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Abbreviations

AAV Adeno-associated virus 

ADA Adenosine deaminase deficiency 

AR Androgen receptor 

ARE Androgen response element 

CAR Coxsackie/adenovirus receptor 

CEA Carcinoembryonic antigen 

CD Cytosine deaminase 

CMV Cytomegalovirus 

CRAD Conditionally replicating adenovirus 

DHT Dihydrotestosterone 

EMSA Electrophoretic Mobility-Shift Assay 

GCV Ganciclovir  

GTA General transcriptional apparatus 

HIV Human immunodeficiency virus 

hK2 Human kallikrein 2 

HSP Heat-shock protein 

HSV-TK Herpes simplex virus thymidine kinase 

ITR Inverted terminal repeat 

MLV Moloney murine leukemia virus 

MOI Multiplicity of infection 

PIN Prostate intraepthielial neoplasia 

PPT PSA enhancer + PSMA enhancer + TARP promoter 

PSA Prostate specific antigen 

PSMA Prostate specific membrane antigen 



PTEN Phosphatase and tensine homologue 

rPB Rat probasin 

SHBG Sex-hormone binding globulin  

TARP T cell receptor gamma-chain alternate reading frame protein 

TERT Telomerase reverse transcriptase 

TRAIL TNF-related apoptosis-inducing ligand 

vWF von Willebrand factor 

TSTA Two-step transcriptional amplification system 
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Introduction

Prostate cancer 
Prostate cancer is the most common cancer among men in the Western 

World1. In Sweden more than 7000 men are diagnosed annually and almost 
3000 men die every year from prostate cancer (www.mpa.se). Most prostate 
tumors are adenocarcinomas, sharing properties with other common epithe-
lial cancers, such as breast and colon cancer. Aging is the single most sig-
nificant risk factor of prostate cancer2. Other factors are dietary and other 
lifestyle-related factors and androgen receptor signaling3.

Diagnosis and treatment of prostate cancer 
Various ways of screening for prostate cancer are available, such as digi-

tal rectal examination, PSA blood level and ultrasound4. A complete diagno-
sis of prostate cancer requires combinations of several methods. Depending 
on the stage of prostate cancer, different treatments are recommended. If 
patients have tumors that are confined to the prostate gland, radiation ther-
apy or surgery can be implemented5. However, the side effects are severe 
and recurrency rates are high. In advanced stages of prostate cancer, includ-
ing metastases to lymph nodes and bones, hormonal withdrawal is frequently 
used. In that way the tumor can be controlled for a period of time, but even-
tually all prostate cancers become hormone refractory and at this point in 
time there is no available curative treatment1.

Progression of prostate cancer
A specific type of lesion known as prostate intraepthelial neoplasia (PIN) 

is believed to be the primary precursor of prostate cancer6. Genetic studies 
show that the chromosomal rearrangements found in PIN resemble those 
found in early adenocarcinoma2. Prostate cancer has a strong hereditary 
component1. Germ-line mutations on RNASEL and macrophage-scavenger 
receptor 1 (MSR1) have been observed in some families and populations 
with a high frequency of prostate cancer (Fig. 1)1. One of the most common 
events in PIN and early prostate carcinomas is the loss of specific regions of 
chromosome 8p, which occurs in 80% of prostate tumors2. The homeobox 
gene NKX3.1 located at 8p21 is likely a regulatory gene, the loss of which is  



12

Figure 1. Molecular pathogeneis of prostate cancer 

involved in prostate cancer initiation7. The progression of prostate cancer is 
further governed by the loss of chromosome 10q8. The activity of the tumor 
suppressor gene Phosphatase and tensine homologue (PTEN) located to 
10q23 is frequently reduced in prostate cancer cells compared to normal 
prostate epithelial cells and PIN cells9. Loss of chromosome 17p, deleting a 
region that includes the p53 gene, which in turn is a well-characterized tu-
mor-suppressor gene, occurs frequently in advanced stages of prostate can-
cer and metastatic disease2.

Androgen receptor and cancer progression 

Testosterone circulates in the blood, where it is bound to albumin and 
sex-hormone binding globulin (SHBG) (Fig. 2). When free testosterone en-
ters prostate cells, it is converted to dihydrotestosterone (DHT) by the en-
zyme 5 -reductase. DHT is the more active hormone having five-fold higher 
affinity for the androgen receptor (AR) than does testosterone. The AR be-
longs to the steroid nuclear receptor super family and is composed of a 
ligand binding domain, a DNA binding domain and a transactivation do-
main10. In an inactive state the AR is bound to heat-shock proteins (HSP) 
that work as chaperones. Binding of DHT induces conformational change in 
AR that facilitates homodimerization and receptor phosphorylation. The 
ligand-induced activated AR homodimer enters the nucleus and binds to 
androgen response elements (AREs) in promoters and enhancers of target 
genes. Co-activators and co-repressors also bind the AR complex, facilitat-
ing or preventing, respectively, its interactions with the general transcrip-
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tional apparatus (GTA) that stimulates or inhibits gene transcription (Fig.2). 
This can lead to cell growth and/or cell survival. Many AR target genes has 
been identified of which some are specific for prostate cells. Prostate-
specific AR target genes include the prostate specific antigen (PSA), the 
human kallikrein 2 (hK2) and the human prostate-specific transglutami-
nase11-13. Androgens, mainly testosterone, regulate the growth of prostate 
cancer cells at early stages and androgen ablation is the standard therapy for 
prostate cancer patients with metastases14,15. It induces an initial beneficial 
response on the cancer cells with a symptomatic relief for the patients. How-
ever, progression to androgen-independent prostate cancer is inevitable. In 
androgen-independent prostate cancer the AR expression and many of its 
functions are often maintained, including the proliferation of prostate cancer 
cells despite the absence of androgens16,17. There are many possible explana-
tions how this is accomplished, such as AR amplification and AR activation 
by non-androgenic steroids18,19.

Figure 2. Androgen action in prostate cells 

PSA       Survival Growth

DNA binding

AR

ARAR

PP

Testosterone

SHBG

DHT

-
reductase

Target gene activation

AR

HSP

HSP

Androgen-responsive cell

Ligand
binding

Dimerization
and 
phosphorylation

Co-activator
recruitment

GTA

ARAR

PP

Androgen response 
element

PSA       Survival Growth

DNA binding

ARAR

ARARARAR

PP

Testosterone

SHBG

DHT

-
reductase

Target gene activation

AR

HSP

ARAR

HSPHSP

HSPHSP

Androgen-responsive cell

Ligand
binding

Dimerization
and 
phosphorylation

Co-activator
recruitment

GTA

ARAR ARARARAR

PP

Androgen response 
element



14

Gene therapy 
Gene therapy involves the concept of introducing a gene in target cells 

and that the gene product should cure or slow down the progression of a 
disease. In 1990 the first clinical gene therapy trials was carried out when T-
lymphocytes of a patient with adenosine deaminase deficiency (ADA) were 
transduced with a retrovirus carrying the normal copy of the ADA gene20.
Since then gene therapy has been a rapidly developing field of research aim-
ing at treating both inherited and acquired diseases. The first successful 
clinical gene therapy trial was carried out on patients having the X-linked 
severe combined immune deficiency disorder (SCID-Xl)21. However this 
trial has later exposed severe side-effects22. Both ADA and SCID-Xl are 
examples of monogenic inherited diseases, where non-functional genes were 
corrected for. Gene therapy of acquired diseases like cancer can involve 
gene correction but a more feasible approach is to introduce a gene coding 
for a molecule that directly or indirectly kills the malignant cells. Currently, 
more than 1000 clinical trials involving gene therapy have been completed 
or are ongoing (www.wiley.co.uk/genetherapy/clinical).

 The rate limiting step for successful gene therapy is the gene delivery 
system23,24.  An efficient vector is needed to deliver the therapeutic gene in 
an appropriate amount into the target area without substantial toxicity to 
other cells.

Viral vectors
Vectors can be divided into nonviral and viral vectors. Viral vectors are 

used in the majority of the gene therapy trials. They are attractive as gene 
transfer vectors, since viruses have evolved effective mechanisms to enter 
into human cells and express their genes. One of the most commonly used 
vector is based on adenovirus. 

Adenoviruses 
Adenovirus biology 

Adenoviruses are linear double stranded DNA viruses of 35 kb in size 
that can cause upper respiratory tract and eye infections in humans25,26. There 
are about 50 known human serotypes, of which serotype 2 and 5 from sub-
group C are preferentially used as gene delivery vectors27. Adenovirus infec-
tion starts with a primary interaction between the adenoviral fiber knob and 
the coxsackie/adenovirus adhesion receptor (CAR). CAR is a docking site 
for the adenovirus, providing a high affinity between the virus and the host. 
The second interaction occurs between the RGD (Arg-Gly-Asp) amino acid 
motif and the v 3 and v 5 integrin receptors on the cell. This interaction 
mediates an internalization of the virus into the cytosol via receptor-
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mediated endocytosis. The virus is then transported to the nucleus. During 
the transport disassembly of the viral capsid takes place through acidification 
of the endosome. This allows the viral DNA to enter the nucleus through 
nuclear pores. Once the viral genome is inside the nucleus, adenoviral tran-
scription begins28.

Adenoviral transcription is divided into an early and late phase occurring 
before and after viral DNA replication, respectively29. The first gene to be 
transcribed is the E1A, which encodes proteins that bind to many cellular 
proteins such as the retionblastoma (pRb) and p130 family of proteins. The 
blockage of these cellular protein leads to release of E2F transcription fac-
tors which in turn can activate DNA replication and synthesis30. To evade 
premature host cell death caused by the E1A activity, two E1B proteins are 
expressed. The E1B-55kD binds to p53 and inhibits its apoptotic activity, 
while the E1B-19kD protein functions similarly to the anti-apoptotic factor 
Bcl231. The E1A is also necessary to induce the other viral genes necessary 
for the regulatory function of the virus. Therefore, adenoviruses lacking the 
E1A gene are replication defective. Other proteins expressed in the early 
phase are the E2, E3 and E4 proteins necessary for viral DNA synthesis 
(E2), modulation of the host immune response (E3) and the regulation of 
DNA replication, mRNA transport and apoptosis (E4). Late in infection the 
major late promoter is activated leading to activation of five late genes (L1-
L5), which encode the structural proteins of the virus and the proteins in-
volved in the viral assembly.  

Adenoviral gene vectors 
Adenoviruses can be converted to gene vectors by deleting the E1 region, 

which is necessary to induce the other viral genes involved in the regula-
tion32. Viruses are produced in a packaging cell line where E1 is provided in
trans. The first generation of replication-defective vectors have the E1 and 
E3 genes removed, allowing the introduction of up to 7 kb of foreign DNA. 
The E3 region is not essential for in vitro virus replication and may be re-
moved. A later generation of replication-defective adenovirus has additional 
deletions of E2 and/or E4 allowing the introduction of larger pieces of for-
eign DNA29. Helper-dependent adenoviral vectors that are completely de-
void of all the viral protein sequences have also been developed33.

The major advantages of adenoviral vectors are that they can infect a va-
riety of non-dividing and dividing cells and can be grown in high titers. In 
addition, insertion remains episomal in the nucleus of the transduced cells 
leading to minimal risk of insertional mutagenesis. A disadvantage may be 
that most humans have had prior exposure to adenoviruses and therefore 
immune responses can be generated against the vector34. Adenoviruses are 
especially appropriate for the treatment of cancer due to a high therapeutic 
transgene expression for a limited period of time, enough to inactivate the 
target cell. 
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Other viral vectors 
Various other viral vectors have been used or are under consideration for 

gene therapy. Retroviruses are enveloped single-stranded RNA viruses. Most 
retroviral vectors are based on the Moloney murine leukemia virus (MLV) 
that can infect most dividing cells35,36. After transduction of host cells, the 
RNA is reverse transcribed into double-stranded DNA which integrates into 
the host cell genome. A subgroup of retroviral vectors is the lentiviral vec-
tors. One of the best known lentiviruses is human immunodeficiency virus 
(HIV). Lentiviral vectors have the same properties as MLV-based vectors 
but can also infect non-dividing cells37. Retroviruses are especially appropri-
ate for the treatment on monogenic inherited diseases aiming at life-long 
corrective transgene expression. 

Adeno-associated viruses (AAV) are non-pathogenic single-stranded 
DNA viruses that are dependent on a helper virus, usually adenovirus, to 
proliferate38. AAV integrates in the host cell genome and in contrast to MLV 
viruses, they can infect both dividing and non-dividing cells. A disadvantage 
with AAV vectors is the limited insertion size38. Herpes viruses are envel-
oped DNA viruses and herpes viral vectors are promising tools to transfer 
genes to cells in vivo since they have an ability to persist latently even when 
the disease is absent. They are commonly used to treat neurological disor-
ders39. Pox viruses are double stranded DNA viruses that include vaccinia 
and canarypox. They have the largest and most complex genome of all 
known viruses with over 200 genes. They do not integrate in the genome of 
the host cell40,41. Replication-deficient vectors have been engineered from 
several alphaviruses such as Semliki Forest virus, Sindbis virus and the 
Venezuelan equine encephalitis virus42.  These vectors have mainly been 
used for recombinant protein expression in cell lines, in expression studies 
and for vaccine production43.

Optimization of targeted therapeutic gene expression 
The specific targeting of therapeutic gene expression to the site of the tu-

mor is important in order to diminish the toxicity to normal cells. Promoters 
such as the immediate-early cytomegalovirus (CMV) promoter that are com-
monly used in viral vectors are constitutively active in human cells and 
therefore less appropriate for targeted therapies44. The use of tumor- or tis-
sue-specific promoters is one way to obtain tumor- or tissue-specific tran-
scriptional targeting.

Prostate promoter targeting 
Prostate cancer is in many aspects appropriate for targeted gene therapy. 

The prostate gland is an organ that is not essential for life. Therefore, pro-
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moters regulating the expression of genes that are specifically expressed by 
normal and neoplastic prostate epithelial cells constitute suitable tissue-
specific expression control sequences for prostate cancer gene therapy. Fur-
thermore, serum PSA levels represent a good marker for the monitoring of 
prostate cancer progression. In prostate cancer, promoters from prostate spe-
cific antigen (PSA), human kallikrein 2 (hK2) and rat probasin (rPB) have 
been utilized to target expression of therapeutic genes to cells of prostate 
origin45-48. One issue with these promoters is whether sufficient level of gene 
expression is obtained, especially in the absence of androgen, since the na-
tive promoters are dependent on a functional androgen signaling pathway 
(Fig. 2).

One way to circumvent the problem with the dependency on a fully func-
tional androgen pathway was demonstrated by Furuhata et al.49, who modi-
fied the steroid response element of the rPB promoter so that gene expres-
sion is induced by retinoic acids rather than androgens. Prostate specific 
membrane antigen (PSMA) is potentially an attractive target for prostate 
cancer therapy, since it has been reported to be upregulated by androgen 
deprivation50. An intronic PSMA enhancer has recently been shown to be 
responsible for the upregulation51. Further a regulatory sequence consisting 
of a TATA-box with a PSA enhancer and a PSMA enhancer was reported to 
be active in prostate cancer cells both in the presence and absence of andro-
gens52.

Insulators 

A critical issue when introducing a targeted transgene into a gene therapy 
vector is the interference with inappropriate signals from the environment53.
Chromatin insulators are DNA elements that possess an ability to protect 
transgenes from these signals54. These insulators occur naturally in the ge-
nome to counteract position effects. Their way of function may be divided 
into two groups. The first way is by blocking the action of a distal enhancer 
on a promoter55,56. The second way is by acting as a barrier preventing the 
influence of adjacent chromatin that would otherwise silence gene expres-
sion57.

The use of insulators in gene therapy has mostly involved integrating vec-
tors. The integration can be unfavorable depending on the chromatin around 
the integrated gene. In retroviruses the transgene expression is increased 10-
fold  by flanking the transgene with the chicken HS-4 insulator58,59. The HS-
4 insulator was also shown to improve the transgene expression in other 
types of integrating vectors such as  lentiviral and AAV vectors60,61.

In adenoviral vectors, insulators are used to protect tissue-specific pro-
moters from interfering viral sequences. Among the adenoviral sequences 
that may interfere with tissue-specific promoter regulation are the E1A en-
hancer and the ITR that contains several binding sites for transcription fac-
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tors that can interfere with a tissue-specific regulation62,63. Steinwaerder and 
Lieber have used the HS-4 insulator to improve and shield a metal-inducible 
promoter from interfering adenoviral elements64. Furthermore, transcrip-
tional terminators has also been used to shield tissue-specific promoters from 
interfering adenoviral elements65,66.

Enhancing the activity of tissue-specific promoters 
The majority of the tumor- or tissue-specific promoters used in gene ther-

apy are transcriptionally weak when compared to constitutively active viral 
promoters and may be unable to drive gene expression at efficient therapeu-
tic levels in the tumor cells44. Several strategies have been employed for 
improving the promoter activity, while maintaining the specificity. The first 
approach involves removal of the regions from the natural promoters that do 
not contribute positively to the transcriptional activity and multimerization 
of the positive regulatory elements. This strategy has been used for several 
promoters including the tyrosinase promoter67, the rpB promoter68 and the 
carcinoembryonic antigen (CEA) promoter69. Another strategy is to con-
struct a chimeric promoter consisting of different elements that are specific 
for the same tissue. Using this strategy, the efficacy of chimeric promoters 
designed for muscle or liver has been upregulated to the level of the CMV 
promoter70,71. The third strategy involves a two-step process where the tis-
sue-specific promoter controls the expression of a recombinant transcrip-
tional activator which in turn activates the transgene. For instance, a pros-
tate-specific regulatory sequence comprising the minimal PSA promoter 
with multiple copies of the PSA enhancer has been used to drive expression 
of a Gal4-VP16 transactivator, which subsequently stimulates transcription 
through Gal4 binding sites in the promoter controlling the transgene. This 
approach lead to a 50-fold upregulation72. A related approach is where the 
tissue specific promoter controls a LexA/VP16 fusion protein. Using this 
approach the endothelial specific von Willebrand factor (vWF) promoter is 
enhanced up to 1000-fold73.    

Conditionally replicating adenoviruses 
Replication-competent adenoviruses include at least E1A, E2, E4 and the 

late genes. They have the ability to infect cells, replicate therein, lyse the 
cells and release their progeny and to spread to neighboring cells. The onco-
lytic capacity of adenovirus makes it an attractive candidate for eliminating 
cancer cells. In order to make replication-competent adenoviruses tumor- or 
tissue-specific, several strategies are employed.   
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Viral deletion mutants 
The elucidation of the molecular mechanism concerning the adenoviral 

infection has led to the development of genetically modified adenoviruses 
that replicate in tumors cells with altered pRb and the p53 pathways, but not 
in normal cells. The first conditionally replicating adenovirus to be reported 
was the mutant strain dl1520 (also known as ONYX-015 and CL1042)74. It 
contains a deletion in the E1B gene resulting in a complete abrogation of 
E1B-55kD expression. E1B-55kD normally inactivates p53 in infected cells 
and the loss of E1B-55kD should prevent viral replication in normal cells 
with a functional p53 pathway. It has been demonstrated that ONYX-015 
efficiently replicates and causes tumor regression in cells lacking a func-
tional p53 pathway75,76. However, several reports have indicated that ONYX-
015 can replicate in cancer cells independently of the p53 status77,78. Alterna-
tion of p14ARF or mdm2 expression, which normally stabilizes p53, may 
result in an inactivation of p5378,79. The adenoviral protein E4orf6, still pre-
sent in ONYX-015, which also binds to p53 and inhibits p53 mediated apop-
tosis, may compensate the loss of E1B-55kD allowing replication in normal 
cells80. The exact role of the p53 status remains to be elucidated, but 
McCormick and colleagues have reported that the tumor selectivity of 
ONYX-015 is caused by the difference of viral RNA export between tumor 
and normal cells, rather than p53 inactivation81. The safety and anti-tumor 
efficacy of ONYX-015 have been explored in numerous phase I and II trials 
with a demonstrated therapeutic effect and good safety profile82,83.    

Another way to make an adenovirus tumor selective is by altering the 
conserved region 2 (CR2) in E1A, which binds to the pRB proteins that 
regulate the progress from G1 to S phase of the cell cycle. E1A-CR2  mu-
tants such as the dl922-947 strain84 and 24 strain85 have not entered clinical 
trials yet, but a preclinical study shows that the dl922-947 have greater po-
tency than ONYX-015 both in vitro and in vivo84.  More recently the 
AxdAdB-3 strain carrying mutations in both the E1A and E1B-55kD regions 
has been shown to have an anti-proliferate effect in gall bladder cancer 
cells86.

Tumor- or tissue-specific promoter-driven adenoviruses 
Yet another way to make an oncolytic adenovirus tumor-specific is to 

utilize tumor-specific promoters controlling the expression of E1A, E1B, E3 
and/or E4. If the cancer originates from an organ that is not essential for life, 
tissue-specific promoters may be used as well.  

A variety of oncolytic adenovirus have been engineered to target tumors 
using tissue- or tumor-specific promoters. They are listed in Table 1. Most 
research concerning tissue-specific promoter-driven oncolytic adenoviruses 
has been conducted on prostate cancer. Henderson and colleagues have de- 
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Table 1. Examples of tissue-or tumor-specific promoters in CRAD 

signed several prostate-specific CRADs using elements from hK2, PSA and 
rPB to control E1A and E1B expression45,87,88. One of these viruses is the 
CV706 where the PSE sequence (PSA promoter with upstream enhancer) 
controls the expression of E1A. Deweese et al109 have demonstrated that 
intraprostatic delivery of CV706 was safe at high doses and resulted in a 
strong reduction of serum PSA levels. Another prostate-specific oncolytic 
adenovirus CV787 contains the rPB promoter to control the expression of 
E1A and the PSE sequence to control E1B expression.  Unlike the CV706 
virus, CV787 contains a functional E3 region that significantly improves the 
cell killing and oncolytic efficacy87. CV787 is currently being studied in 
clinical trials and final data are awaited. In addition to prostate-specific pro-
moters, the murine osteocalcin promoter with expression restricted to bone- 
tissue has been used in an oncolytic adenovirus to target metastasized pros-
tate cancer in bone with a good therapeutic effect91.

The use of broad tumor-specific promoters is an attractive strategy since 
they are active in most tumor types and not only in a subset. All tumor cells 
show uncontrolled expression of cell growth due to deregulation of the cell 
cycle characterized by a constitutive active E2F transcription factor. Based 
on this observation a CRAD where the E2F promoter controls the expression 
of E1A has been constructed106. It selectively induces cytolysis of tumor 
cells, while nonproliferating normal cells are saved. The virus shows a po-
tent anti-tumor effect in an ovarian xenograft model.  

CRAD strain Promoter Tissue/tumor  Gene  con-
trolled 

E3
status 

Ref

CV787 1) Rat probasin Prostate E1A Intact 87

 2 PSA  E1B   
CV764 1) kalikrein 2  E1A Deleted 45

 2) PSA  E1B   
CV706 (CN706) PSA  E1A Deleted 88

Ad5PSMA-E1A PSMA enhancer  E1A Intact 89

AdhOC-E1 Human osteocalcin Osteosarcoma E1A, E1B Intact 90

AdOC-E1a Mouse osteocalcin  E1A Deleted 91

AdTyr 24 Tyrosinase Melanoma E1A 24 Intact 66

AdTyrwt Tyrosinase  E1A Intact 66

Ad.DF3-E1 MUC-1 Breast E1A Intact 92

Ad.ERE2 pS2  E1A, E1B Intact 93

CG8840 Uroplakin Bladder E1A-IRES-E1B Intact 94

CV890 AFP Liver E1A-IRES-E1B Intact 95

AvE1a04i AFP  E1A Deleted 96

AdE3-IAI.3B IAI.3B Ovarian E1A Intact 97

AdSLPI.E1AdB SLPI Lung E1A Deleted 98

KD1-SPB Surfactant B  E1A  mutant Deleted 99

AdMKE1 Midkine Neuroblastoma E1A Deleted 100

vCF11 Tcf responsive Colon E1A Intact 101

Adv-TERT-E1A TERT Cancer cells E1A Deleted 102

TEhRT-Ad TERT  E1A, Intact 103

CRAdCox2F Cox-2  E1A, E1B Intact 104

AdE3-cox2–327 Cox-2  E1A Intact 105

AdE2F-1RC E2F  E1A Deleted 106

ONYX-411 E2F E4, E1A CR2 Deleted 107

HYPR-Ad HIF responsive  E1A Deleted 108



21

The telomerase reverse transcriptase (TERT) promoter has also been in-
vestigated as a tumor-specific promoter in CRADs. Telomerase is a DNA 
polymerase whose major function is to add telomeric repeats to the ends of 
the chromosomes. TERT expression is a common property among tumor 
cells, while normal somatic cells are devoid of TERT.  An oncolytic adeno-
virus using the TERT promoter has generated selective cytolysis in a broad 
spectrum of tumors102,110.   

Hypoxia is another common property among tumor cells. Oncolytic ade-
noviruses containing a hypoxia-inducible promoter regulating the E1A have 
shown effective cytolysis of hypoxic cells but not normoxic cells111,112.

Several second-generation oncolytic adenoviruses have been developed 
that combine transcriptional targeting with viral gene mutation for a further 
restriction of viral replication to tumor cells. The KD1-SPB adenovirus is an 
oncolytic adenovirus with a small attenuating deletion in the E1A gene in 
which the promoter for surfactant protein B controls E4 expression. This 
virus has been demonstrated to specifically replicate in bronchial tumor 
cells99. Nettelbeck et al66 have engineered a melanoma targeted oncolytic 
adenovirus, AdTyr 24, where the tyrosinase promoter is driving the expres-
sion of E1A and the virus has a mutation that abolishes binding to proteins 
of the pRB family.  

Enhancement of the potency of oncolytic adenoviruses
Many CRADs have demonstrated a specific cytolytic effect, but there are 

few examples of complete tumor eradication. Therefore, attempts have been 
made to further increase the cytolytic ability of oncolytic adenoviruses. 

The E3 region of the adenovirus is dispensable for viral replication in vi-
tro and is often deleted from adenoviral vectors and CRADs. Reinsertion of 
the E3 region, in whole or part, has been reported to enhance the cell killing 
efficacy of replicating adenoviruses87,113. Alteration of expression of other 
adenoviral proteins can also enhance the cytolytic effect. Overexpression of 
the viral protein E4orf4 may enhance the cell killing potency of adenovi-
ruses114. Furthermore, a deletion of in the E1B gene leading to a abolishment 
of the E1B-19kD protein expression, an anti-apoptotic protein, resulted in a 
more efficient cytolysis of several tumor cell lines compared to wild type 
virus115,116.

Another way to increase the efficacy of oncolytic adenoviruses is to arm 
them with therapeutic genes. One group of such genes that have received 
much attention is the so-called suicide genes. In this system, tumor cells are 
transduced with a gene that converts a non-toxic prodrug to a toxic metabo-
lite117. The most studied suicide gene is the herpes simplex virus thymidine 
kinase (HSV-TK) gene which efficiently phosphorylates and activates the 
prodrug ganciclovir (GCV). The results of incorporating HSV-TK into onco-
lytic adenoviruses has been mixed, with some report showing enhanced anti-
tumor effect compared to treatment with CRAD alone118,119. In contrast, 
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other studies have not been able to show enhanced anti-tumor effect120,121.
One possible explanation is that GCV can interfere with DNA synthesis and 
therefore also interfere with viral replication. This could impair the cell kill-
ing efficacy of the oncolytic adenovirus.  

Freytag et al 122 went one step further by inserting a fusion gene consist-
ing of two suicide genes in a replicating dl1520 adenovirus strain (Ad5-
CD/TKrep).  Besides HSV-TK, Ad5-CD/TKrep contains cytosine deami-
nase (CD) which converts the nontoxic prodrug 5-fluorocytosine (5-FC) to 
5-fluorouracil (5-FU). The most significant anti-tumor effect was seen when 
the Ad5-CD/TKrep virus was administrated with both prodrugs compared to 
the virus alone or virus and a single prodrug, suggesting a synergistic inter-
action between the two suicide genes122,123.

The incorporation of cytokine genes into oncolytic adenoviruses has also 
been investigated. Kurihara et al.92 have inserted the TNF- , a pro-
inflammatory cytokine with anti-tumor effect, in an oncolytic adenovirus. 
They observed a prolonged tumor regression compared to a CRAD lacking 
TNF- or a replication-deficient adenovirus with TNF- . Many cancers 
have a dysfunctional p53 pathway. However some studies have revealed an 
enhanced virus replication when p53 is expressed124. The Ad 24-53 CRAD 
that expresses p53, has been shown to have enhanced cell killing potential 
compared to a similar CRAD lacking p53125. Lieber and colleagues126 have 
designed a CRAD that expresses TRAIL (Ad5/35.IR-E1A/TRAIL). TRAIL 
is a molecule that through the extrinsic apoptosis pathway induces apoptosis 
independently of the p53 status127. Preclinical studies with Ad5/35.IR-
E1A/TRAIL have shown improved cell killing and virus replication in sev-
eral tumor cell lines compared to a CRAD without TRAIL. 

Oncolytic virus in combination therapy strategies 
A multimodal approach utilizing CRAD in combination with chemother-

apy or radiotherapy is attractive to use, since the idea is to achieve a larger 
anti-tumor effect than with monotherapy alone. Another argument for com-
bination therapy is to prevent tumor cells from developing resistance to 
treatment. It may also be possible to reduce drug doses, thereby reducing the 
risk of unwanted toxicity. 

Oncolytic virus therapy together with chemotherapy has shown promising 
results in several studies (Table 2). ONYX-015 in combination with the 
chemotherapeutic drugs doxorubicin128, paclitaxol129, 5-FU76 and cisplatin130

have shown additive or even synergistic effects on tumor regression in sev-
eral experimental human cancer. Combination therapy with ONYX-015 and 
chemotherapeutic drugs has entered clinical trials with a demonstrated safety 
and some therapeutic effect131-133. In a phase II trial, intratumoral injection of 
ONYX-015 in combination with 5-FU and cisplatin caused a measurable 
decrease of tumor size in 63 % of the patients with squamous cell carcino- 
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   Table 2. Oncolytic therapy with CRAD in combination with standard therapies

mas of the head and neck, including a high portion of patients having com-
plete regression of the tumor132. This is an improvement compared to mono-
therapy with either the ONYX-015 alone (14% measurable response) or 
chemotherapy alone (30-40% measurable response)140. Another well studied 
CRAD is the CV787 whose replication is targeted to prostate and prostate 
cancer cells. Yu et al135 show that CV787-mediated replication-dependent 
cytotoxicity is synergistic with paclitaxel or docetaxel without any additive 
toxicity in vitro and in vivo. These studies show that the combination of on-
colytic therapy and chemotherapy have shown an enhanced therapeutic ef-
fect compared to either therapy alone. The chemotherapy drug does not in-
hibit the cytolytic ability of the oncolytic viruses and in some cases a lower 
treatment dose is sufficient to generate an anti-tumor effect. 

The synergistic effect between radiotherapy and oncolytic virus therapy 
has also been evaluated. An enhanced anti-tumor effect was shown with 
ONYX-015 in combination with radiotherapy in xenograft models of human 
colon cancer or glioma 75,137. Both tumor-free survival and tumor growth 
delay are better in the combined treatment group compared to animals 
treated with either radiotherapy or ONYX-015 alone. The cytolytic effect of 
the prostate-specific CV706 virus is synergistically enhanced when it is used 
in combination with radiotherapy in prostate cancer LNCaP, xenografted 
tumors with no adverse effect on specificity139. The safety of CV706 is con-
firmed in a phase I dose escalation study in patient with localized recurrent 
prostate cancer109.

CRAD strain  Tumor targeted Effect Ref 

With chemotherapy Chemotherapy Agent 
   

ONYX-015 5-FU+leucovorin Metastatic gastric 
carcinoma (liver) 

Modest 131

 5-FU+cisplatin Squamous cell 
carcinoma (recurrent) 

Enhanced 132,134

 Doxorubicin Thyroid cancer Synergistic 128

 Paclitaxel Thyroid cancer Synergistic 128

 Cisplatin Squamous cell 
carcinoma (recurrent) 

Enhanced 76

 5-FU Squamous cell 
carcinoma (recurrent) 

Enhanced 76

CV890 Doxorubicin  Synergistic 95

CV787 Paclitaxel  Synergistic 135

 Docetaxel  Synergistic 135

With Radiation therapy Radiation dose 
   

Ad5-CD/TKrep 50-74 Gy Prostate cancer Enhanced 136

 8-10 Gy Cervical Cancer Enhanced 123

 0-6 Gy Glioma Enhanced 122

ONYX-015 5 Gy Glioma Enhanced 137

 2 or 20 Gy Colon cancer Enhanced 75

Ad5 24 3 or 6 Gy Glioma Enhanced 138

CV706 10 Gy Prostate Synergistic 139
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Efforts have been made to further enhance the cytopathic potency by us-
ing a trimodal approach based on CRAD plus radiotherapy. Freytag et al.123

have used this approach with Ad5-CD/TKrep involving oncolytic therapy, 
double suicide gene therapy (5-FC and GCV) and radiotherapy. They found 
that the trimodal approach led to a greater anti-tumor effect compared other 
dual treatment combinations. Ad5-CD/TKrep has recently entered clinical 
trials for localized prostate cancer. It is used in combination with double 
suicide gene therapy and conventional three dimensional conformal radiation 
therapy136,141. The safety profile of the trimodal approach is good with a tox-
icity profile not different from radiation alone. The PSA levels in all treated 
patients declined faster after the trimodal approach than in the group receiv-
ing radiation therapy alone.  

Taken together, the combination of radiotherapy and oncolytic virus ther-
apy have shown to have an enhanced anti-tumor effect. Radiation does not 
impair the viral replication and the toxicity is not significantly higher in the 
combination therapy compare to monotherapy. Although these preclinical 
studies are quite promising, further studies have to be preformed to deter-
mine whether this mode of therapy is safe and can be used more universally 
in cancer therapy.   
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Methods

This section focuses on giving a background to the different methods used 
in this thesis. The experimental procedures used in paper I- IV are described 
in more detail in the “Materials and Methods” section of each paper. 

Luciferase assay (Paper I. II and IV) 
Genetic reporter systems are widely used to study gene expression and 

cellular physiology. The firefly luciferase is one of most commonly used 
reporter genes. Photon emission is achieved through oxidation of beetle luci-
ferin by luciferase in a reaction mix that requires ATP, Mg2+ and O2 (Fig. 3).  
As a result, a flash of light that rapidly decays is generated. The light emis-
sion from the enzyme reaction peaks within seconds at a maximum of 562 
nm. Luciferase molecules produce luminescence in direct proportion to their 
number. Therefore, luciferase can be used for a direct, comparative meas-
urement of promoter activity. 

Figure 3. Luciferase mechanism 

Transient transfection (Paper I. II and IV) 
Physical and chemical methods to introduce nucleic acids into cells are 

referred to as transfection. Cationic liposome-mediated transfection is one of 
the most widely used transfection methods. The cationic head group of the 
liposome associate with negatively charged phosphate group on the nucleic 
acid. The complex associates with the cell membrane, leading to an inter-
nalization of the nucleic acid into the cell. 

Adenoviral production (Paper II-IV) 
The different adenoviruses used in this thesis were produced using the 

AdEasy system. This system was developed by He et al.142 as a fast and easy 
alternative to traditional system to produce recombinant adenoviruses. It is a 
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three step process, where the expression cassette or transgene is cloned in a 
transfer vector (Fig. 4). A homologous recombination step in the E.coli 
strain BJ5183, between the Pme I linearized transfer plasmid and pAdEasy1, 
which contains most of the E1/E3-deleted adenoviral genome, produces a 
recombinant adenoviral plasmid that is selected by colony size on a LB agar 
plate containing kanamycin. To produce the recombinant adenovirus, the 
adenoviral construct is cleaved with Pac I to expose its ITR (Inverted Ter-
minal Repeats) and tranfected into a packaging cell line that provides E1 in 
trans.

Figure 4. Generation of recombinant adenovirus using the AdEasy system 
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Adenoviral transduction (Paper II-IV) 
The introduction of nucleic acid by viral vectors into cells is referred to as 

a transduction. Adenovirus entry into cells is dependent on the interaction 
with coxsackie-adenovirus receptor (CAR) and integrin receptors. To com-
pensate the various amount of receptors in the eukaryotic cells, the different 
human cell lines used in this thesis were transduced at a multiplicity of infec-
tion (MOI), i.e. number of plaque forming units of adenovirus per cell, yield-
ing 50-90% of transduced cells.     

Northern Blot (Paper I)  
Northern Blot is a method to visualize the specific RNA level in cells or 

tissues. Total RNA or messenger RNA (mRNA) are resolved by electropho-
resis on an agarose gel, which is then blotted to a nitrocellulose membrane. 
A gene-specific 32P-labeled denatured complementary cDNA probe is hy-
bridized to the membrane to recognize the specific mRNA transcript. Detec-
tion can be visualized by exposing the membrane to an x-ray film. 

RT-PCR (Paper I-II) 
RT-PCR is used to analyze gene expression in a cell or tissue. Total RNA 

or mRNA molecules are isolated and used as template to produce comple-
mentary DNA (cDNA) by using a reverse transcriptase enzyme. After cDNA 
production, a PCR reaction is set up to amplify the target sequence. The PCR 
product can then be visualized by UV light on an ethidium bromide-stained 
agarose gel.

Quantitative real-time PCR (Paper III) 
Real time PCR uses the same principles as RT-PCR.  The real-time PCR 

is based on the detection and quantification of a fluorescent reporter143. The 
florescent signal increases in proportion to the amount of PCR product in the 
reaction and can be followed in each thermal cycle. We have used the SYBR 
green fluorescent reporter system. SYBR green is a binding dye which ex-
hibit small amount of fluorescence when in solution, but emits a strong fluo-
rescent signal upon binding to double-stranded DNA144. Gene-specific PCR 
products are constanly measured in a specialized PCR cycler. Expression can 
then be compared between samples and it is often normalized against a 
house-keeping gene.  

EMSA (Paper I) 
Electrophoretic mobility shift assay (EMSA) is a technique where the in-

teraction between a protein and its target DNA can be studied. The assay is 
based on the fact that DNA/protein complexes move slower that non-
complexed DNA in a non-denaturing polyacrylamide gel145. Total cellular 
protein extract, nuclear extract or a recombinant protein is incubated with a 
32P-labeled DNA fragment containing the protein binding site. The reaction 
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is analyzed on a non-denaturing polyacrylamide gel. The gel is dried and 
DNA/protein complexes are detected by an X-ray film.   

Western Blot (Paper III) 
Western Blot is a method that allows for the detection of a protein or de-

termination of the relative amount of protein expression in different samples 
using a specific antibody. The protein samples are resolved by SDS-PAGE 
and transferred to a membrane, e.g. a nitrocellulose membrane. After trans-
fer the membrane is incubated with a specific antibody recognizing the pro-
tein of interest and then incubated with a secondary enzyme-conjugated an-
tibody recognizing the primary antibody. Detection can be performed with 
an x-ray film to detect a flash of light given by the enzyme released in the 
enzymatic reaction.  

Cell viability assay (Paper III) 
The MTS cell viability assay is a colorimetric based method for determin-

ing the amount of viable cells. The MTS tetrazolium compound is converted 
by metabolic active cells to a colored formazan product146. The quantity of 
formazan product that can be measured at 490 nm is directly proportionally 
to the amount of viable cells.  

Crystal violet assay (Paper III) 
The crystal violet assay is an assay where information of the relative den-

sity of cells in a plate or well can be obtained. The dye in the assay, crystal 
violet, stains DNA. The amount of the dye taken up by the adherent cells can 
be visualized and analyzed.   
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Present Investigation 

Aims
The aim of the studies presented in this thesis is to characterize and de-

velop a prostate-specific transcriptional regulatory sequence that is more 
potent than the ones currently used in experimental and clinical prostate 
cancer gene therapy. 

Paper I- Characterization of the androgen-regulated prostate-
specific TARP promoter 

Gene therapy is a promising approach for cancer treatment. Promoters 
normally controlling genes encoding antigens with unique expression in 
prostate cells and prostate cancer cells can be used to restrict therapeutic 
gene expression to cells of prostate origin. One of many genes that have 
been characterized with a unique expression in prostate cells in males is 
TARP147. In paper I we set out to characterize the TARP promoter and to 
develop a prostate-specific regulatory sequence based on the TARP pro-
moter for gene therapy purposes. 

TARP promoter regulation 
We showed by Northern Blot and RT-PCR analyses that the TARP anti-

gen is regulated by testosterone at the transcriptional level. To further ana-
lyze the transcriptional regulation, we cloned the 5’flanking region of the 
TARP gene. Several sequence motifs with a potential role in transcriptional 
regulation were identified, including a TATA-box; a CAAT-box and three c-
Jun binding sites. Sequences sharing homology with the consensus androgen 
response element (ARE) were found at several locations upstream of the 
transcription initiation site, +1.  We showed by EMSA and luciferase re-
porter gene assays that the proximal TARP promoter contains a functional 
ARE from -186 to -172. The TARP promoter construct from -201 to +45 
(TARPp) yielded an activity 7 times above background level in LNCaP and 
it was induced 5-fold by synthetic testosterone (R1881), while virtually no 
activity was observed for a TARP promoter construct from -181 to +45, 
lacking the ARE at -186. 
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A recombinant prostate-specific regulatory sequence comprising the 
TARP promoter and PSA enhancer  

 An upstream PSA enhancer (PSAe) from -4758 to -3884, relative to the 
PSA transcriptional initiation site, has previously been reported to be essen-
tial for androgen-regulated activity of the PSA promoter148. We constructed a 
chimeric sequence consisting of the TARPp and the PSAe and found that the 
chimeric sequence had 20 times higher transcriptional activity than a se-
quence consisting of the PSA promoter from -632 to +12 (PSAp) and the 
PSAe. The expression of TARPp/PSAe is high in prostate cancer cells 
(LNCaP and PC346-C) with a functional AR, while virtually at background 
level in other cell lines tested. It indicates that this regulatory sequence could 
be used to restrict expression of therapeutic genes in prostate cancer cells as 
has been shown with other prostate-specific regulatory sequences46,47,149.

Paper II- A novel TARP Promoter-Based Adenovirus against 
hormone dependent and hormone-refractory prostate cancer

The transcriptional activity of PSAe/TARPp described in paper I is highly 
dependent on testosterone and may not be suitable for treatment of hormone-
refractory prostate cancer. In paper II we describe the advantages to intro-
duce the PSMA enhancer in the TARP promoter-based regulatory sequence. 
We also set out to optimize the TARP promoter-based transgene expression 
in adenoviral vectors. 

The PPT regulatory sequence 
An intronic PSMA enhancer (PSMAe) is responsible for the upregulation 

of PSMA in androgen-deprived prostate cells51,52. This property makes the 
PSMA enhancer an attractive regulatory element to combine with TARP 
promoter-based regulatory sequences. The introduction of the PSMAe to-
gether with TARPp yielded high transcriptional activity in the absence of 
testosterone and that the activity was downregulated by testosterone as as-
sessed by luciferase reporter gene assays. A regulatory sequence comprising 
PSAe/PSMAe/TARPp, designated PPT, had high prostate-specific transcrip-
tional activity in prostate cancer cells grown in the absence of testosterone 
due to PSMAe, and was further induced by testosterone, due to PSAe. We 
observed that the luciferase activity of PPT is higher than the added tran-
scriptional activity of PSAe/TARPp and PSMAe/TARPp in prostate cancer 
cells, indicating that synergism is obtained by combining the two enhancers. 
Lee et al. used a regulatory sequence consisting of a TATA box with a core 
PSA enhancer together with the PSMA enhancer and reported similar obser-
vations52. It could be an advantage to use PPT sequence rather than a TATA 
box with the PSA and PSMA enhancers, since the TARPp has prostate spe-
cific activity by itself. Furthermore, the AREs in the TARPp and PSAe ap-
pears to work synergistically as observed in paper I. Therefore we found 
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PPT to be an attractive candidate for development prostate-specific trans-
gene expression in a viral vector.  

Inclusion of the H19 insulator in the adenoviral vector 
We found however that the transcriptional activity of TARP promoter- 

based regulatory sequences were altered in prostate cancer cells, when it was 
inserted in the E1 position of an adenoviral vector. The transcriptional activ-
ity of an adenovirus with the PSAe/TARPp sequence controlling the 
luciferase gene was 30 times above background in LNCaP cells compare to 
300 times above background when PSAe/TARPp controlled the luciferase 
gene in a plasmid. Insulators are DNA elements that have the ability to pro-
tect genes from interfering signals of the surrounding environment150. Intro-
duction of an insulator from the mouse H19 imprinting control region151,152

between the left inverted terminal repeat (LITR) of the adenovirus and the 
PPT transgene expression cassette restored the PPT activity. The activity of 
the PPT adenovirus with the H19 insulator, Ad[I/PPT-Luc], is four to six-
fold higher than an PPT adenovirus without an H19 insulator, Ad[I/PPT-
Luc],  in prostate cancer cell lines. We then used the PC-346C orthotopic 
prostate cancer mouse model to examine the PPT promoter activity in vivo.
In the case of intratumoral administration, luciferase activities from 
Ad[I/PPT-Luc] and Ad[PPT-Luc] is restricted to the tumor and the expres-
sion level is as high as that of an adenovirus with the CMV promoter, 
Ad[CMV-Luc]. Intravenous injection reveals the highest selectivity and the 
highest expression level for Ad[I/PPT-Luc]. The transcriptional activity of 
Ad[I/PPT-Luc] in the tumor is six-fold higher than that of Ad[PPT-Luc] and 
two-fold higher than Ad[CMV-Luc].  

We believe that most of the observed transcriptional interference comes 
from the adenovirus LITR and E1A enhancer. Those elements contain a 
number of binding sites for transcription factors and other cellular proteins, 
which can potentially interfere with tissue-specific promoter regulation62,63.
Other groups have solved the problem by inserting the transgene cassette 
into a site near the right inverted terminal repeat153 or inserted other insula-
tors such as the HS-4 element64. In conclusion, we believe that an adenovirus 
with therapeutic gene expression controlled by an insulator-shielded PPT 
sequence is a promising candidate for prostate cancer gene therapy. 

Paper III-An oncolytic conditionally replicating adenovirus for 
hormone-dependent and hormone-independent prostate cancer. 

The use of CRADs offers an attractive strategy for cancer treatment, since 
it allows the selective replication of virus in defined target cells and thereby 
augments the spread of therapeutic gene expression 154. In paper III we have 
constructed a prostate-specific CRAD in which the E1A gene is under the 
control of the H19 insulator-shielded PPT sequence, Ad[I/PPT-E1A]. 
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E1A expression in vitro and in vivo
The prostate-specificity of Ad[I/PPT-E1A] was demonstrated using 

Western Blot. The E1A protein was only expressed in the LNCaP and PC-
346C prostate cancer cell lines while E1A expression was not detected in the 
normal or cancer cell lines of non-prostate origin. In contrast, transduction 
with an adenovirus where the E1A gene is under control of the constitutively 
active CMV promoter, Ad[CMV-E1A], resulted in E1A protein expression 
in all cell lines. Prostate-specific E1A expression was also shown by real-
time PCR in vivo using subcutaneous LNCaP xenograft mice injected with 
Ad[I/PPT-E1A].   

 Evaluation of cell viability and viral replication  
The prostate-specific cytolytic ability of Ad[I/PPT-E1A] was demon-

strated using the MTS cell viability assay and the crystal violet assay. Cell 
death was not observed for the normal or cancer cell lines of non-prostate 
origin. Ad[I/PPT-E1A] does not kill normal cells even at a 10 times higher 
MOI than used in cancer cells. In contrast, Ad[CMV-E1A] exerted effective 
cell death in all cell lines tested. Prostate-selective viral replication was also 
seen. In non-prostate cells Ad[I/PPT-E1A] was attenuated up to 10000 fold 
compared to Ad[CMV-E1A] replication. The replication of Ad[I/PPT-E1A] 
was at least 1000-fold higher in prostate cancer cell lines than in non-
prostate cell lines. Furthermore, Ad[I/PPT-E1A] considerably regresses the 
growth of LNCaP prostate cancer tumors in nude mice.  

The prostate-specific E1A expression correlates well with cytotoxicity. 
Ad[I/PPT-E1A] shows a remarkable prostate-specific cytotoxicity compara-
ble to Ad[CMV-E1A]. Importantly, the viral replication and cytolytic effect 
of Ad[I/PPT-E1A] are independent on the testosterone levels in prostate 
cancer cells.  This may be beneficial in a clinical setting since many prostate 
cancer patients are treated with androgen withdrawal. Other CRADs with 
prostate-specific promoters have been reported45,87,155. The CV706 virus 
where the E1A gene is under control of the PSE sequence (PSA promoter 
with the upstream PSA enhancer) has been used in phase I clinical trial with 
demonstrated therapeutic effects109. The PSA promoter is however depend-
ent a functional androgen pathway and CV706 may not be an optimal CRAD 
to be used in prostate cancer patients treated with androgen withdrawal. An-
other prostate-specific CRAD which can theoretically be used in those pa-
tients is a CRAD where the E1A gene is under control of the PSMA enhan-
cer155. However, the transcriptional activity of the PSMA enhancer is down-
regulated at physiological levels of testosterone, which limit the use to pa-
tients not subjected to androgen withdrawal. Ad[I/PPT-E1A] may be more 
useful to be utilized as a prostate-specific CRAD since it is independent on 
the hormonal status of prostate cancer cells. A key feature of CRAD is the 
attenuation of replication and oncolysis in non-targeted normal cells. We 
believe that Ad[I/PPT-E1A] fulfills those requirements. Taken together, 
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Ad[I/PPT-E1A] may prove to be useful in the treatment of localized prostate 
cancer.

Paper IV- Two-step transcriptional amplification (TSTA) of the 
PPT regulatory sequence in mouse and human prostate cancer 
cell lines 

The PPT sequence is transcriptionally active in human prostate cancer in-
dependently on hormonal status. However, the activity in mouse prostate 
cancer cells is low. In paper IV we describe the amplified transcriptional of 
PPT by using the TSTA system. The PPT/TSTA system shows high activity 
in mouse prostate cancer cells and it could be utilized in experimental mouse 
prostate cancer.

Amplification of the PPT activity in human prostate cancer cells 
The TSTA system is a promising strategy to augment the transcriptional 

activity of tissue-specific promoters44,156. Using this strategy a prostate-
specific regulatory sequence comprising the minimal PSA promoter with 
multiple copies of the PSA enhancer is upregulated 50-fold72. We inserted 
the PPT regulatory sequence in the TSTA system and found the transcrip-
tional activity of the PPT/TSTA system was 9-10 fold higher than the CMV 
promoter in LNCaP and PC-346C using luciferase reporter gene constructs. 
An adenovirus with the PPT/TSTA system controlling the luciferase reporter 
gene, Ad[PPT/TSTA-Luc], had up to 100-fold higher transcriptional activity 
than a non-amplified PPT-based adenovirus in human prostate cancer cells 
without losing the specificity. The expression levels of Ad[PPT/TSTA-Luc] 
were similar in the presence and absence of testosterone in all prostate can-
cer cell lines.  

Ad[PPT/TSTA-Luc] exhibits transcriptional activity in mouse prostate 
cells

The PPT regulatory sequence is not active in experimental mouse prostate 
cancer. Since the amplification of transcriptional activity is high and pros-
tate-specific, we examined the TSTA-amplified PPT regulatory sequence in 
mouse prostate cell lines. For Ad[PPT/TSTA-Luc]-transduced cells, 
luciferase expression was detected in the prostate cancer cell lines TRAMP-
C2 and RM-9, yielding 23% and 4 % of the activity compared to Ad[CMV-
Luc], while no expression was detected for the non-prostate mouse cell lines 
and the mouse prostate cancer cell line RM-1. The expression level was in-
dependent on the hormonal level in the prostate cancer cells. The expression 
in mouse prostate cancer cells increases the versatility of the PPT/TSTA 
system. TRAMP cell lines can be transplanted into syngenic immunocompe-
tent C57BL/6 mice making it possible to investigate the role of the host im-
mune system in cancer gene therapy. This opens up for studies of combina-
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tion therapy with CRADs regulated by TSTA/PPT and appropriate immuno-
therapy in the TRAMP-C2 mouse prostate cancer model.  
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Conclusions

TARP is regulated by testosterone at the transcriptional level through 
AR recognition of the ARE sequence at -186 in the proximal TARP pro-
moter. 

A regulatory sequence comprising a PSA enhancer, a PSMA enhancer 
and the TARP promoter was constructed and designated PPT. The PPT 
sequence exhibited high prostate specific expression both in the presence 
and absence of testosterone. 

A recombinant adenovirus vector with the PPT sequence shielded from 
interfering adenoviral sequences by the H19 insulator showed high pros-
tate specific transgene expression both in cell cultures and when prostate 
cancer, PC-346C, tumors were grown orthotopically in nude mice.  

A conditionally replicating adenovirus where the E1A gene expression is 
controlled by an H19 insulator-shielded PPT regulatory sequence, 
Ad[I/PPT-E1A] exhibits prostate specificity in terms of E1A expression, 
viral replication and cytolysis both in vitro and in vivo.

The PPT sequence confers a prostate-specific expression in mouse cells 
when combined with the TSTA system. 

With this thesis I have provided an insight to the regulation of TARP 
expression and explored this knowledge to construct a regulatory sequence 
based on the TARP promoter to be used in prostate cancer gene therapy. As 
our understanding of the genetic mechanisms of prostate cancer has grown, 
gene therapy has become an attractive option to use to combat this grim dis-
ease. One of the major obstacles with gene therapy is the specific targeting 
to the tumor cells. The use of tissue-specific promoters is one way to obtain 
tissue-specific expression. Many promoters with preferential expression in 
prostate cells have been used to target therapeutic expression to prostate 
cells. However, many of them are heavily dependent on a functional andro-
gen pathway and not suitable to use for the treatment of hormone-refractory 
prostate cancer. The TARP promoter is also testosterone dependent, but the 
addition of a PSA enhancer and a PSMA enhancer to the TARP promoter 
considerably improved the transcriptional activity both in the presence of 



36

testosterone, due to the PSA enhancer and in the absence of testosterone, due 
to the PSMA enhancer. We believe that the PPT sequence is an excellent 
regulatory sequence with higher versatility than most other prostate-specific 
promoters used in gene therapy today.  

The use of oncolytic viruses is an emerging approach for localized pros-
tate cancer, as a complement to conventional therapies such as radiation 
therapy and radical prostatectomy. Prostate CRADs using promoter and en-
hancer elements from kallikrein 2, PSA and rat probasin have recently en-
tered clinical trials with a demonstrated therapeutic effect. We believe the 
Ad[I/PPT-E1A] have great therapeutic potential to patients with localized 
prostate cancer preferably in combination with radiotherapy or chemother-
apy. Unlike the prostate CRADs used so far in clinical trials, Ad[I/PPT-E1A] 
is not dependent on testosterone and may be well suited to patients treated 
with androgen withdrawal, as well.  
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Future Perspectives 

As this thesis is primarily based on the development and application of 
the PPT regulatory sequence, it is my opinion that we need to examine 
whether there are more applications in the gene therapy field where PPT 
could be used to target therapeutic gene expression. By insertion of the PPT 
sequence to control the expression of E1A gene in adenovirus, we have gen-
erated a prostate specific CRAD which I believe is more potent than the ones 
currently used in experimental and clinical prostate cancer gene therapy. A 
natural way to improve the PPT-controlled CRAD is to arm it with a second 
therapeutic gene. The second therapeutic gene should also be under the con-
trol of the PPT sequence by inserting an internal ribosome entry site in be-
tween the E1A sequence and the second therapeutic gene. Examples of 
therapeutic molecules that are attractive to use are suicide genes, genes for 
immune modulation and genes important for the blockage of angiogenesis. 
   There are many aspects of this work presented in this thesis that would be 
interesting to investigate further. One is to reintroduce the E3 region, in 
whole or part, which has been reported to enhance the cell killing efficacy of 
replicating adenoviruses. We are currently in the process of producing a PPT 
controlled CRAD where the E3 11.6 kD protein name adenovirus death pro-
tein (ADP) is reintroduced in the E3 region. It will also be of interest to ex-
amine prostate CRAD therapy of immunocompetent C57BL/6 mice with 
subcutaneous TRAMP-C2 tumors that have or have not received immuno-
therapy prior to the oncolytic therapy. We are currently in the process of 
producing prostate specific CRADs where the PPT/TSTA system controls 
the E1A gene, The PPT/TSTA system is fully functional in both mouse and 
human models and therefore it is possible to use this system in TRAMP-C2 
models where oncolytic virus therapy can be studied together with immuno-
therapy. In order to study the effect of CRADs in vivo, we intend to develop 
stable luciferase expressing mouse or human prostate cancer cell lines which 
can be grafted to C57BL/6 and nude mice, respectively. The cancer cells can 
then be visualized in vivo by non-invasive CCD imaging technique (IVIS 
100, Xenogen Corp., which was recently installed at the Rudbeck Labora-
tory). Mice with grafted cells will be treated with CRAD virus and tumor 
regression can be monitored over multiple time points. An interesting aspect 
is the feasibility to use oncolytic therapy in combination therapy with radio-
therapy and/or chemotherapy. Another type of combination therapy we in-
tend to explore is to use a CRAD in combination with a replication-defective 
adenovirus that is expressing a therapeutic gene. The transduction rate and 
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the therapeutic efficacy of the replication-defective adenovirus can then be 
increased by the E1A proteins delivered by the CRAD.  
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Swedish Summary 

Prostatacancer är den vanligaste formen av cancer bland män i västvärl-
den. I Sverige får mer än 7000 män varje år besked om att de har prostata-
cancer och cirka 3000 män dör varje år av sjukdomen. De vanligaste behand-
lingsmetoderna för prostatacancer som ännu inte spritt sig är borttagning av 
prostatan s.k. radikal prostatektomi eller strålterapi. I vissa fall ges även 
hormonell behandling främst genom att blockera testosteronflödet som är 
viktig för prostatans funktion. Dessa behandlingsmetoder är effektiva på kort 
sikt, men många patienter med lokal prostatacancer får återfall med metasta-
serande tumörväxt. Dessa patienter skulle kanske vinna på att bli behandlan-
de med konventionella behandlingsmetoder i kombination med adenovirus-
medierad genterapi. Min avhandling har handlat om att konstruera adenovi-
rus för detta ändamål. 

TARP är ett protein som bara uttrycks i normala epitelceller i prostatan 
och i prostatacancerceller. I det första delarbetet visar jag att TARP regleras 
av testosteron via transkription genom bindning av androgenreceptorn till ett 
responselement i den proximala TARP-promotorn (TARPp). Jag ville under-
söka om det var möjligt att förbättra promotorns förmåga att reglera genut-
tryck. Därför konstruerades en chimär promotor där TARPp kopplades till en 
PSA-enhancer (PSAe). PSAe har tidigare rapporterats vara viktigt för re-
glering av PSA som också uttrycks specifikt i prostataceller. Jag fann att den 
chimära promotorn PSAe/TARPp hade 20 gånger högre prostataspecifik 
aktivitet än en sekvens som består av PSA-promotorn med PSAe. Aktivite-
ten hos PSAe/TARPp är dock testosteronberoende varför denna sekvens inte 
är användbar för att reglera genuttryck för avancerad hormonrefraktär pro-
statacancer.  

I delarbete två löses detta problem genom att enhancern från PSMA 
(PSMAe) inkluderades i vårt TARP-promotorbaserade uttryckssystem. En 
sekvens som består av PSAe, PSMAe och TARPp konstruerades och fick 
namnet PPT. Denna sekvens har hög transkriptionell aktivitet i prostataceller 
som odlas både med och utan testosteron. När PPT-sekvensen sattes in i en 
adenovirusvektor såg jag att dess transkriptionella aktivitet stördes av ele-
ment i adenovirus genomet. Genom att sätta in en H19-insulator mellan des-
sa störande element och PPT förbättrades den transkriptionella aktiviteten 4-
6 gånger. PPT sekvensen är dock inte aktiv i prostatacancerceller hos möss. 
Därför undersöktes ett amplifieringssystem som kallas TSTA tillsammans 
med PPT. Förutom att en uppreglering av aktiviteten i humana prostatacan-
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cerceller erhölls, gav PPT/TSTA en aktivitet också i prostatacancerceller 
från möss. 

Jag har även konstruerat ett onkolytisk virus där E1A genen, som är vik-
tigt för adenovirusets replikation, är kontrollerad av en H19-
insulatorskyddad PPT sekvens, Ad[I/PPT-E1A]. Detta virus fungerar bara i 
prostatacancerceller vilket studerades genom detektion av E1A uttryck, cell-
dödande effekt och virusets replikationsförmåga. Till skillnad från andra 
prostataspecifika onkolytiska adenovirus som används till kliniska studier är 
detta virus inte testosteronberoende vilket är klart fördelaktigare för använd-
ning hos prostatacancerpatienter som genomgår en hormonell behandling. 

Sammanfattningsvis har jag karakteriserat TARP promotorn och utvecklat 
en regulatorisk sekvens, PPT, baserad på TARP promotorn som jag hoppas 
och tror kommer att förbättra nuvarande strategier för att behandla prostata-
cancer med genterapi och i förlängningen förbättra överlevnadsgraden för 
prostatacancerpatienter.  
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