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ABSTRACT 

The objective of this dissertation is to present the various therapeutic approaches for 

two distinctly different diseases, prostate cancer and type-1 diabetes. Our objective (1) for 

prostate cancer is to evaluate the siRNA mediated silencing of IKKα expression and examine 

its effects on tumor cell invasiveness and growth, and (2) for type-1 diabetes is to develop a 

stable transgene delivery system that can infect dividing as well as quiescent cells, such as 

pancreatic islets. In chapter 1 and 2 the biological characteristics and molecular mechanism 

of cancer are described, and the therapeutic strategies and their limitations are summarized; 

the current therapeutic approach, characteristics and molecular mechanism of type 1 diabetes 

are also presented. 

In chapter 3, the molecular mechanism of IKKα, its expression profile in prostate 

cancer cells and the therapeutic effect of IKKα siRNA on prostate cancer cell lines are 

described. Three synthetic siRNAs targeting different regions of the IKKα mRNA were 

designed, and the silencing effect was determined by quantitative real time RT-PCR. 

Inhibition of IKKα in prostate cancer cells reduced wound healing, inhibition of in vitro cell 

migration, cell invasion and attachment capabilities. Similar anti-invasive effects were also 

observed in the presence of RANKL, which is a Receptor activator of NFκB Ligand. 

However, silencing of IKKα only showed a negligible effect on cell proliferation and cell 
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cycle distribution, estimated by cell viability assay and cell cycle distribution assay, 

respectively.  

Although Lipofectamine possesses good transfection efficiency, nevertheless it 

produces cytotoxic effects. In addition, if siRNA is given alone parenterally it may not reach 

the target efficiently. To overcome these problems, anti-PSMA aptamer as a targeting moiety 

to specifically deliver the siRNA to the PSMA overexpressing prostate cancer cells was 

introduced in chapter 4. Originally developed PSMA aptamer, A9, is a 70mer RNA 

sequence; however in this study the truncated version of this aptamer which is 41mer RNA, 

called as A9L aptamer, was used. This truncated aptamer maintain the PSMA binding 

activity, specificity and functionality, just as the full length anti-PSMA aptamer. In addition, 

it also retains the ability to inhibit PSMA’s NAALA-Dase activity. In this study, A9L was 

attached to one end of the sense strand of the IKKα siRNA duplex through a 14mer RNA 

sticky bridge. The resulting triplex (sense + antisense + aptamer) showed similar silencing 

effect as duplex (sense + antisense) when transfected the cells using Lipofectamine-2000. 

Furthermore, the triplex showed comparable cellular uptake and gene silencing effect, but 

less cytotoxicity compared to transfection with Lipofectamine-2000. 

In chapter 5, the effect of RNAi mediated CD40 gene silencing on Insulinoma 

endothelial cells (islet β cell) and rat pancreatic islets was evaluated. Three siRNAs targeting 

different regions of CD40 mRNA were designed and the silencing efficiency was estimated 

at mRNA level by real-time RT-PCR. Results showed moderate, but efficient gene silencing 

with siRNA. The silencing efficiency in the presence of various cytokines was also 

evaluated, and it was found that siRNA could inhibit CD40 expression in the presence of 

cytokines compared to the control group. Transfection efficiency in islets was evaluated by 



v 

 

confocal microscopy. Although islet is a cluster of non-dividing cells, siRNA could 

efficiently transfect the islets and it had little effect on islet viability. Further we designed 

AAV vector encoding CD40 shRNA, and estimated the transfection and silencing efficiency 

of the vector in INS-1E cells. The AAV vector could stably transfect the cells, for up to 6 

days, and down-regulated CD40 efficiently. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Overview 

1.1.1 Prostate Cancer 

Cancer is a group of diseases characterized by uncontrolled cell growth. When the cells 

divide uncontrollably they can interfere with the various body functions such as digestive, 

circulatory, nervous and lymphatic systems by releasing the hormones that alter the body 

functions. According to American Cancer Society about 1,665,540 new cancer cases are 

expected to be diagnosed in 2014, and about 585,720 deaths from cancer alone are expected. 

Cancer remains the second most common cause of death in the US, accounting for nearly 1 

of every 4 deaths.  

Cancers are primarily caused by genetic mutations that alter cell growth and mediate 

invasion and metastasis. These genetic mutations often up-regulate oncogenes, inhibit tumor 

suppressor genes, or alter the DNA-repair genes. Unlike normal cells, cancer cells have 

different and unique biological characteristics, such as irregular cellular arrangement, larger 

fenestration, leaky blood vessels, over expression of certain receptors, and overly activated 

survival mechanism; these characteristics can be exploited as therapeutic targets. Where 

surgery is the primary treatment approach for the localized tumor, for the metastasized tumor 

chemotherapy, immunotherapy, radiation, hormonal therapy and gene therapy are mostly 

used for different stages of the cancer. However, the therapeutic efficacy of these treatments 

is usually limited due to nonspecific cytotoxicity and inevitable development of resistance.  
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Prostate cancer is the most common male malignancy, and the second leading cause 

of death, after lung cancer, in men in the United States [1]. Risk factors for this cancer 

includes, age, ethnicity, family history, genetic changes, inflammation of prostate, sexually 

transmitted disease, dietary fat intake and many carcinogens [1, 2]. Prostate cancer is 

characterized by an elevated Prostate Specific Antigen (PSA) level in the blood, and urine 

dysfunction. The major risk associated with prostate cancer is the development of metastasis, 

which may induce additional symptoms, including bone pain, urinary and fecal inconsistency 

and weakness in legs [3]. In clinical practice, prostate cancer is diagnosed by measuring the 

serum PSA, digital rectal examination, and trans-rectal ultrasound (TRUS) based prostatic 

biopsy [4, 5]. IKKα is reported to play an important role in inflammation and metastasis of 

prostate cancer [6]. Therefore, siRNA-mediated silencing of IKKα was employed in this 

study. 

1.1.2 Type-1 Diabetes 

Type-1 diabetes is characterized by the loss of insulin producing beta cells of islet of 

langerhans in the pancreas due to autoimmune attack by T-cells, leading to insulin 

deficiency. With the development of immunosuppressive regimens and therefore 

improvement of islet graft survival, islet transplantation becomes a feasible approach, 

however its clinical application is limited due to the shortage of human islets and the possible 

side effects of the immunosuppressive drugs, such as pro-diabetogenic effect, loss of renal 

function, and increased risk of neurotoxicity. Therefore, the usage of immunosuppressive 

drugs and the shortage of human islets remain as the major barriers for clinical implication of 

islet transplantation; hence there is an urgent need to develop an effective therapeutic 
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approach to treat type 1 diabetes. In our study we used siRNA to target CD40 gene which is 

reported to be a key mediator of inflammation and autoimmune reaction in type-1 diabetes. 

1.1.3 siRNA Therapy 

Compared to other treatment strategies, gene therapy is more specific, and therefore 

holds a great potential as it works at gene and protein sequence level, targeting the gene and 

pathway responsible for developing the tumor. By delivering therapeutic nucleic acids into 

the diseased cells, defective genes can be corrected, replaced or silenced [7]. Groups of 

nucleic acids used for diagnostic and therapeutic purpose include plasmids, ribozymes, 

antisense oligonucleotides, aptamer, microRNA and siRNA [8, 9]. Of the various gene 

therapy approaches, siRNA mediated gene silencing is the most extensively studied and used 

therapy; it works by RNA interference mechanism, resulting into the inhibition of the target 

mRNA, thereby preventing its translation into protein.  

  

Table 1: Summary of siRNA based cancer therapeutics in clinical trials 

COMPANY TARGET 

DISEASE 

DELIVERY 

ROUTE 

STATUS DELIVERY 

SYSTEM 

Calando Pharma Melanoma, solid 

tumor 

IV Phase I, ongoing, 

not recruiting 

Cyclodextrin 

nanoparticle 

Silence Therapeutics Colorectal cancer 

with liver 

involvement 

IV Phase I, 

completed 

Liposomes 

Silenseed Ltd Pancreatic ductal 

adenocarcinoma 

EUS biopsy 

needle 

Phase I, ongoing 

Phase II, not yet 

open 

 Polymer matrix 

Alnylam Pharma Solid tumor with 

liver involvement 

IV Phase I, 

completed 

Stable nucleic 

acid lipid particle 
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Tekmira Pharma Solid tumor with 

liver involvement 

IV Phase I, 

completed 

Stable nucleic 

acid lipid particle 

M.D. Anderson 

Cancer Center 

Solid tumor IV Phase I, not yet 

open 

Neutral 

liposomes 

 

On the other hand, aptamer has emerged as a targeting moiety and a vehicle for 

siRNA delivery. Aptamers are synthetic nucleic acid ligands that have high affinities and 

specificities to a large variety of targets [10, 11]. Various aptamers have been developed 

specific for the proteins and receptors expressed by cancer cells (PSMA, HER2, Transferrin) 

[12-14], HIV infected cells (gp120) [15], vascular smooth muscle cells (A7r5) [16], and 

others. Many prostate cancers express prostate specific membrane antigen (PSMA) protein 

on the surface which can be used as a target for targeted delivery of siRNA and drugs, using 

PSMA specific aptamer ligand.  

In this dissertation, we explored the possibility of applying siRNA technology for two 

diseases, prostate cancer and type-1 diabetes, in several aspects.  In the first part, we 

designed siRNAs targeting IKKα, which is a novel prostate cancer oncogene. The effect of 

IKKα silencing was estimated on various parameters of metastasis, including motility, 

apoptosis and proliferation of prostate cancer cells. In the second part, we used PSMA 

aptamer as a ligand to deliver siRNA to PSMA positive LNCaP cells, by connecting siRNA 

to aptamer through a complementary oligonucleotide linker. In the last part, we targeted 

CD40 gene, which plays a critical role in type-1 diabetes, by using three siRNAs. CD40 

silencing was estimated in INS-1E cells as well as pancreatic islets. In the same section, later 

we also estimated the AAV viral vector mediated siRNA delivery and CD40 silencing in 

INS-1E cells.  
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1.2 Statement of the Problem 

Despite the great potential of siRNA for treating the diseases caused by over 

expression or mutation of a gene as in the case of various cancers, liver fibrosis, diabetes, 

viral infections and genetic disorders, there remains great challenges for developing siRNA 

therapeutics in terms of safety and successful delivery to the target tissue and cells, and the 

stability of siRNA-formulations. 

IKKα plays a key role in the development of prostate cancer metastasis. It exerts its 

pro-metastatic effect by repressing transcription of the tumor suppressor gene Maspin [6]. 

The expression level of Maspin in normal epithelia cells is much higher than that in 

malignant cells.[6] Infiltrating immune cells expressing RANKL (Receptor Activator of 

NFκB Ligand) induce activation and nuclear translocation of IKKα in prostate tumor cells. 

IKKα then interacts with the promoter of Maspin gene and silences its expression, 

committing prostate cancer to a metastatic fate.[6, 17] Therefore, siRNA-mediated selective 

inhibition of IKKα may present an attractive approach to prevent the metastasis caused by 

IKKα, and increase the expression of Maspin. 

Tissue specific delivery of siRNA can be achieved by using cell specific ligands, such 

as antibody, aptamer, cell penetrating peptide, and viral vectors. siRNA can be delivered by 

aptamer as Aptamer-siRNA conjugate or aptamer modified nanoparticles. Aptamers have 

been used as targeting ligands for the delivery of siRNA to various cells, such as virally 

infected cells [15, 18], tumor cells [19-22], and immune cells [23]. However, the main hurdle 

in aptamer-mediated siRNA delivery is that the activity of siRNA is often compromised 

when conjugated to an aptamer, reducing the potency and ability of previously validated 

siRNA [19]. To overcome this problem, we used a sticky bridge between PSMA aptamer and 
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siRNA sequence. The sequence of the sticky bridge and the positioning of the bridge 

between aptamer and siRNA have potential effect on the RNAi mechanism. 

Death of insulin producing β cells of islet leads to hyperglycemia in type-1 diabetes. 

Since islet is a group of non-dividing cells, it cannot be cultured in vitro, therefore to 

overcome this problem, we induced siRNA mediated silencing of CD40 gene, which is an 

inflammatory gene responsible for producing autoimmune reaction in diabetes. For a 

successful delivery of siRNA to the dividing as well as quiescent cells, such as pancreatic 

islet, we need to develop a safe and efficient delivery system. Islet being a group of non-

dividing cells, it is difficult to be transfected to inhibit the expression of inflammatory gene; 

therefore it requires a stable inhibitory system. Such stable delivery system can be achieved 

using viral vectors, but the problems associated with viral vectors are that they have transient 

expression of transgene, have a tendency to develop host immune reaction in vivo, and they 

have a propensity to integrate with the host chromosome [24-26]. In order to circumvent 

these problems an adeno-associate viral (AAV) vector has been developed which can stably 

express the CD40 siRNA to produce RNAi inside the cell. 

1.3 Objectives 

The objectives of this dissertation were: 

1) To design and screen siRNAs that can effectively silence IKKα; To evaluate the anti-

cancer effect of IKKα siRNA on invasive properties, metastatic properties, proliferation, 

and apoptosis in prostate cancer cells. 

2) To design sticky bridge sequence to link anti-PSMA aptamer and siRNA to develop a 

PSMA-mediated siRNA delivery system; To compare the effect of positioning the sticky 

bridge linker on either 5’ end or 3’ end of PSMA and siRNA on cellular uptake and gene 



7 

 

silencing; To evaluate siRNA transfection efficiency, cellular uptake, gene silencing 

effect, and cytotoxicity of this delivery system. 

3) To design and screen siRNAs that can effectively silence CD40; To study the 

effectiveness of siRNA in gene silencing and apoptosis in the presence of cytokines (IL-

1β and TNF-α) in INS-1E cells and pancreatic islets; To estimate the transfection 

efficiency and cytoxicity of siRNA with Liofectamine-2000 in islets;  

4) To construct Adeno-Associate viral vector using AAV-U6-EGFP plasmid; To estimate 

the transfection efficiency and cytotoxicity of this vector at wide range of MOI; To 

evaluate the effectiveness of AAV vector in gene silencing  
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CHAPTER 2  

LITERATURE REVIEW 

2.1 Characteristics of Cancer 

The most fundamental characteristics of cancer cells are the autonomous growth and 

multiplication of the cells; and the proliferation is not in response to the need of the host cells 

in which they reside. At various levels tumor cells are different from the normal body cells, 

in that they are self-controlling and independent of normal growth control mechanism. 

Normal body cells can be divided into several categories: continually replacing cells; non-

renewing cells with regenerative capacity; and essentially non-replacing cells. The category 

of "continually replacing cells" are more relevant to the study of neoplastic growth [27]. In 

order for a normal cell to transform into a cancer cell, the gene responsible for cell growth 

and differentiation must be altered [28]. This transformation does not happen suddenly, it 

involves a series of molecular events. Additionally, expression of a single potent oncogene in 

normal cells is not sufficient for this transformation; overexpression of a second oncogene is 

also required to bring this transformation [29]. In addition, expression of two oncogenes does 

not necessarily transform every cell.  

2.2 Cancer Metastasis 

The metastasis of cancer cells occurs by altering a cellular phenomenon such as cell 

migration, adhesion, survival, proteolysis, and lymph angiogenesis; these alterations result 

due to the aberrant changes in the apoptotic, wound-healing and survival genes and pathways 

[30]. The process of metastasis involves a cascade of cellular events and molecular 

mechanism, including intravasation of tumor cells, their circulation in the lymphatic and 

blood systems, arrest at distant organs, extravasation, cell adhesion, and development into 
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metastatic foci [31, 32]. There are many metastatic genes that are involved in causing 

metastasis, including cell adhesion and de-adhesion molecules such as CAM, cadherins, 

integrins, migration gene such as Met-SF/HGF signaling, and FAK, angiogenesis producing 

gene, VEGF, PDGF and bFGF, gene inducing homing to target organs, chemokines and their 

receptors, CD44 and osteopontin [30]. One such metastatic gene is IKKα, which was initially 

reported by Luo et.al, as an oncogene that causes metastasis of prostate cancer by inhibiting 

the tumor suppressor gene, Maspin [6].  

2.3 Molecular Mechanism 

The molecular mechanism of cancer involves three different types of genes, namely 

proto-oncogene, tumor suppressor gene, and DNA repair genes. Proto-oncogenes produce 

proteins that normally enhance cell division or inhibit normal cell death; and the mutated 

forms of these genes are called oncogenes which produce excessive level of growth 

promoting proteins. Tumor suppressor genes are the ones that prevent cell division or cause 

cell death; and the last one, DNA repair genes, help prevent mutations that lead to cancer. 

Although the genetic basis of various types of cancers is different, the cellular and molecular 

mechanisms involved are similar. These mechanisms include the interaction between 

epithelial tumor cells, and neighboring stromal cells, such as fibroblasts as well as 

endothelial and immune cells; migration, adhesion, survival, and immune escape mechanism; 

lymph/angiogenesis, and homing to the target organs. The molecular factors involved in 

cancer include adhesion receptor families, receptor tyrosine kinases, cytoskeleton proteins, 

extracellular proteases (matrix metalloproteinases), and extracellular matrix (ECM) [30, 33]. 

A number of oncogene have been found to be involved in prostate cancer, which include, 
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PTEN, TP53, c-myc, ras, RB, AR (androgen receptor), BCL2, ERBB2, [34] and the recently 

found IKKα.  

2.4 IKKα and RANKL in Prostate Cancer 

In this section oncogenic gene IKKα and RANKL, oncogenic receptor PSMA, and 

some oncogenic enzymes will be discussed in detail. Instead of targeting the cancer cell 

itself, we have targeted the inflammatory and metastatic pathways that occur within 

inflammatory cells and are essential for cancer development and progression. Inflammatory 

cells preserve a normal and stable functioning of the genome; therefore they are unlikely to 

develop resistant to therapeutic intervention as cancer cells. IκB kinase is the main kinase for 

NF-κB activation, and contains two kinase subunits, IKKα and IKKβ. As reported by 

Michael Karin, IκB kinase beta (IKKβ), a member of IKK family, plays a critical role in 

tumor promotion, and its major pro-tumorigenic function is mediated by NF-κB; whereas 

IκB kinase alpha (IKKα), another member of the IKK family, induces metastasis, but its pro-

metastatic function is not dependent on NF-κB [35]. Unlike IKKβ which is predominantly 

located in cytoplasm, IKKα shuttles between cytoplasm and nucleus [36-38]. This may 

explain the reason why IKKα functions as an important regulator of NF-κB activity in 

response to immune and inflammatory stimuli, and its role in NF-κB independent biological 

functions, such as apoptosis, tumor suppression, immune functions, cell proliferation, and 

chromatin remodeling [36, 39-41].  IKKα plays a key role at the crossroads of inflammation 

and metastasis [6, 17]. It exerts its pro-metastatic effect by repressing transcription of the 

Maspin gene, which is a putative suppressor of metastasis. The expression level of Maspin in 

normal epithelia cells is much higher than that of malignant cells [6]. 
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Receptor activator of NF-κB (RANK) ligand (RANKL) is overexpressed in advanced 

prostate cancer by 50 fold, compared to primary tumor. RANKL activates NF-κB through a 

receptor called RANK which is overexpressed by prostate cancer cells, and it induces nuclear 

translocation of IKKα in prostate epithelial cells, which in turn downregulates Maspin 

expression. Nevertheless, this effect of IKKα was not mediated through NF-κB or the 

activation of IKKβ. In addition, RANKL has no effect on Maspin expression, as seen in 

IKKα
AA

 (mutated IKKα) prostate epithelial cells, which confirms that downregulation of 

Maspin expression is IKKα-dependent [6]. Another group has reported the expression of 

RANK on the cell surface of prostate cancer cells, which is required for the functional 

response of RANKL [42]. The same group also reported that RANK activation by RANKL 

promoted the invasion of prostate cancer (PC3) cell through the collagen in a RANKL-

dependent manner. In addition, it is reported to upregulate certain gene during 

osteoclastogenesis, such as Meetrixmetalloprotenaise-9 (MMP-9), CSF-1, IL-1β, TNFα, IL-

8, and IL-6 [42-44]. 

2.5 Target specific delivery to prostate cancer 

Many targets and markers in prostate cancer have been identified, characterized, and 

studied in order to improve the diagnosis and treatment of prostate cancer. Prostate specific 

antigen (PSA) and prostate-specific membrane antigen (PSMA) are the two most extensively 

studied targets for targeted delivery of drugs in prostate cancer. PSMA is also known as 

glutamate carboxypeptidase II (GCPII), N-acetyl-L-aspartyl-L-glutamate peptidase-I 

(NAALADase I), and NAAG peptidase, is an enzyme and is encoded in human by folate 

hydrolase 1 (FOLH1) gene. Normally PSMA is expressed as transmembrane glycosylated 

protein by prostate epithelial cells, but its expression level is substantially increased in 
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prostate cancer cells at nearly all stages of cancer, and with the development and progression 

of cancer [45, 46]. Recently Kasperzyk et.al has reported that high PSMA expression is 

correlated with higher Gleason score and PSA level at diagnosis, and  increased tumor 

angiogenesis, lower vitamin D receptors and androgen receptors expression [47]. 

Additionally, PSMA is specially expressed by tumor-associated neovasculature, but not 

expressed by normal vasculature [48, 49]. Unlike PSA and PAP (prostatic acid phosphatase), 

PSMA is not a secretory protein, instead it is an integral membrane protein, therefore it can 

serve as a target for the delivery of therapeutic agents such as cytotoxins, radionucleotides, 

and immunotherapeutic agents [12, 49]. Therefore, PSMA has emerged as one of the most 

potential and important antigen target and diagnostic biomarker in prostate cancer treatment. 

The internalization property of PSMA led to the possibility of existence of its natural ligand. 

 In our study, we have used PSMA aptamer as the ligand to deliver the siRNA to 

PSMA positive prostate cancer cell line, LNCaP. The aptamer was linked to the siRNA using 

a sticky bridge sequence between them. Although this aptamer is reported to have active 

binding and uptake by the targeted prostate cancer cells; it has certain drawbacks such as low 

stability, high cost of manufacturing long sequence, difficulty synthesis, and low activity in 

vivo which limit its application in tumor specific treatment. To overcome these problems a 

rational truncation approach guided by RNA structural prediction and protein/RNA docking 

algorithms has been used, resulting in a 41mer A9L aptamer. The truncated version of the 

aptamer is reported to retain PSMA binding activity, specificity and functionality, just as full 

length PSMA aptamer [50]. A9L aptamer was then attached to the sense strand of IKK-α 

siRNA through a 14mer sticky bridge. We tested the positioning of the sticky bridge at either 

side (5’end or 3’end) of both aptamer and siRNA sense strand, assuming that sticky sequence 
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on 5’ of siRNA sense strand will allow the 5’ end of the antisense to be free for inducing the 

RNA interference, and sticky sequence at 3’ of siRNA sense strand will free the aptamer 5’ 

end (if that is prerequisite) to bind to the PSMA receptor.  

2.6 Biological Characteristics of Type 1 Diabetes 

Type 1 diabetes (T1D) is an autoimmune disease, characterized by the destruction of 

insulin producing pancreatic islet beta cells. It can occur at any age, but it usually starts in 

children or young adults. This destruction results due to autoimmune response by 

inflammatory cells and cytokines [51-53] leading to insulin deficiency with severe 

complications. Insulin is a hormone that helps our body's cells use sugar (glucose) for 

energy. Normally insulin is secreted regularly by the pancreas in response to sugar intake 

from food, which stimulates the pancreas to release insulin. In a healthy person, the amount 

of insulin released is proportional to the amount that is required by sugar intake. However, on 

onset of diabetes, enough insulin is not being synthesized and secreted by the islet β cells, 

leading to high blood glucose level (hyperglycemia). If the blood sugar level is not controlled 

in the body, over a period of time it may damage nerve leading to diabetic neuropathy, and 

small blood vessels in eyes and kidney leading to diabetic retinopathy and nephropathy 

respectively. Long term complications of blood vessels may develop cardiovascular disease, 

which makes a person susceptible to develop atherosclerosis that can cause stroke and heart 

attack. Treatment approaches for T1D include, insulin injection, either through subcutaneous 

injection or insulin pump, pancreas transplantation and islet transplantation. Where insulin 

therapy may appear an attractive approach, owing to its less invasive nature, one has to 

develop life-long dependency with this therapy. In more extreme cases pancreas 

transplantation is done which is a complex surgical procedure that requires an experienced 
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transplant team, and immunosuppression regimen [54]. Islet transplantation is less invasive 

than is pancreas transplant, and is currently the most commonly used approach in humans. In 

this approach islets from the donor are collected and transplanted into the portal vein of the 

recipient following Edmonton protocol [55]. 

2.7 Islet Transplantation 

Gene therapy targeting islet cells and islet transplantation could be effective 

approaches for the treatment of type-1 diabetes [56-58]. The major limiting factor in islet 

transplantation is the scarcity of islets due to lack of a pancreas donor. Yet, the other problem 

associated with this approach is that the islet transplantation protocol still needs 

immunosuppression post transplantation, which will limit its application in children. In 

addition, certain immunosuppressive drugs used to prevent graft rejection are pro-

diabetogenic and thus patients develop hypertension, neurotoxicity, increased risk of 

malignancy, and loss of kidney function [59-62]. Therefore we need to revise our protocol 

for islet transplantation so as to overcome the need and side effects of immunosuppressive 

drugs. As reported by Joslin Diabetes Center, one research group has already succeeded in 

producing new islet cells from precursor pancreatic duct cells harvested from human donor 

tissue. Efforts are now focused on expanding the supply of the islets so that enough islets are 

available for transplantation. This approach is still at its neophyte stage, and has a long way 

ahead for the success to produce insulin independency in type-1 diabetes. Therefore at 

present, the attention is focused towards improving the islet transplantation by protecting the 

transplanted islet cells from autoimmune attack and rejection. This can be achieved by 

inhibiting the expression of gene responsible for inflammation and rejection of the graft.  
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2.8 CD40 in Type-1 Diabetes 

CD40 is a member of tumor necrosis factor (TNF) receptor family, and is genetically 

associated with many auto immune diseases, including type 1 diabetes [63, 64], Grave’s 

disease [65], rheumatoid arthritis [66], multiple sclerosis [67], asthma [68], lupus nephritis 

[69], systemic lupus erythematosis [70], and crohn’s disease [71]. CD40 is a costimulatory 

protein and is found on antigen presenting cells (APC), upon binding with its natural ligand 

CD154 present on TH cells, CD40 activates APC cells and induces a variety of downstream 

effects. Recently it was reported that CD40 and CD154 are co-expressed and form complex 

on the surface of T cells, which in turn activates CD4+CD40+ T cells through the CD40-

CD154 pathway [72]. 

 The Baker group has also reported that blocking of CD40-CD154 interaction 

inhibited diabetogenicity, and prevented the transfer of disease [72]. It has been reported that 

CD40-CD154 costimulatory pathway plays a critical role in the development of diabetes in 

non-obese diabetic (NOD) mice [73], and their interaction activates the proinflammatory 

pathways in pancreatic islets [63]. Therefore, we chose CD40 gene as our target and used 

siRNA to inhibit its expression. 

2.9 Adeno-associated Viral Vector 

Islet is a cluster of non-dividing cells, and therefore difficult to be transfected. Viral 

vectors have been used successfully to transfect the islets, however, problems associated with 

viral vectors are that they have transient expression of transgene, have a tendency to develop 

host immune reaction in vivo, and they have a propensity to integrate with the host 

chromosome [24-26]. In order to circumvent these problems an adeno-associate viral (AAV) 

vector has been developed which can stably express the CD40 siRNA to produce RNAi 
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inside the cell. AAV virus is emerging as a potent vector for delivering the therapeutic gene 

in islets as it can transduce both dividing as well as non-dividing cells and provide long-term 

transgene expression by integrating into the host chromosome [74-76]. AAV has eight 

serotypes, AAV1 through AAV8, of which AAV2 is the most, extensively studied and well 

characterized vector, and it is considered a promising gene delivery vector for islet cells. 

Also, AAV2 is a replication-deficient, non-pathogenic parvovirus [77-79]. But the problem 

associated with AAV2 vector transduction is that it needs to transit through the early and late 

endosomes to successfully infect the cells [80-82], and the other barrier is the viral escape 

from the endosomal membrane to cytosol [83]. This problem can be overcome by using cell-

permeable peptide [82], or by pseudotyping AAV2 vector with the capsid of other AAV, 

such as AAV5, AAV6 or AAV8 [84].  

In our study, we have used AAV-U6-EGFP vector encoding CD40 siRNA with 

AAV2 capsid. Transfection efficiency and the silencing efficiency were evaluated using this 

vector.   
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CHAPTER 3 

BLOCKING IKKα EXPRESSION INHIBITS PROSTATE CANCER INVASIVENESS 

3.1 Introduction 

Prostate cancer is the most common male malignancy and the second leading cause of 

cancer death in American men [3]. It is characterized by elevated Prostate Specific Antigen 

(PSA) level in the blood, urinary dysfunction and, it may also affect sexual function and 

performance. The current standard therapies include surgery, radiation, and adjuvant 

hormonal therapy. Although these therapies are relatively effective in the short-term, the 

majority of patients initially diagnosed with localized prostate cancer ultimately relapse. 

Therefore, the major risk faced by prostate cancer patients is the development of  metastasis, 

which may cause additional symptoms like bone pain (often in the vertebrae, pelvis and ribs), 

weakness in legs, and urinary and fecal incontinence [3]. Intensive efforts are underway to 

develop therapeutics for the treatment of prostate cancer. Among all approaches, gene 

modulation is one of the most promising strategies due to the fact that genomic instability is 

the hallmark of cancer development.   

IKKα is found to be a key mediator of the inflammation and metastasis in prostate 

cancer. It is known that inflammation enhances tumor promotion through NFκB-dependent 

pathway, and NFκB was found essential for epithelial-mesenchymal transition and 

metastasis.[85, 86] However, the molecular mechanisms linking inflammation and metastasis 

are unknown. Luo et al. recently found that IκB kinase alpha (IKKα) plays a key role at the 

crossroads of inflammation and metastasis [6, 17]. IKKα is a member of the IKK family 

which contains five distinct but closely related members, IKKα, IKKβ, IKKγ, TBK-1 and 

IKKε. IKKα exerted its pro-metastatic effect by repressing transcription of the Maspin gene, 
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which is a putative suppressor of metastasis. The expression level of Maspin in normal 

epithelial cells is much higher than that of malignant cells.[6] Infiltrating immune cells 

expressing RANKL (Receptor Activator of NFκB Ligand) induce activation and nuclear 

translocation of IKKα in prostate tumor cells. IKKα then interacts with the promoter of 

Maspin gene and silences its expression, committing prostate cancer to a metastatic fate.[6, 

17] Therefore, a selective inhibition of IKKα is expected to inhibit prostate tumor cells 

metastasis, which is a major risk for prostate cancer patients.[17] 

On the other hand, several lines of evidence have implicated that IKKα plays multiple 

roles in the regulation of NF-κB, and various inflammatory and pathogenic conditions such 

as invasion and metastasis of the cancer cells. NF-κB family is composed of RelA, RelB, c-

Rel, p50/p105, and p52/p100. In most resting cells NF-κB is localized in the cytoplasm in the 

inactive form associated with the inhibitors of Kappa B (IκBs). Upon exposures to 

inflammatory cytokines, bacterial and viral toxins, and UV light, the IKK complex 

(IKKα/IKKβ/NEMO) phosphorylates IκB and leads to dissociation of the IκB/NF-κB 

complex. This frees NF-κB and allows its translocation into the nucleus to regulate the 

related gene transcriptions. IKKα affects NF-κB in both of its two pathways  

Figure 1). As a part of the non-canonical pathway (alternative pathway) of NF-κB 

activation, the MAP3K14-activated IKKα homodimer phosphorylates p100 that is associated 

with RelB, inducing its proteolytic processing to NF-κB2/p52, and formation of the RelB-

p52 complexes [87]. Also, it phosphorylates NCOA3 and, 'Ser-10' of histone H3 at the NF-

κB-regulated promoters during inflammatory responses triggered by a cytokine [88-90]. 

IKKα also activates the canonical pathway (classical pathway) of NF-κB and forms the IKK 

signalisome complexes with IKKβ and IKKγ to mediate the phosphorylation of IκBα by 
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IKKβ.[91, 92] Knockdown of IKKα has been reported to strongly suppress basal NF-κB 

reporter activity and stimulate CBF-1 reporter activity, hence inhibit the tumor growth [93]. 

Nuclear IKKα is reported to regulate not only NF-κB activity but also other transcription 

controllers. For example, IKKα activates the estrogen receptor-α downstream target such as 

cyclin D1 and promotes cell proliferation in breast cancer [94]. It has also been reported that 

IKKα plays a role in cervical cancer in association with Notch-1, where the knockdown of 

IKKα by siRNA or its precipitation by antibodies sensitizes the cancer cells to cisplatin-

induced apoptosis [93]. 

 Furthermore, it has been demonstrated that inhibition of IKKα was effective in 

preventing B-cell-maturation and proliferation of mammary epithelial cells without 

disturbing innate and T cell-mediated adaptive immunity. It does not sensitize cells to TNFα-

induced apoptosis.[95] Taken together, IKKα is a promising target for prostate cancer 

therapy. Pharmaceutical industry has undertaken an enormous effort to identify inhibitors of 

IKKα using large compound libraries as well as combinational chemistry. However, no 

potent IKKα inhibitor has been identified so far.[95] 

Among various strategies to inhibit gene expression, small interference RNA (siRNA) 

represents a considerable promise for cancer therapy due to its potent and specific 

knockdown effect.[96, 97] In the present study, we silenced the IKKα expression in prostate 

cancer cells using synthetic siRNA and evaluated its effects on tumor cell growth and 

invasiveness.  
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Figure 1: Role of IKK-α in NF-κB canonical and non-canonical pathways. IKKα 

preferentially forms heterodimer with IKK-β, but occasionally forms homodimer with IKKα 

itself. Knockdown of IKKα affects both canonical and non-canonical pathways. In the 

canonical pathway it stimulates CBF-1, leading to inhibition of tumor growth. Through the 

non-canonical pathway knockdown of IKKα prevents the MAP3K14 mediated 

phosphorylation of p100, there by inhibits the processing of p100 to p52. 
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3.2 Material and Methods 

Materials 

Lipofectamine-2000 and TRIzol reagent were purchased from Invitrogen Corp. 

(Carlsbad, CA), and fetal bovine serum (FBS) was purchased from Atlanta Biologicals, Inc. 

(Lawrenceville, GA). Other cell culture products including RPMI-1640 medium, Dulbecco’s 

Phosphate Buffered Saline (DPBS), penicillin and streptomycin were obtained from 

Mediatech, Inc. (Manassas, VA). Bovine serum albumin (BSA) was purchased from Sigma-

Aldrich Corporation (St. Louis, MO). SYBR Green-1 dye universal master mix and 

MultiScribe reverse transcriptase were purchased from Applied Biosystems, Inc. (Foster 

City, CA). 6.5mm Transwell
®
 with 8.0µm Pore Polycarbonate Membrane Insert was 

purchased from Corning Incorporated (Lowell, MA). BD Matrigel
TM

 was obtained from BD 

Biosciences (San Jose, CA). CellTiter-Glo
®
 Luminescent Cell Viability Assay Kit was 

purchased from Promega Corp (Madison, WI). Β-actin antibody was purchased from 

Rockland Immunochemicals Inc. (Golbertsville, PA), and the IKK-α polyclone antibody 

(IKK-α, H-116) was obtained from Cell Signaling Technology, Inc. (Denver, MA). RANKL 

was obtained from Shenandoah Biotechnology, Inc. (Warwick, PA).  

Cell Culture 

Human prostate cancer cell lines PC-3, DU-145 were purchased from American Type 

Culture Collection (Manassas, VA). PC-3 cells were maintained in RPMI 1640 with 10% 

FBS, penicillin (100unit/mL), and streptomycin (100μg/mL), whereas DU-145 cells were 

maintained in DMEM with 10% FBS and same concentration of penicillin and streptomycin. 

Cells were cultured at 37
o
C in a humidified atmosphere containing 5% CO2. The culture 

http://catalog2.corning.com/Lifesciences/en-US/Shopping/ProductDetails.aspx?productid=3422%28Lifesciences%29&categoryname=Transwell+Products%28Lifesciences%29%7c24+Well+Transwell+Permeable+Supports%28Lifesciences%29%7cPolycarbonate+Membrane+24+Well+Transwell+Permeable+Supports+%28Lifesciences%29
http://catalog2.corning.com/Lifesciences/en-US/Shopping/ProductDetails.aspx?productid=3422%28Lifesciences%29&categoryname=Transwell+Products%28Lifesciences%29%7c24+Well+Transwell+Permeable+Supports%28Lifesciences%29%7cPolycarbonate+Membrane+24+Well+Transwell+Permeable+Supports+%28Lifesciences%29
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medium was changed every 2-3 days, and the cells were trypsinized when they reached 

70~80% confluence. 

siRNA  

Three siRNAs targeting different regions of human IKKα gene (Accession No. 

NM_001278.3) were designed using BLOCK-iT
TM

 RNAi Designer (Invitrogen Corp., 

Carlsbad, CA), siRNA Target Finder (Ambion, Austin, TX), siRNA Target Finder 

(GeneScript Corp., Piscataway, NJ) and siRNA target Designer (Promega Corp., Madison, 

WI); they are listed in Table 2. All siRNAs (siRNA1, siRNA2 and siRNA3) are purchased 

from Ambion, Inc. (Austin, TX). These siRNAs are of 19 nucleotides with two thymidine 

deoxynucleotide (T) 3’ overhangs. All designed siRNA sequences were blasted against the 

human genome database to eliminate the cross-silencing phenomenon with no-target genes. 

Scrambled siRNA (purchased from Ambion, Inc) that does not target any gene was used as 

the negative control (NC).  

Transfection of siRNA 

Cells were transfected with siRNA using Lipofectamine-2000 according to 

manufacturer’s instruction. Briefly, cells were seeded in 24-well plates at a density of 

1.5×10
5 

cells/well in medium containing 10% FBS, penicillin (100unit/mL), and 

streptomycin (100μg/mL). After 12 hours cells were transfected with siRNA at a final 

concentration of 50nM using Lipofectamine-2000. One and a half microliters of siRNA 

(20µM) were mixed with 1.2 µl lipofectamine-2000 in 200 µl of FBS free medium, and 

incubated at room temperature for 25 min to form a complex. The cell culture medium was 

then removed, and the siRNA/lipofectamine-2000 complex was added to the cells with 400 

µl of medium. Twenty-four hours after the transfection, medium was replaced with fresh 
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RPMI 1640 containing 10% FBS, and penicillin-streptomycin. Forty-eight hours after the 

tansfection, cells were trypsinized for RNA and protein isolation. 

 

Table 2: Sense Sequences of the IKKα siRNAs (NM_001278.3) 

siRNA No. Start Site Sequence 

siRNA1 356 5’-GGAGAUCUCCGAAAGCUGCtt-3’ 

siRNA2 202 5’-GCUAAGUACCAAAAACAGAtt-3’ 

siRNA3 2248 5’-GGGCAAUAGUAUGAUGAAUtt-3’ 

 

Real-time RT-PCR 

Total RNA was isolated from cell pellets using TRIzol reagent (Invitrogen) as per the 

manufacturer’s protocol. RNA (200ng) was converted to cDNA using random hexamer, 

primers, and MultiScribe Reverse Transcriptase Reagent. One hundred nanograms of cDNA 

were amplified by Real-Time PCR using the LightCycler 480 SYBR Green I Master Mix on 

the LightCycler® 480 Real-Time PCR System (Roche Applied Science, Indianapolis, IN). 

The primers used for IKKα are 5’–TCTGGAACAGCGTGCCATTGATCT-3’ (forward) and 

5’-ATTACTGAGGGCCACTTCCACCTT-3’ (reverse). Primers for Maspin are 5’-

AGACAGACACCAAACCAGTGCAGA-3’ (forward) and 5’-

ATGGTGCTGGGATTAGTCCACTGT-3’ (reverse). We used 18s ribosomal RNA as an 

internal control and the primers are 5’–GTCTGTGATGCCCTTAGATG-3’ (forward) and 5’-

AGCTTATGACCCGCACTTAC-3’ (reverse). To confirm the PCR specificity, PCR 

products were subjected to a melting-curve analysis. Comparative threshold (Ct) method was 

https://bl2prd0102.outlook.com/owa/redir.aspx?C=c27eabdd50264448a724a4ce93b86d38&URL=https%3a%2f%2fwww.idtdna.com%2fOrderStatus%2fSpecSheet.aspx%3fOrderNum%3d4869078%26MfgID%3d39102446%26MfgLocID%3d1%26ProdID%3d1213%26position%3d2
https://bl2prd0102.outlook.com/owa/redir.aspx?C=c27eabdd50264448a724a4ce93b86d38&URL=https%3a%2f%2fwww.idtdna.com%2fOrderStatus%2fSpecSheet.aspx%3fOrderNum%3d4869078%26MfgID%3d39102447%26MfgLocID%3d1%26ProdID%3d1213%26position%3d3
https://bl2prd0102.outlook.com/owa/redir.aspx?C=c27eabdd50264448a724a4ce93b86d38&URL=https%3a%2f%2fwww.idtdna.com%2fOrderStatus%2fSpecSheet.aspx%3fOrderNum%3d4869078%26MfgID%3d39102448%26MfgLocID%3d1%26ProdID%3d1213%26position%3d4
https://bl2prd0102.outlook.com/owa/redir.aspx?C=c27eabdd50264448a724a4ce93b86d38&URL=https%3a%2f%2fwww.idtdna.com%2fOrderStatus%2fSpecSheet.aspx%3fOrderNum%3d4869078%26MfgID%3d39102449%26MfgLocID%3d1%26ProdID%3d1213%26position%3d5
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used to calculate the relative amount of mRNA of treated sample in comparison to control 

samples. Each was performed in triplicate, and the mean value was calculated. 

Western Blot Analysis 

PC-3 cells were transfected with the IKKα siRNA for 24 hrs, and the protein was 

isolated using RIPA buffer containing protease and phosphatase inhibitor cocktail at 48hrs 

post tranfection. The same amount of protein (20µg) was used for all the samples and was 

separated in a 10% SDS PAGE gel. The separated proteins were transferred to a 

nitrocellulose membrane, blocked, and probed with appropriate antibodies. The protein bands 

were then visualized using horseradish peroxidase-conjugated secondary antibodies and 

chemilluminescence detection kit.  

Wound-Healing Assay 

PC-3 cells were seeded in 12-well plates at a density of 3×10
5
 cells/well. After 12 hrs, 

the cells were transfected with 50nM siRNA as described above. Once the cells reached 90% 

confluence, a wound area was carefully created by scraping the cell monolayer with a sterile 

200 µl pipette tip, from one end to the other end of the well. The detached cells were 

removed by washing with PBS. Then, the cells were incubated at 37 ºC in the incubator 

supplemented with 5% CO2. The wound healing process was monitored microscopically over 

time as the cells moved into the wound area, and the images were taken from the same place 

at various intervals using an inverted microscope. Images taken immediately after creating 

the wound represent the time zero.  
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Cell Migration Assay and Invasion Assay  

The effect of siRNA on invasiveness and metastatic potential of prostate cancer cells 

was evaluated using transwell migration and invasion assays as we described before [98]. 

Forty-eight hours after the transfection, PC-3 cells were trypsinized and resuspended in FBS 

free RPMI-1640 medium. A total of 6x10
4
 cells in 200 µl volume were plated in the top 

chamber with a non-coated polycarbonate membrane (6.5mm diameter insert, 8.0µm pore 

size, Corning Incorporated) for migration assay. RPMI-1640 medium with 10% FBS was 

added in the lower chamber as a chemo-attractant. After incubation for 24 hrs, the cells 

migrated to the lower surface of the membrane were fixed with 10% formalin for 10 min, 

followed by staining with 0.2% crystal violet for 20 min. The cells that did not migrate 

through the pores were mechanically removed with a cotton swab. The images of migrated 

cells were obtained by an inverted microscope at a magnification of 200×. The number of 

migrated cells was counted from four random fields. 

The invasion ability of the cells in vitro was examined by determining the number of 

cells that crossed the matrigel coated transwell inserts. The process was same as the 

migration assay, except that the transwell was coated with 100 µl of matrigel (0.5mg/ml) for 

4 hrs at room temperature. The supernatant of the matrigel was removed, and then 1x10
5 

cells 

were plated to the transwell.  

Cell Attachment Assay 

This assay was conducted as we reported before [98]. Briefly, cells were trypsinized 

48 hrs post-transfection and resuspended in FBS free RPMI 1640 medium. Cells were plated 

in a 96-well plate which was pre-treated with 30µg/ml Type I Collagen (Becton Dickinson, 
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Mountain View, CA) or 1% BSA for 1hr at 37
o
C, followed by blocking with 1% BSA at 

room temperature for 1hr. Cells were then allowed to attach to the wells at 37
o
C for 1hr. The 

medium was removed, and attached cells were fixed with 10% buffered formalin for 10 min, 

followed by staining with 0.2% crystal violet for 20 min. The stained cells were then lysed in 

100 µl of 1% SDS (sodium dodecyl sulfate) by shaking for 5 min. The absorbance, which is 

proportional to the number of attached cells, was quantitated by a spectrometer at the 

wavelength of 595 nm using a plate reader DTX 880 Multimode Detector (Beckman Coulter, 

Inc., Fullerton, CA). Cells placed in collagen coated wells, in culture medium, adhere to the 

bottom of the well more profoundly than cells placed in the 1% BSA coated wells which 

served as control. 

 Cell Proliferation Assay 

The effect of siRNA on cell proliferation was measured using CellTiter-Glo
®

 

Luminescent Cell Viability Assay Kit (Promega Corp. Madison, WI) as per the instructions. 

Briefly, PC-3 cells (15000cells/well) were seeded in a black 96-well plate. After 12 hrs, cells 

were transfected with 50nM siRNA, and the medium was changed at 24 hrs post-

transfection. Ninety-six hours after the transfection, the culture medium was replaced with 50 

μl of CellTiter-Glo
®
 reagent plus 50 µl of RPMI medium. Cells were lysed by shaking on an 

orbital shaker for 2 min, followed by incubation at room temperature for 10 min to stabilize 

the luminescent signal. The luminescence was then detected using a DTX 880 Multimode 

Detector (Beckman Coulter, Inc., Fullerton, CA) with an integration time of 1 s.  

Cell Cycle Assay 
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PC-3 cells were transfected with siRNA at 50nM for 24 hrs. Forty-eight hours after 

the transfection, cells were collected and fixed in ice-cold 90% ethanol for 15 min. After 

fixing, cells were washed with DPBS once and then stained with Propidium Iodide 

(PI)/RNase staining buffer for 30 min at room temperature. Cell cycle analysis was carried 

out with FACSCalibur Flow cytometer (BD Biosciences). The result was confirmed from 

three independent experiments, each group has three samples. 

RANKL Treatment  

In all RANKL-treated experiments, the cells were transfected with siRNA for 24 hrs, 

followed by incubation with 100ng/ml human recombinant RANKL for 24 hrs.  

Statistical Analysis 

Data were expressed as the mean ± Standard deviation (SD). Difference between any 

two groups was determined by ANOVA. P<0.05 was considered statistically significant. 
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3.3 Results 

Silencing of IKKα with predesigned siRNAs 

Three synthetic siRNAs (Table 1) were designed to target different regions of the 

human IKKα mRNA. Silencing effects of these IKKα siRNAs were examined in PC-3 cells 

at the mRNA level using real-time RT-PCR. A scrambled siRNA that does not target any 

specific gene was used as the negative control. All three siRNAs showed significant silencing 

effects (Figure 2A). Compared to the scrambled siRNA, both siRNA1 and siRNA2 exhibited 

a potent silencing effect up to 74%. Considering the fact that siRNA transfection efficiency 

may vary in different cell lines, we also examined the silencing effect in another prostate 

cancer cell line, DU-145, and observed similar silencing effects as that in PC-3 cells (data not 

shown). Furthermore, the silencing effect at the protein level was confirmed using western 

blot. As shown in Figure 2B, both siRNA1 and siRNA2 dramatically suppressed the IKKα 

protein expression in PC-3 cells, which is consistent with the silencing effect at the mRNA 

level. Consequently, siRNA1 and siRNA2 were selected for the following biological studies 

in prostate cancer cells.  

Recently, it has been shown that IKKα exerted a pro-metastatic effect in prostate 

cancer cells by repressing the transcription of the Maspin gene, which is a putative 

suppressor of metastasis. Therefore, we investigated the effect of IKKα on Maspin, a tumor 

suppressor gene, expression. There was an up-regulation of Maspin in the IKKα siRNA-

treated groups compared to the scrambled siRNA-treated group (Figure 2C). 
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Figure 2: Silencing effect of the pre-designed IKKα siRNAs in PC-3 cells. PC-3 cells were 

transfected with IKKα siRNAs and scrambled siRNA (NC) at a concentration of 50nM. 

Cells were harvested 48 hours after the transfection, and the silencing of IKKα was 

determined at the mRNA level using RT real-time PCR (A). IKKα silencing was also 

estimated at protein level using western blot (B). The effect of IKKα silencing on the Maspin 

expression was determined using RT real-time PCR (C). (* p <0.05; ** p <0.01) 

Silencing of IKK-α inhibits cell motility 

Given this result that IKKα siRNA up-regulates the expression of Maspin, a 

metastasis suppressor, we investigated the effect of IKKα silencing on cell motility and 

invasiveness of prostate cancer cells. We first conducted a wound healing assay which is a 

classic in vitro assay to mimic the in vivo motility of cancer cells. Forty-eight hours after the 
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transfection with siRNA, cell monolayer was disrupted by scratching a line through the layer 

to simulate a wound in the cell monolayer. The time required to fill the gap (wound healing) 

is proportional to the cell migration rate during the in vivo wound-healing process. Cells 

transfected with siRNA1 and siRNA2 showed slower healing of the wound in comparison to 

the cells treated with scrambled siRNA (Figure 3). After 20 hrs, cells transfected with the 

scrambled siRNA had completely filled the gap, while the cells treated with the KKα siRNA 

still had an unhealed gap, indicating that IKKα siRNA can efficiently suppress the motility of 

prostate cancer cells.  

Depletion of IKKα inhibits cell migration and invasion 

We next investigated the effect of IKKα siRNA on the cell migration and invasion 

abilities of prostate cancer cells. Migration towards a chemo-attractant is a distinct cellular 

phenotype of metastatic tumor cells, and it is an essential step for tumor invasion and 

metastasis. After transfection with IKKα siRNA, the migration ability of PC-3 cells was 

examined using an in vitro migration assay, which is a simplified model to simulate the in 

vivo metastatic process. As shown in Figure 4a, there was a dramatic inhibition on cell 

migration after silencing the IKKα expression with siRNA1 and siRNA2. Compared to the 

scrambled siRNA, siRNA1 and siRNA2 reduced the migration ability of PC-3 cells up to 

40% and 30%, respectively.  

The effect of IKKα silencing on the migration ability was also examined in the 

presence of RANKL, which can activate IKKα and enhance the migration of prostate cancer 

cells. Both siRNA1 and siRNA2 showed a more significant reduction in the number of 

migrated cells in the presence of RANKL (Figure 4B). siRNA1 reduced the cell migration 

ability up to 82% and siRNA2 reduced the migration up to 47%. 
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Figure 3: Effect of IKK-α silencing on cell motility. A wound-healing assay was performed 

to evaluate the motility of PC-3 cells after silencing IKKα. The cells seeded in 12-well-plate 

were transfected with IKKα siRNAs at 50nM. After 24 hrs, a line was drawn from one end of 

the well to the other end. The closing of the gap was monitored regularly at different time 

points by an inverted microscope with a magnification of 100Х. 

Additionally, matrigel-coated transwell chambers were used to investigate the invasive 

capacities of prostate cancer cells. Invasion assay is an in vitro assay which simulates the in 

vivo invasiveness and metastasis of cancer cells. As shown in Figure 5A, PC-3 cells treated 

with siRNA1 and siRNA2 decreased cell invasion up to 35% and 32%, respectively. This 

result is in accordance with the finding in the migration assay (Figure 4A). The same effect 
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on the invasion capability was also observed in PC-3 cells in the presence of RANKL (Figure 

5B). siRNA1 and siRNA2 inhibited cell invasion up to 47% and 27%, respectively. We also 

performed the migration and invasion assays on DU-145 cell and found the similar results 

(data not shown). These results indicate that IKKα can inhibit the invasiveness of prostate 

cancers, and the inhibition effect is more significant in the presence of RANKL. 
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Figure 4: Silencing of IKKα inhibits migration ability of PC-3 cells in the absence of 

RANKL (a) and in the presence of RANKL (b). (a) Cells were transfected with IKK-α 

siRNAs (50nM) and scrambled siRNA (50nM) for 24 hrs. Forty hours after the transfection, 

cells were trypsinized, re-suspended in a FBS free medium, and plated on the upper chamber 

of a transwell. (b) Cells were first transected with siRNA for 24 hrs, followed by RANKL 

treatment for 24 hrs. Cells were then trypsinized, re-suspended, and plated on the upper 

chamber of transwell. RPMI medium containing 10% FBS was added in the lower chamber 

as the chemo-attractant. After 24 hrs, the cells that migrated through pores to the bottom 

surface of the chamber were fixed, stained, and counted. Images of the migrated cells were 

obtained using an inverted microscope at a magnification of 100×. Four random microscopic 

fields were counted for each group to calculate the degree of migration. (* p<0.05; ** 

p<0.01). 
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Figure 5: Silencing of IKKα inhibits PC-3 cell invasion in the absence of RANKL (a) and in 

the presence of RANKL (b). The procedure for cell invasion assay is similar to migration 

assay except that the trans-well was pre-coated with 100µl of Matrigel (0.5mg/ml) for 4 hrs 

at room temperature. The cells that invaded to the other side of the membrane were fixed and 

stained, while un-invaded cells were obtained at 100× magnification using an inverted 

microscope.  un-invaded cells were mechanically removed. Images of invaded cells were 

obtained at 100× magnification using an inverted microscope. Number of cells invaded was 

counted from four random fields of the well to calculate the extent of invasion. (* p<0.05; ** 

p<0.01). 

Effect of IKKα siRNA on Cell Attachment to Extra-Cellular Matrix (ECM) 

The importance of IKKα in cell migration and invasion suggest that it may regulate 

cell adhesion to ECM. Therefore, we examined the adhesion ability of prostate cancer cells to 

ECM, which is an important early step in the invasion and metastasis of cancer cells from its 

origin to the target tissue. This assay measures the interaction between tumor cells and 

extracellular matrix that is the major composition of cell membrane and tissue. Changes in 

the integrity of the basement membrane and the structure of the extracellular membrane favor 

the invasion and metastasis of cancer cells [99]. PC-3 cells transfected with siRNA were 

incubated in a 96-well plate coated with type-I collagen protein, a major component of ECM. 

As Figure 6A indicated, siRNA1 and siRNA2 dramatically inhibited the adhesion of PC-3 

cells to type I collagen. Plates coated with BSA were used as the negative control, and all 

cells showed negligible adhesions. We also investigated the effect of RANKL on the cell 

adhesion ability. As shown in Figure 6B, RANKL increased the adhesion of PC-3 cells to 

type I collagen. In the presence of RANKL, both siRNA1 and siRNA2 reduced the 
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attachment of PC-3 cells to type I collagen. In the presence of RANKL, both siRNA1 and 

siRNA2 reduced the attachment of PC-3 cells to type I collagen in comparison to the 

scrambled siRNA. Similar results were found with DU-145 cells (data not shown). These 

results further demonstrated the inhibitory effect of IKKα siRNA on the metastatic properties 

of prostate cancer cells.   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: Silencing IKKα inhibits cell attachment. (A) Inhibition of cell attachment in the 

absence of RANKL. Cells were transfected with siRNA (50nM) using Lipofectamine-2000 

for 24 hrs. Forty hours after the transfection, the cells were trypsinized, re-suspended, and 

plated in a 96-well plate which was pre-treated with 50µ of type I collagen (30µg/ml) or 1% 

BSA. Cells were allowed to attach at 37°c for 1hr. The attached cells were fixed and stained 

with crystal violet, followed by washing 4-5 times with DPBS. The attached cells were lysed 
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with 100µl of 1% SDS, followed by measuring the absorbance at 595nm. (B) Inhibition of 

cell attachment in the presence of RANKL. Cells were transfected with siRNA for 24 hrs and 

then incubated with RANKL for another 24 hrs. Results are represented as mean ± SD (n=3). 

(* p <0.05; ** p <0.01). 

Effect of IKKα siRNA on Cell Proliferation and Cell Cycle Distribution 

Having determined that silencing IKKα leads to inhibition of invasiveness, we next 

sought to determine whether the IKKα siRNAs suppress the proliferation of prostate cancer 

cells. PC-3 cells were treated with the IKKα siRNAs, and the cell proliferation was measured 

by the CellTiter-Glo Luminescent Cell Viability Assay Kit at 96 hrs post-transfection. 

Compared to cells transfected with the scrambled siRNA, cells treated with IKKα siRNAs 

(siRNA1 and siRNA2) exhibited similar growth rate and viability (Figure 7A). A similar 

result was also observed in PC-3 cells in the presence of RANKL (Figure 7B). The 

experiment performed in DU-145 cells gave the similar results, (data not shown). 
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Figure 7: Effect of IKKα siRNA on cell proliferation in the absence of RANKL (A) and in 

the presence of RANKL (B). PC-3 cells were plated in 96-well plates at a density of 

10,000cells/well and transfected with IKKα siRNAs for 24hrs. Ninety-six hours after the 

transfection, cell proliferation was assayed using the CellTiter-Glo Luminescent cell viability 

kit. Results are represented as mean ± SD (n=3). 

We further examined if knockdown of IKKα leads to changes in cell cycle distribution 

of prostate cancer cells. As Figure 8 showed, cells transfected with IKKα siRNAs induced a 

minor block in G1/G0 phase distribution compared to scrambled siRNA-treated cells. The 

percentages of cells in G1/G0 phase were 64.69% and 63.78% for cells treated with siRNA1 

and siRNA2, respectively. In comparison, 62.39% of cells treated with scrambled siRNA 

were in G1/G0 phase. However, this difference in G1/G0 phase is not significant (p=0.09). 
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Accordingly, there was a slight, but not significant, reduction in G2/M distribution in both 

siRNA1 and siRNA2 treated cells. This result is consistent with the cell proliferation result 

(Figure 7). Taken together, these results demonstrated that IKKα silencing has a negligible 

effect on prostate cancer cell proliferation. This is in accordance with a recent finding that 

IKKα does not induce cell proliferation in breast cancer cells.[100]  

 

 

 

Figure 8: The effect of IKK-a silencing on cell cycle distribution. Cell cycle distributions 

were determined by flow cytometry in PC-3 cells at 48 hours post-transfection. The result is 

represented as mean ± SD (n=3). 
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3.4 Discussion 

NF-κB is an important transcriptional factor which controls a variety of biological 

processes including inflammation, cell survival or death, and cell cycle. It is notable that 

aberrant NF-κB activation can lead to tumorigenesis [101]. For example, suppression of NF-

κB by adenoviral vector that contains the IκB gene (an inhibitor of NF-κB) reduces the 

clonogenicity of prostate cancer cells [102]. IKKα is an essential regulator of the NF-κB 

pathway, and it is reported to mediate NF-κB downstream gene expressions by modulating 

the promoter regions of NF-κB –regulated genes in the nucleus [89, 103].  Activation of the 

IKK complex is therefore a crucial step in the activation of NF-κB. As one of the catalytic 

kinase in the classic IKK complex, IKKα was recently identified as a key mediator in the 

inflammation and metastasis of prostate cancer via down-regulating the tumor suppressor 

gene Maspin which is a serpin peptidase inhibitor to block tumor metastasis [6, 17, 88]. On 

the other hand, several lines of evidence implicate that NF-κB and NF-κB-related IκB 

kinases are involved in cell invasion and tumor metastasis [104, 105]. Therefore, inhibiting 

IKKα is a promising strategy to treat prostate cancer. In this study, we demonstrate for the 

first time that IKKα siRNA markedly decreases the invasiveness of prostate cancer cells, 

even in the presence of RANKL, an activator of IKKα. Our findings further support the 

hypothesis that IKKα plays an important role in metastasis of prostate cancer. 

First, we examined the silencing effect of three pre-designed siRNAs in prostate 

cancer cells using real time RT-PCR and western blot. Two potent siRNAs, siRNA1 and 

siRNA2, were identified to investigate their biological effects on the tumor phenotypes of 

prostate cancer cells. It is believed that IKKα suppresses the promoter of the Maspin gene, 

and the expression level of Maspin in normal epithelial cells is much higher than that in 



42 

 

malignant cells. We then analyzed the effect of the IKKα siRNA on the Maspin expression in 

prostate cancer cells. Significant up-regulation of the Maspin was observed in PC-3 cells 

treated with the IKKα siRNA (Figure 2C), which is in agreement with the observation that 

IKKα inhibits Maspin. 

We next conducted numerous experiments, including wound-healing assay, migration 

assay, and invasion assay, to access the effects of IKKα siRNA on invasiveness properties of 

prostate cancer cells. Our studies showed that silencing of IKKα dramatically reduced the 

would-healing process of prostate cancer cells (Figure 3). When wounded, cells respond to 

the disruption by healing the wound through a combination of migration and proliferation 

[106]. The cells on the edge of the wound move toward the gap until new cell-cell contacts 

are reestablished [107]. Therefore, the capability of cancer cells to heal an open wound 

predicts their migratory ability in metastasis.       

We further evaluated the migratory abilities of prostate cancer cells using a Boyden 

chamber assay to quantify the migration and invasion potential of prostate cancer cells upon 

the silencing of IKKα. As Figure 4 and Figure 5 showed, IKKα siRNAs significantly 

inhibited the migration and invasion capabilities of PC-3 cells. These results are in full 

accordance with a recent finding that IKKα promotes prostate cancer metastasis [6]. Using a 

transgenic mouse model of prostate cancer with an inactive IKKα, Luo and colleagues 

observed slow cell growth and inhibited metastatogenesis. IKKα exerted its pro-metastatic 

effect by suppressing the transcription of the Maspin gene, which is an NF-kB-independent 

regulation. In addition, they found that activated nuclear IKKα correlated with metastatic 

progression of prostate cancer, and the expression of IKKα is the highest in stage 4 tumors 

which do not express Maspin [6]. A similar anti-invasion effect was observed in breast 
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cancer cells upon the knockdown of IKKα. Inhibition of IKKα dramatically reduced the  NF-

kB activation [100].  

Several million cancer cells per gram of the tumor tissue can be dissociated and 

released into the blood and lymphatic circulations on a daily basis [108]. In order to 

metastasize to a new place the disseminated cancer cells must re-establish an adhesive 

connection to the endothelium in the target tissues [109]. Metastasis is mediated through the 

expression of numerous adhesion molecules, such as integrin [110], ICAM-1, VCAM-1, and 

ELAM-1[111], where the later ones are regulated by NF-κB. Therefore, we performed cell 

attachment assay and observed reduced attachment of PC-3 cells to ECM after the treatment 

with IKKα siRNA (Figure 6A). A similar result was also observed in DU-145 cells (data not 

shown). The implication of integrin in cellular functions is based on the type of integrins. For 

example, α2β1 and α3β1 integrins mediated epithelial cell adhesion to basal lamina [110] and 

are down-regulated in carcinomas [112, 113]. On the contrary, αvβ3[114] and α6β4 [115] 

integrins are up-regulated in carcinomas where they promote migration, invasion, and 

proliferation.  

Since the infiltrating immune cells expressing RANKL induce activation and nuclear 

translocation of IKKα in prostate cancer cells to inhibit the tumor suppressor gene Maspin, 

we investigated whether IKKα siRNA can exert the same anti-invasive activity in the 

presence of RANKL. As shown in Figure 4B, Figure 5B and Figure 6B, inhibiting IKKα 

expression reduced the stimulation effect of RANKL on cell migration, invasion and 

attachment to ECM. Expression of RANKL is low in normal cells, but significantly high in 

prostate cancers. It is also reported that androgen-independent prostate cancer cells exhibit 

higher level of RANKL compared to androgen-dependent cells [116]. In addition, most of 
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the androgen-independent prostate cancers express IKKα. Consequently, silencing IKKα is a 

promising strategy to reverse the metastatic effect caused by RANKL, especially in the 

androgen-independent prostate cancer cells.  

Tumor metastasis requires that the neoplastic cells have the capability to interconvert 

genetically between proliferative and invasive phenotypes, or just express both the 

phenotypes simultaneously [117, 118]. IKKα serves as a promoter for tumor metastasis in 

prostate cancer, and regulate the inflammation through an independent pathways [119]. 

Certain oncogenes, such as RAS, MAPK (mitogen-activated protein kinase) and MYC 

family members, cause remodeling of the tumor microenvironment through recruitment of 

leukocytes, expression of tumor-promoting chemokines and cytokines, or induction of an 

angiogenic switch [120, 121]. Invasive cells signal through MAPK pathway, whereas highly 

proliferative cells use the Myc pathway. The Ras-MAPK and phosphatidylinositol 3-kinase-

Akt (PI3K-Akt) pathways are associated with the phenotype of invasive cells, but not the 

highly proliferative cells [117]. Our results suggest that IKK-α may regulate tumor invasion 

by the Ras-MAPK and PI3K-Akt pathways.  

The effect of IKKα on tumor cell proliferation is contractive [100, 122]. Karin and 

colleagues explored the role of IKKα in breast cancer and demonstrated that IKKα is a 

regulator of mammary epithelial proliferation. However, a contrary result was observed in 

breast cancer by Baldwin and his group. We performed the proliferation assay in PC-3 cells 

after the suppression of IKKα with siRNA. As Figure 7 showed, there was no significant 

reduction in cell proliferation in the cells (in the absence or presence of RANKL) treated 

with IKKα siRNA in comparison to the control group. This result is in agreement with a 

recent report that knockdown of IKKα did not affect the proliferation of breast cancer cells, 
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but caused a significant reduction in cancer cell invasion [100]. To further confirm these 

results, we performed the cell cycle analysis. Although we observed a slightly high 

distribution in G1/G0 phase in the cells treated with IKKα siRNA, the difference is not 

statically different from the control group. These results suggested that IKKα siRNA has a 

negligible effect on cell proliferation of PC-3 cells. 

In conclusion, results from this study provide significant evidence that IKKα plays a 

major role in the invasion and metastasis of the prostate cancer; however, it poorly affects the 

prostate cancer cell proliferation. Considering the fact that the major risk faced by prostate 

cancer patients is the development to metastasis [3], the IKKα siRNA may provide a very 

promising approach for prostate cancer therapy. 
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CHAPTER 4 

PSMA APTAMER MEDIATED SIRNA DELIVERY TO PSMA POSITIVE PROSTATE 

CANCER CELLS  

 

4.1 Introduction 

Aptamers are single-stranded DNA or RNA molecules that can bind to pre-selected 

targets such as proteins and peptides with high affinity and specificity.  The specificity of the 

aptamer is imparted by its secondary and tertiary structures rather than its primary sequence. 

These molecules can adopt various conformations due to their propensity to form helices and 

single-stranded loops, explaining their versatility in binding to diverse targets. As therapeutic 

agents aptamers have several advantages over antibodies, such as smaller size, chemical 

synthesis with controllable modificaitons, surface recognition, better tissue penetration, and 

lack of immune stimulation. 

Prostate-specific membrane antigen (PSMA) is a membrane bound glycoprotein 

which is overexpressed by prostate epithelial cells. It is an enzyme, also known as glutamate 

carboxypeptidase II (GCPII), NAAG peptidase or N-acetyl-L-aspartyl-L-glutamate peptidase 

I (NAALADase I). Since the enzymatic activity of PSMA is observed to be involved in 

cancer metastasis [123], PSMA RNA aptamers A9 and A10 have been selected to inhibit the 

PSMA enzymatic activity [124]. An A10 aptamer is a widely used PSMA binding aptamer; it 

is a 71mer RNA aptamer that can bind to the extracellular domain of PSMA generally 

overexpressed on the surface of prostate cancer cells.  This aptamer is reported to having 

active binding and uptake by the targeted prostate cancer cells; however it has certain 

drawbacks such as low stability, high cost of manufacturing long sequence, difficulty 
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synthesis, and low activity in vivo which limit its application in tumor specific treatment. 

While A10 has these drawbacks, A9 possess a better inhibitory effect on PSMA enzymatic 

activity [124]. Rockey group used rational truncation approach guided by RNA structural 

prediction and protein/RNA docking algorithms for A9 aptamer, resulting into a 41mer A9L 

aptamer [50]. Truncation of the A9 aptamer (70mer) was done in such a way that the 

predicted secondary structure of the remaining sequence was as similar as possible to  that of 

the full-length aA9, in that necessary base changes were also done at 5’ and 3’ ends to 

maintain the 5’ start codon GGG and a complementary 3’ end CCC. This truncated version 

of the aptamer is reported to retain PSMA binding activity, specificity and functionality, just 

as full length PSMA aptamer. A9L also retains the ability to inhibit PSMA’s NAALA-Dase 

activity [50].  

IKKα is an essential regulator of the NF-κB pathway and it is reported to mediate NF-

κB downstream gene expressions by modulating the promoter regions of NF-κB –regulated 

genes in the nucleus [89, 103].  It is one of the catalytic kinase of the classic IKK complex 

whose activation is a crucial step in the activation of NF-κB. IKKα is reported to play a key 

role in the inflammation and metastasis of prostate cancer via down-regulating the tumor 

suppressor gene Maspin which is a serpin peptidase inhibitor that blocks tumor metastasis [6, 

17, 88]. On the other hand, several lines of evidence implicate that NF-κB and NF-κB related 

IκB kinases are involved in cell invasion and tumor metastasis [104, 105]. Earlier in our 

study, we have demonstrated that IKKα siRNA markedly decreases the invasiveness of 

prostate cancer cells, supporting the hypothesis that IKKα plays an important role in 

metastasis of prostate cancer [125]. 
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Figure 9: Schematic of PSMA aptamer (A9, 70 mer). A9 is a 70 nucleotide RNA 

aptamer.  
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Figure 10: A9L (truncated PSMA aptamer) is a 41 mer PSMA aptamer, it retains PSMA 

binding activity, specificity and functionality of full length PSMA aptamer. It also retains the 

ability to inhibit PSMA’s NAALA-Dase activity. 

Although there are various strategies to deliver siRNA, aptamer-mediated delivery 

system has benefit over lipid-based or antibody mediated systems. In that we have found out 

that the aptamer itself does not produce cytotoxic effect which is seen with the lipid based 

delivery system, nor does it induce immune reaction as seen with an antibody system [126]. 

In the present study we have used PSMA aptamer to specifically deliver the siRNA into 

PSMA positive prostate cancer cells. Here the PSMA aptamer was attached to the sense 

strand of IKKα siRNA through a 14mer sticky bridge. The sticky bridge was attached to 

either the 5’ end or 3’ end of the aptamer as well as the sense strand of siRNA, assuming that 

sticky sequence on 5’ of siRNA sense strand will allow the 5’ end of the antisense to be 
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available for inducing the RNA interference (once inside the cell), and sticky sequence at 3’ 

of siRNA sense strand will free the aptamer 5’ end (if that is prerequisite) to bind to the 

PSMA receptor. The sequence and the size of the sticky bridges were designed considering 

the factors such as stability and Tm, avoiding chances of dimer formation and matching with 

any random mRNA sequence. PSMA targeted delivery of IKKα siRNA can efficiently 

inhibit the tumor cell growth in PSMA expressing cancer cells.  
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4.2 Materials and Methods 

Materials 

Lipofectamine-2000 and TRIzol reagent were purchased from Invitrogen Corp. 

(Carlsbad, CA), and fetal bovine serum (FBS) was purchased from Atlanta Biologicals, Inc. 

(Lawrenceville, GA). Other cell culture products, including RPMI-1640 medium, Dulbecco’s 

Phosphate-Buffered Saline (DPBS), penicillin and streptomycin were obtained from 

Mediatech, Inc. (Manassas, VA). SYBR Green-1 dye universal master mix and MultiScribe 

reverse transcriptase were purchased from Applied Biosystems, Inc. (Foster City, CA). 

Sephadex-G15 was purchased from GE Healthcare. DAPI and lysoTracker® Red DND-99 

were purchased from Life Technologies. 

Oligonucleotides 

Sense-sticky-1 and sticky-2 as well as aptamer fragment (10mer)-sticky-1 and sticky-

2 on either 5’ end or 3’ end were purchased from Invitrogen. Antisense 5’ labeled with Alexa 

fluor647 was purchased from Ambion. Full length aptamer (A9L, 41mer)-sticky-2 on either 

5’ end or 3’ end were purchased from Integrated DNA Technologies. Sequence of A9 

aptamer and truncated aptamer, A9L are provided in Table 3, and sequences of IKKα sense 

strand, sticky-1 and sticky-2 as well as 10mer aptamer fragment are provided in Table 4. 

Scrambled siRNA (purchased from Ambion Inc.) that does not target any gene was used as 

the negative control (NC).  
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Table 3: PSMA aptamer sequence 

Aptamer Size Sequence 

A9 70 mer 5’-GGGAGGACGAUGCGGACCGAAAAAGACCUGACUUCUAUACUAAG 
UCUACGUUCCCAGACGACUCGCCCGA-3’ 

A9L  41 mer 5’-GGGCCGAAAAAGACCUGACUUCUAUACUAAGUCUACGUCCC-3’ 

 

Table 4: Designing sticky ends 

Sticky ends Sequence (5’-3’) Size Tm 

sticky end 1 GCGAUAGACCUCAG (14 mer) 44.2
o
C 

sticky end 2 CACAAGGAACAAGG (14 mer) 42.5
o
C 

siRNA sense GGAGAUCUCCGAAAGCUGC (19mer) 57.0
o
C 

aptamer sequence UCUACGUCCC (last 10mer) 32.1
o
C 

 

Cell Culture 

Human prostate cancer cell lines LNCaP and PC-3 were purchased from American 

Type Culture Collection (Manassas, VA). Both the cells were maintained in RPMI 1640 with 

10% FBS, penicillin (100unit/mL), and streptomycin (100μg/mL). Cells were cultured at 

37
o
C in a humidified atmosphere containing 5% CO2. The culture medium was changed 

every 2-3 days, and the cells were trypsinized when they reached 70~80% confluence. 

Annealing of Oligonucleotides 

Sense-sticky end and antisense were added to annealing buffer in a tube, at the final 

concentration of each oligos at 20µM. Reaction mixture was incubated at 90
o
C for 1minute, 

followed by 52
o
C for 10 minutes, and slowly cool down to 25

o
C for 10minutes, resulting in 

to a duplex. Further, to form the triplex aptamer-sticky end was added to the newly formed 
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duplex at its final concentration of 20 µM and incubated at 38
o
C for 10 minutes. Successful 

annealing was checked by native PAGE gel electrophoresis. 

Transfection with Duplex/Triplex 

LNCaP cells were seeded in 24-well plate at the density of 1x10
5 

cells/well in 

medium containing 10% FBS, penicillin (100unit/mL), and streptomycin (100µg/mL). After 

overnight incubated or until it reached to 60% confluence, cells were transfected with duplex 

or triplex with sticky ends 1 and 2 on 5’ end or 3’ end in independent experiment, using 

lipofectamine 2000 for 24 hours. For transfection, 1.5µl of siRNA or triplex (20µM) were 

mixed with 1.2µl of lipofectamine 2000 in 200µl Optimem medium, and incubated at room 

temperature for 20min to form a complex. The old medium from the cell was then removed, 

and the siRNA/lipofectamine complex was added to the cells. Twenty-four hours post 

transfection, cells were trypsinized to isolate total RNA and protein. 

Transfections where the siRNA/triplex concentration was 100nM, we used double 

amounts of both the oligos and the lipofectamine. In addition, in case of transfection without 

lipofectamine the siRNA/triplex was incubated in Optimem medium for 5min. Cell culture 

medium was replaced with the siRNA/triplex containing medium. 

Real-time RT-PCR 

Real-time RT-PCR was done same as previously reported [125]. Briefly, RNA 

(200ng) was converted to cDNA using random hexamer, primers, and MultiScribe Reverse 

Transcriptase Reagent. One hundred nanograms of cDNA were amplified by Real-Time PCR 

using the LightCycler 480 SYBR Green I Master Mix on the LightCycler® 480 Real-Time 

PCR System (Roche Applied Science, Indianapolis, IN). The primers used for IKKα are 5’–

TCTGGAACAGCGTGCCATTGATCT-3’ (forward) and 5’-

https://bl2prd0102.outlook.com/owa/redir.aspx?C=c27eabdd50264448a724a4ce93b86d38&URL=https%3a%2f%2fwww.idtdna.com%2fOrderStatus%2fSpecSheet.aspx%3fOrderNum%3d4869078%26MfgID%3d39102446%26MfgLocID%3d1%26ProdID%3d1213%26position%3d2
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ATTACTGAGGGCCACTTCCACCTT-3’ (reverse). 18s ribosomal RNA was used as an 

internal control and the primers are 5’–GTCTGTGATGCCCTTAGATG-3’ (forward) and 5’-

AGCTTATGACCCGCACTTAC-3’ (reverse). Both the primers were purchased from 

Invitrogen. 

Labeling and Purification of Antisense  

Antisense sequence was labeled with Alexa fluor 488 dye using ULYSIS® Nucleic 

acid labeling kit, from Life technology, as per manufacturer’s protocol. Briefly, 20µl of 

labeling reagent (provided in the kit) was mixed with 2µl of Alexa fluor 488 dye in DMSO 

and 5µl antisense (concentration = 125µM), and the reaction mixture was then incubated at 

80
o
C for 20min. Reaction was stopped by putting the tube in ice bath. The labeled nucleotide 

sequence was then purified from the excess labeling reagents by using sephadex-G15 resin 

packed in 2ml pipette. The successful labeling of the antisense was checked it each elute 

fraction by measuring the expression of Alexa fluor 488 fluorescence, Gel red and the 

concentration of antisense in each elute. For that we took 10µl of elute in 96-well plate, to 

which we added 90ul of elution buffer, and then the plate was briefly shaken and the 

fluorescence was measured at 530nm. To the same plate, 100µl of diluted gel red was added, 

mixed and the fluorescent intensity was measured at 320nm. Separately the concentration of 

nucleic acid in each elute was measured by nanodrop instrument. We plotted the graph for 

alexa fluor, gel red and the concentration against each elute fraction, the elute that had both 

the fluorescences and the RNA concentration were collected and freeze dried for further use. 

 

 

 

https://bl2prd0102.outlook.com/owa/redir.aspx?C=c27eabdd50264448a724a4ce93b86d38&URL=https%3a%2f%2fwww.idtdna.com%2fOrderStatus%2fSpecSheet.aspx%3fOrderNum%3d4869078%26MfgID%3d39102447%26MfgLocID%3d1%26ProdID%3d1213%26position%3d3
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Cell Viability Assay 

Cells were seeded in 96-well plate at the density of 20,000 cells/well, and incubated 

overnight at 37
o
C. Cells were then transfected with duplex/triplex without lipofectamine 

2000 at the final concentration of 100nM for 24 hours. Effect of silencing IKKα on cell 

viability and growth was estimated by MTT assay as per manufacturer’s instruction. 
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4.3 Results 

The size and sequence of sticky ends were designed based on the stability, Tm, and no dimer 

formation or matching with any mRNA sequence.  

  

 

 

 

 

 

Figure 11: Schematic representation of 3’ end sticky end duplex/triplex and 5’ end sticky end 

duplex/triplex 

 

Annealing Confirmation 

The successful annealing of the oligonucleotides (sense, antisense and aptamer 

fragment) was estimated by annealing them at the optimized temperature, followed by 

agarose gel electrophoresis. We checked different parameters of annealing, such as annealing 

sense with antisense first, and then with aptmer fragment; or annealing sense with aptamer 

fragment first, and then with antisense. Both methods resulted successful annealing, but since 
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the Tm of siRNA sequence is higher than that of sticky ends we chose to anneal sense strand 

with antisense first.   

 

 

 

 

 

Figure 12: First sense-sticky2 was annealed with antisense at 90
o
C for 1 min, followed by 

52
o
C for 10 min, and then slowly cool down to 25

o
C for 10 min. The resulting duplex was 

then annealed with aptamer-sticky2 at 38
o
C for 10 min 

Silencing Efficiency of Oligos (with 10mer aptamer) 

Silencing efficiency of duplex and triplex was estimated at mRNA level by real-time 

RT-PCR. This experiment was performed to check whether triplex structure will inhibit the 

silencing effect of the duplex siRNA. Compared to negative control siRNA treated group, 

both duplex and triplex showed significant silencing of IKKα gene. In case of 5’ end sticky 

oligonucleotides duplex-1and triplex-1 showed 55% silencing of IKKα, whereas duplex-2 

and triplex-2 showed 65% and 87% silencing respectively Figure 13A. Similarly, with 3’ end 

sticky oligonucleotides we found 72% and 44% silencing of IKKα with duplex-1 and triplex-

1, respectively; and 74% and 54% silencing with duplex-2 and triplex-2 respectively Figure 

13B. From these data, oligonucleotides with sticky-2 produces slightly better silencing effect. 

Therefore we decided to use sticky-2 sequence for further studies. 

1: siRNA marker 
2: Antisense 

3: 5’ sense-sticky-2 

4: 5’ aptamer-sticky-2 

5: 5’ duplex-2 

6: 5’ Triplex -2 

7: 3’ sense-sticky-2 

8: 3’ aptamer-sticky-2 

9: 3’ duplex-2 
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Figure 13: IKKα silencing in LNCaP cells (A) with 5’ end sticky oligos. (B) with 3’ end 

sticky oligos. Transfection was done with oligos at the final concentration of 50nM using 

lipofectamine 2000, for 24hrs 
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Silencing Efficiency of Triplex with full size (41mer) Aptamer 

After that we checked the silencing efficiency of full length aptamer (42mer) 5’-

triplex-sticky 2 without lipofectamine 2000 at the final concentration of 100nM at 48 hours 

post transfection, and found 41% silencing of IKKα, whereas triplex with lipofectamine 2000 

at final concentration of 50nM produced 72% silencing compared to negative control group 

Figure 14. The transfection of cells with triplex alone and with lipofectamine was performed 

so as to ensure the target-mediated delivery of triplex versus lipofectamine-mediated 

delivery. 

 

Figure 14: LNCaP cells were transfected with NC or full length aptamer triplex with or 

without lipofectamine 2000 for 24hrs. IKKα silencing was estimated at 48hrs post 

transfectionby quantitative RT-PCR 
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Further, we checked the silencing efficiency of full size aptamer-triplex-2 at two 

different transfection time points, 12 hours and 24 hours. At 24 hours post transfection, we 

found 55% silencing and 47% silencing with 5’-triplex-2 and duplex respectively Figure 

15A. Similarly, at 12 hours post transfection the silencing of IKKα was 65% and 47% with 

5’-triplex-2 and duplex respectively Figure 15B. 
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Figure 15: LNCaP cells were transfected with NC, duplex or full length aptamer triplex 

without lipofectamine 2000. (A) transfection for 24hrs, IKKα silencing was estimated at 

24hrs post transfection. (B) transfection for 12hrs, silencing was estimated at 12hrs post 

transfection. 

Labeling of antisense strand with Alexa flour 488 

Alexa Fluor dye reacts with the N7 of guanine residues to provide a stable 

coordination complex between the nucleic acid and the fluorophore label. Labeling of 

antisense was chosen so that same antisense can be annealed with sense-sticky-1 and sense-

sticky-2, as well as the 5’ and 3’ sticky ends. Fluorescence labeled oligonucleotide in duplex 

and triplex enabled us to track the internalization efficiency of each in the cells. 

 

 

Figure 16: Schematic of labeling of nucleotide sequence. The Alexa fluor labeling dye reacts 

with the N7 of guanine (purine) residue to produce the fluorophore label. 

Ref: Nucleic Acid Labeling Kit, Life Technology 
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Purification and Verification of Labeled Antisense 

The purification of labeled antisense was done by gel filtration chromatography using 

Sephadex-G15 resin in a 2ml pipette column Figure 17. The antisense was eluted using 1X 

elution buffer. Many fractions of elute was collected in 100µl volume. Further, each elute 

portion were tested for the presence of labeled nucleotide Figure 18. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 17: Schematic of Gel filtration chromatography for the purification of labeled 

antisense 

 

Estimation of Transfection Efficiency of full length Triplex 

LNCaP cells were seeded in 96-well plate at the density of 20,000 cells/well, 

incubated at 37
o
c overnight. Cells were transfected with Alexa488-Triplex-2 without 
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lipofectamine 2000 at the final concentration of 100nM. Pictures were taken at various time 

points under the fluorescence microscope at 100 X. We found good transfection efficiency at 

as early as 4 hours post transfection. Transfection was well maintained up to 24 hours, 

however at 48 hours post transfection the fluorescence had slightly reduced Figure 19. 

Similarly, we also compared the transfection of LNCaP cells with triplex with and without 

lipofectamine 2000. Our results clearly showed that triplex with PSMA aptamer did not have 

toxic effect on cells as compared to lipofectamine; this was observed by change in cell 

morphology, shrinking of the cells and cell death Figure 20. 

 

 

 

Figure 18: Antisense labeling was confirmed by estimating the expression of green 

fluorescence for Alexa488, gel red dye and the concentration of the antisense by standard 

procedures. 
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Alexa488- triplex-6hrs 

Alexa488- triplex-24hrs 

Alexa488- triplex-48hrs 

Alexa488- triplex-4hrs 

Figure 19: Trnasfection Efficiency of Triplex-2 in LNCaP cells. Transfection of the triplex-2 was estimated by using the Alexa 

flour 488 labeled antisense-triplex, and transfection efficiency was estimated at various time points using fluorescence 

microscope 
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Triplex-4hrs Triplex-lipofectamine-4hrs 

Triplex-6hrs Triplex-lipofectamine-
6hrs 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 20: Comparison of Transfection efficiency of triplex with and without 

lipofectamine. Transfection efficiency of triplex alone was compared with that along with 

lipofectamine. Also toxicity of the triplex ws compared with that of lipofectamine at 

different time points. (Continued to next page) 
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Triplex-24hrs Triplex-lipofectamine-24hrs 

Triplex-48hrs Triplex-lipofectamine-48hrs 
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LNCaP 
Triplex  

PC-3 
Triplex 

LNCaP  
Triplex + 
lipofectamine 
2000 

Cellular Internalization of Triplex 

Cells were seeded in 4-chambered plate at the density of 1x10
5
 cells/well, and 

incubated at 37
o
C for 24hrs. Cells were transfected with Alexa488-Triplex-2 with or without 

Lipofectamine 2000 for 4 hrs. Cellular internalization was estimated by confocal 

Microscopy. Pictures were taken at 1.5 µm above the surface of the plate. This was kept 

constant for each group.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 21: Cellular Internalization of Triplex 
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Effect of IKKα Silencing on Cell Viability and Growth 

Cell viability assay was performed at 24 hours post transfection, by MTT assay. 

IKKα silencing by triplex had no effect on cell growth, this result is in accordance with our 

previous finding [125]. 

 

 

 

Figure 22: Effect of Silencing on cell viability. Cells were transfected with NC/duplex/triplex 

without lipofectamine 2000 for 24hrs. Cell viability and growth were estimated by MTT 
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assay. The upper panel shows cell viability of LNCaP cells and the lower panel shows the 

same for PC3 cells. 
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4.4 Discussion 

The recent advancement in aptamer-mediated siRNA delivery is setting a trend in 

cancer therapeutics. For targeted delivery of siRNA, aptamer can potentially be used as a 

ligand to bind to its target, which could be a receptor, transmembrane protein, and a peptide. 

Aptamer can be used in three different ways for the delivery of siRNA: (1) covalently 

conjugate siRNA to aptamer forming an aptamer-siRNA chimera, (2) non-covalently linking 

siRNA to aptamer through a connector such as streptavidin or a sticky bridge between them, 

and (3) by combining them to nanoparticles [127]. We chose to use sticky bridge as a linker 

between siRNA and aptamer, this way we can avoid any complicated and time consuming 

reaction of chimera; also, attractive sticky sequence can form a sticky bridge by simple 

annealing process. In addition, this approach allows us to mix single aptamer with different 

siRNA sequence. Not only that, it also avoids the problem associated with aptamer-siRNA 

chimera of not having a natural form of siRNA which may reduce the RNAi potency [128].  

PSMA aptamers are RNA aptamers which were first identified by Shawn E Lupold 

group by using the in vitro selection method (2002). They named these aptamers as A9 and 

A10 aptamers, and both of them have high binding affinity to PSMA and can inhibit its 

NAALADase activity. In our study we have used the truncated version of A9 aptamer, A9L,  

which possess same binding affinity to PSMA, specificity and functionality of full length 

aptamer, and NAALADase inhibiting activity; besides it has added benefit of smaller size 

[50]. 

In this study, we used a chemically synthesized PSMA aptamer (A9L) sequence 

Table 3, with a continued sticky sequence that allows annealing with siRNA duplex with a 

complementary sticky sequence on its sense strand. We designed two different sticky bridge 
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sequences on either 5’ or 3’ end of both aptamer and sense strand of siRNA so that we could 

find the best sticky bridge sequence for siRNA delivery. Also we tested 5’ as well as 3’ end 

for placing these sticky sequences to find out a better design configuration to produce the 

optimum RNAi activity, and to understand the role of free end of antisense in RNAi 

mechanism. 

From our results we found that aptamer-siRNA (triplex) with sticky-2 sequence had 

slightly better silencing than that with sticky-1 sequence (Figure 11), so we did our further 

experiments with triplex-sticky 2. Also, not with duplex, but triplex we found slight higher 

silencing with sticky bridge on 5’ end of sense sequence. This verifies our concept that 5’ 

end of antisense is involved in producing RNAi activity. This result is also in accordance 

with the findings by Jiehua Zhou et al. where the aptamer-siRNA design had 3’ end of 

antisense appended to the complementary strand of sticky bridge sequence making 5’ end of 

antisense available for effectively processing into RNAi mechanism and with better potency 

compared to the design where 5’ end of antisense was close to the sticky bridge, bringing the 

possibility of hindrance of that end [15, 129].   

Next we estimated the silencing efficiency of the 5’-triplex-2 at three time points, 12, 

24 Figure 15, and 48 hours Figure 14, and found the highest silencing of the target gene at 12 

hours, which slowly decreased with time, this may be due to the population doubling time of 

cells which is approximately 34 hours (reported by ATCC). We further estimated the 

transfection efficiency of our triplex in LNCaP as well as PC3 cells assuming that LNCaP 

being PSMA positive will have targeted delivery of siRNA and therefore higher transfection 

without lipofectamine 2000, whereas lower transfection in PSMA negative PC3 cells were 

expected. As figure 9 and 10 reflect, LNCaP cells showed higher transfection efficiency, and 
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the transfection was comparable to that with lipofectamine, indicated by green fluorescence. 

In addition, triplex did not produce cytotoxic effect indicated by change in cell morphology, 

which was seen with lipofectamine treated group. This verifies that triplex structural 

conformation is not cytotoxic, and the silencing effect was due to RNAi. To further confirm 

this result, and to check the effect of IKKα on cell viability and growth, we performed the 

viability assay in LNCaP as well as PC3 cells after inhibiting the IKKα expression with 

siRNA. As Figure 22 shows, IKKα does not affect cell growth, this result is in agreement 

with our previous finding that knockdown of IKKα did not inhibit prostate cancer cell 

proliferation [130].   

Further studies will be done on 3’-sticky bridge-triplex to compare its efficiency in 

producing RNAi, and at the various parameters to compare its effectiveness and efficiency 

with that of 5’-sticky bridge-triplex in a search for optimum design configuration to produce 

potent RNAi. 
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CHAPTER 5 

SMALL INTERFERING RNA MEDIATED CD40 GENE SILENCING FOR THE 

TREATMENT OF TYPE-1 DIABETES 

 

5.1 Introduction 

Type-1 diabetes is an autoimmune disease that results in destruction of insulin-

producing pancreatic beta cells due to autoimmune attack by T-cells, leading to insulin 

deficiency. Lack of insulin secretion causes an increase in fasting blood glucose level. The 

normal blood glucose level in a healthy individual is 70-120 mg/dL, whereas hyperglycemia 

is characterized with blood glucose level at and above 200 mg/dL. 

According to the study and updates by World Health Organization (WHO) and 

International Diabetes Federation (IDF) in 2013 the combined cases of type-1 (T1) & type-2 

(T2) diabetes were 382 million people, and around 5.1 million people died due to diabetes 

globally. More than 548 billion USD were spent on healthcare for diabetes last year. The 

reason behind this is that half of the people with diabetes are undiagnosed, and most of the 

people with diabetes develop secondary health ailments such as heart disease, stroke, 

retinopathy, neuropathy and kidney failure. Fifty percent of people with diabetes die of 

cardiovascular disease and stroke [131], whereas many diabetic patients also develop diabetic 

retinopathy leading to blindness, and kidney complications leading to kidney failure [132].  

 Current treatment approaches involve insulin therapy and islet transplantation. Islet 

transplantation is considered to be one of the most potential treatment approaches for type-1 

diabetes. However, there is a big disparity between islet requirement for transplantation and 

organ donors to provide islet. To treat one single patient, a large number of islet equivalent 
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(IEQ), islets from four donors, are required for one transplantation, and many such 

transplantations are required per patient to achieve insulin independence [133].  Additionally, 

graft failure after transplantation, therefore need of life-long immunosuppressive therapy are 

another problem associated with islet transplantation. Therefore there is an urgent 

requirement to find the alternative sources of insulin producing cells.  

  

Figure 23: (a) Pancreas, (b) Acini, (c) Duct, (d) Beta cells located within other clusters called 

Islets of Langerhans, release the hormone insulin which moves sugar inside all the cells of 

the body to be used for the energy   

Ref: Picture used with permission from “Digestive System, Introduction to Medical Science - 

Duke University TIP” 
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Islet transplantation for the treatment of type-1 diabetes is more complicated due to the 

unavoidable mechanical trauma of the islet during its isolation, islet death due to hypoxia and 

graft rejection due to host-immune reaction. 

 CD40 is found to play a major role in the immune response and graft rejection. It is a 

membrane bound glycoprotein and belongs to the Tumor necrosis Factor Receptor (TNFR) 

family. Expression of CD40 in islet is up-regulated by proinflammatory cytokines including 

IL-1β, INF-γ and TNF-α. In addition when CD40 ligand (CD154) binds to CD40 receptor 

present on islet cells through T-cell mediated process, islets express more CD40 and TNF 

receptors, which in turn produce cytotoxic reagents such as reactive oxygen species [134] 

and nitric oxide leading to death of the islet [135]. Hence blocking CD40-CD154 interaction 

is an effective approach to prevent the immune response after transplantation. 

 

 

Characteristics of pancreatic beta cells 

 Synthesize and store large amounts of insulin (about 20 pg per cell) 

 Convert proinsulin to insulin and C-peptide with over 95% efficiency 

 Equimolar secretion of insulin and C-peptide 

 Secrete insulin in response to glucose with a biphasic pattern 

 Rapid secretory responses; increase or shut-off in less than 3 minutes 

 Responses to a variety of agents: for example, incretins, amino acids, catecholamines, 

acetylcholine and sulfonylureas 

 Unique pattern of metabolic pathways (glucokinase as a glucose sensor, minimal 

lactate dehydrogenase and gluconeogenesis; active mitochondrial shuttles: malate-

aspartate, glycerol phosphate, pyruvate-malate and pyruvate-citrate) 
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Figure 24: Effect of CD154 and cytokines on islet 

 

In this study we locally silenced the CD40 gene overexpressed in INS-1E cells as 

well as islets using siRNA in presence or absence of cytokines; and estimated the amount of 

insulin secretion in response to glucose in INS-1E cells. Our group has demonstrated that 

blocking of CD40/CD154 interaction using anti-CD154 antibody prevented islet allograft 

rejection in streptozotocin induced diabetes [136], and RT6.1 T-cell depleting antibody and 

poly-IC induced diabetes [137] in DRBB rats. However, thromboembolic complications 

following systemic administration of anti-CD154 antibody in clinical trials abolished the 

therapeutic application of the anti-CD154 antibodies [69]. Similar results were observed by 

another group where monkeys were treated with CD154 antibody [138]. Possible cause of 
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this side effect could be due to the interaction of circulated anti-CD154 antibody with platelet 

Fc receptors, which may promote platelets aggregation and thrombosis [69]. This problem 

can be overcome by producing local expression of immunosuppressive agent into islets 

before transplantation or immunosuppressive therapy post-transplant [139, 140]. However, 

treatment with immunosuppressive drugs inhibits insulin synthesis and secretion from the 

islet, and induces islet death and other side effects [61, 141]. Therefore local expression of 

siRNA targeting CD40 in islet prior to transplantation is a viable alternative approach for 

improving islet transplantation. 

CD40 silencing was carried out using siRNA at the final concentration of 50nM for 

24hrs, followed by cytokines (IL-1β, TNF-α) treatment for 12 hours. CD40 expression was 

estimated at mRNA level using real-time PCR method and we found around 50% gene 

silencing. Additionally, the insulin stimulation test was performed by treating the INS-1E 

cells with low (5.5mM) and high (25mM) concentration of glucose respectively for 1 hour 

each. Level of insulin secretion was estimated by insulin ELISA kit. The result showed 

negligible difference in insulin secretion between the cells incubated with lower, followed by 

higher glucose concentration.    

Further study is required to demonstrate the effect of ex-vivo gene silencing on 

prevention of islet graft rejection after transplantation into animal.    
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5.2 Materials and Methods 

Materials 

Lipofectamine-2000 and TRIzol reagent were purchased from Invitrogen Corp. 

(Carlsbad, CA), and fetal bovine serum (FBS) was purchased from Atlanta Biologicals, Inc. 

(Lawrenceville, GA). Other cell culture products, including RPMI-1640 medium, Dulbecco’s 

Phosphate-Buffered Saline (DPBS), penicillin and streptomycin were obtained from 

Mediatech, Inc. (Manassas, VA). Bovine serum albumin (BSA) was purchased from Sigma-

Aldrich Corporation (St. Louis, MO). SYBR Green-1 dye universal master mix and 

MultiScribe reverse transcriptase were purchased from Applied Biosystems, Inc. (Foster 

City, CA). Sodium pyruvate-1mM, 2-Mercaptoethanol- 50uM and HEPES buffer were 

purchased from MP Biologicals).  Trypsin-EDTA was obtained from Fisher Scientific. 

CMRL 1066 medium and Ham’s F-12 medium were purchased from Cellgro (Tewksbury 

MA). Rat insulin ELISA kit was purchased from Alpco (Windham, NH), and cytokines, rat 

IL-1β and rat TNF-α, were purchased from Abcam (Cambridge, MA). shRNA top and 

bottom strands were purchased from Invitrogen, and AAV-U6-EGFP vector was purchased 

from Vector Biolab. 

Cell Culture  

Rat insulin producing pancreatic beta cells (INS-1E), a kind gift from Professor (UK), 

were cultured in RPMI 1640 medium containing 10% FBS, Penicillin- 100U/ml, 

Streptomycin- 100ug/ml, Sodium pyruvate-1mM, 2-Mercaptoethanol- 50µM and HEPES 

buffer. Cells were used between passages 3
 
to 40. For passaging cells were trypsinized with 

0.25% Trypsin-EDTA. In case of CD40 induction by cytokines treatment, cells were treated 

with single or combinations of recombinant rat TNF-α and recombinant rat IL-1β cytokines.  
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INS-1E Transfection with siRNA 

INS-1E cells were transfected with CD40 siRNA (sequence in table 5A) at the final 

concentration of 50nM. For transfection cells were plated in 24-well plate at the density of 5x 

10
5 

cells/well in 1ml media. After 12 hours cells were transfected with siRNA at a final 

concentration of 50nM using Lipofectamine-2000. One and a half microliters of siRNA 

(20µM) were mixed with 1.2 µl lipofectamine-2000 in 200 µl of FBS free medium, and 

incubated at room temperature for 25 min to form a complex. The cell culture medium was 

then removed, and the siRNA/lipofectamine-2000 complex was added to the cells with 400 

µl of medium. Twenty-four hours after the transfection, medium was replaced with fresh 

RPMI 1640 containing 10% FBS, penicillin-streptomycin, Sodium pyruvate, 

mercaptoethanol and HEPES buffer. Forty-eight hours after the tansfection, cells were 

trypsinized for RNA isolation. 

Real-time RT-PCR 

Total RNA was isolated from cell pellets using TRIzol reagent as per manufacturer’s 

protocol. RNA (200ng) was converted to cDNA using random hexamer, primers, and 

MultiScribe Reverse Transcriptase Reagent. One hundred nanograms of cDNA were 

amplified by Real-Time PCR using the LightCycler 480 SYBR Green I Master on the 

LightCycler® 480 Real-Time PCR System (Roche Applied Science, Indianapolis, IN). The 

primers used for CD40 are 5’-GTCGGATTCTTCTCCAATGGGTCA-3’ (forward), 5’-

TCAGTCTGACTTGTTCCTTCCCGT-3’ (reverse). We used 18s ribosomal RNA as an 

internal control and the primers for 18s are 5’–GTCTGTGATGCCCTTAGATG-3’ (forward) 

and 5’-AGCTTATGACCCGCACTTAC-3’ (reverse). To confirm the PCR specificity, PCR 

products were subjected to a melting-curve analysis. Comparative threshold (Ct) method was 
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used to calculate the relative amount of mRNA of treated sample in comparison to control 

samples. Each sample was performed in triplicate and the mean value was calculated. 

  The effect of gene silencing by CD40 siRNA was estimated by real time RT-PCR. In 

addition the efficiency of silencing was estimated post CD40 induction with cytokine. 

Table 5A: Sense strand sequence of CD40 siRNA (NM_134360)  

Number Start site Sequence 

siRNA 1 99 CGUGCAGUGACAAACAGUA 

siRNA 2 1024 UCUCUCGACUUGCUUUUUA 

siRNA3 692 AAGGACAAUGAGGUCUUAC 

 

Islet Isolation 

Islets were isolated from the pancreas of DR-BB rats using a modification of method 

of collagenase digestion, as described by Kover et.al [136]. Briefly, pancreases of adult rats 

were cannulated in situ via the common bile duct and distended using 20ml of a solution of 

collagenase in Hank’s balance salt solution. The pancreas was then removed by blunt 

dissection, and was placed in a sterile petridish on ice for removal of fat. Then the pancreas 

was transferred into a flask and incubated for around 15 minutes in a stationary water bath at 

37
o
C. Incubated pancreas was placed into a 50ml tube with 25ml cold RPMI with 5% fetal 

calf serum and was shaken vigorously for 15 sec. The tube was then centrifuged for 40sec at 

1,000 rpm to sediment the content. The pellet was resuspended in 20ml cold RPMI and 

sedimented for another wash. The resuspended pellet was filtered through a stainless steel 
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screen with a 0.6mm pore size. After some purification steps the pellets of islets were 

cultured in Ham’s F12 medium with 10% fetal calf serum overnight.  

Islet Transfection: 

Isolated islets were incubated in CMRL medium with 10% FBS at 37
o
C overnight. 

For transfection, around 40 islets equivalent were placed per well in 550µl CMRL 1066 

medium in 24-well plate. Islets were transfected with either scrambled siRNA or florescent 

labeled siRNA at the final concentration of 60nM. Twelve microliters of siRNA were mixed 

with 300µl medium and incubated at room temperature for 5min, 6µl of lipofectamine 2000 

were mixed with 300µl medium and incubated at room temperature for 5min. The siRNA 

and lipofectamine 2000 solutions were then mixed together vigorously and incubated at room 

temperature for 20min. One hundred microliters of this complex was added to each well 

containing islets. Islets were transfected for 8hrs, and then further incubated in fresh medium 

containing 10% FBS for up to 24hrs. Silencing efficiency was estimated by real-time RT-

PCR. 

Estimation of Transfection Efficiency in islets: 

To check the transfection efficiency in islets, islets were plated in 24-well plate at 

500IE/well in 550ul FBS free medium one hour before transfection, followed by incubation 

at 37
o
C. Islets were transfected with control siRNA or fluorescein labeled siRNA at the final 

concentration of 100nM using lipofectamine 2000 for 8hrs. Following, islets were washed 

and incubated in fresh medium containing 10% FBS up to 24hrs. Transfection efficiency was 

estimated by confocal microscope at 24hrs post transfection. To estimate the transfection 

efficiency, islets were treated with 2µl of Calcein dye plus Yopro (Ethidium homodimer) for 
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control group and no treatment for fluorescein group. Islets were placed on the coverslip and 

the images were taken under confocal microscopy from the central plane.   

Treatment of islets with cytokines: 

One hundred islets equivalent was placed per well in 24-well plate. Islets were treated 

with different concentrations of cytokines for 12 hours, followed by estimation of CD40 

mRNA expression by real time RT-PCR. Finally the LI-1β 30units plus TNF-α 1000units 

was used for the further experiment. 

Construction of AAV vectors: 

Plasmid AAV-U6-EGFP was used to construct the AAV vector. The shRNA 

transcript sequences with BamHI restriction site on 5’ end and BglII restriction site on 3’ end 

of the top strand and the HindIII on the 5’ end of the bottom strand were purchased form 

Invitrogen; both the strands were annealed using standard annealing procedure. AAV-U6-

EGFP plasmid was digested by BamHI and HindIII, the bigger fragment, around 5kb, was 

then isolated by agarose gel electrophoresis and then and purified by gel clean up system. 

The resulting fragment was then ligated with the shRNA sequences using T4 ligase buffer. 

The final AAV-shRNA plasmid was amplified in top 10 competent cells. All restriction 

enzymes were obtained from New England Biolabs. Plasmids were constructed using 

standard cloning methods. 

 To confirm the integrity of the plasmid and the successful integration of shRNA 

sequence into the plasmid, plasmids were digested with BglII enzyme and the digested 

fragment sizes were checked with agarose gel electrophoresis. Sequence of the construct was 

confirmed by standard sequencing method. AAV vector viral particles were ordered from 

vector biolabs. 
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Figure 25: pAAV-U6-EGFR 

Ref: Vector Biolab 

 

 

Table 6: CD40 shRNA sequence design 

 

shRNA 1 

    BamHI                      Sense                                  loop                         antisense                  termint    BglII 

5'-GATCCGCGTGCAGTGACAAACAGTATTCAAGAGATACTGTTTGTCACTGCACGCTTTTTTGATCT-3' 

                            3'-CGCACGTCACTGTTTGTCATAAGTTCTCTATGACAAACAGTGACGTGCGAAAAAATTCGA-5'  
                    Hj                                                                                                                                                               HindIII 

 

shRNA 5 

     BamHI                      Sense                              loop                         antisense               termint    BglII 

5'-GATCCGCCACTGAGACTACTGATATTCAAGAGATATCAGTAGTCTCAGTGGCTTTTTTGATCT-3'  

3'-CGGTGACTCTGATGACTATAAGTTCTCTATAGTCATCAGAGTCACCGAAAAAATTCGA-5’ 
                                                                                                                                                     HindIII 
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INS-1E Cell Transfection with plasmid shRNA 

Before transfection cells were plated in 24-well plate at the density of 5x 10
5 

cells/well in 1ml media and incubated overnight. INS-1E cells were transfected with 400ng 

of CD40 shRNA plasmid vector using Fugene HD at the ratio of 1µg plasmid to 0.4 µl of 

Fugene, for 24 hours. For transfection, 400ng of plasmid was added to 30 µl of optimum, to 

this 1.6 µl of Fugene was added, mixed and incubated at room temperature for 15 minutes. 

The cell culture medium was then removed, and the shRNA plasmid/Fugene HD complex 

was added to the cells with 570 µl of medium. Twenty-four hours after the transfection, 

medium was replaced with fresh RPMI 1640 containing 10% FBS, penicillin-streptomycin, 

Sodium pyruvate, mercaptoethanol and HEPES buffer. Forty-eight hours after the 

tansfection, cells were trypsinized for RNA isolation. 

Transduction of AAV vectors into INS-1E cells  

INS-1E cells were plated at the density of 40,000 cells/well in 24-well plate, and 

incubated at 37
o
C for 24 hours or until cell reached 60% confluence. Cells were then 

transduced with different number of viral particles, ranging from 2×10
9 

to 8×10
10

 viral 

particles or (Multiplicity of Infection, MOI, 0.5×10
5 

to 20×10
5
 per cell) for different time 

length. Transfection efficiency was evaluated by GFP expression in the cells observed under 

fluorescent microscope. 

Cytotoxicity Assay 

Cell viability assay was performed by MTT assay at 48 hours post transfection with 

AAV viral particles. To perform this assay INS-1E cells were seeded in 6-well plate at the 

density of 5000 cell/well, and incubated at 37
o
C for 24 hours. Cells were then transfected 

with different number of MOI of viral particles. Forty eight hours post transfection, cells 
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were treated with MTT reagent as per manufacturer’s protocol, and absorbance of colored 

formazan solution was measured at 595nm by colorimeter.  
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5.3 Results 

Silencing of CD40 with Predesigned siRNAs: 

Three synthetic siRNAs were designed Table  to target different regions of rat CD40 

mRNA. Silencing effects of these siRNAs were estimated in INS-1E cells and rat pancreatic 

islets at the mRNA level using real-time RT-PCR. A scrambled siRNA that does not target 

any specific gene was used as the negative control. Compared to control siRNA, siRNA1 and 

siRNA2 showed silencing effects up to 46% Figure 26. Although the silencing effect was 

low, it was reproducible, therefore statistically significant.  

 

Figure 26: Silencing effect of predesigned CD40 siRNAs in INS-1E cells 

 

siRNA inhibited the induction of CD40 expression by cytokines: 

After finding CD40 silencing by the siRNAs we wanted to see the efficiency of 

siRNA on silencing CD40 expression in presence of cytokines, which included IL-1β and 

TNF-α. Cytokines are produced by infiltrating immune cells as an immune reaction to the 

transplanted islet. So, we evaluated the effect of cytokines on CD40 expression in both INS-

1E cells as well as islets.  
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INS-1E cells were transfected with siRNA at the final concentration of 50nM for 24hrs, 

followed by treatment with the cytokines (IL-1β 30units + TNF-α 1000units) for 12hrs. 

CD40 expression was estimated at 48hrs post transfection by real-time RT-PCR. siRNA 1 

showed slight inhibition of CD40 induction by cytokines, up to 20%, whereas siRNA2 and 

siRNA3 didn’t have much inhibition of CD40 induction (Figure 27A). This result shows that 

IL-1β and TNF-α causes an overexpression of CD40. Further we wanted to check CD40 

induction by cytokines at 24hrs post treatment with cytokines Figure 27B, and at 100nM 

concentration of siRNA Figure 27C. Compared to control siRNA siRNA1 showed 42% 

silencing; whereas increasing the concentration of siRNA1 to 100nM showed 48% silencing 

of CD40 respectively. This result indicates that induction of CD40 expression by cytokines is 

time dependent, and the silencing of CD40 is concentration dependent. 
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Figure 27: (A) siRNA inhibited CD40 induction by cytokines (IL-1β + TNF-α). INS-1E cells 

were transfected with siRNA for 24hrs, followed by treatment with IL-1β (30units) + TNF-α 

(1000units) for 12hrs. CD40 mRNA expression was estimated at 48hrs post transfection by 

quantitative RT-PCR. 

(B) INS-1E cells were transfected with siRNA at the final concentration of 50nM for 24hrs, 

followed by cytokines treatment for 24hrs 

(C) INS-1E cells were transfected with siRNA at 50nM or 100nM for 24hrs, followed by 

cytokines treatment for 24hrs 

We have also compared the results of CD40 induction in the presence and the absence 

of cytokines and found that in the absence of cytokines the expression of CD40 is 

significantly low compared to the expression in presence of cytokines (data not shown), in 

addition, in the absence of FBS cytokines showed slightly higher expression of CD40 as 

compared to the FBS medium groups (data not shown). 

  

B 
C 

C 
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Transfection Efficiency in islets: 

Furthermore, we wanted to compare the effect of silencing CD40 on islet survival, 

therefore transfection efficiency was checked in rat pancreatic islets. siRNA could efficiently 

transfect islets (Figure 28). More than 50% of the islet cluster was transfected with little or 

no cytotoxicity (Figure 29); the optimum transfection time was 8hrs. 

Calcein detects viability of the cells, whereas ethidium homodimer detects dead and 

apoptotic cells. The polyanionic Calcein dye is well retained within live cells, producing an 

intense uniform green fluorescence in live cells, while Ethidium homodimer enters cells with 

damaged membranes and undergoes a 40-fold enhancement of fluorescence upon binding to 

nucleic acids, thereby producing a bright red fluorescence in dead cells [142]. 

 

Figure 28: Rat islets treated with Fluorescein siRNA at the final concentration of 100nM. 

More than 50% of the islets cell clusters could be transfected with the siRNA  
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Figure 29: Rat islets treated with control siRNA, followed by staining with calcein dye and 

ethidium homodimer. Calcein detects viability of the cells, whereas ethidium homodimer-1 

detects dead and apoptotic cells.   Green: live cells,       Yellow-red: dead cells 

 

siRNA inhibits CD40 induction by cytokines in islets: 

Around 100 islets equivalent were plated in 24-well plate and transfected with siRNA 

at the final concentration of 50nM for 12hrs, followed by treatment with cytokines (IL-1β 

30units + TNF-α 1000 units) for 12hrs. The result showed that cytokines induced the 

expression of CD40 compared to untreated control, and the siRNA1 could inhibit the 

induction up to 50% compared to the control siRNA treated group Figure 30. 
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Figure 30: 100 islets equivalent were transfected with siRNA at the final concentration of 

50nM for 12hrs, followed by treatment with cytokines for 12hrs. CD40 expression was 

estimated by real-time RT-PCR. 

Further we wanted to design adeno-associated viral vector for stable and long term 

transfection of the non-dividing islet cells to prevent the CD40 activation post 

transplantation. AAV virus is a single-stranded DNA virus, normally infects about 80% of 

the population during childhood, and causes no disease. AAV vectors are derived from AAV 

serotype 2 virus, which is replication deficient, non-pathogenic virus [77, 78]; they can 

transduce both dividing and non-dividing cells [58, 143, 144], and provide long-term gene 

expression by integrating into the host chromosome [58, 76, 145].  

One of the research groups has reported that adenoviral vector mediated local 

production of CD40 antibody in islets prior to transplant prolonged the islet graft survival in 
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streptozotocin induced diabetic mice and maintained the blood glucose level to normal [57] 

Figure 31.   

 

Figure 31: (A) Percentage survival of islet allografts treated with ad.sCD40Ig. 

Streptozotocin-treated mice received either mock transduced (dotted line), or recombinant 

adenovirus expressing eGFP (small broken lines) or sCD40-Ig (large broken lines*P_0.001). 

(B) Intraperitoneal glucose tolerance test (IPGTT) in recipient mice with long term graft 

survival was performed by injecting glucose intraperitoneally at a concentration of 2 g/kg 

body weight. Blood glucose was monitored by sampling from the tail vein periodically up to 

120 min as indicated. Blood glucose clearance rate was similar in both the naive control and 

CD40-Ig transfected islet graft. 

Ref: Rehman kk et al. Transplantation 2007 

However, adeno virus is known to elicit immune reaction at high multiplicity of 

infection (MOI), therefore, to avoid that we decided to use AAV viral vector instead of adeno 

viral vector. To construct the AAV vector we wanted to choose the best siRNA sequence 

targeting the CD40 mRNA, so we further designed three more siRNA sequence Table B, and 

A B 
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estimated their silencing efficiency in INS-1E cell line. We found siRNA5 to be the best 

among all six siRNAs. 

 

Table 5B: Sense strand sequence of CD40 siRNA (NM_134360) 

Number Start site Sequence 

siRNA 4 278 CUCAAUCAAGGGCUUCAGG 

siRNA 5 428 GCCACUGAGACUACUGAUA 

siRNA6 557 GGAACAAGUCAGACUGAUA 

 

Silencing efficiency of these new siRNAs, siRNA4, siRNA5 and siRNA6, were 

estimated at mRNA level by real-time RT-PCR same as before, and the results were 

compared with that of siRNA1. We found that siRNA5 has comparable to and slightly better 

silencing efficiency than siRNA1 (Figure 32), so we decided to use siRNA1 and siRNA5 for 

further studies.  
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Figure 32: Silencing effect of siRNAs was estimated in INS-1E cell line. Cells were 

transfected with siRNA at the final concentration of 50nM for 24hrs. Silencing efficiency 

was estimated at 24hrs post transfection by real-time RT-PCR 

We, first, constructed shRNA1 and shRNA5 plasmids using the respective siRNA 

sequences; and AAV-U6-EGFP plasmid. The successful construction of AAV-shRNA-

plasmid vector was confirmed by restriction enzyme digestion using BglII enzyme, the size 

of the resulting fragments were checked with agarose gel electrophoresis (Figure 33A) and 

the sequence of the construct was confirmed by standard sequencing method. The 

transfection efficiency of the resulting shRNAs was checked by fluorescence microscope, 

pictures were taken at 6 hours and 24 hours post transfection. Compared to control shRNA 

(constructed into pSilencer plasmid vector) shRNA1 and shRNA5 had good tranfection 

efficiency (Figure 33C). The silencing efficiency of these shRNAs was estimated at mRNA 

level at 48 hours post transfection (Figure 33B). Compared to control shRNA, shRNA1 and 

shRNA5 showed 53% and 60% silencing of CD40, respectively.  
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Figure 33: (A) AAV plasmid as well as the shRNA –AAV plasmid constructs were digested 

with BglII restriction enzyme, size of the linearized plasmids were checked by agarose gel 

electrophoresis 

(B) Cells were transfected with 400ng AAV-shRNA plasmids using Fugene HD, for 24hrs.  

mRNA expression was estimated at 48hrs post transfection by real-time RT-PCR 

(C) Pictures were taken at 24hrs post transfection under the fluorescence microscope at the 

magnification of 100Х 

 

Transduction efficiency of AAV vectors into INS-1E cells  

To estimate the transduction efficiency of AAV viral vector in INS-1E cell line, we 

used AAV-U6-EGFP vector, carrying shRNA sequence and the GFP protein controlled by 

human cytomegalovirus (CMV) promoter. INS-1E cells were exposed to the different 

numbers of AAV- viral particles, ranging from 2×10
9 

to 8×10
10

 per 40,000 cells (MOI 5×10
4 

to 2×10
6
). At 6 hours post exposure, cells didn’t show the sign of transduction, and at 24 

hours the fluorescence expression was very weak. However, at 48 hours post exposure 

transduction efficiency was more than 90% when GFP expression peaked and it persisted for 

at least 6 days (168 hours). But, interestingly GFP expression started declining from 4
th

 day 

(120 hours) (data shown only for 48 hours) Figure 34. This decrease in GFP expression may 

be due to cell turnover, the doubling time of INS-1E cell is approximately 100 hours [146].In 

addition, AAV transduction in INS-1E cells was dose dependent, but reached to saturation at 

higher doses. 
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Effect of AAV transduction on cell viability 

The cytotoxic effect of AAV on INS-1E cell was estimated by MTT assay. Cells were 

treated with AAV viral particles at varying MOI or particle numbers, for 48 hours, followed 

by cell viability analysis by MTT assay. The viral particles were well tolerated by the cells in 

a wide dose range; however there was a slight decrease in cell viability at the higher doses, 

1.5×10
6 

MOI and 2×10
6 

MOI Figure 35). 

 

 Silencing of CD40 gene by AAV Vector 

Silencing efficiency of AAV vector was estimated in INS-1E cells. Cells were 

tranduced with AAV vector at MOI 5 х 10
5 

for 48 hours. Silencing of CD40 was estimated at 

mRNA level by real-time RT-PCR. Result showed 27% silencing of CD40 compared to 

control siRNA treated group Figure 36. We need to further estimate the silencing efficiency 

of AAV at higher MOI and at longer transduction time, such as 72 hours or 96 hours, this 

may produce higher silencing.  
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5 х 104 

2.5 х 105 

5 х 105 

7.5 х 105 
 

Figure 34: INS-1E cells were transfected with AAV viral vectors at the different MOI, ranging from 5×10
4 

to 

2×10
6
 for about 48hrs. Transduction efficiency was evaluated by estimation of GFP expression. Fluorescence 

pictures were taken  in fluorescent microscope at 100 Х. 
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Figure 35: 5000 cells/well were seeded in 96-well plate and transfected with AAV viral 

particles at different MOI. Cell viability was estimated at 48hrs post transfection by MTT 

assay 

 

Figure 36: AAV vector mediated silencing of CD40. 40,000 cells were transduced with AAV 

vector at MOI 5х10
5 

for 48 hours. CD40 expression was measure at mRNA level by 

quantitative RT-PCR  
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Insulin Stimulation Index 

Additionally, insulin stimulation test was performed by treating the INS-1E cells with 

low (5.5mM) and high (25mM) concentration of glucose respectively for 1 hour each. Level 

of insulin secretion was estimated by insulin ELISA method. The result showed a negligible 

difference in insulin index between the treated and control groups.  
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5.4 Discussion 

For effective and stable islet transplantation there is an urgent need to develop a safe 

method of islet isolation to avoid mechanical trauma and hypoxia of islet cells during the 

isolation process, and to overcome host immune reaction post transplantation. CD40, a 

member of tumor necrosis factor (TNF) receptor family, is expressed in many cell types, 

such as macrophages, B-lymphocytes, antigen presenting cells (APC), as well as non-

immune cells. CD40 up on binding with CD40L (CD154), which is transiently expressed on 

T cell and other non-immune cells, produces a wide range of immune reaction, including cell 

differentiation, proliferation and survival [63, 147]. Pancreatic β-cells also express CD40, 

and its expression is upregulated by cytokines such as IL-1β, TNF-α, and INF-γ [63]. 

Transplanted islets are prone to rapid destruction due to the infiltration of these cytokines by 

the host immune cells. In addition, CD40-CD40L interaction is also involved in induction of 

intercellular adhesion molecule ICAM-1, which is associated with inflammation [63, 148]. 

Therefore, blocking CD40-CD154 interaction is an attractive strategy to prevent islet graft 

rejection in the treatment of type 1 diabetes.       

In this study we induced the blocking of CD40-CD154 interaction by inhibiting the 

expression of CD40 by RNAi using siRNA. First, we examined the silencing efficiency of 

three siRNAs in INS-1E cell line by quantitative RT-PCR. Two potent siRNAs, siRNA1 and 

siRNA2, were identified and were further tested for their effectiveness in presence of 

cytokines (IL-1β, and TNF-α); siRNA1 was found to be more potent in inhibiting CD40 

expression (Figure 27). Next, we examined the transfection efficiency in rat islet using GFP 

labeled siRNA and lipofectamine. We found good transfection of islet cells; in addition, the 

siRNA-lipofectamine complex produced very low or no cytotoxic effect on islet cells as 



103 

 

shown in Figure 28Figure 29. The lesser degree of cytotoxicity may be attributed to the 

mechanical trauma during handling and hypoxia of the islet. Further, we investigated the 

silencing efficiency of siRNA in presence of cytokines in rat pancreatic islets; result showed 

that siRNA could inhibit the induction of CD40 by cytokines Figure 30. Later we wanted to 

design AAV viral vector for siRNA delivery, therefore we designed three more siRNAs 

targeting CD40 so that we could select the most potent siRNA sequence, and compared the 

silencing efficiency with previously selected siRNA1. As seen from Figure 32, silencing 

efficiency of siRNA1 and siRNA5 were similar, so we then constructed shRNA for both the 

siRNA sequences using AAV-U6-EGFP plasmid vector. The transfection and silencing 

efficiency of both shRNAs were estimated and found similar results, with shRNA5 having 

slightly better silencing. Therefore we next designed the AAV plasmid vector using shRNA5. 

Meanwhile we also estimated the effect of shRNA mediated silencing of CD40 on insulin 

stimulation index and found no significant difference between control shRNA treated group 

and shRNA1 and 5 treated groups (data not shown). 

Studies have been done on various AAV serotypes to find out the most effective and 

efficient gene delivery vector for the non-dividing islets. AAV type 2 is the most extensively 

studied, relatively well characterized AAV serotype, and has been evaluated in gene therapy 

clinical trial owing to its ability to infect both dividing as well as quiescent cells [84, 149, 

150]. In our study we have used AAV2 vector with an AAV2 capsid and AAV2 inverted 

terminal repeat (ITR) sequence. We evaluated the transduction efficiency of this viral vector 

in INS-1E cells with varying MOI and at various time points. As Figure 34 shows, AAV 

vector could efficiently transduce the cells at higher MOI which was evident by the 

expression of green fluorescent protein. However, at lower MOI (5×104) transduction 
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efficiency was low; and the transduction of the cells in general was reduced on day 4 

onwards. Similar result was reported by Wang, Z. et al. where they found around 20% 

transduction of islet cells in vitro by AAV2 vectors [144]. As reported by many research 

groups, transduction efficiency of the AAV2 vector can be enhanced by using cell-permeable 

peptide (CPP) along with the vector [149], or by inserting low density lipoprotein receptor 

ligand from apolipoprotein E into the AAV2 capsid proteins (AAV2apoE) [151], or by 

pseudotyping AAV2 vector with the capsids of other serotype such as AAV5,  6, and 8 which 

are reported to produce higher transduction efficiency [84, 144]. Using these strategies can 

enable the efficient transduction with a vector at much lower MOI of AAV, and also reduce 

the potential of developing immune response, thereby increasing the overall safety of AAV 

for gene delivery. Further, we estimated the cytotoxic effect of the AAV2 vector at different 

MOI; fair enough, the AAV2 had no cytotoxic effect on a wide MOI range, except at the 

highest MOI 1.5×10
6 and 2×10

6
Figure 35), which is indeed very high. However this problem 

can be overcome by using above mentioned strategies.  
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CHAPTER 6 

 SUMMARY AND CONCLUSIONS 

 

6.1 Summary 

Due to the ability to efficiently silence any gene, siRNA holds good potential as a 

therapeutic for many diseases, such as cancer, type-1 diabetes, liver fibrosis, ocular disease 

and genetic disorders. Down-regulation of gene responsible to cause such diseases may result 

into selective inhibition of tumor growth and invasiveness in cancer and immune response 

and apoptosis in type-1 diabetes. However, for the optimal therapeutic effect of siRNA, it 

needs to be efficiently and successfully delivered to the target tissue and the cells. To achieve 

this goal siRNA needs to overcome numerous physiological obstacles and barriers in the 

body, this can be achieves by designing an effective and stable siRNA and a proper delivery 

system.  

In this dissertation the effect of silencing IKKα on cell migration, invasion, motility 

and proliferation was studied in prostate cancer using synthetic siRNA. PSMA aptamer 

linked with siRNA through a sticky bridge was used to specifically deliver the siRNA to 

PSMA positive prostate cancer cells LNCaP. Effect of silencing CD40 on cell viability, 

apoptosis and immune response (cytokine induction) was studied in pancreatic beta cell line 

and islets. Efficiency of adeno-associate viral vector (AAV) mediated siRNA delivery and 

the silencing of CD40 was also estimated in beta cells, INS-1E. 

In chapter 3, the molecular mechanism of IKKα, its expression profile in prostate 

cancer cells and the therapeutic effect of IKKα siRNA on prostate cancer cell lines are 

described. Three synthetic siRNAs targeting different regions of the IKKα mRNA were 
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designed, and the silencing effect was determined by quantitative real time RT-PCR. 

Silencing of IKKα in prostate cancer cells reduced wound healing, in vitro cell migration, 

invasion and attachment capabilities. Similar anti-invasive effects were also observed in the 

presence of RANKL, which is a Receptor activator of NFκB Ligand. However, silencing of 

IKKα showed a negligible effect on cell proliferation and cell cycle distribution. The present 

study provided the first evidence of silencing IKKα using synthetic siRNA could inhibit the 

invasiveness of prostate cancer cells.  

In chapter 4, anti-PSMA aptamer was introduced as a targeting moiety to specifically 

deliver the siRNA to the PSMA overexpressing prostate cancer cells. Originally developed 

PSMA aptamer is a 70mer RNA sequence; however in this study the truncated version of this 

aptamer which is 41mer RNA, known as A9L aptamer, was used. This truncated aptamer 

maintain the PSMA binding activity, specificity and functionality, just as the full length anti-

PSMA aptamer. In addition, it also retains the ability to inhibit PSMA’s NAALA-Dase 

activity. In this study, A9L was attached to one end of the sense strand of the IKKα siRNA 

duplex through a 14mer RNA sticky bridge. The resulting triplex (sense + antisense + 

aptamer) showed similar silencing effect as duplex (sense + antisense) when transfected the 

cells using Lipofectamine-2000. Furthermore, the triplex showed comparable cellular uptake 

and gene silencing effect, but less cytotoxicity compared to transfection with Lipofectamine-

2000. In addition, the uptake of the triplex was cell specific; LNCaP cells had higher uptake 

of triplex compared to PC3 cells, which verifies that the delivery of siRNA was PSMA 

specific.  

In chapter 5, the effect of siRNA mediated CD40 gene silencing on rat pancreatic 

beta cells and islets was evaluated. Three siRNAs targeting different regions of CD40 mRNA 
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were designed and the silencing efficiency was estimated at mRNA level by real-time RT-

PCR. Results showed moderate, but efficient gene silencing with siRNA. The silencing 

efficiency in the presence of various cytokines was also evaluated, and it was found that 

siRNA could inhibit CD40 induction in the presence of cytokines (IL-1β + TNFα) compared 

to the control group. Transfection efficiency in islets was evaluated by confocal microscopy. 

Although islet is a cluster of non-dividing cells, siRNA could efficiently transfect the islets 

and it had little effect on islet viability. Further we designed AAV vector encoding CD40 

shRNA, and estimated the transfection and silencing efficiency of the vector in INS-1E cells. 

The AAV vector could stably transfect the cells, for up to 6 days, and down-regulated CD40 

efficiently, however the silencing with the AAV vector was only moderate. 

6.2 Future directions 

1. Study the antitumor effect of IKKα siRNA on prostate cancer xenografted mouse model. 

2. Since inhibition of IKKα does not have effect on cell growth and proliferation, further 

study is required to simultaneously inhibit the cell invasion as well as proliferation, and 

induce apoptosis by using double or triple gene silencing approach using two or three 

siRNAs targeting different genes. 

3. Bcl-2 is an anti-apoptotic gene which inhibits the natural cell death process in cancer 

cells [152, 153]. Therefore, we propose to inhibit the expression of anti-apoptotic gene 

Bcl-2 simultaneously with IKKα. 

4. Interleukin-6 (IL-6) is a multifunctional cytokine that plays a major role in differentiation 

and proliferation of prostate cancer cells in a highly cell type-specific manner [154-156]. 

Therefore, Inhibition of IL-6 can also be assessed to inhibit the proliferation of prostate 

cancer cells. 
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5. Study the antitumor effect of dual and triple siRNA mediated gene silencing in prostate 

cancer animal model 

6. Evaluate the efficiency of anti-PSMA aptamer mediated siRNA delivery to PSMA 

positive LNCaP cells, and estimate its antitumor effect on prostate cancer xenografted 

mouse model. 

7. Investigate the pharmacokinetics and biodistribution of aptamer-siRNA complex.  

8. Evaluate the effect of AAV vector mediated CD40 silencing on islet graft survival in 

allografted animal model 

9. Estimate the efficiency of transplanted islets in restoring the glycemic index. 
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