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Dan Yang*

Abstract: We successfully synthesized {BiWg}, a 10-nuclear
heteroatom cluster modified {BiWO3,). At 24 h post-incuba-
tion, the ICs, values of {BiWg} against HUVEC, MG63, RD,
Hep3B, HepG2, and MCF7 cells were 895.8, 127.3, 344.3,
455.0, 781.3, and 206.3 uM, respectively. The ICs, value of
{BiW} on the MGO63 cells was more than 2-fold lower than that
of the other raw materials. Through morphological and
functional features, we demonstrated pyroptosis as a newly
identified mechanism of cell death induced by {BiWg}. {BiWg}
increased 2-fold reactive oxygen species (ROS) levels in MG63
cells at 24 h post-incubation. Compared with 0 h, the gluta-
thione (GSH) content decreased by 59, 65, 75, 94, and 97 % at
6, 12, 24, 36 and 48 h post-incubation, respectively. Further-
more, multiple antitumor mechanisms of {BiWyg} were identi-
fied via transcriptome analysis and chemical simulation,
including activation of pyroptosis, suppression of GSH
generation, depletion of GSH, and inhibition of DNA repair.

Introduction

Polyoxometalates (POMs) have unmatched multifunc-
tional chemical properties with well-defined structures, reg-
ular sizes, superior redox properties,"?! high solubility,*~!
stability,® and other advantages under a wide range of pH.
It is widely used in fields such as pharmaceutical medicine.”!
Furthermore, it is a class of outstanding cluster compounds
formed by pre-transition metal ions linked by oxygen ions.*!]

Despite being known to demonstrate anticancer activity for
more than 50 years, it remains challenging to understand their
underlying mechanism. Specifically, the antitumor mecha-
nisms behind the cell death and cell fate decisions of POMs
have not been well studied.

We summarized the major events involved in the anti-
cancer activity of POMs via cell death found in literature
(Figure 1, Table S2). Among these reports, only a few de-
scribed apoptosis and necrosis. However, most reports did not
describe the manner of cell death. Moreover, little is known
about the molecular mechanisms of POM-induced -cell
death.>" In recent years, there has been increasing research
on new mechanisms involving cell death, such as pyroptosis
and ferroptosis.!'®’ These newly discovered mechanisms have
also started being considered promising antitumor mecha-
nisms for the development of chemotherapeutic drugs.”!
Exploring novel mechanisms of POM-induced cell death
may aid in providing evidence to support the potential value
of POMs in clinical applications. Pyroptosis is a novel form of
regulated cell death (RCD) that differs from apoptosis,
necrosis, and other types of cell death. It is characterized by
the formation of plasma membrane pores by members of the
gasdermin protein family, causing the release of cell contents,
such as LDH and inflammatory cytokines."® It has been
found that pyroptosis can play an important role in tumor
chemotherapy as a prospective cell death pathway because of
its ability to trigger antitumor immune responses.!>!]
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Liinvestigated the inhibi-
tory effects of K;Na[AsMo,

0,,(0,CCH,NH,),|-6H,0
(1) and K;Na,|7-Mo,0,,
(0,CCH,N Hy);]-6H,0 (2)
on haman non-small cell
lung cancer cell line A549
in vitro. The staining and
flow cytometry results
showed that compound 1
induced the apoptosis and
necrosis of A549 cells.

For the first time, Scorilas
reported (PPh,);[Mo,0,(p-0),-
(2,5-DHBA),|-induced necrosis
of human HL-60 and K562
leukemic cell lines in vitro by
trypan blue staining.

Xia found the FNdPW-induced
apoptosis of human lung cancer
AS49 cells in vitro, and
developed 1 more compreheasive
understanding of the molecular

mechanisms. The expression of
apoptosis-related proteins (Bad,
XIAP, Bax and Bel-2) were
detected by western blotting.

Our group found BWCN-induced
apoptesis in HT-29 human colorectal
cancer cells in vitro, and investigated
the molecular mechanisms (caspase-3)
by western blotting for the first time.

Figure 1. Summary of major events involved in the anticancer activity via cell death of POMs.

Our previous study revealed that trilacunary Keggin-type
POMs increased intracellular reactive oxygen species (ROS)
levels and consequently inhibited the proliferation of Tetra-
hymena thermophiles.” We demonstrated for the first time
the involvement of increased ROS in the antiproliferative
ability of POMs at the intracellular and molecular level.
Generally, ROS levels in cancer cells are much higher than
those in normal cells due to abnormal metabolism in cancer
cells. To survive, cancer cells dynamically supply reducing
equivalents to clear ROS and maintain a normal redox
balance. Once the redox balance is disrupted, the increased
ROS levels cause macromolecular damage and cancer cell
death.””

In this study, we report a novel {BiWg} compound known
as (Hdmap);[{CoNa,(H,0)5(BiWO;)}{BiW;05}]-2H,0O
(dmap =N-(4-pyridyl)dimethylamine) synthesized using
a one-step synthesis method. For the first time, we identified
pyroptosis to be a new mechanism involved in POM-induced
cancer cell death. It was also observed to induce upregulation
of ROS levels in MG63 cells. Moreover, we identified
multiple antitumor mechanisms involved in the action of
{BiWg}. Our findings provide a novel and integrative insight
into the antitumor mechanism of POMs, with important
theoretical and practical significance for drug research on
POMs.

Results and Discussion

The chemical formula of the POM examined in this study
is (Hdmap);[{CoNa,(H,0)s(BiWO;){BiW;O4}]-2H,O (ab-
breviated as {BiWg}). This compound is a triclinic system
with a P1 space group identified using X-ray single crystal
diffraction analysis (Table S3,4). It consists of a {B-f-
BiW05,})’~ anion, a unique 5-nucleated heterometallic unit
{CoNa,(H,0)s (BiWOs5)}, and three protonated dmap organic
molecules (Figure S1). The {B-B- BiWyO;,)°~ anion is derived
from a three-vacant [B-B-BiW,0s;]°~ group by removal of the
WOy octahedra. Bi(1) is located at the independent inversion

center that forms a three-coordinated structure with five
oxygen atoms (four oxygen atoms are semi-occupied) and
further connects with eight tungsten ions to form the {B-f-
BiW;05,}°" anion.

The {BiWg} sandwich structure is composed of two
centrosymmetric {B-B-BiW;O5}°~ polyoxoanions with a spe-
cial 10-nuclear heterometallic oxygen cluster unit {Co,Na,-
(H,0), (Bi,W,05)} derived from two 5-nuclear heterometallic
oxygen cluster units {CoNa,(H,0)s(BiWO;)} (Figure 2a,b).
There are four classes of crystallographically independent
ions in this unique multinuclear sandwich structure: Bi(2),
W(6), Co(1), Na(1), and Na(2). Bi(2) is located at the waist of
the sandwich structure and is connected to six oxygen atoms
(each oxygen atom is semi-occupied) to form a three-
coordinated coordination structure. The octahedral geometry
of W(6) is connected with three oxygen atoms in {B-f-
BiW 05}’ and three oxygen atoms in the nuclear hetero-
metal units. Co(1) connects with two oxygen atoms in two
different {B-B-BiWyO,,}° anions, three oxygen atoms in a 5-
nuclear hetero-metal unit, and one water molecule to form an
octahedral coordination structure. Na(1) forms a bridging
coordination structure with oxygen atoms from the 5-
nucleated heterometal unit. Six oxygen atoms coordinated
with Na(2) come from two oxygen atoms of a 5-nuclear
hetero-metal unit and four water molecules. Each 10-core
structural unit forms an infinite one-dimensional chain

2
‘7‘\

(b)

Figure 2. a) 5-nuclear heterometallic oxygen cluster unit; b) a special
10-nuclear hetero-metallic oxygen cluster unit.
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through Na(2)-connected p-O atoms (Figure S2) and a lan-
tern-type two-dimensional sandwich structure through Na(1)-
connected p-O atoms (Figure S3). Some literature®! have
reported that the antitumor activity of POMs is associated
with its antioxidant capacity, and the formation of the 10-core
hybrid metallic clusters favors the transfer of electrons to
enhance the antioxidant reduction capacity of the {BiWg}
compound. In the stacking arrangement, the adjacent two-
dimensional layers are connected by hydrogen bonds (Ta-
ble S5) and supramolecular interactions between the 4-
dimethylaminopyridine groups and oxygen atoms on the
surface polyoxoanions to form a 3D structure (Figure S4a).
Meanwhile, the compound has a new topological structure
with a topological number of
{0}641.6%.87),{4'5.6'2.12%.14'8.161.18){47),{4*.12%.14%},{45),-
[47.6'},{4}1,. In the simplified diagram 3D structure, the
organic ligands form multiple channels between the lantern-
like 2D structures, providing structural support to increase its
oxidative reduction (Figure S4b and Figure S5).

Figure S6 shows the infrared absorption spectra of the
{BiWg} compound, displaying four absorption bands at
727 cm ™', 781 cm™!, 847 cm ™!, and 952 cm ! which correspond
to the stretching vibration absorptions of [BiWyO5,]’~ anions
for v(W-O,W), v(W-O,-W), v(Bi-O,), and v(W=0,), respec-
tively, in the range of 500-1000 cm ', which is consistent with
previous literature.”” Moreover, there are three absorption
peaks around 1627-2366 cm ', which can be attributed to the
vibrational absorption peaks of the dmap organic ligands in
the {BiWg} compound.

The thermal stability curve of the {BiWg} compound is
a two-step weight loss process, as shown in Figure S7. The
weight loss rate at the first weight loss step was 6.15%
(theoretical value: 5.56 % ) at 95-300°C, which corresponds to
the loss of coordination and lattice water molecules. The
weight loss rate at the second weight loss step was 11.61 %
(theoretical value: 11.40 % ) at 423—-675 °C, which corresponds
to the loss of dmap organic ligands.

The X-ray spectra of the {BiWg} compound showed that
the single-crystal simulated diffraction data are consistent
with the peak patterns and positions of the actual diffraction
patterns, indicating that the {BiWg} compound was pure phase
(Figure S8). However, the slight difference in peak intensity
may be due to the preferred orientation of the crystal plane.

The stability of the {BiWg} compound in PBS buffer was
obtained via UV spectroscopy after 0, 24, and 48h of
incubation (pH 7.4) at 37°C. The spectral peaks at 200-
300 nm were assigned to the charge transfer transition of
04— W and 0,,0,—W!"in Figure S9. No significant changes
were found in the UV spectra after 0, 24, and 48 h, indicating
that the compound was stable in aqueous solution and
analyzable at room temperature.

The dynamic light scattering spectra (DLS) of 0.5 mM
{BiW,} compound in PBS buffer (pH 7.4) after 0, 24, and 48 h
incubation (pH 7.4) at 37°C are shown in Figures S10-12. The
average particle size of the {BiWg} compound was about 6.7—
7.4 nm. Furthermore, the particle size did not change
significantly after 48 h, indicating that the {BiWg} compound
is stable in PBS buffer.
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To determine the effect of {BiWg} on cell proliferation, the
cell viabilities of one normal cell line (human umbilical vein
endothelial cell line [HUVEC]) and five carcinoma cell lines
(human osteosarcoma cell line, MG63; human rhabdomyo-
sarcoma cell line, RD; human liver cancer cell lines, HepG2
and Hep3B; and human breast carcinoma cell line, MCF7)
were measured via MTT assays (Figure S13,14). At 24 h post-
incubation, the half maximal inhibitory concentrations (I1Cs)
values of {BiWg} against HUVEC, MG63, RD, Hep3B,
HepG2, and MCF7 cells were 895.8, 127.3, 344.3, 455.0,
781.3, and 206.3 uM, respectively (Table S6). At 48 h post-
incubation, their ICy, values were 381.6, 63.2, 164.3, 217.1,
288.1, and 84.3 uM, respectively. Drug screening showed that
cell proliferation in the MG63 cells was the most pronounced.
Therefore, we selected MG63 cells for further studies.

The growth inhibition in MG63 cells treated with {BiWg}
and three raw materials (Na,WO,-2H,0, CoCl,-6 H,O, and
dmap) for 24 and 48 h was measured (Figure 3, S15, and S16).
At 24h post-incubation, the ICy, values of {BiWg},
Na,WO,2H,0, CoCl,-6 H,0O, and dmap were 127.3, 1003.0,
11596.2, and 365.5 uM, respectively (Table S7). At 48 h post-
incubation, their ICs, values were 63.2, 298.9, 648.3, and
115.9 uM, respectively. The inhibitory effects {BiWg} on the
MG63 cells were higher than those of the other three raw

(a) 24 h
120 7
M {BiW;} m Na,WO,2H,0 m CoCL-6H,0 M dmap

100

®
=]

Cell viability (%)

I
=3

N
=]

0 50 100 200 400
Drug concentration (uM)

(b) 48h
M {BiW} m Na,WO,-2H,0 m CoChL-6H,0 M dmap

K

100 {-

Cell viability (%)

0 50 100 200 400
Drug concentration (uM)

Figure 3. MTT assay analysis on the MG63 cells treated with {BiWg}
and three raw materials with the indicated concentrations for a) 24 h
(n=3) and b) 48 h (n=3). Data are presented as the mean £ SD.
Statistical significances were calculated using Student’s t-test or two-
way ANOVA, *p <0.05, **p < 0.01, or ***p <0.001.
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materials at the same time points. In addition, our data
(Figure S17,18, Table S8) showed that {BiWyg} exhibited high-
er anticancer activity than three other POM drugs (Nay-
[SbW,0;;]-19.5H,0,  NagH,[Bi,W,,C0,04,(H,0)]-34 H,O,
and Nay[BiW,0;;]-16 H,0). This may be due to the organ-
ically functionalized dmap and 10-core hybrid metallic
clusters that favor the transfer of electrons, enhancing its
antioxidant reduction capacity.

In addition to excessive cell proliferative ability of cancer
malignancies, invasion and migration abilities have also been
identified as classic hallmarks.”! To evaluate the impact of
{BiWjg} on the migration and invasion of MG63 cells, a wound
healing assay (Figure S19) and Transwell Matrigel assay
(Figure S20) were performed. Results indicate that {BiWg}
repressed the migration and invasion abilities of the MG63
cells. Due to these findings on the anti-proliferation, anti-
migration, and anti-invasion abilities of {BiWg}, more detailed
evidence on the effects of {BiWg} against cancer were
explored.

To characterize the morphologic changes induced by
{BiW}, we acquired transmission electron microscopy (TEM)
images of MG63 cells before and after incubation with {BiWyg}
(Figure 4). When treated with 127.3 uM {BiWg} for 24 h, the
MG63 cells exhibited cell swelling, pyknosis of the nucleoli,
and central localization of the nuclei (Figure 4b). As the
duration of {BiWg} administration increased (Figure 4c¢), the
MG63 cells exhibited more striking changes in cell morphol-
ogy, such as disintegrated cell membranes, nuclear condensa-
tion, loss of nucleoli, and lysis of organelles. According to
previous studies, POMs usually induce cancer cell apopto-
sis,””) which is characterized by a decrease in cell volume,
shrinkage of the cytoplasm, formation of membrane-bound
apoptotic bodies, and well-preserved but compacted cyto-
plasmic organelles."® Our ultrastructural observations re-
vealed a clear difference in morphology between apoptosis
and the observed {BiWg}-induced cell death. Based on the
morphology results, we speculate that {BiWg} may induce
pyroptosis.

To identify the type of cell death induced by {BiWj},
a lactate dehydrogenase (LDH) release assay and adenosine
triphosphate (ATP) assay were performed since they measure
hallmarks of pyroptosis (Figure 5). MG63 cells were treated
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Figure 5. LDH release and ATP assays. a) Before incubation as well as
after incubation with 127.3 uM {BiW;} for 24 and 48 h, cell death was
determined by measuring LDH release in the culture supernatants;

b) Before incubation as well as after incubation with 127.3 uM {BiW;}
for 24 and 48 h, cell viability was determined by measuring ATP levels
in MG63 cells. Data are shown as mean & SD of three independent
experiments. Statistical significances were calculated using Student’s t-
test or one-way ANOVA, **p < 0.01, ***p < 0.001, ****p <0.0001.

with 127.3 uM {BiWjg} for 24 and 48 h, and levels of released
LDH in the culture supernatants were measured (Figure 5a).
As treatment duration was extended, compared with control
group (150.6 +5.831 UL™"), increased extracellular release of
LDH was observed in the experimental group (513.5+
2534 UL and 593.54+13.60 UL after 24 and 48 h, respec-
tively), reflecting the induction of cell death. In contrast,
compared with the control group (100.0+0.0%), reduced
ATP levels were observed in the experimental group (46.85 +
1.939% and 25.44 +0.2321% at 24 and 48 h, respectively),
reflecting the reduction of cell vitality (Figure 5b).

Considering the experimental results of the TEM mor-
phology, LDH release assay, and ATP assay, we confirmed
that {BiWjg} induced pyroptosis. To our knowledge, this is the
first time that POMs have been identified to induce cancer
cell pyroptosis, providing a new insight into the antitumor
mechanism of POMs.

An earlier study demonstrated that POM toxicity was
strictly dependent on increased ROS levels in Tetrahymena
thermophile.” Hence, the changes in ROS levels in MG63
cells induced by {BiWjg} are of interest. Quantification of the
DCEF staining results (Figure 6) showed that the ROS levels in
the experimental group were twice those in the control group.
It is known that intercellular ROS levels are dynamic,

Figure 4. Cell morphology visualization by transmission electron microscopy (TEM). a) Representative morphology of the normal MG63 cells;

b) Representative morphology of the MG63 cells treated with 127.3 uM {BiWs} for 24 h; c) Representative morphology of the MG63 cells treated
with 127.3 uM {BiW,} for 48 h. The red arrows indicate the ruptured cell membrane and content leakage, while the white arrows indicate nuclear
condensation and loss of nucleoli. Magnification 8000, high voltage 1000 kV, Scale bars =2 pm.
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Figure 6. Effects of {BiW;} on intracellular ROS levels. a) A ROS assay
was applied to detect the oxidative state of the MG63 cells. The
experimental group was treated with 127.3 uM {BiW,} for 24 h, while
control group was cultured under normal conditions, scale

bars =100 pm; b) Quantification of ROS wherein relative ROS levels in
the experimental group were normalized to the control group. Data are
shown as the mean + SD of three independent experiments. Statistical
significances were calculated using Student’s t-test, ****p < 0.0001.

determined by the balance between ROS production and
clearance. Given that ROS inhibition is a major action of
glutathione (GSH), we tested the effect of {BiWg} on GSH
levels in both cellular and chemical milieu.

GSH and NADPH catalyzed by glutathione reductase
(GR) produce GSSG and NADP, respectively (Figure 7a).*!
Real-time monitoring of this reaction was performed by
measuring the UV absorption peak of NADPH at 340 nm.”
The addition of {BiWg} showed no activity in the absence of
any of the components (Figure 7b), indicating that {BiWg} did
not possess nor inhibit glutathione peroxidase (GPX) or GR
enzyme activities. However, the NADPH absorbance de-
creased significantly after the addition of {BiWg} when all the
components in the system were present.

(a) (b)
1
\/:m\\ﬂg L.
GsH £
i —a = NADP
o $ 1]
A X o
2o
) ¢ r h o
e S NADPH
GSSG .
o -
(C) (d) Wavelength(nm)
0 25+
——— GSH+OPA
—— GSHeOPAHBIW)
w00 —— GSSG+OPA
. ——— GSSG+OPA+{BIW,} s
= 3
L™ =
2 s
0 e
Q
i :
£ »
o
100 S ——
/ d ) e 5
W am | e %0 w0 40 070 6 12 24 36 48
Wavelength(nm) Time (h)

Figure 7. a) The schematic illustration for the relationship between
{BiWg} and GSH; b) The study of GSH activity for {BiWg}: {BiW,}

(3 mM), GSH (2 mM), NADPH (0.4 mM), GPX (2.0units), GR (1.7
units), H,O, (240 uM) in 25 mM pH 7.4 phosphate buffer at 25°C.

c) The fluorescence spectra of {BiWz}, GSH and OPA:{BiW;} (3 mM),
GSH(2 mM), GSSG(2 mM) and OPA(10 mM) were studied using
fluorescence analysis (A, =334. 4 nm, 1.,,=424 nm); d) GSH assay,
GSH content of MG63 cells before incubation and after 6, 12, 24, 36
and 48 h incubation with 127.3 uM {BiW,}. Data are shown as mean
=+ SD of three independent experiments. Statistical significances were
calculated using Student’s t-test, ** p <0.01, *** p <0.001.
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As shown in Figure S21a, the absorbance of the NADPH
decreases significantly with the increase of {BiWg} concen-
tration and The concentration of {BiWg} showed a nonlinear
relationship with the inhibition rate according to the equation
Y=0.573x""/(0.569 + x'**), where Y is inhibition rate of
NADPH, and X is the concentration of {BiWg} (Figure S21b).
The inhibition rate was 6.06% for ICs,=127.30 uM. Mean-
while, 3mM {BiW,} demonstrated excellent inhibition
(51.22%) compared with the three raw materials (Fig-
ure S22). These results suggest that {BiWg} may react with
GSH or GSSG to alter the production of NADPH.

To explore whether {BiWjg} reacted with GSH and GSSG,
we conducted the following experiments. GSH was con-
densed at pH 8.0 with the two aldehyde groups of o-
phthalaldehyde (OPA) to form isoindole (GSH-OPA),
a strong fluorescent substance (A, =334. 4nm, A, =
424 nm). The fluorescence (Figure 7c¢) decreased after adding
{BiWg}, indicating that it reacted with GSH and inhibited the
reaction with OPA. On the other hand, GSSG rarely binds to
OPA to produce fluorescent substances at pH 8.0. The
fluorescence value for the substances produced by this
reaction did not change after adding {BiWg}, indicating that
it did not react with GSSG. To explore whether {BiWjy} affects
the levels of GSH, GSSG, and total glutathione (T-GSH) in
MG63 cells, a GSH assay was performed. Compared with the
intracellular GSH content at 0 h, the GSH content decreased
by 59 %, 65%,75%,94 %, and 97 % at 6, 12,24, 36 and 48 h,
respectively (Figure 7d). Additionally, the T-GSH and GSSG
after 48 h of incubation with {BiWg} were reduced by 97 %
and 95% compared to 0 h, respectively (Figure S23). The
downregulation of intracellular GSH, T-GSH, and GSSG
content was consistent with the chemical reaction results.

However, it is still unclear how {BiWg} induces pyroptosis,
increases intracellular ROS, and decreases intracellular GSH
in MG63 cells. Thus, we performed RNA sequencing.
Compared with the control group, 3737 upregulated and
3396 downregulated differentially expressed genes (DEGs),
were identified in the experimental group (MG63 cells were
treated with 127.30 uM {BiW,} for 24 h). The DEGs are
represented in a standard volcano plot (Figure S24a) and
heatmap (Figure S24b).

To outline the potential functions of the DEGs, we
performed functional enrichment analysis of the top 3000
upregulated and downregulated DEGs. A total of 20 Gene
Ontology (GO) terms of biological process (BP), 14 GO
terms of cellular component (CC), 9 GO terms of molecular
function (MF), and 24 Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathways were identified (Figure 8, S25).
When the cutoff was to the top 3000 downregulated DEGs, 14
KEGG pathways were identified (Figure S26). In addition,
nearly all genes enriched in the KEGG pathway annotations
of mismatch repair, base excision repair, DNA replication,
cell cycle, and glutathione metabolism were from the top 3000
downregulated DEGs. This suggests that {BiWg} impaired
DNA repair, replication, and glutathione metabolism in the
MG63 cells.

We then searched literature for the DEGs. As shown in
Table 1 and S9, 21 downregulated DEGs were involved in
DNA repair and replication, 13 downregulated DEGs were

Angew. Chem. Int. Ed. 2021, 60, 21449—-21456 © 2021 The Authors. Angewandte Chemie International Edition published by Wiley-vCH GmbH www.angewandte.org

An dte

Chemie

21453


http://www.angewandte.org

Research Articles

An dte

intemati Chemie
KEGG Parthwa a d
- v @ parp1  ®), NtHL1 €, msu2 @, poLD
DNA replication . s kR s xxx H xRk s P
. . o o
Mismatch repair- 510 1.0 510 '21,0
Base excision repair - § .5 .5 §
Cell cycle- . H 8 H 2
H
Transcriptional misregulation in cancer ° E.'.o 5 ‘:.’.0.5 5 0.5 go 5
Glutathione metabolism - . 4 S H >
IAlganinet aspa{;%lelgnd 2 3 3 S
glutamate metabolism s s & k-
Metabolic pathways- @ Count & %0 ControiBiwey € 90 Control(BiWe} & 20 ContronBiwey & %0 Controriwey
Inositol phosphate metabolism- . : ;gg (e) ( ) (h)
£ P53 signaling pathway . @ 0 ) POLE2 (f)ﬂ RPA3 g ) XRCCA1 . LIG1
= TNF signaling pathway - ° 20 s wrwm H P < et s il
" T " e had g o
’a_’ Hippo signaling pathway (] . 5 1.0 510 5 1.0 S 1.0
FoxO signaling pathway - . FDR 8 § § 5
AMPK signaling pathway . 17 0.04 2 ﬁ 2 ‘é’
MAPK signaling pathway ® 0.03 g. 0.5 505 g. 0.5 805
: 0.02 3 H H 5
Pathways in cancer - [ ] 0.01 ® " ° ®
PI3K-Akt signaling pathway ° : 2 £ 2 2
Phosphatidylinositol signaling system- . & %OControiBiwey & O ControlBiwey & 2 ControiBiwe; & *OControtBiWey

Estrogen signaling pathway °

Signaling pathways regulating _
pluripotency of stem cells
Glycosaminoglycan biosynthesis

ECM-~receptor interaction”
Focal adhesion- ®
Proteoglycans in cancer- °

1.6 2.0 24
Fold Enrichment

Figure 8. Bubble diagram of the KEGG pathway analysis enriched by
3000 upregulated and downregulated DEGs (experimental group vs.
control group, FDR < 0.05). The colors of the nodes reflect the FDR
values of the designated pathways, and the sizes of the nodes indicate
the number of DEGs enriched in the pathways.

Table 1: DEGs in RNA-sequencing (experimental vs. control group,
| Log2FoldChange | >0.58, adj. p<0.05.).

Category Gene symbol
DNA repair/ APEX1, APEX2, EXO1, FENT1, LIG1, MSH2, MSH3,
replication MUTYH, NEIL2, NTHL1, OGG1, PARP1, PCNA,

POLDT, POLD3, POLE, POLE2, RPAT, RPA3, UNG,
XRCC1
GSTA1, GSTA2, GSTA4, GSTK1, GSTM1, GSTM2,

(down-regulated)

Glutathione me-

tabolism GSTM4, GSTT2B, GPX1, GPX2, GPX4, GPX7, GPX8
(down-regulated)
Pyroptosis CASP3, CASP4, CASP5, GSDMB, GSDME, 1L18,

(up-regulated) NLRP3, NLRC4, NLRP10, TXNIP

involved in glutathione metabolism, and 10 upregulated
DEGs were involved in pyroptosis. Quantitative real-time
polymerase chain reaction (QRT-PCR) was performed to
validate this, showing the DEGs with greater absolute values
of fold-change (Figure 9).

We summarized all the antitumor mechanisms of {BiWg}
in Figure 10. For the first time, we found that POMs induced
pyroptosis. Additionally, we explored further possible mech-
anisms and targets involved in the effects of POMs (Fig-
ure 10a). RNA-seq and qRT-PCR results showed that {BiWg}
increased DEGs encoding proteins associated with pyropto-
sis, such as the cysteine aspartic acid-specific protease
(CASP3, CASP4, and CASPS5), gasdermins (GSDMB,
GSDME), inflammasome (NLRP3, NLRC4, and NLRP10),
and interleukin-18 (IL-18). Given that several chemother-
apeutic agents increase intracellular ROS to activate the
pyroptosis pathway in cancer cells,?*?!! a possible mechanism
for MG63 cell pyroptosis could be mediated through the
accumulation of ROS induced by {BiWg}. However, further
biological and chemical validation of this hypothesis are
required.
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Figure 9. qRT-PCR analysis of the DEGs in the experimental and
control groups. a) PARPT; b) NTHL1; ¢) MSH2; d) POLD1; e) POLEZ2;
f) RPA3; g) XRCCT; h) LIGT; i) GPX1; j) GPX8; k) GSTMT1; I) GSTT2B;
m) GSDME; n) IL-18; o) NLRP3; and p) TXNIP. Data are shown as
mean =+ SD of three independent experiments. Statistical significances
were calculated using Student’s t-test, *p <0.05, **p < 0.01,

wikp < 0,001, *iip < 0.0001.
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Figure 10. Schematic illustration of the antitumor mechanisms of
{BiWs}. a) {BiW;} induced pyroptosis by upregulating genes associated
with pyroptosis, such as cysteine aspartic acid specific protease
(CASP3, CASP4, and CASP5), gasdermins (GSDMB, GSDME), inflam-
masome (NLRP3, NLRC4, and NLRP10), and interleukin-18 (IL-18).
{BiW;} decreased the intracellular ATP level, and increased the release
of LDH; b) {BiW,} increased ROS levels and decreased intracellular
GSH levels by downregulating genes involved in glutathione metabo-
lism, such as glutathione peroxidases (GPX1 and GPX8) and gluta-
thione S-transferases (GSTM1 and GSTT2B); c) {BiWs} increased ROS
levels and depleted GSH; d) {BiW;} decreased DNA repair/replication
enzymes, such as poly (ADP-ribose) polymerase (PARP1), DNA
mismatch repair protein (MSH2), and DNA ligase (LIG1).
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Additionally, {BiWg} reduced GSH levels in both cellular
and chemical milieu and increased ROS levels in MG63 cells.
Furthermore, the analysis of the KEGG pathway and qRT-
PCR indicated that {BiWg} inhibited the expression of DEGs
associated with glutathione metabolism. These genes encode
antioxidant proteins involved in GSH regeneration, including
glutathione peroxidases (GPX1 and GPX8) and glutathione
S-transferases (GSTM1 and GSTT2B). Taken together, the
combined effect of {BiWg} through transcriptional repression
and chemical reaction decreased GSH levels and consequent-
ly increased ROS levels in the MG63 cells (Figure 10b,c).

{BiWg} also decreased DEGs that encode DNA repair/
replication enzymes, such as poly (ADP-ribose) polymerase
(PARP1), DNA mismatch repair protein (MSH2), and DNA
ligase (LIG1) (Figure 10d). Previous studies have shown that
decreased GSH results in ROS accumulation, leading to
oxidative damage of DNA and activation of the DNA damage
response (DDR) pathway.’”! Depending on the degree of
DNA damage, cells are committed to different fates, which
range from DNA damage repair to cell death.”!! The
excessive ROS-induced DNA damage caused by {BiWg}-
induced reduction of GSH levels may have caused the cell
death in the MG63 cells. {BiWg} may have the capacity to
cause DNA damage and inhibit the DNA repair system in
MG63 cells.

Conclusion

In the current study, we successfully synthesized a 10-
nuclear heteroatom-modified cluster {BiW;O;}. {BiWg} ex-
erted cytotoxic effects by suppressing the proliferation,
migration, and invasion of MG63 cells. Through various
assays, we also demonstrated pyroptosis as a newly identified
mechanism of cell death induced by {BiWg}. Decreased GSH
content and increased ROS levels were observed in the
{BiW}-treated MGG63 cells. Furthermore, multiple antitumor
mechanisms of {BiWg} were identified via transcriptome
analysis and chemical simulation, including activation of
pyroptosis, suppression of GSH generation, depletion of
GSH, and inhibition of DNA repair. In summary, our findings
provide insight into the development of POMs as antitumor
drugs with important theoretical and practical significance for
drug research.*?
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