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ABSTRACT 

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

of a myriad of signaling pathways. One such pathway is the Wnt signal cascade, which is 

one of the multiple facets responsible for the upregulation of several pro-proliferative genes 

in cancer. In non-cancerous cells, this Wnt pathway is blocked by a family of secretory 

glycoproteins playing a role in cell growth arrest, called the secreted frizzled-related proteins 

(sFRPs). However, these sFRPs are typically silenced in cancer due to promoter 

hypermethylation.  

The current thesis aims to exploit the anti-proliferative role of sFRPs to regulate cancer cell 

proliferation in vitro by targeted protein therapeutics. More specifically, the two most 

promising sFRPs, viz., sFRP1 and sFRP4, were selected for the development of novel co-

therapeutic and theranostic models for combating cancer in cell culture model.  In Chapter 

1, the burgeoning field of recombinant protein therapeutics has been delved into. Essentially, 

the role of recombinant proteins in regulating signal networks, their potential clinical usage 

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

encompassed in this chapter. More specifically, the role of sFRPs in regulating cell growth 

by modulation of the Wnt pathway has been deliberated. The use of nanomaterials for 

stability and sustained release of the recombinant proteins, while enabling their tracking and 

delivery to desired sites, has also been discussed herein. In Chapter 2, the cloning, 

expression, and purification of recombinant human sFRP1 using Escherichia coli has been 

reported. Further, the therapeutic implications of the GST tagged sFRP1, alone and in 

combination with conventional chemotherapeutic drugs, viz. cisplatin and doxorubicin, in 

two different cancer cell lines were deciphered by cell viability assay and cell cycle analysis. 

In Chapter 3, the fabrication of a versatile novel sFRP1 bound composite nanoparticles has 

been demonstrated. In this approach, gold nanoclusters-embedded nanoparticles were 

utilized for analysis of binding, tracking, and sustained release of sFRP1 from the 

nanoparticles. Inferences were drawn based on luminescence detection using fluorescence 

spectrometry, flow cytometry, and high-end deconvolution microscopy. The stability 

imparted by the nanoparticles to the protein resulted in enhanced anti-tumor efficacy. Most 
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importantly, this method implied targeted cancer therapy, as the protein component sFRP1 

ensured the targeting of the Wnt pathway in cancer cells. Studies using Western blotting and 

semi-quantitative PCR-based expression of essential molecules of the Wnt pathway 

validated the molecular mechanisms. A co-therapy module with cisplatin was also exhibited 

by extensive cell-based assays for further augmentation of anti-cancer activity. In Chapter 

4, the cloning of human sFRP4 from a novel source- ACHN renal carcinoma cell line has 

been reported, along with its bacterial expression, purification, characterization, and anti-

proliferative effect. Expression analysis of downstream Wnt pathway molecules by Western 

blotting and quantitative real-time PCR showed that the functional recombinant sFRP4 

inhibited the canonical Wnt signaling. Improved cellular responses upon combination 

therapy with cisplatin/doxorubicin were revealed by cell cycle analysis and dual staining-

based assays. In Chapter 5, the theranostic potential of a sFRP4 bound silver nanoclusters-

embedded nanoparticle platform has been illustrated. While the extraordinary luminescence 

properties of the nanoclusters enabled binding, imaging, and uptake studies, Western 

blotting documented the targeting of Wnt signaling by the GST-sFRP4 released from the 

NPs. Furthermore, co-therapeutic benefits of sFRP4 and silver clusters were examined. The 

effects on cancer cells were elaborately delineated by cell viability assays, flow cytometry-

based cell cycle, apoptosis detection assays as well as microscopy-based experiments. Time 

dependent uptake of luminescent silver clusters was demonstrated by confocal microscopy 

and flow cytometry. In the final section on Conclusion and Future Prospects, the thrust 

areas of this study have been highlighted and the importance of these findings has been 

emphasized.   

In brief, human sFRP1 and sFRP4 have been cloned and expressed in bacterial system. The 

expression and purification procedure was extensively optimized to obtain the proteins in 

soluble form. Glutathione agarose-based affinity chromatography was used to purify both 

the recombinant proteins. Thereafter, the therapeutic efficacy of the proteins on mammalian 

cancer cells was determined, alone as well as in co-therapy module. Binding with noble 

metal nanoclusters enhanced the efficacy of the proteins and enabled luminescence-based 

binding, imaging, and uptake studies. Further the functionality of the proteins was evaluated 

by their role in inhibiting the Wnt/ β-catenin signaling pathway and induction of apoptosis 
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of the cells was investigated by various assays. The current therapeutic approach holds 

immense promise in the field of in vivo cancer theranostics.  
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CHAPTER 1 

Introduction and Review of Literature 

 

1.1 Recombinant proteins 

Proteins play the most dynamic roles in biological functioning- constituting the physical 

support system of cells, participating in a myriad of biochemical reactions, forming 

membrane receptors and channels, and carrying out molecular trafficking. While this 

dependency of the human body on proteins poses a major challenge to the medical world 

when any gene or protein behaves abnormally, this also provides a large window of 

opportunity for exploiting proteins for treatment of these diseases. The advent of protein 

therapy was a significant breakthrough in research, whereby proteins began to be 

administered exogenously to target cells. Proteins offer several advantages over small 

molecule drugs; they can perform complex functions, elicit reduced or negligible immune 

responses without interfering with normal biological functions and are highly specific in 

their targeting. However, isolation of these proteins from animal sources has several 

disadvantages; the limited availability of animal sources raises the cost of production, not to 

mention the immunogenic reaction of the human body to animal proteins. This limitation 

was surmounted when the first recombinant protein-insulin was produced by genetically 

engineering Escherichia coli. The approval of insulin in 1982 by the US FDA (Food and 

Drug Administration) ushered in the era of recombinant therapeutic proteins. Since then, 

over 100 such recombinant proteins have been given consent for clinical usage and many 

more are in the pipeline. Examples of recombinant proteins (examples in Table 1.1) already 

in the market include growth hormone somatotrophin used to treat growth failure, blood 

coagulation factors VIII and IX for hemophilia, β-glucocerebrosidase for gaucher’s disease, 

erythropoietin, interferons, pancreatic enzymes, albumin, osteoporosis, streptokinase etc [1].  
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Recombinant protein drug Clinical use 

Teriparatide (parathyroid hormone) Osteoporosis 

β-glucocerebrosidase Gaucher’s disease 

Erythropoietin Certain types of anaemia 

Oprelvekin (Interleukin11) Thrombocytopenia 

Human follicle-stimulating hormone Assisted reproduction 

Interferon-α2a Chronic hepatitis C/ types of leukemia 

Factor VII Certain types of haemorrhaging 

Hyaluronidase Adjuvant for anesthesia 

Adalimumab Rheumatoid arthritis 

Table 1.1. Few examples of recombinant protein therapy currently in clinical usage. 

Immunotherapy-based treatment options have been in the process of being perfected for 

decades.[2] Interleukin-2 is the first effective adoptive immunotherapy, which involves 

boosting the patient’s immune system by expanding the T-cell population [3, 4]. Figure 1.1 

and Figure 1.2 depict the market analysis of protein drugs as presented by various groups. 

 

Figure 1.1. Redrawn from the information provided in the ‘Global Protein Therapeutics 

Market Forecast to 2015’. The pie chart shows the market share of the protein therapy drug 

classes, as estimated for the year 2015 (http://laborant.pl/index.php/recombinant-protein-

therapeutics-the-future-is-here).  
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Figure 1.2. Redrawn from the market analysis data by Frost and Sullivan 

(http://www.frost.com/prod/servlet/market-insight-print.pag?docid=265837953). The bar 

graph shows the percentage of therapeutic vaccine candidates in different stages of clinical 

pipeline. 

1.2 Recombinant proteins in cancer therapy 

In the past few decades, an array of novel strategies, designed and aimed to treat cancer, 

have surfaced. Of them, recombinant protein therapeutics is one such modality that has 

emerged for the treatment of this complex and diverse diseases. Yet, the only recombinant 

proteins available for the treatment of cancer are monoclonal antibodies against cell surface 

molecules [1]. The categories of protein-based vaccines in various stages of clinical trial 

have been demonstrated in Figure 1.3. 

Although a deep insight into the molecular basis of human malignancies has initiated the 

implementation of protein therapy in treatment of human cancers, cure of cancer has proven 

to be greatly elusive to molecular biologists and chemists alike. A major challenge in curing 

cancer lies in the fact that non-malignant cells need to be preserved while cancer cells are 

being targeted. Adverse side effects of conventional chemotherapeutic drugs, like 

doxorubicin [5, 6] and cisplatin [7], along with the development of multi-drug resistance 

have led to the search for alternatives.  
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Figure 1.3. Redrawn from the market analysis data by Frost and Sullivan 

(http://www.frost.com/prod/servlet/market-insight-print.pag?docid=265837953). The bar 

graph shows the percentage of vaccine candidates for cancer therapy in different stages of 

clinical pipeline.  

1.3 Recombinant proteins in targeting signaling pathways 

The approach of recombinant protein therapy to target specific cell signaling pathways in 

cancer is an increasingly exciting avenue of research. Intricately woven signaling networks 

have been targeted using humanized monoclonal antibodies designed against tyrosine kinase 

receptor Human epidermal growth factor receptor 2 (HER2) [8] in metastatic breast cancers, 

Vascular Endothelial Growth Factor Receptor (VEGFR) in colorectal cancers [9],  and 

Epidermal Growth Factor Receptor (EGFR) [10].  Till date, the only options of protein drugs 

available in the market for cancer therapy are these monoclonal antibodies (Table 1.2) 

developed against various molecules that are typically overexpressed in specific cancer 

types, such as cell surface receptors [1, 8-16]. 
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Cancer type Proteins (receptors) against which 

humanized monoclonal antibodies 

have been generated 

Colorectal cancer VEGF, EGFR 

Head and neck cancer EGFR 

Chronic lymphocytic leukemia CD52 antigen 

Breast cancer HER2/Neu receptor 

Lymphoma/ Non-Hodgkin’s lymphoma CD20 antigen 

Hodgkin’s lymphoma CD30 antigen 

Acute myelogenous leukemia CD33 antigen 

Epithelial tumors EpCAM glycoprotein 

Colorectal carcinoma gpA133 glycoprotein 

Neuroectodermal tumors Gangliosides (GD2, GD3 etc.) 

Tumor vasculature Integrins 

Colon, lung and pancreas tumours, 

haematological malignancies 

TRAILR1/R2 

Colon, breast, lung, pancreas, head and 

neck 

tumours 

FAP 

Table 1.2. Examples of drugs marketed for cancer therapy [17]. 

1.3.1 Wnt signaling 

One pathway that has been strongly associated with cancer is the Wnt signal transduction 

pathway [18].  Its aberrant upregulation in a multitude of cancers culminates in the activation 
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of several pro-proliferative genes [18, 19]. Initiated by Wnt ligand binding to corresponding 

Frizzled (Fzd) receptors, the Wnt pathway plays an active role in differentiation events 

during normal embryonic developmental processes. Comprising of a family of 19 members, 

these Wnt ligands are secreted glycoproteins differentially expressed by different types of 

cancer. The signal transduction is initiated by the binding of Wnt ligands to their 

corresponding Fzd receptors, which belong to the G-protein-coupled receptor superfamily. 

While there are other Wnt receptors reported in literature, such as receptor tyrosine kinases 

ROR1 and ROR2, Fzd receptors are the ones more common. Of the family of 10 Fzd 

members, several have been known to be overexpressed in certain cancer types, such as Fzd6 

[19] and Fzd7 [20], and may contribute to carcinogenesis. The binding of Wnt ligands to 

Fzd receptors is facilitated by coreceptor Low density lipoprotein receptor-related protein 

(LRP) - LRP5 or LRP6. 

Wnt pathway has traditionally been classified into two categories that two have been found 

to be active in tumor formation and angiogenesis [21]: 

• The classical or canonical Wnt pathway, better known as the β-catenin dependent 

Wnt signaling, is primarily observed in tumorigenesis. Mutations in Wnt genes or 

Wnt pathway component genes result in constitutive, redundant transduction of the 

Wnt pathway in cancer, central to which, is the stabilization of cytoplasmic β-

catenin. Regulation of β-catenin levels is maintained by a destruction complex 

comprising of intermediate molecules like Axin, serine/threonine kinase GSK3β 

(glycogen synthase kinase 3β), tumor suppressor gene APC (adenomatous polyposis 

coli), CKI (casein kinase I) and Dishevelled (Dsh). In absence of Wnt ligand binding 

with its Fzd receptor, these proteins maintain a low level of cytoplasmic β-catenin 

by continuous proteasome-mediated ubiquitination. More specifically, GSK3β is 

responsible for priming β-catenin for β-transducin repeat-containing protein (β-

TrCP) mediated proteosomal degradation, by phosphorylating serine residues at 

different sites. When Wnt binds to Fzd receptor, in presence of LRP5 or 6, Axin and 

Dsh bind to LRP and abandon the destruction complex, thereby inhibiting the 

degradation of β-catenin. This results in accumulation of cytoplasmic and nuclear β-

catenin, which in turn, translocates to the nucleus and interacts with transcription 

factors LEF/TCF (Lymphoid enhancer-binding factor/T cell-specific transcription 
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factor) to activate expression of downstream target genes like survivin, c-jun, cyclin 

D1 and c-myc [22-25]. Transcription of these pro-proliferative genes results in 

anomalous cell cycle progression. The Wnt signaling pathway has been delineated 

in brief in Figure 1.4. 

 

Figure 1.4. Wnt pathway in absence and presence of Wnt ligand. (APC- adenomatous 

polypsis coli, β-Cat- β-catenin, CKI-casein kinase I, GSK3β-glycogen synthase kinase 3β, 

LRP-low-density lipid receptor, TCF-T-cell factor). 

 

• The Wnt/Ca2+ pathway, also known as the β-catenin independent or the non-

canonical Wnt pathway, revolves round the stimulation of Ca2+ sensitive signaling 

components due to activation by Wnt5a and Wnt11. Implication of this branch of 

Wnt in cancer is, till date, indistinct. 

Understanding the underlying details of this pathway may prove to be pivotal for the future 

of cancer therapy [19]. This may involve binding of inhibitory molecules to Wnt ligands to 

prevent its functioning via canonical and non-canonical pathways [26, 27], or targeting 

downstream entities in the canonical Wnt pathway [28]. Natural blockers of the Wnt 

pathway are divided into two classes-the first class includes the secreted frizzled-related 
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proteins (sFRPs) [29-32], WIF-1 (Wnt-inhibitory factor-1), and Cerberus.  The second class 

includes members of the Dickkopf family, which bind to the LRPs and inhibit the canonical 

Wnt signaling [33]. Exploiting these inhibitors has opened up an evolving prospect in cancer 

therapy that is still in its very nascent stage of development.  

1.3.2 Role of Secreted Frizzled-related Proteins (sFRPs) in Wnt signaling 

Explorations into the world of sFRP superfamily and their implications in cancer have 

commenced only recently. Human sFRP was first purified and identified from human 

embryonic lung fibroblast culture fluid and was believed to be an antagonizer of the Wnt 

pathway [34]. These sFRPs are approximately 300 amino acids in length and have been 

found to share sequence similarity with the extracellular cysteine-rich domain (CRD) of Fzd 

receptors. Hence, they act as putative binding sites for Wnt proteins [34]. As sFRPs lack 

transmembrane domain for Wnt signal transduction within the cell, they serve to inhibit the 

Wnt pathway by blocking the binding of Wnt ligands to respective Fzd receptors in normal 

human tissue (Figure 1.5) [32]. However, in various cancers, such as, colorectal cancers 

[30], gastric cancers [35], invasive breast tumors [36], bladder cancer, [31] and tumors of 

mesenchymal origin [29], these sFRPs have been found to be downregulated due to promoter 

hypermethylation. In absence of these sFRPs, β-catenin, a downstream molecule of the Wnt 

pathway, escapes proteasome degradation and accumulates in the cytoplasm. Thereafter, it 

translocates to the nucleus, where it is involved in transcriptional upregulation of genes 

activating cell proliferation (such as c-myc and cyclin D1 [18]) or genes inhibiting apoptosis 

(such as survivin [37]).  
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Figure 1.5. Effect of binding of sFRP to Wnt ligands on the Wnt signaling pathway. 

Although the epigenetic silencing of sFRP family members is well-documented in cancer, 

there have been quite a few contradictory reports challenging the same [38, 39]. However, 

in cancers where sFRPs are suppressed, their expression has been restored by means of 

transfection of sFRP [40-43] or demethylating chemical agents [44] and anti-cell 

proliferative effects have been observed. It has been established that sFRP1, sFRP2, sFRP4 

and sFRP5 are the ones most commonly implicated in tumorigenesis due to silencing [45]. 

However, for utilizing the sFRPs in negative regulation of Wnt pathway in cancer, a deeper 

understanding of their functioning is imperative. 

 

 

Figure 1.6. The domain architecture of sFRP family members. 

From the structural point of view (Figure 1.6), sFRPs have an N-terminal signal sequence 

that enables their extracellular secretion, followed by the CRD, which is responsible for 

binding to Wnt ligands or in some cases, Fzd receptors. The CRD has 10 conserved cysteine 
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residues and shares sequence similarity with CRD of Fzd receptors, thus serving as putative 

binding sites for Wnt ligands. However, the sFRPs lack transmembrane and cytosolic 

domains, distinguishing them from their receptor counterparts [33]. The hydrophilic C-

terminal domain, called the Netrin-like domain (NLD), may also function in promoting cell 

death, which may or may not be via canonical Wnt pathway [46, 47]. While not much is 

known about the NLD, functional CRD alone has been shown to be sufficient to suppress 

Wnt signaling [45]. Post-translational modifications in the form of N-linked glycosylations 

have been found in the sFRPs, a number of putative sites being in the NLD [48]. Although 

a few potential sites are present in the CRD as well, glycosylation is not essential for binding 

to Wnt ligand [49]. This suggested that if recombinant human sFRPs are expressed in a 

bacterial system, they may be purified in functional form. If the limitation of eukaryotic 

protein folding can be overcome, expression in bacterial system has the advantage of lower 

cost and potential for production in bulk, which makes it a lucrative option for potential 

therapeutic applications. Possible means of regulating the Wnt signaling with sFRPs have 

been outlined in Figure 1.7, of which transfection studies have been done by a few groups 

reporting a positive outcome [41, 50, 51].  

         

Figure 1.7. Possible means of exploiting the sFRPs for antagonizing Wnt pathway in cancer. 

Possible means of 

exploiting sFRPs for 

antagonizing the Wnt 

pathway in cancer

Transfection of sFRP 
gene into cancer cells

Treatment of cancer 
cells with recombinant 

sFRP purified from 
different systems 

Purified from 
mammalian cells 

overexpressing sFRPs

Purifed from bacterial 
cells transformed with 
sFRP gene-containing 

expression vector

Restoring expression of 
sFRPs in cancer cells with 

demethylating agents
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1.4 Composite nanoparticles (NPs) in therapy 

 

Figure 1.8. Application of theranostic nanoparticles in targeting and therapy; idea of the 

image conceptualized from Reference [52]. 

Since the inception of nanotechnology, the now burgeoning field has been entwined with the 

area of medicine in a multitude of ways. With their ideal size for biological applications, 

size tunable properties, and easily modifiable surface chemistry, NPs have found a place in 

clinical applications, giving rise to the interdisciplinary domain of ‘nanomedicine’. Several 

of these have attained fruition, viz., DoxilTM and AbraxaneTM. Moreover, diverse nano-sized 

building blocks possessing different functional properties can be assembled into one 

multifunctional composite with the precise requirements desirable for a particular 

application. Additionally, biomacromolecules, such as DNA, siRNA, and protein, as well as 

chemical drugs, metals can be multiplexed with the NPs to attain a plethora of objectives 

(Figure 1.8).  

The nanoparticles can be broadly classified into- drug conjugates, micelles, vesicles, core-

shell NPs, carbon nanotubes [53] etc, which have been employed to engineer clinically 

effective formulations. Currently, nanosystems that can be used for both therapeutic and 

diagnostic purposes are in vogue. These ‘theranostic’ NPs have promising clinical relevance 
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as they can be used for treating heterogeneous diseases like cancer, while at the same time 

providing a ‘quick, high-fidelity snapshot of the living system’ [53].  

• For decades, cancer therapy has been primarily achieved with small-molecule drugs, 

such as 5-fluorouracil, taxol, doxorubicin etc. However, in the past decade, efforts 

have been made to encapsulate these drugs in nanocarriers, to attain better 

pharmacokinetics, targeted delivery, and enhanced therapeutic benefits [54]. These 

drugs may also be conjugated to a diagnostic component to effectuate a dual-

modality theranostic system [55]. Biomolecules like therapeutic siRNA have also 

accomplished a similar purpose, with the added advantage of overcoming the 

negative side-effects of drugs, thereby making them a more attractive solution [56]. 

• For monitoring purposes, optical, magnetic resonance, radionucleotide-based, and 

ultrasound-based modalities have been implemented. Of them, optical imaging is 

most common due to their ease of usage, designing, applicability, in addition to their 

cost-effectiveness. The spectrum from visible to near-infrared (NIR) window that is 

harmless to users and provides excellent spatial resolution, has been expertly 

exploited in various studies. To overcome the hindrance due to autofluorescence of 

biological moieties and to enhance the signal-to-noise ratio, the NIR spectrum has 

been specifically focused on [57]. The common underlying factor that weds 

diagnosis with therapy is that both require accumulation in the diseased location of 

the body, for instance, the tumor tissue.  

• Targeting the theranostic moieties to the tumor site necessitates the use of a targeting 

agent, which may be the diagnostic or the therapeutic moiety, or an altogether 

different component of the composite NP system. Targeting strategies will be 

particularly useful in the conception of ‘personalized medicine’, where quick and 

effective tactics can be administered for various cancer types. A prevailing approach 

of active targeting in cancer has been the employment of agents to detect biomarkers 

on the cell surface, such as growth factor receptors and G-protein-coupled receptors 

for angiogenesis-modulating proteins [58].  
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1.4.1 Polymeric nanoparticles 

Composite nanoparticles have been implemented for therapy, biological imaging, 

diagnostics, and targeting of cancer cells. Of the repertoire of substances that can be used as 

matrices for NP-synthesis, biodegradable polymeric matrices are highly desirable; they are 

amenable to the integration of different functional entities, which can be released in the 

biological system once the matrix has disintegrated, causing minimum side-effects. Stable 

in aqueous environment, these NPs having enhanced half-life and disintegrating to non-toxic 

metabolites, are given preference for clinical usage [59]. Their biological inertness and cost-

effectiveness coupled to their ease of availability are the major causes of their attraction. 

Moreover, they can interact with the cell membrane in a surface charge-dependent fashion, 

which is easy to modulate as per the suitability of the application. Also, temperature and pH 

dependent degradation of the NPs to facilitate controlled release of payload have been 

reported. Commonly used polymeric NPs include chitosan, sodium alginate, gelatin, 

albumin, poly lactic acid (PLA), poly lactide-co-glycolide (PLGA) etc. However, so far most 

marketed drug-loaded NPs or those in the pipeline suffer from the inaccessible predicaments 

of low loading efficiency and burst release of drug in the in vivo system. These ensue the 

complications of requirement of a larger amount of NPs leading to toxicity and the release 

of the drug before reaching the tumor site causing side-effects [60]. Hence, the search for 

alternatives to conventional chemotherapy has resulted in a surge of interest in the 

application of therapeutic biomacromolecules, such as proteins, siRNA and aptamers.  

Among them, the natural polymers-chitosan and sodium alginate have found a consolidated 

place in NP-synthesis, due to their biocompatibility, high loading efficiency, water-retention 

capabilities, and bio-adhesiveness [61]. While chitosan is a cationic polysaccharide obtained 

from chitin present in crustacean animals comprising of β-(1–4)-2-acetamido-2-deoxy-β-D-

glucose and β-(1-4)-2-amine-2-deoxyb-β-D-glucose, alginate is an algal-derived anionic 

polysaccharide  made up of 1, 4-linked β-D-mannuronic and α-L-guluronic acid. 

Interestingly, the electrostatic interactions between the amine group of chitosan and the 

carboxyl group of alginate has long been exploited for manipulation of polymeric NPs to 

conform to specific requirements [61, 62].  
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1.4.2 Fluorescent nanoclusters 

As discussed previously, fluorescent moieties may be attached to polymeric templates to 

enable optical tracking and monitoring of the nanocarriers. Fluorescent NPs are evolving as 

a promising tool for theranostic purposes [63, 64]. However, the last few years have 

witnessed an upsurge in the scientific appreciation of a milieu of particles of size less than 2 

nm. These particles were termed ‘nanoclusters’ and they differ widely in physicochemical 

properties from their nanoparticle counterparts. While metal NPs exhibit surface plasmon 

resonance (SPR), the nanoclusters do not. Noble-metal nanoclusters, which contain only a 

few atoms, possess discrete energy levels as the particle size approaches Fermi wavelength 

of an electron and the continuous band splits. As a result, they lose their plasmonic 

properties, becoming somewhat similar to molecules. Additionally, they display optical 

fluorescence via electronic transitions owing to the quantum confinement effect [65]. The 

most commonly used noble-metal nanoclusters, especially for biological implementation, 

are the gold and silver nanoclusters, which possess very mild or even negligible toxicity. 

1.5 Nanoparticles and Recombinant proteins: an interplay  

Cancer, being a phenotypically lethal disease, is still wreaking havoc even in the modern 

world of highly progressive technology. Naturally, it is the aim of many research groups 

working in the fields of biology and nanomedicine to eradicate this complex disease. In the 

novel area of theranostics, cell signaling molecule-loaded NPs have attracted tremendous 

attention for targeting and combating cancer [66, 67]. The treatment with exogenously 

administered therapeutic protein may have certain limitations pertaining to the fact that slight 

changes in its micro-environment during delivery can destabilize the protein, resulting in its 

loss of function. The constraints, thus arising, can be circumvented by fabricating a system 

ensemble to stabilize and enhance the efficacy of the protein, for sustained release of payload 

as well as to probe and quantify the release profile of the protein. However, maintenance of 

the structural and functional integrity of the macromolecules should be given prime 

importance for the design of these delivery systems. Delivery of therapeutic proteins for 

cancer has been successfully done using nanocarriers, such as hydrogel NPs [68]. Co-

therapeutic regime, combining the immune-acceptability of recombinant proteins with the 

potency of chemotherapy to reduce exacerbated side-effects, has also been established [69]. 
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In addition to these systems, which ferry potentially therapeutic proteins, such as Interferon-

γ, IκBα, Caspase-3 [70], and RNase A/saporin [71], cancer biomarker-targeting proteins are 

being extensively researched. For instance, some breast cancers have been specifically 

targeted by NP formulations targeting the overexpressed HER2 receptors [54, 72]. Similar 

targeted delivery regimes have been implemented for cancer cells overexpressing VEGF  

receptors [73], transferrin receptors [74], folic acid receptors [75]. Therapeutic polypeptides 

have also been employed to design co-therapeutic regimes with traditional drugs [76, 77]. 

Presently, in healthcare, these challenges are being encountered by the advancements in 

nanomedicine, where nanocarriers are in the process of taking centre stage in modern clinical 

applications.  

1.6 Key questions and scope of research 

• The domain of sFRPs and Wnts and their interactions is largely an uncharted 

territory, till date. 

• Functionality of the recombinant sFRPs expressed and purified from the bacterial 

system needs to be evaluated. 

• Expression of sFRPs in bacterial systems may open up new avenues in combination 

therapy, where protein therapy may be coupled with conventional chemotherapy to 

achieve greater efficacy at reduced drug concentrations. 

• Since the sFRP isoforms are known to behave in conflicting manner, their behavior 

in each cancer cell type needs to be arduously monitored before proposing their use 

as cancer therapeutics. 

• Increasing stability of recombinant sFRPs with composite nanoparticles may 

enhance their efficacy.   

• Nanoparticles having fluorescent component may enable their usage in biological 

imaging, tracking and other analytical studies.  
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1.7 Objectives of the thesis 

1. Cloning, expression and purification of recombinant proteins to target cell surface 

signaling pathways using Secreted Frizzled-related Protein (sFRP) isoforms, sFRP1 

and sFRP4. 

2. Studying anti-proliferative effects of the recombinant sFRP1 and sFRP4. 

3. Examination of synergistic anti-proliferative properties of recombinant sFRP1 and 

sFRP4 in combination with anticancer drugs. 

4. Evaluation of recombinant sFRP1 and sFRP4-bound composite nanoparticles 

embedded with metal nanoclusters for bioimaging and targeting Wnt/ β-catenin 

signaling. 

1.8 Salient features of this work 

• Cloning, expression and purification of recombinant glutathione S-transferase (GST) 

tagged sFRP isoforms- sFRP1 and sFRP4  

• Structural and functional characterization of sFRP1 and sFRP4  

• Anti-proliferative activity of GST-sFRP tested on cancer cell lines 

• Targeting the Wnt/ β-catenin signaling pathway with the GST-sFRPs 

• Chemosensitization of cancer cells toward conventional anti-cancer drugs with the 

sFRPs 

• Synthesis of sFRP-bound novel nanocluster-based composite nanoparticles for 

biological imaging, uptake analyses, binding studies and sustained delivery  

• Enhanced anti-cancer benefits of sFRP-bound nanoparticles  

• Investigation into the mode of cell death  
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CHAPTER 2 

2.1 Introduction 

sFRP1, the first discovered sFRP, is the most promising candidate for cancer therapy and 

forms the stepping stone for investigations. Accumulating evidence suggests that sFRP1 is 

downregulated in colorectal, breast, ovarian, malignant mesothelioma, and lung cancer [29, 

40, 78-80]. Specifically in lung carcinoma, loss of heterozygosity has also been reported in 

the sFRP1 gene locus, which may contribute to the absence of gene expression [40]. 

Interestingly, chain terminating mutations have also been found to exist in colorectal tumors 

[78], in addition to epigenetic inactivation. SFRP1 transfection led to reduced colony 

formation and decreased transcriptional activity of β-catenin in non-small-cell lung cancer 

[40]. However, a discrepancy has been reported in prostate tumor, where elevated expression 

of sFRP1 has been observed, as compared to adult prostate [81]. This evidence correlated 

with the finding that when human prostatic epithelial cells were treated with sFRP1, they 

exhibited increased proliferation and decreased apoptosis. A similar discrepancy was also 

found in gastric cancer, where high levels of sFRP1 have been shown to promote tumor 

formation [82]. Recently, transfection studies have revealed growth inhibitory effects of 

sFRP1 on few breast cancer cell lines [50] and hepatoma cell lines [41] with wild type β-

catenin or β-catenin containing point mutations, but not in those containing truncated β-

catenin. 

In this chapter, an endeavor has been made to delineate the impact of bacterially expressed 

GST-sFRP1 on cancer cell types. For this purpose, the expression, purification and re-

folding conditions of the recombinant protein were optimized before adding it onto the cells. 

This is the first expedition aimed at illustrating the anti-cell proliferative effect of bacterially 

expressed GST tagged sFRP1 on cancer cells, which may have significant prospective in 

cancer therapeutics. The idea has been schematically conceptualized in Scheme 2.1. 
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Scheme 2.1. Schematic representation of the concept of this chapter. 

 

2.2 Material and Methods 

2.2.1 Cell Culture and Materials 

The cancer cell lines HeLa (cervical), MCF-7 (breast), human embryonal kidney (HEK-293) 

were obtained from National Centre for Cell Science (NCCS), India. The cells were cultured 

under conventional conditions in Dulbecco’s Modified Eagle’s Medium (DMEM), 

supplemented with 10% Fetal bovine serum (FBS, PAA Laboratories), 100 U/ml Penicillin, 

100 µg/ml Streptomycin and maintained in humidified atmosphere in a 5% carbon dioxide 

incubator at 37 °C.  

All items (materials and kits) were purchased from Sigma-Aldrich, unless mentioned 

otherwise. 
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2.2.2 Cloning of sFRP1 

The 945 bp human sFRP1 gene was obtained from DNASU Plasmid Repository, USA in 

pDNR-Dual vector. The gene was amplified by Polymerase Chain Reaction (PCR) using 

gene-specific forward primer 5'- GTAGGATCCATGGGCATCGGGCGCA-3' with a 

BamHI overhang and reverse primer 5'- 

GTTCTCGAGTCACTTAAACACGGACTGAAAG-3' with a XhoI overhang. Taq 

polymerase (Bioline) was used for the PCR amplification. Conditions for the PCR reaction 

were as follows: denaturation at 95 °C for 50 sec, annealing at 60 °C for 40 sec and extension 

at 72 °C for 1.5 min. The amplified and eluted product as well as the bacterial expression 

vector pGEX-4T2 (GE Healthcare) were then digested with the mentioned restriction 

enzymes (New England Biolabs) and ligated using Quick Ligase kit (New England Biolabs). 

The ligation product was transformed into E. coli DH5α. Sequencing was done by Xcelris 

Labs Ltd. for clone confirmation. Digestion was carried out with the above restriction 

enzymes BamHI and XhoI for the same purpose.  

2.2.3 Expression of GST-sFRP1 in E. coli BL21 (DE3) 

The recombinant vector was transferred into E. coli BL21(DE3) (procured from Institute of 

Microbial Technology, India). The same was then cultured in small scale in Luria Bertani 

(LB) media, containing 100 µg/ml ampicillin. It was kept overnight in a 37 °C shaker 

incubator, at 180 rpm. This was used as inoculum at a dilution of 1:100 for 100 ml of the 

secondary culture, which was allowed to reach mid log phase (an O.D. of 0.6) before 

induction with 0.2 mM isopropyl β-D-1-thiogalactopyranoside (IPTG, Sisco Research 

Laboratories Pvt. Ltd., India). The induced culture was kept at temperatures ranging from 

16 °C to 37 °C in a shaker incubator to acquire maximum expression of sFRP1 protein. For 

each of the temperatures tested for protein expression, induction times were varied from 4 h 

to 12 h (data not shown).  Eventually, the cells were harvested by centrifuging under chilled 

conditions at 6500 rpm for 5 min. Cells were lysed in 10 mM phosphate-buffered saline 

(PBS) and 1 mM phenylmethylsulfonyl fluoride (PMSF) by sonication. Samples were run 

on 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) to observe 

the expression of protein for the varying conditions of temperature and time duration 

mentioned previously. 
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2.2.4 Solubilization, Purification and Refolding of GST-sFRP1 protein 

Maximum protein expression was achieved with induction at 28 °C for 8 h. These conditions 

were hence followed throughout. However, when the cells were lysed by sonicator and 

centrifuged, the expressed protein was obtained in the insoluble fraction, perhaps as 

inclusion bodies. In order to solubilize the protein from pellet fraction, several modifications 

were made to the lysis buffer composition and sonication conditions. Finally, maximum 

solubilization was attained under the following conditions. Pellet was resuspended in 10 ml 

lysis buffer containing 10 mM PBS, 1 mM ethylenediaminetetraacetic acid (EDTA, SRL), 

0.32% N-lauroylsarcosine and 1 mM PMSF. Cells were then sonicated using a probe 

sonicator, while keeping the sample on ice. Lysed cells were centrifuged at 20,100 g for 25 

min at 4 °C. 1% Triton X-100 was added to the supernatant, which was then stirred for 1 h 

in cold. Thereafter, it was diluted three times with 10 mM PBS and filtered using 0.45 µm 

syringe filter. Then it was loaded batch-wise onto a glutathione agarose affinity 

chromatography column and incubated for 30 min each at 4 °C. The column was then washed 

with one column volume (approximately 12 ml) of 10 mM PBS for fourteen times before 

elution of desired protein. Elution buffer was composed of 15 mM L-reduced glutathione in 

50 mM Tris-HCl (pH 9.5). All steps were performed under cold conditions. Samples were 

analyzed on 12% SDS-PAGE. The protein was refolded by subjecting it to step-wise dialysis 

against Tris-HCl, pH 7.4 for 6 h. The buffer concentration was decreased from an initial 100 

mM to a final 10 mM, with three rounds of buffer replacement. Concentration was done with 

PEG 8000. After two changes of buffer during dialysis, the dialysis bag containing the 

protein was covered with PEG, which absorbs water, and kept at 4 °C for half an hour. It 

was replaced by fresh PEG after every 5 min. At the end of this concentration procedure, the 

protein was again dialyzed against 10 mM Tris-HCl buffer, pH 7.4. 
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2.2.5 Homology modeling and docking studies 

The structures of CRD of sFRP1, sFRP1 and GST tagged sFRP1 were predicted using 

Phyre2 (Protein Homology/analogY Recognition Engine V 2.0) [83]. The structure of 

Wnt7a, which has been found to bind with sFRP1, was predicted using I-Tasser server [84-

86]. The structure of CRD-sFRP1 hence predicted was compared to that predicted by 

SWISSMODEL (http://www.proteinmodelportal.org/query/uniprot/Q6FHJ7) and the 

crystal structure of CRD of sFRP3 (PDB ID: 1ijxA) by overlapping the respective structures 

using PyMOL and generating a root mean square deviation value. This was done in order to 

validate the structure of CRD-sFRP1. This was then overlapped with the predicted structures 

of full length sFRP1 and GST-sFRP1 (again by using PyMOL), in order to compare the 

binding domain of CRD-sFRP1, full length sFRP1 and GST-sFRP1. Next each of these three 

structures was docked with Wnt7a using ClusPro web interface. The docked structures hence 

obtained were modified using PDBEditor and analyzed with PDBsum Generate. The 

generated data for docked structures, viz., CRD-sFRP1:Wnt7a, sFRP1:Wnt7a and GST-

sFRP1:Wnt7a were compared. 

2.2.6 Western blotting 

Western blotting was done to validate the presence of GST-sFRP1 using anti-GST antibody. 

Purified GST-sFRP1 was electrophoresed on 12% SDS-PAGE and transferred onto 

polyvinylidene difluoride (PVDF, Millipore, USA) membrane. After confirming the transfer 

with Ponceau S staining, membrane was washed with PBST (1% Tween-20 in 10 mM PBS) 

and subsequent blocking was done with 3% BSA in PBST. Thereafter, the membrane was 

incubated overnight with monoclonal anti-GST primary antibody raised in rat. Then, it was 

washed with PBST four times, before being incubated for 2 h with Anti-Rat IgG (whole 

molecule) Peroxidase antibody produced in goat. After thorough washing with PBST, blot 

was developed using Chemiluminescent Peroxidase Substrate. GST protein alone was also 

purified by affinity chromatography and blotted as control following the same protocol. The 

uninduced cell lysate (negative control) and induced cell fractions were also blotted. 

  

TH -1528_11610607



26 

 

2.2.7 Secondary structure characterization with circular dichroism 

The secondary structure of GST-sFRP1 was assessed with the help of circular dichroism 

spectra obtained with JASCO-815 spectrometer (Jasco, Japan). This was carried out in order 

to analyze whether the purified, dialyzed and concentrated protein retained its secondary 

structure. After step-wise dialysis, the final concentration of Tris-HCl buffer was 10 mM 

(pH 7.4). The concentration of GST-sFRP1 analyzed in spectrometer was 0.3 µM. Spectra 

were recorded for protein in cuvette of 0.2 cm path length, under constant nitrogen gas 

purging at a flow rate of 5 L/min and at a temperature of 25 °C maintained by circulating 

water-bath. Scanning was done from wavelength 240 nm to 190 nm at a speed of 50 nm/min, 

with 4 accumulations. Background spectrum of corresponding buffer was subtracted from 

the sample spectrum.  

2.2.8 MALDI TOF-TOF analysis 

MALDI MS-MS analysis was performed in order to characterize and confirm sFRP1 protein 

by tryptic digestion. In situ gel digestion of protein band was carried out using Trypsin 

Profile In-gel digestion kit following manufacturer’s protocol. The processed sample was 

mixed in a ratio of 5:3 with matrix α-cyano-4-hydroxycinnamic acid and spotted onto 

analyzer plate. MS-MS analysis was done with 4700 Proteomics Analyzer with TOF/TOF 

Optics (Applied Biosystems), which uses a diode pumped solid state class I laser. MS/MS 

data were acquired in automatic mode using acquisition method MS MS 1kV positive.  

2.2.9 Cell viability assay 

The effect of GST-sFRP1 was ascertained on two different cancer cell lines, viz., HeLa and 

MCF-7. The protein was dialyzed, concentrated and quantified by Bradford protein 

estimation assay before being added onto the cells. Cells were seeded in 96-well plate at a 

density of 7000 cells per well in DMEM containing 10% FBS. After allowing them to attach 

for about 8 h, media was removed and the protein was added in serum-free media at varying 

concentrations ranging from 1.6 nM to 20 nM. Under these conditions, the cells were 

incubated at 37 °C in 5% carbon dioxide incubator for 48 h. Thereafter, MTT assay was 

performed, where MTT (3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyltetrazolium bromide) is 

converted to purple formazan crystals by dehydrogenase enzymes in mitochondria of 
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healthy, respiring cells. Dimethyl sulfoxide (DMSO, SRL) was added to dissolve the 

formazan, and absorbance was measured at 550 nm. Background measurement was done at 

650 nm. The experiment was also conducted with purified GST protein as control, up to a 

concentration of 40 nM, to eliminate any probability of its effect on cell viability. Percentage 

cell viability was measured by the following equation: 

% of cell viability=
�A550- A655� sample

�A550- A655� control

x100 

2.2.10 Combination therapy 

Combination therapy of GST-sFRP1 with conventional chemotherapeutic drugs, namely, 

cisplatin, under the commercial name Platin 50 (Cadila Pharmaceuticals Limited), and 

doxorubicin hydrochloride, under the commercial name Adriamycin (Pfizer), was also 

performed. Cisplatin was used in the range of 0.5-5 µg/ml and 3-10 µg/ml, whereas 

doxorubicin was used in the range of 0.1-0.5 µg/ml and 0.09-0.2 µg/ml, for HeLa and MCF-

7 cells, respectively. The range, in which the effect was observed, is in accordance with the 

range reported in literature [87, 88]. Both HeLa and MCF-7 cells were tested for the above 

combinations with MTT assay following the same protocol. Control and treated cells were 

observed under microscope (Nikon ECLIPSE TS100). Both HeLa and MCF-7 cells were 

treated with 12 nM of protein, alone and in combination with cisplatin (2 µg/ml and 5 µg/ml 

respectively) or doxorubicin (0.4 µg/ml and 0.2 µg/ml respectively). 

2.2.11 Cell cycle analysis 

Cell cycle analysis was performed using Fluorescence Activated Cells Sorter (FACSCalibur, 

BD Biosciences, NJ, USA) to measure the DNA content of cells upon treatment with GST-

sFRP1, alone and in conjunction with chemotherapeutic agents, namely, cisplatin and 

doxorubicin. Cells were seeded at a density of around 105 cells per well, in a six-well tissue 

culture plate. After allowing the cells to grow for 8 h, the media was replaced by serum-free 

media containing GST-sFRP1, cisplatin, doxorubicin or a combination of GST-sFRP1 with 

cisplatin/doxorubicin. For treatment of the HeLa cells, concentrations of protein, cisplatin 

and doxorubicin used for this experiment were 12 nM, 1 µg/ml and 0.2 µg/ml, respectively. 
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For the MCF-7 cells, the treatment was done with 12 nM GST-sFRP1, 5 µg/ml cisplatin and 

0.1 µg/ml doxorubicin. The concentrations were determined on the basis of the results 

yielded in the MTT assays. The dose of protein, exerting the maximum effect on cell 

viability, was chosen; for the drugs, a concentration at which around 80% of the cells were 

viable was selected. Treatment was done for 48 h, after which, the cells were collected by 

trypsinization. Floating cells in media were collected by centrifugation at 650 g for 6 min at 

4 °C, whereas trypsinized cells were centrifuged at 450 g for 6 min at 4 °C. Cells were then 

fixed in cold, by adding 70% ethanol drop-wise and stored at -20 °C. Subsequently, cells 

were centrifuged, washed with cold PBS and incubated with 0.2 mg/ml RNase A (Amresco) 

at 37 °C for 1 h. Thereafter, propidium iodide (PI) was added at a final concentration of 10 

µg/ml and incubated for 20 min in dark, at 4 °C. Cells were analyzed in FACSCalibur. 10,000 

cells were acquired and analyzed for each sample, using the software CellQuest Pro. 

2.2.12 Statistical tests 

Statistical tests were carried out for the results obtained for all MTT assays using Graphpad 

Prism software. One-way or two-way ANOVA analysis was performed, as per requirement. 

 

2.3 Results and Discussion 

2.3.1 Cloning, expression and purification of GST-sFRP1 

The coding sequence of human sFRP1 comprising of 945 bp was subcloned into pGEX-4T2 

bacterial expression vector, as demonstrated in Figure 2.1A. PCR amplification was carried 

out using pDNR-Dual vector harboring sFRP1 gene, as template DNA; the amplified band 

at the desired position is shown in Figure 2.1B.  The clone was confirmed by digestion with 

the restriction enzymes BamHI and XhoI (Figure 2.1C) as well as by sequencing (the 

sequence is given in Figure 2.1D), as mentioned in subsection 2.2.2.  
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ATGGGCATCGGGCGCAGCGAGGGGGGCCGCCGCGGGGCAGCCCTGGGCGTGCTGCTGGCGCTGGGCGCGGCGC

TTCTGGCCGTGGGCTCGGCCAGCGAGTACGACTACGTGAGCTTCCAGTCGGACATCGGCCCGTACCAGAGCGG

GCGCTTCTACACCAAGCCACCTCAGTGCGTGGACATCCCCGCGGACCTGCGGCTGTGCCACAACGTGGGCTAC

AAGAAGATGGTGCTGCCCAACCTGCTGGAGCACGAGACCATGGCGGAGGTGAAGCAGCAGGCCAGCAGCTGGG

TGCCCCTGCTCAACAAGAACTGCCACGCCGGCACCCAGGTCTTCCTCTGCTCGCTCTTCGCGCCCGTCTGCCT

GGACCGGCCCATCTACCCGTGTCGCTGGCTCTGCGAGGCCGTGCGCGACTCGTGCGAGCCGGTCATGCAGTTC

TTCGGCTTCTACTGGCCCGAGATGCTTAAGTGTGACAAGTTCCCCGAGGGGGACGTCTGCATCGCCATGACGC

CGCCCAATGCCACCGAAGCCTCCAAGCCCCAAGGCACAACGGTGTGTCCTCCCTGTGACAACGAGTTGAAATC

TGAGGCCATCATTGAACATCTCTGTGCCAGCGAGTTTGCACTGAGGATGAAAATAAAAGAAGTGAAAAAAGAA

AATGGCGACAAGAAGATTGTCCCCAAGAAGAAGAAGCCCCTGAAGTTGGGGCCCATCAAGAAGAAGGACCTGA

AGAAGCTTGTGCTGTACCTGAAGAATGGGGCTGACTGTCCCTGCCACCAGCTGGACAACCTCAGCCACCACTT

CCTCATCATGGGCCGCAAGGTGAAGAGCCAGTACTTGCTGACGGCCATCCACAAGTGGGACAAGAAAAACAAG

GAGTTCAAAAACTTCATGAAGAAAATGAAAAACCATGAGTGCCCCACCTTTCAGTCCGTGTTTAAGTGA 

Figure 2.1. (A) Schematic of the method followed for subcloning sFRP1 into PGEX-4T2. 

Agarose (1%) gel analysis, (B) Lane 1 shows 1kb DNA ladder and lane 2 shows sFRP1 gene 

amplified with gene specific primers using pDNR-sFRP1 as template. (C) Lane 1 is the DNA 

ladder, lane 2 is undigested pGEX-sFRP1, lane 3 is pGEX-sFRP1 digested with BamHI and 

XhoI. (D) Sequencing results in pGEX-4T2. 

The recombinant plasmid containing N-terminal GST tagged sFRP1 was eventually 

transformed into E. coli BL21 (DE3). Induction conditions were optimized, where maximum 

protein expression was found at 28 °C for 8 h (Figure 2.2A). However, nearly the entire 

recombinant protein was present as inclusion bodies. Solubilization of this protein from the 

pellet fraction was attempted by various means, such as, cloning and expression in Rosetta-

gami2(DE3) [89], cloning in other bacterial expression vectors, induction at reduced 

temperatures and varying durations of time, usage of detergents like Triton X-100, Tween 

20 and sodium deoxycholate at different concentrations. Earlier investigations by various 

groups reveal the use of various detergents, which were modified and implemented in this 

study as mentioned above [90, 91]. However, urea and guanidine HCl, although found to be 

greatly effective in solubilizing proteins from inclusion bodies, were not tried, as their usage 

leads to a highly disordered protein structure that usually requires extensive refolding 

processes [92]. Also, the GST-protein fusion system has been shown to enhance the stability 

and solubility of recombinant protein. Even in cases where it is not soluble, addition of 

D 
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detergents is sufficient for this purpose [93]. Here, substantial solubilization was 

accomplished with N-lauroylsarcosine and Triton X-100, using the protocol mentioned 

earlier in subsection 2.2.4. A single band of GST-sFRP1 corresponding to molecular weight 

61 kDa was obtained after purification, at the desired position in a 12% SDS-PAGE (Figure 

2.2B). The method optimized for the expression and purification has been illustrated in 

Scheme 2.2. The yield of purified protein, estimated by Bradford assay, was found to be 

approximately 0.5 mg from 100 ml of starter culture. 

Refolding of purified protein to obtain it in a functionally active form is an essential 

requirement for therapeutic applications. Since solubilization of proteins from inclusion 

bodies demands the presence of strong detergents, the protein itself gets completely unfolded 

in the process. Therefore, refolding is indispensable to attaining native conformation. For 

this purpose, different modes of dialysis have been previously used [92].  

 

 

                                            

Figure 2.2. 12% SDS-PAGE depicting expression and purification of GST-sFRP1.  (A) 

Lane 1 shows the protein molecular weight marker (2-212 kDa), lane 2 shows the uninduced 

cell lysate of E. coli containing pGEX-sFRP1, lane 3 shows the expressed GST-sFRP1 in 

pellet fraction. (B) Lane 1 shows protein molecular weight marker and Lane 2 shows the 

purified single band at the legitimate position. 

GST- 

sFRP1 
GST-sFRP1 

66 kDa 

57 kDa 

1      2        3      1           2 
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Scheme 2.2. Schematic illustration of the method optimized for expression and purification 

of GST-sFRP1. 

2.3.2 Homology modeling and docking studies 

Since functional activity of GST-sFRP1 has not been demonstrated yet, docking studies were 

performed to computationally confirm the functionality of GST-sFRP1, before conducting 

experiments in order to prove the same. As the only crystal structure available for the sFRP 

superfamily is that of the binding domain (CRD) of sFRP3 (PDB ID: 1ijxA), binding studies 

of sFRP1 with Wnt could only be performed after predicting the structures of CRD-sFRP1, 

sFRP1, GST-sFRP1 and Wnt7a. Wnt7a was selected for the docking studies with sFRP1 as 

they have previously been shown to bind to each other. The 3-D structures for CRD-sFRP1 

(Figure 2.3A), sFRP1 (Figure 2.3B) and GST-sFRP1 (Figure 2.3C) were modeled using 

Phyre2, whereas Wnt7a was modeled with I-TASSER server (Figure 2.3D).  
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Figure 2.3. Three dimensional structures predicted with homology modeling servers. (A) 

CRD-sFRP1. (B) sFRP1. (C) GST-sFRP1. (D) Wnt7a. 

CRD-sFRP1 hence predicted was confirmed by aligning with the structure of CRD-sFRP3 

available in PDB in PyMOL (Figure 2.4A) and that of CRD-sFRP1 predicted in 

SWISSMODEL website (Figure 2.4B). The structural integrity of the binding domain in the 

predicted whole molecule structure of sFRP1 as well as in GST-sFRP1 was confirmed by 

the same method (Figure 2.4C and Figure 2.4D, respectively). Also, the crystal structure of 

GST obtained from PDB (ID: 1UA5) was aligned with the predicted GST-sFRP1 to confirm 

the reliability of the predicted model (Figure 2.4E). In each of the above cases, a root mean 

square deviation value was generated by PyMOL, which have been mentioned in the figure 

captions. 
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Figure 2.4. Overlapping alignment of three dimensional structures using PyMol (A) CRD-

sFRP3:CRD-sFRP1 (Swissmodel) with RMSD=0.085 (B) CRD-sFRP1 

(Swissmodel):CRD-sFRP1 (Phyre2) with RMSD=0.5 (C) GST-sFRP1:CRD_sFRP1 with 

RMSD=1.69 (D) GST-sFRP1:NTR_sFRP1 with RMSD=1.70 (E) GST-sFRP1:GST (PDB) 

with RMSD=0.842. 

Thereafter, each of the predicted structures- CRD-sFRP1, sFRP1 and GST-sFRP1, was 

docked with Wnt7a by means of the protein-protein docking server ClusPro 2.0 (Figure 

A B 

C D 

E 
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2.5A, Figure 2.5B and Figure 2.5C). This revealed that GST possibly did not participate in 

binding or hinder the binding of sFRP1 to Wnt7a, as it remained separated. 

 

  

Figure 2.5. Docking studies using ClusPro server. (A) CRD-sFRP1 with Wnt7a. (B) sFRP1 

with Wnt7a. (C) GST-sFRP1 with Wnt7a. 

The docked structures were then subjected to analysis of interacting residues using PDBsum 

Generate online server. The residues in the CRD responsible for interaction with Wnt7a have 

been found to interact in a like manner in case of GST-sFRP1, which revealed that GST-

sFRP1 may exhibit similar functional activity as sFRP1 alone. The summary of the results 

are outlined in Table 2.1, while the details are given in Figure 2.6, Figure 2.7 and Figure 

2.8.  
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CRD-sFRP1 GST-sFRP1 

Ala 63 Ala 289 

Asp 64 Asp 364 

Leu 65 Leu 291 

Arg 66 Arg 292 

Lys 91 Lys 317 

Arg 130 Arg 356 

Trp 131 Trp 357 

Glu 134 Glu 360 

Arg 137 Arg 363 

Asp 138 Asp 364 

Glu 141 Glu 367 

Gln 145 Gln 371 

Phe 146 Phe 372 

Phe 147 Phe 373 

Phe 149 Phe 375 

Tyr 150 Tyr 376 

Glu 162 Glu 388 

Table 2.1. A summary of results generated by PDBsum Generate (elaborated in Figure 2.6, 

2.7, 2.8) is given here. It lists all the interacting residues common for CRD-sFRP1 binding 

with Wnt7a and GST-sFRP1 binding with sFRP1, showing that binding of CRD possibly 

remains unhindered. CRD denotes Cysteine Rich Domain or binding domain of sFRP1. 
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Figure 2.6. Analysis of docking studies performed with PDBsum generate server (A) 

Wnt7a (B) CRD-sFRP1. 
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Figure 2.7. Analysis of docking studies performed with PDBsum generate server (A) 

Wnt7a (B) sFRP1. 
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Figure 2.8. Analysis of docking studies performed with PDBsum generate server (A) 

Wnt7a (B) GST-sFRP1. 

2.3.3 Western blot analysis 

Western blotting with anti-GST monoclonal antibody generated legitimate band of GST-

sFRP1 of approximately 61kDa (Figure 2.9). Purified GST alone was also blotted, which 
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developed a band corresponding to the molecular weight of GST (Figure 2.9). The 

uninduced cell lysate and induced cell fraction were blotted, as shown in Figure 2.10. 

 

          

Figure 2.9. Western blotting with anti-GST monoclonal antibody; Lane 1- Purified GST; 

Lane 2- Purified GST-sFRP1. 

 

               

Figure 2.10. Western blotting was performed for (A) uninduced cell lysate as negative 

control, (B) Induced cell fraction. 

2.3.4 Secondary structure characterization with circular dichroism 

The secondary structure of GST-sFRP1, suspended in 10 mM Tris-HCl (pH 7.4), was 

characterized by far-UV circular dichroism. The CD spectrum was obtained with millidegree 

on the Y-axis, which was converted to mean residue ellipticity (mdeg.cm2dmol-1) by the 

formula 

Mean residue ellipticity (Θ) = (100*θ)/Cnl 

1 2 

GST-sFRP1 

(~61kDa) 

GST (~26kDa) 

A B 
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Where, θ is the ellipticity in millidegree, C is the concentration of the sample protein, n is 

the number of residues and l is the path length [94]. Figure 2.11 shows the obtained 

spectrum. The secondary structure analysis was done by employing Yang’s reference, which 

revealed the α-helix content to be 20.7%, β-sheet content to be 33.5% and random coil to be 

29.5%. 

 

 

Figure 2.11. Far-UV circular dichroism spectra of GST-sFRP1 in 10 mM Tris-HCl at pH 

7.4. 

2.3.5 Analysis of MALDI TOF-TOF data 

Soft ionization techniques in mass spectrometry have been employed in conjunction with 

database searching algorithms [95, 96] for protein identification and characterization since 

the past two decades. Here, MALDI coupled with time-of-flight analysis was used for 

characterizing the recombinant sFRP1; the mass spectrometry data is shown in Figure 2.12. 

MS/MS study of each peptide fragment obtained by tryptic digestion of GST-sFRP1 

generated a match with the MASCOT database, with a score of 104. This sequence similarity 

confirmed the identity of the sFRP1 protein.  
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Figure 2.12. MALDI TOF/TOF analysis of GST-sFRP1 upon tryptic digestion generated a 

peptide match of the following sequence KMVLPNLLEHETMAEVKQ. 

2.3.6 Cell viability assay 

sFRP1 has been found to be downregulated due to promoter hypermethylation in various 

cancer types [29-31]. Hence, it can be hypothesized that its overexpression may lead to anti-

proliferative activity by inhibiting the Wnt pathway. Binding of sFRP1 to Wnt ligands is 

known to inhibit the interaction of Wnt with corresponding Fzd receptors, which is necessary 

for Wnt signal transduction [35]. In non-small-cell lung cancer, sFRP1 was demonstrated to 

inhibit the transcriptional activity of β-catenin [40], which is a downstream molecule in the 

Wnt canonical pathway. Although, the non-canonical pathway of Wnt has not been properly 

implicated in carcinogenesis, there is one report, for colorectal cancer, hypothesizing the 
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same [78]. Also, treatment of sFRP1 with demethylating agents, like 5-aza-2’-

deoxycytidine, restored the expression of sFRP1 [79, 97] and suppressed tumor growth [41].  

In this study, functional activity of recombinant sFRP1 was determined by adding it onto 

two different cancer cell lines HeLa and MCF-7. In both cases, the protein was found to 

display significant dose-dependent cell growth inhibitory effect. After 48 h of treatment, less 

than 60% of cell viability was achieved with approximately 10 nM of GST-sFRP1 in case 

of HeLa (Figure 2.13A) and 20 nM in case of MCF-7 (Figure 2.13B), respectively. 

  

Figure 2.13. Effect of GST-sFRP1 in terms of reduction in percentage of viable cells as 

demonstrated by MTT assay. Statistical significance has been determined by one-way 

ANOVA, where * refers to p<0.05, ** refers to p<0.01, *** refers to p<0.001, **** refers 

to p<0.0001. (A) HeLa cells. (B) MCF-7 cells. 

Cell viability was unchanged when purified GST alone (up to a concentration of 40 nM) was 

added onto cells (Figure 2.14). 
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Figure 2.14. Effect of only purified GST on HeLa cells as demonstrated by MTT assay.  

The fact that the treatment with recombinant sFRP1 alone had displayed cell growth 

inhibition could potentially contribute to the domain of combination therapy for the 

treatment of cancer. Hence, the following experiments were conducted to test this 

hypothesis. 

2.3.7 Combination therapy 

Combination therapy was attempted to check if administration of the recombinant sFRP1 

enhances sensitization of cells toward conventional chemotherapeutic drugs. Till date, there 

has been no report of the combinatorial effect of sFRP1 with any anti-cancer drug. However, 

another member of the sFRP family, namely sFRP4, has been shown to significantly increase 

the sensitivity of transfected chemoresistant ovarian cancer cell lines to treatment with 

cisplatin [98].  

Various concentrations of protein and drug were tested in order to optimize the ratio required 

for maximum impact on cell viability.  The optimized ratio obtained via MTT assays in case 

of HeLa and MCF-7, when treated with GST-sFRP1 along with cisplatin (Figure 2.15A and 

Figure 2.15B respectively) and doxorubicin (Figure 2.16A and Figure 2.16B respectively) 
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have been shown. Significant differences in cell viability were observed between treatment 

with only drug and that of drug with protein in each of the following cases.  

 

 Figure 2.15. Treatment of cells with increasing dosage of cisplatin alone and in combination 

with specified concentrations of GST-sFRP1. (A) in case of HeLa cells (B) in case of MCF-

7 cells. Statistical significance has been determined by two-way ANOVA, where * refers to 

p<0.05, ** refers to p<0.01, *** refers to p<0.001, **** refers to p<0.0001. 

 

Figure 2.16. Treatment of cells with increasing dosage of doxorubicin alone and in 

combination with specified concentration of GST-sFRP1. (A) in case of HeLa cells (B) in 

case of MCF-7 cells. Statistical significance has been determined by two-way ANOVA, 

where * refers to p<0.05, ** refers to p<0.01, *** refers to p<0.001, **** refers to p<0.0001. 
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Microscopic images of control and treated HeLa and MCF-7 cells have been illustrated in 

Figure 2.17 and Figure 2.18, respectively. Treatment with GST-sFRP1 did not seem to 

damage cell morphology, although the number of cells appeared to be decreased 

considerably. However, the chemotherapeutic drugs caused a significant damage to the cells, 

which was further augmented in case of combination therapy.  

 

Figure 2.17. Microscopic imaging of HeLa cells (A) Untreated. Treated with (B) 12 nM 

GST-sFRP1. (C) 2 µg/ml cisplatin. (D) 2 µg/ml cisplatin and 12 nM GST-sFRP1. (E) 0.4 

µg/ml doxorubicin. (F) 0.4 µg/ml doxorubicin and 12 nM GST-sFRP1. Scale bar represents 

200 µm. 
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Figure 2.18. Microscopic imaging of MCF-7 cells (A) Untreated. Treated with (B) 12 nM 

GST-sFRP1. (C) 5 µg/ml cisplatin. (D) 5 µg/ml cisplatin and 12 nM GST-sFRP1. (E) 0.2 

µg/ml doxorubicin. (F) 0.2 µg/ml doxorubicin and 12 nM GST-sFRP1. Scale bar represents 

200 µm. 

2.3.8 Cell cycle analysis 

FACS-based analysis was performed to delineate the impact of GST-sFRP1 (alone and in 

combination with chemotherapeutic drugs) on cell cycle of HeLa (Figure 2.19A and Figure 

2.19B) and MCF-7 (Figure 2.19C and Figure 2.19D) cells. The treatment of HeLa cells 

with protein substantially reduced the number of cells in G1 phase and increased the cell 

population in G2/M phase, as compared to untreated cells. A small population of cells 

(3.99%) was found to appear in the sub-G1 phase even in control cells, which was possibly 

due to incubation in serum-free media for 48 h. The percentage of this cell population was 
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increased to 5.89% in the HeLa cells treated with GST-sFRP1. Treatment with 

chemotherapeutic drugs significantly increased G2/M population, which was further 

augmented by combination therapy of the respective drugs with protein. In case of MCF-7 

cells, GST-sFRP1 treatment resulted in a significant apoptotic cell population (7.49%), 

which was further increased during combination therapy with either of the two drugs. 

Addition of either drug as well as combination therapy with protein caused a significant 

decrease in G1 population and increase in G2/M population in both cell lines. All the results 

indicated that the recombinant protein induced cell growth inhibition, partly through cell 

cycle arrest and partly through apoptosis in HeLa cells, whereas apoptosis seemed to be the 

more prominent mechanism in MCF-7 cells. Combination therapy was effective in 

augmenting the impact of the protein. These findings correlated with the results observed in 

MTT assays and morphology studies. It should be mentioned here, that the concentrations 

of chemotherapeutic drugs used for this experiment were much lower than their respective 

IC50 dosage, in an attempt to reduce their adverse side-effects. 
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Figure 2.19. Flow cytometry-based cell cycle analysis (A) HeLa cells treated with sFRP1 

(12 nM), cisplatin (1 µg/ml) and their combination, (B) HeLa cells treated with sFRP1 (12 

nM), doxorubicin (0.2 µg/ml) and their combination, (C) MCF-7 cells treated with sFRP1 

(12 nM), cisplatin (5 µg/ml) and their combination, (D) MCF-7 cells treated with sFRP1 (12 

nM), doxorubicin (0.1 µg/ml) and their combination. 
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2.3.9. Effect of GST-SFRP1 on non-cancerous cell line HEK-293 

Finally the effect of the recombinant sFRP1 was tested on a non-cancerous cell line HEK-

293. It was found that as high as 30 nM of protein did not bring about any difference in cell 

viability (Figure 2.20). 

 

Figure 2.20. Cell viability assay of HEK-293 cells showed that there is no significant effect 

of recombinant sFRP1. 

The development of resistance and severe side-effects of chemotherapy and radiotherapy 

have led to the evolution of gene therapy and protein therapeutics. However, these, by 

themselves, often do not exert sufficiently adequate anti-tumor responses. Hence, treatment 

of cancer has witnessed a paradigm shift culminating in the emergence of combination 

therapy.  

Cell signaling pathways are intricately designed processes, where often certain 

genes/proteins are found to perform multiple roles. As cisplatin and doxorubicin both act by 

inhibiting the mechanism of DNA synthesis, whereas the sFRPs inhibit the Wnt signaling 

pathway, there seems to be no direct interaction between them. However, the cells may have 

been chemosensitized toward the drugs due to the inhibition of the Wnt pathway by sFRP1. 

Stress conditions resulting from cell cycle arrest may render the cells more sensitive toward 

the chemotherapeutic drugs, resulting in increased cell death. Whether the effect on cells is 
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due to the independent functions of GST-sFRP1 and drugs or whether their actions are 

somehow intertwined can only be concluded after extensive analysis. One group had 

reported that adriamycin upregulated hsFRP protein in a non-cancerous cell line (HBL-100). 

The study concluded that hsFRP brings about both apoptosis and cell cycle regulation but 

did not explicitly explain the link between the two networks [36].  

Although further explorations into this field are essential to draw definitive conclusions, 

these experiments demonstrate that this combination therapy may be used for 

chemosensitization of cancer cells toward conventional anti-cancer drugs.  

 

2.4 Conclusions 

Targeting the Wnt family, which constitutes a largely uncharted territory, holds great 

promises in cancer therapy. This chapter has reported expression, purification and functional 

characterization of the recombinant sFRP1 protein.  Molecular docking studies provided 

evidence of sFRP1 interactions with Wnt molecules in Wnt pathway. Experimental studies 

on cell viability and flow cytometry-based assays corroborated anti-cell proliferative effect 

of the recombinant sFRP1. Finally, combination therapy with conventional 

chemotherapeutic drugs augmented anti-cell proliferative responses of the recombinant 

sFRP1. This study may pave the way for clinical translation of the potential of recombinant 

sFRP1 in the upcoming field of protein therapeutics. 
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CHAPTER 3 

3.1 Introduction 

Metal nanoclusters (NCs) have the potential to revolutionize the current therapeutic modality 

by virtue of their extraordinary physical and chemical properties [99-101]. Of the metal NCs, 

gold nanoclusters (Au NCs) have transpired as an attractive option due to their stability, non-

toxicity, remarkable fluorescence properties, and large Stokes shift, thus overcoming the 

limitations of organic dyes and quantum dots [102-105]. Their emission in red/near-infrared 

(NIR) region prevents interference from biological entities during cellular imaging [106-

108]. Biodegradable polymers, acting as templates for hosting Au NCs, may qualify as 

versatile platforms for drug delivery, as they can be used as probe for detection of binding 

and release of cargo. In addition, tunable fluorescence imaging studies can provide a 

thorough understanding of its mechanism of action, making it an attractive solution for a 

grave problem. The synthesis of chitosan-based Au NC-containing nanocarriers has been 

previously reported, displaying simultaneous red, green and blue fluorescence, which has 

been favorably exploited for optical imaging and as flow cytometry probe [109]. 

Combination therapy has also been implemented using Au NCs for fluorescent/ X-ray 

computed tomography imaging and radiotherapy [110, 111]. 

Recent material innovations have propagated a paradigm shift toward the unique concept of 

co-delivery of drug and therapeutic molecules conjugated to nanocarriers [112]. Studies have 

revealed that these therapeutic molecules by themselves may not be toxic enough to eradicate 

cancer completely, but they may be used in combination with chemotherapy to help reduce 

the dosage of drugs and diminish their side effects [68, 113]. Ligand-targeted NPs loaded 

with chemotherapeutic drugs are increasingly finding application in remedy of cancer, with 

the common targets being receptors overexpressed by cancer cells, such as folate and 

transferrin receptors [114-116]. However, even though aberrant upregulation of Wnt 

pathway is one of the highlights in cancer,  till date there has been no report documenting 

the targeting of Wnt pathway with NPs for cancer therapy. 
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In the current study, a novel system consisting of recombinant therapeutic protein sFRP1 

bound chitosan-Au NC-alginate composite NPs (henceforth referred to as protein-NPs) was 

established for specific targeting of the Wnt pathway in cervical cancer cells (HeLa). The 

anti-proliferative effect of the sFRP1-NPs was determined by treating HeLa cells. Here, the 

theranostic NPs were constructed by a quick and facile method, whereby, Au NCs were 

synthesized keeping biopolymer chitosan as template, and converted to NPs using 

polysaccharide alginate. Size and surface charge of these multifunctional NPs were 

modulated keeping in mind that recombinant sFRP1 binds to its target Wnt ligand in the 

extracellular space and hence, the composite ideally should not penetrate the cell membrane. 

Luminescence properties of Au NCs fortified its role as a fluorescent signal indicator for in 

media probing of protein, monitoring its binding, stability as well as imaging over a 

prolonged time period. Binding of sFRP1 with NPs resulted in its enhanced anti-proliferative 

activity, as shown by cell viability assay, dual staining by acridine orange (AO) and ethidium 

bromide (EB), cell cycle analysis, and apoptosis detection assay of treated HeLa cells. 

Targeting of the Wnt ligands with sFRP1-NPs successfully blocked the Wnt signaling 

cascade, which plays a predominant role in carcinogenesis. The uniqueness of this regime 

lies in the feature that the therapeutic protein-NPs will simultaneously serve the purposes of 

both targeting cancer cells and arresting their growth. In addition, synergistic effect of 

sFRP1-NPs with traditional chemotherapeutic agent cisplatin brought about a drastic 

increase in apoptotic cell population. This novel approach of co-therapy exploited the 

benefits of NP-mediated protein therapeutics to augment the efficacy of chemotherapy via 

targeted cancer cell signaling. While sFRP1 possesses the therapeutic potential, composite 

NPs provide stability to the system. The crux of the concept of this work has been illustrated 

in Scheme 3.1. 
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  Scheme 3.1. The findings reported in this chapter are represented schematically. 

 

3.2 Material and Methods 

3.2.1 Synthesis of Chitosan-Au NC-Alginate NPs (Chi-Au NC-Alg NPs) 

Chitosan solution was prepared at a concentration of 0.5% in 0.1% (v/v) acetic acid. It was 

then filtered to attain homogeneous solution of chitosan. The pH was adjusted to 6.2 with 

NaOH. 2 ml of this solution was added to 10 ml of Milli-Q water, to which 80 µl of 0.11 M 

MPA was added. Au NCs were synthesized by adding 180 µl of 10 mM gold(III) chloride 

to the above solution and stirring for 15 min at room temperature. After checking the 

luminescence of the Au NCs in UV transilluminator, 2 ml of the synthesized chitosan-Au 

NC was taken in a separate tube. To make negatively charged NPs, 1 ml of liquid paraffin 

oil was added to it, along with 0.5 ml of 1% sodium alginate. It was then sonicated with a 

probe sonicator for 3 min, under cold conditions. After sonication, the top layer of oil was 

discarded and rest was centrifuged at 11,500 g for 5 min at room temperature. Pellet obtained 
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on centrifugation was resuspended in 1 ml Milli-Q water. This washing step was crucial for 

complete removal of oil and hence was repeated three times. After the final round of 

centrifugation, the pellet was dissolved in 500 µl Milli-Q water to get negatively charged 

Chitosan -Au NCs -Alginate NPs. 

3.2.2 Expression, purification of GST tagged human sFRP1 

Protein was expressed in E. coli BL21 (DE3) cells transformed with recombinant vector 

pGEX-4T2 containing human sFRP1 gene. GST-sFRP1 was purified to near homogeinity 

by affinity chromatography, using glutathione-agarose beads, which bind to GST.[27] The 

purified GST tagged human SFRP1 protein was dialyzed against 10 mM tris buffer at pH 

7.5 for 7 h. The protein concentration was estimated by Bradford assay for all experiments. 

3.2.3 Characterization of Chi-Au NC-Alg NPs 

The NPs were characterized, alone as well as after binding to GST-sFRP1, by means of 

dynamic light scattering (DLS) and zeta potential measurement using Malvern Zetasizer 

Nano ZS, to determine hydrodynamic diameter and net surface charge respectively. Fourier 

transform infrared (FTIR) spectroscopic analysis was also performed for NPs, protein, and 

protein-NPs. Samples were lyophilized, pellets were prepared with potassium bromide, and 

thereafter, spectral measurements were taken in the range of 400 to 4000 cm-1 using Perkin-

Elmer Spectral One. Quantum yield of Chi-Au NC-Alg NPs was calculated using established 

formula [117] (details given in subsection 3.3.1). 

3.2.4 Imaging of Chi-Au NC-Alg NPs with TEM and fluorescence microscope 

Transmission electron microscopy (JEM 2100 TEM) was done, at an accelerating voltage of 

200 keV, to capture images of NPs, alone and bound to GST-sFRP1. For this purpose, 

samples were drop-casted on carbon-coated copper grid and dried at room temperature. 

Fluorescence microscopy was also used to record images of NPs at different emission 

wavelengths by drying the samples on a glass slide. 

3.2.5 Binding studies of NPs with protein 

The same batch of NPs was loaded with different amounts of dialyzed protein for studying 

their binding efficiency. Volume was made up to 1 ml with 10 mM tris buffer (pH 7.5) for 
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all samples. Incubation was done at 37 °C for 3 h, at the end of which, samples were 

centrifuged and pellet was redispersed in 1 ml Milli-Q. Luminescence of NPs was probed at 

excitation wavelength of 320 nm using Fluorolog-3. Binding efficiency was calculated by 

the following formula – 

 

Binding efficiency (%) =       X 100 

 

Circular dichroism spectral analysis was conducted with JASCO-815 spectrometer (Jasco, 

Japan), at flow rate of 5 L/min, temperature of 25 °C and scanning wavelengths of 240 nm 

to 190 nm.  

3.2.6 Release studies of protein 

From the previous experiment, the concentration of protein displaying maximum binding to 

the NPs was selected. After binding, samples were centrifuged, pellets were redispersed in 

PBS, and incubated at 37 °C for different time periods ranging from 0 h to 48 h. Each sample 

was centrifuged at various time points, supernatant was collected, which will contain the 

released protein. For this experiment, fluorescence intensity of released protein was probed 

by tracking the emission wavelength at 360 nm, on excitation at 280 nm using fluorescence 

spectrophotometer LS55 Perkin-Elmer. 

3.2.7 Mammalian cell culture 

Human cervical cancer (HeLa) and human embryonal kidney (HEK-293) cell lines were 

obtained from National Centre for Cell Sciences, Pune. Cells were maintained in DMEM, 

containing 10% FBS, 100 U/ml Penicillin, 100 µg/ml Streptomycin in humidified 

atmosphere at 37 °C in a 5% carbon dioxide incubator. 

3.2.8 Stability studies of NPs and tracking the release of protein 

The luminescence property of Au NCs was utilized for probing the stability of NPs and 

release of protein in culture media, over a span of 48 h. For this purpose, HeLa cells were 

seeded in six-well plate at a density of 105 cells per well and allowed to attach for 8 h. 

Thereafter, media was replaced by serum-free media containing only NPs as well as NPs 

IntensityNP – Intensityprotein-NP 

IntensityNP 
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bound to GST-sFRP1 in separate wells. One set of NPs and protein-bound NPs, was 

collected at each time point in their culture media. Luminescence intensity was measured 

with Fluorolog-3, Horiba JobinYvon, USA, at 2 h, 14 h, 24 h and 48 h respectively. 

3.2.9 Assessment of cell viability 

The effect of sFRP1-NPs on HeLa cells was determined by MTT assay. HeLa cells were 

seeded in a 96-well plate at a density of 7000 cells per well. After allowing the cells to attach 

for 8 h, they were treated with Chi-Au NC-Alg NPs, GST-sFRP1 and sFRP1-NPs 

respectively, for 48 h. The activity of recombinant protein was also tested on non-cancerous 

cell line HEK-293. Then MTT assay was performed, whereby MTT was converted to purple 

formazan crystals by healthy cells. These crystals were dissolved in DMSO and absorbance 

was recorded at 550 nm, with background reference measured at 655 nm. All concentrations 

were added in triplicates and the experiment was performed three times. Cell viability was 

calculated using the following formula and statistical tests were performed. 

% of cell viability=
�A550- A655� sample

�A550- A655� control

x100 

3.2.10 Tracking NPs with high-end deconvolution microscopy 

Tracking the localization of NPs was essential to confirm whether they remained in the 

media or were uptaken by the cells. For this purpose, they were viewed after incubation with 

sFRP1-NPs under high-end deconvolution microscope (DeltaVision, GE Healthcare Life 

Sciences).  

3.2.11 Preparation of whole cell protein lysate and Western blotting 

Western blotting was done to analyze the signaling pathway responsible in bringing about 

the detrimental effects of GST-sFRP1 on the growth of HeLa cells. In particular, 

phosphorylation status of β-catenin protein, which is central to the Wnt pathway, was 

checked. Cells treated with protein-NPs were also analyzed in order to evaluate the 

functionality of protein in the two cases. With this intent, cells were treated with both for 24 

h in 60 mm culture petridishes containing serum-free media. A control sample with cells 

incubated in serum-free media for 24 h was also kept. Thereafter the media were discarded 
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and the cells were washed two times with PBS. RIPA buffer supplemented with protease 

inhibitor cocktail was added to each plate, and incubated for 5 min in cold under mild 

shaking. The cell lysate was then sonicated for 10 sec with probe sonicator in ice. Thereafter, 

samples were centrifuged at 8000 g for 10 min at 4 °C to pellet down the cell debris. The 

respective supernatants, containing all soluble proteins, were collected and the amount of 

protein in each was quantified using Lowry’s method of protein estimation. Then an equal 

amount of each of the three samples (untreated, treated with protein, treated with protein-

NPs) was electrophoresed in triplicates on 12% SDS-PAGE and transferred to a PVDF 

membrane. Blocking of the membrane was done with 4% bovine serum albumin (BSA, 

HiMedia, India) in PBST for 2 h. It should be mentioned here that all steps followed for 

detection of phosphorylated protein require the usage of TBST (50 mM tris, 150 mM sodium 

chloride, 0.1% tween 20) instead of PBST. Eventually, membrane was cut such that each 

replicate sample was incubated overnight with either of primary antibody against human β-

catenin, phosphorylated form of β-catenin (pSer33/ pSer37) and β-actin as endogenous 

control. Next, membrane was washed with PBST/TBST five times and incubated with 

corresponding peroxidase labeled secondary antibodies. Again, washing was done five times 

with PBST/TBST, before the blots were developed with Chemiluminescent Peroxidase 

Substrate. 

3.2.12 AO/ EB dual staining 

To distinguish between healthy and membrane compromised cells, the cells were 

simultaneously stained with AO and EB. In this pursuit, the cells were grown in a 96-well 

plate, as before. Recombinant protein, alone and after being bound to Chi-Au NC-Alg NPs, 

were added at concentrations for which maximum effect was observed in the MTT assay. At 

the end of the treatment period of 48 h, media was discarded, the cells were washed 

thoroughly with 10 mM PBS, and AO and EB were added at concentrations of 2 µg/ml and 

10 µg/ml, respectively. After incubation for 5 min in dark, the cells were washed with fresh 

PBS and visualized under fluorescence microscope (Nikon ECLIPSE TS100). 
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3.2.13 Expression profiling for downstream genes 

Expression of two genes- cyclin D1 and survivin, functioning downstream of β-catenin in 

the Wnt pathway, was also studied to further confirm the implication of this signaling 

pathway. RNA was isolated with the Tri reagent-based method and cDNA was synthesized 

with RevertAid H-minus Reverse Transcriptase kit (Fermentas). A 220 bp fragment of the 

gene for cyclin-D1 was amplified from the cDNA using forward primer 5´-

CGCCCCACCCCTCCAG- 3´and reverse primer 5´-CGCCCAGACCCTCAGACT- 3´, 

whereas a 170 bp fragment of the survivin gene was amplified using forward primer 5´- 

AGAACTGGCCCTTCTTGGAGG-3´and reverse primer 5´-

CTTTTTATGTTCCTCTATGGGGTC-3´. 

3.2.14 Combination therapy with cisplatin 

Cisplatin was also added in combination with the above samples, to determine if the protein-

NPs have the potential to induce sensitization of HeLa cells toward cisplatin. MTT assay 

was conducted following the above protocol. The range of concentration of cisplatin used 

was 1 µg/ml to 5 µg/ml. 

3.2.15 Cell cycle analysis 

The effect of the protein conjugated NPs on the cell cycle pattern of HeLa cells was evaluated 

by FACS using PI. Also, its impact in combination with cisplatin was ascertained in the 

same manner. Cells were seeded at a density of 105 cells per well in a six-well plate and 

allowed to attach overnight. Thereafter, the cells were treated separately with recombinant 

sFRP1 and sFRP1-NPs, alone and in combination with cisplatin. The concentration used for 

GST-sFRP1 was 10 nM and equivalent concentration of protein-NPs was used. 

Concentration of cisplatin used was 3 µg/ml. All concentrations were decided based on the 

data obtained from MTT assays. Samples were treated for 48 h at the end of which, cells 

were harvested by trypsinization, and fixed with 70% ethanol in ice for 1 h. Then they were 

centrifuged at 650 g for 5 min at 4 °C. Pellets thus formed were washed with cold PBS before 

being incubated in 0.4 mg/ml RNase solution for 1 h at 37 °C. PI was added to each sample 

at a concentration of 10 µg/ml and incubated in dark till the time of analysis in FACSCalibur. 
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3.2.16 Detection of apoptosis by fluorescein isothiocyanate  (FITC) conjugated Annexin 

V/ PI 

This assay was performed to distinguish among the healthy, early apoptotic and late 

apoptotic cells, following treatment. HeLa cells were grown and treated following the same 

method as above. Cells were collected by trypsinization, washed with PBS and stained with 

Annexin V-FITC and PI, following the manufacturer’s protocol provided with Annexin V-

FITC apoptosis detection kit (BD Biosciences). Finally, the cells were analyzed by FACS. 

All concentrations used were same as the previous experiment. 

 

3.3 Results and Discussion 

3.3.1 Recombinant GST-sFRP1 bound to Chi-Au NC-Alg NPs 

The recombinant vector pGEX-4T2 with the cloned human sFRP1 was transformed into E. 

coli BL21(DE3). GST tagged sFRP1 protein was expressed and purified from the bacterial 

culture using affinity chromatography column, which generated a discrete single band at 61 

kDa corresponding to GST-sFRP1, in SDS-PAGE (Figure 3.1A). The pI (isoelectric pH) of 

GST-sFRP1 calculated theoretically using ExPASy pI calculator, was found to be 8.73, 

which meant that the recombinant protein would have a net positive surface charge at 

physiological pH. Also, its mechanism of action requires its presence outside the cells, in 

the culture media, where it binds to Wnt ligands [33]. In non-cancerous cells, sFRP1 is 

known to bind to Wnt ligands, which are extracellular secretory proteins, and prevent it from 

carrying out its downstream signaling [118]. In cancer cells, sFRP1 is downregulated [119, 

120] and hence, Wnt binds to its cell surface receptor Fzd to transduce the Wnt cell signaling 

pathway, resulting in upregulation of pro-proliferative genes like cyclin D1, survivin and c-

myc. Exogenous addition of GST-sFRP1 to cervical cancer cells led to its binding to Wnt 

ligand in the extra-cellular medium [27]. In order to overcome the limitations of treatment 

with recombinant protein alone, biocompatible composite NPs were formulated. 

Additionally, for real time monitoring of protein luminescent Au NCs were incorporated 

owing to their enhanced photophysical activity. Prior to formation of the composite NPs, Au 

NCs were synthesized with gold(III) chloride,  on biopolymer chitosan, in the presence of 

TH -1528_11610607



64 

 

reducing agent 2-mercaptopropionic acid (MPA), based on the method developed earlier 

[109]. They were converted to NPs using biopolymer alginate, which being negatively 

charged at physiological pH, helped in the formation of spherical NPs by electrostatic 

interactions with positively charged amine groups of chitosan. As synthesized composite 

NPs revealed characteristic emission of the Au NCs at 610 nm when excited by 320 nm UV 

light as depicted in Figure 3.1B.  

 

        

Figure 3.1. (A) 12% SDS-PAGE showed a single band of purified GST-sFRP1 at its 

legitimate size of 61 kDa, (B) Emission spectrum of Chi-Au NC-Alg NPs displaying bright 

luminescence when excited with 320 nm wavelength of light; negative control containing 

all the constituents of the NPs excepting gold chloride. 

MALDI-TOF data showed a prominent peak at m/z equaling to 5310.98 (Figure 3.2A), 

which corresponds to [Au20+ (MPA)12+ 5 Na+]. This was a confirmation of the organization 

of gold cluster, comprising of 20 gold atoms. The extinction spectrum of the synthesized 

NPs did not display any peak in the range of 400-800 nm, ruling out the possibility of 

formation of SPR positive gold NPs [106, 109] (Figure 3.2B). 

A 

GST-sFRP1 

B 
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Figure 3.2. (A) MALDI TOF analysis of composite NPs demonstrated the molecular 

formula of the Au NCs to be [Au20 + (MPA)12 + 5 Na+]. (B) UV-visible absorption spectrum 

of Au nanoclusters. 

The size and surface charge of the composite NPs were optimized by varying the 

concentration of chitosan to alginate ratio to attain bigger and negatively charged NPs, which 

possessed reduced capability of penetrating the cell membrane. This was necessary as the 

recombinant protein binds to Wnt ligands in the extracellular medium to exert its activity. 

Average hydrodynamic diameter of the NPs was 599 nm (Figure 3.3A) and that of protein-

NPs was 767 nm (Figure 3.3B), as analyzed by DLS. Zeta potential studies revealed that the 

positively charged chitosan Au NCs were converted to negatively charged NPs (-26.6 mV) 

by addition of alginate (Figure 3.3C).  Interaction of NPs with GST-sFRP1 caused a further 

reduction in its negative charge from -26.6 mV to -15.8 mV (Figure 3.3D). The negative 

charge of the NPs would possibly help to reduce the endocytic uptake of protein-NP 

conjugate by the negatively charged cell membrane [121]. Besides, this decrease in negative 

charge may enhance the circulation time of the NPs by reducing uptake by macrophages. 

Literature also suggests that positive NPs are cleared more quickly from the body by the 

mononuclear phagocyte system (MPS), as compared to neutral or negatively charged NPs 

[121]. It may be emphasized here that the features of size and surface charge tunability of 

the composite NPs greatly widen the scope of its clinical application. 
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Figure 3.3. Hydrodynamic diameter was found to be (A) 599 nm for Chi-AuNC-Alg NPs. 

and (B) 767 nm for sFRP1-NPs. Zeta potential studies showed that net surface charge of (C) 

NPs was -26.6 mV. (D) Protein-NPs was -15.8 mV. 

TEM images revealed the formation of nearly uniform spherical NPs of average diameter of 

320 ± 15 nm (Figure 3.4A). The difference in size of NPs as observed in TEM images, 

showing dried samples, and DLS analysis, with samples in solution, was probably due to the 

swelling of NPs in solution. Both chitosan and alginate have been reported to swell in 

aqueous solution, depending on their concentration and degree of cross-linking [122]. The 

Au NCs are clearly visible in the magnified image (Figure 3.4B). Interestingly, the 

composite NPs remained intact even after interaction with protein (Figure 3.4C and Figure 

3.4D), which implied that the protein structure did not interfere with the chemistry of the 

NPs. This finding is quite remarkable as it unveils the potential of this system for the delivery 

of therapeutic proteins in future. The particle size distribution profile shown in Figure 3.4E. 

 

 

 

 

A B 
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Figure 3.4. (A) As synthesized NPs were drop casted, dried and imaged with TEM image, 

which depicted spherical NPs of around 350 nm diameter and, (B) Magnified image to show 

Au NCs, (C) Binding of NPs with protein was done in Tris buffer for 2 h. Thereafter, the 

sample was dried on a TEM grid and imaged and, (D) Magnified image to show Au NCs 

after binding of protein. (E) Particle size distribution data based on TEM images. 

Another important necessity for drug or protein delivery is the tracking of its path after its 

administration. The extraordinary luminescence properties of the Au NCs in the composite 

A B 

E 
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NPs enable its use as a luminescent probe for imaging and tracking purposes [105]. The 

quantum yield of Chi-Au NC-Alg NPs was calculated to be 1.3%, using quinine sulfate as 

standard, using established one-step method:  

Q = QR 

Where, Q is the fluorescence quantum yield, I is the integrated fluorescence intensity, OD is 

the optical density (absorption), n is the refractive index. The subscript R denotes the 

standard compound used, which in this case, is quinine sulfate. The quantum yield of quinine 

sulfate is 54%. 

Furthermore, epi-fluorescence microscopy showed discrete particles displaying green and 

red images with blue and green filters respectively (Figure 3.5). This fascinating feature can 

be exploited for optical imaging studies, especially if more than one fluorescent molecule is 

required for any experiment. Also, previous investigations have demonstrated that Au NCs 

undergo photobleaching to a far lesser degree than organic dyes, which further enriches the 

credibility of Au NCs [105, 109]. 

 

Figure 3.5. Composite NPs emitting green and red fluorescence under microscope when 

excited with blue and green light, respectively. Scale bar is 10 µm. 
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3.3.2 Binding and release studies of recombinant protein 

Binding studies of the GST-sFRP1 were conducted by probing the luminescence of Au NCs. 

Maximum binding efficiency was calculated to be approximately 70.6% in Tris buffer at pH 

7.4  (Figure 3.6A and Figure 3.6B).  

 

Figure 3.6. (A & B) Binding of NPs with increasing concentrations of protein was done for 

2 h in Tris buffer (pH 7.4). Probing the luminescence of Au NCs yielded protein 

concentration dependent quenching of luminescence, with a maximum binding efficiency of 

70.6% for a protein concentration of 32 nM, after which saturation was attained. 

Binding of protein to the NPs was further substantiated by FTIR spectroscopy (Figure 3.7) 

and circular dichroism spectral analysis. In the FTIR spectra, binding of protein to Chi-Au 

NC-Alg NPs was represented by a shift in the characteristic peak for amide I from 1609 cm-

1 to 1613 cm-1, with the appearance of a second peak at 1524 cm-1 signifying amide II.  
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Figure 3.7. FTIR analyses of (A) Chi-AuNC-Alg NPs. (B) sFRP1-NPs after binding 

for 2 h in Tris buffer. Both samples were lyophilized before analysis. 
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B 
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Circular dichroism analysis was performed to study the conformational change of protein 

after binding with NPs. As reported in the previous chapter, α- helical structures and β-sheets 

of GST-sFRP1 were 20.7% and 33.5%, respectively [27]. Upon binding to NPs, α-helix was 

found to reduce to 9.3% and β-sheets were increased to 60.6% (Figure 3.8).  This indicated 

that although the protein underwent some conformational changes upon binding to NPs, its 

secondary structures were intact to a significant extent. Subsequent experiments confirmed 

that the functionality of the protein was retained.  

 

Figure 3.8. CD spectrum of GST-sFRP1 bound to NPs performed in Tris buffer pH 7.4. 

Release profile of GST-sFRP1 from Chi-Au NC-Alg NPs was examined in PBS (pH 7.4) by 

probing intrinsic luminescence of protein. It demonstrated a sustained release of about 40% 

of the bound protein from composite NPs after 48 h (Figure 3.9A). It can be anticipated that 

the bound protein may also interact with its target i.e., Wnt ligand through protein-protein 

interaction in the extracellular media and generate desired cell inhibitory effects. The 

sustained release profile obtained in this case is ideal for prolonged activity of the protein. 
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3.3.3 Stability of Au NCs in cell culture media studied by probing luminescence 

As an in vitro/in vivo biological system contains an assortment of proteins, the stability of 

the protein- NPs in cell culture media, was also conducted by probing the luminescence of 

Au NCs. In this pursuit, luminescence of the NPs was quenched by 20% in the initial hours 

possibly due to instability of the NPs (in absence of protein) in media (Figure 3.9B). 

However, interaction of the NPs with different components of medium, such as, amino acids, 

resulted in the stabilization and constancy of the luminescence due to Au NCs over longer 

period of time. However, the interaction of the protein with NPs significantly stabilized the 

NPs and the luminescence intensity remained undiminished, where the emission intensities 

due to both bound and unbound NPs were normalized to emphasize the difference in their 

stability.  

 

Figure 3.9. (A) After 2 h of binding of NPs with protein in Tris, time dependent release 

profile was investigated in PBS (pH 7.4) , which illustrated a maximum of 40% release of 

bound protein from the NPs in 48 h, (B) Stability studies in growth media displayed 

enhanced stability of the protein-NPs, as compared to unbound NPs. For this experiment, 

cells were treated with NPs, with or without bound protein, and the culture media were 

collected for analysis of luminescence, at different time points up to 48 h. 

Figure 3.10 depicted that binding of protein to NPs in culture media quenched the 

luminescence of the clusters, corroborating the results obtained from the binding studies in 
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Tris buffer, pH 7.4. However, maximum luminescence quenching was observed at 2 h, 

which decreased gradually in a time dependent fashion. This may prove to be an excellent 

tool to perform relative quantification studies using stable and labelled payload in vitro, by 

using Au NCs as luminescent probe [123]. 

 

 

Figure 3.10. Binding of sFRP1 with composite NPs in cell culture media quenched the 

luminescence of the clusters at initial hours. 

3.3.4 Tracking NPs for anti-cancer function 

Researchers have reported that transfection of sFRP1 gene in mammalian cancer cells leads 

to reduced cell growth and proliferation [41, 50]. In the previous chapter, the inhibitory 

effects of GST-sFRP1 on cancer cell lines were demonstrated [27]. In this chapter, it has 

been established that the protein after being bound to NPs, not only retained its functionality, 

but also displayed improved cell inhibitory effect, as compared to protein alone. This can be 

attributed to the stability and sustained release of protein from the NPs, resulting in the 

prolonged presence of functional sFRP1 in the medium, as compared to the protein alone. 

Cell viability was reduced to 50% for protein-NPs, while corresponding concentration of 

protein (12 nM) showed a viability of 61% (Figure 3.11A). Composite NPs were found to 
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be completely non-toxic even at high concentrations, making them ever more suitable for 

clinical applications in tracking and delivery of cargo. Moreover, GST-sFRP1 did not exert 

any inhibitory action on non-cancerous cell line HEK-293 (Figure 3.11B). This would imply 

reduced side effects, making this protein ideal for cancer therapy. 

 

Figure 3.11. (A) Treatment with protein-NPs showed profound effect on viability of HeLa 

cells, compared to protein alone, as deduced from cell viability assay. Cells were also treated 

with NPs of corresponding concentrations. (B) Cell viability assay showed that recombinant 

sFRP1 has no effect on HEK-293 cells, even after 48 h of treatment at high concentrations. 

 Herein, it should be mentioned that sFRP1 exerts its activity in the extracellular medium. 

To determine the fate of NPs, the particles were tracked using deconvolution microscope at 

60X magnification (Figure 3.12A). The images clearly deciphered that NPs remained in 
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media with red luminescence and thus the criteria for synthesizing the NPs were met. This 

was corroborated by flow cytometry-based quantitative analysis of HeLa cells treated with 

luminescent NPs. Analysis was performed in FL3-H channel for recording red fluorescence 

upon excitation with 488 nm laser. No shifting of peak along the FL3-H axis in the treated 

cell population was observed, as compared to the control cells (Figure 3.12B). This proved 

that the cells had not taken up the luminescent NPs, which corroborated Figure 3.12A.  

 

       

Figure 3.12.  (A) Imaging NPs in cell culture media showed that they remained in the media 

and were not uptaken by cells at 2 h. (B) Quantitative analysis by flow cytometry 

demonstrated that HeLa cells did not show uptake of luminescent NPs. 
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3.3.5 Targeting the Wnt signaling pathway 

The downstream Wnt pathway was studied to elucidate the mechanism of the growth 

inhibitory effect of recombinant sFRP1 on HeLa cells and to prove that the Wnt pathway 

was indeed being targeted by the sFRP1-NPs. As sFRP1 is reported to block Wnt pathway 

in normal adult cells, expression profile of a few crucial molecules of the Wnt cascade was 

explored. The most prominent member lying downstream of Wnt is the β-catenin protein. In 

cancer cells, Wnt pathway is active, where β-catenin is stabilized by several proteins and 

accumulates in the cytoplasm. Subsequently, it translocates into the nucleus and 

transcriptionally upregulates the expression of certain pro-proliferative genes like cyclin D1 

and survivin. In presence of active sFRP1 in normal cells, β-catenin is phosphorylated to 

mark it for degradation by ubiquitination, and expressions of cyclin D1 and survivin are 

decreased. Hence, the β-catenin protein level as well as gene expression of cyclin D1 and 

survivin were examined by Western blotting and semi-quantitative PCR, respectively. For 

Western blotting, 53 µg of whole cell protein from each of three samples (control, GST-

sFRP1, Chi-Au NC-Alg conjugated GST-sFRP1) was loaded into each well of a 12% SDS-

PAGE, after quantifying them with Lowry assay. β-actin was used as loading control for all 

samples. β-catenin was significantly downregulated and phosphorylated β-catenin was 

significantly upregulated in both sFRP1 (Figure 3.13A) and sFRP1-NP treated cells (Figure 

3.13B), as compared to the control cells. Ratio of phosphorylated to total β-catenin was 

negligible in control cells, whereas it increased 47 folds and 73 folds in protein and protein-

NP treated cells, respectively (represented graphically in Figure 3.13C). Gene expression 

levels decreased for cyclin D1 (1.03 times and 1.78 times for protein and protein-NPs 

respectively). Similarly, expression of survivin gene also decreased (1.43 fold and 3.45 folds 

respectively), as illustrated in Figure 3.13D. Graphical representation of fold-change in gene 

expression is given Figure 3.13E. These experiments provided conclusive evidence that 

GST-sFRP1 exerted its anti-cancer effect by targeting the Wnt pathway. Also, they 

confirmed that the recombinant protein entirely retained its functional integrity after being 

bound to Chi-Au NC-Alg NPs. 
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Figure 3.13. Western blotting to detect β-catenin, phosphorylated β-catenin and β-actin 

protein levels in HeLa cells (A) lane-1: untreated control, lane 2: treated with sFRP1 for 24 

h and, (B) lane-1: untreated control, lane 2: treated with sFRP1-NPs for 24 h, (C) Graphical 

representation of fold change in ratio of phosphorylated β-catenin to β-catenin protein, (D) 

Expression analysis of downstream survivin and cyclin D1 genes in cells treated with sFRP1 

and sFRP1-NPs for 24 h, as compared to untreated cells, (E) Graphical representation of 

fold change of cyclin D1, survivin and β-actin. 

Furthermore, the effect of the recombinant sFRP1, with and without conjugation to 

nanocomposite, was delineated by a series of experiments. A preliminary examination of the 

damage sustained by the HeLa cells was done by simultaneous staining with two fluorescent 

dyes-AO and EB. AO is a cationic, cell permeable dye that stains the entire cell including 

nucleus. It has an emission maximum at 525 nm (green), when exposed to blue light. EB has 

an emission maximum at 605 nm (intense orange) on intercalating with DNA, when excited 

with ultraviolet light. However, it is cell impermeable and can bind to the DNA of membrane 

compromised cells only. Hence, dual staining with AO and EB was employed to distinguish 

A 
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between healthy and membrane compromised cells. Further, apoptotic and necrotic cells can 

be differentiated based on the fact that necrotic cells will only be stained by EB as they 

undergo autolysis and do not have intact membrane. Visualization in epi-fluorescence 

microscopy demonstrated that the treatment with GST-sFRP1 triggered membrane damage 

of cells. The effect was enhanced on treatment with sFRP1-NPs, where a significant 

population of the cells showed staining with AO and EB (Figure 3.14).  It is evident from 

the images that treated HeLa cells undergo apoptosis, which is the preferred mode of cell 

death. Hence, it may be surmised that the sFRP1-NPs successfully damaged cancer cells by 

targeting the Wnt cascade.  

 

Figure 3.14. AO/EB staining of (A) control HeLa cells, (B) cells treated with protein and, 

(C) treated with protein-NP, respectively, depict membrane compromised cells in treated 

population, with damage being maximum in case of treatment with protein bound to 

composite NPs.  
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3.3.6 Molecular mechanisms in combination module 

Studies have elaborated the phenomenon of chemosensitization of cancer cells toward a 

conventional chemotherapeutic agent by over-expression of a relevant gene [124] or addition 

of a therapeutic protein [109]. This fact has been exploited in this work, whereby, binding of 

protein to Chi-Au NC-Alg was found to considerably sensitize HeLa cells toward cisplatin. 

MTT assay exhibited a sharp reduction in cell viability in case of combination therapy 

(cisplatin with protein-NPs), as compared to only protein-NPs or only cisplatin treated cells 

(Figure 3.15A). The concept of combination therapy, such as chemotherapy followed by 

radiotherapy, has been prevalent for decades [125, 126]. Although this mode of treatment 

has accomplished some degree of success in certain types of cancers [127-129], the 

aftermaths concerning exacerbated side effects and development of resistance are yet to be 

addressed. Hence, the module of co-therapy demonstrated herein, combining protein 

therapeutics with chemotherapy provided a new facet to this work. It has the potential to 

augment the efficacy, reduce side effects and avoid development of resistance, thereby 

outweighing the benefits of monotherapy [130] or prevalent combination therapies. 
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Figure 3.15. (A) MTT assay showing viability of HeLa cells after combination therapy of 

protein-NPs with cisplatin for 48 h, (B) cell cycle analysis of HeLa cells of control and 

treated cells by FACS, performed 48 h after treatment with sFRP1, sFRP1-NPs and their 

respective combination with cisplatin, (C) Annexin V-FITC /PI staining of HeLa cells 

showing a decrease in population of live cells in samples treated for 48 h, with respect to 

untreated control cells. 

To investigate the mode of impact of the protein-NP conjugate on the cell cycle progression 

of HeLa cells, flow cytometric analysis with PI was conducted. PI is a DNA intercalating 

agent that is employed to measure DNA content of cells, which in turn, indicates the phase 

of cell cycle. Treatment of HeLa cells with a low concentration of protein (10 nM), bound 

to NPs or otherwise, induced a slight increase in G2/M phase and a decrease in G1 phase. In 

combination with cisplatin (3 µg/ml), the G2/M population of cells treated with protein-NPs 

combined with cisplatin increased dramatically; increase being over 1.5 fold (42%) as 

compared to only cisplatin treated cells (27%), depicting a G2/M arrest (Figure 3.15B). A 

prominent sub-G1 population (5.4%) was also observed, indicating apoptosis. Cisplatin has 

been previously reported to arrest cells in G2/M phase of the cell cycle [131]. However, the 

significantly enhanced efficacy of co-therapy may be attributed to the blockage of the Wnt 

pathway by the sFRP1-NPs. As the Wnt cascade plays a prominent role in cell proliferation, 

disrupting the pathway by the sFRP1-NPs possibly sensitizes the cancer cells to treatment 

with chemotherapy. Correlating with the results obtained in MTT assay, it can be concluded 

that even a low concentration of sFRP1-NPs is sufficient to greatly sensitize the cancer cells 

toward cisplatin. 

For detection of mechanism of cell death, cells were stained with FITC Annexin V and 

counter-staining with PI. Annexin V-FITC stains the cells by labeling phosphatidylserine 

sites on the cell membrane in early or late apoptotic stage, prior to complete loss of 

cytoplasm. PI stains cells with damaged membrane as it is cell impermeable; staining late 

apoptotic or necrotic cells. This difference forms the basis of the assay for detection of 

apoptosis. Early apoptotic cells are Annexin V-FITC positive, whereas late apoptotic cells 

are positive for both dyes. This FACS-based experiment showed that the percentage of live 
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cells decreased (from 92% in control to 75% in treated) and late apoptotic cells increased 

(from 6% in control to 22% in treated) substantially upon treatment with GST-sFRP1 (10 

nM)-NPs. These data were found to be completely in agreement with the dual staining results 

with AO and EB observed previously. Moreover, this effect was augmented greatly in case 

of combination therapy (49% live and 45% late apoptotic)  of protein-NPs and cisplatin, as 

opposed to either of them alone (Figure 3.15C). Although the protein alone did not exhibit 

significant difference with control cells, combination therapy with cisplatin yielded a high 

population of late apoptotic cells. These results corroborated the previous observations and 

proved that the above treatments enforce the apoptotic mode of cell death. 

Chemosensitization of the HeLa cells mediated by co-therapy of sFRP1-NPs and cisplatin 

is a novel mode of targeting two different pathways for treating cancer.  

 

3.4 Conclusions 

In this study, a nanocarrier has been successfully engineered comprising of recombinant 

therapeutic protein bound to novel NPs embedded with highly fluorescent gold nanoclusters. 

The luminescence properties of Au NCs were exploited for the purpose of tracking, imaging, 

and profiling the release of protein from NPs. Features of the composite NPs were effectively 

modulated to meet the criteria of protein binding, release, and its function. Also, GST-sFRP1 

was delivered in its functionally active form and exerted its anti-cancerous activities on HeLa 

cells by blocking the Wnt signal cascade. Interaction of the protein with the NPs 

considerably augmented its efficiency. Herein, fabrication of the nanocarrier to target and 

simultaneously block Wnt signaling pathway in cancer was first of its kind. Moreover, 

combination of sFRP1-NPs and traditional drug cisplatin demonstrated the sensitization of 

the cancer cells toward cisplatin, providing a novel regime of co-therapy. Cell based assays, 

dual staining methods and apoptosis detection experiments provided detailed characteristics 

of the mode of cell death. The results obtained distinctly exhibited that the co-therapy caused 

significantly greater damage to the cancer cells than chemotherapy or NP-mediated protein 

therapy alone. Hereby, two different pathways were targeted- the Wnt pathway playing a 

prominent role in cancer, and the established apoptotic induction by cisplatin [132]. Hence, 

it paves a new path of generating composite nanoparticles to modulate signaling 
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mechanisms, which reduces the required dosage of chemotherapeutic drugs by aiming at two 

independent pathways for the remedy of cancer. It can be concluded that these biocompatible 

and non-toxic NPs may prove to be archetypical for tracking and sustained release of 

functionally active therapeutic sFRP1 for blocking Wnt signals, which holds immense 

prospect in cancer theranostics. 
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CHAPTER 4 

4.1 Introduction 

sFRP4 is one of the promising isoforms of the sFRP superfamily, having serious implications 

in tumorigenesis [133]. In normal adult cells, it binds to Wnt morphogens and prevents their 

binding to corresponding transmembrane Frizzled receptor, thereby impeding the canonical 

Wnt pathway. However, loss of expression of sFRP4 due to promoter hypermethylation has 

been found in several types of cancer, such as, colorectal cancer [30], bladder cancer [134], 

mesothelioma [29], cervical cancer [135], and ovarian cancer [136]. This promotes the 

upregulation of Wnt signaling, resulting in the stabilization of a cytoplasmic pool of β-

catenin protein, which is the signaling node of the canonical Wnt pathway. β-catenin, in turn, 

transcriptionally activates pro-proliferative genes like cyclin D1 [23], survivin [22], and c-

myc [24], thereby deregulating cell proliferation. In non-cancerous cells, sFRPs block the 

Wnts; subsequently, β-catenin is phosphorylated and marked for degradation, leading to 

downregulation of pro-proliferative genes. This gives rise to the possibility of mimicking 

this scenario in case of cancer cells as well by blocking the Wnt ligands either with functional 

recombinant sFRP4 added to the cell culture media.  If such a system is designed, alterations 

in expression levels of downstream molecules may be used as a tool for quantitative 

estimation of the extent of inhibition of the Wnt pathway. Moreover, it raises the question 

of clinical application of the recombinant sFRP4; if aberrant proliferation of cancer cells can 

be restricted by blocking the Wnt pathway with sFRP4, then this protein may have a great 

potential in the field of recombinant protein therapeutics. 

Recent investigations into the interactions of sFRP4 with several Wnt ligands have created 

a surge of interest in exploring its anti-proliferative activity. Both transfection studies and 

exogenous addition of sFRP4 to culture have demonstrated that it is accountable for 

keratinocyte differentiation and apoptosis [51]. In breast cancer cell line MCF-7, sFRP4 

conditioned media were found to diminish cell proliferation and downregulated Wnt 

signaling genes [42]. In a similar study, transfection of sFRP4 was found to reduce 

proliferation via the canonical Wnt pathway in prostate cancer cells [43]. Interestingly, it has 
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also been shown to induce apoptosis in β-catenin deficient mesothelioma cells, suggesting 

that canonical Wnt pathway independent signaling phenomena may also be at play [29]. 

However, intriguing discrepancies have been reported, challenging the generally accepted 

antagonistic function of sFRPs [33]. For instance, sFRP4 was found overexpressed in 

colorectal cancer patient samples, revealing that sFRP4 may have entirely different 

biological roles in different cancer types [137]. These investigations reflect the 

bewilderingly complex behavior of this signaling system. The fact that it varies so widely in 

different cell types and growth conditions necessitates further explorations into this field.  

Another compelling facet of sFRP4 that has surfaced is its ability to chemosensitize cancer 

cells to conventional drugs. So far documented in ovarian cancer cells [98] and glioma stem 

cells [138], this phenomenon has the potential to find a place for sFRP4 in the transforming 

field of combination therapy, which could reduce the exacerbated side-effects of 

chemotherapeutic agents, while enhancing the anti-cancer efficacy. However, the same may 

not be applicable for bacterially expressed recombinant sFRP4 or in case of other forms of 

cancer. If the Wnt blocking efficiency of bacterially produced sFRP4 is retained in 

conjunction with drugs, while the drugs induce apoptosis via other interconnected signaling 

pathways, then this system may indeed prove to be successful in a combination module. 

In this chapter, it has been reported that the sFRP4 gene was cloned from a novel source into 

bacterial expression vector pGEX-4T2 containing GST tag. The GST-sFRP4 protein, 

purified from E. coli BL21(DE3) cells, was characterized by Matrix-assisted laser 

desorption/ionization time-of-flight (MALDI TOF/TOF), circular dichroism spectra and 

Western blot analyses. The functionality of recombinant protein was assessed on two 

different cancer cell lines- cervical carcinoma (HeLa) and lung carcinoma (A549). This was 

the first report interpreting the structural and functional characterization of bacterially 

expressed GST-sFRP4. Further, targeting of canonical Wnt pathway was proven by 

analyzing levels of β-catenin and phosphorylated β-catenin protein as well as gene 

expression analysis of cyclin D1, survivin, and c-myc. In addition, combination module was 

designed with traditional chemotherapeutic drugs for augmented efficiency, which also 

showed that functionality of sFRP4 in blocking the Wnt pathway was retained even in 

conjunction with drugs. Anti-cancer effect was ascertained by cell viability assay, dual 
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staining, and flow cytometry based cell cycle and apoptosis analyses. These data inspire the 

possibility of exploiting this recombinant sFRP4 in the avenue of possible protein 

therapeutics. The concept of this chapter has been represented schematically in Scheme 4.1. 

 

Scheme 4.1. Schematic representation of the work described in this chapter. 
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4.2 Material and Methods 

4.2.1 Cell culture 

Cervical cancer (HeLa), lung cancer (A549), renal cancer (ACHN), non-cancerous human 

embryonal kidney (HEK-293) cells, normal mouse fibroblast cells (3T3-L1) were purchased 

from National Centre for Cell Science, India. Cells were grown in DMEM, with 10% FBS, 

100 U/ml Penicillin, 100 µg/ml Streptomycin, in 5% carbon dioxide incubator with 

controlled humidity at 37 °C.  

4.2.2 Materials 

All items were purchased from Sigma-Aldrich unless mentioned otherwise. 

4.2.3 Cloning of sFRP4 

Total RNA was isolated from human renal cell carcinoma cell line (ACHN) using Tri 

reagent. cDNA was synthesized with Verso cDNA kit (Thermo Scientific), according to 

manufacturer’s protocol. The 1041 bp gene of sFRP4 was amplified from the cDNA pool 

using forward primer5'- ATGTTCCTCTCCATCCTAGTGGCGCT -3' and reverse primer 

5'- GCTCACACTCTTTTCGGGTTTGTTCTC -3'. The gene was incorporated into pGEMT 

Easy vector (Promega) after overnight ligation at 4°C. From this clone, sFRP4 gene was 

PCR amplified with gene specific forward primer 5'- 

GGCGGATCCATGTTCCTCTCCATCCT -3' and reverse primer 5'- 

GCCCTCGAGTCACACTCTTTTCGGGT -3' containing overhangs for BamHI and XhoI 

restriction sites. Subsequently, the amplified product was subcloned into expression vector 

pGEX-4T2 by digestion with BamHI and XhoI restriction enzymes, followed by its ligation 

to the digested vector at 37 °C. Ligated product was transformed into E. coli DH5α. Clone 

was confirmed by sequencing at Xcelris Labs Ltd., India. 

4.2.4 Expression of sFRP4 in E. coli BL21(DE3) 

Clone was transformed into E. coli BL21(DE3), which is suitable for protein expression. 

Primary culture was grown in Luria-Bertani media overnight at 37 °C under shaking 

conditions. Secondary culture was given with 1% of primary culture as inoculum. When an 
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O.D. of 0.6 was attained, sFRP4 protein was induced by IPTG. Expression was optimized 

by varying induction time, temperature, shaking speed, and concentration of IPTG. 

Maximum expression was obtained at induction temperature and time of 28 °C and 8 h 

respectively. However, upon lysis of the bacterial cells with 10 mM PBS, 1 mM PMSF and 

1 mM EDTA, protein was found to be expressed entirely as inclusion bodies. 

4.2.5 Purification of sFRP4 from bacterial system 

For the purpose of solubilizing sFRP4 protein from the inclusion bodies, the initial attempts 

involved varying induction time, temperature, and concentration of IPTG. When the protein 

was still expressed as insoluble fraction, the pGEX-4T2 holding sFRP4 gene was 

transformed into different strains of bacteria, viz., Rosetta-gami and E. coli BL21 pLysS. 

When the desired results were still not obtained, the composition of the lysis buffer was 

modified by using various detergents, such as, Triton X-100, sodium deoxycholate and N-

lauroylsarcosine. Eventually, a concentration of 0.32% N-lauroylsarcosine added to the lysis 

buffer composition yielded in the entire protein being expressed in the soluble fraction. To 

optimize the binding of GST-sFRP4 to the glutathione-agarose affinity chromatography 

column, the supernatant obtained after centrifugation of lysed cells was stirred in cold for 1 

h, after addition of 1 % Triton X-100. This was then diluted two times with 10 mM PBS, 

filtered and loaded into the column in three batches, with 30 min incubation time each. 

Subsequently, the column was washed 12 times with PBS, at the end of which, GST-sFRP4 

was eluted with 5 mL elution buffer (50 mM Tris, pH 9.5 and 15 mM L-reduced glutathione). 

Elution fractions were electrophoresed in a 12% SDS-PAGE to observe expression of GST-

sFRP4 in the purified elute. Further, the induction temperature and time were reduced to 24 

°C and 6 h respectively, in order to prevent degradation of GST from GST-sFRP4. Before 

performing each of the experiments, protein was dialyzed in step-wise manner against Tris-

HCl buffer (pH 7.4), where the final buffer concentration was maintained as 10 mM. 

Bradford assay was performed to estimate the protein concentration, using BSA as standard.  
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4.2.6 Homology modeling and docking analyses 

The structure of the binding domain (CRD or Cysteine-rich domain) of sFRP4 was predicted 

using PHYRE2 Protein Fold Recognition Server, along with those of sFRP4 and GST-

sFRP4 [83]. Another protein structure prediction server I-TASSER [84-86] was used to 

predict the 3-D structure of Wnt7a, which has been documented to bind to sFRP4 [139]. To 

ascertain whether the CRD remained intact in case of sFRP4 and GST-sFRP4 structures, 

CRD was individually overlapped with each of the two, using the molecular visualization 

system PyMOL, and the root mean square deviation value was generated in each case. Also, 

CRD of sFRP4 was aligned with the crystal structure of sFRP3 (PDB ID: 1ijxA), to verify 

the integrity of the modeled structure. Thereafter, Wnt7a was docked with each of the three 

modeled structures, namely CRD-SFRP4, sFRP4 and GST-sFRP4, using ClusPro server 

[140-143]. The docked structures were analyzed with PDBsum Generate [144, 145]. 

4.2.7 MALDI TOF/TOF analysis 

Confirmation of sFRP4 sequence was done by MALDI TOF/TOF analysis. In situ gel tryptic 

digestion of GST-sFRP4 was performed using Trypsin Profile In-Gel Digestion kit 

following manufacturer’s protocol. Sample was mixed with 10 mg/ml α-cyano-4-

hydroxycinnamic acid matrix in 0.1% trifluoroacetic acid, 50% acetonitrile, and spotted on 

the MALDI target plate. Eventually, it was analyzed with 4700 Proteomics Analyzer with 

TOF/TOF Optics (Applied Biosystems) equipped with a diode pumped solid state class I 

laser and MS/MS data were acquired in automatic mode.  

4.2.8 Secondary structure analysis using circular dichroism 

Formation of secondary structure of GST-sFRP4 was confirmed by circular dichroism 

analysis using a JASCO-815 spectrometer (Jasco, Japan). Purified and dialyzed protein was 

analyzed in a cuvette of 1 mm path length, under constant flow of nitrogen gas at a rate of 5 

L/min and maintenance of constant temperature at 25 °C. Sample was scanned at a speed of 

50 nm/min, from wavelength 250 nm to 180 nm. Background subtraction was done with Tris 

buffer of concentration equal to that of the protein sample. 
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4.2.9 Expression profile analysis of genes involved in the Wnt pathway in four different 

cell lines 

The expression levels of five genes relevant to the Wnt signaling cascade were checked in 

two different cancer cell lines, namely HeLa, A549, and one non-cancerous cell line HEK-

293. The genes analyzed were Wnt4, Wnt7b, Wnt10b, co-receptor LRP6, and β-catenin. 

Based on the results obtained in this expression profiling study, the work was initiated. 

4.2.10 Western blotting 

The technique of Western blotting was applied to assess if the purified protein was indeed 

GST-sFRP4 using anti-GST antibody. Purified GST-sFRP4 was electrophoresed on 12% 

SDS-PAGE. Also, the effect of GST-sFRP4 on the Wnt pathway of cancer cells was also 

probed using antibodies against β-catenin as well as its phosphorylated form. In this pursuit, 

cells were treated with GST-sFRP4 for 24 h. 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-β-catenin, TBST was used in all steps, instead of PBST. 

4.2.11 Combination therapy 

Combination therapy of GST-sFRP4 with conventional chemotherapeutic agents, cisplatin 

and doxorubicin, was attempted. For all of the following experiments, this mode of co-

therapy was employed.  
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4.2.12 Cell viability assay 

Cell viability assay was conducted in order to assess the effect of GST-sFRP4 and the co-

therapy regime on HeLa and A549 cells. For this purpose, cells were seeded at a density of 

7000 cells per well in 96-well plate and allowed to attach for about 8 h. Subsequently, serum 

media was removed and treatment was done with the dialyzed and quantified GST-sFRP4 

(0 nM to 32 nM for HeLa and 0 to 20 nM for A549), alone and in combination with cisplatin 

(0 µM to 16 µM) or doxorubicin (0 µM to 0.6 µM) in serum-free media for 48 h. At the end 

of the treatment period, MTT assay was performed, whereby live cells converted MTT to 

purple formazan crystals, which were dissolved by adding DMSO and absorbance was 

determined at 550 nm. Percentage of viable cells was calculated using the formula: 

% of cell viability=
�A550- A655� sample

�A550- A655� control

x100 

Control experiments were also performed using a Wnt pathway inhibitor XAV939 to show 

that the Wnt pathway is indeed hyper-active in HeLa and A549 cells. Additionally, the same 

protocol was followed to determine the effect of GST-sFRP4 on normal mouse cell line 3T3-

L1. 

4.2.13 Cell cycle analysis 

Flow cytometric analysis of cell cycle was performed with FACS to ascertain the occurrence 

of cell cycle arrest, if any. Cells were seeded in six-well plates at a density of 105 cells per 

well. Treatment was given in the same manner as described previously. Concentrations of 

GST-sFRP4, cisplatin and doxorubicin added to the cells were 12 nM, 7 µM and 0.2 µM, 

respectively. After 48 h of treatment, cells were harvested by trypsinization and fixed with 

70% ethanol under chilled conditions. Cells were then washed with pre-chilled PBS, 

RNaseA was added at a concentration of 0.2 mg/ml and incubated for 1 h at 37 °C. Next, 

cells were incubated with 10 µg/ml of the nucleic acid intercalating dye (PI) for 15 min in 

dark, before analysis. 
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4.2.14 Apoptosis detection assay 

Apoptosis was detected by flow cytometry using Annexin V- FITC/PI Apoptosis Detection 

Kit. Cells were seeded and treated as mentioned previously. After the treatment period, cells 

were harvested, washed with PBS, and incubated with Annexin V-FITC and/or PI, following 

manufacturer’s protocol. Unstained cell samples were also kept for each mode of treatment 

to check auto-fluorescence.  After staining for 30 min, cells were analyzed in BD 

FACSCalibur. 

4.2.15 AO/EB dual staining for detection of apoptosis 

Dual staining of cells with AO and EB was done to distinguish between healthy and 

membrane compromised cells post treatment. Cells were seeded in 96-well plate and treated 

with the concentrations of protein and/or drugs showing maximum cell-inhibitory effect in 

MTT assay. Then, media were discarded and cells were incubated with 2 µg/ml of AO and 

10 µg/ml of EB in PBS for 5 min in the dark. Eventually, cells were washed with PBS before 

being visualized under a fluorescence microscope (Nikon ECLIPSE TS100). 

4.2.16 Real-time PCR analysis 

Real-time PCR analysis was performed to check the expression of crucial pro-proliferative 

genes downstream of the Wnt pathway, namely cyclin D1, survivin, and c-myc. In this 

regard, treatment of cells was done with same concentrations of protein/drugs as in the flow 

cytometry based experiments. RNA was extraction from each sample with the Mammalian 

Total RNA Isolation kit, following manufacturer’s protocol. RNA was quantified with 

Nanodrop (GE Healthcare Life Sciences) and 1 µg equivalent cDNA was synthesized using 

First Strand cDNA Synthesis kit (Thermo Scientific). With this cDNA as template, gene 

specific primers (Table 4.1) and SYBR Green Mastermix as the reporter dye (Power SYBR 

Green PCR master mix, Applied Biosystems), Real-time PCR (Rotor-Gene Q, Qaigen) was 

done. 
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Name of gene Sequence of primer 

Cyclin D1 Forward: 5′-CGCCCCACCCCTCCAG-3′ 

Reverse: 5′-CGCCCAGACCCTCAGACT-3′ 

c-Myc Forward: 5′-CCAGGACTGTATGTGGAGCG-3′ 

Reverse: 5′-CTTGAGGACCAGTGGGCTGT-3′ 

Survivin Forward: 5′-AGAACTGGCCCTTCTTGGAGG-3′ 

Reverse: 5′-CTTTTTATGTTCCTCTATGGGGTC-3′ 

β-actin Forward: 5`-CTGTCTGGCGGCACCACCAT-3` 

Reverse: 5`-GCAACTAAGTCATAGTCCGC-3` 

Table 4.1. Primer sequences used for Q-PCR. 

4.2.17 Statistical tests 

Statistical tests were performed using GraphPad Prism. Significance of data was determined 

by One-way or Two-way ANOVA, as applicable. 

 

4.3 Results and Discussion 

4.3.1 Expression profile analysis of genes associated with the Wnt family 

Before proceeding to experiment with the GST tagged sFRP4, a few cell lines of different 

origins were screened, to ensure that Wnt ligands were expressed. The expression of five 

genes associated with the Wnt family was analyzed in three different cell lines (Figure 

4.1A). Out of the three Wnts, viz., Wnt4, 7b, and 10b, at least two were found expressed in 

all cell lines screened; prominent expression of coreceptor LRP6, and β-catenin was also 
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observed. The gene profile obtained was found to be in agreement with previous reports 

documenting the expression of Wnt ligands in cancer. Encouraged by these data, cloning 

and purification of sFRP4 was done in order to examine its role in blocking Wnt signaling 

for possible therapeutic applications. 

In addition, a small molecule drug XAV939 (Figure 4.1B and Figure 4.1C, respectively) 

was employed, which solely inhibits the Wnt/β-catenin pathway [146]. Cell viability assays 

revealed that in both cell types, IC50 value was attained at approximately 100 µM of 

XAV939, confirming the functionality of Wnt pathway.  

 

Figure 4.1. (A) Expression profiling of genes belonging to Wnt signaling pathway by RT-

PCR analysis of three different cell lines. (B) MTT assay depicting anti-proliferative activity 

of Wnt/β-catenin pathway inhibitor XAV939 on HeLa cells, and (C) on A549 cells.   
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4.3.2 Cloning, expression, and purification of sFRP4 

Cloning of sFRP4 was done from a hitherto unknown source- ACHN renal carcinoma cells 

following the procedure described in subsection 4.2.3. As the expression level of sFRP4 in 

ACHN cells was low, re-PCR was done to obtain sufficient PCR product (Figure 4.2A) for 

subsequent cloning steps. sFRP4 gene was cloned into the pGEX-4T2 via an intermediate 

TA vector pGEMT-Easy. Clone was confirmed in pGEX-4T2 by digestion with BamHI and 

XhoI restriction enzymes, which generated a band corresponding to 1041 bp of sFRP4 gene 

(Figure 4.2B).  Clone was also confirmed by sequencing (Xcelris Pvt. Ltd.), which yielded 

the following sequence- 

GCCATGTTCCTCTCCATCCTAGTGGCGCTGTGCCTGTGGCTGCACCTGGCGCTGGGCGTGCGCGGCGCGC 

CCTGCGAGGCGGTGCGCATCCCTATGTGCCGGCACATGCCCTGGAACATCACGCGGATGCCCAACCACCT 

GCACCACAGCACGCAGGAGAACGCCATCCTGGCCATCGAGCAGTACGAGGAGCTGGTGGACGTGAACTGC 

AGCGCCGTGCTGCGCTTCTTCCTCTGTGCCATGTACGCGCCCATTTGCACCCTGGAGTTCCTGCACGACC 

CTATCAAGCCGTGCAAGTCGGTGTGCCAACGCGCGCGCGACGACTGTGAGCCCCTCATGAAGATGTACAA 

CCACAGCTGGCCCGAAAGCCTGGCCTGCGACGAGCTGCCTGTCTATGACCGTGGCGTGTGCATCTCGCCT 

GAAGCCATCGTCACGGACCTCCCGGGAGGATGTTAAGTGGATAGACATCACACCAGACATGATGGTACAG 

GAAAGGCCTCTTGATGTTGACTGTAAACGCCTAAGCCCCGATCGGTGCAAGTGTAAAAAGGTGAAGCCAA 

CTTCGGCAACGTATCTCAGCAAAAACTACAGCTATGTTATTCATGCCAAAATAAAAGCTGTGCAGAGGAG 

TGGCTGCAATGAGGTCACAACGGTGGTGGATGTAAAAGAGATCTTCAAGTCCTCATCACCCATCCCTCGA 

ACTCAAGTCCCGCTCATTACAAATTCTTCTTGCCAGTGTCCACACATCCTGCCCCATCAAGATGTTCTCA 

TCATGTGTTACGAGTGGCGCTCAAGGATGATGCTTCTTGAAAATTGCTTAGTTGAAAAATGGAGAGATCA 

GCTTAGTAAAAGATCCATACAGTGGGAAGAGAGGCTGCAGGAACAGCGGAGAACAGTTCAGGACAAGAA

GAAAACAGCCGGGCGCACCAGTCGTAGTAATCCCCCCAAACCAAAGGGAAAGCCTCCTGCTCCCAAACCA

GCCAGTCCCAAGAAGAACATTAAAACTAGGAGTGCCCAGAAGAGAACAAACCCGAAAAGAGTGTGAGCA

ATCACTAGTGAATTCGC 

  

For the expression of recombinant protein in bacterial system, the common E. coli BL21 

(DE3) strain was chosen. However, the recombinant protein was completely present as 

inclusion bodies. Therefore, attempts were made to solubilize the protein by varying 

induction temperature, time, shaking speed, and concentration of IPTG. Strains specifically 

engineered for expression of mammalian proteins were also tried in order to solve this 

problem. Since none of the methods employed seemed to yield protein in soluble form, 

BL21(DE3) was used and GST-sFRP4 was solubilized from inclusion bodies using 

detergents [91, 147]. Optimum expression of GST-sFRP4 was observed at 28 °C after 

carrying out induction at temperatures ranging from 16 °C to 37 °C. Varying the 

concentration of IPTG and induction time, optimum yield of protein was obtained for 0.2 

mM IPTG and 6 h, respectively (Figure 4.2C). To obtain the protein in soluble fraction, a 

number of strategies involving the usage of various detergents were implemented following 
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literature [91, 147]. Finally, 0.32% of the ionic detergent N-lauroylsarcosine was used to 

successfully solubilize the protein from inclusion bodies and mild stirring was done in 1% 

Triton X-100. Triton X-100 is a non-ionic detergent that probably sequestered the N-

lauroylsarcosine into its micelles and helped in renaturation of the protein, that had been 

partially denatured by N-lauroylsarcosine [90]. Eventual washing steps during purification 

and the subsequent process of dialysis also helped the removal of the detergents from the 

system. Electrophoresis of the purified GST-sFRP4 yielded a single band at approximately 

64 kDa (Figure 4.2D). A faint band of GST was also observed at 26 kDa, which could be 

due to cleavage of the recombinant protein. Reduction of induction temperature from 28 °C 

to 24 °C was found to yield a fainter band of GST. Quantifying the purified GST-sFRP4 

with Bradford assay demonstrated that the total yield of protein from 100 ml of culture was 

0.3 mg. Step-wise dialysis against Tris-HCl buffer (pH 7.4) ensured gradual removal of 

detergents and  renaturation of the protein. It was speculated that the use of Triton X-100 to 

capture N-lauroylsarcosine in its micelle during solubilization of protein as well as 

subsequent step-wise dialysis helped in the refolding of the recombinant sFRP4. Although 

it is plausible that expressing of the recombinant sFRP4 using yeast may show better anti-

proliferative effect due to protein folding analogous to that in mammalian cells, but 

functional expression in bacterial host in the present study is an easy approach for generation 

of recombinant sFRP4. 
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Figure 4.2. (A) Lane 1- DNA hyperladder, Lane 2- sFRP4 amplified with gene specific 

primers from cDNA pool of ACHN cell line, (B) Lane 1- DNA hyperladder, Lane 2- Uncut 

pGEX-4T2 containing sFRP4 gene, Lane 3- Release of band corresponding to 1041 bp of 

sFRP4 on digestion of sFRP4 pGEX-sFRP4 with BamHI and XhoI. (C) Expression of GST-

sFRP4 in E. coli BL21(DE3), Lane 1- Protein marker, Lane 2- Uninduced pGEX-sFRP4, 

Lane 3- Supernatant after lysis of induced E. coli BL21 transformed with sFRP4 gene 

containing pGEX-4T2, Lane 4- Pellet obtained after lysis, (D) Purification of GST-sFRP4, 

Lane 1- Protein marker, Lane 2- Band corresponding to 64 kDa of purified GST-sFRP4. (E) 

Tryptic digestion of GST-sFRP4 generated a peptide signature corresponding to the specific 

sequence of sFRP4, on MALDI TOF-TOF mass spectrometric analysis, (F) Circular 

dichroism spectra depicting 20% alpha helix and 11.9% β-sheet. 
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4.3.3 Characterization of recombinant GST-sFRP4 

Soft ionization techniques like MALDI coupled with TOF mass spectrometry have proven 

to be ideal tools for protein sequencing and fingerprinting. Here, enzymatic digestion of 

purified recombinant sFRP4 in situ yielded peptide fragments, which were analyzed in the 

MS/MS mode for confirmation of protein identity. The data file was analyzed with FindPept 

proteomics tool provided with ExPASy (http://web.expasy.org/findpept/) [148, 149], which 

uses protein databases to compare to experimental masses obtained. The mass spectrometry 

data is plotted in Figure 4.2E, denoting the peptide fragments specific to sFRP4. 

Formation of secondary structures of any recombinant protein is crucial for retention of its 

functionality. After the rigorous process of purification with detergents and subsequent 

dialysis, involving denaturation, renaturation, and refolding steps, it was essential to know 

the integrity of secondary structure. Hence, purified and dialyzed GST-sFRP4 was subjected 

to circular dichroism spectral analysis, which generated a spectrum of scanning wavelength 

versus millidegree. Figure 4.2F depicts the graph of scanning wavelength versus mean 

residue ellipticity (mdeg.cm2dmol-1), which was obtained by the following formula: 

Mean residue ellipticity (Θ) = (100*θ)/Cnl 

Here, θ is ellipticity in millidegree, C is concentration of protein, n gives number of residues, 

and l gives the path length [94] 

The percentages of α-helices and β-sheets, as determined by applying Yang’s algorithm, 

were found to be 20% and 11.9%, respectively.  

Western blotting with anti-GST antibody confirmed the presence of GST tagged sFRP4 at 

the legitimate position corresponding to 64 kDa of GST-sFRP4. As a control experiment, 

GST protein purified from pGEX-4T2 bearing E. coli BL21 cells, was also blotted (Figure 

4.3). 
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Figure 4.3. Western blotting detected over-expression of GST-sFRP4 (Lane 1) and 

expression of control GST in empty vector pGEX-4T2 containing E. coli BL21 (Lane 2). 

4.3.4 Prediction of 3-D structure of GST-sFRP4 and its docking with Wnt7a 

Docking studies were carried out for GST-sFRP4 with one of the Wnt ligands known to bind 

to sFRP4 [139]. The in silico study was performed as there was no report available on the 

functionality of the GST tagged sFRP4 bound with Wnt ligands. Firstly, the 3-D structures 

of CRD (binding domain) of sFRP4 (henceforth referred to as CRD-sFRP4, Figure 4.4A), 

sFRP4 (Figure 4.4B), GST-sFRP4 (Figure 4.4C), and Wnt7a (Figure 4.4D) were predicted 

due to a lack of reports on crystal structures of sFRP4 and Wnts. The only available crystal 

structure of sFRP superfamily is that of CRD of sFRP3 (PDB ID: 1IJXA) [49]. Therefore, 

CRD of sFRP3 was automatically detected by Phyre2 server as a template for predicting the 

structure of CRD of sFRP4. 3-D structure of Wnt7a was generated with I-Tasser prediction 

server. Validation of the predicted structures was done by aligning CRD-sFRP4 with the 

CRD of sFRP3 in PyMol, which generated a root mean square deviation (rmsd) value of 

0.326 (Figure 4.4E), indicating nearly similar structural folds. The same comparison was 

done between CRD-sFRP4 and GST-sFRP4 structures, which generated an rmsd value of 

0.584 (Figure 4.4F), respectively. Both cases demonstrated that binding domain remained 

intact in the predicted structures of sFRP4 and GST-sFRP4, as shown by negligible values 

of rmsd. Moreover, the lower rmsd between CRD-sFRP4 and GST-sFRP4 suggested that 

tagging of GST to sFRP4 slightly changed the protein conformation in favor of binding. This 

may be explained on the basis of previous studies, where tagging of GST to recombinant 

proteins helps to stabilize them [150].  

  1                      2 
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Figure 4.4. Protein 3-D structures of (A) CRD-sFRP4 , (B) sFRP4, (C) GST-sFRP4, and 

(D) Wnt7a. All structures except Wnt7a were predicted with Phyre2, while Wnt7a was 

predicted with I-tasser structure prediction server. Comparative studies of 3-D structures 

showing that binding domain (CRD) of sFRP4, shown in red, remains nearly unaltered on 

tagging with GST, (E) Alignment of the generated structure of CRD of sFRP4 (in Phyre2 

server) with PDB structure of CRD of sFRP3 gave rmsd value of 0.326, (F) Alignment of 

the generated structure of CRD of sFRP4 with generated structure of GST-sFRP4 (Phyre2) 

gave rmsd value of 0.584. 
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After confirming the validity of the binding domain, which is primarily responsible for 

binding of Wnt ligands, the structures were docked with Wnt. Each of CRD-sFRP4, sFRP4 

and GST-sFRP4 was separately docked with Wnt7a using ClusPro (Figure 4.5A, Figure 

4.5B, and Figure 4.5C, respectively). Analysis of interactions between the docked structures 

of lowest binding energies was done using PDBsum Generate (Figure 4.5D, Figure 4.5E, 

and Figure 4.5F). It should be mentioned here that although there is no report stating that 

GST tagged protein displays improved binding properties with target ligands, GST is known 

to enhance stability of the tagged protein [93], which in turn could be responsible for its 

improved binding capacity.  
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Figure 4.5. Docked structures of Wnt7a with (A) CRD-sFRP4, (B) sFRP4, (C) GST-sFRP4. 

Docking was done using ClusPro protein-protein docking server. (D, E, F) Analysis of 

docking studies performed with PDBsum generate server showing interaction between 

residues of (D) Wnt7a with CRD-sFRP4, (E) Wnt7a with sFRP4, (F) Wnt7a with GST-

sFRP4. 
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4.3.5 Anti-proliferative effect of GST-sFRP4  

Equipped with the evidence gathered from these data, a holistic approach was assumed in 

establishing the functionality of recombinant sFRP4 in blocking the Wnt signaling. The Wnt 

signal transduction is known to be responsible for aberrant proliferation in cancer cells, 

where inhibitory proteins like sFRP4 are hypermethylated. Although there are a few reports 

demonstrating that transfection of sFRP4 antagonizes the Wnt pathway, there has been no 

documentation of the therapeutic effect of bacterially expressed recombinant sFRP4 on 

cancer cells. In this study, MTT assays revealed that the exogenous addition of GST-sFRP4 

to HeLa and A549 cancer cells significantly inhibited cell proliferation in a dose-dependent 

fashion (Figure 4.6A and Figure 4.6B, respectively). HeLa cells when treated with up to 32 

nM of protein for 48 h resulted in reduction of viable cells to below 60%. In case of A549 

cells, a similar effect was seen at a maximum concentration of 20 nM of recombinant protein. 

Post-dialysis buffer controls were kept for all MTT assays, which confirmed the complete 

removal of contaminating agents from the purified protein fractions, such as, L-reduced 

glutathione and detergents (data not shown). 

 

 

Figure 4.6. MTT assay depicting a significant (p<0.0001) dose dependent anti-proliferative 

effect of GST-sFRP4 on (A) HeLa cells, and (B) A549 cells.  
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4.3.6 Anti-proliferative effect of GST-sFRP4 in combination with GST-sFRP1 

Cell viability assay of GST-sFRP4 was also performed in combination with GST-sFRP1. 

The detailed anti-cell proliferative activity of GST-sFRP1 has been described in Chapter 2. 

However, we find that combination did not show any further reduction of cell viability in 

various protein conventions (Figure 4.7). Hence, it is assumed that one of the isoform was 

sufficient to bring about significant anti-proliferative effect. Hence we continue with GST-

sFRP4 for all subsequent studies in this chapter. 

 

Figure 4.7. Cell viability assay to assess co-therapeutic benefits of recombinant sFRP1 and 

sFRP4 revealed that either one of the isoforms is sufficient to arrest cell proliferation. 

4.3.7 Targeting the classical Wnt/β-catenin signaling with GST-sFRP4 

The complex nature of signaling pathways and their intersection with a plethora of other 

pathways often makes it extremely difficult to decipher their functions. While there are three 

reported pathways of Wnt activation, the canonical β-catenin dependent signaling has often 

been implicated in cancer formation and progression. However, there have been 

contradictory reports stating otherwise [33, 137]. Therefore, the involvement of the Wnt/β-

catenin pathway was validated by analyzing key players of the downstream pathway by 
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Western blotting or quantitative real-time PCR analysis. Activation of the signaling in most 

forms of cancer leads to stabilization of free pools of β-catenin in the cytoplasm. A similar 

observation was made by Western blotting of total protein from untreated HeLa and A549 

cells, which revealed the presence of total cytoplasmic β-catenin and negligible amounts of 

phosphorylated β-catenin, that is, β-catenin marked for degradation. Whether the family of 

sFRPs always targets the canonical Wnt pathway, is a debatable issue, since there have been 

several reports stating the contrary. Nearly all of the sFRPs, including sFRP4, have been 

shown to behave in a conflicting manner [33, 81, 82, 137]. In order to understand the 

underlying mechanism of cell growth inhibition observed in the cell viability assays and to 

shed some light on the implicated pathway, the expression of certain critical members of the 

canonical Wnt pathway was probed. One such central molecule is the β-catenin, which has 

a stable cytosolic expression during Wnt signal transduction and promotes the upregulation 

of downstream pro-proliferative genes, such as, cyclin D1, survivin, and c-myc. However, 

when the pathway is shut down due to the presence of some inhibitory molecule, β-catenin 

is phosphorylated and thus marked for degradation, thereby blocking the transcription of the 

downstream genes. Therefore, the expression levels of total β-catenin as well as its 

phosphorylated form were checked in treated and untreated HeLa and A549 cells. After 

quantifying total protein content of each sample by Lowry assay, 60 µg of protein was loaded 

in each well. In both cell types, expression of β-catenin was greatly reduced in comparison 

to control experiments. Specifically in case of HeLa, treated cells possessed negligible 

amounts of β-catenin protein. When probed with antibody specific for the Ser33/Ser37 

phosphorylated form of β-catenin, expression was substantially increased in treated cells, 

with respect to the untreated control cells. Ratio of phosphorylated to total β-catenin 

increased greatly in sFRP4 treated HeLa cells in comparison to control cells (Figure 4.8A). 

Furthermore, expressions of cyclin D1, survivin, and c-myc genes were analyzed by real-

time PCR. In HeLa cells, expression of all of the above three genes was reduced 

approximately two-fold after treatment with GST-sFRP4, with respect to untreated cells 

(Figure 4.8B). This is in accordance to with the above Western blot analysis data, which 

demonstrated that β-catenin was degraded on treatment with GST-sFRP4 and was thus 

unable to transcribe the downstream genes. It can be inferred from these expression analyses 

that treatment with GST-sFRP4 resulted in antagonizing of the Wnt, thereby blocking 
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downstream signaling leading to phosphorylation and subsequent ubiquitination of β-

catenin. In A549 cells (Figure 4.8C and Figure 4.8D), a similar trend was observed. Ratio 

of phosphorylated to total β-catenin increased significantly in sFRP4 treated A549 cells in 

comparison to the untreated cells. Expression of survivin gene was found to decrease slightly 

(approximately 1.3 fold) and expression of c-myc was reduced nearly two-fold on treatment 

with recombinant protein. However, treatment failed to induce changes in the levels of cyclin 

D1 gene. All values were normalized with respect to expression of β- actin gene. These data 

provided evidence of β-catenin dependent regulation of the canonical Wnt pathway upon 

GST-sFRP4 treatment. Although MALDI and circular dichroism results demonstrated the 

authenticity and intact secondary structure formation of the bacterially expressed GST-

sFRP4, blocking of the Wnt cascade proved beyond doubt that the protein retained its 

functionality even after extensive extraction and purification steps. 

 

Figure 4.8. Expression analysis of key players of the classical Wnt pathway (A) Western 

blotting showed that ratio of phosphorylated to total β-catenin increased significantly in 
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sFRP4 treated HeLa cells with respect to control, (B) Real-time PCR analysis showed 

downstream genes cyclin D1, c-myc, and survivin genes were repressed in treated cells, (C) 

Western blotting of control and treated A549 cells revealed that ratio of phospho-β-catenin 

to total β-catenin increased in treated cells, (D) Real-time PCR analysis of A549 cells 

showed downregulation of c-myc and survivin genes with respect to untreated cells, while 

cyclin D1 remained nearly unaltered. Each bar represents the fold change in expression of a 

particular gene (cyclin D1, c-myc, or survivin) in sFRP4 treated cells with respect to 

untreated cells with a set value of 1. 

4.3.8 Efficacy of co-therapy 

In the earlier experiment to assess cell viability of sFRP4 treated cells, it was found that 

increasing the concentration or time of treatment did not lead to any further enhancement of 

anti-proliferative effect. Therefore, the potential of the recombinant sFRP4 to 

chemosensitize cancer cells toward conventional anti-cancer drugs was tested, in order to 

augment the efficacy of recombinant sFRP4. In this pursuit, a module of co-therapy of 

sFRP4 with conventional anti-tumor drugs, namely cisplatin and doxorubicin, was designed. 

MTT assays showed a significant increase in enhancement of efficacy in case combination 

therapy as compared to either the protein or the drug alone. This chemosensitizing effect of 

recombinant protein would help to greatly minimize the adverse side-effects of the drugs, 

when implemented clinically. In HeLa cells, 3 nM of protein was sufficient to reduce the 

percentage of viable cells from 90% in case of only 4 µM cisplatin to 40% in case of 

combination therapy (Figure 4.9A). A similar scenario was observed for A549 cells, where 

20-30% reduction of viable cells was observed in combination with protein. (Figure 4.9B). 

In the other instance of doxorubicin (Figure 4.9C and Figure 4.9D for HeLa and A549, 

respectively), cell viability was reduced by about 20% when sFRP4 was added to the 

treatment module, even for very low concentration of doxorubicin (0.1-0.6 µM). These 

results led us to understand that this mode of co-therapy would be a possible choice for 

futuristic cancer therapy with minimum side-effects. 
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Figure 4.9. Cell viability assay after 48 h of combination therapy, (A) HeLa cells treated 

with increasing concentration of cisplatin and 20 nM of GST-sFRP4, (B) A549 cells treated 

with increasing concentration of cisplatin and 12 nM of GST-sFRP4, (C) HeLa cells treated 

with increasing concentration of doxorubicin and 3 nM of GST-sFRP4, (D) A549 cells 

treated with increasing concentration of doxorubicin and 8 nM of GST-sFRP4. 

4.3.9 Determination of cell cycle arrest by flow cytometry 

To substantiate the above findings, the mode of anti-proliferative effect was investigated by 

flow cytometric analysis and dual staining methods. FACS based analysis was performed to 

ascertain the effect of recombinant sFRP4, alone and in combination with chemotherapeutic 

drugs on the cell cycle using PI. A low concentration of sFRP4 (12 nM) was found to be 

sufficient to induce arrest in G2/M phase for both cell lines (15% to 34% in HeLa and 
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10.19% to 21% in A549) in 48 h. However, in case of A549 cells, there was a significant 

increase in cells undergoing S phase arrest (5% in control to 16% in treated). A low range 

of protein concentration was selected to demonstrate the augmented effect of co-therapy. In 

combination of cisplatin with GST-sFRP4, both cells showed an increase in percentage of 

cells in G2/M phase by approximately 12%, in comparison to cisplatin alone. For HeLa, 

50% of cells exhibited G2/M arrest on this mode of co-therapy, whereas the percentage was 

67% for A549. In case of co-therapy with doxorubicin, differential behavior was observed 

for the two cell types. While HeLa cells exhibited S phase arrest, A549 cells showed G2/M 

blocking of cell cycle. The cell cycle analysis is depicted in Figure 4.10A and Figure 4.10B, 

for HeLa and A549 cells, respectively. Graphical representation of the same is given in 

Figure 4.11. 
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Figure 4.10. Flow cytometry-based cell cycle analysis of untreated and treated (A) HeLa 

cells, (B) A549 cells. 
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Figure 4.11. Graphical representation of flow cytometry-based cell cycle analysis after co-

therapy of (A) HeLa cells, (B) A549 cells. 

 

4.3.10 Induction of apoptosis in a co-therapy module 

Onset of apoptosis was determined by exploiting its underlying mechanism by means of 

Annexin V-FITC/PI dual staining using flow cytometry. Labelled Annexin V is an indicator 

of translocation of phosphatidylserine from inner to outer leaflet of cell membrane, a 

characteristic event of apoptosis. It labels both early and late apoptotic cells till the 

membrane is completely disintegrated. On the other hand, PI is a membrane impermeable 

dye, which can intercalate with nucleic acids only when membrane is damaged. Hence, this 

system was employed to quantitatively ascertain the percentages of viable (Annexin V 
-
, PI 

-
), early apoptotic (Annexin V +, PI 

-
), late apoptotic (Annexin V +, PI +), very late apoptotic 

/necrotic (Annexin V 
-
, PI +) cells by flow cytometric analysis. Percentage of live cells was 

reduced from 91.4% to 73% for HeLa cells and 92.5% to 82.8% for A549 cells after 48 h of 

treatment with a very low concentration (12 nM) of GST-sFRP4; early apoptotic cells were 

found to increase by 16% for HeLa cells, whereas for A549 there was a marginal increase in 

each quadrant depicting apoptotic cells. Co-therapy resulted in an increase of late apoptotic 

cell population. Graphical representation of the same is given Figure 4.12. 
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Figure 4.12. Apoptosis detection assays with Annexin V-FITC/PI depict early apoptosis in 

cells treated with low concentration of GST-sFRP4 and significant apoptotic population after 

combination therapy; (A) HeLa and (B) A549. 

Apoptosis was also detected by bivariate analysis of dual stained (AO/EB) cancer cells 

(Figure 4.13). Hence, it was established that recombinant sFRP4 as well as combination 

therapy with cisplatin/doxorubicin induced an apoptotic mode of cell death. This was in 

accordance with previous reports delineating the mode of action of sFRP4 in keratinocytes 

[51] and breast cancer cells [151].  
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Figure 4.13. Fluorescence microscopic analysis of control and treated cells stained with AO 

and EB, (A) HeLa cells (B) A549 cells. 

 

The mode of cell inhibition was determined by flow cytometric and microscopic analyses, 

which demonstrated cell cycle arrest followed by apoptotic cell death. Programmed cell 

death is called apoptosis, which is a more desirable form of cell elimination than necrosis. It 

is conceivable that treatment of HeLa and A549 cells with GST-sFRP4 as well as 

combination therapy with drugs induced an appreciable arrest in the G2/M phase of cell 

cycle. This would also be a logical explanation for inhibition of cell proliferation and for the 
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subsequent apoptosis, which was shown to be mediated by the regulation of cell cycle. This 

was consistent with previous reports defining the mode of cell death by sFRP4 [51, 151]. 

Use of low concentration of protein for FACS based analyses may be correlated with the 

percentage of apoptotic population (20-27%) in case of treatment with protein alone. Also, 

the fact that sFRP4 affected the cells by holding them in a steady-state population possibly 

brought about chemosensitization to cisplatin and doxorubicin. Individually, each of the 

chemotherapeutic drugs induced an arrest in the G2/M phase of the cycle, consistent with 

previous reports [152]. In cancer, many cell cycle checkpoints, including G2/M checkpoints, 

are defective, resulting in continuous proliferation and a propensity to acquire chromosomal 

aberrations causing drug resistance [153]. By causing G2/M arrest, recombinant sFRP4 

created an externally imposed cell cycle checkpoint. This not only caused apoptotic cell 

death by itself, but also made the cells susceptible to chemotherapy, thus ensuring that a very 

minimal concentration of drug was sufficient to produce massive apoptosis. When applied 

clinically, this would be advantageous in curtailing the undesirable side-effects of these 

drugs. 

4.3.11 Quantitative expression profiling of Wnt downstream genes by Real-time PCR 

To address the mechanism underlying the successful application of co-therapy, the 

quantitative expressions of pro-proliferative genes cyclin D1, c-myc, and survivin, were 

checked by quantitative real-time PCR analysis. While all three genes are known to be 

regulated by the Wnt/β-catenin pathway, their behavior after treatment with combination 

therapy is unknown. During this investigation, it was observed that in 24 h, cyclin D1 was 

transcriptionally downregulated by 30% and 10% on treatment with cisplatin alone, in HeLa 

and A549 cells, respectively (Figure 4.14A and Figure 4.14B, respectively). However, in 

both cell types, there was a significant (~50%) difference in expression of cyclin D1 between 

treatment with cisplatin alone, and its combination with GST-sFRP4, indicating a further 

inhibition of cell proliferation. From this, it was concluded that the recombinant sFRP4 

inhibited the Wnt pathway even in presence of potent anti-cancer drug cisplatin. Also, 

expression of cyclin D1 was substantially decreased in case of co-therapy, as opposed to 

either mode of treatment alone. In case of therapy with doxorubicin alone, HeLa cells 

(Figure 4.14A) exhibited reduced levels of cyclin D1 (by 50%). Although there was a further 
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decrease in expression level on co-therapy with protein, it was marginal, possibly because 

even in low concentrations, doxorubicin itself is potent enough to substantially inhibit cell 

proliferation. However for A549 cells, there was a distinct reduction (by nearly 40%) in case 

of co-therapy, as compared to doxorubicin alone (Figure 4.14B). In addition to cyclin D1, 

the expression of c-myc gene was also probed (Figure 4.14C and Figure 4.14D for HeLa 

and A549, respectively). Treatment with cisplatin alone resulted in nearly 20% decrease in 

the level of c-myc in both cells, compared to untreated cells. In HeLa, this expression was 

further reduced by 30% on co-therapy of cisplatin with GST-sFRP4; whereas in case of 

A549 cells, co-therapy brought about a further reduction by 60% compared to treatment with 

only cisplatin. Doxorubicin treatment yielded a similar effect on c-myc as seen for cyclin 

D1. Treatment with drug alone lowered gene expression to 60% and 20%, with respect to 

control, for HeLa and A549 cells, respectively. In both cases, there was a further reduction 

of approximately 20% for co-therapy of doxorubicin with recombinant sFRP4. Lastly, the 

expression of survivin gene was determined (Figure 4.14E and Figure 4.14F for HeLa and 

A549, respectively). Both the chemotherapeutic drugs had an immense effect in decreasing 

the levels of survivin. Therefore, the effect of co-therapy on survivin expression was 

observed to be marginal in both cell lines. These quantitative data revealed that while the 

recombinant sFRP4 as well as conventional anti-cancer agents individually led to reduced 

proliferation of cells, their synergistic effect proved to be significantly more fruitful.  
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Figure 4.14. Real-time PCR expression analysis of untreated and treated cells, (A) cyclin 

D1 in HeLa, (B) cyclin D1 in A549, (C) c-myc in HeLa, (D) c-myc in A549, (E) survivin in 

HeLa (F) survivin in A549. 

TH -1528_11610607



121 

 

Binding of recombinant sFRP4 with corresponding Wnt ligands, prevented the signal 

transduction, which led to phosphorylation and subsequent ubiquitination of β-catenin, as 

documented by Western blotting. Correspondingly, downregulation of downstream genes, 

namely cyclin D1, c-myc, and survivin, was observed by real-time PCR. These experiments 

proved that recombinant sFRP4 executed its anti-proliferative activity by binding to Wnts 

and blocking the downstream signal cascade. However, treatment with traditional anti-tumor 

drugs, cisplatin and doxorubicin also suppressed expression of these genes. As there is no 

known link directly connecting Wnt cascade and these drugs, it was hypothesized that the 

drugs could be inhibiting these oncogenes via other signaling pathways. For instance, 

cisplatin has been reported to induce apoptosis mediated by p53 [154, 155], which in turn is 

known to suppress cyclin D1 [156] as well as c-myc [157]. Cisplatin is also known to be 

implicated in Ras/Akt/ERK pathways, which have cyclin D1 and c-myc as their downstream 

targets [158]. Survivin belongs to the Inhibitor of Apoptosis (IAP) protein family and has 

been reported to be suppressed by p53 [159]. Doxorubicin, an inhibitor of topoisomerase II, 

has been known to downregulate cyclin D1 [152], c-myc [160-162], and survivin [163, 164]. 

However, it should be noted here that signaling pathways are complicated, interlinked, 

obscure, and often behave in conflicting manner. Hence, detailed mechanism of action by 

cisplatin or doxorubicin was beyond the scope of this study. Herein, it was established that 

recombinant sFRP4 repressed the expression of key members of the Wnt pathway involved 

in aberrant proliferation of cancer cells. It should also be mentioned here that significant 

enhancement of inhibition of these oncogenes was observed after combination therapy, as 

compared to individual treatment modality. Notably, effect of sFRP4 in blocking of the Wnt 

signaling was not violated even in course of combination module. 

4.3.12 Effect on GST-sFRP4 on normal cell line 3T3-L1 

Finally, the effect of GST-sFRP4 was determined on normal mouse fibroblast cell line 3T3-

L1. As expected, no significant reduction in cell viability was observed (Figure 4.15).  
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Figure 4.15. Cell viability assay of 3T3-L1 cells showed that there is no significant effect 

of recombinant sFRP4. 

Further detailed studying of the molecular mechanisms involved in the dynamics of this 

pathway will pave the way for its clinical usage. Recently, Wnt pathway inhibitors have been 

studied successfully to block Wnt signaling in mouse models [165, 166]. From this, it may 

be inferred that the bacterially expressed recombinant sFRP4 holds immense potential for in 

vivo cancer therapy. 

 

4.4 Conclusions 

In order to implement the existing literature on Wnt to concoct a novel approach of 

employing bacterially expressed recombinant human protein to inhibit this signaling 

pathway, human sFRP4 was cloned and purified the GST tagged protein from bacterial host. 

The proficiency displayed by recombinant sFRP4 in impeding the Wnt signaling may open 

up new possibilities for recombinant protein therapeutics. The functionality demonstrated 

by the bacterially expressed human sFRP4 could also be exploited for studying its 

interactions with various Wnt isoforms. It could also be used to resolve the discrepancies 
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regarding blocking of canonical or non-canonical or any other intersecting signaling due to 

binding of sFRP4 to different Wnt ligands. Further, efficacy of the treatment module was 

augmented significantly by co-therapy with traditional chemotherapeutic drugs. The 

approach of compiling the benefits of recombinant protein therapy to lower the dosage of 

drugs has the potential to minimize side effects and circumvent the development of 

resistance, making it a tremendously fascinating solution for tackling a complex disease like 

cancer. The highlights of this investigation encompass the identification and possible 

application of a novel mode of recombinant protein therapeutics via sFRP4. 
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CHAPTER 5 

5.1 Introduction 

Major headway in the fields of biology, nanotechnology and electronics has culminated in 

the emergence of ‘theranostics’- having potential to facilitate medical diagnosis and therapy. 

The advent of theranostics has a positive impact on cancer treatment, where various 

approaches of probing, detection and delivery of chemotherapeutic drugs have been 

witnessed in recent years. However, targeting specific signaling pathways with recombinant 

protein-functionalized nanoparticles (NPs) has seldom been accomplished in cancer therapy. 

Although using recombinant proteins as a signal modulator presents a challenge in itself; 

however, their immune acceptance and ability to regulate specific pathways help to surmount 

the major problem of adverse side-effects of conventional drugs [1].  

Active targeting has been achieved by specific recognition between antigen-antibody [167] 

in order to inhibit molecular pathways aberrant in cancer, such as HER2, MAPK, Akt, EGF, 

p53 [168, 169]. In addition, cell surface receptors overexpressed in cancer cells, such as 

transferrin receptors and folate receptors, have been exploited for targeted delivery of a 

particular gene, siRNA or drugs [170-173]. While delivery of a therapeutic protein with 

nanocarriers has been deemed prudent [68], the interaction of therapeutic protein with its 

corresponding cell surface receptor has also been exploited for delivery of the cytotoxic 

composite nanoparticles [69].  

One pathway that has rarely been explored for targeting cancer cells is the Wnt pathway 

[19]. This signaling pathway is aberrantly upregulated in most cancer types [45], resulting 

in the activation of downstream pro-proliferative genes [22-24] via stabilization of β-catenin 

[174], which is a critical molecule central to the Wnt pathway. In non-cancerous cells, it is 

antagonized by a family of five glycoproteins, called the secreted frizzled-related proteins 

(sFRPs), which are silenced in cancer cells due to promoter hypermethylation [33]. Of the 

five known sFRPs, sFRP4 is the most recently discovered one that has exhibited tremendous 

promise in preliminary investigations. Transfection of sFRP4 gene into prostate cancer [43] 

and ovarian cancer [98] cells has shown the anti-tumor effect and chemosensitizing property 
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of sFRP4. Exogenous administration of sFRP4 onto keratinocytes has also been reported to 

demonstrate positive results [51]. Furthermore, sFRP4 has been found to chemosensitize 

glioma stem cells toward conventional chemotherapeutic drugs [138].  

Equipped with these promising reports, the co-therapeutic value of recombinant sFRP4 

decorated silver nanocluster embedded chitosan- nanoparticles (Ag NC-Chi-Alg NPs) was 

explored. These multifunctional NPs could be designed using components working in 

tandem, to target the Wnt pathway and specifically inhibit cancer cells. A visual 

representation of the concept portrays the crux of this investigation in Scheme 5.1. 

Scheme 5.1. The essence of this study is portrayed in this schematic. 

The composite NPs were synthesized by a novel method, to accommodate the size and 

surface charge requirements of this study. For binding, imaging, and uptake analyses, the 

extraordinary photoluminescence of Ag NCs was conveniently utilized. Although both gold 

(Au) and silver (Ag) NCs have attracted tremendous attention of late, Ag NCs hold the added 
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advantage of being an anti-cell proliferative agent. At low doses, silver has been established 

to exert minimum toxic effects, as evidenced by its applicability in the biological system 

[175]. Ag NCs have displayed immense potential in theranostics by virtue of their unique 

photophysical properties, arising due to their quantum confinement. Moreover, in this study, 

the interaction of sFRP4 with Wnt ligands would be expected to facilitate the uptake of the 

Ag NC-Chi-Alg NPs; thus the cytotoxicity of the Ag NCs would be expected to affect the 

cancer cells, which express Wnt ligands, more than the non-cancerous cells. Furthermore, 

as the moiety responsible for targeting, that is sFRP4, can play the dual role of specifically 

inhibiting cancer cells, the composite would possess superior effectuality.  

 

5.2 Material and Methods 

5.2.1 Chemicals 

All items were purchased from Sigma-Aldrich, unless mentioned otherwise. 

5.2.2 Synthesis of Chi-Ag NC-Alg NPs 

Ag NCs were engineered by slightly modifying the previous report [176], whereas, the 

composite NPs were formulated by a novel method of synthesis. Briefly, 200 µl of 0.5% 

chitosan was dissolved in 2 ml Milli-Q water, to which 5.26 mg of lipoic acid and 5 mg of 

sodium borohydride were added. The solution was stirred for 30 min, by the end of which, 

the solution turned brown and the luminescence was observed under UV irradiation. Then 

100 µl of 1% sodium alginate was added and pH was adjusted to 7.4. Finally synthesized 

NPs were centrifuged to remove free clusters. 

5.2.3 Expression and Purification of GST tagged sFRP4 

The cloning, expression, and purification of human sFRP4 has been described in details in 

Chapter 4. In brief, recombinant GST tagged protein was purified by affinity 

chromatography; purified GST-sFRP4 was dialyzed against 10 mM Tris (pH 7.4) and 

quantified by Bradford assay. 
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5.2.4 Characterization of Chi-Ag NC-Alg NPs 

The Chi-Ag NC-Alg NPs were characterized using fluorescence spectrophotometer 

(Fluoromax -4) and UV-vis spectrophotometer (Perkin Elmer, Lambda 750). Particle size 

distribution and surface charge analyses were performed by DLS and zeta potential 

measurements, respectively, using Malvern Zetasizer Nano ZS. MALDI-TOF analysis was 

done to ascertain the number of silver atoms constituting a single cluster (Bruker). For 

imaging the NPs and sFRP4 bound NPs (henceforth referred to as NPs-sFRP4), samples 

were drop-casted on carbon-coated copper grids and analyzed with TEM (JEM 2100) at an 

accelerating voltage of 200 kV. Quantum yield was calculated by an established one-step 

method [117], using the following formula:  

Q = QR 

Here, Q stands for quantum yield, I denotes integrated fluorescence intensity, OD connotes 

optical density (absorption), n is the refractive index, and R represents fluorescein, which is 

the reference dye used here. 

5.2.5 Binding and release studies of NPs with GST-sFRP4 

Binding of fixed amount of NPs and increasing concentrations of sFRP4 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 Perkin-

Elmer, at excitation and emission wavelengths of 425 nm and 650 nm, respectively. Binding 

percentage was calculated by the formula: 

 

Binding efficiency (%) =       X 100 

 

To further confirm the binding of sFRP4 with NPs, FTIR was done. Lyophilized samples of 

sFRP4, NPs, and NPs-sFRP4 were mixed potassium bromide to form pellets and spectral 

analyses were performed in the range of 4000-400 cm-1 (Perkin-Elmer Spectral One). 

Release profile of sFRP4 from NPs was generated after selecting the concentration of protein 

 IR OD    nR
2 

I   ODR   n2 

IntensityNP – IntensityNP-sFRP4 

IntensityNP 
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at which binding saturation was attained. The intrinsic fluorescence of the protein released 

in PBS (pH 7.4) was measured over a time span of 48 h at an emission wavelength of 360 

nm, on excitation with 280 nm wavelength of light. 

5.2.6 Mammalian Cell Culture 

Human cervical carcinoma cell line (HeLa) was obtained from National Centre for Cell 

Sciences, India. Cells were cultured in DMEM, supplemented with 10% FBS, 100 U/ml 

Penicillin, 100 µg/ml Streptomycin in a 5% carbon dioxide incubator under humid 

conditions at 37 ºC. 

5.2.7 Cytotoxicity assays 

The effect of sFRP4-NPs on viability of HeLa cells was gauged by trypan blue and MTT 

assays. Cells were seeded at a density of 7x104 cells/ well in 12-well plate for trypan blue 

assay and at 7000 cells/ well in 96-well plates for MTT assay. Cells were allowed to attach 

overnight, after which sFRP4, NPs, and NP-sFRP4 were added separately to the cells in 

serum-free media, in triplicates. NP-sFRP4 were added at concentrations ranging from 0.1-

0.75 mg/ml, while corresponding concentrations of sFRP4 and NPs were also added 

separately, for comparison. 

Trypan blue assay is based on the concept that the trypan blue dye is membrane 

impermeable; hence, only the cells with damaged membrane would take up the stain, while 

healthy cells would remain unstained. For this purpose, control and treated cells were 

harvested after the treatment period and mixed in equal volume with 0.4% trypan blue 

(Invitrogen). This was loaded on a counting chamber and mounted on a Countess-automated 

cell counter (Invitrogen), which calculated the percentage of live cells.  

MTT assay was also performed to determine cell viability, in which MTT (HiMedia, India) 

was converted to purple formazan crystals soluble in DMSO by live cells. Multiplate reader 

(Tecan) was used to measure the absorbance at 550 nm and the background at 655 nm was 

subtracted. The following formula was used to ascertain the percentage of cell viability: 

% of cell viability=
�A550- A655� sample

�A550- A655� control

x100 
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It should be mentioned here, that while MTT assay gives percentage viability of each treated 

sample with respect to the untreated control cells, trypan blue provides percentage of live 

cells in each sample with respect to number of dead cells. Statistical significance was 

evaluated for both assays. 

5.2.8 Estimation of cellular uptake of NPs 

To examine the uptake of luminescent Ag NC embedded NPs by the HeLa cells, confocal 

microscope (LSM 880, Zeiss) was used. Cells were treated with NPs for 2 h and 8 h, before 

imaging was done. Further, flow cytometric evaluation was done, for which the cells were 

treated with NPs for varying time durations ranging from 0 h to 48 h. On excitation with 488 

nm laser of FACS, red luminescence of the NPs uptaken by cells was detected in the FL3 

channel.  

5.2.9 Western blotting for confirmation of affected signaling pathway 

To confirm whether the recombinant sFRP4 was functional and effectively modulated the 

Wnt pathway as intended, the expression of a central molecule of the canonical Wnt 

signaling by Western blotting was probed. Detection of total β-catenin protein as well as its 

phosphorylated form was done by respective antibodies. For this purpose, HeLa cells were 

treated for 24 h with sFRP4, NPs, and NP-sFRP4, respectively. Whole cell lysate containing 

total cytoplasmic protein was prepared with RIPA buffer (with protease inhibitors) and 

quantified by Lowry’s protein estimation assay. 50 µg of each sample was loaded in a 12% 

SDS-PAGE and electrophoresed. Thereafter, the total protein was transferred onto an 

activated PVDF membrane. Next, the membrane was blocked with BSA, after which it was 

incubated overnight at 4 ºC with a primary antibody - β-catenin or phospho (pSer33/ pSer37)-

β-catenin or endogenous control β-actin. Then the blot was washed five times with PBST or 

TBST and incubated with a corresponding secondary antibody conjugated with HRP. Again 

it was washed five times, before being developed with Chemiluminiscent Peroxidase 

Substrate kit, according to manufacturer’s protocol. It should be noted that TBS buffer was 

used in case of phospho- β-catenin only. 
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5.2.10 Studying the mode of cell death 

To delineate the mode of cell death, FACS-based assays, viz., determination of ROS 

generation, effect on cell cycle, and Annexin V-FITC/PI apoptosis detection were 

performed. In addition, apoptosis was also deciphered by microscopy-based AO/ EB dual 

staining and Field Emission Scanning Electron Microscopy (FESEM, Sigma, Zeiss) images.  

5.2.11 ROS generation 

For determination of reactive oxygen species (ROS) generation, the HeLa cells were treated 

separately with sFRP4, NPs, and NP-sFRP4 for 4 h. Subsequently, the cells were stained 

with dichlorofluorescin diacetate (DCFDA) and analyzed by flow cytometry in the FL1 

channel.  

5.2.12 Cell cycle analysis 

For this experiment, the HeLa cells were seeded at a density of 1x105 cells/well in a 6-well 

plate. Cells were incubated with 0.75 mg/ml NP-sFRP4, along with corresponding 

concentrations of sFRP4 and NPs. After 48 h of treatment, the cells were harvested by 

trypsinization and fixed by adding chilled 70% ethanol dropwise while vortexing. After the 

fixation step of at least 1 h, the cells were centrifuged to wash off the ethanol. Then the pellet 

was redispersed in 10 mM PBS, supplemented with 0.4 mg/ml DNase-free RNase for 1 h at 

37 ºC. Thereafter, each sample was incubated with PI at a final concentration of 10 µg/ml 

for 15 min in dark, after which samples were analyzed in the FL2 channel of a flow cytometer 

(BD FACSCalibur).  

5.2.13 Annexin V-FITC / PI Apoptosis detection assay 

Annexin V-FITC / PI apoptosis detection kit (BD Biosciences) was used to discriminate 

between healthy and apoptotic cells.  While Annexin V binds to phosphatidylserine sites 

exposed upon membrane flipping, one of the earliest hallmarks of apoptosis, PI can only 

permeate through membrane compromised cells. Therefore, healthy cells are negative for 

both FITC (tagged to Annexin V) and PI, early apoptotic cells yet to undergo membrane 

damage are positive for FITC and negative for PI, late apoptotic cells are positive for both, 

whereas cells stained with only PI represent the very late apoptotic or necrotic population. 
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In this pursuit, the cells were seeded and treated in a manner same as above. The assay was 

performed according to the manufacturer’s protocol. 

5.2.14 Dual staining with AO/ EB 

AO and EB double staining was done to corroborate on the results acquired in the above 

experiment. While AO is membrane permeable and can stain the entire cell, PI is membrane 

impermeable and stains the DNA of damaged cells only. Thus double stained cells denote 

the apoptotic population, whereas only PI stained cells simply represent cell death. For this 

experiment, cells were treated in a 96-well plate for 48 h. Then the media was discarded and 

replaced with PBS containing 2 µg/ml AO and 10 µg/ml EB in dark. After 5 min, cells were 

washed with fresh PBS and imaged with an epi-fluorescence microscope (Nikon ECLIPSE 

TS100). 

5.2.15 FESEM analysis 

For capturing the image of apoptotic cells, FESEM analysis was done. To avoid complete 

disintegration of cellular structure, treatment of the cells with composite NPs was done for 

only 24 h. The control and treated cells were harvested and fixed with chilled 70% ethanol, 

following which, they were drop-casted on an aluminium foil wrapped piece of glass slide 

and allowed to dry. After double coating of the sample with gold film, cells were imaged 

with FESEM (Sigma, Zeiss).  
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5.3 Results and Discussion 

5.3.1 Expression of functional GST-sFRP4 

GST tagged sFRP4 was expressed in E. coli BL21(DE3), as described in the previous 

chapter. Recombinant sFRP4 was purified using glutathione agarose affinity 

chromatography (Figure 5.1). Since the key to the therapeutic application of any 

recombinant human protein expressed in bacterial system is its functionality, maintaining its 

functionality by ensuring the proper folding of the GST-sFRP4 by gradient dialysis against 

Tris-HCl (pH 7.4) was the primary focus. It should be mentioned here that the activity of 

sFRP4 is known to be independent of post-translational modifications [48, 49]. Confirmation 

of the proper functioning of the recombinant protein was proven by cell based assays and 

the Western blotting experiments described later.  

 

Figure 5.1. Discrete single band of GST-sFRP4 corresponding to its legitimate size of 63 

kDa was observed in 12% SDS-PAGE, a cleaved band of GST was also noted. 

5.3.2 Binding of sFRP4 with Ag NC-Chitosan-Alginate NPs based on electrostatic 

interactions  

Since the GST-sFRP4 was found to possess an overall positive charge at physiological pH 

7.4, as calculated with ExPASy pI calculator, the Ag NC-Chi-Alg NPs were tailored to bind 

to sFRP4 by endowing a net negative charge upon them, forming the NPs. Zeta potential 

studies (Figure 5.2A) revealed the net surface charge of the as-synthesized NPs to be -27 
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mV. As sFRP4 affects the Wnt by binding to the extracellular Wnt ligands, sFRP4 was bound 

onto the surface of the NPs, instead of being encapsulated within. Moreover, to allow the 

extracellular release of the protein before the uptake of the luminescent NPs, a slow uptake 

of the NPs was promoted. Hence, in addition to conferring negative charge upon the NPs, 

their size was also kept relatively large, as illustrated by a hydrodynamic diameter of 774 

nm (Figure 5.2B) [121].  

 

Figure 5.2 (A) Zeta potential studies of Ag NC-Chi-Alg NPs. The single peak shows that 

the net surface charge of the NPs was -27 mV. (B) DLS analysis of Ag NC-Chi-Alg NPs. 

The hydrodynamic diameter was found to be 774 nm. 

5.3.3 Characterization of Ag NC-Chi-Alg NPs 

The so-synthesized Ag NC-Chi-Alg NPs displayed characteristic red luminescence emission 

spectrum of Ag NCs at 650 nm, when excited at a wavelength of 425 nm (Figure 5.3A). The 

intense photoluminescence was evidenced by reasonably higher quantum yield (11.4%) than 
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many reported Ag NC-based composites, making this composite appropriate for theranostic 

applications [65, 176, 177]. The mass spectra obtained with MALDI-TOF revealed 

prominent peaks at m/z equal to 444 and 656 (Figure 5.3B), corresponding to the complexes 

[Ag2L+ Na+ + H+]
+ 

and [Ag4L + Na+ - 2H+]
-
, respectively, where L denotes lipoic acid. 

Formation of the Ag4 cluster is in agreement with a previous investigation, where lipoic acid 

was used as template for synthesis [176]. However, Ag2 complex has also been reported for 

red emitting Ag NCs [177]. Additionally, the UV-vis absorption spectra showed the minor 

peaks at 334 nm and 432 nm (Figure 5.3C), possibly due to the formation of extremely small 

silver nanoparticles [176].  
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Figure 5.3. (A) Emission spectrum of Ag NC-Chi-Alg NPs connotes red luminescence (650 

nm), when excited with 425 nm wavelength of light. (B) MALDI-TOF spectra depicted few-

atom clusters of silver, with two-atom and four-atom cluster formation being most 

prominent; L denotes the ligand-lipoic acid. (C) UV-visible absorption spectrum of Ag NC-

Chi-Alg NPs. The minor peaks at 334 nm and 432 nm were possibly due to the formation of 

extremely small silver nanoparticles. (D) TEM images prove conclusively, the formation of 

nearly uniform spherical NPs of 350-400 nm in diameter. (E) Magnified NP, with distinct 

Ag NCs. (F) Magnified sFRP4 bound NPs, with distinct Ag NCs. 
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TEM images depicted the formation of spherical NPs with diameters in the range of 350-

400 nm (Figure 5.3D). The size difference observed between TEM and DLS data was 

possibly due to swelling of alginate in aqueous environment [122]. Notably, the presence of 

Ag NCs could be distinctly distinguished for both NPs and sFRP4 bound NPs (henceforth 

referred to as NPs-sFRP4) samples in the magnified TEM images (Figure 5.3E and Figure 

5.3F, respectively). Interestingly, binding of GST-sFRP4 to the NPs did not alter their 

spherical structure. Binding was also substantiated by FTIR spectroscopic analysis (Figure 

5.4), where a shift in amide I and amide II peaks of 1640 and 1560, respectively, confirmed 

binding of protein with the Chi-Ag NC-Alg NPs. The maximum binding of 71% was 

recorded by probing the luminescence of Ag NCs (Figure 5.5A). Maintaining the same ratio 

of protein and NPs, this binding efficiency was reaffirmed by probing the intrinsic 

fluorescence of protein as well (data not shown). Fluorescence of sFRP4 was also exploited 

to track its release from the NPs over 48 h, where 65% of the bound protein was released 

immediately in PBS, which increased gradually up to 96% in 48 h (Figure 5.5B).  
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Figure 5.4. FTIR analysis of (A) Ag NC-Chi-Alg NPs and (B) NP-sFRP4 revealed peak 

shifts for peaks corresponding to amide I and amide II.  
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Figure 5.5. (A) Binding efficiency was calculated by incubating fixed concentration of NPs 

with varying concentrations of sFRP4 for 1 h, maximum binding of 71% was obtained, after 

which saturation was attained. (B) Release profile of sFRP4 from NPs in PBS (pH 7.4). After 

1 h of binding in Tris buffer, an instantaneous release of 65% of the protein was documented, 

which increased gradually up to 96% in 48 h. 

5.3.4 Therapeutic efficacy determined by cell viability assays 

The therapeutic impact of the NP-sFRP4 was tested on cervical cancer cells (HeLa), which 

was the primary objective of this work. Although sFRP4 transfection has been reported to 

exert anti-proliferative effect [178], it is a challenge to ensure that a bacterially expressed 

human protein retains its functionality. Initial experiments to assess viability of treated cells 

by trypan blue dye exclusion [179] (Figure 5.6A) and MTT (Figure 5.6B) assays to confirm 

the functionality of the purified GST-sFRP4. It should be mentioned here that the absorbance 

values obtained in the MTT assay appeared to be erroneous, as visual observation under a 

microscope did not seem to agree with the results of the MTT assay. This could possibly be 

due to interference by the Ag NCs. Hence, trypan blue dye exclusion assay was performed 

to determine cell viability. Cytotoxicity of the NPs bestowed by the presence of Ag NCs 

[180] was also evident. More importantly, trypan blue assay demonstrated the cumulative 
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effects of sFRP4 and NPs for treatment with sFRP4 bound NPs. At the highest concentration 

of treatment, viability was significantly lower for NP-sFRP4 (29%), than sFRP4 (55%) or 

NPs (49%). While 0.75 mg/ml of NPs (containing 22.8 µg/ml of silver) was required to reach 

the IC50 value, only 0.25 mg/ml NP-sFRP4 (containing only 7.6 µg/ml silver) successfully 

brought about the same effect [181]. These data implied the development of a successful co-

therapeutic regime.  

 

Figure 5.6. (A) Trypan blue dye exclusion assay demonstrated that NP-sFRP4 was more 

potent in action than either component individually, as depicted by the percentage of viable 

cells, with the significance being between NP-sFRP4 and sFRP4 treated cells (‘***’ denotes 

p value<0.001 and ‘****’ denotes p<0.0001).  (B) MTT assay of HeLa cells treated with 

sFRP4, NPs, and NP-sFRP4, separately. It depicted that 0.5 mg/ml of NP-sFRP4 was 

sufficient to reduce viable cells to nearly 50% (‘**’ denotes p value<0.01 and ‘****’ denotes 

p<0.0001). 

5.3.5 Cellular uptake of luminescent NPs assessed by Confocal microscopy and Flow 

cytometry 

The cytotoxic effects of the Ag NC embedded NPs attributed to their gradual uptake by the 

HeLa cells, as divulged by simultaneous confocal microscopy and flow cytometric analysis. 

The images acquired using confocal microscope illustrated that after 2 h, luminescent NPs 

were in the process of being uptaken, with NPs prominently visible outside the cells as well 

(Figure 5.7A). However in 8 h, the luminescent NPs were almost completely uptaken by the 
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cells (Figure 5.7B). Z-stacking of image taken at 2 h clearly divulged that NPs remained in 

the media and on the surface of the cell (Figure 5.7C), indicating that the active uptake of 

the NPs was continuing even after 2 h. From this experiment, it was surmised that the gradual 

uptake of the NPs would ensure that there was sufficient time for the release of the protein 

outside the cells, before the NPs were uptaken and Ag NCs began to exert their activity 

inside the cells. The observation was concurrent with the FACS-based quantitative analysis 

(Figure 5.7D), which connote cellular uptake of NPs over a period of several hours, which 

is desirable for the release of sFRP4 outside the cells, where it is functional. However, the 

clusters appear to have been degraded in 48 h, evinced by the lack of luminescence in the 

cells at the time. Hence, the bright luminescence of these Ag NCs makes them suitable for 

probing and imaging in biological systems.  
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Figure 5.7. (A) Images acquired with confocal microscope showed that in 2 h, luminescent 

NPs were partially uptaken, with many NPs in the media or on cell surface; (B) In 8 h, almost 

complete cellular uptake of NPs was observed. Scale bar represents 10 µm. The images 

represent the luminescence of the as-synthesized Ag NCs. (C) Confocal microscopic 

projection of a 12 µm Z-stack (corresponding to Figure 5.7A). This image demonstrates the 

presence of NPs around and on the surface of the cell. The false colors depict the distance 

from coverslip to slide (0-12 µm), with red nearest to coverslip (top) and blue being nearest 

to slide (bottom). The single cell viewed in this field appears green due to uptake of 

luminescent NPs; green denotes that the NPs are equidistant from slide and coverslip, hence, 

inside the cell. However, the yellow dots are the NPs possibly on top of the cell, that is, on 

a different plane than the green layer, closer to the coverslip. Many NPs are also present 

outside the cell, as denoted by the green-yellow-brown dots. (D) Time dependent cellular 

uptake of luminescent NPs, as studied by flow cytometry. It showed a significant uptake of 

NPs in 2 h, with the luminescence lasting till 30 h. In 48 h, NPs were degraded inside the 

cells, as evidenced by lack of luminescence.  

5.3.6 Targeting the Wnt/ β-catenin signaling by recombinant sFRP4 

As sFRPs are known to block the Wnt pathway in non-cancerous cells, the same effect would 

be expected in cancer cells if sFRP expression was induced in any manner. With this intent, 

the mechanism behind the anti-proliferative activity of recombinant sFRP4 was elucidated 

by examining the downstream Wnt signal cascade. Western blotting experiments were 

performed to probe the expression of β-catenin, a central molecule of the Wnt signal cascade 

(Figure 5.8A). The sFRP4-treated and NP-sFRP4-treated HeLa cells exhibited a 1.5-fold 

and 1.75-fold reduction in expression of total β-catenin protein, respectively, denoting 

inhibition of the downstream Wnt signaling. Furthermore, an upregulation in the 

phosphorylated form of β-catenin in treated cells signified proteasome mediated degradation 

of β-catenin. However, this phosphorylated form was not observed in cells treated with NP-

sFRP4, possibly due to potent action of the Ag NCs. These results provide categorical 

evidence in favor of the role of the GST-sFRP4 in antagonizing the Wnt/ β-catenin pathway. 

Hence the anti-proliferative effect of sFRP4 may be attributed to the degradation of β-

TH -1528_11610607



146 

 

catenin, which is known to downregulate the Wnt downstream pro-proliferative genes [182, 

183]. 

 

Figure 5.8. (A) Targeting of the canonical Wnt/ β-catenin signaling with functional sFRP4 

was proven by Western blotting. β-catenin was significantly downregulated treated HeLa 

cells, compared to untreated cells; phosphorylated β-catenin, that is, β-catenin marked for 

degradation, was upregulated in sFRP4-treated cells, however NP-sFRP4 treated cells did 

not appear to have expressed phospho-β-catenin, possibly due to the presence of potent NPs 

or due to extremely short half-life of phosphorylated proteins. β-actin antibody was used as 

endogenous control. (B) NP- and NP-sFRP4-treated cells showed significant ROS 

generation in FACS-based assay, and sFRP4-treated samples generated ROS to a lesser 
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extent. (C, D) FESEM images depict (C) untreated HeLa cells and (D) HeLa cells treated 

with NPs with 24 h. 

5.3.7 Cytotoxic effect of Ag NC embedded NPs  

After elucidating the cause of cell growth inhibition by GST-sFRP4, the mode of effect 

exerted by the NPs was investigated. Treatment with the Ag NC embedded NPs generated 

reactive oxygen species (ROS) [184] that directly correlated with cell death (Figure 5.8B) 

[185]. However, treatment with protein alone also resulted in ROS generation, albeit much 

less than that by Ag NCs. Indeed, onset of apoptosis was documented in FESEM images, 

depicting membrane blebbing and shrinkage of the cells treated with composite NPs for 24 

h (Figure 5.8C and Figure 5.8D) [186]. This experiment, along with the above Western 

blotting data were in direct agreement with the results obtained in the cell viability assays. 

Thus, while Ag NCs induced cell death by ROS generation, recombinant sFRP4 arrested cell 

growth by blocking the Wnt signaling. Hereby these two components together constituted 

the co-therapy module, which has been further mechanistically studied.  
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Figure 5.9. (A) Cell cycle analysis using PI recorded a significant increase in sub-G1 

population in cells treated with NP-sFRP4, as compared to either sFRP4 or NPs individually, 

indicating apoptosis. (B) Annexin V-FITC/PI apoptosis detection assay also depicted a 

significantly higher population of apoptotic cells in NP-sFRP4-treated cells. These 

experiments demonstrated the co-therapeutic potential of sFRP4 and NPs in this nanosystem.  
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5.3.8 Co-therapeutic efficacy of sFRP4 bound NPs 

In present regime, combination therapy plays a key role in cancer treatment. To overcome 

the undesirable side-effects of the chemical drugs currently available in the market, novel 

co-therapy regimes that can specifically target cancer cells are in the process of being 

developed. In this chapter, the co-therapeutic potential of the NP-sFRP4 nanosystem was 

documented. Several flow cytometry-based and microscopy-based assays helped to 

demonstrate the mechanism of cell death in co-therapy module. FACS-based analysis of cell 

cycle using PI (Figure 5.9A) unveiled that the sub-G1 population, which may be considered 

as an indicator of apoptosis, was significantly higher in NP-sFRP4-treated cells (16.8%), as 

compared to control (0.67%), sFRP4-treated (3.12%), or NP-treated cells (7.15%).  

Further, FACS-based Annexin V-FITC/PI assay established apoptosis to be the mechanism 

of cell death (Figure 5.9B). The percentage of apoptotic cells was substantially higher in 

NP-sFRP4-treated cells (33.4%), versus that of control (11%), sFRP4-treated cells (17.5%) 

[187], and NP-treated cells (26%). These results are in accordance with a previous report, 

which showed that restoration of expression of sFRP4 in mesothelioma cells induced 

apoptotic cell death [187]. Also, silver nanoparticles have been proven to induce apoptosis 

in cancer cells [188].  

Visual corroboration of apoptosis was done by dual staining with AO and EB (Figure 5.10). 

The images clearly demonstrated that co-therapy brought about intensive apoptotic cell 

death.  
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Figure 5.10. AO/EB dual staining of control cells and cells treated with sFRP4, NPs, and 

NP-sFRP4, respectively. Scale bar represents 100 µm. 

This investigation initiates an innovative regimen in cancer theranostics, where recombinant 

therapeutic sFRP4 bound Ag NC-Chi-Alg NPs induced apoptosis in cervical cancer cells via 

Wnt/ β-catenin targeted cancer therapy. Moreover, the intense luminescence of the Ag NCs 

was utilized in imaging, uptake, and binding analyses. This report lays the foundation for in 

vivo studies, which could pave the way for clinical applications of the recombinant sFRP4 

bound Ag NC-Chi-Alg NPs.  
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5.4 Conclusion 

In summary, novel multifaceted theranostic recombinant sFRP4-bound Ag NC-Chitosan-

Alginate NPs were fabricated to target downstream molecule of Wnt signaling in cancer 

cells. While chitosan and alginate could tune the size and surface charge of NPs, the 

remarkable luminescence of the Ag NCs enabled tracking, uptake, and imaging, thus 

imparting theranostic properties. Moreover, the low toxicity of the Ag NCs [189] ensure that 

they be possibly employed for in vivo therapy, unlike many other toxic nanoclusters [190]. 

The most intriguing aspect of this chapter was the targeting of the central molecule of active 

Wnt pathway in cancer cells with recombinant purified sFRP4 bound NPs. Interestingly, the 

bacterially expressed human sFRP4 retained its functionality post purification and binding, 

evidenced by its anti-proliferative activity and β−catenin regulation downstream of Wnt 

signaling. Therapeutic efficacy of the NP-sFRP4 has the potential to engender a new strategy 

for cancer co-therapy, where the advantages of protein therapy could be implemented to 

reduce the dosage of Ag NCs. In addition, this luminescence-based platform could lay the 

foundation for incorporating dynamic perspectives to the area of cancer theranostics. The 

independent successes of chemical inhibitors of the Wnt pathway [165, 166] as well as the 

noble metal nanoclusters in biological imaging [105, 189, 191] documented in in vivo models 

have led us to believe that this multifunctional system holds great promise for clinical 

translation. 
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CONCLUSION AND FUTURE PROSPECTS 

 

A final discussion and conclusion of this thesis has been drawn in this section. The highlights 

of the work done, the significance of this study as well as the prospect of clinical translation 

of the research presented in this thesis have all been encompassed herein.  

An extensive review of literature revealed the progress of research in the field of cancer 

therapy; more specifically, the prospect of protein therapy and the effectiveness of a 

repertoire of combination therapies were divulged. Taking into consideration the loopholes 

of current therapeutic modalities, the canonical Wnt/ β-catenin signaling pathway was 

targeted in cancer cells by natural inhibitors sFRP1 and sFRP4. These two human sFRP 

isoforms were cloned into bacterial expression vector pGEX-4T2 and expressed and affinity 

purified from E. coli by methods optimized in this study. It is germane to mention here that 

sFRP4 was cloned from a novel source- the ACHN (renal carcinoma) cell line. After careful 

confirmation of the authenticity of the clones by sequencing and restriction digestion, the 

identity of the subsequently purified and folded recombinant proteins was validated by 

MALDI-TOF/TOF, Western blot, and circular dichroism analyses. Initial efforts to produce 

sFRP using histidine tag-containing expression vector pET-28a was not successful. Hence it 

was assumed that the His tagged sFRP was not stable even for a brief period of time. This 

drawback was overcome by the GST tag, which possibly imparted stability to the 

recombinant proteins. Moreover, it was proved during the course of this investigation, that 

the GST tag itself did not have any effect on the growth of cancer cells, as evidenced by cell 

viability assays and docking studies. Cleaving of the GST tag using proteolytic enzyme 

thrombin resulted in very low yield of cleaved sFRP1, which was insufficient to bring about 

significant anti-proliferative effect on cancer cells. Hence, all further studies were pursued 

with GST tagged sFRPs. 

In vitro cell culture model was employed to ascertain the anti-proliferative effects of the 

recombinant sFRP1 and sFRP4. HeLa, MCF-7, and A549 cells exhibited significant dose-

dependent response upon treatment with either of the two sFRP isoforms. However, IC50 

values were not attained with protein therapy alone, which could be due to parallel pathways 
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promoting cell proliferation. Also, it could be possible that blocking of the Wnt pathway 

inhibited cell proliferation, but did not cause significant cell death. To investigate these 

possibilities and effectuate an increased reduction in cell viability, further co-therapy 

experiments using anti-cancer drugs were designed. However, stable cell lines expressing 

SFRPs was not possible to establish due to enormous cell death post transfection.   

The effect of the recombinant sFRPs on the canonical Wnt/ β-catenin signaling was 

established by Western blot as well as semi-quantitative and quantitative real-time PCR 

analyses. The expression of β-catenin, which is the central molecule of this pathway, was 

probed at the protein level. Cytosolic β-catenin was found to be degraded in treated cells, as 

evidenced by reduced levels of β-catenin and increased levels of phosphorylated β-catenin. 

Semi-quantitative as well as real-time PCR analyses displayed that downstream targets of β-

catenin, viz., cyclin D1, survivin, and c-myc, were also downregulated by the recombinant 

sFRPs. Since these are pro-proliferative genes, it was concluded that inhibition of these 

genes engendered the anti-proliferative effect of the sFRPs. The effect of this action was 

manifested in the form of a G2/M arrest of the cell cycle. 

Combination therapy was performed with sFRP and known chemotherapeutic drugs, 

cisplatin and doxorubicin, which substantially augmented the anti-cancer response of the 

cancer cells. This effect demonstrated that the cells were chemosensitized toward the drugs, 

possibly because the sFRPs arrested their growth and made them vulnerable to further 

treatment. The most crucial benefit derived from this combination therapy was the use of a 

very low dosage of drug, which would help to reduce their adverse side-effects. The mode 

of effect of these combination therapy modules was studied by various cell-based assays, 

which showed that a cell cycle arrest was followed by apoptotic cell death. Indication of 

apoptosis was observed in the flow cytometry-based cell cycle analysis of PI-stained cells. 

Apoptosis was further validated by flow cytometry-based Annexin V-FITC/PI assay and 

fluorescence microscopy-based AO/EB dual staining.  

To enhance the stability of the recombinant proteins by achieving sustained release, 

nanocluster- embedded novel composite nanoparticle systems were fabricated. In this 

pursuit, biopolymers chitosan and alginate, the latter being FDA approved, were employed 

for the ease of maneuvering the size and surface charge of the system, according to the 
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requirements of this study. The remarkable luminescence of the gold and silver nanoclusters, 

described in Chapters 3 and 5, respectively, was exploited efficiently for binding, uptake, 

and bio-imaging studies. These multifunctional theranostic nanoparticle-systems brought 

about augmented anti-cancer responses in the in vitro cell culture models and significant 

apoptotic populations were observed. Additionally, the sFRP component of the nanoparticle 

systems was responsible for specific targeting of the aberrantly upregulated Wnt pathway in 

these cancer cells. 

This thesis emphasizes on the anti-cancer potential of the recombinant sFRP1 and sFRP4 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 Wnt signal cascade 

with the sFRPs may serve to combat cancer if exploited clinically. 
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APPENDIX 

All chemicals, reagents, and kits were purchased from Sigma-Aldrich, unless mentioned 

otherwise. Companies and institutes from which items have been procured have been stated 

at the first mention of each item.  

Essential Bacterial strains:  

• DH5α (fhuA2, lac∆U169, phoA, glnV44, Φ80', lacZ∆M15, gyrA96, recA1, relA1, 

endA1, thi-1, hsdR17) 

• BL21 (dcm, ompT, hsdS (rB-mB-), gal) (MTCC, India) 

Plasticwares:  

• Microcentrifuge tubes- 0.5 mL, 1.5 mL and 2 mL (Tarsons, India), 0.2 mL PCR 

tube (Grenier BioOne, USA) 

• Microtips- 0.2-2 µL, 2-200 µL, 200-1000 µL (Tarsons, India) 

• Petridish for bacterial culture (Tarsons, India) 

• Mammalian cell culture plates- 35 mm, 60 mm and 100 mm diameter plates (BD 

Falcon, USA or Tarsons, India or Corning Inc, USA) 
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Buffers and their compositions: 

Buffers 

 

Composition 

4X protein loading dye (for 10 mL) 2.0 ml 1 M Tris-HCl (pH 6.8), 0.8 g SDS, 4.0 ml 

100% glycerol, 0.4 ml 14.7 M β-mercaptoethanol, 

8 mg bromophenol blue in water 

6X DNA loading dye 0.25 (%)(w/v) bromophenol blue, 0.25% (w/v) 

xylene cyanol FF, 30% (v/v) glycerol in water 

Alkaline lysis solution for plasmid 

isolation I 

50 mM glucose, 25 mM Tris-Cl (pH-8.0), EDTA 

(10 mM) 

Alkaline lysis solution II 0.2 N NaOH, (freshly diluted from 10 N stock), 

1% (w/v) SDS 

Alkaline lysis solution III 5 M potassium acetate (60 mL), glacial acetic 

acid (11.5 mL), water (28.5 mL) 

Cleaning buffer 1 for column 

regeneration (pH-8.5) 

0.1 M boric acid, 0.5 M NaCl, adjust the pH 8.5 

with sodium hydroxide 

Cleaning buffer 2 for column 

regeneration (pH-4.5) 

0.1 M sodium acetate, 0.5 M NaCl, adjust the pH 

4.5 with acetic acid 

Lysis buffer for protein purification 10 mM PBS (pH-7.4), 1 mM EDTA, 1 mM 

PMSF, 0.32% N-lauroylsarcosine  

Protein elution buffer 50 mM Tris, pH 9.5 and 15 mM L-reduced 

glutathione 

Blocking buffer 3%-5% (w/v) BSA in PBST/TBST 

Phosphate buffered saline 137 mM NaCl, 2.68 mM KCl, 7.98 mM 

Na2HPO4, 1.4 mM KH2PO4, pH-7.4 

Polyacrylamide solution (30%) 29.2% (w/w) acrylamide, 0.8% (w/w) N,N'-

methylenebisacrylamide 

Tris Buffered Saline Tween-20 Tris-HCl (50 mM), NaCl (150 mM), Tween-20 

(0.1% v/v) pH-7.5 

Tris-acetate EDTA (TAE) 50X 

(100 mL) 

24.2 g Tris base, 5.71 mL of glacial acetic acid, 

10 mL of 0.5 M EDTA (pH-8.0) 

Tris-EDTA 10 mM Tris-HCl (pH-8.0), 1 mM Na2EDTA 

TSS buffer for transformation 10% (w/v) PEG 8000, 0.6% (w/v) MgCl2.6H2O, 

5% (v/v) DMSO in LB 
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