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Abstract 

Connexin-43 Mediated Communication in Cancer Gene Therapy 

By 

Md Asif Raza 

Submitted to the Indian Institute of Technology Guwahati in August, 2017 in Partial 

Fulfillment of the Requirements for the Degree of Doctor of Philosophy in  

Biosciences and Bioengineering 

 Abstract: 

Cancer cells are known to lack regulation of cell proliferation due to the aberrant 

behavior of a myriad of signaling pathways. It is a disease     of “abnormal homeostasis” 

mediated by defects in intra-, extra-, and intercellular forms of communications. 

Intercellular communication between cells is achieved with the help of gap junctional 

intercellular communication (GJIC). GJIC plays a crucial role in maintaining cell-cell 

homeostasis by keeping growth control signals at equilibrium among GJIC connected 

cells. The majority of neoplastic cells have less number of gap junctions, smaller in 

size, express less connexin (Cx), and have reduced GJIC as compared to normal cells. 

A Gap junction (GJ) channel consists of two juxtaposed Cx hexamers. Connexin-43 

(Cx43), a tumor-suppressor gene, is one of the most abundant Cx proteins and 

ubiquitous in many tissues. A plethora of studies demonstrates the role of Cx43 in 

regulating tissue homeostasis through channel dependent as well as independent 

manner. 

          The present thesis aims to exploit the gap junction-dependent as well as 

independent anti-tumour property of Cx43 in combination with the plant based, semi-

synthetic, anti-malarial drug called artesunate (ART). The GJIC deficient cell line was 

selected and the forced expression of Cx43 was performed by two different means – 

using gene therapy and by the inducible expression of Cx43 using drugs. In Chapter 

1 (review of literature), the burgeoning field of cancer gene therapy has been delved 

into. Essentially, the role of GJIC in cancer cells, their potential clinical usage as well 

as the advantages they hold over current modes of cancer therapy, have been 

encompassed in this chapter. Specifically, the GJ forming protein named Cx43 was 

discussed and the effect of Cx43 re-expression in Cx43 deficient cancer cells was 

evaluated. The GJ-dependent as well as independent mode of anti-tumour property 

mediated by Cx43 and the role of GJIC in mediating ‘bystander effect’ in combination 

with chemotherapeutic drugs was also discussed in this chapter. Gene therapy as well 

as histone deacetylase inhibitor (HDACi), more specifically 4-phenylbutyrate (4-PB) 

was used to established GJIC in cancer cells and combination therapy with the ART 

has also been discussed in this chapter. 

         In Chapter 2, the establishment of functional GJIC by cloning and expression of 

Cx43 has been reported. Further, the therapeutic implications of Cx43 in enhancing 
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the tumor suppressing activity of artesunate via gap junction-dependent as well as 

independent pathways in human breast cancer cells were discussed. The pathway by 

which Cx43 showed the GJ independent anti-tumour activity has been deciphered. 

GJIC mediated bystander cell death after treatment with ART and the transfer of ROS 

between the neighbouring cancer cells not exposed to ART was demonstrated by 

performing co-culture experiment.  

    In Chapter 3, the use of 4-PB in forceful expression of Cx43 and its synergistic 

interaction with ART both in MCF-7 cells as well as in DLA bearing mice was 

demonstrated. Re-expression of Cx43 in MCF-7 cells leads to the regulation of anti-

tumour proteins, which further enhanced the dose dependent cytotoxicity of ART. 

Moreover, 4-PB attenuated the mRNA and proteins expression of the crucial DNA 

damage response (DDR) elements of nonhomologous end-joining (NHEJ) pathway 

and the central DDR transducer proteins, consequently enhancing the DNA damaging 

effect of ART. Combination therapy showed improvement in the life expectancy of the 

treated mice and a prominent reduction in the tumour volume without interfering 

with the normal biochemical, haematological and histological parameters of the mice. 

Overall, in chapter 3, a novel potential combination therapy in which 4-PB potentiated 

the cytotoxicity of ART synergistically and provided a promising combination drug 

for an effective cancer therapy was explained.  

           Chapter 4 reported the sub-cloning of E. coli cytosine deaminase (CD) and its 

mutants in mammalian expression vector. The mutants have been previously 

designed in our lab using in silico mutagenesis. Out of several mutants, F186W mutant 

was selected based on in vitro experimental data. F186W mutant has previously 

showed enhanced binding affinity towards prodrug 5-FC as compared to the natural 

substrate cytosine, in vitro. The chapter 4 dealt with the expression and functional 

analysis of CD and F186W mutant in A549 cells after transfection. Experimental 

results of E. coli cytosine deaminase mutant in A549 cells had validated in silico and 

in vitro predicted data. Further, the potency of the mutant was improved by co-

transfecting it in the MCF-7 cells expressing Cx43. The F186W-Cx43 mutant required 

a much lower dose of 5-FC to reach its IC50, thus minimizing the systemic side effects 

of large doses of 5-FC as required for wtCD and F186W alone. The overall 

improvement in the cytotoxic activity of the F186W mutant in conjunction with the 

Cx43 has been reported in this chapter.  

          In Chapter 5, the fabrication of a versatile novel 4-PB bound composite 

nanoparticles has been demonstrated. In this approach, silver nanoclusters (AgNCs) 

embedded chitosan nanocarrier were utilized for analysis of binding, tracking, and 

sustained release of 4-PB from the nanocarrier. Inferences were drawn based on 

luminescence detection using fluorescence spectrometry, flow cytometry, and high-

end confocal microscopy. The stability imparted by the nanocarrier to the 4-PB 

resulted in enhanced anti-tumor efficacy. Most importantly, this method implied 

improved cancer therapy without dose-dependent side effects of the drug, as the 

AgNCs ensured the stability of the 4-PB in cancer cells. The efficacy of the 4-PB bound 

nanocarrier was also evaluated in spheroids based model. Time-dependent uptake of 
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luminescent silver clusters was demonstrated by confocal microscopy and flow 

cytometry.  

          In the final section on Conclusions and Future Prospects, the anti-tumour 

mechanism of Cx43 has been delineated and its application with the other therapies 

have been highlighted. In brief, the functional GJIC has been established in GJ devoid 

cells using 4-PB drug or Cx43 gene cloning. The GJ-dependent as well as independent 

anti-tumour activity of the Cx43 gene has been investigated extensively in conjunction 

with the drug ART. The Cx43 also enhanced the CD/5-FC suicide gene therapy system 

and showed an effective gene therapy module. Binding with noble metal nanocarrier 

enhanced the efficacy of the 4-PB and enabled luminescence based binding, imaging, 

and uptake studies. The current therapeutic approach holds immense promise in the 

field of in vivo cancer therapeutics. 
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Figure Captions: 

Figure 1.1. The Timeline shows key discoveries related to GJs and cancer. 

Milestones with less direct cancer associations are depicted in purple. 

cGAMP, 2ʹ3ʹ-cGMP–AMP; Cx, connexin; EMT, epithelial to mesenchymal 

transition; GJIC, GJ intercellular communication; miRNAs, microRNAs.. 

Copyright © 2016, Macmillan Publishers Limited, part of Springer Nature 

Figure 1.2. The connexin structure consists of two extracellular loops (EL), 

four membrane spanning domains (TM), one cytoplasmic loop (CL), one N-

terminal tail (NT), and one C-terminal tail (CT). Reproduced with 

Permission from Reference [16]. Copyright © 2005 Elsevier Inc. 

Figure 1.3. Relationship between GJIC and cancer. 

Figure 1.4. Bystander effect with CD/5-FC system. 

Figure 1.6. Illustration of different levels of potential therapeutic 

intervention to modulate the connexins (Cxs) expression and function. 

Figure 2.1. Cloning of Cx43 gene from the cDNA pool of ACHN cell line. 1) 

Cx43 gene was amplified from cDNA pool of ACHN cell line using Cx43 

specific primers. 2) Cx43 gene was then subcloned in pGEMT vector. 3) 

subcloning was also performed in pORF and 4) pEFGFN1 mammalian 

expression vector. 

Figure 2.2. Expression level of Cx43 gene was initially examined by semi-

quantitative PCR using cDNA library of MCF7 and Cx43 transfected MCF7 

cells. The Cx43 gene band has been cropped and merged on top of the β-

actin. 

Figure 2.3. The comparative analysis of Cx43 mRNA expression in MCF7 
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Figure 2.4. The Cx43 protein formation was assessed by immunoblotting 

using anti-Cx43 antibody taking β-actin as endogenous control. 

Figure 2.5. The immunocytochemical analysis of Cx43 proteins in Cx43 

transfected MCF7 cells revealed its presence at cell-cell contact points 

(arrows) and also in lesser extent inside cytoplasm. Bar ꞊ 10 µm. 

Figure 2.6. Functionality of GJIC was determined by dye transfer assay 

using two different fluorescent probes viz. PKH26 and calcein AM. Bar = 100 

µm. 
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of treatment duration, cell viability was assessed by MTT assay. 
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Figure 2.15. a) ART induced DNA damage response in MCF7 cells upon 
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was used as an endogenous control and to ensure equal proteins levels. b) 

Schematic of DNA damage response pathway. 

Figure 2.16. a) Scheme of the experimental protocol used to delineate the 

bystander effect of ART. b)  After the onset of 48 h of coculture, the cells 

were stained with PI to examine the dead or membrane compromised cells. 

Nucleus of ART pre-treated dead cells appeared red while CFSE labelled 
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Figure 2.17. a) Quantitation of red and yellow nuclei after 48 h of coculture 

in ART pre-treated Cx43-MCF7 cells in presence or absence of CBX are 

presented. b) NAC and catalase were also used to prove the involvement of 

ROS in mediating bystander cell toxicity. The percentage of PI-labelled 

yellow nucleus cells counted from multiple fields (n ꞊ 6) was plotted. 

Figure 2.18. Image represented the density of CFSE labelled MCF7 or Cx43-

MCF 7 cells after 4 h and 48 h of coculture with ART treated or not 

unlabelled Cx43-MCF7 cells. Bar ꞊ 100 µm. 
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Figure 2.19. Bystander cells in cocultured were quantified in three 

independent experiments performed in triplicates. 

Figure 2.20. Schematic for the role of Cx43 in enhancing GJ dependent as 

well as GJ independent cytotoxicity of ART.  

Figure 3.1. Expression of Cx43 mRNA was assessed using semi-

quantitative PCR, after treating MCF-7 cells with 4-PB. 

Figure 3.2. The Cx43 protein formation was examined by immunoblotting 

using anti-Cx43 antibody taking β-actin as endogenous control.  

Figure 3.3. The immunocytochemical analysis of Cx43 proteins in 4_PB 

treated or untreated MCF7 cells revealed its presence at cell-cell contact 

points (arrows) and also in lesser extent inside cytoplasm. Bar ꞊ 10 µm. 

Figure 3.4. Functionality of GJIC was determined by dye transfer assay 

using two different fluorescent probes viz. PKH26 and calcein AM. Bar = 100 

µm. 

Figure 3.5. Reduction in cell viability was assessed after treating MCF-7 

cells with different concentrations of 4-PB. 

Figure 3.6. 4-PB acted by inhibiting HDAC activity in MCF-7 cells. 

Figure 3.7. Dose dependent cell viability of ART and in combination with 5 

mM 4-PB was examined by MTT based cell viability assay. 

Figure 3.8. IC50 value of ART and ART in combination with 5 mM 4-PB was 

calculated using non-linear curve regression analysis and the level of 
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0.0020). 

Figure 3.9. PI based apoptotic cell analysis using flow cytometer. 

Figure 3.10. Assessment of early apoptotic, late apoptotic and necrotic cells 

was performed using PE Annexin V and 7-AAD based assay. 

Figure 3.11. Nature of interaction between 4-PB and ART was analysed by 

using the Median-Effect Principle (Chou) and the Combination Index-

Isobologram Theorem (Chou-Talalay). (a) CI plot showed substantial 

synergism at higher Fa values. (b) Isobologram showed visual, not 

quantitative determination of synergism or antagonism. Combination data 

points on the isobologram provided the nature of interaction with the 

combination treatment at different Fa. 

Figure 3.12. ROS generation in MCF-7 cells was examined by using DCFH-

DA dye. The fluorescence level of DCF corresponds to the amount of ROS 

generated inside the cell. 

Figure 3.13. . Regulation of anti-tumour proteins Skp2, p27, and p21 were 

determined after 4-PB treatment in MCF7 cells. 
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Figure 3.14. The synchronised MCF-7 cells were treated with ART and/or 

4-PB. After the end of the treatment duration, the phases of cell cycle were 

evaluated using PI dye. The data were acquired in the flow cytometer and 

analysed using ModFit LT software. 

Figure 3.15. Expression analyses of DDR pathways. The mRNA expression 

levels of DDR elements of NHEJ pathway viz. Ku70, Ku80, XRCC4 and DNA-

PKcs was assessed using qPCR (n ꞊ 3). 

Figure 3.16. Reduction in the tumour volume was easily visualised in above 

image, taken after the respective drug treatment. 

Figure 3.17. Reduction in the weight of the mice was the indicator of the 

reduction in the volume the tumour. The effect of the drugs on the tumour 

volume after 15 days of DLA induction and seven days of drug treatment 

were investigated by weighing mice at different time interval. 

Figure 3.18. The changes in the lifespan of the mice was analysed after 

calculating the percent survival fraction of the mice after treatment. The 

percent survival curve was plotted using Kaplan-Meier curve. 

Figure 3.19. Histopathological analysis of liver and kidney tissues of mice.    

Figure 4.1. Agarose gel electrophoresis depicted clone confirmation by 

restriction digestion of wtCD and F186W genes (~1.3 kb) containing vector, 

using NcoI/NheI restriction enzymes. The undigested vector having size of 

~8 kb was taken as control. 

Figure 4.2. After 6 h of transfection, the expression of GFP was visualized 

under fluorescence microscope (scale bar 100 µm). The GFP expressions of 

wtCD and F186W were shown in figure (a) & (b), respectively. 

Figure 4.3. Expression of wtCD and F186W genes were evaluated by 

reverse transcriptase-PCR (RT-PCR) after transfection. β-actin gene was 

taken as control. 

Figure 4.4. Cell viability assay. Cell viability assay (MTT assay) was 

performed for initial comparative analysis between wtCD and F186W 

expressing A549 cells. The data showed a significant advantage of F186W 

over wtCD. Herein, after 72 h of treatment with the increasing doses of 5-

FC, the resulting data suggested that the F186W reached its IC50 at far less 

concentration than wtCD. 

Figure 4.5. Further to support the experimental data of MTT assay, trypan 

blue dye exclusion assay was performed. 

Figure 4.6. IC50 value of wtCD and F186W expressing A549 cells when 

treated with 5-FC was calculated using non-linear curve regression 

analysis. 

Figure 4.7. Representative image of AO/EtBR dual staining: the transfected 

cells were treated with 1 mM of 5-FC for 72 h. At the end of the treatment 
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duration, the cells were stained with AO/EtBr. The AO and EtBr stained cells 

image were merged to distinguish between live (green), early apoptotic 

(orange) and dead (red) cells.  

Figure 4.8. Cell cycle analysis using PI. The synchronized A549 cells were 

transfected and treated with 1 mM of 5-FC for 48 h.  

Figure 4.9. Caspase 3 assay for the progression and execution of apoptosis. 

Herein, the wtCD and F186W transfected A549 cells were treated with 1 

mM of 5-FC for 72 h. 

Figure 4.10. Expression level of Cx43 gene was initially examined by semi-

quantitative PCR using cDNA library of MCF7 and Cx43 transfected MCF7 

cells. β-actin was used as endogenous control. 

Figure 4.11. Expression level of CD and F186W gene was examined by 

semi-quantitative PCR after transfection. The CD/F186W gene band has 

been cropped and merged on top of the β-actin. 

Figure 4.12. Reduction in cell viability was assessed after treating MCF-7 

cells and Cx43-MCF-7 cells with different concentrations of 5-FC. 

Figure 4.13. Effect of 5-FC in terms of reduction in percentage of viable cells 

as demonstrated by MTT assay. 

Figure 4.14. Dose dependent decrease in cell viability was observed after 

5-FC treatment by MTT assay. 

Figure 4.15. IC50 value of MCF-7 and Cx43-MCF-7 transfected with 

CD/F186W mutant was calculated using non-linear curve regression 

analysis and the level of significance were calculated using unpaired two 

tailed t-test (n ꞊ 3, p ꞊ 0.0020). 

Figure 4.16. PI based apoptotic cell analysis using flow cytometer. 

Figure 4.17. Assessment of early apoptotic, late apoptotic and necrotic cells 

was performed using PE Annexin V and 7-AAD based assay. 

Figure 4.18. The synchronised MCF-7 cells were treated with 5-FC and 

after the end of the treatment duration, the phases of cell cycle were 

evaluated using PI dye. The data were acquired in the flow cytometer and 

analysed using ModFit LT software. 

Figure 5.1. This illustration demonstrates the concept of the present study. 

Figure 5.2. (a) Emission spectrum of chi-AgNCs-lip NC connotes red 

luminescence (650 nm), when excited with 450 nm wavelength of light. (B) 

UV-visible absorption spectrum of chi-AgNCs-lip NC. The minor peaks at 

334 nm and 432 nm were possibly due to the formation of extremely small 

silver nanoparticles. 
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Figure 5.3. (a) TEM images prove conclusively, the formation of nearly 

'uniform spherical NC of 210-230 nm in diameter. (b) Magnified NC, with 

distinct chi-AgNC-lip.  

Figure 5.4. (a) DLS analysis of NC showed 210 ± 34.31 nm size and (b) 261 

± 45.26 nm size after binding with 4-PB.  

Figure 5.5. Zeta potential study of NC. 

Figure 5.6. Binding efficiency of 4-PB with NC was calculated by adding 

varying concentration of 4-PB with fixed concentration of NC, maximum 

binding of 63% was obtained at 5-mM of 4-PB. 

Figure 5.7. Cell viability assay (MTT assay) was performed for initial 

comparative analysis between 4-PB, NC and 4-PB-NC. The data showed a 

significant decrease in cell viability after treatment with 4-PB-NC compared 

to 4-PB alone. Statistically significant values were denoted by * (p<0.05), ** 

(p<0.01), *** (p<0.001) and **** (p<0.0001).   

Figure 5.8. Cellular uptake of NC was analysed using (a) confocal 

microscope imaging, (b) z-stacking and (c) flow cytometry. 

Figure 5.9. Cellular uptake of NC was analysed using (a) confocal 

microscope imaging, (b) z-stacking and (c) flow cytometry. 

Figure 5.10. Flow cytometry based ROS production assay. 

Figure 5.11. Alamar blue based cell viability assay of 4PB, NCs and NCs-4-

PB treated spheroids. 

Figure 5.12. Images acquired with confocal microscope showed a phase 

contrast image of the spheroid (a) and the luminescence of NCs taken up by 

the spheroids (b).   

Figure 5.13. Calcein AM and PI based dual staining revealed the 

morphological evidence of the cell viability. Calcein AM only stain live cells 

while PI stain only dead cells.   
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Chapter 1 

 

Introduction and Literature Review 

 

1.1 Introduction 

During the period of evolution, multicellular organisms evolved from unicellular 

organisms and to accompany that transition complex genetic machinery and cellular 

functions had emerged. Unlike single-cell organisms, which survived environmental 

changes by adaptively responding to chemical (toxins, nutrients, toxicants) and 

physical (radiations, temperature) agents by intracellular signalling mechanisms, 

resulting in cell proliferation modifications, the multicellular organisms showed a 

delicate interplay of the  regulation  of  cell  proliferation  for growth, tissue  repair, 

wound  healing, differentiation of cells, embryonic/fetal  development, maturation, 

adulthood and aging. Such orchestration of specific cell/tissue/organ and organ 

system functions is referred to as “homeostasis”. 

          Homeostasis is mechanistically regulated by three major communications in 

multicellular organisms: intercellular communication mediated by gap junction (GJ) 

channels, activated and modulated by intracellular communications through various 

secondary signalling messengers including c-AMP, diacylglycerol, Ca++, pH, NO, 

ceramides, ROS and activated signal cascade triggered by extracellular 

communication via growth factors, hormones, cytokines and neurotransmitters. 

           Philosophically, the advent of malignancy, an event of homeostasis disruption 

in  multicellular organisms, implied  as  though  the appearance  of  carcinogenesis  is  

a  “throw-back”  in  the evolutionary  process. The cancer cell in most of the part 

resemble single-cell organisms in their functionality and regulation, which survives 

by uncontrolled cell proliferation and cannot terminally differentiate. Cancer cells, 

which usually have abnormal apoptosis responses, do not terminally differentiate, do 

not have growth control and do not contact inhibit are frequently do not appear to 

have functional gap junctional intercellular communication (GJIC) [1-3]. Unicellular 

organisms do not have connexin genes while multicellular organisms do have. Is it 
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just happenstance that the terminal differentiation, cell growth regulation, and the 

appearance of apoptosis emerged when the GJIC genes showed up during the course 

of evolution of a multicellular organism or it may be accidental?  

1.2 Cell-Cell Communication in Carcinogenesis 

Multiple genetic modifications gradually accumulated in the cell during multistage 

carcinogenesis until it acquires a complete set of transformed genes crucial for 

neoplastic phenotype expression [4]. Most of the altered genes are often involved in 

cell growth control in human malignancies like p53 and Ras genes. In addition to those 

there are other set of genes get disrupted, which involved in maintaining harmony 

between cancer cells with their normal neighbour and maintaining the intercellular 

communication mechanism.  

          Except in very few cases such as platelets, red blood cells, neurons, 

spermatozoids and mature skeletal muscle fibre, GJs are present in all cell types of 

vertebrates [5]. Based on its ubiquity, GJs are often considered as fundamental 

structures necessary for tissular physiology, cell differentiation and normal 

functioning of the organ systems. Back in 1966, the first evidence was reported, which 

provided a direct link between GJ and cancer. Lowenstein and Kanno reported the 

loss of electrical coupling in both chemically-induced hepatomas as well as in rat 

transplanted hepatomas [6, 7]. During the same period, it was discovered that the lack 

of electrical coupling is the common phenomenon in differently induced 

(transplanted, chemically or spontaneous) and of different origin (hamster, rat, 

humans) solid tumours of unrelated origins (stomach, thyroid, liver). The data from 

the Lowenstein and its colleagues laboratory, established that cells derived from 

tumours of various origins are GJIC deficient contrary to their normal counterparts. 

In figure 1.1, the timeline shows key discoveries related to GJs and cancer.   

          Biochemical, ultrastructural and immunological study of number and size, cell-

cell coupling of GJ and connexin expression provided an interesting finding about cell-

cell communication in carcinogenesis. The majority of neoplastic cells have less 

number of GJs, smaller in size, low connexion expression, and reduced GJIC as 

compared to normal cells [8]. There are cancer cells having normal or increased GJ 

expression and cell-cell communication, but this does not result in normal cell  
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Figure 1.1. The Timeline shows key discoveries related to GJs and cancer. Milestones with 

less direct cancer associations are depicted in purple. cGAMP, 2ʹ3ʹ-cGMP–AMP; Cx, connexin; 

EMT, epithelial to mesenchymal transition; GJIC, GJ intercellular communication; miRNAs, 

microRNAs. Reproduced with Permission from Reference [9]. Copyright © 2016, Macmillan 

Publishers Limited, part of Springer Nature
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communication. Cells may have defective GJIC at multiple instances as follows, a) they 

may lack functional GJ, b) they may have functional GJs amongst themselves, but are 

incapable to communicate between nontransformed cells, c) they may form 

functional cell-cell coupling among themselves, but are unable to respond to the GJ 

signals that mediate differentiation, opening and closing of GJ and phenotype of the 

cell.   

1.3 The connexin Multigene Family 

The functions and behaviour of individual cells are governed at two levels in 

multicellular organisms: a) within the cells and b) through intercellular 

communication. Cancer is a disease of “abnormal homeostasis” facilitated by 

irregularities in extra-, inter- and intracellular forms of communications. Intercellular 

communication between cells is achieved with the help of GJIC. GJIC plays a crucial 

role in maintaining cell-cell homeostasis by keeping growth control signals at 

equilibrium among GJIC connected cells [10]. Each GJ channel is composed of a pair of 

hemichannels or connexon and a single connexon is comprised of six protein subunits 

known as connexins [11]. All known connexins are the four pass transmembrane α-

helical domains, two intracellular termini, two extracellular and one intracellular loop 

having cytoplasmic amino- and carboxyl- terminal. The membrane spanning regions 

lie in parallels. The carboxy tail of the most of the connexins are phosphorylated. A 

complete channel between neighbouring cells is formed when two connexons align 

end-to-end (Fig. 1.2). Each channels have the measurement of approximately 1.5-2 

nm diameter depending on the connexin proteins type. They allow many molecules 

and ions of small sizes (<2000 Da) to directly diffuse among the cells. Several small 

molecules including sugars, drugs, small peptides, fatty acids, amino acids, 

nucleotides, waters, ions and carcinogens are able to pass through these channels. 

However, RNA, polysaccharides, complex lipids, proteins and other large molecules 

are not.   

          Connexins, the GJ forming proteins are comprises of a multi-gene family with at 

least 21 connexins discovered so far [12]. They all share a common basic structure 

and vary due to the structural differences within the cytosolic areas [13].  The 

different connexins species are designated based on two nomenclature systems. First 

system associated the molecular weight of the connexins with the name (e.g. Cx43 has 

TH-1646_126106007



 
Chapter 1                                                                              

 

7 
 

molecular weight of 43 kDa), as deduce by the cDNA sequencing. The second system 

classified connexins into subclasses (a, h, g, or y) based on their sequence similarity 

and length of the cytoplasmic domain with added prefix “GJ” for GJ and assigned a 

number based on their order of discovery. Out of these two systems, molecular 

weight-based nomenclature is used most commonly. In an old nomenclature system, 

which was adopted in 1987 GJ meeting at Asilomar, connexins distinguishes based on 

their species of origin (e.g.  r for rat,  ch  for  chicken,  xen for Xenopus, b  for bovine,  

h  for human,  etc.) [14]. Out of all the connexins (Table 1.1), most of the established 

cell lines express Cx43, while readily detectable amount of other connexins are found 

in very few cell lines. In addition, the downregulation of Cx43 has been elucidated and 

the mechanism behind it studied in detail in the cancer research area at molecular 

level [15].  

 

 

Figure 1.2. The connexin structure consists of two extracellular loops (EL), four membrane 

spanning domains (TM), one cytoplasmic loop (CL), one N-terminal tail (NT), and one C-

terminal tail (CT). Reproduced with Permission from Reference [16]. Copyright © 2005 

Elsevier Inc. 
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Table 1.1 
The connexin gene family and its chromosomal distribution in mouse and human. This table 
reflects the current state of the sequence information available from the NCBI database 
(http://www.ncbi.nlm.nih.gov/genomes/static/euk_g.html). Reproduced with Permission 
from Reference [12]. Copyright © 2004, European Society of Cardiology 

 

Mouse connexin 
 

 
Human connexin 

 
  

Connexin  GJ  chr  chr  GJ  Connexin  

mCx23    10  6    hCx23  

      6    hCx25  

mCx26  Gjb2  14  13  GJB2  hCx26  

mCx29  Gje1  5  7  GJE1  hCx30.2 (hCx31.3)  

mCx30  Gjb6  14  13  GJB6  hCx30  

mCx30.2  Gja11  11  17  GJA11  hCx31.9  

mCx30.3  Gjb4  4  1  GJB4  hCx30.3  

mCx31  Gjb3  4  1  GJB3  hCx31  

mCx31.1  Gjb5  4  1  GJB5  hCx31.1  

mCx32  Gjb1  X  X  GJB1  hCx32  

mCx33  Gja6  X        

mCx36  Gja9  2  15  GJA9  hCx36  

mCx37  Gja4  4  1  GJA4  hCx37  

mCx39    18  10    hCx40.1  

mCx40  Gja5  3  1  GJA5  hCx40  

mCx43  Gja1  10  6  GJA1  hCx43  

mCx45  Gja7  11  17  GJA7  hCx45  

mCx46  Gja3  14  13  GJA3  hCx46  

mCx47  Gja12  11  1  GJA12  hCx47  

mCx50  Gja8  3  1  GJA8  hCx50  

      1  GJA10  hCx59  

mCx57  Gja10  4  6    hCx62  

Σ 20     Σ 21 
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1.4 Loss of GJIC and Connexins is an Early Event of Malignancy 

The general observation that has been often claimed in carcinogenesis is a decreased 

expression of Cxs. However, it is difficult to deduce point out at which step of the 

multistage process it really does occur. Multiple tumour promoting agents and 

carcinogens (over 100) known to inhibit GJIC during carcinogenesis. TPA (12-O- 

tetradecanoylphorbol-13-acetate), pesticides, dietary additives, polyhalogenated 

hydrocarbons or cigarette components are such examples. Some oncogenes like Src 

and Ras regulate Cxs expression and phosphorylation [17-20]. The ability of inhibiting 

GJIC is one of the most common properties of the tumour promoters (Fig. 1.3). 

However, the normal cells are less sensitive towards the GJIC inhibitory effects of 

tumour promoters as compare to the preneoplastic cells [21-23]. Similar effects have 

been seen in the protein products of the various oncogenes. In addition to 

deregulating growth control, gene regulation, signal transduction and other aspects 

of cellular and tissue homeostasis, they can block GJIC [24, 25]. When applied to 

cultured cells, many growth factors, such as transforming growth factor alpha, hepatic 

growth factor, basic fibroblast growth factor, platelet derived growth factor and 

epidermal growth factor inhibit GJIC [26]. In other case, few growth factors like 

transforming growth factor beta selectively enhance and inhibit GJIC depending on 

cell types [27]. Furthermore, some chemopreventive and antitumour promoting 

agents like retinoids, are known to enhance cell-cell comunications, providing 

additional mode of evidence for this relation. 

    

Figure 1.3. Relationship between GJIC and cancer. 

Link between 

GJIC and cancer

Aberrant cell 
communication in 

neoplastic cells

Downregulation of Cxs 
by cancer causing 
genes or agents

Upregulation of GJIC 
by inhibitors of GJIC
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Various mechanism is involved in modulating the GJIC during carcinogenesis. Apart 

from the basic regulatory mechanism, like post-translational modifications, 

translational control, mRNA splicing and transcription, which apply for most of the 

proteins, the Cxs functions also regulated at different control levels. For example, the 

connexons formed by the assembly of Cxs in the trans-Golgi apparatus and its 

movement to plasma membrane can also be regulated [28]. Moreover, the GJIC can be 

influenced by opening and closing of the channels under different circumstances, 

growth factors, extracellular matrix as well as cell adhesion molecules and mutations 

in Cxs genes. These are the most critical mechanisms, which is susceptible to 

carcinogenic insults. 

1.5 Tumour Suppression by Connexins  

Multiple evidences suggested the impairment of GJIC during carcinogenesis, 

therefore, a series of approaches have been designed to up-regulate Cxs expression to 

restore GJIC and control growth. Several studies have been reported the effect of 

retinoids on increasing GJIC and decreasing transformation and cell growth [29-31] . 

In further studies, a thorough examination of the role of increasing GJIC by increasing 

the expression of Cxs proteins on tumour suppression was performed by cloning 

various Cxs cDNAs. Functional analyses was carried out by transfecting specific Cx 

RNA into oocytes of Xenopus. The in vitro and in vivo  transfection and expression of 

Cx40 [32], Cx26 [32, 33], Cx32 [34]  and Cx43 [35-37] in various tumours resulting in 

increased GJIC. However, only few connexins established the relation between the 

level of expression and tumour suppression. In supported evidence, in which the 

chemically transformed human glioblastoma, mouse fibroblasts, human 

rhabdomyosarcoma and rat glioma cells, which are deficient in Cx43, loss there 

tumourigenicity and showed reduced cell growth after transfection with the Cx43 

cDNA [35, 36]. Although, when the chemically transformed mouse fibroblasts cells 

and rat glioma cells, when transfected with Cx32, no reduction in tumour growth was 

observed [38]. There are evidences which showed that restoration of GJIC decrease 

the transformed phenotype of the cancer cells. Enforced expression of Cx43 in a 

canine kidney epithelial cell line altered the regulation of cell-cycle regulatory 

proteins, suggesting the involvement of Cx43 in altering the level of certain CDKs, thus 
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influencing cell cycle regulation directly or indirectly  based on the mode of action, 

the anti-tumour activity of Cx43 have been divided into two groups: 

1.5.1 GJIC-dependent Mechanism: the Bystander Effect 

Recent strategy to combat cancer involves a process called “bystander effect” (BE). 

This strategy does not require the drug to reach all tumour cells; instead, triggering 

the death process in a single cell could be amplified by transfer of the cytotoxic 

signalling molecules via GJICs causing death of the interacting cells [39]. BE has been 

considered as an important mechanism, as it does not depend on  the drugs to reach 

all tumour cells [40]. The BE potential directly depend on the extent of GJIC and levels 

of connexin expression. In particular, Cx43 mediates BE [41]. Connexins and GJs are 

tightly regulated even though connexins are capable of functions of their own [42].  In 

an interesting finding by Cottin S et al in 2008, it was showed that even though Cx43 

is localized in the cytoplasm, it is still able to exhibit bystander effect [43]. The exact 

mechanism behind this is unknown till date.  

          To increase the therapeutic activity of BE, use of enzyme/prodrug strategy has 

shown a great potential. Numerous studies have shown that, the increase in cell killing 

by increasing the bystander effects, when connexins are over-expressed along with 

HSV-tk/GCV suicide gene therapy system. Co-culture of cells expressing connexins 

and those without connexins, when treated with HSV-tk/GCV, showed an increased 

cell death as compared to the number of cells that originally got HSV-tk [44]. While 

over expression of connexins has been shown to increase the BE in HSV-tk/GCV 

system, there is no such documentation available with cytosine deaminase (CD)/5-

fluorouracil (5-FC) system (Fig 1.4). 

   

Figure 1.4. Bystander effect with CD/5-FC system. 

TH-1646_126106007



 
Chapter 1                                                                              

 

12 
 

1.5.2 GJIC Independent Mechanism: Modulation of Anti-tumour Proteins 

It has long been known that Cx43 only involve in the formation of GJ and maintain 

GJIC among the cells, which further contribute in normal cell growth. Recently, the 

accumulating evidences suggested GJ-independent role of Cx43 in tumour 

suppression and regulating cell growth. Mesnil et al demonstrated that there was no 

correlation between the GJIC formed by different connexins and tumourigenicity. 

More studies acknowledge that the anti-tumour effect on cancer behaviour may rely 

on the connexin proteins itself, rather than on cell-cell coupling [45]. For example, the 

transfection of Cx43 gene into human glioblastoma cells reversed the transformed 

phenotype of the cells; however, the reversed transformed activity was found to be 

unrelated of GJIC [37].  

          The mechanistic aspects of the GJ-independent regulation of cancer cells by 

connexin proteins depends on its role in affecting tumourigenic cell cycle and 

signalling. The carboxyl terminal of Cx43 protein is known to regulate cell growth by 

interacting with the other anti-tumour proteins and transcription factors. The Cxs 

localized in cytoplasm and nucleus also exhibit cell growth suppression function [46, 

47]. Connexin proteins influence the activity and production of many cell cycle 

regulatory proteins, such as FGF1, Src, ERK 1/2, cyclin D2, Cyclin D1, Cyclin A, p27kip1 

and p21cip1 [48-52]. It has been reported that Cx43 downregulate Wnt signalling by 

interacting with the β-catenin at cell-cell contact areas and reduces the amount of β-

catenin that is available for signalling resulting in inhibition of cell proliferation [53]. 

Several apoptotic genes, such as Bcl-2, Bcl-xL, and surviving are targeted in Wnt 

signalling [54-56]. Interestingly, it has been found that the Cx43 gene itself is the 

downstream target of β-catenin signal cascade, which imply that Cx43 can regulate its 

own production [57]. Recent findings suggest that connexin interacts with various 

proteins including actin, microtubules, cytoskeletons, N-cadherin, claudins, occluding 

and zonula occludens-1 [58-60]. In other report, the overexpression of Cx43 has been 

correlated with the accumulation of the hypophosphated retinoblastoma (Rb) protein 

and increase in the level of p27 proteins, a cyclin dependent kinase inhibitor [52]. The 

same group also showed the negative regulation of the human F-box protein S phase 

kinase-associated protein 2 (Skp2) by Cx43 protein. Skp2 is involved in the 

proteosomal degradation of p27 and p21 proteins [61]. The role of GJ independent 
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inhibitory action of Cx43 was demonstrated using GJ inhibitors. Even though, only C-

terminus domain of the Cx43 protein, which does not form GJ channels exhibited the 

same inhibitory effect as full length Cx43 protein [62]. They postulated that the 

movement of cAMP through the GJ is involved in the GJ-dependent synthesis of p27 

proteins while inhibition of Skp2 proteins is responsible for GJ-independent 

degradation of p27 protein. 

1.6 Restoring Connexin Expression as a Therapeutic Approach 

Cx protein inhibits the tumour growth and the downregulation of Cx protein in cancer. 

Therefore, the restoring connexins expression could provide an alternative 

therapeutic approach towards cancer treatment. Restoration of Cx can be achieved 

through different approaches listed below. 

1.6.1 Gene Therapy  

Gene therapy has assumed enormous significance in recent years as it can offer one-

time solution for many genetic disorders including cancer. In cancer gene therapy 

both malignant and non-malignant cells can be the target. Efforts to treat cancer by 

gene therapy are being made in several ways like  

 Transfer of gene to enhance the immune response towards tumour 

 Transfer of tumour-suppressor genes that can replace the altered or missing 

gene 

 Transfer of drug-resistance genes 

 RNA Interference 

 Transfer of suicide genes [63, 64] 

Restoration of Cx with the help of gene therapy involved the cloning and transfection 

of cDNA into Cx deficient cells. The exogenous expression of Cx43 resulting into the 

formation of the functional GJIC among neighbouring cells. GJIC further help in 

increasing the drug penetration and dispersal in tumours. In addition of exchanging 

molecules between cells to permit metabolic cooperation; they also transmit stress 

signal, apoptosis signal, developmental signals and molecules  affecting  cellular  

regulation,  including  such  second messengers  as  inositol  1,4,5-trisphosphate  and  

Ca2+ [65].  
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1.6.2 Targeting Transcriptional Regulation of Connexins     

In many cancer cells, inactivation of the Cx expression is found to be regulated at the 

transcriptional level. Histone deacetylase (HDAC), a group of enzymes that effect 

global gene expression and regulate chromatin remodelling are the targets of anti-

cancer therapeutics. Several HDAC inhibitors (HDACi) have shown there anti-cancer 

potential, both in vivo as well as in vitro. The HDACi also showed its effect on the 

expression of connexins and formation of GJIC. For example, 4-phenylbutyrate (4-PB), 

a HDACi, established a functional GJ communication between adjacent pancreatic cells 

[66]. 4-PB showed over-additive effect in combination with nucleoside analogue 

gemcitabine in pancreatic cancer cells. The GJIC established after the 4-PB treatment 

potentiates GJ mediated bystander killing in glioma cells by HSV-tk/ganciclovir 

suicide gene therapy system [67]. In prostate cancer cells, the Cx43 expression and 

GJIC were restored using another HDACi, trichostatin A (TSA) [68]. In rat epithelial 

cells, sodium butyrate and TSA countered TPA and H2O2 induced inhibition of GJIC, as 

well as hyperphosphorylation and degradation of Cx43 [69]. 

         In some instance, aberrant methylation is also responsible for the inactivation of 

Cxs genes to become another target for cancer therapy. Cx32 gene is downregulated 

in human renal cell carcinoma by promoter hypermethylation. 5-aza-2’-

deoxycytidine (5-aza-C), a DNA demethylating agent, restored Cx32 expression and 

suppressed growth of renal cell carcinoma (RCC) in xenograft model [70]. 
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Figure 1.6. Illustration of different levels of potential therapeutic intervention to modulate 

the connexins (Cxs) expression and function. Transcription modulators (TM) including 

Histone deacetylase inhibitors (HDACi) such as Trichostatin A (TSA), Sodium butyrate   and 

4-phenylbutyrate,   or   demethylating   agents   such   as   5-Aza-Cytidine   (5-AzaC)   are used   

to   increase   Cxs transcription   (1). Although   no drugs   have   yet been   assessed   for   their   

effect   on   Cxs   translation   (2),   these   are   important levels of post transcriptional 

regulation. Although not used in anti-cancer settings, the trafficking inhibitor (TI) brefeldin 

A, a small hydrophobic molecule that disassembles the Golgi, has been shown to interrupt 

Cx26 and Cx43 trafficking (3) to the cell membrane via the golgi [96]. Phosphorylation (4) is 

the best studied Cxs post-translational modification and can be affected by tyrosine   kinase   

inhibitors   (TKI)   such   as   the   Src   inhibitor   4-amino-5-(4-chlorophenyl)-7-(t-

butyl)pyrazolo[3,4-d]pyramidine (PP2). Due to the importance of Cxs subcellular localization 

(5) for its expression and function, this is important information to take into consideration 

when targeting Cxs. Of particular interest is the endocytic life of connexins and GJs [97]. The 

life of Cxs is also dependent on post-translational ubiquitination and degradation by the 
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proteasome (6), which offers an opportunity   to   increase   their   level   by   using   proteasome   

inhibitors   (PI)   such   as   MG132.   Also,   the   number   of   Cxs-interacting   proteins   (7)   is   

still   undetermined,   although   some   interactors   have   been   identified   such   as   the   

cytoskeleton proteins   (microtubules,   actin   filaments).  In   other   respect,   whether   Cxs   

are   involved   in hemichannels   (8),   gap   junction   plaques   (9)   or   acting   alone, 

determining differences in their functions should condition the way they are manipulated for 

therapeutic purposes. Similarly, the impact of various GJ inhibitors (GJI) such as a-

glycyrrehetinic acid, or activators (GJA) such as the Quinoline derivative PQ1 is still ill defined. 

Reproduced with Permission from Reference [71]. Copyright © 2010, Taylor & Francis. 

1.7 Drug Delivery 

Many chemotherapeutic drugs have problems of poor stability, low water solubility 

and low efficiency. To overcome these barriers, several nanocomposites have been 

designed to improve drug stability, solubility and efficiency. These modified 

polymeric nanodelivery system can also be engineered to target only cancer cells 

without affecting normal cells, using cancer cell specific biomarkers.  Polymeric 

nanoparticles are colloidal solid particles synthesized from non-biodegradable 

polymers like PLGA (poly-lactic co-glycolic acid) and PLA (poly-lactic acid) or 

biodegradable polymers such as collagen, sodium alginate, albumin and chitosan [72-

74]. Due to the advantage of small size (50-300 nm), these particles can easily take up 

by the cells and penetrate into the capillaries resulting in the accumulation of the drug 

at the target site of action. They have showed their potential as a  promising 

nanocarriers for drug delivery by improving the specificity towards the target cell 

changing their physicochemical properties and pharmacokinetics [73]. Chitosan 

based-nanoparticle hold the immense potential in the field of drug delivery due to 

their biocompatibility, high loading efficiency, water-retention capabilities, and bio-

adhesiveness. Chitosan is a natural, linear polysaccharide of deacetylated beta-1, 4-D-

glucosamine obtained by the partial N-deacetylation of chitin, the second most 

abundant polysaccharide in Nature [75, 76].  

         To enable optical tracking and monitoring of the nanocarriers, fluorescent 

moieties may be attached to polymeric templates.  The particles then discovered 

known as ‘nanoclusters’, which differ widely in physicochemical properties from their 
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nanoparticle counterparts. Fluorescent NPs are evolving as a promising tool for 

theranostic purposes [77].  

1.8 Key Areas and Scope of Research 

Based on the literature review in the field of GJ-dependent as well as GJ-independent 

anti- tumour activity of Cx43, the research areas with potential scope are summarized 

below: 

 The role of GJIC in cancer cells, their potential clinical usage as well as the 

advantages they hold over current modes of cancer therapy 

 The GJ-dependent as well as independent mode of anti-tumour property 

mediated by Cx43 

 The role of GJIC in mediating ‘bystander effect’ in combination with 

chemotherapeutic drugs 

 Molecular pathway behind the anti-tumour activity of Cx43 

 Combination therapy involving different method of Cx43 expression and 

changes in chemotherapeutic drug sensitivity in the cancer cell 

1.9 The present work 

1.9.1 Objective 

The main objectives of the present work are as follows: 

 Studying the of establishment of functional GJIC by expressing Cx43, through 

different means in MCF-7 cells 

 Targeting cancer cells via GJ-dependent as well as independent pathways  

 Investigating the role of Cx43 in mediating “bystander effect” 

 To study the effect of 4-phenylbutyrate (4-PB) on the expression of Cx43 GJ protein 

in MCF-7 cell line in combination with artesunate (ART) 

 Studying the anti-tumour property of Cx43 in enhancing suicide gene therapy 

 Evaluation of 4-PB bound nanocarrier and its activity on MCF-7 cells based 

spheroid model   

 

 

TH-1646_126106007



 
Chapter 1                                                                              

 

18 
 

1.9.2 Significance and Salient Features of the Present Study 

The significance and salient features of the present study are summarized below: 

 Cloning of Cx43 gene and its stable expression was performed in MCF-7 cells 

 Therapeutic implications of Cx43 in enhancing the tumour suppressing 

activity of artesunate via GJ-dependent as well as independent pathways in 

human breast cancer cells was studied 

 GJIC mediated bystander cell death after treatment with ART and the transfer 

of ROS between the neighbouring cancer cells not exposed to ART was 

demonstrated by performing co-culture experiment 

 Use of 4-PB in forceful expression of Cx43 and its synergistic interaction with 

ART both in MCF-7 cells as well as in DLA bearing mice was demonstrated 

 Comparative analysis between wtCD and F186W transfected A549 cells were 

performed by assessing cell viability after 5-FC treatment in suicide gene 

therapy 

 Improvement in the cytotoxic activity of the F186W mutant in conjunction 

with the Cx43 has been reported 

 Fabrication of a versatile novel 4-PB bound composite nanoparticles has been 

demonstrated and the efficacy of the 4-PB bound nanocarrier was also evaluated in 

spheroids based model of cancer cells 
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Chapter 2 

 

Connexin-43 enhances tumour suppressing activity 

of artesunate via gap junction-dependent as well as 

independent pathways in human breast cancer cells 

 

2.1 Introduction 

Gap junctions (GJs) are the fundamental entities for intercellular communications that 

contribute to cell differentiation, maintenance of normal cell growth, embryonic 

development, and tissue homeostasis [1, 2]. The first link between GJs and cancer was 

established when it was found that the rat hepatomas were devoid of GJIC [3]. 

Understanding the intricate association between GJs and cancer may shed 

considerable light on possible modes of cancer therapy.  In this regard, a deeper 

comprehension of the role of connexins (Cxs), the building block of GJs, is desirable. 

Cxs are documented as tumour suppressor proteins as their re-expression into 

tumour cells decreases their tumourigenicity and reverses the transformed 

phenotypes of these tumour cells. Independent studies have shown tumour-

suppressing effects of several Cxs (e.g. Cx26, Cx32, and Cx43) [4]. Among these, Cx43 

has been studied extensively because of its widespread expression [5]. The tumour 

suppressive activity of Cx43 is not only limited to the exchange of specific molecules 

between normal cells and the tumour cells, but in some cases has also been found to 

be via GJ independent pathways [6-9]. In addition, GJ dependent mechanism of Cx43 

helps in the spreading of prodrug (bystander effect) [10] as well as small regulating 

signalling molecules in the neighbouring cells. Even though the transmission of stress 

signal from irradiated to non-irradiated cells was reported earlier, the responsible 

molecule(s) is yet to be identified [11].  

          Due to the adverse side effects of the chemotherapeutic drugs, plant-based active 

anti-cancer compounds may provide a better alternative. Artemisinin, a plant 

derivative, has been widely used as an antimalarial agent in the last few decades. 
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However, its strong anticancer activity has been only explored recently [12-14]. ART 

is a semi-synthetic derivative of artemisinin, developed to overcome the 

pharmacokinetic limitations of artemisinin [15]. In addition, ART is recommended by 

World Health Organization due its good clinical efficacy and tolerability. Mode of 

action of ART involves the presence of endoperoxide bond, that is believed to be 

activated by reduced heme or ferrous iron (FeII), resulting in generation of cytotoxic 

ROS, which are strong alkylating agents [16, 17]. Also, the tumour cells are prone to 

ROS mediated damages as they exhibit downregulation of several antioxidant 

enzymes [18]. Normally, the dosage of ART required to have a cytotoxic response on 

tumour cells is much higher than those needed to exterminate malarial parasites. 

Consequently, an effective mode of co-therapy will be needed to counter the dose-

dependent side effects of ART [19].  

          Here, an endeavour has been made to delineate that overexpression of Cx43 

sensitised the MCF7 cells towards ART treatment. Also, an investigation has been 

made to study the GJIC established between the neighbouring cells helped in the 

bystander killing of the cells after ART treatment. This is the first expedition aimed at 

illustrating evidences in favour of the contribution of ROS generated by ART, in 

suppressing the growth of the neighbouring cells. 

2.2 Materials and Methods  

2.2.1 Reagents and chemicals 

All the chemicals, reagents, and kits used in the following experiments were 

purchased from Sigma-Aldrich, unless otherwise mentioned. 

2.2.2 Cell culture and drug treatment 

ACHN and MCF7 cells were procured from the National Centre for Cell Science (NCCS), 

Pune, India. Both the cell lines were grown in Dulbecco’s modified Eagle’s medium 

(DMEM high glucose), containing 10% fetal bovine serum (FBS) and 1% 

penicillin/streptomycin (100 U/ml; 0.1 mg/ml), in humidified air containing 5% CO2 

at 37° C. ART was made as a stock solution of 100 mM in dimethyl sulfoxide (DMSO). 

Carbenoxolone (CBX), a GJ inhibitor, was prepared as a 100 mM stock solution 
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dissolved in water. Treatments with ART were performed (usually for 48 h) at varying 

concentrations.  

2.2.3 Cloning, transfection, and expression analysis 

The total RNA was isolated from Human renal adenocarcinoma cells (ACHN) using the 

GenElute Mammalian Total RNA Miniprep Kit. Furthermore, 1 μg of isolated RNA was 

used to generate cDNA library by using Verso cDNA Kit (Thermo Scientific, Waltham, 

MA, USA) following the manufacturer’s protocol. A semi-quantitative polymerase 

chain reaction (PCR) was performed with Cx43 forward and reverse primers having 

EcoRI and ApaI restriction sequence overhangs, respectively, using cDNA of the ACHN 

cells. The amplified Cx43 gene was cloned in pGEM-T Easy vector using gene-specific 

primers. Further, the gene was sub-cloned into pEGFP-N1, a mammalian expression 

vector. DNA sequence and sense insertion were confirmed by performing restriction 

digestion and sequencing. 

Stable transfection of Cx43 was performed as described previously in [20]. The 

overexpression of Cx43 was assessed by semi-quantitative PCR and quantitative real-

time PCR (qPCR; primer sequences provided in supplementary info). qPCR was 

performed using SYBR Green as reporter dye (Power SYBR Green PCR master mix, 

Applied Biosystem) in  Rotor-Gene Q (Qiagen). β-actin was taken as the endogenous 

control. ΔΔCt method was used to calculate the relative Cx43 mRNA expression. 

2.2.4 Immunocytochemistry and laser scanning confocal microscopy 

Cells were grown on a glass coverslip in 35-mm dishes until they reached sub-

confluency. After washing with phosphate buffered saline (PBS) (pH 7.4), cells were 

fixed with 4% paraformaldehyde (HiMedia Inc.), permeabilised using 0.5% v/v Triton 

X-100 and blocked using 1% w/v bovine serum albumin (BSA) in PBS at room 

temperature. Further, the cells were incubated overnight at 4 ºC with 1:500 dilution 

of mouse anti-Cx43 monoclonal antibody. After three washes with PBS, the cells were 

then incubated with a fluorescein isothiocyanate (FITC)-conjugated anti-mouse 

antibody at a dilution of 1:200 in blocking buffer (PBS with 0.1% tween 20) for 1 h at 

room temperature. Coverslips were mounted on a glass slide and imaged using Zeiss 

LSM 880 laser scanning confocal microscope system (Carl Zeiss Germany Ltd.).   
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2.2.5 GJIC functional assay  

The functionality of GJIC was assessed by dye transfer assay using calcein-AM 

(acetoxymethyl ester) and PKH26 dyes. Cells were grown in a 12-well plate to their 

confluency. Another population of cells were labelled with 5 µM calcein-AM (30 min 

at 37 ºC) and 2 µM PKH26 (10 min at 25 ºC) dyes. Dual stained cells were trypsinised 

and plated on top of the cells grown in a 12-well plate at a ratio of 1:50 (labelled: 

unlabelled). After 6 h of incubation, the cells were visualised using fluorescence 

microscope (Nikon Eclipse Ti-U, Tokyo, Japan).   

2.2.6 Assessment of cell viability 

MCF7 and Cx43-MCF7 cells were plated in 96-well plate at a density of 7 x 103 cells 

per well in serum-supplemented DMEM media and allowed to adhere for 24 h. The 

cell populations were exposed to increasing concentrations of ART (10 to 200 µM) or 

ART in combination with CBX (100 µM) or DMSO (control) or catalase (2,000 

units/mL) for 48 h. After the onset of treatment period, the anti-cell viability activity 

of ART was assessed by the 3-(4,5-dimethylthiazol-2-yl)2,5-diphenyltetrazolium-

bromide (MTT) assay (HiMedia, Mumbai, India). Fractional cell survival was assessed 

by taking absorbance at 570 nm (Bio-Rad, Hercules, CA, USA) and normalising the 

background measurement at 650 nm at each drug concentration. Each experiment 

was performed in triplicates and repeated at least four times. The viability of the 

untreated cells (or control group) was normalised at 100%.  

2.2.7 Apoptotic cell assessment  

The healthy, early apoptotic, and late apoptotic cells were distinguished by using 

phycoerythrin (PE) Conjugated Annexin V/7-aminoactinomycin D (7-AAD), following 

treatment with 20 µM ART. MCF7 and Cx43-MCF7 cells were grown and treated with 

ART for 48 h. After the treatment duration was over, the cells were collected by 

trypsinisation, washed with PBS, and stained with PE Annexin V and 7-AAD, following 

the manufacturer’s protocol (BD Biosciences). Finally, the cells were analysed using 

CytoFLEX flow cytometer (Beckman Coulter). The morphology of apoptotic cell 

surface was also visualised under Field Emission Scanning Electron Microscope 

(FESEM; Carl-Zeiss). The data presented are the results from at least three 

independent experiments. 
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2.2.8 Antibodies and Western blotting  

The technique of Western blotting was applied to assess different signalling pathways 

involved. MCF7 cell lysate was electrophoresed on 12% SDS-PAGE. Thereafter, whole 

cell lysate was prepared from treated and untreated cells, with RIPA buffer, 

supplemented with 1 mM PMSF and 1 mM EDTA. Total protein content was estimated 

with Lowry assay and 12% SDS-PAGE was done after loading equal amounts of 

protein for each sample. In all cases, protein was electroblotted onto a PVDF 

membrane for 3 h at constant voltage, followed by blocking with 4% BSA in PBST for 

2 h. Next, the membrane was incubated overnight with the respective primary 

antibodies under cold conditions. Subsequently, membrane was washed six times 

with PBST, before being incubated with horseradish peroxidase (HRP) conjugated 

secondary antibody for 2 h. Then, it was washed six times with PBST and developed 

with chemiluminescence peroxidase substrate kit. It should be mentioned here that 

for probing phospho-proteins, TBST was used in all steps, instead of PBST. Anti-Skp2, 

anti-p27 Kip1 and anti- p21Cip1 were procured from Sigma-Aldrich (Steinheim, 

Germany). Mouse anti- Cx43 was purchased from BD Transduction Laboratories 

(India). DNA damage antibody sampler kit (#9947) was bought from Cell Signalling 

Technology (Danvers, MA). Western blotting was performed as described previously 

[21]. CBX (100 µM) was added in the Cx43-MCF7 growing medium to assess GJ 

independent expression of Skp2, p27 Kip1 and p21Cip1 proteins. The Western blot 

images are representative of three independent experiments. 

2.2.9 Cell proliferation assay 

The  proliferation of MCF7 and CX43-MCF7 cells were measured by flow cytometric 

analysis of CFSE (carboxyfluorescein diacetate, succinimidyl ester or CFDA-SE) 

loaded cells [22]. In brief, the MCF7 and Cx43-MCF7 cells were incubated with 5 µM 

of CFSE in serum-free medium for 30 min at 37 ºC. Subsequently, the labelled cells 

were incubated in 6-well plate and after 24 h of seeding, cells were analysed in flow 

cytometer. This time point was considered as 0 h in analysis. After 72 h, the cells were 

again harvested and the data were aquired in CytoFLEX flow cytometer (Beckman 

Coulter) and analysed using FCS Express 6 software (De Novo software). The acquired 

histogram of CFSE fluorescence intensity were unimodal, therefore a simplified 

calculation for doubling time estimation was used. Assuming no cell death during the 
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course of our study and all the cells are dividing, the mean doubling time of the cell 

population were estimated using Td = T/log2 (F0)/(FT); here, F0 and FT are geometric 

mean fluorescence intensity at 0 h and 72 h, respectively.  Td was taken as 72 h. 

2.2.10 Cell cycle analysis 

The cell cycle analysis of untreated and treated (36 h with 20 µM ART) MCF7 and 

Cx43-MCF7 cells were performed as described previously [20] with little 

modifications. The cells were synchronised using serum-free medium for 24 h. After 

the completion of the treatment duration, cells were harvested, fixed and subjected to 

flow cytometric evaluation. The data were acquired using CytoFLEX flow cytometer 

(Beckman Coulter) at an excitation wavelength of 488 nm, and emission was recorded 

in PE-A channel. The data were then analysed using ModFit LT software (Verity 

Software House). 

2.2.11 Intracellular ROS detection 

The level of intracellular ROS was estimated using 2’,7’–dichlorofluorescein diacetate 

(DCFH-DA) assay. Briefly, MCF7 and Cx43-MCF7 cells were cultured at a density of 5 

X 104 cells per well of a 6-well plate and incubated overnight for attachment. 

Thereafter, the cells were treated with 20 µM of ART with or without 500 µM of N-

acetylcysteine (NAC) in the serum-enriched medium for 6 h. Subsequently, the cells 

were washed with 1X PBS and incubated with 1 μM of DCFH-DA for 30 min at 37 ºC 

in serum-free media. After labelling with DCFH-DA, the cells were washed repeatedly 

with PBS and harvested for flow cytometric evaluation. The data were then acquired 

using CytoFLEX flow cytometer (Beckman Coulter) at an excitation wavelength of 488 

nm, and emission was recorded in FITC-H channel. The data were analysed using 

WinList 3D 9.0.1 software (Verity Software House). 

2.2.12 Fluorescent dye based assessment of bystander effect 

The fluorescein-based dye CFSE was used for cell labelling. Cx43-MCF7 cells were first 

treated with 20 µM of ART for 6 h at 37 ºC in a 6-well plate (50% confluence). After 

the treatment period was completed, the ART containing medium was replaced with 

fresh medium containing 10% serum. Another population of MCF7 or Cx43-MCF7 

cells was labelled with 5 µM of CFSE in serum-free medium for 30 min at 37 ºC. After 

extensive washing, the CFSE-labelled cells were added to each well containing ART 

TH-1646_126106007



 
Chapter 2 

 

33 
 

pre-treated Cx43-MCF7 cells. CBX (100 µM) was used to block GJIC. To assess the 

possible involvement of H2O2, cells were also pre incubated with 2,000 units/mL of 

catalase. The ratio of ART pre-treated cells to CFSE-labelled untreated cells was ~3:1. 

Untreated cells were cocultured with CFSE labelled cells as a negative control. After 

48 h of being cocultured, the cells were exposed to propidium iodide (PI; 1 µg/ml) to 

assess cell death. The ART pre-treated cells showed red nuclei while the bystander 

CFSE labelled cells nuclei appeared yellow due to green fluorescent CFSE dye. 

Quantitation of yellow nuclei were performed by taking multiple images using the 

fluorescence inverted microscope (Nikon Eclipse Ti-U, Tokyo, Japan). 

          To assess the effect of ART on the growth rate and proliferation of the bystander 

cells, the CFSE labelled cells were cocultured in a 12-well plate with ART pre-treated 

Cx43-MCF7 cells. Coculture of CFSE labelled MCF7 or Cx43-MCF7 cells with untreated 

Cx43-MCF7 cells was taken as control. CFSE-labelled cells were counted using 

fluorescence microscope 4 h after plating (baseline) and 48 h after cocultured. 

Experiment was performed in triplicates and cells were counted in three separate 

areas of 0.4 mm2 per field in each well. Thus, the number of cells/ mm2 (cell density) 

was calculated as the mean of nine separate measurements. 

2.2.13 Statistical analysis 

Data points were obtained from at least three different set of experiments in 

triplicates and expressed as the mean ± SD (SD = standard deviation). To calculate the 

statistical significance of differences, the two-way analysis of variance (ANOVA) and 

Tukey’s post hoc test were used for pairwise comparisons. Data were analysed using 

Prism, version 5.01 (GraphPad Software Inc., San Diego, CA, USA). Statistically 

significant values were taken as *p< 0.05, **p< 0.01, ***p< 0.001 and ****p< 0.0001. 

Non-linear curve regression analysis was used to assess the IC50 value for ART 

cytotoxicity. 
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2.3 Results 

2.3.1 Overexpression of Cx43 in MCF7 cells formed a functional GJIC  

The ACHN cells were screened for the endogenous expression of Cx43. The 1.2 kb long 

CDS of Cx43 encoded a protein of 382 amino acids with an estimated molecular mass 

of 43 kDa (GenBank accession no. CAG46461.1) (Fig. 2.1).The pEFGP-N1-Cx43 

construct was then stably transfected into MCF7 cells. RT-PCR of cDNA library of 

Cx43-MCF7 lysate using Cx43 specific primers, amplified a gene having a size of 1.2 

kb, which corresponds to the Cx43 gene (Fig. 2.2). The relative expression analysis of 

Cx43 in MCF7 and Cx43-MCF7 cells showed the 157-fold increase in the expression of 

Cx43 in Cx43-MCF7 cells relative to the Cx43 expression in MCF-7 (Fig. 2.3). The 

above PCR-based analysis confirmed the transfection and expression of Cx43 gene 

with the formation of Cx43 mRNA.  

 

Figure 2.1. Cloning of Cx43 gene from the cDNA pool of ACHN cell line. 1) Cx43 gene was 

amplified from cDNA pool of ACHN cell line using Cx43 specific primers. 2) Cx43 gene was 

then subcloned in pGEMT vector. 3) subcloning was also performed in pORF and 4) pEFGFN1 

mammalian expression vector. 
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Figure 2.2. Expression level of Cx43 gene was initially examined by semi-quantitative PCR 

using cDNA library of MCF7 and Cx43 transfected MCF7 cells. The Cx43 gene band has been 

cropped and merged on top of the β-actin. 

 

Figure 2.3. The comparative analysis of Cx43 mRNA expression in MCF7 and Cx43-MCF7 

cells were analysed by using real-time PCR. The Cx43 mRNA expression in MCF7 was 

normalised to 1. 

          Expression of Cx43 protein in MCF7 and Cx43-MCF7 was examined by Western 

blotting with anti-Cx43 antibody using whole cell lysate (Fig. 2.4). An intense 

immunoreactive band at 43 kDa corresponding to Cx43-MCF7 cell lysate suggested 

the overexpression of the Cx43 protein in the transfected cells. The band 

corresponding to the MCF7 cell lysate revealed basal expression of Cx43 protein in 
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the cells. To examine the sub-cellular localisation of Cx43 more precisely, the Cx43-

MCF7 cells were subjected to immunofluorescence reactions. In Cx43-MCF7 cells, 

patchy fluorescence with the granular appearance on cell surface suggested the 

varied localisation of the Cx43 proteins in the cytoplasm and the cell to cell junctions. 

However, the fluorescence density was highest in the areas of intercellular contact 

depicting the presence of Cx43 proteins, as shown in figure 2.5. 

 

Figure 2.4. The Cx43 protein formation was assessed by immunoblotting using anti-Cx43 

antibody taking β-actin as endogenous control. 

 

 

Figure 2.5. The immunocytochemical analysis of Cx43 proteins in Cx43 transfected MCF7 

cells revealed its presence at cell-cell contact points (arrows) and also in lesser extent inside 

cytoplasm. Bar ꞊ 10 µm. 
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          In order to study the functionality of GJIC, MCF7 and Cx43-MCF7 cells were 

labelled with two different fluorescent dyes, PKH26 and calcein-AM. Due to its linkage 

with the cell membrane, PKH26 cannot be transferred from one cell to another. On 

the contrary, calcein, a green fluorescent dye generated from the calcein-AM when 

subjected to hydrolyse intracellularly by nonspecific esterases, can diffuse via GJ 

channels to the neighbouring cells as a marker for functional GJ coupling activity. Dual 

labelled MCF7 cells or Cx43-MCF7 cells were co-cultured with unlabelled Cx43-MCF7 

cells; they settled on top of the unlabelled Cx43-MCF7 cells and got attached within 4 

hour of plating. The extent of dye transfer after 4 h from MCF7 cells to Cx43-MCF7 

cells was limited to one or no cell without any significant visual dye transfer. However, 

co-culture of dual-stained Cx43-MCF7 cells with the plated unlabelled Cx43-MCF7 

cells showed a substantial increase in dye transfer among neighbouring cells, as about 

15-30 unlabelled cells showed green fluorescence by sequential transfer of calcein 

from a single donor cell (Fig. 2.6). PKH26 was retained by both the donor cells 

without any dye transfer.   

 

Figure 2.6. Functionality of GJIC was determined by dye transfer assay using two different 

fluorescent probes viz. PKH26 and calcein AM. Bar = 100 µm. 

2.3.2 Overexpression of Cx43 in MCF7 cells sensitised it toward ART treatment  

The sensitivity of MCF7 and Cx43-MCF7 cells towards the cytotoxicity of ART was 

examined by MTT assay. The MCF7 and Cx43-MCF7 cells were exposed to varying 

concentrations of ART for 48 h. Following treatment with ART, the Cx43 transfected 

cells showed a significant dose-dependent decrease in cell viability compared to 
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untransfected MCF7 cells (Fig. 2.7). Addition of GJ inhibitor, CBX, in combination with 

ART doses did not affect the dose-dependent decrease in cell viability of ART treated 

Cx43-MCF7 cells. Thus, the possibility of the involvement of GJs in the enhanced 

cytotoxicity of ART on Cx43-MCF7 cells was ruled out. The toxicity level (measured as 

IC50) induced by ART in Cx43-MCF7 was about 5-fold higher than that of 

untransfected MCF7 cells (Fig. 2.8). In particular, it has been observed that 58.98 ± 

1.16 µM of ART concentration was required to reach its IC50 in MCF7 cells, while for 

Cx43-MCF7 cells, the IC50 concentration significantly reduced to only 11.22 ± 2.04 

(mean ± S.D.; p < 0.05). The occurrence of apoptosis was further corroborated by 

FESEM imaging, in which membrane blebbing could be prominently visualised in the 

ART-treated Cx43-MCF7 cells as depicted in figure 2.9. 

 

Figure 2.7. Both MCF7 and Cx43-MCF7 cells were subjected to treatment with increasing 

dose of ART or ART with 100 µM of CBX for 48 h. At the end of treatment duration, cell viability 

was assessed by MTT assay. 

          In order to establish whether the enhanced sensitivity to ART induced by 

overexpression of Cx43 was associated with the progression of drug-induced 

apoptosis, performed PE Annexin V/7-AAD FACS-based assay had been performed. 

MCF7 and Cx43-MCF7 cells were subjected to treatment with 20 µM ART for 48 h. 

After the treatment duration was completed, cells were stained with PE Annexin V 
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Figure 2.8. IC50 Value of MCF-7 and Cx43-MCF-7 Treated with ART. 

and 7-AAD (which measure early and late apoptotic events, respectively) and 

analysed their fluorescence in flow cytometer (Fig. 2.10). Untreated MCF7 and Cx43-

MCF7 cells showed a low level of staining with either PE Annexin V or 7-AAD or both 

(2-4%). In contrast, ART-treated Cx43-MCF7 cells showed higher percentage of 

apoptotic cells (38.24%) when compared with ART treated MCF-7 cells (27.41%). 

Thus, the expression of Cx43 in MCF7 cells led to a substantial increase in the 

apoptotic cell population compared to untransfected MCF7 cells. Moreover, use of 

CBX with the ART did not reduce the extent of apoptosis, which, supported the 

concept of gap junction independent sensitisation of MCF7 cells after Cx43 

transfection. 

2.3.3 GJ independent regulation of pro-apoptotic genes by Cx43 increased 

doubling time and induced G1 arrest in MCF7 cells    

To elucidate the mechanism by which Cx43 facilitate the enhancement of ART activity, 

the expression of anti-proliferative genes expression was initially checked. Initial 

investigation ascertained the expression of Skp2 in MCF7 and Cx43-MCF7 cells, and 

found that the expression of Cx43 led to the downregulation of Skp2 protein (Fig. 

2.11). The downregulation of Skp2 further prevents the degradation of p27 Kip1 and 

p21Cip1 proteins [6, 23]. Both p27 Kip1 and p21Cip1 proteins are regarded as potent 

tumour suppressor proteins as their upregulation leads to the cell cycle regulation 
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and cells become more responsive towards DNA damage response. Interestingly, 

addition of CBX in the Cx43-MCF7 growing medium (48 h) does not abrogated the 

expression of the above mentioned proteins, which inferred the GJ independent 

antitumour mechanism of Cx43.   

 

Figure 2.9. FESEM image of control and ART treated cell. Onset of apoptosis in the form of 

membrane blebbing was prominent on ART treated MCF7 cell. 

 

 

Figure 2.10. Flow cytometry analysis of the cytotoxic effect of ART on MCF7 and Cx43-MCF7 

cells determined by PE Annexin V and 7-AAD staining. 
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          The observation that Cx43 enhanced the expression of p27 Kip1 and p21Cip1 

protein, raised two possibilities. First, it is possible that the expression of these anti-

tumour proteins leads to the reduction in the cells doubling time. Second, it is possible 

that these proteins help in the cell cycle arrest after DNA damage cause by ART 

treatment. To identify the delay in cell division, CFSE was used to pulse-label the 

MCF7 and Cx43-MCF7 cells. At two different time points, samples were collected and 

analysed in flow cytometer. Division of CFSE labelled cells led to a decrease in the dye 

fluorescence due to dye dilution (Fig. 2.12). However, the unimodal peak shifting in 

Cx43 cells after 72 h was less when compared with MCF7 cells. This indicated that 

Cx43-MCF7 cells had lesser number of cell divisions in contrast to MCF7 cells in 72 h. 

After applying the equation as described in Materials and Methods section, it was 

observed that the expression of Cx43 in MCF7 cells led to an increase in the doubling 

time of Cx43-MCF7 cells from 26 ± 2.75 h to 34 ± 3.12 h.    

 

Figure 2.11. Regulation of anti-tumour proteins Skp2, p27, and p21 were determined after 

overexpression of Cx43 in MCF7 cells. 

          As the increase in the division time of Cx43-MCF7 cells was observed, it is 

important to determine the alteration in cell cycle profile behind it. It was reported 

earlier that, increase in the expression of p27 Kip1 and p21Cip1 proteins makes cell 

susceptible to G1 arrest [24, 25]. Based on these reports, analysis of the DNA content 

of the cell population for cell cycle analysis using PI was performed. Figure 2.13 

showed the FACS data analysed in ModFit LT software, revealing a considerate 

amount of cell population present in G1 phase of cell cycle when treated with ART, as  
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Figure 2.12. CFSE fluorescence intensity histogram of MCF7 and Cx43-MCF7 in a 

representative experiment. The histogram moved leftward after 72 h of incubation, indicating 

dye dilution due to cell division. 

 

Figure 2.13. Cell cycle profiling of MCF7 and Cx43-MCF7 cells after treatment with ART. 

Data were analysed using ModFit LT software. 

TH-1646_126106007



 
Chapter 2 

 

43 
 

reported earlier [26]. However, the G1 population present in the treated Cx43-MCF7 

cells (79.78 %) were much higher when compared to treated MCF7 (69.98 %) cells. 

Such difference in the G1 population suggesting that the Cx43-MCF7 cells were more 

susceptible to G1 arrest after treatment.  

2.3.4 DNA damaging ROS generated by ART in MCF7 cells initiated DNA damage 

response pathways in MCF7 cells 

To evaluate the role of ROS in ART-induced cell death, the intracellular ROS levels 

using intracellular peroxide-dependent oxidation of DCFH-DA to form fluorescent 

DCF was determined. Intracellular ROS clearly increased when both MCF7 and Cx43-

MCF7 cells were treated with 20 µM of ART for 6 h at 37 ºC. Fluorescent intensity of  

 

Figure 2.14. Generation of ROS in MCF7 and Cx43-MCF7 cells were assessed by measuring 

DCF fluorescence using flow cytometer. Untreated MCF7 and Cx43-MCF7 cells were taken as 

control and cells were treated in presence or absence of antioxidant NAC (5 mM). 

DCF is directly proportional to the level of ROS generated inside the cells. In figure 

2.14, the increase in the fluorescence of DCF in ART-treated MCF7 and Cx43-MCF7 

cells compared to untreated MCF7 and Cx43-MCF7 cells clearly suggested the 

TH-1646_126106007



 
Chapter 2 

 

44 
 

generation of the ROS in treated cells. Also, the fluorescence intensity of DCF was 

nearly the same in both treated MCF7 and Cx43-MCF7 cells, thus implying that there 

is no role of Cx43 in increasing the ROS generation after the treatment. Furthermore, 

to confirm that the increase in fluorescent intensity of DCF was due to ROS generation 

inside the cells, NAC was used. Addition NAC in the treatment medium reduced the 

DCF fluorescence intensity, thus confirming the production of ROS inside the cells 

brought about by ART treatment. 

          A previous report suggested that increased ROS formation by ART induces DNA 

damage response in the cells [27]. Initially, ROS mediated DNA damage was analysed 

by agarose gel electrophoresis. To further confirm the apoptosis induced by DNA 

damage, immunoblot for the proteins involved in major checkpoints in response to 

DNA damages were performed (Fig. 2.15). MCF7 cells were treated with 20 µM of 

ART for 24 h. At the end of the treatment period, the cells were lysed and subjected to 

Western blotting experiment. Increase in the expression of phospho-ATM (Ser1981) 

and phospho-ATR (Ser428) in ART-exposed cells indicated the DNA double-strand 

break and DNA single-strand break, respectively. Once the DNA damage response 

pathway was initiated by ATM and ATR, the downstream response proteins were also 

activated by phosphorylation. Chk1 and Chk2, the downstream protein kinases of 

ATM/ATR, get phosphorylated by ATM/ATR at Ser280 and Thr68, respectively. The 

histone H2A.X gets phosphorylated at Ser139 by ATM [28]. p53 and BRCA1 also get 

phosphorylated by upstream kinases. Phosphorylation of these signalling 

checkpoints proteins in response to DNA damage plays an important role in DNA 

damage checkpoint control, tumour suppression, and embryonic development. 

2.3.5 ART induced cytotoxic bystander effect via GJIC 

We speculated that the ROS and DNA damage response induced by ART might spread 

among the neighbouring cells through GJ. To test the above possibility, the Cx43-MCF7 

cells were plated to its sub-confluency and treated with 20 µM ART for 6 h. At the end 

of the treatment period, drug-containing medium was repeatedly washed and rep- 

laced with the fresh medium. Another untreated population of MCF7 or Cx43-MCF7 
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Figure 2.15. a) ART induced DNA damage response in MCF7 cells upon exposure. Phospho- 

rylation of ATM, ATR, Chk1, Chk2, histone H2A.X, BRCA1, and p53 was determined 8 h after 

the onset of treatment. β-actin was used as an endogenous control and to ensure equal 

proteins levels. b) Schematic of DNA damage response pathway. 

 

Figure 2.16. a) Scheme of the experimental protocol used to delineate the bystander effect 

of ART. b)  After the onset of 48 h of coculture, the cells were stained with PI to examine the 

dead or membrane compromised cells. Nucleus of ART pre-treated dead cells appeared red 

while CFSE labelled membrane compromised cells showed yellow nucleus stain (arrow). Bar 

= 100 µm. 
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cells were labelled with non-toxic green fluorescent dye CFSE and then after 

trypsinisation, co-cultured with washed pre-treated Cx43-MCF7 cells. Cells were 

stained with PI after 48 h of co-culture. Membrane compromised or dead cells that 

were ART-treated exhibited red nuclei whereas the CFSE labelled bystander cells 

showed yellow nuclei due to colabelling with green (CFSE) and red (PI) dyes (Fig. 

2.16 a & b). Figure 2.17a represents quantitative analyses of multiple images taken 

after 48 h of coculture revealing that the mean percentage of PI-labelled cells among 

the CFSE-labelled bystander cells was increased over 7-fold from 0.23 % in untreated 

cocultured MCF7 cells to 1.64 % in the treated cocultured MCF7 cells. Whereas, when 

Cx43-MCF7 cells were used instead of MCF7 cells for coculturing, the mean 

percentage of PI-labelled cells among the CFSE-labelled bystander cells were showed 

to have over 14.5-fold increase in the apoptotic cells. A significant drop of over 7.5-

fold was observed in the mean percentage of cells with yellow nuclear staining among 

the CFSE-labelled cells when CBX was used in the media. Moreover, to investigate the  

 

Figure 2.17. a) Quantitation of red and yellow nuclei after 48 h of coculture in ART pre-

treated Cx43-MCF7 cells in presence or absence of CBX are presented. b) NAC and catalase 

were also used to prove the involvement of ROS in mediating bystander cell toxicity. The 

percentage of PI-labelled yellow nucleus cells counted from multiple fields (n ꞊ 6) was plotted. 

involvement of the ROS in mediating the cytotoxic bystander effect, the ART pre-

treated Cx43-MCF7 cells were cocultured with CFSE labelled Cx43-MCF7 cells in 

presence or absence of NAC or catalase in the medium. The reduction in the 

percentage of bystander cells in presence of NAC or catalase provided the evidence 
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for the involvement of the ROS in mediating cytotoxic bystander effect of ART (Fig. 

2.17b). Abolishment of the cytotoxic bystander effect of ART by using catalase in the 

medium strongly suggests the role of H2O2 in the process.          

2.3.6 Inhibition of bystander cell proliferation was enhanced by GJIC  

Apart from lethal damage to the neighbouring cells, it is probable that ROS generated 

by ART might help in the decreasing the proliferation of the bystander cells. To test 

the above possibility, the MCF7 or Cx43-MCF7 cells were labelled with CFSE dye and  

 

Figure 2.18. Image represented the density of CFSE labelled MCF7 or Cx43-MCF 7 cells after 

4 h and 48 h of coculture with ART treated or not unlabelled Cx43-MCF7 cells. Bar ꞊ 100 µm. 
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plated on top of the Cx43-MCF7 cells, which were pre-treated with or without 20 µM 

of ART. Quantitative measurement of CFSE labelled cells (number of green cells/mm2) 

after 48 h of coculture provided the density of the cells grown. The density of CFSE 

labelled MCF7 or Cx43-MCF7 cells increased significantly from 223.67 ± 9.1 to 1055.3 

± 106.25 and 221.3 ± 14.57 to 938.67 ± 50.2 cells per mm2 after 48 h of coculture with 

untreated Cx43-MCF7 cells (control), respectively. Further, when the CFSE labelled 

MCF7 or Cx43-MCF7 cells were grown with ART pre-treated Cx43-MCF7 cells, there 

was a significant decrease or inhibition of the cell proliferation (Fig. 2.18 & 2.19). 

After 48 h of coculture, the density of MCF7 cells grown with the pre-treated Cx43-

MCF7 cells was found to be 403.3 ± 47.5 cells per mm2. Interestingly, the density of 

Cx43-MCF7 cells grown with the pre-treated Cx43-MCF7 cells was shown to have 

significant impact on the cell proliferation of the bystander cells as only 197.3 ± 18.5 

green cells per mm2 were alive.  

 

Figure 2.19. Bystander cells in cocultured were quantified in three independent 

experiments performed in triplicates. 
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2.4 Discussion 

Lack of GJIC is more often found in various human tumours compared with adjacent 

normal tissues. Restoration of Cxs and /or GJIC in these tumour cells, particularly in 

early stage diseases, has been documented to have some unique therapeutic 

advantages  in several in vitro and in vivo models [29]. In the present study, the 

tumour-suppressing property of Cx43 overexpression via GJ dependent as well as GJ 

independent pathways was exploited. In the present study, it has been found that the 

enforced expression of Cx43 in MCF7 cells increased its sensitivity towards ART 

treatment. ART has been most widely used as an anti-malarial drug since decades. We 

used a GJ deficient cell line MCF7 for the study of the mode of action of ART after 

forced establishment of GJIC and assessed the ART cytotoxicity through GJ dependent 

as well as GJ independent pathways. Here it has been showed, for the first time that 

overexpression of Cx43 in MCF7 cells increased its ART-based cytotoxicity 

independent of GJ, and also the established GJIC helped ART in causing apoptosis and 

arresting proliferation of neighbouring untreated cells.  

          The transfection of Cx43-pEGFP-N1 into MCF7 cells led to the establishment of 

a stable cell line expressing Cx43. After transfection, the level of expression of Cx43 

mRNA was checked and compared it with untransfected MCF7 cells, after that it was 

found that the mRNA of Cx43 was upregulated in Cx43-MCF7 cells, when compared 

with MCF7 cells alone. Consequently, the transcribed mRNA of Cx43 was translated 

into Cx43 protein, which was confirmed by Western blotting. The transfection of 

Cx43-pEGFP-N1 in MCF7 led to the overexpression of Cx43 proteins inside the cells. 

These proteins mostly localised on the surface and on the cell to cell contact formed a 

functional GJ. Cx43 proteins present on the point of cell-cell contact, formed a 

functional GJ, which established an active GJIC between neighbouring cells. The 

spread of calcein dye from stained Cx43-MCF7 cells to the unstained Cx43-MCF7 cells 

confirmed the functionality of GJIC. 

          In addition to GJIC, there are multiple pieces of evidence portraying the GJ-

independent roles of Cx43 in the control of cell growth and the suppression of 

tumourigenicity. Huang et al [30] showed that the tumour suppressive effect of Cx43 

was unrelated to the activity of GJIC. To delve deeper into this facet, the combined 

effect of Cx43 overexpression in MCF7 cells and ART treatment was examined. Recent 
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experimental evidences suggest that anti-malarial ART may be a therapeutic 

alternative in highly aggressive cancers with rapid dissemination, without developing 

drug-based resistance [31, 32]. Although, a few reports of toxicities in cell lines and 

laboratory animals have raised concerns about the high doses and prolonged use of 

ART [19], these findings have not been reported in humans taking numerous doses of 

artemisinin till date.  

          In this study, it was deduced that the IC50 of ART treatment on MCF7 cells have 

significantly reduced when Cx43 was overexpressed in the cells. The dose required to 

reach IC50 in Cx43-MCF7 cells is ~5 fold less than that of MCF7 cells alone. Even 

though, when a specific GJ inhibitor, CBX, was used, it did not abrogate ART-based 

cytotoxicity, as examined by cell viability assay and PE Annexin V/7 AAD assay. The 

IC50 of ART for Cx43-MCF7 remained almost the same. The above result suggested 

that the Cx43-mediated enhancement of cytotoxicity is independent of GJ function. 

         Since it was delineated above that the overexpression of Cx43 in MCF7 cells 

enhances the cytotoxicity of ART, the activation of underlying mechanism associated 

with it was delineated. Among the various cell cycle signalling proteins, 

downregulation of p27 Kip1 and p21Cip1, an inhibitor of cyclin-dependent kinases, is 

linked with poor prognosis in many cancers. Both p27 Kip1 and p21Cip1 promote cell 

cycle arrest in response to various stimuli [33, 34]. When the expression of these 

proteins in Cx43-MCF7 cells were checked, it was found that there was a substantial 

decrease in the expression of Skp2 protein, while expression of both p27 Kip1 and 

p21Cip1 was augmented, compared to the untransfected MCF7 cells. To rule out the 

possibility of the involvement of GJ in the expression levels of the above mentioned 

proteins, CBX in the medium was added for 48 h to inhibit GJIC and then assessed the 

proteins expression. Interestingly, resulting data showed CBX had no effect on the 

protein expression. Thus, it can infer that Cx43 inhibited the expression of Skp2, 

which regulates the ubiquitination of p27 Kip1 and p21Cip1, independent of GJIC. 

Therefore, the data suggest that Cx43 may be involved in the sensitisation of Cx43-

MCF7 cells towards the ART treatment by controlling the expression of Skp2, thereby 

increasing the level of tumour suppressor proteins, p27 Kip1 and p21Cip1. Flow 

cytometric evaluation of the fluorescent intensity of CFSE labelled cells at different 

time intervals suggested an increase in the division time of Cx43-MCF7 cell population 
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compared to the MCF cells. Based on the observation of increase in the expression of 

p27 Kip1 and p21Cip1, a cell cycle profiling of treated cell population was performed. 

The cell cycle profile suggested that the G1 arrest was more pronounced in Cx43-

MCF7 cells. This might be one of the causes of the increase of ART sensitivity in Cx43-

MCF7 cells.   

           It was postulated that iron-activated ART, which is considered as a prodrug, 

generates ROS such as hydroxyl radicals, superoxide anions, and highly alkylating 

carbon-centred free radicals [35, 36]. MCF7 cells provided an excellent model for our 

present study as it is devoid of Cx43 proteins and therefore GJIC. Also, the bioactivity 

of ART requires Fe(II), and it was previously reported that MCF7 cells express high 

concentration (5-15 times more than normal breast cells) of transferrin receptors on 

the cell surface and have a substantial amount of Fe(III) ion uptake into cells [37]. 

When treated with ART, MCF7 and Cx43-MCF7 cells showed a high level of ROS 

production as depicted in figure 2.14. Free radicals and ROS have been known to 

cause DNA damage in cells [28]. Intrigued by this, the DNA damage response pathway 

in Cx43-MCF7 cells after ART treatment was assessed. The generation of H2O2 inside 

the cell was determined by using catalase. The MTT assay showed a considerable 

increase in cell viability when catalase was used with ART in medium, suggesting the 

role of H2O2 in mediating the bystander effect. The expression analyses of ATM/Chk2 

and ATR/Chk1 pathways, which get activated in DNA damage responses was 

delineated. Overexpression of phospho-ATM and phospho-ATR after ART treatment 

indicated double-strand break and single-strand break of DNA, respectively. Once 

phosphorylated, the ATM and ATR phosphorylates a large number of downstream 

proteins [38]. Immunoblot data showed the overexpression of such proteins like 

phospho-Chk1 and phospho-Chk2. After it gets phosphorylated, Chk2 further 

activates p53 and BRCA1 proteins. BRCA1 helps in the double-strand break repair of 

DNA and cell cycle arrest in the S-phase, while p53 triggers cell cycle arrest in the G1-

phase or cell death. We also found overexpression of phospho-Histone H2A.X, a novel 

biomarker of DNA damage response. ATM has been found to be the major protein that 

phosphorylates H2AX [39].  

          One of the striking features of the Cx43 expression is the formation of GJIC 

among cells. The basic strategy in GJIC-based therapies relied on the spreading of the 
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cytotoxic molecules or signals in neighbouring cells, called ‘bystander effect’. Several 

studies have suggested a role of ART in the treated cancer cells, but whether ART 

treatment affects neighbouring cells remains elusive. Our study showed that even at 

the low clinically relevant concentration, ART induced cytotoxic bystander effect to 

the neighbouring cells. By using two different cocultured experiments it was 

illustrated that the GJIC helped ART in causing apoptosis as well as ceasing 

proliferation of the bystander cells. In the dual staining coculture experiment, over 

14.5-fold increase in the neighbouring untreated Cx43-MCF7 apoptotic cells was 

found. Although, a significant percentage of apoptosis in untreated neighbouring 

MCF7 cells was observed which do not form GJIC with treated Cx43-MCF7 cells, it can 

be speculate that it might be because of an extracellular release of ROS. The increase 

in the percentage of apoptotic cells in Cx43-MCF7 cells was dependent on the GJIC, as 

exhibited by the use of CBX in the medium, which brought about a significant drop in 

the percentage of apoptotic cells. It is worth noting that, as Cx43-MCF7 cells were 

more sensitive towards ART treatment, the percentage of apoptosis was more 

pronounced in these bystander cells compared to MCF7 cells alone. Moreover, the 

addition of NAC and catalase in the coculture medium abolished the bystander effect 

of ART. This suggested the possible involvement of H2O2 in mediating the cytotoxic 

bystander effect of ART. Although, the effect was more pronounced in case of NAC 

than catalase, this could be because of the involvement of some other ROS, possibly 

long lived radicals species [40, 41]. Further, It is worth mentioning that GJs also 

transmits cell-death signal from the dying cell to the healthy neighbouring cell, thus 

spreading the effect to large number of cell population [42]. Moreover, it was also 

found that ART completely inhibited the proliferation of the bystander cells. This 

could be because of the presence of H2O2 in the medium.  A possible mechanism 

underlying our experimental findings has been portrayed in the figure 2.20. Overall, 

through a well-orchestrated interplay between GJ dependent as well as GJ 

independent action of Cx43, a new perspective of the effective ART treatment was 

discovered in conjunction with Cx43 overexpression in MCF7 cells.  

 

TH-1646_126106007



 
Chapter 2 

 

53 
 

 

 

Figure 2.20. Schematic for the role of Cx43 in enhancing GJ dependent as well as GJ 

independent cytotoxicity of ART.  
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Chapter 3 

 

4-phenylbutyrate Manifests Synergistic Interaction 

with Artesunate by Suppressing DNA Repair Activity 

 

3.1 Introduction 

In cellular oncogenesis, aberrant activity of histone deacetylases (HDACs) and histone 

acetyltransferases (HATs) was observed in various instances. Multiple evidences 

suggest that the inactivation of HATs and abnormal HDACs expression results in the 

suppression of several antiproliferative genes in cancer cells, which further mediate 

the tumour onset or progression [1, 2]. Apart from regulating acetylation of histones, 

HDACs also participate in the modifications of various non-histone proteins, including 

repression of several transcription factors, chaperones, and signalling molecules, 

which may contribute to cancer cell survival [3].  

          HDACs modulates chromatin structure, resulting in the relaxation of chromatin 

and making it easier for transcription factors to load onto the DNA [4]. This further 

regulates the expression of various tumour related genes involved in the cell cycle 

control and apoptosis of the cancer cells [5]. Histone deacetylase inhibitors (HDACi) 

have been known to inhibit cancer cell progression and instigate apoptosis in cancer 

cells both in vivo and in several pre-clinical models. Various HDACi have shown their 

potential as anti-cancer drugs, particularly in combination with other 

chemotherapeutic drugs in clinical studies [6].  

         4-phenylbutyrate (4-PB), a  non-cytotoxic stable short chain fatty acid HDACi, 

which is known for its characteristics to act as ammonia sink and a chemical 

chaperone [7]. Till date, 4-PB has been effectively tried in patients having a 

myelodysplastic disorder or recurring malignant gliomas in clinical trials. 

Furthermore, 4-PB has been approved by FDA and recommended as well-tolerated 

drug for patients with hyperammonemia and several urea cycle disorders, 

consequently being an enticing possibility for cancer treatments with less or no side 

TH-1646_126106007



 
Chapter 3 

 

62 
 

effects [8]. Moreover, HDACi has been known to suppress the capacity of the cell to 

repair ionising radiation- induced DNA damage, both at the level of DDR signalling 

and by affecting the essential DNA damage repair (DDR) pathways (NHEJ and HR), in 

the wide range of cell types in vitro [9]. Thus, it complimented the effect of radiation-

induced DNA damage and enhanced its efficacy. Moreover, several reports suggested 

the role of 4-PB in enhancing the GJIC among cancer cells by increasing expression of 

Cx43 protein [10-12]. The increased GJ communication was correlated with the 

increase in the chemosensitivity of the cancer cells. However, the mechanism behind 

it was not properly investigated.  For the reason that HDACi disrupt vital cell 

processes, it is also possible that combinations of these drugs with other cancer 

treatments may provide a therapeutic advantage.  

          Keeping these in mind, the role of 4-PB on ROS-mediated DNA damage and the 

complementing effect of 4-PB with artesunate on the human breast cancer cell line, 

MCF-7, was explored. Artesunate (ART) is a semi-synthetic derivative of plant-based 

anti-malarial drug artemisinin that has been used to treat malaria since ages [13]. The 

recent exploration of its strong anti-cancer activity makes it a better choice for the 

combination therapies [14]. Because artesunate gives rise to ROS leading to oxidative 

DNA damage [15], it is tempting to hypothesise that the ART-induced DNA damage 

may be enhanced by the DDR suppressing activity of 4-PB, which ultimately accounts 

for the enhancement of cytotoxic activity observed in cancer cells. Also, the required 

dosage of ART to substantially affect tumour cells is considerably higher than that 

required to terminate malarial parasites. Consequently, an effective mode of 

combination therapy will be required to limit the dose-dependent adverse effects of 

ART [16].  

          In the current study, a combination therapy involving 4-PB & ART was designed 

and investigated its efficacy both in vitro as well as in vivo.  An experimental 

investigation was made to assess the effect of 4-PB on GJIC in MCF-7 cells and the 

mechanism underlying it. In addition, whether 4-PB and ART act synergistically in 

inducing apoptosis in MCF-7 cells was also studied. The outcome of this study could 

provide information about the potentiality of these two drug combinations as an 

effective and less toxic treatment for cancer.  
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3.2 Materials and Methods  

3.2.1 Chemicals and reagents 

All the chemicals, reagents, and kits used as a part of the accompanying investigations 

were obtained from Sigma-Aldrich, unless specified.  

3.2.2 Cell culture and drug treatment 

MCF-7 (human breast adenocarcinoma) cells were purchased from the National 

Centre for Cell Science (NCCS), Pune, India. The cell line was routinely maintained in 

10% fetal bovine serum (FBS) supplemented with Dulbecco’s modified Eagle’s 

medium (DMEM high glucose) containing 1% penicillin/streptomycin (100 U/ml; 0.1 

mg/ml). The cells were grown in the humidified air containing 5% CO2 at 37 °C. 4-PB 

was prepared as 100 mM stock in PBS freshly, before each use. ART was resuspended 

in DMSO as a stock solution of 100 mM.    

3.2.3 Cx43 expression analyses 

The total RNA was isolated from MCF-7 cell line using the GenElute Mammalian Total 

RNA Miniprep Kit, after treatment with the 5 mM of 4-PB. Furthermore, 1 μg of 

isolated RNA was used to generate cDNA library by using Verso cDNA Kit (Thermo 

Scientific, Waltham, MA, USA) following the manufacturer’s protocol. A semi-

quantitative polymerase chain reaction (PCR) was performed with Cx43 forward and 

reverse primers using cDNA of the MCF-7 cells to assess Cx43 mRNA expression after 

treatment. Further, to confirm Cx43 protein expression, Western blotting was done 

using anti-Cx43 antibody procured from BD Transduction Laboratories (India). 

3.2.4 Immunocytochemistry and laser scanning confocal microscopy 

Cells were grown on a glass coverslip in 35-mm dishes until they reached sub-

confluency. After washing with PBS (pH 7.4), cells were fixed with 4% 

paraformaldehyde (HiMedia Inc.), permeabilised using 0.5% v/v Triton X-100 and 

blocked using 1% w/v bovine serum albumin (BSA) in PBS at room temperature. 

Further, the cells were incubated overnight at 4 ºC with 1:500 dilution of mouse anti-

Cx43 monoclonal antibody. After three washes with PBS, the cells were then 

incubated with a fluorescein isothiocyanate (FITC)-conjugated anti-mouse antibody 
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at a dilution of 1:200 in blocking buffer (PBS with 0.1% tween 20) for 1 h at room 

temperature. Coverslips were mounted on a glass slide and imaged using Zeiss LSM 

880 laser scanning confocal microscope system (Carl Zeiss Germany Ltd.).   

3.2.5 GJIC functional assay  

The functionality of GJIC was assessed by dye transfer assay using calcein-AM 

(acetoxymethyl ester) and PKH26 dyes. Cells were grown in a 12-well plate to their 

confluency. Another population of cells were labelled with 5 µM calcein-AM (30 min 

at 37 ºC) and 2 µM PKH26 (10 min at 25 ºC) dyes. Dual stained cells were trypsinised 

and plated on top of the cells grown in a 12-well plate at a ratio of 1:50 (labelled: 

unlabelled). After 8 h of incubation, the cells were visualised using fluorescence 

microscope (Nikon Eclipse Ti-U, Tokyo, Japan).   

  3.2.6 Assessment of cell viability 

The cell cytotoxicity activity of 4-PB and ART were assessed by the 3-(4,5-

dimethylthiazol-2-yl)2,5-diphenyltetrazolium-bromide (MTT) assay (HiMedia, 

Mumbai, India) as previously described [17]. Briefly, 7 X 103 cells were seeded in 96-

well plate in triplicates (n=4). After 24 h of seeding, the cells were treated with varying 

dose of drugs and its combinations (keeping 5 mM of 4-PB constant) for 48 h. 

Fractional cell survival was assessed by taking absorbance at 570 nm (Infinite® 200 

PRO, Tecan, Switzerland) and normalising the background measurement at 650 nm. 

The viability of the untreated cells (or control group) was normalised at 100%. 

3.2.7 HDAC inhibition assay 

4-PB induced HDAC inhibition was estimated using fluorometric HDAC Activity Assay 

Kit. Briefly, cells were incubated with 5 mM of 4-PB and/ or 50 µM ART for 4 h. The 

cells were then lysed using the buffer containing 50 mM HEPES, 150 mM NaCl, and 

0.1% Triton X-100 supplemented with protease inhibitor cocktail. Resulting cell 

lysates were sonicated and proceeded as per manufacturer’s protocol. Fluorescence 

intensity was measured in a plate reader (Infinite® 200 PRO, Tecan, Switzerland) 

taking excitation at 350 nm and emission at 440 nm.  
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3.2.8 Propidium iodide (PI) apoptosis assay 

The apoptotic population of the cells were analysed using the protocol described 

earlier [18]. MCF-7 cells were treated with 4-PB and/or ART for 48 h. After the 

completion of the treatment duration, the cells were collected, fixed in 70 % ethanol 

and processed following the protocol mentioned above. The cells were then analysed 

by using CytoFLEX flow cytometer (Beckman Coulter) using 488 nm laser line for 

excitation. Red fluorescence of PI was measured in PE-A channel. 

3.2.9 Fluoremetric analyses of apoptotic cells using PE Annexin V and 7-AAD 

The different apoptotic cell populations were quantified using PE (phycoerythrin) 

Annexin V and 7-AAD (7-aminoactinomycin D), following treatment with 5 mM 4-PB 

and/or 50 µM ART. In brief, MCF-7 cells were grown and treated with 4-PB and/or 

ART for 48 h. After the end of the treatment duration, the cells were collected by 

trypsinization and stained with PE Annexin V and 7-AAD, following the 

manufacturer’s protocol (BD Biosciences). Further, the extent of apoptosis in the cells 

were analysed using flow cytometer (CytoFLEX, Beckman Coulter).  

3.2.10 Combination Index (CI) curve and Isobologram Analyses 

The data generated in the cell viability experiment were analysed in COMPUSYN 

software to study the type of interaction between 4-PB and ART. The normalized 

isobologram generated by the software, which is based on Median-Effect Equation 

(Chou) and the Combination Index Theorem (Chou-Talalay), were then analysed. The 

CI was used to express antagonism (CI > 1), additivity (CI = 1) or synergism (CI < 1). 

The analyses repeated up to 4 times. The average effect values (fa's) was used to plot 

Fa-Log (CI) curve. 

 3.2.11 Intracellular ROS measurement 

The levels of ROS generated after the treatment with drugs were assessed by using 

the dichlorodihydrofluorescein diacetate (DCF-DA) method. Briefly, cells were 

treated with the 4-PB and/or ART for 6 h in presence or absence of 500 µM of N-

acetylcysteine (NAC) in the medium. Further, the cells were washed multiple times 

with PBS and incubated in the serum-free medium containing 1 μM of DCFH-DA for 

30 min at 37 ºC. The data were then acquired using CytoFLEX flow cytometer 
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(Beckman Coulter) and analysed using WinList 3D 9.0.1 software (Verity Software 

House). 

3.2.12 Cell cycle analysis 

The MCF-7 cells were synchronised by serum starvation for 24 h. Further, the cells 

were treated with 5mM 4-PB and/or 50 µM ART for 36 h. After the completion of 

treatment duration, the cells were fixed using 70 % ethanol and stained with the 25 

µM of propidium iodide stain following RNAse (10 µg/ml) and 0.1% triton X-100 

treatment. The data were acquired using CytoFLEX flow cytometer (Beckman 

Coulter) and analysed using ModFit LT software (Verity Software House). 

3.2.13 Relative mRNA expression analysis 

Quantitative real-time PCR (qPCR) was performed to estimate the fold change in the 

expression of Ku70, Ku80, XRCC4, and DNA-PKcs using SYBR Green as a reporter dye 

(iTaq Universal SYBR Green Supermix, Bio-Rad) in  Rotor-Gene Q (Qiagen). β-actin 

was taken as the endogenous control. ΔΔCt method was used to calculate the relative 

mRNA expression of Ku70, Ku80, XRCC4, and DNA-PKcs in LinRegPCR software. 

3.2.14 In Vivo Study: 

3.2.14.1 Animals:  

Male Swiss albino mice of four months old weighing 22-25 g were purchased from 

Chakraborty enterprise (1443/PO/b/11/CPCSEA), Kolkata, India. All the animals 

were acclimatised for the laboratory environment at the Central animal facility, 

Institute of Advanced Study in Science and Technology (IASST), Guwahati, Assam 

before conducting experiments. Animals were kept in polypropylene cages and 

maintained at ambiguous environment (22 ± 2 ºC and 60–70% relative humidity) 

with 12 h light–dark cycle. Throughout the experimental period, the animals were fed 

with the standard rodent pellet diet (Provimi Animal Nutrition India Pvt. Ltd., India). 

All the protocols were approved by the Institutional Animal Ethics Committee (IAEC) 

of IASST (IASST/IAEC/2016-17/002) and conducted by following the guidelines of 

Committee for the Purpose of Control and Supervision of Experiments on Animals 

(CPCSEA), Government of India. 
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3.2.14.2 Dalton’s Ascites Lymphoma development in mice: 

1×106 viable Dalton’s ascites lymphoma (DLA) cells were injected into the mice 

through the intraperitoneal (I. P.) route. The tumour growth was confirmed by the 

belly swelling and increased in body weight of mice, which was visible from 8-10 days 

of post transplantation.  

3.2.14.3 In vivo Experimental design:  

A total of 46 swiss albino mice were selected for this study (n=10), where for group-I 

n ꞊ 6. ART and 4-PB doses were scaled up according to the in vitro results. To develop 

the DLA tumour, 0.2 ml of 1 × 106 DLA cells/mice were inoculated in each mice. Drug 

treatments were started from the 8th day of DLA induction and continued for 8 days 

with 24 h interval.  

Group-I: Animals with no DLA tumour + 0.2 ml PBS (I.P).   

Group-II: Animals with DLA tumour + 0.2 ml PBS (I.P).   

Group-III: Animals with DLA tumour + 20 mg/kg ART (I.P).   

Group-IV: Animals with DLA tumour + 50 mg/kg 4-PB (I.P).   

Group-V: Animals with DLA tumour + 50 mg/kg 4-PB (I.P) + 20 mg/kg ART (I.P).   

Body weight changes were measured throughout the experimental period and cells 

from all treatment groups except Group-I were collected at the 16th day of the 

experiment to measure the cell viability. At 17th day five animals from each group 

were sacrificed through decapitation and the specimen of blood, liver and kidney 

were collected to determine the biochemical and histopathological analysis. The other 

five animals were observed for a period of 50 days to estimate the mean survival time 

(MST) and % increase in lifespan (% ILS).  

3.2.14.4 Histopathological Analysis: 

Pathological changes in liver and kidney were observed through histopathology 

analysis (Leica Biosystems, Germany). The livers and kidneys were collected in 10 % 

buffered formaldehyde and kept at least for 24 h. Further, the tissues were undergone 

for dehydration procedure by gradient alcohol concentrations (50, 70, 90 & 100 %) 

and xylene (1 h in each concentration). Further, the tissues were transferred to melted 
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paraffin and kept for 1 h and proceeded to embed into paraffin blocks. A thing 5 µm 

sections were prepared through microtome and stained the section in hematoxylin 

and eosin. Stained sections were observed under the light microscope (10 X) to 

observe the pathological changes. 

3.2.14.5 Cell viability assay: 

Trypan blue assay was conducted to determine the cell viability and to observe the 

cell cytotoxicity. Briefly, 0.1 ml of trypan blue (0.4 %) solution was mixed with 0.1 ml 

of DLA cells that were collected on day 17th. Further, the cells were quantified using 

automated cell counter (Countess II FL, Life Technologies, USA). The percentage of 

viable cells were calculated through the following formula- 

% cell cytotoxicity ꞊ 100 - 

number of viable cells
in the treated group

number of viable cells in the
untreated control group

 X 100 

3.2.14.6 Measurement of percent survival fraction: 

Five animals in each group (Except G-I) were observed for 50 days to measure 

mortality. Kaplan-Meier curve was plotted to represent percent survival fraction 

using Prism, version 6.01 (GraphPad Software Inc., San Diego, CA, USA)   

3.2.14.7 Haematological and biochemical profiling 

Blood was collected in ethylene diamine tetra acetic acid (EDTA) coated tubes and the 

blood components like red blood cells (RBC), white blood cells (WBC) and 

haemoglobin (Hb) were measured through haematology analyser (Sysmex, Japan). All 

the results were expressed in mean ± S.D. 

       For biochemical profiling, a part of blood from the animals in all the treatment 

groups was collected in vials with no anticoagulant. The serum was separated through 

centrifuging the blood at 1500 RPM for 10 min at 4°C. The supernatant was collected 

in a separate tubes and Aspartate transaminase (AST), Alanine transaminase (ALT) 

and Alkaline phosphatase (ALP) levels were measured using biochemical kits from 

Accurex, India. The protocols were adopted as per manufacturer instructions. 
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3.2.15 Statistical analysis 

The IC50 dose was calculated using non-linear curve regression analysis and the level 

of significance were calculated using unpaired two-tailed t-test. Data points were 

expressed as the mean ± SD (SD = standard deviation) and experiments were 

performed at least thrice in triplicates. To assess the statistical significance of 

differences, the one- and two-way analysis of variance (ANOVA) and Tukey’s post hoc 

test were used for pairwise comparisons. Data were analysed using Prism, version 

6.01 (GraphPad Software Inc., San Diego, CA, USA). Statistically significant values (p-

value) for unpaired two-tailed t-test were provided in the result section while for one- 

and two-way analysis of variance (ANOVA) the p-value corresponds to *p< 0.05, **p< 

0.01, ***p< 0.001 and ****p< 0.0001.  

3.3 Results 

3.3.1 4-PB modulated Cx43 protein expression and its subcellular distribution in 

MCF-7 cells 

Treatment of MCF-7 cells with 5 mM 4-PB led to increase expression of Cx43 gene. 

The mRNA expression of Cx43 was enhanced drastically after 4-PB treatment. RT-PCR 

of cDNA library of 4-PB treated MCF-7 lysate using Cx43 specific primers, amplified a 

gene having a size of 1.2 kb, which corresponds to the Cx43 gene (Fig. 3.1). 

Expression  

 

Figure 3.1. Expression of Cx43 mRNA was assessed using semi-quantitative PCR, after 

treating MCF-7 cells with 4-PB. 
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of Cx43 protein in 4-PB treated MCF7 cells was examined by Western blotting with 

anti-Cx43 antibody using whole cell lysate (Fig. 3.2). An intense immunoreactive 

band at 43 kDa corresponding to treated MCF7 cell lysate suggested the 

overexpression of   

 

Figure 3.2. The Cx43 protein formation was examined by 

immunoblotting using anti-Cx43 antibody taking β-actin 

as endogenous control.  

 

 

the Cx43 protein in the 4-PB treated MCF-7 cells. The band corresponding to the 

untreated MCF-7 cell lysate revealed basal expression of Cx43 protein in the cells. To 

examine the sub-cellular localisation of Cx43 more precisely, the treated MCF7 cells 

were subjected to immunofluorescence reactions. In treated MCF7 cells, patchy 

fluorescence with the granular appearance on cell surface suggested the varied 

localisation of the Cx43 proteins in the cytoplasm and the cell to cell junctions. 

However, the fluorescence density was highest in the areas of intercellular contact 

depicting the presence of Cx43 proteins, as shown in figure 3.3. 

 

Figure 3.3. The immunocytochemical analysis of Cx43 proteins in 4_PB treated or untreated 

MCF7 cells revealed its presence at cell-cell contact points (arrows) and also in lesser extent 

inside cytoplasm. Bar ꞊ 10 µm. 
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3.3.2 Establishment of functional GJIC after 4-PB treatment  

In order to study the functionality of GJIC, treated and untreated MCF7 were labelled 

with two different fluorescent dyes, PKH26 and calcein-AM. Dual labelled treated 

MCF7 cells or untreated MCF7 cells were co-cultured with unlabelled treated MCF7 

cells; they settled on top of the unlabelled treated MCF7 cells and got attached within 

8 hour of plating. The extent of dye transfer after 4 h from untreated MCF7 cells to 

treated MCF7 cells was limited to one or no cell without any significant visual dye 

transfer. However, co-culture of dual-stained treated MCF7 cells with the plated 

unlabelled treated MCF7 cells showed a substantial increase in dye transfer among 

neighbouring cells, as about 15-30 unlabelled cells showed green fluorescence by 

sequential transfer of calcein from a single donor cell (Fig. 3.4). PKH26 was retained 

by both the donor cells without any dye transfer.   

 

Figure 3.4. Functionality of GJIC was determined by dye transfer assay using two different 

fluorescent probes viz. PKH26 and calcein AM. Bar = 100 µm. 

3.3.1 4-PB cytotoxicity on MCF-7 cells as a consequence of HDAC activity inhibition  

Initial data of MTT assay suggested that the 4-PB significantly reduced the cell 

viability of MCF-7 cells at varying concentrations when administered for 48 h (Fig 

3.5). Using 1 mM concentration of 4-PB, 84% cell viability was observed, which 

further decreased to 68% at 5 mM concentration. An intermediate dose of 5 mM of 4-

PB was chosen to further assess the synergism of 4-PB with ART.  

         As the 4-PB-mediated growth inhibition was known to act by inhibiting HDAC 

[19], HDAC activity assay was performed by treating the MCF-7 cells with 4-PB with 

or without ART (Fig. 3.6). HDAC activity analysis using treated MCF-7 cell lysate 
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showed a significant drop in the 4-PB (P = 0.0079) and 4-PB with ART (P = 0.0082) 

treated cells when compared with untreated control lysate fluorescence. No 

inhibition of HDAC was observed in only ART-treated cells.  

 

Figure 3.5. Reduction in cell viability was assessed after treating MCF-7 cells with different 

concentrations of 4-PB. 

 

Figure 3.6. 4-PB acted by inhibiting HDAC activity in MCF-7 cells. 
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3.3.2 4-PB enhanced the dose-dependent cytotoxicity of ART 

To probe into the effect of ART on MCF-7 cells, cell viability assay was performed. 

MCF-7 cells were treated with varying doses of ART in presence or absence of a 

constant dose of 4-PB (5-mM). Initially, ART treatment for 48 h showed a dose-

dependent decrease in the cell viability of MCF-7 cells as depicted in figure 3.7. 

However, a significant (P = 0.0020) enhancement in the cell cytotoxicity of MCF-7 cells 

was observed when the similar treatment was performed in the presence of 4-PB. In 

particular, it was observed that 55.56 ± 5.21 µM of ART concentration was required 

to reach its IC50, while for ART + 4-PB the IC50 concentration significantly reduced to 

only 24.71 ± 3.44 µM (Fig. 3.8).   

 

Figure 3.7. Dose dependent cell viability of ART and in combination with 5 mM 4-PB was 

examined by MTT based cell viability assay. 

3.3.3 Induction of apoptosis by ART and/or 4-PB 

In order to establish that ART and/or 4-PB treated cells were undergoing apoptosis, 

two different sets of flow cytometry based experiments have been performed. First, 

the analysis of apoptotic nuclei was done using PI dye and second, the early apoptotic, 

late apoptotic and necrotic cells were differentiated using PE Annexin V and 7-AAD 

assay.  
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Figure 3.8. IC50 value of ART and ART in combination 

with 5 mM 4-PB was calculated using non-linear curve 

regression analysis and the level of significance were 

calculated using unpaired two tailed t-test (n ꞊ 3, p ꞊ 

0.0020). 

 

 

 

Figure 3.9. PI based apoptotic cell analysis using flow cytometer. 
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         PI staining is a rapid, reliable and reproducible method for the separation of 

apoptotic cell population from the live cell population. In our analysis, the extent of 

apoptosis mediated by ART and/or 4-PB was assessed. After 48 h of treatment, 4-PB 

showed 41.69 % of apoptotic cell population and ART showed 65.12 % of apoptotic 

cell population. When MCF-7 cells was treated with the combination drug, the extent 

of apoptotic cell population increased drastically to 87.03 % (Fig. 3.9).  

         To further validate the data generated by the PI apoptotic assay, PE Annexin V 

and 7-AAD flow cytometric assay (Fig. 3.10) was performed. After the end of the 

treatment duration, the cells were stained with PE Annexin V and 7-AAD. Flow 

cytometry data corroborated with the above finding that 4-PB enhanced the cytotoxic 

effect of ART. 23.21 % and 41.02 % of apoptotic cell population (early and late 

apoptotic combined) were found after treatment with 4-PB and ART, respectively. 

When the combination of both the drugs was used, the effect was enhanced by a 

considerate amount of 61.22 % of apoptotic cell population. 

 

Figure 3.10. Assessment of early apoptotic, late apoptotic and necrotic cells was performed 

using PE Annexin V and 7-AAD based assay. 
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  3.3.4 Isobologram depicted the interaction of 4-PB with ART is synergistic 

When MCF-7 cells were treated with 4-PB and ART, each of the drugs alone was able 

to induce apoptosis. However, when treated with these two drugs combined, the 

effect was substantially more compared to that of the individual drug. This triggered 

our intrigue to find out the nature of the interaction between these two drugs by 

plotting isobologram which is based on Median-Effect Equation (Chou) and the 

Combination Index Theorem (Chou-Talalay). The combination index (CI) was used to 

express antagonism (CI > 1), additivity (CI = 1) or synergism (CI < 1). The CI was 

calculated using CompuSyn software.  

         For computing the nature of the interaction between 4-PB and ART, an 

experiment was designed keeping the concentration of 4-PB constant (i.e. 5-mM) 

while the concentration of ART was varied.  Based on the available information about 

the mode of action of 4-PB and ART, it was assumed that the 4-PB does not preclude 

the effect of ART and vice versa, thus both can be treated/regarded as mutually non-

exclusive. At the lowest concentration (4-PB + 10 µM ART), 23 % apoptosis was 

induced in MCF-7 cells, having a CI value of 1.3, indicating the interaction was close to  

 

Figure 3.11. Nature of interaction between 4-PB and ART was analysed by using the 

Median-Effect Principle (Chou) and the Combination Index-Isobologram Theorem (Chou-

Talalay). (a) CI plot showed substantial synergism at higher Fa values. (b) Isobologram 

showed visual, not quantitative determination of synergism or antagonism. Combination data 

points on the isobologram provided the nature of interaction with the combination treatment 

at different Fa. 
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additive. In contrast, when the concentration of ART was increased (20 µM, 50 µM, 

100 µM, and 250 µM) the CI value was decreased to 0.66, 0.77, 0.48, and 0.9 

(indicating synergism) with an apoptosis of 49 %, 60 %, 85 %, and 89 % of cells, 

respectively. Basically, it was observed that, when the concentration of 4-PB was kept 

constant and the concentration of ART was increased, the value of CI also decreased 

up to 250 µM concentration of ART, suggesting an increase in the synergism between 

two drugs (Fig. 3.11a & b). 

3.3.5 4-PB and ART increased oxidative stress in MCF7 cells 

To investigate the mechanism of cell death induced by 4-PB and ART, the role of these 

drugs were examined in increasing the oxidative stress in the cells. The level of 

intracellular ROS generated was estimated using intracellular peroxide-dependent 

oxidation of DCFH-DA to form fluorescent DCF. Fluorescence of DCF increases 

proportionally with the increase in the intracellular ROS generation. To measure ROS,  

 

Figure 3.12. ROS generation in MCF-7 cells was examined by using DCFH-DA dye. The 

fluorescence level of DCF corresponds to the amount of ROS generated inside the cell. 
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the MCF-7 cells were treated with ART and/or 4-PB in the presence or absence of NAC 

for 8 h at 37º C. An increase in DCF fluorescence was noticed in the treated samples 

with 4-PB or ART (Fig. 3.12), however, the fluorescence intensity was considerably 

more in case of ART-treated samples, suggesting an extensive ROS generation. 

Consequently, the fluorescence intensity increased sharply in samples treated with 

the combination of both the drugs. The addition of NAC to the medium of the treated 

samples attenuated the DCF fluorescence as of control fluorescence, implying that the 

increase in fluorescence was due to ROS generation.  

3.3.4 Regulation of pro-apoptotic gene by 4-PB 

To elucidate the mechanism by which 4-PB facilitate the enhancement of ART activity, 

the expression of anti-proliferative genes expression was initially checked. Initial 

investigation ascertained the expression of Skp2 in untreated MCF7 and treated MCF7 

cells, and found that the treatment with 4-PB led to the downregulation of Skp2 

protein (Fig. 3.13). The downregulation of Skp2 further prevents the degradation of 

p27 Kip1 and p21Cip1 proteins [20, 21]. Both p27 Kip1 and p21Cip1 proteins are regarded 

as potent tumour suppressor proteins as their upregulation leads to the cell cycle 

regulation and cells become more responsive towards DNA damage response.  

 

       Control       4-PB treated 

 

 

 

 

 

Figure 3.13. . Regulation of anti-tumour 

proteins Skp2, p27, and p21 were 

determined after 4-PB treatment in MCF7 

cells. 
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3.3.6 Cell cycle perturbation after treatment with ART and/or 4-PB 

Cytofluorimetric analysis of cells after synchronisation and treatment with ART 

and/or 4-PB showed the MCF-7 cells were progressively blocked in the G0/G1 phase 

of the cell cycle. However, after the treatment with the combination drugs, the 

percentage of cell population residing in the G0/G1 phase was considerably higher 

than the cells exposed to individual drug alone. When treated with 4-PB and ART 

alone the percentage of cells residing in theG0/G1 phase of the cell cycle were 69.38 

% and 71.82 %, respectively. Besides, G0/G1 phase population achieved 83.84 % after 

treatment with both 4-PB + ART combined. The data suggested that 4-PB enhanced 

the G0/G1 arrest induced by ART treatment (Fig. 3.14). 

 

Figure 3.14. The synchronised MCF-7 cells were treated with ART and/or 4-PB. After the 

end of the treatment duration, the phases of cell cycle were evaluated using PI dye. The data 

were acquired in the flow cytometer and analysed using ModFit LT software. 
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3.3.7 Mechanism underlying 4-PB mediated enhanced ART DNA damaging effect 

It has been well known that ART induces DNA damage by generating ample amount 

of ROS inside the cell [22], where evidence was provided that 4-PB enhanced the effect 

of ART in MCF-7 cells. This compelling evidence propelled us to find the underlying 

mechanism behind the synergism showed by 4-PB and ART.  

 

Figure 3.15. Expression analyses of DDR pathways. The mRNA expression levels of DDR 

elements of NHEJ pathway viz. Ku70, Ku80, XRCC4 and DNA-PKcs was assessed using qPCR 

(n ꞊ 3). 

          As an initial investigation into the underlying mechanism, the effect of 4-PB on 

the expression of well-known DDR proteins was examined, with or without the 

treatment involving ART. Figure 3.15 showed real-time PCR analysis of the mRNA 

expression of Ku70, Ku80, XRCC4, and DNA-PKcs were performed on the MCF-7 cells 

after treatment with ART and/or 4-PB. The data showed a significant decrease in the 
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expression of all the four proteins at the mRNA level when treated with 4-PB alone. 

However, the expression of Ku70, Ku80, XRCC4, and DNA-PKcs increased significantly 

following treatment with ART. Further, when MCF-7 cells were exposed to both the 

drugs simultaneously, there was a decrease in the expression of DNA repair proteins 

was observed. 

3.3.8 Therapeutic effectivity of combination drug in murine model  

For the assessment of the potentiality of the drug combination, the mice were split 

into five groups (n = 10). Except in group 1, DLA was induced in all other groups. It 

took 8 days for the tumour to attain an appropriate volume for drug treatment 

(swelling of the peritoneum was due to the accumulation of ascitic fluid). 

Administration of the drug was started after the tumour was grown (from 8th day). On 

the 17th day, the cell viability assay was performed and the acquired data (Table 3.1) 

showed a significant decrease in the viable cell count after the treatment with the 

combination drug compared with the other treatment groups (4-PB or ART). Along 

with the cell viability, the reduction in the volume of the tumour also followed the 

same pattern where when 4-PB and ART administered simultaneously in DLA mice, 

the effectivity was more compared with the alone drug treatment (Fig. 3.16 & 3.17). 

The above finding was also reflected in the lifespan of the mice (Fig. 3.18). In the 

control group, all the DLA mice died at the end of the 18th day after the tumour 

inoculation, while for the 4-PB and ART treated mice were alive up to 59 days but 

eventually died at the end of the observation period. However, the group receiving 

the combination treatment was alive after the end of 40 days observation (animals 

were alive up to 50 days, death observed from day 51, 53, 55 & 59). Although, both 

the drugs individually showed an effective reduction in cell viability as well as 

shrinking of tumour volume, both failed to increase the lifespan of the mice however, 

the combination drug did successfully increased the lifespan of the mice. 

         DLA bearing mice were observed to have elevated levels of WBC and reduced 

levels of Hb and RBC count. Treatment with the combination drugs averted these 

conditions and restored the levels of WBC, RBC, and Hb counts to normal (Table 3.2). 

A significant decline in the liver function enzyme (SGOT, SGPT & ALP) was observed, 

as compared to the control group (Table 3.3). In figure 3.19, histopathological 

examination of liver and kidney tissues showed a remarkable recovery in the  
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Figure 3.16. Reduction in the tumour volume was easily visualised in above image, taken 

after the respective drug treatment. 

 

 

Figure 3.17. Reduction in the weight of the mice was the indicator of the reduction in the 

volume the tumour. The effect of the drugs on the tumour volume after 15 days of DLA 

induction and seven days of drug treatment were investigated by weighing mice at different 

time interval. 
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Figure 3.18. The changes in the lifespan of the mice was analysed after calculating the 

percent survival fraction of the mice after treatment. The percent survival curve was plotted 

using Kaplan-Meier curve. 

conditions that changed due to the DLA induction. For instance, in kidney, glomerular 

atrophy, tubular congestion, infiltration of cells and deformed epithelial cells were 

seen, however, the conditions were reverted to normal with the decreased occurrence 

of tubular, glomerular and blood vessel congestion in the treated groups. In the liver 

examination, an abnormal arrangements of hepatocytes with polymorphic neutrophil 

infiltration, hepatic fibrillation, haemorrhage and perinuclear clumping of cytoplasm 

was observed in control group. 

 

Figure 3.19. Histopathological analyses of liver and kidney tissues of mice.    
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          Interestingly, in the treated group, reduction in the damages with normal 

cellular ultrastructures which were comparable to normal animals was observed. 

Overall, these changes were more profound in the combination drug treated group 

compared to the individual drug treatment regime.  

 

Table 3.1. Effect of drug treatment on DLA cell viability in mice: 

S. No Treatment Viable cell count  (105 cells/ml) 

1 DLA + Saline 418.4 ± 19.7 

2 DLA + 4-PB  10.35 ± 1.5* 

3 DLA + Artesunate 5.82 ± 1.4* 

4 DLA + 4-PB + Artesunate 2.47 ± 0.8* 

 

 

Table 3.2. Effect of drug treatment on hematological parameters: 

S.No Treatment RBC (cells/ml 

X 106) 

WBC 

(cells/ml X 

103) 

Hb g/dl 

1 Normal animals 5.24 ± 0.43 10.14 ± 0.32 12.7 ± 0.53 

2 DLA + Saline 2.73 ± 0.21$ 20.35 ± 1.04$ 6.6 ± 0.27$ 

4 DLA + 4-PB 4.5 ± 0.47* 14.46 ± 0.94* 8.9 ± 0.52* 

4 DLA + Artesunate 3.58 ± 0.38* 16.62 ± 1.12* 8.4 ± 0.46* 

7 DLA + 4-PB + Artesunate 4.91 ± 0.55* 13.18 ± 0.75* 11.1 ± 0.38* 
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Table 3.3. Effect of drug treatment on serum biochemical enzymes: 

S. No Treatment SGOT SGPT ALP 

1 Normal animals 46.3 ± 2.74 38.2 ± 2.43 114.6 ± 

5.26 

2 DLA + Saline 92.8 ± 4.26$ 68.7 ± 

3.64$ 

226.7 ± 

9.42$ 

3 DLA + 4PB  57.6 ± 3.22* 50.3 ± 

2.87* 

142.4 ± 

8.46* 

4 DLA + Artesunate 67.2 ± 4.14* 59.4  ± 

3.36* 

157.2 ± 

8.27* 

5 DLA + 4-PB + Artesunate 48.6 ± 3.64* 39.1 ± 

2.76* 

118.8 ± 

7.53* 

 

All the results were expressed in mean ± S.D. $ p< 0.05 in comparison of saline treated 

DLA animals with normal animals. * p < 0.05 in comparison of drug treated DLA 

animals with untreated group DLA animals. 
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3.4 Discussion 

In this study, it has been shown that, 4-PB enhanced the cytotoxicity of the traditional 

antiparasitic drug ART against the breast cancer cell line as well as DLA in mice. 4-PB 

synergistically ameliorated the effect of ART in dose-dependent manner by 

contributing enhancing the expression of anti-tumour proteins like Cx43, p21 and 

p27, which led to the G1 arrest of the cell cycle and increasing ROS production. 

Additionally, it can subjugate the DDR pathways in the MCF-7 cell, thus amplifying the 

DNA damage effect of ART.  

          ART is recognised as a remarkable new generation of antimalarial drugs with no 

noticeable side effects or obvious adverse reactions in humans [23, 24]. Recent 

experimental evidence suggested that ART may provide a therapeutic alternative in 

rapid disseminating cancers, without inducing drug-based resistance [14, 25]. 

Although, a few reports of cell lines and laboratory animals toxicities have raised 

concerns due to high doses and prolonged use of ART [16], these findings have not 

been reported in humans taking numerous doses of artemisinin till date. Keeping 

these in mind a novel combination therapy was designed involving ART and 4-PB, in 

which, 4-PB reduced the effective cytotoxic ART concentration synergistically when 

administered on MCF-7 cell line and in the murine model. 

          4-PB has been effectively used in patients with hyperammonemia and urea cycle 

disorders (UCDs) involving deficiencies of carbamyl phosphate synthetase (CPS), 

ornithine transcarbamylase (OTC), or argininosuccinic acid synthetase (AS) [26]. 

Although, two HDACi namely vorinostat (suberoylanilide hydroxamic acid, Zolinza) 

and depsipeptide (romidepsin, Istodax) have received approval from the US FDA for 

the treatment of cutaneous T-cell lymphoma in 2006 and 2009 [27], respectively, 4-

PB’s potentiality as an anti-cancer drug is still under evaluation in various clinical 

trials [28].  

          Initial objective of this study was to design an effective chemoprevention 

cocktail that would have less adverse effect and would be superior to individual drug 

therapy. In present study, it was revealed that, 4-PB alone was effective in reducing 

the cell viability of cultured MCF-7 cells. However, a high dose of 4-PB was required 

to accomplish a significant cell death. In contrast, when an intermediate dose of 4-PB 
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(5 mM) was used in conjunction with the dose-dependent cell viability of ART on MCF-

7 cells, it showed a significant decrease in the IC50 of ART (55.32 ± 6.24 µM to 26.22 ± 

3.17 µM). Further, the cell viability data was corroborated with two different flow 

cytometry based apoptotic assays, namely, PI apoptosis assay and PE Annexin V & 7-

AAD assay by taking the near IC50 dose of ART (50 µM) and 5 mM of 4-PB. The analysis 

of live and dead nuclei using PI dye after treatment provided a clear insight on the 

enhancement of the ART effect in combination with 4-PB. When treated with 4-PB and 

ART, the MCF-7 cells showed 41.69 % and 65.12 % of apoptotic nuclei, respectively. 

The percentage of apoptotic nuclei was increased to 87.03 % when both the drugs 

were combined. A similar trend in the PE Annexin V & 7-AAD apoptotic assay was 

seen, where 4-PB and ART showed 23.21 % and 41.02 % of the apoptotic cell 

population (early + late apoptotic cells), respectively, while the combination of drug 

showed considerably large percent of apoptotic cell population of 61.22 %.   

          The above observations concluded the enhancement of the cytotoxity of ART 

when combined with 4-PB. Further investigation on the role of 4-PB in heightening 

the effect of ART by analysing the distribution of cells in several phases of the cell 

cycle was done. Increase in the expression of p27 Kip1 and p21Cip1 proteins makes cell 

susceptible to G1 arrest [29, 30]. Based on these reports, analysis of the DNA content 

of the cell population for cell cycle analysis using PI was performed. Thus, when 

synchronised MCF-7 cells were treated with combination drug, they showed a 

substantial accumulation of cells in G1 phase. Basically, 4-PB amplified the G1 arrest 

after the treatment with ART. In a similar fashion, the enhancement in the ROS 

generation inside the cells after the combination treatment was also observed.  

          Above data imply that the 4-PB demonstrated strong synergism with ART in 

inducing a profound level of apoptosis in dose-dependent manner. Based on the CI 

values, it was deduced that the interaction between 4-PB and ART was synergistic 

rather than additive. To figure out the underlying pathway responsible for the said 

enhanced effect, expression levels of DDR elements after drug treatment was 

analysed. Till date, there has been no report of downregulation of DDR elements after 

the treatment with 4-PB in MCF-7 cells. The only notable exception is a report that 

demonstrated the role of 4-PB in attenuation of the expression of Bcl-XL, DNA-PK, 

Caveolin-1, and VEGF was behind the increase in the sensitivity towards radiation-
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induced apoptosis in prostate cancer cells [31]. To elucidate the exact molecular 

mechanism by which 4-PB exerts synergistic effect with ART, analysis of the DNA 

repair processes was performed, as it has been reported earlier that ART induces DNA 

damage in cancer cells mediated by ROS [22, 32]. Based on these reports, an 

investigation was performed to find the expression levels of key proteins involved in 

the nonhomologous end joining pathway, namely Ku70, Ku86, XRCC4, and DNA-PKcs, 

which is crucial in DDR processes [33-35]. The qPCR analysis of the expression of 

these proteins showed downregulation at mRNA level after treatment with 4-PB. 

However, when treated with ART alone, the levels of these proteins increased 

significantly. Interestingly, the elevation in the expression of these proteins 

diminished when 4-PB was introduced with the ART in the medium. Thus, suggesting 

the involvement of attenuation of Ku70, Ku86, XRCC4, and DNA-PKcs by 4-PB in 

enhancing the effect of the combination drug.  The downregulation of these effector 

proteins could be the reason of the synergistic action of 4-PB with ART. 

         To further examine the efficacy of our combination drug cocktail, initial 

investigation was performed in murine model. DLA bearing Swiss albino mice were 

initially tested for the tolerable doses of ART and/or 4-PB. Once done, the treatment 

of the DLA mice with ART and/or 4-PB as described in materials and methods section 

was started. The reduction in the volume of the tumour after treatment with ART 

and/or 4-PB, both visually and by weighing the mice was found. However, the 

reduction in tumour volume was more pronounced in the mice treated with the 

combination drug. Even the survival probability data corroborated with the above 

findings. Under the observation period of 40 days, mice treated with combination 

drug survived over 40 days while others died within the observation period. The 

histological parameters of the treated mice were improved drastically compared with 

the control DLA mice. 

         In summary, this study have presented a novel combination of the drugs which 

are already in use for the treatment of other diseases, as probable anti-cancer therapy. 

This drug combination holds an immense potential for further testing in the clinical 

trials. In this study, it has been shown that 4-PB synergistically enhanced the efficacy 

of ART and potentiated its cytotoxicity against MCF-7 cells. The underlying 

mechanism behind this revolves around the overall attenuation of the DDR elements 
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inside the cell. The combination therapy even showed its effectivity in DLA mice 

model. Overall, a comprehensive understanding of these findings required further 

studies. However, our observations reported here emphasise the need for persistent 

improvement of strategies for making human tumour cells susceptible to cancer 

therapies that kill cancer cells by inducing DNA damage.    
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Chapter 4 

 

Expression of Connexin 43 potentiated the 

redesigned cytosine deaminase activity and 

enhanced suicide gene therapy 

 

4.1 Introduction 

Gene therapy currently has a great impact on the treatment options of various 

diseases including cancer. As suicide gene therapy (SGT) entered various clinical 

trials, the factors limiting its potency cannot be overlooked. Gene-directed enzyme 

prodrug therapy (GDEPT) based on the principles of SGT incorporates the 

intratumoural delivery of genes encoding enzymes, which activates prodrug [1]. 

GDEPT has potential to overcome the limitations of conventional cancer therapeutics 

as the former has the advantage of bystander effect as well as targeted therapy [2-4]. 

Two combinations of enzymes and prodrugs have been widely studied: the 

Escherichia coli cytosine deaminase (CD; EC 3.5.4.1) with antifungal drug 5-

fluorocytosine (CD/5-FC) and the herpes simplex virus thymidine kinase (HSVtk) 

with the anti-herpetic ganciclovir (GCV) [5-10]. HSVtk/GCV therapy exhibits more 

cytotoxicity towards cancer cells due to its gap junction dependent bystander effect 

[5]. Since the triphosphate GCV cannot diffuse through the cell membrane, its efficacy 

is limited towards gap junction deficient cancer cells [11]. However, the CD/5-FC 

system does not rely on gap junction as the toxic product 5-fluorouracil (5-FU) can 

freely diffuse across the cell membrane, overcoming the limitations of the HSVtk/GCV 

system [12]. 

          The CD enzyme catalyzes the hydrolytic deamination of cytosine into uracil. It 

can also convert the inert prodrug 5-FC into highly toxic chemotherapeutic drug 5-FU, 

which is then further converted into potent antimetabolites (5-FdUMP, 5-FdUTP, 5-

FUTP) by cellular enzymes. Thus, the series of events viz. irreversible inhibition of 

thymidylate synthase and formation of (5-FU) RNA and (5-FU) DNA, results in cell 

death [13, 14]. This enzyme is found in several bacteria and fungi, but not in 
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mammalian cells [15]. Thus, drug resistant mammalian cells become sensitive 

towards 5-FC when transfected with CD.  

          Although, the CD/5-FC system has shown its efficacy in a number of clinical 

trials, its application in therapy has been limited [16-18]. Despite having various 

contrasting features, bacterial CD (bCD) still faces setbacks due to its low specificity 

towards prodrug, 5-FC,thus limiting the overall therapeutic response [19].  It has been 

shown that yeast cytosine deaminase (yCD) has better affinity towards 5-FC, when 

compared with bCD. However, it is less thermostable than bCD, making bCD a better 

choice for GDEPT applications. The attempt has been made to create a stable mutant 

of bCD by random mutagenesis, having marginally improved affinity towards 

prodrug, 5-FC [20].   

          During a previous study, computational as well as genetic engineering 

approaches were exploited to design bCD mutants with improved specificity towards 

prodrug, 5-FC, to overcome the limitation of bCD [21]. Unlike earlier reports on 

designing mutants by random mutagenesis [22], in this study site directed 

mutagenesis (SDM) was performed to alter substrate specificity of bCD, both in silico 

as well as in vitro. Out of these promising mutants, F186W was chosen based on 

kinetic values (Table 4.1) and investigated its potentiality and application by two 

different ways. 

Table 4.1. Relative specificity of wtCD and F186W enzymes [21]. 

Enzyme                  Specificity with respect to 5-FC                      Relative to wtCD 

wtCD                                          0.094                                                             1.0 

F186W                                       0.556                                                             5.95 

 

           First, the activity of the mutant F186W/5-FC on lung cancer cells and its potency 

in comparison to wild type bCD (wtCD or CD) was investigated. The results 

demonstrated that this mutant significantly enhanced the therapeutic efficacy of 

CD/5-FC mediated suicide gene therapy on A549 cells and has the potential to emerge 

as a substitute to wtCD.  

         In other set of experiments, a co-transfection system has been designed in which 

MCF-7 cells were co-transfected with Cx43 and wtCD/F186W gene. After the 
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transfection, the effect of Cx43 expression was studied in conjunction with suicide 

gene therapy mediated by wtCD or F186W mutant.   

4.2 Materials and Methods  

4.2.1 Cell line and culture conditions 

Adenocarcinomic human alveolar basal epithelial cell line (A549) and human breast 

adenocarcinoma (MCF-7) cells were procured from the National Centre for Cell 

Science (NCCS), Pune, India. The cells were maintained in Dulbecco’s modified Eagle’s 

medium (DMEM high glucose), supplemented with 10% fetal bovine serum (FBS), 1% 

penicillin/streptomycin (100 U/ml; all from Sigma-Aldrich), at 37°C in humidified air 

containing 5% CO2. Treatments with drug 5-FC were performed (usually 72 h) at 

various concentrations. 

4.2.2 Construction of mammalian expression vector 

The wtCD and F186W mutants were sub-cloned from pGEX-4T2 (Amersham) 

containing wtCD and F186W in to the mammalian expression vector, pVITRO2-hygro-

GFP/LacZ (Invivogen, USA). The wtCD and F186W genes were amplified from their 

corresponding bacterial expression vectors viz. pGEX-wtCD and pGEX-F186W, 

respectively. The pVITRO2-GFP/wtCD and pVITRO2-GFP/F186W were constructed 

by replacing the LacZ gene with wtCD and F186W, respectively, by using forward 

primer 5’CGTCCATGGGAATGGTGTCGAATAACGC3’ and reverse primer 5’CCTTGCTA- 

GCTTAGCTCCGCTGATACGTTT3’ with NcoI and NheI restriction sites. Further, the 

constructs were confirmed by the restriction enzyme digestion using NcoI and NheI. 

The previously designed Cx43-pEGFP-N1 mammalian expression was used in this 

study. 

4.2.3 Transfection and detection of Cx43 and wtCD/F186W expression 

Cells were transfected using Lipofectamine 3000 reagent (Invitrogen) as per the 

manufacturer’s protocol. The concentration of DNA and Lipofectamine were kept 

constant throughout the experiments. After 6 h of transfection, cells were further 

treated with prodrug. For confirmation of the Cx43, wtCD and F186W expressions, 

the total RNA of the transfected cells was isolated using GenElute Mammalian Total 

RNA Miniprep Kit (Sigma-Aldrich). Further, 1 µg of RNA was used for the generation 
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of cDNA with the help of Verso cDNA Kit (Thermo Scientific). Semi-quantitative PCR 

was performed using Cx43 and CD primers taking cDNA of the transfected cells as 

template. The β-actin gene expression was used as internal control. The PCR products 

were ran on 1.2% agarose gel and stained with ethidium bromide. As the wtCD and 

F186W genes were inserted in a GFP expressing vector, the extent of transfection was 

visualized in fluorescence microscope after 6 h of transfection. 

4.2.4 Assessment of cell viability by MTT assay 

The initial comparative analysis between parental, wtCD and F186W transfected 

A549 cells were performed by assessing cell viability after 5-FC exposure. Thereafter, 

the wtCD and F186W mutant were transfected in Cx43 transfected MCF-7 cells. The 

cells were then treated with 5-FC and cell viability was assessed as following. Cells 

were seeded in 96-well plates at a density of 7,000 cells/well in DMEM medium 

supplemented with 10% FBS. The cells were allowed to adhere overnight and 

transfection was performed in serum-free medium. After 6 h of transfection the serum 

free medium was replaced with experimental medium. The cells were exposed to 

various concentrations of 5-FC (0.05, 0.1, 0.5, 1 & 5 mM) or PBS (control) for 72 h. 

After the indicated time, the anti-cell proliferative activity of wtCD and F186W was 

assessed by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium-bromide (MTT) 

assay (HiMedia) [23]. Fractional cell survival at each drug concentration was 

calculated by measuring absorbance at 550nm (Bio-Rad) and subtracting the 

background measurement at 650nm. Cell viability (%) was calculated relative to 

untreated viable cells. Each experiment was performed in triplicates and at least 

twice. The proliferation of control group was set as 100%.  

 4.2.5 Trypan blue dye exclusion assay 

Cells at a density of 1x105 were seeded in 6-well plate. After transfected cells were 

exposed to 5-FC (0.01 & 1 mM) for 72 h, the cells were harvested and mixed with equal 

volume of 0.4% trypan blue dye (Invitrogen). Cells were loaded over the counting 

chamber. Live and healthy cells were unstained or excluded from dye, while dead or 

membrane compromised cells appeared to retain the dye and appeared blue. The 

viable cells (%) were counted using Countess-automated cell counter (Invitrogen). 
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4.2.6 Acridine Orange/Ethidium Bromide Dual Staining 

Morphological identification of live, apoptotic and necrotic cells were performed by 

dual staining with acridine orange (AO)/ethidium bromide (EtBr) (Sigma-Aldrich). 

Cells were grown to 70-80% confluency in 12-well plate. After transfection with wtCD 

and F186W, cells were treated with 1mM 5-FC for 74 h. After the indicated time, the 

media were removed and washed with cold PBS. Fresh PBS containing 2 µg/ml AO 

and 6 µg/ml EtBr was added to the cells and kept in the dark for 10 min. The cells 

were then washed thoroughly with fresh PBS and visualized under the fluorescence 

microscope (Nikon Eclipse Ti-U, Japan; excitation filter of 480/15 nm for AO and 

540/25 nm for EtBr, respectively). 

4.2.7 Cell cycle analysis 

The proportions of cells in different cell cycle phases were determined by flow 

cytometric analysis of their DNA content. Cells were seeded at a density of 1x105 in 

6-well plate and left overnight for attachment. The cells maintained in serum 

containing media were replaced with serum-free media and left for cell 

synchronization for 48 h. Subsequently, cells were transfected with wtCD and F186W, 

and then exposed to 1mM of 5-FC for 48 h. At the end of the treatment period, cells 

were harvested and fixed in 70% alcohol solution for 15 min in ice. The fixed cells 

were collected by centrifugation and stained with propidium iodide (PI; Sigma-

Aldrich) staining solution (50 μg/ml PI, 0.1 mg/ml RNase A, and 0.05% triton X-100) 

at 37° C for 30 min in the dark. Further the stained cells were analyzed by flow 

cytometer (FacsCalibur, BD Biosciences, NJ) at 10,000 events each. The various 

phases of cell cycle were then assessed by CellQuest and ModFit LT software (Verity 

House Software,ME). A similar protocol was used to investigate the cell cycle profile 

of wtCD/F186W gene transfected Cx43-MCF& cells after treatment. 

4.2.8 Caspase-3 assay for apoptosis detection 

For assessing apoptotic cell population, phycoerythrin (PE) conjugated caspase-3 

antibody (BD Biosciences, NJ) was used. Cells were grown in 6-well plate at 70-80% 

confluency. After treatment for 62 h, as described above, cells were harvested with 

trypsin-EDTA. The detached cells were fixed with 0.1% formaldehyde in PBS at 370 C 

for 10 min. Fixed cells were centrifuged at 450xg for 6 min at 40C and washed with 
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cold PBS. Then, the cells were permealized with 0.5% tween-20 in PBS for 10 min. 

Further, the cells were washed with PBS for two times, 20 µl of caspase-3 conjugated 

with PE antibody (as per the manufacturer’s protocol) was added to each sample, 

before incubation in the dark for 30 min. The samples were then analyzed with flow 

cytometer (FacsCalibur, BD Biosciences, NJ) at 10,000 events each. The data were 

analyzed by Cell Quest Pro software in the same instrument. 

4.2.9 Fluoremetric analyses of apoptotic cells using PI and PE Annexin V/7-AAD 

The apoptotic population of the cells were analysed using the protocol described 

earlier [23]. MCF-7 cells were treated with 5-FC for 72 h. After the completion of the 

treatment duration, the cells were collected, fixed in 70 % ethanol and processed 

following the protocol mentioned above. The cells were then analysed by using 

CytoFLEX flow cytometer (Beckman Coulter) using 488 nm laser line for excitation. 

Red fluorescence of PI was measured in PE-A channel. 

          The different apoptotic cell populations were quantified using PE 

(phycoerythrin) Annexin V and 7-AAD (7-aminoactinomycin D), following treatment 

with 5-FC. In brief, cells were grown and treated with 1mM of 5-FC for 72 h. After the 

end of the treatment duration, the cells were collected by trypsinization and stained 

with PE Annexin V and 7-AAD, following the manufacturer’s protocol (BD 

Biosciences). Further, the extent of apoptosis in the cells were analysed using flow 

cytometer (CytoFLEX, Beckman Coulter).  

4.2.10 Statistical analysis 

The IC50 dose was calculated using non-linear curve regression analysis and the level 

of significance were calculated using unpaired two-tailed t-test. Data points were 

expressed as the mean ± SD (SD = standard deviation) and experiments were 

performed at least thrice in triplicates. To assess the statistical significance of 

differences, the one- and two-way analysis of variance (ANOVA) and Tukey’s post hoc 

test were used for pairwise comparisons. Data were analysed using Prism, version 

6.01 (GraphPad Software Inc., San Diego, CA, USA). Statistically significant values (p-

value) for unpaired two-tailed t-test were provided in the result section while for one- 

and two-way analysis of variance (ANOVA) the p-value corresponds to *p< 0.05, **p< 

0.01, ***p< 0.001 and ****p< 0.0001.  
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4.3 Results and Discussion 

4.3.1 Sub-cloning and characterization of wtCD and F186W genes 

A 1,298 bp fragment of each of wtCD and F186W genes, having NcoI and NheI 

overhangs, was amplified from their respective pGEX-4T2 bacterial expression 

vector. The genes were further sub-cloned into the mammalian expression vector, 

pVITRO2-hygro-GFP/LacZ, replacing LacZ gene. The clones were confirmed by 

performing restriction digestion with the enzymes, NcoI and NheI (Fig. 4.1). 

 

 

 

Figure 4.1. Agarose gel electrophoresis depicted 

clone confirmation by restriction digestion of 

wtCD and F186W genes (~1.3 kb) containing 

vector, using NcoI/NheI restriction enzymes. The 

undigested vector having size of ~8 kb was taken 

as control. 

 

4.3.2 Transient transfection and expression analysis 

Mammalian expression vectors containing genes, pVITRO2-GFP/CD and pVITRO2-

GFP/F186W respectively, were then transfected in A549 cancer cell lines. 

Transfection efficiencies were initially assessed by visualized in fluorescence 

microscope for GFP expression (Fig. 4.2). Furthermore, to examine the expression of 

wtCD and F186W, the whole RNA from the transfected A549 cells were isolated and 

cDNA was prepared. Using CD gene specific primers, expression of wtCD and F186W 

gene were analyzed by semi-quantitative PCR (Fig. 4.3). The transfected cell lines 

showed a distinct band at 1.3 kb, which coincided with the position of CD gene 

amplified from vector alone, while in untransfected cell line the band was absent.  
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Figure 4.2. After 6 h of transfection, the expression of GFP was visualized under 

fluorescence microscope (scale bar 100 µm). The GFP expressions of wtCD and F186W were 

shown in figure (a) & (b), respectively. 

 

Figure 4.3. Expression of wtCD and F186W genes were evaluated by reverse transcriptase-

PCR (RT-PCR) after transfection. β-actin gene was taken as control. 

4.3.3 Comparative analysis of wtCD and F186W by cell viability assays 

To address whether the mutant F186W is more efficient than wtCD, initial analysis 

was performed by assessing cell viability assay of wtCD and F186W transfected cell 

lines, after being exposed to different concentrations of 5-FC. Figure 4.4 showed the 

comparative analysis of wtCD and F186W transfected A549 cells, treated with the 

different concentrations of the prodrug 5-FC. After 72 h treatment, the data obtained 

clearly indicated that the F186W was much more effective than wtCD, whereas the 

parental cells remained unresponsive towards 5-FC exposure.  Therefore, it was 

observed that the F186W had better 5-FC utilization activity than wtCD. The IC50 value 

of wtCD was found to be at 1mM 5-FC concentration, while for F186W it was 0.3mM 
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5-FC which was far less (Fig. 4.6). Hence, 1mM (~IC50 of wtCD) of 5-FC was chosen 

for further experimental analysis and comparisons.  

 

Figure 4.4. Cell viability assay. Cell viability assay (MTT assay) was performed for initial 

comparative analysis between wtCD and F186W expressing A549 cells. The data showed a 

significant advantage of F186W over wtCD. Herein, after 72 h of treatment with the increasing 

doses of 5-FC, the resulting data suggested that the F186W reached its IC50 at far less 

concentration than wtCD. Statistically significant values were denoted by * (p<0.05), ** 

(p<0.01), *** (p<0.001) and **** (p<0.0001).   

          Further, the trypan blue dye exclusion assay supported the results obtained 

from the MTT assay (Fig. 4.5). The trypan blue dye exclusion assay provided a direct 

identification and calculation of live (unstained; excluded from trypan blue) and 

membrane compromised or dead cells (blue, stained) in treated cell population.  

4.3.4 Assessment of mode of cell death by dual staining with AO/EtBr 

To gain further insight into the fashion of cell death, the treated cells were stained 

with fluorescent DNA intercalating dye namely AO/EtBr and observed under 

fluorescence microscope. In figure 4.7, it is evident that untreated transfected cells 

had uniformly stained green nuclei indicating healthy viable cells. When both wtCD  
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Figure 4.5. Further to support the experimental data of MTT assay, trypan blue dye 

exclusion assay was performed. 

 

Figure 4.6. IC50 value of wtCD and F186W expressing A549 cells when treated with 5-FC 

was calculated using non-linear curve regression analysis. 
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and F186W tansfected cells were treated with IC50 dose of wtCD, it showed green, 

orange and red nuclei implying the presence of live, early and late apoptotic cells. 

However, by analyzing the cell population microscopically, it could be inferred that 

the F186W containing cell lines had much more apoptotic cells than wtCD harbouring 

cells.  Thus, AO/EB staining results illustrated possible induction of apoptosis was 

more in F186W cell lines. 

 

Figure 4.7. Representative image of AO/EtBR dual staining: the transfected cells were 

treated with 1 mM of 5-FC for 72 h. At the end of the treatment duration, the cells were stained 

with AO/EtBr. The AO and EtBr stained cells image were merged to distinguish between live 

(green), early apoptotic (orange) and dead (red) cells.  
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4.3.5 5-FC induced G1 arrest in CD transfected cells 

5-FU induced G1 arrest in cells was reported previously [24]. CD catalysed 5-FC 

conversion to 5-FU may also attribute the same. The flow cytometric analysis of DNA 

content of wtCD and the F186W transfected cells, after 5-FC treatment, showed G1 

arrest. Cells were serum deprived for 48 h resulting in G1 arrest of cells. Replacement 

of serum enriched media led to synchronized progression of cells into S-phase of the 

cell cycle. Exposure of parental cells towards 5-FC resulted no significant cell cycle 

arrest. wtCD and F186W transfected cells, when treated with 5-FC, remarkably 

increased the G1 population of cells (Fig. 4.8). However the percentage of cells in 

F186W transfected cells were much more pronounced than the wtCD one. Thus, it 

could be concluded that the conversion of 5-FC to 5-FU by F186W mutant was more 

compelling than wtCD, supporting previously reported in vitro data [21]. The 

apoptotic cell population was excluded while analysing treated cells using ModFit LT 

software. Further, for analysis of apoptotic cells, caspase 3 assay was performed. 

 

Figure 4.8. Cell cycle analysis using PI. The synchronized A549 cells were transfected and 

treated with 1 mM of 5-FC for 48 h.  
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4.3.6 Csapase 3 activity was more pronounced in F186W expressing cells than 

wtCD expressing cells 

Caspase 3 cleavage is a crucial evidence for the progression and execution of 

apoptosis [25]. F186W transfected cells, when exposed to 5-FC, showed 44.87% 

caspase 3 activity compared to the parental cell line. On the other hand, the wtCD 

transfected cells depicted only 28.99% of caspase 3 activity (Fig. 4.9) under similar 

conditions. Thus, our experimental data provided a clear insight in to the mode of cell 

death and the comparative analysis of the activity of wtCD and F186W. Caspase 3 

activity in F186W-A549 cells was increased approximately 1.5 fold as compared to 

wtCD-A549 cells. It was previously established that 5-FU, generated from 5-FC by CD, 

substantially mediates bystander effects irrespective of gap junction [26]. As F186W-

A549 achieved IC50 value with much lower concentration of 5-FU, it may be inferred 

that bystander effect is much more prominent in mutant than wtCD-A549, while 

minimizing the side effects of high concentration of 5-FC [27]. 

 

Figure 4.9. Caspase 3 assay for the progression and execution of apoptosis. Herein, the wtCD 

and F186W transfected A549 cells were treated with 1 mM of 5-FC for 72 h. 
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4.3.7 Expression of Cx43 in MCF-7 cells and co-transfection of Cx43 with 

wtCD/F186W gene 

The pEFGP-N1-Cx43 construct was stably transfected into MCF7 cells. RT-PCR of 

cDNA library of Cx43-MCF7 lysate using Cx43 specific primers, amplified a gene 

having a size of 1.2 kb, which corresponds to the Cx43 gene (Fig. 4.10). The relative 

expression analysis of Cx43 in MCF7 and Cx43-MCF7 cells showed the 157-fold 

increase in the expression of Cx43 in Cx43-MCF7 cells relative to the Cx43 expression 

in MCF-7. The above PCR-based analysis confirmed the transfection and expression 

of Cx43 gene with the formation of Cx43 mRNA. Further, wtCD or F186W gene 

containing pVITRO2 mammalian expression vector was then stably transfected in 

Cx43-MCF7 cells.   

 

 

 

Figure 4.10. Expression level of Cx43 gene was 

initially examined by semi-quantitative PCR using 

cDNA library of MCF7 and Cx43 transfected MCF7 

cells. β-actin was used as endogenous control. 

 

 

 

Figure 4.11. Expression 

level of CD and F186W gene 

was examined by semi-

quantitative PCR after 

transfection. The CD/F186W 

gene band has been cropped 

and merged on top of the β-

actin. 
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          After the stable cell line was generated having both Cx43 and wtCD/F186W 

gene, they are screened for the mRNA expression. The transfected cell lines showed a 

distinct band at 1.3 kb (Fig. 4.11), which coincided with the position of CD gene 

amplified from vector alone, while in untransfected cell line the band was absent. 

4.3.7 Expression of Cx43 enhanced the suicide gene activity of wtCD/F186W gene 

To probe into the effect of Cx43 expression in MCF-7 cells on the activity of CD and 

F186W mutant, MTT based cell viability assay was performed. Initially, the effect of 

the prodrug 5-FC was assessed on the MCF-7 and Cx43-MCF-7 cells and it was found 

that the 5-FC was having no cytotoxic effect on these cells at clinically relevant 

concentration (Fig. 4.12). 

 

Figure 4.12. Reduction in cell viability was assessed after treating MCF-7 cells and Cx43-

MCF-7 cells with different concentrations of 5-FC. 

         When MCF-7 and Cx43-MCF-7 cells transfected with CD gene were subjected to 

5-FC treatment, a dose dependent decrease in cell viability was observed (Fig. 4.13). 

The CD enzyme formed inside the CD gene transfected cells converted prodrug 5-FC 

into cytotoxic drug 5-FU resulting in the decrease in cell viability. However, the dose 

dependent cytotoxicity was more pronounced in the CD-Cx43-MCF-7cells when 

compared with CD-MCF-7 cells alone. A similar trend was observed in case of F186W 

mutant. The F186W-Cx43-MCF-7 mutant showed more sensitivity towards 5-FC 
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treatment as compared to F186W-MCF-7 cells. However, the F186W-Cx43-MCF-7 

cells showed remarkable sensitivity towards 5-FC when compared with CD-Cx43-

MCF-7 cells (Fig. 4.14). 

 

 

Figure 4.13. Effect of 5-FC in terms of reduction in percentage of viable cells as 

demonstrated by MTT assay. 

           In particular, the toxicity level (measured as IC50) induced by 5-FC was much 

higher for MCF-7 transfected with CD than Cx43-MCF-7 transfected with CD.  

Similarly, a less dose of 5-FC was required to reach IC50 for F186W-Cx43-MCF-7 when 

compared with F186W-MCF-7. The cell viability based data showed that the Cx43 

transfected MCF-7 cells respond more effectively towards the 5-FC after co-

transfecting it with CD/F186W gene compared to MCF-7 cells transfected with 

CD/F186W. Thus, it can inferred that Cx43 expression in MCF-7 cells make it more 

sensitive towards suicide gene therapy. 
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Figure 4.14. Dose dependent decrease in cell viability was observed after 5-FC treatment 

by MTT assay. 

 

Figure 4.15. IC50 value of MCF-7 and Cx43-MCF-7 transfected with CD/F186W mutant was 

calculated using non-linear curve regression analysis and the level of significance were 

calculated using unpaired two tailed t-test (n ꞊ 3, p ꞊ 0.0020). 
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4.3.8 Expression of Cx43 enhanced the induction of apoptosis by 5-FC in co-

transfected CD/F186W gene in MCF-7 cells 

In order to establish that 5-FC treated co-transfected MCF-7 cells were undergoing 

apoptosis, two different sets of flow cytometry based experiments have been 

performed. First, the analysis of apoptotic nuclei was done using PI dye and second, 

the early apoptotic, late apoptotic and necrotic cells were differentiated using PE 

Annexin V and 7-AAD assay.  

           PI staining is a rapid, reliable and reproducible method for the separation of 

apoptotic cell population from the live cell population cell population from the live 

cell population. In our analysis, the extent of apoptosis mediated by 5-FC on 

CD/F186W transfected MCF7 or Cx43-MCF-7 cells were assessed. After 72 h of 

treatment, CD-MCF-7 showed 26.95 % of apoptotic cell population and CD-Cx43-MCF-

7 cells showed 31.79 % of apoptotic cell population. Whereas, F186W-MCF-7 showed 

39.05 % of apoptotic cell population and F186W-Cx43-MCF-7 cells showed 52.02 % 

of apoptotic cell population.  (Fig. 4.16).  

           To further validate the data generated by the PI apoptotic assay, PE Annexin V 

and 7-AAD flow cytometric assay (Fig. 4.17) was performed. After the end of the 

treatment duration, the cells were stained with PE Annexin V and 7-AAD. Flow 

cytometry data corroborated with the above finding that Cx43 enhanced the cytotoxic 

effect of CD and F186W. 25.58 % and 62.05 % of apoptotic cell population (early and 

late apoptotic combined) were found after treatment with 5-FC on CD-MCF-7 and CD-

Cx43-MCF-7 cells, respectively. When F186W mutant was used in place of CD, the 

apoptotic population of treated F186W-MCF-7 and F186W-Cx43-MCF-7 cells was 

enhanced to 35.7 % and 76.07 %, respectively. 
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4.3.8 Expression of Cx43 induced G1 arrest after treatment with 5-FC in co-

transfected CD/F186W gene in MCF-7 cells 

Analysis of the DNA content of the cell population for cell cycle analysis using PI was 

performed. Figure 4.18 showed the flow cytometry data analysed in ModFit LT 

software, revealing a considerate amount of cell population present in G1 phase of the 

cell cycle when treated with 5-FC, as reported earlier [24]. The CD-Cx43-MCF-7 cells 

when treated with 5-FC showed 79.53 % of G1 population, while for CD-MCF-7, it was 

just 56.37 %. Cx43 helped in the G1 arrest of the MCF-7 cell population mediated by 

5-FU, which was formed from 5-FC after conversion with the help of CD enzyme. In a 

similar manner, F186W when co-transfected with Cx43 in MCF-7 cells, it causes 

substantial increase in the G1 arrest population i.e 90.11 % as compared to 74.31 % 

for F186W-MCF-7. Overall, F186W mutant was much more effective in arresting cell 

population in G1 phase relative to CD and its effectivity increased drastically when it 

was co-transfected with Cx43 gene.   

 

TH-1646_126106007



 
Chapter 4 

 

116 
 

 

F
ig

u
re

 4
.1

8
. T

h
e 

sy
n

ch
ro

n
is

ed
 M

C
F

-7
 c

el
ls

 w
er

e 
tr

ea
te

d
 w

it
h

 5
-F

C
 a

n
d

 a
ft

er
 t

h
e 

en
d

 o
f t

h
e 

tr
ea

tm
en

t d
u

ra
ti

o
n

, t
h

e 
p

h
as

es
 o

f c
el

l c
yc

le
 w

er
e 

ev
al

u
at

ed
 

u
si

n
g 

P
I 

d
ye

. T
h

e 
d

at
a 

w
er

e 
ac

q
u

ir
ed

 in
 t

h
e 

fl
o

w
 c

yt
o

m
et

er
 a

n
d

 a
n

al
ys

ed
 u

si
n

g 
M

o
d

F
it

 L
T

 s
o

ft
w

ar
e.

 

 . 

TH-1646_126106007



 
Chapter 4 

 

117 
 

3.4 Conclusion 

In summary, a simple transfection based experiment has established that the 

redesigned F186W mutant has superior therapeutic potency than the wtCD. Our 

experimental results suggest that the F186W is significantly more efficient in utilizing 

prodrug 5-FC for converting it in to toxic metabolite 5-FU when expressed in 

mammalian cancer cell line. As higher 5-FC drug dose leads to the systemic side effect 

by conversion of 5-FC into 5-FU by intestinal microflora [24], our study provides an 

alternate mutant, which has high affinity towards 5-FC thus, require very less dose of 

5-FC to achieve IC50. Our experimental analysis on computationally designed mutant 

F186W has established the mutant enzyme as superior candidate in cancer 

therapeutics. Hence, F186W mutant will be more suitable than wtCD for further gene 

therapy applications. 

           In further investigation, the potentiality of the F186W mutant was increased 

when it was co-transfected with the Cx43 gene. Cx43 expression led to the 

enhancement in the efficacy of both CD and F186W gene, however, it was more 

pronounced in case of mutant as the later was more effective towards 5-FC treatment.         

Since it was delineated in chapter 2 that the overexpression of Cx43 in MCF7 cells 

enhanced the sensitivity of MCF-7 cells towards chemotherapeutic drugs, the 

activation of underlying mechanism associated with it was also delineated. The 

substantial decrease in the expression of Skp2 protein, while the increased expression 

of both p27 Kip1 and p21Cip1, an inhibitor of cyclin-dependent kinases, was the anti-

tumour proteins responsible for increasing sensitivity of Cx43-MCF-7 cells towards 

drugs.  
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Chapter 5 

 

Silver nanocluster based nanocarrier enhances the 

activity of 4-phenylbutyrate in spheroids 

 

5.1 Introduction 

Emergence of ‘theranostics’ provided a major breakthrough in the fields of 

electronics, biology and nanotechnology, which is having potential to contribute in 

medical diagnosis and therapy. Site specific delivery of therapeutic agents at the 

tumour sites while avoiding their non-specific accumulation inside the body i.e. 

“spatial drug delivery” is a matter of grave importance to check the amount and 

subsequent side effects of drugs are now under consideration[1-3]. In this aspect, 

nanocarriers (NCs) mediated drug delivery offers potential tool, as it exhibits high 

efficacy due to its small size and tunable physicochemical properties. However, the 

major hurdles faced by any conventional drug therapy is to access tumour site, mainly 

due to complex cellular organization inside the body. In such case, NPs mediated drug 

delivery increases its circulation in blood, half-life and bioavailability of the drugs 

within a therapeutic frame and consequently, avoid immediate dose and frequency 

escalation, thus mediating a controlled release of drug [4]. 

Composite NCs were synthesized by a novel method to accommodate the size and 

surface charge required for this study. The extraordinary photoluminescence of silver 

nanoclusters (AgNCs) was conveniently utilized for binding, imaging, and uptake 

analyses. Recently, both gold (Au) and AgNCs have attracted tremendous attention of 

researcher, due to cytotoxicity of Ag, AgNCs hold the extra potential of being an anti-

cell proliferative agent. Ag can induce the production of ROS inside the cell at low 

doses  and due to minimal expression of anti-oxidant enzyme in cancer cells, Ag has 

been established to exert maximum toxic effects to cancer cells and minimal effect to 

normal cells, as evidenced by its applicability in the biological system [5]. AgNCs have 

displayed immense potential in theranostics by virtue of their unique photophysical 

properties, arising due to their quantum confinement.  
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          In this study, Ag based NCs has been used to stably deliver 4-PB in the cells and 

in the spheroid model. Spheroid is an artificially-created environment in which 

biological cells are permitted to grow or interact with their surroundings in all three 

dimension. 3D microenvironments with intricate cell-cell and cell-matrix interactions 

and complex transport dynamics for nutrients and cells. 3D spheroids more closely 

resemble in vivo tissue in terms of cellular communication and the development of 

extracellular matrices. Moreover, most of the cancer cells are devoid of GJIC, making 

it difficult for the chemotherapeutics drug to reach to the core of the tumour. 4-PB has 

known to increase Cx43 expression in cancer cells as discussed in chapter 3. In this 

study, an attempt has been made to assess the effect of 4-PB on tumour like spheroid 

model, Further, it has been previously reported that 4-PB suffered from few 

drawbacks which includes short half-life and even at the maximally tolerated dose the 

biologically active plasma concentrations were maintained for ∼ 3.9 h. Thus, a NCs 

was designed using chitosan, AgNCs and lipoic acid (chi-AgNCs-lip), which helped in 

making it more stable, increases bioavailability, assist in delivery, minimize the drug 

dose and provided means for cancer cell imaging.  

 

Figure 5.1. This illustration demonstrates the concept of the present study. 
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5.2 Materials and Methods  

5.2.1 Chemicals  

All items were purchased from Sigma-Aldrich, unless mentioned otherwise. 

 5.2.2 Synthesis of chitosan-lipoic acid-AgNCs (NCs) 

The AgNCs were formulated based on previous report, with slight modifications [6]. 

The composite NCs was synthesised using novel synthesis methods. Briefly, 400 µl of 

0.5% chitosan was dissolved in 4 ml Milli-Q water, to which 0.2 mg/ml Sodium tri-

polyphosphate (TPP), 5 mg of sodium borohydride and 5.26 mg of lipoic acid were 

added. The solution was stirred for 45 min, by the end of which, the solution turned 

brown and the luminescence was observed under UV irradiation. Finally synthesized 

NCs were centrifuged to remove free clusters.   

5.2.3 Characterization of NCs 

The characterization of NCs was performed using UV-vis spectrophotometer (Perkin 

Elmer, Lambda 750) and fluorescence spectro-photometer (Fluoromax -4). Surface 

charge analyses and particle size distribution were performed by zeta potential and 

DLS measurements, respectively, using Malvern Zetasizer Nano ZS.  

For imaging the AgNC, samples were drop-casted on carbon-coated copper grids and 

analysed with TEM (JEM 2100) at an accelerating voltage of 200 kV. Following 

formula was used to calculate quantum yield an established one-step method [7]:  

Q = QR 
I ODR 𝑛2

IR  OD nR
2  

Here, Q stands for quantum yield, I denotes integrated luminescent intensity, OD 

connotes optical density (absorption), n is the refractive index, and R represents 

fluorescein, which is the reference dye used here. 
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5.2.4 Binding study of 4-PB with NCs 

Binding of fixed amount of NCs and increasing concentrations of 4-PB was done for 1 

h at 37 ºC. At the end of it, samples were centrifuged and pellet was redispersed in 

water. Luminescence of NPs was probed using fluorescence spectrophotometer LS55 

PerkinElmer, at excitation and emission wavelengths of 425 nm and 650 nm, 

respectively. Binding percentage was calculated by the formula: 

Binding efficiency (%) =  
IntensityNCs –IntensityNCs−4−PB

IntensityNCs
 X 100 

 

5.2.5 Cell culture and spheroid formation 

Human breast adenocarcinoma (MCF-7) cells was procured from the National Centre 

for Cell Science (NCCS), Pune, India. The cells were maintained in Dulbecco’s modified 

Eagle’s medium (DMEM high glucose), supplemented with 10% fetal bovine serum 

(FBS), 1% penicillin/streptomycin (100 U/ml; all from Sigma-Aldrich), at 37°C in 

humidified air containing 5% CO2. Tumour spheroid model was generated based on 

the previously published report [8]. In each well, 1×104 MCF-7 cells were added, spun 

for 10 min at 400 x g and left to settle and aggregate for 96 h to form the desired 

tumour spheroids.  

5.2.6 Assessment of cell viability by MTT assay 

MCF-7 cells were seeded in 96-well plates at a density of 7,000 cells/well in DMEM 

medium supplemented with 10% FBS. The cells were allowed to adhere overnight. 

The cells were exposed to various concentrations of NCs or 4-PB-NCs or PBS (control) 

for 48 h. After the indicated time, the anti-cell proliferative activity was assessed by 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium-bromide (MTT) assay 

(HiMedia) [23]. Fractional cell survival at each drug concentration was calculated by 

measuring absorbance at 550nm (Infinite® 200 PRO, Tecan, Switzerland) and 

subtracting the background measurement at 650nm. Cell viability (%) was calculated 

relative to untreated viable cells. Each experiment was performed in triplicates and 

at least thrice. The proliferation of control group was set as 100%.  

          The cell viability of tumour spheroids were investigated by using alamar blue. 

Thereafter, the tumour spheroids were treated with 4-PB and 4-PB-NCs for 48 h. At 
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the end of treatment time, the tumour spheroids were collected, washed, and re-

dispersed with the help of trypsin-EDTA. The dispersed cells then were collected and 

stained with Alamar blue. The cell viability was detected using plate reader (Infinite® 

200 PRO, Tecan, Switzerland). 

5.2.7 Trypan blue dye exclusion assay 

Cells at a density of 1x105 were seeded in 6-well plate. Cells were exposed to 4-PB and 

4-PB-NCs for 48 h, the cells were harvested and mixed with equal volume of 0.4% 

trypan blue dye (Invitrogen). Cells were loaded over the counting chamber. Live and 

healthy cells were unstained or excluded from dye, while dead or membrane 

compromised cells appeared to retain the dye and appeared blue. The viable cells (%) 

were counted using Countess-automated cell counter (Invitrogen). 

5.2.8 Calcein AM/PI Dual Staining 

Morphological identification of live, apoptotic and necrotic cells present in spheroids 

were performed by dual staining with Calcein AM/PI (Sigma-Aldrich). Spheroids were 

grown for 96 h in 12-well plate. Cells were treated with 4-PB and 4-PB-NCs for 48 h. 

After the indicated time, the media were removed and washed with cold PBS. Fresh 

PBS containing 1 µM calcein AM and 5 µM PI was added to the cells and kept in the 

dark for 10 min. The cells were then washed thoroughly with fresh PBS and visualized 

under the confocal microscope (Zeiss, LSM 880). 

5.2.9 Estimation of cellular uptake of NCs  

To examine the uptake of luminescent AgNCs embedded NCs by the MCF-7 cells and 

spheroids, confocal microscope (LSM 880, Zeiss) was used. Cells were treated with 

NCs for 4 h, before imaging was done. Further, flow cytometric evaluation was done, 

for which the cells were treated with NCs for 4 h. On excitation with 488 nm laser of 

FACS, red luminescence of the NPs uptaken by cells was detected in the FL3 channel. 

5.2.10Sstudying the mode of cell death 

The different apoptotic cell populations were quantified using PE (phycoerythrin) 

Annexin V and 7-AAD (7-aminoactinomycin D), following treatment with 4-PB and/or 

NC. After treatment, cells were stained with PE Annexin V and 7-AAD, following the 
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manufacturer’s protocol (BD Biosciences). Further, the extent of apoptosis in the cells 

were analysed using flow cytometer (CytoFLEX, Beckman Coulter).  

5.2.11 ROS generation 

For determination of reactive oxygen species (ROS) generation, the MCF-7 cells were 

treated separately with 4-PB, NC and NC-4-PB for 4 h. Subsequently, the cells were 

stained with dichlorofluorescin diacetate (DCFDA) and the data were then acquired 

using CytoFLEX flow cytometer (Beckman Coulter). 

5.2.12 Statistical analysis 

Data points were expressed as the mean ± SD (SD = standard deviation) and 

experiments were performed at least thrice in triplicates. To assess the statistical 

significance of differences, the one- and two-way analysis of variance (ANOVA) and 

Tukey’s post hoc test were used for pairwise comparisons. Data were analysed using 

Prism, version 6.01 (GraphPad Software Inc., San Diego, CA, USA). Statistically 

significant values (p-value) for unpaired two-tailed t-test were provided in the result 

section while for one- and two-way analysis of variance (ANOVA) the p-value 

corresponds to *p< 0.05, **p< 0.01, ***p< 0.001 and ****p< 0.0001.  
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5.3 Results and Discussion 

5.3.1 Characterization NCs 

The as-synthesized NCs was synthesized in two steps; first, AgNCs were synthesized 

by taking chitosan and lipoic acid as template. Lipoic acid and chitosan were stirred 

in presence of sodium borohydride for 2 h. Addition of AgNO3 completed the reaction, 

marked by formation of pink luminescent, brownish colour AgNC. In the second step, 

when TPP was added to the chi-AgNC-lip, a bright luminescent round NC was formed 

by assembling nanoclusters. The formation of NC was confirmed by its characteristics 

surface plasmon resonance peak at 650 nm when excited at 450 nm in UV-Vis 

spectroscopy (Fig. 5.2a). The formation of silver nanoparticles was ruled out as there 

was minimal absorbance at 334 nm and 432 nm was observed (Fig. 5.2b), which was 

probably due to formation of extremely small nanoparticles. The reasonably high 

quantum yield (9.3%) provided an intense photoluminescence to AgNC-based 

composites, making this composite appropriate for theranostic applications.  

 

Figure 5.2. (a) Emission spectrum of chi-AgNCs-lip NC connotes red luminescence (650 nm), 

when excited with 450 nm wavelength of light. (B) UV-visible absorption spectrum of chi-

AgNCs-lip NC. The minor peaks at 334 nm and 432 nm were possibly due to the formation of 

extremely small silver nanoparticles. 
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          The formation of spherical NC was confirmed by TEM imaging (Fig. 5.3a & b). 

DLS and TEM data showed that the size of the NC synthesised was about 210 ± 34.31 

nm and after incubation with 4-PB the size was increased to 261 ± 45.26 nm (Fig. 

5.4). Zeta potential study showed the net surface charge on as-synthesised NC to be – 

3.2 mV (Fig. 5.5). 

 

Figure 5.3. (a) TEM images prove conclusively, the formation of nearly uniform spherical NC 

of 210-230 nm in diameter. (b) Magnified NC, with distinct chi-AgNC-lip.  

 

Figure 5.4. (a) DLS analysis of NC showed 210 ± 34.31 nm size and (b) 261 ± 45.26 nm 

size after binding with 4-PB.  
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Figure 5.5. Zeta potential study of NC. 

        To immobilize the 4-PB on the surface of the composite NC, varying 

concentrations of the 4-PB were incubated with the fixed amount of NC for 1 h at 37°C, 

followed by centrifugation to remove the unbound NC. The NC bound 4-PB collected 

by centrifugation revealed that the luminescent intensity of the NC gradually 

decreased with the addition of 4-PB to 7mM after which it became almost saturated 

(Fig. 5.6). 

 

Figure 5.6. Binding efficiency of 4-PB with NC was calculated by adding varying 

concentration of 4-PB with fixed concentration of NC, maximum binding of 63% was obtained 

at 5-mM of 4-PB. 
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5.3.2 Therapeutic efficacy determined by cell viability assays 

The 4-PB-NC was tested for its cell cytotoxicity and therapeutic efficiency on MCF-7 

cells. The MTT based cell viability assay was performed to assess the increased 

activity of 4-PB when bound with NC (Fig. 5.7). Various doses of 4-PB were used 

ranging from 1 mM to 10 mM in cell viability assay. The MCF-7 cells were treated with 

4-PB, NC and 4-PB bound NC, here the dose of only NC was same as of required to 

bound 4-PB. The cell viability data clearly indicated the enhancement in the cell 

cytotoxicity of 4-PB when bound to NC. This might be because of additive effect of the 

cytotoxicity of 4-PB and NC alone. The presence of Ag in NC, rendered some amount 

of cell cytotoxicity.   

 

Figure 5.7. Cell viability assay (MTT assay) was performed for initial comparative analysis 

between 4-PB, NC and 4-PB-NC. The data showed a significant decrease in cell viability after 

treatment with 4-PB-NC compared to 4-PB alone. Statistically significant values were denoted 

by * (p<0.05), ** (p<0.01), *** (p<0.001) and **** (p<0.0001).   
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a b 

c 

5.3.3 Cellular uptake of luminescent NC assessed by Confocal microscopy and 

Flow cytometry 

AgNC embedded nanocarriers showed the cytotoxic effect due to their gradual uptake 

by MCF-7 cells, as divulged by simultaneous flow cytometric and confocal microscopy 

analysis. Images acquired using confocal microscope revealed that after 4 h of 

incubation the NC was almost completely uptaken (Fig. 5. 8a). To find out the  

 

  

 

Figure 5.8. Cellular uptake of NC was analysed using (a) confocal microscope imaging, (b) 

z-stacking and (c) flow cytometry. 

c 
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localisation of the NC, z-stacking was performed using confocal microscope (Fig. 

5.8b). It further showed that the NC was residing inside the cells not on the surface of 

the cells.  The observation was concurrent with the FACS-based quantitative analysis 

(Fig. 5.8c), which connote cellular uptake of NC over a period of several hours. Hence, 

the bright luminescence of these AgNCs makes them suitable for probing and imaging 

in biological systems. 

5.3.4 Induction of apoptosis by composite 

PE Annexin V and 7-AAD assay was used to differentiate the early apoptotic, late 

apoptotic and necrotic cells after 4-PB, NC and 4-PB-NC treatment (Fig. 5.9). The 

percent of apoptotic population was considerably higher in NCs-4-PB treated cells 

(43.42 %), versus that of control (2.05 %), NCs (13.05 %) and 4-PB (25.95 %). 

 

Figure 5.9. Cellular uptake of NC was analysed using (a) confocal microscope imaging, (b) 

z-stacking and (c) flow cytometry. 
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        The presence of large population of apoptotic cells in NCs-4-PB treated cells as 

compared to 4-PB and NCs alone, provided a clear insight about the enhancement in 

the activity of 4-PB bound NCs. Further, it was previously known that the Ag generate 

ROS in the cells [9], so an investigation was made to assess ROS production after 

treatment. Flow cytometry based data confirmed the generation of ROS after 

treatment with NCs, 4-PB and NCs-4-PB (Fig. 5.10). However, the accumulation of 

ROS was more prominent in the NCs-4-PB treated population. 

 

 

Figure 5.10. Flow cytometry based ROS production assay. 

5.3.5 Assessment of the enhanced activity of NCs-4-PB on 3D spheroid model 

3D spheroid provide an excellent model for various drug testing and screening. 

Spheroid mimics the actual tumour in terms of complexity, cell-cell interaction, 

hypoxia and other cellular microenvironments. Most of the cancer cells including 

MCF-7 cells are devoid of GJIC, thus in the tumour microenvironment the drugs  

cannot reach into the core of the tumour. Previously, it was reported that the 4-PB 

could restore Cx43 in cancer cells resulting in formation of functional GJIC.  

DCF 
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         In this study, 4-PB based NCs was used to assess the extending efficacy in MCF-7 

cell based spheroid model. Initial alamar blue based cell viability revealed the 

potential impact of 4-PB on spheroids (Fig. 5.11).  A significant drop in cell viability 

of the spheroids was observed after treatment with NCs-4-PB compared to 4-PB and 

NCs alone.  

 

Figure 5.11. Alamar blue based cell viability assay of 4PB, NCs and NCs-4-PB treated 

spheroids. 

 

         The decrease in cell viability of the spheroids was due to uptake of 4-PB bound 

NCs. The confocal microscope image of the spheroids revealed the uptake of NCs after 

4 h of incubation. The 3D image was generated after combining numerous images 

taken at different focal plane (Fig. 5.12a & b).    
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Figure 5.12. Images acquired with confocal microscope showed a phase contrast image of 

the spheroid (a) and the luminescence of NCs taken up by the spheroids (b).   

          To gain further insight into the mode of cell death, the treated cells were stained 

with fluorescent dyes namely calcein AM for live cell staining and DNA intercalating 

dye PI for membrane compromised or dead cells and observed under fluorescence 

confocal microscope. In figure 5.13, it was evident that untreated cells had uniformly 

stained green fluorescence indicating healthy viable cells. When 4-PB and NCs treated 

cells were labelled, it showed green, orange and red nuclei implying the presence of 

live, early and late apoptotic cells. However, by analyzing the cell population 

microscopically, it could be inferred that the NCs-4-PB treated cells in spheroid had 

much more apoptotic cells than 4-PB or NCs treated spheroid.  Thus, calcein AM/PI 

staining results illustrated possible induction of apoptosis was more in NCs-4-PB 

treated spheroids.  

a 

b 
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Figure 5.13. Calcein AM and PI based dual staining revealed the morphological evidence of 

the cell viability. Calcein AM stain live cells while PI stain dead cells.   
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5.4 Conclusion 

In summary, the fabrication of a versatile novel 4-PB bound composite nanocarrier has 

been demonstrated. In this approach, AgNC embedded chitosan nanocarrier were utilized 

for analysis of binding, tracking, and sustained release of 4-PB from the nanocarrier. 

Inferences were drawn based on luminescence detection using fluorescence spectrometry, 

flow cytometry, and high-end confocal microscopy. The stability imparted by the 

nanocarrier to the 4-PB resulted in enhanced anti-tumour efficacy. Most importantly, this 

method implied improved cancer therapy without dose-dependent side effects of the drug, 

as the AgNC ensured the stability of the 4-PB in cancer cells. The efficacy of the 4-PB 

bound nanocarrier was also evaluated in spheroids based model. Time-dependent uptake of 

luminescent silver clusters was demonstrated by confocal microscopy and flow cytometry. 

The expression of Cx43 and establishment of GJIC (refer to chapter 3) enabled the NCs-4-

PB to reach to the core of the spheroids to exhibit dispersive effect.  
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Conclusion and Future Outlook  
 

 

 

6.1 Summary of the present work 

A final conclusion and future aspects of this thesis has been discussed in this section. The 

significance of this study, highlights of the work done as well as the aspect of the possible 

clinical implications of this research work have been explored herein. 

The essence of overall thesis is the utilization of GJIC and the responsible Cx43 protein 

for therapeutic implications in cancer therapy. The expression of Cx43 and establishment 

of functional GJIC was achieved via two means; gene therapy as well as using HDACi. Cx43 

gene was cloned from ACHN cell line into pEGFP-N1 mammalian expression vector, which 

further transfected into GJIC devoid MCF-7 cells. The expression of Cx43 in MCF-7 cells 

established a functional GJIC and showed its potency via GJ dependent as well as 

independent pathways. The first combination therapy was designed involving Cx43 gene 

therapy with plant based anti-malarial semi-synthetic drug, ART. Cx43 enhanced the 

activity of ART by regulating several anti-tumour proteins (GJ independent) and through 

establishment of functional GJIC, which further mediates the transfer of ROS and other 

stress signal generated by ART to neighbouring untreated cells (bystander effect).  

Through a well-orchestrated interplay between GJ dependent as well as GJ independent 

action of Cx43, a new perspective of the effective ART treatment was discovered in 

conjunction with Cx43 overexpression in MCF7 cells. 

In the second approach, 4-PB, an HDACi, induced expression of Cx43 in MCF-7 cells, which 

was independent of gene therapy. The synergistic interaction of 4-PB with ART was 

studied extensively in in vitro as well as in vivo mice model. 4-PB attenuates the 

expression of DNA damage repair proteins, thus amplifying the DNA damage effect 

initiated by ROS production due to ART treatment. The outcome of this study could 

provide information about the potentiality of these two drug combinations as an effective 

and less toxic treatment for cancer. This study have presented a novel combination of the 

drugs, which are already in use for the treatment of other diseases, as probable anti-
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cancer therapy. This drug combination holds an immense potential for further testing in 

the clinical trials.  

Further, the Cx43 gene therapy system was combined with the CD mediated suicide gene 

therapy in which CD enzyme converts the prodrug, 5-FC into toxic metabolite, 5-FU. The 

previously redesigned CD mutant named F186W was screened for its heightened 

specificity, activity and efficacy in A549 cells. The results demonstrated that this mutant 

significantly enhanced the therapeutic efficacy of CD/5-FC mediated suicide gene therapy 

on A549 cells and has the potential to emerge as a substitute to wild type CD. Further, a 

co-transfected system was designed in which MCF-7 cells were stably transfected with 

both Cx43 as well as CD/F186W mutant. The expression of Cx43 protein in conjunction 

with the CD/F186W gene enhanced the activity of the suicide gene therapy mediated by 

CD and F186W mutant. 

To enhanced the cytotoxic activity of 4-PB, an AgNCs based nanocarrier was synthesised 

and screened on MCF-7 cell based 3D spheroid model. Taking chitosan and lipoic acid as 

a base, Ag based nanoclusters was synthesized. Further, these AgNCs was converted into 

nanocarrier by adding TPP in the medium. 4-PB electrostatically attached with the NC, 

which further uptaken by the MCF-7 cells as well as by spheroids. Inducible expression 

of Cx43 and formation of GJIC in MCF-7 cells, thus in spheroids, led to the penetration of 

AgNC-4-PB into the core of the spheroids to exhibit dispersive effect. NC bound 4-PB 

showed significant enhancement in the cytotoxicity compared to 4-PB and NC alone. 

Binding with noble metal nanocarrier enhanced the efficacy of the 4-PB and enabled 

luminescence based binding, imaging, and uptake studies. The current novel theranostics 

approach holds immense potential in the field of in vivo cancer therapeutics. 

This thesis emphasizes on the anti-cancer potential of the Cx43 protein in clinical 

translation, alone and in combination therapy. Future prospects include the study of the 

efficacy of this system in in vivo and clinical samples. Targeting the Cx43 signal cascade 

with the other potential anti-tumour proteins may serve to combat cancer if exploited 

clinically.  
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 6.2 Future Outlook 

• Mechanism behind the downregulation of Cx43 proteins in cancer cells need to be 

investigated 

• Delineating the signalling cascade involved in downregulation of DDR proteins by 

4-PB 

• Recombinant F186W mutant protein purification and delivery into the cancer 

cells using nanocarrier 

• Many cancer cells fail to form functional gap junctions with normal cells. The 

responsible pathway can be investigated. An approach can be made to overcome 

these barriers 

• Major differences in the ability of different connexin family members to modify 

growth control can be studied 
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