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Abstract 

 Recent studies and trials have found potential in the ability of gene therapy to target the 

myocardium. Through the use of adeno-associated virus (AAV) vectors, transgene expression 

has been demonstrated within heart tissue in both in vitro and in vivo models. The next step in 

this gene therapy process is designing the viral vector most capable of providing efficient 

transgene expression to the myocardium. This report investigates into the potential of a single 

stranded green fluorescent protein (GFP) transgene versus that of a double stranded GFP 

transgene. AAV9 was used as the specific serotype of AAV based upon past studies. The two 

different viral vectors were examined in a male rat model. The results of this study show the 

single stranded transgene incorporated in AAV9 to be more efficient in not only the myocardium, 

but in the liver as well. The findings therefore conclude that single-stranded transgenes within 

the AAV9 vector not only have much promise in cardiac gene therapy, but also have potential in 

gene therapy that targets the liver.  
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1. Introduction  

Cardiovascular disease (CVD) continues to affect thousands of Americans, from every 

race, denomination, and social background. According to 2006 data, nearly 2300 Americans die 

of CVD each day, an alarming 1 per 38 seconds. This data also shows that approximately 1 out 

of every 6 deaths in the United States are caused by cardiovascular disease (Lloyd-Jones et al., 

2010). CVD is a multifactoral disease. There are both environmental and genetic factors that 

contribute to these statistics. Environmental factors include stress, an unhealthy diet, smoking, 

drug abuse, and many others. Environmental factors affect a person’s risk in developing CVD 

(Mayo Clinic Staff, 2009). It is widely accepted that poor lifestyle practices can put a person at 

risk for CVD, but over the last half century there has been an increased emphasis on the 

genetic factors to the disease. The critical aspect of genetic factors is that, unlike environmental 

factors, they are much harder to control.  

 Genetic predisposition to CVD plays a major role in the development of the disease. 

Myocardial function relies on a complex network of interacting proteins. Any mutation or 

modification to the genes producing these proteins or to the proteins themselves can have 

detrimental consequences. It is of note that monogenic disorders, that is single gene disorders, 

are rare among cases of CVD. Most CVDs are the result of modifications in many genes, which 

are further modified by the environment (Lusis et al., 2004). The development of molecular and 

genetic tools over the past two decades has led to the identification of disease susceptibility 

genes and gene variants related to the myocardium (Franchini et al., 2008). With such 

procedures in place to identify risk genes in CVD, the next step is the use of the acquired 

knowledge on these genes to develop new strategies for treatment. One method of treatment 

that proves to be promising, especially within the myocardium, is gene therapy. 

 Gene therapy is one of the most innovating forms of biomedical therapy in the 21st 

century. Elaborate techniques are implemented to deliver DNA or small RNA molecules to 

human tissue to correct a genetic defect or to provide novel therapeutic functions to prevent or 
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treat a disease. The main goal in gene therapy is to increase or decrease the level of a specific 

protein within the target tissue, which in turn will help fight the disease being treated for. 

Therefore, the aim in cardiac gene therapy is to therapeutically target the myocardium, which 

will in turn reduce the mortality rates from cardiac diseases (Lyon et al., 2007). A major 

component of successful gene therapy is the selection of the vector for gene transfer. Some 

methods of gene delivery are the use of naked plasmid DNA, adenovirus, retrovirus, and adeno-

associated virus based vectors. Selecting the right means of gene delivery is quite important to 

the actual genes being delivered to the target tissue, which is an ongoing issue in cardiac gene 

therapy (Bauer et al., 2000). Another factor to consider in gene therapy is safety. It is a major 

challenge to obtain a vector that is both highly safe and effective (Latchman, 2001). One of the 

most promising vectors for myocardial gene delivery is the adeno-associated virus (AAV), and 

there are many reasons why.  

 The adeno-associated virus (AAV) vector has significant advantages over other vectors 

used in cardiac gene therapy. The AAV vector has been documented to have efficient gene 

delivery and expression in both small and large animal models of cardiac gene therapy. AAVs 

have the ability to remain mostly episomal, thereby limiting the occurrence of insertional 

mutagenesis, without compromising the duration of gene expression. In large animals as well as 

in clinical studies, gene expression can be detected even 8 years post treatment. Another 

advantage of the AAV is its low immunogenic response, which allows for trans-gene expression 

to be upheld much longer in the cell (Vassalli et al., 2003). A study conducted in a transgenic 

mouse model showed that AAV mediated myocardial gene transfer could be conducted safely 

and that gene expression could be sustained for at least a year without causing a significant 

inflammatory response (Woo et al., 2004). Studies such as these are of vital importance; 

because there needs to be further data as to exactly how effective the adeno-associated virus is 

as a viral based vector. 
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 The adeno-associated virus is without a doubt an efficient and safe viral vector for gene 

delivery. The next step involves the investigation into which variant of AAVs are the most 

suitable for gene transfer into the myocardium. These variants of AAVs are referred to as 

serotypes, and each AAV serotype has different qualities on a biological level. Serotypes differ 

due to the different composition of the viral proteinaceous capsid, which results in the 

acquisition of different properties. There have been 11 serotype classes of AAV currently 

identified. Extensive studies have been performed to investigate the properties and tissue 

tropism of serotypes 1-9 through injection into mouse animal models. In one such study, this 

technique was used and expression was monitored through the use of a transgene reporter. 

Each serotype had unique qualities that were very important to note. For example, AAV9 had 

the highest protein expression levels in the heart, whereas AAV4 had high numbers of genome 

copies in many different organs (Zincarelli et al., 2008). It is becoming increasingly important to 

be able to understand which AAVs are best suited for cardiac gene therapy, because finding the 

right serotype in the end will have the greatest impact on the host myocardium, without 

unwanted side effects due to the ectopic/non-specific expression. 

 Through studies such as Zincarelli’s, AAV9 has been confirmed to be a capable viral 

vector for transgene expression in the myocardium. With this being said, investigations must 

now focus on the different possible structures of the transgene within AAV9. Specifically, this 

study will look to see the effect of an AAV9 vector containing a single stranded humanized 

green fluorescent protein (hGFP) transgene, compared to the effect of an AAV9 vector 

containing a self-complementary (double stranded) enhanced green fluorescent protein (eGFP) 

transgene. GFP is used as the transgene of interest in both single and double stranded models 

because it is not naturally found in the body of a rat, which will allow us to tell the true efficiency 

of each type of GFP transgene. A major factor in the efficiency of the single and double 

stranded transgenes within host cells will come from the different enhancer/promoter 

sequences. As shown below, the single stranded transgene incorporates the chicken beta-actin 
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promoter (CBA), while the double stranded transgene incorporates the cytomegalovirus (CMV) 

promoter.  

 

 

 

 

 

 

 

 

 

2. Research Questions and Hypothesis 

2.1 Research Question 

In essence, this study is testing the effectiveness of a single stranded transgene within 

AAV9 as compared to a double stranded transgene within AAV9. The promoters within each 

type of transgene will play crucial roles in the viral transduction efficiency in the host cell, so the 

study will also speak to the effectiveness of the promoters involved. As promoters signal the 

start of transgene expression within the host, it is imperative to discover both the effectiveness 

of the promoters and the efficiency in terms of expression of the single and double stranded 

transgenes involved. End results then must confirm the cardiotropic nature of the viral vectors 

being used. 

 

2.2 Hypothesis 

H1: The single stranded transgene containing the chicken beta-actin (CBA) promoter will be 

more efficient in producing expression of GFP than the double stranded transgene containing 

the cytomegalovirus (CMV) promoter in the myocardium of a rat model. 

Fig 1: Single stranded and double stranded transgenes used in experiment 
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H0: The single stranded transgene containing the chicken beta-actin (CBA) promoter will not be 

more efficient in producing expression of GFP than the double stranded transgene containing 

the cytomegalovirus (CMV) promoter in the myocardium of a rat model. 

 

3. Methods 

3.1 Setup 

The experiment was performed in a rat model, and eight rats were used. All work 

regarding the handling of the animals was conducted by the supervising scientist. Four of the 

rats received injection of the AAV9uf11, the vector containing the single stranded transgene and 

CBA promoter. The other four rats were injected with AAV9scE, the vector containing the 

double stranded transgene and CMV promoter. Injections of the viruses were given through the 

tail, and rats were sacrificed at one month and two months post injection. To quantify the 

significance of GFP found in the tissues, we compare relative GFP units to relative units of the 

GAPDh protein. GAPDh is a protein that is naturally produced in the body of the rat, so each rat 

should have constant levels of GAPDh within various tissues, making the protein efficient for 

comparison to a transgene. After sacrifice, heart, liver, lung, skeletal muscle, and blood serum 

were taken from the animals and snap-frozen at -80°C. Tissues from the animals were then 

used for other research. Small amounts of tissue were pulverized with mortar and pestle for this 

research experiment, using liquid nitrogen and dry ice to maintain the temperature of tissues.  

3.2 Western Blot 

The pulverized tissues were homogenized in RIPA buffer (50mM Tris-hydrochloride, 150 

mM sodium chloride, 0.1% SDS, 0.5%sodium deoxycholate, 1% NP40) with protease inhibitors 

to prevent protein digestion. The RIPA buffer allows us to lyse the cells, as lysis buffers 

solubilize the proteins in the tissue and release the proteins of interest so that they can migrate 

individually on a gel. Tissues were homogenized using Lysing Matrix D tubes and a FastPrep 

homogenizer. Protein concentration was quantified using the BCA Protein Assay Reagent and 
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40ug of protein extract were mixed with loading dye. Samples for each tissue at both one and 

two months were loaded onto 12 or 15% gels. Gels were electrically ran at 90V first for 20 

minutes, and then ran at 130V for an hour and a half. Once gel finishes running, gel is removed 

and transfer membrane is used to transfer the protein extracts. Membrane is blocked in 5% fat 

free milk in Tris buffered saline (TBS) overnight. Membrane is then incubated for three hours 

with primary antibodies anti-GFP and anti-GAPDh to isolate our proteins of interest. Odyssey 

scans were then taken for a linear analysis of our protein concentration. After, membrane is 

washed three times in TBS Tween and incubated with HRP-conjugated secondary antibodies 

for 1 hour. Membrane was then washed again 3 times with TBS Tween and visualized using the 

Immobilon Western Chemiluminescent HRP Substrate. Scans were then taken in a dark room. 

3.3 qPCR 

In the study, we needed to test the efficiency of viral transduction in the different tissues. 

Total DNA was extracted from tissues through the use of Hirt buffer and proteinase K. Solution 

was then incubated at 37C for three hours. After incubation, protein and SDS fractions were 

removed through the use of phenol, chloroform, and isoamyl alcohol. Remaining contents were 

centrifuged at 14,000 rpm for 5 minutes, and supernatant was then added to a new tube. The 

DNA was precipitated out of solution by adding ethanol and NaCl, and glycogen was used as a 

carrier for this DNA precipitate. The mixture was put on ice for 20 minutes and then centrifuged 

at 13,000 rpm for 15 minutes. After centrifugation, the excess fluid was discarded and we were 

left with our DNA pellet, which we then resuspended in Tris-EDTA buffer. The DNA extracts 

were now suitable for analysis in the PCR machine, and samples were read in duplicates for 

each primer. Through this PCR analysis, we could analyze both the number of genomic DNA 

and viral genomes in each tissue, and therefore see which tissues replicated the AAV9uf11 and 

AAV9scE the best. We used primers in the PCR process to detect the both the genomic DNA 

and viral genomes, and we needed to make sure that DNA levels in the tissues with virus were 

above control levels, or the primers would prove to be ineffective. 
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3.4 Neutralizing Antibody (naB) Assay 

 In order to check the antibody levels in the serum of the rats, we ran neutralizing 

antibody assays (naB assay) at one and two months. The naB assay show us how our rats 

develop immunity to the AAV9 virus. The results are expected to show no immunity pre-

injection, and acquired immunity one and two months post injection. This assay further confirms 

that our viral vectors work, because any animal will naturally develop antibodies to a virus. To 

run the naB assay, we needed blood serum from the rats pre-injection, at one months, and at 

two months. In the naB assay, we used an AAV9 luciferase (9Luc) transgene, as luciferase is a 

protein that gives off luminescence when digesting the substrate luciferen. In the assay, we 

infected a cell line with our 9Luc transgene in order to replicate our protein of interest. Serum is 

added on top of the cells so that any antibodies to the AAV9 virus bind to the 9Luc transgene 

and stop the replication of the transgene from happening. The serum with antibodies will inhibit 

the replication of the transgene luciferase. This is significant because the last step of the naB 

assay involves adding the substrate luciferen, and by counting the relative luciferase 

luminescence units, we can calculate the antibodies in the blood serum. 

 

4. Results 

4.1 GFP/GAPDh ratios 

Our first measure was to quantify the ratio of our GFP protein to GAPDh in the tissues. 

We performed this procedure through western blot, and quantified ratios using an Adobe 

Photoshop program. Average ratios were also calculated using a linear model, in which an 

Odyssey machine was used. This machine took luminescent scans of the western blots. 

Procedures were performed at one and two months. Although we had four tissues that we 

quantified data on, heart and liver were the main focuses. As a control, we had one animal 
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injected with lactate ringer solution (saline), and this was labeled nv9-30. Our first examination 

was through the Adobe Photoshop Program of Heart 1m. 

 

 

 

 

  

As seen through our HRP conjugated substrate, expression levels of our GFP protein 

compared to GAPDh were basically uniform in both our rat models. The single stranded and 

double stranded transgenes showed almost equal expression of the GFP transgene at one 

month in the heart. The quantification is below, performed through Microsoft Excel. 

 

 

 

 

 

 

 

 

 

 

 We also used a linear model to calculate data regarding average GFP to GAPDh ratios. 

Shown below is our luminescent scan and the average ratios for the scan, which is heart at 1m. 

 

 

 

Fig 2: HRP scan of Heart 1m 
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Fig 3: GFP to GAPDh ratios for Heart: 1 month and control 

Fig 4: Odyssey Scan of Heart 1m 

1m 
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Fig 5: Average GFP to GAPDh ratios in the heart for single and double stranded transgenes 

 

 

 

 

 

  

 

 

 

In both the Odyssey method and the HRP method, we can see that GFP/GAPDh ratios 

are basically uniform in both the single and double stranded models in the heart. Next, we took 

a look at the liver. 

 

 

 

 

 

 

 As seen through our HRP conjugated scan, the expression of GFP compared to GAPDh 

was higher in the rats with the single stranded transgene as opposed to the double stranded 

transgene. The quantification below was performed through Microsoft Excel. 
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Fig 6: HRP scan of Liver 1m 

Fig 7: GFP to GAPDh ratios for Liver: 1 month 
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Through our linear model, we calculated the average GFP/GAPDh expression levels in 

the liver. Shown below are these average ratios.  

 

 

 

 

 

  

 

As seen in both our HRP conjugated method and our linear method, ratios of GFP to 

GAPDh in the liver are higher in the rats injected with the single stranded GFP transgene than in 

the rats with the double stranded GFP transgene. This discrepancy between heart and liver 

becomes understood after analyzing PCR results. It is also important to note that all 

GFP/GAPDh ratios in the heart were numerically higher than comprable ratios taken in the liver. 

This clearly shows that our GFP protein, in both single and double stranded transgene models, 

is expressed more in the heart. This is important, because we are trying to develop a viral vector 

for improvements to the myocardium specifically. We also compared western blot results for two 

months to findings at one month, to see if expression changed over this longer time period. 

Since the HRP scans at two months were inconclusive, we used Odyssey scans to examine the 

GFP and GAPDh expression. Below are the findings at one and two months for heart tissue, 

along with a control. Rats 3-9uf11, 4-9uf11, 7-9scE, and 8-9scE are the rats that were sacrificed 

two months post injection. 

 

 

Fig 8: Average GFP to GAPDh ratios in the liver for single and double stranded transgenes 

Fig 9: GFP and GAPDh expression at one and two months in heart with control 
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As shown above, expression levels of the GFP protein are similar at two months are 

similar to levels at one month compared to GAPDh. It may seem as though expression actually 

increases over two months for GFP, but the GAPDh at two months is also expressed more. 

Therefore, ratios are essentially uniform for heart tissue at one and two months in both single 

and double stranded models. Next, we looked to examine liver. 

 

  

 

 

 

 

It appears as if there is no expression of GFP at all at one or two months in the liver of 

the rats. This is not actually the case, as linear analysis is not as sensitive to exposure of 

proteins on a membrane. When we used an HRP conjugated substrate, we saw some 

expression in the one-month rats in liver tissue of the GFP. But in two-month rats, we could not 

detect any expression of GFP using the same HRP conjugated substrate. So therefore, 

expression of GFP in the liver declines from one to two months in both of our rat models. It is 

important to understand this reality when examining the Odyssey scan above, because there is 

some undetectable expression of GFP in the one-month rats. 

Throughout our calculations, we also recorded data on expression levels in the lung and 

skeletal muscle. There was no significant expression observed of the GFP protein using the 

HRP or Odyssey method of analysis, in either of our two models. Therefore, we can conclude 

that our viral vector works best in the myocardium, and has some significant function in the liver 

as well. In the lung and skeletal muscle, the vector proves to be ineffective. 

 

 

Fig 10: GFP and GAPDh expression at one and two months in liver with control 
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Fig 11: vg/gDNA for Heart at one month 

4.2 qPCR 

 To determine the efficiency of both transgene models in various different tissues, we 

needed to determine the number of viral genomes per genomic DNA in each tissue. Two 

primers are used in each PCR analysis, with one detecting viral genomes and the other 

detecting genomic DNA in the host cells. The idea is that animals with higher ratios of viral 

genomes to genomic DNA will have replicated the viral transgenes sucessfully. With this data 

we could then tell how efficient the AAV9uf11 and AAV9scE vectors truly were. We decided to 

analyze data for the one-month animals, since western blot results were more conclusive at 

one-month. Comparing our western blot results and PCR results at one month; we could then 

determine the efficiency of each transgene tested. For one-month heart samples, PCR results 

are shown below. 

 

 

 

 

 

 

 

 

 

 

 Our results show that the single stranded AAV9uf11 transgene was replicated with less 

success in the heart than the double stranded AAV9scE transgene. Levels of viral genomes 

were around 10 times less in the animals injected with the AA9uf11, meaning that double 

stranded AAV9scE is replicated better in the myocardium. It is also important to note that in 

figure 11, viral genomes appear to be higher in the control than in the single stranded models. 
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This cannot be possible, since there was no viral vector injected into the control. This 

discrepancy comes from flaws in the priming process, as our primers were not effective enough 

to pick up DNA levels for the AAV9uf11 above that of the control. Next, we looked at liver 

tissues at one-month 

 

 

 

 

 

 

 

 

 

  

Our PCR results in the liver show a more uniform replication for both the single stranded 

and double stranded transgenes. Although there is high deviation between animals injected with 

the same type of transgene, results ultimately show that there are similar amounts of viral 

genomes per genomic DNA in both transgene models.  

4.3 Neutralizing Antibody (nAB) Assay 

 Our naB assay allows us to confirm that the viral vector properly infects the host cell. 

Using the serum collected from each rat pre-injection, 1-month post injection, and 2-months 

post injection, we were able to determine that our vectors were indeed successful. At one and 

two months, the rats acquired antibodies to the AAV9 virus, which was expected. Below are the 

relative luciferase luminescence units, and the lack of luminescence at one and two months 

post injection shows that the rats developed immunity to AAV9. 

 

Fig 12: vg/gDNA for liver at one month 
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The lack of luminescence in the nAB assays at one and two months confirm that the rats 

develop antibodies to the AAV9 vector. Immunity to the viral vector delivering the transgene is 

Fig 13: nAB assays for all rats at Day 0, Day 30 and Day 60 
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not desired but ultimately unavoidable, as immune systems of rats naturally fight off any foreign 

virus. 

5. Discussion 

 The results of the study confirm our hypothesis that a single stranded transgene is more 

efficient in providing transgene expression in the myocardium than a double stranded 

transgene. This efficiency in expression of the single stranded transgene was also seen in the 

liver. The western blot results showed nearly equivalent amounts of GFP in heart tissue at both 

one and two months. At first glance, these results suggest that the single and double stranded 

transgenes operate at the same efficiency in regards to transgene expression in heart tissue. 

But upon PCR analysis, we see that there are nearly ten-fold less viral genomes of AAV9uf11 in 

heart tissue. This means that the single stranded transgene operates with strong enough 

efficiency to produce equal levels of GFP as the double stranded transgene, even though there 

are far more viral genomes of the vector containing the double stranded transgene. This fact 

clearly shows the effect that AAV9 single stranded transgenes have in regards to expression in 

the myocardium. The viral transduction process took longer for single stranded transgenes, 

which is why there are so few viral genomes of the AAV9uf11. Regardless of this fact, the viral 

genomes that were produced were highly efficient in synthesizing the GFP transgene, as such a 

small number of viral genomes per genomic DNA were able to produce significant amounts of 

the GFP. The next step involves improved replication of single stranded AAV9 vectors, as the 

replication within host cells was poor. 

 Results in the liver further prove the ability of single stranded AAV9 transgenes as not 

only viral vectors for delivery and expression in the myocardium, but as efficient vectors for 

other forms of gene therapy as well. In the liver at one month, there was far more GFP detected 

in the rats injected with single stranded AAV9uf11 than in rats injected with double stranded 

AAV9scE. PCR results showed similar amounts of viral genomes in both models of rats. This 

confirms our belief of AAV9uf11 to be more efficient than AAV9scE, because with similar 
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amounts of viral genomes, the rats injected with the single stranded AAV9uf11 produced far 

more GFP at one month. At two months, there were no significant levels of detectable 

expression in the liver of either AAV9 vector in the liver. This reality means that our vector has 

specific expression directed toward the myocardium, since only myocardial expression was 

maintained through the two-month period (our AAV9 vector is cardiotropic). Myocardial 

preference in regards to gene delivery is further supported by the higher numeric values of 

GFP/GAPDh ratios in the heart (ratios were around three or four in the heart, and 0.2 and below 

in the liver).  

Conclusions from the study therefore confirm the hypothesis of single stranded 

transgenes within AAV9 vectors to be more efficient in providing transgene expression than 

double stranded transgenes within AAV9 vectors to the myocardium. This efficiency in 

transgene expression was seen in the liver as well. We did find though that the CBA promoter 

was not too efficient in terms of the viral transduction process in the myocardium, as there was 

a small quantity of viral genomes in the heart. In the liver, this CBA promoter was more efficient 

in the viral transduction process, which should be noted. We can also conclude that either type 

of AAV9 vector, whether it contains a single or double stranded transgene, shows gene delivery 

directed towards expression within the myocardium. This confirms the cardiotropic nature of the 

viral vector being used (Zincarelli et. al, 2008). 

5.1 Limitations 

There are some limitations in the study that must be addressed. The liver at one month 

did not show any expression of GFP in the Odyssey scan, but there was detectable expression 

through the HRP conjugated method. This discrepancy must be noted, as the Odyssey scan did 

not pick up on these expression levels that did in fact exist. PCR limitations also existed in the 

study, as primers were not fully efficient in the PCR process. This allowed for vg/gDNA levels for 

AAV9uf11 rats to be below levels in the control in the heart at one month. This is not realistic, 

but the results from the PCR still demonstrate the concept of less viral genomes in the heart in 
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rats injected with AAV9uf11 than in rats injected with AAV9scE. The final limitation in the study 

was the inconclusiveness of PCR results in our two-month samples. It would have been helpful 

to see the vg/gDNA in the two-month animals, but we can assume through western blot results 

that levels of viral genomes remained relatively constant in the heart and decreased in the liver. 
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