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Metallodrug resistance has attracted a great deal of attention in cancer treatment. According to the cisplatin
(cis-Pt) anticancer mechanism, a new strategy to overcome cis-Pt resistance through mitochondrial
dysfunction is proposed. Two mitochondria-targeted aggregation-induced emission fluorogens
(AlEgens) were first synthesized, named DP-PPhs and TPE-PPhs, which showed superior capacities to
overcome the cis-Pt resistance of lung cancer cells (A549R) by the alteration of drug metabolism (up-
regulation of influx CTR1 and down-regulation of efflux MRP2) and blockage of autophagic flux (failure
of the degradation of autophagosomes). This study is the first time that AlEgens are utilized in the
treatment of cis-Pt resistant cancer cells. Moreover, the underlying molecular mechanism was fully
revealed. Triphenylphosphonium (PPh)-decorated AlEgens DP-PPhs and TPE-PPh3z not only successfully
realized aggregation and the imaging of mitochondria in A549R cells, but also activated cytotoxicity
towards A549R cells. DP-PPhz and TPE-PPhz could induce ROS production, disrupt the mitochondrial
structure, and impair mitochondrial and glycolytic metabolism. Furthermore, the anticancer efficacy of
these drugs was demonstrated in 3D multicellular tumor spheroids (MCTSs) of A549R cells in vitro and in
tumor-bearing nude mice in vivo. This AIE-PPhs strategy not only promoted cytotoxicity towards cancer
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Introduction

Metallodrugs have been utilized in cancer treatment for over 50
years since cis-Pt was first developed.” Moreover, the second
generation platinum drug carboplatin and the third generation
oxaliplatin were also approved for use in clinical treatment.**
However, cancer cells generate metallodrug resistance after
several rounds of treatment, which would deactivate the met-
allodrug and dramatically limit the treatment efficacy. For
example, cis-Pt resistance involves several modes of action:
reduced intracellular accumulation, enhanced efflux, increased
inactivation by metallothionein (MT) and glutathione (GSH),
and strengthened DNA repair capacity.>*” In this case, alter-
ation of cis-Pt metabolism by increasing the intracellular uptake
and decreasing the efflux pump would be effective to overcome
cis-Pt resistance. The copper transporter 1 (CTR1) and multi-
drug resistance-associated protein 2 (MRP2) were the two key
transporters involved in cis-Pt influx and efflux.*** Thus,
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cells but also provided a new pathway for the treatment of metallodrug resistance.

activation of CTR1 and inhibition of MRP2 would resolve the
cis-Pt resistance during treatment.

Aggregation-induced emission fluorogens (AIEgens) devel-
oped by Tang and co-workers have been applied in the imaging
and therapy of cancer cells for over two decades, due to their
high sensitivity and stability.” Compared to conventional
aggregation-caused quenching (ACQ), AlEgens would be lit up
in the aggregation state due to the restriction of intramolecular
motion.” To generate the AIE effect inside the cancer cells,
AlEgens have to target and aggregate in one specific organelle.™
Mitochondria, as the energy sources in cells, play important
roles in cell signaling, biosynthesis, and cell differentiation.'>*®
Due to the special structure of mitochondria, cation fragments
help to realize the mitochondrial accumulation, as triphenyl-
phosphonium (PPh;), pyridinium and so on."” Most reported
mitochondrial targeting AlEgens exhibit anticancer activity by
inducing cell apoptosis, which was the same anticancer mech-
anism used by cis-Pt.** Cancer cells can develop an anti-
apoptotic pathway to escape such treatments, which was also
one of the reasons for the generation of cis-Pt resistance."®*° In
contrast to apoptosis, autophagy is a cytoprotective mechanism
in response to cellular stress, where the cells capture cyto-
plasmic cargos in autophagosomes and then fused with lyso-
somes for degradation.”*** However, autophagy is also
a double-edged sword, either rescuing cells from damage or

© 2022 The Author(s). Published by the Royal Society of Chemistry
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leading to autophagic cell death.** Therefore, new AIEgens with
novel autophagic pathways are needed to resolve the cis-Pt
resistance.

In this research, two triphenylphosphonium (PPh;)-deco-
rated mitochondrial-targeted AIEgens, namely, DP-PPh; ((4-(3-
(9,9-dimethylacridin-10(9H)-yl)-5-(pyridin-4-yl)phenoxy)butyl)
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triphenylphosphonium bromine) and TPE-PPh; ((E)-(4-(4-(2-(4'-
carboxy-[1,1’-biphenyl]-4-yl}-1,2-diphenylvinyl)phenoxy)butyl)

triphenylphosphonium bromine), were designed and synthe-
sized (Fig. 1a). Both DP-PPh; and TPE-PPh; showed 20-fold
cytotoxicity towards cancer cells, when comparing to that of the
precursors, DP-OH and TPE-Br. Mitochondrial accumulation
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(@) Chemical structures of AlEgens including DP-OH, DP-PPhs, TPE-Br, and TPE-PPhs;. Photoluminescence (PL) spectra and relative

maximum intensity ratio ///q of DP-PPhs ((b and c), 50 uM) and TPE-PPhz ((d and e), 50 uM) in a DMSO/water mixture with different water volume
fractions (f,). The Ig and | are the PL intensity in pure DMSO or in different compositions of DMSO/water. Ex = 405 nm.
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and dysfunction after the treatments with DP-PPh; and TPE-
PPh; were observed, including mitochondrial morphology
alteration, mitochondrial membrane potential (MMP) reduc-
tion, and mitochondrial and glycolytic metabolism inhibition.
With the illumination of the RNA-seq analysis, the superior
capacity for DP-PPh; and TPE-PPh; to overcome cis-Pt resis-
tance was due to the alteration of the drug metabolism (by up-
regulation of influx CTR1 and down-regulation of efflux pump
MRP2) and the blockage of the autophagic flux (by failure to
degrade the autophagosomes). The 3D multicellular tumor
spheroids (MCTSs) of A549R cells in vitro and the growth of
tumor-bearing mice in vivo were also inhibited after treatment
with DP-PPh; or TPE-PPh;. This investigation not only demon-
strated the efficacy of PPh;-decoration to achieve mitochondrial
accumulation but also provided a new strategy for the treatment
of metallodrug resistance.

Results
Design, synthesis, and characterization

Two AIE fluorophores based on typical triphenylamine and tet-
raphenylethene groups were first prepared according to previ-
ously reported procedures (Schemes S1 and S2 (ESIf), Fig. 1).
These AIE fluorophores were 3-(9,9-dimethylacridin-10(9H)-yl)-5-
(pyridin-4-yl)phenol (DP-OH) and (E)-4-(2-(4-bromophenyl)-1,2-
diphenylvinyl)benzoic acid (TPE-Br), respectively.>*** Due to the
extremely negative membrane potential (ca. 180 mV) of the
mitochondria, a positively charged triphenylphosphonium
(PPh3) group was introduced and conjugated to DP-OH and TPE-
Br to achieve the aggregation in mitochondria and generate the
AIE effect.””*® Thus, DP-PPh; and TPE-PPh; were synthesized
(Schemes S1 and S3, ESIT) and then fully characterized by 'H-
NMR, “C-NMR, and ESI-MS (Fig. S1-S6, ESIY).

The photophysical properties of DP-OH, DP-PPh;, TPE-Br,
TPE-PPh; were studied. As shown in the UV-vis spectra (Fig. S7,
ESIt), DP-OH, DP-PPh;, TPE-Br, and TPE-PPh; exhibited main
absorption peaks at 290, 275, 320, 340 nm, respectively, in
DMSO/water (v/v, 1:99) at room temperature (Fig. S7, ESIT),
which were due to an intramolecular charge transfer (ICT)
transition.*

An obvious AIE phenomenon was observed for all the tested
complexes in the DMSO/water mixed solvent with increasing
water fractions (fy), due to the restriction of intramolecular
motion. A gradually increased and red-shifted emission was
detected for both the DP-PPh; and TPE-PPh; complexes, where
the maximum emission for DP-PPh; and TPE-PPh; was defined
at 500 nm with f, values of 80% and 98%, respectively (Fig. 1b-
e). Complexes DP-OH and TPE-Br also exhibited typical AIE
properties in the DMSO/water solvent, where the f,, values for
the maximum emission were 60% and 90%, respectively
(Fig. S8, ESIY).

Imaging and cellular localization

Due to their negative charge, both DP-PPh; and TPE-PPh; would
pass thorough the phospholipid bilayers of the mitochondria,
and bind to the inner mitochondrial membrane. To further
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verify the mitochondria-targeting capacities of the PPh;-deco-
rated complexes, DP-PPh; and TPE-PPh;, a commercial mito-
chondrial dye, MitoTracker red was used to co-stain the DP-
PPh; or TPE-PPh; complexes in A549R cells (cis-Pt resistant
human non-small-cell lung cancer cells). The green fluores-
cence from DP-PPh; or TPE-PPh; greatly overlapped with the
red fluorescence from MitoTracker with Pearson's correlation
coefficients (PCC) of 0.84 and 0.88, respectively, (Fig. 2a). In
contrast, the PCC of DP-PPh; and TPE-PPh; with LysoTracker
red were only 0.11 and 0.04 in A549R cells, respectively, which
further suggested that DP-PPh; and TPE-PPh; have an excellent
mitochondria-targeting capacity (Fig. S9, ESIt). However, the
fluorescence of complexes DP-OH and TPE-Br was not observed
in A549R cells from the confocal images, which may be due to
the low cellular uptake and even distribution of DP-OH and
TPE-Br in A549R cells to minimize the AIE effect.”

In vitro cytotoxicity evaluation

Because both DP-PPh; and TPE-PPh; could localize in mito-
chondria, the cytotoxicities of DP-PPh; and TPE-PPh; together
with those of DP-OH, TPE-Br were determined (by using the
MTT assay) against different human cancer cell lines, including
A549 (human non-small-cell lung cancer), A549R (cis-Pt resis-
tant A549), A2780 (human ovarian cancer), MCF-7 (human
breast adenocarcinoma), and Hep G2 (human liver cancer), as
well as the normal cell line BEAS-2B (human lung epithelial
cell), and HLF (human embryo-lung fibroblasts), with cis-Pt as
a reference (Tables 1 and S1, ESIT). The results demonstrated
that the cytotoxicity of DP-PPh; or TPE-PPh; was increased by at
least 20-fold when compared to the corresponding results for
DP-OH and TPE-Br. For example, the ICs, values of DP-OH and
TPE-Br for A549 cells were 38.74 uM and 115.49 uM, whereas the
IC5, values of DP-PPh; or TPE-PPh; for A549 cells were 1.19 uM
and 3.39 uM, respectively. These results further illustrated the
PPh; moiety could facilitate the accumulation of the complex in
the mitochondria and this was decisive for the activation of the
cytotoxicity of DP-PPh, or TPE-PPh;.

The most striking feature for the DP-PPh; or TPE-PPh;
complexes was their capacity to overcome the cis-Pt resistance of
the A549R cells. The IC;, values of DP-PPh; or TPE-PPh; for A549R
cells were 1.25 uM and 3.60 uM, respectively. The resistance factor
(RF, the ratio of the ICs, values for A549R to that for A549) of DP-
PPh; and TPE-PPh; were 1.05 and 1.06, respectively, which were
significantly decreased compared to the RF value of cis-Pt (3.65).

ROS generation and mitochondrial membrane potential

Because both of the DP-PPh; and TPE-PPh; complexes accu-
mulated in mitochondria, their impacts on mitochondria were
first studied to understand the high cytotoxicity of the DP-PPh;
and TPE-PPh; complexes. Mitochondria are the main organelle
for reactive oxygen species (ROS) production and MMP is the
basic characteristic which reflects mitochondrial integrity.***
Firstly, the ROS generation in the cis-Pt resistant A549R cells
was determined using a green fluorescent probe 2',7’-dichloro-
fluorescein diacetate (DCFDA), which could be oxidized by ROS
to yield a strongly green fluorescent dichlorofluorescein

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(a) The confocal microscopy images of A549R cells treated with DP-PPhz (10 uM) and TPE-PPhz (20 uM) after a 1 h incubation. The cells

were co-stained with MitoTracker-Red (200 nM). Scale bar: 20 pm. The flow cytometry quantification of ROS generation in A549R cells (b) and
JC-1-labeled A549R cells (c), with DP-OH (2 uM), DP-PPhz (2 uM), TPE-Br (4 uM) and TPE-PPhsz (4 uM) for 24 h.

(DCF).** No obvious green fluorescence was observed in A549R
cells in the presence of DP-OH or TPE-Br (Fig. S10, ESIY).
However, a strong green fluorescence was observed when the
A549R cells were treated with DP-PPh; or TPE-PPh; under the
same conditions. Flow cytometry further confirmed that about
10-fold or 6-fold increase of ROS was generated in A549R cells
after DP-PPh; or TPE-PPh; treatment when compared to the
treatment with DP-OH or TPE-Br, respectively (Fig. 2b).

© 2022 The Author(s). Published by the Royal Society of Chemistry

The MMP was investigated using the mitochondria-selective
aggregate dye JC-1, which emitted a strong green fluorescence
once the MMP was dissipated.*® The DP-PPh; or TPE-PPh;
treated A549R cells emitted a strong green fluorescence, which
indicated the dissipation of MMP (Fig. S11, ESIt). Flow cyto-
metric analysis was also performed to quantify the loss of MMP.
In Fig. 2c, a significant loss of MMP for A549R cells in the
presence of DP-PPh; or TPE-PPh; after 24 h incubation was
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Table 1 The ICsq values (uM) for various types of cancer cells. Data are shown as mean + standard deviation (SD, n = 3)

Complexes DP-OH DP-PPh; TPE-Br TPE-PPh; cis-Pt

A549 38.74 £ 0.96 1.19 £ 0.04 115.49 + 6.72 3.39 £+ 0.31 9.3 £0.12
A549R 29.96 + 0.77 1.25 £+ 0.07 69.34 + 3.25 3.60 + 0.28 33.94 + 0.15
RF¢ 0.77 1.05 0.42 1.06 3.65

“ RF = resistance factor = IC5,a540r/IC50,a540-

observed, decreasing from 5% to 96% and 99%, respectively.
These results suggested that both DP-PPh; and TPE-PPh; could
induce ROS generation and severe depolarization of MMP.

Mitochondrial morphology and bioenergetics

The effects of DP-PPh; and TPE-PPh; on mitochondrial
morphology in the A549R cells were then examined by trans-
mission electron microscopy (TEM). The mitochondria in the
untreated A549R cells showed a clear-outlined mitochondrial
double-layer membrane and the cristae structure (Fig. 3a). In
contrast, vacuolation was observed in the mitochondria after
treatment with DP-PPh; or TPE-PPh;, and most of the mito-
chondrial cristae structures were destroyed or had disappeared,
indicating that the mitochondrial morphology was severely
damaged.

To verify whether both of the DP-PPh; or TPE-PPh;
complexes could be translocated to other organelles after the
mitochondria were destroyed, a time dependent co-localization
assay was performed for both complexes after 12 h and 24 h
treatments (Fig. S12 and S13, ESI}). Excellent superimposition
patterns between DP-PPh;/TPE-PPh; and the MitoTracker
channels were observed, whereas the overlap patterns of DP-

(=2

N
o

o

o

PPh;/TPE-PPh; with the LysoTracker channels were much more
inferior (Fig. S12 and S13, ESIT). These results demonstrated
that both the DP-PPh; and TPE-PPh; complexes remained in the
mitochondria, and even the mitochondrial integration was
destroyed.

As is already known, the inner membrane of mitochondria
involves all the respiratory enzyme complexes, which are critical
for oxidative phosphorylation (OXPHOS) and ATP production.*
The impact of DP-PPh; and TPE-PPh; on mitochondrial respi-
ration of the A549R cells was then determined by the quanti-
tative analysis of the oxygen consumption rate (OCR) using
a Seahorse XFe24 Extracellular Flux Analyzer (Agilent). As shown
in Fig. 3b and c, no obvious influence was observed for the DP-
OH or TPE-Br treated cells, whereas mitochondrial respiration
in the DP-PPh; or TPE-PPh; treated cells were dramatically
suppressed. The basal respiration was decreased over 80% after
the DP-PPh; or TPE-PPh; treatment, and the ATP product was
even completely inhibited after the TPE-PPh; treatment.
Furthermore, it significantly ruined the reverse capacity of the
maximal oxygen consumption of the cells, as there was no
response to the carbonyl cyanide p-(trifluoromethoxy) phenyl-
hydrazone (FCCP), an uncoupler of the proton gradient across

Glucose Oligomycin  2-DG
' '

—s— Control ° I I
—e—DP-OH 4uM
—a—DP-PPh, 2uM
+— TPE-Br 8yM
—e— TPE-PPh, 4uM

—a— Control
—e—DP-OH 4uyM
—a—DP-PPh, 2uM
+— TPE-Br 8uM
—e—TPE-PPh, 4uM

OCR (pmol-min'1 ‘Mg protein'1)
o

(2]

Basal ATP

OCR (pmol~min'1 “ug protein'1)

Fig. 3

T
60

Time (min)

Max
respiration production respiration respiration

ECAR (mpH-min‘1-ug r
N

k2 2 v
v v T T T
80 100 0 20 40 60 80 100
e Time (min)
[l Control 125 I Control
[ OP-OH 4uM 10 [ DP-OH 4uM
[ DOP-PPh, 2uM [ OP-PPh, 2uM
[ TPE-Br 8uM 8l [ TPE-Br 8uM

Il TPE-PPh, 4uM I TPE-PPh, 4uM

Spare

ECAR (mpHmin'1 ‘Hg [)rotein"I )

Glycolysis

Glycolytic
capacity

Glycolytic
reserve

(a) Typical TEM images indicating the alterations in mitochondrial morphology in the A549R cells induced by DP-PPhsz (2 uM) and TPE-

PPh3 (4 uM) for 24 h at 37 °C. (b) Kinetic profiles of OCR in A549R cells after treatment with DP-OH, DP-PPhs, TPE-Br, or TPE-PPh3 for 24 h. (c)
Quantification of basal respiration, ATP production, maximum respiration, and spare respiratory capacity from the kinetic profiles of OCR. (d)
Kinetic profiles of ECAR in A549R cells after treatment with DP-OH, DP-PPhs, TPE-Br, or TPE-PPhs for 24 h. (e) Quantification of glycolysis,
glycolytic capacity, and glycolytic reserve from the kinetic profiles of ECAR. Data are shown as mean + SD (n = 3).
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the inner mitochondrial membrane. The mitochondrial respi-
ration was shut down after the addition of rotenone and anti-
mycin A (inhibitors for the mitochondrial complexes I and III,
respectively).

Although mitochondrial respiration is strongly suppressed
by DP-PPh; and TPE-PPh;, the metabolism of the cancer cells
was flexible. For example, the Warburg effect was well recog-
nized, as the aerobic glycolysis would be activated instead of
OXPHOS to supply the ATP production.** Therefore, the extra-
cellular acidification rate (ECAR) in DP-PPh; and TPE-PPh,
treated A549R cells was also measured, which reflected the
glycolytic capacity of the cells. As shown in Fig. 3d and e, the
ECAR response to the glucose was considered as the basal
condition. Once the oligomycin (the inhibitor for mitochondrial
ATP production) was added, the energy product turned to
glycolysis and this was considered as the maximum glycolytic
capacity of the cells. The glycolytic reserve was calculated from
the variation of ECAR before and after the treatment with oli-
gomycin. According to the results indicated in Fig. 3e, the ECAR
was dramatically decreased in A549R cells after the treatment
with DP-PPh; or TPE-PPh,. Thus, DP-PPh; and TPE-PPh; could
not only efficiently destroy the mitochondrial structure but also
lead to mitochondrial dysfunction including ATP production
and aerobic glycolysis.

RNA-seq transcriptome analysis

To investigate the underlying molecular mechanisms of DP-
PPh; and TPE-PPh; antitumor activity, RNA sequencing (RNA-
seq) transcriptome analysis was used to compare the different
gene expression profiles in DP-PPh;- or TPE-PPh;-treated A549R
cells with that of untreated A549R cells.** The PCCs between
every two individual replicates from the same group were all
above 0.99 (Fig. S14a, ESIT), which confirmed the reliability of
the results. The cluster analysis further verified that the exper-
iment was reproducible (Fig. S14b, ESIf). In the volcano
diagram of all the compared data, it was found that the
expression levels of 1161 genes were changed significantly after
DP-PPh; treatment, including 600 up-regulated genes, and 561
down-regulated genes (Fig. S15a, ESIt). The heat-map of the
RNA-seq also showed similar gene expression patterns across
replicates in each group, among which the blue color repre-
sented the lower transcription of genes, and the red color
indicated high gene expression (Fig. 4a). Similarly, in the TPE-
PPh;-treated A549R cells, the expression levels of 600 and 594
genes were found to be up-regulated and down-regulated,
respectively, as shown in the volcano diagram (Fig. S15b,
ESIt) and the heat-map diagram (Fig. S16a, ESIt).

Gene ontology (GO) analysis was applied to perform enrich-
ment analysis on the gene sets, where the DP-PPh; and TPE-PPh;
treatment caused significant overall changes of A549R cells in
gene categories, such as biological process, cellular component,
and molecular function (Fig. S17, ESIT). The Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway annotation is a knowledge
base for systematic analysis of gene functions, linking the
genomic information with higher-order functional informa-
tion.”” The KEGG analysis indicated that various pathways for

© 2022 The Author(s). Published by the Royal Society of Chemistry
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cancer progression, such as the TNF signaling pathway, the
PI3K-Akt signaling pathway, the IL-17 signaling pathway, and the
p53 signaling pathway were regulated after the DP-PPh; and
TPE-PPh; treatments (Fig. 4b and S16b, ESIt).

It is worth mentioning that the expression of oxidative
phosphorylation-related genes (COX1, COX2, COX3, NDU-
FA4L2) and aerobic glycolysis-related genes (HK2, HKDC1,
ALDH1L2, ALDHA, PCK2, PFKL, ALDOA, ALDOC) of the A549R
cells were all significantly altered (either up-regulated or down-
regulated) after the DP-PPh; treatment (Fig. 4c).*®**° These
results indicated that the DP-PPh; treatment has been an
effective influence on the energy metabolism of the A549R cells,
which was consistent with the previous observations of the
mitochondrial dysfunction (Fig. 3).

Moreover, several platinum resistance-related pathways of the
A549R cells also showed severe alteration, either blocked or
activated, after the DP-PPh; treatment. For example, the expres-
sions of the copper transporter family SLC31A2 were up-regulated
significantly, and the expressions of the ATP-binding cassette
(ABC) transporter family ABCC4 and ATPase copper transporter
ATP7B were down-regulated, which could activate drug influx and
block drug efflux. Furthermore, the mismatch repair systems
including MSH2 and MSHS6, and nucleotide excision repair
systems including ERCC6, TOP2A, BRCA1, and BRCA2 were also
deactivated.®” Similar results were also observed for the TPE-PPh;
treated A549R cells (Fig. S16, ESIt). These results are an obvious
clue to explaining the mechanism for both DP-PPh; and TPE-
PPh; complexes to overcome the cis-Pt resistance.

The autophagic pathway relative gene expressions (PRKN,
PINK1, LC3, and SQSTM1) were also found to be enriched in the
DP-PPh;- and TPE-PPh;-treated groups (Fig. 4c and S14, ESIf).
In conclusion, the RNA-seq analysis suggested that the DP-PPh;
and TPE-PPh; complexes could prevent cancer progression by
the energy metabolism inhibition and autophagy, and over-
come cis-Pt drug resistance by activation of drug influx and the
blockade of the efflux.

Autophagic flux blockage

Mitochondrial damage could induce mitophagy or autophagy.*
Mitophagy is a unique form of selective macroautophagic/
autophagy, where the mitochondrion is captured in an auto-
phagosome and delivered to a lysosome for further degrada-
tion.”” In response to mitochondrial damage, PINK1 (PTEN
induced kinase 1) accumulates on the outer mitochondrial
membrane, where both ubiquitin and Parkin/PRKN (parkin
RBR E3 ubiquitin protein ligase) were phosphorylated.*>**
Then, the autophagic adaptor protein sequestosome-1
(SQSTM1/p62) was recruited to the clustered mitochondria
and interacted with LC3-II (microtubule-associated protein 1
light chain 3 II), and subsequently initiated the recognition of
autophagosomes by the damaged mitochondria. Eventually, the
damaged mitochondria was delivered to the lysosomes medi-
ated by autophagosomes to form the autolysosome, which were
degraded together with SQSTM1/p62.*>*¢

The previous RNA-seq results showed that the relative gene
expressions for autophagy were dramatically up-regulated after
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Fig. 4 The RNA sequence analysis of differential gene expression (a), the KEGG enrichment analysis to identify signaling pathways (b), and
expression regulation (c) in A549R cells after DP-PPhs treatment (2 pM). *p < 0.05, ***p < 0.001.

the DP-PPh; and TPE-PPh; treatment. To further demonstrate
the observed alteration in the autophagic pathways, a western
blotting assay was performed to quantify the relative protein
expression (Fig. 5). The immunoblots showed that DP-PPh; and
TPE-PPh; significantly increased the expression levels of PINK1
and Parkin/PRKN of the A549R cells in a concentration-
dependent manner (Fig. 5a), when comparing to that in the
DP-OH- and TPE-Br-treated A549R cells. The conversion from
LC3-I to its lipidation form LC3-II (a specific marker of auto-
phagy) was then also detected in A549R cells after treatment

1434 | Chem. Sci, 2022, 13, 1428-1439

with DP-PPh; and TPE-PPh;, respectively.”**” The increasing
LC3-II/LC3-I ratio in the DP-PPh;- and TPE-PPh;-treated A549R
cells was also shown to occur in a highly dose-dependent
manner (Fig. 5a).

The onset of autophagy in the DP-PPh;- and TPE-PPh;-
treated A549R cells was further demonstrated by the immuno-
staining of MAPLC3B (microtubule-associated proteins 1A/1B
light chain 3B, a marker for autophagosomes).?>** The punc-
tate structures of LC3B were visualized in the confocal images of
DP-PPh;- and TPE-PPh;-treated A549R cells (Fig. 5b), suggesting

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The results of the immunoblotting of PINKZ1, Parkin, LC3B, and p62 (a), and the expression levels of MRP2 and CTR1 (c) in A549R cells
treated with DP-OH, DP-PPhz, TPE-Br, or TPE-PPhs for 48 h. (b) Confocal microscopy images of A549R cells stained with LC3B after treatment
with DP-OH (2 uM), DP-PPh3 (2 uM), TPE-Br (4 uM) or TPE-PPhz (4 uM) for 48 h. Scale bar: 20 um. (d) Depth of view of the confocal images of the
3D A549R tumor spheroids after treatment with DP-OH (10 pM), DP-PPhs (10 uM), TPE-Br (20 uM) or TPE-PPhs (20 uM) after 7 d. The live/dead

cells were stained with calcein AM/PI.

that autophagosomes had been generated.***® This was in good
agreement with the TEM observations (Fig. 3a), where the
typical vacuole-like morphology of autophagosomes was found
in A549R cells after treatment with DP-PPh; and TPE-PPh;.

According to previous reports, the p62 protein would
degrade with the autophagosomes to complete the autophagic
flux, which then lead to a decrease in the expression level of
p62.7>*%*® However, no obvious alteration of the expression level
of p62 was observed between the DP-PPh;- and TPE-PPh;-
treated and the DP-OH- and TPE-Br-treated A549R cells (Fig. 5a).
This suggested that the p62 degradation had been prevented
and the autolysosome formation had been blocked by the
treatment with DP-PPh; and TPE-PPh;.>*® The failure of the
autophagic flux would result in the accumulation of damaged
organelles, which is fatal to the cells.* Thus, the high cytotox-
icity of DP-PPh; and TPE-PPh; towards the A549R cells resulted
from the autophagic flux blockage.

Drug metabolism pathway evaluation

Encouraged by the alternated expression levels of the copper
transporter family and the ABC transporter family in RNA-seq
results, next the expression of CTR1 and MRP2 were exam-
ined using a western blot assay (Fig. 5c). Proteins CTR1 and
MRP2 were the two key transporters involved in the resistance

© 2022 The Author(s). Published by the Royal Society of Chemistry

to cis-Pt-based anticancer agents.**' In a previous study, Liu
and co-workers reported obvious down-streamed expression of
CTR1 in the A549R cells, where the cis-Pt resistance was over-
come by using a conjugate of a cis-Pt prodrug and PEGylated
gold nanorods to facilitate the delivery of a platinum-based
prodrug into the cells.” The MRP2 is an ABC transporter that
contributes to multidrug resistance in various cancers by
mediating the efflux of chemotherapy drugs.*®

As shown in Fig. 5c, the expression level of CTR1 in the
untreated A549R cells was inhibited compared to that of the
A549 cells, which was consistent with previous reports.® The
most noteworthy feature to mention here is that the drug
metabolism in the A549R cells was completely reversed after the
DP-PPh; and TPE-PPh; treatment, where the influx CTR1 was
highly expressed and the efflux MRP2 was suppressed in
a concentration-dependent manner (Fig. 5¢). In contrast, in the
DP-PPh;- and TPE-PPh;-treated A549 cells, the expression of
CTR1 maintained nearly no change, whereas the MRP2 was
highly expressed when compared to the untreated A549 cells
(Fig. 5¢). This suggested that the underlying mechanism for DP-
PPh; and TPE-PPh; to overcome the cis-Pt resistance was due to
the reverse of the metallodrug metabolism in the A549R cells.

The expression of P-glycoprotein (P-gp) was also examined,
which was also known as multidrug resistance protein 1
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(MDR1). As a member of the ABC superfamily, P-gp could effi-
ciently expel a wide spectrum of chemotherapeutic agents out of
cells, thereby decreasing their intracellular accumulation and
therapeutic potency.***> Western blot results showed that there
was no obvious suppression of P-gp after the DP-PPh; or TPE-
PPh; treatment (Fig. S18, ESIY), indicating that P-gp was not
affected and had little contribution to the capacity of either of
the complexes to overcome resistance.

Control
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Biological evaluation of 3D A549R multicellular tumor
spheroids

To evaluate the anti-proliferation activity of DP-PPh; and TPE-
PPh; on the tumor spheroids, 3D A549R MCTSs with an average
diameter of 500 nm were used to mimic the microenvironment
of the solid tumor (Fig. 5d and S19, ESIT).”* After 7 d of incu-
bation, the control spheroids and the TPE-Br-treated ones (20
uM, IC50 = 69.34 pM) grew to a diameter of about 650 nm, which
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(a) Representative tumor samples collected from the mice after the injection of saline or DP-PPhz or TPE-PPh3z or CDDP, for 14 d (n = 6).

(b) Tumor weight of mice after the last determination, ***p < 0.001. (c) Time-dependent tumor growth curves after treatment. (d) Body weight
variations during the treatment. (e) The H&E and TUNEL analyses of tumor tissues after treatment with different drugs. Scale bar: 100 pm. The
dosage of DP-PPhs, TPE-PPhs, and CDDP was 5 mg per kg every second day. Saline was used as a control.
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demonstrated great survival conditions for the A549R spheroids
(Fig. S19, ESI}). The DP-OH-treated ones (10 uM, ICs, = 29.96
uM) maintained a similar size due to their moderate cytotoxicity
towards the A549R cells (Fig. S16, ESIT). Even though there was
no obvious shrinkage of the size of the DP-PPh;- (10 uM, IC5, =
1.25 uM) or TPE-PPh;-treated spheroids (20 uM, ICs, = 3.60
uM), a double staining assay with calcein-AM (live cells, green
fluorescence) and PI (dead cells, red fluorescence) demon-
strated that most of the A549R cells were dead after the 7 d of
treatment with DP-PPh; or TPE-PPh; (Fig. 5d). A red fluores-
cence was observed at a great depth of 160 nm of the DP-PPh;-
or TPE-PPh;-treated A549R spheroids. In contrast, the control
and the DP-OH- and TPE-Br-treated A549R cells were shown to
be surviving well by the light green fluorescence (Fig. 5d). Thus,
the DP-PPh; and TPE-PPh; complexes are proved to be prom-
ising anticancer agents to treat cis-Pt-resistant lung cancers.

In vivo antitumor study

Encouraged by the results of the in vitro studies, the in vivo
antitumor effect of DP-PPh; and TPE-PPh; in A549 tumor-
bearing mice models were further evaluated. The tumor-
bearing mice were randomly divided into four groups (n = 6)
and injected intratumorally with DP-PPh; or TPE-PPh; or CDDP
(cis-Pt) (5 mg kg™ mice weight) or saline once every other day
for 14 d. As shown in Fig. 6a-c, the growth of the tumors was
significantly inhibited after the mice were treated with DP-PPh;
or TPE-PPh;. The average tumor volumes for the DP-PPh; and
TPE-PPh; group after 14 d treatment were 528.19 mm® and
667.97 mm®, respectively. The control group was characterized
with rapid growth of the volume of the tumor to 1565.49 mm?.
Moreover, the efficacy of the DP-PPh; and TPE-PPh; group were
also superior to that of the positive CDDP-treated group (757.97
mm?®). In addition, the body weight of the mice treated with DP-
PPh; and TPE-PPh; showed no obvious change during the
cancer treatment, unlike the control and CDDP-treated groups
(Fig. 6d), which indicated that DP-PPh; and TPE-PPh; displayed
potent antitumor activity in vivo and low toxicity to the mice.

Hematoxylin and eosin (H&E) staining and terminal deoxy-
nucleotidyl transferase dUTP nick-end labelling (TUNEL)
staining assays were performed to evaluate the therapeutic
efficacy of the different treatments. As can be seen in Fig. 6e, the
images of the H&E and TUNEL-stained tumor tissue show that
the DP-PPh; and TPE-PPh; induced a high level of cell death in
the mice. However, the control group did not show obvious
tumor necrosis. Notably, no obvious change in weight and no
apparent lesions of the major organs were observed in mice
treated with DP-PPh; or TPE-PPh; (Fig. S20, ESIt), indicating
the minimal adverse effects and the excellent biocompatibility
of DP-PPh; or TPE-PPh;. All these results demonstrated the
success of the strategy using mitochondrial targeting AIEgens
for cancer therapy.

Discussion

In this work, the results of the experiments demonstrated that two
mitochondria-targeted AlEgens, DP-PPh; and TPE-PPh; could

© 2022 The Author(s). Published by the Royal Society of Chemistry
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accumulate in the mitochondria and gave a superior anticancer
performance. Even though mitochondrial targeting AlEgens have
been continuously reported over the last 20 years, cis-Pt -resistant
cancer cells have still not been investigated."** The work carried
out here showed the underlying molecular mechanism, and for
the first time revealed the remarkable capacity of AIEgens to
overcome cis-Pt resistance. For example, in 2014, Liu and co-
workers developed an AIE-mito-PPh; that could selectively kill
HelLa cancer cells by the destruction of MMP and elevation of the
intracellular ROS levels.”” Lately, Zhang and co-workers reported
several TPE-based pyridinium salts which induced ROS elevation
and damaged the oxidative phosphorylation, leading to mitophagy
in Hep G2 cells.* The failure of autophagosome-lysosome fusion
in the downstream autophagic flux resulted in cancer cell death.
In addition, Tang and co-workers reported three pyridinium-
functionalized TPE derivatives that could inhibit the expression
of cell cycle-promoting genes to prevent cancer progression.*
Compared to the other reported mitochondria-targeted AIEgens,
DP-PPh; and TPE-PPh; showed high cytotoxicity to cis-Pt-resistant
A549R cancer cells with ICs, values of 1.19 uM and 3.39 uM,
respectively. As far as is known, this is the first example of AIE-
based probes used for cis-Pt-resistant cancer therapy.

Incorporation of PPh; into Pt-anticancer agents has been
reported previously. Dhar and co-workers® constructed
mitochondria-targeted Pt(iv)-prodrug nanoparticles (Platin-M,
with two lipophilic PPh; cations in the axial positions), which
could be used to precisely deliver the drug into the mitochon-
dria. In the microenvironment of the tumor cells, the Pt(w)-
prodrug could be reduced, and then it binds to the mitochon-
drial DNA, destroys its structure, and then exhibits cellular
activity against the cis-Pt resistant tumor cells. Wang and co-
workers®® developed three mono-functional mitochondria-
targeted Pt(u) complexes to suppress lung cancer by involving
energy metabolism. Most PPh; modified Pt-anticancer agents
were designed to target mitochondrial DNA and metabolism.
Once the PPh; and the AIEgens were conjugated, the self-
emitting fluorescence of the aggregates in the mitochondria
could be observed, which then was able to achieve image-
guided chemotherapy and the capacity to overcome cis-Pt
resistance. This is the biggest difference to the PPh; modified
Pt-anticancer agents.

However, drug metabolism plays an important role in met-
allodrug resistance, which mainly involves the reduced drug
uptake and enhanced efflux.>* The CTR1 and MRP2 were the
two key transporters involved in cis-Pt influx and efflux to
decrease the cis-Pt accumulation in cancer cells.®*° In this work,
the expression of CTR1 and the downstream expression of
MRP2 in A549R cells it was successfully demonstrated.
Furthermore, the mismatch repair systems including MSH2
and MSHS6, and nucleotide excision repair systems including
ERCC6, TOP2A, BRCA1, BRCA2 were all also deactivated in
response to the treatment with DP-PPh; and TPE-PPh;, which
could also be responsible for their capacity to overcome the cis-
Pt and this will be investigated in the future.®’

Autophagy was a cytoprotective mechanism in response to
cellular stress, however, unregulated autophagy can also be
lethal.**** In a common scenario, the autophagosome would be
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swallowed by the lysosome and then be digested.”* Here, it was
found that mitophagy was initiated, and the latter-stage auto-
lysosome formation was inhibited after DP-PPh; and TPE-PPh;
treatment, resulting in the accumulation of autophagic
substrates. These observations suggested that the high cyto-
toxicity of these two AIEgens partially resulted from the auto-
phagic flux blockage. It is worth noting that DP-PPh; and TPE-
PPh; showed relatively low ICs, value in the normal BEAS-2B
and HLF cells, which was even more toxic than cis-Pt. More
research on the improving the selectivity to tumor cells with the
tumor-targeting groups are needed in the future.

Conclusions

In summary, two PPhs-functionalized AIE-derivatives DP-PPh;
and TPE-PPh; were developed and their anticancer activity
against cis-Pt-resistant lung A549R cancer cells, is reported. The
cytotoxicity experiments demonstrated that PPhs-decoration
would be a feasible strategy to enhance AlEgens' cytotoxicity
towards cancer cells due to their accumulation in the mito-
chondria. Specifically, DP-PPh; and TPE-PPh; could induce ROS
production, decrease the mitochondrial membrane potential,
disrupt the mitochondrial structure, and impair mitochondrial
and glycolytic metabolism. More importantly, DP-PPh; and
TPE-PPh; have shown the capacity to overcome the cis-Pt
resistance of A549R cells through the alteration of the drug
metabolism pathway (up-regulation of influx transporter CTR1
and down-regulation of efflux pump MRP2) and blockage of the
autophagic flux (failure to degrade the autophagosomes).
Moreover, DP-PPh; and TPE-PPh; displayed a good anticancer
effect and undetectable systemic toxicity in vivo. This study not
only provides two potent anticancer AIEgens but also demon-
strates an effective strategy for the treatment of metallodrug
resistant cancer cells through mitochondrial dysfunction. In
this work, the linker may play some role, which would affect the
lipophilic, cellular uptake, and photophysical properties of the
molecules, which will be studied further in the future.
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