in cells may
mediate LMPt’s superior anti-cancer activity. Correspondingly, we
detected the amount of intracellular Pt, to evaluate whether lipo-
some dosage contributed to Pt internalization, using MPt’s struc-
tural analog, OXA, as control. Time-dependent accumulation
results (Fig. 2A left) showed that in LMPt-treated cells, the Pt
amount sharply increased in response to LMPt addition. After 1 h
incubation, the amount of Pt in LMPt treated cells was about 2.60
times higher than that of the OXA-treated cells, and after 24 h the
amount of Pt increased to 5.26 times higher than that of OXA. The
increased rate was sustained for 48 h after LMPt addition. In OXA
treated cells, we only observed a minor elevation in the Pt amount
within the first 12 h and then until 48 h the Pt amount was in a
platform period (Fig. 2A left). The total accumulation amount of
Pt in the LMPt group was 8.91 times larger than that of the OXA
group until the experiment endpoint at 48 h, indicating a rapid
accumulation of Pt after addition of LMPt. LMPt accumulation
also increased in a dosage-dependent manner (Fig. 2A middle)
and the Pt amount was larger than that in OXA treated cells at any
dosage of LMPt, which might elucidate why LMPt exhibits a more
potent anti-cancer action. While at the dose of maximal solubility
of MPt in cell culture medium, MPt-induced Pt accumulation is
very low (about 0.1 ng/10” cells) at 6 h and with elapse of time the
accumulated amounts of Pt only increased slightly (Fig. 2A right),
which was in accordance with its poor anti-cancer activity
(Fig. 1C). However, at the same concentration (maximal solubility
of MPt in cell culture medium), LMPt induced significantly Pt
accumulation at 6 h and accumulated amounts of Pt was 1.64-fold
of that of MPt. With time elapsed, LMPt-induced Pt accumulation
gradually increased and up to 48 h the accumulated amounts of Pt
were 7.06-fold of that of MPt (Fig. 2A right). These results
indicate that LMPt accumulated largely, and the accumulation rate
was much higher than that of MPt and OXA.

Usually, cellular accumulation of nanoparticles is a balanced
result of both exocytosis and endocytosis®® %% so is LMPt. Based
on this, firstly we examined the exocytosis proteins related to Pt
(ATP7A, ATP7B, GSTP1 and MRP2)*% % under the same
conditions where Pt accumulation was observed, and found LMPt
treatment did not change these exocytosis proteins level signifi-
cantly (Supporting Information Fig. S4A), indicating that exocy-
tosis of Pt might not involve in LMPt accumulation, and cellular
uptake of LMPt was the dominant contributor to Pt accumulation.
Conclusively, just the faster and sustained uptake-induced larger
accumulation of LMPt than that of OXA contributed to the potent
anti-pancreatic action of LMPt over OXA.

Then, we further explored uptake dynamics of LMPt to clarify
the potential reason of faster entry into cells of LMPt. LMPt was
labeled with fluorescence Dil (Dil-LMPt) and its cellular uptake
dynamics were observed. Results (Fig. 2B and Fig. S4B) show that

after 10 min of Dil-LMPt addition, there was obvious accumulation
of Dil-LMPt in AsPC-1 cells, but no obvious cellular accumulation
of Dil-LMPt was visualized in MIA-PaCa-2 or BxPC-3 cells until
30 min post cellular exposure. These results indicate that in various
cells, the speed of cellular uptake of LMPt (evaluated by starting
uptake time of Dil-LMPt) was different, although hereafter the
amount of Dil-LMPt all increased in a time-dependent style.

Given that the rapid uptake-induced large accumulation is
crucial to LMPt action and the cellular uptake rate of LMPt is
different in various cells, we questioned whether the uptake rate of
LMPt was the mediator of its anti-cancer action. That is, quicker
cellular uptake, stronger anti-cancer activity of LMPt? Therefore,
we assessed the correlation between the starting time of obvious
cellular uptake of LMPt and the ICso using time-lapse photog-
raphy (Supporting Information Fig. S5) in 5 cell lines. Results
show in AsPC-1 cells, the starting time of obvious cellular uptake
was the shortest, and its ICsq was also the lowest among all 5
tested cell lines. The starting uptake time was similar in MIA-
PaCa-2, BxPC-3 and PANC-1 cells, as were their ICs, values.
Moreover, SU.86.86 cells had the largest ICsy and its cellular
uptake was also the slowest.

Next, we quantitatively detected the amount of LMPt cellular
entry by flow cytometry to further evaluate the correlation between
ICs0 and the cellular entry dynamics of LMPt. Mean FI, indicating
accumulating amount of LMPt at various time points was plotted
(Fig. 2C), which supported the previous results that the LMPt
uptake amount was the highest in AsPC-1 cells, similar in MIA-
PaCa-2, BxPC-3, and PANC-1 cells and Ilowest in
SU.86.86 cells. These results indicate that the uptake time was
delayed from AsPC-1 to SU.86.86 cells, corresponding to their
increased ICsy values. Finally, linear regression was analyzed
among the five cell lines, verifying that the starting cellular uptake
time was positively correlated with the corresponding ICsq values
(Fig. 2D). Correspondingly, the earlier starting time of LMPt up-
take should lead to larger final accumulating amount. And the total
amount of LMPt at 24 h was also proved to decrease from AsPC-1
to SU.86.86 cells (Fig. 2C), which was negatively correlated with
the anti-cancer action (Fig. 2E). These results show that faster
cellular entry mediated increased accumulation was the key of the
potent action of LMPt. Additionally, the rate difference of LMPt
cellular entry in various cells decided the sensitivity of pancreatic
cancer cells to LMPt. Notably, in Pt accumulation and the
following other intracellular fluorescence assays, we utilized
higher concentrations of LMPt (12 or 30 pmol/L) compared with
its ICso value, and at this higher concentration it seems no cell
alive based on ICs( curve. That is, ICs, value was acquired based
on 96-well culture plate. But in Pt accumulation and the following
many assays, 6-well plate was utilized since more cells were
needed. In fact, under the same dose the inhibitory effect of LMPt

incubate for 10 days. Then visible colonies were photographed. Scale bar, 8 mm. (E) 5 x 10*—50 x 10* AsPC-1 or MIA-PaCa-2 cells were seeded
in a 6-well plate. After 24 h, 30 pmol/L LMPt or OXA was added and incubated for 48 h continuously, cellular survival was evaluated by SRB
assay. Scale bar, 8 mm. (F) AsPC-1 or MIA-PaCa-2 cells were treated with 30 pmol/L LMPt or OXA for 24 h, and cell proliferation was detected
with EdU assay. Scale bar, 40 pm. Nude mice bearing AsPC-1 cells were administered 30 mg/kg GEM, 6 mg/kg OXA or 30 mg/kg LMPt when
tumor volume reached 100 mm?® (every three days, total 7 administrations, n = 6). When the experiment ended, mice were sacrificed and tumors
and various tissues were excised. The curve of tumor volume (mm3) (G), final tumor weight (H) and body weight (I) were monitored and plotted.
In the curve of tumor volume, *P < 0.05, ***P < 0.001, LMPt vs. Ctrl; *P < 0.05, P < 0.01, LMPt vs. OXA; P < 0.05, LMPt vs. GEM. Red
arrows stood for administration time. The representative images of HE staining of various tissues, scale bar, 100 pm (J) and blood smear stained
with Giemsa, scale bar, 100 pm (upper panel) and 20 pum (bottom panel) (K) are shown. Cold hyperalgesia (taking raw lift counts as index) was
conducted for peripheral neurotoxicity evaluation (L). ns, no significant; *P < 0.05; **P < 0.01, ***P < 0.001, compared with Ctrl or O pmol/L
treated group, unless specifically indicated. All the data are shown as mean + SD (n = 3).
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Figure 2 LMPt induces fast and abundant Pt accumulation which is positively correlated with antitumor action in cells. (A) AsPC-1 cells were

treated with 12 pmol/L LMPt or OXA for indicated time (left), or were treated with indicated doses of LMPt or OXA for 24 h (middle), or were
treated with LMPt or MPt at the maximal solubility of MPt in cell culture medium (right), then cells were lysed for Pt measurement with ICP-MS
and time and dose-dependent curves of Pt accumulation were plotted. The indicated cells were treated with Dil-labeled LMPt and intracellular
accumulation of LMPt was detected with fluorescent microscope (B), and flow cytometry (C). Correlation of ICsy with starting cellular uptake
time of LMPt (D) and uptake amount (mean FI) at final time points (E) were analyzed. Scale bar, 20 pm. ns, no significant; *P < 0.05,
**P < 0.01, ¥***P < 0.001, compared with mean FI at 0 min. All the data are shown as mean £ SD (n = 3).
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in 96-well plate and 6-well plate is different. Taking AsPC-1 as an
example, at 12 umol/L of LMPt for 24 h treatment, in 96-well
plate, the cell survival was about 17.67%, while in 6-well plate
is 55.74%, and 42.89% at 30 umol/L. That is a result of different
acquired compound amounts of each cell in 96-well and 6-well
plate, based on the diverse numbers of seeded cell and volume
of added medium according to manufacturer’s guidance and assay
procedure.

3.3.  Caveolae-mediated endocytosis and macropinocytosis
involve in endocytosis of LMPt

Since fast cellular entry mediated large accumulation is the key
for LMPt anti-cancer action, and different cellular uptake rate of
LMPt resulted in different anti-cancer action in various cells, we
further explored why LMPt could be taken up quickly and why the
uptake rate were diverse in various cells. LMPt is a liposome with
particle size around 100 nm?°. Previous reports have shown that
liposomes around 100 nm have three possible pathways to mediate
cellular entry: clathrin-mediated endocytosis (CME), caveolae-
mediated endocytosis, and macropinocytosis®’~ . Accordingly,
various inhibitors against these three pathways (Supporting In-
formation Table S1) were introduced to determine which pathway
would diminish cellular entry of LMPt and thus to verify the
pathway mediating LMPt entry.

For CME, CPZ, a cationic amphiphilic drug, and siClathrin
were used for specific blockage of CME by disrupting clathrin on
the cell surface’”. For caveolae-mediated endocytosis, due to Cav-1
and cholesterol are all important players in caveolae formation,
genistein (which blocks phosphorylation of Cav-1 and is required
for caveolae formation)’' and nystatin (a cholesterol sequestering
agent, which triggers the absence of lipid rafts and caveolae)’> "*
were both used to evaluate the LMPt entry pathway by inhibiting
caveolae-mediated endocytosis. For macropinocytosis, actin
polymerization-based membrane ruffles (protrusion) which subse-
quently forms vesicles to carry the outer particles enter cell was
prerequisite. CytoD (inhibiting actin polymerization) and amiloride
(inhibiting cellular membrane ruffling via blocking Na*/H™ ion
channel) were used as macropinocytosis inhibitors’>. Before the
endocytosis inhibiting test, we evaluated the cytotoxicity of the
above inhibitors on AsPC-1, MIA-PaCa-2 and BxPC-3 cells at the
concentrations causing minimal damage (the decreased survival is
lower than 25%) for the subsequent study (Table S1 and Sup-
porting Information Fig. S6).

After LMPt was added in the presence or absence of these
inhibitors, we utilized three techniques to comprehensively
compare the endocytosis blocking ability of those inhibitors in all
5 cell lines: fluorescence microscope for qualitative observation
(Fig. 3A and Supporting Information Fig. S7A), flow cytometry
for quantitative determination (Fig. 3B and Fig. S7B) and ICP-MS
assay which finally defined accurate Pt amount (Fig. 3C and
Fig. S7C). Results show that in various pancreatic cancers, the
endocytosis pathways of LMPt were different. For example, in
AsPC-1 cells, inhibitors of the caveolac-mediated pathway (gen-
istein and nystatin) significantly weakened cellular accumulation
of Dil-LMPt by about 67.77% (genistein) and 36.53% (nystatin)
(Fig. 3A), flow cytometer (Fig. 3B) and ICP-MS (Fig. 3C) assays
further verified these effects. Macropinocytosis pathway inhibitors
(CytoD and amiloride) decreased LMPt endocytosis by 21.53%
(CytoD) and 60.05% (amiloride) (Fig. 3A) and similar inhibitory
effects were observed via flow cytometry and ICP-MS detection
(Fig. 3B—C). While the CME inhibitor CPZ and clathrin-depleted

agent siClathrin did not interfere with LMPt endocytosis
(Fig. 3A—C and Fig. S7D). Similar results mentioned above were
also observed in MIA-PaCa-2 cells (Fig. STA—S7C). These results
showed in highly LMPt-sensitive AsPC-1 and MIA-PaCa-2 cells,
caveolae and macropinocytosis-mediated endocytosis together
mediated LMPt endocytosis.

In BXPC-3 cells, which are less sensitive to LMPt than AsPC-1
and MIA-PaCa-2 cells, only inhibitors of caveolae-mediated
pathway (genistein and nystatin) exhibited obvious endocytosis
inhibition effect on LMPt (69.38% for genistein and 13.22% for
nystatin). Both CME inhibitor (CPZ) and macropinocytosis in-
hibitor (CytoD and amiloride) caused little change in LMPt
endocytosis (Fig. S7TA—S7C). The inhibition results in PANC-1
and SU.86.86 cells (which are also less sensitive to LMPt than
AsPC-1 and MIA-PaCa-2) showed similar effects as BxPC-3
(Fig. S7A). These results demonstrated in less LMPt-sensitive
cells, only the caveolae-mediated pathway mediated LMPt endo-
cytosis, indicating that the endocytosis mechanism for LMPt varies
among different pancreatic cancer cells. Additionally, we also
detected MPt entry pathways and found the inhibitors of Cav-1
mediated-endocytosis  (genistein and nystatin) and macro-
pinocytosis (CytoD and amiloride) did not interfere with Pt intake
of MPt (Fig. S7E), thus the cellular entry pathways are different
between LMPt and MPt.

Thus, in cells characterized by faster cellular entry and
stronger anti-cancer effects of LMPt, caveolae-mediated endo-
cytosis and macropinocytosis coordinately promoted the endo-
cytosis of LMPt. However, in cells with a slower entry rate and
decreased anti-cancer effects, caveolaec-mediated endocytosis,
alone, mediated endocytosis of LMPt, hinting that macro-
pinocytosis might play a more active role in the initial phase of
LMPt endocytosis.

3.4. In high Cav-1 cells, Cav-1 mediates LMPt endocytosis, and
in low Cav-1 cells, macropinocytosis and Cav-1 induced by LMPt
contribute to LMPt endocytosis together

We explored why differential pathways are involved in LMPt
entry in various cells. Since caveolae-mediated endocytosis was
the common pathway for LMPt entry in all tested pancreatic
cells®’, we paid close attention on the Cav-1, the main effector
protein. Analysis of Cav-1 level in the five pancreatic cancer cells
showed that in BxPC-3, PANC-1, and SU.86.86 cells, Cav-1
expression was higher than that of AsPC-1 and MIA-PaCa-
2 cells. Meanwhile, the level of Cav-1 decreased in the order of
BxPC-3, PANC-1 and SU.86.86 cells according to LMPt accu-
mulation amount (Fig. 3D and Supporting Information Fig. S8A),
indicating that in cells where caveolae mediating endocytosis,
Cav-1 might be a determinant of LMPt entry. For further verifi-
cation, Cav-1 was knocked down via siRNA (Fig. S8B) and results
show that Cav-1 silencing restricted cellular entry of LMPt
(Fig. 3E), further demonstrating that Cav-1 was the major deter-
minant of LMPt entry in cells with caveolae-mediated endocytosis
as the only endocytosis pathway. Actually, Cav-2, another subtype
of caveolin, proved to be ineffective for LMPt endocytosis,
consistent with previous reports (data not shown)’®””.

Then we wanted to ascertain in low-Cav-1 expressing AsPC-1
and MIA-PaCa-2 cells, how macropinocytosis and caveolae-
mediated endocytosis coordinately contributed to LMPt endocy-
tosis. In AsPC-1 and MIA-PaCa-2, although caveolae-mediated
endocytosis also participated in LMPt entry, we found Cav-1 level
was very low. Thus, we hypothesized that LMPt induced increased
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Figure 3  In high Cav-1 cells, Cav-1 mediates LMPt endocytosis, and in low Cav-1 cells, macropinocytosis and Cav-1 induced by LMPt
contribute to LMPt endocytosis together. AsPC-1 cells were treated with or without indicated endocytosis inhibitors for 2 h followed by exposure
to LMPt for 24 h, LMPt accumulation was observed with fluorescent microscope (A), flow cytometry (B) and ICP-MS (C). Scale bar, 20 um. ns,
no significant; *P < 0.05, **P < 0.01, ***P < 0.001, vs. Ctrl. The data are shown as mean £ SD (n = 3). (D) Western blot analysis of
endogenous Cav-1 in different pancreatic cancer cells. (E) BxPC-3 cells were transfected with siCav-1 or siNC, cellular accumulation of LMPt
was detected with fluorescence microscope. Scale bar, 20 pm. (F) Cells were treated with indicated concentrations of LMPt for 24 h or with
30 pmol/L LMPt for the indicated time, Cav-1 protein was detected by Western blot. (G) AsPC-1 cells were transfected with Cav-1 or vector, and
LMPt accumulation was observed with fluorescence microscope, scale bar, 20 pm. (H) AsPC-1 cells were treated with LMPt and siCav-1, then
Cav-1 level was detected with Western blot. (I) AsPC-1 cells were treated with siCav-1 in the presence or absence of indicated inhibitors followed
by exposure to LMPt. LMPt accumulation was observed with fluorescence microscope. Scale bar, 20 um.

Cav-1 expression and then the increased Cav-1 mediated LMPt
endocytosis. Therefore, we detected Cav-1 expression following
addition of LMPt, and found Cav-1 expression indeed increased
after the 6 h addition of LMPt and the increase was in a dose-
(Fig. 3F upper and Fig. S8C) and time- (Fig. 3F below and
Fig. S8C) dependent manner. Further, qRT-PCR results indicated
that the mRNA levels of Cav-1I also increased (Fig. S8D).

To confirm whether the LMPt-induced Cav-1 expression was
involved in LMPt endocytosis, we first knocked down Cav-1 and

observed whether decreased Cav-1 could restore LMPt entry. Re-
sults reveal that Cav-1 knockdown could withdraw LMPt entry,
indicating that the LMPt-induced Cav-1 increase was involved in
LMPt cellular entry (Fig. 3H—I, the third and fourth row). Second,
we overexpressed Cav-1 (Fig. S8E) and determined whether the
elevated Cav-1 could enhance LMPt entry. Results show that Cav-1
increase indeed significantly promoted LMPt endocytosis
(Fig. 3G). All these results indicate that LMPt-induced Cav-1 in-
crease may play a key role in LMPt cellular entry.
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Figure 4  In unchanged metabolite, MPt targets to mitochondria and ER after LMPt is transported by endosome—lysosome. AsPC-1 cells were

transfected with various GFP-labeled proteins of early endosome (EE), late endosome (LE), lysosomes (Lyso) followed by treatment with
12 pmol/L LMPt for intended times, colocalization of LMPt with EE (A), LE (B), Lyso (C) was taken with confocal fluorescence microscope.
Scale bar, 20 pm. Quantitative analysis of colocalization of LMPt with EE, LE and Lyso was evaluated using Pearson’s correlation coefficient
based on ImageJ (D). (E) AsPC-1 and MIA-PaCa-2 cells were treated with 12 pmol/L LMPt for 24 h and Pt mass in mitochondria (Mito), ER and
DNA was measured by ICP-MS. **P < 0.01, ***P < 0.001. The data are shown as mean + SD (n = 3). (F) AsPC-1 cells were treated with
12 pmol/L LMPt for 24 h and mitochondria and ER fraction were extracted for MPt and its metabolites analysis by UHPLC—MS/MS. AsPC-

1 cells were transfected with various GFP-tagged proteins of mitochondria (Mito) and ER followed

by treatment with 12 pmol/L LMPt for

intended times, colocalization of LMPt with Mito (G) and ER (H) was taken with confocal fluorescence microscope. Scale bar, 20 pm.
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Given that Cav-1 need to be induced for expression, and it
could be observed that the induced Cav-1 began to take effect after
6 h of LMPt addition, we speculated in the first 6 h of LMPt
addition, additional endocytosis via macropinocytosis might
mainly be in charge of LMPt cellular entry. That is, companied
with Cav-1 increase, macropinocytosis and caveolae-mediated
endocytosis coordinately contributed to LMPt endocytosis. As
shown in Fig. 31, we first blocked macropinocytosis (by amiloride,
the second group) and found that macropinocytosis blockage
inhibited LMPt entry at the first 6 h of LMPt addition. After 6 h,
although its inhibition effect declined, the LMPt entry was still
observed decreased compared to the Ctrl group, indicating that
macropinocytosis played a role through the whole process of
LMPt endocytosis.

Second, we blocked Cav-1-mediated endocytosis (by siRNA,
Fig. 31, the third and fourth groups) and observed whether LMPt
entry was inhibited in the first 6 h of LMPt addition. Results
showed that LMPt entry was not restricted before the first 6 h of
LMPt addition, and after 6 h restricted entry of LMPt was
observed, indicating that caveolae-mediated endocytosis played a
dominant role after Cav-1 was induced after 6 h of LMPt addition.
Finally, we simultaneously suppressed caveolae-mediated endo-
cytosis and macropinocytosis (Fig. 31, the last group), revealing
that the LMPt entry was completely inhibited throughout the
whole experiment. These data further verified that macro-
pinocytosis and caveolae coordinately contributed to endocytosis.

Taken together, Cav-1 level was the key to LMPt endocytosis
pathways. In high-Cav-1 cells, caveolae-mediated endocytosis
promoted LMPt endocytosis, and Cav-1 level determined the
sensitivity to LMPt. While in low-Cav-1 cells, macropinocytosis
assisted the cellular entry of LMPt at the beginning of the endo-
cytosis process. With the expression increasing of Cav-1 induced
by LMPt addition, caveolae-mediated endocytosis began to take
dominant role in cellular entry of LMPt.

3.5.  In unchanged metabolite, MPt targets to mitochondria and
ER after LMPt processing by endosome—lysosome

Generally, after nanoparticles entering cells via caveolae-mediated
endocytosis and macropinocytosis, the nanoparticles would be
fused into early endosomes, which mature to late endosomes, and
further fuse with lysosomes for nanoparticle degradation. Finally,
the active agents from the degraded nanoparticle would execute
pharmacological activity®”-"®"°. To determine if this same process
applies to LMPt cellular transportation and processing after cell
entry, we utilized GFP-labeled proteins in early endosomes, late
endosomes and lysosomes to observe the LMPt route in cells.
These labeled proteins were fused proteins: GFP-Rab5a which
localizes in early endosomes, GFP-Rab7a which localizes in late
endosomes and GFP-LAMP1 (lysosome associated membrane
protein 1) which localizes in lysosomes. Then we transfected these
labeled proteins and added Dil-LMPt to observe whether Dil-
LMPt entered these organelles and timing of entry via time-
lapse photography.

Results showed that LMPt began to enter early endosomes
after 0.5 h addition of LMPt, entered late endosomes after 1 h, and
then the lysosomes according to the colocalization observation
(Fig. 4A—C) and the quantitative analysis of colocalization with
Pearson’s correlation (Fig. 4D). These results show that LMPt, as
other usual nanoparticles®’, was transported by the
endosome—lysosome system after endocytosis.

Given that MPt is the core anti-cancer molecule of LMPt and
Pt is the effector of MPt, we aimed to track the whereabouts of the
effector, Pt, after endosome—lysosome processing. Thus, we
extracted various cell organelles characterized by big size, large
numbers and essential to survival (because these traits make them
more likely to become target), such as nuclear DNA, mitochondria
and ER, etc., and detected the mass of Pt by ICP-MS. Results
turned out that only trace Pt was detected in nuclear DNA, but
more than 80% Pt was found in membranous organelles: mito-
chondria (62.91% in AsPC-1, 53.80% in MIA-PaCa-2) and ER
(19.92% in AsPC-1, 29.91% in MIA-PaCa-2) in cytoplasm
(Fig. 4E left). Pt in nuclear DNA was significantly less than that in
both the mitochondria and ER (AsPC-1: 129.96 times and 40.93
times less than that of the mitochondria and ER, respectively;
MIA-PaCa-2: 48.29 times and 27.21 times less than that of the
mitochondria and ER, respectively. Fig. 4E right), indicating the
primary targeting organelle of LMPt is the mitochondria and ER.

Then the further question is coming, is the unchanged MPt or
its metabolites that targeting these organelles? To solve this, we
introduced UHPLC—MS/MS that could trace molecular fragments
containing Pt to explore the final metabolite form of MPt. As
shown in Fig. 4F, unchanged MPt was detected in the cell
(Fig. 4Fb), which was in both mitochondria (Fig. 4Fc) and ER
lysates (Fig. 4Fd) based on the same retention time as MPt
(3.1 min) (Fig. 4Fa). Except for the unchanged MPt, we did not
find other forms of Pt metabolites, indicating that after processing
by the lysosome, MPt, in unchanged metabolite form, enters target
organelles. The above results indicated that after LMPt degrading
by lysosomes, MPt was released from LMPt, the intact molecular
form of MPt targeted to mitochondria and ER.

Previous reports show that some nanoparticles could escape
from the lysosome and directly target to the organelles after
endosome—Ilysosome processing®’. Given this fact, we continued
to test whether LMPt targeted mitochondria and ER directly after
entering cells. The colocalization showed that LMPt did not
directly target the mitochondria and ER after entering cells
(Fig. 4G—H). Together these results showed that after cellular
entry, LMPt was degraded in lysosomes and then MPt was
released from LMPt and targeted to mitochondria and ER in intact
molecule form. Correspondingly, we also detected the cellular
location of MPt and found that MPt in mitochondria and ER were
all below the limit of detection of ICP-MS (0.01 ng/mL), indi-
cating that no MPt was found in mitochondria and ER. But in
DNA, a small amount of accumulated Pt was detected (data not
shown), indicating the distinct targets of LMPt and MPt in cells.

3.6. Instead of DNA damage, mitochondria-induced mitophagy
mediates anti-cancer action of LMPt

Next, we wanted to know what pathology was induced by LMPt to
mediate the anti-cancer effects. First, we observed morphology
changes under light microscopy in response to LMPt treatment.
As displayed in Fig. SA—B, after treated with LMPt either in
AsPC-1 or MIA-PaCa-1 cells, many large and membrane-
surrounded vacuoles were observed in the cytoplasm. Moreover,
the amounts of empty vacuoles increased in a treatment dose- and
time-dependent style, indicating obvious correlation between
empty vacuoles and LMPt.

To further investigate the relationship between these vacuoles
and the anti-cancer activity of LMPt, we introduced TEM for a
more precise observation. Under TEM, we found various types of
vacuoles surrounded by membranes (Fig. 5C), among them some
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were large and empty, some contained incomplete organelles at
various degrading stages. These changes are usually regarded as
the hallmark features of autolysosomes, as previously
described®' %3,

Following in-depth observation, we found considerable
swollen mitochondria in cells treated for 12 h (Fig. 5CI).
Furthermore, as shown in Fig. 5CIL, in 24 h treated cells, broken
mitochondrial degradation remnants were observed according to
cristae structure (the specific structure of mitochondria) in most of
autolysosomes, which were disorganized, fragmented, and dis-
torted, indicating mitophagy. These pathological morphology
changes may display a pathological process development of
mitochondrial changes during treatment, from initial mild stages
(swollen mitochondrial response to the potential damage or
dysfunction) to the more serious stage (mitophagy).

Meanwhile, we observed the fusion process of these autophagy
vacuoles: the two small empty vacuoles with similar sizes were
fusing to form a bigger vacuole (Fig. 5CIII), and the large vacuoles
could further engulf other small vacuoles to form even larger vac-
uoles, as reported before (Fig. SCIV)***°, which may explain the
formation of large empty vacuoles. Correspondingly, mitochondrial
proteins labeled with GFP was transfected into cells to monitor
morphology changes of mitochondria, showing that mitochondria
changed from normal baton or filamentous to vacuoles, and these
vacuoles continued to enlarge with the extension of the treatment
time (0—48 h, Supporting Information Fig. S9A). These results are
in accordance with the vacuoles observed under the light micro-
scope (Fig. 5A—B) and indicate that mitophagosomes induced by
LMPt treatment resulted in large empty vacuoles in the cytoplasm,
which may be a reason for the final death of the cells.

Then, we detected signal pathway changes by RNA-seq
microarray analysis, which gave the consistent evidences and
comprehensive data of molecular pathways of cells. Three types
of pancreatic cancer cells (AsPC-1, MIA-PaCa-2, and BxPC-3)
were treated with LMPt and mRNA was extracted for RNA-seq
analysis. DEGs in treated cells vs. control cells were obtained
based on the transcriptomic data. 169 overlapping DEGs were
found among the three comparison groups (Ctrl vs. LMPt for
AsPC-1, MIA-PaCa-2, and BxPC-3 cells) and were analyzed (|
log2 Ratio| > 1, FDR < 0.001, Fig. S9B). KEGG pathway clas-
sification analysis of these 169 DEGs shows that mitophagy-
associated pathways occupied most of the DEGs (Fig. 5D).
Moreover, in the three tested cells, KEGG pathway enrichment
analysis also proved that mitophagy was significantly enriched
among several pathways related to cell death (Fig. 5E and
Fig. S9C). These results further verify mitophagy was induced
after LMPt treatment at the genomic level.

We also explored the molecular mechanism of weak anti-
cancer activity of MPt with RNA-seq microarray analysis. Results
showed that MPt only induced slight molecular pathways changes
(only about 20% pathways occurred feeble changes among all
pathways), and these effected pathways are focused on DNA
adducts-leading effect (Fig. SF—G).

We then analyzed the expression of vital autophagy marker
LC3B (increase of LC3B level is usually interpreted as autophagy
activation) by Western blot***”. Results indicated that the LC3B
level was obviously elevated (Fig. 5SH and Fig. S9D) in the
presence of LMPt and the increased LC3B were located in
mitochondria, when visualized via colocalization analysis of
mitochondria and LC3B (Fig. 51 and Fig. S9E). Further, coloc-
alization was also proved between the mitochondria and lyso-
somes, which usually digest the disabled organelles in autophagic

vacuoles (Fig. 5] and Fig. SOF). These results indicate autophagy
aroused in mitochondria after LMPt addition.

Then, we explored the detailed molecular mechanism of
mitophagy occurrence. Generally, the PINKI1-Parkin axis is
considered as a canonical pathway mediating mitophagy®®. Under
physiological conditions, PINK1 is positioned between the outer
mitochondrial membrane and inner mitochondrial membrane, and
is cleaved by inner mitochondrial membrane-bound proteases and
degraded by the proteasome, leading to undetectable basal levels
of PINK1®°. When mitochondria are defective, PINK1 cannot be
degraded due to the dysfunctional proteases, and the accumulated
PINKI1 protein in the mitochondria phosphorylate its substrate,
Parkin, which is a ubiquitin-ligating enzyme that is recruited to
mitochondria under conditions of dysfunction, to ubiquitylate
mitochondrial substrates®”?’. Then the ubiquitylated mitochondria
are enclosed into autophagosomes with the assistance of LC3B,
followed by the fusion of lysosomes and autophagosomes, to
subsequently digest the disabled mitochondria®’. In this study, we
extracted mitochondria from LMPt-treated cells and found that
PINK1 and phosphorylated-Parkin (p-Parkin) were recruited to the
mitochondria and that the mitochondria were significantly ubig-
uitinated, which occurred in a dose-dependent manner (Fig. 5K
and Fig. S9G). These results prove that mitochondria were sub-
jected to autophagy, in which the mitochondria were ubiquitinated
for degradation. Further, mitophagy was also proved to be induced
by LMPt in the tumor tissue derived from nude mice bearing
pancreatic xenograft model (Fig. SOH).

To ascertain whether mitophagy is indeed the key to the
pathological changes of the LMPt anti-cancer action, we utilized
3-MA and Baf-A1 which were reported to inhibit mitophagy®' %%,
to assess whether the anti-cancer activity of LMPt could be
inhibited in the addition of 3-MA and Baf-A1l. Colony formation
results show that the potent anti-cancer action was weakened in
the presence of mitophagy inhibitors: 3-MA and Baf-A1 (Fig. 5L).
Meanwhile, the autolysosome bubbles induced by LMPt were also
withdrawn (Fig. 5M), indicating that mitophagy indeed plays an
essential role in the LMPt induced anti-cancer activity in tumor
cells.

In fact, after LMPt was processed by lysosomes, except for
mitochondria, MPt as the degraded product also enter ER in
unchanged metabolite (Fig. 4E and Fd). To determine whether
ER damage was also occurred in LMPt treatment, we visualized
the ER under TEM and found that the ER was dilated and dis-
torted (Supporting Information Fig. S10I), suggesting possible
ER stress. Correspondingly, we detected ER stress which would
be activated in response to ER damage or dysfunction’. The ER
stress-mediating  pathways include PERK—elF2a—ATF4,
IRE—XBP1 and ATF6 pathways’*. And only when the damage is
severe, these response pathways would be activated continuously
to trigger pro-apoptosis protein expression (CHOP, ATF4,
cleaved-ATF6) to induce apoptosis”™ “%. To further evaluate
whether ER damage was also involved in the LMPt anti-cancer
effect, we detected ER stress pathways. Western blot results
(Supporting Information Fig. SITA—S11D) showed that two of
the  three  pathways  were  partly activated. In
PERK—elF2a—ATF4 pathway, PERK—elF2« was activated, but
the apoptotic effector ATF4 did not increase. Similar results were
also observed in IRE—XBP1 pathway, where IRE1 was acti-
vated, but the effector protein, sliced XBP1 (XBP-1s) did not
increase. The third pathway, ATF6, was not activated. These
results revealed that although some ER stress pathways were
activated, this activation might not be responsible for the anti-



4492 Xiaowei Wang et al.

B Lmpt (h) o'

A LMPt (umollL) 0

‘\ o A j,, 3% X
ASPC-1 | 728 sy | faie ;“ ) "“" A5PC1
MIA-PaCa2l MIA-PaCa-2 |
c Ctrl LMPt-24 h I Swollen mitochondria O
_ 5 - Y ] ] Mitophagy
II  Mitophagosome with Metabolic pathways
fractured cristae Lysosome

Fusing vacuol
— g VACUOIoS Tryptophan metabolism

Glycosaminoglycan

______ Endocytosis
Protein processing in ER
Phagosome
0 25 50 75
Number
E AsPC-1 F G H g )
a
Mitophagy o405  DNA adducts DNA . Q";";’: ~ 0 12 30
A - 0.2 Ether lipid adducts b < LC3B|:.|'15
poptosis * fos Ether lipid . Q
F i 0.6 Linoleic acid il 009 ) e
erroptosis ' TR VEGF pathway . o8 ¥ |GAPDH[—=—=—]
NOGIOPLoSiS + g, 0 MAPK pathway Mitophagy *  cene nuier d| LC3B[ —aef'®
Stemcells . +3:  Ras pathway Necroptosis * . ‘g,"’ 40
SR 1 01 2 3 RORNOR o v? GAPDHE-%
Rich ratio *** Number Rich ratio S
I AsPC-1 J AsPC-1 K AsPC-1 MIA-PaCa-2
Nucleus Mito LC3B Merge Bright Lyso Mito Merge LMPt Cytosol Mito Cytosol Mito kDa

Oh
Oh

' (umol/L) 01230 01230 01230 01230
R .
: PINK1| | =as §§
EEEN . Bl
MIA-PaCa-2 MIA-PaCa-2 - . 180
Nucleus Mito LC3B Merge Brlght Lyso Mito Merge Ub J ﬂ

GAPDH|——— | =

24 h
24 h

Oh
Oh

24 h

125 | k% M Ctrl 3-MA Baf-A1

Colony formation
(%
N
(3]

Figure 5 Instead of DNA damage, targeting mitochondria-induced mitophagy mediates anti-cancer action of LMPt. AsPC-1 and MIA-PaCa-
2 cells were treated with indicated concentrations of LMPt for 24 h (A), or treated with 30 pmol/L. LMPt for indicated time points (B), and cell
morphology was observed with light microscopy. Scale bar, 20 pm. (C) AsPC-1 cells were treated with 30 pmol/L LMPt for 12 or 24 h and cells
were observed with TEM. I: swollen mitochondria; II: mitophagosome with fractured cristae; III, IV: fusing vacuoles. Scale bar, up 2 pm and
down 400 nm (enlarged images). (D) AsPC-1, MIA-PaCa-2 and BxPC-3 cells were treated with 30 umol/L. LMPt for 24 h and RNA was extracted
for RNA-seq analysis with microarray. Gene Set Enrichment Analysis in the Molecular Signature Database was performed. Among differentially
expressed genes (DEGs) from 3 comparison groups (Ctrl vs. LMPt for AsPC-1, MIA-PaCa-2 and BxPC-3 cells, |log2 Ratio| > 1, FDR
value < 0.001), KEGG pathway functional classification was analyzed. (E) KEGG pathway enrichment of DEGs from Ctrl vs. LMPt for AsPC-
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cancer effect of LMPt. Furthermore, we applied ER stress in-
hibitors, 4-PBA (1 mmol/L for 1 h°®) and TUDCA (0.5 mmol/L
for 2 h'%) to perform the EdU proliferation assay, which
revealed that ER stress inhibition did not reverse the proliferation
inhibition caused by LMPt (Supporting Information Fig. S12).

Moreover, it was generally recognized that traditional platinum
anti-cancer drugs, such as cisplatin and OXA, were reported to
induce nuclear DNA damage to kill tumor cells. While as shown
in Fig. 5C, the nucleus in the LMPt treated group stayed intact and
almost no dense chromatin was observed, indicating little harm of
LMPt to nucleus DNA. Meanwhile, we evaluated DNA damage
via the DNA damage marker, y-H2AX®. Western blot results
confirm that LMPt did not induce obvious DNA damage at the
effective concentrations in vitro, while OXA did at the same
concentration (Supporting Information Fig. SI3A). Additionally,
total DNA was isolated from whole cell extracts and the ratio of Pt
mass in DNA compared with that of the whole cell (Pt in DNA/
whole cell) was calculated in LMPt or OXA treated cells
(Fig. S13B). The results prove that at the same concentration, Pt in
DNA/whole cell in OXA treated AsPC-1 and MIA-PaCA-2 cells
were much higher than that of LMPt treated cells. This data
indicate that OXA was more able to bind with DNA after cellular
entry, while most of the intracellular LMPt did not bind to DNA,
providing a possible explanation for the intact nucleus observed
under TEM, as well as the less induction of yYH2AX formation by
LMPt. This further confirms that the nucleus was not the main
target of LMPt after cell entry.

The above results demonstrated that LMPt induced mitophagy
via activating PINK1—Parkin pathway to ubiquitinate mitochon-
dria and further lysosomal degradation of mitochondria mediated
by LC3B. When degradation was complete, the autophagic vac-
uoles would fuse with each other to form larger vacuoles, then the
enlarged vacuoles would engulf smaller vacuoles, forming even
larger vacuoles®. Although ER damage was also observed, this
damage did not play the role key in LMPt’s anti-cancer action. We
supposed that the ER stress pathway was not continuously acti-
vated and led to cell apoptosis, or the role of damaged ER in
cellular death was not equally vital as that of the mitochondria
when the mitochondria was also damaged.

3.7.  The enhanced degradation of POLG/TFAM by lon
peptidase 1 (LONPI) leads to mitophagy via inhibiting mtDNA
replication

Then, we explored the detailed mechanism of mitophagy after
mitochondria were targeted by LMPt. Since most platinum agents
usually bind to DNA to induce DNA break-mediated cell death,
we speculated that LMPt might also disrupt or damage mtDNA.
The classic mtDNA damage marker, 8-OHdG, was used to eval-
uate mtDNA damage'?"'°%. The mtDNA damage response pro-
teins FEN1, PCNA and RADS5]1 are usually activated to repair the
damage and these proteins were regarded as the secondary

evidence of mtDNA damage'®. The results showed that neither 8-
OHJG (Fig. 6A) nor the repair proteins (Fig. 6B and Supporting
Information Fig. S14A) were provoked, indicating that obvious
mtDNA damage did not occur.

However, in mtDNA replication assay employing qRT-PCR,
we found that the mtDNA copy number obviously decreased
(Fig. 6C) in the presence of LMPt. Previous reports show that
mtDNA encodes a plenty of oxidative phosphorylation proteins
needed to maintain mitochondria function, and lack of mtDNA
would lead to shortage of essential mitochondrial proteins,
causing mitochondrial dysfunction and mitophagy'®* "%, Thus,
we further explored the mechanism of mtDNA replication inhi-
bition induced by LMPt and whether this mediated mitophagy and
further inhibited proliferation.

Usually, during mtDNA replication, POLG, DNA polymerase
gamma accessory subunit (POLG2), TFAM, single-stranded
DNA-binding protein (mtSSB) and Twinkle were reported to
play key roles' """, In Western blot assay, after LMPt treatment,
the levels of POLG, POLG2 and TFAM were significantly
decreased in vitro and in vivo (Fig. 6D, Fig. S14B and S14C)
among the above-mentioned mtDNA replication-associated pro-
teins. Correspondingly, we overexpressed POLG, POLG2 and
TFAM (Fig. 6E) followed by LMPt addition to assess whether
overexpression of these proteins could abrogate the mtDNA
replication barrier, and subsequent mitophagy and proliferation
inhibition. Results revealed that only overexpression of POLG and
TFAM could restore the LMPt-induced mtDNA replication
blockade (Fig. 6F), mitophagy (Fig. 6G and Fig. S14D), and
proliferation inhibition (Fig. 6H), indicating that the POLG and
TFAM decrease mediated by LMPt was indispensable for the anti-
pancreatic cancer efficacy of LMPt.

Subsequently, we further explored the potential mechanism of
down-regulation of POLG and TFAM. Firstly, the mRNA level of
POLG and TFAM did not decrease (Fig. S14E and S14F); indi-
cating LMPt-induced TFAM and POLG decrease might not be a
result of transcription modulation.

Accordingly, we focused on the protein degradation of POLG
and TFAM. A mitochondrial protease, LONP1, located in mito-
chondrial matrix, usually acts to selectively degrade mitochondrial
proteins''"*~'!7 including mitochondrial POLG and TFAM' %120,
Considering that LMPt dominantly targeted to mitochondria, we
hypothesized that LMPt might facilitate the binding of POLG or
TFAM with LONPI, thus promoting degradation of the two pro-
teins. To test this, Co-Immunoprecipitation (Co-IP) assay was
performed, and showed that LMPt indeed enhanced the interaction
between POLG and TFAM with LONP1 (Fig. 6I). These results
indicate that LMPt-induced expression decrease of POLG and
TFAM was dependent on the enhanced interaction of POLG and
TFAM with the LONP1 protease.

In conclusion, above results reveal that LMPt induced-mtDNA
replication inhibition led to mitophagy through strengthening the
binding of POLG and TFAM with the protease, LONP1.

1 cells. (F)—(G) RNA-seq analysis of AsPC-1 cells treated with MPt at its maximal solubility in cell culture medium for 24 h. (H) AsPC-1 and
MIA-PaCa-2 cells were treated with LMPt for 24 h and LC3B were analyzed by Western blot. AsPC-1 and MIA-PaCa-2 cells were treated with
LMPt for 24 h, colocalization of mitochondria (Mito) and LC3B (I) or lysosomes (Lyso) (J) was analyzed with immunofluorescence assay. Scale
bar, 20 pm. (K) AsPC-1 and MIA-PaCa-2 cells were treated with indicated doses of LMPt for 24 h, then cytosol and Mito were extracted for
indicated protein analysis by Western blot. (L) AsPC-1 cells were seeded in 6-well plate at 1000 cells/well and treated with 1.6 pmol/L LMPt with
or without 3-MA (50 pmol/L) and Baf-Al (2 nmol/L) for colony formation assay. Scale bar, 8 mm. Colony formation rates are shown in the
histogram. **P < 0.01, ***P < 0.001. The data are shown as mean £ SD (n = 3) (M) Cellular morphology at 24 h after treatment with 1.6 pmol/
L LMPt with or without 3-MA (50 pmol/L) and Baf-A1l (2 nmol/L). Scale bar, 20 pm.
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Figure 6 mtDNA replication inhibition leads to mitophagy via the strengthened binding of LONP1 with POLG/TFAM in the presence of

LMPt. AsPC-1 and MIA-PaCa-2 cells were treated with the indicated doses of LMPt for 24 h, and mtDNA damage marker 8-OHdG in DNA and
medium were detected (A), mtDNA damage repair proteins were analyzed (B), mtDNA copy numbers were analyzed with qRT-PCR (C) and
POLG, POLG2 and TFAM were analyzed (D). (E) AsPC-1 cells were transfected with POLG, POLG?2 and TFAM, and indicated proteins were
analyzed with Western blot. (F) AsPC-1 cells were transfected with POLG, POLG2 and TFAM with or without 30 umol/L. LMPt for 24 h, and
mtDNA copy numbers were determined by qRT-PCR. AsPC-1 cells were transfected with POLG and TFAM with or without 30 pmol/L LMPt for
24 h and mitochondria (Mito) were extracted for LC3B detection with Western blot (G), and proliferation was evaluated with EdU assay, scale bar,
40 pum (H). (I) AsPC-1 cells were treated with 30 pmol/L. LMPt for 24 h and POLG or TFAM was immunoprecipitated for LONP1 detection by
immunoblot. ns, no significant, *P < 0.05, **P < 0.01. All the data are shown as mean + SD (n = 3).

3.8.  POLG and TFAM are the prognosis markers of pancreatic
cancer and promote pancreatic cancer growth via inhibiting
mitophagy

Numerous previous reports showed that POLG or TFAM play
essential roles in mtDNA replication, but their roles in tumor and
mitophagy were not reported. Our above results show that LMPt-
induced down regulation of POLG and TFAM resulting in
mitophagy-mediated growth inhibition, suggesting that POLG and
TFAM may be potential anti-cancer targets. Thus, we further

explored the roles of POLG and TFAM in tumor development and
mitophagy. First, mRNA levels of POLG and TFAM in pancreatic
cancer tissues and corresponding normal tissues were compared,
based on various datasets (Logsdon Pancreas, Badea Pancreas, Pei
Pancreas, Buchholz Pancreas, Ishikawa Pancreas and Segara
Pancreas) from publicly available Oncomine database (www.on-
comine.org). Results reveal that in each dataset, the mRNA level of
either POLG or TFAM was significantly higher in pancreatic cancer
tissue than that of corresponding normal pancreas tissue (Fig. 7A).
Moreover, immunohistochemistry results from the publicly
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Figure 7 POLG and TFAM are prognostic markers of pancreatic cancer and promote pancreatic cancer growth via inhibiting mitophagy. (A)

The mRNA levels of POLG and TFAM in pancreatic adenocarcinoma and the corresponding adjacent normal tissues were assessed from the
publicly available Oncomine database (www.oncomine.org). Logsdon Pancreas, Badea Pancreas, Pei Pancreas, Buchholz Pancreas, Ishikawa
Pancreas and Segara Pancreas represent 6 different Oncomine databases. 1: Pancreas; 2: Pancreatic Adenocarcinoma. (B) Immunohistochemistry
(IHC) of POLG and TFAM protein level in pancreatic adenocarcinoma and adjacent normal tissues, assessed from the publicly available The
Human Protein Atlas database (www.proteinatlas.org). Scale bar, 200 pm. (C) Disease-free survival of patients based on POLG and TFAM
expression. Kaplan—Meier curves were constructed to observe the survival of patients with high and low POLG and TFAM expression based on
Kaplan—Meier Plotter database (http://kmplot.com/analysis). Patients with POLG and TFAM expression within the top 50% were chosen as the
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available “the Human Protein Atlas database” also showed that the
protein level of both POLG and TFAM was upregulated in human
pancreatic cancer tissues compared to corresponding peritumoral
tissues (Fig. 7B). Additionally, two datasets analysis showed that
the level of POLG and TFAM was negatively correlated with sur-
vival (Fig. 7C). The above results indicate that POLG and TFAM
was highly expressed in pancreatic cancer tissues and might act as
prognostic markers for pancreatic cancer.

Then, we investigated role of POLG and TFAM in tumor
development. First, we silenced POLG and TFAM and observed
cell proliferation. Results show cell proliferation was both sup-
pressed in POLG and TFAM knockdown cells, indicating POLG
and TFAM could promote pancreatic cancer cell proliferation
(Fig. 7D, first three columns in the two histograms).

Furthermore, we explored the pro-cancer mechanism of POLG
and TFAM. Based on our above research, down-regulation of
POLG and TFAM contributed to LMPt-induced mitophagy and
subsequently proliferation inhibition, we hypothesized that
depletion of POLG and TFAM might inhibit cellular growth via
mitophagy in cancer cells. Consequently, we silenced POLG and
TFAM, and found that the LC3B level increased, as expected
(Fig. 7E and Supporting Information Fig. S15A). Also, the
increased LC3B was located in the mitochondria (Fig. 7F and
Fig. SI5B). We then exacted mitochondria from POLG and TFAM
silenced cells, and found that LC3B, PINK1 and p-Parkin proteins,
which contributed to mitophagy via ubiquitinating mitochondria,
were recruited to the mitochondria. Meanwhile, we observed
obvious mitochondrial ubiquitylation in these conditions as well
(Fig. 7F and Fig. S15B). What’s more, an increase of colocali-
zation (indicated by yellow puncta) of mitochondria (red puncta)
with increased LC3B in the cytoplasm (green puncta) was also
observed by immunofluorescence, indicating an accelerated
mitophagosome formation (Fig. 7G).

Next, we applied mitophagy inhibitors, 3-MA and Baf-Al, to
detect whether mitophagy was involved in anti-cancer action in
down-regulated POLG and TFAM cells. These results show that
mitophagy block indeed restored POLG and TFAM-silenced-
induced growth inhibition (Fig. 7D, last two columns in the two
histograms), indicating that POLG and TFAM promote prolifer-
ation via antagonizing mitophagy. Our results are the first to
clarify the antagonistic action of POLG and TFAM on mitophagy
and their pro-cancer roles. Furthermore, we demonstrate that
POLG and TFAM facilitate pancreatic cancer proliferation via
mitophagy inhibition.

4. Discussion

Liposomal formulations of anti-cancer drugs have shown
remarkable advantages in cancer chemotherapy due to their high
efficiency and low toxicity, such as Doxil, Onivyde, and Lipusu.
No platinum-based nano-preparation has been approved so far,
although platinum-based chemotherapeutic agents have been used
in clinical practice for more than 40 years. MPt is a broad-

spectrum anti-cancer drug and is currently applied for local
treatment in MPt/lipiodol suspension due to its poor solubility.
Therefore, in our previous studies, LMPt was successfully con-
structed and developed for intravenous systemic administration in
the treatment of a variety of cancers>”.

For the in vivo evaluation, 30 mg/kg was chosen as an
administration dosage of LMPt for the following reason. In our
preliminary assays showed that the maximal tolerated dose of
LMPt was 50 mg/kg, and under this concentration for a single
dose, LMPt did not induce toxicity, but the repeated administra-
tion induced obvious weight loss. Further assay demonstrated that
30 mg/kg was the appropriate dosage for LMPt, because under
this dose the repeated administration did not induce toxicity
including the regular Pt-associated toxicities.

In this study, we found the highlight of LMPt that it not only
inhibited the proliferation of GEM-S pancreatic cancer cells, but
also had a similar effect on GEM-R cells. The preponderance of
the anti-cancer effect of LMPt was evident, especially at 24 h, in
comparison with that of OXA, the structural analog of MPt,
indicating a more rapid effect. This finding may be beneficial for
patients requiring rapid tumor shrinkage before surgery. The
LMPt-induced rapid entry of Pt may be responsible for the rapid
effect due to the higher affinity of the liposome and cell mem-
brane. Importantly, in in vivo assays, we did not observe toxicities
especially peripheral neurotoxicity or myelosuppression, which
are the major barriers in platinum application, suggesting another
advantage conferred by liposomes through their ability to
passively target to the tumor.

Through mechanistic study, we depicted a complete efficacy
pathway of LMPt, including cellular entry, intracellular trans-
portation, and processing, targeting metabolites, subcellular tar-
geting sites, and pathological changes of targeting sites, as well as
show LMPt metabolites induced mitophagy-dependent cell death
after targeting the mitochondria. Mechanistic analysis revealed
several findings worthy of particular focus.

First, we elucidated the reason why anti-cancer efficacy of LMPt
was different in various cells, which was related to the difference in
its cellular entry rate, as determined by the initiated endocytosis
pathways. Current reports regarding cellular entry of nanoparticles
usually only focus on the pathways involved in the endocytosis
process, but few insightfully elucidate in what case which endo-
cytosis pathways are involved and the interaction as well as
switching of these endocytosis pathways during nanoparticle entry.
In our study, we initially found that Cav-1 level played a key role,
and when it was high, Cav-1-mediated endocytosis facilitated LMPt
entry. While in low-Cav-1 cells, macropinocytosis and Cav-1
induced by LMPt contributed to LMPt endocytosis together.
Additionally, in high-Cav-1 cells, LMPt was transported into cells
faster and exerted better anti-cancer efficacy. This finding implies
that patients with higher Cav-1 expression level may benefit more
from LMPt treatment than those with low Cav-1 expression level.
These findings will facilitate further studies on LMPt development
and administration.

high POLG and TFAM group, and those with POLG and TFAM expression in the bottom 50% were chosen as the low POLG and TFAM group.
Differences were evaluated by a log-rank (Mantel—Cox) test. (D) Cellular viability was detected by MTT assay for POLG- or TFAM-depleted
AsPC-1 cells treated with or without 3-MA (50 umol/L) and Baf-Al (2 nmol/L). (E) AsPC-1 cells were transfected with siNC, siPOLG or
siTFAM and LC3B was analyzed. (F) AsPC-1 cells were transfected with siNC, siPOLG or siTFAM and mitochondria (Mito) were extracted for
mitophagy-related proteins analysis. (G) Colocalization of Mito with the increased LC3B in AsPC-1 and MIA-PaCa-2 cells after knockdown of
POLG and TFAM. Scale bar, 20 um. Pearson correlation coefficients were analyzed by Imagel. ns, no significant. *P < 0.05, **P < 0.01,

*##*P < 0.001. The data are shown as mean + SD (n = 3).
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Mechanism schematic diagram of LMPt involving cellular entry and anti-cancer effect in pancreatic cancer cells. LMPt enters cells

via caveolae-mediated endocytosis and macropinocytosis, and Cav-1 level determines the switch of endocytosis pathways. In high Cav-1 cells,
only Cav-1 mediates LMPt endocytosis and in low Cav-1 cells, macropinocytosis and LMPt-induced Cav-1 contribute to LMPt endocytosis
together. After endosome—lysosome processing, in unchanged metabolite, MPt is released and targets mitochondria to enhance binding of
mitochondria protease LONP1 with POLG and TFAM (key players of mtDNA replication) to degrade POLG and TFAM. Then via PINK1—Parkin
axis mitophagy is induced based on POLG and TFAM degradation-initiated mtDNA replication block.

Second, we found that the dominant intracellular target of
LMPt was the mitochondria. We speculated that the potential
reason for this targeting was similar to the theory of the LMPt
preparation. The fatty acid chains of MPt and phospholipids are
similar in structure and polarity, thus, they are matched for
incorporation into the liposome layer to form LMPt. Similarly,
lipids consisting of biological membranes (for example, the
membranes of cellular organelles) also have two long fatty acid
chains (Supporting Information Fig. S16), which resemble MPt
in structure and polarity. Therefore, MPt, released in unchanged

metabolite from LMPt after lysosome digestion, is more readily
able to interact with biological membranes and thereafter
enter membrane-bound organelles. Among membrane-bound
organelles, mitochondria are large, numerous, and vital to
cellular survival, making mitochondria a more important tar-
geting organelle of LMPt. Further results also supported this
hypothesis, as mitophagy was induced after LMPt treatment.
Additionally, previous studies on the anti-cancer mechanisms of
platinum have also demonstrated that most platinum agents

primarily target nuclear DNA to exhibit anti-cancer
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efficacy”®'?!, which is similar to MPt’s mechanism. While our

results revealed a totally novel anti-tumor mechanism of MPt
after encapsulation into liposomes. This novel mechanism may
provide more possibilities for combination therapies.

Third, in LMPt-induced mitophagy, we found that POLG and
TFAM played key roles. In previous reports, POLG and TFAM
were only elucidated to be involved in mtDNA replication,
whereas very few reports noted their role in mitophagy, especially
in tumor cells. In this study, we found that POLG and TFAM
suppressed mitophagy by contributing to mtDNA replication. This
discovery supplemented the role of POLG and TFAM in the
network of mtDNA function maintenance and mitophagy regula-
tion. Furthermore, POLG and TFAM may act as tumor prognosis
biomarkers and potential tumor-inhibiting targets by promoting
mitophagy.

Finally, the anti-cancer mechanism of LMPt was found
entirely different from that of MPt (although activity is poor) in
the following aspects. In cellular entry, MPt did not depend on
the pathways mediating LMPt entry and only a small amount of
MPt could enter cells. In organelle targeting, the major target of
LMPt is mitochondria, while the target of MPt is DNA. In
molecular pathways changing, LMPt induced significant
changes in mitophagy-associated pathway, but MPt only induced
slight change in the DNA adduct-leading effect pathway. There
is a possible reason for the different targets of LMPt and MPt.
As reported previously, nanoparticles gain cellular entry pri-
marily through endocytosis, whereas small-molecule drugs enter
cells mainly through passive diffusion or active transport.
Different cell entry pathways lead to different intracellular
trafficking fates, cellular metabolism of active ingredients,
subsequent organelle localization, and pharmacological activity
of anti-cancer agents, which may lead to different action
mechanisms®”'?*'>*_ In our study, we observed that the trans-
porters of LMPt and MPt were different. Thus, we speculated
that it may be the different transporters that mediated the
different cellular localization and metabolism of the active
ingredient, as well as the subsequent different cellular targets
and actions between LMPt and MPt. Additionally, it was
demonstrated that, for another formulation of MPt, MPt/lipoidol,
apoptosis was the key anti-tumor mechanism?’>*°%7All these
studies and analysis indicate that liposomal MPt possesses
characteristic anti-cancer mechanism different from that of MPt
or MPt/lipoidol, and it is the liposomal formulation that endows
MPt with a distinct anti-cancer mechanism and superior phar-
macological activity.

In fact, further studies are required to clarify some issues, such
as the molecular mechanism involved in the fusion of mitophagy
empty bubbles to form large-sized bubbles and how LMPt enters
the mitochondria. Clarifications of these unsolved issues will be
the primary focus of our next study.

5. Conclusions

LMPt is a novel and auto-assembly platinum-based liposome
prepared employing the structure character of MPt, and could
exert excellent action. Its novel and unique endocytosis mecha-
nism based on Cav-1 endogenous level would offer clinical
administration guidance to predict the patients that would gain the
maximize benefit from LMPt treatment. Additionally, our research
is the first to disclosed mitochondria as the major target of plat-
inum after preparing into liposome formulation, which is virtually
different from the traditional view in which the dominant targeting

site of most platinum is nuclear DNA. These results broaden the
potential targets of platinum anti-cancer agents. This discovery
brings help for the anti-cancer drug combination based on action
mechanism (Fig. 8). Above all, low toxicity, strong anti-cancer
action and characteristic anti-cancer mechanism made LMPt a
promising candidate as a clinical anti-pancreatic cancer agent.
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