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ABSTRACT 

Regulation of expression of genes with therapeutic potential remains one of the key issues limiting 

widespread clinical application of gene therapy. Ideally, therapeutic gene expression should be 

coupled to the physiological need of the cell, such that expression is quiescent under basal 

conditions but active when required. 

To address the unmet need for a regulatory gene expression system for use in gene therapy, a novel 

autoregulatory gene expression cassette was developed. Within this cassette, transgene expression is 

driven by a regulatory factor (RF) via its response element (RE) in response to cell stress-induced 

activation of cell proteases, caspase-3 or calpain, and thus is physiologically regulated. Cistron 1 of 

the cassette encodes a constitutively expressed RF which is fused to a dominant nuclear export 

signal (NES) via a linker containing the protease cleavage site. Under basal conditions, the NES 

restricts the RF to the cytosol, and thus the RF is unable to bind to its response element (RE) in the 

Cistron 2, controlling expression of the therapeutic gene. However, following cell stress-induced 

activation of the proteases, the NES-RF fusion protein is cleaved allowing the RF to translocate to 

the nucleus and bind to the RE, thus driving transcription of the downstream therapeutic gene. The 

transcription of the therapeutic gene remains active only for as long as the cell remains stressed and 

the proteases active. Hence, this is a fully self-regulating and homeostatic system in which 

transgene expression is tightly coupled to cell stress 

This thesis has focused on the development and following in vitro analysis of different candidate 

RF/RE systems in the context of the autoregulatory cassette with the aim to create a regulated gene 

expression system for the in vivo gene therapy in HD model. As a result, two regulatory systems, 

the ARF5/AuxRE and Cre/lox, were developed and determined to be a promising tool for 

application in gene therapy of neurodegenerative diseases. In addition, protease sensor vectors 

employing the regulatory principle similar to that of the expression cassettes were developed as a 

novel tool for detecting protease activity at the level of individual cells. 
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CHAPTER 1: REVIEW OF THE PUBLISHED LITERATURE 

Gene therapy is a technology that uses DNA as a pharmaceutical agent to treat and manage disease. 

The aim of gene therapy is to introduce therapeutic genes into target cells in order to provide 

efficient and stable expression of the therapeutic molecules. Gene therapy is dependent on the 

efficient delivery of therapeutic transgenes, hence genetically modified viruses exploited for this 

purpose. One of the most commonly used vector systems is adeno-associated viral (AAV) vectors. 

1.1. AAV VECTOR-MEDIATED GENE DELIVERY 

The ability of viruses to deliver DNA into host cells has been exploited through the modification of 

wild type viruses to generate viral vectors capable of delivering transgenes of interest into 

biological systems (1-3). Compared to non-viral gene delivery systems, viral vectors provide more 

efficient delivery of genetic material and enable higher levels of expression in cells. Viral vectors 

have become valuable laboratory tools for the overexpression or post-transcriptional silencing of 

genes of interest for functional and therapeutic studies. In addition, a large number of viral-based 

gene therapy strategies are currently being evaluated in clinical trials 

(http://www.abedia.com/wiley/vectors.php). Viral vectors can also be used as an alternative to 

traditional transgenic systems, or combined with transgenic technology, to generate new genetic 

models of CNS disorders. Viral vector-mediated gene transfer has several advantages over 

traditional transgenic strategies. One of the biggest advantages of this approach is the ability to 

generate non-murine models in species that are not amenable to transgenic manipulation such as 

rats, sheep, and monkeys. Also, genetic material can be introduced into postnatal animals of any 

age, therefore alleviating any developmental side effects associated with genetic manipulation. 

Stereotactic surgical delivery enables vector to be administered to discrete regions of the CNS, or 

unilaterally in studies where the uninjected side is required as a control. The rapid, high level of 

transgene expression mediated by viral vectors allows phenotypic effects to be achieved within a 

relatively short period of time following delivery. 

Most viral vector systems for gene delivery into the brain are based on such viruses as herpes 

simplex virus, retrovirus, lentivirus, adenovirus, and adeno-associated virus (AAV). The following 

sections will focus on AAV, which is the viral vector used for the work conducted in this thesis. 
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1.1.1. Adeno-associated virus 

AAV is a non-pathogenic parvovirus that was discovered as a contaminant of a simian adenovirus 

stock (4). The reproduction of AAV is dependent on a helper virus and requires co-infection with 

adenovirus or herpes simplex virus that provide proteins necessary for AAV-gene expression and 

replication. The AAV has a single-stranded DNA genome of ≈4.7 kb long and comprises two open 

reading frames (ORFs) for rep and cap proteins. The 5’ ORF encodes 4 non-structural rep proteins: 

rep78, rep68, rep52, and rep40 that are required for viral DNA replication and viral transcription 

regulation (5-7). The second ORF encodes 3 capsid proteins, VP1, VP2, and VP3, that are produced 

in the host cell in the 1:1:8 ratio (8). The AAV genome is flanked by 145-nucleotide inverted 

terminal repeats (ITRs) that are required for the replication of the AAV genome, incapsidation and 

integration into the host chromosome (8). Twelve different serotypes and numerous variants of 

AAV have been isolated (9). 

The AAV infection cycle starts with the receptor-mediated attachment of the virus to the cell 

membrane followed by the internalisation of the virus particle, most likely through endocytosis. 

After endosomal trafficking to the perinucleus, virion, or uncoated viral genome, escapes from the 

late endosome and translocates to the nucleus. Since relatively little is known about the uncoating 

process, it is still not clear if the uncoating of the virus particle occurs prior to, or after, entry into 

the nucleus (10). After entry into the nucleus, the second DNA strand of the viral genome is 

synthesised. In the absence of a helper virus, double-stranded AAV genome preferentially integrates 

into the AAVS1 site of human chromosome 19 (11, 12). In the presence of helper virus infection, 

cap genes are expressed and progeny ssDNA viral genomes are amplified, followed by the 

assembly of AAV virions and their release from the infected cell. 

1.1.2. Recombinant adeno-associated virus (rAAV) vectors 

ITRs seem to be the only DNA sequences required in cis for the formation of a functional virion, 

while cap and rep genes can be delivered in trans. Thus, by substituting the viral genome for a 

transgene expression cassette, an AAV vector can be generated. A three-plasmid system has been 

developed for efficient production of recombinant AAV (rAAV) vectors: a packaging cell line is 

co-transfected with the plasmid encoding an expression cassette and the plasmids encoding the 

AAV cap and rep proteins and adenovirus helper proteins (13, 14). The provision of the adenovirus 

helper genes by plasmid co-transfection has alleviated the requirement for co-infection with wild 

type helper virus, and subsequent contamination of vector stocks with these viruses (15). The 

production of rAAV vectors mimics the lytic stage of AAV reproduction; however, only vector 
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DNA, not wild type AAV, is replicated and packaged into the capsids (16, 17). The AAV vector 

particles can then be purified from lysed cells by column chromatography or using density gradient 

centrifugation methods (17, 18). 

The versatility of AAV and its potential for use as a gene therapy agent and as a tool for functional 

genomics is well recognised (19). Different serotypes have a broad host range. Capsid protein 

heterogeneity and the use of different cell surface receptors for cellular entry results in variations in 

tissue tropism for each individual AAV serotype. AAV2, the most extensively examined serotype 

so far, binds primarily to heparan sulfate proteoglycan (HSPG) (20), utilising aVβ5 integrin (21) 

and fibroblast growth factor receptor 1 (FGFR-1) (22) as co-receptors. Meanwhile, for AAV1 and 

AAV6, α2,3 and α2,6 sialic acids that are present on N-linked glycoproteins have been suggested as 

primary receptors for efficient viral infection (23). The capacity of AAV vectors to transduce 

different tissue and cell types was augmented by the finding that a viral genome flanked by the 

ITRs from one serotype can be cross-packaged with capsid proteins from a different serotype (24). 

In addition, the transcapsidation approach has been used to generate rAAVs with mosaic capsids 

comprised of monomers from multiple serotypes (23, 25, 26). In the context of gene therapy 

application, pseudotyping of AAV vectors plays an important role because it determines vectors’ 

tissue specificity. The use of cell-specific promoters and engineering strategies also enables more 

selective targeting (27-29). Besides, given that a high percentage of humans are sero-positive for 

AAV2 (30, 31), rAAV vectors meant for gene therapy should be generated employing capsid 

proteins from less prevalent serotypes to avoid the effects of neutralizing antibodies present in the 

human population. 

1.1.3. rAAV-mediated gene transfer to the CNS 

Data from numerous studies have provided overwhelming evidence of the strong tropism of the 

AAV for neurons that makes it particularly valuable for in vivo studies of the CNS function (32-37), 

overexpression of therapeutic candidate genes and knockdown of disease-related genes (38-42). 

Recombinant AAV vectors have been successfully used as gene delivery vehicles to transfer 

proposed therapeutic genes in a number of rodent neurological disease models, focusing 

predominantly on Parkinson’s disease (43, 44) and lysosomal storage disorder (45, 46). 

The main drawbacks to the use of rAAV as a gene delivery vector are its relatively low packaging 

capacity of ≈4.7 kb and its predominantly episomal structure. Due to the elimination of viral genes 

from the rAAV, it cannot integrate into a host chromosome and most of the vector genome is 

present in the transduced cell in the episomal form (47, 48). In dividing tissue, this could lead to 
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dilution effects, however, in terminally differentiated cells like neurons, this problem is avoided and 

stable transgene expression for periods of months to years has already been demonstrated in the 

CNS (49). 

Moreover, a large pool of data providing evidence that AAV transduction of the brain cells is not 

associated with any toxicity and does not elicit an inflammatory response has been accumulated 

(50, 51). Also, the removal of all viral genes from the recombinant expression vector means that the 

vector cannot self-replicate. These features of rAAV make it a promising vector for gene therapy, 

and to date over 90 clinical trials have been undertaken worldwide 

(http://www.abedia.com/wiley/vectors.php). Fourteen of these trials have been developed for the 

treatment of patients with CNS diseases including Alzheimer’s disease, Parkinson’s disease, and 

temporal lobe epilepsy. 

1.2. REGULATORY GENE EXPRESSION SYSTEMS 

1.2.1. Regulatable gene expression systems for gene therapy 

Gene therapy has evolved into a promising therapeutic approach to treat and manage a diverse array 

of diseases. However, achieving tight tissue-specific and temporal regulation of transgene 

expression remains one of the key problems limiting widespread and successful translation of this 

technology to the clinic. Unregulated transgene expression may result in undesirable side effects 

caused by excessive levels of transgenic protein. This is particularly relevant for chronic 

neurological disorders, which exhibit progressive symptoms over time: activating and silencing 

therapeutic genes will be necessary for alleviating recurrent symptoms of the disease in a timely 

manner and avoiding side effects due to overexpression of these genes. 

Initially, promoters that were responsive to a variety of environmental or physiological changes, 

including metal ions (52), steroids (53), interferons or double stranded RNA (54), heat shock (55), 

and radiation (56) were developed as putative regulatable gene expression systems. Many of these 

systems suffer from limitations due to the pleiotropic activity of the inducing agent and high basal 

expression in the non-induced state and are currently unsuitable for use in clinical gene therapy. The 

last generation of regulatable gene expression systems facilitate dose-dependent regulation of gene 

expression through the addition or removal of a small molecule inducer (drug) or in response to a 

physiological stimulus (e.g. hypoxia). 

To be used in clinic, regulatory gene expression systems must meet a number of criteria, such as the 

following: 
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- Regulatory systems should produce high – but safe, – levels of transgene product and be cell- 

or anatomical region-specific. 

- Efficient transcriptional switches should be employed to turn gene expression on and off 

when required – this will enable to avoid toxic overexpression of a transgene product and to 

terminate transgene expression in case adverse effects to the treatment appear. 

- Transgene expression should be turned on by the presence rather than the absence of an 

inducer and be regulatable within its wide dose range, facilitating tailoring of gene expression levels 

to achieve optimal therapeutic outcome. 

- The components of gene expression system shouldn’t exert pleiotropic effects on the 

endogenous molecular machinery of cells and induce immune response. 

- Finally, and probably most importantly, transgene expression shouldn’t be leaky in the off-

state – this requirement is crucial to address, especially in the case of gene products that could cause 

untoward toxicity if expressed long term. 

Major systems developed to date include those regulated by the antibiotic tetracycline (Tet) and its 

analogues (57, 58), the insect steroid ecdysone and its analogues (59), the antiprogestin 

mifepristone (RU486) (60), and chemical “dimerizers” such as the immunosuppressant rapamycin 

and its analogues (61-64). They all combine functional domains from prokaryotic, eukaryotic and 

viral proteins to create chimeric transactivators capable of modulating gene expression in a drug-

dependant manner. Such transactivators contain functional elements that interact with a small-

molecule inducing compound, a DNA-binding domain that doesn’t exhibit cross-reactivity with 

endogenous cellular sequences, and a transactivation domain. The other component of the 

regulatory system is an inducible promoter which most often consists of a minimal promoter located 

downstream to repeats of the transactivator recognition sequence. Thus, in the presence of an 

inducer, the chimeric transactivator should bind specifically to its DNA recognition sequence within 

the inducible promoter region to activate the expression of a target gene. 

1.2.2. Tet systems 

The tetracycline (Tet) system was the first described and has become well established as a research 

tool. The transactivator is constitutively produced in a cell and consists of the Tet-controlled DNA-

binding domain (DBD) of the E.Coli Tet repressor fused to a heterologous transcriptional activation 

domain (AD), usually herpes simplex virus VP16. Binding of the transactivator to its response 

element, Tet operator (Tet-O), and the following gene transcription from a minimal promoter can 

then be controlled by Tet, or its analogues such as doxycycline (Dox). In the original Tet-Off 

system, gene expression is negatively controlled, i.e. it is repressed in the presence of the drug (57). 
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In a clinical setting, a continuous administration of an antibiotic would be required to switch off the 

system when it’s not needed. The constant high levels of antibiotics in the general circulation could 

lead to complications such as patients’ increased tolerance to the Tet derivatives, cytotoxicity, or 

adverse side effects. Therefore, a positively regulated system (Tet-On) in which gene expression is 

activated upon addition of the drug, is preferred for use in clinical gene therapy. To generate the 

Tet-On system, random mutations were induced in the original transactivator. One of them resulted 

in a protein with the opposite function, which bound Tet-O in the presence of Dox and was termed 

reverse transactivator (58). More recently, a different approach to convert transcriptional repression 

into transcriptional activation in the presence of the drug was taken by Yao et al. and lead to the 

development of the T-REx system (65). The T-REx system uses the same Tet repressor protein as 

the Tet-Off system but no AD from viral sources. The reverse to the Tet-Off system function arises 

from a different location of the Tet-O. While in the Tet-Off system the Tet-O is placed upstream 

from the minimal CMV promoter, in the T-REx system it is inserted downstream from the CMV 

promoter. Thus, in the absence of an inducer, constitutively expressed Tet repressor protein binds to 

the Tet-O and blocks the transcription of the target gene driven by the CMV promoter. Conversely, 

upon addition of a drug, the Tet repressor is unable to bind to the Tet-O allowing transgene 

expression. 

To deliver Tet-based regulatory system into the brain, adeno-associated viral (AAV) vectors have 

been used the most (66-70). Adenoviral (71, 72) and lentiviral (73) vectors have also been 

employed. In the context of the AAV vector, the components of the Tet system can be incorporated 

into either one or two vectors. Due to the maximum vector capacity of ≈5 kb, a single-vector design 

limits the size of the transgene that can be incorporated to ≈2-2.5 kb. However, the Tet system is 

relatively small compared to other regulatory systems, and some groups managed to incorporate 

multiple transgenes into a single AAV vector (67, 69, 70). Also, single-vector systems that utilize 

strong constitutive promoters such as CMV suffer from interference between the Tet-O and the 

promoter, leading to the high levels of basal transgene expression. This issue has been addressed by 

placing a transactivator under control of a weak minimal promoter such as the thymidine kinase 

promoter (74) or the Tet-O sequence itself (75, 76). A two-vector design, where a transactivator is 

encoded on one vector and a transgene – on the other, allows incorporation of a transgene of up to 

4 kb into the system. However, this design requires both vectors to transduce a cell for the system to 

be functional. Also, a right proportion of the transactivator versus its response element is required 

for high induction efficiency and negligible basal expression. And while some authors report that a 

1:1 ratio is optimal (77), others report the need for excess levels of transactivator (78-80). 
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Tet-dependent gene expression systems offer many advantages over other regulatory gene 

expression systems. They have been extensively characterized both in vitro and in vivo. The 

components of these systems recognize unique sequences of DNA and therefore don’t interfere with 

the native molecular machinery within the cell. No immunogenicity of these systems has been 

reported. The inducer has been used as an antibiotic for decades, it is nontoxic at doses required for 

gene expression activation and rapidly metabolized and cleared from the body. 

The main drawback of the Tet system, and particularly of the Tet-On system, is its leakiness in the 

off-state. A number of studies observed a significant basal transgene expression in the absence of 

deliberate induction (81-85). One possible explanation of this effect is that the transactivator still 

retains some residual affinity to its response element in the non-induced state. To address this issue, 

novel versions of the transactivator with a lower basal activity and increased doxycycline sensitivity 

have been engineered through DNA mutagenesis (86). The other strategy employed a 

transcriptional silencer which binds the Tet response element and blocks its activation in the 

absence of doxycycline. In the presence of doxycycline, transcriptional silencer is inhibited 

allowing binding of the transactivator to the Tet-O and rendering transgene expression active (87, 

88). Further, these two strategies were combined by co-expression of the novel transactivators and 

transcriptional silencer from a bicistronic vector. Although, a 6-fold reduction in basal expression 

level compared to those achieved by the expression of the novel transactivators alone was 

demonstrated, transgene activation was approximately 3-fold less potent with bicistronic constructs 

compared to their monocistronic counterparts (89). 

The other potential reason for the leaky transgene expression is the close proximity of the Tet-O to 

the inverted terminal repeats (ITRs) of the encoding vector that are known to possess enhancer 

activity (90). To circumvent this issue, the components of the Tet regulatory system was arranged in 

a bidirectional configuration, thus maximizing the distance between the ITRs and Tet-O, and 

flanked by insulators. While the leakiness was only partially ameliorated in vitro, repression was 

increased from 40 to 204-fold in vivo (74). 

These findings suggest that Tet-dependent regulatory gene expression systems show considerable 

promise for gene therapy; however, additional studies are required to further optimize this system to 

reduce basal expression while maintaining high inducibility. 

1.2.3. Steroid hormone systems 

Steroid hormone receptor-based regulatory systems, represented by ecdysone and mifepristone 

(RU486) systems, are promising for gene therapy applications. The ligands of steroid receptors 
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cross epithelial barriers and plasma membranes with ease. Ligands bind to their receptors in the 

cytoplasm and these ligand-receptor complexes can then be translocated to the nucleus where they 

regulate gene expression. 

Ecdysone (Ec) receptor is a steroid hormone receptor involved in triggering metamorphosis in 

Drosophila melanogaster. The Ec system utilizes Ec-dependent DBD from Ec receptor coupled to 

VP16 AD and retinoid X receptor (RXR) which binds a hybrid Ec response element in the presence 

of steroid ligands called ecdysteroids. Ecdysteroids have short half-lives, which aids in precise and 

potent gene induction. In addition, studies indicate that ecdysteroids are relatively nontoxic and 

nonteratogenic in mammals and do not appear to affect mammalian physiology (59). Since steroids 

diffuse through the blood–brain barrier, the Ec regulatory system was tested in a gene therapy study 

to regulate neuronal excitation using adenoviral vectors. The in vitro results demonstrated the 

ability of this system to modify neuronal excitability in an inducible and reversible manner, with 

little background and yet high induction levels observed (91). Also, mutation of the Ec receptor 

amino acids critical for steroid ligand binding led to the generation of a steroid-insensitive Ec 

receptor that responds to non-steroidal ligands (92). The combination of this mutant Ec receptor 

with the wild-type one could be useful to regulate the expression of two genes in the same cell. An 

advantage of Ec system is that the Ec-responsive DBD of Ec receptor is unique and therefore 

doesn’t interfere with the endogenous steroid hormone regulatory systems. However, long term 

expression of insect proteins in vivo may be immunogenic and induction of immune response may 

eliminate transgene expression. 

In the mifepristone system, the drug RU486 activates a chimeric transcription factor consisting of 

the yeast GAL4 DBD and VP16 AD proteins fused to a mutant human progesterone receptor. Due 

to the C-terminal truncation, mutant receptor does not bind to progesterone, yet it retains the ability 

to bind the synthetic antagonist mifepristone (RU486). RU486 enables binding of the chimeric 

regulatory protein to its recognition sequences and induction of transgene expression at doses well 

below the threshold required to cause side-effects in humans (60). When a bicistronic construct 

containing both the reporter gene under control of the minimal promoter downstream of GAL4 

recognition sequences and the chimeric regulatory protein under the constitutive promoter was 

delivered into rat brain in a single herpes simplex viral (HSV) vector, a 150-fold increase in the 

reporter gene expression compared to basal levels was reported upon intraperitoneal administration 

of RU486 (93). Several studies have also used mifepristone system to regulate gene expression in 

vitro (93-95). The results from these studies have not been as consistent and suggest that the 

efficiency of the mifepristone system to activate transgene expression may depend on the host cell 

type (94) and/or the target protein expressed (95). Although relatively low concentrations of RU486 
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are sufficient to achieve robust transgene expression in vitro (10-7-10-8M), to induce transgene 

activation in vivo, the drug dose exceeded that used for the antiprogesterone therapy in clinic 2.5-

fold. 

A number of drawbacks are associated with steroid hormone receptor regulatory systems. Inducers 

utilized in these systems are generally able to activate native steroid hormone receptors and may 

modulate endogenous gene expression in cells in addition to regulating transgene expression. And 

conversely, physiological changes in native ligand expression may affect expression of the 

transgene. Also, the lipid solubility of steroid hormones results in slower metabolism and clearance 

from the body than highly hydrophilic drugs. This may affect the ability to reduce transgene 

expression rapidly should an adverse reaction to the therapy occur. As a consequence, such systems 

may have significant side effects or may not be suitable for use in all individuals. 

1.2.4. Dimerizer systems 

While the Tet and the steroid hormone systems rely on allosteric control, dimerizer-controlled 

transcription uses the principle of induced proximity (96, 97). The unique characteristic of this 

system is that DBD and AD are functionally separated and expressed as individual proteins. They 

are each fused to a drug-binding domain, rendering transcription activation dependent on the 

addition of a bivalent drug that can crosslink the two proteins and reconstitute an active 

transcription factor. Homodimeric drugs can be used (62, 63), but most current focus is on the 

heterodimerizer rapamycin (61), which binds to the human proteins FKBP (FK-binding protein) and 

FRAP (FKBP-rapamycin-associated protein 1). In the dimerizer system, a DBD of the human zinc 

finger homeodomain-1 (ZFHD1) (98) is fused to FKBP and the human NF-kb p65 AD (which was 

found to outperform VP16 (61)) is fused to FRAP. Addition of rapamycin dimerizes the two fusion 

proteins and activates transcription of genes downstream of ZFHD1 recognition sequences. Since 

rapamycin acts as an immunosuppressant, through blocking FRAP activity (99) and inhibiting 

progression through the cell cycle, at concentrations required for gene regulation, the system has 

been modified to function with non-immunosuppressive analogues (“rapalogs”), by incorporating 

mutation(s) in the FRAP domain that can accommodate modified drugs (100). 

The dimerizer system have been successfully used to regulate the expression of human aromatic L-

amino acid decarboxylase (hAADC), an enzyme that converts L-dopa to dopamine, in the striatum 

of a rat model of Parkinson’s disease (101). In this model, rats unilaterally lesioned with 6-OHDA 

exhibit a rapid contralateral turning activity in response to high enough doses of L-dopa or 

dopamine receptor agonists (102). This rotational behaviour represents the stimulation of 
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supersensitive dopamine receptors. Expression of hAADC allows rotational behavioural responses 

at lower doses of L-dopa (103). Due to the size of this system, two AAV vectors were required for 

delivery of all the components: one expressing the transcription factor and one containing the 

hAADC transgene downstream from the rapamycin-inducible promoter. Vectors were co-infused at 

the 1:1 ratio, which was sufficient for high induction and low basal transgene expression. 

Rapamycin-induced increases in the hAADC expression produced robust rotational behaviour in the 

presence of low doses of L-dopa and although low levels of hAADC were observed in the absence 

of rapamycin, these levels were not significant enough to induce a behavioural response. This study 

demonstrated for the first time that rapamycin is able to efficiently cross the blood-brain barrier and 

induce expression of the recombinant protein at levels that have a significant phenotypic effect, and 

in a sufficiently regulated manner. More recently lentiviral-mediated transfer of a rapalog-

controlled system has been used to tightly regulate expression of a glial cell line-derived 

neurotrophic factor (GDNF) and GFP in the striatum of mice (104). 

The dimerizer system has many of the properties required for use clinically. It is characterized by a 

high induction ratio, low basal expression, and is composed entirely of human proteins. 

Additionally, rapamycin can be administered orally and has a pharmacokinetic profile that has been 

widely studied; however, further studies are required to gain a thorough dose-responsive profile of 

rapalogs in the CNS. Additionally, given that the proteins in this system are of human origin, it 

would be prudent to investigate the possible effects of these chimeric proteins on endogenous gene 

expression in the brain. Overall, wide-spread application of the dimerizer-based system can be 

anticipated. 

 

There have been many reports on the performance of the regulatory gene expression systems 

described above in vitro and in vivo. Numerous studies using a certain system under specified 

conditions have shown very promising results in terms of meeting the requirements for gene therapy 

application, i.e. low basal expression in the absence of inducer, high levels of induced expression, 

indifference to endogenous cellular processes, low immunogenicity and confirmed safety of 

inducers. However, direct comparisons of these systems are complicated by differences in vector, 

dose, and transgene employed. Using the luciferase reporter gene, Xu et al. directly compared Tet-

On, T-REx, ecdysone, mifepristone, and dimerizer systems in the context of three cell lines, in 

which regulatory systems were delivered by adenovirus vectors (105). The highest sensitivity to the 

respective inducer was observed with the dimerizer system, followed by the mifepristone system. 

The lowest basal expression and the highest induction ratio were also both characteristic of the 

dimerizer system. Furthermore, the dimerizer and T-REx systems exhibited much higher induced 
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expression levels than the other three systems. The Tet-On system appeared to be impractical as an 

inducible gene expression system in terms of all parameters examined in the study. These results 

confirm a significant potential of the dimerizer system for clinical use. 

1.2.5. Endogenously regulated systems 

The aforementioned gene regulation systems are controlled exogenously, i.e. they rely on a small 

molecule compound to turn transgene expression on or off. It means that, in clinical setting, they 

would require long-term administration of a drug, which safety and tolerability must be extensively 

characterized prior to application in patients. Additionally, therapeutic gene expression would be 

impossible to fine-tune to when it is needed in the course of the disease unless pathology is 

associated with a noticeable phenotypic change in a timely manner. This is not the case in the 

majority of neurological disorders, when there is a latent period between the time pathology occur 

and the time clinical symptoms appear. And this is why the usage of gene regulation systems 

responsive to the endogenous stimuli would be advantageous. Physiologically regulated systems 

would allow precise linking of a transgene expression to a pathological signal both temporally and 

spatially, since a therapeutic gene product will be produced only in cells that require it. However, 

physiological signals used as triggers in such systems must be as far upstream in the pathological 

process as possible and be disease-specific. Also, inability to terminate transgene expression in the 

event of an adverse reaction to the therapy may be a serious drawback of the physiologically 

responsive gene expression systems. 

A promising endogenously regulated system for gene therapy in the CNS is a hypoxia-driven gene 

expression. The physiological response to hypoxia is promoted by the hypoxia-inducible factor 1 

(HIF-1) transcription factor, which consists of two subunits: HIF-1α and HIF-1β. Under hypoxic 

conditions, HIF-1α is produced and dimerizes with HIF-1β, which is constitutively expressed under 

the basal conditions, forming HIF-1. HIF-1 binds to hypoxia response elements (HREs) inducing 

transcription of downstream genes. In the brain, the increased levels of HIF-1α in response to 

hypoxia have been detected in neurons, astrocytes, and ependymal cells (106). Hypoxia-dependent 

gene expression within a gene regulatory system is achieved by the insertion of multiple copies of 

the HRE upstream of a promoter that drives the expression of a gene of interest. This system has 

been successfully used to regulate transgene expression in vivo, producing the therapeutic gene 

expression levels sufficient to elicit a phenotypic response in rodent models of cerebral ischemia 

(107-109) and spinal cord injury (110). Also, the strength- and duration-dependent changes in the 

magnitude of transgene expression in response to the hypoxic stimulus have been demonstrated in 

vitro (111-113). However, it is still to be investigated whether achieved levels of target gene 
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expression are sufficient to be therapeutic in a clinical setting, as well as if induction and repression 

of transgene expression is rapid enough to provide therapeutic effect and reduce the likelihood of 

toxic overexpression of transgenic product, respectively. Additionally, since HIF-1 is an important 

regulatory molecule involved in number of downstream gene networks under normal conditions 

(114), gene expression profiling needs to be conducted before HRE-regulated system can be widely 

used. 

Regulation of transgene expression remains one of the key issues limiting widespread clinical 

application of gene therapy for the CNS disorders. Given the advances in gene delivery technology 

and the advantages of coupling transgene expression to a physiological signal, the focus should now 

be the development of novel endogenously regulated systems. 

1.3. NOVEL BICISTRONIC GENE EXPRESSION SYSTEM 

Advances in gene therapy technology now enable the efficient delivery and expression of genes 

with therapeutic potential into mammalian tissues (19, 115, 116). Transgene expression is typically 

driven by a constitutive promoter leading to continuous, long-term production of a therapeutic 

protein. Unregulated transgene expression, however, poses a problem for human clinical 

applications because of potential side-effects from excessive levels of transgene protein that non-

discriminately affect both diseased as well as non-diseased cells. Ideally, transgene expression 

should be regulated and coupled to the physiological need of the cell, such that expression is 

quiescent under basal conditions but active when required (e.g. during times of cell stress). 

To date, two main approaches for regulating transgene expression have been explored: the usage of 

tissue-specific promoters and the regulatable gene expression systems. The tissue-specific 

promoters restrict transgene expression by only being functional in a specific cell type. However, 

these typically have weak transcriptional activity and transgene expression is not responsive to 

physiological changes in the cell. The regulatable gene expression systems facilitate dose-dependent 

regulation of gene expression through the addition or removal of a small molecule drug. However 

the dependency on long-term systemic drug treatment to switch the system on or off, the off-state 

basal leakiness and the expression of exogenous and potentially immunogenic proteins used in these 

systems still pose significant limitations for human applications. 

To address the unmet need for a regulatory gene expression system for use in gene therapy, a novel 

bicistronic autoregulatory gene expression cassette was designed in our laboratory. This cassette 

relies upon stress-induced activation of caspase-3 or calpain, proteases that mediate many important 
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molecular processes, including stress responses and apoptosis (117), to physiologically regulate 

expression of a therapeutic transgene. Cistron 1 of the cassette encodes a constitutively expressed 

regulatory factor (RF) that is fused to a dominant nuclear export signal (NES) via a linker 

containing a protease cleavage site. It was hypothesised that under basal conditions, the RF is 

restricted to the cytosol, and thus unable to bind to its response element (RE) in the Cistron 2, 

controlling expression of the therapeutic gene. However, following cell stress and downstream 

activation of the proteases, the NES-RF fusion protein is cleaved allowing the RF to translocate to 

the nucleus and bind to the RE, thus driving transcription of the downstream therapeutic gene. The 

transcription of the therapeutic gene remains active only for as long as the cell remains stressed and 

the proteases active. The RF is non-mammalian in origin to eliminate any non-specific effects on 

general gene transcription following cell stress. Hence, this is a fully self-regulating and 

homeostatic system in which transgene expression is tightly coupled to cell stress (Figure 1.1) 

 

Figure 1.1 Autoregulatory bicistronic expression cassette for gene therapy 

Cistron 1 of the regulatory cassette encodes a constitutively expressed regulatory factor (RF) that is fused to 
a dominant nuclear export signal (NES) via a linker containing a protease cleavage site. Under basal 
conditions, the NES restricts the RF to the cytosol, which is thus unable to bind to its response element (RE) 
controlling expression of the therapeutic gene in the cistron 2. Following cell stress-induced activation of the 
proteases, the NES-RF fusion protein is cleaved allowing the RF to translocate to the nucleus and bind to its 
RE, thus driving transcription of the downstream therapeutic/reporter gene. The transcription of the 
therapeutic/reporter gene remains active only for as long as the cell remains stressed and the proteases active. 
NES, dominant nuclear export signal of the MAPKK. 
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Because caspase/calpain is required for functionality of the developed gene expression cassette, it is 

an important part of the autoregulatory gene expression system. The following Section 1.4 provides 

a brief review on these proteases. 

 

1.4. CASPASES AND APOPTOSIS 

1.4.1. Apoptosis 

Apoptosis is a genetically programmed and morphologically distinct form of cell death in which a 

cell uses specialized machinery to dismantle itself. Apoptotic cells exhibit a characteristic pattern of 

changes, including cytoplasmic shrinkage, membrane blebbing, the nuclear DNA degradation and 

chromatin condensation, typically followed by fragmentation into membrane-enclosed vesicles 

called apoptotic bodies, which are phagocytised by macrophages or surrounding tissue (118). 

Apoptosis is widely observed in nature and can be triggered by a variety of physiological and 

pathological stimuli, including hormones, virus infection, toxic stress and environmental insults 

(119). Under normal conditions, apoptosis facilitates the control of cell number necessary for tissue 

development and homeostasis and enables the elimination of damaged cells. The malfunction of 

apoptotic pathways results in either abnormal cell accumulation or cell loss and can be attributed to 

many human diseases. The concomitant defective macrophage engulfment and degradation of cell 

debris may also contribute to a dysregulation of tissue homeostasis. 

One of the most important biochemical markers of apoptosis is activation of caspases – cysteine-

dependent aspartate-directed cell proteases. Caspases specifically cleave a variety of intracellular 

polypeptides, including major structural elements of the cytoplasm and nucleus, components of the 

DNA repair machinery, and a number of protein kinases, contributing to the typical morphological 

and biochemical changes that characterize apoptotic cell death. 

Depending on the processes they are involved in inside of a cell, caspases are broadly classed into 

apoptotic or inflammatory caspases. Those participating in the inflammatory response, namely 

caspases-1, -4 and -5, are cytokine activators (120-122). The apoptotic caspases are further divided 

into two types: the initiators (caspases -2, -8, -9, -10) and the effectors (caspases -3, -6, -7) – 

depending on their time of entry into the apoptotic cascade. Initiator caspases have an early entry 

into the cascade and are responsible for activating effector caspases. 
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1.4.2 Structure of caspases 

Caspases are mainly regulated at a post-translational level, ensuring that they can be rapidly 

activated when required. They are first synthesized in a cell as relatively inactive proenzymes that 

consist of an N-terminal prodomain, a large subunit (≈20 kDa) and a small subunit (≈10 kDa) 

covalently connected via an intersubunit linker. The active enzymes are dimers that are formed by 

two proenzymes. 

The prodomains of caspases range in length from 15 amino acids (aa) for caspase-14 to 219 aa for 

caspase-10. In general, initiator caspases contain a longer prodomain than the effector caspases, 

whose prodomain is very small. The prodomains have been shown to facilitate dimerization (123-

125) and assist in the folding of caspases (126), sequestering the protein in the cytoplasm (127), and 

silencing the proenzymes in vivo (128). The long prodomains of initiator caspases contain 

recognition motifs which enable the caspases to interact with other molecules that regulate 

proenzyme activation. These molecules are responsive to apoptotic stimuli and cause the clustering 

of the initiator caspases allowing them to self-activate and proceed to activation of the effector 

caspases. For example, the death effector domain (DED), found within the prodomain of caspases-8 

and -10, interacts with an adaptor molecule that is recruited upon ligation of a death receptor 

(Figure 1.3). Similarly, the caspase recruitment domain (CARD), found within the prodomain of 

caspases-1, -2, -4, -5 and -9, is involved in recognition of the caspases by the particular multiprotein 

complex that facilitates their activation, apoptosome. (Figure 1.4) 

An active caspase is derived from the processing and self-association of two procaspase molecules. 

Each proenzyme forms a heterodimer upon cleavage of the intersubunit linker, so the resulting 

enzyme has a tetrameric structure and has been described as a homodimer of heterodimers (129, 

130). Thus, the mature caspase is comprised of two copies of the large and small subunits arranged 

in an LSSL configuration (where L represents the large subunit and S represents the small subunit) 

and contains two active sites at opposite ends of the molecule. It is noteworthy that both 

heterodimers contribute to each active site formation (Figure 1.2). 
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Figure 1.2 Composition of caspase-3 molecule 

Caspase-3 molecules are found in cells as preformed inactive dimers, in which the large and the small 
subunits covalently connected via the intersubunit linkers. In the inactive state, active centres of each dimer 
are misaligned due to the steric hindrances imposed by intersubunit linkers. Upon activation, proteolytic 
cleavage of the linkers results in formation of functional active centres within the enzyme. 

 

1.4.3. Activation of caspases 

Initiator caspases are activated via either the extrinsic or the intrinsic apoptotic pathways and 

require binding to specific cofactors in both cases. The extrinsic pathway, also called the death 

receptor pathway, is involved in such processes as elimination of unwanted cells that are produced 

during development or have tumorogenic qualities. This pathway is triggered by a proapoptotic 

extracellular signal and mediated by transmembrane death receptors which form clusters allowing 

binding of a corresponding cytoplasmic adaptor molecule through their death domains (DD). The 

adaptor molecule, in turn, has a death effector domain (DED) that interacts with the DED of a 

procaspase (Figure 1.3). Following the proenzyme recruitment, a death-inducing signalling complex 

(DISC) is formed and the initiator caspase is activated (131). Caspases-8 and -10 are the initiator 

caspases that are activated via the extrinsic pathway. 
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Figure 1.3 Extrinsic apoptotic pathway 

The pathway is triggered by a proapoptotic extracellular signal and mediated by transmembrane death 
receptors which form clusters allowing binding of a corresponding cytoplasmic adaptor molecule through 
their death domains (DD). The adaptor molecule, in turn, has a death effector domain (DED) that interacts 
with the DED of a procaspase. Following the proenzyme recruitment, a death-inducing signalling complex 
(DISC) is formed and the initiator caspase is activated. 

 

In contrast, the intrinsic, or the mitochondrial, pathway is mainly responsible for the removal of 

cells in response to cytotoxic stress, chemotherapeutic drugs, mitochondrial damage and certain 

developmental cues. Following the death trigger, mitochondria become selectively permeabilized 

and release cytochrome c into the cytoplasm. The increase in the cytoplasmic concentration of 

cytochrome c is sensed by the apoptosis activating factor 1 (APAF-1). APAF-1 binds to 

cytochrome c in the dATP-dependant manner and they aggregate to form a macromolecular protein 

complex called apoptosome. The caspase recruitment domain (CARD) of APAF-1 then interacts 

with the CARD of procaspase-9, which results in recruitment of the procaspase to apoptosome and 

activation of the enzyme (Figure 1.4). 
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Figure 1.4 Intrinsic apoptotic pathway 

Following the death trigger, mitochondria become selectively permeabilized and release cytochrome c into 
the cytoplasm. The increase in the cytoplasmic concentration of cytochrome c is sensed by the apoptosis 
activating factor 1 (APAF-1). APAF-1 binds to cytochrome c and they aggregate to form a macromolecular 
protein complex called apoptosome. The caspase recruitment domain (CARD) of APAF-1 then interacts with 
the CARD of procaspase, which results in recruitment of the procaspase to apoptosome and activation of the 
enzyme. 

 

For the activation of initiator caspases, the induced proximity model has been suggested. 

Dimerization is thought to play the crucial role in this process because it allows the proper active 

site formation. According to this model, initiator procaspases exist in the cell as monomers 

demonstrating little or no activity. However, activation protein complexes, to which initiator 

procaspases are recruited upon apoptosis induction, mediate clustering of proenzyme molecules 

increasing their local concentration, which facilitates dimerization (132, 133). The mechanistic 

details of initiator caspase dimerization are currently not known. Following dimerization, the 

intersubunit linkers are cleaved and while this stabilizes the dimer, cleavage of the linkers is neither 

required nor sufficient for the gain of enzymatic activity since functional active sites can form 

without this event (134). 

The end result of initiator caspase activation is the downstream activation of the effector caspases-

3, -6 and -7, which ultimately are responsible for cleavage of intracellular proteins that leads to the 

dismantling of the cell. In contrast to initiator procaspases, effector procaspases are found in cells 

as preformed dimers (131). Although stable, these dimers are inactive and activated by limited 
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proteolysis within their intersubunit linker segments (135, 136). The latent state of effector 

procaspases is maintained by steric hindrances that are imposed by intersubunit linkers and result in 

misalignment of active sites. Cleavage of the linkers permits the active site loops to rearrange thus 

facilitating the formation of functional active sites (Figure 1.2). 

The pathways described above represent simplified schemes that ignore the complex network of 

interactions involving the caspases themselves as well as other regulatory molecules. For example, 

caspase 3 can activate procaspase 9 (137) and caspase 6 can activate caspase 3 (137, 138). These 

cleavages of upstream proenzymes by downstream caspases may provide a self-reinforcing 

mechanism that terminally commits the cell to the death pathway. 

1.4.4. Proteolytic function 

Caspases demonstrate a high degree of specificity for their substrates. This specificity is crucial to 

preventing indiscriminate proteolysis of proteins that are not destined to be destroyed in the process 

of apoptosis. The presence of an aspartic acid residue (Asp) and a sequence of certain four amino 

acids N-terminal to the cleavage site is an absolute requirement for caspase recognition. These 

amino acid residues are generally referred to as positions 1-4 (P1-P4), where the aspartate occupies 

the P1 position and cleavage of the substrate occurs C-terminal to the P1 aspartate. Based on the 

consensus recognition sequences, caspases can be divided into three groups (139). Group I caspases 

(caspases-1, -4, -5 and -14) recognize Trp-Glu-His-Asp; group II caspases (caspases-2, -3 and -7) 

recognize Asp-Glu-X-Asp, where X is any amino acid; and group III (caspases-6, -8, -9 and -10) 

recognize (Leu/Val)-Glu-X-Asp. 

Caspases cleave key structural components of the cytoskeleton and nucleus, as well as numerous 

proteins involved in DNA metabolism and reparation, signal transduction pathways, regulation of 

cell cycle and proliferation. Some of the proteins whose cleavage plays a direct role in apoptosis 

include cellular survival factors Bcl-2 (140-142) and Bcl-XL (143), proapoptotic proteins Bid 

(144, 145) and Bax (141), and the inhibitor of caspase-activated DNase/DNA fragmentation factor 

45 (ICAD/DFF45) (146, 147). Some caspase substrates are associated with human genetic 

diseases. These include the proteins found in neurodegenerative diseases caused by expansion of a 

polyglutamine tract: the Huntington's disease protein huntingtin, the dentatorubropallidoluysian 

atrophy protein atrophin-1, the spinocerebellar atrophy type 3 protein ataxin-3, and the androgen 

receptor, which is altered in spinal bulbar muscular atrophy (148). Proteins affected in Alzheimer's 

disease, including presenilin-1, presenilin-2 (149, 150), and amyloid precursor protein (151) were 

also shown to be cleaved by caspases. However, whether activation of caspases represents a cause 
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of neurodegeneration, or a consequential disposal of already dysfunctional neurons, remains to be 

established. 

 

1.4.5. Role of caspase-3 in the brain 

1.4.5.1. Non-apoptotic functions of caspase-3 in CNS 

In the brain, caspase 3 is tightly involved in both normal cell functioning and pathological cell 

death. Death of a portion of neural cells is an essential part of the nervous system development. It is 

estimated that half of the original cell population produced is eliminated by apoptosis to optimize 

synaptic connections and remove unnecessary neurons. In the developing nervous system, apoptosis 

is observed early in neural tube formation and persists during terminal differentiation of the neural 

network involving neuronal, glial and neural progenitor cells (152) With a few exceptions, (153, 

154), neurons seem to undergo apoptosis through the intrinsic pathway and caspase-3 plays a 

central role in the death program execution (155). 

Apart from involvement in apoptotic programs during ontogenesis, in the brain non-apoptotic 

functions of caspases, and caspase3 in particular, have been studied much less than in other tissues 

– due to the significantly lower enzymatic activity in neural cells and high cellular heterogeneity of 

brain structures. However, it has been shown that caspase-3 activity is elevated in non-apoptotic 

differentiating neuronal stem cell populations and the inhibition of its protease activity inhibits the 

differentiation process in a cultured neurosphere model (156). Also, active caspase-3 has been 

reported to be necessary for the postnatal differentiation of cerebellar glial cells in rat brain (157, 

158). The intra-hippocampal administration of a caspase-3 inhibitor was demonstrated to impair the 

long-term spatial memory in rats, providing evidence of caspase-3 involvement in long-term 

potentiation (LTP) (159). Recent results from the experiments on hippocampal slices of rat brain 

suggest that caspase-3 is also required for long-term depression (LTD) and AMPA receptor 

transport (160). There are studies demonstrating that plasticity and motility of growth cones are 

accompanied by local caspase-3 activation in the cone (161) and that caspase-3 can be involved in 

functioning of neuronal glutamate receptors, given that it is able to cleave glutamate receptor 

subunits (162). These data reveal an important role of caspase-3 in essential processes in the brain 

that are not associated with cell death, as well as the protease’s involvement in neuroplasticity, 

including its highest forms – learning and memory. 
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1.4.5.2. Caspase-3 in Huntington’s disease 

Huntington’s disease (HD) is an inherited autosomal-dominant disorder characterised by loss of 

motor control, cognitive decline, psychiatric disturbances, and dementia, which progresses towards 

death within approximately 20 years of disease onset (163). It is caused by an expansion of a CAG 

repeat in the huntingtin gene (Htt) that results in synthesis of an aberrant polyglutamine tract in 

huntingtin protein (HTT) and leads to neuronal dysfunction and neurodegeneration (164). 

GABAergic medium-sized spiny neurons in the striatum are found to be most profoundly affected 

(165); neuronal loss in the cerebral cortex, hippocampus, hypothalamus, substantia nigra, and in 

other brain structures has also been reported (166). 

The mechanism by which the mutant huntingtin (mHtt) causes HD is still poorly understood. 

Normal HTT has been shown to have multiple distinct functions in cells, including antiapoptotic 

activity (167-169), roles in vesicular transport (170-173), neuronal gene transcription regulation 

(174, 175), and control of synaptic transmission (176, 177). Consequently, the expression of long 

glutamine stretches either in the context of an N-terminal fragment or full-length HTT disrupts a 

wide variety of biological functions in cellular as well as animal models. 

Several observations indicate to the apoptotic nature of neuronal death in the striatum in the course 

of HD. Dragunow et al. (178) showed DNA fragmentation in striatal neurons in post-mortem brains 

of HD patients. Further support comes from the fact that caspase-3 plays an essential role in HD 

neurodegeneration, and this protease is known for its responsibility for the majority of proteolytic 

events during neural apoptosis (179). Caspase-3 activation in the brain in R6/2 mouse model of HD 

provided the first in vivo evidence supporting a role for caspases in the disease-associated 

neurodegeneration (180, 181). Later, Toulmond et al. (182) showed that an inhibition of caspase-3 

activity by the reversible caspase-3 inhibitor (M-826) resulted in a significant reduction in neuronal 

death after striatal lesions in adult rats. Moreover, mutant huntingtin (mHTT) is implicated in many 

mechanisms of cell dysfunction including excitotoxic damage, mitochondrial dysfunction, 

transcriptional dysregulation, metabolic dysregulation, free-radical damage, and autophagy (183, 

184). Some of these mechanisms can trigger caspase activation and induce apoptosis. Whether they 

act jointly or in parallel, upstream or downstream, of caspase activation is being intensely 

investigated. 

HTT itself has been shown to be a substrate for proteolytic cleavage by caspase-3 (185) and to 

physically interact with active caspase-3 (186). Two caspase 3-sensitive sites and one caspase 6-

sensitive site at aspartate residues 513, 552, and 589, respectively, in huntingtin protein have been 

identified. The rate of HTT cleavage correlates with number of CAG repeats, increasing with the 

length of polyglutamine tract (148, 185, 187). 
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Studies on neurodegenerative disorders caused by expansion of a CAG trinucleotide repeat, 

encoding extended polyglutamine tract (188-193), revealed that one step in the pathogenic 

mechanism shared among these disorders is that truncation of the parent protein leads to the 

formation of intracellular aggregates which correlate with an increased susceptibility to apoptotic 

cell death. This has led to the formulation of the toxic fragment hypothesis which, in context of HD, 

suggests that basal caspase activity, particularly in aging cells, may be sufficient to generate small 

amounts of cleavage product. If this cleavage product is toxic to neurons, then its accumulation over 

the life of the affected individual would be adding further stress to the cell, resulting in additional 

caspase activation and additional cleavage. Eventually, the accumulation of toxic cleavage products 

would tip the balance toward commitment to cell death and concomitant neurodegeneration (194). 

Indeed, it has been determined that the N-terminal fragments generated upon caspase cleavage of 

HTT, particularly when it contains an expanded polyglutamine tract, are associated with further 

caspase-3 activation and the presence of a mutated, non-cleavable by caspases, form of HTT 

markedly inhibits the activation of caspase-3 (187). Although, additional caspases may also 

contribute to cell death. For example, caspase-8, which does not cleave HTT (148), is recruited to 

and activated by polyglutamine-containing aggregates including those in HD patient brains (195). 

In lymphoblasts derived from heterozygous and homozygous HD patients, caspase-3, -8 and -9 had 

greater activities than in control cell lines after cyanide treatment, with caspase-3 and -8 particularly 

increased in homozygotes (196). Caspase activation over a long period of time in the context of a 

chronic neurodegenerative disease may contribute to cell dysfunction in addition to their role in 

apoptotic cell death. 

 

1.4.6. Role of calpain in neurodegeneration 

Along with caspases, calpains may play an important role in the process of neurodegeneration. 

Calpains are a family of Ca2+-dependent cysteine proteases, which are typically activated by the 

elevation of intracellular Ca2+ levels – either in response to plasma membrane depolarization or in 

response to Ca2+ release from the intracellular stores (197). The most abundant and best-

characterized brain calpains are the two major isoforms μ- and m-calpains. μ-Calpain requires 

micromolar levels of Ca2+, whereas m-calpain requires millimolar levels of Ca2+ for activation 

(197). Both μ- and m-calpains are heterodimers consisting of a distinct large 80 kDa catalytic 

subunit and a common small 28 kDa regulatory subunit. The addition of Ca2+ results in the autolytic 

processing of the catalytic subunit from an 80 kDa protein to a 76 kDa protein for μ-calpain and to a 

78 kDa protein for m-calpain. The small calpain regulatory subunit is converted from a 28 kDa 

protein to a 21 kDa polypeptide with increased Ca2+ levels (198). 
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The physiological functions of calpains in neuronal cells include differentiation (199), neurite 

outgrowth (200), synaptic remodelling and long-term potentiation (201). Calpains have also been 

implicated in the regulation of cell death pathways. Despite many studies have shown activation of 

calpains in neurodegenerative diseases, relatively little is known about the molecular mechanisms 

of calpain-mediated apoptosis in neurons. To date, many calpain substrates have been identified, 

and some of them are known to play key roles in cell death pathways (202). These substrates 

include caspases (203, 204), Bax (205, 206), Bid (207, 208), and apoptosis-inducing factor (AIF) 

(209-211). Calpain cleavage of these substrates leads to mitochondrial outer membrane 

permeabilization followed by release of death trigger molecules such as cytochrome c, AIF, and 

other proteins that trigger either caspase-dependent or caspase-independent programmed cell death 

(212, 213). Although, the precise mechanism linking individual calpain isoforms to apoptosis 

pathways remains unclear. 

In a recent study by Yamada et al. (214), authors suggested that µ-calpain may regulate the activity 

of caspases via the cleavage of caspase inhibitors. When caspase-3 is bound to its physiological 

inhibitor, XIAP, it does not show any protease activity even upon its cleavage (215). However, the 

stability of XIAP is under the regulatory control of calpains, which degrade XIAP to release its 

inhibitory effect on caspases (216). Meanwhile, calpain may promote caspase-independent 

apoptosis via an AIF-mediated mechanism. Indeed, release of the AIF from mitochondria in 

response to excitotoxic stimuli is suppressed by adenovirus-mediated expression of calpain inhibitor 

calpastatin (211, 217), in transgenic mice overexpressing calpastatin (218), and after RNAi-

mediated knockdown of μ-calpain in neurons (211). Calpain is also thought to regulate apoptosis 

through degradation of the transcription factor p53 (219). This is supported by the fact that 

inhibition of calpains increases activated p53 and enhances p53-dependent apoptosis in tumour cell 

lines (220). 

In many forms of cell death, both caspases and calpains are activated (202, 204, 221). Despite the 

difference in cleavage-site specificity, an increasing number of cellular proteins are found to be 

dually susceptible to caspases and calpains. These are represented by cytoskeletal and membrane-

associated regulatory proteins, such as α-spectrin and focal adhesion kinase (222, 223), and some 

proteins involved in neurodegenerative diseases, such as tau (202) and huntingtin (HTT) (224). 

Cleavage of HTT by calpain is polyglutamine repeat-dependent, with increasing length of the tract 

correlating with increased susceptibility of HTT to cleavage (224). The HTT fragments generated 

from calpain cleavage are smaller than those generated from caspase cleavage and therefore are 

more toxic to cells (225). Calpain activation is detected in human HD tissue but not in age-matched 
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controls. The total levels of both active and inactive calpains are increased in HD patients when 

compared with age-matched controls (224). 

Thus, together, caspases and calpains can influence how neurons respond to normal and pathologic 

stimuli (202, 223, 226).  
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1.5. THESIS OUTLINE 

The overall aim of work conducted in this thesis was to develop a regulatory gene expression 

cassette that could be employed for use in in vivo gene therapy based on this autoregulatory gene 

expression principle as described above (Section 1.3). 

In order to achieve this goal, three candidate regulatory systems were identified. Each system was 

incorporated into the bicistronic regulatory expression cassettes and functionality of the generated 

cassettes analysed in vitro with the aim to determine their potential for in vivo application. 

Following selection of one regulatory system that demonstrated the greatest promise, its 

functionality was assessed in an in vivo HD model, using rAAV vector-mediated gene transfer 

techniques. 

A set of gene expression cassettes reliant on the ARF5/AuxRE regulatory system had been 

previously developed in our group. In Chapter 3, these cassettes, termed I generation 

ARF5/AuxRE regulatory cassettes, were characterized. Using the findings of those studies, the 

original design of the autoregulatory gene expression cassette was optimized. Based on the new 

design, the II generation ARF5/AuxRE regulatory cassettes were created and their functionality 

analysed. 

Since transgene expression within the developed autoregulatory gene expression system depends on 

activation of cellular proteases, a need for a sensitive method to confirm increased protease activity 

in response to drug treatment in the cells arose. Chapter 4 describes generation of the protease 

sensor vectors, which utilize the regulatory principle similar to that of the expression cassettes, and 

allow detection of protease activation at the level of individual cells. 

In Chapter 5, autoregulatory gene expression cassettes that employed another candidate regulatory 

system, GAL4/UAS, were created and characterized. 

Chapter 6 set out to investigate functionality of the expression cassettes containing a potential 

therapeutic gene, PGC-1α. PGC-1α is a transcriptional coactivator, therefore, its nature made the 

usage of the bicistronic design for the PGC-1α expression cassettes optional, without affecting the 

autoregulatory principle of the system. In vitro analysis of the PGC-1α expression cassettes showed 

a great promise for this system and therefore it was tested in YAC128 transgenic mouse model of 

HD, using rAAV-mediated gene transfer to deliver PGC-1α vectors into mouse striatum. 

One more candidate regulatory system, the Cre/lox system, was incorporated into the autoregulatory 

bicistronic gene expression cassette. Chapter 7 describes generation and analysis of the Cre/lox 

regulatory cassettes, which demonstrated remarkably low level of ‘leaky’ transgene expression 
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under basal conditions and specific activation of transgene expression in response to cell stress in 

vitro. The Cre/lox regulatory cassettes were therefore next assessed in YAC128 mice. 

In Chapter 8, additional testing to confirm the specificity of transgene activation within the 

ARF5/AuxRE and Cre/lox regulatory cassettes developed in this thesis was carried out using 

plasmids encoding active caspase-3. 

Chapter 9 extends the work started in Chapter 6 and examines functionality of the Cre/lox 

regulatory cassettes in vivo in a different animal model of HD. This model had been previously 

developed in our laboratory and was generated by rAAV-mediated overexpression of N-terminal 

fragment of human HTT containing toxic 70 CAG repeats into the rat striatum. 

Finally, Chapter 10 summarizes the results and conclusions generated in the presented work. 
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CHAPTER 2: MATERIALS AND METHODS 

2.1. PREPARATION OF PLASMID DNA 

2.1.1. Bacterial strain 

The bacterial strain used in this study was Esherischia coli (E.coli) DH5α (Invitrogen, 18258-012). 

Genotype: F-φ80-dlacZΔM15Δ(lacZYA-argF)U169 deoR recA1 endA1 hsdR17 (rk-, mk+) phoA 

supE44λ-thi-1 gyrA96 relA1. 

2.1.2. Maintenance of bacterial cultures 

For long-term storage, LB bacterial cultures were adjusted to 15% with sterile glycerol and stored at 

-80oC in 1mL aliquots. 

2.1.3. Bacterial cultures on solid media 

Glycerol stock cultures of E.coli were streaked onto LB agar plates. After inoculation, plates were 

inverted and incubated in a 37oC dry-air incubator overnight for ≈16hr. 

2.1.4. Bacterial cultures in liquid media 

Bacteria were cultured in LB containing 50µL/mL of ampicillin. 2mL of LB was inoculated with a 

single colony and grown at 37oC with aeration for 6-8hr. This culture was further used to inoculate 

100mL of LB media, which was grown overnight for ≈16hr at 37oC at 220rpm in a shaking 

incubator (Innova 4000, New Brunswick Scientific). 

2.1.5. Large scale preparation of plasmid DNA 

100mL of overnight bacterial culture was used for transfection grade plasmid DNA using the 

Qiagen Maxi plasmid preparation kit (Qiagen). Plasmid was isolated from bacteria by alkaline lysis 

and purified by gravity flow through an anion-exchange resin column according to the 

manufacturer’s instructions. Plasmid DNA was diluted to a final concentration of 1mg/mL and 

stored in TE at -20oC. 
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2.1.6. Purification of DNA 

Following PCR amplification or Klenow treatment, plasmid DNA was purified using the Roche 

Molecular Biochemicals High Pure PCR purification kit according to manufacturer’s instructions. 

 

2.1.7. Determination of DNA concentration 

The concentration of DNA was quantified using the NanoDrop™ 1000 spectrophotometer (Thermo 

Fisher Scientific Inc.) with TE buffer used as a blank. Concentrations were measured using the 

following equation: nucleic acid concentration (ng/µL) = (Axe)/b, where “A” is the absorbance at 

260nm (A260), “e” is the wavelength-dependent extinction coefficient in ng-cm/µL and “b” is the 

path length in cm. The wavelength-dependent extinction coefficient for double stranded DNA is 50 

and the A260 measurement of the sample was that measured for a 1cm path length. The ration of 

sample absorbance at 260nm and 280nm (A260/280) was used to assess the purity of the DNA. A 

ratio of approximately 1.8 indicated a high purity, while a ratio lower than 1.8 indicated that the 

sample contained protein contaminants or organic solvents. 

 

2.1.8. Polymerase chain reaction 

The polymerase chain reaction (PCR) was conducted using the AccuPrime™ Taq DNA Polymerase 

system (Invitrogen). Each 50µL reaction contained: 

0.5ng plasmid DNA 

100µM forward primer 

100µM reverse primer 

1µl AccuPrime™ Taq DNA polymerase 

1x AccuPrime™ PCR buffer II 

 

Fragments were amplified in a Px2 Thermal cycler (Thermo Scientific) using the following 

parameters: 

Step 1 (1 cycle): 95oC for 3min, 50oC for 30sec, 72oC for 1min. 

Step 2 (15 cycles): 94oC for 30sec, 58oC for 30sec, 72oC for 1min. 

Step 3 (1 cycle): 94oC for 30sec, 50oC for 30sec, 68oC for 3min. 
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5µL of each reaction was size fractioned on a 1% agarose gel alongside the 1kb Plus DNA ladder 

(Invitrogen) to verify the presence of the correct product. 

The PCR products were purified using the Roche High Pure Plasmid Isolation kit (Roche) 

 

2.1.9. Agarose gel electrophoresis 

DNA was size fractioned by electrophoresis on a 1% agarose gel in 1x TAE buffer. The appropriate 

amount of agarose (Invitrogen) was added to 1x TAE and microwaved until melted. When cooled to 

≈50oC, 2µg/mL ethidium bromide was added and the gel was poured into a casting tray with a 

comb of an appropriate size and allowed to set. When set, the gel was covered with 1x TAE and 

sample DNA containing 10% (v/v) of 10x loading dye was loaded into the wells alongside 0.2µg of 

1kb Plus DNA ladder (Invitrogen). Gel electrophoresis was carried out at 120-140 volts for 

approximately 20min, until dye had run three quarters of the way through the gel. The gel was 

visualised under UV light and photographed using the BioRad Laboratories Gel Documentation 

system. 

 

2.1.10. Restriction digestion of DNA 

All restriction enzymes were obtained from New England Biolabs (NEB) or Roche. 

 

2.1.10.1. Analytical restriction digestion 

Recombinant plasmids were checked by restriction enzyme (RE) digestion, and the molecular 

weights of the generated fragments were compared to those predicted by the sequence-based 

mapping program, Vector NTI Advance 10.3 (Invitrogen). Digestion was performed in an 

appropriate 1x commercially supplied buffer containing ≈150ng of DNA and up to 3-10U of the 

appropriate restriction enzymes. When required by a specific enzyme, bovine serum albumin (BSA) 

was added to a final concentration of 100µg/mL. Digests were incubated at 37oC for 1hr prior to 

electrophoresis. 

 

2.1.10.2. Preparative restriction digestion 

Vector and insert fragments for ligation were prepared by digesting 5µg of DNA with 3-10 units of 

an appropriate enzyme(s) in 20-30µL of the recommended 1x reaction buffer, supplemented with 

100µg/mL BSA where required. After 1hr incubation at 37oC, enzyme(s) were heat inactivated at 
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75oC for 20min. Prior to, or following, fragment purification, restriction fragments could be further 

modified by end-filling of 3’ overhangs with Klenow or the 5’ phosphate groups removed with 

Antarctic phosphatase. 

 

2.1.11. Sequencing 

All plasmid DNA was sequenced by the Massey Genome Service, Massey University, Palmerston 

North, New Zealand, using the BigDye Terminator Version 3.1. Each 15µL sample contained 

300ng/µL of plasmid template and 5pmol of sequencing primer. The sequence of the CAG forward 

sequencing primer was 5’-GCCTCTGCTAACCATGTTC-3’. The sequence of the BGH-R1 reverse 

sequencing primer was 5’-AGGAAAGGACAGTGGGAGTG-3’. The WPRE-R2 reverse 

sequencing primer, 5’-ACCAGTCAATCTTTCACA-3, was used where applicable. DNA 

sequences were analysed using online Basic Local Alignment Search Tool (BLAST®, National 

Center for Biotechnology Information, www.ncbi.nlm.nih.gov). 

 

2.1.12. Subcloning 

2.1.12.1. Filling in 3’ overhangs with Klenow 

Following preparative restriction digestion, the restriction digest was made up to a final volume of 

50µL with 1x NEBuffer 2 reaction buffer. 1U/µg Klenow (NEB) and 0.1mM dNTP were added and 

the mixture was incubated at 25oC for 15min. The reaction was terminated by the addition of 10mM 

EDTA and DNA fragments resolved on a 1% TAE agarose gel. Ethidium bromide stained DNA 

fragments were visualised under UV light and the region of the gel containing the fragment of 

interest was excised. The gel slice was solubilised in Buffer QX1 solubilisation buffer (3µL/ng of 

gel, Qiagen) at 50oC. The DNA was then purified using the High Pure Plasmid Isolation Kit 

(Roche). 

 

2.1.12.2. Removal of 5’ phosphate groups from vector DNA 

5’ phosphate groups were removed from vector DNA prior to ligation to prevent vector self re-

ligation. 2µL of Antarctic Phosphatase (NEB) was added to the preparative restriction digest or 20-

50µL of purified DNA fragment, along with 0.1 volume of 10x Antarctic Phosphatase reaction 

buffer. Reaction was incubated for 30min at 37oC and heat terminated at 65oC for 5min. 
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2.1.12.3. Oligonucleotide annealing 

Oligonucleotides were resuspended at 200µmol/L in sterile TE. 5µl of each of the two appropriate 

oligonucleotides were combined in total volume of 20µL 1x Oligo Annealing buffer (Invitrogen). 

The mixture was heated at 95oC for 4min, then removed from the heat and left until cooled to room 

temperature. Annealed oligonucleotides were then diluted down to 20nM and up to 7.5µL were 

used in a ligation reaction with the appropriate vector. 

 

2.1.12.4 DNA ligation 

Ligation of DNA fragment was carried out in 1x T4 ligase buffer (NEB) with 0.5µL T4 DNA ligase 

(NEB) in a final volume of 10µL. The ligation contained approximately 100ng vector DNA and 

insert DNA at a 3-20 fold molar excess. Unless being ligated with annealed oligonucleotides which 

did not contain 5’ phosphate groups, vector DNA was pre-treated with Antarctic Phosphatase 

(NEB) to prevent self re-ligation. Ligations were incubated for 30-60min at room temperature and 

then transferred into E.coli DH5α competent cells. 

 

2.1.12.5. Competent cell production 

A single colony of DH5α was used to inoculate 5mL of LB, which was incubated overnight at 37oC. 

The next day 4mL of the overnight culture was added to 200mL LB. The bacteria was grown at 

37oC on a shaking platform at 220rpm for approximately 3hr until the optical density at 600nm of 

0.4-0.5 was obtained, then transferred to 50mL conical centrifuge tubes and incubated on ice for 

20min before the bacteria were harvested by centrifugation at 2600g for 10min at 4oC. The 

supernatant was discarded and the pellet gently resuspended on ice in 60mL of sterile ice cold 0.1M 

MgCl2. After centrifugation at 3300g for 5min at 4oC, cells were gently resuspended in 40mL of 

sterile 0.1M MgCl2, incubated on ice for 45min, and harvested by centrifugation at 3300g for 5min 

at 4oC. The supernatant was discarded and the pellet resuspended in 8mL of sterile 

0.1M CaCl2/15% glycerol. The bacteria were divided into 100µl aliquots in 1.5mL microcentrifuge 

tubes and snap frozen in a dry ice/ethanol bath. The tubes were stored at -80oC. 

 

2.1.12.6. Transformation 

An aliquot of competent cells was removed from -80oC and thawed on ice. Approximately 50ng of 

plasmid DNA was added to 100µL of competent cells and incubated for 20min on ice. The bacteria 

were heat shocked for 4min at 37oC then 500µL LB was added to the tube. The tube was incubated 
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for 30min at 37oC. The bacteria were planted onto an LB plate containing ampicillin that was 

incubated overnight at 37oC. 

 

2.1.12.7. Colony screening 

Colonies were selected and used to inoculate 750mL LB containing ampicillin. Cultures were 

grown at 37oC with aeration for 4-5hr. Crude plasmid preparations were prepared using Qiagen P1, 

P2 and P3 buffers. Cells were harvested by centrifugation for 1min at 13,300rpm, the supernatant 

was discarded and the pellet resuspended in 100µl of Buffer P1. Cells were lysed by the addition of 

100µl of Buffer P2 and cellular constituents precipitated by the addition of 100µl of Buffer P3. 

Samples were centrifuged at 13,300rpm for 3min and the supernatant transferred to new 

microcentrifuge tubes. Plasmid DNA was precipitated by the addition of 700µl of 100% ethanol. 

Samples were mixed by inversion and centrifuged at 13,300rpm for 3min to pellet the plasmid 

DNA. The supernatant was removed by decanting and the pellets washed in 1mL of 70% (v/v) 

ethanol. The ethanol was carefully decanted from the tube, tubes spun briefly, and residual ethanol 

removed by pipette. Pellets were air-dried for 5min and then resuspended in 30µL of TE. Plasmid 

was stored at 4oC until required for restriction enzyme digestion. 

 

2.2. CELL CULTURE 

2.2.1. Maintenance of HEK293 cells and Neuro2A cells 

Human embryonic kidney 293 (HEK293) cells and mouse neuroblastoma Neuro2A cells were 

maintained in 75cm2 flasks (Nunc) in complete DMEM and EMEM, respectively, and split every 3-

4 days as follows: media was discarded from the flask and the cells rinsed with 1x PBS to remove 

remaining medium. The cells were incubated in 6mL TrypLE Express™ (1x), phenol Red 

(Invitrogen) until they become detached from the sides of the flask then 6mL of an appropriate 

medium was added to inactivate the trypsin. The cell suspension was transferred to a sterile tube 

and centrifuged at 200g for 5min. The supernatant was discarded and the cells resuspended in 10mL 

complete DMEM (HEK293 cells) or EMEM (Neuro2A cells). Up to 2mL of this cell suspension 

was used to seed a 75cm2 flask containing 15mL appropriate medium. Cells were incubated in 

copper incubators maintained at a temperature of 37oC with 5% CO2. 
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2.2.2. Plating HEK293 cells and Neuro2A cells 

After splitting the cells, 10µL of cell suspension was mixed with 10µL 0.4% trypan blue (Sigma) 

and counted using a haemocytometer. For analytical plasmid transfection or vector transduction in 

24 well plates, the cells were plated to between 4x104 and 1x105 cells/mL and 400µL was added per 

well of the plate. For AAV vector packaging, 1.8x107 HEK293 cells were diluted in 25mL media 

and plated onto a 15cm dish. 

 

2.2.3. Freezing HEK293 cells and Neuro2A cells 

Cells from a confluent 75cm2 flask were detached with trypsin and pelleted as described above. The 

cell pellet from one flask was resuspended in 3mL freezing medium and aliquoted into three 1mL 

cryotubes. The tubes were placed at -80oC overnight then transferred to liquid nitrogen for long-

term storage. 

 

2.2.4. Thawing HEK293 cells and Neuro2A cells 

A cryotube of frozen cells was removed from -80oC and quickly thawed at 37oC. The cells were 

transferred to a tube containing 6mL complete DMEM (HEK293 cells) or EMEM (Neuro2A cells) 

and centrifuged at 200g for 5 min. The supernatant was discarded and the cell pellet was 

resuspended in 15mL of an appropriate medium and transferred to a 75cm2 flask. 

 

2.2.5. Transfection of HEK293 cells and Neuro2A cells 

2.2.5.1. Collagen coating 

Before cells were plated for immunocytochemistry, 24 well plates were coated with collagen to 

ensure the cells remained attached to the dish throughout the washing steps of the procedure. The 

plates were coated with 5µg/cm of collagen solution (C3867, Sigma) per well and left overnight to 

allow the collagen to bind. The following day the collagen solution was removed and the plates 

were exposed to UV light for 30min to ensure their sterility, then stored at 4oC. 

 

2.2.5.2. Calcium-phosphate transfection of HEK293 cells 

HEK293 cells were plated at 1x105/well onto collagen-coated plates, 24hr prior to transfection. The 

following day the medium was aspirated and replaced with IMDM 2-3hr prior to transfection. In a 
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sterile tube, up to 0.25-0.3µg DNA, 120µL 2.5M CaCl2 and sterile H2O up to 1mL was mixed. A 

1mL aliquot of 2x HeBS was warmed to room temperature and added to the DNA-CaCl2 mixture 

while pipetting up and down vigorously. A fine, white precipitate should form. After incubation at 

room temperature for 1min, 80µL of precipitate was pipetted dropwise into each well. After 5-6hr, 

the medium was aspired and replaced with pre-warmed complete DMEM. 48hr after transfection 

the cells were fixed in 4% PFA and processed for immunocytochemistry. 

 

2.2.5.3. FuGENE transfection of Neuro2A cells 

Neuro2A cells were plated at 1x105 cells/well onto collagen-coated plates, 24hr prior to 

transfection. The following day, 0.25-0.3µg plasmid DNA was mixed with 50µL OptiMEM 

(Invitrogen) in a sterile tube. 1.5µL of FuGENE® HD (Roche) were mixed with 50µL OptiMEM in 

a separate tube, then the contents of the tubes were mixed and incubated at room temperature for 

15min. The solution was added to a well and mixed by gently swirling a plate. 48hr later, the media 

was aspirated and the cells were fixed by incubation in 400µL 4% PFA for 15-20min. The cells 

were rinsed in 1x PBS then processed for immunocytochemistry. 

 

2.2.6. Immunocytochemistry on HEK293 cells and Neuro2A cells 

24 to 72hr after plasmid transfection or vector transduction, cells were fixed with 10% neutral 

buffered formaldehyde (Sigma) for 15-20min then processed for immunochemistry. Cells were 

washed twice in 1x PBS containing 0.2% (v/v) Triton X100 (PBS-triton) for 5min, incubated in 1% 

H2O2 in 100% methanol for 2min, then washed in PBS-triton for 5min. Primary antibody was 

applied at an appropriate concentration to each well in 200µL of immunobuffer and incubated 

40min at 37oC. The cells were washed twice in PBS-triton then secondary antibody conjugated to 

biotin was applied to each well in 200µL of immunobuffer at a concentration of 1:500 (Sigma) for 

40min at 37oC. After washing twice in PBS-triton, ExtrAvidin peroxidise (Sigma) was applied to 

each well in 200µL of immunobuffer at a concentration of 1:500 for 40min at 37oC. After washing 

twice in PBS-triton, the cells were developed using the chromogen 3, 3’-diaminobenzidine (DAB, 

Sigma). DAB was dissolved in water at a concentration of 1 mg/mL and then diluted 1:1 with 0.2M 

phosphate buffer to give a final solution of 0.5mg/mL DAB in 0.1 M phosphate buffer. H2O2 was 

added to a final concentration of 0.01% and 250µL of solution was applied to cells until the desired 

intensity of staining was obtained. Cells were then washed in 1x PBS and the plates stored at 4oC. 

For immunofluorescence, cells were fixed and immunocytochemistry conducted as above with 

omission of the H2O2 treatment step. Cells were incubated 40min at 37oC in 200μL of primary 
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antibody diluted to an appropriate concentration in immunobuffer. After incubation, cells were 

washed twice in PBS-triton and either anti-rabbit, or anti-mouse IgG-Cy3 (1:250, Jackson 

laboratory) applied for 40min at 37oC. The cells were washed extensively with PBS-triton and 

immunolabeling was examined using an inverted ECLIPSE TE-2000S microscope with an 

epifluorescent attachment (Nikon). 

 

2.3. PACKAGING OF THE RECOMBINANT AAV VECTORS 

2.3.1. Transfection 

Each batch of recombinant AAV vector was packaged from five 15cm2 dishes (Nunc) seeded with 

1.5x107 HEK293 cells. 24hr following plating, the media was removed and replaced with 25mL of 

complete IMDM. 3hr later the cells were transfected with the AAV vector plasmid, pH21 (encoding 

AAV2 rep and AAV1 capsid proteins) and pFΔ6 (encoding adenovirus proteins required for 

packaging) via calcium phosphate mediated transfection. 12.5µg pH21, 12.5µg AAV plasmid and 

25µg pFΔ6 per plate were combined in a tube with 13.65mL of 0.3 M CaCl2 and filtered through a 

0.2µm Acrodisk® syringe filter (Pall) to remove particulate matter and to sterilise. An equal volume 

of 2x HeBS was added to the CaCl2-DNA solution while vortexing vigorously to form a fine white 

precipitate. After a 2min incubation, this solution was added to a 15cm2 dish of HEK293 cells. 

After approximately 15hr after transfection, the media was replaced with 25mL of complete 

DMDM and cells were left to grow for approximately 60hr. 

 

2.3.2. Harvesting 

The cells were washed with 37oC 1x PBS, then resuspended in 25mL 1x PBS per plate and 

centrifuged at 600g for 35min to pellet the cells. The supernatant was discarded and cells were 

resuspended in 5mL 50mM Tris-Cl (pH 8.5)/150 mM NaCl, then the cells were stored at -20oC 

until lysis. 

 

2.3.3. Lysis 

The cells were lysed by the addition of 0.5% (w/v) sodium deoxycholate (Sigma) and 50U/mL 

benzonase (Novagen) and subsequent incubation at 37oC for 60min with vortexing every 15min. 

The lysate was centrifuged at 3000g for 15min at 4oC and the supernatant was transferred to 50mL 

tubes and stored at -20oC until purification. 
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2.3.4. Iodixanol density gradient ultracentrifugation 

Cell lysates were thawed and re-centrifuged at 5000g for 30min at 4oC to remove cell debris. 

Iodixanol gradient was assembled in 35ml tubes (Sorvall® Instruments, Du Pont) in the following 

order: 

7.5-8.0mL cell lysate 

8.5mL 15% iodixanol 

6.0mL 25% iodixanol 

5mL 40% iodixanol 

5mL 54 iodixanol 

Each solution was carefully underlaid so as not to disturb the layer above and tubes were toped up 

with 50mM Tris-Cl (pH 8.5)/150 mM NaCl to within 1-2mm below the bottom of a rubber stopper. 

Tubes with lids and tube adapters on were weight matched so that a difference was within 0.01-

0.02g, then lids were crimped and weight of balancing pairs of tubes double-checked. Tubes were 

placed into a fixed-angle ultracentrifuge rotor (Sorvall T-865, Thermo Electron Corporation) and 

spun in Sorvall WX Ultra 100 ultraspeed centrifuge (Thermo Electron Corporation) at 58,000rpm 

for 90min at 18oC. 

 

2.3.5. Affinity column purification and concentration 

Cell lysates were thawed and re-centrifuged at 5000g for 30min at 4oC to remove cell debris. 

50 ml of cell lysate derived from each five-plate batch of transfected cells was loaded onto a 1 ml 

HiTrap Heparin column (Sigma) that had been pre-equilibrated with 15 ml of 150 mM NaCl, 

20 mM Tris, pH=8.0 buffer. Sample and buffers were loaded onto a column at a rate of 1 lm/min 

using a Harvard infusion pump (Harvard Apparatus). The column was washed with 30 ml of 

100 mM NaCl, 20 mM Tris, pH=8.0 buffer. The vector was manually eluted from the column in an 

ascending series of NaCl/20 mM Tris buffers, pH=8.0: 

200 mM NaCl/20 mM Tris buffers – 1.0 ml 

300 mM NaCl/20 mM Tris buffers – 1.0 ml 

400 mM NaCl/20 mM Tris buffers – 1.5 ml 

450 mM NaCl/20 mM Tris buffers – 3.0 ml 

500 mM NaCl/20 mM Tris buffers – 1.5 ml 
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600 mM NaCl/20 mM Tris buffers – 1.0 ml 

The 400 mM to 600 mM NaCl fractions were combined and concentrated to ≈500 μl using a 5 ml 

capacity 100 kDa MWCO Amicon Ultra centrifugation concentrator (Millipore) at 2800 g. The 

sample was desalted by addition of 4 ml of 1 mM MgCl2/PBS and recentrifugaiton. This step was 

repeated a second time and the sample concentrated to a volume of ≈20 μl. The vector sample was 

transferred to a microcentrifuge tube and the chamber of the concentrator rinsed with an extra 

≈200 μl of PBS to retrieve any remaining vector. The two samples were combined and made up to a 

final volume of ≈500 μl before sterilisation through a 0.2 μm, 13 mm syringe filter (Pall) and stored 

at -80oC. 

 

2.3.6. Retrieval and concentration 

Virus samples were retrieved by inserting a 18gauge needle attached to a 5mL syringe in a tube at 

the 54%/40% iodixanol interface. A 21gauge needle was inserted at the top of the tube to allow 

flow of the sample. Approximately 3.5mL of the 40% iodixanol layer containing vector were 

withdrawn and transferred into a 15mL capacity 100kDa MWC Amicon centrifugal filter 

(Millipore) tube. 10mL of 1x PBS-MK+pluronic acid were added to the samples and concentrator 

tubes were centrifugated at 4000rpm until approximately 200µL remained in the concentrator (up to 

30-40min). The vector samples were then washed with 15mL of 1x PBS-MK+pluronic acid 2-3 

times, until iodixanol is removed. The concentrated virus was then filtered through a 0.2µm syringe 

filter (Pall) and stored at -80oC. 

 

2.3.7. Coomassie blue sodium dodecyl sulphate (SDS)-polyacrylamide gel 

staining 

10µL of AAV was denatured in Laemmli sample buffer with heating at 95oC for 5 min. Samples 

were resolved by 12% SDS-PAGE (by 8% SDS-PAGE in Section 6.3.2). After electrophoresis the 

gel was removed and fixed in 10% (v/v) glacial acetic acid in 40% (v/v) methanol for 5min. The gel 

was briefly rinsed with water and stained with Coomassie blue stain for 1-2hr. The gel was then 

destained in 7% (v/v) glacial acetic acid in 5% (v/v) methanol. 
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2.3.8. Genomic titering 

2.3.8.1. Vector genomic DNA preparation 

Duplicate genomic DNA samples were prepared for each vector. 100µL reactions consisting of 2µL 

of vector and 2U of DNAase (NEB) in 1x DNAse reaction buffer were incubated at 25oC for 15min 

to remove contaminating DNA. The DNAse was heat inactivated by the addition of 1µL of 25mM 

EDTA and heating at 70oC for 10min. The encapsidated AAV vector genome was released by 

digestion with proteinase K following the addition of 14-22µg of PCR-grade proteinase K diluted in 

99µL of 1x DNAse reaction buffer (Roche). Samples were incubated at 65oC for 1hr and then the 

proteinase K was inactivated by incubation at 95oC for 20min. Samples were diluted 1:50 in PCR-

grade type-I H2O and used immediately for quantitative real-time PCR. 

 

2.3.8.2. Quantitative real-time PCR 

Quantitative real-time PCR (qPCR) was conducted in 384-well plate format using the 7900HT 

Real-Time PCR system (Applied Biosystems). Primers were designed to amplify a specific 120bp 

region of WPRE. The sequences of the forward and reverse primers were 5’-

GGCTGTTGGGCACTGACAAT-3’ and 5’-CCGAAGGGACGTAGCAGAA-3’ respectively. A 

control WPRE containing plasmid was diluted to 1x104, 1x105, 1x106, and 1x107 plasmid copies/µL 

for generation of the standard curve. 

 

Triplicate 12.5µL PCR reactions consisting of: 

2.5µL sample or standard template 

0.2µM forward primer 

0.2µM reverse primer 

1x Power SYBR Green reaction mix (Applied Biosystems) 

Were prepared in 384-well clear optical reaction plates (Applied Biosystems) 

 

Amplification was conducted using the following PCR cycling conditions: 

Step 1 (1 cycle): 50oC for 2min, 95oC for 2 min 

Step 2 (40 cycles): 95oC for 15sec, 60oC for 1min 

Step3 (1 cycle): 95oC for 15sec, 60oC for 15sec 
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Results were analysed using the SDS2.0 software (version 2.3, Applied Biosystems). The baseline 

and threshold values were set, and the log input amount was calculated from the standard curve 

using the equation: log input amount = (CT value – b)/m, where b = y-intercept of standard curve 

line and m = slope of standard curve line. The log input amount was then multiplied by 5000 

(dilution factor), by 400 (conversion factor for copies/mL), and then by 2 (conversion from single 

stranded to double stranded genome) to generate the genomic titer in vector genomes/mL (vg/ml) 

 

2.4. IMMUNOBLOTTING 

2.4.1. Sample preparation 

Cells grown in a 24-well plate were harvested in 200µL/well of lysis buffer. Following the addition 

of β-mercaptoethanol to a final concentration of 5%, samples were sonicated for up to 1min at 50% 

pulse on setting 4 using a Misonix XL2020 sonicator (Misonix, Inc.), and heated at 95oC for 5min. 

Samples were resolved by 12% (8% for the PGC1-α samples) sodium dodecyl sulphate-

polyacrylamide gel electrophoresis (SDS-PAGE). 

 

2.4.2. Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) 

The BioRad mini protein 3 system (BioRad) was used for polyacrylamide gel casting and 

electrophoresis. Glass plates were washed with 70% ethanol, a running gel was prepared and 

poured, then approximately 500µL of a 50% isopropanol/water mix was pipette on top of the gel to 

flatten the acrylamide mix. After the gel was set, the isopropanol was poured off and the gel washed 

with copious amounts of water to remove any excess isopropanol. A stacking gel mix was poured 

on top of the running gel, filling up to the top of the plate, then the comb was inserted into the 

stacking gel about 3mm above the top of the running gel. After the gel was set, the comb was pulled 

out and the wells washed with copious quantities of water. The gel was assembled in the running 

chamber with the small plate to the centre and covered with tank buffer. 20µL of each sample was 

loaded per well alongside a Broad Range molecular weight standard (BioRad) and the gel was run 

for approximately 60min at 180V until the dye front was at the bottom of the gel. 

 

2.4.3. Western blotting 

The gel was removed from a plate and placed in a tray of pre-chilled transfer buffer along with extra 

thick blot paper and Amersham Hybond™ ECL™ nitrocellulose membrane (GE Healthcare). A 
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“gel sandwich” was assembled by placing the gel and membrane (with gel on top of the membrane) 

between two pieces of extra thick blot paper. The samples were transferred using the Trans-Blot SD 

semi-dry transfer apparatus for 30min at 15V. The sandwich was dissembled and the membrane 

transferred into Ponceu stain (Sigma) to check that the protein had transferred. After washing in 

H2O, the membrane was blocked by incubating in 5% non-fat milk powder in TBST on a shaking 

platform for 2hr at room temperature. The membrane then was washed twice in PBST (5min per 

washing) and primary antibody diluted in 1% milk powder/TBST was applied. Following an 

overnight incubation in primary antibody at 4oC on a shaking platform, the membrane was washed 

2 times with TBST (5min per washing) prior to the addition of appropriate species-specific HRP 

conjugated secondary antibody (Santa Cruz or Jackson laboratory) at 1:5000 1% milk 

powder/TBST. After 1hr of incubation with secondary antibody and 2 washings in TBST (5min per 

washing), the proteins were detected using the Amersham ECL™ Plus detection kit (GE 

Healthcare) according to the manufacturer’s instructions. The blotting was visualised and 

photographed using LSA-3000 system (Fujifilm). 

 

2.5. IN VIVO STUDIES 

2.5.1. Animal care 

2-3 months old transgenic YAC128 mice or adult Sprague Dawley rats (250-350 g) were obtained 

from the Vernon Jansen Unit, The University of Auckland. Experiments were carried out in 

accordance with the guidelines for animal care and with Approval of the University of Auckland 

Animal Ethics Committee. Animals were housed in a humidity- and temperature-controlled housing 

facility on a 12hr light/dark cycle with rodent diet (Harlan Teklad 2018 diet, Harlan) and water 

accessible ad libitum. 

2.5.2. Stereotaxic surgery 

Animals were anaesthetised with sodium pentobarbitone (Pentobarb 300, Provet NZ Pty Ltd) 

intraperitoneally (i.p.), at the 12 mg/kg dose for mice and 75 mg/kg dose for rats, and positioned 

into a Kopf stereotaxic frame (David Kopf Instruments). Appropriate anaesthesia was monitored 

during surgery by pinching the rear foot pad for a pain withdrawal reflex. An additional dose of up 

to 1/3 of the original amount of Pentobarb was administered i.p. when required. The fur around the 

site of incision was clipped and 50µL of Marcaine (Astra Zeneca) was injected subcutaneously. The 

scalp was swabbed with iodine-based antiseptic, a rostral-caudal incision was made into the scalp 

and skin was held away from the scalp with clips. A burr hole was drilled unilaterally into the skull 

using the following coordinates for mouse striatum: anterior-posterior (AP) +0.8 mm, medial-lateral 
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(ML) +1.8 mm, dorsal-ventral (DV) -3.0 mm from the skull surface with bregma set as zero, and 

the following coordinates for rat striatum: AP +0.4 mm, ML +3 mm, DV -5.5 mm from the skull 

surface with bregma set as zero. A 10µL Hamilton needle was lowered to an appropriate coordinate 

from the skull surface and AAV vectors were injected at a rate of 70nL/min using an infusion pump 

controlled by a microprocessor (World Precision Instruments, Inc). A total of 1 µL of vector was 

infused into mouse striatum and a total of 3 µL of vector was infused into rat striatum. The needle 

was left in place for 5min after completion of vector injection to prevent reflux of the vector along 

the needle track then slowly removed over a 5 min period. The incision was sewn up with a silk 

suture (Johnson and Johnson) and swabbed with lignocaine gel. Animals were then removed from 

the frame and placed into an empty cage on a heating pad for monitoring until they were fully 

awake after which time they were placed back into their home cages. 

General animal health was monitored by recording body weight 3 consecutive days post-treatment 

and then every week throughout the course of the experiment. 

 

2.5.3. Euthanasia of animals 

Animals were euthanized by overdose of Pentobarb, i.p., then transcardially perfused with 0.9% 

(w/v) saline followed by 10% (v/v) neutral buffered formalin (Sigma). An incision was made into 

the abdomen, then two upward incisions were made on either side of the sternum to expose the 

heart. The flap of skin containing the sternum was held away from the heart with a clamp. A needle 

was inserted into the right ventricle of the heart, a syringe containing 0.9% saline was attached to 

the needle and saline slowly infused, followed by 10% formalin. A total of 40 mL of 0.9% saline 

followed by 40 mL of 10% formalin was used for mice and a total of 120 mL of 0.9% saline 

followed by 120 mL of 10% formalin was used for rats. Following perfusion, the head was 

amputated and the brain removed and placed in 10% formalin overnight at 4oC. 

 

2.5.4. Cryoprotection 

Following post-fixing overnight in 10% formalin, the brain was transferred to a solution of 10% 

sucrose/1x PBS and stored overnight at 4oC. The brain was then transferred to a solution of 20% 

sucrose/1x PBS and stored at 4oC until it sunk to the bottom of the container. Finally the brain was 

transferred to a solution of 30% sucrose/1x PBS and again stored at 4oC until it sunk to the bottom 

of the container. 
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2.5.5. Cryosectioning 

Following cryoprotection, the brain was cryosectioned at -18oC into 40µm coronal free-floating 

sections throughout the rostral-caudal extent of striatum using a cryostat (Leica Microsystems). 

Each section was stored in 400µL of 1x PBS in a well of a 48 plate at 4oC. For long-term storage, 

0.4mg/mL thiomersal (BDH) was added to the 1x PBS to prevent fungal growth. 

 

2.5.6. Immunohistochemistry 

All wash and incubation steps the sections were gently agitated on an orbital shaker (Hoefer Inc.). 

Each 40µm section was placed into a well of a 48 well plate individually and washed 2 x 10min 

with 1x PBS-triton prior to incubation in 1% H2O2(v/v) in 50% (v/v) methanol for 30min. 

Following 2 x 10min washes in 1x PBS + triton, 100µL of primary antibody diluted in 

immunobuffer was added per section, and the sections were incubated overnight at room. The next 

day, following 2 x 10min washes in 1x PBS-triton, 100µL of an appropriate biotin-conjugated 

secondary antibody diluted 1:250 (Sigma) in immunobuffer was added per section, and the sections 

were incubated for 3hr at room temperature. The sections were washed for 2 x 10min in 1x PBS-

triton, then 100µL of ExtrAvidin Peroxidise (Sigma) diluted 1:250 in immunobuffer was added per 

section and the sections were incubated for 2hr at room temperature. Following 2 x 10min washes 

in 1x PBS-triton, the sections were developed using the brown insoluble chromogen 3, 3’-

diaminobenzidine (DAB, Sigma). DAB was dissolved in water at a concentration of 1 mg/mL and 

then diluted 1:1 with 0.2M phosphate buffer to give a final solution of 0.5 mg/mL DAB in 0.1 M 

phosphate buffer. H2O2 was added to a final concentration of 0.03% and 250µL of solution was 

applied per section until the desired intensity of staining was obtained. The sections were washed in 

with 1x PBS-triton then mounted onto slides. 

 

2.5.7. Mounting of sections 

Following antigen detection with DAB, sections were mounted onto poly-L-lysine coated slides 

(Esco) and left to dry overnight. Sections were washed in water for 30sec to get rid of any possible 

salt deposits and dehydrated in the ascending series of ethanol: 70%, 90% and 100% - 15-12min in 

each, then finally immersed in xylene (BDH) for 30min. The slide was removed from xylene and 

coverslipped using Entellan® new mounting medium (Merck). Images were collected using a 

CX9000 digital camera (MicroBrightfield) connected to an Olympus AX70 microscope (Olympus) 

using PictureFrame 2.3 imaging software (Optronics).  
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CHAPTER 3: ARF5/AUXRE REGULATORY CASSETTES 

3.1. INTRODUCTION 

As reviewed in Section 1.2, one of the important characteristics a regulatory gene expression system 

should possess in order to be clinically effective is the absence of pleiotropic effects on the 

endogenous molecular machinery of human cells. One approach is to employ a gene expression 

system that is of non-mammalian origin, and is capable of powerful regulation of transcription. 

Auxin response factors (ARFs) are plant transcription factors that specifically bind TGTCTC auxin 

response elements (AuxREs) in promoters of early auxin response genes (reviewed in (227)). ARFs 

contain a conserved N-terminal DNA-binding domain (DBD), which alone was demonstrated to be 

sufficient to target AuxRE (228). In a study by Tiwari et al. (228), a chimeric transcription factor, 

consisting of the ARF5 DBD fused to the herpes virus minimal transcriptional activation domain 

VP16, was shown to activate transcription of a reporter gene from the AuxRE, containing four 

repeats of the palindromic sequence 5’-AAGGGAGACAACTTGTCTCCCA-3’. Moreover, this 

chimeric transcription factor produced a 2-fold increase in the reporter gene expression  compared 

to the full-length ARF5. 

These results suggest that the ARF5/AuxRE system perfectly matched the criterion described 

above. The overall aim of this chapter was to employ the ARF5/AuxRE system to develop a 

regulatory bicistronic expression cassette capable of driving transcription of a reporter gene in 

response to cell stress. In this system, the first cistron of the regulatory cassette encoded a chimeric 

transcription factor containing the DBD of the ARF5 and the VP16 activation domain, referred to as 

‘ARF5’ hereafter (generously provided by Tom Guilfoyle, Department of Biochemistry, University 

of Missouri, Columbia, MO, USA). In our first generation ARF5/AuxRE regulatory cassettes the 

chimeric transcription factor was fused with a FLAG tag to allow its intracellular detection. The 

FLAG-ARF5 was coupled to a dominant nuclear export signal (NES) via a linker containing a 

cleavage site for caspase-3 or calpain, which are activated in response to cell stress (204, 224, 229). 

In the apoptosis cascade, calpain is positioned upstream of caspase-3, but it also may mediate 

caspase-3-independant apoptosis (211-213). Therefore, the construct containing calpain cleavage 

site was included in case apoptosis could occur via the caspase-3-independent pathway. The second 

cistron consisted of a green fluorescent protein (GFP) reporter gene positioned downstream from a 

cytomegalovirus (CMV) minimal promoter fused to the ARF5 response element (AuxRE). It was 

hypothesised that under basal conditions, the dominant NES should restrict the ARF5 distribution to 

the cytosol and the reporter gene expression should be quiescent. However, when the cell is 

exposed to the stress stimulus that is associated with activation of caspase-3 or calpain, the NES is 
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cleaved from the ARF5, allowing it the ARF5 to translocate into the nucleus. In the nucleus, the 

ARF5 binds to the AuxRE within the second cistron of the regulatory cassette and drives the 

transcription of the GFP transgene. 

 

3.2. MATERIALS AND METHODS 

3.2.1. Synthetic oligonucleotides 

All oligonucleotides used in this thesis were custom synthetic oligonucleotides obtained from 

Invitrogen. 

To generate the ARF5/AuxRE regulatory cassettes containing the calpain cleavage site and the 

control construct containing a scrambled sequence in place of the protease cleavage site, synthetic 

DNA oligonucleotides encoding either the calpain cleavage site (Calp) or a scrambled sequence 

(Mut) were used: 

 

Calp_F, sense: 

5’-CGCGT ACACC TTTAAA ATCACCACCACCATCACCA TCG-3’ 
 MluI DraI NruI 
 

Calp_R, antisense: 

5’-CGA TGGTGATGGTGGTGGTGAT TTTAAA GGTGT A-3’ 
 NruI DraI MluI 
 

 

Mut_F, sense: 

5’-CGCGT GAGGAGGCGTACGGCCTCGA AGTACT CTCA TCG-3’ 
 MluI ScaI NruI 
 

Mut_R, antisense: 

5’-CGA TGAG AGTACT TCGAGGCCGTACGCCTCCTC A-3’ 
 NruI ScaI MluI 
 

The complimentary oligonucleotides were annealed resulting in a double-stranded DNA which 

contained restriction sites suitable for further cloning, as well as indicative restriction sites to 

facilitate the screening of the clones. 
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3.2.2. Antibodies used for immunocytochemistry and Western blot analysis 

Table 3.1 Antibodies used for immunocytochemistry and Western blot analysis 

Antibody Species raised in Source Concentration Application 
FLAG Mouse Sigma F3165 1:2000 Immunocytochemistry 
GAPDH Mouse Abcam ab8245 1:50,000 Western blot 
GFP Rabbit Abcam ab290 1:100,000 Western blot 
HA Rabbit Abcam ab3110 1:2000 Immunocytochemistry 
VP-16 Rabbit Abcam ab4808 1:3000 Immunocytochemistry 
 

3.3. RESULTS 

3.3.1. In vitro analysis of the functionality of the ARF5/AuxRE regulatory 

cassettes 

A set of three regulatory expression cassettes based on the ARF5/AuxRE system was previously 

generated by Dr. A. Mouravlev, Department of Pharmacology, University of Auckland. 

pAAV/CAG-NES-Casp-FLAG-ARF5-VP16-BGH-SpA-WPRE2-GFP-AuxRE (pFLAG-

ARF5/AuxRE-Casp) and pAAV/CAG-NES-Calp-FLAG-ARF5-VP16-BGH-SpA-WPRE2-GFP-

AuxRE (pFLAG-ARF5/AuxRE-Calp) were designed to be responsive to caspase-3 and calpain 

activation, respectively, and contained the corresponding protease cleavage sites. pAAV/CAG-

NES-Mut-FLAG-ARF5-VP16-BGH-SpA-WPRE2-GFP-AuxRE (pFLAG-ARF5/AuxRE-Mut) was 

designed as a negative control and contained the scrambled sequence in place of the protease 

cleavage site (Figure 3.1). 

 

Figure 3.1 ARF5/AuxRE regulatory bicistronic expression cassettes (I generation) 

Cistron 1: CAG, hybrid cytomegalovirus enhancer/chicken β-actin promoter; NES, dominant nuclear export 
signal of the MAPKK; FLAG, FLAG octapeptide protein tag; ARF5, DNA binding domain of the Auxin 
response factor 5 VP16, minimal VP16 activation domain. 
Cistron 2: GFP, green fluorescence protein of Aequorea victoria; AuxRE, Auxin response element. 
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3.3.1.1. Transgene expression 

To see if the ARF5/AuxRE system was functional in mammalian cells and GFP reporter could be 

specifically activated in response to stress stimulus, the regulatory cassettes were analysed in the 

chemically induced model of cell stress. HEK293 and Neuro2A cells were transiently transfected 

with pFLAG-ARF5/AuxRE-Casp, or pFLAG-ARF5/AuxRE-Calp, or pFLAG-ARF5/AuxRE-Mut. 

Twenty-four hours post-transfection cells were challenged with the cell stressors okadaic acid (OA) 

or staurosporine (STS) to induce caspase-3 and/or calpain activation and analysed 24 hrs post-

treatment. Neuro2A cells were mostly used in the STS model of apoptosis due to the concomitant 

morphological changes STS induces in this cell line, thus providing visual evidence of its effect. 

Expression of the GFP reporter was visualized by fluorescent microscopy and analysed by Western 

blot. The intracellular localization of the ARF5 was detected using immunocytochemistry. 

A low-level GFP expression was observed in many cells transfected with the regulatory cassettes 

under the basal conditions, indicating that there might be low caspase-3 and calpain activity in those 

cells. However, following the application of either OA or STS, an increase in GFP fluorescence was 

observed in cells transfected with pFLAG-ARF5/AuxRE-Casp or pFLAG-ARF5/AuxRE-Calp, but 

not in cells transfected with pFLAG-ARF5/AuxRE-Mut (Figure 3.2). This suggested that the 

reporter gene expression was activated specifically in response to cell stress. Since the results 

obtained in the two cell lines used were identical, representative images of one of them (here, 

HEK293) will be shown in this work. 

To confirm the results obtained by fluorescent microscopy and to examine if there was a correlation 

between the level of GFP expression and the concentration of the cell stressors, Western blot 

analysis was performed to quantify GFP expression levels. HEK293 cells were transiently 

transfected with the ARF5/AuxRE regulatory cassettes and were exposed to increasing 

concentrations of OA or STS. A vehicle (sterile x1 PBS) instead of the toxin was added to control 

cells. Twenty-four hours post-treatment, total cell lysates were prepared and separated by SDS-

PAGE. The amount of the GFP protein was normalized against a reference gene (GAPDH). The 

level of GFP expression upon exposure to the cell stressors was normalized against the basal level 

of GFP expression. 

Immunoblotting with anti-GFP and anti-GAPDH antibodies detected two single bands, ≈27 kDa 

and ≈40 kDa, corresponding to the GFP and GAPDH proteins, respectively. In the samples 

prepared from the cells transfected with pFLAG-ARF5/AuxRE-Casp or pFLAG-ARF5/AuxRE-

Calp, a clear increase in GFP expression in the OA-treated versus control cells was observed, 

confirming our initial in vitro results. Importantly, this increase correlated with the OA 

concentration, suggesting that the transgene activation from the regulatory cassettes was 
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concentration-dependent (Figure 3.3, A). Only negligible increase of GFP expression in response to 

addition of OA was detected in cells transfected with pFLAG-ARF5/AuxRE-Mut (Figure 3.3, A). 

An increase in GFP expression was also observed in the STS-treated cells transfected with pFLAG-

ARF5/AuxRE-Casp or pFLAG-ARF5/AuxRE-Calp. Interestingly, the profiles of the GFP transgene 

activation in the STS-treated cells were different from the profiles of GFP activation in the OA-

treated cells. Unlike the OA samples, in which level of transgene expression was increasing with 

increasing concentration of OA, the level of transgene expression in the STS samples peaked and 

decreased with increasing concentration of STS (Figure 3.3, B). Moreover, transgene expression in 

the cells transfected with pFLAG-ARF5/AuxRE-Mut was decreasing with increasing concentration 

of STS (Figure 3.3, B). This result suggested that a higher concentration of STS was probably too 

toxic and lower levels of transgene expression could be resultant from the rapid down-regulation of 

protein synthesis in cells following the induction of apoptosis (reviewed in (230)). 

To corroborate that the transgene activation from the regulatory cassettes was specific to the 

activation of the respective proteases, the reporter gene expression was examined in a different cell 

model of apoptosis. The regulatory cassettes were co-transfected with a plasmid expressing an α-

synuclein mutant A53T, pAAV/CAG-A53TSyn-WPRE-BGHpA (pA53TSyn). α-synuclein is a 

presynaptic protein naturally abundant in various regions of the brain. The A53T mutation occurs in 

autosomal dominant familial form of Parkinson’s disease (PD) and characterized by the accelerated 

aggregation, contributing to formation of Lewy bodies – the fibrous cytoplasmic inclusions 

characteristic of PD pathology, – and to the death of dopamine neurones in the substantia nigra pars 

compacta region in the brain (231, 232). The A53T α-synuclein-induced cell death has been shown 

to be associated with caspase-3 and calpain activation (233, 234). The total amount of plasmid 

DNA used for transfection in control cells was equalized by adding the appropriate amount of an 

‘empty’ plasmid, pAAV/CAG-WPRE-BGHpA, containing the same regulatory elements but no 

transgene. Similarly, the cell lysate samples were immunoblotted with anti-GFP and anti-GAPDH 

antibodies to detect the reporter and the reference genes, respectively. 

In line with the results from the OA and STS experiments, an increase in the GFP expression was 

observed in cells co-transfected with pA53TSyn and pFLAG-ARF5/AuxRE-Casp or pFLAG-

ARF5/AuxRE-Calp, compared to the control cells (Figure 3.3, C). A negligible GFP expression was 

seen in cell expressing pFLAG-ARF5/AuxRE-Mut – both controls and overexpressing α-synuclein 

(Figure 3.3, C). These data verified the functionality of the ARF5 regulatory expression cassettes 

and specificity of the transgene activation in response to caspase-3 or calpain activation in three 

different cell models of apoptosis. 
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3.3.1.2. ARF5 distribution 

The GFP transgene expression within the regulatory cassettes was driven by the chimeric ARF5 

transcription factor, bearing the FLAG tag on its N-terminus and C-terminally fused with the VP-16 

activation domain. Under basal conditions the ARF5 was linked to the dominant nuclear export 

signal (NES) which was expected to restrict the chimeric protein to the cytosol. When the NES was 

cleaved off upon activation of the proteases, the ARF5 should have translocated to the cell nucleus. 

To examine ARF5 distribution under basal conditions and in response to stress stimuli, cells were 

transiently transfected with the regulatory cassettes and challenged with OA or STS. The 

intracellular distribution of the ARF5 was analysed by immunocytochemistry using the antibodies 

against the FLAG-tag or the VP16 activation domain, as an anti-ARF5 antibody is not 

commercially available. 

Based on our hypothesis, robust immunostaining localized in the cytosol of the transfected cells was 

expected as expression of the ARF5 was under control of the strong CAG promoter. Surprisingly, 

no FLAG-positive cells were detected in any of the treatment groups. Although, robust 

immunostaining using the same anti-FLAG antibody was detected in cells expressing another 

FLAG-tagged transgenic protein, SIRT1, indicating that the antibody was functional (data not 

shown). Next, the VP16 immunoreactivity was examined. VP-16-positive cells were detected; 

however the immunostaining did not show clear cytoplasmic localisation of the ARF5 transgene 

under basal conditions. Furthermore, we could not detect any translocation o the ARF5 transgene to 

the nucleus upon addition of OA or STS (Figures 3.4 and 3.5) These results indicated that some 

“leakiness” of the transcription factor from the cytosol into the nucleus had place under the basal 

conditions. This could account for the relatively high level of the basal GFP expression in 

transfected cells observed when GFP expression was examined by fluorescent microscopy. 
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3.3.2. Modification of the ARF5/AuxRE regulatory cassettes 

The “leakiness” of the ARF5 could arise from the impaired function of the NES. The experiments 

earlier conducted in our laboratory suggested that translation of the transgenic protein N-terminally 

fused to the NES can be non-specifically initiated downstream of the ATG start codon of the NES. 

If this was the case with our regulatory cassettes as well, some of the constitutively produced ARF5 

would then lack for the functional NES, causing the transcription factor to translocate to the nucleus 

and resulting in non-specific activation of the GFP expression. 

To address this possibility and with the aim to reduce basal transgene expression, the regulatory 

cassettes were redesigned as follows. Firstly, to avoid the non-specific initiation of transcription 

downstream of the NES start codon resulting in the synthesis of a truncated non-functional NE 

affecting its functionality, the NES with the adjacent protease cleavage site were placed on the C-

terminus of the ARF5. Also, due to the issues with detecting the FLAG-tag, it was replaced with the 

haemagglutinin(HA)-tag. The resultant constructs are shown in Figure 3.6. 

Figure 3.6 ARF5/AuxRE regulatory bicistronic expression cassettes (II generation) 

Cistron 1: CAG, hybrid cytomegalovirus enhancer/chicken β-actin promoter; HA, influenza virus 
haemagglutinin antigenic epitope; ARF5, DNA binding domain of the Auxin response factor 5; VP16, 
minimal VP16 activation domain; NES, dominant nuclear export signal of the MAPKK. 
Cistron 2: GFP, green fluorescence protein of Aequorea victoria; AuxRE, Auxin response element. 

The pAAV/CAG-HA-ARF5-VP16-Casp-NES-BGH-SpA-WPRE2-GFP-AuxRE (pHA-

ARF5/AuxRE-Casp) was generated and kindly provided by Dr. A. Mouravlev, Department of 

Pharmacology, University of Auckland. To generate the construct containing the calpain cleavage 

site and the control construct containing a scrambled sequence in place of the protease cleavage site, 

synthetic DNA oligonucleotides encoding either the calpain cleavage site (Calp) or a scrambled 

sequence (Mut) were designed. The DraI and ScaI restriction sites were incorporated into the Calp 

and Mut sequences, respectively, so as to facilitate the screening of the clones. Also, the 

oligonucleotides were flanked with MluI and NruI restriction sites to allow their cloning into the 

pHA-ARF5/AuxRE-Casp. 
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The double-stranded Calp or Mut oligonucleotides were inserted into the pHA-ARF5/AuxRE-Casp 

cut with MluI and NruI, thus replacing the sequence encoding the caspase-3 cleavage site and 

resulting in pAAV/CAG-HA-ARF5-VP16-Calp-NES-BGH-SpA-WPRE2-GFP-AuxRE (pHA-

ARF5/AuxRE-Calp) and pAAV/CAG-HA-ARF5-VP16-Mut-NES-BGH-SpA-WPRE2-GFP-

AuxRE (pHA-ARF5/AuxRE-Mut), respectively. Digestion with the indicative DraI and ScaI 

restriction enzymes was used for selection of pHA-ARF5/AuxRE-Calp and pHA-ARF5/AuxRE-

Mut constructs, respectively. 

Following transformation of E. Coli, large-scale plasmid preparations of pHA-ARF5/AuxRE-Casp, 

pHA-ARF5/AuxRE-Calp, and pHA-ARF5/AuxRE-Mut were prepared. Plasmid samples were 

analysed by restriction enzyme (RE) digestion and the region between the CAG promoter and BGH 

polyadenylation signal was sequenced to verify amplification of constructs with the specified 

protease cleavage site. Enzymes that cleaved within the important elements of the AAV expression 

cassette, or that excised specific fragments containing the transgene from the regulatory cassettes, 

were utilised (Table 3.2 and Figure 3.7). 

Table 3.2 Analytical restriction enzyme digests 

Plasmid Enzymes Fragment sizes (bp) Figure reference 

pHA-ARF5/AuxRE-
Casp 

SmaI 3193, 2543, 2058, 11, 11 Figure 3.7, D(A), sample 1 
EcoRV 6471, 1345 Figure 3.7, D(A), sample 2 
Acc65i + NruI 5242, 2574 Figure 3.7, D(A), sample 3 

pHA-ARF5/AuxRE-
Calp 

SmaI 3193, 2543, 2046, 11, 11 Figure 3.7, D(B), sample 4 
EcoRV 6471, 1333 Figure 3.7, D(B), sample 5 
Acc65i + NruI 5242, 2562 Figure 3.7, D(B), sample 6 
DraI 3864, 3229, 692, 19 Figure 3.7, D(B), sample 7 

pHA-ARF5/AuxRE-
Mut 

SmaI 3193, 2543, 2046, 11, 11 Figure 3.7, D(C), sample 8 
EcoRV 6471, 1333 Figure 3.7, D(C), sample 9 
Acc65i + NruI 5242, 2562 Figure 3.7, D(C), sample 10 
ScaI 3976, 3828 Figure 3.7, D(C), sample 11 
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Figure 3.7 II generation ARF5/AuxRE regulatory cassettes 

Plasmid maps of pHA-AFR5/AuxRE-Casp (A), pHA-AFR5/AuxRE-Calp (B), and pHA-

AFR5/AuxRE-Mut (C) depict the location of elements within the AAV expression cassette relative 

to the restriction enzyme (RE) cleavage sites. Unique restriction sites are shown in red. (D) RE 

digested plasmid DNA fragments resolved by agarose gel electrophoresis (refer to Table 3.2). 

1Kb+, 1 Kb plus DNA ladder; AmpR, Ampicillin resistance gene; ARF5, cDNA encoding the 

DNA-binding domain of the ARF5; AuxRE-MP, ARF5 response element fused to the 

cytomegalovirus minimal promoter; BGH, bovine growth hormone polyadenylation signal; CAG, 

cytomegalovirus enhancer/chicken β-actin promoter; Calp, sequence encoding calpain cleavage 

site; Casp, sequence encoding caspase-3 cleavage site; eGFP, cDNA encoding the GFP; HA, HA 

tag; ITR, inverted terminal repeat; Mut, scrambled sequence; NES, nuclear export signal; pUC19 

Ori, pUC19 origin of replication for propagation in E.coli bacteria; SpA, synthetic polyadenylation 

signal; SV40 ori, Simian virus-40 origin of replication for propagation in mammalian cells; VP-16, 

herpes virus minimal transcriptional activation domain; WPRE2, shortened woodchuck hepatitis 

virus post-transcriptional regulatory element. 
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3.3.3. In vitro analysis of the modified ARF5/AuxRE regulatory cassettes 

The responsiveness of the optimized regulatory cassettes pHA-ARF5/AuxRE-Casp, pHA-

ARF5/AuxRE-Calp, and pHA-ARF5/AuxRE-Mut, collectively referred to as ‘II generation 

regulatory cassettes’ hereafter, to cell stress was examined in HEK293 or Neuro2A cell lines. Cells 

were transiently transfected with the plasmids encoding regulatory cassettes and exposed to okadaic 

acid (OA) or staurosporine (STS) to induce caspase-3 and/or calpain activation. Expression of the 

GFP transgene was visualized by fluorescent microscopy. The intracellular localization of the 

ARF5 was detected using immunocytochemistry. 

Following exposure to the cell stressors, the increase in GFP expression was observed in cells 

transfected with pHA-ARF5/AuxRE-Casp or with pHA-ARF5/AuxRE-Calp, but not in cells 

transfected with pHA-ARF5/AuxRE-Mut (Figure 3.8). This result replicated the data obtained with 

the I generation AFR5/AuxRE regulatory cassettes and demonstrated specific activation of the GFP 

transgene expression in response to treatment with OA or STS. 

To examine if modification of the ARF5/AuxRE regulatory cassettes mitigated the basal transgene 

expression, the II generation regulatory cassettes pHA-ARF5/AuxRE-Casp and pHA-

ARF5/AuxRE-Calp were analysed alongside the original regulatory cassettes pFLAG-

ARF5/AuxRE-Casp and pFLAG-ARF5/AuxRE-Calp (I generation). The basal level of the GFP 

expression in cells transfected with the II generation regulatory cassettes was dramatically reduced 

compared to that produced by the I generation regulatory cassettes (Figure 3.9). This was in line 

with our hypothesis that transcription can be non-specifically activated downstream from the ATG 

start codon of the NES and provided evidence that shifting the NES from the N-terminus to the C-

terminus of the transgenic protein can help overcome this problem. 

The intracellular distribution of the ARF5 was examined with anti-VP16 or anti-HA antibodies. 

Using the antibody against the VP16 activation domain (located on the C-terminus of the ARF5) 

resulted in robust immunostaining of the transfected cells, while the antibody against the N-terminal 

HA-tag detected noticeably less immunostained cells (Figure 3.10). Although, different number of 

the HA-positive and VP-16-positive cells could be explained by different sensitivity of these 

antibodies. Similar to the immunocytochemical results for the I generation regulatory cassettes, no 

obvious redistribution of the ARF5 to the nucleus was observed upon addition of the OA or STS 

(Figures 3.10 and 3.11). However, in contrast to the I generation regulatory cassettes, the II 

generation regulatory cassettes demonstrated almost exclusively cytoplasmic intracellular 

localization of the ARF5 under the basal conditions, highlighting the importance of an appropriate 

position of the NES within the transgenic protein for its functionality. 
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3.4. DISCUSSION 

A novel bicistronic autoregulatory gene expression cassettes employing ARF5/AuxRE regulatory 

system had been previously designed in our laboratory. The aim of this chapter was to characterize 

and optimize these regulatory cassettes in order to increase both the efficiency and specificity of a 

transgene expression in response to the cell stress caused by different inducers of apoptosis. 

Regulation of transgene expression within these cassettes relies upon activation of caspase-3 or 

calpain. Caspase-3 was chosen because mammalian cells have at least two distinct, intrinsic and 

extrinsic, apoptosis signalling pathways that require different initiating caspases, but they converge 

at the level of the effector caspase-3 activation. Activation of calpain, a calcium-sensitive cysteine 

protease, is also known to contribute to cell death signalling in neurons and marks the pathology of 

naturally and experimentally occurring neurodegenerative conditions (235). 

Cistron 1 of the regulatory cassettes described in this chapter encoded a plant transcription factor, 

the ARF5. Expression of the ARF5 was driven from the strong constitutive hybrid cytomegalovirus 

enhancer/chicken β-actin (CAG) promoter. This promoter produces high, stable levels of transgene 

expression in cells (236) and is widely used for driving AAV-mediated transgene expression in 

neurons. The CAG promoter is not susceptible to transcriptional inactivation, unlike another widely 

utilized promoter – the cytomegalovirus (CMV) promoter, – and therefore the CAG provides 

sustained long-term transgene expression (116, 237-239). Also, compared to the CMV, the CAG 

provides up to 6-fold higher levels of expression in vitro. In vivo promoter comparisons following 

AAV-mediated overexpression of GFP in the hippocampus have shown an ≈3-fold higher 

expression with the CAG promoter than with the neuron-specific enolase (NSE) promoter. 

Additional advantages of the CAG promoter include its smaller size (≈1.1 Kb versus the ≈1.8 Kb 

NSE promoter), which allows a larger transgene to be inserted into the size-restricted AAV 

expression cassette (237, 240). On the 3’-end of the ARF5, the 300 bp bovine growth hormone 

polyadenylation signal (BGHpA) was added in order to facilitate production of a mature mRNA for 

translation and to enhance expression (241). 

Cistron 2 of the regulatory cassette contained the GFP reporter gene positioned downstream of a 

cytomegalovirus (CMV) minimal promoter, which lacks the enhancer that is part of the complete 

CMV promoter, fused with the ARF5 response element AuxRE. Expression of the reporter gene 

was enhanced by the inclusion of a cis-acting element WPRE2. WPRE2 is a truncated, 354 bp, 

version of a woodchuck post-transcriptional regulatory element (WPRE, nt 1093-1684 of GenBank 

accession JO4514), which has been shown to facilitate accumulation and translation of mRNA 

(242, 243). Insertion of WPRE in the 3’ untranslated region (UTR) of a transgene has been 

demonstrated to facilitate post-transcriptional increases in transgene expression by increasing the 
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availability of transgene mRNA for translation (244). In the context of AAV, a greater than 6-fold 

increase in reporter gene expression has been measured in transduced HEK293 cells and human 

fibroblast cells (243). It has been shown that in in vivo applications, WPRE enhances hippocampal 

AAV-mediated reporter protein expression 11-fold when used in conjunction with the CAG 

promoter, or 9-fold when used in conjunction with the NSE promoter (240, 245). In vivo, WPRE2 

had been successfully employed for the AAV-mediated overexpression of a transgene in rat 

hippocampus (34) and therefore was used in the regulatory cassettes to enable their efficient 

packaging into the size-restricted AAV vectors. Finally, a synthetic shortened polyadenylation 

signal (SpA) was added to facilitate export of the mRNA from the nucleus, promote its translation 

and prevent degradation in the cytoplasm. 

Due to the limited capacity of the AAV expression cassette, the post-transcriptional regulatory 

element was incorporated only in the cistron 2. Cistron 2 was designed to contain a therapeutic 

gene, therefore, it was of high importance to include regulatory elements facilitating gene product 

mRNA stability and promoting its expression. In contrast, only a small amount of a transcription 

factor is required to activate gene expression. Furthermore, the excess amount of exogenous protein 

produced under control of the strong constitutively active promoter could be detrimental for the 

cell. Hence, in the cistron 1, designed to encode a regulatory factor, using the CAG promoter in 

conjunction with the BHGpA was presumed to be sufficient to produce enough transcription factor 

to drive the expression of the transgene within the cistron 2. 

The ARF5/AuxRE regulatory cassettes were responsive to cell stress caused by different inducers 

of apoptosis in transfected HEK293 cells, as assessed by fluorescence microscopy and western blot 

analysis. In the three different models of apoptosis examined, the regulatory cassettes containing the 

caspase-3 cleavage site demonstrated higher levels of transgene activation compared to the 

regulatory cassettes containing the calpain cleavage site. This suggests that both cell stressors used, 

OA and STS, as well as co-expression with the A53T mutant α-synuclein, mainly induced caspase-

3-dependent apoptosis in HEK293 cell line. 

Interestingly, despite the obvious upregulation of the GFP expression in response to cell stress 

caused by different inducers of apoptosis, no clear redistribution of the ARF5 from the cytoplasm to 

the nucleus of transfected cells was detected by immunocytochemistry. However, given that a very 

small amount of transcription factor is sufficient to activate transgene expression, it is possible that 

the antibodies used could not detect such small changes in the intracellular distribution of the ARF5 

(in the context of its overexpression in the cell). The observed discrepancy in the number of HA-

positive and VP-16-positive cells can be explained by differing sensitivity of the anti--HA and anti-

VP16 antibodies used for immunocytochemical detection of the ARF5. However, the fact that both 
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the FLAG tag, that could not be detected at all, and the HA tag, that could be detected only in a 

noticeably less number of cells, have N-terminal localization, whereas VP16 is positioned on the C-

terminus of the transgenic ARF5 protein, indicates that some sort of N-terminal protein degradation 

could occur and contribute to the effect. This possibility was examined for the ARF5 as well as for 

another transcription factor used in this study and therefore is described below in the respective 

chapter (Chapter 5: GAL4/UAS regulatory cassettes). 
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CHAPTER 4: PROTEASE SENSOR VECTORS 

4.1. INTRODUCTION 

Experiments with the ARF5/AuxRE autoregulatory bicistronic expression cassettes demonstrated 

activation of the GFP transgene in response to induction of apoptosis. Nevertheless, there was a 

need to confirm activation of caspase-3 and/or calpain by OA and STS in HEK293 and Neuro2A 

cells. Since rather low concentrations of the drugs were used in order to induce cell stress but not 

cell death, standard protease assays or available antibodies may not have been sensitive enough to 

detect a slight change in protease activity. A sensitive technique that, ideally, would allow detection 

of the individual cells at the very early stages of apoptosis, before the onset of the irreversible 

physiological changes leading to cell death, would be preferable. To address this need, the reporter 

constructs for the protease activation were designed. These expression cassettes contained only one 

cistron, but employed a similar to the bicistronic expression cassettes regulatory principle. The 

constructs encoded a GFP reporter protein fused with a nuclear localization signal (NLS, (246)) and 

linked to the dominant nuclear export signal (NES) via a caspase-3 or calpain cleavage site. 

Because the NES dominates the NLS, the full-length fluorescent fusion protein distributes to the 

cytosol under basal conditions. However, when the cell is exposed to apoptotic stimulus and 

caspase-3 or/and calpain rendered active, the NES should be cleaved off from the fusion protein 

allowing the truncated GFP-NLS to translocate to the nucleus via NLS. Thus, these monocistronic 

constructs could be used as reporter vectors to analyse caspase-3 and calpain activity in vitro and in 

vivo by visualization of the GFP redistribution within the cells. Namely, under normal conditions, 

the fluorescent fusion protein should localize in the cytoplasm of the cells, translocating to the 

nucleus following activation of the respective proteases (Figure 4.1). In this chapter, a hypothesis 

that such protease sensor vectors would allow high-sensitivity detection of the OA- or STS-induced 

activation of caspase-3 and calpain was tested. 
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Figure 4.1 Monocistronic reporter constructs for protease activation 

The reporter monocistronic cassettes employed a similar to the bicistronic expression cassettes regulatory 
principle. A GFP reporter gene was fused with a nuclear localization signal (NLS) and linked to the 
dominant nuclear export signal (NES) via a caspase-3 or calpain cleavage site. Expression of this fusion 
transgene was driven from the constitutive CAG promoter. Under normal conditions, NES should restrict 
distribution of the GFP-NLS fusion protein in the cell to the cytosol. However, when the cell is exposed to 
apoptotic stimulus and caspase-3 or/and calpain rendered active, the NES should be cleaved off from the 
GFP-NLS allowing it to translocate into the nucleus. Thus, redistribution of the GFP from the cytosol to the 
nucleus would indicate activation of the respective proteases. 

 

4.2. MATERIALS AND METHODS 

4.2.1. Synthetic oligonucleotides 

All oligonucleotides and PCR primers used in this thesis were custom synthetic oligonucleotides 

obtained from Invitrogen. 

 

4.2.1.1. PCR-primers 

For PCR-amplification of a fragment encoding a modified variant of Aequorea victoria green 

fluorescent protein, enhanced green fluorescent protein (eGFP), from the pIRES-EGFP plasmid 

DNA (Clontech), the following primers were used: 
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Forward primer, eGFP_F:  

5’-ATA CTCGAG CGCCACCATGGT-3’ 

XhoI 

 

Reverse primer, eGFP_R: 

5’-ATA GAGCTC GAATTC CTTGTACAGCTCGTCCATG-3’ 

 SacI EcoRI 

 

The PCR primers introduced flanking restriction sites suitable for further cloning and excluded the 

original GFP stop codon in the PCR product. 

 

4.2.1.2. Oligonucleotides 

The complimentary oligonucleotides were annealed resulting in a double-stranded DNA, which 

contained restriction sites suitable for further cloning. 

Synthetic DNA fragments encoding the caspase-3 cleavage site coupled to the nuclear export signal 

(Casp-NES) were as follows: 

 

Casp-NES_F, sense: 

 XbaI MluI Casp ClaI  
5’-CTAGA T ACGCGT AAGAGGAAGGGCGACGAGGTGGACGAGGTGGACGAG ATCGAT  

TCGCGA AACCTGGTGGACCTCCAAAAGAAGCTGGAGGAGCTGGAGCTGGACGAGCAG  

NruI  NES 

CAGTAG ACTAGT A-3’ 
 SpeI HindIII 

 

Casp-NES_R, antisense: 

 HindIII SpeI NES 

5’-AGCTT ACTAGT CTACTGCTGCTCGTCCAGCTCCAGCTCCTCCAGTTCTTTTGGAGGT 

CCACCAGGTT TCGCGA ATCGAT CTCGTCCACCTCGTCCACCTCGTCGCCCTTCCTCTT  

 NruI ClaI Casp 
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ACGCGT A T-3’ 

 MluI XbaI 

 

To incorporate a nuclear localisation signal (NLS) into the caspase-3 sensor vector, the following 

synthetic DNA fragments were used: 

 

NLS_F, sense: 

5’-AATTC GATCCAAAAAAGAAGAGAAAGGTA CAATTG A-3’ 

 EcoRI MfeI MluI 

 

NLS_R, antisense: 

5’-CGCGT CAATTG TACCTTTCTCTTCTTTTTTGGATC G-3’ 

 MluI MfeI EcoRI 

 

4.3. RESULTS 

4.3.1. Construction of the plasmids 

To generate a construct that could be used as a reporter of caspase-3 activation, a pAAV/CAG-

eGFP-NLS-Casp-NES-WPRE-BGHpA was designed using VectorNTI Advance 10.3 software 

(Invitrogen) and a cloning strategy was developed. A fragment containing a modified variant of 

Aequorea victoria green fluorescent protein, enhanced green fluorescent protein (eGFP), was PCR-

amplified from the pIRES-EGFP plasmid. The PCR primers were designed to exclude the original 

GFP stop codon and to introduce flanking restriction sites suitable for further cloning. A single 

band corresponding to the expected PCR product was visualized by agarose gel electrophoresis. The 

amplicon was inserted into a plasmid encoding a pAAV expression cassette, which was provided by 

Dr. A. Mouravlev, Department of Pharmacology, University of Auckland. The pAAV expression 

cassette contained a hybrid cytomegalovirus enhancer/chicken β-actin (CAG) promoter, polylinker 

sequence (pL), woodchuck post-transcriptional regulatory element (WPRE, nt 1093-1684 of 

GenBank accession JO4514), and bovine growth hormone polyadenylation signal (BGHpA), 

flanked by the AAV2 inverted terminal repeats (pAAV/CAG-pL-WPRE-BGHpA). The presence of 

the insertion was confirmed by digestion of the resultant pAAV/CAG-eGFP(-Stop)-WPRE-BGHpA 

plasmid with XhoI and HindIII, followed by visualisation of the generated fragments in a 1% 
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agarose gel. Excision of a fragment of the predicted from the sequence-based plasmid map size 

indicated the appropriate composition of the obtained plasmid. 

Next, synthetic DNA fragments encoding the caspase-3 cleavage site coupled to the nuclear export 

signal (Casp-NES) and a nuclear localisation signal (NLS) were consecutively cloned into 

pAAV/CAG-eGFP(-Stop)-WPRE-BGHpA. After the first sub-cloning step, digestion of the 

obtained intermediate plasmid pAAV/CAG-eGFP-Casp-NES-WPRE-BGHpA with XhoI, which 

cleaved within the original vector, and MluI, which cleaved within the introduced Casp-NES, 

confirmed the insertion of the Casp-NES fragment. Following the second step of sub-cloning, the 

XhoI + MfeI digestion of the resultant pAAV/CAG-eGFP-NLS-Casp-NES-WPRE-BGHpA (pGFP-

Casp) generated a fragment of the predicted size and thus confirmed the presence of the NLS. 

To create a construct in which eGFP was linked to the NES via a linker encoding the calpain 

cleavage site (Calp) and a control construct with a linker encoding a scrambled sequence (Mut), the 

Calp and Mut synthetic double-stranded DNA oligonucleotides were individually inserted into 

pGFP-Casp, replacing the Casp sequence each. The insertion of the Calp oligonucleotide generated 

pAAV/CAG-eGFP-NLS-Calp-NES-WPRE-BGHpA (pGFP-Calp) and the insertion of the Mut 

oligonucleotide generated pAAV/CAG-eGFP-NLS-Mut-NES-WPRE-BGHpA (pGFP-Mut). 

Digestion of pGFP-Mut with the indicative ScaI, which cleaved within the introduced Mut sequence 

and within the acceptor vector, confirmed replacement of the Casp linker with the Mut linker. The 

Calp insert introduced another DraI restriction site in addition to the three existing ones in the 

acceptor vector. Therefore, digestion of pGFP-Calp with DraI, resulting in generation of the 

fragments of predicted sizes, showed that the Casp linker had been substituted for the Calp linker. 

In addition, a control construct for nuclear localization of GFP, pAAV/CAG-eGFP-NLS-Δ-WPRE-

BGHpA (pGFP-NLS) was generated by deleting the Casp-NES fragment from the pGFP-Casp. The 

removal of the Casp-NES was confirmed by digestion with XhoI and ClaI. Due to the small size of 

the deleted fragment (32 bp), to ensure that the indicative digestion product was of the correct size, 

both the original pGFP-Casp and newly generated pGFP-NLS were digested with XhoI + ClaI and 

the resulting fragments compared against each other. Excision of a smaller fragment from pGFP-

NLS, in comparison to the pGFP-Casp, confirmed the removal of the Casp-NES fragment. 

Following transformation of E.coli, large-scale plasmid preparations of pGFP-Casp, pGFP-Mut, 

pGFP-Calp and pGFP-NLS were carried out. The region between the CAG promoter and WPRE 

was sequenced to verify that the sequences were correct and no mismatching nucleotides were 

incorporated during the PCR amplification and following sub-cloning process. The integrity of the 

generated constructs was also verified by RE digestion (Table 4.1 and Figure 4.2) 
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Table 4.1 Analytical restriction enzyme digests 

Plasmid Enzymes Fragment sizes (bp) Figure reference 

pGFP-Casp 
SmaI 3193, 3001, 11, 11 Figure 4.2, E(A), sample 1 
EcoRI + SalI 5453, 763 Figure 4.2, E(A), sample 2 
Acc65i + NruI 4456, 1760 Figure 4.2, E(A), sample 3 

pGFP-Calp 

SmaI 3193, 2989, 11, 11 Figure 4.2, E(B), sample 4 
EcoRI + SalI 5453, 751 Figure 4.2, E(B), sample 5 
Acc65i + NruI 4456, 1748 Figure 4.2, E(B), sample 6 
DraI 3050, 2443, 692, 19 Figure 4.2, E(B), sample 7 

pGFP-Mut 

SmaI 3193, 2989, 11, 11 Figure 4.2, E(C), sample 8 
EcoRI + SalI 5453, 751 Figure 4.2, E(C), sample 9 
Acc65i + NruI 4456, 1748 Figure 4.2, E(C), sample 10 
ScaI 3162, 3042 Figure 4.2, E(C), sample 11 

pGFP-NLS 
SmaI 3193, 2888, 11, 11 Figure 4.2, E(D), sample 12 
EcoRI + SalI 5453, 650 Figure 4.2, E(D), sample 13 
Acc65i + NruI linearized Figure 4.2, E(D), sample 14 
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Figure 4.2 Protease sensor vectors 

Plasmid maps of pGFP-Casp (A), pGFP-Calp (B), pGFP-Mut (C), and pGFP-NLS (D) depict the 

location of elements within the AAV expression cassette relative to the restriction enzyme (RE) 

cleavage sites. Unique restriction sites are shown in red. (E) RE digested plasmid DNA fragments 

resolved by agarose gel electrophoresis (refer to Table 4.1). 1Kb+, 1 Kb plus DNA ladder; AmpR, 

Ampicillin resistance gene; BGHpA, bovine growth hormone polyadenylation signal; CAG, 

cytomegalovirus enhancer/chicken β-actin promoter; Calp, sequence encoding calpain cleavage 

site; Casp, sequence encoding caspase-3 cleavage site; eGFP, cDNA encoding the GFP; ITR, 

inverted terminal repeat; Mut, scrambled sequence; NES, nuclear export signal; NLS, nuclear 

localization signal; pUC19 Ori, pUC19 origin of replication for propagation in E.coli bacteria; 

SV40 ori, Simian virus-40 origin of replication for propagation in mammalian cells; WPRE, 

woodchuck hepatitis virus post-transcriptional regulatory element. 
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4.3.2. Validation of functionality of the constructs in vitro 

The functionality of the obtained pAAV reporter expression cassettes was analysed by visualization 

of native GFP fluorescence in transiently transfected HEK293 and Neuro2A cell lines upon 

induction of apoptosis. The earlier generated in the laboratory plasmid pAAV/CAG-eGFP-WPRE-

BGHpA (pGFP) expressed the GFP transgene under control of the same CAG promoter and 

contained the same transcription regulation elements as protease sensor vectors. . Therefore, pGFP 

was used as a control to monitor the transfection efficiency and also as a control for “natural” 

pattern of intracellular distribution of the overexpressed GFP, when it is not affected by fusion with 

either NLS or NES. Twenty-four hours post-transfection, HEK293 and Neuro2A cells were exposed 

to OA or STS to induce apoptosis. The distribution of GFP within the cells was analysed 24 hrs 

post-treatment using fluorescence microscopy. 

According to our hypothesis, under basal conditions, the dominant nuclear export signal (NES), 

linked to the GFP-NLS fusion protein via caspase-3 or calpain cleavage site, should restrict GFP-

NLS to the cytosol. However, when the cell is exposed to apoptotic stimulus and following caspase-

3 or/and calpain activation, the NES should be cleaved off from the GFP-NLS allowing it to 

translocate into the nucleus. Indeed, in both HEK293 and Neuro2A cells transfected with pGFP-

Casp, or pGFP-Calp, or pGFP-Mut GFP fluorescence was detected exclusively in the cytosol under 

basal conditions (Figure 4.3, A), confirming once again the functionality of the NES. After 

exposure to OA or STS, in many cells, GFP could be detected in both nucleus and cytoplasm, 

suggesting that in those cells NES had been removed from the fusion protein due to activation of 

proteases and GFP-NLS had been translocated to the nucleus (Figure 4.3, B, C). However, in the 

toxin-treated samples, there were still a number of cells exhibiting a phenotype similar to that of 

non-induced cells – in which GFP localized only in the cytosol (Figure 4.3, D, E). Also, the nature 

of the linker between the GFP-NLS and NES did not seem to have any effect on the efficiency of its 

cleavage by proteases: there was no noticeable difference in the number of cells in which 

translocation event took place regardless of whether they expressed constructs with caspase-3 or 

calpain cleavage site, or scrambled sequence. 

Although the scrambled sequence was designed so that its amino acid sequence had minimal 

resemblance to both the calpain and the caspase-3 cleavage sites, there is still a possibility that this 

sequence could be cleaved by some other proteases that are activated during cell stress. Meanwhile, 

the presence of a number of cells in which GFP localized exclusively in cytoplasm even after 

exposure to OA or STS could indicate their failure to trigger apoptosis in those cells. This could be 

due to the insufficient concentration of the drug or inadequate treatment time. To see if optimization 

of these parameters could increase induction efficiency, different concentrations of the cell stressor 
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were tested. Also, intracellular GFP localization at different time points post-treatment was 

examined. Overall, exposure of the cells expressing sensor vectors to a higher concentration of the 

drug over a shorter period of time produced the same result as exposure to a lower concentration of 

the drug over a longer period of time (data not shown). But there was no decrease in the number of 

cells exhibiting a non-induced phenotype at the stage when “saturation” of induction had been 

achieved. The saturation of induction here refers to the state when further elevation of the cell 

stressor concentration or increasing length of the treatment time resulted in excessive toxicity to the 

cells, causing them to detach from the surface of the culture dish. However, it did not result in the 

increase of the number of cell with nuclear localization of GFP-NLS. 

It is of interest that in cells transfected with the nuclear localization control plasmid pGFP-NLS, 

GFP fluorescence was seen both in the nucleus and in the cytoplasm (Figure 4.3, F). Similar GFP 

distribution pattern was observed in the cells expressing GFP without NLS from pGFP, suggesting 

that this pattern is characteristic of the ‘original’ protein (Figure 4.3, G). It was also possible that the 

chosen NLS was not potent enough to keep the GFP-NLS chimeric protein within the nucleus, 

especially given the tendency of the GFP to naturally localize in the cytoplasm, as well as stability 

and excessive amount of the overexpressed transgenic protein in the cell. 
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4.3.3. Modification of the caspase-3 sensor vector pGFP-Casp 

To investigate if the addition of another copy of NLS to the GFP-NLS would facilitate its transfer 

into the nucleus, a second copy of the synthetic double-stranded oligonucleotide encoding the NLS 

was inserted into the MfeI and MluI sites of pGFP-Casp, resulting in generation of pAAV/CAG-

eGFP-NLS2-Casp-NES-WPRE-BGHpA (pGFP-Casp_NLSx2). The insertion of the second copy of 

the NLS was verified by DNA sequencing due to the small size (30 bp) of the NLS. Since at that 

stage the aim was to see if the addition of the second NLS could have any effect on the 

translocation efficiency in principle, only the construct, with the linker encoding caspase-3 cleavage 

site, was modified. 

 

4.3.4. Analysis of the pGFP-Casp_NLSx2 functionality in vitro 

The plasmid expressing GFP fused with two NLSs and linked to the NES via caspase-3 cleavage 

site was tested in the STS- and OA-induced apoptosis models in Neuro2A cells. Consistent with the 

previous results, in the non-induced state, GFP fluorescence was observed only in the cell 

cytoplasm. However, after exposure to STS or OA, the efficiency of translocation of the GFP-NLS2 

fusion protein, containing two copies of the NLS, was similar to that of the GFP-NLS containing 

only one copy of the NLS (data not shown). 

 

4.3.5. Further modification of the caspase-3 sensor vector 

The low efficiency of the GFP translocation into the nucleus regardless of the copy number of the 

NLSs may have meant that the chosen NLS was not functioning properly or was not strong enough 

to keep the GFP transgene within the nucleus. Some other plasmids generated in our laboratory 

contained a slightly longer NLS sequence that had been proven to be functional in vitro. This 

extended NLS (eNLS) had four additional amino acids compared to the NLS used in our reporter 

constructs. Unlike our reporter constructs, in those plasmids eNLS was positioned at the N-terminus 

of a reporter protein, the emerald green fluorescent protein (emGFP, a modification of the Aequorea 

victoria green fluorescent protein). To test if the usage of the eNLS fused to the reporter protein N-

terminally could improve the nuclear translocation efficiency, pAAV/CAG-eNLS-emGFP-Casp-

NES-WPRE-BGHpA (pGFP-Casp_eNLS) was created. 

A fragment encoding eNLS and emGFP (eNLS-emGFP) was PCR-amplified with the addition of 

suitable restriction sites from an existing in the laboratory plasmid. A single band corresponding to 

the expected PCR product was visualized by agarose gel electrophoresis. After processing with 
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XhoI and MluI, the amplicon was inserted into the vector generated by XhoI + MluI digestion of 

pGFP-Casp to replace the eGFP-NLS sequence. The substitution of the fragment was checked by 

digestion of the obtained plasmid with XbaI and EcoRI. The EcoRI restriction site was unique and 

present in eGFP-NLS only. Thus, generation of only one fragment corresponding to the full-size 

pGFP-Casp_eNLS digested with XbaI indicated that the eGFP-NLS had been replaced with the 

eNLS-emGFP. Sequencing of the region between the CAG promoter and WPRE post-

transcriptional element of pGFP-Casp_eNLS confirmed that sequences comprising regulatory 

cassette were correct and no mistakes were incorporated into the eNLS-emGFP during PCR 

amplification of this fragment. 

 

4.3.6. Analysis of the pGFP-Casp_eNLS functionality in vitro 

The plasmid expressing emGFP, fused with the eNLS on its N-terminus and linked to the NES via 

caspase-3 cleavage site on its C-terminus, was tested in the STS- and OA-induced apoptosis models 

in HEK293 and Neuro2A cell lines. Surprisingly, the GFP localized almost exclusively in the cell 

nuclei under basal conditions, which was in a sharp contrast with the previous observations, when 

GFP fluorescence was detected only in the cytoplasm of the cells in the non-induced state 

(Figure 4.3, H). No GFP redistribution was observed in cells upon induction of apoptosis with STS 

or OA. This result suggested that the eNLS was dominating the NES in the context of pAAV/CAG-

eNLS-emGFP-Casp-NES-WPRE-BGHpA. 

 

4.4. DISCUSSION 

The objective of this chapter was to generate caspase-3 and calpain sensor vectors with the purpose 

of verifying that these proteases were activated in HEK293 and Neuro2A cell lines in response to 

challenge with OA or STS. The designed constructs employed the regulatory principle similar to 

that of the bicistronic expression cassettes described in the previous chapter (Chapter 3). The GFP 

fused with the nuclear localisation signal (NLS) and linked to the dominant nuclear export signal 

(NES) via caspase-3/calpain cleavage site should localize in the cytosol of the transfected cells 

under normal conditions, translocating to the nucleus via NLS following activation of the respective 

proteases. Thus, the redistribution of the GFP from the cytosol to the nucleus indicates caspase-

3/calpain activity at a cellular level. 

Since apoptosis is a specific phenomenon of each individual cell (247) and standard protease assays 

just measure protease activity in the lysate of a whole population of treated cells, sensitivity to 

identify drug-induced apoptosis might be reduced with this kind of assay. The use of protease 
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sensor vectors followed by fluorescence microscopy technique enables detection of the protease 

activity in individual cells. Apoptosis-inducing agents with both rapid and slow kinetics have been 

successfully studied with respect to the time- and concentration-dependence of their effect using 

this approach (248, 249). This technique appeared to be more sensitive to detect drug-induced 

caspase-3 activation at earlier time points and at lower concentrations of the inducer because it 

revealed individual apoptotic cells in the investigated population by their labelled nuclei (248). 

These observations could also provide better insight in the timing that can be used for interfering 

with apoptosis initiation and prevention of damage. 

In both cell lines, under basal conditions, GFP distributed exclusively to the cytosol, confirming 

functionality of the NES, and translocated to the nucleus after exposure to OA or STS. Although, in 

a lot of those cells where the translocation event took place, GFP could be detected in both nucleus 

and cytosol. This corresponded, however, with the result obtained with the nuclear localization 

control plasmid, when the GFP fluorescence was also detected throughout both cellular 

compartments. In addition, in the toxin-treated samples, there were still a number of cells exhibiting 

a phenotype similar to that of non-induced cells, with the GFP distributing to the cytosol only, 

which was also observed by Werner et al. (248) in their study. A few reasons could account for the 

mixed intracellular localization of the fluorescent fusion protein – in the cells expressing the nuclear 

localization control construct, as well as in the cells where GFP-NLS have translocated to the 

nucleus upon exposure to OA or STS. The relatively small size of the GFP-NLS fusion protein 

(≈42 kDa) can allow it to randomly diffuse through the nuclear membrane, therefore, although it 

does translocate to the nucleus due to the presence of the NLS, its accumulation in the nucleus 

would require protein import to be constitutively active. Hence, GFP fluorescence could occur in 

both cellular compartments. Moreover, the nuclear protein import pathway can be inhibited by a 

variety of stress signals (250), which could contribute to the leakage of the GFP-NLS to the 

cytoplasm after it had translocated to the nucleus upon induction of cell stress. 

Also, given the natural tendency of the GFP protein for the cytoplasmic localization and the 

excessive amount of the overexpressed protein within a cell, the NLS might not have been strong 

enough to keep GFP-NLS within the nucleus. To examine if using a different NLS would improve 

the translocation of the fluorescent fusion protein to the nucleus upon induction of cell stress, the 

elongated NLS (eNLS) was cloned into the caspase-3 sensor vector. In the plasmid used as a 

template to PCR-amplify the eNLS, it was N-terminally fused with the GFP reporter; therefore, it 

was also placed on the N-terminus of the fluorescent fusion protein in the caspase-3 sensor vector. 

Surprisingly, the eNLS appeared to dominate the NES in the obtained construct, yielding almost 

exclusively nuclear localization of the GFP fluorescence under basal conditions. Since the NLS and 

the eNLS had the same origin (SV40 large T-antigen) and differed in length only by four amino 
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acids, this result was likely to be caused by the position effect of the NLS within the GFP fusion 

protein. 

This chapter describes generation of the caspase-3 and calpain sensor vectors. This system was 

demonstrated to be indicative of the activation of these proteases at the level of individual cells. 

Although, due to the complex nature of the NES-NLS interactions, as well as the importance of the 

position effect of these elements within the fusion protein molecule, this detection system would 

benefit from further optimization. 
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CHAPTER 5: GAL4/UAS REGULATORY CASSETTES 

5.1. INTRODUCTION 

The ARF5/AuxRE bicistronic regulatory cassettes developed in Chapter 3 provided efficient and 

specific activation of transgene expression following exposure to cell stressors. However, some 

detection difficulties were encountered when trying to visualize the transgenic AFR5 transcription 

factor and its translocation to the nucleus upon induction of cell stress. It was hypothesized that, due 

to its plant origin, the ARF5 could undergo partial degradation in the mammalian cells. Therefore, 

using an alternative transcription factor/response element system, stability of which has been 

previously demonstrated, could reduce the non-specific basal transgene expression observed with 

the AFR5/AuxRE system and allow for a tighter regulation of transgene expression. One of such 

alternative systems that has been extensively characterised is the GAL4/UAS system. 

The GAL4/UAS system is a powerful technique for studying gene expression and function that has 

been widely used in a variety of organisms from yeast and plants to fruit fly and mammals (251-

255). The system consists of the yeast transcription activator protein GAL4 and the UAS (Upstream 

Activation Sequence), an enhancer to which GAL4 specifically binds to activate gene transcription. 

UAS is a 17 bp palindromic sequence CGG-N11-CCG, where N can be any of the four nucleotides 

(256). GAL4 itself is a modular protein and consists of two functional domains: the DNA-binding 

domain (DBD) and the transcriptional activation domain (TAD). Each of these domains has been 

demonstrated to retain its functionality in yeast as a part of the chimeric transcription activator 

generated by fusion of either of the GAL4 domains with the complementing domain derived from a 

different organism. Namely, TAD of GAL4 coupled to a bacterial (E.Coli) DBD and, vice versa, 

DBD of GAL4 fused with the bacterial transcription activation sequences were able to activate 

transcription from bacterial operator and UAS, respectively (257, 258). 

To create a GAL4/UAS autoregulatory bicistronic expression system, the GAL4 DBD coupled to 

the herpes simplex virus minimal transcriptional activation domain VP16 (referred to as ‘GAL4’ 

hereafter) was used as a regulatory protein to drive transcription of a reporter gene. Cistron 1 

encoded the GAL4 fused with the dominant nuclear export signal (NES) via a linker containing 

caspase-3 or calpain cleavage site. Within the cistron 2, a tandem repeat of a perfect UAS 

palindromic 17-mer (5’-CGGAGGACTGTCCTCCGCGGAGGACTGTCCTCCG-3’) linked to a 

CMV TATA-box was placed upstream of the GFP reporter transgene. Thus, under basal conditions, 

NES should restrict the GAL4 distribution to the cell cytoplasm, and, consequently, expression of 

the reporter gene under control of UAS should be quiescent. However, when the apoptotic stimulus 
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triggers caspase-3 or/and calpain activation, the NES is cleaved off the fusion GAL4-NES protein 

and GAL4 translocates to the nucleus to drive transgene expression. (Figure 5.1) 

 

Figure 5.1 GAL4/UAS regulatory bicistronic expression cassettes 

Cistron 1 encoded the GAL4 fused with the dominant nuclear export signal (NES) via a linker containing 
caspase-3 or calpain cleavage site. Within the cistron 2, a tandem repeat of a perfect UAS palindromic 
sequence was placed upstream of the GFP reporter transgene. Thus, under basal conditions, NES should 
restrict intracellular distribution of the GAL4 to the cytosol, and, consequently, expression of the reporter 
gene under control of UAS should be quiescent. However, when the apoptotic stimulus triggers caspase-3 
or/and calpain activation, the NES is cleaved off the fusion GAL4-NES protein and GAL4 translocates to the 
nucleus to drive transgene expression. 

 

5.2. MATERIALS AND METHODS 

5.2.1. Synthetic oligonucleotides 

5.2.1.1. PCR-primers 

A fragment encoding the emerald GFP (emGFP) reporter protein was PCR amplified from 

pcDNA6.2-GW/miR expression vector (BLOCK-iT™, Invitrogen) using the following primers, 

which introduced flanking restriction sites suitable for further cloning of the PCR product: 
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Forward primer, emGFP_F: 

5’-ATA GATATC ATGGTGAGCAAGGGCGAGGA-3’ 

 EcoRI 

 

Reverse primer, emGFP_R: 

5’-ATA AAGCTT TTACTTGTACAGCTCGTCCA-3’ 
 HindIII 

 

5.2.1.2. Oligonucleotides 

To introduce a core promoter sequence for the emGFP reporter gene in the Cistron 2 of the 

GAL4/UAS regulatory cassettes, synthetic DNA oligonucleotides encoding the CMV TATA-box 

were used. The sequences of the oligonucleotides were as follows: 

 

CMV TATAbox_F, sense: 

5’-AATTG GGATCTGACGGTTCACTAAACCAGCTCTGCTTATATAG GAT-3’ 
 MfeI EcoRV 

 

CMV TATAbox_R, antisense: 

5’-ATC CTATATAAGCAGAGCTGGTTTAGTGAACCGTCAGATCC C-3’ 
 EcoRV MfeI 

 

The oligonucleotides were annealed resulting in a double-stranded DNA which contained restriction 

sites suitable for further cloning. 

 

5.2.2. Antibodies used for immunocytochemical analysis 

Table 5.1 Antibodies used for immunocytochemical analysis 

Antibody Species raised in Source Concentration Application 
HA Rabbit Abcam ab3110 1:2000 Immunocytochemistry 
VP-16 Rabbit Abcam ab4808 1:3000 Immunocytochemistry 
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5.3. RESULTS 

5.3.1. Construction of autoregulatory bicistronic expression cassettes 

A DNA fragment containing the GAL4 DBD, with an HA-tag attached to its 5’-end and the VP16 

activation domain attached to its 3’-end, a polylinker sequence (pL), and the UAS tandem repeat in 

the reverse orientation was designed. The above fragment was synthesised by GenScript using 

pUC57 as a carrying vector (pUC57/HA-GAL4-VP16-pL-UASx2). This fragment was excised 

from the supplied plasmid with BamHI and EcoRI and inserted into a pAAV expression vector, 

pAAV/CAG-pL-WPRE2-SpA, previously generated in the lab. The insertion of the fragment was 

confirmed by digestion of the resultant plasmid, pAAV/CAG-HA-GAL4-VP16-pL-UASx2, with 

XbaI and HindIII. XbaI cleaved within the CAG promoter of the acceptor vector and HindIII 

cleaved within the polylinker in the fragment. Excision of a digestion product of predicted size from 

the plasmid map confirmed the presence of the insert. 

To introduce a core promoter sequence for the reporter gene in the cistron 2, synthetic 

oligonucleotides encoding the CMV TATA-box were annealed and cloned into pAAV/CAG-HA-

GAL4-VP16-pL-UASx2 downstream from the UAS, in reverse orientation. Excision of a fragment 

of the expected size following digestion of the resultant plasmid, pAAV/CAG-HA-GAL4-VP16-

pL-TATA-UASx2, with SacI and EcoRV confirmed the insertion of the TATA-box fragment. 

Next, a fragment encoding the emerald GFP (emGFP) reporter protein was PCR amplified from 

pcDNA6.2-GW/miR expression vector and cloned in the reverse orientation downstream of the 

TATA-box into pAAV/CAG-HA-GAL4-VP16-pL-TATA-UASx2. The presence of the GFP 

sequence in the resultant pAAV/CAG-HA-GAL4-VP16-pL-emGFP-TATA-UASx2 plasmid was 

confirmed by its digestion with XbaI and EcoRI. 

Lastly, the fragments containing transcription regulatory elements (BGH-SpA-WPRE2) and the 

NES coupled to a linker encoding either caspase-3 (Casp), or calpain (Calp) cleavage sites, or 

scrambled sequence (Mut) were inserted to complete the bicistronic expression cassettes. The 

required Casp-NES-BGH-SpA-WPRE2, Calp-NES-BGH-SpA-WPRE2, and Mut-NES-BGH-SpA-

WPRE2 fragments were derived from the plasmids generated earlier in this study: pHA-

ARF5/AuxRE-Casp, pHA-ARF5/AuxRE-Calp, and pHA-ARF5/AuxRE-Mut, respectively. Each 

fragment was individually cloned into pAAV/CAG-HA-GAL4-VP16-pL-emGFP-TATA-UASx2, 

generating pAAV/CAG-HA-GAL4-VP16-Casp-NES-BGH-SpA-WPRE2-emGFP-TATA-UASx2 

(pGAL4/UAS-Casp), pAAV/CAG-HA-GAL4-VP16-Calp-NES-BGH-SpA-WPRE2-emGFP-

TATA-UASx2 (pGAL4/UAS-Calp), and pAAV/CAG-HA-GAL4-VP16-Mut-NES-BGH-SpA-

WPRE2-emGFP-TATA-UASx2 (pGAL4/UAS-Mut). Digestion of pGAL4/UAS-Casp with XbaI 
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and NruI restriction enzymes restriction enzymes produced the expected fragment confirming the 

insertion of the Casp-NES-BGH-SpA-WPRE2. The fragment containing Calp linker introduced 

another DraI restriction site in addition to the three existing ones in the acceptor vector. Digestion 

of pGAL4/UAS-Calp with DraI, which resulted in generation of the expected bands on the 1% gel, 

validated insertion of the Calp-NES-BGH-SpA-WPRE2 sequence. Digestion of pGAL4/UAS-Mut 

with ScaI, which cleaved within the introduced Mut sequence and within the acceptor vector, also 

generated the fragments of expected sizes, confirming insertion of the Mut-NES-BGH-SpA-

WPRE2 sequence. 

To create a negative control plasmid, which would not exhibit transgene expression under any 

conditions, a fragment encoding the VP16 activation domain along with the Calp cleavage site 

(VP16-Calp) was removed from pGAL4/UAS-Calp. Excision of a fragment of an appropriate size 

following digestion of the resultant pAAV/CAG-HA-GAL4-Δ-NES-BGH-SpA-WPRE2-emGFP-

TATA-UASx2 (pGAL4/UAS-(-)ctrl) plasmid with XhoI and SpeI confirmed elimination of the 

VP16-Calp. 

The generated GAL4/UAS regulatory cassettes and the negative control plasmid were propagated in 

E.coli, large-scale plasmid preparations were performed. Following verification of the integrity of 

the obtained constructs by the analytical RE digestion (Table 5.2 and Figure 5.2) and sequencing, 

their functionality was assessed in vitro. 

Table 5.2 Analytical restriction enzyme digests 

Plasmid Enzymes Fragment sizes (bp) Figure reference 

pGAL4/UAS-Casp 
SmaI 3193, 1926, 1691, 11, 11 Figure 5.2, E(A), sample 1 
EcoRI + XbaI 4350, 2482 Figure 5.2, E(A), sample 2 
KpnI + SpeI 5061, 1771 Figure 5.2, E(A), sample 3 

pGAL4/UAS-Calp 

SmaI 3193, 1914, 1691, 11, 11 Figure 5.2, E(B), sample 4 
EcoRI + XbaI 4350, 2470 Figure 5.2, E(B), sample 5 
KpnI + SpeI 5061, 1759 Figure 5.2, E(B), sample 6 
DraI 3109, 3000, 692, 19 Figure 5.2, E(B), sample 7 

pGAL4/UAS-Mut 

SmaI 3193, 1914, 1691, 11, 11 Figure 5.2, E(C), sample 8 
EcoRI + XbaI 4350, 2470 Figure 5.2, E(C), sample 9 
KpnI + SpeI 5061, 1759 Figure 5.2, E(C), sample 10 
ScaI 3708, 3112 Figure 5.2, E(C), sample 11 

pGAL4/UAS-(-)ctrl 
SmaI 3340, 3193, 11, 11 Figure 5.2, E(D), sample 12 
EcoRI + XbaI 4350, 2194 Figure 5.2, E(D), sample 13 
KpnI + SpeI 5061, 1483 Figure 5.2, E(D), sample 14 
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Figure 5.2 Gal4/UAS regulatory cassettes 

Plasmid maps of pGAL4/UAS-Casp (A), pGAL4/UAS-Calp (B), pGAL4/UAS-Mut (C), and 

pGAL4/UAS-(-)ctrl (D) depict the location of elements within the AAV expression cassette relative 

to the restriction enzyme (RE) cleavage sites. Unique restriction sites are shown in red. (E) RE 

digested plasmid DNA fragments resolved by agarose gel electrophoresis (refer to Table 5.2). 

1Kb+, 1 Kb plus DNA ladder; AmpR, Ampicillin resistance gene; BGH, bovine growth hormone 

polyadenylation signal; CAG, cytomegalovirus enhancer/chicken β-actin promoter; Calp, sequence 

encoding calpain cleavage site; Casp, sequence encoding caspase-3 cleavage site; emGFP, cDNA 

encoding the GFP; GAL4, cDNA encoding the DNA-binding domain of the GAL4; HA, HA tag; 

ITR, inverted terminal repeat; Mut, scrambled sequence; NES, nuclear export signal; pUC19 Ori, 

pUC19 origin of replication for propagation in E.coli bacteria; SpA, synthetic polyadenylation 

signal; SV40 ori, Simian virus-40 origin of replication for propagation in mammalian cells; TATA, 

cytomegalovirus TATA-box; UASx2, tandem repeat of the UAS; VP-16, herpes virus minimal 

transcriptional activation domain; WPRE2, shortened woodchuck hepatitis virus post-

transcriptional regulatory element. 
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5.3.2. Analysis of the functionality of the GAL4/UAS regulatory cassettes in vitro 

Functionality of the GAL4/UAS expression cassettes was assessed in the OA- and STS-induced 

apoptosis models in Neuro2A and HEK293 cell lines. Cells were transiently transfected with 

pGAL4/UAS-Casp, or pGAL4/UAS-Calp, or pGAL4/UAS-Mut, or control plasmid pGAL4/UAS-(-

)ctrl. 24 hrs post transfection, cells were treated with the toxins, or with x1 PBS (control cells). GFP 

transgene expression was analysed by fluorescence microscopy whilst GAL4 expression was 

analysed by immunocytochemistry. 

Under the basal conditions, high levels of GFP expression were observed in the cells expressing 

pGAL4/UAS-Casp, pGAL4/UAS-Calp, and pGAL4/UAS-Mut regulatory cassettes, while 

negligible GFP expression was seen in the cells transfected with the negative control plasmid 

pGAL4/UAS-(-)ctrl (Figure 5.3). Since the negative control plasmid contained a non-functional 

GAL4 (which lacked for an activation domain), the non-specific transgene activation from the 

regulatory cassettes could potentially result from the GAL4 leaking into the nucleus from the 

cytoplasm and, thus, causing the non-specific activation of GFP expression. 

Hence, the GAL4 distribution within the cells was analysed by immunocytochemistry, using an 

antibody against the N-terminal HA-tag of the GAL4 chimeric protein or an antibody against the C-

terminal VP16 activation domain. Following immunocytochemistry with either antibody, under 

basal conditions, immunostaining was detected mainly in the cytoplasm of the cells, suggesting that 

the NES was functional and restricted the GAL4 to the cytosol. However, the number of VP16-

positive cells outnumbered the number of the HA-positive cells (Figure 5.4, A, B), replicating the 

observations with the ARF5/AuxRE regulatory system. Also similar to the ARF5/AuxRE 

regulatory system, no obvious redistribution of the GAL4 to the nucleus was observed upon 

induction of the cell stress by STS or OA (Figure 5.4, C, and D). However, unlike the 

AFR5/AuxRE regulatory system, there was no increase in GFP expression in the cells transfected 

with the GAL4/UAS regulatory cassettes upon exposure to the toxins (Figure 5.5). Thus, the 

obtained data demonstrated that the GAL4/UAS was not responsive to the activation of the cell 

proteases, while exhibiting high levels of non-specific basal transgene expression. 
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5.3.3. Inhibition of proteasome activity in cells expressing regulatory cassettes 

The immunocytochemical data obtained with both the GAL4/UAS and the ARF5/AuxRE 

regulatory systems, demonstrated a remarkable discrepancy in the number of immunostained cells 

as detected using the antibodies directed to the HA epitope tag and VP-16 activation domain at 

opposite termini of the same protein. In addition, despite the activation of the transgene expression, 

very little or no translocation to the nucleus of neither GAL4, nor ARF5 was detected. Different 

number of the HA-positive and VP-16-positive cells might be due to different sensitivity of the anti-

HA and VP-16 antibodies; however, the consistency of these results implied that chimeric 

transcription factors may have also been the subject to partial degradation in the cells by 

proteasomes. 

The selective degradation of most intracellular proteins is carried out by the ubiquitin-proteasome 

system (reviewed in (259)). According to the N-end rule, the N-terminal amino acid of a protein 

determines its likelihood of being degraded (260). Most eukaryotic proteins have a methionine 

(Met) in the N-terminal position, which is a stabilizing amino acid. Proteins starting with Met have 

an approximate half-life of >30 hrs. However, the initiating Met can be removed in the process of 

post-translational modification or through some non-specific mechanisms and then, the exposed N-

terminal amino acid residue would determine the half-life of the protein. The amino acid residue 

following the initiating Met in the GAL4 and ARF5 chimeric proteins was tyrosine (Tyr), which is 

a destabilizing amino acid residue – proteins starting with Tyr have an approximate half-life of only 

>2.8 hrs. 

If the observed discrepancy in the anti-HA versus anti-VP16 immunostaining occurred due to the 

partial degradation of the GAL4 or AFR5, it was hypothesised that inhibition of the cellular 

proteasome function would equalize the number of the HA-positive and the VP16-positive cells. To 

test this hypothesis, HEK293 and Neuro2A cells were transiently transfected with either 

pGAL4/UAS-Casp or pHA-ARF5/AuxRE-Casp and exposed to the proteasome inhibitors MG-132 

and lactacystin 24 hrs post transfection. Control cells were treated with a vehicle (x1 PBS). 

Expression of the transcription factors was detected by immunocytochemistry using the antibodies 

against the HA-tag or VP16 activation domain. 

Indeed, in samples treated with proteasome inhibitors, the number of HA-positive cells increased 

and became comparable to the number of VP16-positive cells and was observed with both 

GAL4/UAS and AFR5/AuxRE regulatory cassettes (Figure 5.6), confirming our hypothesis. Also, 

an overall increase of the number of immunostained cells, compared to control samples, was 

detected using both the anti-HA and the anti-VP16 antibodies (Figure 5.6). This increase was 

observed in both pGAL4/UAS-Casp- and pHA-ARF5/AuxRE-Casp-expressing cells and was in 
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line with the general inhibition of protein degradation, which led to the accumulation of the 

overexpressed proteins. 

 

5.4. DISCUSSION 

The aim of the work in this chapter was to develop bicistronic expression cassettes that would 

employ the same autoregulatory principle as the ARF5/AuxRE regulatory cassettes described in 

Chapter 3 but rely on the GAL4/UAS system to drive the expression of the transgene. Difficulties 

with detection of the ARF5 using two different tags fused to it may have arisen from the ARF5 

protein instability in mammalian cells, given its plant origin. It was therefore concluded that our 

autoregulatory expression cassettes for gene therapy would benefit from using a more reliable and 

better studied regulatory system for gene expression. 

The GAL4/UAS system had been extensively described and shown itself to be a powerful technique 

for studying gene expression and function in a variety of organisms, including mammals (254, 255). 

In the created GAL4/UAS autoregulatory bicistronic expression cassettes, the GAL4 transcription 

activator was used to drive the expression of the GFP reporter transgene in response to cell stress 

via the UAS enhancer to which it specifically binds. 

In the cells transfected with the generated GAL4/UAS regulatory cassettes, a very high level of the 

basal GFP transgene expression was observed. Moreover, GFP expression did not appear to 

increase following exposure to either OA or STS. Since the negative control plasmid containing the 

non-functional GAL4 yielded only minimal basal expression of the GFP transgene, high basal GFP 

expression produced by the regulatory cassettes was likely to result from the non-specific activation 

of the transgene by GAL4. This could be due to incomplete domination of the NES over the native 

NLS of the GAL4, or due to partial degradation of the GAL4-NES chimeric protein. Although the 

immunocytochemical analysis showed almost exclusively cytoplasmic localization of the GAL4 

under basal conditions and no visible GAL4 translocation to the nucleus upon induction of 

apoptosis, it is still possible that the antibodies used were not sensitive enough to detect 

redistribution of a very small amount of the GAL4, which is sufficient to activate transgene 

expression. 

The observed high level of the GFP transgene expression under the basal conditions, as well as the 

discrepancy in the number of immunostained cells using the antibodies detecting the opposite 

termini of the GAL4 protein, could result from its partial degradation in cells. Namely, the ‘leakage’ 

of the GAL4 to the nucleus resulting in the non-specific activation of the transgene expression may 

have been caused by degradation of the C-terminus of the fusion GAL4 protein that bore the nuclear 
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export signal (NES). Meanwhile, degradation of the N-terminus, bearing the HA tag, may have 

caused the reduced number of the HA-positive cells. And indeed, immunocytochemistry following 

the inhibition of the proteasome activity in the cells expressing either GAL4/UAS or ARF5/AuxRE 

regulatory cassettes, which also exhibited a reduced number of the HA-positive versus VP-16-

positive cells (Section 3.3.3), yielded a very similar number of the HA-positive and VP-16-positive 

cells. 

Due to the high level of non-specific transgene expression under basal conditions and non-

responsiveness to cell stress, it was concluded not to employ the GAL4/UAS system in the 

autoregulatory cassettes. 

  

91 
 



CHAPTER 6: PGC-1Α EXPRESSION CASSETTES 

6.1. INTRODUCTION 

Our original autoregulatory expression cassettes relied on the two-cistron design to achieve 

regulated expression of a therapeutic gene. However, depending on the nature of the therapeutic 

gene used, our expression cassettes could consist of only one cistron without affecting the 

underlying autoregulatory principle. For example, for a therapeutic gene encoding a protein that 

performs its function in the nucleus, like transcription co-activator, a monocistronic design would 

be sufficient. Namely, transcription of such therapeutic gene can be driven from a constitutive 

promoter in a non-regulated manner; however, being coupled to a dominant nuclear signal (NES) 

via a linker containing a protease cleavage site, the transgene would be restricted to the cytosol and 

thus unable to carry out its function. Once cell stress leads to activation of the appropriate proteases, 

the dominant NES would be cleaved off and the released transcription co-activator translocated to 

the nucleus, where it would execute its function (Figure 6.1). 

 

Figure 6.1 Autoregulatory monocistronic expression cassettes with a therapeutic gene (PGC-

1α) 
For the regulatory expression cassettes containing a therapeutic gene the product of which performs its 
function in the nucleus, like transcription co-activator PGC-1α, a monocistronic design would be sufficient. 
Transcription of PGC-1α can be driven from a constitutive promoter (CAG) in a non-regulated manner. 
Being coupled to the dominant nuclear signal (NES) via a linker containing a protease cleavage site, the 

92 
 



transgene would be restricted to the cytosol and thus unable to carry out its function. Proteolytic cleavage of 
the linker following activation of caspase-3 or/and calpain in response cell stress would release PGC-1α from 
the NES. This, in turn, would lead to the translocation of the PGC-1α to the nucleus, where it would regulate 
transcription of its target genes. HA – influenza virus haemagglutinin antigenic epitope. 

 

A candidate transcriptional co-activator that could potentially be used for this purpose was 

identified. Recent studies suggest that the transcriptional co-activator peroxisome proliferator-

activated receptor (PPAR)-γ co-activator 1α (PGC-1α) may be a therapeutic target in HD (261). 

PGC-1α is involved in multiple biological responses related to energy homeostasis, thermal 

regulation, and glucose metabolism (262). 

Abnormalities in striatal energy metabolism in HD represent an important part of the early 

pathogenesis of this disease (263, 264). Expression levels of PGC-1α and its target genes including 

those encoding enzymes involved in scavenging reactive oxygen species (e.g. superoxide 

dismutases, glutathione peroxidase) are reduced in post-mortem brain samples from 

presymptomatic HD patients as well as in mouse striatal neurons expressing mutant huntingtin 

(265). Impairment of PGC-1α function and downregulation of its mitochondrial target genes may 

lead to abnormalities in mitochondrial function and energy metabolism, contributing to 

degeneration of susceptible neurons (265, 266). Recent findings suggest that striatum, the region 

most affected in HD, may be particularly susceptible to disruption of energy metabolism caused by 

lack of PGC-1α (267, 268).This is corroborated by the fact that PGC-1α knock-out mice, lacking 

PGC1-α, show most striking lesions in the striatum despite the uniform absence of PGC-1α 

expression in all brain regions (267, 268). Moreover, these transgenic mice show neuropathological 

and behavioural features reminiscent of HD in humans (267) and increased neuronal susceptibility 

to neurotoxins (269). 

L. Cui et al. (266) demonstrated that mutant huntingtin (mHTT) inhibits transcription of PGC-1α by 

interfering with the activator/co-activator complex CREB/TAF4 acting on the PGC-1α promoter. 

Administration of PGC-1α to R6/2 transgenic HD mouse model prevented neuronal atrophy, which 

was in agreement with their studies in cell culture showing that overexpression of PGC-1α protects 

striatal neurons from toxicity by mHTT. This lends support to the idea that PGC-1α could be 

effective in therapy of HD. 

In addition, mHTT directly targets cellular processes with high energy requirements such as axonal 

transport (170, 270, 271). Expanded polyglutamine tracts have also been shown to alter 

mitochondrial membrane depolarization, making cells more vulnerable to metabolic stress (272-

274). Such direct toxic effects of mHTT may become more pronounced when the protective 
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function of PGC-1α is inhibited. Therefore, it would be interesting to determine whether stimulation 

of the pathways of energy metabolism controlled by PGC-1α could provide potential clinical benefit 

at early stages of HD. 

A non-regulated overexpression of PGC-1α in healthy cells, however, may be detrimental because 

of its key role in controlling mitochondria biogenesis and energy homeostasis (267). Therefore, 

PGC-1α was incorporated into our autoregulatory system with an aim to test its therapeutic 

potential in HD model. 

 

To assess a neuroprotector effect of our proposed therapeutic gene, PGC-1α, it was incorporated in 

our autoregulatory expression cassettes. PGC-1α is a transcriptional coactivator, therefore, its nature 

made the usage of the bicistronic design for the PGC-1α expression cassettes optional, without 

affecting the autoregulatory principle of the system. Moreover, inclusion of the DNA sequence 

encoding the PGC-1α into bicistronic pAAV expression cassette would result in a plasmid 

exceeding rAAV packaging capasity due to a considerable size of the PGC-1α cDNA (≈2.4 kb). 

Hence, a monocistronic design was employed to create a PGC-1α expression cassettes. 

This design was similar to that developed for the protease activity sensor vectors described in 

Chapter 4. Within this system, a therapeutic gene was fused with the dominant nuclear export signal 

(NES) via a linker containing either caspase 3, or calpain cleavage sequences. Thus, under normal 

conditions, NES should restrict PGC-1α to the cell cytoplasm so that PGC-1α is unable to penetrate 

into the nucleus and execute its function. But when the cell is exposed to stress, activation of 

caspase-3 or/and calpain should lead to the cleavage of the linker between PGC-1α and NES. 

Released PGC-1α should then translocate to the nucleus and regulate expression of the genes 

involved in energy metabolism. 

 

6.2. MATERIALS AND METHODS 

6.2.1. Synthetic oligonucleotides 

6.2.1.1. Sequencing primers 

To confirm the integrity of the PGC-1α cDNA within a laboratory stock plasmid, pAAV/CAG-

FLAG-PGC1α-WPRE-BGHpA (pFLAG-PGC1α), the region of the plasmid containing the PGC-1α 

transgene was sequenced. Due to the large size of the PGC-1α transgene, two overlapping regions 

within the pFLAG-PGC1α were sequenced, using two pairs of sequencing primers: 
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Forward sequencing primer 1 PGC-1α_F: 

5’-ATACTCGAGGCTTGGGACATGTGCAGCCA-3’ 

 

Reverse sequencing primer 1, PGC-1α_Rmid: 

5’-ACAGGAGGCATCTTTGAAGT-3’ 

 

Forward sequencing primer 2, PGC-1α_Fmid: 

5’-ATTAACATATCACAGGAGCT-3’ 

 

Reverse sequencing primer 2, PGC-1α_R: 

5’-ATAACGCGTCCTGCGCAAGCTTCTCTGAG-3’ 

 

 

6.2.1.2. PCR-primers 

For the N-terminal extension PCR of the first 415 bp of the PGC-1α cDNA from the pFLAG-

PGC1α the following primers were employed: 

 

Forward primer, PGC-1α_F: 

5’-ATA CTCGAG GCTTGGGACATGTGCAGCCAAGACTCTGTATG-3’ 
 XhoI 

 

Reverse primer, PGC-1α_R: 

5’-ATA TCGCGA GACGGCTCTTGCCTCTG-3’ 
 NruI 

 

The N-terminal extension PCR restored the original sequence of the PGC-1α cDNA and introduced 

the restriction sites suitable for further cloning into the amplified fragment. 
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6.2.1.3. Oligonucleotides 

To remove a stop codon at the 3’-end of the PGC-1α cDNA and introduce a restriction site 

facilitating further cloning, the last 15 bp of the PGC-1α cDNA were replaced with synthetic 

double-stranded DNA fragment. This fragment was obtained by annealing oligonucleotides 

containing the last 12 bp of the PGC-1α cDNA, as well as the MluI restriction site. The sequences 

of the oligonucleotides were as follows: 

 

PGC-1α-MluI-SpeI_F, sense: 

5’-AGCTT GCGCAGG ACGCGT TGCTAG A-3’ 
 HindIII MluI SpeI 

 

PGC-1α-MluI-SpeI_R, antisense: 

5’-CTAGT CTAGCA ACGCGT CCTGCGC A-3’ 
 SpeI MluI HindIII 

 

6.2.2. Antibodies used for immunochemical analysis and Western blot analysis 

Table 6.1 Antibodies used for immunochemical analysis and Western blot analysis 

Antibody Species raised in Source Concentration Application 

HA Rabbit Abcam ab3110 
1:2000 Immunocytochemistry 
1:1000 Immunohistochemistry 

PGC-1 
(H-300) 

Rabbit Santa Cruz sc-13067 
1:500 

Immunocytochemistry, 
Western blot 

1:300 Immunohistochemistry 
Cyt c Mouse Invitrogen 456100 1:2000 Immunohistochemistry 
SOD2 Rabbit Abcam ab13533 1:1000 Immunohistochemistry 
 

6.3. RESULTS 

6.3.1. Construction of the plasmids 

Using the earlier developed principle of autoregulatory gene expression in response to cell stress, 

gene expression cassettes containing a sequence encoding PGC-1α were designed. 

First, the HA-tag was introduced into the pAAV expression cassette pAAV/CAG-pL-WPRE-

BGHpA. This plasmid was obtained from Dr A.  Mouravlev, Department of Pharmacology, 

University of Auckland, and its composition described in Chapter 4. pGAL4/UAS-Casp, previously 

generated in the present study, was digested with Asp-718 (KpnI izocshizomer) and XhoI to release 
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a 976 kb fragment containing CAG promoter and HA-tag containing an ATG start codon. The 

fragment was cloned into the vector generated by Asp-718+XhoI digestion of pAAV/CAG-pL-

WPRE-BGHpA, replacing the original CAG promoter. Insertion of the fragment was confirmed by 

digestion of the resultant plasmid with NheI and visualization of the digestion products on the 1% 

agarose gel. Generation of an indicative fragment resultant from the cleavage within the vector 

sequence and the introduced HA-tag confirmed the presence of the insert. 

The polylinker sequence in the generated pAAV/CAG-HA-pL-WPRE-BGHpA plasmid contained, 

among others, HindIII restriction site which would hinder later cloning steps. Therefore, it was 

removed by digestion with HindIII, followed by filling of the 3’-overhangs and self-ligation of the 

vector, resulting in pAAV/CAG-HA-pL-WPRE-BGHpA, ΔHindIII. The elimination of the HindIII 

restriction site was confirmed by digestion of the obtained plasmid with NcoI and HindIII, which 

resulted in generation of only two fragments and not three that could have been produced if the 

HindIII restriction site was still present. 

The next step involved cloning of the PGC-1α cDNA, which could be PCR-amplified using a 

laboratory stock plasmid, pFLAG-PGC1α, as a template. However, because of the large size of the 

PGC-1α-encoding sequence (≈2.4 kb), amplification of the entire sequence in one step may have 

been complicated. Furthermore, PCR amplification of long stretches of DNA is associated with 

incorporation of mismatched nucleotides into the derive sequence. Therefore, excision of a large 

fragment from the existing plasmid followed by its insertion into a vector would be a safer option. 

However, the composition of restriction sites in the plasmid containing the PGC1α fragment, 

pFLAG-PGC1α, and the vector, pAAV/CAG-HA-pL-WPRE-BGHpA, ΔHindIII, did not allow this 

approach. Moreover, sequencing of pFLAG-PGC1α revealed a deletion of the twelve nucleotides 

encoding the first four amino acids of the PGC-1α. 

To overcome all the above issues, it was decided to combine both approaches and perform 

subcloning of the PGC-1α cDNA in two steps. Initially, the N-terminal extension PCR of the first 

415 bp of the PGC-1α cDNA was carried out to restore the original sequence and include the 

restriction sites suitable for further cloning. The amplicon was inserted into pAAV/CAG-HA-pL-

WPRE-BGHpA, ΔHindIII and the generated plasmid was digested with Asp718 and the indicative 

BglII to confirm the presence of the PGC-1α-coding sequence. The second step included insertion 

of the rest of the PGC-1α cDNA into the vector obtained at the first step. Following digestion of 

pFLAG-PGC1α with BglII and EcoRV, a 23.5 kb fragment containing most of the PGC-1α cDNA 

was released and cloned into the respective restriction sites of the vector, resulting in generation of 

pAAV/CAG-HA-PGC1α-WPRE-BGHpA. The obtained plasmid was then digested with XbaI to 

verify the presence of the insert. XbaI cleaved within the CAG promoter and PGC-1α-coding 
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sequence, therefore, excision of a fragment predicted from the sequence-based plasmid map, 

confirmed that PGC-1α cDNA had been successfully cloned. pAAV/CAG-HA-PGC1α-WPRE-

BGHpA (pPGC1α) was later used as a control plasmid for nuclear localization of the PGC-1α 

transgene (see Section 6.3.2), when functionality of the generated PGC-1α regulatory expression 

cassettes was tested in vitro and in vivo. 

To remove a stop codon at the 3’-end of the PGC-1α cDNA and introduce a restriction site allowing 

subsequent insertion of the NES linked to a sequence encoding a protease cleavage site/scrambled 

sequence, the last 15 bp including the stop codon of the PGC-1α cDNA were replaced with 

synthetic double-stranded DNA fragment. This fragment was obtained by annealing 

oligonucleotides containing the last 12 bp of the PGC-1α cDNA, as well as the MluI restriction site. 

pAAV/CAG-HA-PGC1α-WPRE-BGHpA was digested with HindIII and SpeI and the synthetic 3’-

terminal sequence of PGC-1α lacking a stop codon was cloned into the resultant vector. Digestion 

of the obtained plasmid pAAV/CAG-HA-PGC1α_ΔSTOP-WPRE-BGHpA with XbaI and MluI, 

that generated the appropriate fragments, confirmed the insertion of the synthetic sequence. 

Finally, the fragments containing NES linked to a sequence encoding either caspase 3 cleavage site 

(Casp-NES), or calpain cleavage site (Calp-NES), or scrambled sequence (Mut-NES), were excised 

from pGAL4/UAS-Casp, pGAL4/UAS-Calp and pGAL4/UAS-Mut, respectively. The fragments 

were cloned into pAAV/CAG-HA-PGC1α_ΔSTOP-WPRE-BGHpA, resulting in generation of 

pAAV/CAG-HA-PGC1α-Casp-NES-WPRE-BGHpA (pPGC1α-Casp), pAAV/CBA-HA-PGC1α-

Calp-NES-WPRE-BGHpA (pPGC1α-Calp) and pAAV/CAG-HA-PGC1α-Mut-NES-WPRE-

BGHpA (pPGC1α-Mut). Digestion of pPGC1α-Casp with ClaI and NcoI, followed by visualization 

of the digestion products on 1% gel, generated, as expected, five visible bands. The presence of the 

indicative fragment derived from the NcoI cleavage within the vector plasmid and ClaI cleavage 

within the introduced Casp sequence confirmed insertion of the Casp-NES fragment. The Calp-NES 

insert introduced another DraI restriction site in addition to the three DraI restriction sites originally 

present in the acceptor vector. Digestion of pPGC1α-Calp with the indicative DraI validated 

insertion of the Calp-NES sequence. Digestion of pPGC1α-Mut with the indicative ScaI, which 

cleaved within the introduced Mut sequence and within the acceptor vector, confirmed insertion of 

the Mut-NES sequence. 

Following transformation of E.coli, large-scale plasmid preparations of pPGC1α-Casp, pPGC1α-

Calp, pPGC1α-Mut and pPGC1α were performed. Integrity of the generated constructs was verified 

by analytical RE digestion (Table 6.2 and Figure 6.2). 
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Table 6.2 Analytical restriction enzyme digests 

Plasmid Enzymes Fragment sizes (bp) Figure reference 

pPGC1α-Casp 
SmaI 4683, 3193, 11, 11 Figure 6.2, E(A), sample 1 
EcoRI + SalI 5312, 1960, 626 Figure 6.2, E(A), sample 2 
Acc65i + NruI 4478, 1991, 1429 Figure 6.2, E(A), sample 3 

pPGC1α-Calp 

SmaI 4671, 3193, 11, 11 Figure 6.2, E(B), sample 4 
EcoRI + SalI 5312, 1948, 626 Figure 6.2, E(B), sample 5 
Acc65i + NruI 4478, 1991, 1417 Figure 6.2, E(B), sample 6 
DraI 4710, 2465, 692, 19 Figure 6.2, E(B), sample 7 

pPGC1α-Mut 

SmaI 4671, 3193, 11, 11 Figure 6.2, E(C), sample 8 
EcoRI + SalI 5312, 1948, 626 Figure 6.2, E(C), sample 9 
Acc65i + NruI 4478, 1991, 1417 Figure 6.2, E(C), sample 10 
ScaI 4822, 3064 Figure 6.2, E(C), sample 11 

pPGC1α 
SmaI 4592, 3193, 11, 11 Figure 6.2, E(D), sample 12 
EcoRI + SalI 5312, 1869, 626 Figure 6.2, E(D), sample 13 
Acc65i + NruI 4478, 1991, 1396 Figure 6.2, E(D), sample 14 
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Figure 6.2 PGC-1α expression cassettes 

Plasmid maps of pPGC1α-Casp (A), pPGC1α-Calp (B), pPGC1α-Mut (C), and pPGC1α (D) depict 

the location of elements within the AAV expression cassette relative to the restriction enzyme (RE) 

cleavage sites. Unique restriction sites are shown in red. (E) RE digested plasmid DNA fragments 

resolved by agarose gel electrophoresis (refer to Table 6.2). 1Kb+, 1 Kb plus DNA ladder; AmpR, 

Ampicillin resistance gene; BGHpA, bovine growth hormone polyadenylation signal; CAG, 

cytomegalovirus enhancer/chicken β-actin promoter; Calp, sequence encoding calpain cleavage 

site; Casp, sequence encoding caspase-3 cleavage site; HA, HA tag; ITR, inverted terminal repeat; 

Mut, scrambled sequence; NES, nuclear export signal; PGC1α, cDNA encoding the PGC1α; pUC19 

Ori, pUC19 origin of replication for propagation in E.coli bacteria; SV40 ori, Simian virus-40 

origin of replication for propagation in mammalian cells; WPRE, woodchuck hepatitis virus post-

transcriptional regulatory element. 
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6.3.2. Validation of the PGC-1α transgene expression in vitro 

Expression and intracellular distribution of the PGC1α transgene under normal conditions and 

during cell stress was analysed by immunocytochemistry on cultured HEK293 and Neuro2A cells 

transiently transfected with the generated expression cassettes. At 24 hrs post transfection, cells 

were challenged with OA or STS to induce apoptosis. Vehicle (x1 sterile PBS) was added to the 

control cells. PGC-1α was detected using antibodies raised against either HA-tag or amino acids 1-

300 of human PGC-1α. 

In HEK293 cells transfected with pPGC1α-Casp, or pPGC1α-Calp, or pPGC1α-Mut 

immunocytochemistry showed high levels of the PGC-1α transgene expression using both anti-HA 

and anti-PGC-1α antibodies. Under normal conditions, immunoreactivity was detected largely in 

the cytoplasm of the cells, indicating that the dominant NES was efficient at restricting the PGC-1α 

to the cytosol (Figure 6.3, A, D, G and K, N, Q). 

PGC-1α is a transcriptional co-activator that interacts with multiple transcription factors; it has two 

putative nuclear localization signals and naturally occurs in the cell nucleus (275). In agreement 

with this, in cells transfected with the control plasmid pPGC1α, exclusively nuclear localization of 

the PGC-1α was detected (Figure 6.3, J, and T). 

Interestingly, the transgene distribution in the Neuro2Acells appeared to differ slightly in the cells 

expressing pPGC1α-Calp or pPGC1α-Casp. In cells transfected with the pPGC1α-Calp expression 

cassette, immunoreactivity was detected almost exclusively in the cytoplasm – similar to the result 

obtained in the HEK293 cells. However, in cells transfected with pPGC1α-Casp, the transgene 

localization was rather mixed and immunostaining was observed in both the cytoplasm and the 

nucleus in some cells (Figure 6.4, A, D). Also, surprisingly little immunoreactivity was detected in 

the Neuro2A following immunocytochemistry using the anti-PGC1α antibody (Figure 6.4, G, H ,I). 

Moreover, no PGC-1α immunoreactivity was observed in the cells transfected with pPGC1α 

(Figure 6.4, J). 

Following induction of apoptosis by OA or STS, it was expected that PGC-1α would redistribute 

from the cytosol to the nucleus of the cells expressing the regulatory cassettes due to caspase-3 

or/and calpain activation. However, no obvious translocation of the transgene to the nucleus was 

detected in the toxin-treated cells compared to the control cells that received vehicle, in HEK293 as 

well as in Neuro2A cell line (Figures 6.3 and 6.4). 

Western blot analysis was conducted to confirm the expression of the transgene protein of the 

correct molecular mass. HEK293 cells were transiently transfected with the PGC1α expression 

cassettes, total cell lysates prepared and separated by SDS-PAGE. Based on the size of the 
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nucleotide sequence of the transgene, the protein size was predicted to be around 95 kDa, however, 

immunoblotting with either anti-HA or anti-PGC-1α antibodies detected a band corresponding to an 

≈130 kDa protein (Figure 6.5). The data from different studies analysing PGC-1α expression by 

western blot shows that different sizes of a native protein, ranging from ≈92 kDa up to ≈130 kDa, 

have been reported (266, 276). Therefore, the ≈130 kDa protein detected by immunoblotting was 

most likely the HA-tagged full-length PGC-1α transgenic protein produced in transfected HEK293. 

The higher molecular weight could result from posttranslational protein modifications in the cells. 

No protein was detected with either antibody in control lysates prepared from non-transfected cells, 

which was in line with the immunocytochemical findings and confirmed the specificity of the 

antibodies as well as low levels of endogenous PGC-1α expression in HEK293 cells. 
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Figure 6.3 Intracellular distribution of the PGC-1α transgenic protein in HEK293 cells 

Immunocytochemistry with anti-HA (A-J) or anti-PGC-1α (K-T) antibodies showed cytoplasmic 

localization of the PGC-1α chimeric protein produced by the PGC-1α regulatory cassettes. In cells 

expressing the PGC-1α transgene lacking the dominant nuclear export signal (NES) by the pPGC-

1α, immunostaining was detected in the nuclei (J, T), where the PGC-1α protein occurs naturally. 

No visible translocation of the PGC-1α transgene to the nucleus was observed following exposure 

to the cell stressors okadaic acid (OA; B, E, H, L, O, R) or staurosporine (STS; C, F, I, M, P, S). 
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6.3.3. Packaging and purification of AAV1 vectors 

Neuro2A cells expressing the pPGC1α-Casp demonstrated some redistribution of the PGC-1α 

transgene to the nucleus. Given the neuronal origin of the Neuro2A cell line, this finding looked 

promising and suggested this system may be functional and more optimal in neurons in an in vivo 

setting. Therefore, following confirmation that the generated PGC-1α plasmids contained 

appropriate transgenes and were transcriptionally active in mammalian cells, it was decided to 

assess functionality of the PGC-1α regulatory cassettes in vivo, in a transgenic mouse model of HD. 

To deliver generated constructs into the brain, the plasmids were packaged into AAV1 vectors 

using the helper free packaging system (14). As described in Section 2.3, HEK293 cells were co-

transfected with three plasmids: pAAV expression cassette (pPGC1α-Casp, or pPGC1α-Calp, or 

pPGC1α-Mut, or pPGC1α), AAV1 packaging plasmid (pH21), and adenoviral helper plasmid 

(pFΔ6). Approximately 65 hrs after transfection, cells were harvested and lysed using an ionic 

detergent. The viral vectors were then purified by iodixanol gradient ultracentrifugation method. 

In order to assess the purity and to estimate the titer of the rAAV1 vector preparations, vector 

aliquots were heat denatured, separated by SDS-PAGE and visualized by Coomassie blue staining 

of the gel. Coomassie blue enables visualization of three bands at 87, 73, and 62 kDa corresponding 

to the VP1, VP2, and VP3 AAV capsid proteins, respectively, as well as any other protein 

contaminants. Staining of the gel revealed that the vector stocks were of high purity; however, the 

intensity of staining was rather weak, suggesting that the titer of the preparations might not be very 

high. Due to low intensity of staining, only one band corresponding to the VP3 was visible on the 

gel while the VP1 and VP2 viral proteins were undetectable (Figure 6.6, A). This was in line with 

the VP1:VP2:VP3 viral protein ratios of 1:1:8 to 1:1:20 that had been reported in literature (277, 

278). 

Since Coomassie blue staining provides only a semi-quantitative estimate of the physical titer of a 

vector, a genomic titer was determined by qPCR. The vector preparations had the following titers: 

Vector Genomic titer (vg/ml) 
aav1-PGC1α-Casp 2.44 x 1012 
aav1-PGC1α-Mut 5.47 x 1012 
aav1-PGC1α-Calp 4.03 x 1012 
aav-1PGC1α 1.20 x 1012 

106 





6.3.4. In vivo analysis of PGC-1α expression cassettes 

The functionality of the PGC-1α expression cassettes in response to cell stress in vivo, as well as 

rAAV-mediated PGC-1α expression, was assessed in the YAC128 transgenic mouse model of HD. 

These transgenic mice express the entire human huntingtin gene containing 128 CAG repeats. They 

develop motor abnormalities that initially manifest as hyperactivity at the age of 3 months. Between 

6-12 months of age, a progressing impaired performance on the rotarod test, which evaluates such 

functions as balance and coordination, is evident. Finally, by the age of 12 months, animals develop 

a significant hypokinetic phenotype. These behavioural changes correlate with the onset of loss of 

striatal and cortical neurons at 9 months of age (279). The accurate recapitulation of the striatal 

neuronal loss characteristic of the human disease allows these mice to be useful in assessing 

experimental therapeutics that provide protection against neuronal loss. The defined natural history 

in YAC128 mice permits the accurate calculation of time points for commencement of therapeutic 

interventions, and endpoints for the assessment of the efficacy of those interventions. 

Increased activation of caspases and calpain (upon which our regulatory cassettes are reliant), has 

been shown in the striatal brain region of the YAC transgenic mice as early as 2 month of age (280, 

281). Therefore, it was hypothesised that redistribution of the transgenic PGC-1α to the nucleus 

would be mainly observed in YAC128 mice compared to their wild-type (WT) littermates. AAV1 

vectors containing expression cassettes with our proposed therapeutic gene PGC-1α were titer-

matched and injected unilaterally into striatum of ≈3 month old transgenic YAC128 mice and their 

WT littermates at a dose of 1.2x109 vg per infusion. The group sizes were as follows: 

Vector 
Number of animals (n) 
YAC128 WT 

aav1-PGC1α-Casp n = 3 n = 3 
aav1-PGC1α-Mut n = 3 n = 3 
aav1-PGC1α-Calp n = 3 n = 3 
aav-1PGC1α n = 3 n = 3 

 

Three weeks post-injection, when AAV-mediated transgene expression has reached peak levels 

(36), mice were perfused, brains collected and cryosectioned. The PGC-1α transgene expression 

was analysed by immunohistochemistry using anti-HA or anti-PGC1α antibodies. 

Surprisingly, in contrast to the in vitro results when a robust PGC-1α expression was observed in 

cultured cells, no immunoreactivity on brain tissue was detected with either antibody (data not 

shown). The absence of immunostaining may have resulted from the failure of rAAV vectors to 

transduce cells within the mouse brain, although this seemed unlikely. An alternative explanation 

could be that the injected dose of viral vectors was insufficient. 
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6.3.5. Additional in vivo analysis of the PGC-1α expression cassettes 

To ensure that the obtained AAV1 vectors were infectious and see if increasing the vector dose 

could improve transduction efficiency, another animal study was conducted. Our laboratory has 

extensive expertise in rAAV-mediated gene transfer into techniques into the rat brain. An additional 

advantage of using rats was a significantly bigger size of the rat striatum, compared to mouse 

striatum. It was therefore easier to target this brain region and allowed the injection of a bigger 

volume of vector. Hence, male Sprague Dawley (SD) rats were used this time to investigate the 

functionality of the generated PGC-1α AAV1 vectors. Only one vector, the aav1-PGC1α-Casp, was 

used for this analysis. 

To allow for the possibility that PGC-1α AAV1 vectors failed to transduce brain cells due to the 

defective packaging, pPGC1α-Casp was also repackaged. Genomic titer was determined by qPCR: 

Vector Genomic titer (vg/ml) 
aav1-PGC1α-Casp, #149TW 2.39 x 1012 

 

Additionally, a rAAV vector generated for other studies in our laboratory was injected into the rat 

brain. AAV1/2/CAG-CDCrel-HA-WPRE-BGHpA (aav1/2-CDCrel) expresses an HA-tagged 

transgene (CDCrel) and was included as a positive control for the anti-HA immunolabeling to 

ensure that the anti-HA antibody used to detect PGC-1α transgene was immunoreactive on brain 

tissue and to confirm that surgical technique was performed correctly. 

The original and repackaged aav1-PGC-1α-Casp and the aav1/2-CDCrel vectors were titer-matched 

and injected unilaterally into rat striatum at a 7.2x109 vg/infusion dose (n=1 per vector). Transgene 

expression was analysed 3 weeks post-injection by immunohistochemistry. Anti-HA antibody 

revealed a robust CDCrel-HA expression in the ipsilateral striatum and cortex of the animals which 

received aav1/2-CDCrel (Figure 6.7, D), validating the antibody affinity to its antigen on brain 

tissue. However, no anti-HA immunoreactivity was detected again in the brains transduced with 

either the original or repackaged aav1-PGC1α-Casp vectors (Figure 6.7, B). No anti-PGC-1α 

immunoreactivity was observed in the transduced rat brains either (data not shown). 

Due to difficulties with detecting the PGC-1α transgene directly, the expression of the genes 

regulated by PGC-1α, SOD2 and cytochrome c, was analysed. Changes in the expression of the 

genes downstream of PGC-1α could indirectly indicate the presence of the overexpressed PGC-1α 

in the transduced brain cells. PGC-1α regulates several metabolic processes, including 

mitochondrial biogenesis and oxidative phosphorylation (262, 282), and has been shown to increase 

the expression of a major antioxidant enzyme of mitochondria, SOD2 (269, 283, 284). The study by 

St-Pierre et al. (269) demonstrated that in the heart and brain of the PGC-1α null mice, the 

109 
 



expression of cytochrome c was also reduced, compared to the WT animals. Moreover, they showed 

that in the striatal neuronal cells overexpressing PGC-1α, elevated PGC-1α expression paralleled 

increased expression levels of mRNA for several reactive oxygen species (ROS)-detoxifying 

enzymes, including SOD2 and cytochrome c. 

Therefore, expression of SOD2 and cytochrome c was examined by immunohistochemistry in both 

mouse and rat brains transduced with PGC-1α rAAV vectors. Since the vectors had been injected 

into the brain of animals unilaterally, the non-injected hemisphere could serve as a control for the 

basal expression levels of the genes examined. No difference in the expression of SOD2 or 

cytochrome c was detected (data not shown). However, it is possible that the immunohistochemical 

analysis was not sensitive enough to detect a change in the expression levels of the mitochondrial 

genes. 

To see if the AAV1 PGC-1α vectors were capable of transducing cells, the infectivity of the original 

and repackaged aav1-PGC-1α-Casp vectors was tested in vitro. The aav1/2-CDCrel was also 

included as a positive control. Vectors were titer-matched and 5 µl of vector aliquots at the 

1.20 x 1012 vg/ml dose were applied to C6 cells. This cell line is routinely used in our lab to confirm 

the functionality of the rAAV vectors. Transgene expression was examined 72 hrs post-transduction 

using anti-HA antibody. Replicating the data obtained in vivo, immunocytochemical staining 

detected robust CDCrel expression in the cells transduced with aav1/2-CDCrel, but no staining was 

observed in cells transduced with either original or repackaged aav1-PGC-1α-Casp vectors 

(Figure 6.7, E, F, and G). 

Taken together, this data suggested that despite the functionality of the rAAV expression cassettes 

containing PGC-1α transgenes when they were transfected into cells as plasmids, they failed to 

mediate transgene expression when incorporated into the viral particles. 
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6.4. DISCUSSION 

The aim of this chapter was to generate the AAV vector enabling the expression of a therapeutic 

gene, PGC-1α, in the mouse brain, using monocistronic autoregulatory expression cassettes. Since 

PGC-1α is a transcriptional coactivator and therefore performs its function in the nucleus, the usage 

of the bicistronic design was optional, without affecting the autoregulatory principle of the system. 

Being coupled to a dominant nuclear signal (NES) via a linker containing a protease cleavage site, 

under the basal conditions, the fusion PGC-1α protein would be restricted to the cytosol and thus 

unable to carry out its function. Once cell stress leads to activation of the appropriate proteases and 

the dominant NES is cleaved off, the released PGC-1α would translocate to the nucleus, where it 

would regulate expression of the genes involved in energy metabolism. 

Another consideration for using a monocistronic design was the size of the resulting rAAV 

expression cassette. For optimal packaging, it should be within the 4.1-4.9 kb range, including the 

rAAV ITRs (285). Although larger cassettes of up to 6.0 kb can be packaged, constructs exceeding 

4.9 kb are packaged with lower efficiency and the generated vectors may not be functional (285-

287). With the ≈2.4 kb size of the PGC-1α cDNA, the resulting bicistronic regulatory cassette 

would exceed the rAAV packaging capasity. Using the monocistronic design scaled down the 

resulting size of the rAAV expression cassettes to ≈4.8 kb. Therefore, monocistronic PGC-1α 

regulatory expression cassettes were within the optimal size range for packaging into rAAV. 

The generated constructs were determined to be translationally active in both HEK293 and 

Neuro2A cell lines. Interestingly, in the Neuro2A cells expressing the pPGC1α-Casp, under the 

basal conditions, in some cells localization of the PGC1α fusion protein was detected in the nucleus 

as well as in the cytoplasm. This mixed intracellular localization may have resulted from the 

elevated level of caspase-3 activity in those cells, probably due to some stress stimuli, which led to 

the proteolytic cleavage of the Casp linker and following translocation of the PGC-1α to the 

nucleus. Also, using the anti-PGC1α antibody, very little immunoreactivity was detected in 

Neuro2A cells transfected with the PGC-1α expression cassettes and no immunoreactivity in the 

cells transfected with the nuclear localization control pPGC1α. Meanwhile, immunocytochemistry 

using the anti-HA antibody replicated the results obtained in HEK293 cell line. A fewer number of 

the PGC1α-positive cells compared to the HA-positive cells could be due to different sensitivity of 

the antibodies. Also, the method of transfection could contribute to the difference. While HEK293 

cells were transfected with the calcium phosphate method, Neuro2A cells were transfected using 

FuGENE HD transfection reagent. Thus, the transfection efficiency and/or expression level of the 

transgenic protein might have been lower in the Neuro2A cell line, compared to the HEK293 cell 

line, so that the anti-PGC-1α antibody was not sensitive enough to detect it. 
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The western blot findings indicated that proteins with molecular weights corresponding to that of 

the full-length PGC-1α fusion protein were synthesised in transfected cells. Both the anti-HA and 

anti-PGC-1α antibody detected a specific band corresponding to an ≈130 kDa protein. Although the 

PGC-1α fusion protein size was predicted to be around 95 kDa, based on the nucleotide sequence of 

the transgene, other studies have reported detection of the native full-length PGC-1α protein within 

the 92-130 kDa range (266, 276). It is known that molecular weight of cellular proteins can be 

considerably affected by the posttranslational modifications. It was therefore concluded that the 

detected ≈130 kDa protein was the PGC-1α fusion protein. 

Upon induction of cell stress with OA or STS, very few cells expressing the PGC-1α expression 

cassettes exhibited the translocation of the PGC-1α to the nucleus, as detected by 

immunocytochemistry. Similar to the previous results with the protease activity sensor vectors 

(Section 4.3.2), in those cells, the transgenic protein distributed to both nucleus and cytosol. 

Interestingly, in Neuro2A cell line more cells seemed to exhibit the translocation of the PGC-1α to 

the nucleus upon exposure to the toxins than in HEK293 line. Given different tissue origin of the 

cell lines used, this response might have been cell line-specific. The low efficiency of intracellular 

redistribution of the PGC-1α in response to cell stress could be due to the weak induction of 

caspase-3 and/or calpain activity by OA or STS. Although, a large body of evidence in literature 

exists that these drugs do induce caspase-3 and calpain activation. In addition, the findings obtained 

in this study using the generated in Chapter 4 protease activity sensor vectors also indicated that OA 

and STS induce both caspase-3 and calpain activation in HEK293 and Neuro2A cell lines. It was 

possible, however, that the level of protease activity induced by these compounds in the cell lines 

used could be not high enough to result in vivid intracellular redistribution of the overexpressed 

transgenic protein. 

Therefore, it was hypothesised that in vivo expression of the PGC-1α expression cassettes in the 

YAC128 transgenic mouse model of HD may provide more insights into functioning of the 

developed autoregulatory system. The accurate recapitulation of the striatal neuronal loss 

characteristic of the human disease in these animals allows assessing experimental therapeutics that 

provide protection against neuronal loss. Hence, this mouse model of HD would be useful to 

investigate the neuroprotective effects of PGC-1α. Activation of caspases and calpain, upon which 

our regulatory cassettes were reliant, was shown in the striatum of the YAC transgenic mice as 

early as 2 month of age (280, 281). For this study, 3 month old animals were used – so that the 

elevated level of protease activity associated with the onset of the pathological process in mouse 

striatum has already established, but still early enough in the disease to prevent neuronal loss. AAV 

113 
 



vectors were prepared using the iodixanol density gradient centrifugation, titer-matched and infused 

unilaterally at a 1.2x109 vg/infusion dose into striatae of YAC128 mice and their WT littermates. 

The AAV-mediated transgene expression typically peaks 2–3 weeks after a single intracerebral 

injection of a vector and persists for up to 1.5 years in the absence of any overt toxicity or 

immunological response (49). Surprisingly, 3 weeks post-injection, immunohistochemical analysis 

using anti-HA or anti-PGC1α antibodies did not detect any transgene expression in any of the 

mouse brains. This was in sharp contrast with the in vitro results when a robust PGC-1α expression 

was observed in cultured cells transfected with the corresponding plasmids. To check if the absence 

of detectable transgene expression resulted from the defective packaging of the AAV vectors or 

insufficient vector dose, one of the constructs, aav1-PGC-1α-Casp, was repackaged and used at a 

dose of 7.2x109 vg per infusion for injection into rat striatum. The titer-matched original aav1-PGC-

1α-Casp vector and a control aav1/2-CDCrel vector, also bearing the HA-tagged transgene 

(CDCrel), were included as well. The previous studies in our group have demonstrated that rAAV1 

and mosaic rAAV1/2 vectors exhibit a very similar efficiency at transducing neurons in the rodent 

brain (39). Therefore, it was concluded that using the control vector that had been packaged into 

mosaic 1/2 serotype would be acceptable. A robust expression of the HA-tagged CDCrel transgene 

in the rat brain was detected following immunohistochemistry with the anti-HA antibody. However, 

consistent with the results from the mouse in vivo study, no immunoreactivity was observed in the 

rat brains infused with either the original or the repackaged aav1-PGC-1α-Casp vectors, using either 

anti-HA or anti-PGC-1α antibodies. The detection of the HA-tagged CDCrel transgene by the anti-

HA antibody validated the immunoreactivity of this antibody on brain tissue. Therefore, its inability 

to detect the HA-tagged PGC-1α transgene was likely to result from low level production of the 

PGC-1α fusion protein in the brain of the vector-injected animals. Furthermore, the anti-PGC-1α 

antibody used for the detection of the transgene was raised against the first 300 amino acids of the 

PGC-1α protein, which comprise almost one third of the full-size protein. And therefore, the 

inability to detect the PGC-1α transgene with this polyclonal antibody could also indicate very low 

level of the rAAV-mediated PGC-1α expression. 

When the expression of the genes regulated by PGC-1α, SOD2 and cytochrome c, was examined in 

the mouse and rat brains infused with the PGC-1α vectors, no changes in their expression were 

detected by the immunohistochemistry. Although the diaminobenzidine (DAB) staining used for 

visualization of SOD2 and cytochrome c immunoreactivity might not have been sensitive enough, 

the PGC-1α transgenic protein might also have undergone intracellular degradation in vivo. 

However, additional analysis is required to investigate this possibility. Therefore, due to inability to 

detect the AAV-mediated PGC-1α expression in the rodent brain, this was not pursued further and 
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the current study focused on the development and optimization of the bicistronic autoregulatory 

expression systems. 
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CHAPTER 7: CRE/LOX REGULATORY CASSETTES 

7.1. INTRODUCTION 

Due to difficulties with detecting the rAAV vector-mediated expression of the proposed therapeutic 

gene PGC-1α incorporated into monocistronic autoregulatory expression cassettes, it was decided to 

go back to development and optimization of the bicistronic regulatory cassettes. The ARF5/AuxRE 

system described in Chapter 3 showed great promise; however it was demonstrated that the 

chimeric ARF5 may undergo partial intracellular degradation (Section 5.3.3) and may not be 

reliable enough to tightly regulate transgene expression. 

Another candidate system, the GAL4/UAS system, which was incorporated into the bicistronic 

regulatory cassettes, demonstrated high level of non-specific basal transgene expression and non-

responsiveness to cell stressors (Chapter 5). 

An interesting alternative to a transcription factor/response element systems that has been 

extensively studied and could also be employed to drive transgene expression in the autoregulatory 

cassettes is a Cre/lox recombinase system. 

The Cre/lox system is a site-specific recombinase technology widely used as a genetic tool to 

control gene expression, carry out deletions, insertions, translocations, and inversions in the DNA 

of cells. The system was derived from a bacteriophage P1 and consists of a Cre recombinase 

enzyme and a pair of its target sequences. The Cre protein, encoded by the locus originally named 

as "Causes recombination" (288), is a site-specific DNA recombinase, which can catalyse 

recombination of DNA between specific sites in a DNA molecule. These sites, known as lox sites, 

contain an asymmetric 8 bp sequence flanked by two 13 bp palindromic sequences. Cre binds lox 

sites and a recombination event can occur at a sequence embedded in between. The double-stranded 

DNA is cut at both lox sites by the Cre enzyme and the strands are then rejoined by DNA ligase. 

The result of recombination depends on the orientation of the lox sites. For two lox sequences 

contained within the same DNA molecule, inverted orientation of lox sites will cause an inversion 

of the DNA embedded between them, while a direct orientation of lox sites will cause a deletion 

(Figure 7.1). If lox sites are present in different DNA molecules, Cre recombinase can catalyse a 

translocation. 
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Figure 7.1 Cre-mediated recombination at the lox sites within the same DNA molecule 

DNA sequence is depicted in purple colour.  Purple arrows indicate the 5’ to 3’ direction of the coding DNA 
strand. Yellow triangles indicate the orientation of the lox sites. Cre, Cre recombinase; lox, Cre recombinase 
target sequence. 

 

Within the bicistronic regulatory expression system described in this chapter, transgene expression 

was dependent on the Cre/lox recombination. Cistron 1 of the expression cassette encoded the Cre 

fused with the dominant nuclear export signal (NES) via a linker containing a cleavage site for 

caspase-3 or calpain, which are activated in cells in response to apoptotic stimuli. Cistron 2 

contained the GFP reporter gene in the reverse orientation, flanked by inversely orientated lox sites 

and located downstream from a constitutive promoter (Figure 7.2). Thus, under basal conditions, 

the NES restricted Cre to the cytosol and the reporter gene was not expressed due to its reverse 

orientation with relation to the upstream promoter. However, when caspase-3 or/and calpain were 

activated upon induction of apoptosis, the NES was cleaved from the Cre, allowing it to translocate 

to the nucleus. In the nucleus, Cre bound the inversely orientated lox sites within the second cistron 

and induced a recombination. The recombination led to the inversion of the DNA sequence 

encoding the reporter gene, which was now placed in the same orientation as the promoter sequence 

resulting in the transgene expression (Figure 7.2). Since recombination event is reversible, upon 

activation, at any time point only about 50% of the transgene can be in right orientation. Therefore, 

the amount of transgenic protein produced in the cell by the Cre/lox regulatory system may be 

diminished, compared to the regulatory systems relying on a transcription factor. This, however, 

may be beneficial in the gene therapy context because it would reduce the probability for potential 

adverse side effects, due to excess protein load in the cell, to occur. 
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Figure 7.2 Cre/lox regulatory bicistronic expression cassettes 

Cistron 1 of the expression cassette encoded the Cre fused with the dominant nuclear export signal (NES) via 
a linker containing a cleavage site for caspase-3 or calpain. Cistron 2 contained the GFP reporter gene in the 
reverse orientation, flanked by inversely orientated lox sites and located downstream from a CAG promoter. 
Thus, under basal conditions, the NES restricted Cre to the cytosol and the reporter gene was not expressed 
due to its reverse orientation with relation to the upstream promoter. However, when caspase-3 or/and 
calpain were activated upon induction of apoptosis, the NES was cleaved from the Cre, allowing it to 
translocate to the nucleus. In the nucleus, Cre induced recombination leading to the inversion of the DNA 
sequence encoding GFP, which was now placed in the same orientation as the promoter sequence, resulting 
in the transgene expression. NSE(300), 3’-terminal 310 bp of neuronal-specific enolase promoter. 

 

The design of the Cre/lox regulatory expression cassette required using two promoters: one for 

driving the expression of Cre recombinase (Cre) and the other for driving the inducible expression 

of transgene. Therefore, another promoter, NSE(300), was selected to be incorporated into the 

expression cassette in addition to the CAG promoter. Compared to the CAG, the NSE(300) is a 

weaker promoter (245). Given that only a small amount of recombinase enzyme is required for 

induction of recombination and that excessive amount of exogenous regulatory protein may be toxic 

for the host cell, the expression of Cre should rather be driven from a weaker promoter, 

i.e. NSE(300). And conversely, for the potent expression of a transgene, the stronger CAG promoter 

is preferred. 
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To assess if the expression of Cre from the NSE(300) promoter was sufficient for induction of 

recombination and subsequent transgene expression, a pilot study was conducted. A two-plasmid 

system was used at this stage. One plasmid encoded the Cre recombinase placed downstream of the 

NSE(300) promoter. On its N-terminus, Cre was fused with a red fluorescent marker mCherry 

(pmCherry, Clontech). The other plasmid contained a DNA sequence encoding an emGFP reporter 

fused to the NLS, which had the reverse orientation (rGFP-NLS) and was flanked by the lox sites. 

The lox-embedded transgene was located downstream of the CAG promoter. Both plasmids were 

co-expressed in HEK293 and Neuro2A cells to see if Cre could efficiently induce the GFP-NLS 

expression. 

 

7.2. MATERIALS AND METHODS 

7.2.1. PCR-primers 

A fragment encoding Cre recombinase was PCR-amplified from the laboratory stock plasmid 

pAAV/CAG-HA-NLS-Cre-WPRE-BGHpA. To facilitate further cloning, the PCR primers 

introduced the EcoRI restriction site into the 5’-terminus and MluI and HindIII restriction sites 

intron the 3’-terminus of the PCR product. The following primers were used: 

 

Forward primer, Cre_F: 

5’-ATA GAATTC TCCAATTTACTGACCGTACAC-3’ 
 EcoRI 

 

Reverse primer, Cre_R: 

5’-ATA AAGCTT ACGCGT ATCGCCATCTTCCAG-3’ 
 HindIII MluI 

 

A fragment encoding NSE(300) promoter was PCR-amplified with inclusion of the suitable 

restriction sites, Acc65i and XhoI, from the plasmid pAAV/NSE(300)-pL-WPRE-BGHpA, which 

was obtained from Dr. A. Mouravlev, Department of Pharmacology, University of Auckland. The 

following primers were used: 
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Forward primer, NSE(300)_F: 

5’-ATA GGTACC CGAGTTGGCTGGACAAGGTTA-3’ 
 Acc65i 

 

Reverse primer, NSE(300)_R: 

5’-ATA CTCGAG GCATGCCTGCAGGTCGAGGAC-3’ 
 XhoI 

 

7.2.2. Antibodies used for immunochemical analysis 

Table 7.1 Antibodies used for immunocytochemical and immunohistochemical analysis 

Antibody Species raised in Source Concentration Application 

HA Rabbit Abcam ab3110 1:2000 Immunocytochemistry 
1:1000 Immunohistochemistry 

GFP Rabbit Abcam ab290 1:100,000 Immunocytochemistry 
1:50,000 Immunohistochemistry 

 

 

7.3. RESULTS 

7.3.1. Construction of the plasmids for the pilot study 

The plasmid in which transcription of the mCherry-Cre transgene is driven from the CAG promoter, 

pAAV/CAG-mCherry-Cre-WPRE-BGHpA (pCAG-mCherry-Cre), and the plasmid which 

contained the reverse DNA sequence encoding the GFP-NLS fusion protein, pAAV/CAG-lox-

rGFP-NLS-lox-WPRE-BGHpA (pGFP/lox), were previously generated in the laboratory. The 

pAAV expression cassette containing NSE(300) promoter, polylinker sequence (pL), woodchuck 

post-transcriptional regulatory element (WPRE) and bovine growth hormone polyadenylation signal 

(BGHpA) flanked by the AAV2 inverted terminal repeats (pAAV/NSE(300)-pL-WPRE-BGHpA) 

was obtained from Dr. A. Mouravlev, Department of Pharmacology, University of Auckland. Due 

to the absence of suitable restriction sites, the direct cloning of a fragment encoding mCherry-Cre 

into pAAV/NSE(300)-pL-WPRE-BGHpA was not possible. To circumvent this, the mCherry-Cre-

coding fragment from pCAG-mCherry-Cre was first inserted into another vector, pAAV/CAG-pL-

WPRE-BGHpA (described in Section 4.3.1), resulting in the intermediate construct pAAV/CAG-

pL-mCherry-Cre-pL-WPRE-BGHpA, where the mCherry-Cre was flanked by the restriction sites 

allowing its subsequent cloning into pAAV/NSE(300)-pL-WPRE-BGHpA. The mCherry-Cre 

fragment introduced a second EcoRI restriction site into the pAAV/CAG-pL-WPRE-BGHpA 
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vector; therefore the insertion of the mCherry-Cre in the intermediate construct was confirmed by 

its digestion with EcoRI. 

Then, to generate pAAV/NSE(300)-mCherry-Cre-WPRE-BGHpA (pNSE(300)-mCherry-Cre), the 

fragment encoding mCherry-Cre from the intermediate construct was inserted into 

pAAV/NSE(300)-pL-WPRE-BGHpA. Similarly to the first step, digestion of pNSE(300)-mCherry-

Cre with EcoRI confirmed the presence of mCherry-Cre. 

Restriction analysis was performed to confirm the composition of pNSE(300)-mCherry-Cre 

(Figure 7.3). Digests were visualized on a 1% agarose gel. Digestion with HindIII generated two 

bands of expected sizes: 1856 bp and 4735 bp. Generation of the large 1856 bp fragment, 

containing the entire insert, confirmed the presence of the latter in the obtained plasmid. Digestion 

with KpnI resulted in excision of a 379 bp fragment, and digestion with EcoRV resulted in excision 

of a 542 bp fragment. Both KpnI and EcoRV cleaved within the introduced sequence containing 

mCherry-Cre and the vector, therefore, the excision of the corresponding fragments confirmed the 

presence of mCherry-Cre. Also, insertion of the mCherry-Cre fragment introduced another XhoI 

restriction site and two NcoI restriction sites in addition to the two XhoI and one NcoI restriction 

sites originally present in pAAV/NSE(300)-pL-WPRE-BGHpA. Digestion with XhoI generated 

three bands of expected sizes: 334 bp, 1802 bp and 4455 bp. Digestion with NcoI also resulted in 

generation of three fragments of the predicted sizes: 435 bp, 2559 bp and 3597 bp, indicating that 

the composition of the plasmid was correct. 
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7.3.2. Pilot in vitro study 

To ensure that the level of the Cre expression produced by the generated pNSE(300)-mCherry-Cre 

was sufficient to induce recombination between the lox sites in pGFP/lox leading to the GFP-NLS 

transgene expression, both plasmids were co-expressed in transiently transfected HEK293 and 

Neuro2A cells. As a reference, cells were co-transfected with pGFP/lox and pCAG-mCherry-Cre, 

which expressed mCherry-Cre from the strong CAG promoter, to determine whether Cre expression 

level would influence the extent of recombination and thus GFP expression. Expression of 

mCherry-Cre and GFP-NLS was analysed by fluorescence microscopy via visualization of native 

mCherry and GFP fluorescence, respectively. 

Robust mCherry fluorescence, indicating a high level of Cre expression, was observed in the cells 

transfected with pCAG-mCherry-Cre (Figure 7.4, A). In contrast, mCherry fluorescence was 

expressed at low levels in cells transfected with pNSE(300)-mCherry-Cre (Figure 7.4, B), which 

was in line with the fact that the NSE(300) promoter is weaker and thus produces markedly lower 

levels of transgene expression compared to the CAG promoter. However, there was no noticeable 

difference in the GFP expression levels between the cells co-expressing pGFP/lox with pCAG-

mCherry-Cre or pNSE(300)-mCherry-Cre (Figure 7.4, C, D). In addition, there was no GFP 

fluorescence in the cells expressing pGFP/lox but no Cre recombinase. These results suggested that 

although the expression of Cre from the NSE(300) promoter was fairly low, it was still enough to 

efficiently induce recombination followed by the expression of the GFP-NLS transgene at the level 

indistinguishable from that induced by Cre expressed from the strong CAG promoter. 

Therefore, NSE(300) promoter could be successfully used to express Cre within the bicistronic 

regulatory cassettes, whereas the regulatable transgene expression could be driven from the stronger 

CAG promoter. This design would provide high levels of transgene expression, while minimizing 

the probability of occurrence of adverse side effects due to unregulated overexpression of a 

regulatory factor. 
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7.3.3. Construction of bicistronic autoregulatory expression cassettes 

After the pilot study had demonstrated the functionality of the Cre/lox system to induce transgene 

expression in the context of a two-plasmid design, the cloning strategy to create Cre/lox regulatory 

bicistronic expression cassettes was developed and the Cre/lox regulatory cassettes generated. 

A cDNA fragment containing the CAG promoter and encoding the reporter transgene GFP-NLS in 

the reverse orientation and flanked by the lox sites (CAG-lox-rGFP-NLS-lox) was planned to be 

excised from the pGFP/lox plasmid (pAAV/CAG-lox-rGFP-NLS-lox-WPRE-BGHpA) and inserted 

into the cistron 2 of the bicistronic cassette. However, the fragment encoding CAG-lox-rGFP-NLS-

lox contained XhoI and EcoRI restriction sites which would have hindered the later cloning steps. 

Therefore, these restriction sites were eliminated (as described in Section 2.1.12). The elimination 

of the XhoI restriction site was confirmed by digestion of the obtained plasmid with XhoI and 

HindIII. The elimination of the EcoRI restriction site was confirmed by digestion with Acc65i and 

EcoRI. In both cases, when digests were visualized on agarose gel, presence of only one fragment 

corresponding to the full-size plasmid indicated that the restriction sites had been eliminated. 

Further, the restriction sites embedding the CAG-lox-rGFP-NLS-lox sequence were not suitable for 

the direct cloning of this fragment into the bicistronic cassette. Therefore, the fragment encoding 

CAG-lox-rGFP-NLS-lox was first inserted into polylinker of the pGEM-7Zf vector (Promega) so 

that the fragment was embedded by the suitable restriction sites. Insertion of the CAG-lox-rGFP-

NLS-lox was confirmed by the digestion of the resultant pGEM-7Zf/CAG-lox-rGFP-NLS-lox 

plasmid with XbaI, which cleaved within both the insert and the vector sequences. Now, the KpnI 

restriction site present in the obtained pGEM-7Zf/CAG-lox-rGFP-NLS-lox would have impeded 

cloning at one of the further stages, consequently, it was eliminated. Digestion of the resultant 

pGEM-7Zf/CAG-lox-rGFP-NLS-lox, ΔKpnI with KpnI and HindIII verified the removal of the 

KpnI restriction site. 

The pGAL4/UAS-Casp pAAV expression cassette (pAAV/CAG-HA-GAL4-VP16-Casp-NES-

BGH-SpA-WPRE2-emGFP-TATA-UASx2), generated earlier in this study, was used as a 

backbone for the Cre/lox regulatory cassette. First, the CAG promoter that must have been 

substituted for the NSE(300) promoter in the cistron 1 was deleted. Removal of the CAG was 

confirmed by digestion of the resultant pAAV/HA-GAL4-VP16-Casp-NES-BGH-SpA-WPRE2-

emGFP-TATA-UASx2, ΔCAG with Acc65i and NruI, which generated a fragment of an 

appropriate size. 

Next, a fragment encoding CAG-lox-rGFP-NLS-lox was excised from pGEM-7Zf/CAG-lox-rGFP-

NLS-lox, ΔKpnI and inserted into pAAV/HA-GAL4-VP16-Casp-NES-BGH-SpA-WPRE2-emGFP-
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TATA-UASx2, ΔCAG, replacing the original emGFP-TATA-UASx2 sequence. Presence of the 

CAG-lox-rGFP-NLS-lox in the resultant pAAV/HA-GAL4-VP16-Casp-NES-BGH-SpA-WPRE2-

lox-rGFP-NLS-lox-CAG was confirmed by digestion with SpeI, which cleaved within the vector 

plasmid and within the inserted fragment. 

A fragment encoding Cre recombinase was PCR-amplified. To facilitate further cloning, EcoRI 

restriction site was added on the 5’-end and MluI and HindIII restriction sites were added on the 3’-

end of the fragment. The resultant Cre fragment was inserted into the previously generated in the 

laboratory plasmid pAAV/CAG-HA-NLS-Cre-WPRE-BGHpA, replacing the original NLS-Cre 

transgene and resulting in the intermediate construct pAAV/CAG-HA-Cre(MluI)-WPRE-BGHpA. 

Digestion of this construct with the Acc65i and indicative MluI restriction enzymes verified the 

substitution of the NLS-Cre sequence with the Cre PCR product. 

A fragment encoding HA-Cre transgene was then excised from the intermediate pAAV/CAG-HA-

Cre(MluI)-WPRE-BGHpA and cloned into pAAV/HA-GAL4-VP16-Casp-NES-BGH-SpA-

WPRE2-lox-rGFP-NLS-lox-CAG, replacing the original GAL4-VP16. Replacement of the GAL4-

VP16 with HA-Cre in the resultant pAAV/HA-HA-Cre-Casp-NES-BGH-SpA-WPRE2-lox-rGFP-

NLS-lox-CAG was confirmed by digestion with EcoRI, which cleaved within the introduced 

sequence and vector. 

Finally, to generate pAAV/NSE(300)-HA-Cre-Casp-NES-BGH-SpA-WPRE2-lox-rGFP-NLS-lox-

CAG (pCre/lox-Casp), a fragment encoding NSE(300) promoter was PCR-amplified with inclusion 

of the suitable restriction sites, Acc65i and XhoI, and cloned into pAAV/HA-HA-Cre-Casp-NES-

BGH-SpA-WPRE2-lox-rGFP-NLS-lox-CAG. The amplified NSE(300) fragment thus replaced an 

extra HA-tag. The insertion of the NSE(300) was verified by digestion of the obtained plasmid with 

indicative restriction enzyme SmaI, which produced the fragments of the specific sizes. 

To generate the constructs in which Cre was fused with the NES via a linker encoding calpain 

cleavage site (pAAV/NSE(300)-HA-Cre-Calp-NES-BGH-SpA-WPRE2-lox-rGFP-NLS-lox-CAG) 

or a linker containing scrambled sequence (pAAV/NSE(300)-HA-Cre-Mut-NES-BGH-SpA-

WPRE2-lox-rGFP-NLS-lox-CAG), fragments encoding Calp-NES-BGH-SpA-WPRE2 and Mut-

NES-BGH-SpA-WPRE2 were excised from the previously generated GAL4/UAS expression 

cassettes: pGAL4/UAS-Calp and pGAL4/UAS-Mut, respectively. The excised fragments were then 

cloned into pCre/lox-Casp, replacing the original Casp-NES-BGH-SpA-WPRE2 sequence and 

resulting in pCre/lox-Calp and pCre/lox-Mut. Insertion of the fragment encoding Calp-NES-BGH-

SpA-WPRE2 was confirmed by digestion of the pCre/lox-Calp with the indicative restriction 

enzyme DraI. Insertion of the Mut-NES-BGH-SpA-WPRE2 fragment was confirmed by digestion 

of the pCre/lox-Mut with the indicative restriction enzyme ScaI. 
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To generate a construct that would allow controlling for non-specific, or leaky, GFP-NLS transgene 

expression, a DNA fragment encoding HA-Cre was deleted from pAAV/NSE(300)-HA-Cre-Casp-

NES-BGH-SpA-WPRE2-lox-rGFP-NLS-lox-CAG (pCre/lox-Casp). The elimination of the HA-Cre 

sequence was confirmed by digestion of the resultant plasmid pAAV/NSE(300)-Δ-Casp-NES-

BGH-SpA-WPRE2-lox-rGFP-NLS-lox-CAG (pCre/lox-(-)ctrl – negative control) with the SpeI and 

the unique EcoRV restriction enzymes. 

Also, to create a positive control, a construct in which Cre was not fused with NES and thus would 

drive the GFP-NLS expression constitutively, pAAV/NSE(300)-HA-Cre-Δ-BGH-SpA-WPRE2-

lox-rGFP-NLS-lox-CAG (pCre/lox-(+)ctrl) was designed. Due to the lack of unique restriction 

sites, the precise deletion of a fragment encoding NES linked to the protease cleavage site was not 

possible within the bicistronic cassette. To circumvent this, DNA sequence containing SpA-

WPRE2-lox-rGFP-NLS-lox was first excised from pCre/lox-Calp, resulting in the intermediate 

construct pAAV/NSE(300)-HA-Cre-Calp-NES-BGH-Δ-CAG. Digestion of this intermediate 

construct with EcoRI, which excised a fragment of the indicative size, confirmed elimination of the 

SpA-WPRE2-lox-rGFP-NLS-lox. The removal of the SpA-WPRE2-lox-rGFP-NLS-lox in the 

obtained construct rendered SalI restriction site unique and allowed precise excision of the fragment 

encoding NES and calpain cleavage site (Calp-NES). Excision of the Calp-NES produced another 

intermediate construct, pAAV/NSE(300)-HA-Cre-Δ-BGH-Δ-CAG. Digestion of this construct with 

the indicative restriction enzyme DraI verified the removal of the Calp-NES. At the final 

subcloning step in generating the positive control construct, the excised at the very first step 

fragment containing SpA-WPRE2-lox-rGFP-NLS-lox was inserted back into pAAV/NSE(300)-

HA-Cre-Δ-BGH-Δ-CAG. The insertion of the fragment in the correct orientation was confirmed by 

digestion of the obtained pCre/lox-(+)ctrl plasmid with EcoRI and MfeI, which generated the 

fragments of the specific sizes. 

Additional restriction enzyme digestion analysis was performed to confirm the composition of 

pCre/lox-(+)ctrl (Figure 7.5, E and F). To validate the right orientation of the rGFP-NLS transgene, 

the following combinations of the restriction enzymes were used: EcoRV + SpeI, EcoRV + MfeI, 

and EcoRV + HpaI. EcoRV cleaved within the sequence encoding Cre. SpeI and MfeI cleaved next 

to the 3’-end of the rGFP-NLS fragment and HpaI cleaved next to the 5’-end of the rGFP-NLS. 

Therefore, if the rGFP-NLS was inserted into the plasmid in the correct orientation, the 

EcoRV + SpeI combination would produce the 2103 bp and 5411 bp fragments; EcoRV + MfeI 

would produce the 2019 bp and 5495 bp fragments, and EcoRV + HpaI would produce the 1238 bp 

and 6276 bp fragments. Generation of the digestion products of these predicted sizes confirmed the 

correct orientation of the rGFP-NLS transgene. 
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The generated Cre/lox regulatory cassettes, along with positive and negative control plasmids were 

propagated in E.coli, large-scale plasmid preparations were performed. The integrity of the obtained 

constructs was verified by analytical RE digestion (Table 7.2 and Figure 7.5) and their functionality 

was first assessed in vitro. 

Table 7.2 Analytical restriction enzyme digests 

Plasmid Enzymes Fragment sizes (bp) Figure reference 

pCre/lox-Casp 
SmaI 4122, 3193, 214, 89, 11, 11 Figure 7.5, G(A), sample 1 
EcoRI + XbaI 3881, 2909, 850 Figure 7.5, G(A), sample 2 
Acc65i + NruI 6185, 868, 587 Figure 7.5, G(A), sample 3 

pCre/lox-Calp 

SmaI 4110, 3193, 214, 89, 11, 11 Figure 7.5, G(B), sample 4 
EcoRI + XbaI 3881, 2897, 850 Figure 7.5, G(B), sample 5 
Acc65i + NruI 6185, 856, 587 Figure 7.5, G(B), sample 6 
DraI 4172, 2745, 692, 19 Figure 7.5, G(B), sample 7 

pCre/lox-Mut 

SmaI 4110, 3193, 214, 89, 11, 11 Figure 7.5, G(C), sample 8 
EcoRI + XbaI 3881, 2897, 850 Figure 7.5, G(C), sample 9 
Acc65i + NruI 6185, 856, 587 Figure 7.5, G(C), sample 10 
ScaI 4771, 2857 Figure 7.5, G(C), sample 11 

pCre/lox-(-)ctrl 
SmaI 3996, 3193, 214, 89, 11, 11 Figure 7.5, G(D), sample 12 
EcoRI + XbaI 5706, 850 Figure 7.5, G(D), sample 13 
Acc65i + NruI 6185, 371 Figure 7.5, G(D), sample 14 

pCre/lox-(+)ctrl 
SmaI 3193, 3038, 214, 89, 11, 11 Figure 7.5, G(E), sample 15 
EcoRI + XbaI 3881, 2783, 850 Figure 7.5, G(E), sample 16 
Acc65i + NruI 6927, 587 Figure 7.5, G(E), sample 17 
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7.3.4. In vitro analysis of the Cre/lox regulatory cassettes 

The functionality of the obtained Cre/lox regulatory cassettes was tested in the STS-induced 

apoptosis model in HEK293 and Neuro2A cell lines. Cells were transiently transfected with 

pCre/lox-Casp, pCre/lox-Calp and pCre/lox-Mut, as well as with control plasmids pCre/lox-(+)ctrl 

and pCre/lox-(-)ctrl, and induction of NLS-GFP expression was visualized by fluorescence 

microscopy. 

Under basal conditions, GFP fluorescence was observed only in the cells transfected with the 

positive control plasmid. Since in all Cre/lox regulatory cassettes the GFP reporter was fused with 

the nuclear localization signal (NLS), GFP fluorescence localized in the nuclei of the cells. No GFP 

fluorescence was detected in the cells transfected with the negative control plasmid. In some 

individual cells expressing the Cre/lox regulatory cassettes, there was a barely detectable basal GFP 

fluorescence suggesting that leakiness or/and non-specific expression of the transgene was minimal 

(Figure 7.6, A, only pCre/lox-Casp shown). No visible activation of the GFP transgene in 

transfected cells was observed upon exposure to STS (data not shown); however, this could be due 

to the weak fluorescent signal resultant from the low-level expression of the GFP transgene. 

Therefore, activation of the GFP reporter in response to the cell stressor was examined by 

immunocytochemistry. Due to high sensitivity of the anti-GFP antibody used, some basal GFP 

expression was detected in the non-induced state (Figure 7.6, B). However, there was no obvious 

increase in the number of GFP-positive cells upon exposure to STS (Figure 7.6, B). 

The failure to induce recombination could be due to the inability of STS to induce caspase-3-

dependent apoptosis at the STS concentrations used. It could also arise from the impaired 

functionality of the lox-rGFP-NLS-lox within the context of the bicistronic cassette. To find out if 

the lox-rGFP-NLS-lox within the generated constructs was responsive to Cre in principle, pCre/lox-

Casp, as well as negative pCre/lox-(-)ctrl and positive pCre/lox-(+)ctrl control plasmids were co-

expressed in HEK293 and Neuro2A cell lines with pNSE(300)-mCherry-Cre, used in the initial 

proof-of-principle experiments (Section 7.3.2). In cells co-transfected with pCre/lox-Casp and 

pNSE(300)-mCherry-Cre, a considerable activation of the NLS-GFP expression was detected by 

fluorescence microscopy (Figure 7.7, C,D). A similar finding was observed in cells co-expressing 

the negative control plasmid, lacking the Cre, with pNSE(300)-mCherry-Cre (Figure 7.7, A,B). This 

data was in agreement with the results from the pilot study, in which Cre recombinase and lox-

flanked rGFP-NLS transgene were co-expressed in cell lines from two plasmids (Section 7.3.2), and 

demonstrated that lox-rGFP-NLS-lox was functional within the context of the bicistronic cassettes. 

Cells co-transfected with the positive control regulatory cassette and pNSE(300)-mCherry-Cre 

exhibited a slight increase in GFP fluorescence, when compared to cells transfected with the 
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positive control regulatory cassette alone (Figure 7.7, E and F). This observation will be discussed 

in Section 7.4. 

The expression of Cre recombinase was analysed in transfected HEK293 and Neuro2A cell lines by 

immunocytochemistry, using either antibody against HA-tag on the N-terminus of the recombinase, 

or anti-Cre antibody. No immunoreactivity was detected with either of the antibodies (Figure 7.7, G 

and H). However, this could be attributed to the very low expression level of the Cre, produced 

from the weak NSE(300) promoter, and/or possibly because sensitivity of the antibodies was not 

high enough to detect such small amount of the protein. 

To see if the generated Cre/lox-based constructs were responsive to cell stress in vivo, they were 

packaged into the rAAV1 vectors to be further tested in the YAC128 transgenic mouse model of 

HD. 

7.3.5. Packaging and purification of AAV1 vectors 

The regulatory expression cassettes were packaged into AAV1 vectors using the helper free 

packaging system (14), as described in Section 2.3. In order to assess the purity and to estimate the 

titer of the rAAV1 vector preparations, they were heat denatured, separated by SDS-PAGE and 

visualized by Coomassie blue staining of the gel. Coomassie blue enabled to visualisation of viral 

capsid proteins VP1, VP2, and VP3, of the 87, 73, and 62 kDa size, respectively. Staining of the gel 

containing separated proteins revealed that the samples were of high purity (Figure 7.8). Genomic 

titer was next determined by qPCR. The vector preparations had the following titers: 

Vector Genomic titer (vg/ml) 
aav1-Cre/lox-Casp 6.35 x 1012 
aav1-Cre/lox-Calp 3.32 x 1012 
aav1-Cre/lox-Mut 1.59 x 1012 
aav1-Cre/lox-(-)ctrl 6.25 x 1012 
aav1-Cre/lox-(+)ctrl 2.48 x 1012 
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7.3.6. In vivo analysis of the Cre/lox regulatory cassettes 

Functionality of the generated rAAV1 vectors containing the Cre/lox regulatory cassettes was 

assessed in YAC128 mice that show increased levels of caspase and calpain expression in the 

striatum from the age of 2 month onwards (280, 281). It was therefore hypothesised that the reporter 

gene expression should be upregulated, or mainly detectable, only in the brains of YAC128 

transgenic mice when compared to their non-transgenic (WT) littermates. The ≈ 3 month old 

animals were used for this experiment, the group sizes were as follows: 

Vector 
Number of animals (n) 
YAC128 WT 

aav1-Cre/lox-Casp n = 6 n = 6 
aav1-Cre/lox-Calp n = 9 n = 9 
aav1-Cre/lox-Mut n = 7 n = 6 
aav1-Cre/lox-(-)ctrl n = 3 n = 2 
aav1-Cre/lox-(+)ctrl n = 3 n = 3 
aav1/2-dYFP n = 1 n = 1 

To control for the accuracy of surgical technique and to assess the extent of the rAAV-mediated 

transgene expression throughout mouse striatum, two more animals: 1xYAC128 and 1xWT, were 

infused with AAV1/2/NSE(300)-dYFP-BGHpA-WPRE (aav1/2-dYFP). This vector, previously 

generated in the laboratory, contained a reporter gene, destabilized yellow fluorescent protein 

(dYFP), constitutively expressed from the NSE(300) promoter. The YFP is a genetic mutant of GFP 

(289), which emanates yellow-ish green fluorescence and is also detectable by 

immunohistochemistry with an anti-GFP antibody. Previous work conducted in our laboratory had 

demonstrated very similar transduction efficiency and transgene distribution patterns for AAV1 and 

hybrid AAV1/2 vector serotypes (39), therefore, aav1/2-dYFP was concluded to be an acceptable 

control for the transduction efficiency and transgene distribution in the mouse striatum. 

The viral vectors were titer matched and injected unilaterally into mouse striatum at a dose of 

1.59x109 vg per infusion. Three weeks post-injection, mice were perfused, brains collected and 

cryosectioned. Expression of the reporter transgene was analysed by immunohistochemistry using 

the anti-GFP antibody. 

In all brains analysed, immunohistochemical detection of the GFP transgene showed very similar 

distribution pattern for aav1/2-dYFP and aav1-Cre/lox regulatory cassettes. Namely, the transgene 

expression in striatum was observed in the area around the needle track, as well as in the distal from 

the needle track regions adjacent to external capsule or/and lateral ventricle (Figure 7.9, A). 

Positively stained cells were also detected in cortex, in the areas adjacent to external capsule 

(Figure 7.9, B), in line with previous reports of axonal transport of rAAV virions or transgene 
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products (290, 291). Immunostaining was mostly observed in cell nuclei, with some staining 

detected in cytoplasm (Figure 7.9, B). Similar leakiness into the cytoplasm of the GFP coupled to 

the NLS was observed in previous in vitro experiments (Section 4.3.2) and could be due to the 

excess amount of protein produced in the cell. This was corroborated by the observations that in the 

neuronal cells exhibiting the darkest staining, resultant from the large amount of NLS-GFP 

expressed, immunoreactivity was also detected in cell processes, suggesting that the excess amount 

of protein led to its distribution throughout the cell. 

Compared to the bicistronic cassettes, aav1/2-dYFP demonstrated a wider anterior-posterior spread 

of the reporter gene expression and more intense immunostaining of the GFP-positive areas in the 

mouse brain (Figure 7.9, C). This might have been attributed to a more efficient transduction and 

higher levels of transgene expression by aav1/2-dYFP versus bicistronic cassettes. However, a 

direct comparison is not possible because of the different composition of the rAAV expression 

plasmids and different vector serotypes used. 

In brains transduced with the positive control vector, aav1-Cre/lox-(+)ctrl, a robust GFP expression 

was expected, compared to the levels of GFP expression produced by the regulatory cassettes. 

However, the pattern of transgene distribution and expression was similar to those observed with 

the regulatory cassettes (Figure 7.10). No immunoreactivity was detected in the brains injected with 

the negative control vector aav1-Cre/lox-(-)ctrl, suggesting that there was no non-specific GFP 

expression from the CAG promoter (Figure 7.10). 

Unexpectedly, immunohistochemical detection of GFP expression in the brains infused with the 

Cre/lox regulatory cassettes did not show any apparent difference in the levels of transgene 

expression between YAC128 and WT brains – neither when individual brain sections from 

YAC128 versus WT animals were compared, nor following a collective comparison of all YAC128 

brains versus all WT brains within a group of animals transduced with the same vector 

(Figure 7.10). In addition, a noticeable variability in size of the immunostained regions in the 

striatum and in the intensity of staining was observed among animals regardless of their transgenic 

status. 

Mice used in this study were obtained from the Vernon Jansen Unit (VJU), the University of 

Auckland, and had been genotyped by the VJU staff. However, animal studies previously conducted 

in our group had indicated that some of the ordered animals may be provided with their genotypes 

identified wrong. Therefore, it was decided to verify genetic status of the mice utilized for this in 

vivo experiment. Unfortunately, genotyping could not be repeated for some animals due to tissue 

sample unavailability, so only 27 out of 56 animals were re-genotyped. Genotyping revealed that 

four mice provided as WT’s were in fact YAC128’s. Thus, due to the inter-animal variability in the 
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transgene expression and impossibility to confirm genetic status of half of the animals utilized for 

this experiment, it was difficult to make a conclusion about responsiveness of the Cre/lox regulatory 

cassettes to cell stress in vivo. 

The expression of Cre recombinase was also analysed in the mouse brains infused with regulatory 

cassettes, using anti-Cre antibody and the antibody against the HA-tag on the N-terminus of the 

transgenic Cre recombinase. However, similar to the in vitro findings, no immunoreactivity was 

detected following immunohistochemistry with either antibody, probably due to the low level of 

Cre expression. 
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Figure 7.9 rAAV-mediated GFP transgene expression within the Cre/lox regulatory cassettes 

in YAC128 mouse brain 

(A) A representative image illustrating the GFP transgene distribution pattern in the YAC128 

mouse brain (pictured – aav1-Cre/lox-Calp). Immunohistochemistry using anti-GFP antibody 

showed that transgene expression in striatum localized around the needle track, as well as in the 

distal from the needle track regions adjacent to external capsule or/and lateral ventricle. Positively 

stained cells were also detected in cortex, in the areas adjacent to external capsule. Ctx, cortex; ec, 

external capsule; LV, lateral ventricle; Str, striatum; (B) Immunostaining was mostly observed in 

cell nuclei, with some staining detected in cytoplasm. (C) Representative images showing anterior-

posterior distribution of the GFP transgene expressed by aav1/2-dYFP vector in comparison with 

the aav1-Cre/lox vectors (pictured – aav1-Cre/lox-Calp). Numbers on the left indicate the anterior-

posterior position, bregma = 0 (292). 
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Figure 7.10 Similar extent of transgene activation within the Cre/lox regulatory cassettes in 

YAC128 versus WT mouse brain 

No immunoreactivity was detected in either YAC128 or WT mouse brains injected with the 

negative control vector aav1-Cre/lox-(-)ctrl, suggesting that there was no non-specific GFP 

expression from the CAG promoter (pictured – YAC128). In brains infused with the positive 

control vector, aav1-Cre/lox-(+)ctrl, a robust GFP expression was expected, compared to the levels 

of GFP expression produced by the regulatory cassettes. However, the pattern of transgene 

distribution and expression was similar to those observed with the regulatory cassettes. Moreover, 

immunohistochemical detection of GFP expression in the brains infused with the Cre/lox regulatory 

cassettes did not show any apparent difference in the levels of transgene expression between 

YAC128 and WT brains – neither when individual brain sections from YAC128 versus WT animals 

were compared, nor following a collective comparison of all YAC128 brains versus all WT brains 

within a group of animals transduced with the same vector. In addition, a noticeable variability in 

size of the immunostained regions in the striatum and in the intensity of staining was observed 

among animals regardless of their transgenic status. 
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7.4. DISCUSSION 

The aim of this chapter was to generate an autoregulatory expression cassette in which transgene 

expression would be reliant on the Cre/lox recombinase system and to assess its functionality in the 

transgenic mouse model of HD using AAV vector-mediated gene delivery. The Cre/lox system is a 

site-specific recombinase technology widely used as a genetic tool to control gene expression, carry 

out deletions, insertions, translocations, and inversions in the DNA of cells. Within the bicistronic 

regulatory expression cassettes created in this chapter, Cistron 1 encoded a Cre recombinase fused 

with the dominant nuclear export signal (NES) via a linker containing a cleavage site for caspase-3 

or calpain, which are activated in cells in response to apoptotic stimuli. Cistron 2 contained the GFP 

reporter gene in the reverse orientation, flanked by inversely orientated lox sites. Thus, under basal 

conditions, NES restricted Cre to the cytosol and the reporter gene was not expressed due to its 

reverse orientation. However, when caspase-3 or/and calpain were activated in response to cell 

stress, the NES was cleaved off from the Cre, allowing it to translocate to the nucleus. In the 

nucleus, Cre bound the inversely orientated lox sites within the Cistron 2 and induced a 

recombination. The recombination led to the inversion of the GFP reporter DNA sequence into 

direct orientation and resulted in the GFP reporter expression. 

In the presence of Cre, recombination is reversible, therefore, upon activation, transgene expression 

is continuously switched on and off. This may result in the diminished production of the transgenic 

protein in the cell compared to the regulatory systems relying on a transcription factor, when 

transgenic protein is constantly produced in the presence of transcription factor. Excessive level of 

transgenic protein may potentially result in undesirable side-effects; therefore, depending on the 

nature of the therapeutic gene used, its attenuated expression in the cell may be beneficial in the 

context of gene therapy. 

The design of the Cre/lox regulatory cassette required using two promoters: one for driving the 

expression of Cre recombinase and the other for driving the inducible expression of transgene. 

Using the same promoter was undesirable, because presence of the identical DNA sequences within 

a plasmid could potentially result in their stochastic recombination and subsequent elimination of 

the sequence contained between them. Therefore, in addition to the CAG promoter, another 

promoter, NSE(300) was selected to be incorporated into the expression cassette. The NSE(300) 

comprises 310 3’-terminal base pairs of the neuron-specific enolase (NSE) promoter (245). In the 

context of the rAAV expression cassette, the small size of the NSE(300) is advantageous, as it 

would allow insertion of a bigger transgene into bicistronic expression cassette, keeping the overall 

size of the regulatory system within the packaging capacity of the rAAV. Compared to the CAG 

promoter, the NSE(300) is a weaker promoter. Given that only a small amount of recombinase 
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enzyme is required for induction of recombination and that excessive amount of exogenous 

regulatory protein may be toxic for the host cell, the expression of Cre was driven from the weaker 

NSE(300) promoter. And conversely, the stronger CAG promoter was used to drive more potent 

expression of a transgene. 

The Cre/lox regulatory cassettes were generated and their functionality was first assessed in vitro 

using fluorescence microscopy and immunocytochemistry. Under basal conditions, GFP expression 

was observed only in the cells transfected with the positive control plasmid, in which Cre was not 

fused to NES and therefore expression of the transgene did not depend on the activation of cell 

proteases. No GFP expression was detected in the cells transfected with the negative control 

plasmid lacking Cre and some very faint GFP fluorescence was observed in a few individual cells 

expressing the Cre/lox regulatory cassettes. These findings suggested that leakiness or/and non-

specific expression of the GFP transgene within the regulatory cassettes was minimal. However, no 

visible induction of the GFP expression was observed after cells were challenged with STS. 

To make sure that the GFP transgene within the regulatory cassettes was inducible by Cre and that 

the visual absence of induction was not due to malfunction of the components of the Cistron 2, 

pCre/lox-Casp as well as negative and positive control plasmids were co-expressed with either 

pCAG-mCherry-Cre, or pNSE(300)-mCherry-Cre. The two latter constructs expressed Cre 

recombinase fused with the fluorescent tag mCherry from either strong CAG promoter, or weaker 

NSE(300) promoter. Detection of the robust GFP expression with all bicistronic cassettes confirmed 

that Cistron 2 was functional and responsive to Cre. It is of interest though that the cells co-

transfected with the positive control plasmid and either pCAG-mCherry-Cre or pNSE(300)-

mCherry-Cre exhibited a slight increase in GFP fluorescence, when compared to cells transfected 

with the positive control plasmid alone. This result indicated that the amount of Cre recombinase 

produced from the bicistronic cassettes could be below its ‘saturation’ level, i.e. the observed level 

of transgene expression within the bicistronic cassettes may not reach its potential maximum due to 

insufficient amount of recombinase. Thus, additional amount of the Cre protein, expressed from a 

second plasmid, could lead to its ‘saturation’ in the cell and result in a higher level of transgene 

expression. 

When intracellular distribution of the HA-tagged Cre produced by the regulatory cassettes was 

analysed by immunocytochemistry with the anti-HA antibody, no immunoreactivity was detected – 

neither under basal conditions, nor after exposure to the cell stressor. The absence of the HA-

immunoreactivity, although, could be due to a very small amount of the Cre protein produced in the 

cells from the weak NSE(300) promoter. This was in agreement with the observations described 

above, of the co-expression of regulatory cassettes with the Cre vectors, and in line with the results 
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obtained in the pilot experiments (Section 7.3.2) in which Cre was tagged with a fluorescent 

mCherry tag. This tag produces very potent red fluorescent signal thus allowing a high-sensitivity 

detection of the transgenic protein even at low concentrations. Nevertheless, in the cells expressing 

mCherry-tagged Cre protein under control of the NSE(300) promoter, the mCherry fluorescence 

was barely detectable, indicating a remarkably low expression level of the transgenic Cre protein 

from the regulatory cassettes. 

The data obtained in the in vitro experiments suggested that the Cre/lox regulatory cassettes were 

functional, but their responsiveness to the cell stressor was not obvious. This could be due to rather 

moderate level of the transgene expression caused by the low-level expression of the Cre. In 

addition, the in vitro analysis of the PGC-1α regulatory cassettes indicated that the OA- or STS-

induced caspase-3 and/or calpain activity might not be potent enough in the cell lines used 

(Section 6.3.2). Thus, if induction of protease activity by STS was insufficient and given the non-

constant, recombination-dependent nature of the transgene expression within the Cre/lox regulatory 

cassettes, the resultant level of the GFP expression could sometimes be below the detection 

threshold. In this case, examining GFP expression in the cells expressing the Cre/lox regulatory 

cassettes at a further time point could circumvent this, due to intracellular accumulation of the 

synthesised protein. Indeed, GFP fluorescence at 48 hrs post-transfection appeared noticeably 

brighter and was observed in more cells, compared to the 24 hrs post-transfection time point (data 

not shown). Thus, it was concluded that analysis of the Cre/lox regulatory cassettes in the brain of 

the transgenic YAC128 mice could address the above issues, because it would allow more time for 

accumulation of the transgenic protein (hence facilitating its detection) and would provide 

intracellular environment of chronically elevated protease activity. 

Therefore, the functionality of the Cre/lox regulatory cassettes was assessed in vivo in the YAC128 

transgenic mouse model of HD. GFP expression was examined 3 weeks after vector infusion in 

YAC128 versus WT mouse striatae by immunohistochemistry. Surprisingly, the GFP expression 

appeared to be rather uniform among all mouse brains analysed regardless of the genotype. This 

could be partly attributed to a considerable inter-animal variability that was detected within both, 

YAC128 and WT, groups of mice. Moreover, some animals utilized for this experiment may have 

been genotyped incorrectly and it was not possible to verify their genetic status due to the 

unavailability of tissue samples as the genotyping issue did not arise until several weeks after the 

animals had been euthanized. 

The in vivo results obtained in this chapter indicated that there was no elevated caspase-3 or calpain 

activity in the striatum of YAC128 versus WT mice, at least at the age examined (≈3 month) and by 

the immunohistochemical assay used. Although not in agreement with the published data, it was 
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possible that the chosen time point was still too early in the disease for the elevated protease activity 

to occur. Moreover, in line with the results obtained in present work, a recent study by Graham et 

al. also reported no difference in caspase-3 activity in WT versus YAC128 striatum at 3 and 12 

months of age (293). However, due to inability to verify genotypes of one half of the animals used 

for the in vivo experiment described, it is hard to make any conclusions about protease activity in 

the YAC128 transgenic mouse brain versus WT mouse brain and, accordingly, responsiveness of 

the Cre/lox cassettes to cell stress in vivo. Therefore, a different animal model of HD could be more 

appropriate for testing our regulatory cassettes. 
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CHAPTER 8: RESPONSIVENESS OF THE REGULATORY 

CASSETTES TO ACTIVE CASPASE-3 

8.1. INTRODUCTION 

The in vitro experiments assessing functionality of the generated regulatory gene expression 

cassettes were carried out in the toxin-induced apoptosis models. Therefore, these experiments 

relied on the activation of the endogenous caspase-3 in the HEK293 and Neuro2A cell lines in 

response to addition of a toxin. In the apoptosis models employed, cells were treated with OA or 

STS, both of which have been shown to induce caspase-3 activation (294-298). However, cellular 

response to these toxins can be cell line-specific: both OA and STS have been reported to induce 

apoptosis via a caspase-3-independent pathway in some cell lines (299, 300). Thus, weak transgene 

activation in the cells expressing regulatory cassettes in response to exposure to OA or STS could 

possibly result from the failure of these toxins to sufficiently activate caspase-3 in the cell lines used 

in this study. 

In line with this hypothesis, no increase in caspase-3 activity in HEK293 cells upon exposure to OA 

or STS was detected within the work conducted in this thesis, when it was examined by 

fluorescence-based caspase-3 activity assay (EnzChek® Caspase-3 Assay Kit #1, Life 

Technologies™) or by Western blot analysis using monoclonal antibody against nonerythroid 

spectrin (data not included). This antibody recognises several spectrin breakdown products 

produced by caspase-3 (120 and 150 kDa) and calpain (145 and 150 kDa) (202). To overcome the 

hurdle of possibly low-level caspase-3 activation produced by OA or STS, plasmids overexpressing 

active caspase-3 were generated and employed. These plasmids were co-expressed with the 

regulatory cassettes developed in this thesis. 

In cells, active caspase-3 is derived from the processing and self-association of two procaspase 

molecules. Each procaspase molecule consists of a large subunit and a small subunit covalently 

connected via an intersubunit linker. Proteolytic cleavage of the linkers results in the formation of 

active sites within the enzyme. Thus, active caspase-3 is comprised of two copies of the large and 

two copies of the small subunits and contains two active sites at the opposite ends of the molecule 

(Figure 8.1). 
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Figure 8.1 Formation of active caspase-3 enzyme from inactive proenzyme 

Caspase-3 molecules are found in cells as preformed inactive dimers, in which the large and the small 
subunits covalently connected via the intersubunit linkers. The inactive state is maintained by steric 
hindrances, which are imposed by these intersubunit linkers and result in misalignment of active sites within 
the dimer. Proteolytic cleavage of the linkers permits the formation of functional active sites within the 
enzyme. 

In our model, the large and the small subunits of active caspase-3 were expressed either from two 

vectors, each encoding one of the subunits, or from a single vector, encoding both subunits. The 

overexpressed subunits were expected to self-associate in the cells and form an active enzyme. In 

the case of the two-vector system, each plasmid contained the hybrid cytomegalovirus 

enhancer/chicken β-actin (CAG) promoter, the coding sequence for one of the active caspase-3 

subunits, woodchuck post-transcriptional regulatory element (WPRE), and bovine growth hormone 

polyadenylation signal (BGHpA). 

In the case of the single vector system, the plasmid consisted of two cistrons, positioned in the “tail-

to-tail” orientation. To avoid a possible recombination between the promoter regions that would 

eliminate the protein-coding sequences, two different promoters were used to drive the transcription 

of the active caspase-3 subunits. The first cistron contained the NSE(300) promoter, the sequence 

encoding the large subunit, and the BGHpA. The second cistron contained the CAG promoter, the 

sequence encoding the small subunit, a shortened woodchuck post-transcriptional regulatory 

element (WPRE2), and a synthetic polyadenylation signal (SpA). 

8.2. RESULTS 

The plasmids expressing the active caspase-3 subunits: pAAV/CAG-Casp3_L-WPRE-BGHpA 

(pCaspL, expressing the large subunit), pAAV/CAG-Casp_S-WPRE-BGHpA (pCaspS, expressing 

the small subunit), and pAAV/NSE(300)-Casp_L-BGHpA-SpA-WPRE2-Casp_S-CAG (pCaspL-

CaspS, expressing both subunits) were provided by Dr. A. Mouravlev, Department of 
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Pharmacology, University of Auckland. These plasmids were co-expressed in HEK293 cell line 

with the pCre/lox-Casp (from Chapter 7) or pHA-ARF5/AuxRE-Casp (from Chapter 3) regulatory 

expression cassettes developed in this thesis. Induction of the GFP transgene expression from the 

regulatory cassettes was visualized 48 hours post transfection by fluorescent microscopy. 

Each regulatory expression cassette was co-expressed with either pCaspL-CaspS, or with pCaspL + 

pCaspS together, or with an ‘empty’ plasmid (pAAV/CAG-WPRE-BGHpA) to equalize the total 

amount of plasmid DNA used for transfection in control cells. Also, each regulatory cassette was 

co-expressed with pCaspL or pCaspS individually to control for their particular effects. 

To control for any potential side-effects from overexpressing active caspase-3 affecting the GFP 

fluorescence in vitro, a plasmid constitutively producing GFP in a non-regulated manner – 

pAAV/CAG-GFP-WPRE-BGHpA (pGFP), – was also co-expressed with pCaspL-CaspS, or 

pCaspL and pCaspS together, or pCaspL and pCaspS individually, or ‘empty’ plasmid. The table 

below illustrates the combinations of the plasmids co-expressed: 

pCre/lox-Casp + pCaspL-
CaspS 

+ pCaspL 
+ 

pCaspS 
+ empty + pCaspL + pCaspS 

pHA-ARF5/AuxRE-
Casp 

+ pCaspL-
CaspS 

+ pCaspL 
+ 

pCaspS 
+ empty + pCaspL + pCaspS 

pGFP + pCaspL-
CaspS 

+ pCaspL 
+ 

pCaspS 
+ empty + pCaspL + pCaspS 

The effects of the plasmids encoding the active caspase-3 on the GFP expression from the 

regulatory cassettes or pGFP were analysed in comparison with the GFP expression resultant from 

the co-expression of the regulatory cassettes or pGFP with an ‘empty’ plasmid. 

The increase in GFP expression from both the pCre/lox-Casp and pHA-AFR5/AuxRE-Casp 

regulatory cassettes was observed when they were co-expressed with the single plasmid encoding 

both subunits of the active caspase-3, pCaspL-CaspS, compared to cells co-transfected with control 

‘empty’ plasmid (Figure 8.2, A, F vs. C, H). No increase in GFP expression was detected when cells 

were co-transfected with pCaspL-CaspS and pGFP, which produced GFP in a non-regulated 

manner (Figure 8.2, K). Therefore, the increase in GFP expression seen with the regulatory 

cassettes was specific and resulted from the caspase-3 activity. 

Interestingly, the increase in GFP expression was also observed when the regulatory expression 

cassettes were co-expressed with the large (Figure 8.2, D, I) or the small (Figure 8.2, E, J) subunits 

of the active caspase-3 individually. Moreover, co-expression with pCaspL, encoding the large 

subunit of the active caspase-3, yielded a noticeably higher level of GFP expression than that 
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resultant from the co-expression with pCaspS, encoding the small subunit. This could be due to 

activation of the endogenous inactive caspase-3 by the overexpressed caspase-3 subunits via 

heterodimerization, which will be further discussed in Section 8.3. 

In contrast, when a two-plasmid system was used to co-express the active caspase-3 with the 

regulatory cassettes, no increase in the GFP expression was observed (Figure 8.2, B and G). 

Moreover, when this two-plasmid system was co-transfected with pGFP, constitutively expressing 

GFP, a markedly reduced level of GFP expression was observed (Figure 8.2, L). In addition, a large 

portion of the cells expressing the active caspase-3 from two plasmids had apoptotic morphology, 

with some of the cells detaching from the culture dish surface, which meant that the level of the 

active caspase-3 produced by the two-plasmid system was toxic. Thus, one possible explanation for 

a significantly decreased GFP expression levels when the active caspase-3 was present in excess is 

the associated with apoptosis general “shut down” of the cellular synthetic processes (reviewed in 

(230)). Another possibility is that excessive amount of the protease indiscriminately cleaved 

proteins within the cells, including the overexpressed GFP. 
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8.3. DISCUSSION 

The aim of work in this chapter was to ascertain that the created autoregulatory cassettes were 

responsive to active caspase-3 and to examine if a weak induction of the transgene expression in 

response to cell stressors could be due to insufficient activation of caspase-3 by the OA or STS. As 

OA- or STS-induced apoptosis can sometimes occur via a caspase-3-indepentant pathway and can 

be cell line-dependant (299, 300), a different approach to ensure the presence of active caspase-3 in 

the cells was taken. The active caspase-3 molecule has a modular structure that is self-assembled in 

the cell and comprised of two large and two small subunits. Therefore, to create an apoptosis model 

for testing the autoregulatory cassettes, plasmids expressing the subunits of active caspase-3 were 

used. 

In the current study, the regulatory cassettes pCre/lox-Casp and pARF5/AuxRE-Casp, relying on 

the Cre/lox and ARF5/AuxRE regulatory systems, respectively, showed themselves the most 

promising systems for the gene therapy application. Therefore, they were co-expressed in the 

HEK293 cell line with the plasmids encoding the active caspase-3 subunits. In one variant of the 

developed apoptosis model, a two-plasmid system expressing the large and the small subunits of 

active caspase-3 from the individual plasmids each was used. In the other variant, both subunits 

were expressed from one construct. 

A clear increase of the GFP transgene expression from the regulatory cassettes was observed when 

they were co-transfected with the one-plasmid system expressing active caspase-3, in which the 

expression of one of the subunits was driven by the weaker NSE-300 promoter. The presence of the 

active caspase-3 in the transfected cells was confirmed immunocytochemically, using the anti-

active caspase-3 antibody. Thus, the observed increase of the GFP expression confirmed that both 

pCre/lox-Casp and pARF5/AuxRE-Casp regulatory cassettes were responsive to caspase-3 

activation. In line with the previous observations from this study for the respective regulatory 

cassettes, the Cre/lox system exhibited only negligible level of the GFP expression under basal 

conditions and a rather moderate level of induction of the GFP transgene expression, when co-

expressed with the active caspase-3. The ARF5/AuxRE system exhibited a more robust GFP 

transgene expression, compared to the Cre/lox system, when co-expressed with the active caspase-

3; however, this was accompanied by a higher level of the basal GFP expression. 

Interestingly, the increase in GFP expression was also observed when the regulatory cassettes were 

co-expressed with either the large or the small subunit of the active caspase-3 alone. This effect can 

be explained by the capability of the overexpressed subunits to facilitate activation of the 

endogenous inactive caspase-3 proenzyme. Caspase-3 molecules are found in cells as preformed 

inactive dimers, in which the large and the small subunits connected via the intersubunit linkers 
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(131). The inactive state is maintained by steric hindrances, which are imposed by these 

intersubunit linkers and result in misalignment of active sites within the dimer. Cleavage of the 

linkers permits the formation of functional active sites and allows the enzyme to assume a 

favourable conformation (135, 136). Since the conformation of the active enzyme is preferred, the 

exogenous subunits of the active caspase-3 available in excess may compete with and replace the 

subunits within the endogenous proenzyme. Pairing of the overexpressed subunits with the 

matching subunits of the inactive endogenous caspase-3 could lead to the formation of the 

functional enzyme that, in turn, could facilitate GFP expression from the regulatory cassettes. 

When the regulatory cassettes were co-expressed with pCaspL, encoding the large subunit of the 

active caspase-3, the level of the GFP expression was noticeably higher than that resultant from the 

co-expression with pCaspS, encoding the small subunit. In the context of the hypothesis discussed 

above, it is possible that one of the subunits within the proenzyme is more likely to be replaced with 

the exogenous subunit due to the steric conformation of the molecule. Therefore, overexpression of 

one of the subunits could lead to a greater level of the active caspase-3 and, consequently, a greater 

activation of the GFP expression in those cells. 

In contrast, when the regulatory cassettes were co-transfected with a two-plasmid system expressing 

the active caspase-3 subunits, in which expression of each subunit was driven by the same strong 

CAG promoter, no increase in the GFP expression was detected. Moreover, when the two-plasmid 

system was co-transfected with a construct constitutively expressing GFP protein in a non-regulated 

manner, a decrease in GFP expression was observed. In addition, a large portion of the cells 

expressing the active caspase-3 from two plasmids exhibited a severe apoptotic morphology, which 

suggested that the level of caspase-3 activity achieved by the two-plasmid system was too high and 

toxic. Therefore, the observed decreased in GFP expression was most likely associated with the 

general “shut down” of the cellular assimilatory processes, including protein synthesis, or/and non-

discriminate cleavage of cellular proteins by caspase-3 due to its excessive activity. 

After the responsiveness of the regulatory cassettes to caspase-3 activation was validated, their 

functionality was assessed in vivo in a rapid-onset genetic rat model of HD. 
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CHAPTER 9: REGULATORY CASSETTES IN THE RAPID 

ONSET MODEL OF HUNTINGTON’S DISEASE 

9.1. INTRODUCTION 

The results of the experiments when pCre/lox-Casp and pARF5/AuxRE-Casp regulatory cassettes 

were co-expressed with plasmids encoding the active caspase-3 demonstrated that the regulatory 

cassettes were responsive to caspase-3 activation in vitro and confirmed that our regulatory 

bicistronic system was functional. On the other hand, when the Cre/lox regulatory cassettes were 

tested in vivo and transgene activation was compared in the striatum of transgenic YAC mice versus 

WT mice, very similar levels of the transgene expression were observed. Therefore, it appeared 

likely that similar levels of transgene expression could result from the similar levels of protease 

activity. 

Compared to other transgenic HD models, YAC128 mice exhibit a slowly progression of the 

pathology, recapitulating the human disease progression more accurately. Increased levels of 

caspase and calpain expression in striatum of the YAC mice have been detected from the age of 

2 month onwards (280, 281). The animals used in the present study were ≈3 month old; however, it 

is still possible that this time point was too early in the disease for the elevated protease activity to 

occur. Moreover, a recent study by Graham et al. reported no difference in caspase-3 activity in 

WT versus YAC128 striatum at 3 and 12 months of age (293). In addition, neuronal cell death in 

the striatum of YAC128 mice is only about 15-18% at 12 months of age, while neuronal cell loss 

comprises 30-40% even in the human Grade 0 HD brains (166). Thus, the YAC128 mice do not 

model the extent of neuronal degeneration in human HD brain accurately and therefore, a different 

HD model may have been more appropriate for testing our regulatory cassettes in vivo. 

A rapid-onset genetic rat model of HD has been previously developed and characterized in our 

laboratory (38). This model was generated by AAV vector-mediated gene transfer of the constructs 

encoding N-terminal fragments of human huntingtin (HTT) into the rat striatum. Constructs 

overexpressing N-terminal truncated HTT had been successfully used to recapitulate elements of 

HD in experimental animals (301-307). Indeed, the R6/1 and R6/2 transgenic mouse lines that are 

the best characterized and most widely used of all HD transgenic models express N-terminal exon 1 

of mutant HTT (301). In cell culture, N-terminal fragments of mutant HTT also have increased 

aggregation and toxicity compared with full-length mutant HTT (225, 308, 309). Moreover, 

caspase-3 is activated by N-terminal mutant HTT fragments (280, 310, 311). 

In the rat HD model established in our group, expression of exon 1 of mutant HTT containing 70 

CAG repeats rapidly led to striatal neurodegeneration and neuropathological features associated 
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with HD (38). Therefore, it was chosen to examine functionality the Cre/lox regulatory cassettes in 

vivo in the context of this rapid-onset rat HD model. 

9.2. MATERIALS AND METHODS 

9.2.1 Antibodies used for immunochemistry on transfected cells and transduced 

rat brain 

Table 9.1 Antibodies used for immunochemistry on transfected cells and transduced rat brain 

Antibody Species raised in Source Concentration Application 

HA Rabbit Abcam ab3110 1:2000 Immunocytochemistry 
1:1000 Immunohistochemistry 

Htt Mouse Millipore MAB5374 1:2000 Immunocytochemistry 
1:1000 Immunohistochemistry 

GFP Rabbit Abcam ab290 1:100,000 Immunocytochemistry 
1:50,000 Immunohistochemistry 

NeuN Mouse Millipore MAB377 1:2000 Immunohistochemistry 

9.3. RESULTS 

9.3.1. In vitro co-expression of the regulatory cassettes with constructs encoding 

N-terminal HTT fragments 

First, the responsiveness of our regulatory cassettes to the cell stress resulting from overexpression 

of the N-terminal mutant HTT fragment was tested in vitro. The plasmids expressing N-terminal 

HTT fragments, pAAV/NSE-HD70-WPRE-BGH (pHD70) and pAAV/NSE-HD20-WPRE-BGH 

(pHD20), were previously generated in our laboratory. pHD70 encoded mutant HTT fragment 

containing exon 1 of the human huntingtin gene with 70 CAG repeats and had been shown to cause 

neuronal toxicity (38). A control pHD20 encoded wild-type (WT) HTT fragment and contained 

exon 1 of the human huntingtin gene with 20 CAG repeats, which is not normally associated with 

cellular toxicity. The integrity of both plasmids was analysed by verification of fragment sizes 

produced by restriction enzyme digests, with reference to plasmid maps of pHD70 and pHD20 

(Figure 9.1). The sizes of the fragments observed on agarose gel were consistent with predicted 

fragment sizes calculated from restriction sites on the plasmid maps. DNA sequencing confirmed 

stability of CAG repeats in pHD70 and pHD20 following propagation of the plasmids in bacterial 

culture. 

An ‘empty’ plasmid, pAAV/NSE-WPRE-BGH, containing regulatory elements but lacking a 

transgene was also used as a control. Each of three vectors was co-expressed in HEK293 cell line 
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with pCre/lox-Casp or pCre/lox-Calp regulatory cassettes, or with pARF5/AuxRE-Casp or 

pARF5/AuxRE-Calp regulatory cassettes, developed in this study. Activation of the GFP transgene 

expression from the regulatory cassettes was visualized 48 hours post transfection by fluorescent 

microscopy. Expression of the N-terminal HTT fragments was detected by immunocytochemistry 

using anti-HTT protein antibody. 

Compared to control cells, co-transfected with regulatory cassettes and the ‘empty’ plasmid, a clear 

activation of the GFP transgene with both pCre/lox and pAFR5/AuxRE systems was observed when 

regulatory cassettes were co-expressed with N-terminal HTT fragments (Figure 9.2, A). Although, 

transgene activation was also detected in cells expressing WT N-terminal HTT fragment as well as 

in cells expressing mutant N-terminal HTT fragment. This suggested that overexpression of either 

of the fragments caused cell stress and activation of caspase-3 and calpain. 

Immunocytochemical analysis was carried out using an anti-HTT antibody raised against an antigen 

comprising the N-terminal 256 amino acids with a deletion of the polyglutamine tract. Hence, N-

terminal HTT fragments with 70 and 20 CAG repeats were both detected with this antibody. 

However, in line with the previous findings (312), perinuclear HTT protein aggregates were 

observed in HEK293 cells expressing mutant N-terminal HTT fragment but not WT N-terminal 

HTT fragment (Figure 9.2, B). No immunoreactivity was observed with anti-HTT antibody in cells 

co-transfected with regulatory cassettes and ‘empty’ plasmid (Figure 9.2, B). 
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Figure 9.2 In vitro responsiveness of the Cre/lox and pARF5/AuxRE regulatory cassettes to 

cell stress induced by the overexpression of the N-terminal HTT fragments 

(A) Activation of the GFP transgene expression within the regulatory cassettes in response to cell 

stress caused by the N-terminal huntingtin (HTT) fragment overexpression. For both systems, 

Cre/lox and ARF5/AuxRE, a clear increase in GFP expression was observed in cells co-transfected 

with the regulatory cassettes and the plasmid expressing the mutant HD70 HTT fragment (b, f, i, l) 

compared to control cells (a, d, g, j). An increase in GFP expression was also observed in cells co-

transfected with the regulatory cassettes and wild-type HD20 HTT fragment (b, e, h, k) suggesting 

that overexpression of both fragments could cause cell stress and following activation of caspase-3 

and calpain. (B) Immunocytochemical analysis using anti-HTT antibody and anti-HTT/DAPI 

immunofluorescent double staining of the cells overexpressing HD20 and HD70 transgenes 

detected diffuse HD20 and HD70 proteins in the cytoplasm of the cells and single large and 

multiple small perinuclear HD70 aggregates (arrowheads). No immunoreactivity was observed with 

the anti-HTT antibody in cells co-transfected with the regulatory cassettes and ‘empty’ plasmid. 
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9.3.2. HD70 and HD20 rAAV vectors 

Following functional analysis of the pHD70 and pHD20 plasmids, they were packaged into mosaic 

rAAV1/2 vectors containing equal numbers of rAAV serotype 1 and 2 capsid proteins (313) using 

the helper free packaging system and heparin column purification (18). rAAV vectors were 

analysed by SDS-PAGE and genomic titering. A control ‘empty’ rAAV vector was previously 

generated in the laboratory. 

In order to assess the purity and to estimate the crude physical titer of the rAAV vector 

preparations, they were heat denatured and separated by SDS-PAGE. Coomassie blue staining of 

the gel revealed the presence of the rAAV capsid proteins VP1, VP2, and VP3 as the only protein 

species on the gel (Figure 9.3). 

Since SDS-PAGE analysis of the rAAV vectors generated using a heparin column purification 

method typically includes visualization of a proportion of “empty” virions that contain no rAAV 

expression plasmids (314), genomic titering was performed to quantify the concentration of the 

rAAV virions containing expression plasmids. The vector preparations had the following titers in 

vector genome per ml (vg/ml): 

Vector Genomic titer (vg/ml) 
aav1/2-HD70 1.12 x 1013 
aav1/2-HD20 3.01 x 1012 
aav1/2-Empty 2.40 x 1012 
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9.3.3. In vivo analysis of the Cre/lox regulatory cassettes in the rapid-onset rat 

model of HD 

Our autoregulatory system was developed to respond to activation of proteases associated with cell 

stress and express a therapeutic gene with an aim to prevent neuronal cell death. Therefore, using 

this system, it is critical to intervene early in neurodegenerative process, before the cell death 

occurs. In the rat HD model introduced above, substantial neuronal loss was already evident at 

2 weeks (38). However, robust expression of the N-terminal HTT fragments was observed as early 

as 3 days post injection. Therefore, an 8 day time point was chosen to examine functionality of our 

regulatory systems. The Cre/lox regulatory cassettes were chosen for testing in this model. It was 

hypothesized that at 8 days substantial neuronal loss should not yet occur in the striatum, 

meanwhile, it should allow enough time for the N-terminal HTT fragments to aggregate and cause 

cell stress leading to activation of the regulatory cassettes. 

The Cre/lox regulatory cassettes, aav1-Cre/lox-Casp or aav1-Cre/lox-Calp, were each co-injected in 

the rat striatum with either aav1/2-HD70, or aav1/2-HD20, or aav1/2-Empty. An additional control, 

when only vectors expressing the regulatory cassettes were injected, was also included. The group 

sizes were as follows: 

Vector(s) Number of animals (n) 

aav1/2-HD70 + aav1-Cre/lox-Casp n = 4 
aav1-Cre/lox-Calp n = 4 

aav1/2-Empty + aav1-Cre/lox-Casp n = 3 
aav1-Cre/lox-Calp n = 3 

aav1/2-HD20 + aav1-Cre/lox-Casp n = 2 
aav1-Cre/lox-Calp n = 2 

saline + aav1-Cre/lox-Casp n = 2 
aav1-Cre/lox-Calp n = 2 

The Cre/lox viral vectors were titer-matched and used at a dose of 2.4x109 vg per infusion. The 

HD70, HD20 and Empty viral vectors were titer-matched and used at a dose of 3.0x109 vg per 

infusion. 8 days post-injection, rats were perfused and brains collected. Expression of the N-

terminal HTT fragments and GFP reporter transgene was analysed by immunohistochemistry using 

anti-HTT and anti-GFP antibodies, respectively. 

Overall, the expression of both transgenes was observed mainly in striatum. However, in line with 

previous reports of axonal transport of rAAV virions or transgene products (290, 291), 

immunoreactivity was also detected in cortex and globus pallidus (GP). Anterograde transport led to 

staining of fibres of striatopallidal projections in the GP and retrograde transport led to 

immunoreactivity in cell bodies in the GP and cortex (Figure 9.4, A). 
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Anti-HTT immunohistochemistry revealed a robust expression of the mutant N-terminal HTT 

fragment HD70 in rat brain. The immunostaining localized in cell nuclei and detected multiple 

granular inclusion bodies in the perinuclear area (Figure 9.4, B). In contrast, in the brains 

transduced with aav1/2-HD20 overexpressing the WT N-terminal HTT fragment, diffuse anti-HTT 

immunoreactivity was observed in the neuronal cell bodies and punctuate staining of the processes 

(Figure 9.4, B). Also, the HD20 expression was detected in a considerably fewer number of cells 

compared to HD70. 

The anti-GFP immunostaining was observed mainly in cell nuclei, as expected, due to the nuclear 

localization signal (NLS) fused to the GFP protein in the Cre/lox regulatory cassettes (Figure 9.4, 

C). However, in the cells exhibiting a stronger staining, immunoreactivity was also seen throughout 

the cell bodies and in the processes – in agreement with the observations from the previous in vivo 

experiments (Section 7.3.6). 

A negligible level of the GFP transgene activation was detected by immunohistochemistry in the 

striatae of animals injected with the regulatory cassettes alone (Figure 9.5, A). This corroborated the 

in vitro results that had showed a very low level of transgene activation within the Cre/lox system 

under the basal conditions (Section 7.3.4). Importantly, this also demonstrated that lesioning the 

brain with a needle during the vector delivery procedure did not cause major non-HTT fragment-

specific transgene activation. 

The rAAV-mediated co-expression of the regulatory cassettes with the N-terminal HTT fragments 

yielded, in comparison, a high level of the GFP transgene activation in the brain cells. Surprisingly, 

immunohistochemistry revealed a more robust GFP expression when the regulatory cassettes were 

co-infused with the WT N-terminal HTT fragment HD20, compared to the mutant HD70 

(Figure 9.5, C, F). Toxicity is not normally associated with overexpression of N-terminal HTT 

fragments with polyglutamine tracts in the non-pathogenic range, while an extensive body of 

evidence indicating that mutant N-terminal HTT fragments are toxic exists. Therefore, a markedly 

fewer number of the GFP-positive cells detected in the HD70-expressing brains could be due to the 

neuronal cell death caused by the overexpression of mutant N-terminal HTT fragment. In addition, 

the immunohistochemical findings using the anti-HTT antibody showed a more robust expression 

of the HD70 versus HD20 in the brains (Figure 9.5, D, and G). An elevated expression of the 

mutant HD70 might have aggravated its toxicity and contributed to the neuronal cell depletion. 

To investigate if a reduced number of GFP-positive cells in the brains expressing HD70 was due to 

the cell death caused by this N-terminal HTT fragment, immunohistochemistry with the neuronal 

marker NeuN was performed. A moderate NeuN-negative area was detected in the striatum of the 

aav1/2-HD70-injected animals, indicating neuronal toxicity (Figure 9.5, H). No obvious loss of 
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NeuN immunoreactivity was observed in the striatae of the animals injected with aav1/2-HD20, or 

aav1/2-Empty, or the regulatory cassettes alone (Figure 9.5, B, E, J), suggesting that neuronal 

toxicity in the aav1/2-HD70-transduced striatum was specifically caused by the mutant N-terminal 

HTT fragment overexpression. 

Interestingly, immunohistochemical analysis revealed a substantial activation of the GFP transgene 

when regulatory cassettes were co-infused with aav1/2-Empty (Figure 9.5, I). The number of GFP-

positive cells in those brains appeared comparable to the number of GFP-positive cells in the 

striatum of rats co-injected with regulatory cassettes + aav1/2-HD20 and exceeded the number of 

GFP-positive cells in the striatum of rats co-injected with regulatory cassettes + aav1/2-HD70. 

Taking into account, that infusion of the rAAV vectors expressing the regulatory cassettes alone 

induced only negligible GFP transgene activation, these data suggest that an increased viral vector 

load may have brought about cellular stress, which led to transgene activation. In future studies, it 

would be interesting to look at the time course of transgene activation, because transgene 

expression induced by non-specific stress stimuli, such as viral infection or needle stick injury, 

could decrease over time as neurons recover after the treatment. 
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Figure 9.4 rAAV axonal transport and expression of the N-terminal HTT fragments in rat 

brain 

(A) Expression of the GFP, HD20 and HD70 transgenes in the globus pallidus and cortex 8 days 

after striatal injection of the rAAV vectors. Str, striatum. (B) In the brain cells expressing the wild-

type HD20 N-terminal HTT fragment, diffuse anti-HTT immunostaining was observed in the 

neuronal cell bodies and punctuate staining of the processes. In the cells expressing the mutant 

HD70 HTT fragment, the immunostaining localized in cell nuclei and detected multiple granular 

inclusion bodies in the perinuclear area. The HD20 expression appeared to be present in a fewer 

number of cells compared to HD70. (C) The anti-GFP immunostaining was observed mainly in cell 

nuclei, as expected, due to the nuclear localization signal (NLS) fused to the GFP protein in the 

Cre/lox regulatory cassettes. 
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9.4. DISCUSSION 

N-terminal truncated HTT constructs have been successfully used previously to recapitulate 

elements of HD in experimental animals (301-307). The R6/1 and R6/2 transgenic mouse lines that 

are the best characterized and most widely used of all HD transgenic models express N-terminal 

exon 1 of mutant HTT (301). 

The 408 bp N-terminal fragment of mutant HTT containing 70 CAG repeats was used in this 

chapter for generation of the transgenic rat model of HD (38). This size of the polyglutamine tract 

falls within the middle of the range of mutant N-terminal HTT fragments previously employed for 

generation of animal models of HD, which spanned from ≈40-50 CAGs (302, 315) to over 

140 CAGs (316). In humans, expansion of 70 CAG repeats within the HD gene would be almost 

invariably associated with the juvenile onset of the disease (317). In animal models of HD, mutant 

transgenes with large CAG expansions, together with the use of potent heterologous promoter, have 

been used with an aim of accelerating the onset of an HD phenotype within the shorter lifespan of 

rodents (318). The control 267 bp N-terminal fragment of wild-type HTT contained 20 CAG 

repeats, which is near the median of non-pathogenic human alleles (317). The ‘empty’ vector was 

used as an additional control that lacked protein expression in vitro and for infusion of rAAV viral 

particles that do not express a transgenic protein in vivo. 

The pHD70 and pHD20 constructs encoding the N-terminal HTT fragments with 70 and 20 CAG 

repeats, respectively, were capable of robust expression in transfected HEK293 cells, as assessed by 

immunocytochemistry. In line with findings of Li and Li (312), in the cells expressing pHD70, 

perinuclear HTT aggregates were observed – a pathological hallmark of the HD. In contrast, in cells 

expressing pHD20, immunostaining was more diffuse throughout the cell bodies and found in both 

cytoplasmic and nuclear compartments. When co-expressed with the Cre/lox and AFR5/AuxRE 

regulatory cassettes, pHD70 and pHD20 were both capable of inducing the GFP reporter 

expression, suggesting that overexpression of either of the fragments caused cell stress. This, 

however, was in line with previous observations that the WT N-terminal HTT fragment may cause 

some neuronal toxicity in vivo (38). 

Similar to the observations when regulatory cassettes were co-expressed with the plasmids encoding 

the subunits of active caspase-3 (Section 8.2), the Cre/lox system exhibited only negligible level of 

the GFP expression under basal conditions and a rather moderate level of the GFP transgene 

activation when co-expressed with the N-terminal HTT fragments. The ARF5/AuxRE system 

exhibited a more robust GFP transgene activation, compared to the Cre/lox system, when co-

expressed with the N-terminal HTT fragments; however, this was accompanied by a higher level of 

the basal GFP expression. A potent induction of the transgene expression within the ARF5/AuxRE 
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system is favourable in vitro because it is easily detectable, but this system may not be 

advantageous in vivo due to the relatively high level of basal expression of the transgene. It is 

known that production of the excess amount of exogenous protein in the cell may cause negative 

side effects. The Cre/lox system exhibited moderate level of transgene activation, but also a very 

low level of the basal expression of the transgene. Therefore, it was concluded that the Cre/lox 

system would be a safer system to use in vivo and was chosen for the assessment in the transgenic 

rat model of HD. 

To facilitate transfer of the expression cassettes containing mutant and WT N-terminal HTT 

fragments to the rat striatum, they were packaged into the mosaic rAAV1/2 vectors followed by 

heparin column purification. The first AAV serotype to be cloned was AAV2 (319) and many early 

studies used rAAV2 vectors to transduce cells in the brain (116, 245, 320). Heparin column 

purification is possible for rAAV2 (321), due to the presence of amino acid heparin binding 

residues in AAV2 viral capsid protein VP3, whereas rAAV1 lacks these residues and is purified by 

iodixanol or CsCl ultracentrifugation methods (322, 323). However, rAAV1 exhibits greater 

transduction efficiency within the brain than rAAV2 (291). Mosaic rAAV1/2 vectors exhibit 

characteristics of both parental serotypes, facilitating preparation of high purity vector stocks via 

heparin column purification that retain the increased transduction characteristics of rAAV1 in vivo 

(313). 

The rAAV vector-mediated co-expression of the Cre/lox regulatory cassettes with N-terminal HTT 

fragments in rat striatum resulted in the activation of the GFP transgene. The more robust 

expression of the WT fragment HD20, compared to the mutant fragment HD70, corresponded to a 

higher level of the GFP transgene activation in the rat brain. This effect could result, at least 

partially, from the neuronal cell death caused by the HD70. Indeed, immunohistochemistry with the 

neuronal marker NeuN revealed a moderate NeuN-negative area exclusively in the striatum of the 

aav1/2-HD70-injected animals, indicating neuronal toxicity. Another factor that could account 

for/contribute to the less robust GFP immunostaining in the HD70-expressing rat brains compared 

to those expressing HD20 is a substantial inhibition of protein synthesis associated with apoptosis 

(reviewed in (230). Expression of the HD20 fragment may still have caused cell stress which 

triggered the GFP transgene activation due to the overproduction of the exogenous protein in the 

cell. However, at the time point examined, it may not have been tortuous enough to cause cell death 

or significantly affect protein synthesis. Thus, GFP protein production and accumulation in the 

brain cells of the aav1/2-HD20-injected animals carried on up until the day they were sacrificed. In 

contrast, the toxic HD70 may have induced apoptosis which stalled most assimilative cellular 

processes relatively rapidly. And therefore, a considerable proportion of cells in the brain of the 
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aav1/2-HD70-injected animals may have entered apoptosis and stopped producing GFP a while 

before those animals were sacrificed, yielding fewer GFP-positive cells eventually. In future 

studies, it would be of interest to examine transgene activation within the regulatory cassettes at the 

earlier time point(s) than the 8 day time point chosen in this thesis. 

Interestingly, a substantial activation of the GFP transgene was seen when regulatory cassettes were 

co-infused with aav1/2-Empty. Given that infusion of the rAAV vectors expressing the regulatory 

cassettes alone induced only negligible GFP transgene activation, these data suggest that an 

increased viral vector load may have brought about cellular stress, leading to transgene activation. 

AAV vectors have been shown to cause some toxicity in the rat striatum (324, 325), therefore, 

increasing viral vector dose could lead to an increased toxicity. Indeed, previous results obtained in 

our lab had shown that co-injection of two viral vectors can be slightly toxic, compared to injection 

of a single vector (326). 

 

Taken together, the obtained data suggested that transgene expression within the Cre/lox regulatory 

cassettes was responsive to cellular stress and coupled to activation of proteases associated with it. 

Therefore, the Cre/lox autoregulatory cassettes are a promising tool for gene therapy application for 

neurodegenerative diseases. However, a further investigation of functionality of this system is 

required. Both the in vitro and in vivo results obtained in the current study indicated that the 

expression cassettes employing the autoregulatory principle were highly sensitive to the activation 

of the cell proteases in response to cell stress. The in vivo results were considerably affected by 

neuronal cell death as well as by the “non-specific” induction of the GFP expression in the brain 

possibly because of the elevated viral vector dose or/and needle stick injury. Further investigation is 

required to see if this “non-specific” transgene expression is maintained over time, as neurons 

recover after surgical insult. Resultant elimination of the cells in which GFP transgene had been 

specifically activated but preservation of the cells in which it had been falsely activated, due to a 

variety of stress stimuli, complicated the conclusion about the accuracy of autoregulation of the 

Cre/lox system. Using a therapeutic neuroprotective gene instead of a reporter gene within the 

regulatory cassettes could help overcome these issues through promoting cell survival. A study 

exploiting the developed regulatory cassettes containing a therapeutic gene is currently being 

conducted in our laboratory. It examines neuronal cell survival facilitated by the autoregulatory 

cassettes expressing a caspase inhibitor gene in a Parkinson’s disease animal model. 
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CHAPTER 10: SUMMARY AND CONCLUSIONS 

 

The aim of this thesis was to develop an autoregulatory gene expression system that could be 

potentially utilized for gene therapy of neurodegenerative disorders, using Huntington’s disease 

models to test the functionality of these systems. 

Although gene therapy has evolved into a promising therapeutic tool, achieving tight tissue-specific 

and temporal regulation of transgene expression remains one of the key problems limiting 

widespread and successful translation of this technology to the clinic. Unregulated transgene 

expression may result in undesirable side effects caused by excessive levels of transgenic protein. 

This is particularly relevant for chronic neurological disorders, which exhibit progressive symptoms 

over time – activating and silencing therapeutic genes will be necessary for alleviating recurrent 

symptoms of the disease in a timely manner and avoiding side effects due to overexpression of 

these genes. Ideally, transgene expression should be regulated and coupled to the physiological 

need of the cell, such that expression is quiescent under basal conditions but active when required. 

The regulatable gene expression systems developed to date facilitate dose-dependent regulation of 

gene expression through the addition or removal of a small molecule drug. However the 

dependency on long-term systemic drug treatment to switch the system on or off, the off-state basal 

leakiness and the expression of potentially immunogenic proteins used in these systems still pose 

significant limitations for human applications. 

To address the unmet need for a regulatory gene expression system for use in gene therapy, a novel 

bicistronic autoregulatory gene expression cassette was designed in our laboratory. In order to 

physiologically regulate expression of a therapeutic gene, this cassette relies upon stress-induced 

activation of caspase-3 or calpain, proteases that mediate many important molecular processes, 

including stress responses and apoptosis (117) and have been shown to play a key role in HD 

pathogenesis (185, 224). Cistron 1 of the cassette encodes a constitutively expressed regulatory 

factor (RF) that is fused to a dominant nuclear export signal (NES) via a linker containing a 

protease cleavage site. It was hypothesised that under basal conditions, the RF is restricted to the 

cytosol, and thus unable to bind to its response element (RE) in the cistron 2, controlling expression 

of the therapeutic gene. However, following cell stress and downstream activation of the proteases, 

the NES-RF fusion protein is cleaved allowing the RF to translocate to the nucleus and bind to the 

RE, thus driving transcription of the downstream therapeutic gene. The transcription of the 

therapeutic gene remains active only for as long as the cell remains stressed and the proteases active 

The RF is non-mammalian in origin to eliminate any non-specific effects on general gene 
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transcription following cell stress. Hence, this is a fully self-regulating and homeostatic system in 

which transgene expression is tightly coupled to cell stress. 

In this thesis, three different RF/RE systems were incorporated into the bicistronic autoregulatory 

expression cassette and functionality of each regulatory system was examined in vitro and 

functionality of one of these regulatory systems was also assessed in vivo. In addition, two 

monocistronic expression cassettes reliant on the same autoregulatory principle were developed: 

one of them was employed to express a potential therapeutic gene, PGC-1α, in a regulated manner 

and the other one was utilised to create protease sensor vectors. 

 

10.1. BICISTRONIC AUTOREGULATORY EXPRESSION CASSETTES 

In Chapter 3, a regulatory system based on the plant transcription factor ARF5 and its response 

element AuxRE (228) was tested and optimized in the context of the bicistronic autoregulatory 

expression cassette. The I generation ARF5/AuxRE regulatory cassettes were capable of driving 

transcription of the GFP reporter gene in response to cell stress caused by different inducers of 

apoptosis in transfected cells in a dose-dependent manner. However, immunocytochemical analysis 

of intracellular distribution of the transgenic ARF5 could not detect the expected redistribution of 

the ARF5 from the cytoplasm to the nucleus following exposure to cell stressors. Moreover, 

immunocytochemical results also indicated that some “leakiness” of the ARF5 from the cytosol into 

the nucleus could have place under the basal conditions leading to relatively high level of basal GFP 

expression in transfected cells observed by fluorescent microscopy. 

To reduce basal GFP expression, the ARF5/AuxRE regulatory cassettes were re-designed and the II 

generation ARF5/AuxRE regulatory cassettes were created. These optimized regulatory cassettes 

produced noticeably reduced level of the basal GFP expression while providing efficient and 

specific activation of transgene expression upon exposure to cell stressors or when co-expressed 

with plasmids encoding either active caspase-3 (Chapter 8) or the N-terminal HTT fragments 

(Section 9.3.1 of Chapter 9). However, due to some ongoing difficulties with detection of the ARF5 

and its intracellular redistribution, it was hypothesised that due to its plant origin, the ARF5 could 

undergo partial degradation in the mammalian cells. Therefore, the developed regulatory cassettes 

could benefit from using an alternative RF/RE system. 

One such alternative system that has been extensively characterised and utilized for studying gene 

expression and function in a variety of organisms including mammals is the GAL4/UAS system. 

This system consists of the yeast transcription activator GAL4 and the UAS enhancer to which 

GAL4 specifically binds to activate gene transcription (254). In Chapter 5, the GAL4/UAS system 
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was incorporated into the bicistronic regulatory cassettes and its functionality was investigated in 

vitro. Unexpectedly, in the cells transfected with the generated GAL4/UAS regulatory cassettes, a 

very high level of basal GFP transgene expression was observed, which did not appear to increase 

following exposure to cell stressors. The immunocytochemical analysis of the intracellular 

distribution of the transgenic GAL4 indicated that, similar to the transgenic ARF5, the GAL4 

protein may have also been the subject to partial degradation in the cells. This hypothesis was 

supported by the immunocytochemical findings following the inhibition of the proteasome activity 

in the cells expressing either GAL4/UAS or ARF5/AuxRE regulatory cassettes (Section 5.3.3). 

However, due to the high level of non-specific transgene expression under basal conditions and 

non-responsiveness to cell stress, the GAL4/UAS system in the autoregulatory cassettes was not 

pursued any further. 

In the search for an alternative regulatory system that could be used for driving transgene 

expression within the bicistronic autoregulatory cassettes, a slightly different strategy of regulating 

gene transcription was explored. Chapter 7 describes development of the regulatory cassettes in 

which transgene expression is dependent on the Cre/lox recombination. The Cre/lox technology is 

widely used as a genetic tool to control gene expression, carry out deletions, insertions, 

translocations, and inversions in the DNA of cells. The Cre/lox system was derived from a 

bacteriophage P1 and consists of a Cre recombinase enzyme and a pair of its target sequences, 

termed lox sites (288). Cre specifically binds lox sites and catalyses recombination. If the lox sites 

are positioned in the inverted orientation, recombination leads to the inversion of the DNA 

embedded between them. Within the Cre/lox regulatory cassettes, the reverse orientated GFP 

reporter transgene is flanked by the inversely orientated lox sites. Thus, in response to cell stress, 

recombination induced by Cre leads to the inversion of the transgene DNA sequence and results in 

the transgene expression. Since recombination is reversible, upon activation in response to cell 

stress, at any time point only about 50% of the transgene can be in right orientation. Therefore, the 

amount of transgenic protein produced in the cell by the Cre/lox regulatory system may be 

diminished, compared to the regulatory systems relying on a transcription factor. This, however, 

may be beneficial in the gene therapy context because it would reduce the probability for potential 

adverse side effects, due to excess protein load in the cell, to occur. 

The in vitro analysis of the Cre/lox regulatory cassettes showed remarkably low basal GFP 

expression level in the transfected cells. And although exposure to the cell stressor STS did not 

appear to produce obvious activation of the GFP expression, co-expression of the Cre/lox regulatory 

cassette with the plasmids encoding active caspase-3 resulted in the specific activation of the GFP 
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transgene expression (Chapter 8). Therefore, functionality of the Cre/lox regulatory cassettes was 

next examined in vivo. 

First, the Cre/lox system was tested in the YAC128 transgenic mouse model of HD, using rAAV-

mediated gene transfer to deliver the regulatory cassettes into the mouse brain. Increased activation 

of caspases and calpain (upon which our regulatory cassettes are reliant), has been shown in the 

striatal brain region of these mice as early as 2 month of age (280, 281). Therefore, it was 

hypothesised that at 3 months of age the GFP reporter expression would be mainly observed in the 

striatum of YAC128 mice compared to their WT littermates. Surprisingly, immunohistochemical 

staining showed rather similar levels of GFP expression among all mouse brains analysed 

regardless of the genotype. However, some animals utilized for this experiment were found to have 

been incorrectly genotyped. This has raised questions as to the genotypes of other animals in these 

groups and it was not possible to verify their genetic status due to unavailability of their tissue 

samples. Thus, no conclusions could be drawn with regard to functionality of the Cre/lox regulatory 

cassettes in vivo from that experiment. 

Another factor that could contribute to the observed uniformity of the GFP transgene activation 

between YAC128 and WT mice is very low level of neurodegeneration characteristic of the 

YAC128 mice. Compared to other transgenic HD models, YAC128 mice exhibit a slow progression 

of the pathology, recapitulating the human disease progression more accurately. However, neuronal 

cell death in the striatum of these animals is only about 15-18% at 12 months of age, while neuronal 

cell loss comprises 30-40% even in the human Grade 0 HD brains (166). Hence, a different animal 

model of HD could be more appropriate for testing the developed regulatory cassettes. 

Therefore, another animal study was conducted (Chapter 9). The Cre/lox system was assessed in a 

rapid-onset genetic rat model of HD that had been previously developed and characterized in our 

laboratory (38). This model was generated by rAAV vector-mediated expression of exon 1 of 

human HTT containing 70 CAG repeats into the rat striatum, which rapidly led to 

neurodegeneration and neuropathological features associated with HD. Constructs overexpressing 

N-terminal truncated HTT have been successfully used to recapitulate elements of HD in 

experimental animals (301-307) and have also been shown to activate caspase-3 (280, 310, 311). 

After confirming the responsiveness of the Cre/lox regulatory cassettes to cellular stress induced by 

the N-terminal HTT fragments following plasmid-mediated co-expression in HEK293 cells, rAAV 

vectors containing respective constructs were co-infused into the rat striatum. The obtained results 

demonstrated that the Cre/lox regulatory cassettes were also responsive to cellular stress in vivo. 

However, these findings were considerably affected by neuronal cell death caused by 

overexpression of the toxic N-terminal HTT fragment, as well as by the “non-specific” induction of 
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the GFP expression in the brain due to the viral vector load. In the future, it would be interesting to 

investigate if this “non-specific” expression of the GFP transgene is maintained over time, or 

whether neurons could recover after surgical insult, and if a more accurate autoregulation of 

transgene expression can be achieved as a result. 

 

10.2. MONOCISTRONIC REGULATORY CASSETTES 

Our original autoregulatory expression cassettes relied on the two-cistron design to achieve 

regulated expression of a transgene contained within the Cistron 2. However, depending on the 

nature of a therapeutic gene that is planned to be incorporated in Cistron 2, the expression cassettes 

could consist of only one cistron without affecting the underlying autoregulatory principle. For 

example, for a therapeutic gene encoding a protein that performs its function in the nucleus, like 

transcription co-activator, a monocistronic design would be sufficient. Namely, transcription of 

such therapeutic gene can be driven from a constitutive promoter in a non-regulated manner; 

however, being coupled to the dominant NES via a linker containing a protease cleavage site, the 

transgene would be restricted to the cytosol and thus unable to carry out its function. Once cell 

stress leads to activation of the appropriate proteases, the NES would be cleaved off and the 

released transcription co-activator translocated to the nucleus, where it would execute its function. 

Peroxisome proliferator-activated receptor (PPAR)-γ co-activator 1α (PGC-1α) was identified as a 

candidate transcriptional co-activator that could be used for this purpose. PGC-1α is involved in 

multiple biological responses related to energy homeostasis, thermal regulation, and glucose 

metabolism (262) and has been suggested as a therapeutic target in HD (261). A non-regulated 

overexpression of PGC-1α in healthy cells, however, may be detrimental because of its key role in 

controlling mitochondria biogenesis and energy homeostasis (267). Therefore, in Chapter 6 

expression cassettes containing the PGC-1α gene were created with an aim to test its therapeutic 

potential in HD model. Since PGC-1α is a transcriptional coactivator, its nature made the usage of 

the bicistronic design for the PGC-1α expression cassettes optional, without affecting the 

autoregulatory principle of the system. Moreover, inclusion of the DNA sequence encoding the 

PGC-1α into bicistronic pAAV expression cassette would result in a plasmid exceeding rAAV 

packaging capasity due to a considerable size of the PGC-1α cDNA (≈2.4 kb). Hence, a 

monocistronic design was employed to create a PGC-1α autoregulatory expression system. 

The generated constructs were determined to be translationally active and to produce the chimeric 

PGC-1α protein of the appropriate molecular weight in vitro. However, immunocytochemical 

detection showed that PGC-1α translocated to the nucleus in a rather small number of transfected 
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cells in response to treatment with cell stressors. Because this may have been due to the low level of 

protease activity induced by the cell stressors in the cell lines used, it was hypothesised that 

expression of the PGC-1α in the context of the developed autoregulatory system in the YAC128 

transgenic mouse model of HD may provide more insights into the functioning of this system. 

Unexpectedly, following the successful incorporation of the PGC-1α expression cassettes into 

rAAV vectors, immunohistochemical analysis of the mouse brains infused with the PGC-1α vectors 

could not detect the rAAV-mediated PGC-1α expression – neither directly, using antibodies against 

the PGC-1α protein or the HA epitope tag fused to it, nor indirectly, using antibodies against the 

genes regulated by PGC-1α (SOD2 and cytochrome c). Immunohistochemical staining also could 

not detect the rAAV-mediated expression of the PGC-1α or changes in the expression of SOD2 and 

cytochrome c when these were examined in the rat brain infused with the PGC-1α vectors. It is 

possible that the immunohistochemical assay used for visualization of SOD2 and cytochrome c 

immunoreactivity was not sensitive enough and/or the PGC-1α transgenic protein might have 

undergone intracellular degradation in vivo; however, additional analysis is required to investigate 

this. However, due to inability to detect the rAAV-mediated PGC-1α expression in the rodent brain, 

this was not pursued further. 

The monocistronic design of the expression cassettes, employing the autoregulatory principle, was 

also utilized in Chapter 4 of the presented work to develop protease sensor vectors for detection of 

caspase-3 or/and calpain activity in individual cells. Apoptosis is a specific phenomenon of each 

individual cell (247) and in view of rather low concentrations of the toxins used to induce cell stress 

but not cell death, standard protease assays measuring protease activity in the lysate of a whole 

population of treated cells, or available antibodies, may not be sensitive enough to detect a slight 

change in protease activity. A sensitive technique that, ideally, would allow detection of the 

individual cells at the early stages of apoptosis, before the onset of the irreversible physiological 

changes leading to cell death, would be preferable. To address this need, the protease sensor vectors 

were designed. 

The designed constructs employ the regulatory principle in the way that the fluorescent GFP 

reporter fused with the nuclear localization signal (NLS) is linked to the dominant NES via caspase-

3 or calpain cleavage site. Thus, redistribution of the GFP fluorescence, which is observed only in 

cytosol under basal conditions, to the nucleus indicates activation of the respective protease at a 

cellular level. The developed protease sensor vectors were demonstrated to be indicative of caspase-

3 or calpain activation in the OA- or STS-induced cell models of apoptosis. However, due to the 

complex nature of the interaction between the NES and different NLSs, as well as the importance of 

the position effect of these elements within the fusion protein molecule, this detection system would 
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benefit from further optimization. It is noteworthy though, that the described system was developed 

in the context of the rAAV expression cassette and therefore could be utilizes for analysing caspase-

3/calpain activity in vivo using the rAAV-mediated gene transfer. 

 

In conclusion, the studies presented in this thesis illustrate the utility of the novel autoregulatory 

gene expression system for gene therapy application and indicate that the ARF5/AuxRE and the 

Cre/lox regulatory cassettes developed in current work may be a promising tool for application in 

gene therapy of neurodegenerative diseases. A further investigation of the functionality of the 

described autoregulatory system in vivo and its optimization is required though. The conducted 

work demonstrated that generated regulatory cassettes were highly sensitive to activation of cell 

proteases in response to a variety of stress stimuli. This led to non-specific activation of the 

transgene expression affecting the results of the experiments and complicating analysis of the 

accuracy of autoregulation within the gene expression cassettes. Incorporation of a therapeutic 

neuroprotective gene instead of the GFP reporter used in the current thesis could help overcome this 

issue through promoting cell survival. A study exploiting developed regulatory cassettes containing 

a therapeutic gene is currently being conducted in our laboratory. It examines neuronal cell survival 

facilitated by the autoregulatory cassettes expressing the inhibitor of caspase XIAP in a Parkinson’s 

disease animal model. Also, regulatory cassettes that employ the ARF5/AuxRE system, but contain 

caspase-8 or caspase-9 cleavage sites in place of caspase-3 cleavage site have been generated. 

Caspase-8 and caspase-9 are initiator caspases, which execute their function upstream of caspase-3 

in the apoptotic cascade. Therefore, regulatory cassettes responsive to activation of initiator 

caspases could facilitate expression of a therapeutic gene early on in the course of the pathology. 

Future studies would characterise those cassettes and examine their utility for gene therapy of 

neurodegenerative diseases. 
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APPENDIX 

BUFFERS AND SOLUTIONS 

All solutions were made up to the appropriate volume with milliQ H2O and stored at room 

temperature unless otherwise stated. 

 

Bacterial media 

Luria-Bertani (LB): 

The pre-formulated powder (Sigma, L3522) containing: 

0.1% (w/v) tryptone 

0.05% (w/v) yeast extract 

0.1% (w/v) NaCl 

Was dissolved in water (25g/L), autoclaved and stored at 4oC. When required for selection 

ampicillin was added to media to a concentration of 50µg/mL prior to inoculation. 

 

LB agar: 

The pre-formulated powder (Sigma, L3147) containing: 

0.1% (w/v) tryptone 

0.05% (w/v) yeast extract 

0.1% (w/v) NaCl 

0.15% (w/v) agar 

Was made up in water 15 g/L, autoclaved and cooled down to 56oC prior to the addition of 

50µg/mL of ampicillin, and then poured into petri dishes. After the media set, plates were stored at 

4oC. 

 

Solutions for gel electrophoresis 

10x gel loading dye: 

0.25% (w/v) bromophenol blue 

173 
 



0.25% (w/v) xylene cyanol 

20% glycerol 

10mM Tris 

1mM EDTA 

Store at -20oC 

 

1x TAE buffer: 

40mM Tris acetate 

1.4% (v/v) glacial acetic acid 

1mM EDTA 

 

Solution for preparation of plasmid DNA 

TE buffer: 

10mM Tris-HCl (pH 7.5) 

1mM EDTA 

 

Solutions for HEK293 cell culture 

10x PBS: 

137mM NaCl 

8.1mM Na2HPO4 

2.7mM KCl 

1.5mM KH2PO4 

pH to 7.4 

 

Complete Dulbecco’s modified eagle medium (DMEM): 

A pre-made DMEM (Invitrogen) was supplemented with: 

10% foetal bovine serum (HyClone) 
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1mM sodium pyruvate (Invitrogen) 

100µM non-essential amino acids (Invitrogen) 

44mM NaHCO3 

Filter sterilised through a 0.2 µm VacuCap® (Gelman) and stored at 4oC. 

 

Complete Iscove’s modified Dulbecco medium (IMDM): 

A pre-made IMDM (Invitrogen) was supplemented with 5% foetal bovine serum (HyClone) and 

36mM NaHCO3, filter sterilised through a 0.2 µm VacuCap® (Gelman) and stored at 4oC. 

 

Freezing medium: 

Dimethyl sulfoxide (DMSO) was added to the 10% concentration to foetal bovine serum (HyClone) 

and stored at -20. 

 

Solution for AAV vector packaging 

2x HeBS: 

50mM HEPES 

280mM NaCl 

1.5mM Na2HPO4 

pH to 7.05 with 10M NaOH 

Filter sterilise and store at -20oC 

 

10x PBS-MK: 

0.002% (w/v) MgCl2*6H2O in 10x PBS 

 

2M NaCl in 1x PBS-MK: 

10% (v/v) 10x PBS-MK 

40% (v/v) 5M NaCl 
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Filter sterilise and store at 4oC. 

 

54% (w/v) iodixanol: 

81% OptiPrep® (Sigma) 

Make up in 10x PBS-MK, filter sterilise using 0.45µm filter and store at 4oC. 

 

40% (w/v) iodixanol: 

74% 54% (w/v) iodixanol 

Make up in 1x PBS-MK and store at 4oC. 

 

25% (w/v) iodixanol: 

46% 54% (w/v) iodixanol 

Make up in 1x PBS-MK and store at 4oC. 

 

15% (w/v) iodixanol: 

28% 54% (w/v) iodixanol 

50% 2M NaCl in 1x PBS-MK 

Make up in 1x PBS-MK and store at 4oC. 

 

Solutions for protein gel electrophoresis and western blotting 

Lysis buffer: 

10% glycerol 

10% 130mM Tris (pH 7.5) 

2% SDS 

0.01% bromophenol blue 
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Laemmli sample buffer: 

62.5mM Tris-HCl (pH 6.8) 

10% (v/v) glycerol 

5% (v/v) β-mercaptoethanol 

2% (w/v) SDS 

0.001% (w/v) bromophenol blue 

 

12% running gel (10mL): 

3.3mL H2O 

4mL 30% acrylamide/Bis solution (BioRad) 

150mM Tris-HCl (pH 8.8) 

0.2% SDS 

0.1% ammonium persulphate 

4µL TEMED 

Make up immediately prior to use. 

 

8% running gel (10mL): 

4.6mL H2O 

2.7mL 30% acrylamide/Bis solution (BioRad) 

150mM Tris-HCl (pH 8.8) 

0.2% SDS 

0.1% ammonium persulphate 

4µL TEMED 

Make up immediately prior to use. 

 

Stacking gel (5mL): 

3.4mL H2O 
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830µL 30% acrylamide (BioRad) 

130mM Tris (pH 7.5) 

0.1% SDS 

0.1% ammonium persulphate 

5µL TEMED 

Make up immediately prior to use. 

 

Tank buffer: 

25mM Tris 

192mM glycine 

0.1% (w/v) SDS 

 

Semi-dry transfer buffer: 

48mM Tris pH 9.2 

39mM glycine 

20% (v/v) methanol 

0.04% (w/v) SDS 

Store at 4oC. 

 

Tris buffered saline Tween-20 (TBST): 

20mM Tris 

500mM NaCl 

pH to 7.5 before addition of Tween 

0.1% (v/v) Tween 

 

Coomassie blue stain: 

50% (v/v) methanol 
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10% (v/v) glacial acetic acid 

0.05% (w/v) Coomassie brilliant blue R-250 

 

Solutions for immunochemistry 

200mM phosphate buffer: 

Add 200mM Na2HPO4 to 200mM NaH2PO4 until pH 7.4 

 

1x PBS-Triton: 

0.2% (v/v) triton X-100 

Make up in 1x PBS 

 

Immunobuffer: 

4% horse serum (Invitrogen) 

0.04% thiomersal (Sigma) 

Make up in 1x PBS-Triton and store at 4oC. 

 

Solutions for cryoprotection 

10% sucrose solution: 

10% sucrose in 1x PBS 

400µg/mL Merthiolate 

Store at 4oC. 

 

20% sucrose solution: 

20% sucrose in 1x PBS 

400µg/mL Merthiolate 

Store at 4oC. 
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30% sucrose solution: 

30% sucrose in 1x PBS 

400µg/mL Merthiolate 

Store at 4oC. 
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