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Abstract 
 
 

The overall objective of this project was to design and develop a urine-based assay as 

a means of early cancer detection.  Through expression-targeted gene delivery, cancer 

cells were to be induced into expressing reporter proteins that would be secreted and 

detected via lateral flow assay.  The work began in vitro, but progressed into the bladder 

in an orthotopic model of transitional cell carcinoma.  As opposed to existing blood- or 

urine-based cancer diagnosis methods that work via detection of a limited number of 

cancer biomarkers, the method developed in this thesis is not limited to secreted cancer-

specific molecules.  Instead, genes were engineered that placed cancer-specific DNA 

elements (promoters and enhancers) upstream of exons that encode secreted proteins.  

Following non-virally mediated gene delivery, the transgenes, expressed preferentially in 

cancer cells, yielded the expression of the secretable reporters, which were detected in 

cell supernatants in vitro or in the urine in vivo.  

 

A good orthotopic bladder model was required to test therapeutic/diagnostic agents. 

In traditional methods to establish an orthotopic murine bladder model, mechanical 

damage (electrocautery) or chemical denudation are widely used to disrupt the 

glycosaminoglycan layer lining on the urothelium for the purpose of increasing the 

tumor-take rate.  We compared gene delivery efficiencies, via the Gaussia luciferase 

(G.luc) reporter, in murine models with versus without urothelial burn injury via 
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electrocautery.  It was found that urine samples collected at 24 hours after the third 

treatment from tumor-bearing mice having initially received the burn injuries contained 

significantly lower luciferase levels than those from the counterpart “no burn” mice 

(p<0.05).  This finding also held true in tumor-free mice having received burns versus no 

burns.  Considering the fact that the tumor-take rate of the no-burn model was 80%, as 

opposed to 87.5% tumor-take in the burn model, the burn-free tumor-instillation regimen 

was chosen for the murine model of transitional cell carcinoma, upon which the 

expression-targeted diagnostic was tested.  

 

The clycooxygenase-2 promoter (Pcox2) and osteopontin promoter (Popn) were 

selected to drive the expression of G.luc both in vitro and in vivo.  Each promoter yielded 

cancer-specificity in that, following transfections, the reporter was expressed well in the 

murine bladder carcinoma cell line MB49 as opposed to little-to-no expression in normal 

murine fibroblasts (MF).  In control experiments in vivo, Pcox2-G.luc- and Popn-G.luc-

treated mice without tumors did not secrete significantly higher levels of G.luc than did 

tumor-free mice undergoing treatments with the pUC19 null vector.  However, tumor-

bearing mice that were treated with Pcox2-G.luc did secrete significantly higher levels of 

G.luc than did tumor-bearing mice treated with the null vector.  Trials utilizing Popn-

G.luc treatments did not yield a significant increase in G.luc expression versus negative 

controls.  A positive correlation was established between maximal G.luc levels observed 

and bladder weight (R2=0.94).  Although Pcmv-, Pcox2-, and Popn-driven transgene 

expressions followed different kinetics in cultured MB49 cells, G.luc expression driven 

by the three promoters displayed similar expression profiles in the bladder model.  Local 



!

maxima were observed in urine samples collected at 24- and 48- hours post-transfection 

(and at 72-hours when experiments were carried out that far).  This periodicity in 

luciferase detection spikes may have been the result of a masking of G.luc signal by some 

factor(s) that were present in the urine in a circadian fashion.  

 

Further development of the detection system involved branching out from G.luc in 

the search for additional secretable reporters that could be detected in the urine.  Genes 

encoding beta-2-microglobulin (β2m), the beta-subunit of human chorionic gonadotropin 

(βhCG), the prostate specific antigen (psa), and secreted alkaline phosphatase (seap), 

were selected based upon their sizes, expression levels in healthy individuals, and 

detectability by currently-available ELISA-based methods.  A library of promoters and 

reporters would open the door to multiple cancer-detection assays being performed 

simultaneously with a single test.  It was found that the transcription of the delivered 

transgenes βhCG and psa, and the secretion of the corresponding protein products, were 

more active in bladder carcinoma cells than in the colon carcinoma cells tested in vitro.  

In vivo, the PSA and SEAP reporters were elevated in tumor-bearing mice having 

undergone treatments with Pcox2-driven transgenes encoding these proteins.  Results 

indicated that β2m was not a good reporter for the detection system.  While βhCG was 

not examined in vivo because of reports that it could cause an up-regulation in cancer cell 

proliferation, a non-bioactive fragment of βhCG could potentially be very useful, based 

on the exciting data obtained in vitro using the βhCG reporter with detection taking place 

in home-pregnancy kits.  On the targeting side, both Pcox2 and Popn were able to yield 

relatively high levels of downstream gene expression in bladder carcinoma cells.  In vivo 
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results demonstrated the utility of the detection system for bladder tumors, and existing 

urine-based lateral assays showed proof-of-concept for a potential home-based cancer 

detection system. 
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Chapter 1. Background 

1.1. Cancer Screening and Detection 

According to the newest statistics from the American Cancer Society, about 589,430 

Americans are expected to die of cancer (about 1,620 people per day) and 1,658,370 new 

cancer cases are expected to be diagnosed in 2015 (American Cancer Society). Cancer 

has become the second most common cause of death in the US.  Screening is an effective 

approach to help detect cancer early and provide treatment opportunities before cancer 

progression becomes uncontrollable. For instance, since the introduction of screening, the 

relative 5-year survival rate of bladder cancer patients has reduced from 98% at Stage 0 

to 15% at Stage IV based on people diagnosed with bladder cancer from 1988 to 

2001(American Cancer Society). Hence�early detection is crucial to lowering mortality 

rates among cancer patients.  

 

The history of cancer screening dates back to 1923, when George Papanicolaou 

developed the Pap test to diagnose cervical cancer (Mammas and Spandidos, 2012). As 

researchers gain a deeper understanding of cancer mechanisms, new diagnostic tools for 

cancer are being developed. Currently, there are a variety of methods that have been 

applied to cancer diagnosis.  Each one is described in more detail below.  
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1) Biopsy.  Tissue or cell samples may be taken from the suspected neoplasm to be 

evaluated by a pathologist.  Excisional biopsies require surgery to remove the entire 

tumor or a debulking procedure may be performed to remove a part of it from the body, 

therefore local or even general anesthesia is usually required. Another biopsy technique 

considered less invasive than a surgical biopsy, is a fine needle biopsy or a punch biopsy. 

Local anesthesia is still required if a large-sized needle (core needle) is used but no 

incision is made (American Cancer Society). Given that a very thin needle is used, tiny 

pieces of tissue with a small amount of fluid are removed,  therefore tissue processing can 

occasionally be faster than surgical biopsies. The drawback of the fine needle technique 

is that sometimes insufficient samples are extracted, preventing a definite diagnosis. 

Needle biopsies are also usually performed under the guidance of imaging tools to 

guarantee the samples are collected from the correct location (American Cancer Society). 

 

2) Imaging. These techniques rely on a wide array of imaging facilities to produce 

pictures showing the inside of body based on the interaction of electromagnetic radiation 

(e.g. computed tomography (CT), positron emission tomography (PET), and magnetic 

resonance imaging (MRI)) with body tissues and fluids or the reflection (ultrasound) 

(Fass, 2008). CT uses computer-processed X-rays to create 2-dimensional slices of a 

scanned area and then generates a 3-dimensional image via digital geometry processing.  

Sometimes the temporal and spatial resolution of CT is combined with the metabolic 

sensitivity of PET to form images, which not only display tumor size but also show tumor 

metabolism and other parameters (Fass, 2008). CT is especially recommended for 

colorectal cancer and lung cancer screening according to American Cancer Society 
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screening guidelines. Mammography is another imaging technique, which uses low-

energy X-rays to create pictures of breasts. This technique is a widely used breast cancer 

screening exam. However, high frequency electromagnetic radiation including X-rays 

and ultraviolet light are ionizing, which poses a potential safety hazard to people (Pierce 

et al., 1996). MRI uses non-ionizing radiation and serves as an alternative option for 

breast cancer detection.  However, the high cost, limited access, and high false positive 

probability keep MRI from being considered as a routine screening exam. Instead MRI is 

used as a supplemental technique for mammography or ultrasound to assist with decision-

making before mastectomy surgeries (Fass, 2008). Ultrasound technique creates images 

based on echoes.  An ultrasound emits high-frequency sound waves, which bounce off 

organs and tissues creating an image.  Ultrasound is better than X-rays at evaluating 

cancers in soft tissue and is used to tell the difference between fluid-filled cysts and solid 

tumors based on the different echo patterns.  However, ultrasound fails to offer images as 

detailed as those from CT or MRI scans and cannot indicate if tumors are benign or 

malignant (American Cancer Society). 

 

3) Endoscopy.  This diagnostic test involves insertion of an endoscope into the body. 

This aids physicians by allowing them to look inside of the body via fiber optics 

(installed on one end of the endoscope). There are several different types of endoscopy 

(American Cancer Society). For example, a colonoscope is inserted into the body through 

the anus to check the colon and large intestine. This is considered a routine screening 

exam for colorectal cancer.  Though colonoscopy is a sensitive diagnostic technique, it 

can fail to detect some small polyps (Atkin et al., 2002). Before the test, a thorough 
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cleansing of the colon is necessary and sedative drugs are usually administered into 

patients.  Sometimes colonoscopy can lead to serious complications, including bleeding 

or rarely, perforation of the lining of colon.  In recent years, capsule colonoscopy has 

been developed as a less invasive diagnostic procedure than conventional colonoscopy 

ostensibly to reduce the risk of complications (Riccioni et al., 2012). 

 

4) Laboratory tests. Body fluids including blood, urine and tissues may be collected 

for a series of laboratory tests.  For example, a complete blood count is used to diagnose 

and monitor leukemia by measuring indicators of disease, such as altered numbers of 

different cell types, the amount of hemoglobin, and the size of red blood cells (National 

Cancer Institute). Cytogenetic analysis is used to evaluate any changes in the number and 

structure of chromosomes in white blood cells (National Cancer Institute). A gene 

mutation test is used to identify if mutations occur in genes that are associated with 

cancer development (National Cancer Institute). Another popular laboratory test that is 

noteworthy, is the tumor biomarker test.  A tumor biomarker is a biological molecule 

present in body fluids or tissues that indicates the presence of a tumor in body. It can be a 

protein, nucleic acid, antibody and or a peptide.  Table 1.1 lists all cancer biomarkers that 

have been approved by the Food and Drug Administraion (FDA). (Ludwig and Weinstein, 

2005, Fuzery et al., 2013, Li and Chan, 2014) 
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Table 1.1. US Food and Drug Administration-approved cancer biomarkers. 

Biomarkers Type Cancer Type Source 
α-Fetoprotein Glycoprotein Nonseminomatous  

testicular 
Serum 

HCG-β Glycoprotein Testicular Serum 
CA19-9 Carbohydrate Pancreatic Serum 
CA125 Glycoprotein Ovarian Serum 
HE4 Protein Ovarian Serum 
OVA1 Proteins Ovarian Serum 
Pap smear Cervical smear Cervical Cervix 
CEA Protein Colon Serum 
EGFR Protein Colon Colon 
Fibrin/fibrinogen 
Degradation product 

Protein Colon Serum 

KIT Protein (IHC) GI tumor GIST 
Thyroglobulin Protein Thyroid Serum 
PSA (total)  Protein Prostate Serum 
PSA (complex)    Protein Prostate Serum 
PSA (free PSA%) Protein Prostate Serum 
Pro2PSA Protein Prostate Serum 
CA15-3 Glycoprotein Breast Serum 
CA27-29 Glycoprotein Breast Serum 
Cytokeratins Protein (IHC) Breast Breast tumor 
OR and PR Protein (IHC)     Breast Breast tumor 
HER2/NEU Protein (IHC)  Breast Breast tumor 
HER2/NEU Protein Breast Serum 
HER2/NEU DNA (FISH) Breast Breast tumor 
Chromosomes 3,7,9, 
and 17 

DNA (FISH) Bladder Urine 

NMP22 Protein Bladder Urine 
Fibrin/FDP Protein Bladder Urine 
BTA Protein Bladder Urine 
HMW CEA and mucin Protein 

(immunofluorescence) 
Bladder Urine 

BTA, bladder tumor-associated antigen; CA, cancer antigen; CEA, carcinoembryonic antigen; FDP, fibrin 
degradation protein; FIS, fluorescent in-situ hybridization; GIST, gastrointestinal stromal tumor; HCG, 
human chorionic gonadotropin; HE4, human epididymis protein 4; IHC, immunohistochemistry; NMP22, 
nuclear matrix protein 22; OVA1, multiple proteins including CA-125 II, transthyretin, apolipoprotein A1, 
β2-microglobulin and transferrin; PSA, prostate-specific antigen.  
 

As for bladder cancer, the main type of cancer this work would focus on, white light 

cystoscopy (WLC) is still the diagnostic standard (Cauberg Evelyne et al., 2011). A 

cystoscope with a lens or a camera on one end is inserted into the bladder through the 

urethra, allowing physicians to look at inside of the bladder. But WLC is not ideal for 

detecting small papillary bladder tumors, satellite lesions and carcinoma in situ (CIS) 



!

!

6!

(Jocham et al., 2008). Fluorescence cystoscopy is helpful to improve visualizing bladder 

tumors. Fluorescent dyes such as 5-aminolevulinic acid or its hexyl ester 

hexaminolevulinate are delivered into the bladder via a transurethral catheter and 

specifically absorbed by cancer cells.  When a blue light is applied through the cytoscope, 

cancer cells will emit a red color due to the accumulation of the porphyrins in them 

(Cheung et al., 2013a). Narrow-band imaging improves the contrast between bladder 

cancer cells and normal bladder cells by filtering white light into two narrow bandwidths 

of light (λ=415nm (blue) and λ=540nm (green)), which are taken up by hemoglobin 

(Cauberg Evelyne et al., 2011, Kuznetsov et al., 2006). Because bladder tumor has 

vascular networks, regions of blood vessels will show darkness, increasing the visibility 

of tumors (Cauberg Evelyne et al., 2011). Cytology is widely used as a non-invasive 

urine test. Urinary markers for bladder cancer detection have been summarized in Table 

1.1. For example, UroVysion® produced by Abbott Moelcular Inc diagnosed bladder 

cancer by detecting aneuploidy in chromosomes 3,7, and 17, and loss of the 9p21 locus of 

the P16 tumor suppressor gene (Cheung et al., 2013a, Junker et al., 2003). In addition, the 

USA Food and Drugs Administration have approved a point-of-care NMP 22 test, which 

is produced by Stellar Pharmaceuticals, for bladder cancer detection and surveillance 

(Cheung et al., 2013a). 

1.2.  Expression-targeted gene delivery in cancer 

Delivery of a reporter gene into cancer cells is a very promising strategy to image 

cancer (Wu et al., 2003a). If these genes are delivered into the cells or tissues of interest 

under the control of a universal promoter, which normal cells or tissues also respond to, it 

is expected to cause a false-positive signal, during diagnosis. Expression-targeted gene 
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expression technique is aimed to manipulate cancer cells or malignant tissues to express 

the delivered gene but to prevent or at least minimize the delivered gene’s expression in 

normal cells or tissues. The success of such strategy is achieved by taking advantage of 

cancer-specific promoters.  A typical cancer-specific promoter is a region of DNA that is 

limited to initiating transcription of downstream a gene in cancer cells. In general, a 

cancer-specific promoter contains many cis-regulatory elements, which are bound by 

overexpressed transcription factors present in cancer cells. However, due to a lack of or 

an insufficiency in these transcription factors in normal cells, normal cells fail to respond 

to the cancer-specific promoter effectively, leading to a low or undetectable expression of 

the downstream gene.  Table 1.2. summarizes a series of cancer-specific promoters that 

may be used for transcriptional targeting in cancers.  

 

Table 1.2. Examples of cancer-specific promoters in cancer gene therapy. 

Promoter Cancer Type Reference 
α-fetoprotein (AFP) Hepatocellular carcinoma (Peng et al., 2013) 
Carcinoembryonic  antigen 
(CEA) 

CEA-expressing tumors (Fichera et al., 1998) 

Cholecystokinin type A 
receptor 

Pancreatic cancer (Xie et al., 2007) 

erbB2 ERBB2-expressing tumors (Chang et al., 1999) 
mucin-1 (muc1) MUC1(DF3)-expressing 

tumors 
(Huyn et al., 2009) 

L-plastin (LP-P) Epithelial-derived tumors (Chung and Deisseroth, 2004) 
α-lactalbumin (ALA) Breast (Li et al., 2005) 
midkine (MK) Pancreatic (Yoshida et al., 2002) 
cyclooxygenase-2 (cox-2) Gastrointestinal (Yamamoto et al., 2001a) 
PSA/PMSA, kallikrein-2 Prostate (Zhang et al., 2002) 
Probasin (ARR2PB) Prostate (Zhang et al., 2000) 
Tyrosinase promoter Melanoma (Siders et al., 1998) 
Human telomerase reverse 
transcriptase 

Not cancer type specific (Gu et al., 2000b) 

Prolactin (PRL) Pituitary tumors (Camper et al., 1985) 
Osteocalcin 2 Osteosarcoma (Ko et al., 1996) 
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Dysregulation of some gene expression takes place in almost all cancer types. Therefore, 

cancer-specific promoters upstream of these genes likely lack tissue specificity.  

Telomerase is a eukaryotic ribonucleoprotein enzyme that maintains stability of 

telomeres, the ends of eukaryotic chromosomes. Telomerase expression is repressed in 

most somatic cells and tissues, resulting in shortened telomeres when cell division occurs. 

However, telomerase is highly expressed in more than 85% of human cancers (Kim et al., 

1994).  Human telomerase reverse transcriptase (hTERT) is a crucial catalytic subunit of 

telomerase, playing a determinant role in telomerase activity (Gu et al., 2000a). The gene 

hTERT is overexpressed in cancer cells but repressed in most somatic cells, and 

expression of the PhTERT-directed suicide gene (Bax) could induce apoptosis targeted to 

in cancer cells and tumor tissues (Gu et al., 2000a).  Survivin is an inhibitor of apoptosis 

protein and is overexpressed in most cancers, playing a role in enhancing cancer cell 

proliferation and resistance to chemotherapy. Although it is also expressed in some 

normal cells (e.g., primitive hematopoietic cells, T lymphocytes, and vascular endothelial 

cells) to regulate their growth, its expression level is much lower than that of transformed 

cells (Fukuda and Pelus, 2006). The Psurvivin-driven luciferase shows more than 200 

times more cancer-specific activity than the cytomegalovirus promoter (Pcmv) upstream 

of luciferase delivered via liposome intravenously into mice bearing lung tumor (Chen et 

al., 2004).   

 

Though some of these cancer-specific promoters could be used selectively in a 

specific cancer type, some others lack such selectivity and work in many different types 

of cancer.  One of the solutions to improve selectivity is to introduce some tissue-specific 
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elements into a non tissue-specific promoter. A lung cancer-targeted promoter system 

was developed by co-delivering PhTERT-driven thyroid transcription factor 1 (TTF-1) 

and five tandem copies of human surfactant protein A1 promoter (PhSPA1)-driven 

luciferase to lung cancer cells (Fukazawa et al., 2004). PhTERT does not possess tissue 

specificity but it could drive the expression of TTF-1. Together with other lung-specific 

accessory factors, TTF-1 could bind to the PhSPA1 and drive the expression of 

downstream gene in lung cancer cells (Fukazawa et al., 2004).  Another approach is to 

collaborate with other regulation mechanisms to elevate specificity. A tissue specific 

Epithelial Cell Adhesion Molecule (EpCAM) promoter (EGP-2) drove suicide gene 

expression under the regulation of let-7b miRNA selectively in EpCAM-overexpressing 

and let-7 down regulated retinoblastoma cell lines (Danda et al., 2013).  Recently, Chuah 

et al. used a bioinformatics approach to identify evolutionary conserved cis-acting 

regulatory modules(CRMs) that were liver-specific and some of these CRMs could 

contribute to 10- to 100-fold increase in gene expression (Chuah et al., 2014).  This 

computational approach may be applied to search for clusters of transcription factor 

binding site motifs corresponding to tissue-specific cancer.  

 

The transcriptional activity of cancer-specific promoters is another important 

characteristic in determining their potential in clinical therapy. Limited activity could not 

elicit sufficient therapeutic effects or produce reporter expression over detection 

sensitivity.  One of the direct strategies to amplify the transcriptional activity of cancer-

specific promoters is to construct multiple copies of a homologous promoter or combine 

heterogeneous promoters together, achieving an additive or possibly synergistic effect. 
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The transcriptional activity of the multiple core-tac-promoters cluster was increased 

significantly via repeating the number of the core-tac-promoters (Li et al., 2012). 

However, not all multimerization of positive elements in promoters can result in 

transcriptional activity elevation. Multiple copies of β-lactoglobulin promoter 

unfortunately reduced the downstream chloramphenicol acetyl transferase reporter gene 

expression (James et al., 2000).  Multimerization of proximal sericin1 promoter also 

repressed gene expression at the transcription level (Ye et al., 2015).  Another strategy is 

to employ the approach of two-step transcriptional activation (TSTA) to improve 

promoter strength.  In the first step, the tissue-specific promoter such as prostate specific 

antigen promoter (PPSA) directed GAL4-VP16 fusion gene expression. The expressed 

GAL4-VP16 fusion protein served as transcriptional factor to interact with GAL4 

response elements in a minimal promoter, which drove the expression of an imaging 

reporter gene (e.g., luciferase, mutant HSV1 thymidine kinase enzyme) (Iyer et al., 2001). 

This approach could improve imaging signal by around 5-fold compared to the traditional 

one step method by detecting luciferase expression after transiently transfected LNCaP 

cells were infused into mice (Iyer et al., 2001).  The GAL4/VP16 system was also used to 

augment the transcriptional activity of the carcinoembryonic antigen promoter (PCEA) by 

20 to 100 fold in CEA-positive cells compared with only 6 to 8 fold in CEA-negative 

cells (Koch et al., 2001).  Another two-step system uses one plasmid containing PhTERT 

upstream of a constitutively activated form of heat shock transcription factor 1 (cHSF1) 

and is followed by the heat shock protein 70B promoter (PHSE)-driving the cytosine 

deaminase (CD) gene could increase the CD expression without losing cancer specificity 

in vitro and in vivo (Wang et al., 2003).   
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1.3. Reporter system  

Reporter genes have been widely investigated and used to study a series of biological 

processes, such as evaluating transfection efficiency or studying protein subcellular 

localization. In order to assess the transcriptional activity of promoter elements, the 

promoter DNA is inserted upstream of a reporter gene. The reporter gene encodes a 

protein with a unique feature allowing it to be easily identified among a mixture of 

endogenous proteins. For example, if the reporter protein is a specific enzyme then it can 

catalyze a specific biochemical reaction.  The constructed chimeric gene will be delivered 

into cultured cells or animals via gene delivery methods. The expressed reporter protein 

will be quantified in extracted cell/tissue, culture supernatant or body fluids.  Although 

the quantity of reporter protein is not directly associated with transcriptional activity of 

promoter elements according to the central dogma, the more active promoter elements 

are, the more reporter protein would be generated in general (Alam and Cook, 1990).  

 

A successful reporter system should meet the following requirements (Kain and 

Ganguly, 2001): (1) The reporter protein is low-to-undetectable in the host or is very 

easily distinguished from endogenous proteins. (2) There is a reliable, sensitive, 

inexpensive assay available for the reporter protein to be detected rapidly. (3) A broad 

linear range is offered by the assay for the reporter protein to test the changes in promoter 

activity. (4) The physiology of the cells, tissues and the organism is not expected to 

change due to the expression of the reporter gene.  Various reporter proteins that are 

widely used in monitoring biological processes will be introduced below.  
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1) Chloramphenicol acetyltransferase (CAT). CAT was the first reporter protein used 

for studying transcription regulation (Jiang et al., 2008). It is a prokaryotic enzyme that 

can catalyze the transfer of acetyl group from acetyl-coenzyme A (acetyl-CoA) to 

chloramphenicol. Because there are no endogenous proteins such as CAT with the same 

enzymatic activity in mammalian cells, it is readily distinguished from other endogenous 

proteins. The stability of CAT is very high with a half-life of 50 hours in mammalian 

cells (Thompson et al., 1991). The CAT proteins are first extracted from cells and mixed 

thoroughly with chloramphenicol and radioactive elements, followed by adding the 

substrate acetyl CoA to the mixture. After the reaction is finished, the CAT activity is 

represented by the amount of acetylated chloramphenicol, which is normally measured by 

either scanning the density of the dark spots on an X-ray film or by measuring the 

radioactivity in each spot on the thin-layer chromatographic sheets. There are other 

detection methods to analyze CAT without using radioactive elements. The CAT ELISA 

uses anti-CAT antibody to measure the CAT protein amount directly rather than the CAT 

activity.  Another option is to use a CAT assay based on a fluorescent derivative of 

chloramphenicol; the assay possesses higher sensitivity and a broader detection range 

than radioactive substrate (Kain and Ganguly, 2001).   

 

2) Secreted Alkaline Phosphatase (SEAP). The SEAP protein is a truncated form of 

human placental alkaline phosphatase (PLAP) through the deletion of C-terminal 24 

amino acids – the glycophosphatidylinositol (GPI) domain (Berger et al., 1988). Unlike 

PLAP, SEAP is secreted from transfected cells into the cell supernatant, making detection 

of SEAP much easier without lysing cells. The half-life of SEAP is around 500 hours, in 
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culture medium while it is about 2 hours in serum in mice (Hiramatsu et al., 2006).  

Unlike endogenous alkaline phosphatase, SEAP is very heat-stable and able to resist to 

the phosphatase inhibitor L-homoarginine. Therefore, endogenous alkaline phosphatase 

could be easily removed by heating samples at 65 °C and by incubation with this 

inhibitor, without affecting the quantification of SEAP.  p-Nitrophenyl phosphate is a 

kind of substrate used for SEAP colorimetric assay. This assay is a rapid, simple to use 

and cost-effective test but has limitations in sensitivity and detection range.  A 

bioluminescent assay has a higher sensitivity (compared to the bioluminescent assay for 

luciferase) via hydrolysis of D-luciferin-O-phosphate. SEAP could catalyze the 

dephosphorylation reaction to produce free luciferin, which acts as the substrate for 

firefly luciferase.  The most sensitive substrate in current use for the SEAP assay is 

CSPD [3-(4-methoxyspiro[1,2-dioxetane-3,2’(5’-chloro)-tricyclo(3.3.1.13,7)decane]-4-

yl)phenyl phosphate], which is dephosphorylated by alkaline phosphatase (AP).  

Dioxetane anion from the dephosphorylation step is unstable and will decompose and 

emit light with its activity peak at 477nm. The light signal is quantified by a luminometer 

or a scintillation counter. 

 

3) Fluorescent Protein. The green fluorescent protein (GFP) was first isolated from 

the jellyfish Aequorea victoria. The luminescent protein aequorin in the organism emits 

blue light after interaction with Ca2+ ions (Tsien, 1998). Part of this luminescent energy is 

transferred to GFP, making it glow green.  Under the excitation of UV or blue light 

(major peak λ=395 nm, minor peak λ=475nm), bright green light is emitted by GFP with 

an emission peak at λ=509nm, which has similar fluorescence excitation and emission 
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spectra to those of fluorescein (Kain et al., 1995).  Fluorescent proteins are advantageous 

over bioluminescent reporters in that their chromophore is intrinsic to the primary 

structure of the proteins, without the requirement of adding a substrate or cofactor (Kain 

et al., 1995).  Another merit of fluorescent proteins is they allow real-time monitoring of 

transcriptional changes in cells and organisms.  When potentials of the GFP on scientific 

research were realized, more efforts were made to create mutants of GFP to meet 

different needs. For example, a single point mutation (S65T) changed GFP to possess 

enhanced fluorescence and photostability and shift the excitation and emission spectra 

(Excitation λ=488 nm, emission λ=509nm) to better suit FITC filter sets (Heim et al., 

1995).  Other color mutants were also created to make it possible to detect more than one 

fluorescent protein simultaneously.  Additionally, some mutants were produced to 

overcome GFP shortcomings.  Wild type GFP is very stable and their half-life can exceed 

24h in vivo (Andersen et al., 1998). It is not desirable since the high protein expression 

remains even after the activity of the promoter directing the gfp has weakened (Leveau 

and Lindow, 2001). New variants were constructed to make it more susceptible to 

proteases and the half-life was highly reduced (Andersen et al., 1998).  

 

4) Luciferases. Both fluorescence and chemiluminescence processes produce photons 

through energy transitions from unstable excited states to ground states, allowing light 

signal to be observed. The absorption of light is required as an external energy to excite 

chromophores of fluorescence proteins while chemiluminescence proteins obtain the 

energy from exothermic chemical reactions (Fan and Wood, 2007).  Though 

chemiluminscent assays generate lower light intensities than fluorescent assays, 
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backgrounds of chemiluminscent assays are also much lower in that no external photons 

are introduced into the samples. This leads to higher sensitivity chemiluminescent assays 

(Fan and Wood, 2007). Table 1.3. summarizes several luciferase reporters that are 

commonly used in biological research. For the assays using D-luciferin as a substrate, the 

substrate is combined with ATP and forms a luciferyl-AMP intermediate, bound to a 

specific luciferase.  The first intermediate becomes another bound intermediate, 

oxyluciferin, in the presence of O2. Oxyluciferin moves from a high-energy state to the 

ground state by emitting yellow-green light (Thorne et al., 2010). For the assays using 

coelenterazine as a substrate, the specific luciferase catalyzes the oxidation of 

coelenterazine to generate coelenteramide and emit blue light (Thorne et al., 2010). The 

Cypridina Luciferase (CLuc) can catalyze the oxidation of Cypridina luciferin to 

Cypridina oxyluciferin and emit blue light (Thorne et al., 2010). Firefly luciferase (FLuc) 

and Renilla luciferase (RLuc) are two widely used luminescent reporters in cell-based 

assays. They have a shorter half-life than fluorescent proteins like GFP, which makes 

them better at monitoring transcriptional induction (Thorne et al., 2010).  The secreted 

luciferases such as Gaussia luciferase (GLuc) and Cypridina luciferase (CLuc) have 

longer half-lives than those non-secreted luciferases, but secreted luciferases are more 

convenient because they allow real time assays without requiring lysing cells (Thorne et 

al., 2010). 
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Table 1.3. Luciferase reporters features (Thorne et al., 2010) 

Luciferase Firefly 
(FLuc) 

Modified 
Firefly (Ultra-
Glo) 

Click beetle 
(CBLuc) 

Sea pansy 
(RLuc) 

Copecod 
crustacean 
(GLuc) 

Ostracod 
crustacean 
(CLuc) 

Species  Photinus 
pyralis 

Photuris 
pennsylvanica 

Pyrophorus 
plagiohthalamus 

Renilla 
reniformas 

Gaussia 
princeps 

Cypridina 
noctiluca 

Emission 
wavelength 

550-
570nm 

550-570nm Green: 537nm 
Red: 613nm 

480nm 460nm 465nm 

Substrates D-luciferin/ATP Coelenterazine Vargulin 
Secreted No Yes 
Half-life 3hrs N/A 7hrs 4.5hrs 6 days 53hrs 
 

 

5) β-Galactosidase. The enzyme β-galactosidase (β-Gal) is encoded by the lacZ gene 

from E.coli and can catalyze the hydrolysis of β-galactosides into monosaccharides. 

There are different substrates of  β-Gal used for different assay formats.  The colorimetric 

assay is a simple and cost-effective method to quantify β-Gal activity. The reaction 

substrate used for this assay is O-nitrophenyl-beta-D-galactopyranoside (ONPG). After 

mixing cell extracts with this substrate, the optical densities can be measured via 

spectrophotometer (Smale, 2010).  In the fluorimetric assay, β-4-methylumbelliferyl β-D-

galactopyranoside (MUG) is a commonly used substrate. MUG penetrates cells, is 

hydrolyzed by β-Gal, resulting in the fluorescent compound 4-methylumbelliferone 

(4MU), which can be detected using a fluorimeter (Young et al., 1993).  A more sensitive 

chemiluminescent assay was developed using a chemiluminescent substrate (3-(4-

methoxyspiro[1,2-dioxetane-3,2’-tricyclo-[3.3.1.13,7]decan]-4-yl)phenyl-β-D-

galactopyranoside) and is capable of detecting as little as 2 fg of β-Gal (Jain and Magrath, 

1991).  
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1.4. Lateral flow chromatographic immunoassays 

Lateral flow chromatographic immunoassays are portable devices used to detect the 

presence or absence of a target analyte in body fluid sample. As we gain more 

understanding of the biomarkers associated with some disease/phenomena, these tests 

gain use as medical diagnostics. In 1988, this technology found its first real commercial 

application in a home pregnancy test launched by Unipath (Thornton et al., 2012). 

Currently, tests are available for detecting various biomolecules to identify different 

conditions, including drugs of abuse, diabetes, cancer, and sexually transmitted diseases.  

 

Figure 1.1 shows a schematic view of a traditional lateral flow assay.  It is composed 

of several layers of materials overlapping each other.  The sample is loaded onto the 

sample pad through the sample port at the proximal end of the strip. The sample pad 

pretreats the sample to guarantee it is compatible with the rest of the test (Wong and Tse, 

2009). Then the treated sample flows to the conjugate pad. A particulate conjugate 

(generally a colloidal gold, colored, fluorescent or paramagnetic latex particle) has been 

immobilized in the conjugate pad in advance (Wild, 2013). The particulate becomes 

conjugated to a biological molecule (antigen or antibody).  As the sample moves from the 

sample pad to the conjugate pad, the immobilized conjugate interacts with the sample and 

become a complex if the specific analyte is present in the sample. The reaction matrix is 

where the protein binding happens during the test and control regions. The reaction 

matrix is a porous membrane and commonly made of nitrocellulose, which is inexpensive, 

capable of high protein-binding, and easy to handle (Yetisen et al., 2013). The other 

specific biological components of the assay have been immobilized on the test line and 
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the control line on the reaction matrix, either antibody or antigen, capturing the conjugate 

and even conjugate-analyte while the fluid creates two lines.  There are also membranes 

made of other materials such as nylon and polyvinylidene fluoride (Yetisen et al., 2013). 

The distal end of the assay is the absorbent pad is where excess fluid passing the control 

line is entrapped.  

 

 In the traditional human chorionic gonadotropin (hCG) dipstick, (mouse) monoclonal 

anti-hCG antibody, which is conjugated to colloidal gold is deposited on the conjugate 

pad. The test line is coated with an anti-hCG capture antibody while the control line is 

coated with (goat)-anti-(mouse) antibody. If the level of hCG in the sample is greater 

than the sensitivity of the assay, hCG in the sample will bind to gold-antibody conjugate 

in the conjugate pad and migrate to the reaction matrix where the hCG-conjugate 

complex will bind to capture antibody on the test line and develop a red band.  Whether 

or not hCG is in the sample, the gold-antibody conjugate in the conjugate pad migrates to 

the control line region and binds to the (goat)-anti-(mouse) antibody coated on it, 

displaying a red band on the control line.  

 

 

Figure 1.1 Schematic view of lateral flow assay (Yetisen et al., 2013). 
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1.5. Goals of Dissertation 

The objective of this study was to design and develop a non-invasive assay to 

diagnose cancer cells using the expression-targeted gene delivery technique.  This 

strategy would manipulate cancer cells into expressing an exogenous reporter gene 

encoding a secreted protein, which could be detected in cell supernatant and in urine 

samples from organisms.  

 

Chapter 2 describes the methods used to create a bladder orthotopic tumor model and 

investigates the effect of one of the pretreatment approaches (electrocautery) on gene 

delivery in vivo.  The universally strong promoter (Pcmv)-directed gene delivery 

efficiency was determined via secreted luciferase expression in both tumor-bearing mice 

and normal mice, from both tumor models receiving electrocautery and without 

pretreatment with electrocautery.  

 

Chapter 3 presents our expression-targeted gene delivery strategy and results based 

on two cancer-specific promoters (Pcox2  and  Popn) –directed luciferase gene delivery in 

vitro and in vivo.  Kinetics profiles of promoters were studied in bladder carcinoma cells 

and a murine orthotopic bladder cancer model. We also investigated the correlation 

between tumor burden and luciferase intensities driven by different promoters. 

 

Chapter 4 takes the treatment advantages of expression-targeted gene delivery 

strategy one step further using several human secreted proteins as reporters – beta-2-

microglobulin(β2M), human chorionic gonadotropin beta subunit (βhCG), secreted 
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alkaline phosphatase (SEAP) and prostate specific antigen (PSA). Transcription of these 

delivered genes and secretion levels of their coding proteins were investigated in normal 

cells and transformed cells. SEAP and PSA were also utilized in cancer detection in the 

bladder cancer model.  

 

Appendix A is based on a collaborative project with Dr. Grayson’ s group regarding 

the application of cyclic poly(ethylene imine) in gene delivery. Dr. Godbey designed 

cyclic poly(ethylene imine).  Dr. Cortez and Molly Payne were responsible for synthesis 

of the polymers. My responsibility was to characterize the synthesized polymers and test 

their potential application in gene delivery. 

 

Appendix B lists all plasmid maps that have been constructed in this work.  
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Chapter 2. Effect of Electrocautery on a Murine 

Orthotopic Bladder Tumor Model as it Relates to Gene 

Delivery  

2.1. Introduction 

 
In order to develop therapeutics or detection systems, appropriate model systems for 

bladder cancers must be considered. The new incidence of urinary bladder cancer in 

United States in 2015 is estimated at 74,000 and the mortality is approximately 16,000 

(American Cancer Society). Bladder cancer incidence in men is about 4-fold above in 

women and it is more common in white men than black men (American Cancer Society).  

Typically bladder cancer is categorized as non-muscle-invasive bladder cancer (NMIBC) 

and muscle-invasive bladder cancer (MIBC).  NMIBC accounts for about 75% of 

primary diagnoses with the features of high recurrent rate but low mortality rate.  MIBC 

though takes up approximately 25% of primary diagnosis but is so fatal that about half of 

patients would die from it (Kamat et al., 2013).  Figure 2.1 showed the T categories for 

bladder cancer. NMIBC includes low-grade Ta tumors, high-grade T1 tumors, and 

carcinoma in situ (CIS), all of which are confined within the muscle layer.  CIS is a 

noninvasive flat tumor and the precursor could potentially develop into MIBC (T2 to T4) 

(Mertens et al., 2014).    
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Figure 2.1 Bladder cancer staging (Mertens et al., 2014). 
 

In order to test diagnostic or therapeutic agents for bladder cancer, it is necessary to 

establish some bladder models.  A good animal bladder tumor model should meet the 

following criteria: 1) tumors grow intravesically; 2) tumors originate from urothelial cell 

carcinoma and are not muscle-invasive; 3) the animal host is immunocompetent; 4) the 

model is easy to operate and reproduce (Chan et al., 2009a). According to the location 

where cells or graft material is delivered, animal models could be divided into orthotopic 

models and ectopic models. In the former tumor models, cancer cells or tumor sections 

are injected to the location where the original tumor grows. But in the ectopic tumor 

models, malignant cells or tumor sections are delivered to another location that is 

different from that of the original tumor. Subcutaneous injections are commonly seen in 

ectopic tumor models (Burnier and Burnier, 2013). However, orthotopic models are 
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preferable than ectopic models especially for studying tumor progression and anti-tumor 

therapy (Souba and Wilmore, 2001). Because the host microenvironment exerts critical 

influence in tumor development and metastasis, which could explain that specific tumors 

have their preference in metastasizing to specific sites. Different organs have their own 

unique microenvironment, providing different expression of cytokines and growth factors 

to affect tumor growth (Souba and Wilmore, 2001). Additionally, the site where cells are 

infused also has impact on tumor resistance to chemotherapeutic agents (Souba and 

Wilmore, 2001). 

 

According to the tumor inducing methods, the orthotopic murine bladder tumor 

models could be categorized into three types: 1) induced by a chemical carcinogen such 

as N-methyl-N-nitrosurea (MNU), N-[4-5-nitro-2-furyl-2-thiazolyl]-formamide (FANFT) 

and N-butyl-N-(4-hydroxybuthyl)nitrosamine; 2) human bladder cancer cells (e.g., KU7, 

T24 and UM-UC3 cells) are infused in nude mice in the xenograft model; 3) murine 

bladder cancer cells (e.g., MB49 and MBT-2 cells) are implanted in immunocompetent 

mice (Chan et al., 2009a).  The carcinogen induction method is time-consuming (8-14 

months) and not feasible for research (Chan et al., 2009a).  The xenograft models neglect 

the immune response of the host to therapeutic agents (Chan et al., 2009a).  

 

In this study, we used MB49 cells to establish the orthotopic bladder tumor model. 

This cell line was developed from C57BL/6 mice bearing 7,12-dimethylenzanthacene-

induced bladder cancer (Summerhayes and Franks, 1979). The bladder mucosa and the 

glycosaminoglycan (GAG) layer lining on the urothelium serve as a physiological barrier 
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against external insults (Chan et al., 2009b). In order to increase the success rate of tumor 

implantation, there are some methods proposed to disrupt the GAG layer for infused cells 

better attaching to the bladder surface, mainly including mechanical damage 

(electrocautery) and chemical denudation (e.g., polylysine (PLL) and silver nitrate) 

(Table 2.1).  Electrocautery is one of the most popular methods used to disrupt the GAG 

layer, but few studies were performed on the effect of electrocautery on gene delivery in 

the orthotopic bladder tumor model. Here, Gaussia luciferase (G.Luc) as a reporter gene 

was used to compare the gene delivery efficiency between the bladder tumor model with 

electrocautery and that without electrocautery.  
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Table 2.1  Common pretreatment methods to disrupt the integrity of bladder urothelium for 
establishing murine orthotopic bladder model.  

Pretreatment 
 

           Cell  
  populations 

Dwell time Tumor take rate Reference 

Electrocautery     
 I: 104  

II: 2×104 

III: 5×104 
MB49 

3h 100% (Gunther et al., 
1999) 

 2×104  
MB49 

2h 100% (Bohle et al., 
2002) 

 5×104 
MB49 

2h 90% (Jurczok et al., 
2008) 

 105  
MB49 

3h 90% (Brocks et al., 
2005) 

 105  MB49 2h 77% (Wu et al., 
2003b) 

0.1ml 0.01% poly-
L-lysine  

105  

MB49-PSA 
2h 100% (Tham et al., 

2011) 
0.1mg/ml poly-L-
lysine 

105  

MB49-PSA 
2h  100% (Seow et al., 

2010) 
8ul 1M silver 
nitrate 

5×105 
MB49 

2h 96.7% (Chade et al., 
2008) 

5ul 0.2M silver 
nitrate 

5×105 
MB49 

1h 100% (Luo et al., 2004) 

2.2. Materials and Methods 

2.2.1. Murine orthotopic tumor model 

All experiments were performed with the approval of the Tulane University 

Instituitional Animal Care and Use Committee.  Female, 4- to 6-week-old C57Bl/6J mice 

(Jackson Laboratories, Bar Harbor, ME) were randomly assigned to treatment or control 

groups.  To test the influence of electrocautery in exogenous gene expression, mice were 

divided into four groups:  A: control – “unburned healthy mice” (electrocautery was not 

performed and no MB49 cells were instilled) B: the bladders of mice received 

electrocautery (two pulses or 2.5 W, ~0.5 seconds total) but no MB49 cells – “burned 

healthy mice” C: 1x105 MB49 cells (100 ul of cells at a concentration of 106 cells/ml) 

were delivered into the bladders of mice not receiving electrocautery – “unburned tumor-

bearing mice” D: 1x105 MB49 cells (100 ul of cells at a concentration of 106 cells/ml) 
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were delivered into the bladders of mice having received electrocautery (two pulses or 

2.5 W, ~0.5 seconds total) – “burned tumor-bearing mice”.   

The procedure for the instillation of cells was carried out on all four groups using 

either MB49 cells or normal saline, as defined for each group.  A total of 100 ul was 

delivered via transurethral catheterization and allowed to incubate for 90 minutes.  

Details of the procedure can be seen in (Dobek and Godbey, 2011). 

 

2.2.2. In vivo transfections  

Mice were anesthetized via isoflurane and urine in each bladder was drained via 

transurethral catheterization. The 25kDa polycation poly(ethylenimine) (PEI) (Sigma-

Aldrich, St.  Louis, MO, USA) was diluted, titrated to pH = 7.0, and complexed with 

3.6μg of plasmid DNA –pUC19 (New England Biolabs, Ipswich, MA, USA) or Pcmv-

G.luc (Thermo Scientific, Rockford, IL, USA), at a N:P ratio of 7.5:1 in a total volume of 

100 μl. The complexes were delivered into each bladder via transurethral catheterization. 

Transfection was performed for 2 hours, followed by catheter removal and animal 

revival.  

Transfections were repeated every three days beginning on day 5 after tumor 

instillation, with a total of 3 transfections per mouse. At 24 hours and 48 hours after each 

transfection, each mouse was put in an individual cage. Urine samples were collected as 

the mice urinated naturally until either the required quantity of urine had been collected 

(20-100 µl, depending upon the assay) or 3 hours had passed, whichever occurred first.  

Urine samples were then centrifuged at 1,000 x G for 10 minutes to remove larger debris, 
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such as red blood cells due to hematuria.  G.LUC expression was measured using 20 ul 

urine samples, using Gaussia Luciferase assay kits (New England BioLabs).  

14 days after tumor implantation, mice were sacrificed and bladders with tumor were 

collected and weighted.  

 

2.2.3. Histology 

Bladders with tumor from burned model and unburned model were collected and 

immersed in 4% paraformaldehyde at 4°C. The frozen tissues of non-burned tumors and 

the paraffin-embedded tissues of burned tumors were stained with H&E and examined at 

a light microscope.  

 

2.2.4. Statistics 

Luciferase activity data were log transformed to put them in the form of a normal 

distribution.  Student’s t-test was used to compare differences between group pairs.  P < 

0.05 was used to define differences as significant.   

 

2.3. Results 

2.3.1. In vivo transfections 

Figure 2.2 showed the effect of electrocautery on transfection in healthy mice. In 

unburned healthy mice, significantly elevated G.LUC levels were observed in Pcmv-g.luc-

treated trials versus pUC19-treated trials at 24 hours and 48 hour after the first 

transfection, and at 24 hours after the second and third transfections.  If electrocautery 
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was performed on normal urinary bladders prior to transfection, the Pcmv-g.luc-treated 

group did not secrete significantly higher level of G.LUC than pUC19 treated group at 

any time points when urine samples were collected. Additionally, Pcmv-luc-treated 

unburned healthy mice produced significantly higher levels of G.LUC than their burned 

counterparts at 24 hours after the first transfection.  

It seemed that electrocautery can negatively affect transfection, which also held true 

in bladder orthortopic tumor model (fig.2.3). Whether or not electrocautery was 

performed prior to tumor implantation, urine samples collected at 24 hours after the third 

treatment from Pcmv-g.luc treated tumor-bearing mice showed significantly elevated 

luciferase levels compared to pUC19-treated groups. However, at that time point, Pcmv-

g.luc-treated unburned tumor-bearing mice showed significantly higher levels of G.LUC 

in urine than their burned counterparts.  The mean level of G.LUC that was secreted by 

the former group was about 4-fold of that secreted by the burned group.  
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Figure 2.2. Reporter luminescence following transfection with the indicated plasmids on healthy 

mice, either receiving electrocautery or not, undergoing transfections every three days for a total 

of three treatments.  24- and 48-hours after each treatment, each mouse was assigned in an 

individual cage and stayed there about 2 hours. 2-hour urine was collected using a pipet. Data 

are presented on a log scale. “*” and “**” indicate significant differences between the indicated 

treatment group and negative control [t-test, n=3 (each group has three mice), p<0.05 (*) or p< 

0.01 (**)].  “#”indicate significant differences between Pcmv-luc treated healthy mice receiving 

electrocautery and those without receiving electrocautery [t-test, n=3 (each group has three 

mice), p<0.05 (#)]. 
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Figure 2.3. Reporter luminescence following transfection with the indicated plasmids on              

tumor-bearing mice, either receiving electrocautery or not, undergoing transfections every three 

days for a total of three treatments. 24- and 48-hours after each treatment, each mouse was 

assigned in an individual cage and stayed there up to 3 hours. Urine was collected during that 

period using a pipet. Data are presented on a log scale. “**” indicates significant differences 

between the indicated treatment group and negative control [t-test, n=3 (each group had three 

mice), p<0.01 (**)].  “#” indicates significant differences between Pcmv-luc treated tumor-bearing 

mice receiving electrocautery and those without receiving electrocautery [t-test, n=3 (each group 

had three mice), p<0.05 (#)]. 
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2.3.2. Bladder weight 

Figure 2.4 compared bladder weights of tumor-bearing mice between the burned 

group and the unburned group. Regardless of delivered plasmids (pUC19 or Pcmv-G.luc, 

unburned tumor-bearing mice did not show a significant difference in bladder weight 

versus burned tumor-bearing mice. However, in both pUC19 and Pcmv-G.luc treated 

tumor-bearing mice, unburned groups had tumors with a smaller variance compared to 

burned groups. Besides, Pcmv-G.luc-treated mice did not bear significantly different-sized 

tumors versus pUC19-treated mice whether or not electrocautery was administered.  

 

 

 

Figure 2.4 Bladder weights of burned or unburned tumor-bearing mice. They were either 

transfected with negative control plasmid pUC19 or Pcmv-G.luc. [t-test, n=3 (each group had 

three mice)].  

 

 

 

0 

100 

200 

300 

400 

no burn burn no burn  burn 

pUC19 ᵖcmv-G.luc 

B
la

dd
er

 w
ei

gh
t (

m
g)

 



!

!

32!

2.3.3. H&E staining 

H&E staining was performed on sections from tumor-bearing bladders which 

received electrocautery or not prior to MB49 cells infusion. In the tumor tissue of a 

unburned bladder (fig.2.5a), the round to polygonal neoplastic cells were arranged 

palisading around blood vessels. Most neoplastic cells have distinctive cell border, small 

to moderate amount of eosinophilic, fibrillar cytoplasm, and high nuclei/cytoplasm ratio. 

The nuclei were round to oval and had fine chromatin with 1-2 nucleoli. The mitotic 

figures were 1-3/High power fields (HPF).  There were mild to moderate anisocytosis and 

anisokaryosis. There were scattered foci of necrosis and hemorrhage. In the tumor tissue 

of a burned bladder (fig.2.5b), the neoplastic cells were more polygonal to spindle 

arranged in bundles. They had indistinctive cell border, moderate to large amount of 

eosinophilic, fibrillar cytoplasm, and variable nuclei/cytoplasm ratio. The nuclei are 

round to elongated and have coarsely stippled chromatin with 1 to more nucleoli. 

Occasionally there were multicleate giant cells. The mitotic figures were 5-7/HPF. Severe 

anisocytosis and anisokaryosis were observed in these neoplastic cells. There were also 

scattered foci of necrosis and hemorrhage.  In the burned group, there was a bladder in 

which neoplastic cells invaded into the muscle layer (fig. 2.5c). Additionally, edema was 

observed in one of burned tumor bladders (fig.2.5d).  The neoplastic cells in burned 

bladders were more aggressive than those in unburned bladders based on higher mitosis, 

anisocytosis, anisokaryosis, multinucleate giant cells, and muscular invasion.  
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Figure 2.5.  H&E staining on bladder tumor tissues from a) an unburned bladder, b) a burned 

bladder (#1),  c) a burned bladder (#2) in which neoplastic cells invaded into the muscle layer and 

d) a burned bladder (#3) showing severely expanded bladder wall. “*” indicates hemorrhage. “+” 

indicates neoplastic cells arranging in bundles. “!” indicates a cell in the metaphase of cell cycle. 

Unburned #1 mouse was sacrificed at Day 12 post-tumor implantation. Burned #1 mouse was 

sacrificed at Day 15 post-tumor implantation. Burned #2 mouse was dead at Day 15 post-tumor 

implantation. Burned #3 mouse was dead at Day 9 post-tumor implantation.   
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2.4. Discussion 

The orthotopic murine model utilized exposure of the bladders of mice to a 

suspension of MB49 cells.  In similar models, pretreatment of the urothelial surface prior 

to exposure to tumor cells utilizes electrocautery (Lodillinsky et al., 2009, Wu et al., 

2004, Wu et al., 2003b, Jurczok et al., 2008) or exposure to chemicals such as 

hydrochloric acid, (Lee et al., 2012, Chin et al., 1996) trypsin, (Kasman and Voelkel-

Johnson, 2013, Chan et al., 2009b) or poly(L-lysine) (Chan et al., 2009b, Zaharoff et al., 

2009). The purpose of these pretreatments is to remove part of the 

glycosaminoglycan(GAG) layer to allow for cellular attachment, therefore increasing the 

success rate of tumor implantation (Lee et al., 2012). However, few published studies 

have investigated the effects of the different pretreatment approaches on subsequent gene 

delivery.  Here we attempted to instill 105 cells transurethrally into murine bladders 

without traumatizing the urothelial surface, with incubations to allow for tumor cell 

attachment lasting 1.5 hours. This group (n=6) had a 100% tumor-take rate, with an 

average bladder mass of (94.2±32.4mg).  In parallel, we infused 105 cancer cells into a 

separate group of mice having received two pulses of 2.5W electrocautery. This group 

(n=6) also had a 100% tumor-take rate, but the average bladder masses increased 

dramatically to (206.7±131.3mg). With respect to tumor-take rates, it would seem 

unnecessary to perform the burn pretreatment.  

 

Interestingly, electrocauterary pretreatment decreased levels of G.LUC in both tumor-

bearing and tumor-free mice (fig.2.2 and fig.2.3). Possible factors that may have 

contributed to the observation are as follows:  First, although a low wattage was used (2.5 
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W) for electrocautery, it was unavoidable that some urothelial cells beneath the GAG 

layer of the bladder luminal surface were also damaged during the procedure. Edema in 

the lamina propria and muscle layer have been observed in bladders which had been 

burned (Wu et al., 2003b). This was also observed in our laboratory in groups having 

received burns. It may have followed that levels of pro-inflammatory cytokines, such as 

tumor necrosis factor (TNF)-alpha in wound fluid (Yilmaz et al., 2011) or damaged 

tissues (Barada et al., 2015), were elevated due to early-stage wound healing. Published 

studies have demonstrated that TNF-alpha and other cytokines are able to inhibit the 

expression of transgenes driven by viral promoters such as the Pcmv used in the present 

experiments (Qin et al., 1997). A second possible factor for the lowering of G.Luc levels 

in bladders pre-treated with burn injuries is the infiltration of fibroblasts into the wound 

site, followed by collagen and proteoglycan synthesis (Schultz GS, August 2005).  The 

newly synthesized sulfated proteoglycans are negative-charged, which may have posed a 

roadblock to transfection via cationic gene delivery complexes.  

 

2.5. Conclusion 

Exogenous gene expression was evaluated in both tumor-bearing mice and healthy 

mice, either operated with electrocautery or not. Secreted reporter levels were not 

significantly higher in healthy burned mice that were transfected with Pcmv-G.luc than 

those treated with pUC19.  Instead, if electrocautery was not performed, Pcmv-G.luc-

treated healthy mice could secrete significantly higher levels of reporters than pUC19-

treated mice the next day after every transfection. Though Pcmv-luc-treated tumor-bearing 

mice, no matter whether electrocautery was performed, could secrete higher 
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concentrations of G.Luc than those transfected with pUC19 at 24 hours after the third 

transfection, Pcmv-luc-treated tumor-bearing unburned mice can produce higher levels of 

G.LUC than their burned counterparts at that time point. Therefore, electrocauterization 

was considered to have a negative effect on exogenous reporter gene expression.  

All of mice that received MB49 cells implantation both in burned group (6/6) and 

unburned group (6/6) got tumors.  Though there was no significant difference between 

bladder weights from burned tumor-bearing group and those from unburned tumor-

bearing group, the former group had bladder weights with larger standard deviation.  

Compared to electrocauterized bladder tumor mode, the advantages of non-pretreated 

bladder tumor model include: 1) comparably high tumor take-rate; 2) transfection 

efficiency is not lost; 3) less muscle-invasive, which is more like clinical cases. 

Considering these advantages, we used non-pretreated bladder tumor model for the 

following studies.  
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Chapter 3. Non-invasive Detection of Bladder Cancer 

via Expression-targeted Gene Delivery 

3.1. Introduction 
 

In 2015, bladder cancer was the ninth most common cancer worldwide, with 

approximately 74,000 new cases diagnosed and an expected 16,000 deaths in the United 

States alone (American Cancer Society).  Of the bladder cancers, over 90% were 

urothelial carcinomas.  At the time of diagnosis, ~ 60% of bladder cancers are non-

invasive papillary tumors, while ~ 20% have developed into muscle-invasive bladder 

cancers (Knowles and Hurst, 2015).  

 

One of the most prevalent methods for diagnosing bladder cancer is via cystoscopy, 

in which a small camera is inserted into the bladder through the urethra to allow the 

physician to observe the lumenal surface of the bladder.  Because of the discomfort 

experienced by some patients, local anesthesia may be used in this minimally invasive 

procedure.  Other imaging techniques, including intravenous pyelogram, computed 

tomography scan, magnetic resonance imaging, and ultrasound rely on expensive 

equipment or facilities that may not be readily available to all patients, such as in rural 

areas or underdeveloped countries.   
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There is a need for a simple and sensitive means of tumor detection, such as via the 

analysis of urine. Cytology is a common means of bladder cancer diagnosis, but the 

technique is limited to high-grade tumors (Lokeshwar and Soloway, 2001). A small 

number of commercial assays for urinary tumor markers has been developed, including 

tests for nuclear mitotic apparatus protein 22 (NMP22) and bladder tumor-associated 

antigen (BTA), but these assays are marred by low sensitivity and high cost per test 

(Cheung et al., 2013b). The discovery of additional biomarkers would be important for 

improving sensitivity or lowering the cost of this non-invasive approach to tumor 

detection.  However, due to the strict requirements for clinically available biomarkers 

(such as high sensitivity and specificity), few biomarker assays receive FDA approval 

(Brooks, 2012). Current urinalysis methods for tumor detection do exist in the form of 

BTA and NMP assays, marketed as BTA statTM and BTA TRAKTM (Polymedco Inc. 

Cortlandt Manor, NY, USA), and the NMP22® Bladder Cancer ELISA Test Kit and 

NMP22® BladderChek® point-of-care tests (Alere Scarborough, Inc. Waltham, MA) 

(Miyake et al., 2012). 

 

Rather than look for novel biomarkers, the strategy employed in the work presented 

here utilized the delivery of genes encoding a secretable form of the luciferase reporter to 

cells lining the lumenal surface of the urinary bladder.  The transgenes used were under 

the control of promoters that are specifically active in cancer cells, leading to reporter 

expression that was limited to cancer cells in both in vitro and in vivo experiments.  This 

technique is known as expression-targeted gene delivery.  In the described experiments, 

two promoters were investigated for their specificity and utility in driving the expression 
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of genes encoding Gaussia luciferase in carcinoma cells.  The promoters were derived 

from the cyclooxygenase-2 (Pcox2) and osteopontin (Popn) genes.  Reporter levels were 

detected in cell media in vitro, and in urine samples in murine experiments.   

 

COX2 is an enzyme in the cyclic arm of the arachidonic acid cascade, which is 

responsible for prostaglandin and thromboxane production.  This isoform, as opposed to 

cyclooxygenase type 1, is known for being inducible, especially as part of the 

inflammatory response.  COX2 levels are low-to-undetectable in most normal tissues in 

the absence of cytokines, mitogens, and other pro-inflammatory factors (Godbey and 

Atala, 2003). However, cox2 is overexpressed in many carcinomas, including gastric 

(Lim et al., 2000, Ristimaki et al., 1997), lung (Wolff et al., 1998), hepatocellular (Koga 

et al., 1999), prostate (Yoshimura et al., 2000), ovarian (Denkert et al., 2002) and colon 

(Yamamoto et al., 2001b) carcinomas.  While cox2 is not typically expressed in normal 

urinary bladder, Mohammed et al. found that roughly 86% of invasive transitional cell 

carcinomas of the urinary bladder were COX2-positive (Mohammed et al., 1999). COX2 

expression is also associated with the stage of pathology in urologic tumors (Shariat et 

al., 2003, Margulis et al., 2007). Within the cox2 gene, a series of positive regulatory 

elements in the promoter – such as the E-box and the nuclear factor IL 6 site (where 

stimulatory factors and CCAAT/enhancer-binding proteins bind) – contribute to the 

promoter activation (Kim and Fischer, 1998). Effective targeting of numerous types of 

cox2-overexpressing cancers has been achieved using Pcox2-driven plasmids (Godbey 

and Atala, 2003).   
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OPN is a phosphorylated glycoprotein that is produced by many cell types and tissues 

including epithelial cells on the luminal surfaces of the gastrointestinal, urinary, and 

reproductive tracts, the gall bladder, pancreas, lung bronchi, lactating breast, salivary 

glands, and sweat ducts (Brown et al., 1992), as well as by bone cells (Oldberg et al., 

1986), and in activated macrophages, leukocytes, and T lymphocytes (Rodrigues et al., 

2007). OPN acts through phosphorylation to activate various kinases which, in turn, 

activate many transcription factors.  In terms of cancer, OPN helps with the activation of 

genes that are involved with the synthesis of matrix-degrading proteases, thus 

contributing to cancer cell motility and tumor metastasis (Rangaswami et al., 2006).  

OPN is overexpressed in cancers of the breast (Rudland et al., 2002), ovary (Tiniakos et 

al., 1998, Kim et al., 2002), colon (Agrawal et al., 2002), stomach (Higashiyama et al., 

2007), lung (Hu et al., 2005), and pancreas (Koopmann et al., 2004). Previous work by 

our laboratory has shown that the Popn can be used to yield targeted expression of the 

green fluorescent protein (Chen and Godbey, 2015). The present work extends the 

findings to a system involving secreted luciferase in vivo. 

 

The following experiments used a luciferase gene from the copepod marine organism 

Gaussia princeps as a reporter.  The humanized form of Gaussia luciferase (G.luc) is 

efficiently secreted by mammalian cells (Tannous et al., 2005), and is therefore of interest 

for both these initial murine investigations as well as possible future applications in 

higher mammals including humans.  Gene delivery, with transcription of transgenes 

being controlled via Pcox2 or Popn, was used to successfully induce bladder cancer cells 
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to express G.luc.  Detected signals from both cell supernatants and urine samples serve as 

a proof-of-concept for a possible urine-based regimen for cancer detection. 

 

3.2. Materials and Methods 

 

3.2.1. Plasmid Construction 

The G-luc exon was originally amplified via traditional PCR upon the plasmid Pcmv-

Gaussia luc (Thermo Scientific, Rockford, IL, USA) using the following set of primers.  

Forward: 5’- TGATGTGAATTCGCCACCATGGGAGTCA-3’ (inserted EcoRI is 

underlined); Reverse: 5’- AGGTTTGGTACCTTAGTCACCACCGGCCC-3’ (inserted 

KpnI is underlined).  The amplicons thus obtained were used to replace the psa exons in 

the intermediate plasmids – Pcmv-psa, Pcox2- psa and Popn- psa – via the EcoRI and KpnI 

restriction sites to form pcmv-G.luc, Pcox2-G.luc and Popn-G.luc, respectively. 

Construction of Pcmv-psa, Pcox2- psa and Popn- psa was described in detail in section 

4.2.2.  

 

3.2.2. In vitro transfections 

The murine transitional cell carcinoma cell line MB49 and the murine fibroblast cell 

line MF (low passage cells, derived in-house via explant) were cultured in Dulbecco’s 

modified Eagle’s medium (DMEM) (Invitrogen, Carlsbad, CA, USA) supplemented with 

10% fetal bovine serum (Gemini Bio-Products, West Sacramento, CA, USA), 100U/ml 

penicillin and 100U/ml streptomycin (Invitrogen), and collected in the late-log phase 

(confluence of ~70-80%).  A total of 105 cells per well were seeded into 6-well plates 



!

!

42!

containing 2ml of growth medium per well, at 16 hours prior to transfection.  The 25kDa 

(weight-average) polycation poly(ethylenimine) (PEI) (Sigma-Aldrich, St.  Louis, MO, 

USA) was diluted, titrated to pH = 7.0, and complexed with 3.6µg of plasmid DNA 

(pUC19, pcmv-GLuc, PmCox2-GLuc and PhOPN-GLuc ) at a N:P ratio of 7.5:1 and a total 

volume of 100 µl per dose (Dobek et al., 2011).  The non-coding vector pUC19 (New 

England Biolabs) was used as a negative control in transfection experiments.  At the time 

of transfection, growth media were replaced with 2 ml FBS-free medium plus 100 µl of 

gene delivery complexes.  Transfections were allowed to proceed at 37°C for 2 hours, 

after which the transfection media were replaced with 1 ml of fresh growth medium 

(DMEM containing 10% FBS and 100 U/ml of Penicillin/Streptomycin).  In the time 

course experiments, fresh growth medium was renewed every six hours.   

3.2.3. Murine orthotopic tumor model 

All experiments were performed with the approval of the Tulane University 

Instituitional Animal Care and Use Committee.  Female, 4- to 6-week-old C57Bl/6J mice 

(Jackson Laboratories, Bar Harbor, ME) were randomly assigned to treatment or control 

groups. Sample size was determined via power analysis (software G*Power 3.1) based on 

preliminary results shown in fig.2.3 (log-transformed luciferase level in pUC19 

group:,1.7266±0.064; pcmv-GLuc group: 2.6041±0.2353; α=0.05, power = 0.8). Power 

analysis result indicated that at least three mice were required in each group. 1x105 MB49 

cells (100 ul of cells at a concentration of 106 cells/ml) were delivered into the bladders 

of mice via transurethral catheterization and allowed to incubate for 90 minutes.  Details 

of the procedure can be seen in our previous study (Dobek and Godbey, 2011). 
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3.2.4.  In vivo transfections  

Mice were anesthetized via isoflurane and urine in each bladder was drained via 

transurethral catheterization.  A 100ul suspension of plasmid (pUC19, Pcmv-luc,Pcox2-luc 

or Popn-G.luc) /PEI complexes was delivered into each bladder via transurethral 

catheterization.  Transfection was allowed to proceed for 120 minutes, followed by 

catheter removal and animal revival.   

 

In the experiments designed to investigate the specificity of cancer-associated 

promoters, transfections were repeated every three days on healthy mice, with a total of 3 

transfections per mouse.  Urine was collected at 24h and 48h after each transfection. 

 

In the time-course experiments, designed to determine the expression patterns of the 

delivered genes following transfection, only one transfection was conducted on mice.  

The transfection took place on day 8 after tumor inoculation to allow for the 

establishment of a larger tumor mass.  Urine was collected every 6 hours, starting at 12 

hours and continuing through 72 hours post-transfection.  Urine was obtained by placing 

each mouse in an individual cage without bedding for up to 3 hours.  Urine samples were 

collected as the mice urinated until either the required quantity of urine had been 

collected (20-100 µl, depending upon the assay) or 3 hours had passed, whichever 

occurred first.  Urine samples were then centrifuged at 1,000 x G for 10 minutes to 

remove larger debris, such as red blood cells due to hematuria.  G.LUC expression was 

measured using 20 ul urine samples, using Gaussia Luciferase assay kits (New England 

BioLabs). 
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3.2.5. In vitro serum deprivation and shock 

 
MB49 Cells were trypsinized in the late-log phase (confluence of ~70-80%).  On day 

0, a total of 1x105 cells per well were seeded into 6-well plates containing 2 ml of FBS-

free DMEM per well.  This was 48 hours prior to serum shock.  On day 2, the FBS-free 

medium was replaced with DMEM containing 50% horse serum.  Cells were allowed to 

incubate under serum shock for 2 hours, followed by replacement of the shock medium 

back to FBS-free DMEM.  On day 3, a second serum shock was performed and cells 

were transfected as described above immediately after the 2-hour shock.  Cells were 

incubated in the serum-free transfection medium for 2 hours.  Following transfection, the 

medium was replaced every 6 hours.  Detection of G.LUC was performed within one 

hour of each medium collection.  As a negative control, cells that did not receive the 

serum shock received the same serum-free medium changes.   

 

3.2.6. Identification of signal inhibitors in urine   

Experiments were performed to explore the possibility of urine-borne factors 

inhibiting the detection of G.LUC, to explain the apparent circadian pattern of G.LUC 

detection in vivo.  Urine was collected at 6:00 pm on day 7 after tumor instillation, and 

again at 6:00 am the next morning, to correspond with the end of the mouse night (6:00 

pm, mice being nocturnal) and day.  Urine from normal, untreated mice, collected at the 

same times, was used as controls.  The weights of a urine sample and water with an equal 

volume were measured respectively and specific gravity of urine samples was the ratio of 

the weights of urine and water. For each test, 5 ul of G.LUC-positive (in vitro) cell 
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supernatant was mixed with 15 ul of one of the urine samples, with G.LUC being 

detected via Gaussia Luciferase assay kit (New England BioLabs). 

 

3.2.7. Statistics 

Luciferase activity data were log transformed to put them in the form of a normal 

distribution.  Student’s t-test was used to compare differences between group pairs.  P < 

0.05 was used to define differences as significant.   

 

3.3. Results 

3.3.1. In vitro transfections 

Cells were transfected with plasmids containing the G.luc exon, driven by either the 

Pcmv (a ubiquitously strong promoter, used as a positive control), Popn, or Pcox2. The 

empty vector pUC19 was used as a negative control to verify that the act of transfection 

did not induce detectible luminescence, and sham-treated cells receiving normal saline as 

the transfection solution served as the baseline negative control.  G.LUC intensity of all 

groups was normalized to cells of the same type receiving transfections with the positive 

control to address differences in transfectability between cell lines.  The cell lines were 

normal murine fibroblasts (“MF”) and MB49 cells from murine bladder carcinoma.  

While both cell types expressed ample reporter when transfected with the Pcmv-driven 

plasmids, the Pcox2- and Popn-driven plasmids were only effective in the carcinoma cells 

tested.  These observations are reflected in Figure 3.1, which shows the ratio of targeted 

gene expression to that of the positive control in each cell type 48 hours after 

transfection.  The supernatants of MB49 cells transfected with Pcox2-G.luc contained 



!

!

46!

significantly more G. luciferase versus identically treated normal fibroblasts (p < 0.005).  

Secreted G.LUC levels in the supernatants of MB49 cells transfected with Popn-G.luc 

were also significantly higher versus identically treated normal fibroblasts (p < 0.05).  

The degree of specificity was higher for the trials using the Pcox2. 

 

 
 

 

 

Figure 3.1.  Secreted G. luciferase levels, measured as intensity (counts per second), of the 

supernatants of transfected of MF cells or MB49 cells.  All values have been normalized to 

positive controls (cells transfected with Pcmv-G.luc).  “*” and “#” indicate a significant differences 

between normal MF cells and MB49 carcinoma cells for transfections with the indicated plasmid 

(t-test, n=3, “*”: p < 0.05, “#”: p < 0.005).   
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Since the cancer-specific cox2 and opn promoters were to be used to drive reporter 

expression as a cancer diagnostic, determining the kinetics of transgene expression for 

each plasmid was of necessary importance to determine the best time to perform future 

detection assays.  It was found that the time of maximal gene expression differed between 

the strong Pcmv and the more specialized Pcox2 and Popn (fig. 3.2).  In terms of the 

expression profiles, transfections of MB49 cells with plasmids utilizing the cmv promoter 

yielded strong reporter expression by 12 hours post-transfection, with a consistently 

strong expression lasting for at least 18 hours.  Pcox2 and Popn yielded the strongest 

expression later, at 36 hours post-transfection.  The time span of strongest expression 

(mean values > 80% of maximal values) for these two promoters was approximately 12 

hours (spanning 30 to 42 hours post-transfection)  
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Figure 3.2.  Luminescence intensities of supernatants of MB49 cells treated with Pcmv-G.luc (red 

line), Pcox2-G.luc (blue line), or Popn-G.luc (green line).  Cell media were changed at the 

indicated time points, then samples were collected one hour later.   

 

3.3.2. In vivo transfections 

The feasibility of using Pcox2 and Popn for detection of tumor cells in an orthotopic 

tumor model was first tested in normal bladders.  As with the in vitro experiments, the 

strong pcmv was used as the positive control.  It was found that, in normal bladders, the 

two promoters being tested for cancer specificity yielded luminescence that was 

indistinguishable from background levels obtained from transfections with an empty 

vector (fig. 3.3).  This experiment was designed to address the possibility of false-positive 

results. 
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Figure 3.3.  Reporter luminescence in urine following transfection with the indicated plasmids.  

Mice bearing no tumors underwent transfections every three days for a total of three treatments. 

24- and 48-hours after each treatment, each mouse was assigned in an individual cage and 

stayed there about 2 hours. 2-hour urine was collected using a pipet. Data are presented on a log 

scale.  “*” and “**” indicate significant differences between the indicated treatment group and 

negative control [ANOVA followed by post hoc test, n=3 (each group has three mice), p<0.05 (*) 

or p< 0.01 (**)].   
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Moving on from the tumor-free control experiment, luminescence was next examined 

in mice bearing MB49 tumors using the same transfection technique that was used for 

tumor-free mice, with urine being collected every six-hours beginning 12 hours post-

transfection.  During the 18-72 hour time period following transfection, urine samples 

from Pcox2-G.luc-treated mice bearing tumors contained significantly more G.LUC than 

those from pUC19-treated negative controls (fig. 3.4a).  The same encouraging results 

were not obtained in Popn-G.luc-treated mice, as the generally higher secretion of G.LUC 

was not significantly different from mice treated by pUC19 (fig3.4b).   
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Figure 3.4.  Reporter luminescence in urine following transfection with the indicated plasmids.  

Mice received only one transfection at Day 8 (Day 0 was the tumor implantation day). Since 12 

hours post-transfection, each mouse was assigned in an individual cage every six hours and 

stayed there for about one hour. Urine was collected using a pipet. Luciferase levels detected in 

urine samples from tumor-bearing mice that were treated with the null vector pUC19 (blue line) 

(n=4) and G.luc-containing plasmids (red lines): a) Luciferase activities in the urine of mice 

* 

* * * * 

* 
* 

* 
* 

* 

10 

100 

1000 

10000 

12 18 24 30 36 42 48 54 60 66 72 

Lu
ci

fe
ra

se
 in

te
ns

ity
 (C

PS
) 

Hours post-transfection 

pUC19 

ᵖcox2-G.luc 

a. 

10 

100 

1000 

10000 

12 18 24 30 36 42 48 54 60 66 72 

Lu
ci

fe
ra

se
 in

te
ns

ity
 (C

PS
) 

Hours post-transfection 

pUC19 
ᵖopn-G.luc 

b. 



!

!

52!

treated with Pcox2-G.luc.  “*” indicates a significant difference between the two groups at that time 

point (t-test, n=5, p<0.05).  b) Luciferase activities in the urine of mice treated with Popn-luc, 

Although the mean levels of G.LUC were higher versus negative controls, the differences in the 

means were not considered significant (t-test, n=5 [except for 72 hours, where n=4], p<0.05). 

 
 
 

3.3.3. Establishing the best time to collect urine for analysis 

Expression profiles for the different promoters were next established in the in vivo 

model.  With the goal of being able to detect tumors with a single urine-based assay, the 

optimal time for reporter detection had to be established.  The pUC19 negative controls 

showed a relatively constant background with the maximal value of 64 CPS. Looking at 

the Pcmv-driven positive controls, a periodicity of expression that was possibly circadian 

was noted (fig. 3.5b).  Expression profiles revealed small local maxima at 24 hours and 

stronger peaks 48 hours post transfection, which occurred at 6:00 pm (one hour before 

the end of the murine inactive cycle, which we are defining as the murine “night” for 

these nocturnal animals.  Vivarium lights were on from 7:00am to 7:00 pm.)  A similar 

pattern of expression, especially with peaks at 48 hours post-transfection, was seen in 

mice treated with Pcox2-g.luc and Popn-g.luc (fig. 3.5c, d). 
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Figure 3.5. Profiles of G.LUC intensities in the urine of mice bearing bladder tumors and 

transfected once with a) pUC19; b) Pcmv-luc; c) Pcox2-luc; d) Popn-luc on Day 8 (Day 0 was the 

tumor implantation day).  Every six hours since 12-hour post-transfection, each mouse was 

assigned in an individual cage and stayed there for about one hour. Urine was collected using a 

pipet. 
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The periodicity seen in G.LUC detection was counterintuitive because implanted 

tumor cells were not expected to preferentially express transgenes based upon the time of 

the circadian day for the three non-circadian promoters used.  Even if circadian transgene 

expression were present, one might not expect it to be greatest at the end of the sleep 

cycle, when urine production is slowed.  (Anti-diuretic hormone (vasopressin), secreted 

by the pituitary gland, increases water permeability of the renal collecting ducts, thus 

allowing more water to be moved from the urine back into the blood via collecting duct 

cells (Nielsen et al., 1995). Levels of anti-diuretic hormone are normally elevated during 

sleep in mammals, thereby decreasing the amount of urine production as an animal sleeps 

(Trudel and Bourque, 2010). 

 

To determine whether the observed periodicity was circadian, as opposed to occurring 

at a strict number of hours post-transfection, an additional experiment was run with the 

positive-control Pcmv-G.luc plasmids, this time with transfections taking place at 6:00 

am, an hour before the end of the murine “day” in tumor-bearing mice.  While the 

location of the peaks of luciferase detection varied, it was noted that the peaks at 24- and 

48-hours post transfection were shifted by 6-hours in one direction or the other.  

Representative profiles are shown in Figure 3.6.  This indicated that periodicity in G.LUC 

detection was not due to a fixed amount of time following transfection, but rather some 

other factor that involved either the time of day or the activity levels (cellular or whole 

organism) of individual mice. 
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Figure 3.6.  Representative profiles of G. luciferase intensities in the urine of tumor-bearing mice 

transfected with Pcmv-luc. All transfections were performed at 6:00 am, an hour before the end of 

the murine “day”.   
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3.3.4. In vitro time course secreted gaussia luciferase assay 

A trial of serum shock experiments was carried out in MB49 cells in vitro in an 

attempt to generate the periodicity seen in the in vivo experiments.  The cells were grown 

in serum-free medium, and exposed to a series of four serum shocks (exposure to 50% 

horse serum in DMEM for two hours) every 24-hours (Balsalobre et al., 1998).  The 

purpose of growing the cells in serum-free medium was to stall them in G0/G1 of the cell 

cycle, with a synchronized release from the stall occurring during the serum pulse 

(Langan and Chou, 2011). The series of stall/shock was repeated twice before 

transfection, with an additional 2 serum pulses being administered after transfection to 

keep the cells synchronized.  In all, the pulses commenced at [-26, -2, +22, and +46] 

hours, with the 0-hour being defined as when transfection was started.  Cells grown in 

serum-free medium, without serum shocks, were used as controls.   

 

3.3.5. In vitro serum deprivation and shock 

In the absence of serum shock, Pcmv-g.luc-treated MB49 cells showed high G.LUC 

levels at 12 hours and 18 hours post-transfection and levels decreased after 42 hours post-

transfection.  G.LUC that was secreted from Pcox2-luc-treated MB49 cells reached a 

plateau during 30 to 48 hours post-transfection and gradually went down after then.  

Secreted luciferase from Popn-luc-treated MB49 cells also showed high levels during 30 

to 48 hours after transfection.  Kinetics profiles of each promoter in MB49 cells cultured 

in DMEM without serum were similar as shown in fig.3.2.  However, if MB49 cells 

received a serum shock at an interval of 24 hours, G.LUC levels were elevated right after 
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each serum shock and declined sharply 6 hours later.  This phenomenon existed among 

all of three promoters (fig 3.7. (b) (d) (f)).  Moreover, Pcmv-driven luciferase expression 

under stimulus showed a distinguishable peak at 24h post-transfection and a less apparent 

peak at 48 hours post-transfection. However, less than 20% of maximal luciferase 

intensity was observed at 48 hours post-transfection.  For Pcox2-driven luciferase 

expression after serum shock, the expression peak at 24 hours post-transfection was 

dominating while the peak at 48 hours post-transfection was also demonstrable.  The 

Popn-driven luciferase expression displayed the strongest peak at 48 hours and local 

maxima at 24 hours was very strong, showing about 80% of maximal luciferase intensity.  

The difference of strongest peak locations of three promoters under a periodic stimulation 

can be explained by their original difference of working time.  As a universally strong 

promoter, Pcmv showed its strength at an early stage after transfection.  However, cancer-

specific promoters like Pcox2 and Popn showed their strength later than Pcmv.  Serum 

shock helped cells to get rid of G0 phase and provided them sufficient sources to 

transcribe and translate genes.  Therefore, Pcmv -driven luciferase expression showed the 

strongest peak right after the first serum shock after transfection while Popn -driven 

luciferase expression showed it after the second serum shock after transfection.  Though 

we attempted to imitate the periodicity observed in vivo by stimulating cells with 

nutritional factors at an interval of 24 hours, Pcmv and Pcox2 did show the strongest peak 

at the same time point as they did in vivo.  
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Figure 3.7  Luciferase intensity normalized to maximal intensity tested during 66h after 

transfection on MB49 cells that were transfected with Pcmv-luc (a) (b), Pcox2-luc (c) (d) and Popn-
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luc (e) (f).  The time point when transfection was started was defined as 0.  MB49 cells received 

50% horse serum shock at -26h, -2h, 22h and 46h (b) (d) (f) while their counterparts (the controls) 

received DMEM medium containing no serum at given time points above (a) (c) (e).  * indicated 

that the normalized luciferase intensity percentage at this time point was significantly higher than 

those at 6 hours before and 6 hours after this time point (t-test, n=3, p<0.05).   

 

3.3.6. Presence of a Masking Factor? 

One hypothesis to explain the periodicity observed in G.LUC detection was that some 

factor was being excreted from the body in a periodic nature, and this factor could be 

serving to mask the G.LUC signal.  To test this hypothesis, MB49 cells were transfected 

in vitro with the positive-control vector Pcmv-g.luc. Supernatants were collected and 

mixed with urine that had been collected at either 6:00 am or 6:00 pm from untransfected, 

tumor-bearing mice.  It was found that G.LUC luminosity was significantly higher in the 

samples diluted with the 6:00 pm urine (from the end of the mouse “night”) (paired t-test, 

n=6, p < 0.025) (fig. 3.8a).  These results were consistent with the local maxima observed 

at 48 hours in figures 3.4 and 3.5.   

 

The experiment was repeated using urine from untransfected, non-tumor-bearing 

mice.  Without tumor cells present, there was little difference in G.LUC signal whether 

the cell supernatants were diluted with urine from the morning or night.   

 

In addition, specific gravity did not show a significant difference between urine from 

morning and that from evening from both untransfected tumor-bearing mice and non-

tumor-bearing mice (Table 3.1). Therefore, if diluted G.LUC signal was normalized to 
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specific gravity of urine sample that was used to dilute signal, the normalized luminosity 

was still significantly higher in the samples diluted with the 6:00 pm urine than those 

diluted with the 6:00 am urine in tumor-bearing mice (paired t-test, n=6, p < 0.025) (fig. 

3.8b).  Little difference in normalized luminosity was seen between the cell supernatants 

diluted with morning urine and those diluted with evening urine in non-tumor-bearing 

mice. 
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Figure 3.8.  Luciferase intensities detected in luciferase-positive cell supernatants that had been 

diluted with urine collected from mice at either 6:00 am or 6:00 pm (a). Specific gravity-adjusted 

luminosities in luciferase-positive cell supernatants that had been diluted with urine collected from 

mice at either 6:00 am or 6:00 pm (b). Each supernatant was split into two vials, allowing for 

paired analysis.  Paired data are indicated with lines.  “*” indicates a significant difference 

between the average luminosities of samples diluted with evening versus morning urine (paired t 

test, n = 6 pairs, p < 0.025).  The shaded area indicates the luciferase intensity of G.LUC-positive 

supernatants that had been diluted with FBS-free DMEM medium.  
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Table 3.1. Specific gravity of urine samples collected at 6am and 6pm from tumor-bearing 
mice and normal mice. 
Tumor-bearing mice 6am urine specific gravity 6pm urine specific gravity 
1 1.002 1.003 
2 1.002 1.028 
3 1.001 1.001 
4 1.054 1.034 
5 1.004 1.004 
6 1.002 1.003 
Normal mice 6am urine specific gravity 6pm urine specific gravity 
1 1.048 1.006 
2 1.056 1.023 
3 1.014 1.002 
4 1.001 1.003 
 

   

3.3.7. Correlation between G.LUC levels and tumor burden 

Figure 3.9 attempted to establish the relationship between detected luciferase signals 

and tumor burden of mice that were treated by pUC19, Pcmv-luc, Pcox2-luc, or Popn-luc. 

Mice were sacrificed after urine collection was finished and the bladder of each mouse 

was extracted and weighed.  The maximal luciferase intensity was the highest signal we 

obtained during the 72 hours urine collection for individual mouse. The bladder weight of 

mice at the point where the maximal luciferase intensity was obtained was extrapolated 

by the following equation (published for MB49 cells in the same C57 orthotopic model 

(Zhang and Godbey, 2011a)): 

Tumor weight (mg) = 20.088 e0.1294 t, where t = days post instillation.     (3.1) 

   

The maximal luciferase levels from urine samples of pUC19-treated mice was 

relatively constant at 56 ± 6 CPS, regardless of bladder tumor weight.   
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The group treated with Pcmv-G.luc failed to produce a reliable correlation between 

G.LUC levels and tumor burden. That may have resulted from the fact that both MB49 

cells and normal urothelial cells could be transfected by Pcmv-G.luc.  However, a 

correlation between luciferase intensity and bladder weight (R2=0.9426) was seen in mice 

treated with Pcox2-G.luc.  The Popn-G.luc-treated group did not produce a reliable 

correlation, perhaps because of the weak expression of G.LUC (not shown).  
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Figure 3.9.  The relationship between maximal luciferase intensity detected in urine samples and 

at that times the tumor burden of tumor-bearing mice that were transfected by (a) Pcmv-G.luc or 

(b) Pcox2-G.luc.  Mice were sacrificed after urine collection was finished and the bladder of each 

mouse was extracted and weighed.  The maximal luciferase intensity was the highest signal we 

obtained during the 72 hours urine collection for individual mouse. The bladder weight of mice at 
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the point where the maximal luciferase intensity was obtained was extrapolated by the equation 

(3.1) mentioned in the text. Tumor burden was obtained by subtracting an average normal 

bladder weight (19.6mg) from the total bladder weight. The black line was a trend line based on a 

linear model (y=20.883x – 62.973). Blue dotted curves show the 95% confidence interval around 

the linear regression to the data. The intercept of the upper blue dotted curve is 335.885 CPS. 

From the equation of the trend line, the extrapolated value for the sensitivity of the Pcox2-G.luc 

based assay can be determined. The assay can detect bladder tumors, which are larger than 

19.1 mg.  

 

3.4. Discussion 

The purpose of this work was to demonstrate that expression-targeted gene delivery 

could be used to selectively induce cancer cells to produce a secreted reporter molecule, 

with the long-term aim of development of a urine-based assay for cancer detection.  It 

was shown that the two investigated promoters, Pcox2 and Popn, both demonstrated 

specificity for the bladder cancer cell line MB49 versus normal fibroblasts.  Direct 

comparison of the two promoters revealed that Pcox2 yielded a higher degree of 

specificity and intensity than did Popn in in vitro transfections of cancer cells.   

 

With the ultimate goal of producing a urine-based test for cancer detection, the 

optimal time for urinalysis had to be determined to eliminate the need for multiple 

detection assays following transfection.  Interestingly, different promoters were 

expressed via different kinetics.  The promoter Pcmv, a strong promoter used throughout 

gene delivery for its ability to ensure relatively large amounts of transcription for 

virtually all cell types at all stages of the cell cycle, yielded strong expression (≥80% of 
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maximal expression) by 12 hours post-transfection, lasting for a period of at least 18 

hours. The cancer-specific promoters did not yield their strong expression until 36 hours 

post-transfection, and the period lasted 12 hours.  It is evident that observation times for 

each promoter used for expression-targeting must be fine-tuned when the expression 

level of the driven gene is important. 

 

Similar trials performed in vivo yielded different results.  While the cancer specificity 

of Pcox2 and Popn was again confirmed, and while the utility of the Pcox2 versus the Popn 

was again demonstrated, the expression patterns resulting from the use of all three 

promoters differed in the orthotopic model versus what was observed in vitro.  For 

example, Pcmv-G.luc-treatments yielded strong G.LUC expression at 12 hours post-

transfection in vitro, but the same trials failed to produce significant expression at 12 

hours in vivo.  It is no surprise that transgene expression characteristics in vitro differ 

from their in vivo counterparts. 

 

Non-tumor-bearing mice receiving three deliveries of Pcmv-driven reporter genes 

yielded an interesting result:  at the 48-hour time point following the first transfection, 

there was a significant elevation of G.Luc expression versus controls, but the 48-hour 

elevation was not present following the second and third transfections.  That may result 

from the secretion of some cytokines due to immune response in immune-competent 

mice, which was triggered by the expression of non-murine protein (G.Luc).  Cytokines 

such as interferon-gamma and tumor necrosis factor-alpha could attenuate viral 

promoters/enhancers including Pcmv (Qin et al., 1997).  The result had no bearing on the 
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data presented in the subsequent figures of this report, as single transfections were used 

for the remaining studies.  However, the observation may provide an interesting aside for 

those working with viral promoters in vivo. 

 

One of the most striking results of gene delivery to tumor-bearing mice was an 

apparent periodicity in gene expression.  While a minor local maximum in expression 

was observed 24-hours after transfection, all three promoters also generated a more 

striking expression spike at 48 hours post-transfection.  Altering the time of transfection 

by 12 hours produced a shift in the local maxima by 6 hours (in either direction), 

indicating that both the time of transfection and some other rhythmic physiological factor 

were at play in the murine model.  We hypothesize that one or more circadian-related 

factors was involved with masking the detection of G.LUC during the assay procedure.  

Results from an experiment that mixed aliquots of G.LUC-positive cell medium with 

urine collected at a morning versus nighttime hour revealed a significant amount of 

G.LUC signal masking resulting from exposure to urine collected at 6:00 am.  However, 

the masking was also observed with urine collected at 6:00 pm in non-tumor-bearing 

mice.  Of the four urine classes collected, it was the urine collected at 6:00 pm in tumor-

bearing mice showed a greatly reduced masking effect, demonstrating that the tumors 

themselves are responsible, at least in part, for the magnitude of the masking effect 

observed.  Perhaps they secrete a factor that interacts with the masking agent secreted by 

healthy cells.   
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Relevant studies have shown that circadian rhythms in tumors affect growth, DNA 

synthesis, and mitosis (Wood et al., 2006).  For instance, the cosine simulation plot from 

Wood et al. showed that thymidylate synthase activity was higher in mice sacrificed at 

the time of light versus those sacrificed at the time of lights-off (Wood et al., 2006).  

Furthermore, mice sacrificed 2 hours before lights-on contained the largest-sized tumors 

(Wood et al., 2006). Numerous proteins, including thymidylate synthase and vascular 

endothelial growth factor, affect tumor growth in a circadian manner.  Such proteins, 

along with other tumor-produced products, could account for the differences observed in 

G.LUC detection when samples were exposed to different urines.  To explain the spikes 

in G.LUC detection seen at 48-hours post-transfection, we propose that G.LUC was not 

necessarily being expressed more at 48 hours, but it was being masked less. 

 

Mammalian circadian rhythms are controlled by a series of endogenous biological 

oscillators which participate in positive and negative transcriptional-translational 

feedback loops of clock genes.  The core oscillatory machinery has been shown to be 

present in the urinary bladder through the expression of the circadian clock genes clock, 

bmal1, cry1, per1, and per2 (Negoro et al., 2012). Moreover, Changhao et al. 

demonstrated interactions between receptors and peripheral clock existed in the urinary 

bladder (Wu et al., 2014). In our case, it is possible that infused MB49 cells synchronized 

to the peripheral clock of the urinary bladder.  Shaojin et al. showed that tumor growth 

followed a significant circadian rhythm in a syngeneic model of estrogen binding in 

mammary tumors, which was reflected by circadian organized tumor growth rates, tumor 
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mitotic index, and G1/S phase-regulated expression of cyclin E and bmal1 (You et al., 

2005).  

 

The sensitivity of the tumor-detection method was addressed via correlations between 

G.LUC signal and tumor burden.  Although in vivo gene delivery is affected by many 

complicating factors, the Pcox2-G.luc-treated animals in this investigation displayed a 

reasonable correlation between detected G.LUC and tumor size, demonstrating the 

potential of the procedure for cancer diagnosis.  Controls involving transfections with 

Pcmv-G.luc had G.LUC expression occurring in both untransformed bladder cells and 

infused MB49 cells, so detected signals did not correlate with tumor burden.  Limited by 

strength of the Popn, the G.LUC signals produced in the animals transfected with Popn-

G.luc did not correlate well with bladder.   

 

Previous studies have looked at using urine-borne G.LUC for reporter assessment, 

and concluded that the use of urine for tumor assessment was not as good as using blood 

samples (Chung et al., 2009). There was a major difference between that report and the 

present studies in that the previous studies infused G.LUC-positive cancer cells into 

animals, while the present work used gene delivery to tumors in an orthotopic model to 

detect whether the tumors were present.  In the former studies, the gene-containing viral 

RNA copy of G.luc was inserted into the host genome via viral vectors to form a stable 

G.LUC-expressing cell line.  The present studies sought to detect growing tumor masses 

through the delivery of a temporary signal.  Without using a viral delivery vector, the 

detection test could be repeated in a patient many times, such as during annual checkups.   
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3.5. Conclusion 

Expression-targeted gene delivery was used to detect the presence of bladder cancer 

cells via the detection of G.LUC reporters in the urine.  The approach was of interest 

because detection did not rely upon typical endogenous biomarkers, but rather produced 

biomarkers based upon gene expression patterns occurring within cells.  In vitro studies 

implicated that both cancer-specific promoters (Pcox-2 and Popn ) could drive significant 

expression of G.LUC in bladder carcinoma cells, and that the expression was absent in 

untransformed cells.  In vivo experiments in an orthotopic model of transitional cell 

carcinoma demonstrated that delivery of Pcox2-G.luc plasmids into the bladders of tumor-

bearing mice yielded detectable levels of the reporter protein in the urine, and that the 

excreted levels were significantly higher versus negative controls and non-tumor-bearing 

mice at 48-hours post-transfection.  It was found that tumor-bearing mice excreted 

G.LUC with an apparent 24-hour periodicity, and that urine collected at the end of the 

mouse “night” (lights-on) had a lower amount of G.LUC signal masking.  The detection 

system, having shown tumor specificity, and having been calibrated to circadian 

expression patterns, shows great promise for future investigation of tumor presence both 

in the urinary bladder and other models of cancer. 
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Chapter 4. Cancer Detection Using Expression-

targeted Gene Delivery to Drive Expression of Urine-

borne Reporters 

4.1. Introduction 

Early cancer detection is of key significance to the survival of affected patients.  

Methods used for clinical screening and diagnosis for cancer include an array of imaging 

tests including mammography, CT, MRI, and ultrasound, each of which are associated 

with expensive equipment and facilities.  Laboratory tests have been developed to 

analyze patient samples, such as tissue biopsies, blood, or urine.  While promising, 

detection via cancer biomarkers is limited by a relatively small set of known markers. 

HER2 (breast cancer) (Ross, 2009), Cancer antigen 125 (ovarian cancer) (Moore et al., 

2012), and carcinoembryonic antigen (colon) (Tiernan et al., 2013) to name a few.   

 

One of the greatest challenges for both cancer detection and therapy is the ability to 

differentiate between transformed and untransformed cells.  It has been shown that the 

technique of expression-targeting can be used to distinguish cells via the use of specific 

DNA entities that control the transcription of genes.  If a cancer cell expresses more of a 

certain gene because it has transcription factors that bind to a specific DNA sequence 
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(promoter element), then using this DNA sequence to control the transcription of a 

delivered transgene should limit gene expression to that type of cancer cell.  In the 

application described here, cancer cells were targeted via the use of promoters / promoter 

elements associated with the cyclooxygenase type-2 and osteopontin genes (Pcox2 and 

Popn, respectively).  The promoters were used to drive the expression of exons that 

encoded proteins that are both secreted by cells and are easily detectable in the urine.  It 

is important to note that tumor-specific promoters and urinary reporter proteins make up 

two independent components of this investigation.   

 

The promoters 
 

There are a number of tumor-specific promoters that make expression-targeting of 

cancer cells possible.  In the past, the alpha-fetoprotein promoter has been used to target 

hepatocellular carcinoma (Takahashi et al., 2002), and the carcinoembryonic antigen 

promoter has been applied to targeting lung and colorectal cancers (Osaki et al., 1994, 

Richards et al., 1995). Here we present the cox2 and opn promoters as DNA regulatory 

units that can be used to target cells from bladder and colon carcinomas. 

 

The Cox-2 protein is a key enzyme in the cyclic arm of the arachidonic acid cascade.  

Its expression is low-to-nonexistent in most untransformed cells and tissues when not 

stimulated by (pro-inflammatory) signaling molecules (Godbey and Atala, 2003, 

Wardlaw et al., 2002, Turini and DuBois, 2002).  Overexpression of Cox-2 is correlated 

with tumor development and is commonly found in many different types of carcinomas, 

including those of colorectal, prostate, breast, lung, skin, pancreatic, and bladder origin 
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(Zha et al., 2004). The murine Pcox2 contains several positive regulatory elements such as 

an E-box enhancer element and a nuclear factor IL6 binding site, which play important 

roles in recruiting transcription factors that might be expressed differently in transformed 

versus normal cells (Kim and Fischer, 1998).  

 

OPN is an acidic protein that is expressed at high levels in bone (Mazzali et al., 

2002). It is also expressed in immune cells such as macrophages and T cells, as well as in 

non-immune cells such as endothelial and epithelial cells (O'regan and Berman, 2000). 

Overexpression of OPN, to a degree much higher than in normal cells, is very common in 

a series of malignancies such as carcinomas of the lung (Hu et al., 2005), breast (Rudland 

et al., 2002), cervix (Song et al., 2009), ovary (Kim et al., 2002), colon (Agrawal et al., 

2002), and pancreas (Koopmann et al., 2004).  More importantly, in terms of disease 

state, increased tumor expression of OPN is associated with enhanced invasiveness and 

metastatic potential (Rodrigues et al., 2007).  In humans, Popn has the multiple actions as 

a positive regulatory sequence (RE-1) for the binding of the transcription factors Sp1, 

Myc, and Oct-1, which could act in a synergistic manner to enhance the transcription of 

downstream genes (Denhardt et al., 2003).  The promoter also contains a Ras-activated 

enhancer, which is bound by the Ras-response factor to stimulate transcription of opn, 

which in turn strengthens the metastatic potential of tumor cells (Denhardt et al., 2003).  

Early identification of such cells would be very important for the prevention of metastatic 

disease.   

      

The reporters 
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In addition to looking at the utility of Pcox2 or Popn for use in targeting the expression 

of delivered genes to cancer cells, the experiments described here investigated the use of 

reporter proteins that were identified because of their secretion from cells as well as their 

detectability in in the urine.  Candidates were selected according to the following criteria: 

1) proteins that are detectable in human urine but with low basal levels since it is 

undesirable if a large amount of the urinary protein being used as a reporter is present 

before transfection; 2) reporters for which commercial quantitative immunoassays are 

currently available are the most desirable to use at this stage, to avoid the expense of 

raising antibodies for novel detection kits; 3) efficient excretion ability is preferable since 

reporters require to be filtered through the glomerulus given that expression-targeted 

gene delivery may be administered systemically in the future.  Proteins and polypeptides 

with molecular weights smaller than 30kDa are more easily filtered by the glomerulus 

while large molecular weights (>60kDa) can prevent a protein from glomerular filtration 

(Verbeeck and Musuamba, 2009, Nagaraj and Mann, 2011). A good excretory reporter 

should have high urine:serum ratio, indicating efficient filtration by kidney.  

 

As such, β2 microglobulin (β2m), the β subunit of human chorionic gonadotropin 

(βhCG), prostate specific antigen (PSA), and secreted embryonic alkaline phosphatase 

(SEAP) were chosen as candidate reporters.  It is important not to confuse, for example, 

the detection of a marker such as PSA with the detection of prostate cancer in this 

system.  These proteins are being used as reporters to mark a positive match to a cellular 

behavior via expression-targeted gene delivery.   
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β2m is a small extracellular protein with a molecular weight of 11.8 kDa.  It is a 

component of the major histocompatibility complex Class I.  Since molecular weights 

smaller than 30kDa are more easily filtered by the glomerulus (Verbeeck and Musuamba, 

2009, Nagaraj and Mann, 2011), β2m could be expected to appear in urine samples due to 

its small size.  Low levels of β2m (≤300µg/L for male; ≤183µg/L for female) are present 

in urine samples from healthy individuals (Chan et al., 2012).  While β2m levels are 

elevated in renal maladies such as membranous nephropathy and glomerular injury, in a 

clinical setting such conditions would be screened for before the described cancer-

detection procedure would be performed. 

 

hCG is a glycoprotein hormone that is primarily produced during pregnancy by 

syncytiotrophoblast cells of the placenta.  It plays an active role during pregnancy in the 

development of the corpus luteum, which secretes progesterone to aid with the 

development of the uterus and placenta for fetal development (Glick, 1991).  The hCG 

hormone consists of an α subunit, which is also used in pituitary gonadotropins, and a β 

subunit that is unique to the hormone (de Medeiros and Norman, 2009).  In urine samples 

from healthy males and non-pregnant females, hCG levels are commonly lower than 5 

mIU/ml, which would yield a negative result from a standard home pregnancy test (levels 

over 25 mIU/ml indicate pregnancy) (Chard, 1992).  This implies that βhCG could serve 

as a reporter candidate in the present system for the detection of cancers in healthy males 

and non-pregnant females.   
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PSA is a 34 kDa serine protease that is secreted by epithelial cells of the human 

prostate, and is considered as a tumor marker associated with the risk of prostate cancer 

(Stephan et al., 2014). Being fairly unique to the urine of males, PSA could serve as an 

excellent reporter for the described detection system in female subjects.  In a study 

involving 50 healthy females, it was found that the PSA concentration in all serum 

samples was lower than 0.06 ng/ml, and that 80% of the associated urine samples tested 

PSA positive with a mean ±SE of (0.038±0.005) ng/ml (Mannello et al., 1998). PSA-

expressing MB49 cells have been implanted into mice, with urinary PSA production 

increasing in parallel to tumor growth, which allows PSA a potentially good reporter for 

bladder cancer study (Luo et al., 2004).  The tumor volume was correlated well with PSA 

production in the subcutaneous cancer model using MB49-PSA+ cells and PSA secretion 

in mouse serum and urine were also assayed in the orthotopic model to reflect tumor 

response to anticancer therapy (Wu et al., 2003b).   

 

Secreted alkaline phosphatase (SEAP) is very useful as a reporter protein.  It can be 

secreted by cells into culture media in vitro or body fluids in vivo, with cellular secretion 

being proportional to the up-regulation of intracellular seap mRNA (Cullen and Malim, 

1992). SEAP activity can be directly assayed via cell supernatants (as opposed to cell 

lysates).  Although endogenous alkaline phosphatase is typically present where there are 

viable cells, SEAP is easily differentiated from its endogenous counterpart via its heat 

stability and resistance to L-homoarginine.  In addition, SEAP activity can be accurately 

measured by sensitive chemiluminescent assays.  All of these properties make SEAP a 

desirable reporter protein for monitoring in vitro and in vivo processes (Hiramatsu et al., 
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2005). SEAP has been used as a soluble marker for non-invasively measuring tumor 

burden in vivo.  SEAP levels in plasma samples correlated very well with tumor volume 

after stably Pcmv-seap-transfected OCC1 ovarian carcinoma cells (Nilsson et al., 2002) or 

Pcmv-seap-transfected A2780 ovarian cancer cells (Bao et al., 2000) were implanted into 

mice.  A2780 cells that were stably transfected with cancer-specific promoter Psurvivin-

driven seap were implanted into the intrabursal cavity of mouse ovaries, producing 

plasma SEAP activity that is reflective of tumor growth (Bao et al., 2002).  

 

In the work presented here, both Pcox-2 and Popn were used to drive the expression of 

β2m, βhCG, PSA, and SEAP reporter proteins in cancer cells (versus normal cells).  

Application of the expression-targeted cancer detection system was investigated in vitro, 

and in vivo in an orthotopic model of murine bladder carcinoma where cells were 

transfected by transurethral intravesical gene delivery.   

 

4.2. Materials and Methods 

4.2.1. Cells  

Carcinoma cells were represented by the murine transitional cell carcinoma MB49 

and the murine colon carcinoma cell line CT26.CL25.  Normal cells were represented by 

a fibroblast cell line derived in-house via explant of tissue from a normal mouse and 

designated “MF”.  MB49 and MF cells were maintained in Dulbecco’s modified Eagle’s 

medium (Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum 

(Gemini Bio-Products, West Sacramento, CA, USA), 100 U/ml penicillin, and 100 U/ml 

streptomycin (Invitrogen).  CT26.CL25 cells were cultured in Roswell Park Memorial 
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Institute (RPMI) 1640 medium (Invitrogen) supplemented with 10% fetal bovine serum, 

100 U/ml penicillin, 100 U/ml streptomycin, and a solution of minimum essential 

medium non-essential amino acids (Invitrogen, catalogue #11140-050).  All cells were 

grown in 25-cm2 culture flasks in a humidified incubator held at 37ºC and containing 5% 

CO2.   

 

4.2.2. Plasmid construction 

Pcmv-βhCG:  The βhCG exon was originally amplified via traditional PCR upon 

whole-cell genomic extracts.  The amplicons thus obtained were inserted into the vector 

pEGFP-N1 (Clontech/Takara Bio Co., Mountain Veiw, CA, USA) via the BglII and SalI 

restriction sites.  The original reporter sequence that encodes an enhanced green 

fluorescent protein was later excised.  

 

Popn-βhCG:  The Popn promoter from -134 to +125 was amplified via PCR 

performed on a whole-genome extract of human foreskin fibroblasts (HFF-1, ATCC, 

Manassas, VA) using the following set of primers:  Forward:  5’-

AAGATCGATTAATAAAACCAGAGGGG-3’ (inserted AseI site is underlined); 

Reverse:  5’- TCATAGGCTAGCTGAATGCACAA-3’ (inserted NheI site is 

underlined).  The Pcmv promoter in the pEGFP-N1 plasmid was replaced by the Popn 

promoter via AseI and NheI.   The reporter sequence of βhCG was extracted from the 

Pcmv-βhCG plasmid just described, via EcoRI and DraIII, then inserted into the Popn-gfp 

plasmid after the gfp sequence had been removed as described.   
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pcox2-βhCG:  The murine promoter sequence Pcox2 (also known in the literature as 

TIS10) was extracted from a plasmid originally provided by Carol Pilbeam (University of 

Connecticut Health Center, USA) (Fletcher et al., 1992, Choudhary et al., 2004).  The 

Pcmv was removed from the pEGFP-N1 vector with AseI and BglII, followed by insertion 

of Pcox2 promoter using the same sticky ends to form Pcox2-gfp.  The reporter sequence 

βhCG was extracted from Pcmv-βhCG (see above) via EcoRI and DraIII, then inserted 

into the Pcox2-gfp after the gfp exon had been removed using the same restriction sites.   

 

pcmv-β2m, pcox2-β2m, and popn-β2m:  The reporter sequence of β2m was amplified 

on the basis of the plasmid pBJ1-β2m (Addgene plasmid 12099, Bjorkman PJ, CIT, CA, 

USA) via PCR using the following set of primers: Forward: 5’-

ATATGTCGACTGTTCTGCGCCGTTACAG-3’ (SalI site underlined); Reverse: 5’-

GGCGGACCGATAAGCTTGATATCGAATTC-3’ (a NotI site, used to modify the 

amplicons, was already present in the amplified portion of the pBJ1-β2m plasmid).  To 

construct Pcmv-β2m, the EGFP exon in pEGFP-N1 was replaced by the amplified β2m 

exon sequence via SalI and NotI digestion.  Similarly, construction of pcox2-β2m, and 

popn-β2m was achieved by substituting the EGFP exon in Pcox2-gfp and Popn-gfp, 

respectively, with the β2m exon via digestion with SalI and NotI.   

 

pcmv-psa, pcox2-psa, and popn-psa:  The reporter sequence of prostate specific 

antigen (psa) was amplified via tradition PCR upon whole-cell genomic extracts using the 

following primers: forward: 5’-CTAGTA GAATTC CGCCACC 

ATGTGGGTCCCGGTT-3’ (inserted EcoRI is underlined); reverse: 5’-ATTATT 
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GGTACC TCAGGGG TTGGCCACGATGGTG-3’ (inserted KpnI is underlined).  To 

construct pcmv-psa, the βhCG exon in Pcmv-βhCG was replaced by the amplified PSA 

exon sequence via restriction sites EcoRI and KpnI.  Similarly, construction of pcox2-psa, 

and popn-psa was completed by substituting the βhCG exon in Pcox2-βhCG and Popn- 

βhCG, respectively, with the PSA exon via digestion with restriction sites EcoRI and 

KpnI.   

 

pcmv-seap, pcox2-seap, and popn-seap:  The reporter sequence of secreted embryonic 

alkaline phosphatase (seap) was amplified via traditional PCR on the basis of the plasmid 

pcmv-seap, a gift from Alan Cochrane (Addgene plasmid #24595) using the following 

primers: forward: 5’- ATTTAT GAATTC GCCACCATGCTGGGGCC-3’ (inserted 

EcoRI underlined) ; reverse: 5’- ATTTTT GGTACC TTAACCCGGGTGCGCGG-3’ 

(inserted KpnI underlined).  To construct  pcmv-seap, pcox2-seap, and popn-seap, the seap 

exon was substituted for the seap exon via EcoRI and KpnI digests of pcmv-psa, pcox2-

psa, and popn-psa, respectively.   

 

All of the sequences described above were verified by DNA sequencing (Integrated 

DNA Technologies, Coralville, IA).  The non-coding vector pUC19 (New England 

Biolabs) was used as a negative control in transfection experiments.   

 

4.2.3. In vitro transfections 

Cells were collected in the late-log phase (confluence of ~70-80%).  A total of 105 

cells per well were seeded into 6-well plates containing 2 ml of growth medium per well, 
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at 16 hours prior to transfection.  The 25 kDa polycation poly(ethylenimine) (PEI) 

(Sigma-Aldrich, St.  Louis, MO, USA) was diluted, titrated to pH = 7.0, and complexed 

with 3.6 µg of plasmid DNA at a N:P ratio of 7.5:1 in  a total volume of 100 µl per dose 

(Dobek et al., 2011).  At the time of transfection, growth media were replaced with 2 ml 

FBS-free medium plus 100 µl of gene delivery complexes.  Transfections were allowed 

to proceed at 37°C for 2 hours, after which the transfection media were replaced with 1 

ml of fresh growth medium. 

4.2.4. Real-time quantitative PCR 

24 hours after transfection, cells were lysed and total RNA was extracted using 

RNeasy mini kits (Qiagen Inc., Valencia, CA, USA).  RNA was reverse-transcribed into 

cDNA using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, 

Carlsbad, CA).  Real-time qPCR was carried out via iCycler (Bio-Rad, Hercules, CA).  

The total volume for each reaction was 25µl, which included 12.5 µl SYBR green 

supermix (Bio-Rad), 200 nM each of forward and reverse primers (Integrated DNA 

Technologies), 1µl cDNA template, and water.  The qPCR was performed using 95°C for 

3 minutes, a loop of 95°C for 10 seconds (melt), 54.2°C—59.4°C (depending upon the 

specific primers being used) for 30 seconds (anneal), and 72°C for 20 seconds (extend).  

The loop was repeated for a total of 40 cycles.  The housekeeping gene 18s rRNA was 

used as an internal reference.  The primer sequences used for 18s rRNA (locus: 

NR_003286, accession: NR_003286) were: forward: 5’-

TCAATCTCGGGTGGCTGAACGC-3’, reverse: 5’-

CGGACACGGACAGGATTGACAGAT-3’.  The primer sequences used for human β2m 

(locus: NM_004048, accession: NM_004048) were: forward:  5’- 
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GGTTTCATCCATCCGACATT-3’, reverse:  5’-ACGGCAGGCATACTCATCTT-3’.  

The primer sequences used to detect βhCG (locus: NM_000737.3, accession: 

NM_000737.3) were:  forward:  5’-GATGTTCCAGGGGCTGCT-3’, reverse, 5’-

GCACAGATGGTGGTGTTGAC-3’.  The primer sequences used to detect psa (locus: 

NM_001030047, accession: NM_001030047) were: forward: 5’- 

CGCAAGTTCACCCTCAGAA-3’; reverse: 5’-GCACACCATTACAGACAAGTGG-3’. 

All PCR data were analyzed using the Pfaffl method (Pfaffl, 2001), where  

  
ratio =

(Etarget )
ΔCt (control−treatment )

(Eref )ΔCt (control−treatment )  

 

The ratio is a normalized expression ratio, reflecting the fold change of the target 

gene (β2m ,psa or βhCG) in treated samples relative to control samples under the 

condition of being normalized to the expression of a reference gene (18s rRNA).  Etarget  

and Eref  correspond to efficiencies of primers toward the target gene and the reference 

gene respectively.   

  

It is common for users of PCR to use the 2-ΔΔCt method (Livak and Schmittgen, 2001) 

in determining up- or down-regulation of transcription. Considering that method for a 

moment, it should be noted that the ratio of gene upregulation (2-ΔΔCt) does not follow a 

normal distribution.  It has therefore been suggested that statistical analyses be performed 

on ΔΔCt as opposed to 2-ΔΔCt (Yuan et al., 2006). The Pfaffl method was chosen for use 

in these experiments over the 2-ΔΔCt method because the Pfaffl method takes into account 

primer efficiency rather than assuming that each round of PCR will yield a perfect 
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doubling of amplicon numbers.  The resulting ratio, which is equal to the normalized 

fold-change in transcription of the gene of interest, was then run through a log2 

transformation to transform the results into a base 2 form for statistical analysis.  The 

following formulas describe how to perform this Pfaffl-adjusted ΔΔCt for calculations of 

standard deviations, which are then to be used for statistical analysis:   

  
ratio =

(Etarget )
ΔCt1

(Eref )ΔCt 2 = 2log2 ( Etarget )ΔCt1

2log2 ( Eref )ΔCt 2 = 2
log

2
( E

target
)ΔCt 1−log

2
( E

ref
)ΔCt 2

 

  
log

2
(ratio) = log

2
2

log
2

( E
target

)ΔCt 1−log
2

( E
ref

)ΔCt 2

= log
2
(E

target
)ΔCt1 − log

2
(E

r ef
)ΔCt 2 = ΔΔCtPfaffl method,adjusted  

where ΔCt1 = Ct control, target gene – Ct treatment, tartget  and  

ΔCt2 = Ct control, reference gene – Ct treatment, reference gene . 

 

4.2.5. Reporter assay for cell culture 

Media were collected 48 hours after transfection and centrifuged at 1,000 × G for 10 

minutes to remove cell debris.  Supernatants were stored at -80°C until quantification.  

Sensitive and quantifiable results were obtained with β2m ELISA kits (GenWay Biotech, 

Inc., San Diego, CA), βhCG ELISA kit (Phoenix Pharmaceuticals, Inc., Burlingame, CA) 

PSA ELISA kit (Abnova, Taipei, Taiwan), and SEAP reporter gene assays (Roche 

Diagnostics, Indianoapolis, IN). In addition, for βhCG detection, the 

ConsultTMdiagnostics hCG urine cassette (PSS World Medical Inc., Jacksonville, FL, 

USA) was used as a convenient and rapid test, plus as proof-of-concept that a urine-based 

test for home diagnostic use is possible.  A similar test for PSA detection, the 

SERATEC® PSA Semiquant kit (SERATEC®GmbH, Goettingen, Germany), was used 
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for rapid immunochromatography to further demonstrate the potential for the described 

system to be used in a home setting. 

 

4.2.6. Murine orthotopic tumor model 

All experiments were performed with the approval of the Tulane University 

Institutional Animal Care and Use Committee.  Female, 3- to 5- week old C57BL/6J mice 

were purchased from Jackson Laboratories (Bar Harbor, ME, USA) and allowed to stay 

for approximately one week to acclimate before starting any study.  Mice were 

anesthetized via isoflurane and urine was drained from each bladder via transurethral 

catheterization.100ul of MB49 cells with a concentration of 106 cells/ml were delivered 

via transurethral catheterizations into the bladders without being operated with 

electrocautery, and incubated for 1.5 hours. Catheters remained in place during the 

incubations to keep the cell suspensions in the bladders.  At 90 minutes, catheters were 

removed and bladders were allowed to drain naturally. 

 

4.2.7. In vivo transfections 

Mice were anesthetized via isoflurane and urine in the bladders were voided via 

catheterization.  Gene delivery complexes were made as described under section 4.2.2 In 

vitro transfection, using 3.6 µg of plasmid (pUC19, pcmv-seap, pcox2-seap, popn-seap, 

pcmv-psa, pcox2-psa, or popn-psa) complexed with PEI at an N:P ratio of 7.5:1 and a total 

volume was 100ul per dose.  Complexes were delivered into bladders of either healthy 

mice or tumor-bearing mice on Day 8.  (The day that cancer cells were introduced into 
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the bladders was defined as Day 0).  Transfections proceeded for 2 hours, after which 

catheters were removed and the bladders allowed to drain naturally.   

 

4.2.8. Urine-based reporter assays 

At 72-hours post-transfection, each mouse was assigned in an individual cage and 

stayed there for up to 3 hours. Urine samples were collected during the period using a 

pipet. Samples were centrifuged at 1,000 × G for 10 minutes to remove debris and stored 

at -80°C until quantification. The weights of a urine sample and water with an equal 

volume were measured respectively and specific gravity of urine samples was the ratio of 

the weights of urine and water. SEAP expression was detected using SEAP reporter gene 

assays (Roche Diagnostics, Indianoapolis, IN).  PSA expression was detected using Total 

Prostate Specific Antigen Human SimpleStep ELISATM kit (Abcam, Cambridge, MA).   

4.2.9. Statistics 

Levels of reporter protein secretion were log-transformed to put them in the form of a 

normal distribution.  Student’s t-test was used to compare differences between group 

pairs.  The ANOVA test followed by a post-hoc test was used to compare differences 

between groups when there were more than two group pairs (sham, pUC19, pcmv-driven 

plasmid, pcox2-driven plasmid, and popn-driven plasmid).  Significance was defined 

statistically as P < 0.05.   

 

4.3. Results 

4.3.1. First detection of reporters 
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As a starting point, it was necessary to determine whether the β2M, βhCG, and PSA 

proteins could even be detected under the most favorable conditions.  Three murine cell 

lines – MF (normal fibroblasts), CT26 (colon cancer), and MB49 (bladder cancer) – were 

transfected with reporter plasmids driven by the strong cmv promoter (fig. 4.1).  The 

βhCG and PSA reporters were easily detectable in the two cancer cell lines.  The β2M 

reporter was expressed well in only one of the cancer cell lines: MB49.  Statistical 

analysis revealed that the poor β2M expression was significantly lower than the other two 

reporters in the MF and CT26 cell lines. 
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Figure 4.1.  Secretion levels of three reporter proteins were compared in different cell lines that 

were transfected with the strong Pcmv.  “*” and “**” indicate significant differences between β2m 

the other two reporters in the indicated cell lines (t-test, n≥3, at least three independent 

experiments were performed and samples were run in duplicate). “*” indicates p<0.05, “**” 

indicates p<0.01).   

 

 

Further analysis of reporter expression was performed at the transcriptional level 

through PCR experiments.  Again, Pcmv was used to drive the transcription of the three 

reporters.  Although detection of transcription showed relatively higher levels than were 

seen in the reporter-detection experiments, similar patterns were seen:  MB49 cells 

showed consistently high transcription of all three reporters, and β2M expression was 

significantly lower than the other two reporters in the MF cell line.  In the CT26 cell line, 

psa transcription was significantly higher than the other two reporters (fig. 4.2). 
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Figure 4.2.  Fold change in the transcription of three reporter genes, in three cell lines.  Cells 

were transfected with plasmids under the control of the strong PCMV. Three independent 

experiments were performed and cDNA samples were run in triplicate. “*” indicates a significant 

difference in detected transcription levels between the pairs indicated (t-test, n=3, p<0.05).   

 

4.3.2. Transcription of reporter genes when expression-targeting was employed 

β2m transcription levels following transfection with  Pcox2- or Popn-driven plasmids 

was assessed via real-time PCR. Although fold change of β2m transcription levels was 

significantly higher in two cancer cell lines transfected with expression-targeted groups 

than that in identically treated normal cell line (fig. 4.3a), normalized β2m transcription 

was roughly the same in murine fibroblasts as it was in the two cancer cell lines for each 

of the two cancer-targeting promoters (fig. 4.3b). Normalization to transcription levels of 
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Pcmv-driven trials is to eliminate the difference of transfection ability among different 

cells.  

 

 

 

 

 



!

!

92!

 

Figure 4.3. PCR results reflecting changes in β2m transcription levels (a), and changes 

normalized to Pcmv-driven controls (b), in murine cell lines of normal fibroblasts (MF), and the 

cancer cell lines CT26.Cl25 (colon) and MB49 (bladder). Three independent experiments were 

performed and cDNA samples were run in triplicate. “**” indicates a significant difference in 

detected transcription levels between the cancer cell line and the normal cell line (t-test, n=3, 

p<0.01).  Normalization to Pcmv-driven controls was performed in order to compensate the 

difference of transfection ability among different cell lines.  

 

Next, transcription levels of βhCG were assessed in the same cell types using the 

same targeting promoters.  Fold change of βhCG transcription levels was significantly 

higher in two cancer cell lines transfected with expression-targeted groups than that in 

identically treated normal cells (fig. 4.4a). In the two cancer cell lines, normalized levels 

of reporter mRNA were approximately 10-fold higher than what was observed for β2m 

following transfection (fig. 4.4b).  Negative controls utilizing the pUC19 null vector 

revealed no appreciable background in any of the cell lines.  The targeting aspect was 

also very encouraging, with expression in the cancer cells showing some significance as 

compared to transfections of the normal fibroblasts.  Popn-driven βhCG transfections 

showed significantly higher βhCG transcription in both of the cancer cell lines versus the 

normal cell line, and Pcox2-driven transfections of βhCG showed significantly higher 

βhCG transcription in MB49 cells versus murine fibroblasts (fig. 4.4b).  Similar results 

were seen for transfections of expression-targeted genes encoding the PSA reporter, with 

both targeting promoters yielding significantly more reporter transcription in both cancer 

cell types versus normal fibroblasts (fig. 4.5). 
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Figure 4.4. PCR results reflecting changes in βhCG  transcription levels (a), and changes 

normalized to Pcmv-driven controls, in murine cell lines of normal fibroblasts (MF), and the cancer 

cell lines CT26.Cl25 (colon) and MB49 (bladder). Three independent experiments were 

performed and cDNA samples were run in triplicate. “*” and “**” indicate significant differences 

between the indicated cell line and the normal (MF) cell line (p<0.05 and 0.01, respectively) 

(t-test, n=3). Normalization to Pcmv-driven controls was performed in order to compensate the 

difference of transfection ability among different cell lines.  
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Figure 4.5.  Fold change of psa transcription levels (a), and changes normalized to Pcmv-driven 

controls (b), in individual cell line, normal murine fibroblast (MF), colon cancer (CT26.Cl25), and 

bladder cancer (MB49) cells. At least three independent experiments were performed and cDNA 

samples were run in triplicate. “*” and “**” indicates significant differences between normal cells 

(MF) and cancer cells (CT26.Cl25 or MB49) that were treated with the same plasmid/PEI 

complexes [t-test, n≥3, p<0.05 (*) or p<0.01 (**)]. Normalization to Pcmv-driven controls was 

performed in order to compensate the difference of transfection ability among different cell lines.  

 

 

4.3.3. Lateral flow immunoassay results for cell culture 

An important potential application of these investigations is the development of 

urine-based lateral flow assays for urine based cancer detection in a home setting.  For 

proof-of-concept, home pregnancy (βhCG) kits and PSA kits were used to detect two of 

the expression-targeted reporters.   

At 48 hours post-transfection, cell supernatants were tested by hCG urine cassette, 

which has a lower detection limit of 20mIU/ml.  In MF groups (normal cells), only pcmv-

βhCG -transfected samples showed positive results by 20 minutes of lateral flow while 

other groups all showed negative results even after 5 hours of incubation (fig.4.6a).  In 

both the MB49 and CT26 cancer cell lines, positive readings were observed by 20 

minutes after the addition of cell supernatant for samples transfected with pcmv-βhCG, 

pcox2-βhCG and popn-βhCG (fig. 4.6b,c).   
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Figure 4.6.  Lateral flow assays indicating the presence or absence of βhCG in cell supernatants 

48-hours after transfection with the indicated plasmids.  Transfections took place in a) normal 

murine fibroblasts, b) MB49 cells, and c) CT26.Cl25 cells.  In b) and c), arrows indicate the 

presence of test bands, which reflect the presence of targeted reporter expression in excess of 

20mIU/ml. 

 

PSA test kits also reflected similarly exciting results.  The sensitivity of the PSA 

rapid tests was well known as 2ng/ml.  The test kits, shown in Figure 7, contained a 

second line between the test (T) line and the control (C) line that served as a standard to 

indicate 4ng/ml of PSA.  In MF groups, positive readings (Lines by the “T” on the kits) 

were observed for samples transfected with pcmv-psa immediately after supernatant 

flowed through the test region.  Transfections using the cancer-specific promoters pcox2 

and popn displayed faint but positive readings after 10 minutes of incubation.  Both of 
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these bands were much weaker than the middle 4 ng/ml indicator line (fig.4.7a).  In 

supernatants from transfected MB49 cells (fig. 4.7b), strong lines were present in samples 

transfected with pcmv-psa, pcox2-psa and popn-psa immediately after samples of 

supernatants were loaded.  All of these lines were stronger than the 4 ng/ml standards.  

The same results were obtained in the supernatants of transfected CT26 cells (fig.4.7c).  

  



!

!

99!

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7.  Lateral flow assays indicating the presence or absence of PSA in cell supernatants 

48-hours after transfection with the indicated plasmids.  Transfections took place in a) normal 

murine fibroblasts, b) MB49 cells, and c) CT26.Cl25 cells.  C = Control band, T = Test band 

(sample being tested).  The band between C and T corresponds to a 4 ng/ml standard. 
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4.3.4. Reporter expression, in vitro, as determined by immunoassays 

While mRNA levels are important for understanding what is going on inside the cell 

with respect to transcribing the delivered reporter plasmids, the ultimate success of the 

detection regimen depends upon the detection of the reporter proteins themselves.  Figure 

4.8 showed results reflecting detection of the reporter proteins in cell supernatants.  

Results were very encouraging in MB49 cells, for which expression-targeting yielded 

strong specificity versus normal fibroblasts, and strong reporter expression versus 

positive controls in all four cases.  Results in the colon cancer cells were not as dramatic, 

with significance versus normal fibroblasts occurring only for transfections of Pcox2-psa 

and Popn-psa.  
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Figure 4.8.  Reporter concentrations in the supernatants of normal murine fibroblasts (MF), 

murine colon cancer cells (CT26.Cl25) and murine bladder tumor cells (MB49) transfected with 

the indicated expression-targeted plasmids. Cell supernatants were run in duplicates. “*” and “**” 

indicate significant differences between the indicated cell line and the normal (MF) cell line 

(p<0.05 and 0.01, respectively) (t-test, n≥3, more than three independent experiments were 

performed) a) β2M b) βhCG  c) PSA d) SEAP. 

 

 

 

 

  



!

!

104!

4.3.5. Reporter expression, in vivo, as determined by immunoassays  

Since the time-course experiment in vivo showed high reporter expression at 72 hours 

post-transfection in Pcox2-G.luc groups (fig 3.5), here reporter secretion levels were 

analyzed in urine samples collected at 72 hours post-transfection from both normal mice 

and tumor-bearing mice. In tumor-bearing mice, Pcox2-psa-treated mice produced 

significantly higher PSA concentrations versus tumor-bearing mice transfected with the 

pUC19 null vector (fig 4.9a).  Of more direct significance as it relates to the cancer-

detection system being investigated, both of the expression-targeting promoters, Pcox2 

and Popn, yielded significantly higher PSA secretion into the urine of tumor-bearing 

versus normal mice when used to drive expression of the psa exon.  If PSA 

concentrations in urine samples were adjusted by specific gravity, the same conclusion 

can still be made (fig 4.9b). The same expression/detection patterns were observed when 

the expression-targeting promoters were used to drive SEAP reporter exons (fig. 4.10). In 

tumor-bearing mice, both Pcmv-seap and  Pcox2-seap trials produced significantly higher 

SEAP concentrations versus tumor-bearing mice transfected with the pUC19 null vector 

(fig 4.10a).  However, only Pcox2-seap-treated tumor-bearing mice yielded significantly 

higher SEAP secretion into the urine versus normal mice that were treated identically.  

There is little difference between original SEAP secretion levels and specific gravitity-

adjusted SEAP secretion levels (fig 4.10b). 
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Figure 4.9.  PSA 

concentrations (a) and 

PSA concentrations 

normalized to specific 

gravity (b) following 

transfection with the 

indicated plasmids.  

Urine samples were 

collected 72-hours post-

transfection. “#” 

indicates a significant 

difference between the 

mean PSA level 

detected following 

transfections with psa-

containing plasmids 

versus pUC19-treated 

negative controls 

(ANOVA, followed by 

post hoc test, n=3, each group has three mice, p<0.05).  Limited by urine volume, urine samples 

were run in singlet. Standards were diluted using dilution buffer in the ELISA kit and standards 

were run in duplicate with an intra-assay coefficient variation of 8.4%. “**” indicates significance 

differences between the means obtained for tumor-bearing versus normal mice receiving the 

same treatment (t-test, n=3, each group has three mice, p<0.01).   
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Figure 4.10.  SEAP 

concentrations (a) and 

SEAP concentrations 

normalized to specific 

gravity (b) following 

transfection with the 

indicated plasmids.  

Urine samples were 

collected 72-hours 

post-transfection. “#” 

indicates a significant 

difference between the 

mean SEAP level 

detected following 

transfections with seap-

containing plasmids 

versus pUC19-treated 

negative controls 

(ANOVA, followed by 

post hoc test, n≥3, each 

group has at least three mice, p<0.05). “*” indicates significance differences between the means 

obtained for tumor-bearing versus normal mice receiving the same treatment (t-test, n≥3, each 

group has at least three mice, p<0.05).  Limited by urine volume, urine samples were run in 

singlet. Standards were diluted using dilution buffer in the chemiluminescent kit and standards 

were run in duplicate with an intra-assay coefficient variation of 5.3%.  
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4.4. Discussion 

These investigations were aimed at determining whether the technique of expression-

targeted gene delivery could be used to elicit cancer cells to express standard biomarkers 

as an indication of the presence of tumor masses.  Clinically, urine samples are easier to 

access than blood samples, and could provide a means by which patients could perform 

the reporter detection at home, following a transfection event administered by a 

physician.  The system under investigation employed reporters that are secretable by cells 

and excretable in the urine.  In the described experiments, the detection of biomarkers 

first took place by the analysis of cell supernatants in vitro, then via analysis of urine in a 

murine orthotopic model of bladder carcinoma. 

 

In previous work by our laboratory, the secretable Gaussia luciferase was used to 

successfully detect the presence of cancer cells via urinalysis following expression-

targeted gene delivery.  In the work described here, plasmids encoding more common 

human proteins were engineered considering the reduction of possible immunogenic 

effects while expanding the number of probes that could be utilized simultaneously.  The 

non-viral gene delivery vehicles are recommended for delivery of the plasmids to allow 

for repeated administrations of the plasmids in a given patient over the course of years.  

 

High transcription levels are a vital factor in obtaining high secretion levels of 

reporter proteins.  From real-time PCR data, it was found that β2m expression-targeted 

trials in cancer cells did not produce transcription levels of β2m that were distinguishable 

in tumor versus normal cells.  However, transcription levels of both βhCG and psa genes, 
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directed by cancer-specific promoters, were significantly higher in cancer cells versus 

normal cells.  β2m therefore was not an ideal reporter.  In normal fibroblast cells, the 

average fold change of β2m transcription was lower than that of βhCG or psa regardless 

of the promoter tested (data not shown).  This could indicate a universal mechanism that 

works to inhibit β2m mRNA levels post-transcriptionally, or it could act on the protein 

itself in the cells tested.  The murine β2m mRNA sequence shares 71.67% identity with 

the human β2m that was used for these experiments.  A series of miRNAs such as mmu-

miR-1905 and mmu-miR-677, which can bind to murine β2m mRNA, may also bind to 

and help to degrade the human analog of β2m mRNA if these miRNAs targeted 

sequences common to the two species. miRNAs that bind to coding regions of mRNAs 

are more inclined to inhibit translation than destabilize mRNAs.  

 

Up-regulated transcription levels do not guarantee high secretion levels of proteins.  

For instance, CT26 cells, but not MB49 cells, that were transfected with pcox2-βhCG, 

popn-βhCG, pcox2-psa, or popn-psa showed significant elevation in βhCG or psa 

transcription levels versus those of similarly treated fibroblast cells.  However, from 

ELISA results, CT26 cells that were transfected with these plasmids failed to show 

significantly large amount of βhCG or PSA when compared to similarly treated MF cells.  

Schwanhausser et al.  discovered that mRNA levels accounted for about 40% of the 

variability in protein levels and the level of mRNA translation played an important role in 

determining the amount of protein amount inside cells (Schwanhausser et al., 2013). 

Given that a gene was up-regulated to a high degree, the protein would become more 

likely to be secreted (Winter et al., 2004).  This implies that the more mRNA copies that 
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have accumulated in cells, the higher secretion capability the cell would have (assuming 

the protein is secretable). Although the transcription levels of reporter genes were 

significantly higher in CT26 cells versus MF cells, the changes in exogenous gene 

expression might not have been increased enough to produce a significant difference in 

secretion levels of βhCG or psa between CT26 and MF cells.  This could also explain the 

low-to-undetectable level of β2m secretion in CT26 cells that had been treated with 

plasmids driven by cancer-specific promoters.   

 

High levels of reporter protein secretion were observed in MB49 cells transfected 

with plasmids encoding any of the three reporter genes.  Even MB49 cells treated with 

β2m-encoding plasmids were able to secrete concentrations of β2m comparable to those 

of βhCG or PSA in analogous experiments.  It is possible that some invasive and 

malignant cells need to secrete β2m as an autocrine/paracrine factor, to promote tumor 

growth (Nomura et al., 2014). This could explain why MB49 cells had a higher protein 

secretion/gene transcription ratio for the investigated promoters; perhaps they had better 

exocytotic capability.   

 

PSA and βhCG are both secreted proteins that have been used to monitor internal 

tumor growth by detecting them in mice urine samples.  PSA is constitutively secreted by 

human prostatic epithelial cells (Webber et al., 1995), hCG is also able to secrete 

constitutively though its regulated secretory pathway exists in GH cell line (Bielinska et 

al., 1994) and other stimulating factors such as gonadrotrophin-releasing hormone may 

be helpful for hCG secretion (de Medeiros and Norman, 2009). Selection of a 
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constitutively secreted protein seems promising for getting more accumulated proteins 

outside cells compared to proteins using regulated secretion pathways.   Both βhCG and 

PSA were more secretable than β2m in MF cells and CT26 cells.  In CT26 cells, the 

change in transcription levels in Pcmv-βhCG-treated cells was significantly lower than in 

Pcmv-psa-treated cells.  However, there was no significant difference of secreted protein 

concentrations between these two Pcmv-driven reporter gene transfection groups.  As 

mentioned above, once a critical value of produced mRNA copies has been achieved, 

translation and secretion become the rate-limiting steps.  Also in colon cell line, fold 

change of exogenous gene transcription in Pcox2- βhCG-treated cells was significantly 

lower than that in Pcox2-psa-treated cells.  It seemed that psa mRNA was more stable and 

less vulnerable to degradation than βhCG mRNA.  If cancer detection via expression-

targeted gene delivery were to be applied in cancer cell lines such as CT26, PSA would 

be a protein preferable to βhCG.   

 

In vivo local transfections have to overcome many barriers compared to in vitro 

transfections.  The negative-charged glycosaminoglycan (GAG) layer that separates the 

urothelial layer from the bladder lumen could interact with DNA/polycation complexes, 

preventing them from entering into cells.  Urinary GAG excretion has been seen to be 

significantly elevated in the bladders of bladder carcinoma patients (Atahan et al., 1996). 

The in vivo studies performed showed both SEAP and PSA could be detected from 

tumor-bearing mice in Pcox2 transfection groups 72 hours after transfection.  This was 

consistent with our previous research involving delivery of genes encoding Gaussia 

luciferase to the bladder. While Pcox2- or Popn-driven reporter genes displayed 
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expression peaks at 48 hours post-transfection in vivo, generally higher expression was 

shown at 72-hours post-transfection for Pcox2-Gluc-treated group. 

 

Although urine samples are easy to collect and process, their variations in volume, 

protein concentration, pH, and density are large even within a single individual (Thomas 

et al., 2010).  Hence, the concentrations of endogenous components in urine are generally 

normalized to osmolality, specific gravity, or creatinine concentration.  Specific gravity 

and creatinine normalization procedures have yielded a good correlation (R2=0.94) for 

normalizing urinary drug concentrations (Cone et al., 2009).  However, another study 

suggested that uncorrected biomarker concentrations be used for biomarker studies in 

urine samples containing hematuria, which is very common in patients [or animals] with 

bladder carcinoma (Reid et al., 2012). We attempted to use specific gravity normalized 

reporter concentrations as well as unadjusted reporter concentrations in urine samples, 

with both methods yielding the same conclusions.  

 

This study proved the concept of urine-based cancer diagnosis via expression-targeted 

gene delivery.  It provides a fresh potential diagnosis option that is different from 

traditional cancer biomarker screening.  “Secretable” is one of the most important criteria 

that biomarkers for this system should meet.  It is not necessary for an endogenous 

protein being expressed by a cancer cell to be secretable; the expression-targeted system 

would link expression of that particular protein with the expression of a delivered 

transgene, thereby allowing detection of the endogenous biomarker by proxy.     
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4.5. Conclusion 

A urinary-based cancer detection system was developed based upon expression-

targeted delivery of plasmids encoding secretable reporters.  β2m, βhCG, PSA, and 

SEAP reporters were used, with results indicating that PSA and SEAP were good 

reporters in an orthotopic model of bladder cancer.  (A non-bioactive fragment of βhCG 

would potentially also be very useful, based on the data obtained in vitro for βhCG.)  On 

the targeting side, both Pcox2 and Popn were able to yield relatively high levels of 

downstream gene expression in bladder carcinoma cells, although the colon cancer cell 

line tested was less responsive in vitro.  In vivo results demonstrated the utility of the 

detection system for bladder tumors, and existing urine-based lateral assays showed 

proof-of-concept for a potential home-based cancer detection system. 
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Conclusions 

 

This project is aimed to detect cancers via expression-targeted gene delivery. The 

clycooxygenase-2 promoter (Pcox2) and osteopontin promoter (Popn) were selected to 

drive the expression of G.luc both in vitro and in vivo.  Pcox2 and Popn showed specificity 

in tumor-bearing mice versus normal mice but Popn was not as good as Pcox2. A positive 

correlation was established between maximal luciferase levels in urine samples from 

Pcox2-G.luc-treated tumor-bearing mice and tumor burden. This system could detect 

bladder tumors larger than 19.1 mg. The sensitivity of this assay was not high enough and 

may not be appropriate for early detection of bladder cancer.  

 

Further development of the detection system involved branching out from G.luc in 

the search for additional secretable reporters that could be detected in the urine. In vitro 

results indicated that βhCG, psa and seap were good reporter genes while β2m was not 

good for the detection system. In vivo, the PSA and SEAP reporters were elevated in 

tumor-bearing mice having undergone treatments with Pcox2-driven transgenes encoding 

these proteins.  However, the elevation of PSA levels in urine cannot be detected by a 

commercial lateral flow assay.  

 

For future works, we should optimize our system to amplify reporter levels via the 

following attempts: 1) construct multiple copies of promoters or introduce a two-step 
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transcription amplification system to increase promoter strength; 2) optimize reporter 

genes to obtain better secretion ability; 3) try other non-viral transfection reagents such as 

cyclic PEI. This project also relies on a sensitive diagnostic assay to detect reporters. The 

current commercial βhCG and PSA lateral flow assays were not made for the purpose of 

cancer detection.  We need more sensitive lateral flow assays that are customized for this 

purpose in the future.  
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Appendix A An Evaluation of Gene Delivery using 
Cyclic Poly(ethylene imine) and Exact Linear Analogs 

 

A1. Introduction 

Fundamentally, gene therapy involves the expression of exogenous DNA, which 

relies upon the successful transport of intact DNA into the nuclei of the target cells.  

Gene therapy offers promise to manage or possibly cure many genetic disorders in which 

a malfunctioning gene is attenuated by a “healthy” exogenous gene (Zhang et al., 2010, 

Putnam, 2006). Gene therapy also has been probed for use in disease prevention, such as 

vaccinations, as well as anti-cancer therapies (Putnam, 2006, Zhang and Godbey, 2011b, 

Zhang et al., 2009, Zhang et al., 2008, Pack et al., 2005, Vile et al., 2000, Kerr, 2003, 

McNeish et al., 2004). Because of the poor stability of DNA in vivo, appropriate vectors 

are required to protect the genetic payload during transport, as well as affect its delivery 

across the cell membrane and into the nucleus.  While viral capsids represent attractive 

vectors due to their high efficiency, concerns exist about their immunogenicity (Marshall, 

2000, Machitani et al., 2011) and their cost (Pack et al., 2005). Cationic polymer vectors 

have emerged as a promising alternative because of their scalable production, as well as 
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synthetic ease of tuning their size, structure, and functionality. While a number of amine-

containing, cationic polymers have been explored, including PEI (Boussif et al., 1995), 

poly-L-lysine (PLL), poly(2-(dimethylamino)ethylmethacrylate) (PDMAEMA), and 

polyamidoamine (PAMAM) dendrimers, non-viral gene delivery still suffers from lower 

transfection efficiencies when compared to viral capsids and high cytotoxicity attributed 

to their polycationic character (Pack et al., 2005, Putnam, 2006, Prevette et al., 2010, 

Tang et al., 1996). 

 

Of these polymeric carriers, PEI-based polymers remain one of the most successful 

classes of synthetic vectors for gene transfection (Boussif et al., 1995). At physiological 

pH, the cationic backbone of the polymer efficiently complexes with the anionic 

phosphates of DNA; however, such polycations also exhibit cytotoxicity (Putnam, 2006, 

Parhamifar et al., 2010). As a result, amine-rich polymers have been the subject of 

numerous studies aimed at understanding the relationship between structural parameters, 

such as molecular weight, degree of branching, amine spacing, and amine number on 

DNA/polymer complexation potential, transfection efficiency, and cytotoxicity (Godbey 

et al., 1999, Prevette et al., 2010, Tang et al., 1996, Grayson and Godbey, 2008, Fischer 

et al., 1999, Abdallah et al., 1996, Ogris et al., 1998, Morimoto et al., 2003, Thomas and 

Klibanov, 2002). 

 

Though much research with PEI has shown that the molecular weight is a critical 

parameter for optimizing gene delivery (Godbey et al., 1999, Abdallah et al., 1996, 

Fischer et al., 1999, Ogris et al., 1998, Morimoto et al., 2003, Thomas and Klibanov, 
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2002), truly systematic studies of PEI architectural effects on transfection efficiency and 

cytotoxicity remain wanting.  This neglect is largely a consequence of the synthetic 

challenge in preparing PEI libraries in which the architecture is varied systematically yet 

the amine composition (e.g. primary vs. secondary or tertiary) and molecular weight 

remain the same.  Without access to such architectural analogs, it is difficult to draw 

meaningful conclusions as to the specific relationship between macromolecular structure 

and biological activity.  For example, there is still some debate as to whether branched 

PEI shows higher transfection efficiency than linear PEI; this comparison is complicated 

because of the multiple parameters which are changed, including the substitution of the 

amines, the absolute molecular weight, the molecular weight dispersity of the sample, the 

charge density/compactness and the structural flexibility, as well as the degree of 

branching.  

 

In one of the more systematic studies addressing the effect of polymer architecture on 

gene transfection, Tang et al (Tang et al., 1996) studied whole PAMAM dendrimers 

relative to degraded PAMAM dendrimers for use as gene delivery agents. The partially 

degraded PAMAM dendrimers exhibited better transfection efficiency than the parent 

non-degraded dendrimers or highly degraded dendrimers.  While additional reports exist 

for the gene delivery capabilities of well-defined non-linear polymers such as dendrimers 

(Merkel et al., 2009) and star polymers (Xu et al., 2009, Nakayama, 2012, Cai et al., 

2012, Georgiou, 2014), truly systematic comparisons remain rare.  Herein, we explore the 

properties of two PEI polymers that contain the same number and type of amines, but 
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differ only in their architecture.  This has been carried out by preparing for the first time 

well-defined cyclic PEI as well as their exact linear analogs.   

 

Cyclic polymers exhibit unique physical properties owing to their unusual topology, 

but detailed studies have been limited due to technical difficulties in preparation and 

purification (Laurent and Grayson, 2009, Zhu et al., 2003, Lescanec et al., 1995, 

Hadjichristidis et al., 2001). Cyclic macromolecular topologies also impart unique and 

potentially useful biological properties.  For example, Szoka and coworkers demonstrated 

that cyclic polymer scaffolds exhibit increased blood circulation times in vivo 

(Nasongkla et al., 2009) and also yield greater tumor accumulation than their linear 

polymer counterparts (Chen et al., 2009). Recently, a versatile cyclization method 

utilizing the highly efficient copper-catalyzed azide-alkyne cycloaddition (CuAAC) 

reaction has been developed to yield a wide variety of high purity cyclic polymers, 

including polystyrene (Laurent and Grayson, 2006), polyesters (Hoskins and Grayson, 

2009), and block copolymers (Eugene and Grayson, 2008).  This route offers synthetic 

access to a wide variety of cyclic macromolecules to enable their evaluation for a range 

of applications.  Recent studies of cyclic PDMAEMA has suggested that cyclic polymers 

have advantages for nucleic acid delivery (Wei et al., 2013). 

 

    In order to investigate the utility of cyclic PEI for gene delivery, linear poly(2-

ethyl-2-oxazoline) (PEOx) precursors (Aoi and Okada, 1996, Kobayashi et al., 1982, 

Lambermont-Thijs et al., 2010) were prepared via the ring-opening polymerization of 2-

ethyl-2-oxazoline such that azide and alkyne functionalities were located at opposite ends 
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of the polymer chain.  Utilization of the CuAAC cyclization technique provided cyclic 

PEOx samples with the identical molecular weight as their linear precursors. The acid-

catalyzed hydrolysis of these cyclic and linear PEOx sets therefore provided access to a 

library of cyclic and linear PEI samples that were subsequently investigated as vehicles 

for the delivery of plasmids encoding red fluorescent protein (RFP).   

 

A2. Methods and Materials 

A2.1. DNA protection and complex stability assay 

Buffers and solutions: 

1× alkaline buffer: defined by 1 L containing 5mL of 10N of NaOH, 2mL of 0.5M of 

EDTA (pH 8.0); 1× digestion buffer: 0.1M of sodium acetate, 5 mM of MgSO4, titrated 

to pH 8.0; dilution buffer: 25 mM of tris-HCl, 50% glycerol (v/v), pH 7.6 (at 4°C); 8× 

stop solution: equal volumes of 0.5M of EDTA (pH 8.0), 2N NaOH, and 0.5M NaCl 

solutions. 

DNase digestion: 

The reaction mixture for DNase digestion contained 2.5 µL of 4× digestion buffer, 

5.0 µL of either DNA or PEI/DNA complexes, and 2.5 µL of DNase 1 dissolved in 

dilution buffer. The digestions were allowed to proceed for 3 min at room temperature, 

and were halted by the addition of 6 µL of 8× stop solution.  

 

After the addition of the 8× stop solution, samples were loaded into an alkaline gel 

containing 0.5% agarose for electrophoresis for one hour at 100 V.  The gel was made by 
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melting agarose in three parts water, to which one part hot 4× alkaline buffer was added 

to yield a 0.5% gel. 

A2.2. Cells and Media 

Human foreskin fibroblasts (HFF-1) (ATCC, Manassas, VA) were cultured in 

Dulbecco’s Modified Eagle Medium supplemented with 15% fetal bovine serum and 100 

U/ml each of penicillin and streptomycin. Cells were maintained at 37˚C, 5% CO2, and 

saturated humidity.  

 

A2.3. Transfection experiments 

Cells were plated in 24-well tissue culture dishes at a concentration of 21,000 

cells/well and allowed to incubate for 16 hours prior to transfection.  PEI/DNA 

complexes were prepared at different N:P ratios directly before every transfection.  Cell 

media were removed from each well and replaced with 417.8µl serum-free transfection 

medium. 20.89 µl of PEI/DNA complex solution were added to the cells and 

transfections were allowed to proceed for 2 hours, after which the transfection media 

were replaced with 417.8 µl of the growth medium specific to those cells.  Cells were 

then incubated for a total of 24 hours after transfection.   

 

A2.4. Luciferase Assay 

HFF-1 cells were transfected as described for 24-well plates with plasmids encoding 

Gaussia luciferase, a secretable reporter that was detected in cell culture supernatants.  

Gaussia luciferase expression was measured using 20 ul supernatant samples with 
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Gaussia Luciferase assay kits (New England BioLabs), used according to manufacturer’s 

instructions.  Luminsescence was detected using a Victor X3 2030 Multilable Plate 

Reader (PerkinElmer, Waltham, MA). 

A2.5. Viability assay 

Cells were transfected with null vectors pUC19 (New England Biolabs, Ipswich, MA, 

USA) in the 24-well plates, with the addition of a SHAM control where 21 µl of 0.9% 

saline were added to a well instead of PEI/DNA complexes.  Transfections proceeded for 

two hours for linear PEI analogs.  At 24 hours following transfection, growth media were 

removed from each well and cells were washed twice with 210 µl of PBS buffer to 

remove non-adherent cells. 62.7 µl trypsin were then added to each well followed by 

incubation for several minutes until all remaining cells detached. 146.2 µl of complete 

medium was then added to each well systematically to collect a maximum number of 

cells.  Flow cytometry was utilized for cell counting.  Percent viability was defined as 

(the number of live cells for the sample well) / (the number of live cells for the Sham 

well).   

!

A2.6. Dynamic Light Scattering Measurements 

PEI/DNA complexes were made at 40:1 (cyclic and linear PEIs, samples 4c, 3c, 3d), 

7.5:1 (branched), and 0:1 (DNA-only control).  The DNA used consisted of linear 

fragments originating from herring sperm, (Sigma, Cat. # D3159).  A total of 1.5 ml was 

made for each sample (equal to 15 transfection doses, a volume needed for the particular 

apparatus being used, a NICOMP 380, Partical Sizing Systems, Port Richey, FL.)  

Samples were analyzed using a 20 µsec channel width for 2-minute analysis cycles.  
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Three such cycles were used for each sample. 

!

A2.7. Zeta Potential Measurements 

The same samples used for dynamic light scattering were used for zeta potential 

analysis.  DNA controls consisted of 1.8 µg of DNA in 50 µl normal saline, diluted with 

10 ml of 1mM KCl.  For each sample of PEI/DNA complexes, 1 ml of the sample used 

for DLS analysis was diluted with 0.5 ml of 1 mM KCl.  A total of 1.5 ml of each diluted 

sample was used for analysis via a NanoBrook 90 Plus PALS zeta potential analyzer 

(Brookhaven Instruments, Holtsville, NY). 

!

A3. Results 

A3.1. DNA protection and complex stability assay 

PEI/DNA complexes were made with the three architectures of PEI, and exposed to 

DNase I for 3 minutes.  The concentrations of DNase I were varied as indicated in Figure 

3.  The method of displaying the amount of DNase I is based upon 5 Units of the enzyme 

being diluted 1:2 for this series of experiments.  From the figure, it can be seen from the 

position of the smear in the free-DNA lanes that the unbound DNA is digested more as 

DNAse I concentration is increased (the smear runs faster, indicating smaller fragments), 

until it is completely digested by exposure to 5/2 U of DNase I for 3 minutes.  It can also 

be seen that DNA protected by B-PEI remains very well-protected, as shown by the lack 

of a smear even at 5/2 U of DNase I.  Cyclic and Linear PEIs offer some protection, but 

not as much as branched PEI.  The intensity and distance travelled in the gel indicate that 
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cyclic PEI offers more protection to the DNA it carries than does linear PEI of the same 

size. 

!

!

!

!

!

!

!

!

!

Figure A1:  DNA protection and complex stability assay.  PEI/DNA complexes were made with 

cyclic 4d, linear 3d, and branched PEI at N:P ratios of 20:1, 20:1, and 7.5:1, respectively, with 

free DNA serving as a control.  Complexes were exposed to DNase I at the indicated 

concentrations for 3 minutes, after which the reaction was stopped and the samples were 

immediately loaded into an alkaline gel to separate the DNA from its carrier. 

!

A3.2. Gene delivery 

Transfection studies were performed with the full library of linear PEI, cyclic PEI and 

linear triazole control PEI samples upon human foreskin fibroblast (HFF-1) cells (ATCC, 

Manassas, VA) using 25kD branched PEI as a positive control (Fig. A2a).  The polymers 

were used to complex and deliver plasmids encoding a red fluorescent protein (pCMV-

DsRed- Express, Clontech, Mountain View, CA).   It was found that polymers with fewer 

D C L B
5/29 5/23 5/22 5/21

No)DNase,
No)complexes
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(21-42) repeat units, such as 3a-b and 4a-b, generally did not yield positively transfected 

cells.  On the other hand, polymers of more repeat units (70-84) such as 3c-d and 4c-d 

yielded significant RFP expression.   

Additional transfection studies with Gaussia luciferase were performed with freshly 

synthesized batches of 4c, 3c, and 3d, along with a different preparation of branched PEI, 

to assess the difference in the total amount of gene expressed for the three architectures 

(Fig. A3).  Samples of 3d were included to further investigate the potential of these 

different PEI architectures for gene delivery.  It was again found that the cyclic 

architecture tended to outperform the linear counterpart in terms of transfection 

efficiency.   

In general, cyclic polymers showed significantly higher transfection efficiencies of 

RFP than their linear counterparts and, at optimal N:P ratios (ratio of nitrogen in PEI to 

phosphorus in DNA), yielded transfection efficiencies comparable to those of the 25kDa 

(~ 600 repeat units) branched PEI positive control (Abdallah et al., 1996, Thomas and 

Klibanov, 2002). The linear PEI triazole control polymer with 80 repeat units (7g) 

generally yielded transfection efficiencies that were similar to those observed for the 

linear PEIs having 70 (3c) and 84 (3d) repeat units, suggesting that the substantial 

increase in transfection observed for the cyclic polymers is a result of PEI architecture 

rather than a modification of the end group functionalities. 

!
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Figure A2. a) Transfection efficiencies with HFF-1 cells for linear and cyclic PEI at different N:P ratios.  

(* = Significantly different from the linear version of the same polymer at the same N:P, P<0.05; *** = 

Significantly different from the linear version of the same polymer at the same N:P, P<0.005)  b) 

Viability of cyclic polymers 4c and 4d normalized to SHAM and branched PEI (B-PEI) at different N:P 

ratios for HFF-1 cells.  There was no difference in means between the normalized numbers of viable 

cells obtained with polymer 4c and 4d, at all N:P tested, and Sham-treated groups.  (ANOVA, n≥3 for 

each group, P=0.125). 
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Figure A3. Results of transfections with Gaussia luciferase reporter plasmids, as delivered by 

cyclic (4c), linear (3c and 3d), and branched (B-PEI) at four different N:P ratios.  Two-hour 

transfections took place in HFF-1 cells. 

!

!

A3.3. Cell viability 

Viablity studies were performed on HFF-1 cells using the two best-performing cyclic 

PEI samples 4c and 4d (70 and 84 repeat units) as well as their linear analogs, 3c and 3d, 

and compared with branched PEI of 600 repeat units (fig. A2b). The cyclic polymers used 

at the 20:1, 15:1, or 10:1 (or 40:1 for the 84-repeat version) N:P ratios were seen to be 

significantly less cytotoxic than branched PEI used at a 7.5:1 N:P (ANOVA, n≥3, 

P=0.0002). 
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A3.4. Further characterization 

PEI/DNA complexes were made with cyclic, linear, and branched PEIs for 

comparisons of size (Fig. A4a) and surface charge concentration (zeta potential) (Fig. 

A4b).  Transfection complexes made with cyclic (4c) and linear (3c, 3d) PEIs were made 

at the 40:1 N:P ratio, and those using branched PEI were made at 7.5:1.  It was noted 

from dynamic light scattering data that DNA was condensed in the presence of PEI, with 

the PEIs that yielded better transfection efficiency (4c and B-PEI) also yielding more 

DNA condensation.  The zeta potentials of the tested PEI/DNA formulations reflected the 

excess of PEI (N:P > 1). With the branched architecture having a slightly higher average 

zeta potential, despite having the relatively lower N:P ratio (7.5:1 versus 40:1).   
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Figure A4.  a) Sizes of transfection complexes, as determined via dynamic light scattering.  b) 

Zeta potentials of transfection complexes.    For both panels, complexes made with cyclic (4c) 

and linear (3c, 3d) PEIs were made at the 40:1 N:P ratio, those using branched PEI were made at 

7.5:1. 
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A4. Discussion 

The transfection efficiency of the two largest and most promising cyclic polymers (70 

and 84 repeat units, depicted in red, fig. A2a) were compared against their linear analogs 

at each of four different N:P ratios (40:1; 20:1; 15:1; and 10:1, depicted in blue) in HFF 

cells.  The transfection efficiency was consistently higher for each cyclic PEI than its 

linear analog, regardless of N:P ratio and molecular weight, confirming that the cyclic 

PEI architecture affords a unique advantage in affecting gene delivery.  Furthermore, 

DNA protection (fig. A1) and condensation studies (fig. A4) show that the cyclic PEI 

offers more protection and condenses DNA to a smaller size than the linear PEI.  The 

linear PEI triazole control (depicted in green fig. A2a) sample with 80 repeat units (7g) 

exhibited transfection efficiencies in line with the azido/alkyne functionalized linear PEIs 

(3c, d) with 70 and 84 repeat units, suggesting that the improved transfection observed 

for the cyclic polymers is not a results of the triazole functionality or any trace 

contaminants that may remain from the CuAAC reaction. Branched PEI is typically used 

as a benchmark for transfection (Wang et al., 2013, Fu et al., 2012), so these cyclic and 

linear PEI data were also compared to a “gold standard” 25 kDa MW branched PEI 

(Abdallah et al., 1996, Thomas and Klibanov, 2002) (~600 repeat units) at an optimized 

7.5:1 N:P ratio.  While the transfection efficiency for branched PEI generally improves 

with increasing molecularweight (Godbey et al., 1999, Fischer et al., 1999), the cyclic 

PEIs with only 70 and 84 repeat units exhibited significantly improved transfection for 

the HAE  cells relative to the optimized, branched PEI (not shown), and performed 

equally as well as the much larger branched PEI in the case of HFF cells (Fig. A2a).  

These observations together suggest that the cyclic topology may offer a unique 
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advantage with respect to the more traditional linear and branched PEIs for gene delivery 

applications. 

While the exact origin of the cyclic polymers’ increased transfection efficiency is still 

under investigation, there are two significant physical differences between the linear and 

cyclic analogs that likely play a role.  First, the cyclic polymers exhibit a more compact 

conformation which, when protonated, results in a higher charge density than their linear 

counterparts.  This hypothesis concurs with previously reported studies comparing star 

and linear PEIs that attributes the improved transfection efficiency of stars to their 

increased charge density (Nakayama, 2012, Cai et al., 2012). A related physical 

consequence of the cyclic topology is a reduced flexibility relative to linear analogs, 

which may have entropic as well as enthalpic consequences for binding DNA.  It is 

proposed, then, that an enhanced interaction with DNA is a major factor in the observed 

improvement in RFP expression for the cyclic PEI samples. The dynamic light scattering 

data (Fig. A4a) does show the cyclic polymer (4c) condensing DNA to a smaller size than 

its linear analog (3c), which correlates to a PEI  sample that yielded higher transfection 

efficiency.  DNA protection analysis also showed greater protection afforded by the 

cyclic PEIs versus their linear analogs.   Interestingly, the cyclic polymers also show 

minimal changes in transfection efficiencies as N:P ratios are varied, while the analogous 

linear polymers studied (and the branched PEI polymer, reported elsewhere (Boussif et 

al., 1995)) show an apparent decreasing transfection efficiency as the N:P ratio is 

decreased toward 1:1.   

Often, factors that improve transfection efficiency, such as increasing molecular 

weight, also significantly increase toxicity (Godbey et al., 1999), requiring a practical 
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compromise between these two critical parameters.  In general, the cyclic polymers were 

less toxic than the 25kDa branched PEI (~600 repeat units), despite the fact that the 

cyclic polymers were used at much higher N:P ratios.  However, more significantly, this 

study demonstrated that the cyclic PEI exhibits significantly greater transfection 

efficiency relative to linear analogs (Fig. A2a).  Compared with the transfection 

efficiencies of branched PEI controls, the cyclic architecture yielded comparable (or 

greater, depending on cell type) transfection efficiency while exhibiting reduced 

cytotoxicity, which represents an alternative and exciting approach for simultaneously 

optimizing these two critical parameters for gene delivery.  The reduced toxicity relative 

to the branched controls is likely a consequence of significantly reduced molecular 

weight of the cyclic samples.  However, the full effect of PEI architecture and the triazole 

functional group on cell viability will require further investigation. 

!

A5. Conclusion 

The delivery of genes encoding a red fluorescent protein was explored with 4 

different molecular weights of linear and cyclic PEIs, at 4 different N:P ratios.  The 

delivery of genes encoding Gaussia luciferase was also evaluated with 3 freshly 

synthesized batches of 4c, 3c, and 3d at 4 different N:P ratios. Cyclic PEIs were found to 

significantly outperform their linear analogs at every molecular weight and N:P ratio.  

Likewise, the cyclic PEIs also performed as well as, or better than, the current gold 

standard: 25K branched PEI, but with significantly reduced toxicity.  In agreement with 

previous reported studies, it is believed that the improved transfection efficiencies are, in 

part, the result of increased charge density resulting from the more compact structure of 
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the cyclic polymers. These studies confirm that the cyclic architecture provides unique 

advantages for gene delivery and also highlight the value of systematic architectural 

studies for optimizing polymer-based vectors for gene delivery. 
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Appendix B  Plasmid Maps 

 

Maps are provided in this section for all the plasmids involved in this work.  
!
!
!

!
!
!

Figure B1. PCMV-Gaussia luc map. 
!
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Figure B2. Pcox2-Gaussia luc map. 
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Figure B3. Popn-Gaussia luc map. 
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Figure B4. PCMV-βhCG map. 
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Figure B5. Pcox2-βhCG map. 
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Figure B6. Popn-βhCG map. 
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Figure B7. PCMV-β2m map. 
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Figure B8. Pcox2-β2m map. 
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Figure B9. Popn-β2m map. 
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Figure B10. PCMV-psa map. 
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Figure B11. Pcox2-psa map. 
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Figure B12. Popn-psa map. 
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Figure B13. PCMV-seap map. 
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Figure B14. Pcox2-seap map. 
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Figure B15. Popn-seap map. 
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