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Abstract
Background: Cisplatin has been extensively used in therapeutics for its broad-spectrum anticancer activity and frequently used for the treatment of solid
tumors. However, it presents several side-effects and several cancers develop resistance. Combination therapy of cisplatin with poly (ADP-ribose) polymerase
1 (PARP1) inhibitors has been effective in increasing its e�cacy at lower doses.

Methods and Results: In this work, we have shown that the nitro-�avone derivative, 2-(4-Nitrophenyl)-4H-chromen-4-one (4NCO), can improve the sensitivity of
cancer cells to cisplatin through inhibition of PARP1. The effect of 4NCO on cisplatin toxicity was studied through combination therapy in both exponential
and density inhibited A375 melanoma cells. Combination index (CI) was determined from isobologram analysis. The mechanism of cell killing was assessed
by lactate dehydrogenase (LDH) assay. Temporal nicotinamide adenine dinucleotide (NAD+) assay was done to show the inhibition of PARP1. We also
performed in silico molecular modeling studies to know the binding mode of 4NCO to a modeled PARP1-DNA complex containing cisplatin-crosslinked adduct.
The results from both in silico and in cellulo studies con�rmed that PARP1 inhibition by 4NCO was most effective in sensitizing A375 melanoma cells to
cisplatin. Isobologram analysis revealed that 4NCO reduced cell viability both in exponential and density inhibited A375 cells synergistically. The combination
led to cell death through apoptosis.

Conclusion: The synthetic nitro-�avone derivative 4NCO effectively inhibited the important nuclear DNA repair enzyme PARP1 and therefore, could
complement the DNA-damaging anticancer drug cisplatin in A375 cells and thus, could act as a potential adjuvant to cisplatin in melanoma therapy.

1. Introduction
Cisplatin has been widely used as an anticancer agent in the treatment of different types of cancer that includes - brain tumors, neuroblastoma,
mesothelioma, head and neck cancer, lung cancer, breast cancer, ovarian cancer, cervical cancer, testicular cancer, bladder cancer, esophageal cancer, cancer
of bones, muscles, soft tissue, blood, etc. Chemotherapy using cisplatin has major disadvantages as it has several dose-limiting side-effects like
nephrotoxicity, neurotoxicity, nausea, ototoxicity and is also faced by problems related to the development of resistance [1][2]. Combination therapy using non-
toxic doses of two or more drugs can offer a means of overcoming these problems. Functionally, cisplatin forms DNA cross-linkages creating lesions which
stalls cell-division and induces apoptosis [3]. Generally, the repair enzymes are activated immediately on detection of the cisplatin-induced DNA lesions
initiating repair activities [1]. Therefore, drugs inhibiting these enzymes are often used as an adjuvant to sensitize cells to cisplatin at low doses. One such
important repair enzyme is poly (ADP-ribose) polymerase 1 (PARP1) [4][5]. Several PARP1 inhibitors like nicotinamide, benzamide, 3-amino benzamide (3AB),
9-phenylacridine (ACPH), NU1025, NU1088, PD128763 are often used in conjunction with cisplatin to make it effective at low doses [5]. Several �avones are
also known to have PARP1 inhibitory activities [6], among them a synthetic �avone derivative is 2-(4-Nitrophenyl)-4H-chromen-4-one (4NCO). From our earlier
work based on in silico studies, we have observed that 4NCO could bind at the catalytic site of PARP1 thereby acting as a potent competitive inhibitor
hindering the entry of nicotinamide adenine dinucleotide (NAD+), the natural substrate of PARP1 [7]. 4NCO is a biologically potent �avone derivative that also
possesses anti-in�ammatory, anxiolytic, antioxidant, antitumor and anti-metastatic activities and also known for its tyrosine kinase, BDZ receptor, CDK2, CK2,
aldose reductase and DNA binding properties [8][9][10][11][12]. In this work, we have therefore investigated the possible synergism between 4NCO and
cisplatin in cancer cells. A375 melanoma cells were used for the study. Trypan blue dye-exclusion (TBE) assay was utilized for assessing the in�uence of
4NCO on cisplatin-induced cell killing in both exponential and quiescent cells. Cells at the core of solid tumors are often resistant to killing by different
chemotherapeutic agents because they are in the non-dividing quiescent state, i.e. the G0 phase of the cell cycle. Such cells are pro�cient in potentially lethal
damage repair (PLDR) [13]. The e�cacy of combined treatment of cisplatin and 4NCO was therefore evaluated in density inhibited cells as well. The
corresponding combination index (CI) was determined through isobologram analysis which is used to determine the degree of interaction between drugs when
used in combination [14]. The mode of cell killing by the drugs alone and in combination was compared to understand the effect of 4NCO through lactate
dehydrogenase (LDH) assay. Since NAD+ is the natural substrate of PARP1, its depletion in cells signi�es PARP1 activity. The NAD+ level in cells on co-
treatment with 4NCO and cisplatin was estimated to see whether its effect on cisplatin-induced killing of cancer cells was mediated through inhibition of
PARP1 activity. Finally we performed in silico molecular modeling studies to know the binding mode of 4NCO to a modeled PARP1-DNA complex containing
cisplatin-crosslinked adduct.

2 Materials & Methods

2.1 Cell culture:
Cells were maintained in exponential state of growth through routine subculture through trypsinization {Trypsin-Ethylenediaminetetraacetic acid (EDTA)
Solution 1X, HiMedia} and sustained in minimal essential media (MEM) (HiMedia) supplemented with 10% fetal bovine serum (HiMedia) and 0.5% antibiotic
antimycotic solution-100X (HiMedia) at 37°C in a humidi�ed 5% CO2 atmosphere. Phosphate Buffer Saline (PBS) [137 mM NaCl, 2.7 mM KCl, 8 mM Na2HPO4,
and 2 mM KH2PO4, pH 7.4] was used for all washing and rinsing of cell. Cisplatin (Sigma-Aldrich, USA) was dissolved in 0.9% NaCl and 4NCO was dissolved in
DMSO and then diluted accordingly in MEM for treatment of cells. The DMSO concentration did not exceed 1% in any of the �nal treatments. For experiments
involving density inhibited cells, cells were allowed to grow to con�uence and then the spent medium was aspirated off from the culture dishes and
replenished with fresh growth medium to maintain cells in density inhibited state for 4–5 days before performing the experiment [5]. All the experiments were
done atleast thrice and the results shown are the mean ± SD.

2.2 Determination of viability of exponential and con�uent density inhibited cells on treatment with 4NCO and cisplatin:

Exponentially growing A375 cells were trypsinized and plated onto 35 mm plates (2 × 105 cells/Petri dish) and after attachment, the cells were incubated with
cisplatin (0–10 µM) or 4NCO (0–60 µM) and treated for 24 hrs. For combination treatments, viability was determined with various doses of cisplatin (0–10
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µM) along with 10 µM or 20 µM of 4NCO for 24 hrs treatment. Similarly, the same was determined for different doses of 4NCO (0–60 µM) with 0.5 µM or 1 µM
of cisplatin for 24 hrs. For determination of viability in density inhibited con�uent cultures, A375 cells were held in this state for 4–5 days and then treated
with cisplatin (0–30 µM) or 4NCO (0–80 µM) for 24 hrs. Here also, for the combination treatments, cells were treated with various doses of cisplatin (0–30
µM) along with 10 µM or 20 µM of 4NCO. Similarly, the same was determined for different doses of 4NCO (0–80 µM) with 0.5 µM or 1 µM of cisplatin for 24
hrs. Viability was assayed through TBE assay. After treatment, cells were washed with PBS, trypsinized and counted in a hemocytometer after staining with
1% trypan blue (Sigma-Aldrich, USA) for 5 mins. The surviving fraction was estimated by taking the ratio of the fraction of drug-treated living cells over the
living untreated control cells. The surviving fraction was then plotted against different concentration of the cisplatin or 4NCO using Origin 8.5 software.

2.3 Determination of Combination Index (CI):
For isobologram analysis, the inhibitory concentrations (IC) i.e. the IC30, IC50 and IC70 values of the cells (representing those concentrations of drugs which are
required for 30%, 50% and 70% growth inhibition in vitro) for 24 hrs treatment with cisplatin (0–10 µM) with or without co-treatment with 4NCO (10 or 20 µM)
was determined from the survival curves of the exponentially growing cells. Similarly, the same was determined for treatment with 4NCO (0–60 µM) with or
without cisplatin (0.5 µM or 1 µM) for 24 hrs exposure for these cells. The IC values were also determined for the treatments done in density inhibited cells for
the combination treatments of 4NCO and cisplatin from the survival curves. Origin 8.5 software was used for the determination of all the IC values. IC30, IC50

and IC70 values of 4NCO and cisplatin were then marked on X and Y axes respectively and the additive effects were represented by a line which was drawn
between each IC values. The combined effect of cisplatin and 4NCO in A375 cells (both for exponential and density inhibited cells) was evaluated using the
combination index (CI). Following the classic isobologram equation as reported by Chou 2010, which is combination index (CI) = [(D)1/(Dx)1] + [(D)2/(Dx)2],
where (D)1 and (D)2 represent the doses of the drugs to be used in combination, and (Dx)1 and (Dx)2 represent the dose of the same e�cacy when two drugs
are used alone [15]. CI of each treatment was calculated. Any value on the area falling on the right side of each IC additive line portrays antagonistic effect
and that falling on the left side depicts synergistic effect and on the line depicts additive effect or in other words, CI < 1 is a synergistic effect; CI = 1 is an
additive effect; and CI > 1 is an antagonistic effect [14].

2.4 Determination of mechanism of cell killing from Lactate Dehydrogenase assay:
A375 cells were seeded in 35 mm Petri dishes at a density of 2 × 105 cells/Petri dish and treated with 4NCO (10 µM or 20 µM) with and without cisplatin (0.5
or 1 µM) for 24 hrs. The LDH activity was measured using a standard kit (Coral) as described earlier [16]. LDH was assayed in the cells in culture, from the
�oating dead cells and in the cellular supernatant. The �oating dead cell population arises from the cells which have undergone programmed cell death
mainly apoptosis, while, that in the supernatant culture medium are from the necrotic population. The LDH from the adherent cells would be from the viable
cells. The LDH activity was therefore quanti�ed for all these three different fractions in untreated and treated cells for each experiment. The �oating cells were
collected from the culture media by centrifugation at 2,500 rpm at 4°C for 5 mins. The LDH content from the pellets of the �oating cells was marked as LDHp;
the released extracellular LDH in the culture supernatant was from the necrotic cells, indicated as LDHe and that present in adherent cells was from the viable
cells was designated as LDHi. The percent of cells that were apoptotic, necrotic or viable were determined as follows:

% Apoptosis cells = LDHp × 100%/ (LDHp + LDHi + LDHe)

% Necrosis cells = LDHe × 100%/ (LDHp + LDHi + LDHe)

% Viable cells = LDHi × 100%/ (LDHp + LDHi + LDHe)

2.5 Effect on cellular DNA repair by NAD+ Assay:
2 ×105 exponentially growing A375 cells were exposed to 5 µM of cisplatin with or without co-treatment with 10 µM or 20 µM of 4NCO for different time
periods (0, 0.5, 1, 6, 12, 24, 30 and 36 hrs). The NAD+ content in treated cells were determined as described earlier [17]. The treated cells were washed twice
with ice cold PBS and acidi�ed with 1 ml of 0.5 M HClO4, which was then kept on ice for 20 mins. 900 µl of the supernatant was collected and neutralized with
450 µl of 1 M KOH, 0.33 M K2HPO4/KH2PO4, pH 7.5. This was allowed to stand on ice for 20 mins before centrifugation at 10,000 rpm for 5 mins at 4°C. The
collected supernatant (350 µl) was then mixed with the reaction mixture (310 µl) containing Bicine {(60 µl, 1.2 M pH 7.8, (HiMedia, India)}, Bovine Serum
Albumin {60 µl, 10 mg/ml (Sigma-Aldrich, USA)}, ethanol (60 µl, 6 M), EDTA {6 µl, 500 mM (HiMedia, India)}, phenazineethosulfate {60 µl, 20 mM (Sigma-
Aldrich, USA)}, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide {60 µl, 5 mM (Sigma-Aldrich, USA)} and H2O (4 µl). This solution was then
incubated in the dark at 30°C for 5 mins. Then, alcohol dehydrogenase {60 µl, 1 unit/ml, (Sigma-Aldrich, USA)} was added and again incubated at 30°C in the
dark for 30 mins for color development. Finally, the absorbance values were taken at 570 nm after adding iodoacetate {300 µl, 12 mM (HiMedia, India)} in a
HITACHI U-2910 double beam spectrophotometer. Each of the experiments was repeated thrice.

2.6 Molecular Docking studies:
Molecular docking provides possible insight into the binding of any ligand to its receptor. The whole human PARP1 protein (PDB ID: 4DQY, resolution: 3.25 Å)
was downloaded from https://www.rcsb.org/ as described earlier [7][18][19]. The bound DNA structure was removed and the protein structure was re�ned
using the ‘clean protein’ tool in Discovery Studio (DS) 2.5 platform where the missing atom residues were added and waters were removed. Energy
minimization of the structure was then done using the ‘energy minimization’ protocol of DS 2.5 using Steepest Descent and Conjugate Gradient algorithms
respectively applying the CHARMm force�eld until the Root Mean Square Deviation (RMSD) reached a value of 0.001 kcal/mol/Å [7]. The stereochemistry of
the energy minimized structure was checked using Ramachandran plot [20].The PDB structure of the DNA decamer containinig guanine-crosslinked adduct of
cisplatin (PDB ID: 1A2E, resolution: 1.63 Å) was downloaded from https://www.rcsb.org/ [19][21]. The water molecules were removed and it was also energy
minimized according to the above protocol using DS 2.5. Protein-nucleic acid modeling between the PARP1 protein and the re�ned cisplatin-crosslinked DNA
was carried out in HDOCK and further con�rmed in NPDock and PatchDock servers. HDOCK follows a hybrid algorithm involving both ab initio free docking
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and template-based modeling [22]. NPDock is based on a combination of global macromolecular docking using GRAMM, scoring and clustering of best-
scored structures using statistical methods and local re�nement [23]. PatchDock is based on shape complementary principles including molecular shape
representation, surface patch matching, �ltering and scoring [24]. From the modeling results obtained from HDOCK, NPDock and PatchDock, the best model of
PARP1-cisplatin adduct DNA was selected and this was compared with the available PDB of DNA bound PARP1 (PDB ID: 4DQY). The ligand, 4NCO was
prepared following our earlier works [7][12]. The 3D structure of 4NCO was generated and optimized using the softwares Advanced Chemistry Development’s/
ChemSketch [25] and PyMol 2.0 [26]. The 3D co-ordinates of the ligands were then re�ned using the ‘prepare ligand’ protocol of DS 2.5 platform [27]. The
protocol standardizes the charges for common groups and leads to enumeration of charges in a specialized pH, generation of tautomers and isomers and
also helps in calculation of 3D coordinates for each atom of the ligand molecule. Molecular docking of the ligand 4NCO was carried out with the best PARP1-
cisplatin crosslinked DNA model structure using PatchDock and HexDock [24][28]. In order to obtain unbiased results, in all cases, blind docking procedure
was followed. The top 10 results were then scored using the ‘calculate binding free energy’ module of DS 2.5 to get the best docked complex having the lowest
binding free energy.

3. Results

3.1 Effect of combined treatment with cisplatin and 4NCO in exponentially growing cells:
Figure 1 (A) shows the survival curve of exponentially growing A375 cells on exposure to various doses of cisplatin (0–10 µM) with or without co-treatment
with 4NCO (10 µM or 20 µM) for 24 hrs. In A375 cells, for cisplatin treatment alone the IC50 value was 4.86 ± 0.05 µM. Co-treatment of different doses of
cisplatin with 10 µM or 20 µM 4NCO lowered the IC50 values to 0.74 ± 0.05 µM and 0.36 ± 0.02 µM, respectively. In Fig. 1 (B) is shown the survival curve of
exponentially growing A375 cells on treatment with different dose of 4NCO for 24 hrs (0–60 µM) and on co-treatment with cisplatin (0.5 and 1 µM). The IC50

value for 4NCO treatment alone was 30.3 ± 0.05 µM. Treatment with both doses of cisplatin potentiated the killing induced by 4NCO. The IC50 value for 4NCO
was reduced to 24 ± 0.02 µM and 6.9 ± 0.02 µM for 0.5 µM and 1 µM of cisplatin, respectively. Similar �ndings were obtained for the IC30 and IC70 values of
cisplatin and 4NCO, which are shown in Table 1.

Table 1
IC30, IC50 and IC70 values of cisplatin/4NCO in combination with 4NCO/cisplatin in exponentially grown and density inhibited A375 melan

  Exponentially growing cells Density inhibited cells

4NCO

(µM)

Cisplatin
co-
treatment

(µM)

%
inhibition

IC

4NCO

(µM)

Cisplatin

(µM)

4NCO co-
treatment
(µM)

%
inhibition

IC

Cisplatin

(µM)

4NCO

(µM)

Cisplatin
co-
treatment

(µM)

%
inhibition

IC

4NCO

(µM)

Cisplatin

(µM)

4NCO
treatm
(µM)

0–60 0 30

50

70

24.6

30.3

56

0–10 0 30

50

70

2.2

4.86

7.73

0–80 0 30

50

70

52.76

67

81.76

0–30 0

0.5 30

50

70

17

24

33.2

10 30

50

70

0.4

0.74

1.66

0.5 30

50

70

26.6

50.48

63

10

1 30

50

70

3.5

6.9

12

20 30

50

70

0.2

0.36

0.64

1 30

50

70

18.12

31.72

51

20

3.2 Effect of combined treatment with cisplatin and 4NCO in density inhibited cells:
Figure 1 (C) shows the survival curves of density inhibited A375 cells on exposure to cisplatin (0–30 µM) treatment and on co-treatment with 4NCO (10 µM or
20 µM) for 24 hrs. The IC50 value for cisplatin was 18.5 ± 0.04 µM. Co-treatment with 4NCO caused reduction in the IC50 value of cisplatin to 11.68 ± 0.04 µM
and 7.58 ± 0.09 µM for 10 µM and 20 µM 4NCO, respectively. Similar reductions were observed for IC30 and IC70 values of cisplatin which are denoted in
Table 1. Figure 1 (D) shows the effect of treatment with different doses of 4NCO (0–80 µM) alone and also in combination with cisplatin (0.5 µM or 1 µM) for
24 hrs in density inhibited A375 cells. The IC50 value of 4NCO was 67 ± 0.02 µM. Co-treatment with cisplatin reduced the IC50 value of 4NCO to 50.48 ± 0.01
µM and 31.72 ± 0.01 µM for 0.5 µM and 1 µM of cisplatin, respectively. Similar reductions in the IC30 and IC70 values of 4NCO observed are represented in
Table 1.

3.3 Determination of Combination Index:
In order to determine, whether the co-treatment with these set of non-toxic doses of 4NCO and cisplatin are additive, antagonistic or synergistic in cases of
exponentially growing and also for density inhibited A375 cells, the CI values were determined and isobolographs were constructed {�gure 2 (A) and (B)} where
the IC lines were drawn with the respective IC30, IC50 and IC70 values of 4NCO and cisplatin treatments alone (Table 1). The IC30, IC50 and IC70 values of 4NCO
and cisplatin treatments in combinations with each other were then pointed on the graphs. The CI index values have been tabulated in Table 2. The CI values,
which were found to be < 1 and the isobolographs {�gure 2 (A) and (B)} clearly indicated that the combinations of 4NCO and cisplatin in both exponentially
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grown and density inhibited A375 cells were synergistic in nature and 4NCO could potentiate cisplatin induced cell killing in these cells at these set of non-
toxic doses.

Table 2
CI index values of the combinations of 4NCO and cisplatin in A375 melanoma cells

  Exponentially grown A375 cells Density inhibited A375 cells

Combination
index (CI)

Cisplatin + 10
µM 4NCO

Cisplatin + 20
µM 4NCO

4NCO + 0.5
µM Cisplatin

4NCO + 1 µM
Cisplatin

Cisplatin + 10
µM 4NCO

Cisplatin + 20
µM 4NCO

4NCO + 0.5
µM Cisplatin

4NCO + 1 µM
Cisplatin

30 0.59 0.9 0.92 0.59 0.72 0.55 0.53 0.35

50 0.48 0.73 0.89 0.44 0.78 0.71 0.78 0.53

70 0.39 0.44 0.65 0.34 0.75 0.73 0.94 0.66

3.4 Lactate Dehydrogenase assay:
Figure 3 shows the results of LDH assay in case of both cisplatin (0.5 µM or 1 µM) and 4NCO (10 µM or 20 µM) alone and in combinations. Treatment of cells
with cisplatin at doses 0.5 µM and 1 µM for 24 hrs exhibited limited cell killing with few apoptotic and necrotic cells. Similar results were obtained on
treatment with 4NCO (10 µM and 20 µM, 24 hrs). This corroborated the observation that these doses selected were individually non-toxic in nature. Co-
treatment with 4NCO and cisplatin sensitized cell killing, where the relative fraction of apoptotic cells was signi�cantly enhanced. There was a small increase
in necrotic cells that was insigni�cant.

3.5 Assay of NAD+ level in cells:
Figure 4 (alongwith the inset) shows the effect of cisplatin (5 µM) alone or on co-treatment with 3AB (1mM) or 4NCO (10 or 20 µM) on the intracellular NAD+

activity at different time periods after the treatment in A375 cells. Exposure of A375 cells to 5 µM cisplatin alone resulted in depletion of intracellular NAD+

level in a time dependent manner. The presence of both, 10 µM as well as, 20 µM 4NCO prevented this NAD+ depletion in the cells. 3AB was used as a positive
control, as a PARP1 inhibitor. It can be seen that both doses of 4NCO was much more effective in preventing the depletion of NAD+ in the cells at a
considerable lower doses compared to 3AB.

3.6 In silico analysis of the mode of binding of the combination of cisplatin and 4NCO:
Figure 5 (A) shows the best modeled structure of cisplatin-adduct DNA with PARP1 as obtained from the modeling servers. Here, the DNA decamer containing
the cisplatin adduct is found to bind to the DNA binding domain of the protein. The superimposed structure of free PARP1 and docked PARP1 is shown in
Fig. 5 (B) which depicts the changes induced after cisplatin-crosslinked DNA binding. Figure 5 (C) shows the blind-docking result of 4NCO with PARP1
complexed with the DNA containing the cisplatin adduct. It is seen that even after cisplatin-crosslinked DNA induced changes to the protein, 4NCO still binds
to the nicotinamide binding site of PARP1. The binding free energy of the docked complex was found to be -31.29632 kcal/mol. Amino acid residues within 5
Å range of 4NCO were found to be Trp861, His862, Gly863, Ser864, Leu877, Arg878, Ile879, Ala880, Tyr889, Gly894, Ile895, Tyr896, Phe897, Ala898, Lys903,
Ser904, Tyr907 and Glu988. It is also forming hydrogen bonding and hydrophobic interactions with the amino acid residues His862, Gly863, Arg878, Ala880,
Tyr889, Ile895, Tyr896, Ala 898 and Tyr907 {�gure 5 (D)}.

4. Discussion
Two �ndings led to the use of PARP1 inhibitors as an adjuvant to cisplatin chemotherapy. First, it was found that cells with elevated activity of DNA repair
enzymes are resistant to cisplatin while, cells with decreased DNA repair capacity, such as �broblasts from patients with xeroderma pigmentosum are more
sensitive to the drug, suggesting the importance of DNA repair inhibition [3]. An early response of DNA repair signals involves activation of PARP1 on sensing
DNA damage and binding to it via its DNA binding domain for initiating repair activities.

The need for high doses and long-term administration, limits the use of cisplatin in chemotherapy. Also, resistance to the drug due to change in cellular uptake,
e�ux of the drug, increased biotransformation, detoxi�cation in liver is observed in many cases [1]. PARP1 inhibitors have been effective as adjuvants in
therapy of cancer but they can also be useful as preventive agents [29][30]. They also operate in some in�ammatory diseases that increase the chance of
development of cancer [31]. PARP1 activity is stimulated in cells by DNA breaks induced by cisplatin. PARP1 inhibitors like AG014699, Olaparib, Iniparib,
Veliparib and MK4827 have been used in conjunction with cisplatin [32][33]. ACPH, a potential anticancer agent with PARP1 inhibitory properties have been
shown to potentiate the killing by cisplatin to make it effective at lower doses [5]. We have seen earlier that 4NCO can bind to the NAD+ binding pocket of
PARP1 enzyme to act as its inhibitor [7]. 4NCO exhibited limited toxicity in normal cells, but was effective in inducing killing in cancer cell lines and was most
found to be most effective in A375 melanoma cells as obtained from our earlier �ndings [34]. Therefore, the effect of combined treatment of 4NCO with
cisplatin was tested in A375 melanoma cells. The use of drug combinations to show that they are signi�cantly better than single agents is of particular
interest. When two or more drugs that have overtly similar effects or complement each other are given together, their effects are often greatly enhanced. Our
earlier result showed that the IC50 value of cisplatin treatment was reduced by ~ 2 fold with ACPH in A375 cells [5]. Olaparib, another PARP1 inhibitor
decreased the IC50 value of cisplatin by ~ 5 fold in A375 cells [35]. For combined treatment with cisplatin and 4NCO in A375 cells, the fold reduction IC50 was
found to be ~ 12 fold at some concentrations chosen for the study, which indicated that 4NCO was much more productive in potentiating the sensitivity to
cisplatin-induced killing. Melanoma cells with enhanced DNA repair activities often can grow in presence of cisplatin [35]. They are found to exhibit unusual
DNA repair activity; DNA polymerase zeta responsible for translesion synthesis is found to be enhanced in melanomas, which possibly accounts for the
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aggressiveness of such tumors [36][37][38]. PARP1 inhibitors can be used effectively as adjuvants to DNA damaging anticancer drugs in tumors with altered
DNA repair activities [39]. Our �nding showed 4NCO to be a very effective combination with cisplatin in A375 melanoma cell line.

When the combined effect of two agents is greater than that predicted by their individual potencies, the combination is said to be synergistic. A synergistic
interaction allows the use of lower doses of the combination constituent, a situation that may reduce adverse reactions. Isobologram analysis was performed
to assess whether the cytotoxic effect was synergistic in nature. This analysis provides a CI value, which is a quantitative measure of the degree of drug
interaction between two or more agents. A CI < 1.0, = 1.0, and > 1.0 indicate synergism, additive effect and antagonism, respectively. From evaluation of the
CI30, CI50 and CI70 values of the combination treatments with 4NCO and cisplatin revealed that in all cases the CI values were found to be < 1.0 (Table 2). This
unveiled the e�caciousness of co-treatment of 4NCO with cisplatin, which acted in synergy.

Cisplatin is a platinum coordination compound that interacts with DNA to induce both intra- and inter-strand DNA crosslinks between purines to result in DNA
damage. It has been used in the therapy of different types of cancer [3]. Cisplatin is often used in the treatment of solid tumors [40]. Cells at the core of solid
tumors are often refractory to the therapeutic agents as they often contain hypoxic non-dividing cells. Such quiescent cells are pro�cient in DNA repair through
potential lethal damage repair (PLDR). Density inhibited cells are arrested in G0/G1 phase [5]. The DNA damaging action of cisplatin also occurs through
metal induced free radicals that lead to cell killing through oxidative damage [41]. In order to test for the e�cacy of 4NCO in solid tumors, density inhibited
plateau phase cells were used as model system. Due to the involvement of PARP1 in PLDR process, inhibitors of PARP1 are effective to potentiate killing in
such cells. PARP1 inhibitors like 3AB, PD128763, NU1025, AG14361 have been shown to inhibit PLDR activity in Chinese hamster V79 and CHO cells [42]. The
acridine derivative ACPH which could act as a PARP1 inhibitor was also effective in sensitizing density inhibited cells to killing [5]. Isobologram analysis of co-
treatment of 4NCO and cisplatin in density inhibited A375 cells also revealed the synergistic action of the combination; the �ndings indicated its possible
e�cacy in treatment of solid tumors. Combination of cisplatin and 4NCO could reduce the IC50 value by ~ 5 fold in the density inhibited A375 cells.

Cisplatin induces apoptotic death in cells through mitochondria and TRAIL-mediated pathways [43]. Suppression of apoptosis can lead to cisplatin resistance
in cells [44]. We found that there was a signi�cant increase in apoptosis in 4NCO and cisplatin co-treated cells when non-toxic doses of the individual agents
were used for the treatment (Fig. 3). PARP1 activation depletes the NAD+ content in cells as PARP1 utilizes NAD+ as its substrate for synthesis of PAR
polymers. Cisplatin treatment resulted in a time-dependent depletion of intracellular NAD+ in cells that were completely inhibited when 4NCO was used for co-
treatment with cisplatin. Increment of the level of PARP1 substrate - NAD+ with time indicated inhibition of PARP1 in A375 cells. This effect was much higher
when compared to the established PARP1 inhibitor 3AB. 4NCO inhibited PARP1 at much lower doses than 3AB (Fig. 4). This conclusively demonstrated the
PARP1 inhibitory action of 4NCO in the combined treatment.

In order to further con�rm our �ndings we carried out molecular modeling studies with cisplatin-crosslinked DNA bound to PARP1 with 4NCO. The PDB
structure of cisplatin-crosslinked DNA bound to PARP1 was unavailable, so we built a model for the same. It can be seen from the best modeled structure that
PARP1 binds to the cisplatin adduct containing DNA through its DNA binding domain (spanning residues 1 to 353) as can be shown in Fig. 5(A). Figure 5 (B)
depicts the changes induced in PARP1 on binding to the cisplatin-induced damaged DNA since different forms of DNA damage leads to different kinks and
angular changes in the backbone of the DNA inducing conformational changes in a DNA binding protein to accommodate it accordingly. This structure was
used as a receptor for blind docking of 4NCO. The best scored docked complex having the lowest binding free energy showed that 4NCO binds to the
substrate binding site or the nicotinamide binding site, which are shown in Fig. 5(C) and (D). The binding free energy of the docked complex was found to be
-31.29632 kcal/mol, thus, indicating this binding to be a thermodynamically favorable process. Our previous report showed that the binding free energy of the
interaction between 4NCO and the free PARP1 protein was − 29.61673 kcal/mol [7]. Therefore, the binding free energy values were comparable, which further
con�rmed the feasibility of the methods followed. Interactions with the amino acid residues His862, Gly863, Tyr889, Tyr896, Lys903, Ser904, Tyr907 and
Glu988 are very important for binding of PARP1 to NAD+ [4]. As shown earlier, 4NCO could interact with free PARP1 at all these residues and prevented the
binding of NAD+ to PARP1 at the substrate binding site to act as its inhibitor [7]. Our present �ndings show that the same residues are also present for the
interaction of 4NCO with PARP1 even after the changes induced in its structure after binding cisplatin-crosslinked DNA. Therefore, we can conclude that 4NCO
can also effectively inhibit PARP1 that has already bound to DNA with cisplatin-adduct. The binding of 4NCO at the NAD+ binding catalytic domain of PARP1
ensured that 4NCO could still inhibit repair at the cisplatin-adduct site even after repair activity was initiated. This highlighted the effectiveness of 4NCO and
also corroborated the �ndings from our experimental observations.

Our current �ndings conclusively proved that 4NCO could inhibit PARP1 to act as an effective adjuvant with cisplatin in A375 melanoma cells. The
combination therapy induced synergistic cytotoxicity in the melanoma cells at non-toxic doses of the individual agents, both in exponential growing and
density inhibited state by inducing apoptotic death. The e�cacy of 4NCO was also heightened as it can also inhibit PARP1 that has already bound to the
damaged DNA. Our present �ndings could justify the effectiveness of 4NCO in A375 melanoma cells as a potential drug candidate acting as a
chemotherapeutic adjuvant to cisplatin.
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Figures

Figure 1

(A) Viability of exponentially grown A375 cells after treatment with different doses cisplatin (0- 10 µM) with or without co-treatment with 10 µM or 20 µM
4NCO (B) Viability of exponentially grown A375 cells after treatment with different doses 4NCO (0- 60 µM) with or without co-treatment with 0.5 µM or 1 µM
cisplatin (C) Viability of density inhibited quiescent A375 cells after treatment with different doses cisplatin (0- 30 µM) with or without co-treatment with 10 µM
or 20 µM 4NCO (D) Viability of density inhibited quiescent A375 cells after treatment with different doses 4NCO (0- 80 µM) with or without co-treatment with
0.5 µM or 1 µM cisplatin. The results shown are the mean ± SD of three experiments
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Figure 2

(A) Isobolograph indicating inhibitory concentration (IC) values of the combination of 4NCO and cisplatin for exponentially grown A375 cells (B) Isobolograph
indicating IC values of the combination of 4NCO and cisplatin for density inhibited A375 cells

Figure 3
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Estimation of the proportion of viable, apoptotic and necrotic fraction of A375 cells on treatment with cisplatin (0.5, 1 µM) or 4NCO (10, 20 µM) alone and in
combinations for 24 hrs, as determined from LDH assay. The results shown are the mean ± SD of three experiments

Figure 4

Effect of cisplatin alone (5 μM) or in combination with 3AB (1 mM) or 4NCO (10, 20 μM) on the intracellular NAD+ activity in A375 cells at different time
periods after treatment. The results shown are the mean ± SD of three experiments
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Figure 5

(A) Binding of DNA containing cisplatin-crosslinked adduct (PDB ID: 1A2E) with PARP1 (B) Superimposition of PARP1 before and after binding to cisplatin-
crosslinked DNA, arrows showing the positions having the major changes in the conformations (C) Binding of 4NCO to the modeled PARP1 - DNA complex
containing cisplatin-crosslinked adduct (D) Hydrogen and hydrophobic interactions of 4NCO with the amino acid residues after binding to the modeled PARP1
- DNA complex containing cisplatin cross-linked adduct


