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Abstract New therapeutic options are crucially for most cancers, particularly those with poor clin-
ical outcomes. Five new derivatives of cisplatin-containing selenone ligands with the general for-
mula, cis-[Pt(NHj3),(Selenone),](NO3), (1-5) were synthesized and characterized using elemental
analysis, Infrared, and nuclear magnetic resonance ("H, '*C & "’Se) spectroscopy. Spectroscopic
and computational data supported the coordination of selenones to platinum(II). The structures
of the complexes were predicted using density functional theory calculations. Molecular docking
studies were carried out using the AutoDock Tools docking program. The in vitro cytotoxicity of
these complexes and cisplatin against three human cancer cell lines, HeLa, A549, and HCT116
was investigated using the MTT assay. The best candidate complex, complex 3, was subjected to
mechanistic assessments, including miRNA profiling, PI3K deactivation, and induction of apopto-
sis. Docking studies showed that all the newly synthesized platinum(II) complexes interacted with
the minor DNA groove. The synthesized complexes showed promising cytotoxic effects against the
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tested cell lines. Complex 3 modulated the miRNA expression signature in A549 cells. Pathway

enrichment analyses of differentially expressed miRNA gene targets identified the PI3K/AKT sig-

naling pathway as a promising target. Complex 3 inhibited PI3K activity and induced apoptosis.

Collectively, our study identified promising new platinum(II) derivatives such as complex 3, paving

the way for future in vitro and in vivo validations and safety studies.

© 2021 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Cisplatin, cis-diamminedichloridoplatinum(II) is one of the
chemotherapeutic agents most commonly used for the treat-
ment of several malignancies, including testicular, bladder,
lung, and ovarian cancers (Ahmad, 2017; Dasari and Bernard
Tchounwou, 2014a; Dilruba and Kalayda, 2016; Fennell
et al., 2016; Ho et al., 2016; Johnstone et al., 2016; Kelland,
2007; Lovejoy and Lippard, 2009; Wheate et al., 2010;
Wilson and Lippard, 2014). Despite the remarkable success
of cisplatin in cancer treatment, its use is limited by two major
factors: (i) its toxic side effects, especially nephrotoxicity, neu-
rotoxicity, ototoxicity, and gastrointestinal toxicity (Dasari
and Bernard Tchounwou, 2014a; Florea and Biisselberg,
2011; Oun et al., 2018; Piccolini et al., 2013) and (ii) infective-
ness against common human tumors such as colon and non-
small cell lung cancers due to drug resistance (Florea and
Biisselberg, 2011; Galluzzi et al., 2012; Shen et al., 2012;
Stewart, 2007; Zisowsky et al., 2007). These limitations empha-
size the need for the identification of new platinum complexes
with fewer side effects and with the capacity to overcome resis-
tance (Bai et al., 2017; Deo et al., 2018; Dilruba and Kalayda,
2016; Galanski et al., 2005; Kelland et al., 1999; Lebwohl and
Canetta, 1998; Lovejoy and Lippard, 2009; Reedijk, 2009;
Starha et al., 2017; Wheate et al., 2010; Wilson and Lippard,
2014). Several derivatives of cisplatin, carboplatin, and oxali-
platin have been synthesized and tested for anti-tumor activity
(Bai et al., 2017; Bernhardt et al., 2004; Carland et al., 2006;
Chopade et al., 2015; Deo et al., 2018; Escribano et al., 2013;
Fuks et al., 2010; Gay et al., 2015; Intini et al., 2017; Jomaa
et al., 2019; Kelland et al., 1999; Kovala-Demertzi et al.,
2009; Kiikavova et al.,, 2016; Marverti et al., 2008; Miles
et al., 2016: Pracharova et al., 2015; Starha et al., 2017, 2010:
Sun et al., 2012; Tamasi et al., 2010; Tian and He, 2015; Yin
etal., 2011; Zenget al., 2014). A few of these derivatives contain
selenoether ligands such as selenomethionine (Carland et al.,
2006; Chopade et al., 2015; Zeng et al., 2014). Selenium-
containing compounds have been exploited in an effort to
reduce the toxicity of platinum drugs because selenomethionine
has been shown to reduce the renal toxicity of cisplatin in rats
and mice. In this regard, we recently reported the synthesis,
characterization, and antitumor properties of various plat-
inum(II) complexes of selenones includeing [Pt(Selenone),Cl,]
(Altoum et al., 2017a), [Pt(Selenone)4]Cl,] (Ahmad et al.,
2018; Altoum et al., 2017b), and transplatin derivatives, trans-
[Pt(NH3)5(Selenone),](NO3), (Alhoshani et al., 2019).

Lung cancer is the deadliest form of malignancy worldwide
(Siegel et al., 2021; Sung et al., 2021). More than 50% of

patients with lung cancer in the United States succumb to
the disease in the first year of diagnosis (Noone et al., 2018).
Non-small-cell lung carcinoma (NSCLC) accounts for 84%
of all lung cancer cases (American Cancer Society, 2021).
Although NSCLC has a better prognosis than other types of
Iung cancers, small-cell lung carcinoma still has a poor overall
prognosis with a S5-year relative survival rate of 25%
(American Cancer Society, 2021). Thus, screening for new
effective agents against NSCLC tumors is warranted.

MicroRNAs (miRNAs) are small (19-21 nucleotides) inhi-
bitory non-coding RNAs that regulate gene expression post-
transcriptionally by binding to a seed match located at the
3-UTR of target mRNA (Bartel, 2004; Catalanotto et al.,
2016; Jonas and Izaurralde, 2015). miRNAs are thought to tar-
get up to one-third of all known human mRNAs (Shu et al.,
2017; Zhong et al., 2012). In fact, one miRNA can target hun-
dreds of genes simultaneously (Schirle et al., 2014). Dysregula-
tion of miRNAs has been reported in the majority of cancers,
including lung cancer, and has been implicated in numerous
oncogenic features such as proliferation, invasion, metastasis,
angiogenesis, lack of apoptosis, and therapy resistance
(Jansson and Lund, 2012; Kurozumi et al., 2016; Peng and
Croce, 2016; Si et al., 2019; Singh and Mo, 2013). These fea-
tures make miRNA regulation an appealing molecular process
to investigate and understand the mechanisms through which
newly proposed anti-cancer therapeutic agents function.

Considering that cisplatin-derived complexes may be more
effective anti-cancer agents than cisplatin, we report newly
synthesized novel complexes of selenone ligands with the gen-
eral formula, cis-[Pt(NH;),(Selenone),](NO3), that exhibited
a promising tumor-suppressive activity. We described the syn-
thesis, spectroscopic characterization, density functional the-
ory (DFT)-optimized structures of these complexes. In
addition, a molecular docking technique was used to analyze
the interaction between these compounds and DNA and
compared it with inhibitor activities obtained from experi-
mental studies. Finally, functional and mechanistic investiga-
tions were conducted for the most promising complex out of
the five new derivatives. This study provides a basis for future
investigations and validations of cisplatin-derived selenone
complexes. The structures of the selenone ligands are shown
in Fig. 1.

1) Selenourea (Seu) (Complex 1)

2) N,N’-dimethylselenourea (Me,Seu) (Complex 2)
3) 1,3-Imidazolidine-2-selenone (ImSe) (Complex 3)
4) 1,3-Diazinane-2-selenone (DiazSe) (Complex 4)
5) 1,3-Diazepane-2-selenone (DiapSe) (Complex 5)
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1) Selenourea (Seu) (Complex 1)

2) N,N'-dimethylselenourea (Me,Seu) (Complex 2)

3) 1,3-Imidazolidine-2-selenone (ImSe) (Complex 3)

4) 1,3-Diazinane-2-selenone (DiazSe) (Complex 4)

5) 1,3-Diazepane-2-selenone (DiapSe) (Complex 5)

Fig. 1

2. Materials and methods

2.1. Chemicals

Cisplatin (cis-diamminedichloridoplatinum(II)) was obtained
from Strem Chemicals, Inc. (Newburyport, MA, USA).
Dimethyl sulfoxide-ds; was purchased from Fluka® Analytical
(Buchs, Switzerland). Selenourea and N,N’-
dimethylselenourea were obtained from Acros Organics (Fair
Lawn, NJ, USA). The other selenone ligands were prepared
as described previously (Cristiani et al., 1977; Wazeer et al.,
2003).  (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide, a yellow tetrazole) was purchased from Sigma-
Aldrich (St. Louis, MO, USA). The cancer cell lines, A549
(lung), HeLa (cervical), and HCT116 (colon) were purchased
from the American Type Culture Collection (Manassas, VA,
USA).

2.2. Synthesis of complexes

The complexes were prepared by adding 0.17 g (1.0 mmol)
AgNOj; in 5.0 mL ethanol to 0.15 g (0.5 mmol) cis-diamminedi

Structures of selenones used in this study.

chloridoplatinum(II) (cisplatin) in 10 mL ethanol and stirring
the mixture for 1h at 25°C to precipitate silver chloride.
The resultant mixture was filtered to remove silver chloride
as a white solid. Then, 1.0 mmol of selenone ligands (1-5) dis-
solved in 10 mL ethanol or acetonitrile and added, drop-wise,
to the filtrates. Stirring the mixture for three h at room temper-
ature resulted in yellow, brown, and grey colored solutions.

(1) AgNO;3 2eq
(2)L 2eq

1t, 3h

L = Selenone ligand (1-5)

1) Selenourea (Seu) (Complex 1)

2) N,N'-dimethylselenourea (Me,Seu) (Complex 2)
3) 1,3-Imidazolidine-2-selenone (ImSe) (Complex 3)
4) 1,3-Diazinane-2-selenone (DiazSe) (Complex 4)

5) 1,3-Diazepane-2-selenone (DiapSe) (Complex 5)

Fig. 2 Synthesis of cis-Pt-selenone compounds from cisplatin.
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The solutions were filtered and kept at room temperature for
three to five days in an undisturbed area. Solid powder was iso-
lated by slowly evaporating the solvents and kept in the fridge.
The synthesis procedure is shown in Fig. 2. The elemental
(CHN) analysis data of the complexes are presented in Table 1.

1) Selenourea (Seu) (Complex 1)

2) N,N’-dimethylselenourea (Me,Seu) (Complex 2)
3) 1,3-Imidazolidine-2-selenone (ImSe) (Complex 3)
4) 1,3-Diazinane-2-selenone (DiazSe) (Complex 4)
5) 1,3-Diazepane-2-selenone (DiapSe) (Complex 5)

2.3. Instrumentation

Elemental analyses were performed using Perkin Elmer Series
11 (CHNS/O) analyzer 2400. The solid-state FTIR spectra
were recorded on a Nicolet 6700 fourier-transform infrared
(FTIR) spectrophotometer over the range of 400-4000 cm ™'
at a resolution of 4.0cm~'. Nuclear magnetic resonance
(NMR) measurements were carried out in DMSO dj using a
JEOL JNM-LA 3500 NMR spectrometer at 297 K. The 'H
and proton-decoupled '*C NMR spectra were recorded at
500.00 and 125.65 MHz, respectively. The spectral conditions
were: 32 K data points, 0.963 s acquisition time, 2.5s pulse
delay, and 5.12 ps pulse width for 'H NMR, and 32 K data
points, 0.963 s acquisition time, 3.2 s pulse delay, and 5.75 ps
pulse width for '*C NMR. The chemical shifts were measured
relative to tetramethylsilane (TMS). The ’Se NMR chemical
shifts were recorded at 95.35 MHz relative to an external refer-
ence (SeO, in D,0) at 0.00 ppm, using 2.0 s pulse delay and
0.311 s acquisition time.

2.4. Stability studies

Complex 4 as a representative complex was selected for stabil-
ity studies using Lambda 200, Perkin-Elmer UV-visible spec-
troscopy. Complex 4 was dissolved in DMSO then subjected
to stability examinations at different time points, 0 h, 24 h,
and 72 h.

2.5. Computational studies

2.5.1. Quantum chemical calculations

Quantum chemical calculations were performed, in the gas
phase, for complexes 1-5 using Gaussian 9 program (Frisch

et al., 2009). Models were built using the Avogadro 1.2.0 pro-
gram (Hanwell et al., 2012). Fully relaxed ground state geome-
tries for all complexes were obtained at the DFT using the
B3LYP DFT, the 6-31 + G(d) basis set for C, H, and N
atoms, and the LANL2DZ basis set for Se and Pt atoms.
The minimum energy conformation was confirmed using pos-
itive vibrational frequencies.

2.5.2. Molecular docking studies

To investigate the mode of interaction of the newly synthesized
platinum-selenone complexes, we performed rigid/flexible
molecular docking against the DNA duplex (Haleel et al.,
2014; Jomaa et al, 2019) with the sequence d
(CGCAAATTTCGC), dodecamer (PDB ID: 1BNA) (Drew
et al., 1981). First, we placed B-DNA in an octahedron bond,
added solvent molecules and ions to neutralize the charges,
and minimized using the Gromacs 2018 program (Abraham
et al., 2015). A further short MD simulation was performed
to equilibrate the structure. After MD simulation, the gener-
ated DNA structure and the optimized geometries of the Pt-
selenone compounds were used for docking. Only the polar
hydrogens of the DNA were used for docking. AutoDock
Tools (ADT) version 1.5.6 and AutoDock version 4.2.5.1
docking program (Morris et al., 2009) were used for docking
the complexes to B-DNA. Gasteiger charges were applied dur-
ing docking calculations. Molecular docking reportedly plays
an important role in the interaction between anti-cancer drugs
and DNA molecules (Abou-Dobara et al., 2019; Diab et al.,
2019, 2018; El-Sonbati et al., 2020; El-Sonbati et al., 2019;
Mohamed et al., 2016; Morgan et al., 2018a, 2018b, 2017,
Refaat et al., 2016; Sulaiman et al., 2020a, 2020b). Visualiza-
tion and analysis of the binding mode and interactions in the
binding pocket of the obtained poses were assessed using the
the VMD program (Humphrey et al., 1996).

2.6. In vitro cytotoxicity of Platinum(1I) complexes

Different concentrations (0.5, 1.0, 3.0, 10.0, 30.0, and
100.0 uM) of Pt(II) complexes 1-5 and cisplatin (classical stan-
dard control) with concentrations were prepared in Dulbecco’s
Modified Eagle’s Medium (DMEM). A549, Hela, and
HCT116 cells were seeded and maintained in quadruplicate
in a 96-well culture plate at 5 x 10* cells/well in 200 uL of
the same medium. The cancer cells were incubated for 24 h
before treatment. The complexes were dissolved in 50%
DMSO stock solutions due to poor aqueous solubility. The

Table 1 FElemental analysis, melting points, color, and yield of cis-diammine-platinum(Il) complexes of selenones,
cis-[Pt(NHj3),(Selenone),](NO3),.

Complex Found (Caled) % M.P.(°C) Color Yield %

C H N

[Pt(NHs)5(Seu),](NO3), (1) 3.92 (4.01) 2.40(2.35) 18.87(18.70) 155-158 Brown 77.0%
[Pt(NH;)2(Me>Seu),[(NO3), (2) 10.88(10.99) 3.46(3.38) 17.27(17.09) 140-144 Gray 80.5%
[Pt(NHs;)>(ImSe)-](NO3)> (3) 10.97(11.06) 2.93(2.78) 16.92(17.20) 185-188 Brown 80.0%
[Pt(NH;),(DiazSe),](NO3), (4) 14.55(14.41) 3.39(3.26) 16.27(16.49) 111115 Brown 78.0%
[Pt(NH3),(DiapSe)>](NO3)s (5) 16.85(16.97) 3.88(3.70) 15.98(15.84) 188-193 Yellow 81.4%




Synthesis, characterization, and miRNA-mediated

5

final DMSO concentration in each treatment group
was <0.1%. Therefore, 0.1% DMSO in DMEM was used as
a negative control. The cancer cells were treated with the syn-
thesized complexes (1-5) and cisplatin for 24 h. after incuba-
tion, the medium from each well was discarded, and 100 uL
DMEM containing 10% 3-(4,5-dimethylthiazol-2-yl)-2,5-diph
enyltetrazolium bromide (MTT) dye added to the wells and
incubated in the dark for 4h in a 5% CO, incubator at
37 °C. After incubation, a purple-colored formazan (artificial
chromogenic dye, a product of the reduction of water-
insoluble tetrazolium salts, e.g., MTT by dehydrogenases
and reductases) was produced by the cells and appeared as
dark crystals at the bottom of the wells. The medium was care-
fully discarded from each well, making sure to avoid disrupting
the monolayer. After this, 100 pL of isopropanol was added
into each well and the solution was mixed thoroughly to dis-
solve the formazan crystals, resulting in a purple solution.
The absorbance of the solution was measured at 570 nm with
a Mithras 2LB943 and subtracted from the absorbance of a
blank solution. Percentage cell viability was calculated using
the formula: Cell viability (%) = 100 x (absorbance of com-
pound)/(absorbance of control). The ICs, value for each com-
plex was calculated in GraphPad 8.0 and Excel 2016 (Sulaiman
et al., 2020a, 2020b).

2.7. Mechanistic studies of complex 3

2.7.1. miRNA expression signatures

The NSCLC cell line, A549, was cultured in 6-well plates at
5 x 10° cells/well for 24 h. The cells were then treated, in dupli-
cate, with either complex 3 at 1.2 uM ICs, concentration or
complex-free medium (negative control) for 24 h. Thereafter,
total RNA, including miRNAs, was isolated from each sample
using the miRNeasy Mini Kit (Qiagen, Germany). The con-
centration and quality of RNA samples were measured using
a NanoDrop 2000 spectrophotometer (Thermo Fisher Scien-
tific, USA). For miRNA expression profiling, 100 ng of the
extracted total RNA was used for RNA labeling and
hybridization onto the Agilent Human SurePrint G3 8_60 k
v.21 miRNA microarray chip (Agilent Technologies, USA).
At the end of the run, raw data files (.Cel) were generated
for each sample. The files were uploaded, normalized, and ana-
lyzed using GeneSpring GX software (Agilent Technologies,
USA). A two-fold-change was set as the cut-off for determin-
ing differentially expressed miRNAs in treated versus control
samples. Supervised hierarchical clustering analysis was per-
formed based on differentially expressed miRNAs
(Alhoshani et al., 2018).

2.7.2. Identification of validated gene targets and enriched
pathways
Putative binding sites for the downregulated and upregulated
miRNAs at the 3-UTR of all known human mRNAs were
screened using the miRWalk 3.0 database (http://mirwalk.
umm.uni-heidelberg.de/) (Sticht et al., 2018). The only experi-
mentally validated gene targets were selected for further anal-
ysis in the miRTarBase database (http://mirtarbase.cuhk.edu.
cn/php/index.php) (Huang et al., 2019) to reduce false-
positive results which miRWalk suffers using.

The validated target genes were used to perform functional
enrichment analyses in DAVID Bioinformatics Resources 6.8

(https://david.nciferf.gov/). Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway enrichment analyses were
performed. A Fisher exact value and a false discovery rate
(FDR) < 0.05 were used as cut-offs to identify significantly
enriched pathways (Huang et al., 2007).

2.7.3. PI3K dual activation assay

AS549 cells were treated with complex 3 (1.2 uM) and vehicle
(DMSO) for 24 h. PI3K activity was investigated using the
Muse™ PI3K Activation Dual Detection Kit. Processed sam-
ples were loaded onto Muse cell analyzer (Merck Millipore,
Burlington, MA, USA) to determine the expression and phos-
phorylation status of the PI3K protein. Complex 3-treated
samples were expected to have a lower percentage of PI3K-
expressing/phosphorylated cell populations.

2.7.4. Annexin V apoptosis assay

A549 cells were treated with either serial concentrations of
complex 3 (1 uM, 5uM, 10 uM, and 30 uM) or a vehicle
(DMSO)-containing medium for 24 h. The apoptotic effect
of complex 3 was evaluated using the PE Annexin V Apoptosis
Detection Kit with 7-AAD (BioLegend, USA). The kit utilizes
two different dyes, Annexin V and 7AAD, to categorize a
broad spectrum of apoptotic and non-apoptotic cells. Annexin
V binds to phosphatidylserine on the external membrane of
apoptotic cells, while 7AAD permeates and stains the DNA
of late-stage apoptotic and dead cells. Staining allows the iden-
tification of four cell populations: non-apoptotic (viable) cells
(Annexin V- /7AAD-), early apoptotic cells (annexin V+
/TAAD-), late apoptotic or dying cells (Annexin V+
JTAAD + ), and necrotic (dead) cells (annexin V- /7JAAD
+ ). Complex 3 was expected to increase the apoptotic and
necrotic cell populations in a dose-dependent manner.

3. Results and discussion
3.1. Synthesis and spectroscopic studies

Cisplatin, cis-[Pt(NHj3),Cl,], was first converted into a more
reactive nitrato form by the addition of AgNO;. The selenones
were then added at a molar ratio of 1:2 to yield the desired
complexes with the composition, [Pt(NHj3),(Selenone),]
(NOs),. The significant IR bands of the selenones and plat-
inum(II) complexes are listed in Table 2. The v(C = Se) vibra-
tion of the selenones around 600-730 cm™' shifted toward a
lower frequency upon complexation. Such IR band shifts are
indicative of complex formation as previously reported
(Ahmad et al., 2018, 2003, 2002; Alhoshani et al., 2019;
Altoum et al., 2017a, 2017b; Isab et al., 2006). The v(N-H)
and Vv(C-N) bands were observed at approximately
3200 cm ™' and 1400 cm ™" respectively. The signals near 800
and 1300 cm™' indicate the presence of nitrate ions (Ahmad
et al., 2003; Altoum et al., 2017a; Isab et al., 2002).

The '"H (N-H protons), '*C, and 7’Se NMR data of the
ligands and their complexes in DMSO d; are listed in Table 3.
The '*C and 7’Se NMR spectra of the complexes are presented
in (Supplementary Figs. S1-S9). In the '"H NMR spectra of the
complexes, the N—H signal of selenones appeared downfield by
approximately 1.0 ppm with respect to its position in free
ligands. The deshielding is due to an increase in 7w, the charac-
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Table 2 Selected IR absorptions (cm ') of selenones and their cis-Pt(IT) complexes.
Species v(C = Se) v(NH) Vv(C-N) v(NO);
Seu 736 3265 1520 =
1 603 3320, 3222 1410 1349
Me,Seu 730 3245 1432 -
2 600 3355 1393 1353
ImSe 561 3250 1463 -
3 552 3283 1397 1365
DiazSe 601 3200 1465 -
4 558 3365 1411 1366
DiapSe 615 3224 1453 -
5 600 3299 1324 1396
Table 3 'H (for the N-H proton), '*C{'H}, and "’Se{'H} NMR chemical shifts (ppm) of the cis-Pt(IT) complexes with selenones in
DMSO dj.
Species N-H (CHC = Se (Cl1 N-C2 C3 3(""Se)
Seu 7.59 178.8 = = 200.7
1 8.53 168.1 - - 160.5
Me,Seu 7.55 177.8 31.0 — 231.4
2 8.39 169.5 31.5 - 185.9
ImSe 8.33 177.1 44.9 = 73.5
3 9.30 166.3 45.7 - 52.3
DiazSe 7.13 171.0 40.8 18.9 199.9
4 7.97 163.5 40.7 18.1 165.5
DiapSe 8.05 180.8 45.5 45.5 292.0
5 8.96 171.0 45.3 45.3 175.9
ter of the C—N bond upon coordination. Selenourea protons
were detected at approximately 4 ppm. In the *C NMR spec- 4.0
tra, an upfield shift in the > C = Se resonance of selenones 1
was observed upon complexation (Table 3). This upfield shift 3.5
indicates the coordination of selenone ligands through the sele- 3 O-. (a)
nium atom (Ahmad et al., 2018, 2003, 2002; Alhoshani et al., ) (b)
2019; Altoum et al., 2017a, 2017b; Isab et al., 2006). The other 25 (©
(C-H) resonances are only slightly shifted. o 1
In the ’Se NMR spectra, the selenone signal shifted upfield 2 2.0
upon complexation, providing clear evidence of selenium bind- 1
ing to the metal center. The DiapSe complex, 5, showed the 1.5
highest shift difference of 84 ppm, suggesting that it had the 1 0_'
highest stability among the prepared complexes. The ”’Se shift )
values are consistent with previously reported data (Alhoshani 0.5-
et al.,, 2019; Isab et al., 2006; Rani et al., 2017). 1
0.0 T T T T |
3.2. Stability of complex 4 300 400 500 600 700
A (nm)

The stability of a representative complex, 4, was evaluated in
DMSO at room temperature using UV-visible spectroscopy.
The complex was fully soluble in DMSO. Spectra were taken
at O h, 24 h, and 72 h as shown in Fig. 3. No changes were
observed in the spectra at the three time points. An absorption
band was detected at approximately 300 nm, which was asso-
ciated with the m — ©* transition of the ligands. These obser-
vations suggest that complex 4 was stable and did not
undergo decomposition in DMSO solution.

Fig. 3  UV-vis spectra of 0.05 uM complex 4 was performed in
DMSO at room temperature. (a) 0 h (b), 24 h (c), 72 h.

3.3. DFT optimized structures

DFT was used to optimize the selenone complexes to obtain
the minimum energy conformation. The DFT-optimized
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geometries of complexes 1-5 are presented in Fig. 4. In each
case, the platinum(Il) atom was found to be coordinated by
two nitrogen atoms and two selenium atoms, resulting in a
square planar geometry. Fig. 4 shows that in the optimized
structures, Pt-Se bond length varied between 2.52 A and
2.54 A, while the C-Se bond length varied from 1.86 A in com-
plex 5 to 1.96 Ain complexes 2 and 4. The shorter bond length

in complex 5 indicates a relatively stronger double bond char-
acter of the bond than those in the other complexes (1-4). In
complexes 1-5, the C-N bonds have partial double bond char-
acteristics. The bond parameters correspond well with those
observed experimentally in other Pt-selenone complexes
(Alhoshani et al., 2019; Altoum et al., 2017b; Rani et al., 2017).

(a) Complex 1

(e) Complex 5

(b) Complex 2

(d) Complex 4

Fig. 4 DFT-optimized structures of Pt-selenone complexes. Bond distances in each complex are shown.
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3.4. Molecular docking study

The results of the docking study revealed that the complexes
were stabilized primarily by hydrogen bonding interactions
with DNA. Table 4 shows the estimated inhibition constants
and docking scores for the top-ranked binding conformations.
Molecular docking results showed that all studied Pt-selenone
complexes bond strongly with the DNA minor groove (Fig. 5
and Supplementary Figs. S10-S14). Binding energy scores were
negative for all complexes (1-5). Among the complexes inves-
tigated in the study, Complex 5 had the lowest relative binding
energy and highest affinity for binding to DNA (Table 4). The
best possible conformations of the complexes were obtained
via the interactions of their two ammine groups with the base
pairs in the minor groove of the DNA, which were stabilized
due to stronger hydrogen bonding interactions. All estimated
inhibition constants (K;) for the docking processes were rela-
tively small, implying that the synthesized complexes bind con-
siderably well to the binding sites, and a relatively low
concentration of the complexes is sufficient to maximally
occupy a binding site and prompt a physiological response.

3.5. In vitro cytotoxicity analyses

In vitro cytotoxicity of complexes (1-5) and cisplatin against
three human cancer cells, A549 (lung cancer cells), HeLa (cer-
vical cancer cells), and HCT116 (colon cancer cells), was exam-
ined relative to 0.1% DMSO in DMEM using the MTT assay.
The impact of treatment with serial concentrations of com-
plexes 1-5 on cancer cell viability and ICso values are illus-
trated in Fig. 6. complexes, 3 and 4, showed higher in vitro
cytotoxicity than cisplatin and the other complexes in all three
cell lines. Complex 2 exhibited cytotoxicity levels comparable
to cisplatin in HCT116 cells, while complex 5 was partially
effective against A549 cells only. Complex 1 did not show effi-
cacy against any of the three cell lines tested.

Recently, we reported the anti-cancer properties of other
platinum(II) complexes of heterocyclic selenones (Ahmad
et al., 2018; Alhoshani et al., 2019; Altoum et al., 2017a,
2017b). Some of these compounds were found to have a better
cytotoxic profile than cisplatin (Alhoshani et al., 2019). In our
study, complex 3 possessed the highest efficacy among all Pt-
selenone complexes that we previously reported (Ahmad
et al., 2018; Alhoshani et al., 2019; Altoum et al., 2017a,
2017b). The high sensitivity against cancer cell lines may be
ascribed to the presence of ammine groups at the cis position
and to their ionic nature (Dasari and Bernard Tchounwou,
2014b), and better accessibility to DNA of cancer cells since

Table 4 Docking results of cisplatin-derived platinum-sele-
none complexes with the B-DNA (PDB ID: 1BNA).

Complex Estimated Binding Energy Inhibition Constant

(kcal/mol) (M)
1 —7.26 4.80
2 —6.66 13.13
3 —8.12 1.12
4 —8.79 0.36
5 —9.67 0.08

Fig. 5 Analysis of the docking interaction between complex 5
and B-DNA. Hydrogen bonding interactions are shown in the
inset.
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Fig. 6 Effects of different concentrations of cis-[Pt(NH;3)x(-
selenone),](NO3), complexes and cisplatin on the viability of
cancer cell lines: A) A549 (lung), B) Hela (cervical), and C)
HCT116 (Colon).
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complex 3 is a five-membered ring, the smallest among the
tested cyclic complexes (Yang and Hinner, 2015).

3.6. Mechanistic studies of complex 3

3.6.1. Impact of complex 3 on miRNA expression signatures in
A549
Complex 3 emerged as the most effective candidate in all can-
cer cell lines tested in this study, including the lung cancer cell
line A549 (Fig. 5). Therefore, we investigated the molecular
mechanism through which complex 3 exerts its tumor-
suppressing effects.

miRNA dysregulation has been demonstrated in many
types of cancers, including lung cancer, and has been linked
to all cancer hallmarks (Lin et al., 2010; Wu et al., 2019,
2009; Yerukala Sathipati and Ho, 2017). Thus, we performed
a microRNA transcriptomic study to understand the impact
of complex 3 treatment on miRNA regulation, which ulti-
mately influences the carcinogenic molecular characteristics
of the A549 NSCLC cell line, using Human SurePrint miRNA
microarray chip technology. We identified 32 out of 866 miR-
NAs that were differentially expressed with at least a two fold
change upon treatment with 1.2 uM complex 3 relative to the
vehicle-treated group. Among these 32 dysregulated miRNAs,
19 were downregulated while 13 were upregulated (Tables 5
and 6). Supervised hierarchical clustering based on the 32 dif-
ferentially expressed miRNAs clearly separated complex 3-
treated samples from controls (Fig. 7). The data showed that
complex 3 altered the A549 miRNA expression profile and this
might play an important regulatory role in its cancer-
suppressing activity.

3.6.2. Validation of gene targets of differentially expressed
miRNAs and pathway enrichment analyses

To understand the role of dysregulated miRNAs in triggering
complex 3 anti-cancer activity, we screened for putative bind-

Table S Downregulated miRNAs with at least a two-fold
change in complex 3-treated samples compared with vehicle-
treated controls.

# miRNA Fold Change
1 hsa-miR-6815-3p —53.48
2 hsa-miR-6511a-3p —44.44
3 hsa-miR-4695-3p —43.56
4 hsa-miR-3148 -37.79
5 hsa-miR-7152-5p —25.55
6 hsa-miR-210-5p —25.21
7 hsa-miR-631 —19.91
8 hsa-miR-6809-3p —19.45
9 hsa-miR-6760-3p —19.02
10 hsa-miR-939-3p —19.00
11 hsa-miR-6803-3p —18.81
12 hsa-miR-4731-3p —18.18
13 hsa-miR-6846-3p —16.86
14 hsa-miR-6819-3p —16.00
15 hsa-miR-7846-3p —15.98
16 hsa-miR-149-5p —15.77
16 hsa-let-7b-3p —13.26
18 hsa-miR-615-3p —9.24
19 hsa-miR-1224-3p —2.39

Table 6 Upregulated miRNAs with at least a two-fold change
in complex 3-treated samples compared with vehicle-treated
controls.

# miRNA Fold Change
1 hsa-miR-4259 78.91
2 hsa-miR-601 43.19
3 hsa-miR-4697-5p 38.98
4 hsa-miR-23a-3p 37.48
S hsa-miR-130a-3p 33.00
6 hsa-miR-654-5p 31.93
7 hsa-miR-27a-3p 31.90
8 hsa-miR-874-3p 3.28
9 hsa-miR-6126 3.05
10 hsa-miR-5703 2.98
11 hsa-miR-6894-5p 2.79
12 hsa-miR-630 2.61
13 hsa-miR-320c 2.00

ing sites in all known human mRNAs using miRWalk data-
bases and then filtered the predicted gene targets based on
literature validation using miRTarBase. We identified 658 val-
idated target genes for the 19 downregulated miRNAs (Sup-
plementary File S1). miR-615-3p had 139 validated target
genes, the highest among the downregulated miRNAs (Supple-
mentary Table S1). We identified 370 validated target genes for
the 13 upregulated miRNAs (Supplementary File S2). miR-
6894-5p had 70 validated target genes, the highest among the
upregulated miRNAs (Supplementary Table S2).

We performed pathway enrichment analyses to validate the
target genes of differentially expressed miRNAs. No signifi-
cantly enriched pathway was identified for validated target
genes of downregulated miRNAs (Supplementary Table S3)
(all had FDR > 0.05). In contrast, six significantly enriched
pathways emerged in the analysis of validated target genes of
upregulated miRNAs (Table 7). The PI3K/AKT signaling
pathway had a 2.27-enrichment fold, with 17 validated target
genes, the highest among other significantly enriched path-
ways. Therefore, we used the PI3K/AKT signaling pathway
for further functional validation.

3.6.3. Role of complex 3 in PI3K inhibition

The PI3K/AKT pathway is frequently dysregulated in
NSCLC (Balsara, 2004; Cheng et al., 2014; Sarris et al.,
2012). Overactivation of the PI3K/AKT pathway plays a role
in tumor aggressiveness and therapy resistance (Cully et al.,
2006; Fang et al., 2020). Lung adenocarcinoma patients with
high PIK3CA expression were 1.6 times more likely to die
sooner (median survival = 37.17 months) than patients with
low expression profiles (median survival = 54.4 months)
(Supplementary Fig. S10) (Nagy et al., 2021). Therefore, tar-
geting the PI3K/AKT pathway is a promising approach to
reduce oncogenesis and prevent resistance to treatment. We
evaluated the impact of complex 3 on PI3K activity using a
flow cytometry PI3K dual activation kit. We observed a
reduction in PI3K activity in complex 3-treated cells com-
pared with control cells (Fig. 8A). The cell population that
expressed active (phosphorylated) PI3K was suppressed in
the complex 3-treated group (27.6%) compared with the
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Fig. 7 Supervised hierarchical clustering analysis based on 32 differentially expressed miRNAs following treatment with complex 3.

Table 7 Significantly enriched pathways of upregulated miRNA target genes.

# Pathway # Target genes % Target genes Fold enrichment P value™ FDR
1 PI3K-Akt signaling pathway 17 4.70 2.27 0.003 0.035
2 MAPK signaling pathway 15 4.14 2.74 0.001 0.021
3 FoxO signaling pathway 13 3.59 4.48 < 0.001 0.003
4 p53 signaling pathway 10 2.76 6.89 < 0.001 0.002
5 Cell cycle 10 2.76 3.72 0.001 0.022
6 Prolactin signaling pathway 8 2.21 5.20 0.001 0.020

* P values based on Fisher’s exact test. FDR = False discovery rate.

vehicle-treated group (39.91%). On the contrary, the inactive
(unphosphorylated) PI3K was elevated in the complex 3-
treated group (49.2%) compared with the vehicle-treated
group (25.8%) (Fig. 8B). These results collectively suggest
that complex 3 deactivates PI3K in A549 cells and this might
be an underlying molecular mechanism contributing to the
anti-cancer activity this complex. Deactivation of PI3K might
be attributed to: a direct inhibition on the protein level or
activity, the upregulation of miR-23a-3p which has been
found to target PIK3RI, which encodes the regulatory sub-
unit of PI3K (Huang et al., 2019), or a cooperative inhibitory
role of the upregulated miRNAs on the pathway as a whole.
Future in-depth pharmacological studies are warranted to
investigate these scenarios.

3.6.4. Effect of complex 3 on apoptosis

We examined the effect of complex 3 on apoptosis using an
Annexin V-PE/7ADD based flow cytometry assay. Treatment

of A549 cells with complex 3 for 24 h induced significant apop-
tosis in a dose-dependent manner (Fig. 8C). The total percent-
ages of apoptotic cell population increased from 6.7% in the
control group (0.1% DMSO) to 18.2%, 47.1%, 71.7%, and
87.8% in the groups that were treated with 1 uM, 5uM,
10 uM, 30 uM of complex 3, respectively (Fig. 8D). These
results support the hypothesis that induction of apoptosis is
an essential molecular mechanism through which complex 3
mediates cytotoxic activity in A549 cells.

4. Conclusion

Five new platinum(II)-selenone complexes derived from cis-
platin were synthesized and characterized by elemental analy-
sis, IR, and NMR ('H, '*C, and ""Se) spectroscopy. The gas
phase structures of the complexes were analyzed using DFT
calculations. Docking studies showed a favorable interaction
with the DNA structure, and the cis-[Pt(NHj),(selenone),]**
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Influence of complex 3 on PI3K deactivation and apoptosis induction in A549 cells. A) Flow cytometry figures illustrating PI3K

expression and activity in control and complex 3-treated samples. B) Percentages of cell populations in the three investigated PI3K
statuses: inactivated, activated, and non-expressing cells in control and complex 3 treated samples. C) Flow cytometry figures showing the
apoptosis status in control, I uM, 5 uM, 10 uM, 30 uM complex 3-treated groups. D) Total percentage of apoptotic cell populations in the

treated groups.

species bound to the minor groove of the DNA. The examina-
tion of in vitro anti-cancer activity against a number of human
cancer cell lines (HeLa, A549, and HCT116) revealed that,
among the complexes that tested, complex 3 had the highest
efficacy and modulated the miRNA expression profile of
A549 cells. The PI3K/AKT signaling pathway emerged as a
promising target in the pathway enrichment analyses of differ-
entially expressed miRNA gene targets. These results were val-
idated experimentally and showed, compared with control
AS549 cells, complex 3 deactivated PI3K protein and induced
apoptosis. We believe that our work provides new potential
therapeutics for the treatment of lung cancer. However, addi-
tional in vivo and in vitro testing of complex 3 are needed to
examine toxicity on normal tissues and confirm anti-cancer
effects.
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