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Abstract 

The designed compounds, 4a–p, were synthesized using a simple and smooth 

method with an asymmetric 1,3-dipolar reaction as the key step. The chemical structures 

for all synthesized compounds were elucidated and confirmed by spectral analysis. The 

molecular complexity and the absolute stereochemistry of 4b and 4e designed analogues 

were determined by X-ray crystallographic analysis. The anticancer activities of the 

synthesized compounds were tested against colon (HCT-116), prostate (PC-3), and 

hepatocellular (HepG-2) cancer cell lines. Molecular modeling revealed that the 
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compound 4d binds through hydrophobic–hydrophobic interactions with the essential 

amino acids (LEU: 57, GLY: 58, ILE: 61, and HIS: 96) in the p53-binding cleft, as a 

standard p53-MDM2 inhibitor (6SJ). The mechanism underlying the anticancer activity 

of compound 4d was further evaluated, and the study showed that compound 4d inhibited 

colony formation, cell migration, arrested cancer cell growth at G2/M, and induced 

apoptosis through intrinsic and extrinsic pathways. Transactivation of p53 was confirmed 

by flow cytometry, where compound 4d increased the level of activated p53 and induced 

mRNA levels of cell cycle inhibitor, p21.  

Keywords: Spirooxindole; HCT-116; HepG2; PC-3; MDM2-p53; Protein–

protein interaction. 

1 Introduction 

Cancer is a global health problem and is considered as the second cause of death 

after heart disease
1
. Cancer is a major cause of morbidity and mortality, with 

approximately 1,735,350 new cases in United States and 609,640 cancer-related deaths 

predicted by the end of 2018, affecting both sexes
1,2

.  

Many chemotherapeutic drugs are commercially available and several others are 

in clinical trials. However, several serious side effects are produced during treatment with 

these drugs, such as lymphedema, bone marrow depression, nephrotoxicity, alopecia, 

weakening of the immune system, which may result in infections and osteoporosis owing 

to their non-selective action. Another problem is that despite cytotoxic effects in vitro and 

tumor growth inhibition in vivo, additional complications may arise due to the existence 

of a small subtype of cells called cancer stem cells (CSCs). These cells are relatively 

resistant to therapy and are able to effect cancer cell repopulation in vivo after cytotoxic 

drug treatments have ended 
2
. 

The tumor suppressor, p53 protein, plays an important role in the cell by 

preventing the division of cells carrying mutated versions of the genome. Under stress, 

hypoxia or DNA damage, p53 is translocated from the cytoplasm to the nucleus where it 

activates many genes required for DNA repair. If DNA damage is severe, p53 induces the 

expression of apoptotic proteins. Mutated p53 in many solid tumors has been linked to 



  

poor prognosis because functional p53 prevents the growth of cancer cells and their 

metastasis, in part, by downregulating the expression of metalloproteases 
3
. The p53 level 

in cells is controlled by murine double minute 2 (MDM2) at different levels; via the 

ubiquitination of p53, followed by proteasomal degradation (ubiquitin-proteasome 

machinery), the inhibition of transcriptional activation of p53 via the induction of p53 

export to the cytoplasm, and the attenuation of p53 binding to its target DNA sequence. 

Activated p53 leads to the overexpression of its negative regulator, MDM2, therefore, it 

is considered as an autoregulatory loop 
4-6

. 

Overexpression of MDM2 has been found in several types of cancers, including 

breast (5–40%), brain (11%), soft tissue tumors (17%) 
7-10

 and leukemia 
11

. One of our 

pharmacological interests is to develop efficacious and safe agents for cancer therapy. 

Our approach is to synthesize small molecules which will be able to block the MDM2–

p53 interaction and p53 reactivation 
12-14

. Blocking of the MDM2–p53 protein–protein 

interaction and p53 activation have been previously reported using several selective 

small-molecule inhibitors 
15-19

. Among 20 different chemical classes of compounds, three 

series are of particular importance: benzodiazepinediones, spirooxindoles and cis-

imidazolines
8, 19

. The diverse pharmacological activities and structures of spirooxindole 

frameworks have made them privileged unique structures in new drug discovery
20-21

. 

Some spirooxindoles were reported as specific small inhibitors, potent for MDM2–p53 

protein–protein interaction and p53 reactivation in cancer cells
15-16, 19, 22-24

, such as, MI-

888 and its derivatives (e.g. MI-219), which are extensively studied (in vitro and ex vivo) 

in preclinical stages 
12, 25, 6

, and 6SJ (Figure 1). Moreover, NITD609 is currently in 

clinical trials as an antimalarial drug 
26-27

.  

Other types of natural oxindole alkaloids could be isolated, exemplified by 

spirooxindoles, like spirotryprostatins A and B (Figure 1), which also show excellent 

anticancer activities 
28

. Additionally, spirooxindole-containing compounds have been 

reported as inhibitors of tubulin 
29

 and actin 
30

 polymerization. All these have inspired 

more medicinal chemists to design analogues to study SARs and their modes of action
19, 

22, 31-34
.  



  

Here, in continuation to our previous work and consideration of the 

aforementioned information, we have synthesized a new spirooxindole-based framework. 

The skeleton is constructed from scaffolds; 1) spirooxindole moiety, 2) thiazolo-

pyrrolidine system, 3) 3-cinnamoyl derivatives, and 4) aryl ring at α-position to 

cinnamoyl ring (Figure 1). Their anticancer activities against colon cancer (HCT-116), 

hepatocellular carcinoma (HepG2), and prostate cancer cell lines were evaluated. The 

selectivity of the active compounds towards the cancer cells versus the normal cells was 

also determined. 

The 1,3-cycloaddition of carbonyl compounds and amino acids to generate 

azomethine ylides, a powerful synthon in organic synthesis, subsequently reacting with 

dienophile to access pyrrolidine scaffolds, is important for biological activity 
35

. This 

approach has been widely used to access spirooxindole scaffolds by different research 

groups 
36-42

. 

These substituted spirooxindoles were synthesized (via 1,3-dipolarcycloaddition 

reaction). The anticancer activity and their mechanism of action was further evaluated 

and the transactivation of p53 was confirmed. The designed compounds were docked 

against a co-crystalized structure of the standard p53-MDM2 inhibitor in order to 

understand their mode of action. 



  

 

Figure 1: Representative examples of spirooxindoles and our strategy for designing new 

analogs. 

2 Results and discussion 

2.1 Synthesis of 4a-p  

The manuscript involved the design and synthesis of substituted spirooxindoles as 

potent MDM2 inhibitors, using an efficient 1,3-dipolar cycloaddition reaction 
43

. The 

one-pot multi component reaction of α,β-unsaturated dienone derivative 1, with the 

dicarbonyl compound 2 (substituted isatin), and amino acid derivative 3 (L-4-

thiazolidinecarboxylic acid), was heated up in MeOH at 60 °C for 1.5–2.0 h to generate 

the focused cycloadduct library, 4a-p, having 4 stereogeneric centers, in  good to 

excellent yield (69-89%) (Scheme 1). The molecular complexity of the cycloadducts was 

assigned with different sets of spectroscopic techniques, including nuclear magnetic 

resonance (NMR) spectroscopic analyses including infrared (IR) spectroscopy, elemental 

analysis, 
1
H-NMR, 

13
C-NMR, mass spectrometry (MS), and X-ray crystallography. 

Interestingly, all the reactions revealed the cycloadduct, 4a-p, as a single regioisomer 

with full chemoselectivity and diastereoselectivity (Figure 2). 



  
 

 



  

 

 

Scheme 1: The synthesized compounds, 4a–p. 

The stereo-chemical outcome of the three-component reaction confirmed by X-ray single 

crystal techniques.  



  

 

 

 

 

 

Figure 2: Relative configuration from X-ray crystallography (ORTEP of the synthesized 

compounds, 4b and 4e. 

 

2.2 Docking Study 

A library of reportedly active spirooxindoles 
44

 and our synthesized compound, 

4d, was designed and energy was minimized using MMFF94 force field calculations. The 

MDM2 (PDB code: 5law 
43,45

) catalytic domain was prepared for docking using Open 



  

Eye
®
 software. Open Eye Omega application

46
 was used to generate different 

conformations for each ligand. Docking was conducted using Fred
47

 and the data was 

visualized using the Veda application. This software package generates consensus 

scoring, which is a filtering process, to obtain the virtual binding affinity, lower 

consensus score, and better binding affinity of the ligands towards the receptor. The study 

revealed that the standard spirooxindole, 6SJ, interacts in the hydrophobic cleft with a 

consensus score of 41 via the formation of two hydrogen bonds (HB) coming from the 

NH of the indole moiety and oxygen of the hydroxyl group with Leu 54 (1.64 Å) and 

with Lys 94 (2.00 Å). Compound 4d docked with MDM2, with a consensus score of 91, 

through a hydrophobic-hydrophobic interaction towards the p53-binding site in MDM2, 

without formation of HB (Figure 3B). Interestingly, its docking pose showed the 

molecule as two-cleft; the styryl moiety (2,4 dichloro subs.) and oxindole scaffold are 

located in the right motif of the receptor, while aryl and thiazolo-pyrrolidine moieties 

adopted the left side of receptor. Despite this, compound 4d overlaid with standard ligand 

6SJ and other reported compounds (Figure 3C and D)
15, 22, 44

.  Comparing compound 4d 

with its analog 4e showed dissimilarity, especially in the positions of important oxindole 

scaffolds (supplementary data; Figure S50 and S51). This finding suggested that the 

presence of substituted cinnamoyl fragments namely 2,4-dichlorostyryl moiety acts as an 

arm and we can speculate it as an important new pharmacophore. 



  

 

Figure 3: Visual representation of standard 6SJ docked with 5law, (A) showing HB 

interaction (green dotted line) as shown by Vida. (B) Visual representation of 4d docked 

with 5law, showing hydrophobic-hydrophobic interaction. (C) Visual representation of 

4d (green color) superposed with standard 6SJ and docked with 5law, showing 

hydrophobic-hydrophobic interaction. (D) Visual representation of 4d (green color) 

overlaid with reported MDM inhibitors and docked with 5law. 

2.3 In vitro biological activity evaluation  

The anticancer activity of the synthesized compounds (16 compounds) was tested 

against different cancer cells (HCT-116, PC-3 and HepG-2). The data showed that the 16 

compounds (Table 1) possessed anticancer activity against colon cancer while 13 

compounds was active against HepG-2 (Table 1) and only 8 compounds (Table 1) were 

active against prostate cancer, compared to the standard chemotherapeutic drug, cisplatin. 

All active compounds showed IC50 lower than 10 µM, except 4j and 4k with colon 

cancer cells. 



  

The active compounds against HepG2 or PC-3, were highly active with IC50 less 

than or equal to 0.5 µM in comparison to cisplatin. The selectivity of the active 

compound towards the cancer cells versus the normal cells was further studied by testing 

their antigrowth activity to the epithelial cells from the African green monkey (Vero-B). 

The selectivity index (SI) of the compounds were calculated as described in the 

supporting information. Out of the 16 active, anti-colon cancer compounds, only 

compounds 4c and 4d were highly selective (SI >2) (HCT-116) (Table 1). On the other 

hand, the 13 active compounds against hepatocellular carcinoma showed SI higher than 2 

(Table 1). The selectivity index of the active compounds against prostate cancer was 

greater than 2 as well (Table 1). The cytotoxicity of compound 4d was further evaluated 

against the normal human lung fibroblast cells (WI-38) and the compound caused 40% 

cell death at 5 µM ± 0.54, which indicates the safety of the compound at 2 µM. This 

finding encouraged further analysis and study on the compound 4d.  

For the compounds listed in table 1, chemical structure–activity studies (SAR) 

showed that electron withdrawing group (EWG) substituents at styryl moieties are 

essential for potent in vitro activities. Also, these compounds (with EWG) exhibited 

higher potency against colon cancer cell line (4-8.5 fold to standard cisplatin, Table 1) 

more than HePG2 (2.5-6 folds to standard cisplatin, Table 1) and prostate cancers (1.8-5 

folds to standard cisplatin, Table 1). 

The presence of EWG linked to the styryl moiety of compound 4g (in case of 

HCT-116 cancer cell line), and halides as compounds 4d, 4l, 4n, 4c, 4e and 4f (among all 

selected cancer cell lines), improved the activities of the compounds better than the 

unsubstituted analogs or those with electron donating groups (EDG) (4a, 4b, and 4h) or 

with naphthyl rings (4i).  Replacement of the phenyl group in the styryl moiety with the 

hetero groups, furyl or thiophenyl (4k, and 4j respectively) decreased the activity 

dramatically. For halide substitutions, Cl, Br and F substitutions, in that order, were the 

most favorable for compounds 4c, 4f and 4m, respectively. It is reasonable that the fluoro 

substitution was the least active as it is considered as a hydrogen isostere (unsubstituted). 

Taking into consideration the site of substitution, data revealed that meta substitution was 

better than para analogs e.g. 4l displayed two-fold higher activity than 4f (in the case of 

HCT-116 cancer cell line, Table 1). Moreover, 2,4-dicholro substitution in 4d resulted in 



  

 

 

  

 

 

 

 

 

two-fold    higher    activity    than    the    corresponding    positional    isomer    2,6-dicholro

substitution 4e. The effect of the substitution on the indole ring showed that the presence

of the bromo- atom linked at position 4 resulted in better activities than the corresponding

chloro- and unsubstituted analogs  for compounds 4p, 4m and 4o, respectively. Based on

these  findings  and  utilizing  the  docking  visualization  of  target  compounds,  w e  can

conclude  that  the  site  and  type  of  substitution  on  styryl  groups  affect  both  the  geometry

of  styryl  moiety  and  the  electrostatic  similarity  between  molecules,  thereby  affecting

compounds laying and interaction inside the receptor.

In  this  study,  the  broad  spectrum  active  compound 4d  (Figure  4)  was  used  for

further  analysis  because  its  IC50  was  less  than  4 µg/ml  and  its  selectivity  index  for  the

cancer cells was greater than 2 40
. The effect of compound 4d on colony formation from a

single  colon  cancer cell was evaluated by  incubating the cells  with  1 µM. Compound 4d

was  able  to  better  inhibit  colony  formation  in  comparison  to  the  control  (Figure S52,

S53 and S54). Moreover, compound  4d was able to stop  cell  migration  and  prevent

wound  healing  (Figure  6,  Figure  S55).  These  results confirm the ability of compound

4d to enhance tumor suppression.

Cell  cycle  analysis  after  treating  colon  cancer  cells  with  2 µM  of  compound 4d

revealed  that  the  compound  arrested  around  34.5%  and  15.5%  of  cells  in  G2/M  and

subG1,  respectively  (Figure  A).  The  arrest  of  the  cell  cycle  in  subG1  indicated  the

induction of apoptosis, so the level of apoptotic cells  either  in early (+ve  Annexin-V and

–ve PI) or late stage (+ve Annexin-V and +ve PI) was determined by flow cytometry.

Compound 4d  (2 µM),  after  48  hours  treatment,  greatly  increased  the  apoptotic  cells  as

depicted in (Figure 7B). Since the 2-day treatment did not show cells in the early stage of

apoptosis, we repeated the experiment with a shorter treatment time (24 hours) and 1 µM

of compound 4d. We found that, even short time treatment and lower concentration could

induce apoptosis (Supplementary information; Figure S56).

2.3.1    Validation of inhibition of p53-MDM2 interaction

Molecular  docking  study  showed  that  compound 4d  interacts  in  the  hydrophobic

cleft of MDM2 which is required for p53 binding. Compound 4d binds with p53 and Phe

19,  Trp  23  and  Leu  26  residues  in  the  MDM2  hydrophobic  pocket  at  the N-terminal,

where  the  DNA  transactivation  domain  is  localized 48-49
.  However,  p53  can  bind  with



  

MDM2 at other positions within 120 amino terminal in MDM2. Nutlin, AMG232 
18

 and 

MI-773 are small non-peptide molecules that disrupt p53 interaction with MDM2 via 

binding with the hydrophobic cleft of MDM2, leading to the accumulation of activated 

p53 
6, 50-52

.  

In order to confirm the effect of compound 4d on p53 activation, we incubated 

colon cancer cells with 2 µM of the compound and after 24 hours, the cells were stained 

with antibody against p53 and analyzed by flow cytometry. We observed a significant 

increase in cells (60.1% ± 2 vs 23.5% ± 1.5 in untreated cells) that were positive for p53 

and propidium iodide (nucleic acid stain) (Figure 7). 

Inhibition of p53-MDM2 interaction leads to inhibition of p53 ubiquitination and 

proteasomal degradation. The accumulated p53 is translocated to the nucleus where it 

binds to specific DNA sequences for target genes involved in DNA repair. Additionally, 

transactivated p53 leads to apoptosis and growth arrest in cells with unrepairable DNA 

damage 
9-10, 14

. Based on the observations above, the expression level of the cell cycle 

inhibitor, p21, in the treated cells was evaluated by quantitative RT-PCR. The analysis 

confirmed p53 activation leading to an increase in mRNA levels of the P21
cip1/WAF1

 gene, 

peaking after 12 hours, then decreasing after 24 hours, indicating translation to p21 

inhibitor protein (Figure 8). Upon expression of p21, cell growth was halted and 

apoptosis was initiated. P21 inhibits the cell cycle via two pathways; by inhibiting the 

kinase activity of cyclin-dependent kinase (CDK), and preventing the binding of 

proliferating cell nuclear antigen (PCNA) to DNA polymerase, leading to inhibition of 

DNA synthesis 
53

. 

P53 regulates the apoptotic process at multiple points, intrinsic or extrinsic 

pathways, in order to increase the ratio of proapoptotic: antiapoptotic proteins. The main 

target genes for p53, are Bcl2 family genes such as Bax. Bax binds to the mitochondrial 

membrane, leading to its permeabilization and the release of cytochrome c, where it 

forms a complex with Apaf-1 and caspase-9, leading to the cleavage of procaspase-9 
54-57

. 

Cleaved caspase-9 in turn activates caspase 3, the hallmark of apoptosis 
58,59

. Therefore, 

the level of proapoptotic and apoptotic proteins that are regulated by transactivated p53 

was measured by flow cytometry 
55

. In this study, treatment of colon cancer cells with 



  

compound 4d led to a decrease in the level of antiapoptotic protein, Bcl2 (16.0% ± 0.4 vs 

24.6% ± 2 in untreated cells), and an increase in proapoptotic Bax protein (15.3% ±1 vs 

4.5% ± 0.65 in untreated cells) (Figure 9). Further analysis was performed to evaluate the 

level of activated caspase-9 in cells treated with compound 4d. The results revealed that 

compound 4d treatment led to an increase in the level of caspase-9 (25.8% ± 2 vs 10.6% 

± 0.5 in untreated cells) (Figure 10). Once the effector caspase-9 is activated, it leads to 

the activation of the executioner caspase-3. Indeed, treatment of colon cancer cells with 

compound 4d led to increased caspase-3 levels (74.4% ± 4 vs 50.6% ± 2 in untreated 

cells) (Figure 10), which further indicates the cytotoxic activity against colon cancer and 

induction of apoptosis by compound 4d.  

Apoptosis can be induced via two pathways, the mitochondrial (intrinsic pathway) 

57
 and extrinsic pathways 

60
. We further analyzed the possible induction of the extrinsic 

apoptotic pathway by treatment with compound 4d. As shown in Figure 10, compound 

4d increased the level of caspase-8 as well in treated colon cancer cells in comparison to 

the control (31.2% ±2.5 vs 14.5% ±1). A link was found between activated p53 and 

increased gene expression of extrinsic apoptotic proteins (Fas/CD95 
45

, DR5 
61

 and Fas 

ligand 
62

). 

Here, we present a new potential p53-MDM2 inhibitor which is able to activate 

p53. The activated p53 led to colony formation and cell migration. Inhibition for the two 

pathways of metastasis could be via the down regulation of metalloproteinases (such as 

MMP-1, MMP-2 and MMP-9) by the activated p53. It has been reported that the over 

expression of wild-type p53 in colon cancer cells led to the down regulation of MMP-1 
3
, 

MMP-2 and MMP-9 
63

 which inhibited colony formation in soft agar 
64,65

. The new 

potential spirooxindole derivative (compound 4d) was also able to induce both intrinsic 

and extrinsic apoptotic pathways. These results present a new lead compound that is 

worth further preclinical studies (in vivo). 

Table 1: The cytotoxic activity of the synthesized compounds against colon cancer 

(HCT-116), hepatocellular carcinoma (HepG2) and prostate cancer cell lines. SI: 

selectivity index, STD: standard chemotherapeutic drug 

  Code Cell line  

  4a-p HCT-116 HepG2 PC-3 VERO-B 



  

  

 

µM SI µM SI µM SI µM 

1 4a 9±1 0.9 3.85±0.3 1.2 >50 
 

8±0.5 

2 4b 8±1.2 1.5 3.57±0.5 ...2 >50 
 

11.8±1 

3 4c 3±0.5 2.3 2.0±0.5 ..3 2.7±0.4 1.2 7±0.45 

4 4d 2±0.6 3.6 0.85±0.2 3.5 1.8±0.3 1.2 5±0.245 

5 4e 3±0.3 1 1.0±0.3 . >50 
 

3±0.5 

6 4f 3±0.5 1 0.8±0.1 ..2 >50 
 

3±0.32 

7 4g 2.5±0.2 1 >50 
 

>50 
 

2.5±0.2 

8 4h 7±0.9 1.1 2.25±0.2 ... >50 
 

7.5±0.6 

9 4i 8±0.3 0.9 2.4±1.0 1.5 2.9±0.2 1.2 7±0.28 

10 4j 14.5±1.5 1.2 >50 
 

>50 
 

18±2 

11 4k 19±2 1.3 >50 
 

>50 
 

25±2.5 

12 4l 1.57±0.3 1.9 0.9±0.1 ... 1.5±0.5 1 3±0.56 

13 4m 5±0.3 1.2 2.4±0.4 1.3 2.5±0.2 1.2 6±0.7 

14 4n 2.9±0.4 0.9 0.9±0.2 1.2 1.0±0.2 1.3 2.5±0.12 

15 4o 7±0.6 1.1 2±0.4 2 2.5±0.5 ... 8±0.78 

16 4p 3.5±0.3 0.9 0.8±0.1 ..2 1.5±0.1 1 3±0.35 

STD cisplatin 12.6±2 0.4 5.5±1 9.0 5.0±0.5 1 5±0.2 

 

 

Figure 4: Cytotoxic activity against different mammalian cancer cells. The colon cancer 

(HCT-116), hepatocellular carcinoma (HepG-2) or prostate cancer (PC-3) cells were 

treated with different concentrations of compound 4d, cisplatin or DMSO. Cell viability 

was determined, after 48 hours incubation, by MTT assay.  



  

 

Figure 5: Inhibition of wound healing by compound 4d. Colon cancer cells (HCT-116) 

were treated with DMSO (A, B) or with 1 µM of compound 4d (C). The photos for the 

wound was taken at (A) zero time (brightfield) or after 20 hours of incubation (B, C) 

(crystal violet stained cells). After that, the cells were fixed with ice-cold methanol and 

stained with crystal violet. The untreated cells were able to close the wound and decrease 

the space between each other (B) while compound 4d inhibited closing of the wound (C). 

 

Figure 6: (A) Compound 4d (2 µM for 24 hours) arrested colon cancer cells (HCT-116) 

at G2/M phase (34.5% of cell population), and induced apoptosis which is clear in the 



  

accumulation of around 15.5% of cells in subG1. The cells were incubated with or 

without 2 µM 4d for 24 hours. (B) Compound 4d (2 µM) induced apoptosis after 48 

hours of incubation and around 2.2% of cells were in the early stage of apoptosis (lower 

right quadrant) and 6% of cells were in the late stage of apoptosis (upper right quadrant). 

The graphs represent one of two repeated experiments.  

 

Figure 7: Transactivation of p53 by compound 4d. The HCT-116 cells were treated 

either with 1 µM (B) or 2 µM (C) for 48 hours then collected, fixed and permeabilized. 

The permeabilized cells were stained with anti-p53 antibody and DNA-binding PI stain. 

About 23% of untreated cells showed a shift in fluorescence (A) (positive p53 and PI-

stain) while the treated cells, either with 1 µM (B) or 2 µM (C), showed a significant 

increase in the number of stained cells (52.7% or 60.1%, respectively) confirming the 

activation of p53. The graphs represent one of two repeated experiments. 

 



  

Figure 8: Activation of p53 by compound 4d induced the expression of the cell cycle 

inhibitor P21
cip1/WAF1

 gene. The HCT-116 cells were treated by compound 4d at 2 µM at 

the indicated time points followed by RNA extraction. The cDNA of P21
cip1/WAF1

 was 

synthesized using specific primers, then normalized to the expression level of GAPDH as 

a reference gene. The error bar represents the standard deviation of results from two 

independent experiments. 

 

 

Figure 9: Compound 4d induced apoptosis via an increase in Bax, and a decrease in the 

level of the antiapoptotic protein, Bcl-2. The HCT-116 cells were treated with the 

indicated concentrations of compound 4d for 48 hours then proceed for the detection of 

pro- (Bax) or anti-apoptotic (Bcl-2) protein levels. –ve pop and +ve pop are negative and 

positive cell populations, respectively, for the marker under analysis. The error bar 

represents the standard deviation of two repeated experiments. The numbers in the bar 

graph represent one of the experiments. 



  

 

Figure 10: Compound 4d induced apoptosis through mitochondrial and death receptor 

pathways. –ve pop (M11) and +ve pop (M12) are negative and positive cell populations, 

respectively, for the marker under analysis. The HCT-116 cells were treated with the 

indicated concentrations of compound 4d for 48 hours then processed for the detection of 

executioner caspase 3 or the activators caspase 9 and 8 levels. The error bar represents 

the standard deviation of two repeated experiments. The numbers in the bar graph 

represent one of the experiments. 

3 Conclusion  

In this study, a newly synthesized spirooxindole, 4d, was able to activate p53 and 

restore its function, which was demonstrated by wound healing inhibition and colony 

formation. The transactivation of p53 by compound 4d was confirmed by the increase in 

p21 gene transcription in treated cells. p53 regulates apoptosis at multiple points, through 

intrinsic or extrinsic pathways, in order to increase the ratio of proapoptotic: antiapoptotic 

proteins. The main target genes for p53 are Bcl2 family genes, such as Bax. Compound 

4d was able to inhibit the binding of p53 with MDM2 leading to an increase in the level 

of intrinsic effectors, such as Bax and caspase-9. Moreover, compound 4d activated the 

extrinsic apoptotic pathway. The obtained results are compelling evidence of the ability 



  

of our newly synthesized spirooxindoles to inhibit the interaction between the tumor 

suppressor, p53, and MDM2 and requires further mechanistic in vivo studies. Judging 

from the docking study, the installation of a multiple fused-ring system containing styryl 

(or benzylidine) part allowed the precise positioning of functional groups for π−π 

interactions. The data obtained suggests the need for further metabolic profiling of the 

new lead compound 4d. 

4 Experimental 

The general procedure for the synthesis of the designed compounds as well as full 

characterization are discussed in the supplementary information. 

4.1 Docking studies 

This was done using OpenEye molecular Modeling software. Complete details are 

reported in the supplementary information.
29,30,38-40,59,60

 

4.2 In vitro cytotoxic activity  

All assay procedures including cytotoxicity; Selectivity index (SI) calculations; 

Colony forming assay; Wound healing assay; Cell cycle analysis; Induction of apoptosis; 

Determination of p53 level and apoptotic markers; qRT-PCR for detection of p21 gene 

expression are reported in the supplementary information.
41-43
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1. The manuscript involved design of substituted spirooxindoles as MDM2-p53 

inhibitors. 

2. The design was corroborated via molecular docking of the designed compound 

against 

p53 inhibitors. 

3. In vitro screening of the library against HCT-116; HepG2; PC-3 cancer celles. 

4. Compound 4d was able to activate p53. 

5. The transactivation of p53 was confirmed by the increase in p21 gene 

transcription. 
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