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ABSTRACT  

   

Gene therapy is a promising technology for the treatment of various 

nonheritable and genetically acquired diseases. It involves delivery of a 

therapeutic gene into target cells to induce cellular responses against diseases. 

Successful gene therapy requires an efficient gene delivery vector to deliver 

genetic materials into target cells. There are two major classes of gene delivery 

vectors: viral and non-viral vectors. Recently, non-viral vectors such as cationic 

polymers have attracted more attention than viral vectors because they are 

versatile and non-immunogenic. However, cationic polymers suffer from poor 

gene delivery efficiency due to biological barriers. The objective of this research 

is to develop strategies to overcome the barriers and enhance polymer-mediated 

transgene expression.  

This study aimed to (i) develop new polymer vectors for gene delivery, (ii) 

investigate the intracellular barriers in polymer-mediated gene delivery, and (iii) 

explore new approaches to overcome the barriers. A cationic polymer library was 

developed by employing a parallel synthesis and high-throughput screening 

method. Lead polymers from the library were identified from the library based on 

relative levels of transgene expression and toxicity in PC3-PSMA prostate cancer 

cells. However, transgene expression levels were found to depend on intracellular 

localization of polymer-gene complexes (polyplexes). Transgene expression was 

higher when polyplexes were dispersed rather than localized in the cytoplasm.  

Combination treatments using small molecule chemotherapeutic drugs, 

e.g. histone deacetylase inhibitors (HDACi) or Aurora kinase inhibitor (AKI) 
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increased dispersion of polyplexes in the cytoplasm and significantly enhanced 

transgene expression. The combination treatment using polymer-mediated 

delivery of p53 tumor-suppressor gene and AKI increased p53 expression in PC3-

PSMA cells, inhibited the cell proliferation by ~80% and induced apoptosis. 

Polymer-mediated p53 gene delivery in combination with AKI offers a promising 

treatment strategy for in vivo and clinical studies of cancer gene therapy. 
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Chapter 1 

INTRODUCTION 

1.1 Description of Gene Therapy 

Gene therapy, the delivery of exogenous nucleic acids to diseased cells,  has 

evolved as a potential therapeutic tool for the treatment of both inherited and 

acquired diseases. A wide variety of nucleic acids, for example, plasmid 

deoxyribonucleic acids (pDNA) (1, 2), oligonucleotides (2-4),  ribozymes (5) or 

small interfering ribonucleic acids (siRNA) (6-9) have been examined to alter 

biological outcomes of a defective gene. The commonly used nucleic acid-based 

therapeutic agents are negatively charged plasmid DNA (pDNA). pDNA are large 

(3-15kbp), hydrophilic macromolecules that encode a specific therapeutic 

protein’s gene expression system and control the functioning of the gene within a 

target cell. However, pDNA cannot penetrate biological membranes that 

necessitate the formulation of gene delivery vector systems to deliver the gene 

into target cells. A vector can deliver therapeutic genes to a specific cell 

population and express encoded proteins at the target site. In consideration of this, 

gene delivery systems should be designed optimizing the following steps:  

i) bind and transport DNA to the target cells,  

ii) evade immune systems of a body,  

iii) release DNA into cytoplasm,  

iv) transport DNA through cytoskeletal network within the cytoplasm, and 

v) transfer DNA across the nucleus for efficient transcription and 

translation 
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At each step of the journey, the number of transferring DNA decreases resulting 

in poor efficiency of DNA delivery. Thus, knowledge of intracellular transport 

barriers and cellular delivery of pDNA are important concerns in developing 

therapeutically effective gene delivery and identifying successful vectors.  

 

 

Figure 1.1. Statistics of various diseases targeted by gene therapy clinical trials. Most of the trials 

are designed to treat cancer. Adopted from Ref. (10) 

 

1.2 Cancer Gene Therapy 

The possibility of human gene therapy was first suggested in 1970 for the 

treatment of inherited single-gene disorders (11). A decade later, when it was 

realized that cancer is also a disease of genetic disorders, there was a strong 

feeling that the technology could be applied to a widespread genetic disorders 

such as cystic fibrosis and some other cancers. The first cancer gene therapy 

clinical trial was performed in 1991 by Steven A. Rosenberg and R. Michael 

Blaese’s groups (12). The genetically modified human tumor-infiltrating 

lymphocytes were infused into five patients with metastatic melanoma (12). The 

study successfully showed tumor regression in patients and the feasibility of 

64.5
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human gene transfer in a clinical setting. Since then remarkable progresses have 

been made in the past twenty years to meet the therapeutic needs of conventional 

treatments that are toxic, ineffective or most commonly, both.  To date, 1644 gene 

therapy clinical trials have been approved for treating cancer, cardiovascular, 

monogenic, infectious, and other diseases (Figure 1.1) (10). More than 60% of the 

trials aim for cancer gene therapy.  

The number of strategies that have been designed and tested for cancer gene 

therapy are as follows (10, 13): 

1. replacing defective tumor suppressor genes such as p53; 

2. inactivate oncogenes e.g. ras to block transcription and translation; 

3.  delivering drug sensitivity genes that can convert a prodrug to a cytotoxic 

drug upon their expression in cancer cells; 

4. stimulating immune responses to activate cytotoxic effects on cancer cells; 

and  

5. delivering multidrug resistance genes to normal cells that allow higher 

doses of chemotherapy to be given to the cancer cells 

Although introducing these genetic materials to correct a specific genetic defect is 

an attractive strategy, the lack of targeting tumor cells and poor efficiency of gene 

transfer vectors has rendered this approach clinically less effective. The vast 

majority of gene therapy clinical trials are in phase I, phase II and combination of 

phase I/II trials (10, 13). In phase I testing, maximum tolerable doses of gene 

delivery vectors and transgene products are determined. Phase II efficacy studies 

involve identification of any antitumor activity of the new agents in patients with 
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advanced diseases.  Evaluation of phase III, phase IV and single subject gene 

therapy clinical trials are limited but work is now in progress to develop and 

translate a non-invasive technique into a clinical reality.  

1.3 Gene Delivery Vectors 

 

 

Figure 1.2. Gene delivery vectors used in clinical trials. The most commonly used vectors in gene-

transfer trials are the retrovirus and adenovirus vectors. Non-viral gene transfer, including naked 

DNA and lipofection has occupied 25% of all the trials. Adopted from Ref. (10) 

 

Effective gene therapy of genetic disorders requires a vector that can deliver 

transgenes into target cells safely and produce the gene of interest in substantial 

quantities. Unfortunately, gene transfer vectors for clinical use do not possess 

these desirable properties. Currently, gene therapy in clinical trials is based on 

viral and non-viral delivery systems, each with its own characteristic advantages 

and disadvantages (10, 13). Viral vectors are biological systems that possess 

efficient machinery for delivering DNA into mammalian cells and are the most 

efficient gene delivery vectors known (14-17). Commonly used viral vectors are 

retroviruses (including lentiviruses), adenovirus, herpes simplex virus (HSV), 
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adeno-associated virus (AAV), and vaccinia (or pox) virus (Figure 1.2). Viral 

vectors have been widely investigated as vehicles for transgene delivery. 

However, they are plagued by the issues of recognition by the host’s immune 

defense mechanism and limited capacity of carrying genetic materials (18). The 

safety concern of viral vectors was highlighted when a 18-year old young patient, 

Jesse Gelsinger died in 1999 following an infusion of genetically altered 

adenoviral vectors for the treatment of an inherited enzyme deficiency (19). In 

another incidence Children with X-linked SCID developed leukemia after 

receiving a retroviral gene therapy (20). These clinical trials demanded 

investigations of less immunogenic non-viral vector systems than viral vectors. 

Other important reasons for switching towards non-viral vectors are the capacity 

of carrying low transgene size, relatively expensive production of viral titers and 

difficulty in scale up. 

Non-viral gene delivery systems do not have limitations in the size of 

transgenes to be delivered and in recognition by the immune system. However, 

inefficient targeting and delivery to specific tissues, and dose-dependent 

inflammatory responses are the major important limiting steps for effective non-

viral gene therapy. A wide variety of non-viral agents have been investigated 

extensively for exploring potential gene delivery vectors. Cationic molecules, 

such as lipids (21), polymethacrylates (22),  polypeptides (23, 24), celluloses (25), 

chitosan (26-28), dendrimers including polyamidoamine or PAMAM dendrimers 

(2, 29), poly(vinyl pyrrolidone) (30), and polyamine polymers (31) are attractive 

agents. The polymers condense DNA to nanoscale complexes in aqueous 
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solutions by neutralizing the negative charges on the DNA. The complexes 

possess an excess positive charge and interact with anionic mammalian cell 

membranes leading to efficient cellular uptake into target cells. An effective gene 

delivery vector is then able to disassemble and release DNA by escaping the 

intracellular degradation processes (32).  

1.4 Non-viral Vectors: Cationic Polymers 

Polymers are synthetic gene delivery vectors which possess the ability to 

deliver genetic materials to target cells (9, 33-35). Cationic polymers neutralize 

the negative charge on pDNA resulting in the formation of nanoscale polymer-

DNA complexes (polyplexes). The advantages of using polymeric vectors are 

their flexibility in design, the easy production of large sets of compounds and the 

ability to screen them in parallel for transgene delivery.  High-throughput 

screening techniques have been widely employed in the pharmaceutical industry 

for facilitating the rapid evaluation and identification of novel small molecule 

drugs (36-41). Combinatorial chemistry and parallel screening techniques have 

recently evolved as attractive options for rapidly generating polymer libraries 

consisting of candidates that possess a wide range of physicochemical diversities. 

Table 1.1 summarizes some small-to-medium sized polymer libraries that have 

been synthesized by different research groups using high-throughput screening 

and combinatorial approaches.  
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Table1.1 Summary of cationic polymer libraries for gene delivery vectors    

 

Polymer 

Vector 

(Ref.) 

Number 

of 

polymers 

in a 

library 

Monomers used Target 

cells 

# of lead 

polymers; 

and the 

highest 

transgene  

expression 

levels 

Relative 

transgene 

expression 

compared to 

control(s) 

Polyethyle-

ne imine 

(pEI) (42) 

144 Linear pEI 

(423Da) or a 

pEI polymer 

mixture of 

423Da linear 

and 1.8kDa 

branched pEIs 

(1:1 w/w ratio), 

and 24 bi- and 

oligo-acrylates  

COS-7 

monkey 

kidney 

cells 

9; 

Absolute 

values of the 

highest gene 

expression 

levels were 

not reported 

850-3670 fold 

enhancement 

in luciferase 

expression 

compared to 

 those using 

non-

crosslinked 

pEI 

pEI (43) 435 Functionaliza-

tion of the 

primary, 

secondary and 

tertiary amines 

of 25kDa pEI 

(pEI-25) by 

methylation, 

benzylation and 

n-dodecylation 

CHO-K1 

chinese 

hamster 

ovary 

cells 

3; 

19-28% 

enhanced 

green 

fluorescent 

protein 

(EGFP) 

positive cells 

Same 

expression 

levels as that 

of jet pEI, 

Lipofectamine 

and 

unmodified 

pEI-25 

Poly-β-

amino 

esters 

(PBAE) 

(44) 

2350 Ninety four 

different amine 

monomers and 

25 diacrylate 

monomers 

COS-7 

cells 

46; 

absolute 

values were 

not reported. 

2-50 fold 

higher than 

those using 

pEI-25 

PBAE (45) 

 

486 The top 

performing 

polymers in the 

library 

described in 

Ref. (44) 

Human 

Umbili-

cal Vein 

Endotheli

al cells 

(HUV-

EC) 

3 (C32, JJ32 

and C28); 

25-47% green 

fluorescent 

protein (GFP) 

cells 

5 and 1.6 fold 

more GFP 

using C32 than 

pEI-25 and  

Lipofectamine, 

respectively 

PBAE (46) 36 End-modified 

C32 polymers 

using 36 

different amine  

group 

containing 

small molecules 

as end-capping 

reagents 

COS-7 

cells 

5;  

~1.2x10
5 

RLU of 

luciferase 

expression 

10-20 fold 

higher than 

those of 

unmodified 

C32 and pEI-

25 
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Table1 continued 

 

The combinatorial library approaches result versatile polymer libraries in a 

rapid fashion to identify effective gene delivery vectors. Although screening of 

Polymer 

Vector 

 

Number of 

polymers 

in a library 

Monomers 

used 

Target 

cells 

# of lead 

polymers; 

and the 

highest 

transgene  

expression 

levels 

Relative 

transgene 

expression 

compared to 

control(s) 

C32 PBAE  

(47, 48)  

60 Modification 

of the di-

amine end-

groups of 

C32 polymer 

HeLa, 

HepG2, 

DC 2.4, 

HUVEC, 

hMSC  

and COS-

7 cells 

 

5; 

75-90% 

GFP 

positive 

cells 

70-90 fold 

enhancement 

compared to 

those using pEI-

25 

Polyamino 

esters (PAE) 

(49) 

16 Amine-

containing γ-

aminopropyl-

triethoxysilan

e (APES) and 

polyethylene 

glycol 

diacrylate 

(PEGDA; 

258Da) 

Human 

embryonic 

kidney 

(293T) 

and HeLa 

cervical 

cancer 

cells 

5; 

1x10
5
-

5x10
8
 and 

1x10
5
-

5x10
6
RLU/

mg in 

absence 

and 

presence of 

serum, res-

pectively 

10-100 fold 

more luciferase 

expression than 

those of pEI-25 

Cyclodextrin 

(CD) (50) 

7 β-CD and 

pEI-25 

derivatives 

with varying 

degree of CD 

grafting onto 

pEI polymers 

PC3 

prostate 

cancer 

cells 

15-25% 

EGFP 

positive 

cells 

Similar levels 

of expression 

using pEI-25 

Chitosan (CS) 

(51) 

12 N-maleated 

chitosan 

grafted 

oligoamine 

derivatives 

293T and 

HeLa cells 

10
8
-10

9 

RLU/mg 

luciferase 

expression 

Similar efficacy 

like pEI-25 

Polysacchar-

ide based 

polyamines 

(52) 

11 Schizophy-

llan-based 

oligoamine 

polymers 

COS-1, 

CHO-K1, 

and HeLa 

cells 

1; 

5x10
5
RLU/

mg 

5 fold higher 

than that of 

pEI-25 
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these cationic polymers and/or their derivatives has been carried out, the diversity 

of chemical structures among these polymers has made it difficult to find a 

correlation between the polymer physicochemical properties, transfection 

efficiencies, and differential cellular responses. Further developments in polymer 

chemistries, elucidation of physicochemical factors, cellular responses to delivery 

and interactions with various cell types will facilitate the identification of efficient 

polymeric vectors for gene delivery. These investigations in concert with in vivo 

studies will be critical to advance polymeric vectors towards clinical applications. 

Recently, a polymer based on cyclodextrin (CD) has been used by Davis et. al (9, 

53) in phase I clinical trials for siRNA nucleic acid delivery. The researchers 

demonstrated a nanoparticle delivery system (CALAA-01) consisting of CD-

siRNA complexes, polyethylene glycol (PEG)-adamantane groups and human 

transferrin protein targeting ligands. The nanoparticles carried siRNA for the 

reduction of ribonucleotide reductase subunit 2 (RRM2) anti-cancer targets in 

patients with solid tumors. Systemic injections of the complexes in three patients 

resulted in successful intracellular localization of the CALAA-01in tissues and a 

decrease in RRM2 mRNA and protein levels. In this preclinical evaluation of 

CALAA-01, no signs of toxicity were seen. The results demonstrate that cationic 

polymer based nanoparticles represent an attractive approach for developing safe 

and effective polymeric gene delivery vectors. However, target cells have 

biological barriers that inhibit expression of the foreign gene products. The 

following sections describe some of the biological barriers to the uptake of genes 

to their effective expression in the target cells. 
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Figure 1.3. Schematic of the transport of polyplexes from an extracellular environment into the 

nucleus of a cell and the biological barriers to non-viral gene delivery. (1) Administration and 

injection of polyplexes into the blood vessels; (2) delivery of the polyplexes to the targeted tumor 

cells by passing through the blood vessel walls and avoiding any non-specific binding or 

degradation; (3) uptake and internalization of the polyplexes from the plasma membrane through 

endocytosis; (4) sequestration of polyplexes to endosomes and trafficking along microtubules 

towards the nucleus. Microtubule dependent directional transport of cargoes involves the dynein 

motor that moves cargoes from the plasma membrane towards to the minus end of the 

microtubules or centrosomes. Kinesin motors typically move towards the microtubule plus ends. 

The polyplexes must escape from the acidic endosomal vesicles generally by endosomal rupture in 

order to avoid DNA degradation; and (4) DNA should cross the nuclear pore complexes in order 

to be transcribed inside the nucleus. 

 

1.5 Biological Barriers to Gene Transfer 

For efficient DNA delivery, a non-viral vector should carry exogenous 

DNA stably from the lab bench test tubes into the intracellular nucleus without 

any DNA degradation. Several biological hurdles that involve in non-viral gene 

delivery are (i) serum stability, (ii) cell-specific targeting, (iii) route of 

administration, (iv) cellular uptake, (v) intracellular trafficking, (vi) endosomal 

1. Injection of polyplexes

2. Delivery to the target cells

3. Intracellular uptake

4. Intracellular trafficking

5. Nuclear import
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escape, (vii) dissociation of pDNA from the polyplexes, (viii) nuclear import of 

pDNA, and (ix) regulation of gene expression (Figure 1.3). Topics related to steps 

(i)-(iii) are not discussed in this thesis because the objective of this research 

project is to summarize the critical steps in intracellular trafficking of polyplexes. 

The cellular level barriers are described in the following section. 

1.5.1 Endocytosis: The Primary Uptake Route 

The plasma membrane consists of a lipid bilayer that poses the first barrier 

towards polyplexes in reaching the intracellular environment. Most non-viral 

DNA complexes first associate with cell membranes through electrostatic 

interactions with anionic cell surface proteoglycans (54). The complexes enter 

cells via endocytosis such as clathrin-dependent endocytosis, clathrin-independent 

endocytosis, macropinocytosis and phagocytosis (21, 55-57). Endocytosis is 

essentially the invagination of plasma membrane with the formation of endocytic 

vesicles. This invagination occurs at specific domains in the plasma membrane, 

characterized by a specific lipid and/or protein composition for the different 

endocytic pathways. In clathrin-dependent endocytosis, the specific domain is 

characterized by the presence of clathrin and is called a clathrin-coated pit (55, 

58-61). Plasma membrane folding at these coated pits results in the formation of 

clathrin-coated vesicles. These vesicles lose their clathrin coat upon 

internalization and fuse with each other or with pre-existing endosomal 

compartments to form early endosomes (31). Early endosomes can either recycle 

their cargo to the extracellular environment or mature to late endosomes which is 

accompanied by a decrease in pH from 7.0 to 5.9 (55, 62). Late endosomes 
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deliver their cargoes to the lysosomes with an additional pH drop from pH 6.0 to 

5.0 (55, 62). The average time to mature from early to late endosomes is 

approximately 5 min, while late endosomes progress to lysosomes in 30 min (55).   

The mechanism of endocytosis, however, depends on the size of external 

materials and the cell type. Rejman et al. found that latex beads of less than 

200nm were taken up by the clathrin-dependent pathway, whereas larger beads 

(200-500nm) entered the cells through caveolae or lipid-raft mediated endocytosis 

(63). Particles larger than 500nm preferably enter cells by macropinocytosis, a 

mechanism of endocytosis in which large droplets of fluid are trapped underneath 

the cell surface by ruffling (64). PLGA-DNA polyplexes (65), pEI polyplexes 

(66), histidylated polylysine particles (67) with a size range of 70-200nm are 

internalized via clathrin-dependent pathways. Transgene expression using 

lipoplexes and polyplexes were reported to be abolished by the inhibitors of 

clathrin and caveolae mediated endocytosis (68). Nanoparticles of alginate-

chitosan-DNA complexes were reported to be endocytosed via a clathrin-

mediated pathway in 293T and COS-7 cells but were internalized by a caveolae-

mediated pathway in CHO cells (69). 

1.5.2 Cytoplasmic Trafficking 

Polyplexes encapsulated in endosomal vesicles are carried from the 

plasma membrane towards the nucleus by trafficking along long microtubule 

fibers that provide the highway or 'tracks' for transport of the vesicles (63, 70). 

The direction of endosomal vesicle trafficking depends on the functions of two 

motor proteins of microtubules, the dynein and kinesin (71). Dyneins move cargo 



  13 

towards the minus end of microtubules (towards the nucleus), while kinesins 

move cargo towards the plus end of the microtubules (towards the plasma 

membrane) (step 4; Figure 1.3). The movement can also be bi-directional by 

switching between two motor proteins (72).  Numerous viruses exploit the bi-

directional intracellular transport system and utilize dynein-mediated trafficking 

for intracellular translocation to nuclear periphery (72). A study on pEI-pGL3 

DNA polyplex mediated transfection of MDA-MB-231 human breast carcinoma 

and HEK293 human embryonic kidney cell lines has shown that microtubule 

stabilization using paclitaxel enhances luciferase gene expression by 20-fold (73). 

Disruption of microtubules using colchicine decreases the luciferase gene 

expression by 75%. Transgene expression was also decreased by greater than 80% 

by inhibiting the activities of dynein and kinesins. The results indicated that both 

polyplex delivery and transgene expression are dependent on intact microtubules 

and its two motor proteins. 

1.5.3 Endolysosomal Escape of Polyplexes 

Escape of polyplexes before maturation of endosomes to degradative 

lysosomal acidic environments is considered a key rate-limiting step in the 

success of non-viral gene delivery and expression (Figure 1.3). Endosomal 

disruption by the proton sponge mechanism (Figure 1.4) has been proposed for 

the polyplexes of polyamidoamine (PAMAM) (74) and pEI (74) due to the 

presence of protonable amines incorporated into the branched polymers. pEI has 

one protonable amino nitrogen in every third atom. This nitrogen is protonated 

during acidification, which imparts a high buffering capacity inside acidic late  
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Figure 1.4. Proton sponge effects. (a) Proton accumulation into endosomes by proton pumps; (b) 

the protons are accompanied with chloride ion influx; and (c) builds up osmotic pressure of water 

that eventually ruptures the endosomes. 

 

endosomes (74). Massive proton accumulation is accompanied by high chloride 

ion influx into the endosome, causing osmotic swelling of the endosome and 

eventual vesicle lysis (Figures 1.4). Sonawane et al. used a chloride-sensitive 

fluorophore to monitor the chloride accumulation and swelling in endosomes 

(74). Their work revealed that enhanced endosomal buffering of pEI relative to 

polylysine resulted in increased chloride ion retention and endosomal swelling. 

Likewise, it has been shown that the addition of the buffering agent chloroquine 

to cells transfected using non-buffering polymers results in increased transgene 

expression; however, chloroquine had no effect when added to known proton-

sponge buffering polymers (4, 75). Blocking vacuolar proton pumps by inhibitors 

such as bafilomycin A1 lowers pEI-mediated transgene expression in a cell type-

specific manner (76). However, the proton sponge hypothesis has remained 

controversial suggesting that pEI polyplexes show higher transfection efficiency 

than other agents because of their escaping nature from lysosomal trafficking, not 

because of their buffering capacity (77).   

 

H+

H+H+

H+

Proton pump

Endosome

Polyplex

+

Cl-

+

+

+ +

+ +
+

Cl-

Cl-

+ +

+

+ +

+ +
+

-

-

-

-

-

-

--

H2O
H2O

(a) (c)(b)



  15 

1.5.4 Nucleocytoplasmic Trafficking of pDNA 

Nuclear trafficking of pDNA is the next hurdle for efficient transfection. 

pDNA, that are escaped from degradation and delivered to the perinuclear region, 

has to be imported into the host cell nucleus for transcription. The translocation of 

pDNA to the interior of the nucleus depends on its size as revealed by the size-

dependent nuclear diffusion of oligonucleotides through nuclear pore complexes 

(NPC) (78).  While small (< 250bp) DNA fragments enter into the nucleus by 

passive diffusion without any specific interactions, larger DNAs (up to 1kb) 

require active transport to overcome the lateral mobility in the highly viscous 

cytoplasm. Several groups have reported that active transport of large DNA 

fragments through NPC is an extremely inefficient process (79). Attachment of 

nuclear localization sequences (NLS; PKKKRKV) to pDNA can stimulate the 

nuclear entry and expression of large DNA (80, 81).  Dean et al. showed that 

transfection efficiency can be augmented by coupling of single or multiple NLS to 

pDNA and transporting pDNA into the nucleus. Another possibility for the 

nuclear entry of pDNA is the entry during mitotic cell division when the nuclear 

membrane breaks down. No matter what the route, DNA has to reach the nucleus 

to have any therapeutic effect. 

1.5.5. Regulation of Gene Expression 

 Effective expression of a transgene is also a big issue in gene therapy. 

Acetylation and deacetylation of histones and other proteins associated with 

condensed chromosomes inside the nucleus have been shown to be important in 

the regulation of transgene expression (82-85). Histones are a family of nuclear 
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proteins that interact with DNA resulting in DNA being wrapped around a core of 

histone octamer within the nucleosome (86, 87). Deacetylation of the histone 

lysine residues is associated with compact binding of DNA around core histones 

following which the transcription apparatus cannot access the promoter regions, 

and expression of the corresponding genes cannot be started (88). The 

mechanisms in controlling regulation of transgene expression by histone 

acetylation or deacetylation have not been fully delineated. Nan et al. showed that 

transiently transfected GFP DNA was assembled with chromatin containing 

acetylated histones in histone deacetylase inhibitor (HDACi) treated cells (89). 

Another mechanism of enhancing gene expression using HDACi is the activation 

of transcription factors by HDACi that can bind to the promoter site of transgene 

and start transcription (90, 91). HDACi such as trichostatin A (TSA), MS-275 and 

depsipeptide have been shown to enhance adenovirus-mediated gene expression 

in bladder and prostate cancer cells by restoring coxsackie-adenovirus receptor 

protein expression on the surface of the cancer cells (92, 93). The results suggest 

that epigenetic regulation is an important factor to enhance transgene expression. 

1.6 Conclusions 

An ideal gene delivery system should bind DNA effectively, increase 

cellular uptake, help DNA to escape from endosomal compartments, and facilitate 

their internalization inside the nucleus. Numerous research activities have been 

conducted to identify and improve cationic polymer vectors that increase DNA 

stability and transfection. However, polymeric vectors still have orders of lower 

magnitude efficacy than viral vectors. The other bottlenecks are cytotoxicity of 
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polymers, intracellular delivery, and poor understanding of biological processes in 

cancer cells to regulate transgene expression. The first objective of this thesis is to 

develop a library of polymeric gene delivery vectors that demonstrate high 

delivery efficacies and low toxicities. The second objective of this thesis is to 

address the major intracellular trafficking barriers to polymer-mediated gene 

delivery. The final goal is to explore combination treatment strategies to 

overcome these cellular barriers and enhance transgene expression.  

Chapter 2 of the thesis describes the synthesis and screening of polymer 

vectors  for gene delivery using parallel synthesis and screening techniques (13). 

Chapter 3 of this thesis discusses intracellular transport and the fate of quantum 

dot nanoparticles in two prostate cancer cell lines (94). This is followed by the 

investigation of how intracellular nanoparticle transport is correlated with 

differential transgene expression in these two cell lines (Chapter 4) (95). 

Combination treatments of HDACi and polymer-mediated gene delivery 

are discussed in Chapter 4. The roles of HDACi in mediating intracellular 

localization of polyplexes and enhancing transgene expression in prostate cancer 

cells have been discussed. Further strategies for enhancing polymer-mediated 

transgene expression by modulating intracellular localization and cell cycle have 

been described in Chapter 5. Polymer-mediated p53 gene delivery in combination 

with a chemotherapeutic modulator of cell cycle has been shown to induce 

apoptosis in prostate cancer cells (Chapter 5). Chapter 6 highlights some future 

directions. Appendix A of this thesis summarizes additional works on polymer 

coating of viruses and transduction using polymer-coated viruses. 
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Chapter 2 

PARALLEL SYNTHESIS AND SCREENING OF POLYMERS FOR NON-

VIRAL GENE DELIVERY 

2.1 Introduction 

Novel strategies, including both rational and semi-rational discovery 

approaches, can lead to the accelerated identification of highly efficient and safe 

vectors for non-viral gene delivery. Combinatorial / parallel synthesis has gained 

immense popularity as a means to rapidly synthesize large numbers of small-

molecule compounds as potential drug candidates (96, 97). The approach has 

recently been extended to the synthesis of diverse oligomer and polymer libraries 

(98-102) for a variety of applications including gene transfer (103-107). In the 

current work, the parallel synthesis and screening techniques were employed for 

the rapid identification of novel DNA-binding cationic polymers for gene 

delivery. A library of eighty polymers was synthesized in parallel; the ring-

opening polymerization of diglycidyl ethers by amines (108) was employed in the 

generation of the library. Primary screening involved the parallel evaluation of the 

DNA-binding efficacies of the library constituents using the ethidium bromide 

displacement assay (109-112).  In vitro transfection, using representative 

polymers that demonstrated high DNA-binding efficacies, resulted in the 

identification of a candidate polymer that showed significantly higher transfection 

activities and lower cytotoxicities than poly(ethylene imine), both in the presence 

and absence of serum.  
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2.2 Experimental Procedures 

2.2.1 Materials 

Eight diglycidyl ethers, 1,4 butanediol diglycidyl ether (1,4 B), 1,4-

cyclohexanedimethanol diglycidyl ether (1,4 C), 4-vinylcyclohexene diepoxide 

(4VCD), ethyleneglycol diglycidyl ether (EDGE), glycerol diglycidyl ether 

(GDE), neopentylglycol diglycidyl ether (NPDGE), poly(ethyleneglycol) 

diglycidyl ether (PEGDE), and poly(propyleneglycol) diglycidyl ether (PPGDE) 

were purchased from Sigma-Aldrich and were used without any further 

purification. Ten amines, 1-(2-aminoethyl) piperidine, 1,4-bis(3-aminopropyl) 

piperazine, (1,4 Bis), 3,3'-diamino-N-methyl dipropylamine (3,3’), 4,7,10-trioxa-

1,13-tridecanediamine, aniline, butylamine, diethylenetriamine (DT), 

ethylenediamine (ED), N-(2-aminoethyl)-1,3-propanediamine (N-2amino), and 

pentaethylenehexamine were also purchased from Sigma-Aldrich and used as 

received. Calf-thymus DNA, ethidium bromide, 25 kDa poly(ethylene imine) 

(Mn=10 kDa, Mw=25 kDa; henceforth called pEI-25), 750 kDa poly(ethylene 

imine) (Mn=60 kDa, Mw=750 kDa ; henceforth called pEI-750),  were purchased 

from Sigma-Aldrich. The pGL3 control vector and the Bright Glo kit were 

purchased from Promega. 

2.2.2 Polymer Synthesis 

Eight diglycidyl ethers (2.3M) were reacted with equimolar amounts of 

amines; neat as-purchased solutions were employed for both reactants. In the case 

of pentaethylenehexamine, the low solubility of the resulting polymers at a 1:1 

ratio of diglycidyl ether to amine necessitated the use of a 10:1 diglycidyl 
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ether:amine molar ratio in subsequent experiments. The polymerization was 

carried out in 7mL glass scintillation vials for 16h. After 16h, the resulting 

polymer was diluted to a concentration of 2mg/mL in 20mM Tris buffer, pH 7.4. 

The solution pH was adjusted to 7.4 using 30% hydrochloric acid in de-ionized 

(DI) water to compensate for the alkalinity of the polymers. Only those polymers 

that were soluble at a concentration of 2mg/mL at pH 7.4 were evaluated for their 

DNA-binding efficacies.  

2.2.3 Parallel Screening of DNA-Binding Activity 

The ethidium bromide displacement assay (109-112) was employed to 

evaluate the DNA-binding affinity of the cationic polymer library in parallel. 

Briefly, 1.5mL of 6µg/mL double-stranded, calf-thymus DNA was equilibrated 

with 15µL of 0.5mg/mL ethidium bromide (all solutions were prepared in 20mM 

Tris buffer, pH 8.0). After equilibration, 25µL of 2mg/mL polymer was added to 

the DNA-ethidium bromide mixture and equilibrated for 20min. 150 µL of the 

polymer-DNA solution was transferred into a 96-well microtiter plate and the 

fluorescence (excitation at 260nm, emission at 595nm) was measured using a 

plate reader (Perkin Elmer Lambda 6.0). The decrease in fluorescence intensity 

(percent fluorescence decreased compared to control) was used to rank DNA-

binding efficacies of individual polymers. 

2.2.4 Polymer-Mediated Transfections 

The pGL3 control vector (Promega Corp., Madison, WI), which encodes 

for the modified firefly luciferase protein under the control of an SV40 promoter, 

was used in transfection experiments. E.coli (XL1 Blue) cells containing the 
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pGL3 plasmid DNA were cultured overnight (16h, 37 °C, 150rpm) in 15mL tubes 

(Fisher) in 5mL Terrific Broth (MP Biomedicals, LLC) containing 100µg/mL 

ampicillin (Research Products International, Corp.).  The cultures were then 

centrifuged at 5400g and 4°C for 10min. Plasmid DNA was purified according to 

the QIAprep Miniprep Kit (Qiagen®) protocol; DNA concentration and purity 

were determined based on absorbance at 260 and 280nm determined using 

NanoDrop Spectrophotometer (ND-1000; NanoDrop Technologies).  

The PC3-PSMA human prostate cancer cell line (113) was a generous gift 

from Dr. Michel Sadelain of the Memorial Sloan Cancer Center, New York, NY. 

The cells were cultured in a 5% CO2 incubator at 37°C using RPMI-1640 medium 

containing 10% heat-inactivated fetal bovine serum (FBS) and 1% antibiotics 

(10,000units/mL penicillin G and 10,000µg/mL streptomycin). MC3T3 murine 

osteoblasts, a kind gift from Dr. Christine Pauken (Harrington Department of 

Bioengineering, ASU), were cultured in a 5% CO2 incubator in Dulbecco’s 

Modified Eagle’s Medium (DMEM; BioWhittaker®) containing 4.5g/L glucose 

and L-glutamine, supplemented with 10% fetal bovine serum (FBS; Hyclone) and 

1% penicillin/streptomycin (Hyclone). PC3-PSMA and MC3T3 cells were seeded 

in 24-well plates at a density of 50,000 cells/well and allowed to attach overnight. 

Polymer:pGL3 control plasmid at weight ratios of 25:1 (polymer concentration 

10ng/µL and 200ng pGL3 plasmid in each well) were incubated for 30min at 

room temperature and the resulting polyplexes were added to cells for 6h either in 

the absence or presence of serum (10% FBS), at the end of which, fresh serum-

containing medium was added to the cells. Following further incubation for 48h, 
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cells were lysed using the Bright Glo kit (Promega) and analyzed for luciferase 

protein expression (in relative luminescence units or RLU) using a plate reader 

(Bio-Tek Synergy 2). The protein content in each well was determined using the 

BCA assay and the luminescence value (RLU) was normalized by the protein 

content. Transfection efficacies of different polymers from the library were 

compared with the normalized value (RLU/mg protein) obtained for pEI-25.  

2.2.5 Polyplex and Polymer Cytotoxicity 

PC3-PSMA cells were seeded in a 24-well plate at a density of 

50,000cells/well and incubated overnight at 37°C. Different weight ratios of 

polymer-DNA polyplexes (10:1 , 25:1, and 50:1 polymer: pGL3 plasmid) and 

different concentrations of polymers (4-20ng/µL) were added in the absence of 

serum and the cells were incubated for 6h to determine polyplex- and polymer-

induced cytotoxicity, respectively. Following incubation, cells were treated with 

100µL of 4µM ethidium homodimer-1 (EthD-1; Invitrogen) for 15min and 

imaged immediately using Zeiss AxioObserver D1 inverted microscope (10X/0.3 

numerical aperture (NA) objective; Carl Zeiss MicroImaging Inc., Germany). 

Fluorescence using excitation at 550nm and emission at 670nm were used for the 

microscopy; dead/dying cells with compromised nuclei stained positive (red) for 

EthD-1. 

Quantitative analysis of polymer/polyplex induced cell death was carried 

out as follows. The number of dead cells in each case was counted manually for 

three individual fields of fluorescence microscopy images by means of the Cell 

Counter plugin in ImageJ software (Rasband, W.S., ImageJ, U. S. National 
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Institutes of Health, Bethesda, Maryland, USA, http://rsb.info.nih.gov/ij/, 1997-

2005). The numbers of dead cells in both dead and live controls were determined 

for at least two fields of view and their average values were calculated. The 

number of red fluorescent cells in case of each polymer or the corresponding 

polyplex) was determined and the percentage of dead cells was calculated by 

normalizing the number of dead cells in the sample to number of dead cells in the 

dead control.  

2.2.6 Polymer Characterization 

a. Polymerization Kinetics: The disappearance of reactive (primary and 

secondary) amines  with time was used to monitor the kinetics of the diglycidyl 

ether-polyamine reaction (Figure 2.1a); the ninhydrin assay (114) was used to 

determine the concentration of reactive amines at each time point. The ninhydrin 

assay results in a yellow-orange color in case of secondary amines and a dark 

blue/purple color in case of primary amines. Briefly, approximately 2mg of the 

polymers were weighed into 1.5mL microcentrifuge tubes (Fisher) at different 

time points (0-24 h) during the polymerization reaction. Ninhydrin reagent 

(Sigma®; 100µl) and DI water (200µl) were added to the polymers in the 

centrifuge tubes following which, the tubes were then placed in a boiling water 

bath for 10min and cooled to room temperature (22°C).  The mixture was diluted 

by adding 500µl of 95% ethanol. The mixtures were further diluted 10 and 100-

fold using DI water in order to obtain absorbance values within the calibration 

range (using glycine standards) employed. Absorbance was measured at 570nm in 

triplicate for each sample using a microplate reader (BioTek Synergy 2®). The 
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amine concentration was monitored every 4h and the concentration of amines in 

the reaction mixture at a given time point was normalized with the concentration 

of amines at the start of the reaction (t=0) in order to obtain percentage amines.  

b. Determination of Polymer Molecular Weight: Polymer molecular 

weight was determined using gel permeation chromatography (GPC) using a 

ViscoGEL column (MBLMW, Mixed Bed, dimensions: 7.8 mm x 30 cm) using 

5% (v/v) acetic acid in water as the eluent (flow rate 1mL/min) (115). The Mn and 

Mw values were estimated as an average of two experimental runs using a light 

scattering Viscotek 270 Trisec Dual Detector; OmniSEC software, λ = 670 nm. 

c. Fourier Transform Infrared (FT-IR) Spectroscopy:  FT-IR spectra were 

obtained at two different polymerization time points (t=0 and t=16h) in order to 

ascertain the formation of the polymers. Polymer samples were loaded on a 

germanium attenuated total reflectance (GATR) crystal such that they covered the 

center area of the crystal. The sample chamber was equilibrated to approximately 

4millibar pressure in order to minimize interference from atmospheric moisture 

and CO2.  The absorption spectrum was measured between 650 and 4,000cm
-1

 

using a Bruker IFS 66 v/S FT-IR spectrometer and the background spectrum was 

subtracted from all sample spectra.  

2.2.7 Statistical Analyses  

Data are reported as mean ± one standard deviation of independent 

replicate experiments. Statistical significance was determined for a given polymer 

using unpaired Student’s t-test; p-values < 0.05, with respect to pEI-25, are 

considered statistically significant.  
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2.3 Results and Discussion 

The identification of efficient non-viral gene delivery agents is a critical 

limitation in the development of safer alternatives to viral-based delivery of DNA. 

While combinatorial chemistry and high-throughput screening approaches have 

been widely established in the discovery of small molecule drugs, their utilities in 

the discovery of non-viral gene delivery agents is somewhat under-explored. This 

approach has been employed for the discovery of polymeric transfection agents. A 

library of eighty cationic polymers was synthesized in parallel using the ring 

opening polymerization between diglycidyl ethers and amines (108). Primary 

screening involved the evaluation of the DNA-binding efficacies of each of the 

individual library components in parallel. Transfection experiments with high 

DNA-binding polymer leads resulted in the identification of one polymer that 

possessed significantly higher transfection efficacies than polyethyleneimine 

(pEI) in addition to the identification of other polymer that possessed similar 

efficacies compared to pEI. 

2.3.1 Parallel Synthesis and Evaluation of the DNA-Binding Activity of the 

Cationic Polymer Library 

The ring opening of the epoxide groups on diglycidyl ethers was chosen 

by polyamines as a suitable platform reaction for the rapid generation of a 

cationic polymer in a parallel fashion. Figure 2.1a shows the reaction scheme 

employed for the generation of the library of eighty cationic polymers. A 

synergistic combination of chemoenzymatic synthesis and parallel screening have 

been employed for elucidating structure-property relationships involved in 
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polyamine-DNA binding (111, 112). However, while small molecular weight (< 

2kDa) polyamines are known to bind DNA, their poor transfection efficacies 

necessitate the use of cationic polymers or cationic lipids for gene delivery. 

 

 

Figure 2.1. a) Schematic of the reaction employed for the generation of the cationic polymer 

library based on the ring-opening of diglycidylethers by amines. b) Combinatorial matrix of the 

cationic polymer library composed of diglycidylethers and (poly)amines. 
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It was hypothesized that the use of diglycidyl ethers to cross-link polyamine 

molecules can result in diglycidyl ether-polyamine based polymers in which an 

individual polymer molecule will possess multiple copies of the DNA binding 

polyamine molecule ultimately resulting in high cellular transfection activities. 

Diglycidyl ethers were chosen as co-monomers since epoxide groups 

readily react with amines and hence can act as linkers between multiple 

polyamine molecules leading to rapid polymer synthesis. This property of 

diglycidyl ethers has been exploited for the generation of cross linked polymers 

and proteins for a variety of biomedical applications (116-119). In addition, the 

use of a diverse set of diglycidyl ether monomers results in the exploration of a 

wider chemical space for the resulting polymers. Although most diglycidylethers 

contained glycol moieties, they differed in the number of methylene (-CH2-) units 

between the oxygen atoms as well as side chain functionalities. A relatively wider 

range of chemical diversity was employed in case of amines employed for 

generating the cationic polymer library. Not only did the amines vary in the 

nitrogen atom content (from one to six), they also varied in their chemical 

composition; aromatic (e.g. aniline), cyclic (e.g. 1-(2-aminoethyl) piperidine), and 

linear polyamines (e.g. diethylenetriamine and pentaethylenehexamine) were 

employed in the study. As with the diglycidyl ethers, it was hypothesized that 

exploring a wider chemical space with amine monomers would accelerate the 

discovery of effective polymeric gene delivery agents. Figure 2.1b shows the 

combinatorial matrix of the polymer library. 
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Polymerization reactions were carried out for 16h at 25°C in order to 

maintain the parallel nature of the synthesis approach. It is acknowledged that 

different polymerization reactions in the library synthesis can proceed at different 

rates, resulting in polymers with different molecular weights. However, 

polymerizations was chosen to carry out for 16h for the following reasons: (1) 

longer polymerization times (> 24h) resulted in the generation of insoluble 

polymers in case of a number of higher homologue polyamines, presumably due 

to extensive cross-linking (not shown); and (2) variability in reaction time was 

minimized in order to maintain the parallel nature of the polymer synthesis. As a 

result, all polymerizations with the exception of those based on glycerol 

diglycidylether-based polymerizations were carried out for 16h; reactions with 

glycerol diglycidylether were carried out for 4.5h since reaction times greater than 

5h resulted in insoluble polymers for all cases.  

Sixteen out of the eighty polymers synthesized were not soluble at 

concentrations of 2mg/ml; in general, the use of higher amine homologues 

(polyamines) led to lower aqueous solubilities of the resulting polymers. This 

lower solubility can be attributed to extensive cross-linking that can take place 

due to the presence of multiple amines. In particular, pentaethylenehexamine- 

based polymers were insoluble at a concentration of 2mg/ml in buffer when 

equimolar amounts of the amine and diglycidyl ethers were employed. Therefore, 

polymers were synthesized with different stoichiometries of 

pentaethylenehexamine : diglycidylether (10:1, 8:1, 6:1, 4:1, 2:1, and 1:1) and 

tested their solubilities; a ratio of 10:1 was chosen for subsequent experiments 
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based on the solubility of the resulting polymers. Sixty-four soluble polymers 

were employed in the primary screening which involved an evaluation of their 

respective DNA-binding efficacies using the ethidium bromide displacement 

assay (109). It is important to mention that the polymers were not characterized at 

this stage in order to maintain the high-throughput/parallel nature of the current 

approach; instead, the focus was on the rapid identification of lead candidates that 

demonstrate high DNA-binding efficacies.  

 

 

Figure 2.2. DNA-binding activity of the diglycidyl ether based cationic polymer library 

determined using the ethidium bromide displacement assay. The percent fluorescence decreased 

upon polymer binding to calf thymus DNA intercalated with ethidium bromide was used to rank 

polymer efficacy.    
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Figure 2.3. Transfection of PC3-PSMA human prostate cancer cells using polymer leads selected 

from the DNA binding screen. Transfection efficacy of a given polymer was determined from the 

luciferase expression (relative luminescence units or RLU) normalized by the total protein amount 

(mg). Polymer transfection efficacies are reported as relative to that of pEI-25. Relative efficacy 

data are plotted on a logarithmic scale (y-axis) and statistical significance using p-values was 

determined by comparing data for a given polymer with pEI-25. a. Polymer-mediated transfection 

of PC3-PSMA cells in the absence of serum using a polymer : pGL3 plasmid ratio of  25:1 (w/w). 

b. Transfection of PC3-PSMA cells in the absence of serum using different polymer:plasmid ratios 

of the 1,4C-1,4Bis polymer. c. Polymer-mediated transfection of PC3-PSMA cells in the presence 

of 10% fetal bovine serum using a polymer:pGL3 plasmid ratio of 25:1. d. Polymer-mediated 

transfection of murine osteoblasts using 1,4C-1,4Bis and pEI-25 polymers in the presence of 10% 

fetal bovine serum using a polymer:pGL3 plasmid ratio of 25:1. 

 

Figure 2.2 shows the DNA-binding efficacy of the cationic polymer 

library determined using the ethidium bromide displacement assay. As expected, 
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polymers based on monoamines (e.g. aniline and butylamine) demonstrated low 

values of percent fluorescent decreased (i.e. low DNA-binding efficacies) while  

those derived from higher homologue polyamines, such as 1,4-Bis(3-

aminopropyl)piperazine, 3,3'-diamino-N-methyl dipropylamine,  

diethylenetriamine, and N-(2-aminoethyl)-1,3-propanediamine demonstrated 

higher efficacies. While it is possible that the low DNA binding efficacies of 

some polymers (e.g. polymers based on monoamines) is a result of the lower 

degree of polymerization, this was not verified further at this stage and 

discontinued any further analyses with these polymers. Seven representative 

polymer leads, with different DNA binding efficacies (percent fluorescence 

decreased values ranging from 30% to 60 %), were chosen for the transfection of 

PC3-PSMA cells as described below.   

2.3.2 In Vitro Transfection  

Figure 2.3a shows the transfection of PC3-PSMA cells with the pGL3 

plasmid using a set of lead polymers selected from the DNA-binding screen. 

Representative polymer leads that possessed moderate (30% fluorescence 

decreased) to high (> 60% fluorescence decreased) DNA binding efficacies were 

employed in the transfection experiments. It is important to point out that calf-

thymus DNA was used only as generic double-stranded DNA in the primary DNA 

binding screen for identifying lead polymers. However, the lack of a constitutive 

promoter region implies that this DNA cannot be employed as a reporter for 

transfection. Consequently, transfection was carried out with the pGL3 control 

vector which codes for luciferase protein. A polymer to plasmid ratio of 25:1 was 
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employed in order to evaluate the transfection efficacies of the selected polymers. 

The use of nitrogen:phosphorus (N:P) ratio is common in comparing cationic lipid 

and cationic polymer meditated gene delivery. However, a w/w ratio was used, 

which has been previously employed for evaluating polymeric transfection agents 

(103, 104). 

In order to evaluate polymer-mediated transfection efficacy, luminescence 

(relative light units or RLU) due to the expression of the luciferase normalized to 

the protein content in each well, and the normalized values were compared to 

those determined for pEI-25. A number of polymers demonstrated statistically 

significant higher transfection efficacies than pEI-25 in the absence of serum.  In 

particular, the 1,4C-1,4Bis polymer, based on the monomers, 1,4-

cyclohexanedimethanol diglycidyl ether (1,4 C) and 1,4-bis(3-aminopropyl) 

piperazine (1,4 Bis),demonstrated 80-fold higher transfection efficacy than pEI-25 

in the absence of serum. Other polymers demonstrated moderately higher (4-8 

fold) or comparable transfection efficacies compared to that of pEI-25 in the 

absence of serum. For example, neopentyl glycol diglycidyl ether-1,4-bis(3-

aminopropyl) piperazine (NPGDE-1,4 Bis) and ethylene glycol diglycidyl ether-

1,4-bis(3-aminopropyl) piperazine (EGDE-1,4 Bis) polymers demonstrated 

approximately eight-fold higher efficacies than pEI-25. Polymers generated using 

1,4-bis(3-aminopropyl) piperazine (1,4 Bis) as the amine monomer resulted in 

candidates with higher gene transfection efficacies than pEI-25.  

The transfection efficacy of the 1,4C-1,4Bis polymer was further 

evaluated as a function of polymer dose (i.e. polymer:pGL3 plasmid) in the 
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absence of serum (Figure 2.3b). While the polymer demonstrated comparable 

transfection efficacies to that of pEI-25 at low polymer:plasmid ratios (1:1 and 

5:1), transfection efficacies with higher polymer ratios (10:1, 20:1 and 25:1) were 

significantly higher than those for pEI-25. It is important to note that in addition 

to the normalized ratios presented in Figure 2.3b, the absolute RLU/mg values 

using1,4C-1,4Bis polymer were the highest (not shown), indicating that the 

polymer resulted in greater protein expression than pEI-25 under all conditions. 

Next, a sub-set of polymers that demonstrated appreciable transfection 

efficacies in the absence of serum was employed to transfect PC3-PSMA cells in 

the presence of serum-containing medium. In the presence of serum, the 

transfection efficacy dropped in all polymers evaluated. However, the 1,4C-

1,4Bis polymer demonstrated 30-fold higher efficacies than pEI-25 in presence of 

serum (Figure 2.3c). Transfection efficacies of other polymers were not 

statistically different compared to that of pEI-25. These polymers were not 

evaluated at higher polymer:pDNA ratios in order to keep 25:1 ratio consistent 

with that in the experiments carried out in absence of serum. The highest 

transfection efficiency observed using the 1,4C-1,4Bis polymer makes it an 

attractive candidate for further evaluation in vivo. 

Transfection was also carried out in serum-containing medium with 

murine osteoblast cells in order to compare the efficacy of the 1,4C-1,4Bis 

polymer to that of pEI-25 in cells unrelated to human prostate cancer cells. Lower 

transfection efficacies were observed in the MC3T3 murine osteoblast cells for 

both polymers (not shown) as compared to PC3-PSMA cells, reflecting the 



  34 

challenges of transfecting these cells using non-viral transfection agents (120). 

However, as with the PC3-PSMA cells, the 1,4C-1,4Bis polymer was ~23-fold 

more effective than pEI-25 in transfecting PC3-PSMA cells (Figure 2.3d), 

indicating that the polymer might be useful in transfecting different cell types. 

Taken together, these results indicate that transfection using the polymer leads 

selected from the DNA binding screen resulted in the identification of one 

polymer-1,4C-1,4Bis that possesses significantly higher transfection efficacies 

than the current standard pEI-25 polymer (Figures 2.3a-c). In addition, a number 

of polymers demonstrated moderately higher or comparable transfection 

efficacies with respect to pEI-25 (Figures 2.3a and 2.3b). 

 

 

Figure 2.4. Comparison of transfection efficacy of polymers with their respective DNA binding 

efficacy of polymers leads used in the transfection analysis.  

 

It is important to note that while DNA binding efficacy is indeed 

necessary for polymer-mediated gene delivery, DNA binding activity of polymers 
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did not correlate with their transfection efficacies (Figure 2.4). Instead the 

efficacy depends on the optimum DNA binding affinities of the polymers that 

regulate cellular uptake and DNA release after endosomal escape. 

 

 

 

Figure 2.5. Phase contrast and fluorescence microscopic images that show the cytotoxicity of (a) 

pEI-25 polymer, (b) 1,4C-1,4Bis polymer, (c) pEI-25:pGL3 polyplex, and (d) 1,4C-1,4Bis:pGL3 

polyplex towards PC3-PSMA cells in serum-free medium. Red-fluorescent ethidium homodimer, 

that stains DNA in compromised nuclei, was used for determining cytotoxicity. In figures a ,b: i: 

4ng/µl, ii. 10ng /µl, and iii. 20ng/µl polymer. In figures c,d: i. 10:1 polymer: plasmid (or 4ng/µl 

polymer), ii. 25:1 polymer: plasmid (or 10ng /µl polymer), iii. 50:1 polymer: plasmid (or 20ng /µl 

polymer). The same amount of pGL3 plasmid (200 ng) was used in all polyplex-mediated 

cytotoxicity experiments. Representative images of at least three independent experiments and at 

least three different fields of view per independent experiment are shown in the figure. (e) 

Percentage of dead PC3-PSMA cells following polymer/polyplex treatment; details are described 

in the experimental section. 



  36 

2.3.3 Polymer and Polyplex Cytotoxicity 

While cationic polymers are attractive agents for non-viral gene delivery, 

their toxicity limits their use both in vitro and in vivo. The cytotoxicity of the 

1,4C-1,4Bis polymer was compared with that of pEI-25 in PC3-PSMA cells. 

Ethidium homodimer is a red-fluorescent dye that stains DNA in cells with 

compromised nuclei. It is important to note that the MTT assay consistently 

under-reported PC3-PSMA cell death when compared to what was seen using 

visual microscopic observation and was therefore not employed for evaluating 

polymer cytotoxicity with these cells.  

Figure 2.5 shows representative fluorescence microscopic images of 

polymer and polyplex induced cytotoxicity. As seen in Figures 2.5a and b, the 

1,4C-1,4Bis polymer was less toxic to PC3-PSMA cells than pEI-25 at all 

concentrations (4-20ng/µL) investigated. Note that a polymer concentration of 

10ng /µL (polymer : pGL3 plasmid 25:1) was used in the transfection 

experiments in Figure 2.3a. The higher efficacy of the 1,4C-1,4Bis polymer can 

be explained, in part, due to its lower cytotoxicity compared to pEI-25 under these 

conditions.  While polymer-mediated cytotoxicity is indeed a limiting factor, it 

was hypothesized that a large number of amine groups responsible for polymer 

toxicity, are involved in complexation with plasmid DNA. As a result, the 

cytotoxicity of the polymer :plasmid polyplexes was evaluated in addition to the 

cytotoxicity due to the polymer alone.  As seen in Figures 2.5c and 2.5d, pEI-25-

based polyplexes demonstrated significantly higher cytotoxicities towards PC3-

PSMA cells compared to polyplexes based on the 1,4C-1,4Bis polymer.  
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In order to determine the relative toxicities of the two polymers and their 

polyplexes, polymer and polyplex toxicity based on at least three different 

fluorescence microscopy images was quantified as described in the experimental 

section. As seen in Figure 2.5e, pEI-25 is significantly more cytotoxic than the 

1,4C-1,4Bis polymer at concentrations of 4ng/µL and 10ng/µL (equivalent to the 

polymer:pDNA ratios of 10:1 and 25:1, respectively). Both polymers 

demonstrated similar cytotoxicities at 20ng/µL (equivalent to polymer:pDNA 

ratio of 50:1). Interestingly, polyplexes of 1,4C-1,4Bis polymer demonstrated 

lower cytotoxicities than the polymer alone for polymer:pDNA ratios of 10:1 and 

25:1. In contrast, polyplexes of pEI-25 showed comparable cytotoxicity with the 

polymer alone at all polymer:pDNA ratios investigated. It is possible that lower 

concentrations of pEI-25 are required for complexation with DNA and the excess 

polymers cause cytotoxicity to cells. The low cytotoxicities of the 1,4C-1,4Bis 

polymer and its polyplexes are responsible for the higher transfection efficacies of 

this polymer. Taken together, these results indicate that the 1,4C-1,4Bis polymer 

demonstrates significantly high efficacies for transfecting PC3-PSMA cells as 

well as low cytotoxicities that make it an attractive polymeric transfection agent.  

2.3.4 Lead Polymer Characterization 

Characterization experiments were carried out with the lead polymer (1,4C-

1,4Bis) that demonstrated successful cellular transfection. The polymer EGDE-

3,3’ was also used in some cases in order to demonstrate the results for a different 

polymer used in transfection. In order to ascertain that 16h was indeed sufficient 

time for polymerization, samples of the reaction mixture were evaluated for the  



  38 

 

Figure 2.6. Polymer Characterization. a. Polymerization kinetics of the formation of EGDE-3,3’ 

and 1,4C-1,4Bis polymers as reported by the disappearance of amines as a function of time. 

Formation of dark blue/purple color indicated the presence of primary amines. Primary amine 

concentration was determined at pre-determined time points using the ninhydrin reagent and 

compared to the initial primary amine content. Polymerization kinetics of two representative 

polymer leads 1,4C-1,4Bis and EGDE-3,3’ used in transfection experiments are shown in the 

figure. b. Fourier Transform Infrared (FT-IR) Spectroscopy of 1,4C-1,4Bis polymerization at time 

t = 0h (monomer mixture) and t =16 h following initiation of the polymer reaction. Polymer 

formation at 16 h can be seen from the disappearance of the epoxide peak in the 860-950 cm
-1

 

region and from the emergence of the hydroxyl peak in the 3000-3500 cm
-1

 region. 
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disappearance of amines as a function of time (Figure 2.6a) using a ninhydrin 

assay with glycine standards. The amine concentration remained largely invariant 

after 12h of reaction time as determined from the using absorbance spectroscopy 

based on the formation of dark blue/purple color following reaction with primary 

amines. These results indicated that a reaction time of 16h was appropriate for the 

generation of polymers that demonstrated moderate to high DNA binding and 

cellular transfection efficacies. In addition, the presence of residual primary 

amines (approximately 30% of the initial primary amine concentration, as 

reported by the dark blue color of the ninhdyrin reaction) indicated the formation 

of branched polymers with multiple terminal primary amines and not linear 

polymers. This is consistent with what can be expected from the reaction 

chemistry employed to generate the polymer library (Figure 2.1a). 

Gel permeation chromatography was employed to determine the molecular 

weight of the 1,4C-1,4Bis  polymer which were as follows:  Mn = 3.9 kDa and 

Mw= 23.5 kDa indicating a polydispersity (PD) of 5.96. These values indicate that 

the molecular weights of 1,4C-1,4Bis are comparable to those of pEI-25 used in 

the study: Mn = 10kDa, Mw = 25kDa, PD = 2.5 (Sigma). Formation of the 1,4C-

1,4Bis polymer was further verified using Fourier Transform-Infrared (FT-IR) 

spectroscopy by following the appearance and disappearance of certain bands as a 

function of reaction time. Similar analyses were carried out for other polymers 

used in the transfection experiments; only results obtained with the 1,4C-1,4Bis 

polymer that demonstrated high transfection efficacies are described here. The 

epoxide peak ranging from 858-918  cm
-1

 can be seen in the monomer mixture at 
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time t=0 h (Figure 2.6b) due to stretching and contraction of C-O bonds in the 

epoxide moiety (121). However, this peak is significantly reduced after 16h of 

reaction time, indicating a reduction in the epoxide content upon formation of the 

cationic polymer (121). Characteristic spectral bands of primary amines were seen 

at 1100-1128 and 3358-3382 cm
-1

 due to the presence of C-N and N-H bonds, 

respectively. The broad bands from 3382-3402 cm
-1

 upon 16h of reaction time 

can be attributed to hydroxyl (-OH) groups generated upon reaction of the epoxy 

rings with primary and secondary amines (122). Taken together, FT-IR analysis 

further confirmed that the diglycidyl ether-polyamine reaction resulted in the 

formation of the 1,4C-1,4Bis polymer that demonstrated high transfection 

efficacies in vitro.  

2.4 Conclusions 

Parallel polymer synthesis techniques were employed for the rapid 

generation of a cationic polymer library based on ring opening reactions between 

diglycidylethers and amines. Polymers were screened in parallel for their DNA-

binding affinities using ethidium bromide displacement assay. Parallel screening 

led to the identification of a number of polymer leads that demonstrated 

significant DNA-binding properties. In vitro transfection experiments indicated 

that the 1,4C-1,4Bis polymer based on the monomers of 1,4-

cyclohexanedimethanol diglycidyl ether (1,4 C) and 1,4-bis(3-aminopropyl) 

piperazine, (1,4 Bis) resulted in significantly higher transfection efficacies, in 

both human prostate cancer cells and murine osteoblasts, compared to pEI-25 a 

current standard for polymer-mediated gene delivery. The 1,4 C-1,4Bis polymer 
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and resulting polyplexes were lower in cytotoxicity than pEI-25. While previous 

reports have employed parallel synthesis methods for the accelerated 

identification of polymeric transfection agents (103, 107, 123-125), a direct 

comparison of our polymers with those used in previous studies is difficult due to 

differences in the cell lines used, transfection protocols, and / or the plasmids that 

have been employed. In addition to the polymer described above, this approach 

resulted in the identification of a number of other polymers that demonstrated 

moderately higher or comparable efficacies to pEI-25. 
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Chapter 3 

CANCER CELL PHENOTYPE DEPENDENT DIFFERENTIAL 

INTRACELLULAR NANOPARTICLE TRAFFICKING 

3.1 Introduction 

Cancer disease progression to the aggressive metastatic state is a result of 

the accumulation of various genetic changes. Malignant cells undergo significant 

differences in their cellular phenotype as a consequence of these genetic changes; 

characteristic of these include, alterations in intra- and extra-cellular protein 

expression, cell polarity and cell survival. While the polarized phenotype of non-

malignant epithelial cells result in different trafficking mechanisms at their apical 

and basolateral regions (126), malignant cells are typically characterized by loss 

in polarity which influences intracellular sorting and trafficking of cargo in these 

cells (127). In addition, due to the heterogeneous nature of epithelial tumors, 

phenotypic differences in cancer cells play a significant role in the uptake, 

intracellular sorting, trafficking, and localization of internalized cargo (128). 

 Nanoscale therapeutics, diagnostics, and imaging agents hold great 

promise in the detection and treatment of advanced cancer disease (129-131). An 

understanding of the processing and fate of targeted and untargeted nanoparticles 

in cancer cells can facilitate the design and engineering of novel nanoscale agents 

that possess high efficacies and selectivity. Receptor expression profiles on cancer 

cells influence the intracellular trafficking of targeted nanoparticles.(132-134) 

While some reports describe cellular uptake of unconjugated nanoparticles (135), 

it is largely presumed that cationic molecules such as polymers (136), cell 
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penetrating peptides (137-139) and / or serum proteins (140) are indispensible for 

receptor-independent (untargeted) uptake of nanoparticles in cancer cells. Recent 

reports have described the role of nanoparticle size and surface chemistry on their 

uptake and intracellular fate in cancer cells. For example, 25-50nm Herceptin-

conjugated gold nanoparticles demonstrated the highest  uptake in SK-BR-3 

breast cancer cells among nanoparticles ranging from 2-100 nm in size (141). 

Similarly particles of 50nm demonstrated the greatest uptake in HeLa cells among 

unconjugated gold particles ranging from 14-100 nm in diameter; adsorption of 

serum-containing proteins on the surface of the anionic nanoparticles was thought 

to promote the non-specific uptake of the nanoparticles by cancer cells.(140) 

Polymeric particles less than 25 nm in diameter were reported to be taken up by a 

non-degradative, cholesterol independent, and non-clathrin and non-caveolae 

dependent endocytosis leading to their transport as punctate structures in the 

perinuclear region of HeLa cells; larger sized (40 nm) nanoparticles did not 

demonstrate this behavior (142). 

Prostate cancer (PCa) is the most frequently diagnosed malignancy in men 

in the United States with 217,730 cases diagnosed and 32,050 estimated deaths in 

2010 (143).  Lowering androgen levels results in tumor shrinkage or decelerated 

tumor growth in approximately 90% of treated cases (144). Unfortunately, these 

results are usually transient and a large number of patients subsequently undergo 

disease progression to aggressive, androgen-independent, and chemo- and 

radiation- therapy resistant PCa disease. Consequently, in addition to the 
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discovery of novel molecular therapeutics, nanoparticle-mediated ablation of PCa 

cells is currently investigated (145-147). 

The role of cancer cell phenotype on the uptake and intracellular routing 

of unconjugated anionic nanoparticles in bone metastasis-derived PC3, PC3-flu 

(113) and PC3-PSMA(113) human PCa cells is investigated in this chapter. The 

differences in these three closely related cell lines can be indicative of phenotypic 

differences that occur during disease progression and different cancer cell 

populations existing in tumors. These cells were employed to investigate the role 

of cellular heterogeneity on nanoparticle fate in cancer cells. Quantum dots (QDs) 

are of interest in biomedical imaging applications due to their greater 

photostability, broader excitation and narrower, symmetric emission wavelengths, 

compared to traditional organic dyes (148, 149). Therefore, unconjugated anionic 

QDs were chosen in this investigation demonstrating their spontaneous uptake by 

PCa cells and cell type dependent intracellular fate. 

3.2 Materials and Methods 

3.2.1 Cell Culture 

The PC3 human PCa cell line was obtained from the American Type 

Culture Collection (ATCC, VA). PC3-PSMA and PC3-flu cells, derived from 

PC3 cells, were generous gifts from Dr. Michael Sadelain, Memorial Sloan 

Kettering Cancer Center, New York, NY. The PC3-PSMA cell line is a sub-clone 

of PC3 cells retrovirally transduced to stably express the PSMA receptor (113); 

PC-3 flu cells are obtained by retrovirally transducing PC3 cells with the flu 

peptide (113).  All cells were grown in RPMI-1640 medium (HyClone
®
, UT) 
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containing 10% fetal bovine serum (HyClone
®
, UT) and 1% penicillin / 

streptomycin (HyClone
®
, UT) in 5% CO2 at 37°C incubator.  

3.2.2 Quantum Dot Treatment 

 Qdot
®
 655 nanocrystals (ZnS-capped CdSe quantum dots; 8.2µM) were 

purchased from Invitrogen, CA. The particle size of quantum dots in PBS was 

determined as 27 nm using Dynamic Light Scattering (data not shown). PC3, 

PC3-PSMA, and PC3-flu cells were plated in 24-well cell culture plates (Corning 

Inc., NY) with or without glass coverslips (12 mm circle diameter; Fisher) at a 

density of 50,000 cells per well and allowed to attach overnight. For uptake 

experiments, cells were treated with 0.2nM QDs in serum-free medium for 5h, 

fixed with 4% paraformaldehyde, and imaged using fluorescence microscopy 

(AxioObserver D1, Carl Zeiss MicroImaging Inc., Germany). The fluorescence 

excitation of the Zeiss inverted microscope was equipped with an objective of 

40X / 0.6 numerical aperture (NA) (without immersion) incorporating a cover 

glass correction ring with it. Fluorescence images of QDs were captured using a 

605/70 emission filter and a CCD camera. For kinetics experiments, cells were 

treated with QDs at different time, fixed and imaged as described above.  

3.2.3 Uptake, Trafficking and Intracellular Localization of Quantum Dots 

 Cells (50,000/well) were treated with the lipid raft extracting agent 

methyl-β-cyclodextrin (mβCD; 1mM for 1h) or clathrin disrupting agent 

chlorpromazine (10µg/ml for 1h) following which cells were washed with PBS 

and treated with 0.2nM QDs for 5h. The microtubule depolymerizing agent, 

nocodazole (Sigma-Aldrich) was employed in order to investigate the role of 
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microtubule-mediated transport of QDs in cells. Cells grown on glass coverslips 

placed in 24-well plates were treated with 40µM nocodazole for 1 h at 37 °C. 

Nocodazole-containing medium was then removed and cells were washed with 

PBS, and incubated with QDs for 5h. Cells were treated with 10µg/ml FITC-

transferrin (Invitrogen, CA) for the last 1h of the incubation in order to investigate 

the role of microtubule disruption on localization in recycling endosomes.  

In order to visualize localization of QDs with respect to the nucleus, cells 

were treated with QDs for 5h, following which, cells were fixed with 4% 

paraformaldehyde, and stained with 3µg/ml of the nucleic acid stain, 4',6-

diamidino-2-phenylindole (DAPI; Invitrogen, CA), in 500µL PBS for 15min at 

room temperature (R.T.; 22°C). The cells were then washed three times with PBS 

and visualized using fluorescence microscopy (Zeiss AxioObserver D1 

microscope).  

For co-localization experiments, cells were settled on coverslips placed in 

24-well plates for 24h following which QDs (0.2nM final concentration in 

500µL) were added. After 4 h, the cells were incubated with 10µg/ml FITC-

labeled transferrin (Invitrogen, CA), 4µg/ml LysoTracker® Green DND-26 

(Invitrogen, CA), or 1.5 µg/ml FITC labeled anti- PSMA antibody (Ab) (Marine 

Biological Laboratory, MA) for 1h in order to visualize recycling 

endosomes/perinuclear recycling compartment (PNRC), lysosomes, and the 

internalized Prostate-Specific Membrane Antigen (PSMA), respectively. After 5h 

total treatment with QDs, cells were washed twice with PBS and fixed with 4% 

paraformaldehyde for 10min at R.T. Cells were then gently washed with PBS 3x. 
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The coverslips were removed from the 24-well plates and mounted in permount 

mounting medium (Fisher) on glass slides for confocal fluorescence microscopy.  

Laser scanning confocal microscopy was carried out with a Leica SP2 

microscope (Leica Microsystems, Heidelberg, Germany) in the W. M. Keck 

Bioimaging Laboratory, Arizona State University, AZ in order to determine the 

intracellular localization of QDs. Confocal images were obtained in a z-series 

using an upright microscope equipped with 40X/1.25 NA oil immersion objective 

lens, Argon laser (488 nm) and a transmitted light detector photomultiplier 

(PMT). Light emitted at 525nm and 650nm was recorded for the green channel 

(FITC and Green DND-26) and  red channel (QDs), respectively. Images were 

acquired with dual-channel scanning at 512x512 pixels using PMTs along with 

image acquisition and analysis software (Leica confocal software, version 2.61, 

Leica Microsystems, Mannheim, Germany). Images were then stacked in RGB 

color using Image Processing and Analysis in Java (ImageJ) 1.38X software 

(150); the average intensity was used to compare different images.  

3.3 Results and Discussion 

Quantum dots (0.2 nM) demonstrated punctated intracellular localization 

throughout the cytoplasm in PC3 cells (Figure 3.1a) characteristic of lysozomal 

localization (151). In contrast, QDs localized mainly at a single juxtanuclear 

location (‘dot-of-dots’) inside PC3-PSMA cells (Figures 3.1c and 3.1d). Kinetic 

experiments indicated that the dot-of-dots formation was complete in 5h in a 

concentration-dependent fashion in PC3-PSMA cells (Figures 3.2 and 3.3) and the 

structure remained intact for at least 72h (not shown).  
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Figure 3.1 Differential intracellular localization of QDs in human prostate cancer cells. (a) PC3, 

(b) PC3-flu, (c) PC3-PSMA, (d) overlay of phase contrast and fluorescence microscopy image of 

‘dot-of-dots’ formation in PC3-PSMA cells.  
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Figure 3.2. Kinetics of ‘dot of dots’ formation in PC3-PSMA PCa cells. The formation was 

complete in 5h and was invariant for 72h (not shown) 

 

 

Figure 3.3. Formation of the dot-of-dots structure in PC3-PSMA cells as a function of quantum 

dot concentration. The formation was seen for concentrations as low as 2picomolar. All 
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subsequent experiments were carried out with 200picomolar (0.2 nM) concentration of QDs. (a) 

9.6 *10
10

 QD particles/ml (= 200pM or 0.2nM); (b) 9.6*10
9
 QD particles/ml (= 20pM); (c) 

9.6*10
8
 QD particles/ml (= 2pM); (d) 9.6*10

7
 QD particles/ml (= 0.2pM). Scale bar = 20 µm. 

 

Higher concentrations of the QDs (1nM) were required for the formation 

of  the ‘dot-of-dots’ structure in the presence of serum under similar conditions 

(Figure 3.4) indicating that the presence of serum proteins  inhibited nanoparticle 

uptake at lower concentrations. PC3-flu cells demonstrated trafficking profiles 

similar to both, PC3 and PC3-PSMA cells (Figure 3.1b); while QDs formed the 

‘dot-of-dots’ structure as seen in PC3-PSMA cells, they also localized throughout 

the cytoplasm similar to PC3 cells, and along the cellular periphery.  

 

 

Figure 3.4. Quantum dot (concentration of 1nM) trafficking in PC3-PSMA cells in the presence of 

serum (10% FBS). Higher concentrations of unconjugated QDs (1nM) were required for uptake 

and formation of the ‘dot-of-dots’ structure in PC3-PSMA cells in the presence of serum 

compared to the absence of serum (0.2nM). Left: Phase contrast image of PC3-PSMA cells, Right: 

corresponding fluorescence image. Scale Bar = 20 µm 

 

Following the above observations, factors that influenced the uptake of 

nanoparticles leading to the formation of the dot-of-dots structure in PC3-PSMA 

cells were investigated. Different mechanisms including, lipid raft-mediated, 

clathrin-mediated, and adsorptive endocytosis, play a role in the cellular entry of 
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exogenous material. Lipid rafts are cholesterol-rich membrane platforms that have 

been implicated in the entry of viruses in mammalian cells.  

 

 

 

Figure 3.5. Role of lipid rafts and clathrin on quantum dot internalization and ‘dot-of-dots’ 

formation in PC3-PSMA cells. PC3-PSMA cells were treated (a) without or (b) with the 

cholesterol extracting agent, methyl-β-cyclodextrin for evaluating the role of lipid rafts and (c) 
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without or (d) with the clathrin inhibiting agent, chlorpromazine for evaluating the role of clathrin 

on the uptake of QDs. 

 

Extraction of cholesterol using mβCD from the surface of PC3-PSMA 

cells resulted in significant decrease in the uptake and trafficking of QDs (Figures 

3.5a and 3.5b), which indicated lipid raft dependent internalization of QDs. 

Treatment with the clathrin inhibitor chlorpromazine did not affect the QD uptake 

in PC3-PSMA cells (Figures 3.5c and 3.5d) indicating that clathrin-mediated 

endocytosis was not responsible for the entry of QDs in these cells. The results 

are consistent with the report described by Zhang et al.(152). The carboxylated 

QD655 nanoparticles have been shown to be internalized via lipid-raft mediated 

endocytosis but not by clathrin or caveolae in human epidermal 

keratinocytes(152). 

 

 

Figure 3.6. Effect of microtubule disruption on quantum dot trafficking in (a) PC3, (b) PC3-flu, 

and (c) PC3-PSMA cells. Cells were treated with the microtubule depolymerizing agent, 

nocodazole, for 1h prior to treatment with QDs for 5h. In the figure, scale bar = 20µm. 

 

Motor proteins, kinesin and dynein, transport cargo-containing vesicles to 

the plus (cell periphery) and minus (microtubule organizing center) ends of 
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microtubules, respectively. In order to investigate the role of microtubules on the 

formation of dot-of-dots structure following clathrin-mediated endocytosis, 

microtubule transport was disrupted by treating cells with the microtubule 

depolymerizing agent, nocodazole. Microtubule disruption in PC3 cells (Figure 

3.6a) resulted in reduced intracellular uptake and trafficking of QDs in these cells; 

however, the nanoparticles still localized as punctated dots throughout the 

cytoplasm. Nocodazole treatment resulted in complete disruption of the dot-of-

dots formation in both, PC3-flu (Figure 3.6b) and PC3-PSMA (Figure 3.6c) cells, 

indicating that a functional microtubule network is necessary for the intracellular 

trafficking of nanoparticles in these cells. Interestingly, QDs were transported 

closer to the cell periphery and away from the nucleus in PC3-PSMA cells 

indicating that microtubule disruption results in mis-sorting and altered 

trafficking, a phenomenon previously observed in both, malignant and 

untransformed primary cells (153, 154). The punctated nanoparticle distribution 

in the cytoplasm of PC3-PSMA cells (Figure 3.6c) after nocodazole treatment was 

qualitatively similar to the nanoparticle distribution observed in PC3 cells without 

microtubule disruption. 

Following uptake by lipid-raft mediated endocytosis, molecular and/or 

nanoscale cargo are sorted in sorting endosomal complexes and are trafficked on 

microtubules along one of three different pathways: degradative lysozomal 

pathway, retrograde transport, or to the perinuclear recycling compartment 

(PNRC) (155). The intracellular fate of QDs in all three PCa cell lines using 

confocal fluorescence microscopy was therefore investigated.  
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Figure 3.7. Intracellular localization of QDs in (i) PC3, (ii) PC3-flu, and (iii) PC3-PSMA cells 

determined by colocalization for organelle / vesicle specific markers and QDs using confocal 

fluorescence microscopy. Confocal microscopy images show colocalization of QDs with: (a) Cell 

nuclei using DAPI (blue stain); (b) Recycling endosomes using FITC-transferrin; (c) Acidic 

vesicles (late endosomes & lysosomes) using LysoTracker Green DND-26; (d) PSMA using FITC 

labeled anti-PSMA antibody. Colocalization of green-fluorescent markers (dyes) and red-

fluorescent QDs is shown in yellow color in the images. Scale bars = 20µm 
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Figure 3.7 shows intracellular colocalization of QDs with DAPI, FITC-

transferrin, Lysotracker
®
 Green DND-26, and FITC-labeled antibody against the 

Prostate-Specific Membrane Antigen (PSMA) which are markers for cell nuclei, 

recycling endosomes, acidic compartments (late endosomes / lysozomes), and 

PSMA, respectively. In case of PC3 (Figure 3.7a. i) and PC3-flu (Figure 3.7a.ii) 

cells, punctated dots were observed throughout the cytoplasmic space around the 

nuclei (shown in blue).  Figure 3.7a. iii shows that the dot-of-dots formation (red) 

was found at a juxtanuclear location inside PC3-PSMA cells (nuclei shown in 

blue) which indicates that  following uptake from the entire cell surface, QDs 

were trafficked along microtubules to a centralized juxtanuclear location, the 

microtubule organizing center (MTOC), in these cells. This behavior was also 

observed in some PC3-flu cells (Figure 3.7a ii). It was possible that viral 

transduction of PC3-PSMA and PC3-flu cells stabilized the microtubules in these 

cells by decreasing depolymerization rates compared to PC3 cells. Endocytic 

vesicles after being uptaken can therefore be transported along the stable 

microtubules close to the nucleus and accumulated at one single location in PC3-

PSMA and PC3-flu cells. Relatively higher depolymerization rates of 

microtubules in PC3 cells than PC3-PSMA and PC3-flu cells might carry the 

endocytic vesicles at different locations in the cytoplasm.  

The dot-of-dots structure colocalized with FITC-transferrin in PC3-PSMA 

(Figure 3.7b. iii) and PC3-flu (Figure 3.7b. ii) cells as seen from the yellow color 

(shown in blue).  Figure 3.7a. iii, however, shows that the dot-of-dots formation 

(red) was found at a juxtanuclear location inside PC3-PSMA cells (nuclei shown 
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in blue) which indicates that  following uptake from the entire cell surface, QDs 

were trafficked along microtubules to a centralized juxtanuclear location, the 

microtubule organizing center (MTOC), in these cells. This behavior was also 

observed in some PC3-flu cells (Figure 3.7a ii). from an overlay of the red 

fluorescent QDs and green-fluorescent FITC-transferrin. Transferrin is a known 

marker for the perinuclear recycling endosomal compartment (PNRC) which, in 

non-polarized cells, is a long-lived structure found close to the nucleus and near 

the MTOC (153-155). Near-complete colocalization of transferrin and QDs 

indicated that the nanoparticles localized almost exclusively as ‘dot-of dots’ in the 

PNRC in PC3-PSMA cells. As in the case of QDs, microtubule disruption in PC3-

PSMA cells led to disruption of the PNRC and mis-sorting of transferrin. 

Following microtubule disruption, transferrin was trafficked to cytoplasmic 

compartments where only partial colocalization of the protein with QDs was seen 

(Figure 3.8). These results are in agreement with literature reports (153, 154) and 

were qualitatively similar to those observed with PC3 cells that had not been 

treated with nocodazole leading to the observation that microtubule disruption 

reverted trafficking in PC3-PSMA back to that observed in the parental PC3 cells. 

While some QDs colocalized with transferrin in cytoplasmic recycling endosomes 

in PC3 cells (Figure 3.7b. i), a significant number of QDs did not colocalize with 

transferrin indicating their localization in early / sorting endosomes in addition to 

cytoplasmic recycling endosomes (153). In the case of PC3-flu cells, vesicles 

containing both transferrin and QDs were seen in the cytoplasm in PC3-flu cells, 

in addition to the PNRC.  
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Figure 3.8.  Missorting of transferrin and QDs in PC3-PSMA cells following microtubule 

disruption. Disruption of microtubules in PC3-PSMA cells using nocodazole treatment led to 

missorting of both, transferrin and QDs, and resulted in profiles similar to those observed in PC3 

cells without microtubule disruption (Figure 3.4b i). In the figure: a: FITC-labeled transferrin for 

labeling recycling endosomes; b: 655 nm QDs; and c: merged image of transferrin and QDs. Scale 

bar = 20 µm. 

 

Colocalization analyses were also carried out with LysoTracker
®
 Green 

DND-26 and all three PCa cell lines; LysoTracker® stains acidic vesicles (e.g. 

late endosomes and lysozomes) inside cells.  As with transferrin, a portion of 

intracellular QDs colocalized with acidic vesicles in PC3 cells (Figure 3.7c. i) 

further indicating the presence of these nanoparticles in different cytoplasmic  

compartments. Colocalization experiments also revealed the acidic nature of the 

QD-containing PNRC in both, PC3-PSMA (Figure 3.7c. ii) and PC3-flu cells 

(Figure 3.7c. iii). While some  reports indicate that the PNRC is only mildly 

acidic with a pH range of 6.0-6.5 (155), other reports indicate that the 

compartment has a pH value of 5.6 (153). The latter is in agreement with 

LysoTracker
®
 staining of the compartment; however, it is possible that the acidic 

nature of the cargo present in these vesicles, i.e. carboxylated QDs, also 

contributes to the acidification of these vesicles which in turn, results in strong 

staining with the reagent. Interestingly, a significant fraction of QDs was also 

a) b) c) 
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observed in non-acidic vesicles in PC3-flu cells (Figure 3.7c. ii); the nature of 

these compartments is not known at this point. In contrast, while QDs were 

observed in the PNRC in PC3-PSMA cells, acidic compartments without QDs 

were observed all along the periphery of these cells.  

The Prostate-Specific Membrane Antigen (PSMA) is a 750-amino acid 

type II membrane glycoprotein which is abundantly expressed in all stages of PCa 

disease. The expression of the protein increases in cases of hormone-refractory 

and metastatic diseases. The receptor is over-expressed in approximately 70% of 

the aggressive metastatic diseases and is a reliable marker of disease progression. 

PSMA overexpression correlates with poor prognosis (156, 157) and has been 

employed for the targeted ablation of PCa cells (158-162). The extracellular 

region of the PSMA receptor possesses 26% and 28% homology with transferrin 

receptors (TfR), TfR1 and TfR2, respectively (163-165). Following both 

constitutive and antibody binding-induced internalization from clathrin-coated 

pits, PSMA is known to co-localize with transferrin in the PNRC mediated by a 

cytoplasmic internalization sequence and filamin (166). Given that QDs 

colocalized with transferrin in PC3-PSMA cells, colocalization of nanoparticles 

with PSMA was also investigated in these cells. Colocalization of QDs with the 

FITC-labeled PSMA antibody was indeed seen in PC3-PSMA cells (Figure 3.7d. 

iii) further indicating that the nanoparticles reside in the PNRC in PC3-PSMA 

cells. It is unclear at this point if PSMA has any role to play in the uptake and 

subsequently, trafficking of QDs. It is more likely that PSMA undergoes the 

clathrin-mediated uptake, microtubule-mediated transport, and localization in the 
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perinuclear recycling compartment (167) independent of the nanoparticles. In 

addition, the partial localization of QDs in the PNRC of PSMA non-expressing 

PC3-flu cells further indicates that QD trafficking to the PNRC may occur 

independently of the PSMA. PC3 (Figure 3.7d. i) and PC3-flu (Figure 3.7d. ii) 

cells did not show staining for the anti-PSMA antibody, which is consistent with 

the lack of receptor expression in these cells.  

 

 

Figure 3.9. Schematic of uptake, sorting, trafficking, and intracellular localization of QDs in 

cancer cells. Following clathrin-mediated uptake into early endosomes (EE), QDs are trafficked to 

the sorting endosomal complex (SEC). At this stage, vesicles are either sent back to the cell 

surface via recycling endosomes (RE), trafficked towards degradative late endosomes (LE) and 

lysozomes, or are trafficked to the perinuclear recycling compartment (PNRC) near the 

microtubule organizing center (MTOC).  

 

3.4 Conclusions 

In summary, the results in this chapter demonstrate that unconjugated 

anionic QDs are spontaneously taken up by closely related cancer cells which 

then sort and traffic these to dramatically different fates (Figure 3.9). Serum 
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proteins and conjugated molecules such as targeting antibodies or cell penetrating 

peptides are not necessary for the uptake and trafficking of nanoparticles in these 

cells. Following internalization via lipid-raft mediated endocytosis, nanoparticles 

are trafficked in vesicles along microtubules to the sorting endosomal complex in 

these non-polarized cells. At this stage, nanoparticles are destined for different 

fates depending on the cell phenotype. Nanoparticles can be either trafficked in 

vesicles along the default lysozomal degradation pathway as in PC3 cells or they 

can be sorted and transported along microtubules to the perinuclear recycling 

compartment (PNRC) as observed in PC3-PSMA cells. These results underscore 

the importance of investigating intracellular mechanisms for delivered 

nanoparticles, both as therapeutics and diagnostics. Elucidation of molecular 

mechanisms underlying cellular decisions that lead to differential sorting of 

nanoparticles in cancer cells which is anticipated to lead to information that can 

be exploited to manipulate the delivery of nansocale cargo to predetermined 

locations inside cells. 



  61 

Chapter 4 

ENHANCEMENT OF POLYMER-MEDIATED TRANSGENE EXPRESSION 

USING MODULATORS OF INTRACELLULAR TRAFFICKING AND 

TRANSCRIPTION 

4.1 Introduction 

Cancer is a molecularly heterogeneous disease that evolves and escapes 

from all therapeutic agents (168). When most conventional single agent therapies 

are rarely curative, combination of gene therapy with conventional modalities 

have shown convincing benefits to cancer patients of phase I and phase II clinical 

trials (169, 170). However, the poor transfection efficiency, toxicity and lack of 

targeting of non-viral gene therapy rule out the use of non-viral vectors, including 

polymers for cancer gene therapy. This chapter analyzes the polymer-mediated 

gene expression levels in two closely related prostate cancer cell lines and 

proposes to enhance transgene expression by altering intracellular trafficking and 

transcription regulation using histone deacetylase (HDAC) inhibitors (HDACi), a 

new class of chemotherapeutic drugs.  

Histone deacetylase (HDAC) enzymes primarily target the histone 

proteins wrapped around condensed chromosomes inside the nucleus (87). They 

are involved in cell cycle regulation, transcriptional repressor, cell migration, 

protein folding, mis-folded protein degradation and several important biological 

processes (82, 90). In many cancer cells including prostate cancer, HDAC levels 

are elevated resulting in increased proliferation of cancer cells, tight binding of 

histones around DNA and transcription inhibition (88). Non-histone proteins like 
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several transcription factors (p53, E2F, sp1, TFIIB, TFIIF etc.) (88, 171, 172) and 

non-nuclear proteins (tubulin and HSP90) are also the substrates of HDAC (88). 

The cytoplasmic HDAC, histone deacetylase 6 (HDAC6) is associated with 

dynein motor proteins of microtubules and plays an important role in the 

cytoplasmic transport (173, 174).  

Inhibition of HDAC enzymes using HDACi cause accumulation of 

acetylated histones, increase cytoplasmic movement, activate transcription of 

selected genes and induce apoptosis (173, 175-178). Therefore, we hypothesize 

that use of HDACi enhance transgene expression by altering cytoplasmic 

transport of polyplexes and regulating transcription of transgene, and thus 

overcome the low efficacies typically associated with polymer-mediated gene 

delivery. We propose the use of HDAC6 selective inhibitor, tubacin (179) and a 

pan-HDACi, trichostatin-A to enhance the efficacy of polymer-mediated 

transgene expression. 

4.2 Materials and Methods 

4.2.1.Cell Culture 

PC3 human prostate cancer cells were obtained from the American Type 

Culture Collection (ATCC, VA). The PC3-PSMA cell line (113), derived by 

transducing PC3 cells for stable expression of the Prostate Specific Membrane 

Antigen (PSMA) receptor, was a generous gift from Dr. Michel Sadelain 

(Memorial Sloan Kettering Cancer Center, New York, NY). Cells were cultured 

in RPMI 1640 medium (HyClone
®
, UT) containing 10% heat-inactivated fetal 
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bovine serum (FBS; HyClone
®
, UT) and 1% antibiotics (100units /mL penicillin 

and 100µg/mL streptomycin; HyClone
®
, UT).  

4.2.2 Transgene Expression in PC3 and PC3-PSMA Cells 

Transfection of PC3 and PC3-PSMA cells using polyplexes of pGL3 

control vector (Promega Corp., Madison, WI) and 1,4 C-1,4 Bis or pEI-25 (25kDa 

polyethyleneimine) polymers, were carried out as described previously (180) . 

The 1,4 C-1,4 Bis polymer was synthesized from the addition polymerization of 

1,4-cyclohexanedimethanol diglycidyl ether and 1,4-bis(3-aminopropyl) 

piperazine) monomers (180) . Cells were seeded at a density of 50,000cells/well 

in 500µl growth medium (RPMI-1640 medium with 10% FBS) in a 24-well plate 

and allowed to attach overnight. Polyplexes were prepared by incubating different 

amounts of polymers and 200ng pGL3 pDNA for 20min at room temperature 

(approximately 22-25°C) resulting in polymer:pDNA polyplex weight ratios of 

1:1, 5:1, 10:1, 20:1, and 25:1. Cells were treated with polyplexes in antibiotics-

containing RPMI-1640 medium for 6h, following which the medium was replaced 

with fresh serum-containing medium. Luciferase protein expression (relative light 

units or RLU) was determined using a plate reader (Bio-Tek Synergy 2) using the 

luciferase activity assay (Promega) 48h after transfection. The protein content in 

each well was determined using the Pierce
®
 BCA Protein Assay Kit (Pierce 

Biotechnology, Rockford, IL). Transgene expression in PC3 and PC3-PSMA cells 

was calculated as RLU per milligram (mg) protein (RLU/mg). Cytotoxicity of the 

polyplexes was determined by measuring cell viability using MTT assay (ATCC, 

Manassas, VA) at a wavelength of 570nm using the Bio-Tek plate reader (180) . 
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4.2.3 Characterization of Perinuclear Compartments 

Characteristic aggresomal proteins, heat shock protein 70 (HSP 70), 

ubiquitin (Ub) and vimentin (Vim), were visualized in both PC3 and PC3-PSMA 

cells by immunofluorescence staining using anti-HSP70 rabbit mAb (Cell 

Signaling, Beverly, MA), anti-ubiquitin mouse mAb (Cell signaling, Beverly, 

MA) and anti-vimentin mouse mAb (Millipore Corporation, Temecula, CA), 

respectively. Co-localization of these proteins with Quantum Dots (QDs) was 

visualized using confocal microscopy. FITC conjugated goat anti-rabbit and goat 

anti-mouse secondary antibodies were obtained from the Millipore. PC3 and PC3-

PSMA cells were grown overnight at a density of 50,000cells/well on glass 

coverslips (12 mm circle diameter; Ted Pella) placed in 24-well cell culture plates 

(Corning Inc., NY). Cells were treated with 0.2nM QDs at 37 °C in serum-free 

medium for 5h, washed three times (3x) with 1X PBS, fixed with 4% 

paraformaldehyde at room temperature, following which, cells were washed three 

times with PBS and blocked with 10% FBS containing 1X PBS (PBS/FBS) for 

20min. Primary antibodies were diluted in 0.1% (w/v) saponin containing 

PBS/FBS at concentrations recommended by the vendor. The PBS/FBS solution 

containing saponin and no primary antibodies were used as controls. Cells were 

incubated with the primary antibodies for 1h at R.T. and then were then washed 

3x for 5min each in PBS/FBS. The fluorophore-conjugated secondary antibodies 

were added to the cells at 1:100 dilution in 0.1% saponin/PBS/FBS for an 

additional hour. Nuclei were stained with 4’-6-diamidino- 2-phenylindole (DAPI; 

Invitrogen) in PBS for 15min at R.T. Finally, the cells were washed again using 
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PBS/FBS, mounted on slides in fluoro-gel mounting media (Electron Microscopy 

Sciences, PA), and viewed at 100x/1.4 numerical aperture (NA) oil objective with 

laser scanning Nikon C1 confocal microscope (Nikon Instruments Inc., Melville, 

NY).  Confocal images were obtained in a z-series with the excitation by Ar laser 

(488 nm) for FITC-conjugated antibodies, 402 and 445nm lasers for DAPI and 

QDs respectively. Light emitted at 470, 525 and 655nms were recorded for the 

DAPI (blue channel), antibodies (green channel) and QDs (red channel), 

respectively. Images were acquired, stacked in RGB color using ImageJ software 

and analyzed to determine the intracellular co-localization of QDs and the 

antibodies. Immunostaining of cells was carried out for at least n=3. 

4.2.4 Size and δ-potential Measurements 

Size and zeta (δ)-potential of polymer:plasmid DNA (pDNA) polyplexes 

were determined by dynamic light scattering (DLS) using Malvern Zetasizer 

Nano Series (Malvern Instruments Inc., Westborough, MA). Polyplexes were 

incubated for 20min at R.T. at a final concentration of 0.4µg/ml pDNA at various 

polymer:pDNA weight ratios in 1X phosphate buffered saline (PBS:10mM 

Na2HPO4, 140mM NaCl, pH 7.4). The size and δ -potentials of the polyplexes are 

reported as the average values ± standard deviation of n=3 measurements. 

4.2.5 Intracellular Trafficking of Nanoscale Cargo (Polyplexes and Quantum 

Dots) in PC3 and PC3-PSMA Cells 

Fluorescein labeled LabelIT
®
 plasmid delivery control DNA (Mirus Bio 

Corporation, Madison, WI) was employed in order to visualize the intracellular 

localization of polyplexes. Two thousand nanograms of LabelIT
®
 pDNA were 
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complexed with an equivalent amount of the 1,4C-1,4Bis polymer and incubated 

for 20min at R.T. in order to form polyplexes; higher amounts of the fluorescently 

labeled plasmid DNA were required in order to visualize localization inside cells.  

Red-fluorescent quantum dots (655nm QDs, 0.2nM) were added to cells along 

with polyplexes in order to facilitate co-localization studies as described 

previously.(94) Following co-incubation with polyplexes and QDs for 6h, serum-

free medium was replaced by serum containing medium for 48h, in order to 

mimic transfection experiments. Cells were then washed with 1X PBS, mounted 

in fluoro-gel media (Electron Microscopy Sciences, PA), and analyzed using a 

laser scanning Nikon C1 confocal microscope (Nikon Instruments Inc., Melville, 

NY).  The LabelIT
®
 pDNA was excited with a 488nm Ar laser for fluorescein 

emission at 515nm, while QDs were excited at 445nm and emission was recorded 

at 655nm. Images were acquired using EZ-C1 FreeViewer analysis software 

(Gold Version 3.20 build 615, Nikon Corporation) at 100x objective with a z-step 

of 0.4µm/slice and with dual-channel scanning at 512x512 pixels using PMTs. 

Images were then stacked in RGB color using Image Processing and Analysis in 

Java (ImageJ) 1.38X software; the average fluorescence intensity was used in 

image analyses for visualizing the intracellular co-localization of QDs and 

fluorescently labeled DNA-polymer polyplexes. Reported images are 

representative of at least three independent experiments. 
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4.2.6 Microtubule Involvement in Intracellular Polyplex Transport in PC3-PSMA 

Cells 

 PC3-PSMA cells were incubated with or without the microtubule 

disruption agent nocodazole (40µM; Sigma-Aldrich) for 1h followed by 6h 

incubation with the polyplexes of LabelIT pDNA in serum free medium. Live cells 

were post-stained with 10µg/ml of the nuclear dye 4′,6-diamidino-2-phenylindole 

(DAPI; Invitrogen) for 1h and washed with 1X PBS. Cells were then fixed in 4% 

para-formaldehyde for 15min at R.T., washed again with 1X PBS, and mounted in 

fluoro-gel media. Intracellular localization of the polyplexes was examined as 

described above.   

4.2.7 Role of Histone Deacetylase Inhibitors (HDACi) on Intracellular 

Trafficking of Nanoscale Cargo 

Tubacin,(179, 181) a known inhibitor of HDAC6, a cytoplasmic histone 

deacetylase, and its inactive analog, niltubacin (179, 181) were gifts from 

Professor Stuart Schreiber at the Broad Institute in Boston, MA. PC3 and PC3-

PSMA cells (50,000/well) were co-incubated with QD655 (Invitrogen) and 

varying concentrations of tubacin (0-6µM) for 48h at 37 ˚C in order to investigate 

the effects of tubacin on trafficking of nanoscale cargo. PC3-PSMA cells were 

also incubated with QDs in presence of 4µM niltubacin which was used as a 

negative control. QDs were used in the trafficking experiments due to the ease of 

imaging with these nanoparticles.  Following incubation, cell nuclei were stained 

with DAPI for 1h and cells were washed with 1X PBS. Intracellular localization 

and redistribution of QDs in the perinuclear region were visualized at 48h using 
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Zeiss AxioObserver D1 inverted microscope (Carl Zeiss MicroImaging Inc., 

Germany). Phase contrast images of the cells and the corresponding fluorescence 

images were captured with an AxioCamMR3 camera (Zeiss Inc.) connected to the 

microscope with a LD Plan-Neofluor 40X/0.6 (N.A.) objective and exported in 

TIFF format using AxioVision software (Zeiss Inc.). 

PC3-PSMA cells (50,000 /well) were incubated with 2000ng of LabelIT® 

pDNA polyplexes using 1,4C-1,4 bis polymer:pDNA for 48h in presence or 

absence of 4µM tubacin or niltubacin. Cell nuclei were stained with 10µg/ml 

DAPI for 1h. The cells were then washed, mounted and imaged using confocal 

microscopy as described previously. Differential interference contrast (DIC) 

images were captured concurrently using a transmitted light detector. 

Quantitative analysis of confocal microscopy images was carried out in 

order to calculate the percentage of total cell area occupied by QDs and 

polyplexes in presence or absence of tubacin and niltubacin using the ImageJ 

software. The tracing tool in ImageJ was used to map a) cellular boundary from 

phase contrast and DIC images and b) the endocytosed QDs and polyplexes from 

the fluorescence images. The pixel areas and intensities of the mapped regions 

were determined, and percentage of total cell area occupied by the QDs and 

polyplexes was calculated.  

4.2.8 Enhancement of Polymer-mediated Transgene Expression using Histone 

Deacetylase Inhibitors (HDACi) 

PC3 and PC3-PSMA cells were co-incubated with 10:1 and 25:1 weight 

ratios of 1,4C-1,4Bis polymer and pGL3 pDNA polyplexes and different doses of 
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the HDAC6 inhibitor tubacin (0-6µM) or niltubacin as described in the previous 

section. Luciferase protein expression in presence of tubacin and niltubacin was 

determined (RLU/mg) and compared with protein expression in case of cells 

treated with pGL3 plasmid alone, polymers alone and vehicle (DMSO alone). 

Transgene expression was reported as fold increase in RLU/mg relative to cells 

treated with the polyplex alone but not with tubacin or niltubacin.  

PC3 and PC3-PSMA cells were treated with polyplexes in the presence 

and absence of different concentrations (0-1µM) of trichostatin A (TSA; Sigma) a 

class I and class II HDAC inhibitor. Following incubation with 10:1 and 25:1 

polyplex ratios for 48h in presence of TSA, cells were trypsinized, re-suspended 

in medium and luciferase expression was determined as described previously. 

Transgene expression was reported as fold increase in RLU/mg relative to cells 

treated with polyplexes but not with TSA.  

4.2.9 Statistical Analyses 

Values are expressed as the mean ± one standard deviation (S.D.). All 

experiments were carried out at least in triplicate. The significance of the 

difference between the control and each experimental test condition was analyzed 

by two-tailed, paired Student’s t-test. 

4.3 Results and Discussion 

4.3.1 Differential Intracellular Trafficking of Polyplexes and Transgene 

Expression in Closely Related Prostate Cancer Cells  

Previous studies on the parallel synthesis and screening of a library of 

cationic polymers resulted in the identification of a polymer, 1,4C-1,4Bis, which 
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Figures 4.1. Relative transgene expression of luciferase protein encoded by pGL3 DNA vector in 

PC3 cells compared to those for PC3-PSMA cells. Cells (50,000/well) were transfected using 

polyplexes of 200ng pGL3 DNA and 1,4C-1,4Bis and pEI-25 polymers at varying polymer:DNA 

weight ratios of 1:1, 5:1, 10:1, 20:1 and 25:1. Transfection was carried out in serum-free medium 

(RPMI 1640 medium+1% Penicillin-Streptomycin) for 6h followed by 48h incubation in serum-

containing growth medium. Normalized luciferase expressions were found to be higher in PC3 

cells than that of PC3-PSMA cells. Luciferase activity was measured as relative RLU/mg protein 

using means ± standard deviation (n=6). Statistical significance of *, ** and *** indicated p<0.05, 

0.02 and 0.005 respectively between the two cell lines using two-tailed, paired Student’s t-test. 

 

demonstrated significantly higher transgene expression compared to pEI-25 (180).  

Figure 4.1 compares luciferase expression in the two human prostate cancer cell 

lines, PC3 and PC3-PSMA, using polymer:pGL3 control vector (pDNA) weight 

ratios ranging from 1:1 to 25:1. Luciferase expression (RLU/mg) was consistently 

higher in PC3 cells compared to PC3-PSMA cells at equivalent polymer:pDNA 

weight ratios for transfections using the 1,4C-1,4Bis polymer. Polyplexes based 

on pEI-25 did not demonstrate significant differences in luciferase expression 

between the two cell lines; only up to two-fold higher transfection of PC3 cells 

over PC3-PSMA cells was observed for most polymer:DNA weight ratios 
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investigated. Highest transgene expression levels were obtained for a 

polymer:pDNA weight ratio of 10:1 in both cell lines (Table 4.1). Transgene 

efficacy correlates with size of the polyplexes; polyplexes formed at 10:1 ratio 

(150-200 nm) are well within the limit. However, use of 25:1 ratio resulted in 

larger polyplexes ranging from 240-260 nm which possibly decreased uptake 

efficiency and subsequent transgene expression at these ratios. The 1,4C-1,4Bis 

polymer was chosen for all subsequent analyses due to a combination of higher 

transgene expression and lower cytotoxicity compared to pEI-25 (Table  4.1). 

 

Table 4.1. Absolute Light Units per milligram proteins (RLU/mg) as measured by the luciferase 

protein expression 

 

 

Polymer: pDNA 

weight ratio 

PC3-PSMA cells PC3 cells 

RLU/mg protein 

± S.D. for 1,4C-

1,4Bis polymer  

× 10
-3

  

RLU/mg protein 

± S.D. for pEI-

25 polymer  

× 10
-3

  

RLU/mg protein 

± S.D. for 1,4C-

1,4Bis polymer  

× 10
-3

  

RLU/mg protein 

± S.D. for pEI-

25 polymer  

× 10
-3

  

1 4.5 ± 0.2 0.2 ± 0.07 8.0 ± 0.2 0.8 ±0.03 

5 6.5 ± 0.3 0.3 ± 0.03 29.0 ± 0.7 0.7 ± 0.2 

10 9.0 ± 0.1 0.7 ± 0.05 69.0 ± 1.1 0.9 ± 0.2 

20 5.0 ± 0.3 0.3 ± 0.06 26.0 ± 0.4 0.6 ± 0.4 

25 4.4 ± 0.03 0.1 ± 0.08 5.1 ±0.7 0.3 ± 0.02 

 

It has been recently demonstrated that cellular phenotypic differences had a 

dramatic consequence on the intracellular transport and localization of While QDs 

localized as punctate structures in vesicles throughout the cytoplasm of PC3 cells, 

they were trafficked along microtubules primarily to a single perinuclear location, 

the perinuclear recycling compartment (PNRC), which is close to the microtubule  
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Figure 4.2. Immunofluorescence staining of aggresomal proteins e.g. heat shock protein 70 

(HSP70), ubiquitin (Ub) and vimentin (Vim) using FITC-labeled secondary antibodies (green) in 

(a) PC3-PSMA and (b) PC3 cells. Quantum dots (QDs; red), because of their fluorescence optical 

properties, were used to visualize the aggregates of nanoparticles at the perinuclear regions of the 

prostate cancer cells. Cell nuclei were stained with DAPI (blue). It was found that the QDs form a 

HSP70 
(green)

Ubiquitin
(green)

Vimentin
(green)

QD 655 (red) OverlayDAPI (blue) FITC (green)

(a) 

(b) 
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single cluster at the PNRC/MTOC in distinct clusters close to the nucleus in PC3-PSMA cells but 

did not co-localize with aggresomal proteins. Scale bar: 100µm. 

 

organizing center (MTOC) in PC3-PSMA cells.  Further characterization 

indicated no presence of aggresome-specific proteins, ubiquitin, HSP70 or 

vimentin (182-184) at the PNRC/MTOC, indicating that this perinuclear 

compartment was most likely not an aggresome (Figure 4.2).  

An investigation into the intracellular fate of polyplexes indicated high 

colocalization of QDs (red-fluorescent) and polyplexes (green fluorescent) at the 

perinuclear location in PC3-PSMA cells as seen from the single yellow-colored 

spot in Figure 4.3 top row,  indicating that the delivered plasmid was largely 

sequestered as aggregates in the PNRC/MTOC. Diverse cargo including anti-

PSMA antibodies,(94) transferrin,(94) 27nm diameter QDs (94) and 150-250nm 

polyplexes, meet a similar intracellular fate in PC3-PSMA cells, despite the 

differences in size (polyplex and QD size was determined using DLS; Table 4.2), 

indicating that PC3-PSMA cells employed this as a default trafficking pathway. 

Polyplexes, but not QDs, were found around the cell periphery in both cells, 

presumably due to cationic polymer-cell membrane binding. It was verified that 

localization of polyplexes at the PNRC/MTOC was dependent on microtubule-

based transport; disruption of microtubules using nocodazole led to an arrest of 

polyplexes at the cell surface (Figure 4.4) which was consistent with our previous 

observations with QD trafficking (94). 

Correlation of intracellular trafficking profiles with transgene expression 

indicated that sequestration of polyplexes as aggregates in the PNRC/MTOC may 
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be partly responsible for the lower luciferase expression in PC3-PSMA cells 

compared to PC3 cells, particularly in case of the 1,4C-1,4Bis polymer. In 

contrast, polyplexes, like QDs, were seen localized in vesicles throughout the 

cytoplasm of PC3 cells (Figure 4.2 bottom row). It is possible that distribution of 

polyplexes in smaller vesicles throughout the cytoplasm, as opposed to 

aggregation at a single large perinuclear location, can allow for greater endosomal 

escape, which in turn can enhance transgene expression. 

 

 

Figure 4.3. Intracellular localization of Quantum Dots (QDs; red) and fluorescein labeled LabelIT 

DNA polyplexes using 1,4C-1,4Bis polymer (green) in PC3-PSMA (top row) and PC3 cells 

(bottom row). Cells were co-incubated with QDs and polyplexes for 6h and visualized after 48h 

by laser scanning confocal microscopy. The overlay images in the third column show co-

localization of the QDs and polyplexes at the PNRC / MTOC in PC3-PSMA cells while they are 

distributed in vesicles in the cytoplasm of PC3 cells. Scale bar: 20 µm. 

 

 

Fluorescein Label IT DNA OverlayQuantum Dots (QD655)
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    Table 4.2. Size and zeta potential measurements of the polyplexes  

Polymer:DNA 

weight ratio 

Polyplexes with 1,4C-1,4Bis 

polymer 

Polyplexes with pEI-25 polymer 

Size (nm) Zeta Potential (mV) Size (nm) Zeta Potential (mV) 

10:1 154.5 ± 13 22.8 ± 2.7 190.7 ± 6.3 20.7 ± 2.2 

25:1 244.8 ± 17 27 ± 4.3 261.7 ± 9.3 25.7 ± 1.6 

 

 

Figure 4.4. Microtubule disruption using the drug, nocodazole reduced perinuclear accumulation 

of polyplexes in PC3-PSMA cells and arrested them close to the cell periphery. Confocal laser 

scanning microscopic images of fixed PC3-PSMA cells were captured (a) without or (b) with 

nocodazole (40µM) treatment for an hour followed by 6h incubation with polyplexes of 1,4C-

1,4Bis polymer and fluorescein labeled LabelIt pDNA. Nocodazole treatment dispersed the 

polyplexes in the perinuclear region in contrast to the untreated control. Scale bar represent 20 µm. 

 

  4.3.2 HDAC Inhibitors alter Intracellular Trafficking of Nanoscale Cargo 

In light of the hypothesis that polyplex localization in the PNRC near the 

MTOC correlated with lower transgene expression in PC3-PSMA cells, it was 

asked if altering the intercellular localization of nanoscale cargo, away from the 

MTOC in these cells can increase transgene expression levels. HDACs, that are 

mostly nuclear in their location, cleave acetyl groups from -N-acetyl-lysines in 

target proteins and regulate transcription, angiogenesis, cell motility, and a variety 

of other functions in cancer cells (82, 88, 171). Cytoplasmic HDACs, in particular 

Cell  periphery

(a) (b)
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HDAC6, mediate intracellular trafficking of cargo to the MTOC by deacetylating 

α-tubulin and regulating dynein motor transport on microtubules (Figure 4. 5) 

(173, 183). Tubacin is a recently discovered small-molecule HDAC6 inhibitor 

(HDAC6i) which acts as an inhibitor of α-tubulin deacetylation (179). Increased 

tubulin acetylation (or reduced deacetylation) results in microtubule stabilization 

and enhances intracellular transport due to greater recruitment of dynein and 

kinesin motors to microtubules (173). 

 

 

Figure 4.5. Schematic of polyplexes and quantum dot nanoparticle uptake, sorting and localization 

in cells. Transfection was correlated with aggregations of particles at the perinuclear recycling 

compartment (PNRC)/ microtubule organizing center (MTOC) in PC3-PSMA cells. 

 

 PC3-PSMA cells treated with tubacin concentrations of 0-4µM did not 

demonstrate any obvious changes in trafficking or localization of internalized 

QDs (Figure 4.6). However, at tubacin concentrations ≥ 4µM, internalized QDs  
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Figure 4.6: Dose-dependent effects of HDAC6i (tubacin) on Quantum Dot (QD) trafficking in 

PC3-PSMA (top row in each panel) and PC3 (bottom row in each panel) cells. In each panel: left 

column: phase contrast images; middle: cell nuclei stained with DAPI (blue-fluorescent); and right 

column: QDs (red-fluorescent). Tubacin concentrations (μM) used were: (A) 0 (untreated cells); 

(B) 2; (C) 4; (D) 5; and (E) 6. Tubacin concentrations ≥ 4μM caused diffused QD localization 

from the perinuclear region of the PC3-PSMA cells. Uniform distributions of QDs in the 

cytoplasm were seen in PC3 cells. Scale bar = 20 μm. 

 

showed a diffused profile around the PNRC, indicating that the nanoscale cargo 

was delivered over a larger area in the cytoplasm with the possibility that some 

cargo was delivered outside of the PNRC (Figure 4.7a). This concentration range 

is consistent with previous reports which indicate that the half-maximum effective 

concentration (EC50) of tubacin-inhibited tubulin deacetylation was 2.5µM (185). 

Niltubacin, which lacks HDAC6i activity (179), did not alter (179, 186) QD 

trafficking behavior under similar conditions, indicating that the altered  

(A) (B)

(C) (D)

Phase Quantum Dots DAPI+QuantumDots Phase Quantum Dots DAPI+Quantum Dots

(E)
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Figure  4.7. Effect of histone deacetylase 6 inhibitor (HDAC6i), tubacin on (a) Quantum Dot (QD) 

and (b) polyplex trafficking in PC3-PSMA cells. Cells were incubated with QDs or polyplexes of 

fluorescein labeled LabelIT pDNA in the absence of tubacin (left; control), in presence of 4μM 

tubacin (middle) and 4μM niltubacin (right). Cell nuclei were stained with DAPI (blue). Tubacin 

concentrations ≥ 4μM redistributed the accumulation of QDs and polyplexes from the 

PNRC/MTOC into the peri-nuclear region in the cells. Scale bar=20μm. (c) Quantification of 

nanoparticle dispersion in the presence or absence of 4μM tubacin and niltubacin in PC3-PSMA 

cells. (i) percentage of QD and polyplex in the total cytoplasmic area and (ii) mean intensities of 

4 µM TubacinControl 4 µM Niltubacin
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the nanoparticles were quantified using ImageJ software. At least 15 cells were counted and 

scored for the analysis. Columns: mean of n=15 cells, error bars: standard deviation. 

 

trafficking depended on HDAC6 inhibition activity (Figure 4.7a). The effect of 

tubacin on QD trafficking in PC3 cells was not obviously different from untreated 

cells under the microscopy resolution employed (Figure 4.6). 

Remarkable differences were also seen in polyplex trafficking following 

tubacin treatment in PC3-PSMA cells.  Polyplexes by themselves were largely 

found localized at the PNRC/MTOC or at the cell periphery (Figure 4.7b). 

Tubacin treatment (4µM), however, completely abolished the sequestration of 

polyplexes in the PNRC/MTOC; polyplexes were found distributed in vesicles 

throughout the cytoplasm in these cells, much similar to the intracellular 

localization profile observed in PC3 cells. On the other hand, polyplexes were 

largely seen at the cell periphery and at the PNRC/MTOC in cells treated with 

4µM niltubacin, indicating that the HDAC6 inhibition activity was necessary for 

abolishing polyplex transport to the PNRC/MTOC. It is not clear why niltubacin 

promotes arrest of polyplexes at the cell periphery; it is possible that the molecule 

possesses hitherto unexplored activity that may be responsible for this behavior. 

Tubacin concentrations above 6µM were toxic to cells (Figure 4.8) and were 

therefore not employed. 

Quantitative image analyses indicated that the cell surface area covered by 

QDs was 2-3 fold higher in case of tubacin-treated cells compared to untreated 

cells and niltubacin treated cells (Figure 4.7c), which indicated the distribution of 
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the nanoparticles over a larger cytoplasmic area. The average fluorescence 

intensity remained invariant in all three cases (Figure 4.7c). 

 

 

 

Figure 4.8. Cytotoxicity of tubacin in (a) PC3-PSMA and (b) PC3 transfected cells using MTT cell 

viability assay. Tubacin doses up to 6μM (48h) did not cause any cell death over and above any 

cell death caused by the polyplexes themselves. Percentage cell viability was expressed as mean 

number of viable cells for treated relative to untreated cells. Each point represents a mean ± S.D. 

(bar) for n = 6 independent experiments. p-values were *<0.05, ** <0.02, and *** < 0.005. 
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Figure 4.9. Enhancement of transgene expression using histone deacetylase 6 (HDAC6) inhibitor, 

tubacin in (a) PC3-PSMA & (b) PC3 cells.  Cells were transfected with pGL3 DNA encoding for 

luciferase gene in presence of tubacin for 6h followed by 48h incubation with tubacin, after which 

luciferase activity and the corresponding protein content in the lysate were measured. The relative 

luminescence units (RLU) / mg protein ± standard deviation (n= 6) were normalized to the values 

for cells not treated with tubcain (control). Two-tailed, paired student’s t-test between tubacin 

treated and untreated transfected cells showed p < 0.05, 0.02 and 0.005 as indicated by *, ** and 

*** respectively 
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Interestingly, both tubacin and niltubacin treatment enhanced the 

cytoplasmic coverage of polyplexes in PC3-PSMA cells compared to untreated 

cells; however, tubacin alone was able to abolish polyplex localization at the 

PNRC/MTOC. The current analysis cannot rule out the intriguing possibility that 

more nanoscale cargo (QDs or polyplexes) is delivered to the perinuclear region 

following increased molecular motor-mediated transport as a consequence of 

tubulin acetylation with tubacin (173, 179).  

 

 

Figure 4.10. Transgene expression was not greatly enhanced by niltubacin treatment. PC3-PSMA 

cells were co-incubated with polyplexes of 25:1 1,4C-1,4Bis polymer:DNA weight ratio and 

different concentrations of niltubacin for 6h. The luciferase activity was measured 48h later and 

compared to that of no niltubacin control cells. Mean luciferase activities ± S.D. were calculated 

for triplicates. 

 

4.3.3 HDAC Inhibitors enhance Polymer-Mediated Transgene Expression in Cells 

PC3-PSMA cells were treated with different concentrations of tubacin (0-

6µM) along with 10:1 and 25:1 weight ratios of 1,4C-1,4Bis polymer and pGL3 

plasmid-based polyplexes in order to investigate if tubacin-mediated differences 

in intracellular trafficking also influenced transgene expression. A forty-fold 
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increase in transfection efficacy in PC3-PSMA cells was observed when 

polyplexes were employed at 25:1 polymer:pDNA weight ratio along with 4µM 

tubacin compared to cells not treated with tubacin (Figure 4.9a). Other tubacin 

concentrations showed up to twenty-fold (p<0.005) higher transgene expression 

in PC3-PSMA cells compared to cells not treated with the HDAC6i. Treatment 

with similar concentrations of niltubacin resulted in a statistically insignificant 

1.5-fold enhancement of transgene expression (Figure 4.10) compared to 

untreated cells. This increase was negligible compared to that observed with 

tubacin, and therefore, implicated HDAC6 inhibition and tubulin deacetylation in 

enhancing transgene expression. Interestingly, only a two-fold enhancement in 

transgene expression was observed with tubacin when 10:1 polyplex ratio was 

used, indicating that the tubacin activity was dependent on basal levels of 

transgene expression, polyplex dose and composition, and possibly, size. Taken 

together, these results indicate that tubacin concentrations which result in 

inhibition of tubulin deacetylation and alter nanoparticle trafficking in PC3-

PSMA cells, also resulted in high (40-80 fold) increase in transfection efficacies. 

It is important to point out that 1,4C-1,4Bis polymer demonstrated a forty-fold 

higher transgene expression than pEI-25 in PC3-PSMA cells at a polyplex ratio of 

25:1. This was further enhanced up to 40-80 fold by using tubacin, indicating that 

transgene expression could be enhanced by 1600-fold in PC3-PSMA cells by 

using a synergistic combination of more effective polymeric transfection agent 

(1,4C-1,4Bis) and the HDAC6 inhibitor, tubacin. The efficacy of this combination 

treatment is significantly higher than what has been traditionally possible with 
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pEI-25, a standard for polymeric gene delivery. Tubacin treatment (5 µM) 

resulted in a thirty-fold increase in transfection of PC3 cells compared to cells not 

treated with the HDAC6i for the 25:1 polyplex ratio. Significant levels of 

transfection enhancement, approximately 8-,16- and 20-fold, were observed  in 

case of 2, 4, and 6µM tubacin, respectively (Figure 4.9b), similar to what was 

observed with PC3 cells. 

Trichostatin A (TSA), is a class I and II HDAC inhibitor that has both 

nuclear and cytoplasmic activity, and was also employed in order to determine if 

the enhancement in transgene expression was specific to tubacin or HDAC6 

inhibition alone. As shown in Figure 4.11a, approximately 35-fold increase in 

luciferase expression was observed in PC3-PSMA cells treated with 250nM TSA 

and 25:1 polyplex ratio of 1,4C-1,4Bis:pGL3 plasmid, compared to cells treated 

with in the absence of the HDACi. Enhancement of transfection efficiency in PC3 

cells was also dependent on TSA dose (Figure 4.11b); maximum relative 

luciferase expression in PC3 cells was found with 100nM TSA for 25:1 polyplex 

ratio. However, TSA treatment led to only up to ten-fold enhancement of 

transgene expression in PC3 cells. The reasons for the differential enhancement 

between PC3 and PC3-PSMA cells with TSA are unclear at this point.  
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Figure 4.11. Transgene expression of luciferase protein was enhanced by Trichostatin A (TSA), a 

known cytoplasmic and nuclear histone deacetylase inhibitor in (a) PC3-PSMA and (b) PC3 cells. 

The relative light units (RLU) per milligram (mg) proteins were normalized in each cell line to 

that of no TSA treatment. Data is represented as mean values ± one standard deviation of three 

independent experiments (n=3). TSA increased the luciferase expression in a concentration 

dependent manner. The highest TSA activity was found at 100 and 250nM in PC3-PSMA and 

PC3 cells respectively.  Asterisks ** and *** indicate p values < 0.02 and 0.005 respectively. 
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Figure 4.12. Dose dependent toxicity of Trichostatin A (TSA) in (a) PC3-PSMA and (b) PC3 

transfected cells using 1,4C-1,4Bis: pGL3 DNA polyplexes. Polymer:pDNA weight ratios of 10:1 

and 25:1 were used.  Values are the mean ± S.D. of three independent experiments with 

duplicates. Statistical significance: * p<0.05, *** p< 0.005 as compared with no TSA treatment. 
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similar results were seen in case of tubacin (Figures 4.12 (a) and 4.12 (b)). Taken 

together, the above results indicate that both cytoplasmic and nuclear HDACi, 

tubacin and TSA were able to enhance transgene expression in the two human 

prostate cancer cell lines employed in the current investigation. Importantly, not 

just relative levels but also absolute levels of transgene expression (RLU /mg) 

were highest with tubacin treatment in both cell types investigated (Table 4.3). 

The level of enhancement was dependent on the polymer:pDNA ratio, the HDAC 

inhibitor, and the cell line employed.  

Following uptake, nanoscale cargo, including polyplexes, is trafficked 

along the default degradative lysozomal pathway in most cells. After being 

escaped from the lysosomes or endosomes, polyplexes must traffic through dense 

cytoplasm to the nucleus and at some point the plasmid must be accessible to the 

nuclear machinery for transcription of the delivered transgene. While passive 

diffusion of plasmid DNA is negligible through the cytoplasm, the current results 

and those of others demonstrate that cytoplasmic trafficking of polyplexes / 

pDNA is dependent on microtubules and is mediated by molecular motors (187). 

Furthermore, only a small fraction of pDNA in the cytoplasm is imported into the 

nucleus; cytoplasmic proteins that bind to specific sequences on the DNA 

sequence mediate active nuclear import (188). The distribution and localization of 

pDNA inside the nucleus also greatly influences transcription and transgene 

expression.(189) The efficacy of non-viral gene delivery can be greatly enhanced 

by strategies that enhance both cytoplasmic trafficking and nuclear import and 

transcription machineries.  
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Tubacin selectively inhibits HDAC6 and is therefore largely cytoplasmic 

in its action. It is important to note that the 1,4C-1,4Bis polymer resulted in 

approximately 40-fold enhancement over pEI-mediated transgene expression. In 

addition, use of tubacin led to an additional 40-fold increase of transgene 

expression using the 1,4C-1,4Bis polymer, indicating that a combination of 

increased polymer efficacy and HDAC6 inhibition using tubacin resulted in 

approximately 1600-fold improvement over conventionally used pEI-mediated 

transgene expression.  

Tubacin treatment resulted in significant changes in intracellular 

trafficking of nanoscale cargo in PC3-PSMA cells and also led to increase in 

transgene expression in these cells. In the absence of tubacin, transgene 

expression was higher using 10:1 polyplex ratio than 25:1 polyplex ratio in PC3-

PSMA cells. Tubacin treatment, however, resulted in highest transgene expression 

levels in case of the 25:1 polyplex ratio, but did not lead to similar levels of 

enhancements in case of transfection using 10:1 polyplex ratio (Table 4.3). It is 

possible that a combined effect of higher polyplex size (approximately 250nm for 

25:1 polyplex ratio compared to 150nm for 10:1 polyplex ratio) and the effect of 

tubacin on polyplex /pDNA trafficking resulted in high transgene expression in 

this case.   
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Table 4.3.   Transgene expression (RLU/mg) in PC3 and PC3-PSMA cells using different 

concentrations of (a) tubacin and (b) trichostatin A and 10:1 and 25:1 (w/w) 1,4C-1,4Bis:pGL3 

plasmid DNA polyplexes 

 

 

 

Tubacin(µM) 

PC3-PSMA cells PC3 cells 

RLU/mg protein 

± S.D. for 10:1 

polyplexes 

× 10
-4

  

RLU/mg protein 

± S.D. for 25:1 

polyplexes 

× 10
-4

  

RLU/mg protein 

± S.D. for 10:1 

polyplexes 

× 10
-4

  

RLU/mg protein 

± S.D. for 25:1 

polyplexes 

× 10
-4

  

0 0.9 ± 0.13 0.44 ± 0.03 6.9 ± 1.1 0.53 ± 0.03 

2 2.7 ± 0.9 9.3 ± 3.3 14.3 ± 2.5 4.7 ± 1.7 

4 4.4 ± 1.1 16.72 ± 3.8 17.8 ± 2.2 13.2 ± 3.2 

5 5.0 ± 1.3 9.5 ± 2.8 23.8 ± 3.3 14.3 ± 2.4 

6 4.7 ±1.3 8.5 ± 1.8 12.6 ± 3.5 11.9 ±1.7 

 

 

 

Trichostatin    

( TSA) 

(nM) 

PC3-PSMA cells PC3 cells 

RLU/mg protein 

± S.D. for 10:1 

polyplexes 

× 10
-4

  

RLU/mg protein 

± S.D. for 25:1 

polyplexes 

× 10
-4

  

RLU/mg protein 

± S.D. for 10:1 

polyplexes 

× 10
-4

  

RLU/mg protein 

± S.D. for 25:1 

polyplexes 

× 10
-4

  

0 0.83 ± 0.07 0.45 ± 0.14 6.1 ± 2.6 0.55 ± 0.23 

100 2.7 ± 0.81 9.4 ± 3.2 2  ± 0.2 6.1  ± 2.1 

250 6.3 ± 2.5 13.6 ± 4.5 5.9  ±  2.2 4.0  ± 1.2 

500 5.2 ± 2.2 6.5 ± 2.2 2.0  ± 0.14 3.9 ± 2.1 

750 3.7 ±1.2 5.2 ± 1.9 5.7 ± 2.9 2.0 ± 0.8 

1000 7.0±3.9 5.7 ± 1.9 1.4  ± 0.83 2.5 ± 0.71 

 

Results in PC3 cells were different in that while tubacin enhanced 

transgene expression in all cases, obvious differences in pDNA localization were 

not apparent in these cells. Although, single-molecule level changes cannot be 

detected using our current methods. Transgene expression remained highest in the 

(a) 

(b) 
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case of 10:1 polyplexes even after tubacin treatment, in contrast to PC3-PSMA 

cells. These results indicate that uniform distribution of polyplexes throughout the 

cytoplasm may be required for high basal levels of polymer-mediated transgene 

expression as seen in PC3 cells. On the other hand, sequestration of polyplexes in 

a single compartment compromises transfection efficacy as in the case of PC3-

PSMA cells leading to low basal levels of transgene expression. Although 

mediators of intracellular trafficking such as tubacin can enhance transgene 

expression in both cases, polyplex size, intracellular localization profiles, and 

corresponding basal levels of transgene expression affect the overall enhancement 

observed. Similar trends were observed with TSA treatments (Table 4.3). 

The HDAC6i activity of tubacin is responsible for enhanced acetylation of 

microtubules in cells. Enhanced recruitment of dynein and kinesin motor proteins 

by acetylated microtubules (173, 190) following tubacin treatment can increase 

the transport of pDNA towards the nucleus and therefore increase transgene 

expression. It is thought that increased stability of microtubules following 

acetylation is partly responsible for increased affinity for molecular motors, which 

increases transport (191). Additionally, faster minus-end transport can also reduce 

degradation of pDNA in the cytoplasm, which can contribute to increased 

transgene expression. An intriguing but hitherto unexplored possibility is that 

tubacin modulates the ‘tug-of-war’ dynamics (192) between both plus-end 

(kinesin) and minus-end (dynein) on microtubules by activating both molecular 

motors. Tug-of-war between vesicles containing nanoscale cargo (QDs or 

polyplexes) due to opposing motor activity may provide enough time for escape 
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of additional polyplexes or dissociated pDNA into the cytoplasm from endosomal 

compartments, leading to higher transgene expression. It is possible that some of 

these processes were visualized in case of PC3-PSMA cells due to the 

sequestration of polyplexes in a relatively large, micron-sized juxtanuclear 

location. However, single-molecule studies may be necessary to further elucidate 

the role of tubacin in intracellular pDNA transport and nuclear uptake in cells.  

HDACi promote the relaxation of DNA wrapped around core histones 

following acetylation of histones and enhance transgene expression by allowing 

the transcription apparatus to access DNA promoter regions (82, 193, 194). TSA 

possesses both, class I and II HDAC inhibition activity, and therefore can act in 

the cytoplasm and nucleus. In the cytoplasm, TSA can inhibit HDAC6 and 

therefore has similar activity to that described for tubacin. In the nucleus, TSA is 

known to enhance transcription and transgene expression by acetylating histones. 

Acetylation of core histones reduces interactions with DNA and is associated with 

increased transcriptional activation. Recent studies have shown that TSA plays a 

role in repositioning pDNA towards transcriptionally active sites (e.g. acetylated 

histones) in the nucleus and therefore enhances transgene expression(189, 195). 

Other mechanisms, including promoter activation (171), may contribute towards 

the observed enhancement in transgene expression by HDACi.  

4.4 Conclusions 

In this work, mediators of intracellular trafficking for enhancing polymer-

mediated transgene expression were investigated. The histone deacetylase 6-

inhibitor (HDAC6i), tubacin was able to enhance transgene expression in both 
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PC3 and PC3-PSMA cells, indicating that microtubule stabilization and /or 

enhanced recruitment of molecular motors to microtubules can enhance the 

efficacy of polymer-mediated gene delivery. The use of tubacin, which is 

cytoplasmic in its action, unequivocally implicates microtubule acetylation in 

enhancing polymer-mediated transgene expression. The use of trichostatin A 

indicated that HDAC inhibitors with both nuclear and cytoplasmic activity could 

also be employed as enhancers of transgene expression. A synergistic approach 

that involves novel materials chemistry (polymer design) along with mediators of 

intracellular trafficking can therefore result in high transgene expressions using 

polymers. These approaches can have significant implications for polymer gene 

delivery in clinical applications, which has traditionally lagged behind viral 

vectors and other non-viral methods, including lipofection and hydrodynamic 

injection, due to poorer transgene expression levels and toxicity concerns. Finally, 

these results with nanoparticles, both quantum dots and polyplexes, indicate that 

tubacin might be a promising molecule for enhancing the delivery of nanoscale 

therapeutics and imaging agents to a variety of cells. 
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Chapter 5 

ENHANCEMENT OF POLYMER-MEDIATED TRANSGENE EXPRESSION 

USING MODULATORS OF CELL-CYCLE PROGRESSION 

5.1 Introduction 

Gene therapy using non-viral vectors have demonstrated limited clinical 

translation, primarily due to inefficiency of transgene delivery and expression. 

Although development of efficient delivery vectors is a critical aspect and still 

demands improvement, there is a new therapeutic window of combination 

treatments of gene therapy with chemotherapeutic agents that act as transgene 

expression inducers. Here we propose delivery of polymer-DNA complexes 

(polyplexes) in combination with a chemotherapeutic drug that modulates 

intracellular transport and cell cycle progression. We have found that the inhibitor 

(VX-680) of a serine-threonine kinase member- known as Aurora kinases, 

enhanced polyplex localization inside prostate cancer cells, amplified polymer-

mediated gene expression, delayed cell-cycle progression and arrested the cells in 

S and G2-M phases. Disassembled nuclear membrane openings were found in the 

cells treated with VX-680 alone with polyplex accumulation at the openings 

indicating their free access inside the nucleus. Combination treatments of 

polymer-p53 gene delivery with VX-680 suppressed the percentage of live-cell 

growth by 80% and induced synergistic apoptotic cell death in 60% of the growth 

inhibited PC3-PSMA cells in vitro. This strategy of gene therapy with Aurora 

kinase inhibitors (AKI) may offer an important direction in non-viral gene therapy 

of cancer disease. 
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Despite the emergence of gene therapy in the early 1990s, substantial 

translation of this therapy from ‘bench to bedside’ has remained a challenging 

task. Both, viral and non-viral methods of transgene delivery have been used in 

clinical trials for cancer, cardiovascular, and monogenic diseases.  (9, 10, 196). 

Cationic polymers are attractive non-viral alternatives to viral vectors, due to 

favorable properties regarding cost, immunogenicity, size of genetic materials to 

carry and flexibility in design (104, 197-202). However, the efficacy of cationic 

polymers is offset by cellular level barriers such as ineffective endosomal escape, 

cytoplasmic transport, and nuclear entry of delivered DNA. In particular, nuclear 

entry has been identified as a key rate-limiting factor for efficient polymer-

mediated gene transfer. Poor translocation of plasmid DNA (pDNA) or its non-

viral complexes (100-200 nm in diameter) through 45nm diameter pores in 

nuclear membranes limits the efficacy of polymer-mediated transgene delivery 

(203-206).  

A eukaryotic cell duplicates and distributes its genetic material equally to 

two daughter cells following four distinct phases, G1, S, G2 and M, of a cell 

cycle. DNA synthesis, replication, and mitotic segregation occur in the S and M 

phases, respectively. The events are checked and regulated during the G1 and G2 

phases, which precede S and M phases, respectively. The nuclear pores dilate 

during these different stages of the cell cycle. For example, the diameter of  

nuclear pores are approximately 90 nm during the early G1 phase, and 120-

180nm during the late G1 and early S phase in over 99% of cultured HeLa 

cervical cancer cells (207). In addition, the number of nuclear pore complexes 
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(NPC)  have been shown to increase from 4.57±0.49 to 5.10±0.39 per µm
2
 of the 

nuclear surface during the early G1/S phase and reach 5.43±0.39 NPC per µm
2
 in 

the G2 phase (207). Following these changes in the nuclear membrane, cells, just 

before entering the M phase, undergo a temporary nuclear envelope breakdown 

(NEBD) at the transition from G2 to M phase (208). NEBD can facilitate import 

of exogenous DNA into the nucleus during this stage of mitotic cell division 

(209). We hypothesized that delivery of pDNA would be most efficient in the S 

phase of the cell cycle in cancer cells due to the significantly larger pore sizes 

observed at this stage, compared to the G1 (resting) phase. We further 

hypothesized that clinically relevant chemotherapeutics can be employed for 

modulating the cancer cell cycle in order to synergistically enhance transgene 

delivery and cell death.   

Aurora kinases are serine-threonine kinases that regulate centrosome 

duplication and separation, mitotic spindle pole formation, mitotic spindle 

assembly, and chromosome alignment and segregation during cytokinesis in the 

cell cycle (210, 211). Two different kinds of Aurora kinases (Aurora kinase-A and 

-B) are overexpressed in cancer cells, and contribute to tumor progression due to 

defects in spindle-assembly checkpoint and chromosomal alignment(210, 212, 

213). Inhibition of Aurora kinase-A and -B using chemotherapeutics or siRNA 

activities overrides the checkpoint-triggered mitotic arrest, arrests cells in the 

G1/S or G2/M phases, and delays entry to mitosis and cytokinesis (210).  

In this study, we report a combination treatment strategy in which 

polymer-mediated transgene expression is enhanced by arresting or prolonging 
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the residence of cells in S or G2/M phases. A chemotherapeutic inhibitor of 

Aurora kinases (AKI), VX-680 was employed to induce the cell cycle arrest.  We 

further demonstrate that a combination treatment of AKI and polymer-mediated 

p53 gene delivery induce apoptosis in prostate cancer cells in vitro.  

5.2 Materials and Methods 

5.2.1 Cell Culture 

The PC3 human prostate cancer cells were purchased from the American 

Type Culture Collection (ATCC, VA). The PC3-PSMA cell line, a derivative of 

PC3 cells by stably transducing Prostate Specific Membrane Antigen (PSMA) 

receptor, was a generous gift from Dr. Michel Sadelain, director of the Center for 

Cell Engineering, and principal investigator of the Gene Transfer and Somatic 

Cell Engineering Laboratory, at Memorial Sloan-Kettering Cancer Center, New 

York, NY (113). Cell lines were grown in RPMI-1640 medium (HyClone®, UT) 

containing 10% heat-inactivated fetal bovine serum (FBS; HyClone®, UT) and 

1% antibiotics (100 units /mL penicillin and 100µg/mL streptomycin; HyClone).  

5.2.2 Plasmid DNA and Polyplex Formation 

Fluorescein labeled LabelIT® plasmid delivery control (empty vector) 

DNA was purchased from Mirus Bio Corporation in Madison, WI. The 4.7kbp 

reporter vector pEGFP-C1 containing the cytomegalovirus (CMV) promoter 

driven enhanced green fluorescent protein (EGFP) gene was a generous gift from 

Dr. Christina Voelkel-Johnson, Assistant Professor of Microbiology and 

Immunology, Medical University of South Carolina in Charleston, SC. The 

pCEP4 vector (10.2kbp) control and CMV driven human p53 gene containing 
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pCEP4p53 DNA were kindly provided by Dr. Blanka Sharma and Professor 

Vinod Labhasetwar of Department of Biomedical Engineering, Cleveland Clinic 

in Cleveland, OH (214).  The reporter gene containing pDNAs were grown in 

DH5α E. coli cells at 37°C and 200rpm in a shaker incubator (New Brunswick 

Scientific), and purified between 12-14 h of the growth using the QIAGEN mega 

DNA purification kit.   The DNA concentration and purity were determined by 

measuring the ratio of absorbance at 260 and 280nm using a Nanodrop 2000 

(Thermo Scientific).  

The polymer 1,4C-1,4Bis was synthesized by mixing 1:1 molar ratio of 

1,4-Cyclohexanedimethanoldiglycidyl ether (1,4C) (Sigma) with 1,4-Bis(3-

aminopropyl)-piperazine (1,4Bis) (Sigma) at room temperature (R.T.; 22-25°C) as 

described previously (180) and dissolved in 1X phosphate buffered saline (PBS; 

140mM NaCl) after 16 h of the polymerization reaction (180). A stock solution of 

(20µg/ml) of 25kDa polyethylene imine (pEI-25; Sigma) was prepared in 1X PBS 

and stored at R.T. Polyplexes were prepared by adding  10µl of either 1,4C-1,4Bis 

solution (500µg/ml) or pEI-25 to 200ng DNA at a predetermined optimum 

polymer:DNA weight ratio of 25:1 or 1:1, respectively (95, 180).  Polyplexes 

were incubated at R.T. for 20min prior to transfection. 

5.2.3 Intracellular Localization of Polyplexes  

PC3-PSMA cells were seeded as 50,000/well in glass-bottomed 24-well 

plates (MatTek Corp., Ashland, MA) and transfected using polyplexes of LabelIT 

DNA and 1,4C-1,4Bis polymer in presence or absence of VX-680 (a generous gift 

from Dr. Haiyong Han and Professor Daniel Von Hoff, TGEN, Phoenix, AZ) as 
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described previously (95). Briefly, two thousand nanograms of the DNA was 

complexed with 1,4C-1,4Bis polymer at a polymer:DNA weight ratio of 1:1. 

Polyplexes were added to the cells with or without 100nM VX-680 in serum-free 

medium for 6 h followed by additional 24 h incubation in serum-containing 

medium and VX-680. The cells were then washed with 1X PBS, fixed in 4% 

para-formaldehyde for 20 min at R.T., washed 5X using PBS and then 

permeabilized using 0.1% Triton X-100 containing PBS for 2 min at R.T. Cell 

nuclei were stained by incubating the cells using DAPI (10µg/ml; Invitrogen) for 

30 min at R.T. The subcellular localization of polyplexes was observed using a 

Nikon C1 confocal microscope (Nikon Instruments Inc., Melville, NY) (95). 

Fluorescence intensities per cell were quantified using a Cell Lab Quanta SC 

MPL flow cytometer and the accompanying Cell Lab Quanta analysis software 

(Beckman Coulter Inc., Fullerton, CA). Relative fluorescence intensities/cell in 

the VX-680 treated cells were normalized to those in the untreated cells. 

5.2.4 In Vitro Transfection  

Cells (50,000/well) were plated in 500µl growth medium in Costar 24-

well polystyrene plates (Corning) and allowed to adhere overnight.  When the 

cells were 75-90% confluence, the medium was replaced with antibiotics 

containing serum-free medium followed by the addition of different VX-680 

doses (0-10µM) and polyplexes of pEGFP-C1. After 6 h co-incubation of the cells 

with VX-680 and polyplexes, the medium was replaced with fresh serum-

containing medium and VX-680 in which the cells were let to grow for 72 h and 

then analyzed for EGFP expression. The EGFP expressing cells were imaged 
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using a Zeiss AxioObserver D1 inverted microscope (Carl Zeiss MicroImaging 

Inc., Germany) equipped with a 10x/0.3 objective lens and AxioVision software 

(Zeiss Inc.). To quantify the EGFP expression, cells were washed using 1X PBS, 

removed from the plates by trypsinization, centrifuged, re-suspended in 250µl of 

1X PBS and, assayed using the Cell Lab Quanta flow cytometer. The percentage 

of EGFP positive cells (EGFP+) were measured for 10,000 cells. The PMT 

voltage and gain settings were adjusted for untreated control (EGFP non-

expressing) cells to exclude any autofluorescence. Gating and analysis were 

performed using the software. Data presented was obtained from three 

independent experiments performed in duplicate. 

5.2.5 Cell Cycle Arrest 

To monitor cell cycle arresting, cells were transfected using EGFP DNA 

and 1,4C-1,4Bis polymer, and co-incubated with varying VX-680 concentrations 

of 0-10µM for 72h. The cells were then washed with PBS, trypsinized, 

centrifuged and resuspended in 120µl of 5% FBS containing PBS (PBS-FBS). 

Fixation of the cells was carried out by adding 280µl of cold (-20°C) absolute 

ethanol (Sigma) slowly after which cells were stored overnight at -20°C. 

The fixed cells were centrifuged, washed with 0.01% Triton X-100 (Sigma) 

containing PBS-FBS followed by 2X washing with PBS-FBS, and re-suspended 

in PBS-FBS containing 50µg/ml propidium iodide (PI) and 200µg/ml RNaseA 

(Sigma). The cell suspension was incubated at 37°C for 30min and run in the flow 

cytometer to measure the PI emission at 610nm. Cells in the G0/G1 phase showed 

a peak at PI intensity of 200, G2/M phase cells showed the peak at 400 and S 



  100 

phase cells emerged peaks in between these two phases. The histograms of 

number of cells versus PI intensity were analyzed quantitatively to determine the 

percentage of cells in each of the G0/G1, S and G2/M phases.  

5.2.6 Immunostaining and Confocal Microscopy 

To investigate if VX-680 treatment induced NEBD, PC3-PSMA cells 

were transfected using the polyplexes of LabelIT DNA and 1,4C-1,4Bis polymer 

with or without the VX-680 incubation for 24h, washed with 1X PBS, fixed and 

then permeabilized using 0.1% Triton X-100. Non-specific binding sites of the 

cells were blocked by immersing the cells in 5% BSA containing PBS for 1h at 

R.T. following which cells were incubated with mouse anti-lamin A/C antibody 

(Santa Cruz Biotechnology, Inc.; 1:50 dilution in PBS-FBS) overnight at 4°C. 

After additional washing using PBS-FBS, the cells were incubated with 

rhodamine conjugated mouse IgG for 1h, washed 5x for 5min and stained with 

10µg/ml of DAPI (Invitrogen) for 30 min.  Stained parts of the cells were imaged 

in a z-series using a laser-scanning Nikon C1 confocal microscope (Nikon 

Instruments Inc., Melville, NY) and EZ-C1 FreeViewer analysis software (Gold 

Version 3.20 build 615, Nikon Corporation). DAPI, fluorescein conjugated 

labelIT pDNA, and rhodamine labeled lamin were excited using a 402, 488 and 

561 laser, respectively and the corresponding emissions were recorded at 450/35, 

515/30 and 605/75nm, respectively. The z-stacks of an image were captured at 

every 0.2µm step using a 60x objective with either 240x or 720x zooming. The 

stacks of images were imported in Image Processing and Analysis in Java 
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(ImageJ) 1.38X software where the average intensity of the stacked images was 

chosen. Imaging was carried out for n=3. 

5.2.7 Cell Proliferation and Viability 

Cell counts and viability measurements were performed using the standard 

trypan blue dead cell staining technique and a Countess Automated Cell Counter 

(Invitrogen) imaging and counting system. PC3-PSMA cells after transfecting 

using EGFP were trypsinized, collected in culture medium and mixed with 10µl 

trypan blue stain (Invitrogen) in a 1:1 v/v ratio from which 10µl of the mixture 

was loaded on a Countess cell counting chamber slide. The cells were imaged and 

analyzed automatically in the cell counter to obtain the total, live and dead cell 

concentrations, and cell viability. Percentage inhibition in cell growth was 

calculated as follows: 100*(total cell concentrations of (untreated control-cells 

treated with VX-680))/(total cell concentrations of untreated control). Cell 

doubling time was calculated using the equation: td = (t2-t1)*Ln2/(Lnq2-Lnq1) , 

where t1=0, t2=72h, q1=50,000 cells and q2=cells at different VX-680 doses. 

5.2.8 p53 Gene Delivery and Apoptosis Analysis 

The programmed cell death or apoptosis as induced by the combination 

treatments of p53 gene delivery with VX-680 was determined by annexinV-PI 

staining of transfected cells. Transfection was carried out in PC3-PSMA cells 

grown in 24-well plates. Polyplexes of pCEP4 vector and p53 DNA were 

incubated with the cells in 500µl serum-free medium for 6h in presence or 

absence of 100nM VX-680. After 72h additional incubation of the cells in serum-

containing medium and VX-680, the cells were trypsinized, collected in 1.5ml 
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microcentrifuge tubes (Costar), centrifuged and washed using 1X PBS. The cells 

were resuspended in 1X binding buffer containing FITC annexin V (1:100 

dilution; Invitrogen) and 50µg/ml PI (Invitrogen) and incubated at 37°C for 

30min in dark. The number of viable, early apoptotic, late apoptotic and dead 

cells were quantified by the Cell Lab Quanta SC MPL flow cytometer (Beckman 

Coulter), and analyzed for at least 10,000 cells using the Cell Lab Quanta analysis 

software (Beckman Coulter).  

5.2.9 Western Blot Analysis 

Following 72h transfection of PC3-PSMA cells using pCEP4 and p53 

polyplexes in presence or absence of VX-680, the cells were washed using PBS 

and lysed using RIPA buffer containing 150mM sodium chloride, 1% IGEPAL® 

CA-630 (Sigma), 0.1% sodium azide, protease inhibitor cocktail (Boehringer 

Mannheim), 1mM sodium vanadium oxide (Sigma) and 1mM sodium fluoride 

(Sigma). The cell lysates were centrifuged to measure the protein concentrations 

in the supernatant using BCA protein assay kit (Pierce Biotechnology, Rockford, 

IL) and stored at -80°C until the gel run. Twenty microgram proteins were 

separated on 4-20% precast gel (Bio-Rad) and transferred to nitrocellulose for an 

hour at 20V.  Membranes were blocked in 5% milk in TBS-0.2%Tween for 1h 

and incubated overnight with primary antibody in 5% milk containing PBS-

Tween at 4°C. The primary antibodies and dilutions used were as follows: 

monoclonal anti-p53 clone DO-1 (1:1000; Sigma), cytochrome-C (1:1000; Cell 

Signaling) and caspase-3 (1:1000; Cell Signaling). Following five washes in 

every 5min using PBS-Tween, the membranes were incubated with HRP-
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conjugated anti-mouse (1:1000; Cell Signaling) or anti-rabbit (1:1000; Cell 

Signaling) for 1h at R.T. The membranes were washed 5x for 5min in PBS-

Tween, incubated with Supersignal West Dura Substrate (Pierce; Thermo 

Scientific) and imaged using the Alpha Innotech Corporation ChemiImager. 

5.2.10 Statistical Analyses  

All experiments were carried out at least in triplicate. Values were 

expressed as the mean ± standard deviation (S.D.). The significance of the 

difference between the control and each experimental test condition was analyzed 

by two-tailed, paired Student’s t-test. 

5.3 Results and Discussion 

5.3.1 The Aurora kinase inhibitor VX-680 increases cellular uptake of polyplexes 

and enhances polymer-mediated transgene expression 

Fluorescein-conjugated LabelIt pDNA (empty vector) was delivered to 

PC3-PSMA human prostate cancer cells using a polymer, 1,4C-1,4Bis in presence 

or absence of an AKI (VX-680). VX-680 is a pan-AKI which is known to inhibit 

all three Aurora kinases at nanomolar concentrations (215). The polymer was 

synthesized in our laboratory as described previously (180). In the absence of 

VX-680, pDNA following trafficking on microtubules (94, 95) accumulated 

largely at a single location in the perinuclear recycling compartment (PNRC) of 

PC3-PSMA cells (Figure 5.1(a)) (94, 95). It is likely that sequestration of pDNA 

at  the PNRC, close to the microtubule organizing center (MTOC) decreased the 

availability of pDNA to enter inside the nucleus  and thus resulted in low levels of 

transgene expression in PC3-PSMA cells (95). 



  104 

 

Figure 5.1. Perinuclear localization of polyplexes in PC3-PSMA cells with or without VX-680 

treatments. (a) Cells were transfected in presence or absence of 100nM VX-680 using an empty 

vector control DNA (fluorescein conjugated LabelIt DNA; Mirus) and 1,4-C-1,4Bis polymer that 

was synthesized in our laboratory 
19

. Subcellular localization of the polyplexes was examined at 

24h post-transfection using a confocal microscope. The white dotted lines are representing cellular 

peripheries. The images are representative of three independent experiments. Polyplexes were 

concentrated in distinct single spots in the untreated control cells while they were spread in the 

cytoplasm around the nucleus with VX-680 treatments. Scale bar=20 µm. (b) Fluorescence 

intensities of the fluorescein labeled DNA polyplexes in each cell were quantified (FACS 

analysis) five times higher after VX-680 treatments than the untreated control cells. 

 

Co-treatment with VX-680 altered intracellular localization of pDNA 

(Figure 5.1(a); right column) and enhanced the uptake of pDNA by five-fold 

compared to the cells treated with polyplexes without VX-680 (Figure 5.1(b)). 

Increased levels of pDNA were observed distributed throughout the cytoplasm 

following VX-680 treatment. Recent studies have demonstrated the association of 

Aurora kinase-A with the microtubule organizing center (MTOC) and 

microtubules (216). Aurora kinase-A also decreases the affinity of dynein-

dynactin motor complexes towards microtubules by phosphorylating the 

microtubule binding domain of dynactin sub-unit p150
glued

 both in vitro and in 

vivo (216). These previous studies indicate that inhibition of Aurora kinases using 

VX-680 can alter the intracellular transport and localization of nanoscale 
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complexes, including polyplexes by enhancing the recruitment of motor proteins 

to the microtubule network (94, 95, 191).  

Next, the 1,4C-1,4Bis polymer was employed to deliver pDNA expressing 

enhanced green fluorescent protein (EGFP) in the presence and absence of VX-

680 to PC3-PSMA and PC3 cells. Analysis of microscopic images indicated that 

VX-680 enhanced the number of EGFP expressing cells as well as the 

fluorescence intensities in both, PC3-PSMA (Figure 5.2(a)) and PC3 cells (Figure 

5.3). Polyplex delivery in the absence of VX-680 resulted in only 1-2% EGFP 

positive (EGFP+) PC3-PSMA cells. However, treatment with 100nM VX-680 

resulted in approximately 23% EGFP+ cells, which was a significant increase 

over cells treated with the polyplexes alone (Figure 5.2(b)). VX-680 

concentrations of 250nM and 500nM also enhanced EGFP expression in PC3-

PSMA cells to similar levels. Further increase in VX-680 concentrations 

decreased the percentage of EGFP+ cells presumably because of inhibition of cell 

growth and toxicity. VX-680 treatment resulted in only moderate enhancement of 

EGFP expression in PC3 cells from 1.7% to ~9% (Figure 5.2(b)), indicating that 

the activity of VX-680 was dependent on the cell type (Figure 5.4). VX-680 also 

enhanced the number of EGFP+ in PC3-PSMA cells from 6% in untreated cells to 

20% in 100nM VX-680 treated cells following delivery with 25kDa poly(ethylene 

imine), indicating that this strategy can be used with different polymers (Figure 

5.4). Collectively, these results demonstrate that treatment with VX-680 

modulates intracellular distribution of polyplexes and significantly enhances 
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transgene expression following delivery with different polymers to prostate 

cancer cells. 

 

 

Figure 5.2 Enhanced green fluorescent protein (EGFP) expression in PC3-PSMA cells following 

treatments with different VX-680 concentrations (0-10µM). The cells were incubated with 1,4C-

1,4Bis polymer and EGFP DNA weight ratio of 25:1 for 6h and the transgene expression were 

observed at 72h after the transfection. EGFP expressing cells were (a) imaged using a fluorescence 

microscope and (b) counted in 10,000 cells using a flow cytometer. Scale bar=100µm. Data 

represent mean±standard deviation for n=6. Statistical significance was calculated by two-tailed 

Student’s t-test where p-values were <0.05 and <0.005 for * and **, respectively. 
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Figure 5.3. The increase in the number of EGFP expressing PC3 prostate cancer cells after VX-

680 treatments in a dose-dependent manner.  Following 6 h transfection using 1,4C-1,4Bis 

polymer and EGFP pDNA and 72 h of incubation in presence of VX-680, cells were imaged using 

the Zeiss Axiovision fluorescence microscope. Images are representative of n=3 experiments. 

 

 

 

Figure 5.4.  VX-680 enhanced EGFP expression in PC3 PSMA cells by transfecting with 25kDa 

polyethylene imine (pEI-25) polymer standard. Polymer:EGFP DNA weight ratio of 1:1 was used. 

(a) Fluorescence microscopic images of the cells at 72h after transfection and incubation in 

presence or absence of 100nM VX-680. (b) Quantitative analysis using FACS showed 5 and 20% 

EGFP+ cells without and with 100nM VX-680 treatments, respectively.   

 

0 100nM 250nM 500nM

750nM 1µM 5µM 10µM EGFP DNA only

100µm

50nM

EGFP polyplexes
EGFP polyplexes
+100nM VX680 EGFP DNA alone

100µm
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5.3.2 Aurora kinase inhibition using VX-680 induces cell cycle arrest in S and 

G2/M phases resulting in enhancement of transgene expression 

In the absence of Aurora kinase inhibition, PC3-PSMA cells were found 

primarily in the G0/G1 (56%) and S (35%) phases of the cell cycle; only 9% cells 

were in the G2/M phase (Figure 5.5). Polymer-mediated delivery of the EGFP 

DNA did not result in a significant change in these numbers, indicating that 

polyplex delivery did not alter cell cycle dynamics. However, 100nM, 250nM and 

≥500nM VX-680 resulted in the shift of significant fractions of PC3-PSMA cells 

(42%, 66%, and 80%, respectively) to the S and G2/M phases of the cell cycle 

(Figure 5.5(b) and Figure 5.6). 

 

 

Figure 5.5. VX-680 caused accumulation of PC3-PSMA cells in the S (DNA synthesis) and G2/M 

(mitotic check point) phases after 72 h incubation. Cells were washed, fixed, permeabilized, 

stained with propidium iodide (PI) and analyzed by flow cytometry. (a) The PI intensities for each 

cell cycle phases were expressed and (b) quantified as shown. Correlating the cell cycle data with 

EGFP expression it was revealed that maximum transgene expression was found when majority of 

Untreated control

G0/G1

S
G2/M

EGFP polyplexes
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the cells were arrested in the S and G2/M phases. * and ** indicate p<0.05 and <0.005, 

respectively. 

 

 

Figure 5.6. (a) Histograms of propidium iodide (PI) fluorescence intensities in EGFP transfected 

PC3-PSMA cells in presence of VX-680. Most of the cells were arrested in the late S and G2/M 

phases at high VX-680 concentrations. (b) Quantitative analysis of the histograms using the Cell 

Lab Quanta Analysis software (Beckman Coulter) represented 80% cells in the G2/M phase at 

VX-680 concentrations ≥500nM. Data were collected for n=4.    

 

These results indicated that the doses of VX-680 treatments which led to highest 

increases in transgene expression correlated with arresting of PC3-PSMA cells in 

the S and G2/M phases. This is consistent with previous reports, which indicate 

that lipid and polymer-mediated transgene expression was highest in late S or 

G2/M phases than G1 phase (209, 217, 218). For example, Brunner et al. 

elutriated K562 leukemia cells in different stages of the cell cycle by 

centrifugation. Following this fractionation, 200,000 cells in each phase were 

transfected using Lipofectamine and transferrin (Tf)-conjugated polylysine and 

1µM VX680+EGFP

S G2

5µM VX680+EGFP

S G2
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S G2
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polyethylene imine (pEI) (217). Luciferase expression using polylysine and pEI 

ranged from 4x10
4
 to 1x10

5 
RLU for cells in the G1 phase, while it was 6x10

6 

RLU for cells in the late S and S/G2 phases. Lipofectamine-mediated luciferase 

expression was enhanced from 2x10
5
 to 3x10

6 
RLU under similar conditions.  

Tf-pEI mediated transgene delivery, using 200 mM chloroquine as an enhancer, 

resulted in GFP expression in only 4% cells in the G1 phase, while 17% cells in 

the early S-phase demonstrated expression of GFP. Akita et al. cultured HeLa 

cervical cancer cells in the G1 phase using 2mg/ml hydroxyurea for 18 h and re-

cultivated the cells in hydroxyurea free medium for 24 h (218). The cells were 

collected and transfected at 0, 3, 6, 9 and 12 h after G1 phase release in order to 

analyze them for cell cycle and transgene expression. LacZ expression was 

observed in ~15-17% cells at G2/M phase, while minimal gene expression was 

reported for the cells at G1 phase. In contrast to these previous studies, our 

approach of using a chemotherapeutic modulator (AKI) does not require 

cumbersome cell cycle synchronization protocols. Chemotherapeutic modulation 

using AKI is a facile approach not only for in vitro transfection protocols, but also 

for eventual cancer gene therapy applications for cancer cell ablation.  

5.3.3 VX-680 treatments results in disintegrated nuclear envelope   

The number, size and density of nuclear pore complexes (NPC), and 

surface area of nuclear envelope increase continuously from G1 to G2 phase of 

the cell cycle and eventually double in the G1/S phase transition (208). The 

nuclear envelope is discontinuous and contains more nuclear pores in the late G1 

phase compared to the early G1 phase (208). Lamin is an important component of 
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nuclear envelope that undergoes significant reorganization during cell cycle (219). 

Lamins are rapidly disassembled during the G2/M phases with the help of dynein-

dynactin motor complexes, lost during mitosis, and reassembled at the end of 

mitosis (219, 220). The disassembly of the nuclear envelope in the S (86)and 

G2/M phases can allow exogenous DNA to access the internal nuclear 

environment  for transcription and translation. 

 

 

Figure 5.7. Structures of nuclear envelope in polyplex transfected PC3-PSMA cells without or 

with VX-680 treatments. Nuclear membrane was stained using anti-lamin A/C antibody (red) after 
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Untreated control 100nM VX680 treatments

100nM VX680 treatments



  112 

transfecting and incubating the PC3-PSMA cells using LabelIt DNA (Mirus) polyplexes (green).  

A continuous and intact nuclear membrane was found around the nucleus (blue) in the untreated 

control cells while  disassembly in the nuclear lamins (arrows) were found in the VX-680 treated 

cells (overlay images). The cells were imaged under a confocal microscope at (a) 240X and (b) 

720X zooming. Scale bar=10 µm. Polyplexes were found at the transient local openings in the 

nuclear envelope suggesting a mechanism for polyplex entry into the nucleus that might help 

enhancing transgene expression in these cells. 

 

Confocal microscopy analysis showed strong and continuous lamin A/C 

staining (red) surrounding the cell nuclei (blue) in control cells transfected with 

the LabelIT plasmid control vector (Figure 5.7). Consistent with our previous 

observations (94, 95), polyplexes were sequestered in the PNRC close to the cell 

nuclei, presumably at the microtubule organizing complex (MTOC). The intact 

nature of the nuclear membrane is expected since most PC3-PSMA cells were in 

the G0/G1 phase of the cell cycle (Figure 5.5). VX-680 treatment resulted in 

breakdown of the nuclear envelope (NEBD) in PC3-PSMA cells. Lamin A/C 

staining was discontinuous around the nuclear material in VX-680-treated cells 

and exhibited either weak or undetectable signal in several locations around the 

genetic materials (Figure 5.7). The discontinuous lamin signal is typically 

indicative of temporary nuclear envelope disassembly, a characteristic of S and 

G2/M phases of the cell cycle (220, 221). This is significant since exogenous 

pDNA, localized at the periphery of the disintegrated nuclear membrane, can 

access the nuclear space via temporary discontinuities in the nuclear membrane. 

Taken together, the above results demonstrate that VX-680 treatment induces S 

and G2/M phase arrest and nuclear membrane breakdown, which allows for 

higher transcription, translation and transgene expression following polymer-

mediated pDNA delivery.  
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Figure 5.8. Effects of VX-680 on cell growth of PC3-PSMA transfected cells. EGFP transfected 

PC3-PSMA cells were incubated for 72h with 100, 250 and 500nM VX-680 concentrations, 

collected and counted using trypan blue stain. (a) Total, live and dead cell concentrations were 

measured using an automated cell counter. VX-680 was not toxic to the cells as it was revealed by 

the similar amount of live cell concentrations without or with VX-680 treatments. Rather it 

inhibited the cell growth by 70% as shown in (b). Statistical significance by Student’s t-test: *, 

p<0.05 and **<0.005. 

 

5.3.4 VX-680 treatment slows down kinetics of cell-cycle progression resulting in 

longer residence of cells in S and G2/M phases 

VX-680 inhibits proliferation of a variety of tumor cells, arrests cells in 

the S and G2/M phases, allows them to go through mitosis without cytokinesis 

and proceeds into the subsequent S phase.(215). We examined the total number of 
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cells after 72h of delivery of EGFP polyplexes in order to correlate the 

consequences of VX-680 on cell proliferation and transgene enhancement in PC3-

PSMA cells. Treatment with 100, 250 and 500nM VX-680 resulted in a reduction 

in the total number of PC3-PSMA cells by 40, 65 and 70% respectively compared 

to untreated cells (Figure 5.8(a)). The reduction in cell numbers was similar in 

VX-680 cells with or without polyplex treatment, indicating that polyplex 

delivery did not affect cell numbers under these conditions. The suppression in 

cell numbers (Figure 5.8(b)) was not due to VX-680-induced cytotoxicity under 

these conditions. Conversely, VX-680 increases the cell doubling times and 

therefore reduces the number of divisions that cells go through in a given time 

period (Table 5.1). This, in turn, results in reduced proliferation and therefore, 

lower numbers of PC3-PSMA cells compared to rapidly proliferating prostate 

cancer cells not treated with VX-680. Thus, VX-680 treatment delays cellular 

entry to mitosis, resulting in longer cell cycles and reduced proliferation. The 

combined activity of VX-680, namely, reducing cell proliferation and enhancing 

polymer-mediated transgene expression, is an attractive combination treatment 

strategy for the ablation of cancer cells. 

 

Table 5.1 Quantitative analysis of cell doubling time and theoretical number of cell cycles for 

PC3-PSMA cells after transfecting with EGFP in absence or presence of VX-680 
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5.3.5 Inhibition of Aurora kinases enhances cancer cell apoptosis following 

polymer-mediated p53 transgene delivery  

We combined the anti-proliferative activity of VX-680 with its newly 

identified ability to enhance polymer-mediated transgene expression in order to 

induce synergistic death of prostate cancer cells. The 1,4C-1,4Bis polymer was 

employed to deliver pDNA expressing the tumor suppressor p53 protein. The p53 

protein functions as a genome guardian by repairing DNA damage in the G1 

phase, inhibiting entry of cells to the S phase of the cell cycle, and inducing 

apoptosis in cases of irreparable DNA damage (222-225). Mutations or functional 

loss in p53 gene are often seen in malignant cells and contribute to the aggressive 

cancer cell phenotypes that respond poorly to chemotherapeutic drugs (226, 227). 

DNA damage in normal cells leads to elevated p53 levels and arrest cells in the 

G1 phase (222). p53 then triggers either genome repair  or apoptosis by activating 

the transcription of p21 or proapoptotic proteins, respectively. In cells with 

defective or lost p53 (e.g. cancer cells), DNA damage is irreparable leading to 

multistage carcinogenesis. Thus, p53 plays a key role in cell cycle, proliferation 

and genomic stability. Consequences of mutated or lost p53 can be overcome by 

exogenously introducing wild-type p53 in cancer cells; p53 gene therapy has 

shown promising results for inducing apoptosis in several tumor cells in vitro, in 

vivo and clinical trials (214, 225, 228-230). Specifically for prostate cancer, the 

p53 gene therapy paradigm has been evaluated with some success in Phase I 

clinical trials (231). 
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Figure 5.9. VX-680 activated p53 in PC3-PSMA cells and induced apotosis in combination 

treatments with p53 gene delivery. (a) Cells were transfected with pCEP4 control and p53 

expression vectors using 1,4C-1,4Bis polymer and co-incubated with or without 100nM VX-680. 

(c)

(a)

(b)
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Cell lysates were obtained at 72h after transfection. Expression levels of p53, caspase-3 and 

cytochrome-C were determined by Western blotting and quantified by densitometry analysis using 

ImageJ software. Actin was used as loading control. Data are representative of three independent 

experiments. (b) Total, live and dead cell concentrations of the transfected were measured using 

trypan blue staining (bar graph). Percentage suppression in live cell growth was calculated 

compared to the untreated live control cells (line graph). (c) Apoptosis in pCEP4- and p53- 

transfected PC3-PSMA cells in combination with VX-680 were analyzed by flow cytometry after 

annexinV-PI staining of cells. Data are expressed as mean values of n=6 (*, p<0.05, **, p<0.005).              

 

The 1,4C-1,4Bis polymer was used to deliver a plasmid expressing p53 in 

order to induce apoptosis in PC3-PSMA cells; delivery of the pCEP4 plasmid, 

which does not result in p53 expression, was employed as a control. Western blot 

analyses at 72 h indicated that treatment with 100nM VX-680 resulted in ~2.6-

fold higher levels of p53 protein expression compared to untreated cells as well as 

those transfected with the pCEP4 control vector (Figure 5.9(a)). Delivery of the 

p53 transgene in the absence of VX-680 did not result in growth inhibition and 

death of PC3-PSMA cells compared to untreated cells or cells treated with the 

control vector (Figure 5.9(b)).  Lack of induction of any cell death response by 

single agent treatment of p53 gene delivery alone might be due to low efficacies 

associated with polymer-mediated transgene expression. Treatment with VX-680 

alone decreased the cell growth by approximately 40% compared to the no 

treatment control (line graph in (Figure 5.9(b)), not simply by inhibiting the cell 

proliferation but also by causing ~35% cell death in the growth-inhibited cells 

(Figure 5.9(c)). Delivery of the pCEP4 control vector in the presence of VX-680 

did not result in increased cell death compared to treatment with VX-680 alone 

which is in agreement with the lack of p53 expression using this plasmid. Co-

treatments of p53 gene delivery with VX-680 suppressed cell growth of live cells 

by 80% (line graph in Figure 5.9(b)) as well as induced apoptosis in 60% of the 
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growth-inhibited cells. The results indicated a synergistic effect of p53 and VX-

680 to sensitize cells to p53-induced apoptosis, whereas their individual treatment 

merely sensitized the cells to apoptosis (Figure 5.9(b)). 

Transgene expression of p53 protein triggers apoptotic signaling that leads to 

the activation of caspases,  namely caspase-8 and caspase-3, which in turn induce 

apoptosis (232). The p53 protein can trigger the mitochondria-dependent intrinsic 

pathway (or transcription-independent pathway) in response to DNA damage, 

translocate to mitochondria and cause mitochondrial depolarization (232). 

Cytochrome-c released from inner mitochondrial membrane upon depolarization 

ultimately results in the activation of caspase-3, 6 and 7. Cytochrome-C and 

caspase-3 status was investigated in order to confirm the role of apoptosis in the 

combination treatment induced PC3-PSMA cell death. A moderate increase (1.3-2 

fold) in these proteins were found in the cells transfected using p53 compared to 

the untreated control and pCEP4 transfected cells (Figure 5.9(a)), indicating 

induction of apoptosis in p53-expressing prostate cancer cells.  

Loss of functional activity and stability of p53 is correlated with Aurora 

kinase-A overexpression in cancer cells (233). . Aurora kinase-A phosphorylates 

two sites (serine 215 and 315) of p53 protein and thus inhibits p53 activity and 

promotes degradation of this protein. The observed synergistic enhancement of 

apoptosis can, in part, be attributed to the fact that inhibition of Aurora kinase-A 

can enhance p53 stability and lead to a G2/M arrest by preventing its ubiquitin-

driven degradation process (233). A recent study with HCT-116 colorectal cancer 

cells showed that AKI (ZM447439) upregulated p53 expression and induced p53 
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mediated intrinsic apoptotic pathway (234). It is therefore possible that polymer-

mediated p53 gene delivery, in combination with a pan-AKI (VX-680), resulted 

in a ‘dual synergistic effect’: enhancement of VX-680-mediated transgene 

expression as well as inhibiting degradation of p53 ultimately resulting in 

enhanced p53-mediated cancer cell apoptosis.  

Taken together, the above results demonstrate that single agent treatment of 

polymer-mediated p53 gene delivery alone or VX-680 alone did not affect PC3-

PSMA cell viability. Whereas the combination treatments of VX-680 and 

polymer-mediated p53 transgene expression demonstrated a synergistic effect in 

decreasing cancer cell viability due to apoptosis. Thus inhibition of Aurora 

kinases using VX-680 not only overcomes the poor levels of transgene expression 

observed with polymer-mediated delivery but also synergizes with higher levels 

of p53 protein in order to enhance cancer cell apoptosis.  

5.4 Conclusions 

Polymer-mediated pDNA delivery has traditionally suffered from poor levels 

of transgene expression. We employed a combination treatment strategy in which 

chemotherapeutic inhibition of Aurora kinases using VX-680 demonstrated (i) an 

increase in uptake of polyplexes; (ii) alteration in the intracellular localization of 

polyplexes that leads to enhancement in perinuclear accumulation around the 

nucleus; (iii) arresting of cells in the S and G2/M phases of the cell cycle; (iv) a 

temporary breakdown of nuclear membrane; and (v) delaying in the cell cycle 

progression with minimal cytotoxicity. VX-680 treatment resulted in higher 

uptake of the polyplexes of LabelIT control vector and increased EGFP 
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expression following polymer-mediated EGFP reporter pDNA delivery compared 

to cells not treated with VX-680. Following VX-680 incubation, cells were 

arrested in the S and G2/M phases which demonstrated a temporary opening in 

nuclear lamin membrane to facilitate greater import of pDNA into the nucleus. 

VX-680 suppressed cancer cell proliferation due to reduction in the kinetics of 

cell cycle progression, but did not cause significant cell death. The combination 

treatment of tumor suppressor gene, p53 delivery along with VX-680 incubation, 

suppressed the PC3-PSMA cell growth significantly and induced apoptotic cell 

death. Our results highlight a novel combination therapeutic strategy by which 

AKI enhances polymer-mediated transgene expression and restores susceptibility 

to p53 leading to synergistic apoptosis of cancer cells. Future studies will involve 

investigation of the effects of Aurora kinase inhibition on therapeutic efficacies of 

lipid- and virus-based transgene delivery systems. 
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Chapter 6 

SUMMARY 

In this study, a library of eighty cationic polymers was developed for gene 

delivery, and combination treatments using chemotherapeutic drugs were 

evaluated to enhance polymer-mediated transgene expression. The polymers were 

synthesized by employing ring-opening reactions between diglycidyl ethers and 

polyamine monomers (180). Five polymers from the library named as 1,4C-

1,4Bis; EGDE-3,3’; EGDE-1,4Bis; PPGDE-1,4Bis; and NPGDE-1,4Bis 

demonstrated higher transgene expression than a current polymer standard, 25kDa 

polyethylene imine (pEI-25). Polymer 1,4C-1,4Bis (23.5kDa) showed the highest 

gene expression in two different cell types, PC3-PSMA prostate cancer cells and 

murine osteoblasts cells. In addition, polyplexes of 1,4C-1,4Bis polymer were less 

cytotoxic than those of pEI-25. 

In subsequent studies, it was found that polymer-mediated transgene 

expression levels using 1,4C-1,4Bis polymer were eight times higher in PC3 

prostate cancer cells than that in its sub-clone PC3-PSMA cells (95). The 

differential expression levels were in part due to differences in sub-cellular 

distribution of the polyplexes in these two cell types. Polyplexes were distributed 

throughout the cytoplasm in PC3 cells, while they were arrested in single 

perinuclear recycling compartments (PNRC) in PC3-PSMA cells. Intracellular 

distribution patterns indicated a higher probability of cytoplasmic endosomal 

escape and gene delivery inside the nucleus in PC3 cells than those in PC3-PSMA 

cells for efficient transgene expression.  
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Combination treatments using small molecule chemotherapeutic drugs 

were evaluated to modulate the subcellular distribution of polyplexes and enhance 

transgene expression. Transfcetion in presence of histone deacetylase inhibitors 

(HDACi), such as tubacin and trichostatin (TSA), excluded the accumulation of 

polyplexes from the PNRC by dispersing them in the cytoplasm around the cell 

nuclei. Following more cytoplasmic dispersion of polyplexes using tubacin, 

transgene expression were measured 40 and 30-fold higher in presence of tubacin 

than no tubacin control in PC3-PSMA and PC3 cells, respectively. TSA enhanced 

transgene expression up to 35 and 10-fold in PC3-PSMA and PC3 cells, 

respectively relative to the gene expression in untreated cells. 

Aurora kinase inhibitor (AKI), a modulator of cell cycle progression was 

also evaluated to enhance polymer-mediated transgene expression. AKI, e.g., VX-

680 treatments increased the uptake of polyplexes up to 5-fold in PC3-PSMA 

cells compared to that of untreated cells. The polyplexes were localized 

dispersedly around the nuclei in presence of VX-680 rather accumulating in 

single spots in its absence. VX-680 treatments slowed down the progression of a 

cell cycle in S and G2/M phases in PC3-PSMA cells, and caused temporary local 

openings in nuclear membranes to allow diffusion of polyplexes inside the 

nucleus for efficient gene expression. Polymer-mediated enhanced green 

fluorescent protein (EGFP) expression was found to increase from 1% in 

untreated PC3-PSMA cells up to 20% after VX-680 treatments. EGFP expression 

was enhanced moderately from 2% of the untreated PC3 cells to 10% after VX-

680 incubation. Combination treatments of polymer-mediated p53 gene delivery 
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with VX-680 suppressed in vitro PC3-PSMA cell proliferation up to 80% 

compared to the untreated cells and induced apoptosis by moderately increasing 

pro-apoptotic proteins, cytochrome C and caspase-3. The p53 gene delivery 

approach in combination with AKI treatments offers a new therapeutic strategy 

for non-viral gene therapy of cancer diseases. 
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Chapter 7 

FUTURE WORK 

This study demonstrated that polymer-mediated transgene expression can 

be enhanced by combining the effects of small molecule chemotherapeutic drugs. 

While the results are promising, further investigations are needed to improve the 

biocompatibility of lead polymer vectors, develop the specificity of delivery, 

evaluate the effects of various histone deacetylase inhibitors on transgene 

expression, and identify new chemotherapeutic modulators of intracellular 

trafficking and cell cycle progression. This chapter focuses on the improvements 

of lead polymers for prostate cancer target-specific gene delivery, and exploration 

of new strategies for enhancing polymer-mediated transgene expression. 

7.1 Biocompatibility of Lead Polymers  

Polyplexes, because of the high cationic charges on their surfaces, interact 

with serum proteins which lead to aggregation and loss of the polyplexes before 

reaching their target (235). The common approach to reduce the serum protein-

polyplex interactions is to shield them with polyethylene glycol (PEG) (9, 236-

239). PEG can be conjugated to the amine groups of the five lead polymers 

(PPGDE-1,4Bis; EGDE-3,3’; EGDE-1,4Bis; NPGDE-1,4Bis; and 1,4C-1,4Bis) 

identified from our cationic polymer library. However, PEGylation can alter 

cellular uptake, modulate intracellular trafficking, inhibit endosomal escape of 

polyplexes, and decrease transfection efficiency (240). The endosomal escape 

process of PEG-shielded polymers can be facilitated by introducing a 

biodegradable disulfide linkage (S-S) (241, 242) that is cleavable in acidic 
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lysosomal compartments.  This can be achieved by employing a three-step 

reaction. First, amine groups of the lead cationic polymers will be reacted with N-

hydroxysuccinimide (NHS) esters of an S-S linker, N-succinimidyl-3-(2-

pyridyldithio) propionate (SPDP) (243, 244). The resulting polymers containing 

dithiolpyridine linker will be reduced using dithiothreitol (DTT) and conjugated 

with PEG-orthopyridyl-disulfide (PEG-OPSS) to form reversible disulfide bonds. 

The cationic polymer-S-S-PEG conjugates will decrease aggregation with serum 

proteins, increase endosomal escape and transgene expression (243). 

7.2 Targeted Gene Delivery 

Five lead polymers from the library can be improved in order to bind to 

target-cells specifically. This can be accomplished by conjugating the lead 

polymers with antibodies specific to target-cell surface receptors.  For example, 

prostate specific membrane antigen (PSMA) receptors are well-characterized 

markers for prostate cancer treatment. Targeted delivery using the J591 antibody 

that recognizes PSMA surface proteins has been shown to deliver the gene 

effectively to prostate cancer cells both in vitro and in vivo (245, 246). 

Conjugation of anti-PSMA monoclonal antibodies J591 (160, 247) to the cationic 

polymers-S-S-PEG via a SPDP linker will result in prostate cancer target specific 

gene expression (243, 244).  Other antibodies and ligands that have been 

identified for targeted gene delivery to prostate cancer cells are Herceptin (Her-2 

or trastuzumab) (248) and transferrin (Tf) (249). Such attempts of antibody 

conjugation to the cationic polymers will successfully deliver genes to prostate 
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cancer cells. Several projects are being undertaken in our laboratory for 

developing target-specific polymers for gene delivery. 

7.3 Expansion of Combination Treatments of Polymer-Mediated Gene Delivery 

and HDACi 

 

 

Figure 7.1. Effects of MS-275 on polymer-mediated EGFP expression in PC3 cells. The cells were 

transfected using a polymer:DNA weight ratio of 25:1 in presence of different doses of MS-275. 

Fluorescence microscopic images were captured using 10X objective after 72 h of transfection.  

 

 

Our previous results of enhancement of SV40-luciferase reporter gene 

expression using tubacin and trichostatin A (TSA) suggest that the exploitation of 

other HDACi e.g. MS-275, depsipeptide and belinostat on enhancing polymer-

mediated transgene expression must be thoroughly investigated using both SV40-

No MS-275 100 nM MS-275 250 nM MS-275

500 nM MS-275 750 nM MS-275 1000 nM MS-275
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lucirferase and CMV-EGFP pDNA. Previous studies of EGFP polyplex delivery 

to PC3 cells in combination with MS-275 demonstrated significant enhancement 

of EGFP expression in vitro (Figure 7.1). Detailed studies using combination 

treatments of gene delivery in the presence of MS-275, depsipeptide, or belinostat 

will be required in a variety of cancer cell lines e.g. PC3, PC3-PSMA, LNCaP and 

22Rv1 prostate cancer cells, Panc-1 and Mia PaCa-2 pancreatic cancer cells, and 

MCF-7 breast cancer cells.  

The enhancement of p53-induced apoptosis using the combination 

treatments of HDACi and polymer-mediated p53 gene delivery should be 

investigated. Histone deacetylase 1 (HDAC1) and a class III HDAC, Sirt1 binds 

to p53 and deacetylates at multiple lysine residues leading to the destruction of 

p53 or the reduction in its transcriptional ability to activate a cell cycle protein, 

p21 (250, 251).  The activation of p21 arrests cells in G0/G1 phase, translocates 

Bax proteins in mitochondria and induces apoptosis (252). A class IIb HDACi, 

TSA has been reported to inhibit HDAC6 and acetylate lysine-40 of α-tubulin 

(253) that leads to microtubule stabilization. Microtubule stabilization arrests cells 

in the prometaphase or G2/M phases (254).  Combination treatments using 

polymer-mediated p53 gene delivery and HDACi provide a promising option to 

induce synergistic apoptotic cancer cell death. It can be hypothesized that 

polymer-mediated p53 gene delivery in combination with HDACi treatments 

would enhance p53 expression, and arrest cells in either G0/G1 or G2/M phases 

leading to apoptosis. A detailed mechanistic study will be required to verify the 

cell-cycle induction pathway.   
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7.4 Identification of New Chemotherapeutic Modulators  

7.4.1 Sirtuin2 Inhibitors 

In this study, we have demonstrated that inhibition of histone deacetylase 

6 (HDAC6) is a promising strategy to enhance polymer-mediated transgene 

expression (Chapter 4). Besides HDAC6, another enzyme that also deacetylates 

the α-tubulin of microtubules is nicotinamide adenine dinucleotide (NAD
+
) 

dependent histone deacetylase sirtuin 2 (Sirt2) (255). Sirtuins are chromatin-

associated enzymes that can  modify histones wrapped around the concentrated 

chromosomes inside the nucleus (256). They also have non-histone substrates, 

e.g., transcription factors (i.e., GATA1, BCL6, STAT3, NF-κB, MyoD, YY1), 

tumor suppressors (p21, p53), cell cycle regulators (Rb, E2F), cytoskeletal 

proteins (α -tubulin) and the chaperone heat shock protein 90 (Hsp90) (175, 257). 

Like HDAC6, Sirt2 is predominantly a cytoplasmic protein that colocalizes with 

microtubules and deacetylates α-tubulin (258). Therefore, it can be hypothesized 

that Sirt2 inhibitors enhance microtubule stability and vesicular transport within 

the cells. While the HDAC6 selective inhibitor, tubacin, has been shown to 

enhance polymer-mediated transgene expression in PC3-PSMA and PC3 cells 

(Chapter 4), inhibition of Sirt2 represents an interesting approach for enhancing 

transgene expression levels in these two cell lines. Among the small number of 

Sirt2 inhibitors identified so far, sirtinol is the first molecule showing an IC50 of 

38µM for human Sirt2 in in vitro HeLa cervical cancer cells (259). Recently, 

salermide has been published as a potent Sirt2 inhibitor with anti-cancerous 

activity in MDA-MB-231 breast cancer and SW480 colon cancer cells (260). The 
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most selective Sirt2 inhibitor is AGK2 with an IC50 value of 3.5µM (261). AGK2 

inhibited the deacetylation activity of Sirt2 and increased the acetylated tubulin 

relative to the sirtinol treatments in various types of cells including HeLa cells. 

The results suggest that targeting Sirt2 may be beneficial in enhancing polymer-

mediated transgene expression. 

7.4.2 Inhibitors of Centromere-associated Protein-E (CENP-E) 

Mitosis is a key cell cycle regulator process in which a eukaryotic cell 

segregates its chromosomes into two daughter cells. In cancer cells, regulation of 

the cell-cycle process is abolished, resulting in uncontrolled cell proliferation and 

alterations in genetic materials. Therefore, identification of novel drugs that can 

target mitotic progression in cancer cells without interrupting the normal cell 

proliferation has gained much attention for cancer treatments. Wood et al. has 

reported the discovery of an inhibitor of a mitotic motor protein, centromere-

associated protein-E (CENP-E; also known as kinesin-7), that is overexpressed in 

multiple cancer cells during mitosis and limit cancer cell proliferation upon 

inhibition (262). CENP-E is a mitotic protein of 312kDa consisting of an N-

terminal kinesin motor domain that hydrolyzes ATP to produce mechanical force 

along microtubules. CENP-E helps proper alignment of chromosomes in the 

metaphore plate during prometaphase when the nuclear envelope breaks down. 

The novel CENP-E inhibitor, GSK923295 demonstrated obstruction in ATP 

hydrolysis by CENP-E, and resulted in tight binding of the protein to 

microtubules, failure in chromosome alignment, induction in cell cycle arrest, and 

apoptotic cell death in Colo205 colon cancer cells xenografted in mice. Growth 
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inhibition (IG50) values of GSK923295 were tested in 237 different cancer cell 

lines out of which 212 cell lines exhibited IG50<100nM. The phase I clinical trial 

of this drug is underway.  

This drug can be tested at sub-nanomolar concentrations to enhance 

polymer-mediated transgene expression in rapidly dividing cancer cells. It can be 

hypothesized that CENP-E inhibition using GSK923295 elongates the time for 

prometaphase and slows down the process of nuclear membrane break down in 

cancer cells. This allows more diffusion of exogenous DNA to transcriptional 

accessories, resulting in enhanced transcription and gene expression. It is 

noteworthy that CENP-E is overexpressed in pancreatic and breast cancer cells 

but not in prostate cancer cells (262). It would therefore be interesting to see the 

effects of GSK923295 in prostate cancer cells. 
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APPENDIX A  

POLYMER-VIRUS HYBRID VECTOR FOR GENE DELIVERY 
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In contrast to non-viral vectors, viruses are highly effective in infecting 

cells and transferring their genetic materials to the nucleus where it is expressed. 

However, viral vectors suffer from toxicity, immunogenicity and specificity to 

target cells that decrease their efficiency. The melding of viral delivery 

components with non-viral systems represents a new approach to enhance viral 

infection by overcoming the repulsion between the negatively charged viral 

surfaces and anionic glycosaminoglycan coated epithelial cells (263, 264). 

Cationic polymers that were synthesized in our laboratory and described in 

Chapter 2 of this thesis were evaluated to enhance viral infection in bladder, 

breast and prostate cancer cells. The researches were carried out in collaboration 

with Professors Christina Voelkel-Johnson and Joshua LaBaer’s laboratories at 

Medical University of South Carolina (MUSC) in Charleston, SC and the 

Biodesign Institute at ASU, respectively. The works are summarized below. 

App.1. Polymer-enhanced Adenoviral Transduction of CAR-negative Bladder 

Cancer Cells (265) 

Adenoviruses (Ad) have been applied for gene therapy in multiple 

applications because of their high transduction efficiencies in vivo (228, 266, 

267). However, the commonly used Ad vectors suffer from two fundamental 

problems: the high transduction of untargeted cells and low transduction of the 

target cells. The second problem is associated with the cells that express low or no 

coxsackie adenovirus receptors (CAR) for efficient Ad infection. As a result, 

transduction efficiency of those cells is extremely poor using Ad vectors. One 

method of Ad retargeting is to coat the viral capsid using cationic lipids and 
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Figure A1: (a) Schematic representation of synthesis of the EGDE-3,3’ polymer based on 

ethyleneglycol diglycidyl ether (EGDE) and 3,3'-diamino-N-methyl dipropylamine (3,3’) 

monomers. (b) Fourier Transform Infrared (FT-IR) Spectroscopy of EGDE-3,3’ polymerization at 

t= 0 and 16 h. Polymerization reaction can be seen by the emergence of the hydroxyl peak from 

3000-4000 cm
-1

 and  the disappearance of the epoxide peak in the 860-950 cm
-1

 region  of the FT-

IR spectrum. These regions are marked with asterisks in the figure. Adopted from Ref. (265). 

 

 

polymers for efficient interactions between cationic Ad-polymer hybrid vectors 
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cellular internalization (263, 268-274). Based on these previous reports, one of the 

lead cationic polymers from the library described in Chapter 2 was investigated to 

enhance adenoviral transduction in CAR-negative bladder cancer cells (265). The 

polymer ethyleneglycol diglycidyl ether(EGDE)-3,3'-diamino-N-methyl 

dipropylamine (3,3’) or EGDE-3,3’ (Figure A1) was used to deliver green 

fluorescent protein (GFP) containing Ad (Ad-GFP) to CAR-negative TCCSUP 

human bladder cancer cells (265). pEI-25 was used as a polymer standard.   

 

 

Figure A2. Effects of polymers on infectivity and transgene expression. TCCSUP bladder cancer 

cells were plated overnight and exposed to Ad.GFP either alone or complexed with polymers. 

GFP expression was quantified by flow cytometry at 48h post-infection. (i) % infectivity based on 

the number of GFP positive cells; (ii) Representative images under brightfield and fluorescent 

microscopy of TCCSUP cells exposed to 30 MOI of Ad.GFP without (control) and with (EGDE-

3,3’) polymer pre-incubation. 

 

 

GFP gene expression was detected in 20% of TCCSUP cells when the 

multiplicity of infection (MOI=number of viral particles per target cell) of Ad-

GFP was used as 100 (Figure A2 (i)) (265). Higher MOI at 3000 showed 50-60% 

GFP expressing cells (Figure A2 (i)), whereas the MOI was not physiologically 

relevant, can stimulate immune responses, and can be fatal for the host (275). 

Incorporation of the EGDE-3,3’ polymer into the Ad.GFP enhanced their 
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infectivity in TCCSUP cells with 60% and 80% GFP expressing cells at MOI=30 

and 500, respectively . pEI-25 also improved the Ad.GFP infectivity to the same 

level like EGDE-3,3’, although transgene expression in individual cells was not 

consistent using pEI-25 compared to those using EGDE-3,3’. The polymer-

Ad.GFP complexes did not show any adverse effects or toxicity to the cells.  

 

 

Figure A3. Effects of polymer on the efficacy of Ad.GFP-TRAIL induced cell death in TCCSUP 

bladder cancer cells. Cells were infected with 30 MOI Ad.GFP (AdG) or Ad.GFP-TRAIL (AdGT) 

either in the absence or presence of the EGDE-3,3’ polymer. Membrane integrity was stained 

using 7-AAD and quantified using flow cytometry. % specific 7-AAD uptake was calculated by 

subtracting background staining in Ad.GFP infected cells. All data shown are the mean ± SD from 

at least three independent experiments. Statistical significance between groups was calculated 

using the Student’s t-test (n.s. = not significant). 

 

The EGDE-3,3’ polymer-Ad complexes were then tested to deliver a gene 

of human tumor necrosis factor-related apoptosis inducing ligand (TRAIL) that 

induces apoptotic cancer cell death by binding with death receptors (276). The 

Ad.GFP-TRAIL gene was generated by the fusion of TRAIL to the GFP vector 
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(Ad.GFP-TRAIL) (277, 278). The EGDE-3,3’ and Ad.GFP-TRAIL construct 

caused cell death of TCCSUP cells by 35-40%, while the Ad.GFP-TRAIL alone, 

EGDE-3,3’ alone, and Ad.GFP with EGDE-3,3’ induced only 12, 5 and 5% cell 

death, respectively (Figure A3). The combination treatments with Ad.GFP TRAIL 

and EGDE-3,3’ resulted in synergistic cell death compared to their individual 

treatments. These data indicate that polymer coated virus delivery can confer 

CAR-independent infection and infectivity enhancement. Further studies to 

restore the viral infectivity in target cells are underway in Professor Voelkel-

Johnson’s laboratory at MUSC in Charleston, SC.  

App. 2. Improvement of Lentivirus Production and Transduction using Cationic 

Polymer 

App.2.1 Introduction 

Lentiviruses (LV) are a subclass of retroviral vectors that contain a diploid 

positive-strand viral RNA genome. LV are used in many gene therapy 

applications because of their replication in both dividing and non-dividing cells 

(279-282). Assembly of the capsids of these viruses requires three proteins: gag, 

pol and env, which are viral capsid proteins, reverse transcriptase and envelope 

proteins, respectively. The viral capsid protein forms a virion for viral packaging. 

The reverse transcriptase converts the RNA genome to double-stranded DNA 

which is permanently integrated into the chromosomes of host cells. The envelope 

proteins help to bind to the receptors on target cells and mediate cellular entry. 

One of the important challenges for LV gene delivery applications is the 

production of high titer viral stocks. One approach to obtain high viral titer stocks 
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is to transiently transfect human embryonic kidney (293T) cells using 

cotransfection of the three pDNA containing gene of gag-pol, env and any gene of 

interest (283) (Figure A4).  The pDNAs of gag-pol and env express viral 

packaging and envelope glycoproteins, respectively. The third pDNA expresses 

replication-defective LV vector genomes containing the gene of interest, e.g., a 

reporter gene that provides a quantitative evaluation of viral particles production. 

However, delivery of genes into 293T cells requires an efficient delivery vehicle.   

 

 

Figure A4. Lentivirus production and lentiviral-vector mediated transduction. The gag-pol 

structural genes, env packaging constructs and a transgene expression vector are delivered together 

into 293T cells using Mirus LT1 or cationic polymer vectors.   The virus particles produced from 

the 293T cells contain the gene of interest (transgene) which is then used for infecting target cells 

(transduction) in order to express or knock down the gene of interest. Polybrene or cationic 

polymers are used to facilitate the viral transduction of targeted cells.  

 

App.2.2 Production of High Titer LV Vectors by Transient Transfection

 Production of LV by transient transfection using several plasmid 

constructs are classically used in small scale transfection experiments. The 

commonly used gene delivery vectors used are Lipofectamine, FuGENE and 
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Mirus LT1 reagents etc. which are commercially available and expensive (284), 

and thus are not economically feasible for large scale virus production. An 

economically viable feature of LV production had been proposed using the 

cationic polymers produced in our laboratory. The motivation was to substitute 

the expensive commercially available transfection reagents with the easily 

synthesized and cheap polymers for increasing virus production and transduction 

efficiency of the viruses. Therefore, the first objective of this study is to develop a 

cost-effective, reliable and scalable LV production process using the transient 

transfection method and the lead polymer vectors that were synthesized in our 

laboratory (details are in Chapter 2). The second objective is to produce LV short 

hairpin RNA (shRNA) vectors to knock down a known cancer therapeutic target 

protein, the mammalian target of rapamycin (mTOR) in human breast and 

prostate cancer cells in vitro.  

App.2.2.1 Generation of Lentiviruses   

The polymers 1,4C-3,3’; NPGDE-DT; NPGDE-1,4Bis; NPGDE-N2 

Amino; EGDE-3,3’, 1,4C-1,4Bis; and BDGE-1,4Bis were tested at different 

concentrations to generate LV in 293T cells in a 96-well plate format. The cells 

were seeded and grown overnight in the DMEM medium at a density of 

60,000cells/100µl/well in a 96-well plate. Following 24h of growth, a master mix 

of 100ng gag-pol pDNA and 20ng LV envelope expressing vector VSV-G DNA 

was prepared in 6.5µl of serum-free DMEM. The pDNA of GFP was diluted to 

5ng/µl in 10µl 1X PBS. Transfection reagents Mirus LT1 and the polymers were  
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Figure A5. Representative fluorescence images of 293T cells used for the production of GFP-

coding LV. Cells were transfected using a packaging plasmid expressing gag-pol, an envelope 

plasmid expressing the env glycoprotein and the GFP vector plasmid DNA delivered using Mirus 

LT1 or cationic polymers synthesized in our laboratory. The GFP expressing cells were imaged 72 

h of post-transfection. 

 

prepared at different concentrations (the final concentrations are shown in Figure 

A5) in 6.5µl of serum-free DMEM. The viral packaging DNA solution, GFP 

DNA and Mirus LT1 or polymer solution were mixed together and incubated for 

20 min at R.T. The mixture was added to the cells per well of a 96-well plate 

following which the plates were centrifuged for 30 min at 2000 rpm and 

incubated at 37°C. Viral supernatant of 180µl was collected in every 24 h of post-

transfection till 72 h by replacing the cell culture medium with fresh 200µl 

DMEM medium after each collection. The viruses were aliquoted and stored at -

20°C for transduction experiments. The virus production was assessed from GFP 

fluorescence images after 72h of transfection of 293T cells. The preliminary 

results showed that NPGDE-1,4 Bis (5µg/ml); EGDE-3,3’ (10µg/ml) and 1,4C-

1,4Bis (20µg/ml) polymers produced GFP expression levels equal to or greater 

than those produced using Mirus LT1 reagents without causing any toxicity to the 

Mirus LT1: 1µl NPGDE-1,4Bis (5µg/ml) EGDE-3,3’(10µg/ml)1,4C-1,4Bis (20µg/ml)

1,4C-3,3’ (5µg/ml) NPGDE-DT (5µg/ml)NPGDE-N2 Amino (5µg/ml) BDGE-1,4Bis (5µg/ml)
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cells (Figure A5). The results indicate the polymers to be more suitable and cost-

effective alternatives than the commercially available reagents to produce 10
6
-10

7
 

titer units/ml of LV. Further evaluation of this strategy is under investigation in 

collaboration with Dr. Laura Gonzalez and Professor Joshua LaBaer at the Center 

for Personalized Diagnostics Laboratory in the Biodesign Institute of ASU. 

App.2.3 Silencing the Mammalian Target of Rapamycin (mTOR) using LV-

shmTOR and Polymer 

 Cancer cells, including breast and prostate cancer cells, frequently induce 

the phosphatidylinositol-3 kinase (PI3K)/AKT signaling pathway that triggers 

activation of cytoplasmic mTOR serine/threonine kinases (285). In cancer cells, 

mTOR can also be activated by other receptor tyrosine kinase pathways such as 

overexpression of human epidermal growth factor receptors (HER 1-4) and 

platelet-derived growth factor receptors (PDGFR) etc. (286). mTOR forms 

mTORC1 complexes by interacting with regulatory associated protein of mTOR 

(Raptor). mTORC1 phosphorylates two downstream proteins: ribosomal p70s6 

kinase (S6K1) (287) and eukaryotic initiation factor (eIF4E) binding proteins 

(4EBP1) (288, 289). Phosphorylation of S6K1 and eIF4E enhances translation of 

growth factors, anti-apoptotic proteins (Bcl2 and Bad) (290), cell cycle regulators 

(cyclin D1) of G1 to S phase transition (291, 292), ribosomal proteins and 

elongation factors in a variety of cancer cells (293). Inhibition of mTOR activity 

using rapamycin molecules and its derivatives (CCI-779, RAD 001 and AP23573) 

has been demonstrated to dephosphorylate S6K1 and 4EBP1(294), block G1 to S 

phase traverse (295), and inactivate Bcl2 and Bad anti-apoptotic proteins (296).  
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Silencing of mTOR using LV-shmTOR constructs had been shown to 

induce apoptosis upon induction with Doxycycline (Dox) in PC3-MC-luc prostate 

cancer cells both in vitro and in vivo (297). Cultured cells treated with shmTOR in 

presence of 1µg/ml Dox showed 60% reduction in mTOR protein and mRNA 

levels after four days of Dox-induction.  The control shRNA did not show any 

reduction in the mTOR levels. A 10-15% increase of cells in the G1/G0 phase 

was observed for the cells transduced with shmTOR in the presence of Dox 

compared to the untreated cells. In vivo evaluation of mTOR silencing with Dox 

induction in PC3-MC-luc xenografts of athymic nude mice showed a complete 

regression of the tumors at the early stage of tumors. However, tumor volume was 

not reduced from the original volume in the advanced staged tumors.   

 

 

Figure A6: mTOR silencing in MCF-7 breast cancer cells. Cells (80,000/well) were transduced 

using either scramble shRNA control (S), or shmTOR (M), or GFP transgene (G) expressing 

lentiviral vectors at MOI=25.   Western blot analysis of mTOR and actin protein expression was 

carried out after 72h of transduction. Actin was used as a loading control. 

 

In our study, we tested the efficacy of  LV-shmTOR constructs in MCF-7 

breast cancer cells by delivering them using 5µg/ml of the following polymers: 

1,4C-3,3’; NPGDE-DT; NPGDE-1,4Bis; NPGDE-N2 Amino; EGDE-3,3’, 1,4C-

1,4Bis; and BDGE-1,4Bis. Polybrene (8µg/ml) was used as a control polymer 
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vector. The preliminary results showed that NPGDE-1,4Bis deleted the mTOR 

protein expression levels significantly in MCF-7 cells, while a faint levels of 

mTOR were detected for cells transduced using polybrene polymer and LV-

shmTOR constructs (Figure A6). Though NPGDE-DT and NPGDE-N2 Amino 

showed similar efficacy as polybrene, the polymers were toxic to cells which was 

seen from the lower levels of actin and mTOR expression in scramble shRNA and 

GFP DNA transduced cells than that of the shmTOR transduced cells. Further 

studies on mTOR knockdown are underway in Dr. Joshua LaBaer’s laboratory in 

the Biodesign Institute of ASU.     
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