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Abstract 

Approximately 2,000 different mutations in CFTR gene have been identified to cause 

cystic fibrosis (CF). Gene therapies are being developed to target all types of CFTR mutations 

and to reduce drug burdens in long term. Major challenges of CFTR gene transfer to the lung 

are the efficient delivery to relevant cells and the safe integration for long-lasting expression. 

Exploiting the maximized packing capacity of helper-dependent adenoviral vectors (HD-Ad), 

we are able to deliver a donor CFTR expression cassette together with site-specific TALEN 

gene editing system in one single vector for accurate transgene integration. We show an 

approximately 5-7% integration efficiency at the AAVS1 locus in IB3-1 cells by delivering a 

LacZ reporter with the HD-Ad-TALEN system. Furthermore, we show expression of CFTR 

mRNA and functional protein by delivering a CFTR expression cassette. Overall, these results 

demonstrate great potential of the HD-Ad-TALEN system as a novel strategy for CF lung 

disease. 
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1.1 Cystic fibrosis 

Cystic fibrosis (CF) is an autosomal recessive genetic disorder characterized by 

epithelial secretory dysfunctions in multiple organs. The disease is caused by mutations in the 

cystic fibrosis transmembrane conductance regulator (CFTR) gene located on human 

chromosome 7. The CFTR protein belongs to the ATP-binding cassette (ABC) transporter 

superfamily. It is a protein kinase A (PKA) and cyclic adenosine monophosphate (cAMP)-

regulated chloride and bicarbonate channel primarily expressed in ciliated epithelial cells and 

submucosal glands1,2. Beyond its role as an anion channel, several other cellular functions of 

CFTR were described including regulating sodium transport3, potassium channels, exocytosis, 

and the expression of many other gene products4. The protein is composed of two 

transmembrane domains (TMDs), two nucleotide-binding domains (NBDs), and a regulatory 

(R) domain1,5-7.  

Defective CFTR function can lead to pulmonary failure, pancreas insufficiency, 

intestinal obstruction, and infertility in male8. CF occurs most commonly within the 

Caucasians population, affecting about 70,000 people worldwide. In Canada, CF occurs in one 

out of every 3,600 new births by estimation8,9. Although the disease is less likely to be found 

among non-white populations, the mutation screening and early diagnosis in varied ethnic 

groups still need future optimizations10. 

Over the decades since CF has been discovered, the median age of survival in CF patients 

has substantially increased because of the improved care delivery, the better nutrient status, 

and the effect of new drugs1,8,9. Yet, respiratory-related conditions are considered as the 

leading cause of death accounting for more than 80% of patients11. 
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1.1.1 CF lung pathology  

The CF pulmonary disease is characterized by mucosal obstruction, persistent bacterial 

infection, and chronic inflammation in lung. Episodes of acute worsening of symptoms, termed 

pulmonary exacerbation (PEx), usually mark the chronic development of the pulmonary 

disease12. Thickening of the airway mucus is an initiating lesion of CF lung pathogenesis as 

the mucociliary clearance is impaired in the presence of abnormally viscous, elastic, and 

adhesive mucus13. Following the damage of the mucosal barrier between the airway epithelium 

and the external environment, chronic colonization of microorganisms such as Pseudomonas 

aeruginosa and Burkholderia cepacia — which are usually innocuous in healthy 

individuals — often leads to severe infections and progressive loss of lung functions in patients 

with CF14–16. Up-regulation of pro-inflammatory cytokines and reduced levels of anti-

inflammatory cytokines are another hallmark of the disease seen in the airways of CF patients. 

Repeated pulmonary inflammation in CF is dominated by neutrophils releasing oxidants and 

proteases, which also contributes to the onset of bacterial infection and the destruction of the 

organ16–18.  

The mechanism behind CF pulmonary complications at the molecular level remains 

controversial despite extensive research of the disease. A long-established hypothesis termed 

the low-volume model explains that the absence of CFTR regulation in CF epithelia results in 

over-activity of the epithelial sodium channel (ENaC). Hyperabsorption of Na+ leads to an 

abnormal increase in the uptake of Cl- via passive channels and the subsequent water flow 

from the apical airway surface liquid (ASL) into the cells. Depletion of the ASL diminishes 

the normal mucociliary transport and initiates the mucosal obstruction19. On the other hand, 

Smith et al. purposed the high-salt model, arguing that Cl- cannot be reabsorbed by the cells 
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without the CFTR channel and the ASL becomes excessively salty. The group showed through 

several in vitro experiments that the airway epithelial cells produce apical bactericidal factors20. 

The high salt condition inactivates these natural antibiotics in the ASL, which makes patients 

with CF vulnerable to bacterial infections in the airway20,21. Although the two disease models 

sharply different, it is remarkable that both demonstrated the important role of CFTR channel 

in maintaining the normal chloride secretion in airway epithelia. 

 

1.1.2 Types of CFTR mutation 

Reported in 2015, 90% of individuals with CF in Canada carry at least one deletion 

mutation at the phenylalanine 508 residue (F508del). However, more than 2,000 different 

mutations have been identified at the CFTR locus9,11, posing a major challenge to the treatment 

of the disease. 

CFTR mutations are traditionally divided into six categories based on the type of CFTR 

protein defect22–24. Class I mutations refer to protein synthesis defects and are usually resulted 

from nonsense, frameshift, or RNA splicing mutations. Class II describes mutations that affect 

the processing and trafficking of CFTR protein to the apical membrane, usually caused by 

missense mutation or amino acid deletion. Notably, the most common F508del falls into this 

category, therefore the correction of protein folding and delivery becomes the target of many 

potential therapeutic strategies. In Class III mutations, a normal amount of CFTR proteins are 

transported to the cell surface, but the mutant nucleotide binding domains fail to bind ATP to 

activate channel function25,26. Class I, II, and III mutations are considered to cause more severe 

CF phenotypes as there is virtually no functional CFTR in the apical membrane. In Class IV, 

V, and VI mutations, however, certain residual CFTR function is still present at the cell surface 
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and the phenotype is usually milder. Class IV mutations are located in the MSD1 domain 

which contributes to the formation of pore27. This class of mutations is characterized by 

insufficient CFTR channel conductance. Class V mutations are caused by splicing defects, 

promoter mutations, or inefficient transport, resulting in a decreased amount of CFTR 

synthesis and trafficking to the apical membrane28–30. Class VI mutations are characterized by 

functional but unstable CFTR at the cell surface, usually caused by C-terminal truncation of 

CFTR31. 

 Classification of CFTR mutations provides a point of reference on disease severity and 

potential drug targets. More recently, different methods to classify CFTR mutations have been 

on the basis of therapeutic strategy or a combination of protein defect,  approaches, and clinical 

features32,33. Nevertheless, some of the mutations cannot be classified because of their 

heretofore unknown effects on CFTR protein9.  

 

1.1.3 Established therapies for CF lung disease 

The life expectancy and quality of those with CF lung disease have been greatly 

improved with a wide spectrum of available therapies and drugs, from antibiotics and anti-

inflammatory therapies to mucolytic agents to more recently developed CFTR modulators.  

Antimicrobial drugs have been a long-established approach to combat pulmonary 

infections in CF patients. They are used for four purposes including prophylaxis, early stage 

eradication, management of chronic infections, and treatment of pulmonary exacerbation. 

Many studies have shown positive outcomes from the inhalation of nebulized tobramycin34, 

colistin35, and aztreonam36,37 against P. aeruginosa infection which occurs in most CF 

patients11. Although several novel antibiotic treatments such as liposomal amikacin38,39 and 
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levofloxacin40 are still being tested, concerns and controversies over the risk of bacterial 

antibiotic resistance have been raised especially from the prophylactic use of anti-

staphylococcal antibiotics41.   

It is mentioned earlier in Section 1.1.1 that inflammatory response is another important 

aspect of the pathogenesis of CF lung disease. Persistent inflammation is closely associated 

with the bacterial burden and leads to bronchiectasis42. Effective anti-inflammatory drugs 

recommended for long-term management of CF lung inflammation are relatively limited. 

High-dose ibuprofen treatment has shown clinical benefits in younger patients43,44, but the 

long-term side effects are of concern and the proper dosing needs  further investigations45. On 

the other hand, some antimicrobial agents are reported to have anti-inflammatory properties 

although the mechanisms are not clear. An example of such antibiotics is azithromycin, which 

has been found to reduce neutrophil counts as well as serum inflammatory markers in patients 

uninfected with P. aeruginosa46.  

Mucus in the airway is normally cleared by airflow and ciliary interactions47. In the 

airway of CF patients, thickened mucus impairs normal mucociliary clearance, which 

contributes to chronic pulmonary inflammation and infections13. Several mucolytic agents are 

available for helping CF lung clearance. Dornase alfa, a recombinant human DNase, has been 

shown to aid airway clearance by digesting the excessive extracellular DNA from the 

breakdown of neutrophils48–50. Another effective, safe, and affordable agent is hypertonic 

saline which temporarily rehydrates the airway surface to restore the mucociliary clearance41,51. 

A remarkable revolution in CF therapies is the development of CFTR modulator 

therapies as they target CFTR protein defects instead of downstream symptoms. Three major 

categories of CFTR modulators are being studied, including potentiators, correctors, and 
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production correctors (also called read-through agents). Potentiators aim to enhance the CFTR 

chloride channel function only if it can be correctly located on the cell surface. Correctors 

target the protein processing and trafficking defects, while production correctors help the 

ribosome to read-through a premature termination codon to translate a full-length CFTR 

protein.   

Ivacaftor (commercialized as Kalydeco, Vertex Pharmaceuticals) represents a 

significant advance in the potentiator development. As the first CFTR modulator approved by 

the US Food and Drug Administration and European Commission, its efficacy has been 

confirmed through clinical trials for the most common class III mutation G551D and some 

other gating mutations52–54 Despite the compelling results, such mutations are relatively rare 

and the effect of ivacaftor only covers 5% of total CF patients. In patients with two copies of 

F508del mutation, accounting for about 50% of total patients, potentiators are less likely to be 

effective due to insufficient CFTR protein on the cell surface55. This drives the further studies 

of combination therapies with multiple CFTR modulators.  

Lumacaftor is a corrector that facilitates intracellular trafficking of CFTR protein, 

however, it showed little clinical benefit in patients homozygous for F508del because the 

protein transported to the cell membrane is not functional39. Therefore, a mechanism was 

proposed that when lumacaftor is combined with ivacaftor, it will increase the CFTR protein 

trafficking to the cell surface where ivacaftor will restore the protein function. In 2015, an 

ivacaftor/lumacaftor medication (Orkambi, Vertex Pharmaceuticals) was approved by the US 

FDA for the treatment of homozygous F508del mutation. The drug was confirmed to improve 

lung function and reduce sweat chloride in patients with such mutation, although the effect 

may be suboptimal possibly due to drug-drug interactions56,57.  
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Numerous CFTR modulators and combination therapies are still under investigation or 

in different phases of clinical studies in order to benefit more patients in a safer and more 

effective way. Recently, clinical trials of triple combination therapies VX-659 in combination 

with tezacaftor and ivacaftor, and VX-445 in combination with tezacaftor and ivacaftor are 

stepping into Phase 3 studies. In early studies, both of them have demonstrated significant 

improvement in lung function of the participants58.  

 

1.1.4 Genetic therapies for CF lung disease 

Gene therapy as an emerging treatment is an appealing future option in addition to the 

established therapies and drugs for CF lung disease because of its great potentials in target 

specificity, safety, cost-effectiveness, and long-term efficacy.  

Since the identification of CFTR gene in 1989, more research in the field has been 

focusing on novel approaches to replace the CFTR gene — the primary underlying cause of 

CF59. Besides its monogenic nature, several characteristics of CF lung disease have made it a 

great candidate for genetic therapy. First, airway epithelial cells expressing CFTR have a 

relatively easy access through non-invasive routes such as aerosol and nebulizer delivery. 

Studies also showed that although a higher CFTR correction rate might be beneficial to host 

defense defects, as few as 6-10% corrected cells in a CF airway epithelial sheet could restore 

the normal chloride channel functions60,61. Moreover, unlike CFTR modulators, genetic 

therapy-based approaches could be effective for virtually all types of CFTR defect. Research 

into pluripotency in basal cells and myoepithelial cells in the airway further accelerates the 

development of CFTR replacement strategies targeting these progenitor cells in order to 

achieve a long-lasting CFTR expression in the airway62–65. Despite promising advances and 
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years of intensive research, CF lung gene therapies face numerous challenges, for instance in 

efficient gene delivery to the target cells, transgene integration for long-term expression, and 

host immune responses before it can be brought to the clinic. 

 

1.2 Vector systems for CF lung disease genetic therapies 

1.2.1 Non-viral vectors 

Non-viral vectors deliver the therapeutic gene to the target cells either as naked nucleic 

acid or with macromolecule complex to facilitate transfection. They offer major advantages in 

a low immunogenicity and packaging capacity for large molecules, but a downside is the 

limited in vivo gene transfer efficiency66,67.  

Plasmid-based strategies with liposomal vectors have been widely used for gene 

delivery to the lung. Positively charged liposomes are able to spontaneously interact with 

negatively charged DNA molecules as well as cell membranes to enhance entrance through 

membrane fusion or endocytosis68. A recent Phase I/IIa clinical study using the GL67A 

liposome for the delivery of CpG-deleted pGM169 demonstrated a small improvement in lung 

functions and highlighted the good safety profile even of repeated dosing. However, the study 

also reported inflammatory responses at higher doses likely due to the cationic lipid 

formulation69. Therefore, improving the delivery efficiency and lowering the dose required for 

sufficient expression is critical for future studies. A related strategy is to form nanoparticles 

which nucleic acids are complexed with a single-layer lipid or polymers. Variation in the 

composition of nanoparticles gives them different properties. For example, chitosan 

nanoparticles are mucoadhesive and therefore are suitable for lung gene therapy, whereas solid 

lipid nanoparticles effectively protect the degradation of unstable nucleic acids by nucleases70. 
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Alternatives to plasmid DNA vectors are also being developed and optimized using 

small circular or linear DNA, also called DNA minicircles and ministrings respectively, that 

are depleted of bacterial sequences to reduce the immunogenicity71–73. A study in 2016 showed 

correction of a CF splicing mutation by delivering single-stranded DNA oligonucleotides that 

hybridized to the pre-mRNA74. Small interfering RNA (siRNA) has also been used for CF 

recently to inhibit the upregulated ENaC75. 

 

1.2.2 Lentiviral vectors 

The RNA genome of lentiviruses is reverse-transcribed into double-stranded DNA and 

randomly integrated to the host genome, while in contrast to other members of retroviruses, 

they are able to infect both dividing and non-dividing cells76. Because of these features, 

lentiviral vectors came into the picture as an option for CF gene therapy aiming for long-term 

CFTR expression in vivo77. Several improvements have been made to optimize lentiviruses for 

gene transfer applications. Wild-type lentiviruses contain a 9.7 kb genome, whereas lentiviral 

vectors are able to package up to 8 kb of transgene cassette due to the partial removal of viral 

genes78. Pseudotyped lentiviruses allow them to be recognized by apical receptors in the 

airway epithelia which lack affinity for the wild-type ones79–81. Moreover, the oncogenic risk 

resulting from random chromosomal integration can be greatly reduced with the careful design 

of lentiviral vectors, for example by eliminating some strong viral long terminal repeat (LTR) 

promoters82.    

In a recent in vivo study of a feline immunodeficiency virus (FIV)-based lentiviral 

vector pseudotyped with the GP64 envelope protein, the authors reported the correction of 

CFTR channel function and an increase in bacterial killing in the airways of vector-treated CF 
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pigs83. However, there is a need for further studies to reveal the long-term safety profile of 

lentiviral vectors in human lungs. The application of lentiviruses in CF gene therapy remains 

challenging also due to the difficulty in large-scale production and purification67.  

 

1.2.3 Adeno-associated virus (AAV) vectors 

Recombinant AAV serotype 2 (rAAV2) is a nonenveloped virus with a small linear 

single-stranded DNA genome of approximately 4.7 kb84. Similar to lentiviruses, they are able 

to infect quiescent cells. The life cycle of AAV in human hosts can follow either the lytic or 

the lysogenic pathway. The former will occur in the presence of adenovirus or herpesvirus in 

the host cell. Otherwise, AAV will undergo latency and integrate to a variety of preferential 

genomic sites, including AAVS1 locus on chromosome 19. Yet, integration of AAV occurs at 

an extremely low frequency and most of their genome stay episomal85,86. The most outstanding 

advantage of recombinant AAV vectors is their safety profile: they do not cause any known 

disease in human hosts86.  

In late 2017, the first gene therapy drug using an AAV vector (Luxturna, Spark 

Therapeutics) was approved by the US FDA for clinical use in the treatment of vision loss 

caused by inherited retinal disease87. However, AAV vectors have not yet been applied in CF 

gene therapies due to the small packaging capacity86. 

 

1.2.4 Adenoviruses (Ads) 

Adenovirus was first isolated from human adenoid tissues in 1953 and has gained 

popularity as vectors for foreign gene delivery in mammalian cells due to their high gene 

transfer efficiency in vivo, their natural tropism for the respiratory tract, the ability to infect 
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both dividing and nondividing cells, and the ease to be produced and purified in large 

quantities88–90.  Among the 67 reported human Ad serotypes, type 5 (Ad5) is the most 

extensively studies for gene therapy applications91. Ad5 uses Coxsackie-Adenovirus Receptors 

(CAR) at the basolateral membrane of airway epithelial cells as the primary receptors for cell 

entry92,93. After the internalization, they escape from the endosomes to the cytoplasm, travel 

to the nuclear core complex, and release the genetic material to the nucleus94. Ad5 has a linear 

double-stranded DNA genome of ~36 kb enclosed in an icosahedral, non-enveloped capsid. 

The genome of Ad5 contains early viral gene regions E1a, E1b, E2, E3, and E4 which are 

expressed before viral replication. E1a is a central gene responsible for regulating the 

transcription of other viral genes for replication and reprogramming the host mitogenic 

activities, while E1b work to prevent the host cell from apoptosis95–97. The late viral genes L1 

to L5 that encode structural and other regulatory components are expressed after viral DNA 

replication89.  

The first generation of recombinant Ads (FG-Ad) for gene transfer have been developed 

by deleting the E1 region to introduce viral replication deficiency and the E3 region to make 

room for the transgene. This allows the vectors to package an 8 kb transgene expression 

cassette98. During the viral vector production, the essential functions for viral replication are 

complemented in trans by a human embryonic kidney (HEK) 293-based producer cell line90,99. 

In the second-generation Ads (SG-Ad), the removal of early viral genes E2 and/or E4 in 

addition to the E1 and E3 regions has reduced viral antigen expression and generated a larger 

cloning capacity ranging from 10 to 13 kb100,101. However, first and second-generation Ads 

both evoke relatively strong host immune responses against the viral genes in animals and 

humans at a high dose, which shortens the expression of the transgene to 2 to 3 weeks102–104.  
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1.2.5 Helper-dependent adenoviral (HD-Ad) vectors 

To overcome the immunological barriers of adenoviral vectors, a helper-dependent 

adenovirus (HD-Ad), or gutted adenovirus, has been developed. HD-Ad vectors are devoid of 

all viral coding sequences, left with only the viral inverted terminal repeats (ITRs) required for 

DNA replication (~500 bp) and a packaging signal. Thus, they exhibit greatly reduced 

immunogenicity and a maximized DNA packaging capacity of ~36 kb105.  

Studies showed that in vivo delivery with HD-Ad vectors to airway epithelial cells in 

mice resulted in significantly reduced inflammation, and the transgene expression lasted longer 

compared to the first-generation Ads106. In pig models with lung anatomy more similar to 

humans, human CFTR transgene can be efficiently delivered and expressed in both airway 

epithelial cells and submucosal glands by HD-Ad vectors, without showing systemic 

toxicity107. These studies suggested that airway delivery by HD-Ad could be an advance in 

clinical strategies for CF lung gene therapy. 

Shown in Figure 1-1, the propagation of HD-Ad vectors in 293 producer cells requires 

complementary functions of an E1-deleted helper virus (HV). In order to eliminate the 

propagation of helper virus during HD-Ad preparation, the Cre/loxP system has been applied 

in the production system to remove the packaging signal (Y) from the helper virus. The 

modified helper virus carries two loxP sites flanking the packaging signal. In an engineered 

293 cell line (293Cre) where Cre recombinase is constitutively expressed, the helper virus is 

able to replicate its DNA and express essential viral genes for HD-Ad propagation, yet its 

genome will not be packaged because of Cre/loxP-mediated excision of Y105. Further 

modifications of the 239Cre producer cell line resulted in the generation of 116 cell line, which 

allows both adherent and suspension growth for efficient production in large scale. It has also 
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been shown that the 293Cre-derived 116 cells have a higher level of Cre recombinase 

expression than 293Cre, marking an improvement in Y excision efficiency108. Helper virus 

contamination, which is a major concern in HD-Ad applications, can be reduced to 0.1% - 

0.001% of total virus particles HD-Ad preparation with this system109.  

 
Figure 1-1. Rescue and propagation of HD-Ad vectors in the 293Cre cell line 

The bacterial plasmid pHD-Ad carrying the HD-Ad genome is linearized by restriction enzyme digestion. The 

linearized DNA is transfected into Cre expressing 293 cells, and cells are infected with the HV. The noncoding 

E3 stuffer DNA is inserted in order to avoid packaging of replication competent E1+ Ad generated by 

homologous recombination between the HV and the Ad sequence in the 293Cre genome. The Cre-mediated 

recombination between the two loxP sites results in excision of the Y. The titre of HD-Ad vectors is increased 

by serial coinfections of 293Cre cells with the HD-Ad and the HV. Adapted from Palmer and Ng110. 
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1.3 The AAVS1 safe harbour for gene integration 

As mentioned in Section 1.2.3, the adeno-associated virus integration site 1 (AAVS1) is 

a preferential integration site of wild-type AAV. The AAVS1 site is located within the intron 

1 of protein phosphatase 1, regulatory subunit 12C (PPP1R12C) gene in human chromosome 

19 (19q13.43) 111.  

Although it has been found that latent AAV infection does alter the phenotypes and the 

expression of certain cellular genes as the research goes deeper, disruption of the region is not 

associated with any known human disease112,113. The AAVS1 locus is still considered as a 

preferable safe harbour for transgene integration. Remarkably sustained transgene expression 

has been shown in previous studies assessing the AAVS1 locus within several types of human 

cells including embryonic stem cells (ESC), induced pluripotent stem cells (iPSC), and 

fibroblasts114–116. 

 

1.4 TALEN: A site-specific gene editing technology 

Transcription activator-like effector nucleases (TALENs) are a class of highly specific 

and easily engineered endonucleases for gene editing by introducing targeted double-strand 

breaks (DSBs). TALENs bind and cleave the target DNA as heterodimers. Each TALEN unit 

is composed of a FokI endonuclease domain artificially fused to a customizable domain 

responsible for recognition and binding of the target sequence. This domain is derived from 

transcription activator-like effectors (TALEs) secreted by the Gram-negative plant-pathogenic 

bacteria Xanthomonas spp. These pathogens inject TALEs through the type III secretion 

system to their host plant cells, targeting the genes related to disease resistance and host 

susceptibility117–119.  
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TALEs in the Xanthomonas bacteria are made up of three major regions: A C-terminal 

nuclear localization signal (NLS), a domain that activates the target gene transcription, and a 

central DNA-binding domain. The DNA-binding domain contains arrays, or monomers, of 

highly conserved amino acid repeats with the exception of two hypervariable residues at 

position 12 and 13 in each array, termed the repeat variable di-residues (RVDs). RVDs in each 

individual array recognize a single DNA nucleotide. The most commonly used RVDs — NN, 

NI, HD, and NG — are able to recognize G, A, C, and T, respectively119–121. Naturally 

occurring TALEs consist of an average number of 17 RVDs in each arm, recognizing 34 

nucleotides at the target site122. The target sequence bound by TALE monomers usually 

contains a 5’ thymine, which affects the binding efficiency123. Site-specific binding of TALEs 

to the target allows the subsequent target DNA cleavage by the FokI nucleases. Once the 

TALEN-induced DSB is generated, non-homologous end-joining or homology-direct repair 

(See Section 1.5) can lead to alterations at the designated target site124. Figure 1-2 shows 

TALEN that binds to the target site as heterodimers and the basic structure of a TALEN 

monomer. 

TALEs can be engineered with standard restriction enzyme digestion and ligation (REAL) 

method125, but assembly of the individual monomer is laborious. With the Golden Gate cloning 

techniques126, fast ligation-based automatable solid-phase high-throughput (FLASH) 

method127, or more recently developed unit assembly strategies128, customized TALENs can 

be relatively easily customized and assembled to target virtually any DNA sequence. 

Engineered TALENs have been widely applied to sequence-specific editing in plants, animals, 

and a variety of human cells. Its advantages in the cleavage specificity and efficiency with 

minimal cytotoxicity have been confirmed by many studies116,129–131.  
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a. 

 
b. 
 

Figure 1-2. TALEN targeting the AAVS1 site 

a. Schematic diagram of TALEN heterodimers binding to the AAVS1 locus. Each arm recognizes and binds to 

17 target nucleotides. DNA cleavage by FokI occurs in the spacer sequence between binding sites of the two 

TALEN units. b. Schematic diagram of a TALEN unit. Letters in each repeat represent the RVDs at positions 

12 and 13. N-terminal and C-terminal domains of TALE are not shown in the figure, but they are also 

required for DNA binding. 
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1.5 DNA repair pathways and transgene integration 

Eukaryotic cells undergo DNA repair when a DSB is generated through either non-

homologous end joining or homology-directed repair. The two pathways have been intensively 

studied because they lead to different outcomes at the break and therefore may be adopted for 

different applications for gene editing. 

 

1.5.1 Non-homologous end joining (NHEJ) 

The NHEJ pathway is characterized by the absence of 5’ end resection and direct 

ligation of the DBS ends. This process is mediated by the Ku70-Ku80 heterodimer (Ku) which 

holds the ends close to each other and protects them from resection, ligase IV (LIG4) which is 

responsible for the ends ligation, and a range of different regulatory factors132. NHEJ is active 

throughout the cell cycle, although it occurs more frequently in G1 cells133,134. NHEJ is an 

error-prone mechanism that often results in small (1-10 bp) but very heterogeneous insertions, 

deletions, or substitutions at the break site. Approximately two-thirds of them will lead to a 

frameshift mutation132. Therefore, the pathway is widely used for generating gene knock-outs. 

 

1.5.2 Homology-directed repair (HDR) 

Unlike the error-prone NHEJ pathway, HDR results in high-fidelity repair by using a 

homologous donor template for DNA synthesis. HDR occurs at a lower frequency than NHEJ, 

predominantly in S and G2 phases during which the sister chromatid can be used as the 

template133,134. The HDR pathway is more desired for applications in accurate gene knock-in, 

where a repair donor template with upstream and downstream homologous arms can be 

provided in the form of a single-stranded oligonucleotide for small insertions or double-
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stranded plasmid DNA for larger insertions. At the beginning of HDR, the break site resection 

is mediated by helicases and nucleases such as MRN, CtIP, and EXO1, creating 3’ single-

stranded overhangs. The overhangs are then bound by RAD51 recombinase to invade the 

homologous double-stranded DNA135. The mechanism by which the cells make choice 

between the competing NHEJ and HDR pathways is still unclear, but apparently, it is heavily 

regulated and influenced not only by the cell cycle, but also by the concentration of donor 

templates, the length of homologous overlaps, and expression of regulatory genes136–138. 

 

1.6 Model cell line for CF research 

The study of human diseases, especially genetic diseases like CF greatly relies on the 

development of immortalized cell lines. In vitro cell models for CF not only help researchers 

to better understand the physiological, molecular, and biochemical mechanism of the disease, 

but also provide valuable insight for subsequent in vivo tests of therapeutic strategies. The IB3-

1 cell line was derived from primary human CF bronchial epithelial cells heterozygous for 

F508del and a nonsense mutation W1282X, immortalized by adeno-SV40 hybrid virus 

transformation139,140. For this thesis, the CFTR-defective IB3-1 cell line is an appropriate 

model because it largely represents the primary in vivo target in the airway. On the other hand, 

an IB3-1 derived 8-3-7 inducible cell line was generated previously in our lab by transfection 

of a reverse tetracycline-inducible transcription activator (rtTA) expression cassette and a 

CFTR expression cassette with tetracycline response element. In the presence of doxycycline, 

a derivative of tetracycline,  rtTA is expressed and it turns on CFTR expression by binding to 

the tetracycline response element141. Nevertheless, immortalized cell lines are isolated clones 

from the mixed population of primary epithelial cells and grown in altered conditions. They 
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may not always have the same phenotypic characteristics of the original culture. The IB3-1 

cells used in this thesis also lack differentiated features such as tight junction and cilia 

formation139. These limitations of in vitro models should be taken into consideration when 

extrapolating the results to in vivo studies. 

 

1.7 Hypothesis and objectives  

Permanent integration of a wild-type human CFTR gene expression cassette into the 

genome of airway epithelial cells is essential for CF lung gene therapy, as it reduces the risk 

of host immune responses caused by repeated administration. The utilization of TALEN 

system allows targeted DSB at the AAVS1 site, where a CFTR expression cassette can be 

integrated by HDR. The large packaging capacity (36 kb) of HD-Ad makes the delivery of a 

pre-established TALEN system together with a CFTR cDNA expression cassette and two 4 kb 

homology arms possible in one single vector. An overview of the strategy used for this thesis 

is shown in Figure 1-3. 

I hypothesize that efficient TALEN-mediated integration of human CFTR gene into 

the AAVS1 locus in cultured airway epithelial cells can be achieved by delivery of the 

TALEN system along with the donor CFTR expression cassette using HD-Ad vectors.  

Two aims of the research are described in this thesis:  

1. To determine the integration efficiency of a UBCLacZ reporter expression cassette in 

cultured IB3-1 airway epithelial cells and  

2. To determine expression and functional correction of a K18CFTR expression cassette 

in IB3-1 cells. 
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Figure 1-3. Strategy overview 

HD-Ad vectors carrying TALEN and the donor expression cassette are produced from corresponding HD-Ad 

plasmids and transduced into IB3-1 cells. TALEN-mediated DBS is generated at the designated target site in 

the AAVS1 locus. The 4 kb homology arms on the donor DNA allow the integration of transgene expression 

cassettes to the target site through HDR. LHA, left homology arm. RHA, right homology arm.  
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2 Integration efficiency of a UBCLacZ reporter expression 

cassette in IB3-1 cells 
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2.1 Rationale 

The first step to evaluate our strategy in vitro is to determine how efficiently a transgene 

will be integrated to the designated target site for long-term, stable expression in the airway 

epithelial cells. Therefore, we delivered TALEN and a LacZ expression cassette as a reporter 

gene with homology arms to IB3-1. The LacZ gene encodes the b-galactosidase protein, which 

mediates the cleavage of X-gal (5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside) and 

yields a blue and insoluble product142. Thus, the expression of LacZ can be easily visualized 

through the staining method.  We fused the LacZ gene under a human ubiquitin C (UBC) 

promoter which has been used by previous studies to drive a strong in vivo LacZ expression in 

airway basal cells143. The cassette also includes an upstream nuclear localization signal (NLS) 

to restrict LacZ expression to the nucleus. The UBCLacZ expression cassette is flanked by a 

right and a left homology arm for HDR at the target site. Each of the homology arms is about 

4 kb in length for optimal efficiency. The overall design allows us to determine the integration 

efficiency by counting LacZ positive rate after passing the transduced cells to dilute the 

residual vectors.  

 

2.2 Material and Methods 

2.2.1 Basic molecular techniques 

Basic molecular techniques described in this section were routinely applied for 

molecular cloning, verification of the plasmid constructs, sample collection, and sample 

analysis. Same protocols were followed throughout this thesis unless otherwise specified. 

Restriction enzyme digestion. All restriction digestions were performed with New 

England Biolabs enzymes following the manufacturer’s protocol. Incubations for enzyme 
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digestions were performed in 37°C water bath and the reactions were heat-inactivated on a 

Thermomixer Compact (Eppendorf). 

Agarose gel electrophoresis. Depending on purpose of the experiment, 0.6 – 2% 

agarose gels were made with UltraPure Agarose (Invitrogen) in TAE buffer (40 mM Tris-

acetate, 1 mM EDTA, pH 8.3). RedSafe Nucleic Acid Staining Solution (FroggaBio) was 

added before pouring the gel. DNA samples were prepared by adding Gel Loading Dye (New 

England Biolabs) and were loaded to the wells. Agarose gels were run in TAE buffer, pH 8.3 

at 100 V for approximately 1 hour. 

DNA fragment purification from agarose gel. One percent agarose gels were used 

to separate the desired DNA fragment for purification from the gel. The bands of interest were 

observed and cut out from the gel under long wavelength UV light, then transferred to 1.5 mL 

microtubes. The DNA fragments were then purified with QIAquick Gel Exaction Kit 

(QIAGEN) following the manufacturer’s protocol. 

Ligation. Ligation reactions were performed with the Rapid DNA Ligation Kit 

(Thermo Fisher Scientific) according to the manufacturer’s protocol. The mixtures were stored 

at 4°C until use. 

Transformation. A desired amount of plasmid DNA or ligation reaction was added to 

100 µL of thawed Stellar Competent Cells (Clontech) and incubated on ice for 20 minutes. 

After incubation, the mixture was heat shocked at 42°C for 50 seconds and immediately cooled 

on ice. Aseptically, 1 mL of SOC medium (Clontech) was added to the cells, and the cells were 

allowed to recover in a 37°C shaker for 45 minutes. The cells were then plated on 2x YT agar 

(16 g tryptone, 10 g yeast extract, 5 g sodium chloride, 15 g bacteriological agar in 1 L distilled 

water) plates with 100 µg/mL ampicillin and incubated at 37°C overnight. 
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Mini-prep plasmid isolation. Bacterial colonies were picked from the plates, and each 

colony was aseptically inoculated into sterile tubes containing 1.5 mL of 2x YT broth medium 

(16 g tryptone, 10 g yeast extract, 5 g sodium chloride in 1 L distilled water) with 100 µg/mL 

ampicillin. The tubes were incubated at 37°C overnight with shaking and aeration. The cells 

were then centrifuged fat 8000 rpm for 2 minutes and resuspended in 150 µL of P1 buffer (50 

mM Tris-HCl, pH 8.0, 10 mM EDTA). Then, 150 µL of P2 buffer (0.2 M NaOH, 1% SDS) 

was added and the tubes were inverted for several times. When an increased viscosity was 

observed, 150 µL of P3 buffer (3 M potassium acetate, pH 5.5) was added to the mixture and 

the tubes were incubated on ice for 10 minutes. When the incubation was done, the tubes were 

centrifuged at 14000 rpm for 10 minutes at 4°C, and the supernatant in each sample was 

transferred to a clean 1.5 mL microtube. 900 µL of 100% ice-cold ethanol was added to each 

sample. The tubes were inverted for several times and centrifuged at 14000 rpm for 5 minutes 

at room temperature. The supernatant was removed from each tube, and the DNA pellets were 

washed with 1 mL of ice-cold 70% ethanol. The resulting DNA pellets were air-dried and re-

dissolved in 40 µL of TE buffer (10 mM Tris-HCl, 1mM EDTA, pH 8.0). The mini-prep 

plasmid DNA samples were stored at -20°C until use. 

Midi-prep plasmid isolation. Bacterial colonies were picked from the plates and 

aseptically inoculated into sterile tubes containing 1.5 mL of 2x YT broth medium with 100 

µg/mL ampicillin. The tubes were cultured at 37°C for 8 hours with shaking and aeration. 

After incubation, 300 µL of broth culture from each tube was transferred aseptically into a 

sterile flask containing 100 mL of fresh 2x YT broth medium with 100 µg/mL ampicillin and 

incubated at 37°C overnight with shaking and aeration. On the next day, the broth cultures 

were poured into centrifuge bottles and centrifuged at 4800 rpm for 15 minutes. The cell pellets 
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were re-suspended in 7 mL of P1 buffer and transferred to 50 mL Falcon tubes, followed by 

the addition of 7 mL of P2 buffer to each sample. The tubes were inverted for several times, 

and 7 mL of P3 buffer was added to each sample. Next, the tubes were incubated on ice for 10 

minutes and centrifuged at 4800 rpm for 10 minutes.  The resulting supernatant was transferred 

to clean 50 mL tubes, and 13.5 mL of isopropanol was added to each sample allowing the 

DNA to precipitate. The tubes were centrifuged at 4800 rpm for 10 minutes, and then the crude 

DNA pellets were re-suspended in 400 µL of TE buffer and transferred to clean 1.5 mL 

microtubes. Two hundred microliters of 7.5 M ammonium acetate was added to each tube. The 

tubes were incubated on ice for 5 minutes and centrifuged at 4°C for 5 minutes. Then, the 

supernatant was transferred to clean microtubes and 800 µL of ice-cold 100% ethanol was 

added to each sample for the DNA to precipitate. The tubes were centrifuged at 14000 rpm for 

5 minute, and the DNA pellet was re-dissolved in 400 µL of TE buffer. Ten microliters of 10 

mg/mL RNase A was added to each sample and incubated at 37°C for 1 hour before proceeding 

to the phenol chloroform purification (methods were described below). The purified midi-prep 

plasmid DNA samples were stored at -20°C until use. 

Phenol chloroform purification. To each plasmid or genomic DNA samples, an equal 

volume of UltraPure Phenol:Chloroform:Isoamyl Alcohol 25:24:1, v/v (Invitrogen) was added 

and mixed thoroughly with vortex. The mixtures were centrifuged at 14000 rpm for 5 minutes. 

After centrifugation, the upper aqueous layer was collected and transferred to a clean 

microtube without disturbing the interphase. Next, 0.5 volume of 7.5 M ammonium acetate 

and 2 volumes of ice-cold 100% ethanol was added to each sample. The tubes were inverted 

for several times allowing the DNA to precipitate and then centrifuged at 14000 rpm for 5 

minutes at room temperature. Then, the supernatant was removed and the DNA pellets were 
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washed with 1 mL of ice-cold 70% ethanol. The pellets were then air-dried and re-dissolved 

in a desired amount of TE buffer.  

Genomic DNA isolation from adherent cells.  The  adherent cell cultures in 6-well 

plates were gently washed with PBS, pH 7.4 for two times and lysed in 400 µL of Tail Lysis 

Buffer (100 mM Tris-HCl, pH 8.0, 5 mM EDTA, 0.2% SDS, 200 mM NaCl) and  10 µL of 

proteinase K (Thermo Fisher Scientific) at 50°C for 2 hours with shaking. Next, the proteinase 

K was heated inactivated at 65°C for 20 minutes and 10 µL of 10 mg/mL RNase A was added 

to each sample. The RNA was digested at 37°C for 10 minutes, and then the samples were 

subjected to phenol chloroform purification as described above. The purified genomic DNA 

samples were stored at -20°C until use. 

DNA quantification. The concentration and purity of plasmid or genomic DNA 

samples were determined from the OD readings on a SimpliNano Spectrophotometer (GE 

Healthcare Life Sciences). Proper blanks were used for different samples before the 

measurements.  

Sanger sequencing. Sanger sequencing reactions for the DNA samples described in 

this thesis were performed by The Center for Applied Genomics (TCAG) at the Hospital for 

Sick Children. The samples to be sequenced were prepared by mixing 200 – 300 ng of DNA 

in a volume of 7 µL with 5 ng of desired primer in a volume of 0.7 µL. Primers used for 

sequencing were synthesized by ACGT Corporation.  

 

2.2.2 Construction of pHD-Ad-UBCLacZ-TALEN  

TALEN used for this thesis was generated by Dr. Bo Zhang’s lab (Peking University, 

Beijing, China) using the Unit Assembly method, carried by a pBSII-SK(+) backbone with a 
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CMV-EGFP marker128. The RVDs HD-HD-HD-HD-NG-HD-HD-NI-HD-HD-HD-HD-NI-

HD-NI-NN-NG and NG-NG-NG-HD-NG-NN-NG-HD-NI-HD-HD-NI-NI-NG-HD-HD-NG 

recognize a region in the AAVS1 site within the human chromosome 19 with a 15-nucleotude 

spacer. Generation of the UBCLacZ expression cassette carried by pBSII-SK(+) backbone 

plasmids was described in the previous study144. Left and right homology arms (4kb) were 

amplified from human cell line A549 (CCL-185) obtained from American Type Culture 

Collection (ATCC), and the sequences were fused to expression cassettes using the In-Fusion 

HD Cloning Kit (Clontech Laboratories). The UBCLacZ expression cassette with homology 

arms was cloned into an HD-Ad backbone plasmid pC4HSU (NotI/SalI)145. The PmeI sites on 

the resulting vectors were switched to PacI sites using infusion cloning. The assembled 

UBCLacZ plasmid pC4HSU-UBCLacZ-L4-R4 was linearized with NheI followed by blunt 

end treatment with T4 DNA polymerase (New England Biolabs), then digested with NsiI. The 

TALEN insert was cleaved from the backbone by FspI and Nsil digestion, then ligated to the 

linearized vector. The resulting vector was denominated as pHD-Ad-UBCLacZ-TALEN. 

 

2.2.3 Production of HD-Ad-UBCLacZ-TALEN 

Methods for HD-Ad viral production were modified from Ng et al110.  

Cell culture. 116 cells were cultured in MEM medium (Life Technologies) 

supplemented with 10% heat inactivated FBS (Wisent), 100 U/ml penicillin streptomycin, and 

0.1 mg/ml hygromycin B (BioShop). 116 cells were grown at 37°C with 5% CO2 in humidified 

air and split 1:5 twice a week. Same growth media and conditions were used for 116 cells 

throughout the study unless otherwise specified. 
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Rescue. Ten micrograms of pHD-Ad-UBCLacZ-TALEN was linearized by PacI 

digestion to expose the terminal ITR. The linearized plasmid was purified by phenol 

chloroform extraction and dissolved in sterile TE, pH 8.0. 116 cells were seeded into a 6 cm 

dish and transfected with the linearized DNA upon 70% confluency using the jetPRIME 

Versatile DNA/siRNA Transfection Reagent (Polyplus Transfection) according to the 

manufacture’s protocol. After 24 hours, the growth medium was aspirated and replaced by 0.5 

ml of warm serum-free, antibiotic-free MEM. NG163 helper virus was added to the cells at 5 

multiplicity of infection (MOI) and allowed for absorption at 37°C with occasional shaking 

for 1 hour. Then, fresh medium was added to a final volume of 3 ml. The cells displayed 

cytopathic effect (CPE) 48 hours after the addition of helper virus and were collected together 

with the medium into 15 mL Falcon tubes. Sucrose was added to the cells to a final 

concentration of 4% for long-term storage at -80°C.  

Amplification. The harvested cells were lysed through three freeze-thaw cycles on 

37°C water bath and dry ice. To amplify the viral vectors, freshly seeded 116 cells in a 6 cm 

plate was co-transduced with the cell lysate and NG163 upon 70% confluency. Before 

transduction, the old growth media was aspirated from the plate. One milliliter of the cell lysate 

and NG163 at 2 MOI were added to the cell monolayer. Again, the cells were incubated at 

37°C with occasional shaking for 1 hour, and then fresh growth medium was added to a final 

volume of 3 ml. The cells were harvested 48-hour post-transduction upon CPE in 15 mL 

Flacon tubes with 4% sucrose and were stored at -80°C. The co-transduction was repeated for 

four more passages to increase the viral titre. For the later passages, one 10 cm dish, one 15 

cm dish, eight 15 cm dishes, and ten 15 cm dishes of 116 cells respectively were co-transduced 
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with cell lysate from the previous passage and NG163 at 2 MOI. The final cell lysate was 

collected in a 50 mL Falcon tube with 4% sucrose and were stored at -80°C. 

Large-scale amplification. 116 cells were grown in thirteen 15 cm plates to 90% 

confluency and seeded into a 3 L spinner flask (Bello biotechnology) containing 1 L of growth 

media. The speed of spinner flask was set to 75 rpm. 500 mL of growth media was added to 

the spinner flask 24 hours and 48 hours after seeding respectively. One liter of growth media 

was added to the flask on the third day. On the fourth day, the cells were poured into nine 500 

mL centrifuge bottles and were centrifuged at 2000 rpm for 10 minutes at 4°C. After 

centrifugation, the cell pellets were re-suspended with 20 mL of conditioned growth media 

then transferred to a 250 mL spinner flask. The cell lysate from the latest amplification passage 

was frozen and thawed for 3 times in 37°C water bath and dry ice, then added to the 250 mL 

spinner flask. NG163 was added to the mixture at 1 MOI. The 250 mL spinner flask were set 

to stir at 75 rpm and were incubated at 37°C for 2 hours. After incubation, the mixture and 

additional 460 mL of conditioned growth media was transferred to a 3 L spinner flask 

containing 1.5 mL of pre-warmed viral transduction media (5% heat-inactivated FBS, 100 

U/ml penicillin streptomycin, and 0.1 mg/ml hygromycin B in MEM). The final mixture was 

incubated at 37°C with stir at 75 rpm for 3 days. After 3 days, 5 mL of the suspension culture 

was collected in a 15 mL Falcon tube for orcein staining of inclusion body, and the rest was 

harvested by centrifugation at 2000 rpm for 10 minutes at 4°C. The cell pellets were re-

suspended in 17 mL of sterile 10 mM Tris-HCl, pH 8.0 in a 50 mL Falcon tube. Sucrose was 

added to a final concentration of 4% for long-term storage at -80°C. 

Orcein staining of inclusion body. This protocol is adapted from Graham and 

Prevec146. The collected cells were centrifuged at 1000 rpm for 10 minutes at room temperature. 
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The cell pellet was re-suspended with 0.5 mL of 1% sodium citrate and incubate for 10 minutes 

at room temperature. The cells were fixed for 10 minute at room temperature by adding 0.5 

mL of Carnoy’s fixative solution (3:1 methanol to glacial acetic acid). Then, 1 mL of 1% 

sodium citrate was added and the cells were centrifuged at 1000 rpm for 10  minutes at room 

temperature. The cell pellet was re-suspended in 150 µL of 1% sodium citrate. One drop of the 

cell suspension was added onto a glass slide (VWR) and thoroughly air dried. One drop of 

Orcein staining solution (2% Orcein and 50% glacial acetic acid in ) was added on the top of 

dried cells. A cover slip (VWR) was placed on the cells before examining the inclusion bodies 

under the bright field microscope.   

Purification. One and a half milliliters of 5% sodium deoxycholate in 10 mM Tris-

HCl, pH 8.0 was added to the cells harvested from the large-scale amplification. The cells were 

incubated for 30 minutes on a tube rotator at room temperature. Ten microliters of 250 U/µL 

benzonase DNase (EMD Millipore) and magnesium chloride at a final concentration of 2 mM 

were added to the cell lysate and incubated for another 30 minutes under the same conditions. 

After incubation, the mixture was centrifuged at 5500 rpm for 15 minutes at 4°C. The 

supernatant was collected and added to 14 x95 mm ultracentrifuge tubes (Beckman) on top of 

the cesium chloride concentration gradients. Each tube contains 0.5 mL of 1.5 g/mL cesium 

chloride at the bottom, 3 mL of 1.35 g/mL cesium chloride in the middle layer, and 3 mL of 

1.25 g/ mL cesium chloride at the top. The balanced tubes were secured in ultracentrifuge tube 

buckets and placed to the rotor. The tubes were centrifuged at 35000 rpm for 1 hour at 4°C. 

After ultracentrifugation, the virus band at the interface of 1.35 g/mL and 1.25 g/mL cesium 

chloride was withdrawn from the tubes with a 20 gauge needle and collected in a 15 mL Falcon 

tube. For the second purification, the collected band was loaded to new ultracentrifuge tubes 
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containing 7 mL of 1.35 g/mL cesium chloride and centrifuged at 35000 rpm overnight at 4°C. 

On the next day, the virus band was collected from the tube and injected to a 3 mL 10K MWCO 

Slide-A-Lyzer dialysis cassette (Thermo Fisher Scientific).The cassette was dialyzed in 10 

mM Tris-HCl buffer, pH 8.0 for 24 hours, with the buffer changed every 8 hours. The dialyzed 

viral prep was withdrawn from the cassette with a 18 gauge needle. For spectrophotometer 

quantification, 2.5 µL of the viral prep was saved in a clean microtube, and the rest was 

supplemented with glycerol to a final concentration of 10% and aliquoted to sterile microtubes 

for long-term storage at -80°C.  

Alternatively, the cell lysate from the large-scale amplification may be quickly purified 

with the Adenovirus Standard Purification ViraKit (VIRAPUR) following the manufacturer’s 

protocol. The eluted virus in the buffer provided in the kit were supplemented with glycerol to 

a final concentration of 10% and stored at -80°C.  

Viral quantification. Saved purified vectors were diluted in distilled water for 

spectrophotometer quantification at 260 nm. Final virus particle number = OD260 x dilution 

factor x 0.9 x 1012. In addition to the spectrophotometric assessment, qPCR was applied for 

quantification of the viral preparations with primers that bind specifically to the adenovirus 

packaging signal 5’ CAG GAA GTG ACA ATT TTC GCG C 3’ (forward primer) and 5’ CGC 

GCT ATG AGT AAC ACA AAA TTA TTC AG 3’ (reverse primer). The qPCR was 

performed with Power SYBR Green PCR Master Mix (Thermo Fisher Scientific) on a 

QuantStudio 3 Thermal Cycler (Applied Biosystems). 
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2.2.4 HD-Ad transduction 

Cell culture. IB3-1 cells (ATCC CRL-2777) were grown in DMEM medium (Life 

Technologies) containing 10% heat inactivated FBS (Wisent) and 100 U/ml penicillin 

streptomycin (Life Technologies). The cells were cultured at 37°C with 5% CO2 in humidified 

air and split 1:7 twice a week. Same growth media and conditions were used for IB3-1 cells 

throughout the study unless otherwise specified. 

Transduction. IB3-1 cells were seeded in 6-well dishes and cultured until 70% 

confluency. Before transduction, the cells were washed once with warm PBS, pH 7.4. The 

cells were transduced with 50 MOI and 100 MOI of HD-Ad-UBCLacZ-TALEN vectors in 0.5 

mL of serum-free, antibiotic-free DMEM. Controls were transduced with 100 MOI of HD-Ad-

UBCLacZ vectors. Cells were incubated for 1 hour with rocking per 10 min. Warmed regular 

medium was added to the cells to a final volume of 2 ml per well.  

Passage. Transduced IB3-1 cells were cultured for 5 days before the first passage. After 

the first passage, the cells were split twice per week at a ratio of 1:7.  

 

2.2.5 T7E1 assay 

Cleavage efficiency analysis. Cells transduced with HD-Ad-UBCLacZ-TALEN or 

HD-Ad-UBCLacZ control vectors were collected and lysed in 50 µL Cell Lysis Buffer with 

Protein Degrader from the GeneArt Genomic Cleavage Detection Kit (Life Technology) 

according to the manufacturer’s instructions 72 h post-transduction. A 644 bp region covering 

the TALEN target site was amplified with the AmpliTaq Gold 360 Master Mix (Life 

Technology). Sequences of the primers are: 5’ GAT CCT CTC TGG CTC CAT CGT AAG 

CAA AC 3’ (forward primer) and 5’ GAT GGC CTT CTC CGA CGG ATG TCT C 3’ (reverse 
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primer). Two hundred nanograms of PCR product in each sample was mixed with 2 µl of 10X 

NEBuffer 2 and nuclease-free water to a final volume of 19 µL. The PCR products were 

denatured at 95°C for 5 min, followed by re-annealing at a ramp rate of -2°C/s from 95-85°C 

and -0.1°C/s from 85-25°C. Ten units of T7 endonuclease I (New England Biolabs) was added 

to the annealed PCR products immediately. For T7E1-negative control reactions, 1 µL of 

nuclease-free water were added instead. The mixtures were incubated at 37°C for 30 min 

before the reactions were terminated by adding 1.5 µL of 0.25 M EDTA. The reactions were 

visualized on a 2% agarose gel. The band intensities were analyzed with ImageJ, and the 

cleavage efficiency was quantified according to the following formula for assessment of 

TALEN-induced NHEJ147: % cleavage efficiency = 100 x sum of cleaved products / (cleaved 

products + parent peak).                                                                                       

Off-target analysis. The same methods were applied except that the PCR was designed 

to amplify regions around the top 3 off-target sites predicted by TALENoffer 

(http://galaxy.informatik.uni-halle.de/root?tool_id=TALENoffer). Sequences of primers 

sequences and the corresponding length of the amplicons are: 5’ GTA CAG CAA TCT AAG 

GAA GTA GAC TCT TAG G 3’ (forward primer) and 5’ GTT TCA CTA TGT TGG TCA 

GGC TGC TC 3’ (reverse primer) for off-target site #1 (738 bp), 5’ GTC TGA TTG TGC 

AGG TTG TGT AGG ATC 3’ (forward primer) and 5’ CAC CCA AGT GCT GAC CTT ACT 

GC 3’ (reverse primer) for off-target site #2 (687 bp), and 5’ CAG CAG TCA GGG TTG TTC 

AGT TTG TTC 3’ (forward primer) and 5’ CCT AAA CCT TGG TGG CTA AAC ACA GTA 

AAA G 3’ (reverse primer) for off-target site #3 (763 bp). 
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2.2.6 Junction PCR analysis. 

Genomic DNA of cells transduced with TALEN viral vectors or control vectors were 

collected 5-day post-transduction. Junction PCR was performed on a SimpliAmp Thermal 

Cycler (Applied Biosystems). The sequences of primer sets used and the size of amplicons are 

as follows: UBCLacZ left junction, 4.5 kb amplicon, 5’ CAT CAG CGA TGC AAT GAT 

GCT TGG GTT TGC ACC AAT G 3’ (forward primer), 5’ TCC TTC TGC TGA TAC TGG 

GGT TCT AAG GCC GAG TC 3’ (reverse primer); UBCLacZ right junction, 4.4 kb amplicon, 

5’ GGT TTT TCA CAG ACC GCT TTC TAA GG 3’ (forward primer), 5’ GTT GGA GGA 

GGA AGG AGA CAG AAT CC 3’ (reverse primer). Eight microliters of each PCR reaction 

was visualized on a 0.8% agarose gel. PCR products were purified using the NucleoSpin Gel 

and PCR Clean-up Kit (Macherey-Nagel) following the manufacturer’s instructions. Three 

hundred nanograms of purified products were subjected to EcoRV or AfeI digestion (New 

England Biolabs) at 37°C for 2 h. The reactions were run on 1% agarose gels. Sanger 

sequencing was performed by the TCAG Sequencing Facility at the Hospital for Sick Children. 

 

2.2.7 β-galactosidase staining 

IB3-1 cells to be stained were washed with PBS, pH 8.0 and fixed in 0.5% 

glutaraldehyde in PBS for 15 min. After PBS washing, β-galactosidase staining solution (0.1% 

X-gal, 2 mM MgCl2, 5 mM K-ferricyanide, 5 mM K-ferrocyanide in PBS) was added to cover 

the cell monolayer. The cells were incubated at 37°C overnight in dark. To terminate the 

reaction, the staining solution was removed from the dish and the cells were washed with PBS. 

To count the transduction efficiency, IB3-1 cells were stained 3 days post-transduction. To 

count the integration efficiency, IB3-1 cells were passed for 18 passages before staining. 20 
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images were taken randomly for each well under a bright field microscope at 100x 

magnification. The number of LacZ positive cells and the total number of cells in each image 

was recorded with ImageJ. The transduction and integration efficiencies were calculated 

according to the following formulas: % transduction = 100 x sum of LacZ positive cells from 

all 20 images / sum of total number of cells from all 20 images. % integration = 100 x sum of 

LacZ positive cells from all 20 images / (sum of total number of cells from all 20 images x 

transduction efficiency).                 

                                                                       

2.2.8 Single cell colonies  

Transduced IB3-1 cells were cultured for 12 passages before single cell sorting. Upon 

70% confluency, the cells were suspended in ice-cold PBS, pH 7.4 containing 1% FBS. The 

cells were incubated on ice in the dark with viability marker 7-aminoactinomycin D (7-AAD, 

BioLegend) at a concentration of 100 ng per million cells for 10 minutes. Live singlet cells 

were sorted on a MoFloXDP BRV/UV sorter (Beckman) directly to 96-well plates containing 

100 µL of warm DMEM supplemented with 20% heat-inactivated FBS and 100 U/ml 

penicillin streptomycin. Sorted cells were incubated at 37°C with 5% CO2 in humidified air 

for approximately 2 weeks until they developed into colonies. The cells were then subjected 

to β-galactosidase staining before examining under a bright field microscope.  

 

2.2.9 SCR7 treatment 

The NHEJ inhibitor SCR7 (Xcess Biosciences) was added at desired concentrations 

directly to the  IB3-1 cells 20 hours post-transduction. Treated cells were cultured until day 5 

after the transduction and passaged as normal. 
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2.2.10 Flow cytometry 

Cells were cultured in 6-well plates until 90% confluency for flow cytometry analysis. 

The cells were gently washed with PBS, pH 7.4, scraped from the plates in 1 mL of PBS, and 

spun down at 400 rpm for 1 minute at room temperature. The resulting cell pellet was 

resuspended in 300 µL of DMEM, high glucose, HEPES, no phenol red (Life Technologies) 

with 3 µL of 30 mM chloroquine diphosphate and incubated at 37°C for 30 minutes. Next, 3.3 

µL of 1:10 diluted ImaGene Green C12FDG substrate reagent (Invitrogen) was added to each 

sample and incubated at 37°C for 45 minutes in dark. After incubation, the cells were collected 

by centrifugation at 400 rpm for 1 minute. Each cell pellet was resuspended in 500 µL of the 

phenol red-free DMEM with 5 µL of 50 mM phenyl-ethyl β-D-thiogalactopyranoside (PETG) 

reagent (Invitrogen) and 3 µL of 7-AAD (BioLegend). The cell suspension was filtered into 5 

mL Falcon polystyrene round bottom tubes and incubated on ice for 10 minutes in dark. Live 

singlet cells were run on a LSRII-CFI, VBGR 15-colour analyzer (Becton Dickinson). The 

flow cytometry data was analyzed with the FlowJo software (FlowJo, LLC, Ashland, OR). 

 
2.2.11 Statistical analysis 

GraphPad Prism software (GraphPad, La Jolla, CA) was used to analyze difference 

between groups. Unpaired student’s t-test was used for the comparison between means of two 

groups. A p value less than 0.05 was considered statistically significant. Error bars were shown 

in standard error of the mean (SEM).
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Table 2-1. Plasmid constructs used for Aim 1 

Plasmid Size (bp) Details 

pBSII-SK(+) 2961 Contains Amp resistance gene and MSC 
 

pBSII-SK(+)-UBCLacZ-Neo 9366 Modified pBSII-SK(+) with UBCLacZ-Neo expression cassette inserted into MSC 
 

pBSII-SK(+)-UBCLacZ-Neo-L4-R4 17198 Modified pBSII-SK(+)-UBCLacZ-Neo with left and right homology arms flanking 
the UBCLacZ-Neo expression cassette 
 

pBSII-SK(+)-TALEN 13269 Modified pBSII-SK(+) with genes encoding for left and right TALEN units flanking 
a GFP expression cassette  
 

pC4HSU-PN 16278 HD-Ad backbone plasmid containing ITR and ψ 
 

pC4HSU-PNE-U 9544 Modified pC4HSU-PN containing ITR and ψ, stuffer DNA partially removed 
 

pC4HSU-UBCLacZ-Neo-L4-R4 27356 Modified pC4HSU-PNE-U with UBCLacZ-Neo-L4-R4 inserted 
 

pHD-Ad-UBCLacZ-TALEN 33424 Final construct modified from pC4HSU-UBCLacZ-Neo-L4-R4 containing Amp 
resistance gene, ITR, ψ, TALEN, and UBCLacZ-Neo expression cassette flanked 
by left and right homology arms 
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Table 2-2. HD-Ad vectors used for Aim 1 

 

Vector Details 

HD-Ad-UBCLacZ-TALEN Carries GFP-labeled, TALEN-encoding sequences targeting the AAVS1 site, and 
UBCLacZ-Neo expression cassette flanked by a 4 kb left homology arm and a 4 kb right 
homology arm 
 

HD-Ad-UBCLacZ Carries a UBCLacZ-Neo expression cassette 
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Table 2-3. Oligonucleotide primers used for Aim 1 

Primer Sequence (5’-3’) Purpose 

Infusion-U-LHA-F CCAGCGGTGGCGGCCAGGTCGACGGTATCG Forward primer for inserting left homology arm 
flanking LacZ-Neo reporter through In- Fusion 
 

Infusion-U-LHA-R GGAGGCCGAGCGGCCCCTAGTTATCAGCCAAGTC Reverse primer for inserting left homology arm 
flanking LacZ-Neo reporter through In- Fusion 
 

Infusion-U-RHA-F TCAGCTTTGCACAAGGAATAGTCAACGAGC Forward primer for inserting right homology arm 
flanking LacZ-Neo reporter through In- Fusion 
 

Infusion-U-RHA-R ATCCACTAGTTCTAGCTCTAAAGCTTCAGCCCAG Reverse primer for inserting right homology arm 
flanking LacZ-Neo reporter through In- Fusion 
 

Ad5-F CAGGAAGTGACAATTTTCGCGC Forward primer amplifying sequence near ψ for 
detection of HD-Ad vector 
 

Ad5-R CGCGCTATGAGTAACACAAAATTATTCAG Reverse primer amplifying sequence near ψ for 
detection of HD-Ad vector 
 

Hexon-F GAGGATACTGCGTACTCGTAC Forward primer amplifying sequence in hexon 
gene for detection of HV 
 

Hexon-R CAGGGCGTTGTAGGCAGTG Reverse primer amplifying sequence in hexon gene 
for detection of HV 
 

T7E1-F GATCCTCTCTGGCTCCATCGTAAGCAAAC Forward primer amplifying sequence near AAVS1 
target site for T7E1 assay 
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T7E1-R GATGGCCTTCTCCGACGGATGTCTC Reverse primer amplifying sequence near AAVS1 
target site for T7E1 assay 
 

JPCR-UL-F CATCAGCGATGCAATGATGCTTGGGTTTGCACCAATG Forward primer for left arm junction PCR analysis 
of UBCLacZ integration 
 

JPCR-UL-R TCCTTCTGCTGATACTGGGGTTCTAAGGCCGAGTC Reverse primer for left arm junction PCR analysis 
of UBCLacZ integration 
 

JPCR-UR-F GGTTTTTCACAGACCGCTTTCTAAGG Forward primer for right arm junction PCR analysis 
of UBCLacZ integration 
 

JPCR-UR-R GTTGGAGGAGGAAGGAGA CAGAATCC Reverse primer for right arm junction PCR analysis 
of UBCLacZ integration 
 

JPCR-Seq-UL-in GTAAGAGGTTCCAGTCAGAGG Primer for sequencing of junction PCR product at 
the left homology arm of UBCLacZ, proximal 
junction 
 

JPCR-Seq-UL-out TGCACCAATGATATGCAGG Primer for sequencing of junction PCR product at 
the left homology arm of UBCLacZ, distal junction 
 

JPCR-Seq-UR-in ACTGCTGTGTTCCAGAAG Primer for sequencing of junction PCR product at 
the right homology arm of UBCLacZ, proximal 
junction 
 

JPCR-Seq-UR-out CCTAAAACAGGACCACTGG Primer for sequencing of junction PCR product at 
the right homology arm of UBCLacZ, distal junction 
 

OT1-F GTACAGCAATCTAAGGAAGTAGACTCTTAGG Forward primer amplifying off-target site #1 on 
chromosome 3 for T7E1 assay 
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OT1-R GTTTCACTATGTTGGTCAGGCTGCTC Reverse primer amplifying off-target site #1 on 
chromosome 3 for T7E1 assay 
 

OT2-F GTCTGATTGTGCAGGTTGTGTAGGATC Forward primer amplifying off-target site #2 on 
chromosome 22 for T7E1 assay 
 

OT2-R CACCCAAGTGCTGACCTTACTGC Reverse primer amplifying off-target site #2 on 
chromosome 22 for T7E1 assay 
 

OT3-F CAGCAGTCAGGGTTGTTCAGTTTGTTC Forward primer amplifying off-target site #3 on 
chromosome 5 for T7E1 assay 
 

OT3-R CCTAAACCTTGGTGGCTAAACACAGTAAAAG Reverse primer amplifying off-target site #3 on 
chromosome 5 for T7E1 assay 
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Figure 2-1. A schematic timeline on experimental design for Aim 1
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2.3 Result

2.3.1 Verifying the pHD-Ad-UBCLacZ-TALEN construct 

We built the pHD-Ad-UBCLacZ-TALEN plasmid construct by conventional 

molecular cloning for the subsequent viral production in 116 producer cells. To determine 

whether the plasmid construct was correctly built before proceeding to the next step, restriction 

enzyme digestions by PacI, BstBI, and BstZ17I were performed for verification. Location of 

the resulting fragments on gel matched the expecting size (Figure 2-2b). To further determine 

whether the important reporter LacZ and GFP genes on the construct can be properly expressed, 

we transfected IB3-1 cells with 2 µg of the plasmid DNA in 6-well plates. Three days after 

transfection, both GFP and LacZ expression were observed in transfected cells (Figure 2-2c).  

a. 
 
 

 
 
 
   
 

 

 

 

 

 

 

 

 



 45 

b. 

 

 

 

 

 

 

 

 

c. 

 

 

 

 

 

 

Figure 2-2. Verification of the pHD-Ad-UBCLacZ-TALEN construct 

a. Schematic diagram of the 33 kb pHD-Ad-UBCLacZ-TALEN plasmid vector (generated in SnapGene). 

Restriction sites used for verification were labelled with their locations on the plasmid. b. Restriction enzyme 

digestion of the plasmid construct. Lane 1, PacI and BstBI. Lane 2, BstBI and BstZ17I. Lane 3, BstZ17I and 

PacI. M, DNA maker. Expected size of the resulting DNA fragments were listed below each lane. The 0.1 kb 

bands are not visible on this gel. c. IB3-1 cells under fluorescent microscope and subjected to b-

galactosidase staining 3 days after transfection with the pHD-Ad-UBCLacZ-TALEN plasmid. 
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2.3.2 Producing the HD-Ad-UBCLacZ-TALEN vectors 

To produce HD-Ad vectors, we first linearized the pHD-Ad-UBCLacZ plasmid 

construct with PacI to remove the bacterial sequences and expose the ITRs. The HD-Ad was 

rescued by transfecting 116 cells with the linearized pHD-Ad-UBCLacZ-TALEN, followed 

by helper virus NG163 transduction. In order to monitor the transfection and viral 

amplification, we observed the GFP expression and the morphological change of the producer 

cells before harvest (usually 48-hour post helper virus transduction). By this time, transduced 

116 cells underwent cytopathic effect (CPE) as a result of virus invasion. The cells became 

round in shape and started to detach from the plate. At passage 0, high levels of GFP expression 

from plasmid DNA were found in the producer cells. We observed a sharp decrease of GFP 

from passage 0 to passage 1 as a result of plasmid DNA degradation over time. To amplify 

HD-Ad-UBCLacZ-TALEN, 116 cells were co-transduced with HD-Ad from the cell lysate 

and HV for 5 passages. Increasing levels of GFP expression from passage 1 to 5 indicate the 

propagation of HD-Ad vectors (Figure 2-3a). We obtained a maximum HD-Ad titre in passage 

5 and proceeded to the large-scale amplification. In 3 L large-scale culture, inclusion bodies 

formed within the virus-producing cells, which were visualized by Orecin red staining (Figure 

2-3b). After the first CsCl gradient ultracentrifugation, a white viral band was observed in each 

tube at the interphase, below the cellular debris. After the second purification, only the viral 

band is visible in the ultracentrifuge tube (Figure 2-3c). The final yield from the large-scale 

amplification and ultracentrifuge purification is 5.8 x 1011 viral particles. To quickly obtain a 

satisfactory amount of viral vectors, one tenth of the cell lysate from the large-scale 

amplification were directly purified with a membrane-based adenovirus purification kit. We 

achieved a final yield of 1.8 x 1011 viral particles from the purification kit. 
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To determine whether the purified viral vectors have proper activity for the future 

experiments, we transduced IB3-1 cells at 50 MOI and 100 MOI (Figure 2-4). Three days after 

transduction, we observed high levels of GFP and LacZ expression in transduced cells. The 

transduction efficiency was determined to be 96.7% at 50 MOI and 98.4% at 100 MOI by 

staining. The control vector HD-Ad-UBCLacZ transduced 98.3% of the cells at 100 MOI. 

a. 

 
b. 
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c. 

 

Figure 2-3. HD-Ad-UBCLacZ-TALEN amplification and purification 

a. GFP expression in 116 cells 48-hour post NG163 transduction (512 nm) from passage 0 to passage 5 (P0-

P5) and cells under normal light (bright field). b. Orcein red staining of untransduced and transduced 116 

cells from the 3 L large-scale culture. c. Viral bands after the first and second CsCl gradient 

ultracentrifugation indicated by the red arrows. 
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Figure 2-4. Transduction of IB3-1 cells with HD-Ad-UBCLacZ-TALEN 

GFP expression in IB3-1 cells 3 days after transduction with HDAd-UBCLacZ-TALEN at 50 MOI and 100 MOI. 

LacZ expression was visualized by b-galactosidase staining (X-gal) 3-day post-transduction. NC, IB3-1 

transduced with 100 MOI of HDAd-UBCLacZ. 

 

2.3.3 Validating TALEN activity at AAVS1 

We assessed the genomic cleavage efficiency of TALEN at the designated target site 

in the transduced cells using the T7 endonuclease (T7E1) assay (Figure 2-5). Short PCR 

products (~650 bp) at the target site formed hetero-duplexes after denaturation and reannealing, 

which were then recognized and cleaved by T7E1. After normalizing the band intensities to 

the negative control, we observed a cutting efficiency (NHEJ) of 36% in IB3-1 cells transduced 

by 50 MOI of HDAd-UBCLacZ-TALEN and 66% in cells transduced with 100 MOI of the 
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virus. In cells transduced with the control vector, there was no detectable cleavage at the 

AAVS1 site.  

 

 

 

 

 

 

Figure 2-5. Assessment of on-target NHEJ induced by TALEN in IB3-1 cells 

Lane 1 and 4, cells transduced with 100 MOI of control vector. Lane 2 and 5, 50 MOI of HD-Ad-UBCLacZ-

TALEN. Lane 3 and 6, 100 MOI of HD-Ad-UBCLacZ-TALEN.  Lane 1-3, with T7E1 treatment. Lane 4-6, without 

T7E1 treatment. M, DNA marker. Indicated by the arrow, the topmost band in each lane is the uncut 

parental band. The two lower bands in each lane represent the fraction of mismatched DNA. 

 

2.3.4 Validating UBCLacZ integration at AAVS1 

To detect integration of the UBCLacZ expression cassette at the proposed target site, 

we then performed junction PCR at both homology arms. At each junction, the forward primer 

was designed to bind the AAVS1 sequence immediately upstream to the target site, whereas 

the reverse primer bound to the expression cassette near the 5’ junction region. Shown in 

Figure 2-6, we have obtained PCR products from cells transduced with 100 MOI of HD-Ad-

UBCLacZ-TALEN at both homology arms, indicating transgene integrations at the correct 

location. In comparison, there was no detectable integration at the target site in cells transduced 

with 100 MOI of HD-Ad-UBCLacZ control vectors. The products obtained from junction PCR 

were further verified by restriction enzyme digestion and Sanger sequencing at the junctions.  
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Undesired gene modifications at off-target sites with highly similar sequences to the 

designed target is a major concern in gene editing studies. Cleavage at off-target sites was 

usually effectively detected with T7E1-based methods148. In this study, we predicted the 

potential off-target sites of the designed TALEN using an online program TALENoffer 

(http://galaxy.informatik.uni-halle.de/root?tool_id=TALENoffer). The top 3 potential sites 

with the highest scores were selected for the off-target analysis (Table 2-1). None of the three 

off-target site is located in the exon. Shown in Figure 2-7, we observed non-specific smears 

below the uncut bands in all samples treated with the T7E1 enzyme, while cleaved fragments 

of expected sizes were not detectable. 

 
 

a. 

 

 

 

 

b. 
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c. 

 
Figure 2-6. Validation of UBCLacZ gene integration by junction PCR  

a. Junction PCR detection of UBCLacZ integration in IB3-1 cells transduced with 100 MOI of HD-Ad-UBCLacZ-

TALEN at left (lane 1) and right (lane 2) homology arms. The expected PCR products are 4.5 kb and 4.4 kb, 

respectively. Lane 3, PCR at the left homology arm in cells transduced with 100 MOI of HD-Ad-UBCLacZ 

control vector. Lane 4, PCR at the right homology arm in cells transduced with 100 MOI of HD-Ad-UBCLacZ 

control vector. M, DNA marker. b. Restriction enzyme digestion of junction PCR products using EcoRV and 

AfeI. The expected fragment lengths are indicated below each lane. Lane 1, left arm PCR product digested 

by EcoRV. Lane 2, left arm PCR product digested by AfeI. Lane 3, right arm PCR product digested by EcoRV. 

Lane 4, right arm product digested by AfeI. M, DNA marker. c. Schematic diagram of the integrated 

expression cassette at AAVS1 and Sanger sequencing analysis at the junctions.
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Table 2-4. Off-target sites predicted by TALENoffer 

Site Location Exon Full site sequence Score 

AAVS1 Chromosome 19 No TTTTCTGTCACCAATCCTgtccctagtggccccACTGTGGGGTGGAGGGGA 0 

#1 Chromosome 3 No ATTTCTGTCAAAAATCCTtgtccactgtataagaatAGTATTAGTGAAAGACAA -0.375 

#2 Chromosome 22 No CTCCCCCCACCCCCCAAAaaaatccatttccgggacTGGAGTGGGGACAGAAAA -1.300 

#3 Chromosome 5 No TACTCCCCACCCCACAGAtaatctgtggtcaatgACTGTTGGATGCAGGGGA -1.383 
 
The location, sequence, and score of the AAVS1 target site and the top 3 off-target sites predicted by the TALENoffer online programme. Capital letters in 

the site sequences indicate the possible regions recognized and bound by TALE arms. Potential spacer regions are indicated by lowercase letters. A score 

closer to zero indicates a higher possibility that the TALEN will bind to the site.
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Figure 2-7. T7E1 detection of off-target NHEJ induced by TALEN in IB3-1 cells 

IB3-1 cells were transduced with either 100 MOI of HD-Ad-UBCLacZ control virus or HD-Ad-UBCLacZ-TALEN. 

PCR products at selected off-target sites #1, #2, and #3 were subjected to T7E1 digestion. Positions of 

potential cleaved fragments are indicated by the arrows. M, DNA marker. 

 

2.3.5 Determining the UBCLacZ integration efficiency 

A stable transgene expression depends on the integration frequency of our expression 

cassette at the purposed locus. To assess the transgene integration efficiency, we transduced 

IB3-1 cells with 50 and 100 MOI of HD-Ad-UBCLacZ-TALEN or 100 MOI of the control 

vector, and we cultured the cells for 18 passages to dilute the transient LacZ expression by 

non-integrated vectors. Shown in Figure 2-8a, formation of LacZ-positive IB3-1 colonies in 

late passages can be observed as a result of UBCLacZ integration. By cell counting, a 2.87% 

integration efficiency was found in cells transduced with 50 MOI of the HD-Ad vector. In 

those transduced with 100 MOI of the virus, the efficiency was 5.21% (Figure 2-8c). 

Significant differences in the integration rate were observed at both viral doses tested 

comparing to the no TALEN control (50 MOI, n=3, p=0.0407; 100 MOI, n=3, p<0.0001).  
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To isolate cells with transgene integration, we sorted individual cells into 96-well plates 

by flow cytometry. The single cells were cultured until they developed into colonies, and then 

they were subjected to b-galactosidase staining for LacZ expression. We observed positive 

colonies with uniformly stained nuclei (Figure 2-8b). From the single cell sorting, we also 

obtained an estimate of integration efficiency. At 100 MOI, 6 out of 113 single cell colonies 

displayed positive LacZ signals. The integration efficiency was determined to be 5.59% after 

normalization to the transduction efficiency, which was consistent with the result from cell 

counting. No colony with integration was observed in the HD-AD-UBCLacZ control group (0 

LacZ positive out of 125 colonies).  

We further verified the LacZ positive rate using a flow cytometric method with the 

ImaGene Green C12FDG LacZ Gene Expression Kit (Invitrogen) which produces fluorescence 

when cleaved by b-galactosidase. Live singlet cell population was gated to exclude any cell 

aggregates or debris. The cells were analyzed on fluorescein isothiocyanate (FITC) versus 

forward scatter (FSC) density plots (Figure 2-9). We set the gate to include the population with 

strong fluorescence. We also noticed a low level of background fluorescence in untransduced 

IB3-1 cells (Figure 2-9a). After normalization to the untransduced control, we found a similar 

trend with slightly higher LacZ positive rate at each condition comparing to the results from 

the cell counting method. In cells transduced with 100 MOI of no TALEN control vector, 

approximately 2% of the population produced florescence (Figure 2-9b). In cells transduced 

with HD-Ad-UBCLacZ-TALEN, the rate was about 5% at 50 MOI (Figure 2-9c) and 7% at 

100 MOI (Figure 2-9d). 

Previous work on DNA repair pathways showed that a small molecule SCR7 inhibits 

DNA ligase IV, a major enzyme involved in the NHEJ pathway149. To further enhance 
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transgene expression cassette integration by HDR, we treated the transduced cells with 0.1 µM 

and 0.5 µM of SCR7 (Figure 2-10). In cells transduced with 100 MOI of the vector and 

supplemented with 0.1 µM of SCR7, we observed a slight but not statistically significant 

increase in the integration efficiency (n=3, p=0.1923). A significant increase from 5.21% to 

7.07% was found between the untreated transduced cells and those supplemented with 0.5 µM 

of SCR7 (n=3, p=0.0033). 
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Figure 2-8. UBCLacZ integration visualized by b-galactosidase staining 

a. b-galactosidase staining of IB3-1 cells transduced with HD-Ad-UBCLacZ control vectors (NC) or HD-Ad-

UBCLacZ-TALEN  at 100 MOI and cultured for 18 passages. b. b-galactosidase staining of a representative 

LacZ positive IB3-1 colony derived from a single cell with integrated UBCLacZ transgene. c. Integration 

efficiency of IB3-1 cells transduced with 50 MOI and 100 MOI of HD-Ad-UBCLacZ-TALEN (n=3). NC, cells 

transduced with 100 MOI of HD-Ad-UBCLacZ control vector. Error bars were calculated with the standard 

deviation of the mean. *p<0.05, ****p<0.0001. 

a. 

b. c. 

NC HD-Ad-UBCLacZ-TALEN 
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Figure 2-9. Flow cytometry of C12FDG stained IB3-1 cells 

a. FITC vs FSC density plot of untransduced IB3-1 cells. b. FITC vs FSC density plot of IB3-1 cells transduced 

with 100 MOI of HD-Ad-UBCLacZ control vector and cultured for 18 passages. c. FITC vs FSC density plot of 

IB3-1 cells transduced with 50 MOI of HD-Ad-UBCLacZ-TALEN and cultured for 18 passages. d. FITC vs FSC 

density plot of IB3-1 cells transduced with 100 MOI of HD-Ad-UBCLacZ-TALEN and cultured for 18 passages. 

 

 

 

 

a. b. 

c. d. 
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Figure 2-10. Enhancement of integration efficiency by SCR7 treatment 

Integration efficiency of IB3-1 cells transduced by 100 MOI of HD-Ad-UBCLacZ-TALEN, without and with 

SCR7 treatment at 0.1 µM and 0.5 µM. NC, cells transduced with 100 MOI of HD-Ad-UBCLacZ control vector 

(n=3). Error bars were calculated with the standard deviation of the mean. n.s., not significant, p>0.05, 

**p<0.01.   

 

2.4 Discussion 

The increased interest in precise gene editing technology as a therapeutic modality for 

genetic disorders has highlighted the need for safe and efficient delivery vectors. In this thesis, 

we described a novel strategy that allows us to package the TALEN gene editing system, the 

therapeutic gene expression cassette, and the homology arms for transgene integration into one 

single HD-Ad vector for delivery.  
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Although production of HD-Ad vectors in large quantities is usually simple and highly 

efficient within the 116 Cre/loxP platform, packaging of TALEN that targets human genome 

remains challenging. We found it more difficult to obtain a good yield of HD-Ad-TALEN 

vectors from 116 cells, but the reason remains unclear. We speculate that TALEN could lead 

to modifications in the genome of 116 producer cells because the cell line is also derived from 

human cells, which may somehow negatively affect viral production in the cells. Earlier in this 

study, we found that the genomic DNA of 116 cells was cleaved during viral production and 

LacZ integration at the AAVS1 site was detected by junction PCR (data not shown). Further 

investigation may be needed to improve the viral production. To overcome this limitation, we 

adjusted the passage number for viral amplification and the viral titre for transduction before 

proceeding to the large-scale production. The membrane-based purification kit also offered the 

possibility to quickly isolate a smaller but sufficient amount of HD-Ad vector that may not 

form a visible band after the ultracentrifugation. The purified HD-Ad vector showed a superior 

efficiency in delivering the TALEN-transgene system to the nucleus, indicated by high levels 

of GFP and LacZ expression in transduced cells (Figure 2-4). This highlighted the value of 

high-capacity HD-Ad vectors to our study, because nuclear delivery efficiency by traditional 

plasmid-based transfection is greatly reduced with increasing construct size150.   

An advantage of TALEN gene editing technology is its high level of target specificity. 

DNA binding domains of the two TALE units used in this study recognize a total of 34 

nucleotides at the target site, while they could be customized for an even higher specificity by 

increasing the length of the target sequence. In this chapter, we present that the delivered 

TALEN system was able to produce substantial on-target cleavage and undetectable off-target 

cleavage. However, a limitation of the off-target study by T7E1 assay is that only predicted 
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sites could be tested. In order to screen off-target cleavage at the whole genome level, 

additional methods such as next generation sequencing (NGS) are need. 

We determined the UBCLacZ integration efficiency primarily by counting the β-

galactosidase staining because of the high sensitivity of this method. In addition, the stained 

cell colonies can be directly and clearly observed by eye under a light microscope.  Despite 

the advantages of β-galactosidase staining, the result could be greatly affected by bacterial 

contamination which produces considerable levels of false positive signals. Thus, routine use 

of antibiotics such as penicillin/streptomycin during the passages is important for generating 

reliable data. The morphology of stained cells also provided key information. Because the 

expression cassette includes a NLS, true signals from integrated UBCLacZ were located only 

in the cell nuclei (Figure 2-8a, b) but not in the cytoplasm. In late passages, because the residual 

vectors were fully diluted, cells carrying integrated expression cassette usually appear as 

independent blue colonies. The level of LacZ expression may be different from colony to 

colony depending on whether the integration was heterozygous or homozygous, but the 

expression levels were roughly the same within each colony.  

We further confirmed the integration efficiency in viable cells by flow cytometry. The 

fluorescent β-galactosidase substrate C12FDG carries a lipophilic fluorescein that allows the 

substrate to enter the cell membrane. Once cleaved by β-galactosidase, the fluorescent product 

stays within the cell membranes and is readily detected by flow cytometry151. Interestingly, we 

observed slightly higher positive rate in the no TALEN control and at the two viral dosages 

comparing to the cell counting results, probably due to the higher sensitivity of flow cytometry. 

However, the method does not allow us to quickly distinguish true nuclear signals from the 

cytoplasmic background. Although the endogenous β-galactosidase was inhibited by 
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chloroquine diphosphate treatment, bacterial infection would potentially be a great problem 

affecting the results. In addition, the fluorescent intensity also depends on the substrate 

incubation time which requires further optimization.  

 The NHEJ inhibitor SCR7 has been shown to enhance the efficiency of precise gene 

editing both in vitro and in vivo. Application of 0.5 µM of SCR7 in this study has significantly 

improved the integration efficiency at 100 MOI  from about 5% to 7% in IB3-1 (Figure 2-10). 

Although not tested for this thesis, a higher SCR7 concentration may further boost the HDR 

efficiency. In a previous study, as high as 5-100 µM of SCR7 was used and showed little 

adverse effect in mouse embryos152. Thus, SCR7 treatment at appropriate dosages could be 

extended to future in vivo studies of our HD-Ad-TALEN vectors. Considering the small 

amount of wild-type CFTR required for normal chloride ion transport, we here conclude  that 

the approach described in this thesis led to efficient transgene integration for sustainable 

expression in vitro.  
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3 Functional correction by a donor K18CFTR expression 

cassette in IB3-1 cells 
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3.1 Rationale 

Following the delivery of a K18CFTR expression cassette with the HD-Ad-TALEN 

system, we would like to investigate whether functional CFTR can be expressed. The 

K18CFTR (K18mTECFTag2-i6x7pA) expression cassette contains 2.5 kb of the genome 

upstream of the human keratin 18 (K18) promoter, the K18 promoter, the first intron of K18, 

the downstream translational enhancer, the human CFTR cDNA, and the following 3’ 

untranslated region and the polyadenylation signal153. The K18 promoter restricts expression 

of CFTR within epithelial cells, allowing future test of the vector in primary cells or in vivo. 

In this section, we examined the CFTR mRNA and protein expression, as well as the ion 

channel function in transduced IB3-1 cells. 

 

3.2 Material and Methods 

3.2.1 Basic Molecular Techniques 

The assembly of HD-Ad-K18CFTR-TALEN construct involved the application of 

same basic molecular protocols as described in Section 2.2.1. 

Total RNA isolation from adherent cells. All RNA samples were collected with the 

PureLink RNA Mini Kit (Invitrogen) following the manufacturer’s protocol. Before 

purification, cells in 6-well plates were gently washed with PBS, pH 7.4. 

RNA quantification. The concentration and purity of RNA samples were determined 

from the OD readings on a SimpliNano Spectrophotometer (GE Healthcare Life Sciences). 

Proper blanks were used for different samples before the measurements. 

Total protein isolation from adherent cells. Cells in 6-well plates were gently washed 

with ice-cold PBS, pH 7.4 then scraped from the bottom of the plate with a cell scraper in 1 
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mL of ice-cold PBS. The cells were transferred to a clean microtube and centrifuged down at 

14000 rpm for 20 seconds at 4°C. The resulting cell pellet was re-suspended on ice in 30 µL 

of RIPA buffer (1% Triton X-100, 0.1% SDS, 150 mM NaCl, 20 mM Tris HCl, and 0.5% 

sodium deoxycholate) supplemented with cOmplete Protease Inhibitor Cocktail (Roche). The 

cells were lysed on ice for 20 minutes with occasional vortex. Then, the lysate was centrifuged 

at 14000 rpm for 20 minutes at 4°C. Five microliters of the supernatant was saved on ice for 

protein quantification, and the rest was collected and transferred to a clean microtube. To each 

protein sample, an equal volume of 4x Laemmli protein sample buffer for SDS-PAGE (Bio-

Rad) supplemented with 2-mercaptoethanol was added. The samples were thoroughly mixed 

and stored at -80°C until use. 

 Protein quantification by BCA assay. The protein sample was mixed with an equal 

volume of ddH2O. Standards were replicates consisting of 10, 5, 2.5, 1.25, 0.625, 0.3125, and 

0 mg/mL BSA in PBS, pH 7.4. In a 15 mL Falcon tube, Pierce BCA Protein Assay Reagent A 

was mixed by vortex with Reagent B (Thermo Scientific) at a ratio of 50:1. 200 µL of the 

mixture was added to each well on a flat bottom clear 96-well plate. Then, 1 µL of the protein 

sample or the BSA standards were added to each well containing the reagent. The 96-well 

plate was incubated in dark for 30 minutes and then the OD was read at 562 nm. The protein 

concentration was determined by comparing the OD readings to the standard.   

 

3.2.2 Construction of pHD-Ad-K18CFTR-TALEN 

The same methods as described in Section 2.2.2 were used to add the 4 kb homology 

arms to the K18CFTR expression cassettes carried by pBSII-SK(+) backbone plasmid. 

Similarly, the expression cassette and the homology arms were cloned into pC4HSU backbone 
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(NotI/SalI). TALEN was inserted to the pC4HSU-K18CFTR-L4-R4 by AscI digestion and 

ligation. The resulting plasmid was denominated as pHD-Ad-K18CFTR-TALEN. 

 

3.2.3 Production of HD-Ad-K18CFTR-TALEN 

The same methods as described in Section 2.2.3 were used to produce HD-Ad-

K18CFTR-TALEN from the pHD-Ad-K18CFTR-TALEN plasmid vector. 

 

3.2.4 Transduction of IB3-1 cells 

The same methods as described in Section 2.2.4 were used to transduce IB3-1 cells 

with purified HD-Ad-K18CFTR-TALEN vectors. 

 

3.2.5 Junction PCR 

Genomic DNA of cells transduced with HD-Ad-K18CFTR-TALEN vectors or HD-

Ad-K18CFTR control vectors were collected 5-day post-transduction. Junction PCR was 

performed on a SimpliAmp Thermal Cycler (Applied Biosystems). The sequences of primer 

sets used are as follows: K18CFTR left junction, 4.6 kb amplicon, 5’ CAT CAG CGA TGC 

AAT GAT GCT TGG GTT TGC ACC AAT G 3’ (forward primer), 5’ GGC AGA GCA CAG 

ATA AAG AGC CTG AGC CTG GAT TG 3’ (reverse primer); K18CFTR right junction, 4.7 

kb amplicon, 5’ GAA TTC GAT GTG CTG GGA TCA GGA G 3’ (forward primer), 5’ GTT 

GGA GGA GGA AGG AGA CAG AAT CC 3’ (reverse primer). Eight microliters of each 

PCR reaction was visualized on a 0.8% agarose gel. PCR products were purified using the 

NucleoSpin Gel and PCR Clean-up Kit (Macherey-Nagel) following the manufacturer’s 

instructions. 300 ng of purified products were subjected to EcoRV or AfeI digestion (New 
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England Biolabs) at 37°C for 2 h. The reactions were run on 1% agarose gels. Sanger 

sequencing was performed by the TCAG Sequencing Facility at the Hospital for Sick Children.

  

3.2.6 Immunodetection of CFTR  

Cells were seeded onto collagen-coated round glass cover slips in 6-well plates 3 days 

prior to staining. At confluency, the cells were washed in PBS, pH 7.4, fixed in ice-cold 

methanol for 10 minutes, and permeabilized with 0.5% Triton-100 in PBS. The cells were then 

blocked for 1 hour in block solution (5% goat serum, 0.5% BSA, 0.05% Triton-100 in PBS). 

The cells were incubated with mouse monoclonal antibodies against the human CFTR R-

domain MAB1660 and C-terminus MAB25031 (R&D Systems) at 1:500 dilution overnight at 

4°C, washed in PBS with 0.05% Triton-100, and then incubated in dark for 1 hour in 1:750 

diluted CF555 goat anti-mouse IgG (H+L). After washes in dark, cells on the glass slips were 

taken out from the 6-well plates, and mounted with one drop of VECTASHIELD Hardset 

Antifade Mounting Medium with DAPI (Vector Laboratories). 

 

3.2.7 Detection of CFTR mRNA expression by RT-qPCR 

Total RNA of IB3-1 cells transduced with 100 MOI of HD-Ad-K18CFTR-TALEN or 

the control vector were harvested and purified with the PureLink RNA Mini Kit (Life 

Technologies) following the manufacturer’s instructions at 3 days, 6 passages, 12 passages, 

and 18 passages post-transduction. One microgram of each RNA sample was subjected to 

DNase I (Invitrogen) digestion at room temperature for 15 minutes. Reverse transcription was 

performed with the SuperScript VILO Master Mix (Invitrogen) according to the 

manufacturer’s protocol on a SimpliAmp Thermal Cycler (Applied Biosystems). The resulting 
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cDNA samples were diluted in DEPC-treated water, and 10 ng of each sample was used for 

quantitative PCR analysis. The qPCR was performed with Power SYBR Green PCR Master 

Mix (Applied Biosystems) on a QuantStudio 3 Thermal Cycler (Applied Biosystems). The 

primers for detecting human CFTR mRNA level are 5’ CCT GAG TCC TGT CCT TTC TC 

3’ (forward primer) and 5’ CGC TGT CTG TAT CCT TTC CTC 3’ (reverse primer). GAPDH 

mRNA levels were measured as the internal control using primers 5’ GTT CGA CAG ACA 

GCC GTG TG 3’ (forward primer) and 5’ ATG GCG ACA ATG TCC ACT TTG C 3’ (reverse 

primer). The relative hCFTR mRNA expression was calculated according to the formula: 

Relative expression = 2-DDCT, in which -DDCt = [(Cttreatment – Ctinternal control) – (Ctstandard – Ctinternal 

control)]. 

 

3.2.8 Detection of CFTR protein expression by Western blotting  

SDS-PAGE. Protein samples collected were thawed and incubated at room 

temperature for 10 minutes to allow protein denaturation. Polyacrylamide gel with 4% stacking 

gel and 6% separating gel was placed in the running cassette and submerged by running buffer 

(25 mM Tris base, 0.2 M glycine, 0.1% SDS). One hundred micrograms of the total protein 

sample was loaded to each lane and run at 100 V for 90 minutes.  

Immunoblot. The gel was removed from the running cassette and soaked in chilled 

transfer buffer (25 mM Tris base, 0.2 M glycine, 20% methanol, 0.01% SDS) for 10 minutes 

before setting up the transfer cassette. The assembled transfer cassette was then placed in a 

running tank with transfer buffer and ice pack. The protein was transferred onto the 

nitrocellulose membrane at 85 V for 90 minutes on ice. When the transfer was done,  total 

protein on the nitrocellulose membrane was visualized in Ponceau S solution (BioShop), and 
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then the membrane was roughly washed with water and blocked in 5% skim milk in TBS-T 

(0.1% Tween 20 in TBS, pH 7.4) for 2 hours at room temperature with shaking. After blocking, 

the membrane was cut into 2 pieces based on the marker such that one piece contained the 

CFTR protein, and the other contained the GAPDH protein. The membrane pieces were 

incubated in separate containers with primary mouse anti-CFTR antibody MAB 596 (Chapel 

Hill, University of North Carolina) 1:1000 diluted in 5% skim milk or primary rabbit anti-

GAPDH antibody ab9485 (Abcam) 1:2000 diluted in 5% skim milk overnight at 4°C. On the 

next day, the primary antibody was removed and the membranes were washed 5 times with 

TBS-T for 10 minutes. Then, Goat Anti-Mouse IgG (H+L)-HRP Conjugate secondary 

antibody (Bio-Rad) was diluted 1:3000 in 5% skim milk and added to the membrane with 

CFTR. Goat Anti-Rabbit IgG (H+L)-HRP Conjugate secondary antibody (Bio-Rad) was 

diluted 1:3000 in 5% skim milk and added to the membrane with GAPDH. The membranes 

were incubated in the secondary antibodies for 2 hours at room temperature, then washed 5 

times with TBS-T for 10 minutes. After washing, Western Lightning Plus-ECL Solution A 

was mixed with an equal volume of Solution B (PerkinElmer) and dipped onto the membranes. 

The membranes were incubated for 1 minute and visualized in ChemiDoc XRS+ (Bio-Rad). 

 

3.2.9 Detection of CFTR function with FLIPR membrane potential assay 

The protocol for membrane potential assay was adapted from Ahmadi et al154. Cells 

were seeded to black-walled, clear-bottom 96-well plates and cultured until 100% confluency. 

The blue membrane potential dye (Molecular Devices) was dissolved in a chloride-free buffer 

(150 mM NMDG-gluconate, 3 mM KCl, 10 mM HEPES, pH 7.35, osmolarity 300 mOsm)  

and loaded to the cells. The plates were incubated at 37°C with 5% CO2 and humidified air for 
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30 minutes, then transferred to the i3 multi-well microplate reader (Molecular Devices). The 

reader was heated to 37°C and  set to fluorescence whole well scan with multiple points being 

read at the center. Eleven baseline reads were made, followed by addition of 2.5 µL forskolin 

per well. After adding the drug, 31 reads were made. Then, 21 scans were made after the 

reaction was terminated by addition of 10 µM CFTRinh-172.  For negative controls, 2.5 µL of 

DMSO was added instead of forskolin.
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Table 3-1. Plasmid constructs used for Aim 2 

Plasmid Size (bp) Details 

pBSII-SK(+) 2961 Contains Amp resistance gene and MSC 
 

pK18CFTR 11586 Contains Amp resistance gene and K18CFTR expression cassette 
 

pK18CFTR-L4-R4 19719 Modified pK18CFTR with left and right homology arms flanking the K18CFTR 
expression cassette 
 

pBSII-SK(+)-TALEN 13269 Modified pBSII-SK(+) with genes encoding for left and right TALEN units 
flanking a GFP expression cassette  
 

pC4HSU-PN 16278 HD-Ad backbone plasmid containing ITR and ψ 
 

pC4HSU-PNE-K 12323 Modified pC4HSU-PN containing ITR and ψ, stuffer DNA partially removed 
 

pC4HSU-K18CFTR-L4-R4 22402 Modified pC4HSU-PNE-K with K18CFTR-L4-R4 inserted 
 

pHD-Ad-K18CFTR-TALEN 32896 Final construct modified from pC4HSU-K18CFTR-L4-R4 containing Amp 
resistance gene, ITR, ψ, TALEN, and K18CFTR expression cassette flanked by 
left and right homology arms 
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Table 3-2. HD-Ad vectors used for Aim 2 

Vector Details 

HD-Ad-K18CFTR-TALEN Carries GFP-labeled, TALEN-encoding sequences targeting the AAVS1 site, and K18CFTR 
expression cassette flanked by a 4 kb left homology arm and a 4 kb right homology arm 
 

HD-Ad-K18CFTR Carries a K18CFTR expression cassette  
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Table 3-3. Oligonucleotide primers used for Aim 2  

Primer Sequence (5’-3’) Purpose 

Infusion-K-LHA-F TTTAAACGTGAGAGCAGGTCGACGGTATCG Forward primer for inserting left homology arm 
flanking K8CFTR through In- Fusion 
 

Infusion-K-LHA-R ACAATTCGGTACAGCCCTAGTTATCAGCCAAGTC Reverse primer for inserting left homology arm 
flanking K8CFTR reporter through In- Fusion 
 

Infusion-K-RHA-F ATCGATAAGCTTGATGCTCTAGAACTAGTGGATCCC Forward primer for inserting right homology arm 
flanking K8CFTR reporter through In- Fusion 
 

Infusion-K-RHA-R CTGCAGGAATTCGATCTCCTCTATCCTACCTCTAAAGC Reverse primer for inserting right homology arm 
flanking K8CFTR reporter through In- Fusion 
 

Ad5-F CAGGAAGTGACAATTTTCGCGC Forward primer amplifying sequence near ψ for 
detection of HD-Ad vector 
 

Ad5-R CGCGCTATGAGTAACACAAAATTATTCAG Reverse primer amplifying sequence near ψ for 
detection of HD-Ad vector 
 

Hexon-F GAGGATACTGCGTACTCGTAC Forward primer amplifying sequence in hexon gene 
for detection of HV 
 

Hexon-R CAGGGCGTTGTAGGCAGTG Reverse primer amplifying sequence in hexon gene for 
detection of HV 
 

JPCR-KL-F CATCAGCGATGCAATGATGCTTGGGTTTGCACCAATG  Forward primer for left arm junction PCR analysis of 
K18CFTR integration 
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JPCR-KL-R GGCAGAGCACAGATAAAGAGCCTGAGCCTGGATTG Reverse primer for left arm junction PCR analysis of 
K18CFTR integration 
 

JPCR-KR-F GAATTCGATGTGCTGGGATCAGGAG Forward primer for right arm junction PCR analysis of 
K18CFTR integration 
 

JPCR-KR-R GTTGGAGGAGGAAGGAGACAGAATCC Reverse primer for right arm junction PCR analysis of 
K18CFTR integration 
 

JPCR-Seq-KL-in ACTGTCAAGTTGGGCAG Primer for sequencing of junction PCR product at the 
left homology arm of K18CFTR, proximal junction 
 

JPCR-Seq-KL-out GGTACAACACAAACTTTTCCC Primer for sequencing of junction PCR product at the 
left homology arm of K18CFTR, distal junction 
 

JPCR-Seq-KR-in GTTACAGTCTTGGTGATGCC Primer for sequencing of junction PCR product at the 
right homology arm of K18CFTR, proximal junction 
 

JPCR-Seq-KR-out GCTCCCGAACCTCAGATC Primer for sequencing of junction PCR product at the 
right homology arm of K18CFTR, distal junction 
 

qPCR-hCFTR-F CCTGAGTCCTGTCCTTTCTC Forward primer for amplifying human CFTR cDNA 
 

qPCR-hCFTR-R CGCTGTCTGTATCCTTTCCTC Reverse primer for amplifying human CFTR cDNA 
 

qPCR-GAPDH-F GTTCGACAGACAGCCGTGTG Forward primer for amplifying human GAPDH cDNA 

qPCR-GAPDH-R ATGGCGACAATGTCCACTTTGC Reverse primer for amplifying human GAPDH cDNA 
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Figure 3-1. A schematic timeline on experimental design for Aim 2
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3.3 Results 

3.3.1 Verifying the pHD-Ad-K18CFTR-TALEN construct 

The pHD-Ad-K18CFTR-TALEN plasmid construct was built by conventional 

molecular cloning for the viral production (Figure 3-2a). Again, we digested the final construct 

with restriction enzyme PacI, HpaI, AscI, EcoRV, BstZ17I, and BglII for verification. The 

locations of the resulting fragments on gel matched the expecting size (Figure 3-2b). To further 

determine whether the GFP gene on the construct can be properly expressed, we transfected 

IB3-1 cells with 2 µg of the plasmid DNA in 6-well plates. Three days after transfection, GFP 

expression was observed in transfected cells (Figure 3-2c).  
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b. 
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Figure 3-2. Verification of the pHD-Ad-K18CFTR-TALEN construct 

a. Schematic diagram of the 33 kb pHD-Ad-K18CFTR-TALEN plasmid vector (generated in SnapGene). 

Restriction sites used for verification were labelled with their locations on the plasmid. b. Restriction enzyme 

digestion of the plasmid construct. Lane 1, PacI and HpaI. Lane 2, HpaI and AscI. Lane 3, AscI and EcoRV. 
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Lane 4, EcoRV and BstZ17I. Lane 5, BglII. M, DNA maker. Expected size of the resulting DNA fragments were 

listed below each lane. The 0.3 kb, 0.1 kb, and 0.02 kb bands are not visible on this gel. c. IB3-1 cells under 

fluorescent and bright field microscope 3 days after transfection with 2 µg of pHD-Ad-K18CFTR-TALEN 

plasmid. 

 

3.3.2 Producing the HD-Ad-K8CFTR-TALEN vectors 

Similarly to the production of HD-Ad-UBCLacZ-TALEN vector described in Section 

2.3.2, we linearized the pHD-Ad-K18CFTR-TALEN plasmid construct with PacI and 

transfected 116 cells, followed by helper virus NG163 transduction. We observed CPE in each 

passage by 48 hours post helper virus transduction. Although the GFP expression increased 

from P1 to P5, we noticed that the viral amplification was less efficient compared to the HD-

Ad-UBCLacZ-TALEN vector. To prevent the vectors in the cell lysate from being lost in the 

CsCl concentration gradient, we directly proceed to membrane-based purification after large-

scale production. We achieved a final yield of 2.6 x 1011 viral particles from the purification 

kit. 

 With the purified HD-Ad-K18CFTR-TALEN vectors, we looked at the viral 

transduction of IB3-1 cells (Figure 3-4). Three days after transduction, we observed GFP 

expression in transduced cells. The GFP level is higher in cells transduced with 100 MOI of 

virus comparing to those transduced at 50 MOI. The control vector HD-Ad-K18CFTR does 

not carry GFP and there was no signal in the transduced cells. 
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Figure 3-3. HD-Ad-K18CFTR-TALEN amplification and purification 

GFP expression in 116 cells 48-hour post NG163 transduction (512 nm) from passage 0 to passage 5 (P0-P5) 

and cells under normal light (bright field).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-4. Transduction of IB3-1 cells with HD-Ad-K8CFTR-TALEN 

GFP expression in IB3-1 cells 3 days after transduction with HD-Ad-K8CFTR-TALEN at 50 MOI and 100 MOI. 

NC, IB3-1 transduced with 100 MOI of HD-Ad-K18CFTR. 
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3.3.3 Validating K8CFTR integration at AAVS1 locus 

To detect on-target integration of the K18CFTR expression cassette, we transduced 

IB3-1 cells with HD-Ad-K18CFTR-TALEN or HD-Ad-K18CFTR control vector at 100 MOI 

and performed junction PCR at both homology arms. We obtained the expected 4.6 kb and 4.7 

kb PCR products at the left and right junction in cells transduced with 100 MOI of HD-Ad-

K18CFTR-TALEN, but not in those transduced with control vector (Figure 3-5a). The PCR 

products were verified by restriction enzyme digestion with EcoRV and AfeI (Figure 3-5b) 

and Sanger sequencing (Figure 3-5c).  
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c. 

 
Figure 3-5. Validation of K18CFTR gene integration by junction PCR  

a. Junction PCR detection of K18CFTR integration in cells transduced with 100 MOI of HD-Ad-K18CFTR-

TALEN at left (Lane 1) and right (Lane 2) homology arms. The expected PCR products are 4.6 kb and 4.7 kb, 

respectively. Lane 3, PCR at the left homology arm in cells transduced with 100 MOI of HD-Ad-HDAd-

K18CFTR control vector. Lane 4, PCR at the right homology arm in cells transduced with 100 MOI of HDAd-

K18CFTR control vector. M, DNA marker. b. Restriction enzyme digestion of junction PCR products using 

EcoRV and AfeI. The expected fragment lengths are indicated below each lane. Lane 1, left arm PCR product 

digested by EcoRV. Lane 2, left arm PCR product digested by AfeI. Lane 3, right arm PCR product digested 

by EcoRV. Lane 4, right arm product digested by AfeI. M, DNA marker. c. Schematic diagram of the 

integrated expression cassette at AAVS1 and Sanger sequencing analysis at the junctions. 

 

3.3.4 Examining CFTR expression in transduced cells 

To determine whether a steady human CFTR mRNA expression from the integrated 

K18CFTR transgene could be achieved, total RNA from passages 0, 6, 12, and 18 of IB3-1 

cells transduced with 100 MOI of HD-Ad-K18CFTR-TALEN or HD-Ad-K18CFTR control 

vector was isolated for mRNA quantification by RT-qPCR. The relative expression was 

compared to the baseline CFTR mRNA level in passage 18 cells transduced with the control 

vector. Shown in Figure 3-6, the human CFTR mRNA expression in IB3-1 transduced with 
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the HD-Ad-K18CFTR-TALEN came to a stable level after passage 6. At passage 18, the 

expression level is approximately 3 folds higher compared to the control. The initial CFTR 

mRNA expression level in cells transduced with the control vector at P0 was approximately 2 

times higher than that in the cells transduced with the HD-Ad-K18CFTR-TALEN vector, 

probably due to the different viral activities between the two preparations.  

In order to determine whether wild type CFTR protein was expressed in IB3-1 cells 

transduced with the HD-Ad-TALEN vector carrying the K18CFTR expression cassette, we 

performed immunofluorescent staining of the CFTR protein in IB3-1 post-transduction and 

confirmed the expression by Western blotting. In Figure 3-7a, untransduced IB3-1 cells 

showed a very low level of fluorescence due to endogenous CFTR expression. A higher level 

of CFTR was observed from the immunostaining (Figure 3-7b) 3 days after transduction with 

100 MOI of HD-Ad-K18CFTR-TALEN. Mature and immature CFTR proteins can usually be 

separated on SDS-PAGE gels due to difference in their sizes. The normal CFTR c band locates 

at 180 kDa, whereas immature CFTR proteins form b band at 160 kDa. Shown in Figure 3-7d, 

a high level of normal CFTR protein was expressed in cells transduced with 100 MOI of HD-

Ad-K18CFTR-TLAEN, while the endogenous CFTR protein was not detectable by Western 

blotting.  
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Figure 3-6. CFTR mRNA expression in IB3-1 cells 

Levels of human CFTR mRNA expression are relative to the expression level in IB3-1 cells transduced with 

HD-Ad-K18CFTR control vectors at 100 MOI in passage 18 (n=3). Black bar, IB3-1 cells were transduced with 

HD-Ad-K18CFTR at 100 MOI. Gray bar, IB3-1 cells were transduced with HDAd-K18CFTR-TALEN at 100 MOI. 

Error bars were calculated with the standard deviation of the mean. *p<0.05. 
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Figure 3-7. CFTR protein expression in transduced IB3-1 cells 

a. Immunofluorescent staining of CFTR (red) in IB3-1 cells transduced with 100 MOI of HD-Ad-

K18CFTR-TALEN at day 3. b. Immunofluorescent staining of CFTR (red) in untransduced IB3-1 

cells. c. Untransduced IB3-1 cells without addition of the primary antibody. Nuclei were labeled 

in blue with DAPI. d. Western blotting of CFTR protein in IB3-1 cells transduced with 100 MOI 

of HD-Ad-K18CFTR-TALEN at day 3 and untransduced IB3-1 cells. c band, normal CFTR. b band, 

immature CFTR.  
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3.3.5 Examining CFTR function in transduced cells 

To measure the functional response of CFTR expressed in IB3-1 from the K18CFTR 

expression cassette, we performed membrane potential assay with fluorescent imaging plate 

reader (FLIPR). In cells transduced with 100 MOI of HD-Ad-K18CFTR-TALEN, addition of 

forskolin (FSK) activated the CFTR channel, indicated by a robust depolarization shown in 

Figure 3-8a. This response was not observed in untransduced IB3-1 cells (Figure 3-8c) or those 

transduced with 100 MOI of HD-Ad-UBCLacZ-TALEN (Figure 3-8b). Shown in Figure 3-8d, 

significant differences in the maximum percentage change of fluorescence were found between 

cells transduced with HD-Ad-K18CFTR-TALEN and both control groups (LacZ, n=3, 

p=0.0205; IB3-1, n=3, p=0.0006). The results confirmed that the response to FSK was due to 

functional CFTR expressed from the transgene expression cassette.  
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Figure 3-8. CFTR ion channel function in transduced IB3-1 cells 

a. CFTR channel function in IB3-1 cells were measured 3 days after transduction with 100 MOI of HD-Ad-

K18CFTR-TALEN (n=3). CFTR was activated by FSK (time=300 s) and inactivated by CFTRinh-172 (time=1200 

s). Changes in fluorescence (ΔF/F0) were normalized to measurements in DMSO treated cells. b. IB3-1 cells 

were measured 3 days after transduction with 100 MOI of HD-Ad-UBCLacZ-TALEN. c. Untransfected IB3-1 

cells were measured. d. Maximum percentage change in ΔF/F0 relative to baseline (F0) fluorescence 

measurement (time=300 s). CFTR, IB3-1 transduced with 100 MOI of HD-Ad-K18CFTR-TALEN. LacZ, Ib3-1 

transduced with 100 MOI of HD-Ad-UBCLacZ-TALEN. IB3-1, untransduced cells. Error bars were calculated 

with the standard deviation of the mean.  ***p<0.001. 

 

a. b. 

c. d. 
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3.4 Discussion 

In this chapter, we showed that the K18CFTR expression cassette delivered using our 

strategy expresses functional CFTR protein in the airway epithelial cell line. In late passages, 

only a few percentage of the cells with transgene integration will express wild type CFTR, and 

detection of such low levels of CFTR expression in a mixed population is a difficult task. An 

advantage of RT-qPCR is the high sensitivity to amplify low levels transcripts. However, we 

were not able to detect CFTR protein by Western blotting not only because the expression 

level was much lower comparing to that in early passages, but also due to the fact that CFTR 

proteins are highly prone to degradation. Typically, two forms of wild type CFTR protein are 

found in significant amounts in many previous studies, indicated by two separated bands155,156. 

A 180 kDa mature band (c band) represents the fully glycosylated CFTR, whereas a 160 kDa 

immature band (b band) represents the incompletely glycosylate CFTR. In cells carrying 

F508del, the mutant CFTR is mostly detected as incompletely glycosylated band b. In our 

study, the immature band was not detected. This method will need future optimizations such 

as adjusting the lysing conditions and using different anti-CFTR antibodies. Because of the 

limitations of detection methods for CFTR protein in late passages, the integration frequency 

of the UBCLacZ reporter expression cassette described in the previous chapter provides 

important information to our study. An assumption was made that in late passages, a similar 

percentage of the cell population as determined in the previous chapter would carry integrated 

K18CFTR expression cassette at the AAVS1 locus. 

Yet, the immunostaining of CFTR protein revealed the expression of mutant CFTR in 

IB3-1 cells. Many CFTR mutations seen in patients, including the most frequently occurring 

F508del, lead to production of abnormal or immature CFTR protein. Since our strategy 
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described in this thesis targets the AAVS1 locus instead of the CFTR locus, mutant CFTR will 

always be present no matter whether the functional expression cassette is integrated or not. 

Although traditionally we consider absence of functional CFTR as the major cause of CF, 

some recent studies showed that aggregates of mutated CFTR did induce inflammation in the 

lung157,158. Therefore, targeting the CFTR locus may be an option in the future to ensure that 

the mutated CFTR is not expressed.  

Measuring the CFTR function in not fully differentiated cell line has been another 

challenge to test our strategy. The Ussing chamber method is extensively used for studies of 

membrane potential, but it requires tight junction integrity which controls apical and 

basolateral membrane polarity. In this study, the FLIPR-base membrane potential assay 

allowed us to test CFTR channel function in the IB3-1 cell line which does not form tight 

junctions as in primary epithelial cultures. The assay also generates better data by minimizing 

possible cell perturbation from multiple washing steps that are usually required in conventional 

iodide efflux assay. 
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4 Summary and future directions 
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We have developed a novel approach using a single HD-Ad vector to deliver the TALEN 

gene editing system together with a CFTR expression cassette for site-specific integration into 

the AAVS1 locus. Two major questions were investigated in this thesis: How efficiently can 

the transgene be integrated into the target locus for long-term expression? Whether the 

transgene expression cassette can produce functional CFTR?  

In Chapter 2, we investigated the first research question, focusing on the transgene 

integration efficiency. We produced an HD-Ad-TALEN vector carrying a UBCLacZ 

expression cassette and transduced IB3-1 cells at 50 MOI and 100 MOI. In transduced cells, 

we demonstrated the DNA cleavage and UBCLacZ integration at the AAVS1 target site. We 

also showed that cleavage at the predicted three off-target sites was not detectable. The 

integration efficiency was determined by direct cell counting, single cell sorting, and flow 

cytometry. Finally, we concluded that an 5-7% transgene integration efficiency was achieved 

by transducing the cells with 100 MOI of HD-Ad-UBCLacZ-TALEN, and the use of 0.5 µM 

SCR7 significantly enhanced integration by HDR.  

In Chapter 3, the second research question on expression and function of CFTR was 

explored. We produced a similar HD-Ad-TALEN vector carrying a K18CFTR expression 

cassette and measured the CFTR mRNA expression, protein expression, and protein channel 

function in transduced IB3-1 cells. We concluded that stable expression of CFTR mRNA was 

achieved in cells transduced with 100 MOI of HD-Ad-K18CFTR-TALEN, and functional 

CFTR protein was expressed from the K18CFTR expression cassette. 

The key findings of our work reported great potential in the HD-Ad-TALEN system as a 

novel therapeutic strategy to restore the long-term function of mutated CFTR gene in lungs. 

Needless to say, future work is required for optimization and further assessment of safety. 
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Besides SCR7 treatment, some key proteins involved in the HDR repair pathway were 

shown to promote HDR. The human CtIP protein is required during DNA end resection and it 

facilitates the recruitment of other protein factors in homologous recombination159. The EXO1 

protein exhibits 5’-3’ exonuclease activity and is therefore recruited for degradation of the 5’ 

strand in dsDNA end resection160. We are now trying to incorporate CtIP and EXO1 into HD-

Ad vectors and test their effects on the expression cassette integration.   

In this study, we investigated the CFTR mRNA expression in transduced cells for 18 

generations. However, it is also necessary to determine whether the CFTR protein expression 

level from integration is sufficient to offer any functional benefit. Therefore, detection of 

CFTR channel function in cells at late passages with the FLIPR membrane potential assay is 

an important next step we could take. In Chapter 2, we showed an increase in UBCLacZ 

integration efficiency from 5% to 7% with SCR7 treatment, which is statistically significant. 

For further research into K18CFTR integration, SCR7 could also be applied post HD-Ad-

K18CFTR-TALEN transduction so that we could determine how significantly this treatment 

affects CFTR functions.  

Pigs are important model animals for in vivo study of CF lung disease because their lung 

anatomy is closer to human compared to other commonly used models161. For study of HD-

Ad in pigs, vectors that target the pig genome is essential. Several HD-Ad-CRISPR vectors 

targeting the pig GGTA1 locus were developed by former lab members and are currently being 

tested in primary pig epithelial cells as well as in pig models. Similar to TALEN, CRISPR 

gene editing tool is made up of a DNA recognizing and binding component (guide RNA) and 

a Cas9 endonuclease for DNA cleavage. Furthermore, the small size and ease of assembly of 

CRISPR make it possible to simultaneously target multiple sites along the genome. These 
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features are essential for strategies that target a non-disease locus such as AAVS1 and the 

CFTR locus to knock out mutant CFTR at the same time.  

With HD-Ad vectors combined with gene editing systems, our long-term goal is to 

integrate functional CFTR gene to lung stem cells for permanent gene correction. In an recent 

study by our lab colleague, HD-Ad vectors have been successfully delivered to airway basal 

cells in mice and pigs in vivo and primary human airway basal cells in vitro143. The future 

work will be extended to investigate whether the functional expression cassette can be 

efficiently integrated in such settings.  
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