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Functional characterization of HIC, a P2Y1 agonist, as a p53 stabilizer for prostate cancer cell 

death induction 

Originally published in Future Medicinal Chemistry 2021,  13:21 

ABSTRACT 

Graphical abstract available: https://doi.org/10.4155/fmc-2021-0159 

 

Background: 1-(2-hydroxy-5-nitrophenyl)(4-hydroxyphenyl)methyl)indoline-4-carbonitrile (HIC), 

an agonist of P2Y1 receptor (P2Y1R), induces cell death in prostate cancer (PCa) cell. However, 

the molecular mechanism behind the inhibition of HIC in PCa remains elusive.  Methods and 

results: Here, to outline the inhibitory role of HIC on PCa cells, PC-3 and DU145 were treated with 

the respective IC50 concentrations, which reduced the cell proliferation, adherence property and 

spheroid formation. HIC was able to arrest the cell cycle at G1/S phase, and also induces 

apoptosis and DNA damage validated by gene expression profiling. HIC inhibited the PCa cells 

migration and invasion, revealed its anti-metastatic ability. P2Y1R targeted HIC affects p53, 

mitogen-activated protein kinase (MAPK), and nuclear factor kappa-light-chain B (NF-κB) protein 

expression, thereby improves the p53 stabilization essential for the G1/S arrest and cell death. 

Conclusion: These findings provide an insight on the potential use of HIC that remained the 

mainstay treatment for the prostate cancer.   
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1. INTRODUCTION  

Prostate cancer (PCa) is the second leading cause of death in males, worldwide [1,2] but the 

molecular mechanism behind the PCa cell invasion and migration is very limited [2]. This has 

allowed the development of novel therapies with specific targets. G-protein coupled receptor 

(GPCR), is a plasma membrane receptor whose signaling regulates plethora of biological 

functions in tumorigenesis [3]. GPCR when overexpressed by the circulating agonist can 

contribute to the tumor cell growth. Thus, GPCRs targeted drugs are considered as a promising 

therapeutic strategy for treating a variety of cancers, namely PCa [4]. At least one-third of all 

marketable drugs are GPCR based agonists or antagonists [3,4] of which only a few are 

successfully exploited to inhibit cancer signaling pathways. Among GPCRs, purinergic receptors 1 

(P2Y1R) are highly expressed in PC3 and DU145 cells in  cancer cells [5–8]. P2Y1R is also suggested 

as a therapeutic target for suppressing PCa cell growth [6,9]. The activity of P2Y1R has been 

investigated in the different biological responses such as cell death and proliferation [9–11]. 

Signaling pathways regulated by P2Y1R are dependent on cellular context. For example, the 

activation of P2Y1R in Madin-Darby canine kidney epithelial cells (MDKC) and lymphatic 

endothelial cells strongly promote cell growth by inducing intracellular calcium (Ca2+) level 

[10,12]. On the other hand, the activation of P2Y1R is known to induce apoptosis and suppress 

the cell proliferation in other cell types [9,13]. P2Y1R-Gq protein is linked to phospholipase C (PLC) 

activation that plays a crucial role in the transmission of astrocytic Ca2+ levels, inositol-

trisphosphate (IP3), and the activation of protein kinase C (PKC) [14,15]. It is known that 
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activation of PKC isoform by P2Y1R can stimulate the extracellular signaling kinase (ERK)- a 

member of the mitogen-activated protein kinase (MAPK) [16,17]. MAPK signal transduction 

pathway is also associated with cell proliferation and differentiation [18]. ERK1/2 is known to 

increase p53 stabilization, required for G1 arrest in ZL55 cell cycle [19].  

Several agonists- or antagonists-like compounds of P2Y1R have been considered as potential 

cancer therapeutics drugs [13,20,21]. For example, MRS 2365, a selective agonist of P2Y1R, 

inhibits cell growth and induces cell apoptosis and caspase 3 activity of PC3 cells [6]. Furthermore, 

2-methilthioadenosine diphosphate (2-MeSADP) and ADP, non-selective agonists of P2Y1R, 

induce intracellular transduction pathways involving intracellular Ca2+, PKC, phosphorylation of 

ERK1/2, and JNK1/2 in ZL55 cell [19]. Thus, ADP promotes P2Y1R activation, p53 stabilization-

mediated G1 cell arrest, and inhibits mesothelioma progression [19]. On other side, MRS2179, as 

an antagonist of P2Y1R, leads to phosphorylate ERK1/2 and contributes to the re-

endothelialization after vascular injury [22]. Thus, focusing on the appropriate downstream 

signaling pathway of P2Y1R is considered as an important therapeutic target against PCa. 

Earlier it was identified that 1-(2-hydroxy-5-nitrophenyl)(4-hydroxypheyl)methyl)indoline-4-

carbonitrile (HIC) (Figure 1), a synthesized agonist of P2Y1R,  induced cell death and apoptosis in 

PCa model [9]. Also, HIC was found to induce the capase3/7 activity and reactive oxygen species 

(ROS) formation and thus inhibited the cell proliferation in the long-term treatment [9]. The anti-

cancer effect of HIC was also observed through the analysis of apoptosis [9]. Although the activity 

of HIC in relation to P2Y1R activity was identified, the detailed mechanism in PCa cells remains 
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elusive. Therefore, the present study was aimed at evaluating and exploring the anti-cancer 

effect of HIC on PC3 and DU145 cells. Colony assay and spheroid assays were performed to 

determine the anti-cancer effect of HIC on PCa cells. High-throughput sequencing analysis was 

also performed to identify the regulated genes at the transcription levels in cell cycle arrest and 

apoptosis pathway. Further, the anti-metastasis effect of HIC was evaluated by wound-healing, 

migration, and invasion assay. Differential expression of protein involved in MAPK and NF-κB 

pathway was identified through protein array analysis to elucidate the role of HIC through P2Y1R 

activation in PCa cells. Thus, it has been identified that HIC could inhibit cell proliferation and 

migration through the modulation of MAPKs and p53 signaling pathways. 

 

2. EXPERIMENTAL SECTION  

 

2.1. Chemical synthesis 

HIC was designed and synthesized  as previously described [9]. Briefly, HIC was synthesized after 

adding indoline-4-carbonitrile to 2-hydroxy-5-nitrobenzaldehyde and (4-hydroxyphenyl) boronic 

acid in 5.0 mL DCE and 0.5 mL ethanol at 50°C. After stirring for 70 min at that temperature, 

solvents were evaporated under reduced pressure and the residue purified through gradient 

column chromatography. The compound was solubilized to a 100 mM stock solution in dimethyl 

sulfoxide (DMSO; Sigma-Aldrich, St. Louis, MO, USA).  
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2.2. Cell culture  

PC3 and DU145 cells were cultured in Minimum essential medium eagle at 37°C (MEME, cat no. 

4655; Sigma-Aldrich) containing 10% (v/v) fetal bovine serum (FBS, cat no. S181H; Biowest, 

France), 50 U/mL penicillin, and 50 u/ml streptomycin (Sigma-Aldrich). PCa cells were maintained 

at 37°C in a humidified incubator with 5% CO2 and the cells were passaged using 1X Trypsin 

solution (Cat no. 59427C; Sigma-Aldrich) for every 3 – 5 days. All the experiments were performed 

in triplicates and the cells were counted using Trypan blue staining (Cat no. T8154; Sigma-Aldrich) 

inTC-10 automated cell counter (Bio-Rad, Hercules, CA). 

 

2.3. Colony assay 

The colony assay was performed using the method previously reported by [23]. Briefly, the non-

transfected cells and transfected cells were seeded in 6-well culture plates at the density of 1.0 

× 103 cell per well. After 24 h, the cells were treated with DMSO, HIC, and MRS 2365. The cells 

were maintained in an appropriate cell culture environment and the fresh medium was changed 

for every 4 days and the cells were retreated with HIC after each medium change. After 9 days of 

post treatment, colonies formed were washed with Phosphate buffered saline (PBS), fixed with 

75% methanol (MeOH) and 25 % acid acetic for 10 min.  The plates were then stained with 0.5% 
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crystal violet in ethanol (EtOH) for 15 min. Colonies were counted using an Axiovert 200 M 

microscope (Carl Zeiss, Germany). Survival fraction was calculated using the following equation.  

𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑜𝑟𝑦 𝑟𝑎𝑡𝑖𝑜 (%) =  
𝑁𝑜.𝑜𝑓 𝑐𝑜𝑙𝑜𝑛𝑖𝑒𝑠 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑤𝑖𝑡ℎ 𝑑𝑟𝑢𝑔𝑠

𝑁𝑜.𝑜𝑓 𝑐𝑒𝑙𝑙 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑤𝑖𝑡ℎ 𝑣𝑒ℎ𝑖𝑐𝑙𝑒
 × 100% ------- Eq. (1) 

To investigate the anti-cancer effect of HIC on PC3 and DU145 cells, cells were plated in 12-well 

culture plates with the density of 1 × 105 cells/well. After 24 h, the cells were treated with DMSO 

and / or HIC at the IC50 concentration (15.98 μM for PC3 cells and 15.64 μM for DU145 cells). The 

cells were incubated for 48 h and then washed with warm PBS (pH 7.2) to remove the floating 

death cells. Images was captured using a Nikon TE 2000-U microscope (Nikon Inc., Japan) at 20x 

magnification with scale bar = 100 µm.  

 

2.4. Matrix preparation 

Corning® Matrigel® Basement Membrane Matrix (Cat no. 354234; Corning, NY, USA) was used 

for coating the culture plates as the datasheet. A matrigel bottle was thawed and aliquoted to 

500 µl and stored at -20°C until use. For invasion assay, 1% matrigel stock solution was prepared 

using RHB-A medium (Y40001, AH diagnostics, Finland). The working solution was used to 

sufficiently cover the well surface for Spheroids assay. The Matrigel was kept in the incubator for 

2 h.  
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2.5. MTS invasion assay 

PC3 and DU145 cells were seeded in 12 well plates at a density of 1 × 103 cells per well for 48 h. 

The plates were added with 0.1% Matrigel after the removal of media and subjected to overnight 

incubation. The spheroids were treated with 5 μM, 10 μM, and 20 μM of HIC for 8 days. The 

spheroid formation was captured using a Nikon TE 2000-U microscope at 40x magnification. 

Spheroid area was measured using ImageJ software 1.52 (National Institutes of Health, USA).  

To determine the anticancer effect of HIC in the spheroid development in a time dependent 

manner, colonospheres were treated with the IC50 concentration of HIC, 1μM MRS2365 and 

DMSO as the control. The effect was analyzed for varying period such as day 1, day 3 and day 8. 

The images of Spheroid formation were captured at the different time point. Spheroid area was 

quantified using ImageJ software version 1.52 using the equation given below. All data shown 

were calculated as mean ± SEM, n = 6, scale bar = 100 µm (magnification = 40×).  

Sphere area % =  
Spheroid area of samples treated drug

Spheroid area of control groups
 × 100% ------- Eq. (2) 

 

2.6. mRNA extraction 

PC3 and DU145 cells were seeded in the 6-well plates with the density of 5 × 105 cells/well. After 

overnight incubation, cells were treated with IC50 concentration of HIC and DMSO as a control at 

37°C for 48 h. The cells were collected by centrifugation and total mRNA was collected using 

GeneJET RNA Purification kit (cat no. K0731; Thermo Scientific) following the manufacturer’s 
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protocol. Briefly, cells were extracted in lysis buffer supplemented with 400 mM β-

mercaptoethanol (Cat no. M6250, Sigma-Aldrich). The lysates were centrifuged at 10,000 rpm for 

10 min. The supernatants were transferred into a new RNase-free microcentrifuge tube. EtOH 

(96-100%) was added and mixed gently by pipetting. Lysates were transferred to the purification 

column inserted in the collection tube and washed twice with wash buffer. Purified RNA was 

dissolved in nuclease -free water. The concentration of mRNA was measured using Magellan™ 

microplate reader (Tecan Group Ltd., Switzerland).  

 

2.6. Illumina sequencing and bioinformatics analysis 

The twelve  RNA samples extracted were transferred to Biomedicum Functional Genomics Unit 

(FuGU, University of Helsinki, Helsinki, Finland) for whole transcriptome sequencing using 

Illumina NextSeq 500 [24]. The bcl data from the RNAseqquencing was converted into FASTQ file 

format for further insilico analysis. 

 

2.7. RNASeq data analysis 

The Human genome FASTA file and gene annotation GTF file were obtained from Ensembl [25] 

based on FasQC [26]. STAR, Spliced Transcripts Alignment to a Reference, an open-source aligner, 

was used to calculate read counts, detected the differential level of genes, and map read to the 

human genome [27]. Differential expression analysis was determined by SAMtools [28] and the 
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“union” mode of HTSeq [29] using the high-performance research computing resources provided 

by TUT TCSC Narvi Cluster (https://wiki.eduuni.fi/display/tutsgn/TUT+Narvi+Cluster). Differential 

gene expressions (DEG) with a q-value less than 0.05 weas identified using DESeq2 [30] using R 

programming. The p-values were adjusted for multiple testing using the Benjamini-Hochberg 

procedure [31]. A false discovery rate adjusted p-value (i.e., q-value) < 0.05 was set for the 

selection of DEG genes. 

 

2.8. Gene ontology (GO) and pathway analysis 

The combination of Gene ontology and the ClusterProfiler package was used for pathway 

analyses [32,33]. We performed GO biological process and Kyoto encyclopedia of genes and 

genomes (KEGG) pathways over-representation test using the gene signature obtained from the 

DEGs analysis [34]. The packages support the analysis of human genome. For multiple testing and 

correction, the combination of binomial test, Bonferroni correction, and z-scores was created 

using the standard to check the regulated genes either inhibited or activated by HIC. In both the 

KEGG pathways and GO terms, the statistical analyses were used with a cut-off p-value < 0.05. 

 

2.9. Annexin V-FITC apoptosis assay 
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To detect the effect of HIC on apoptosis, PC3 and DU145 cells were subjected to Annexin V-FITC 

apoptosis detection kit (Cat no. APOAF-20TST, Sigma-Aldrich). PCa cells were plated in 6-well 

culture plate with the density of 2 × 105 cells/well. Cells were treated with DMSO (vehicle control) 

and / or 16 μM HIC for 48 h in the incubator. Cells were then washed with PBS and resuspended 

with the binding buffer and incubated for 15 min in the dark, according to the manufacturer’s 

protocols. After adding additional binding buffer, cells were detected under an epifluorescence 

microscope (Nikon-Eclipse Ti-E inverted fluorescence microscope) using 20× objective.  

 

2.10. Cell cycle assay 

The drug intervention at different cell cycle phase was identified by propidium iodide kit (Sigma-

Aldrich, Cat no. P4170) following manufacturer protocol. Briefly, PC3 and DU145 cells were 

plated in 6-well plates at the density of 3 × 105 cells/well and incubated overnight. PCa cells were 

incubated with DMSO, MRS2365, and HIC for 48 h. Then, the cells were collected and 

resuspended in cold PBS. Subsequently, cells were fixed with cold 70% ethanol and then 

incubated on ice for 30 min. The pellets were collected by centrifugation and resuspended in PI-

Triton-RNase including propidium iodide, Triton X-100, and RNaseA for 15 min in the dark 

condition. Images were captured using EVOS FL at 40x magnification. Around 300 cells of each 

condition were observed under the microscope. The photos were analyzed using CellProfiler 4.0 

and the cell cycle phases were analyzed using MATLAB R2018b (MathWorks Ltd., MA, USA). 
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2.11. Wound-healing assay 

PC3 and DU145 cells were seeded in 6-well plates at a density of 1.5 × 106 cells/well and 

maintained until 90% confluence was reached. The plates were carefully scratched using 200 µl 

pipette tips to draw a linear “wound” in the cell monolayer of each well. The plates were washed 

2 times with warm PBS to remove the floating cells and incubated in MEME media containing 1% 

FBS in the presence and absence of HIC or MRS2365 for 24 h. The control well was added with 

0.1% DMSO as the vehicle control. The images of the migrated cells into the wound surface were 

captured using a Nikon TE 2000-U microscope at 4x magnification at 0, 12, and 24 h after the 

drug treatment. The percentage of migrated cells was calculated using the equation given below. 

𝐴𝑚𝑖𝑔𝑟𝑎𝑡𝑒𝑑 =  
𝐴0−𝐷−𝐴24−𝐷

𝐴0−𝐶− 𝐴24−𝐶
 × 100%------- Eq. (3) 

A0-D, the area of the scratch in samples treated with drugs at starting time; A24-D, the area of the 

scratch in samples treated with drugs after 24 h treatment; A0-C, the area of the scratch in samples 

treated with DMSO at starting time; A24-C, the area of the scratch in samples treated with DMSO 

after 24 h treatment. The change in the average wound closure is represented by % of wound 

recovery. Three independent experiments were performed to verify the statistical significance.  

 

2.12. Transwell invasion and migration assay 
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The effect of HIC in inhibiting the migration of the PCa cells was done using Transwell invasion 

assay. The PC3 and DU145 cells at a density of 5 × 105 cells/well was seeded in 500 µl of MEME 

supplemented with 1% FBS was transferred into the top of chamber of 6-Transwell plates with 8 

µm pore size (SPL) with and/or without the presence of HIC and MRS2365. The lower chamber 

was filled with 2 ml of MEME with 10 % FBS. The plates were kept in the incubator. 

For the Matrigel invasion assay, the upper surface of a filter membrane in the upper 

compartment of a Transwell (pore size, 8 µm) was coated with 200 µl of Matrigel (0.5 mg/ml; 

Corning, USA) and allowed to settle for 2 h. PCa cells were seeded into the chamber of 6-

Transwell plates with the absence and/or presence of the drugs.  

After 24 h, the cells that migrate or invade the membranes were fixed in Fixing solution (3.7% 

paraformaldehyde in PBS) for 15 min. These migrative or invasive cells were dyed with 0.5% 

crystal violet in 2% EtOH for 30 min. The membranes were then washed thrice with PBS. Five or 

eight random fields of the membrane were observed under the microscope. Migrated or invaded 

cells were counted and calculated based on the average of a total number of cells. Data are 

expressed as the percentage of the number of migrated or invaded cells per field using the below 

given equation.  

% 𝑜𝑓 𝑖𝑛𝑣𝑎𝑑𝑒𝑑 𝑐𝑒𝑙𝑙𝑠 =  
𝑁𝑜.𝑐𝑒𝑙𝑙𝑠𝐷𝑟𝑢𝑔

𝑁𝑜.𝑐𝑒𝑙𝑙𝑠𝐶𝑜𝑛𝑡𝑟𝑜𝑙
 × 100% ------- Eq. (4) 
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No.cellsDrug is a number of cells migrated or invaded through the membranes of Transwell under 

drug treatment. No.cellsControl is a number of cells migrated or invaded through the membranes 

of Transwell upon DMSO treatment.     

 

2.13. Membrane-based antibody microarray analysis 

Membrane-based antibody microarrays were done using Proteome Profiler Human 

phosphorylated kinase Array (cat no. ARY002B) and Proteome Profiler Human NFκB pathway 

Array (cat no. ARY029) from R&D systems (Boston, USA). The procedure was performed 

according to the manufacturers’ protocol. Briefly, DU 145 cells (5 × 106 cells/ml) were treated 

with 15.64 µM HIC at 37°C in 5% CO2 for 48 h. After incubation, the cells were washed twice with 

cold PBS and the cells were collected by centrifugation. The cells were lysed using lysis buffer 

supplemented with 2 mM Vanadate, 8.3 µg/mL Aprotinin, 4.2 µg/mL Pepstatin, and 1 mM Trypsin 

inhibitor (Sigma-Aldrich). Concentrations of soluble cell lysates were measured using 

AccuOrangeTM protein quantitation kit (cat no.30071-T; Biotium, CA, USA). Microarray 

membranes were blocked with a blocking buffer for 2 h at RT. Then the membranes were 

simultaneously treated with 200 μg of proteins in cell lysates and a biotinylated antibody cocktail 

overnight at 4°C. After washing 5 times with washing buffer, the membranes were incubated 

with streptavidin-conjugated horseradish peroxidase for 2 h at room temperature and washed 

with washing buffer before detection. The expressions of proteins were detected using ECL 



                                                                                                                                 Version: 4th July 2020  

Article Body Template 
 

systems (GE Healthcare) with Xenogen IVIS 200 imaging machine (PerkinElmer Inc., MA, USA). 

The density of protein expressions was analyzed using ImageJ software. The relative level of 

protein expressions of treated to untreated groups was calculated based on the density of 

protein expression. 

 

2.14. Statistical analysis 

All experiments were performed in triplicates. The results are expressed as mean ± standard 

deviation (st. dev). Student's t-test and one-way ANOVA analysis was done to prove the 

significance of the data. The results with *p < 0.05 were considered significant confidence 

intervals. Statistical analyses were performed using Sigma Plot 14 (Systat Software Inc., UK).  

 

3. RESULTS 

3.1. The anti-cancer effects of HIC on PCa cells 

HIC was found to induce the apoptosis of PC3 and DU145 cell models. To figure out the potential 

anti-cancer effects of HIC on PCa cell proliferation, the cells were treated for 48 h with the IC50 

concentration of HIC (Figure 1A) such as 15.98 µM for PC3 and 15.64 µM for DU145 cells, 

respectively. As shown in Figure 1B, the cytotoxicity effect of HIC reduced the cell density when 

comparing with DMSO treated cells. Also, PC3 and DU145 cells lost the adherence property and 

exhibited abnormal morphology upon HIC treatment. 
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To validate the cytotoxic effect of HIC, clonogenicity assay was performed to identify its ability to 

reduce the percentage of colonies by inhibiting the proliferation of PCa cells. The PCa cells were 

treated with the IC50 concentration of HIC, MRS2365 as positive control, and DMSO as vehicle 

control (Figure 1B). The cells resistant to HIC were allowed to grow for 9 days of post treatment. 

Figure 1C showed the stained colonies having differences in the number and the size of the PCa 

cells. HIC significantly inhibited the formation of the colonies with about 49.47 ± 2.3% for PC3 

and 45.9 ± 7.4% for DU145 than the vehicle control (DMSO) and the positive control (MRS2365). 

MRS2365 showed comparatively less sensitivity and percentage of inhibition than HIC with about 

54.6 ± 11.3% and 52.8 ± 9.9% in PC3 and DU145 cells, respectively (Figure 1D). 

 

3.2. Dose- and Time-Dependent cytotoxicity analysis of HIC in PCa spheroids:  

Tumor spheroid model generated from PC3 and DU145 was used as an intermediate in-vitro and 

in-vivo system to study the anticancer activity of HIC. Dose responsive treatment of HIC on the 

sphere formation by PCa cells was evaluated by measuring the size of the spheres after 96 h of 

treatment. The size of the spheres was observed to be indirectly proportional to the increased 

concentration of HIC. The area of the spheroids was measured using ImageJ software analysis in 

comparison with the control group. About over 50% of the sphere area was reduced upon 20 µM 

HIC treatment in both PC3 (Figure 2A) and DU145 cells (Figure 2B). PC3 spheroid area decreased 

to about 52.4 ± 3.3%, 40.9 ± 3.66% and 20.76 ± 4.8%, whereas DU145 spheroid area showed 84.6 



                                                                                                                                 Version: 4th July 2020  

Article Body Template 
 

±3.15%, 48.8 ± 2.3%, and 38.23 ± 2.6% upon 5 µM, 10 µM, and 20 µM of HIC treatment, 

respectively (Figure 2C). Thus, HIC significantly reduced the colonosphere formation in both the 

PCa cells with the higher effect in PC3 spheroids than the DU145 spheroids.  

Meanwhile, time-dependent effect of HIC in the PCa spheroids was analyzed at on day 1, day 3, 

and day 8 after treatment. MRS2365 was used as a positive control and DMSO as the vehicle 

control. The spheroid area was reduced in both PCa cells after day 3 of HIC and MRS2365 

treatment (Figure 2D and 2E). The size of spheroid was reduced to 52.3 ± 3.1% and 64.3 ± 2.3% 

for PC3 cells (Figure 2F) and 29.1 ± 2.9% and 57.8 ± 1.6% for DU145 cells on the third and eighth 

day of treatment, respectively (Figure 2G). MRS2365 also significantly reduced the spheroid area 

to about 50% after 8 days treatment in both PC3 and DU145 cells. In our previous study, we found 

that HIC inhibited cell proliferation and induced apoptosis through caspase 3/7 activity and 

increased ROS production in PCa cells [9]. Similar results were reported by Wei et al., that 

MRS2365 increases apoptotic cells, caspase 3 activity, and lactate dehydrogenase (LDH) in PC3 

cells and thereby inhibits the proliferation of PC-3 cell. MRS2365 was also able to induce ERK1/2 

phosphorylation, suggesting its crucial role in prostate cancer signaling pathway [6]. Collectively, 

our results suggest that HIC could inhibit tumor spheroid models in time- and dose-dependent 

manner. 
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3.3. The change of gene expression under HIC treatment 

RNA seq analysis was performed to check whether the drug withdrawn PCa cells had any 

semblance at the transcriptome level with the HIC treated PCa cells. Principal component analysis 

(PCA) for 19623 genes revealed 3221 DEGs (16.41%) sharing principal components for PC3 and 

DU145 cell lines suggesting the diverse set of transcriptomic responses upon HIC treatment 

(Figure 3A and 3B). About 1913 DEGs (9.74 %) were modulated in PC3 cells whereas 1290 DEGs 

(6.57 %) in DU145, with the significant p-value < 0.05 (Supplementary file 1 and 2). Heat maps 

were generated for PC3 and DU145 cells illustrating the differential expression data (Figure 3C 

and 3D). Out of 1919 DEGs in PC3 cells, 576 genes were upregulated, and 391 genes were 

downregulated with significant fold change between HIC and DMSO treated group (Figure 3E). 

Likewise, DU145 showed 530 upregulated DEGs and 635 DEGs downregulated genes (Figure 3F).  

 

3.4. Inhibition of HIC on dynamic cellular damage 

The differentially expressed transcripts were categorized through PANTHER annotation tool 

where enrichment analysis of biological processes was performed to determine the potential GO 

and KEGG pathways regulated by HIC treatment. We could observe a few GO biological processes 

related to DNA replication, damage response in signal transduction by p53 class mediator, 

polymerase binding, G1/S phase DNA damage, and DNA repair regulated under HIC treatment in 

PC3 and DU145 cells (Figure 4A and 4B). For a deeper insight, we also have analyzed the key 
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genes regulated in DNA damage process upon HIC treatment in both PCa cells. The top up-

regulated genes in PC3 treated cells include CDKNIA, CCNB3, NBR2, UVSSA while top down-

regulated genes were SOX4, MDM2, MDM4, TP73, CDK1, TUBA1A and TUBA1B involved in DNA 

damage (Figure 4C). Similarly, DU145 cells, HIC revealed up-regulation of TEP1, UVSSA, and NBR2 

genes while down-regulated genes include TUBA 1A, TUBA 1B, TP73, SOX4, CDK1, CDK2, MDM2, 

and MDM4 (Figure 4D). CDK1 [35] and CDK2 [36] downregulation play a central role in DNA 

damage-induced cell cycle arrest and DNA repair. Also, downregulation of SOX4 expression 

intends to the inhibition of cell apoptosis, increase cell invasion and metastasis, and maintain 

cancer-initiating cells. In addition, TP73 and SOX4 were reported their function related to the p53 

signaling pathway. Based on the activation of p53, HIC can induce cell stress signals such as cell 

death, DNA damage, oxidative stress [37,38].  

Downregulation of MDM4 and MDM2 regulates p53 activity and stability, thus enhances DNA 

damage and reduces cell survival. [39,40]. Furthermore, the upregulation of CDKN1A was 

observed coding for p21 protein, which is responsible for the DNA damage and further activates 

G1-phase cyclin/CDKs complexes [41]. Thus, HIC found to regulate the genes involved in DNA 

damage through the activation of p52-p21 signaling in both the PCa cell lines.  

Furthermore, we also analyzed KEGG analysis reflecting the functional pathways and GO 

annotation representing the molecular functions upon HIC treatment in both the cell lines. 

Depending on the lists of GO biological processes, MAPK and NF-κB signaling pathways were 

noted as the potential regulations in HIC conditions when compared to the vehicle groups 
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(Supplementary files 3 and 4). Moreover, KEGG pathway regulated by HIC treatment in both cell 

lines were listed in Figure 4E and 4F. HIC was deemed to be highly related to p53 signaling 

pathway, cell cycle arrest, and DNA damage. Taken together, these results suggest the hypothesis 

that p53 mediates the DNA damage, whereas MAPK and NF-κB signaling pathway might be 

potentially regulated by HIC in PCa cells. 

 

3.5. The activity of HIC through apoptotic response and G1/S cell cycle arrest in PCa cells 

Several reports have shown that the activation of P2Y1R induces cell death in PCa cells [6,8,9]. 

The process of apoptosis is a double-edged sword, thus targeting the defect or abnormality in 

the apoptotic pathway might be an interesting factor for cancer treatment. Thus, Annexin V-FITC 

apoptosis assay was performed to investigate the anti-cancer effect of HIC on PCa cells. Cells that 

are fluorescent bright red represent necrotic cells whereas cells in fluorescent bright green are 

positive to apoptotic process. As shown in Figure 5A, PC3 and DU145 cells treated with HIC, 

showed a greater number of cells entering apoptosis than vehicle groups. In order to pursue 

more insights on the apoptosis effect of HIC, we also performed microarray analysis where key 

DEGs involved in apoptotic process were listed in Figure 5B. Upon HIC treatment, key DEGs 

involved in apoptotic process such as BAX and CDKN1A were upregulated in both the PCa cells. 

BAX is known as the mediator of tumor suppressive p53 in cancer [42]. Also, downregulation of 

several survival genes such as MYD88, MDM2, MDM4, and TLR3 was also noticed in both the 
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cells. MYD88 protein functions as a negative regulator of TLR3 which is essential in restricting 

TLR3 signaling and thereby protects the host from unwanted immunopathologies associated with 

the excessive production of IFN-β [43]. MDM2 and MDM4 proteins negatively correlate with the 

expression of CDK inhibitor, and directly interact with p21 and p53 protein and hence promote 

the degradation. These observations suggest that the apoptotic phenomena induced by HIC in 

PCa cells might relate to not only p53 signaling but also p21 pathways in both PC3 and DU145 

cells. DNA damage and apoptosis response have been known to regulate the cell cycle arrest and 

cell proliferation [44]. In this study, cell cycle analysis was done to identify the effect of HIC 

arresting the cells at different phases of cell division. As shown in Figure 5C and 5D, microscopic 

images revealed the fluorescence bright red colored cells which are proportionate to the DNA 

content in different phases of cell cycle. The percentage of PC3 cells in G1 phase significantly 

increased to 52.3% and 65.9% when treated with HIC and MRS2365 respectively, with 34.5% for 

vehicle control (Figure 5E). The transition of PC3 cells to S phase was not significant among the 

samples which showed 16.9%, 15.4%, and 8.2% upon DMSO, HIC, and MRS2365 treatment, 

respectively. Likewise, the percentage of DU145 cells in G1 phase was about 46.7%, 38.5%, and 

32.4% upon HIC, MRS2365, DMSO treatment respectively. Also, 46.7%, 38.5%, and 32.4% of 

DU145 cells in S phase was observed when treated with HIC, MRS2365, DMSO respectively 

(Figure 5E). It was observed that a higher fraction of cells was arrested at the proliferative G1 

phase in PC3 cells and at G1/S phase in DU145 cells upon HIC treatment. 
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There are several biological processes involved in cell cycle pathway that were either inhibited or 

enhanced by HIC treatment in PC3 and DU145 cells (Supplementary files 3 and 4). Based on the 

above-mentioned data, the genes involved in G1/S phase were selectively analyzed which were 

represented in Figure 5F. In both PC3 and DU145 cells, MCMs, CDKN1A, and CDK2 expression 

were reduced by HIC. Down-regulation of MCMs (MCM2 and MCM4 in PC3 cells and MCM3, 

MCM4, and MCM6 in DU145 cells) were known as the crucial components which restrict the DNA 

elongation and thus inhibits the proliferation at G1 phase [45]. In addition, HIC reduced the 

expression of CCNE2 and CCNA2 in DU145 cells. Cyclin E (CCNE2) and Cyclin A (CCNA2) are known 

as essential stimulators for G1/S phase initiation and activate Cdk2 for initiation of DNA 

replication [46]. The downregulation of CDK2 triggers the G1/S checkpoint through the activation 

the p53-p21 pathways [47]. Also, HIC increased the expression of CDKN2A and CDKN2B which 

were the tumor expression genes in G1/S phase arrest [48]. Based on the gene expression data, 

the p53 activation and downregulation of Cyclins and cyclin-dependent kinase were determined 

under HIC treatment in both cell lines. Collectively, the results suggest that HIC suppresses the 

G1 progression in PC3 cells and G1/S transition in DU145 cells. The induction of G1/S phase arrest 

may be associated with the inhibitory effects of HIC on cancer cell growth and the activation of 

P2Y1R on cell apoptosis.   

 

3.6. The anti-metastasis effects of HIC on PCa cells 
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Several studies have been reported that P2Y1R mediates both cell growth and/or decreases cell 

proliferation in different cell lines [11,13,20]. Here, we performed the cell migration and invasion 

assay to investigate the effect of HIC on PCa cell metastasis. The ability of HIC in inhibiting the 

migration of PC3 and DU145 cells was examined by wound-healing assay. The cells were treated 

with the IC50 concentration of HIC on each cell line, where the drug reduced the wound closure 

ability in a time-dependent manner when compared to the vehicle (Figure 6A and 6B). After 12 h 

of treatment, a similar pattern of inhibition of migration was observed in both cells upon HIC and 

MRS2365 treatment. However, after 24 h HIC inhibited more cell migration than MRS2365 in 

both PC3 and DU145 cells. The wound area recovery was calculated for both PC3 and DU145 cells 

to compare the efficiency of HIC and MRS2365 as an anti-metastasis agent. PC3 cell showed 

about 20.19 ± 9.03% and 21.05 ± 9.2% of recovery area at 12 h, whereas 37.15 ± 7.32% and 50.31 

± 7.18% at 24 h for HIC and MRS2365, respectively (Figure 6C). Similarly, in DU145 cells, the 

wound recovery rate of HIC and MRS2365-treated cells after 12 h was 20.08 ± 11.75% and 24.76 

± 12.21%, respectively. After 24 h, HIC showed 39.78 ± 7.68% migrated area whereas MRS2365 

presented the higher migrated area of about 64.23 ± 6.77% (Figure 6D).  

Consistently, Transwell migration assay confirmed the above observations in which migrated 

cells were effectively reduced in the presence of HIC. The PCa cells were plated in 1% FBS medium 

in the upper chambers with and/or without drugs for 24 h.  The Transwells along with migrated 

cells were stained with crystal violet and shown in Figure 6E. Compared to the vehicle group, 

about 45.1 ± 5.52% and 55.7 ± 5.95% reduction in the migration of PC3 and DU145 cells was 
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observed when treated with HIC, respectively (Figure 6F). Thus, the results indicated that HIC 

effectively reduced the movement of PC3 and DU145 cells. To further determine the inhibitory 

effect of HIC on the invaded cells, PCa cells were treated with the drug and the cells were allowed 

to invade in Matrigel-coated Transwell for 24 h (Figure 6G). HIC suppressed the invasion by 55.1 

± 5.96 % and 50.8 ± 8.81% in PC3 and DU145 cells respectively when compared to the untreated 

group (Figure 6H). These data clearly showed that HIC could strongly suppress the PCa cell 

invasion. 

To explore the effect of HIC in detail, gene expression analysis was carried out simultaneously. 

Genes associated with the cell migration and invasion were listed in the Figure 6I and 6J. Here, 

the top 20 DEGs in PC3 and DU145 cells were reported upon HIC treatment. In both PCa cells, the 

expression of TGFB2, TGFB3, MEF2C, ANXA3, SCG2, HMGB1 and BMP4 was downregulated by 

HIC treatment. Among these genes, TGFB2 and TGFB3 belong to transforming growth factor β 

(TGF-β)-a multifunctional cytokines family that promotes invasiveness and angiogenesis in tumor 

cells [49]. MEF2C transcription factor was known to induce epithelial mesenchymal transition 

(MET) and invasiveness of carcinoma through the activity of TGF-β [50]. In addition, the 

downregulation of ANXA3 and BMP4 proteins suppresses tumor metastasis and decreased the 

proliferation of cancer cells through the inhibition of matrix metalloproteinases (MMPs) [51,52]. 

Indeed, SCG2, secretogranin II gene encoding for the motility-related protein SgII, is highly 

expressed in cancer tissue and involved in cancer cell migration[53]. Also, High mobility group 

box 1, HMGB1, is also upregulated in several type of cancers whereas its downregulation inhibits 
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cell proliferation, migration and invasion [54]. Thus, the downregulation SCG2 and HMGB1 

protein in PC3 cells was observed upon HIC treatment suggesting the crucial role of HIC on 

prostate cancer cell migration. Similarly, HIC downregulated the expression Sox4, MDM2, MDM4 

in both the cell lines, PC3 and Du145 which could inhibit cell proliferation, migration and 

apoptosis induction thus regulating p53 activity. Notably, in human cancers downregulation of 

wild-type p53 function is inhibited by high levels of MDM2 and MDM4, which in turn lead to the 

downregulation of tumor suppressive p53 pathways. Thus, the inhibition of MDM2 and MDM4-

p53 interaction regulates p53 activity and stability, thus enhances DNA damage and reduces cell 

survival and hence presents an appealing therapeutic strategy for the treatment of cancer [55]. 

Collectively, the results suggest that HIC negatively affects cell metastasis through the regulation 

with TGF-β and p53 pathways in PCa cells. 

3.7. Regulation of HIC on MAPK and NF-κB signaling pathway 

The association of P2Y1R in the activation of NF-κB - MAPK signaling prompted us to examine the 

effect of HIC on the respective protein expression profiling. We selected DU145 cells for these 

mechanistic studies as HIC seemed to be more effective in suppressing the growth and inducing 

G1/S phase arrest of cell cycle progression. To identify which phosphorylated kinase significantly 

stimulated by HIC, protein profiling of human phospho-MAPK protein array using DU145 cell line 

was done. DU145 cells were treated with HIC with DMSO as vehicle control, then the samples 

were tested for the differential expression of phosphorylated kinases. Twenty-four differentially 

phosphorylated kinases were spotted in the phosphor-MAPK array. The change in the expression 
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of very few kinases was observed between HIC- and DMSO-groups (Figure 7A) and the fold 

change of phosphorylation level with *p-value < 0.05 was presented in Figure 7B. Increased 

expression of ERK1/2, JNK1/2, and AKT phosphorylation was observed in HIC treated cells. The 

fold changes in the signal intensity of phosphorylated proteins like ERK1, ERK2, JNK1, JNK2, and 

AKT (Ser473) were found to be 1.1, 1.21, 1.11, 1.09, and 1.08, respectively. These results were 

consistent with the function of P2Y1R that up-regulated the activated form of ERK1/2, JNK1/2, 

and AKT. Conversely, phosphorylation of p38 and MKK3/6 remained unchanged over basal levels 

by HIC treatment in comparison with DMSO group. ERK1/2 activation was known to regulate to 

p53 signaling-dependent G1 arrest, which mediates either cell growth or apoptotic response 

based on the downstream targets [56–58]. In addition, JNK1/2 was demonstrated to stimulate 

p53 signaling and the downstream target of p53 [59–61]. p53 pathway was reported as the 

essential tumor suppression for cell apoptosis, G1 arrest cell cycle, and cell proliferation [62]. To 

get more insight into the modulation of P2Y1R on NF-κB pathway, we performed a proteome 

profiler array to identify the differential expression of proteins of NF-κB signaling upon HIC 

treatment. Almost 5 out of 27 proteins were expressed differentially in HIC- and DMSO-treated 

groups (Figure 7C) with p < 0.05. Protein p53 and phosphorylated protein p53-Ser46 were 

increased with the fold change of 1.11 and 1.24 respectively for HIC- and DMSO-groups (Figure 

7D). One of the most important p53 functions is its ability to activate apoptosis through 

transcription-dependent and -independent mechanisms. Moreover, the phosphorylated form of 

p53 at Ser46 enhances apoptosis by activating pro-apoptotic target gene transcription. The levels 
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of IL-1, STAT1, and STAT2 proteins were slightly increased by HIC with the fold change 1.02, 1.05, 

and 1.03, respectively. Interestingly, the protein expression of I-κB, NF-κB remains unchangeable 

on HIC treatment. Collectively, the results suggest that HIC could suppress the proliferation of 

cancer cells through ERK1/2, JNK, and p53 signaling pathways. 

 

4. DISCUSSION 

Several studies have shown that P2Y1R has the dual function in promoting or inhibiting cancer 

cell proliferation and metastatic [20,22,63]. Our previous report has shown that HIC, a selective 

agonist of P2Y1R, reduces the PCa cell growth in a time- and dose-dependent manner [9]. In 

addition, HIC promotes cell apoptosis by increasing the activity of caspase 3/7 and ROS 

productivity.  

In this study, we performed several experiments to investigate the mechanism and anti-cancer 

effects of HIC in PC3 and DU145 cell models. HIC was found to inhibit colony formation and cell 

proliferation in PCa cells (Figure 1). Moreover, the results indicated that HIC exhibited antitumor 

activity by reducing spheroid areas in a time- and dose-dependent manner in a system that more 

closely resembles the in vivo setting (Figure 2). GO analysis revealed the list of up- and down-

regulated genes by HIC in DNA replication, DNA damage in response to signal transduction by 

p53 tumor suppressor and p21, G1/S arrest phase DNA damage (Figure 3 and 4). Thus, DNA 

damage was induced in both PC3 cells and DU145 cells by HIC treatment related to p53 signaling. 

Our data also showed the anti-cancer activity of HIC through the apoptosis, G1/S phase arrest, 
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and p53 upregulation in both PCa cells (Figure 5). Apoptotic response was then determined with 

the down-regulated genes such as MYD88, FOS, MDM2, MDM4, and TLR3 and up-regulated 

genes such as BAX, CDK1A, and FBXO. MDM2 and MDM4 proteins were known to increase p53 

protein degradation whereas BAX is the crucial mediator for proapoptotic signaling through the 

activation of p53 [39,64,65]. In addition, HIC induces cell cycle arrest at G1 phase of PC3 cells and 

G1/S phase of DU145 cells, through the downregulation of Cdks. We found that HIC-induced both 

PCa cell cycle arrest at G1 phase, which was associated with downregulation of CDK1, TP73, 

MCM4, MCM6 levels. In addition, Cyclin E and Cyclin A, essential stimulators for G1/S progression 

of cell cycle, were decreased by HIC in DU145 cells [66]. Besides, the anti-metastasis effects of 

HIC on PCa cells was observed through the inhibition of migrated and invaded cells. The genes 

involved in metastasis process were found to be downregulated for TGB2, TGFB3, MEF2C, 

ANXA3, and BMP4 under HIC treatment. These genes regulate to TGF-β receptor and increase 

the metastasis process in cells [49–52].  Several studies have been reported that the cross-talk 

between p53 and TGF-β signaling regulates cell growth and cell phase arrest [67,68]. Collectively, 

HIC might induce p53 signaling and promote the cell death through its activation.  

Multiple signaling pathways have an influence on p53 activation, such as MAPKs and NF-κB 

pathways [69]. P2Y1R activation also induces the phosphorylation of ERK1/2 and JNK1/2 and 

involves NF-κB pathways in cancer and inflammation [70,71]. MAPK signaling has been known to 

promote either cell growth or cell apoptosis based on the cell types and catalysts [18]. Especially, 

ERK1/2 activation is linked with the subsequent phosphorylation and stabilization of p53 for 
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apoptosis [22,56–58]. In addition, JNK1/2 has been reported to directly or indirectly modulate 

p53 and its down-stream targets in cell death [19,59–61]. Here, we found that the protein levels 

of ERK1/2 and JNK1/2 phosphorylation were increased by HIC in DU145 cells. These results were 

consistent with the hypothesis that P2Y1R could regulate p53 stabilization through the activation 

of ERK1/2 and JNK1/2 [19]. The stabilization of p53 protein inducing DNA damage, G1/S phase 

arrest could decrease the expression of cancer genes that is conducive to cancer metastasis [72]. 

In addition, the protein expression of I-κB and NF-κB remains unchangeable whereas IL-1 

expression was slightly increased with the fold change of about 1.03 in NF-κB protein array. 

Therefore, the regulation between NF-κB signaling through the activation of P2Y1R by HIC was 

not observed in PCa cells. However, the fold change of p53 and p53-Ser46 proteins was increased 

by HIC condition.  These proteins promote apoptosis through the activation of pro-apoptotic 

target transcription [72]. In addition, our previous study presented that P2Y1R activation 

increased the Ca2+, caspase 3/7 activity, and ROS levels in PC3 and DU145 cells. Ca2+, PKC-α, and 

PKC-δ are important P2Y1R secondary messengers that help in MAPK activation [73–75]. Ca2+ 

levels directly increase the phosphorylation level of ERK1/2 in mammalian cell models [76]. 

Moreover, PKC-α is known as a mediator for p53 activity, which plays a crucial role in preventing 

cell growth by ADP and 2-MeSADP, agonists of P2Y1R [19,73].  

Overall, our results suggest the new sights of HIC in PCa treatment. HIC induces apoptosis and 

cell cycle arrest by modulating P2Y1R activation and p53 signaling pathway. The anticancer effect 
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of HIC on inhibiting PCa cells growth and spheroid development implies HIC as a potential cancer 

therapeutic. Therefore, HIC can be developed as an anticancer agent against PCa proliferation.   

 

5. CONCLUSION 

Overall, our findings are consistent with the earlier studies on the anti-cancer effect of P2Y1 

agonists in cancer cells and in PCa cells. HIC regulates the several genes involved in DNA damage, 

the major checkpoints in cell cycle, apoptotic response, and metastasis. Additionally, HIC inhibits 

cell proliferation and migration through the modulation of MAPKs and p53 signaling pathways. 

Thus, HIC can be developed for the treatment of PCa.  

 

6. FUTURE PERSPECTIVE 

Prostate cancer is the second most leading cause of cancer-related death in men. Surgery in 

combination with radiation therapy, chemotherapy and hormonal therapy is the main mode of 

treatment for PCa. New treatment regimens are pursued to extend the survival of cancer patients 

with metastasis. The present research on the P2Y1R and HIC mediated cell death and apoptosis 

will provide the therapeutic advances on PCa treatment. The regulation of P2Y1R activation and 

stabilisation of p53 protein by HIC might improve the understanding of cell proliferation and DNA 

damage in PCa treatment. The evidence provided by the present research on cellular migration 

and invasion, gene expression analysis and cell cycle analysis might increase the therapeutic 

implications for advanced prostate cancer treatment. 
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Executive Summary Points 

1. The functional activity of 1-(2-hydroxy-5-nitrophenyl)(4-hydroxyphenyl)methyl)indoline-

4-carbonitrile (HIC), an agonist of P2Y1 receptor (P2Y1R)  was evaluated. 

2. HIC reduced the cell proliferation, adherence property and spheroid formation of PC cells 

3. HIC was able to arrest the cell cycle at G1/S phase and induces apoptosis.  

4. HIC regulates the downstream signaling pathways of prostate cancer cells 

5. HIC affects p53, mitogen-activated protein kinase (MAPK), and nuclear factor kappa-light-

chain B (NF-κB).  

6. HIC activated the phosphorylation of ERK1/2 and JNK1/2, p53, and p53-ser46 proteins 

7. HIC agonist function as a p53 stabilizer for prostate cancer cell death induction 
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Figures: 

 

Figure 1: The anti-cancer effects of HIC on PCa cells through P2Y1R activation. (A) Chemical 

structure of HIC and MRS2365. (B) Clonogenicity assay on PCa cells treated with the IC50 

concentration of HIC, where MRS2365 used as the positive control, and DMSO as the vehicle 

control. (C) The colony-forming ability of the PCa cells at 48 h stained with crystal violet were 

imaged under fluorescent microscope at 20x magnification (scale bar = 100 μm). (D) The bar 
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graph showed the percentage of colony formation in PCa cells treated with HIC and/or MRS2365 

treatment after 9 days, with DMSO control (vehicle control) (n = 6, *p < 0.05). 
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Figure 2: The inhibitory effects of HIC on spheroid growth in a dose- and time-dependent 

manner. Effect of HIC on spheroid formation in (A) PC3 and (B) DU145 cells upon varying 

concentrations, with DMSO as the vehicle control (C) Spheroid area (μm2) upon concentration 

dependent HIC treatment in both PCa cells, where there is significant difference when compared 

with DMSO. (E) Time-dependent effect of HIC in the PCa spheroids was analyzed at day 1, 3 and 

8 with DMSO as a vehicle control and MRS2365 as the positive control. Spheroid area (μm2) upon 

time dependent HIC treatment in (F) PC3 and (G) DU145 cells. All experiments were performed 

with three independent times. Significant data were denoted by *p < 0.05 using student’s t-test. 
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Figure 3: Analysis of gene expression in PCa cells upon HIC treatment. Gene expression 

modulation between HIC-treated group and DMSO-vehicle group in (A) PC3 cells and (B) DU145 

cells. Heat map generated by R program represents the difference in the expression levels of 

genes (C) for PC3 cells and (D) for DU145 cells. Higher and lower levels of transcript accumulation 

are indicated by blue and red color, respectively, whereas white stripes indicate the median level 

of expression. The fold change of genes was represented in red color dots for up-regulated 

expression and green dot for down-regulated expression (E) in PC3 cells and (F) DU145 cells. The 

data were normalized and considered significant with *p < 0.05. 
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Figure 4: Inhibition of HIC on dynamic cellular damage. Genome annotation using PANTHER was 

done in (A) PC3 cells and (B) DU145 cells. The top DEGs involved in the DNA damage upon HIC 

treatment (C) in PC3 cells and (D) in DU145 cells were represented as color coded graph with red 
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for red for down-regulated genes and blue for up-regulated genes. KEGG pathway regulated by 

HIC treatment in were listed in (E) in PC3 cells and (F) in DU145 cells. The expression of DEGs 

were considered significant with *p < 0.05.   
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Figure 5: The activity of HIC through apoptotic response and G1/S cell cycle arrest in PCa cells. 

(A) Microscopic images of PC3 and DU145 cells stained with Annexin-V/PI upon HIC treatment 

with DMSO as vehicle control. (B) Top DEGs associated with apoptosis regulated by HIC treatment 

for PC3 and DU145 cells were represented as color coded graph. Propidium iodide staining of (C) 

PC3 and (D) DU145 cells upon HIC treatment with MRS2365 and DMSO as control. (E) Percentage 

of dividing cells in each phase of the cell cycle determined by MATLAB R2013b (t-tests, n = 6). (F) 

Key genes involved in cell cycles arrest and their fold-changes with color coded graph. 
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Figure 6: The anti-metastasis effects of HIC on PCa cells. Wound healing assay showing the ability 

of HIC in inhibiting the migration of (A) PC3 and (B) DU145 cells at different time points like 0 h, 

12 h and 24 h. Percentage of wound area recovery was calculated for (C) PC3 and (D) DU145 cells 

upon HIC with MRS2365 as positive control and DMSO as vehicle control. (E) Microscopic images 

of HIC treated PCa cells showing Transwell migration assay. (F) Percentage of inhibition of 

migration of PCa cells after HIC treatment. (G) Microscopic images of PCa cells in Matrigel-coated 

Transwell representing the invaded cells. (H) Percentage of inhibition of invasion of PCa cells after 

HIC treatment. Top DEGs associated with the cell migration and invasion in (I) PC3 and (J) DU145 

upon HIC treatment was represented in color coded graphs. 
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Figure 7: Regulation of HIC on MAPK and NF-κB signaling pathway. (A) phospho-MAPK protein 

array analysis in DU145 cells treated with HIC after 48 h. (B) The bar chart show the relative 

density of expression of proteins of MAPK between HIC treated groups and DMSO groups. (C) 

NF-kB protein array analysis in DU145 cells treated with HIC after 48 h. Images were captured 

using Xenogen IVIS 200 imaging system. (D) Bar diagram shows the relative expression of NF-kB 

protein with the percentage changes in luminescence intensity relative to DMSO control.   
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