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Salicylaldehyde-derived piperazine-functionalized
ot ooren e 2o ss  Nydrazone ligand-based Pt(1) complexes:

son o inhibition of EZH2-dependent tumorigenesis in
pancreatic ductal adenocarcinoma, synergism with
PARP inhibitors and enhanced apoptosis¥

’ M) Check for updates ‘

Zhimin Lv,1? Amjad Ali, 1> Cheng Zou,? Zerui Wang,® Minglu Ma,® Na Cheng,®
Man Shad,*“ Huifang Hao,®® Yongmin Zhang ) *#© and Faiz-Ur Rahman () *?

Piperazine is an important functional unit of many clinically approved drugs, including chemotherapeutic
agents. In the current study, methyl piperazine was incorporated and eight salicylaldehyde-derived piper-
azine-functionalized hydrazone ONN-donor ligands (L) and their Pt(i) complexes (L-PtCl) were prepared.
The structures of all these ligands (L1-L8) and Pt(i) complexes (C1-C8) were determined using *H and
13C NMR, UV-vis, FT-IR and HR-ESI MS analyses, whereas the structures of C1, C5, C6, C7 and C8 were
determined in the solid state using single crystal X-ray diffraction analysis. Solution state stabilities of C3,
C4, C5 and C6 were determined via time-dependent UV-vis spectroscopy. All these complexes (C1-C8)
were studied for their anticancer effect in pancreatic ductal adenocarcinoma cells, including BxPC3,
MIAPaCa-2 and PANCL1 cells. C1—-C8 displayed a potential cytotoxic effect in all these cancer cells,
among which C5, C6 and C8 showed the strongest inhibitory effect in comparison with standard che-
motherapeutic agents, including 5-fluorouracil (5-FU), cisplatin (CP), oxaliplatin and doxorubicin (DOX).
C5, C6 and C8 suppressed the growth of pancreatic cancer cells in a dose-dependent manner. Moreover,
C5, C6 and C8 inhibited clonogenic potential and invasion ability and induced apoptosis in PANC1 cells.
Importantly, C5, C6 and C8 synergized the anticancer effect with PARP inhibitors, including olaparib, veli-
parib and niraparib, in pancreatic cancer cells, thus suggesting an important role of C5, C6 and C8 in
induction of apoptosis in combination with PARP inhibitors. C5 combined with PARP inhibitors induced
caspase3/7 activity and suppressed ATP production. Mechanistically, C5, C6 and C8 inhibited EZH2
protein expression to suppress EZH2-dependent tumorigenesis. Overall, these results highlighted the
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Introduction

Cisplatin is a first-line chemotherapy drug approved for cancer
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approved, such as carboplatin and oxaliplatin." When cisplatin
or other related chemotherapeutic drugs enter tumor cells,
their ancillary ligand(s) is(are) replaced by H,O, thus activating
platinum drugs and finally binding to the DNA guanine base
through different linkages, including inter-/intra-strand cross-
linking, which twists the DNA helix, further inhibits DNA tran-
scription and finally causes tumor cell apoptosis.> Cisplatin,
as a bifunctional platinum(u) complex, has been widely used,
but it causes a variety of side effects and faces a certain degree
of drug resistance in cancer patients. Several other platinum-
based drugs were later reported to overcome certain issues
faced by cisplatin therapy. Therefore, the search for other plati-
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num drugs continues; recently, a new class of monofunctional
platinum complexes has been developed.®* Monofunctional
platinum complexes can only form a single adduct with DNA
(Fig. 1),* and the binding rate is significantly increased,
thereby resulting in additional interaction and steric hin-
drance, reducing the transcriptional repair function of cells,
causing more serious DNA damage and inducing apoptosis.”
When a chlorine atom of cisplatin was replaced by a ligand
with a larger steric hindrance, a higher biological activity was
observed.® Based on this idea, larger-sized N-heterocycles have
been widely studied as ligands in monofunctional platinum
complexes.” Stephen J. Lippard and co-workers have studied a
variety of monofunctional platinum complexes, such as pyri-
platin and phenanthriplatin, which showed good antitumor
activity.®> Among them, phenanthriplatin is an important pre-
clinical anticancer drug.’ Since then, various N-heterocyclic
ligands have been introduced into the synthesis of monofunc-
tional platinum complexes, and the antitumor activity was
observed higher than that of cisplatin.'® N-heterocycle co-
ordinated luminescent monofunctional Pt(u) complexes were
prepared with photosensitizers, such as porphyrin and boron-
dipyrromethene (BODIPY). These complexes showed synergis-
tic chemotherapeutic and photodynamic therapeutic (PDT)
effects and higher antitumor activity and overcame drug
resistance.’** To improve the antitumor efficacy of platinum
complexes, targeted monofunctional platinum chemothera-
peutic drugs with different anticancer mechanisms were devel-
oped by chemical modification of the coordination assem-
blies.”>™® By changing the ligand or substituents on the
ligand, a series of monofunctional platinum antitumor drugs
were obtained, and all these complexes showed good anti-
tumor activity in breast, lung, liver and other cancer cell
lines."” >

Hydrazones (RICH = N-NR2R3) belong to the Schiff base
family; many hydrazones have antitumor and other biological
activities, and the presence of hydrazones functional group in
a drug increases lipophilicity, thus resulting in increased drug
absorption.”*® Benzophenone-based hydrazone derivatives
were used as cathepsin inhibitors that inhibited the prolifer-
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ation of A498 renal cancer cells.”” Asulfonamide and pyridine
are linked by hydrazone structure as VEGFR-2 inhibitors,
which have good anti-proliferative activity against different
types of cancer cells.”®*?° As a linker, the hydrazone group
could hydrolyse in the acidic pH of the tumor environment;
therefore, it can be used as a delivery carrier to specifically
deliver drugs to tumor tissues.* As a multifunctional ligand,
hydrazone is easy to coordinate with most metals to exert
better antitumor activity, and various hydrazone-coordinated
metal complexes have been prepared and studied for their
antitumor activities, including complexes of Ni(u), Co(u), Zn
(1), Cu(u), Cd(u), Mn(x), Ru(u) and Pt(u).>**°

Piperazine (1,4-diazocyclohexane) is an important drug
scaffold that is often used to connect substructures with good
biological activity and major N-heterocycles commonly used in
small drug molecules. Piperazine functions in a drug could
improve pharmacokinetic characteristics, such as enhancing
target affinity and specificity and improving water solubility,
oral bioavailability, ADME (absorption, distribution, metab-
olism and excretion) and other characteristics.*"**> Piperazine
and its derivatives have a wide range of biological activities,
such as anticancer,” anti-viral,** antibacterial,*> anti-glau-
coma,*® and anti-convulsion.”” Approximately 100 drugs have
been approved worldwide containing piperazine heterocyclic
skeletons; among them, anticancer drugs are also included,
such as avapritinib, gastrointestinal stromal tumors (GISTs),
olaparib, ponatinib, and palbociclib.*®*° As an important drug
scaffold, piperazine derivatives were also combined with
various natural antitumor drugs, such as artemisinin pipera-
zine derivatives,”®”" rhein piperazine,”” and naringenin piper-
azine derivatives.>® In addition, piperazine is used as a poten-
tial ligand in the synthesis of Pt-based anticancer complexes
and is studied in vitro in different cancer cells.”*

Pancreatic ductal adenocarcinoma (PDAC) is one of the
most lethal types of human cancer; PDAC initial diagnosis is
very challenging due to its metastasized nature, and it is very
difficult to detect this disease at an early stage.’® Around 75%
of PDAC patients are mainly diagnosed when they suffer from
stage 3 or stage 4 diseases. PDAC patients show the worst prog-
nosis and poor survival rates. Due to its high metastatic
nature, most of the PDAC patient’s survival is less than 5
years.”® Due to the complex nature of this disease, PDAC
patient’s treatment is also challenging. PDAC cells show high
proliferation, migration, and invasion ability, finally leading to
tumor burden in primary and secondary organs of the body.””
PDAC is most often associated with epithelial-mesenchymal-
transition (EMT) and cellular plasticity, which finally leads to
therapy resistance. Therefore, most of the PDAC cells show re-
sistance to chemotherapy, immunotherapy and radiotherapy.>®
The self-renewal capacity of pancreatic cancer stem cells also
plays a major role in the recurrence of pancreatic cancer.
Activation of oncogenic signalling pathways, such as KRAS,
NF-kB, VEGF, MEK/MAPK/ERK kinases, PI3K-AKT-mTOR sig-
nalling pathway, c-MYC and TGF-§ signalling, play important
roles in the pancreatic cancer progression, chemo-resistance
and metastasis.”® Due to its complex and lethal nature, the

This journal is © The Royal Society of Chemistry 2024
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identification of novel chemotherapeutic agents is considered
important for better treatment of PDAC patients.

Enhancers of zeste homolog 2 (EZH2) have been shown to
play important roles in invasion, metastasis, migration and
tumorigenesis.®® EZH2 prolongs cancer cell survival by regulat-
ing cell cycle progression and plays an important role in the
inhibition of apoptosis, thereby leading to tumor develop-
ment. EZH2 overexpression has been shown in pancreatic,
prostate, oesophageal, breast, gastric and nasopharyngeal
cancers. High expression of EZH2 is associated with decreased
survival and worst prognosis in cancer patients. Inhibition of
EZH2 is associated with decreased invasion, migration and
suppression of metastasis and EMT. EZH2 has been shown to
promote cisplatin resistance by targeting c-MYC. EZH2 also
promotes resistance to gefitinib by activating AKT/PI3K signal-
ling pathway. Moreover, EZH2 plays an important role in
tamoxifen resistance by targeting ERa-GREB1 signaling.®!
EZH2 has been shown to promote resistance to sunitinib in
renal cell carcinoma by targeting the receptor tyrosine kinase
(RTK) signalling pathway. EZH2 has been shown to increase
the expression of multidrug resistance proteins (MRPs) and
thus plays a critical role in drug resistance in different types of
human cancers.®” Inhibition or suppression of EZH2 increases
the expressions of tumor suppressor genes, such as p15, p21,
p27, PUMA and caspase 3/8 activation, and finally leads to
apoptosis. Thus, EZH2 is considered an important target in
the field of both translational and clinical cancer research,
and several inhibitors have been developed, such as 3-deazane-
planocin A (DZNep), EPZ-005687, GSK926, and UNC-1999, to
inhibit the expression of EZH2.%> Therefore, the identification
of novel chemotherapeutic agents to target EZH2 expression is
considered important in the field of cancer therapy.

We have extensively studied the synthesis of novel functio-
nalized salicylaldimine/hydrazone assembly-based metal
complexes and their antitumor evaluation.?°*>*° The above
discussion of the previously reported literature and our
experience in the related field prompted us to develop a new
type of salicylaldehyde-derived piperidine-functionalized
hydrazone-based ligands and a new class of monofunctional
platinum complexes with Cl as an ancillary ligand for antitu-
mor research. The structures and related stabilities of the
ligands (L1-L8) and platinum complexes (C1-C8) were
characterized by applying detailed analytical methods. The
crystal structures of five complexes C1, C5, C6, C7 and C8
were determined by single crystal X-ray analysis. In vitro bio-
logical activity tests were performed in pancreatic ductal
adenocarcinoma cells, including BxPC3, MIAPaCa-2 and
PANCI1 cells, using MTT assays. The results showed that these
complexes could significantly inhibit cancer cell growth,
cloning and migration of pancreatic ductal adenocarcinoma
(PDAC) cells. The anticancer effects were compared with mul-
tiple anticancer drugs. These platinum complexes induced
apoptosis by inhibiting EZH2-dependent tumorigenesis in
PDAC and synergistically enhanced cell death when used in
combination with PARP inhibitors (Olaparib, Veliparib and
Niraparib).

This journal is © The Royal Society of Chemistry 2024
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Results
Chemistry

ONN-donor tridentate piperazine functionalized hydrazone
ligands (L1-L8) were prepared by the reaction of substituted
salicylaldehyde and 1-amino-4-methylpiperazine in ethanol at
reflux. Monofunctional Pt(u) complexes (C1-C8) were prepared
by reacting K,PtCl,, NaOAc and particular ligand in a
1.1:1.1:1 ratio in a refluxing DMSO/methanol mixture. All
these ligands (L1-L8) and complexes (C1-C8) were obtained in
excellent isolated yields (Scheme 1) and characterized by apply-
ing multiple analytical methods (ESI Fig. S1-S64%). The struc-
tures of C1, C5, C6, C7 and C8 were determined by single
crystal X-ray analysis.

In the "H NMR spectra of L1-L8 phenolic protons, a chemi-
cal shift was observed in the 11.11-12.90 ppm region; proton
chemical shifts around 2.60-3.29 ppm were assigned to the
piperazine ring’s protons, and the chemical shift around
2.35-2.38 ppm was assigned to the methyl group at the N posi-
tion of piperazine. Proton chemical shifts in the aromatic
region (6.67-8.59 ppm) belonged to the proton chemical shifts
of the aromatic ring, which were slightly different in each
ligand due to different substituents on the salicylaldimine aro-
matic ring. The biggest difference between the "H NMR of C1-
C8 and L1-L8 is the disappearance of the phenolic hydroxyl
proton signals around 11-12.90 ppm region, showing the
covalent bond formation between the ligand OH group and Pt.
The imine (CH=N) proton peak of the hydrazone was found
in the 8.88-9.65 ppm range for C1-C8, which moved signifi-
cantly downfield compared to the particular free ligand (L1-
L8). Similarly, slight changes were observed in the ">C NMR
spectra of L1-L8 and C1-C8, and different carbon chemical
shifts of the ligands shifted up or downfield slightly in the
complexes.

The UV-vis spectral analyses of the ligands (L1-L8) and
complexes (C1-C8) were performed in chloroform, and all the
spectra were plotted in Fig. 2. Different changes in the absorp-
tion peaks of the ligands and complexes were observed in the
UV-vis spectra plots (Fig. 2A and B). All the absorption peaks
of the ligands were observed in the UV region below 400 nm.
In the UV-vis, spectra of the complex absorption in the visible
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plexes (C1-C8).
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Fig. 2 UV-vis absorption spectra plot of L1-L8 (A) and C1-C8 (B).

region were also observed. The absorption peak near 250 nm
is caused by ligand-to-ligand charge transfer (LLCT), and the
absorption peak near 320-350 nm is caused by ® — n* tran-
sition between the C=N double bond and aromatic ring. In
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Fig. 3 FT-IR spectra plot of L1-L8 (A) and C1-C8 (B).
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the case of C4, a slight difference observed in these transitions
could be due to the presence of a naphthalene ring, which
increased the aromaticity and planarity. The absorption peak
for each complex in the range of 430-450 nm is caused by
metal-to-ligand charge transfer (MLCT). For C3, this absorp-
tion peak is red shifted due to the presence of an electron rich
methoxy group on the aromatic ring.

The FT-IR spectra of L1-L8 and C1-C8 were measured in
the solid state by applying the KBr tableting method (Fig. 3
and ESI Fig. S49-5S641). The comparative plot clearly showed
the phenolic O-H stretching frequency for L1-L8 near
3400 cm™', the transmittance peak of C-H stretching fre-
quency near 3200-2800 cm™', and the transmittance peak of
C=N double bond stretching near 1600 cm™" (Fig. 3A).
Compared with Fig. 34, it can be observed in Fig. 3B that the
phenolic hydroxyl transmittance peak of C1-C8 near
3400 cm™" disappeared, showing the O-Pt bond formation in
all these complexes. The other transmittance peaks of C-H
stretching of the hydrogen of each ligand in each complex
around 3200-2800 cm™" and the C=N double bond transmit-
tance peak near 1600 cm™" also existed with a slight shift com-
pared to the ligand.

Single crystal description of C1, C5, C6, C7 and C8

The single crystal of each complex (C1, C5, C6, C7 and C8) was
obtained by applying a slow solvent evaporation method using a
clear solution in CH,Cly/n-hexane (1:1) mixture. The crystal
structure was determined by single-crystal X-ray diffraction. The
detailed structural data are plotted in Fig. 4 (C1), 5 (C5), 6 (C6), 7
(C7) and 8 (C8), and the detailed crystal structure parameters are

- -

Fig. 4 Single crystal data plot of C1 at 50% probability of thermal ellipsoids, showing atoms around the Pt(i) center (A), bond lengths (B), and close

contacts (C) and (D) arrangement of molecules in crystal packing.
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presented in Tables 1 and 2. C1, C5, C6 and C7 were crystallized
in a monoclinic crystal system, while C8 was crystallized in a tri-
clinic crystal system. Pt atom symmetry was a square planner
and bonded to ONN atoms of the main ligand and ancillary CI
(Fig. 4A, 5A, 6A, 7A and 8A).** The bond lengths (Fig. 4B, 5B, 6B,
7B and 8B) (Table 2 entries 1-4) and bond angles (Table 2
entries 5-10) of five platinum complexes C1, C5, C6, C7 and C8
were found to be almost similar. The longest bond at the Pt
center in C1, C5, C6, C7 and C8 was Pt(1)-Cl(1/2). The shortest
bond of Pt to other atoms in C1, C5, C6 and C7 was Pt(1)-N(1/2/
3), while the shortest bond in C8 was Pt(1)-N(3/4). The bond
angle parameters of C1, C5, C6, C7 and C8 were similar; the
largest bond angle was £0(1/3)-Pt(1)-N(3/4) in each complex,
whereas the smallest bond angle was 20(1/3)-Pt(1)-Cl(1/2). The
close interactions among molecules in crystal packing are shown
in Fig. 4C, 5C, 6C, 7C, and 8C. The molecules of each complex
were arranged in a three-dimensional space through these inter-
actions in the crystal packing. The H atoms attached to the
piperazine function of the ligand in each complex (C1, C5, C6,
C7 and C8) interacted with the C atoms of the salicylaldehyde
aromatic ring in the crystal packing; similarly, the Cl atoms
attached to Pt(u) strongly interacted with the neighbouring mole-
cule hydrogens and formed a three-dimensional arrangement in

View Article Online
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The biological activity of platinum complexes depends on
their stability or uniformity under different biological con-
ditions, solvents or the presence of water in the solution. In
general, the solution of a platinum complex is prepared in
DMSO or in combination with water or biological medium for
the preliminary in vitro biological activity test. Therefore, it is
important to analyze the stability in DMSO or water or their
combination. Based on the mechanism of action of a platinum
complex in cancer cells, it first forms H,O-Pt(u) hydrate by
removal of the labile/ancillary ligand-like chloride in C1-C8
and interacts with a certain biomolecule of DNA to exert anti-
tumor activity.” These two points are considered in developing
platinum-based anticancer complexes to meet the minimum
requirements of their antitumor applications. To check the
stability in the solution state, we selected C3, C4, C5 and C6 as
the reference complexes and performed repeated time-depen-
dent analyses by UV-vis absorption spectroscopy in
H,0:DMSO or PBS (pH = 7.2):DMSO, 1:1 mixture (ESI
Fig. S65-S72%). The test results showed that the UV-vis absorp-
tion spectra of C3, C4, and C5 remained the same during
these repeated analyses for 7 days, showing that these com-
plexes have good stability in the solution state in the DMSO/
water mixture. The same mixture was used in the solution

the crystal packing (Fig. 4D, 5D, 6D, 7D, and 8D).

preparation for the biological analyses.

Table 1 Structure refinement parameters of C1, C5, C6, C7 and C8

C1 C5 cée Cc7 C8
Empirical formula C1,H;6CIN;OPt C;,H;5BrCIN;OPt C1,H;5Cl,N;0Pt C,,H;5CIFN;OPt C,,H;5CIN,O;Pt
Formula weight 448.82 527.72 483.26 466.81 493.82
Temperature (K) 149.99(10) 149.99(10) 150.00(10) 149.99(10) 150.00(10)
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic Triclinic
Space group P2y/n P2y/n P2y/n P2,4/n Pi
Unit cell dimensions
a(A) 10.0851(11) 11.0059(6) 10.8638(5) 10.2897(5) 7.9549(8)
b(A) 10.6903(9) 11.2147(6) 11.1381(4) 10.8250(4) 9.4351(10)
c(d) 12.4850(9) 11.9096(6) 11.8396(5) 12.0729(5) 10.4761(10)
a () 90 90 90 90 84.970(8)
B(°) 103.388(8) 105.554(5) 105.065(5) 102.743(4) 69.813(9)
7 (°) 90 90 90 90 72.252(9)
Volume (A%) 1309.5(2) 1416.14(13) 1383.38(10) 1311.62(10) 702.73(13)
zZ 4 4 4 4 2
Density (calculated) (mg m™>) 2.277 2.475 2.320 2.364 2.334
Absorption coefficient (mm™") 10.911 12.913 10.523 10.908 10.189
F(000) 848.0 984.0 912.0 880.0 468.0
Crystal size (mmg] 0.12 < 0.1 x 0.09 0.12 x 0.09 x 0.06 0.12 x 0.1 X 0.08 0.11 x 0.09 % 0.08 0.12 x 0.11 %X 0.09
Theta range for data collection (°)  4.694 to 49.994 4.478 to 49.998 4.536 to 50 4.716 to 49.992 4.144 t0 49.998
Index ranges -8<h<11, -13<h <12, —-12 <h <10, —-8<h<12, -9<h<9,
—12 <k <12, -13<k<11, —11 <k <13, -9<k<12, —11 <k <10,
-14<1<13 -14<1<12 -14<1<14 -14<1<14 -10<1<12
Reflections collected 5756 6286 5335 6059 4546

Independent reflections

2300 Ry, = 0.0542,
Ryigma = 0.0793

2502 Ry = 0.0363,
Ryigma = 0.0464

2429 R, = 0.0280,
Ryigma = 0.0420

2319 Ry, = 0.0315,
Ryigma = 0.0409

2483 Ry, = 0.0354,
Ryigma = 0.0587

Data/restraints/parameters 2300/46/164 2502/0/173 2429/0/173 2319/12/173 2483/0/191

Goodness-of-fit on F* 1.049 1.027 1.042 1.017 1.023

Final R indices I > Zsigrna(l) R, =0.0367, R; =0.0266, R, =0.0236, R; =0.0221, R, =0.0279,
WR, = 0.0585 WR, = 0.0536 WR, = 0.0406 WR, = 0.0392 WR, = 0.0502

R indices (all data) R, =0.0514, R,® = 0.0329, R,™ = 0.0288, R,* = 0.0268, R,*=0.0316,
WR,? = 0.0675 WR,® = 0.0566 WR,® = 0.0431 WR,? = 0.0412 WR,? = 0.0527

Largest diff. peak and hole (e A™)  0.98/-0.97 1.30/-1.12 0.87/-0.85 0.82/-0.73 0.91/-0.88

|F0|' bWRZ = [ZW(FOZ - FCZ)Z/Z(W(F(>2)2)]1/2'

aR1: Z

all reflections

Fo— R/ Y

all reflections

This journal is © The Royal Society of Chemistry 2024
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Table 2 Selected bond lengths (A) and angles (°) around the Pt atom in each complex (C1, C5-C8)

Entry Bond/angle C1 C5 Cé Cc7 C8

Bond length (A)

1 Pt(1)-CI(1/2) 2.3289(19) 2.3264(13) 2.3231(10) 2.3184(11) 2.3088(13)
2 Pt(1)-0(1/3) 2.009(6) 1.996(4) 1.997(3) 2.003(3) 1.997(4)

3 Pt(1)-N(1/2/3) 1.981(6) 1.965(4) 1.967(3) 1.963(4) 2.060(5)

4 Pt(1)-N(3/4) 2.086(7) 2.070(5) 2.070(4) 2.083(3) 1.963(4)
Bond angle (°)

5 0(1/3)-Pt(1)-Cl(1/2) 85.09(15) 84.95(10) 84.96(8) 84.75(9) 84.38(10)
6 0O(1/3)-Pt(1)-N(3/4) 178.8(2) 178.47(16) 179.02(13) 179.33(13) 177.80(14)
7 N(1/2/3)-Pt(1)-C1(1/2) 176.7(2) 174.63(14) 174.45(11) 174.54(11) 95.93(12)
8 £N(1/2/4)-Pt(1)-O(1/3) 92.3(2) 92.77(16) 93.01(13) 93.06(12) 93.05(17)
9 N(1/2/4)-Pt(1)-N(3/4) 86.9(3) 86.09(17) 86.21(14) 86.44(14) 86.68(18)
10 £N(3/4)-Pt(1)-Cl(1/2) 95.72(18) 96.26(12) 95.87(9) 95.71(10) 177.25(14)

Fig. 5 Single crystal data plot of C5 at 50% probability of thermal ellipsoids, showing atoms around Pt (i) center (A), bond lengths (B), close contacts

(C), and arrangement of molecules (D) in the crystal packing.

Biology

Pancreatic ductal adenocarcinoma (PDAC) is a highly lethal
malignant tumor, and chemotherapy is still the first-line treat-
ment.®® The cytotoxicity of the synthesized platinum com-
plexes C1-C8 was determined in PDAC cell lines, including
BxPC3, MIAPaCa-2 and PANC1 cells. Cancer cells were treated
with C1-C8 (20 pM) for 48 h (Fig. 9A-C) and analysed by MTT
assays. It can be observed that compared with the control
group, the survival of PDAC cells treated with C1-C8 was sig-
nificantly decreased, which proved that this series of com-

13876 | Dalton Trans., 2024, 53, 13871-13889

plexes could inhibit the survival of PDAC cells and had good
cytotoxicity. A comprehensive evaluation of the data revealed
C5, C6 and C8 as the three key complexes with good cyto-
toxicity in the whole series of C1-C8. Therefore, we tested the
dose-dependent cytotoxicity assay of C5, C6 and C8 in these
PDAC cells. BXPC3, MIAPaCa-2 and PANC1 cells were treated
with 1.25, 2.5, 5, 10, 15 or 20 pM of C5, C6 and C8 for 48 h,
respectively (Fig. 9D-F). The results showed that the survival
rates of BxPC3, MIAPaCa-2 and PANC1 cells gradually
decreased with the increase in the particular complex concen-
tration. Compared with the control group, 1.25 pM of C5, C6
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Fig. 6 Single crystal data plot of C6 at 50% probability of thermal ellipsoids, showing atoms around Pt(i) center (A), bond lengths (B), close contacts

(C), and arrangement of molecules (D) in crystal packing.

1.963 2.003
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Fig. 7 Single crystal data plot of C7 at 50% probability of thermal ellipsoids, showing atoms around Pt(i) center (A), bond lengths (B), close contacts

(C), and arrangement of molecules (D) in crystal packing.

and C8 inhibited the survival of BXPC3, MIAPaCa-2 and PANC1
cells, and 10 pM of C5, C6 and C8 was sufficient to inhibit the
survival of BXPC3, MIAPaCa-2 and PANCI1 cells, respectively. In
summary, C5, C6 and C8 showed strong cytotoxicity in BXPC3,
MIAPaCa-2 and PANC1 cells in a dose-dependent manner,
respectively. These complexes inhibited the survival and pro-
liferation of cancer cells. The anti-proliferative activity of the
three highly active complexes (C5, C6 and C8) could be
arranged in series as follows: C6 > C5 > C8. Similarly, we used
C5, C6 and C8 in normal cells 3T3 (mouse embryonic fibro-

This journal is © The Royal Society of Chemistry 2024

blasts). We selected different concentrations of C5, C6 and C8
to detect the cytotoxicity of 3T3 cells (Fig. 10A-C). The increase
in the concentration of each C5, C6 and C8 showed no obvious
cytotoxicity to 3T3 cells, which suggested that these complexes
are more active in cancer cells.

We compared the cytotoxicity of C5, C6 and C8 against
BxPC3, MIAPaCa-2 and PANC1 cells with classical chemothera-
peutic drugs cisplatin (CP), 5-fluorouracil (5-FU), oxaliplatin
(OXA) and doxorubicin (DOX).°® BxPC3, MIAPaCa-2 and
PANC1 cells were treated with 10 uM of C5, C6, C8, CP, 5-FU,
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Fig. 8 Single crystal data plot of C8 at 50% probability of the thermal ellipsoids, showing atoms around Pt(i) center (A), bond lengths (B), close con-

tacts (C), and arrangement of molecules (D) in crystal packing.

OXA or DOX for 48 h (Fig. 11A-C). According to the MTT test
results, C5, C6, and C8 showed better cytotoxicity compared to
the chemotherapeutic drugs cisplatin, 5-fluorouracil, oxalipla-
tin, and doxorubicin. The ICs, values for C5, C6, C8, CP, 5-FU,
OXA or DOX were calculated in different cancer cells, as pre-
sented in Table 3. The survival rate of cancer cells treated with
C5, C6, and C8 was significantly lower, showing that these
complexes effectively inhibited the growth and proliferation of
BxPC3, MIAPaCa-2, and PANCT1 cells.

The cloning of tumor cells can trigger their resistance to
chemotherapeutic drugs, thereby promoting the survival, inva-
sion and metastasis of tumor cells and increasing the
difficulty of treatment.®” Therefore, we tested the effects of C5,
C6 and C8 on the colony formation ability of PANC1 cell
(Fig. 12A-D). PANC1 cells were treated with 5 and 10 uM of C5,
C6 and C8 for 7 days and analyzed by crystal violet assays. The
results showed that C5, C6 and C8 suppressed the clonogenic
potential of PANC1 cells in a dose-dependent manner. The
inhibitory ability of the three complexes on the colony for-
mation potential of PANC1 cells was compared as follows: C6 >
C5 > C8. Next, we also observed the morphological changes in
PANC1 cells upon treatment of C5, C6 and C8. Interestingly,
we detected apoptotic cells when PANC1 cells were treated
with C5, C6 and C8 in a dose-dependent manner (Fig. 12E).
These results indicated the strong inhibition of the tumori-
genic potential and induction of the apoptosis of pancreatic
cancer cells induced by these complexes.

13878 | Dalton Trans., 2024, 53,13871-13889

Invasion of pancreatic cancer cells in the presence of C5, C6
and C8

The invasion of tumor cells results in the metastasis of tumor
cells and promotes the development of cancer.’® Therefore,
suppression of the invasion of cancer cells inhibits cancer cell
metastasis and further controls the development of cancer. To
determine the ability of C5, C6 and C8, we treated PANC1 cells
with 10 pM of C5, C6 or C8 for 48 h, and cancer cell invasion
was analyzed by invasion chambers (Fig. 13A-C). The results
showed that the invasion ability of PANC1 cells treated with
10 pM of C5, C6 and C8 was significantly reduced. These
results suggested that C5, C6 and C8 inhibited the invasion of
PANC1 cells, thereby inhibiting metastasis and further
decreasing the development of pancreatic cancer progression.
The comparison of the three complexes inhibiting the invasion
ability of PANC1 cells was listed as follows: C6 > C5 > C8.

DNA damage repair pathway depends on poly(ADP-ribose)
polymerase (PARP); (PARP) inhibitors (PARPi) are a class of
antitumor drugs that blocks DNA repair and induces the apop-
tosis of cancer cells by enzymatically inhibiting PARP activity
at the site of DNA damage.®® Olaparib, veliparib and niraparib
are three widely used PARP inhibitors.”””> We used C5, C6
and C8 in combination with olaparib, veliparib and niraparib
to explore their synergistic effect in PANC1 cancer cells
(Fig. 14A-1). MTT data showed that compared with the control
group, the viability of PANC1 cells treated with C5, C6, C8, ola-

This journal is © The Royal Society of Chemistry 2024
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Fig. 9 C1-C8 suppressed the proliferation of pancreatic cancer cells; (A-C) BxPC3, MIAPaCa-2 and PANCI1 cells were treated with 20 pM of C1-C8
for 48 h and cell viability was determined in percentage. (D—F) BxPC3, MIAPaCa-2 and PANC1 cells were treated with CTL, 1.25, 2.5, 5, 10, 15 or
20 pM of C5, C6 or C8 for 48 h, and cell viability was determined in percentage (CTL represents DMSO treatment). Statistical analysis represents the

student t-test; *p < 0.05; **p < 0.005.
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Fig. 10 C5, C6 and C8 have no obvious cytotoxicity towards 3T3 cells; (A—C) 3T3 cells were treated with DMSO and 1.25, 5, 10, 15 or 20 uM of C5,

C6 or C8 for 48 h, and cell viability was determined.

parib, veliparib and niraparib alone was significantly reduced,
but when C5, C6 and C8 were used in combinations, the survi-
val rate of PANC1 cells was further reduced. Importantly, the
C5 and olaparib combination displayed a better combination
index (CI = 0.713) in comparison to C6 and olaparib (CI =
0.907); and C8 and olaparib (CI = 1.225) combinations
(Fig. 14A-C). Moreover, veliparib and C6 combination (CI =

This journal is © The Royal Society of Chemistry 2024

0.594) showed much stronger synergism when compared with
C5 and veliparib (CI = 0.751) combination and C8 and veli-
parib (CI = 1.154) combination (Fig. 14D-F). Next, the nira-
parib and C5 combination (CI = 0.751) showed a better combi-
nation index in comparison to niraparib and C5 (CI = 0.786);
niraparib and C8 (CI = 0.863) combinations (Fig. 14G-I).
Taken together, these results suggest that C5, C6 and C8 can
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Fig. 11 Comparison of anticancer effects of C5, C6 and C8 with anticancer drugs; (A—C) BxPC3, MIAPaCa-2, and PANC1 cells were treated with
10 pM of C5, C6, C8, CP, 5-FU, OXA or DOX for 48 h, and cell viability was determined in percentage. CTL represents DMSO-treated cells. Statistical

analysis represents the student t-test; *p < 0.05; **p < 0.005.

Table 3 ICsq (M) values of C5, C6, C8, CP, 5-FU, OXA and DOX in
different human cancer cells calculated from MTT data

Complex Market available anticancer drugs

PDAC cell line C5 Cé C8 CP 5-FU OXA DOX

BxPC3 5.47 7.32 8.23 9.76 9.89 14.54 10.88
PANC1 691 6.95 7.52 1098 12.34 15.52 12.23
MIAPaCa-2 7.92 6.21 6.54 11.43 11.23 13.91 13.45

ICso is defined as the concentration of a cytotoxic agent that is
required for 50% inhibition of cell growth.

synergize the anticancer effect when used in combination with
PARP inhibitors.

ATP (adenosine triphosphate), PARP and caspase-3/7 (pro-
apoptotic factor) are closely related to cancer cell apoptosis.
When PARP is inhibited, it leads to a severe DNA damage in
tumor cells without repair; then, the expression of pro-apopto-
tic factor caspase-3/7 is activated, while PARP, as the substrate
of caspase-3/7, is cleaved by caspase-3/7.”>’* Consequently,
PARP repair DNA requires continuous production of ATP to
provide energy.”>’® When PARP expression is inhibited or
cleaved by caspase-3/7, intracellular ATP is not excessively con-
sumed. PANC1 cells were treated with C5 alone or in combi-
nation with olaparib, veliparib and niraparib caspase-3/7, and
ATP assays were performed (Fig. 15A-F). We observed a signifi-
cant increase in caspase-3/7 activity when C5 was combined
with olaparib, veliparib and niraparib (Fig. 15A-C). These
results suggested that these drug combinations induced apop-
tosis in pancreatic cancer cells. Next, the combination of C5
with olaparib, veliparib and niraparib further reduced the ATP
production of PANC1 cells (Fig. 15D-F). These combinations
reduced ATP production, thereby enhancing cell death and
suppressing the tumorigenic ability of pancreatic cancer cells.

EZH2 (homolog 2) is a methylated histone transferase that
is highly expressed in various tumor tissues and is closely
related to the occurrence, development, invasion and meta-
stasis of tumors.”” EZH2 inhibits genes that lead to cell cycle

13880 | Dalton Trans., 2024, 53,13871-13889

arrest and promote self-renewal of tumor cells.”® PANC1 cells
were treated with 10 pM of C5, C6 and C8, and the relative
level of EZH2 protein was detected by western blot (Fig. 16A-
F). The results showed that C5, C6 and C8 effectively inhibited
the expression of EZH2 protein, thereby inhibiting the prolifer-
ation, invasion and metastasis of PANC1 cells.

Discussion

As a common drug in chemotherapy, the clinical application of
platinum-based drugs (cisplatin, oxaliplatin, etc.) is limited by
serious drug resistance and various adverse conditions in cancer
patients.” In this context, monofunctional platinum complexes
were investigated; based on the interaction and steric hindrance
of the additional ligands, these complexes showed a higher anti-
cancer rate and efficiency of binding to DNA to produce mono-
adducts, which reduced systemic side effects and improved drug
resistance caused by the use of cisplatin.>*>* As an important
drug function and connection bridge, the hydrazone group has
improved the lipophilicity of drugs and increased the absorption
rate of drugs; many hydrazone derivatives have exhibited good
antitumor activity.”**” As an important drug scaffold, piperazine
positively affected the pharmacokinetic properties of drugs and
improved the activities of drugs in many aspects. Similarly,
various piperazine derivatives also showed good antitumor
activities.>** Based on the above background, we simply and
efficiently synthesized a series of salicylaldehyde-derived pipera-
zine functionalized hydrazone ligand-based platinum complexes
C1-C8 and performed their structural characterization and stabi-
lity analyses using different analytical methods. The in vitro anti-
tumor activity results showed that these complexes (C1-C8) had
a good anti-PDAC potential.

Pancreatic ductal adenocarcinoma (PDAC) is one of the most
common malignant tumors in the world with aggressive
growth, high mortality and poor prognosis.®*”®' Chemotherapy
is the main method for the treatment of first-line ductal carci-
noma, but pancreatic cancer is diagnosed when it has already

This journal is © The Royal Society of Chemistry 2024
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Fig. 12 Effect on clonogenic potential of PANCL1 cells; (A—D) PANC1 cells were treated with DMSO, and 5 and 10 pM of C5, C6 or C8 for 7 days and
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Fig. 13 Invasion of pancreatic cancer cells; (A—C) PANC1 cells were
treated with DMSO or 10 pM of C5, C6 or C8 for 48 h, and invasion
ability was determined using cell invasion assay. Data represent the
number of invaded cells. Statistical analysis represents the student
t-test; *p < 0.05; **p < 0.005.

developed to the advanced stage, which has greatly reduced the
therapeutic effect of existing chemotherapeutic drugs.
Therefore, to cope with pancreatic cancer, it is necessary to
develop more effective chemotherapeutic drugs.*>® In this
scenario, the in vitro antitumor activity of the current series of
these salicylaldehyde-derived piperazine functionalized hydra-
zone ligand-based platinum complexes (C1-C8) was studied.
First, the cytotoxicity effect of C1-C8 on three PDAC cell lines
(BxPC3, MIAPaCa-2 and PANC1 cells) was determined by MTT
assay. The results showed that C1-C8 had certain cytotoxicity,
among which C5, C6 and C8 exhibited the best comprehensive
performance on these three cancer cells. We evaluated the dose-
dependent cytotoxicity of C5, C6 and C8, which showed a sig-
nificant correlation. The key complexes among C1-C8, C5, C6
and C8 exhibited good cytotoxicity and anti-proliferative activity.
Next, we compared the cytotoxicity of C5, C6 and C8 with com-
mercially available chemotherapeutic drugs CP, 5-FU, OXA and
DOX on BxPC3, MIAPaCa-2 and PANC1 cells. The cytotoxicity of
C5, C6 and C8 was significantly stronger than these commer-
cially available drugs. Furthermore, the effects of C5, C6 and C8
on the colony formation potential and invasion of PANC1 cells
were determined. The results showed that these complexes
inhibited the colony formation and invasion of tumor cells at a
low concentration of 5 pM, thereby inhibiting the progression,
metastasis and drug resistance of tumor cells. Simultaneously,
when C5, C6 and C8 were combined with classic PARP inhibi-
tors olaparib, veliparib and niraparib, the survival rate of

13882 | Dalton Trans., 2024, 53,13871-13889
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PANCI1 cells was significantly reduced. The combination of C5,
C6 and C8 with olaparib, veliparib and niraparib showed
superior synergistic antitumor activity, indicating that these
three complexes are potential candidates for anti-PDAC. ATP,
PARP and caspase3/7 are closely related to cancer cell apoptosis.
Based on the above results, we selected C5 to study these anti-
PDAC mechanisms. PNAC1 cells were treated with C5 in combi-
nation with olaparib, veliparib and niraparib, respectively. The
results showed that C5 had synergistic mechanisms with these
anticancer drugs that caused DNA damage and inhibited the
expression of PARP for DNA damage repair, which led to
serious DNA damage, promoted the expression of pro-apoptotic
factor caspase3/7, and triggered cancer cell apoptosis. However,
PARP, as a substrate of caspase3/7, cleaved caspase3/7 and
further reduced the expression of PARP. PARP repair of DNA
damage requires stimulation to produce more ATP for energy
because the expression of PARP is double inhibited, so there is
no need to produce more ATP. It was confirmed that the combi-
nation of C5 with olaparib, veliparib and niraparib inhibited
the expression of PARP, promoted the expression of caspase3/7,
reduced the production of ATP, comprehensively induced
cancer cell apoptosis and exerted synergistic anti-PANC1
activity. Methylated histone transferase EZH2, which is closely
related to tumorigenesis, invasion and metastasis, promotes
cell cycle progression and self-renewal of tumor cells by inhibit-
ing genes that lead to cell cycle arrest. The expression level of
the EZH2 protein in PANC1 cells treated with C5, C6 and C8
was determined by western blot. It was found that the
expression of the EZH2 protein was significantly inhibited, and
the expression level of the EZH2 protein was significantly
decreased. It was proved that C5, C6 and C8 inhibited the pro-
liferation, invasion and metastasis of PANC1 cells by inhibiting
the expression of EZH2 protein and thus inhibiting the cycle
progression of PANC1 cells.

It was concluded that these piperazine-functionalized hydra-
zone ligand-based platinum complexes had anti-PDAC activity.
Among them, C5, C6 and C8 exhibited the best antitumor activity.
In PNAC1 cells, these complexes exerted synergistic antitumor
effects when combined with PARP inhibitors olaparib, veliparib
and niraparib. The combination of C5 and these drugs induced
the apoptosis of PNAC1 cells by inhibiting PARP expression, pro-
moting caspase3/7 expression, and reducing ATP production. In
addition, C5, C6 and C8 inhibited the proliferation, invasion and
metastasis of PANC1 cells by inhibiting the expression of EZH2
protein. These results prove that these platinum complexes have
potential as anti-PDAC drugs, which provides a basis for further
detailed in vitro or in vivo biological investigation.

Materials and methods
Chemistry

General experimental and materials. All solvents and
reagents were purchased from commercial sources. The 'H
and *C NMR spectroscopic analyses were conducted at 298 K
using a Bruker AVANCE 500 MHz spectrometer. A Waters G2-Xs

This journal is © The Royal Society of Chemistry 2024
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Fig. 14 Combined anticancer effect of C5, C6 and C8 with PARP inhibitors; (A—1) PANC1 cells were treated with DMSO; 10 uM of C5, C6 and C8;
5 uM olaparib; 10 pM veliparib and 10 pM niraparib independently or in combination for 48 h, and cell viability was determined via MTT assay.

Statistical analysis represents the student t-test; *p < 0.05; **p < 0.005.

QTof mass spectrometer was used for the HR-ESI-MS tests,
and each compound CH,CI, solution was used in the mass
analyses. X-ray single-crystal structure analyses were performed
on a Rigaku Oxford Diffraction Supernova Dual Source, Cu at
zero equipped with an AtlasS2 CCD using Cu Ko radiation.
The data were collected and processed using the Oxford
Diffraction, Xcalibur CCD System, CrysAlisPro (Oxford
Diffraction Ltd: Abingdon, England, UK, 201024). The struc-
tures were solved by applying the direct method using Olex2
software,®* and the non-hydrogen atoms were located from the
trial structure and then refined anisotropically with
SHELXL-2018 *° using a full-matrix least squares procedure
based on F*. The weighted R factor, wR and goodness-of-fit S
values were obtained based on F°. The hydrogen atom posi-
tions were fixed geometrically at the calculated distances and
allowed to ride on their parent atoms. Crystallographic data of
C1, C5, C6, C7 and C8 were submitted to Cambridge
Crystallographic Data Center.

General procedure for the synthesis of L1-L8. 1 mmol of
1-amino-4-methylpiperazine was taken in 10 mL of ethanol in
a 25 mL round bottom flask, and 1.2 mmol (1.2 equivalents) of
particular salicylaldehyde was added to it. The resulting reac-
tion mixture was stirred at reflux until completion (5 h)

This journal is © The Royal Society of Chemistry 2024

(checked by TLC, 1% MeOH/CH,Cl, was used as eluent). After
completion, it was cooled in a refrigerator for 6 h, which preci-
pitated a white solid that was filtered and further washed with
cold ethanol. The white solid recovered was dried in the air to
a stable mass and characterized.

L1, 78% yield, white solid; FT-IR (KBr pellet) cm™": 3728.3,
3429.4, 1743.6, 1687.7, 1643.3, 1608.6, 1525.7, 1462.0, 1309.7,
1093.6, 750.3, 677.0. "H NMR (500 MHz, chloroform-d) & 11.59
(s, 1H), 7.67 (s, 1H), 7.20-7.11 (m, 2H), 6.92 (d, J = 8.2 Hz, 1H),
6.85 (td, J = 7.5, 1.1 Hz, 1H), 3.20-3.15 (m, 4H), 2.64-2.59 (m,
4H), 2.35 (s, 3H) ppm. *C NMR (125 MHz, chloroform-d) &
157.6, 140.6, 129.6, 119.0, 116.6, 54.1, 51.1, 45.9 ppm. HRMS
(ESI): calculated for C;,H;gN30, 220.1450; found: 220.1451, [M
+H]"

L2, 80% yield, white solid; FT-IR (KBr pellet) cm™": 3429.5,
2920.2, 1606.7, 1533.4, 1471.7, 1301.9, 1224.8, 1166.9, 1097.5,
1026.1, 952.8, 823.6, 738.7, 678.9. 'H NMR (500 MHz, chloro-
form-d) § 11.36 (s, 1H), 7.64 (s, 1H), 6.98 (dd, J = 8.3, 1.9 Hz,
1H), 6.93 (d, J = 1.8 Hz, 1H), 6.83 (d, J = 8.3 Hz, 1H), 3.18-3.15
(m, 4H), 2.63-2.59 (m, 4H), 2.35 (s, 3H), 2.26 (s, 3H) ppm. °C
NMR (125 MHz, chloroform-d) § 155.4, 140.8, 130.3, 129.9,
128.0, 118.7, 116.3, 54.1, 51.1, 45.9, 20.4 ppm. HRMS (ESI): cal-
culated for C;3H,,N;0, 234.1606; found: 234.1609, [M + H]".
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Fig. 15 C5 in combination with PARP inhibitors induced apoptosis and reduced ATP production; (A—C) PANC1 cells were treated with DMSO, 10 pM
of C5, 5 pM olaparib, 10 pM veliparib and 10 uM niraparib independently or in combination for 48 h, and caspase3/7activity was determined using a
caspase3/7 activity kit; (D—F) PANC1 cells were treated with DMSO, 10 uM of C5, 5 uM olaparib, 10 uM veliparib and 10 uM niraparib independently or
in combination for 48 h, and %ATP production was determined using an ATP determination kit. Statistical analysis represents the student t-test; *p <

0.05; **p < 0.005; ns = non-specific.
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Fig. 16

Inhibition of EZH2 protein expression in pancreatic cancer cells; (A—C) PANCL1 cells were treated with C5, C6 or C8 (10 uM) for 2 days, and

EZH2 protein expression was determined via western blot. Actin was used as a loading control. (D—F) Data represent changes in EZH2 protein
expression upon treatment with C5, C6 or C8 in PANC1 cells. Statistical analysis represents the student t-test *p < 0.05.
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L3, 83% yield, white solid; FT-IR (KBr pellet) cm™": 3417.8,
2912.5, 1604.8, 1521.8, 1450.5, 1408.0, 1301.9, 1172.7, 1126.4,
1089.8, 991.4, 947.0, 842.9, 798.5, 742.6, 684.7. 'H NMR
(500 MHz, chloroform-d) § 11.11 (s, 1H), 7.61 (s, 1H), 6.85 (d, J
= 8.9 Hz, 1H), 6.77 (dd, J = 8.9, 3.0 Hz, 1H), 6.67 (d, J = 3.0 Hz,
1H), 3.75 (s, 3H), 3.19-3.16 (m, 4H), 2.62-2.59 (m, 4H), 2.35 (s,
3H) ppm. C NMR (125 MHz, chloroform-d) § 152.4, 151.7,
140.1, 119.0, 117.1, 115.7, 114.1, 55.9, 54.1, 51.0, 45.9 ppm.
HRMS (ESI): calculated for C;3H,oN30,, 250.1556; found:
250.1558, [M + H]'.

L4, 93% yield, white solid; FT-IR (KBr pellet) cm™": 3425.5,
2916.3, 1610.5, 1537.2, 1442.7, 1338.6, 1249.9, 1188.1, 1097.5,
1053.1, 1004.9, 952.8, 900.7, 827.5, 752.2. "H NMR (500 MHz,
chloroform-d) § 12.90 (s, 1H), 8.59 (s, 1H), 8.01 (d, J = 8.5 Hz,
1H), 7.76 (d, J = 7.8 Hz, 1H), 7.70 (d, J = 8.9 Hz, 1H), 7.48 (ddd,
J = 8.4, 6.9, 1.3 Hz, 1H), 7.36-7.29 (m, 1H), 7.19 (d, J = 8.9 Hz,
1H), 3.33-3.22 (m, 4H), 2.72-2.62 (m, 4H), 2.38 (s, 3H) ppm.
3C NMR (125 MHz, chloroform-d) § 157.5, 137.8, 131.8, 130.9,
129.1, 128.2, 126.9, 123.0, 119.9, 119.2, 109.2, 54.2, 51.5,
45.9 ppm. HRMS (ESI): calculated for C;6H,,N30, 270.1606;
found: 270.1612, [M + H]".

L5, 84% yield, white solid; FT-IR (KBr pellet) cm™": 3408.2,
2902.8, 1606.7, 1533.4, 1469.7, 1300.0, 1224.8, 1166.9, 1095.6,
1028.0, 954.8, 823.6. 'H NMR (500 MHz, chloroform-d) & 11.56
(s, 1H), 7.54 (s, 1H), 7.24 (dq, J = 4.5, 2.4 Hz, 2H), 6.82-6.79
(m, 1H), 3.20-3.17 (m, 4H), 2.62-2.59 (m, 4H), 2.35 (s, 3H)
ppm. *C NMR (125 MHz, chloroform-d) § 156.6, 138.3, 131.9,
131.6, 120.9, 118.4, 110.6, 54.0, 50.8, 45.9 ppm. HRMS (ESI):
calculated for C;,H;,N;O0Br, 298.0555; found: 298.0554, [M +
H]".

L6, 82% yield, white solid; FT-IR (KBr pellet) cm™": 3402.4,
2893.2, 1604.8, 1521.8, 1456.2, 1408.0, 1301.9, 1174.6, 1132.2,
1091.7, 945.1, 841.0, 796.6, 740.7, 667.4. "H NMR (500 MHz,
chloroform-d) 6 11.53 (s, 1H), 7.54 (s, 1H), 7.12-7.07 (m, 2H),
6.85 (d, J = 8.8 Hz, 1H), 3.20-3.16 (m, 4H), 2.62-2.59 (m, 4H),
2.35 (s, 3H) ppm. >C NMR (125 MHz, chloroform-d) § 156.1,
138.4, 129.0, 128.7, 123.6, 120.2, 117.9, 54.0, 50.8, 45.9 ppm.
HRMS (ESI): calculated for C,,H;,N;0Cl, 254.1060; found:
254.1064, [M + HJ".

L7, 80% yield, white solid; FT-IR (KBr pellet) cm™
3398.5, 2879.68, 2856.53, 2358.9, 1608.6, 1533.4, 1460.1,
1421.5, 1300.0, 1207.4, 1145.7, 1099.4, 999.1, 958.6, 852.5,
817.8. '"H NMR (500 MHz, chloroform-d) § 11.32 (s, 1H),
7.55 (s, 1H), 7.06-6.63 (m, 3H), 3.21-3.16 (m, 4H), 2.61 (d,
J = 10.3 Hz, 4H), 2.35 (s, 3H) ppm. “*C NMR (125 MHz,
chloroform-d) & 156.8, 154.9, 153.6, 138.6, 119.3, 119.3,
117.4, 117.3, 116.0, 115.8, 115.0, 114.8, 54.1, 50.8, 45.9 ppm.
HRMS (ESI): calculated for C;,H;;N;OF, 238.1356; found:
238.1360, [M + H]'.

L8, 90% yield, white solid; FT-IR (KBr pellet) cm™": 3404.3,
2914.4, 2358.9, 1604.8, 1548.8, 1483.2, 1464.0, 1440.8, 1319.3,
1193.9, 1093.6, 1022.3, 950.9, 898.8, 842.9, 792.7, 742.6, 665.4.
"H NMR (500 MHz, chloroform-d) & 12.48 (s, 1H), 8.10-8.03
(m, 2H), 7.63 (s, 1H), 6.96 (d, J = 9.0 Hz, 1H), 3.23 (d, J = 5.1
Hz, 4H), 2.64-2.61 (m, 4H), 2.36 (s, 3H) ppm. *C NMR
(125 MHz, chloroform-d) & 163.0, 140.3, 137.0, 125.2, 124.9,

1-
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119.0, 117.1, 53.9, 50.6, 45.9 ppm. HRMS (ESI): calculated for
C1,H;,N;03, 265.1301; found: 265.1304, [M + H]".

General procedure for the synthesis of C1-C8. 46 mg
(0.11 mmol, 0.11 equivalent) of K,PtCl, was taken in 1 mL of
DMSO and heated at 50 °C with constant agitation to dissolve,
which resulted in a reddish solution. 9 mg (0.11 equivalent) of
NaOAc and 0.1 mmol (1 equivalent) of each ligand (L1-L8)
were weighed together and added to the K,PtCl, solution at
50 °C. The mixture was then added with 20 mL of MeOH at
constant stirring, and the temperature was increased to reflux.
It was stirred at this temperature until completion (checked by
TLC until the ligand spot disappeared) (6 h). The mixture was
cooled in a refrigerator for 6 h, and the formed light-yellow
solid precipitate was filtered and washed with cold methanol.
A pure product (C1-C8) was recovered in good isolated yield
and characterized.

C1, 63% yield, light yellow solid; FT-IR (KBr pellet) cm™":
2937.5, 2810.2, 1598.6, 1599.0, 1491.0, 1452.4, 1406.1, 1278.8,
1205.5, 1151.5, 1084.0, 995.3, 943.2, 898.8, 788.9, 748.4, 677.0.
'H NMR (500 MHz, DMSO-d,) § 8.97 (s, 1H), 7.50 (dd, J = 8.0,
1.8 Hz, 1H), 7.39 (ddd, J = 8.7, 6.9, 1.9 Hz, 1H), 6.74 (dd, J =
8.6, 1.0 Hz, 1H), 6.58 (ddd, J = 8.0, 6.8, 1.1 Hz, 1H), 3.54-3.40
(m, 2H), 3.31-3.23 (m, 4H), 2.77 (s, 3H), 2.60 (ddd, J = 11.3,
9.3, 6.1 Hz, 2H) ppm. *C NMR (125 MHz, DMSO-d,) § 162.8,
152.7, 134.5, 134.3, 121.0, 117.4, 116.1, 56.6, 52.3, 50.3 ppm.
HRMS (ESI): calculated for C;,H;,N;OCIPtNa, 471.0527;
found: 471.0522, [M + Na]".

C2, 69% yield, light yellow solid; FT-IR (KBr pellet) cm™":
2941.4, 2814.1, 1606.7, 1492.9, 1448.5, 1377.2, 1276.9, 1109.1,
995.3, 925.8, 827.5, 767.7, 682.8. "H NMR (500 MHz, DMSO-d,)
5 8.88 (s, 1H), 7.30-7.25 (m, 1H), 7.22 (dd, J = 8.7, 2.3 Hz, 1H),
6.66 (d, J = 8.7 Hz, 1H), 3.48 (dq, J = 11.9, 6.1 Hz, 2H),
3.29-3.23 (m, 4H), 2.76 (s, 3H), 2.65-2.55 (m, 2H), 2.18 (s, 3H)
ppm. *C NMR (125 MHz, DMSO-de) 6 161.2, 152.4, 136.1,
133.0, 124.3, 120.8, 116.7, 56.6, 52.3, 50.4, 20.0 ppm. HRMS
(ESI): calculated for C;3H;3N;OCIPtNa, 485.0684; found:
485.0683, [M + Na]".

C3, 72% yield, light yellow solid; FT-IR (KBr pellet) cm™:
2941.4, 2837.2, 2798.7, 1612.6, 1489.0, 1444.7, 1375.2, 1259.5,
1211.3, 1155.3, 1001.0, 908.5, 829.4, 769.6, 678.9. "H NMR
(500 MHz, DMSO-d,) 6 8.93 (s, 1H), 7.09 (dd, J = 9.2, 3.3 Hz,
1H), 7.04 (d, J = 3.2 Hz, 1H), 6.69 (d, J = 9.2 Hz, 1H), 3.66 (s,
3H), 3.50-3.43 (m, 2H), 3.29-3.27 (m, 2H), 2.76 (s, 3H),
2.64-2.55 (m, 2H), 2.50 (dt, J = 3.5, 1.7 Hz, 2H) ppm. **C NMR
(125 MHz, DMSO-d¢) § 158.3, 152.2, 149.8, 124.9, 121.9, 115.8,
113.7, 56.5, 56.0, 52.3, 50.4 ppm. HRMS (ESI): calculated for
C13H;5N;0,CIPtNa, 501.0633; found: 501.0633, [M + Na]".

C4, 74% yield, light yellow solid; FT-IR (KBr pellet) cm™":
3049.4, 2937.5, 2833.4, 2791.0, 2754.3, 2358.9, 1899.9, 1784.1,
1616.3, 1589.3, 1512.2, 1460.1, 1363.7, 1282.6, 1242.1, 1151.5,
1001.0, 945.1, 891.1, 812.0, 738.7, 667.4. '"H NMR (500 MHz,
DMSO-dg) 5 9.65 (s, 1H), 8.10 (d, J = 8.5 Hz, 1H), 7.88 (d, ] = 9.2
Hz, 1H), 7.76 (d, ] = 9.1 Hz, 1H), 7.52 (t, ] = 7.7 Hz, 1H), 7.27 (t,
J = 7.8 Hz, 1H), 6.95 (d, J = 9.2 Hz, 1H), 3.57-3.47 (m, 2H), 3.40
(ddd, J = 14.3, 9.2, 6.3 Hz, 2H), 3.34 (d, J = 4.6 Hz, 1H), 3.29 (d,
J = 4.6 Hz, 1H), 2.81 (s, 3H), 2.68-2.57 (m, 2H) ppm. *C NMR
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(125 MHz, DMSO-d¢) 6§ 163.0, 146.6, 134.5, 133.5, 129.0, 128.0,
127.5, 124.2, 123.3, 120.8, 107.30, 56.5, 52.4, 50.6 ppm. HRMS
(ESI): calculated for C;6H;sN3OCIPtNa, 521.0684; found:
521.0682, [M + NaJ".

C5, 78% yield, light yellow solid; FT-IR (KBr pellet) cm™":
3049.4, 2937.5, 2833.39, 2791.0, 2754.3, 2690.7, 2358.9, 1899.9,
1753.3, 1616.3, 1589.3, 1512.2, 1460.1, 1363.7, 1282.6, 1242.1,
1151.5, 1001.0, 945.1, 91.1, 806.2, 738.7, 667.4. 'H NMR
(500 MHz, DMSO-dg) & 9.00 (s, 1H), 7.38 (dd, J = 9.6, 3.3 Hz,
1H), 7.30 (ddd, J = 9.3, 8.0, 3.4 Hz, 1H), 6.74 (dd, J = 9.4, 4.8
Hz, 1H), 3.53-3.42 (m, 2H), 3.31-3.24 (m, 4H), 2.77 (s, 3H),
2.60 (ddd, J = 15.1, 7.4, 4.3 Hz, 2H) ppm. *C NMR (125 MHz,
DMSO-de) § 161.7, 152.1, 136.5, 135.3, 123.5, 119.3, 106.4, 56.6,
52.2, 50.3 ppm. HRMS (ESI): calculated for
C1,H;5N30CIPtBrNa, 548.9632; found: 548.9638, [M + Na]*.

C6, 75% yield, light yellow solid; FT-IR (KBr pellet) cm™":
2945.3, 2837.2, 2802.5, 2358.9, 1595.1, 1479.4, 1444.7, 1373.3,
1267.2, 1192.0, 1149.6, 1107.1, 993.3, 918.1, 827.5, 767.7,
705.9, 648.1. "H NMR (500 MHz, DMSO-ds) 6 9.03 (s, 1H), 7.64
(d,J = 2.8 Hz, 1H), 7.38 (dd, J = 9.1, 2.9 Hz, 1H), 6.75 (d, ] = 9.2
Hz, 1H), 3.54-3.41 (m, 2H), 3.30-3.24 (m, 4H), 2.76 (s, 3H),
2.60 (ddd, J = 15.3, 12.4, 6.5 Hz, 2H) ppm. ">*C NMR (125 MHz,
DMSO-d) 6 161.4, 152.2, 133.9, 132.3, 123.1, 119.2, 118.4, 56.6,
52.2, 50.3 ppm. HRMS (ESI): calculated for
C1,H;5N;0CIPtCINa, 505.0138; found: 505.0137, [M + Na]".

C7, 67% yield, light yellow solid; FT-IR (KBr pellet) cm™":
2945.3, 2837.2, 2804.5, 2360.8, 1595.1, 1492.9, 1444.7, 1373.3,
1263.4, 1149.6, 995.3, 918.1, 827.5, 767.7, 678.9. 'H NMR
(500 MHz, DMSO-d,) & 9.02 (s, 1H), 7.76 (d, J = 2.7 Hz, 1H),
7.47 (dd, J = 9.1, 2.7 Hz, 1H), 6.70 (d, J = 9.1 Hz, 1H), 3.53-3.43
(m, 2H), 3.31-3.21 (m, 4H), 2.76 (s, 3H), 2.59 (ddd, J = 11.3,
9.0, 6.3 Hz, 2H) ppm. *C NMR (125 MHz, DMSO-d;) § 159.6,
152.4, 152.1, 152.1, 122.9, 122.7, 122.4, 122.4, 117.0, 116.8,
116.26, 116.2, 56.6, 52.2, 50.3 ppm. HRMS (ESI): calculated for
C1,H,5N;OCIPtFNa, 489.0433; found: 489.0432, [M + NaJ".

C8, 73% yield, light yellow solid; FT-IR (KBr pellet) cm™":
3080.3, 2945.3, 2850.8, 2798.7, 2358.9, 1595.1, 1452.4, 1340.5,
1286.5, 1203.6, 1151.5, 1087.8, 1084.0, 995.3, 925.8, 852.5,
806.2, 702.1, 640.4. '"H NMR (500 MHz, DMSO-d¢) § 9.29 (s,
1H), 8.70 (d, J = 3.0 Hz, 1H), 8.19 (dd, J = 9.5, 3.0 Hz, 1H), 6.85
(d, J = 9.5 Hz, 1H), 3.57-3.44 (m, 2H), 3.36 (d, J = 8.8 Hz, 2H),
3.30 (d, J = 9.5 Hz, 2H), 2.78 (s, 3H), 2.66-2.55 (m, 2H) ppm.
BC NMR (125 MHz, DMSO-de) § 167.1, 153.4, 137.4, 132.5,
128.0, 122.2, 117.4, 56.7, 52.1, 50.2 ppm. HRMS (ESI): cal-
culated for C;,H;5N,O;PtFNa, 516.0378; found: 516.0381,
[M + NaJ".

Biology

Cell culturing. BxPC3, MIAPaCa-2, and PANC1 pancreatic
cancer cells were obtained from ATCC and maintained in
DMEM (Gibco) supplemented with 10% FBS (Gibco) and 1%
PEST (penicillin-streptomycin) (Merk Millipore). BxPC3,
MIAPaCa-2, and PANC1 cells were grown using an incubator at
37 °C and 5% CO,.

Cell proliferation assay. MTT assay was used to determine
the cell viability of BXPC3, MIAPaCa-2 and PANC1 cells. BXxPC3,
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MIAPaCa-2, and PANC1 cells were treated with the indicated
concentrations of different Pt complexes for 48 h, followed by
an MTT assay to determine the cell proliferation ability of
these cells. MTT reagent (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) (Thermo Fisher Scientific) was
added, and 96 well plate cells were incubated in an incubator
at 37 °C and 5% CO, for 2 h. Media was removed from cells;
then, 100 pL of DMSO was added to the control groups and Pt
complex-treated groups to dissolve formazan crystals. Reading
was recorded at 490 nm, and calculations were performed.

Bright field images. BxPC3, MIAPaCa-2 and PANC1 cells
were treated with the indicated complexes for 48 h. After that,
bright field images were taken to detect morphological
changes in the control and drug-treated BxPC3, MIAPaCa-2,
and PANC1 cells.

Clonogenic potential assay. BxPC3, MIAPaCa-2, and PANC1
cells were treated with DMSO, 5 or 10 pM of C5, C6 and C8 for
3 days. Drug containing media was removed from BxPC3,
MIAPaCa-2, and PANC1 cell lines; then, fresh media was
added to cells. BxPC3, MIAPaCa-2, and PANC1 cells were main-
tained in DMEM supplemented with 10% FBS and 1% PEST
(penicillin-streptomycin). 7 days later, the media was removed
from BxPC3, MIAPaCa-2, and PANC1 cells and washed with 1x
PBS carefully. Fixation was performed with fixation solution
having a combination of acetic acid/methanol 1:7 ratio for
20 min at rt. The fixed cells were then stained with 0.5%
crystal violet solution (Sigma Aldrich) for 20 min at rt. To
remove excess crystal violet staining, cell plates were washed
with water, and plates were dried, scanned and analyzed for
the results.

Crystal violet reading and absorbance. After following the
procedure of crystal violet staining and scanning of plates, a
solution of 50% ethanol and acetic acid (1:1) was added to
each well to dissolve the crystal violet staining. After that, a
reading at 570 nm was taken, and calculations were
performed.

Caspase 3/7 activity. PANC1 cells were treated with DMSO
and C5, olaparib, veliparib and niraparib alone or in combi-
nations for 48 h, and caspase3/7 activity assay was performed
to detect apoptosis using Caspase-Glo® 3/7 assay system
(Promega) following the manufacturer’s instructions.

ATP assay. PANC1 cells were treated with DMSO and C5, veli-
parib, olaparib, and niraparib independently or in combi-
nations for 48 h; then, an ATP assay was performed to detect
ATP production using an ATP assay kit (ab83355, Abcam) fol-
lowing instructions from the manufacturer.

Drug synergism study. PANC1 cells were treated with DMSO
and C5, C6, C8, olaparib, veliparib and niraparib alone or in
combinations for 48 h; then, MTT assay was performed to
determine cell proliferation ability, and the combination index
was calculated for each combination in PANC1 cells.

Invasion assay. An invasion assay was performed using
transwell inserts from corning, pre-coated with matrigel (BD).
PANC1 cells were plated in transwell inserts and treated with
DMSO and C5, C6 or C8 for 48 h. 500 pL medium sup-
plemented with 20% FBS was used to fill the lower part of the
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chambers. After 48 h of incubation, penetrated PANC1 cells
were fixed with methanol fixation solution for 30 min at rt.
The fixed cells were then stained with a solution of crystal
violet (0.5%) for 15 min at rt. After that, the chambers were
removed from the crystal violet solution and washed carefully
with water to remove excess crystal violet staining. The
chambers were dried, and images were taken.

Western blot. PANC1 cells were treated with DMSO and the
indicated complexes for 48 h, followed by western blot ana-
lysis. Cell pellets were collected from both control and
complex treated cells and lysed in RIPA lysis buffer containing
0.1% SDS, 50 pM Tris (pH 8.0), 1.0% NP-40, 0.5% sodium
deoxycholate and 120 pM sodium chloride in combination
with protease inhibitor cocktail. Samples were kept on ice for
25 min to complete the cell lysis. Lysed samples were centri-
fuged for 15 min at 4 °C, and the supernatant was collected.
After completion of the running, the samples were transferred
to a PVDF membrane, and the transfer was performed. 5%
non-fat dry milk in 1x TBST was used for blocking. 1 h block-
ing was performed at rt. After that, the membranes were incu-
bated with EZH2 and actin primary antibodies overnight at
4 °C. Next day, the primary antibodies were removed; then,
membranes were washed with 1x TBST 3 times. Membranes
were incubated with secondary antibody for 90 min on a
shaker at rt. The secondary antibody was removed from the
membranes and washed 3 times with 1x TBST. After that, an
ECL solution (Pierce™ ECL western blotting substrate) was
added to the membranes to detect the signal. EZH2 (D2C9)
XP® rabbit mAb #5246 (cell signaling technology) and p-actin
antibody #4967 (cell signaling technology) were used.
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