Development of a gene therapy strategy for prostate
cancer

A thesis
submitted to the University of Manchester
for the degree of Doctor of Philosophy
in the Faculty of

Medical and Human Sciences

2006

Joanna Frances Libby

School of Medicine




ProQuest Number: 10757019

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction isdependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

uest

ProQuest 10757019

Published by ProQuest LLC(2018). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code
Microform Edition © ProQuest LLC.

ProQuest LLC.

789 East Eisenhower Parkway
P.O. Box 1346

Ann Arbor, M 48106- 1346



@mm&@

*

Q96

éi;,

.
G

N2

T




Contents

Contents
CONTENTS...cveiririrnsnsrinisisissssasssssissssssissssisssssssssssssnssesssssases sesrsasssesasnsnsniene 2
ABSTRACT ...cccininnisinisniniisiississsnsssassssssssssasssssssssssssessasssbossissseststsessosssssssssssssssossssssssnass 7
DECLARATION ...uvritinisrinnniisininesisiisiissisisisssssssssssissssssssssssssssssnsasassssssssssssssassassases 8
COPYRIGHT ...uvvviiririnssisninissimsirssssessessssisssassssssessssssssssmsnessssastsssasess sassessesssasssssssssssssssssesnsnes 8
ABBREVIATIONS .......iiviiinnssiniasssisnisississimissnsssistssissisisersnssssssssssnssissssssssassrassosssssses 9
ACKNOWLEDGEMENTS ......iiviininitiiissisnsissssissisississrionssessssssssssssssssssassssssasassssaes 12
CHAPTER T ssssssssssssssssssssssssssesststsssisssissssassssosssssssssssssssssosssnsassess 13

1.0 INrodUCTION. ..ot sssissssrsasssesasnns 13
1.1 Prostate cancer — where are we now?............cccerenvens 13
1.2 Diagnosis and treatment............... resessensssessraseras .16
1.3 Cre-LoxP recombination............eeeececvencvereens . 19
1.4 Exploitation of the molecular switch in gene therapy ... sorseesss 21
1.5 Promoter-capture gene therapy ... 23

1.5.1 Radiation responsive efements....................ccoecieveireinecreseeinesonseressesees 23
1.5.2 Prostate Specific promoters.................cocinnennieneennn: 25
1.6 Gene directed enzyme prodrug therapy (GDEPT) .......uvnivrssrsiensasssssasns 33
1.6.1 The Bystander effeCt.............cieceicceeececerecre e ss st enen 33
1.6.2 Herpes simplex virus thymidine kinase/gancyclovir (HSVtk/GCV) ..34
1.6.3 Cytosine deaminase/5- flurocytosine (CD/5-FC)...........c.ccoeovecievccanene. 36
1.6.4 Nitroreductase/5-(1-Aziridinyl)-2,4-dinitrobenzamide (NTR/CB1954)
....................................................................................................................................... 37
1.6.5 Horseradish peroxidase/indole acetic acid (HRP/IAA)......................... 38
1.7 Delivery ...... tesereenstsssrensstts s sba e e b anens 40
1.7.1 Viral delivery SYSIEmMS..............ccoeiiieieeeeceets s sse s sressssessens 40
1.7.2 Non-viral delivery SYStems ...............c.civneecnninsisenssseissssreesenenrenene 41
1.7.3 Synthetic delivery SYStems ... 41
1.8 AiMS OF PrOJECT.....icrincinnisiissnsiisssssesisssssessessresssssstsnssssassssnssssassassssnsses 42




Contenis

CHAPTER 2....nrnininsisissssisissssssisssssssssnissassssssrosssasssssasassssssssss reassasresesssssasnases 45
2.0 Materials and Methods.........ccninisiisisnenns . reersrsaersen s sasaeseenene 45
2.1 MOIECUIAr DIOIOGY ...ucvvurererriniensiiserseiriisisnnssssinss s ssssssssssssssesssssassnssssses 45
2,77 ENZYMES ...ttt st sssr e e s s sa st e sn e nan 45
2.1.2 Molecular biology Kils............c..ciisnimsnesssaseeses 45
2,13 VECIOIS ...ttt e s 46
2.1.4 BUffers and reagents........... oo seseeenssess s sessenss 47
2.1.5 OligonUCIEOLIAES. ..........ccccovviiiiiiiri it er et asbesae e s rrses 48
2.2 DNA protocois.............. eebebiebee it R RS SRRSO RSB A SR e ERR SRR SRS PR SRRSO O R 0 b 0e 49
2.2.1 Oligonucleotide annealing.................couiieieieeinisecreesaseeeesrsenes 49
2.2.2 PCR amplification of DNA ................ccovimnreenc ettt 49
2.2.3 Restriction endonuclease digest.............ccccoonieninniiniciicnieninisneeens 49
2.2.4 Phenol/chloroform extraction ..................cecennnnneneeneenens 50
2.2.5 Ethanol precipitation ... es e s 50
2.2.6 Shrimp Alkaline Phosphatase treatment ................c.ccocovvenvrirrernenes 50
2.2.7 Agarose gel electropROresis..............cueveeiinieseeeennieeineeeeeses s 51
2.2.8 Non-denaturing polyacrylamide gel electrophoresis.......................... 51
2.2.9 Isolation and purification of DNA fragments..........c.ccccoecevvvvvcrvnnennns 51
2.2.10 Ligation reacCtions..............cooeueeeuevveeinieeeeeccree e seressssassssnssssresssassassessssenes 52
2.2.11 Plasmid purification .......................ccvivevrevnienneneeeeseeeneesesremenesne e sees 52
2.2.72 DNA SQQUENCINY ..........oceceevivieriisiirereerenee s iere e siensees st saeeesesas s s 52
2.3 Bacteriology.......cuinsessensesses cenessssanereraesseeas 53
2.3.1 Bacterial culture media.................cooeeeiniieirninininincrceeeiee e 53
2.3.2 Transformation of bacteria.................couveviciensineieneeeeneeeeeneres 54
2.3.3 Preparation of bacterial cell extracts....................ccocevvevvererrrerncsiennans 54
2.4 Protein ProfOCOIS...siserninrenrsressnsisssssississsmisisessisinensssesssssssssssassasses 55
2.4.1 Bradford assay for total protein determination .................cccccoeevervuenene. 55
2.4.2 SDS-Polyacrylamide gel electrophoresis................ccooeeveeverenenevnns 55
2.4.3 Western blot @nalysis.............cuieiieiiiniineieeescseseessssssssi e seesssss 56
2.5 Cell culture WorkK.......icrisiessccnssrennes crerrebrstsatsets s R SRS bt b e SR s bR b sa s B st bR R bR ae s 57
2.5.1 Tissue culture cell liNes....................covnviiorinenenervnnseeensesss s 57
2.5.2 Maintenance and subculture of cell lines..................cccoviennncnnn, 58
2.5.3 Charcoal Stripped SeIrUMI................ccoeiieeiiieieiiecinirerecee e sse i s s besnesens 58




Contents

2.5.4 Preparation of human cell extracts................ccccccvevinnieiinncnininceennens 59
2.6 REpPOIEr JENE ASSAYS iiicrimcnimissisisinsimisesasssesnssstossostertsssasaesstsstsssssssssssssss 60
2.6.1 Transfection Of Cells..............oeicinniinicrnc e 60
2.6.2 Irradiation OF CEIIS ... 60
2.6.3 FACS Qnalysis ...ttt et sse s et s e seenssesanas 60
2.6.4 MTT @SSAY ...ttt a e bt e bbb b s as e e se e sen e e et ens 62
CHAPTER 3.uouveeiiirisiisiviriisiisisssssisssssisisssssnessssssasessssssssssasssssessssenssssasssasstssssssssasessessnase 64
3.0 Results: Radiation reSponsive Promoters........iiiisimiiss 64
3.7 INEFOAUCTION. e ececrriririsinrisinissnssssssisssisssssssssisessssssssssssssssssssssssstsssassnssssenssnsasseses 64
3.2 Creation Of VECTOIS.......ienccnriinsninncssesisessesssssssssessssssssssserssssssssssenssssssasses 67
3.2.1 Control vectors pCMV-GFP and pLinker-CMV-GFP.............ccuenunnen. 67
3.2.2 Radiation responsive CONSIIUCES.............coccuieirinianenienniisreseresiesieesennens 68
3.3 Assessment of the radiation responsive CONSIrUCES...cuiiiiiinssrrmmrsessons 69
3.3.1 Assessment of promoters in MCF-7, PC-3 and LNCaP celis.............. 71
3.3.2 Assessment of promoters in MCF-7, PC-3 and LNCaP cells under
Tow OXYgen CONAILIONS. ..............cocoviieccceccc ettt as 76
3.3.3 Assessment of promoters in MCF-7 cells starved of serum.............. 81
3.3.4 Assessment of linear promoters in MCF-7 cells...............ccccevvevvrennn 83
3.4 Discussion and CONCIUSIONS ..., 85
CHAPTER A.uonenrriiriiiirinssiisiassisssisassisssmessassssnsnsassissssssassssssssssosssassasssassastesssssnsssssssassoss 86
4.0 Results: Prostate SpeCific ProMOLErsS ..o 86
T T o To [T e o OO 86
4.2 Creation Of VECIOIS. ... irsssnnsssnsnssesssssmesssnssnsssssssssnssssasssesesaess sassasnssssnss 88
4.2.1 Control vectors pCMV-GFP2 and pLinker-GFP.................ccoovevceenennas 88
4.2.2 Prostate specific enhancer/promoter constructs.................cccoueeunn. 91
4.3 Assessment of prostate specific enhancer/promoters.........iiii 93

4.3.1 Assessment of specificity of the prostate specific
ENAANCEI/PIOMOLEIS ..........ccoovivciiiireeee bbbt s st ae b beais 95
4.3.2 Assessment of androgen sensitivity of prostate specific
eNNANCEI/PIOMOLELS ..........c.cooveevireiiecteie ettt eb et be s st sae e ss s 99




Contents
4.3.3 Assessment of GFP expression from linearised prostate specific
COMSIIUCTS ...t s s s e 105
4.4 Discussion and Conclusions .. rsesesnss s s s R s e R SRR SRS RO S e SR SRRSO 107
CHAPTER 5...eierriirnsirisssssssessssssesssssssssssssssssssmsssnsssassesasassssssssnesssssnsassssnsassssssasssnsassass 108
5.0 RESUILS: GDEPT ...uccvrirrvinriisissssmsnsssssisismssssonisissssssissssisississsisssssssasssssssassssssess 108
5.7 INEFOAUCTHION ....vvsviriiviiininiisiiisniiiiccisisisssssississssmssmonsssostssssssssessssssssssssasssessssnasnass 108
5.2 Creation Of VECTOIS ... ecrnicsiescssninssismsnonissssssisssnssisssnssssisssssasseassassans 109
5.2.1 Production of His-tagged HSVtk and NTR fusion proteins............... 109
5.2.2 Production of vectors for MTT assay ..........cccceverveveneenennnnieenneeeeene 111
5.3 Experiments to assess the expression and functionality of HSVtk and
INTR it ssassasesas s asssasss e shsbabe e s bR RS ASH SRR A BB A SRS SRS A SR e RS RS SR SR e e s 112
5.3.1 Western blot analysis of the expression of HSVtk and NTR............ 112
5.3.2 Assessment of the activity of HSVtk and NTR..............ccceevviniennann. 113
5.3.3 Assessment of the activity of HSVtk in LNCaP cells exposed to
repeat doSes OF GOV ... s sess s resenesenns 117
5.4 Discussion and CONCIUSIONS ........ieeriiinsniessssssiissssisissssisssensesissesses 119
CHAPTER B.conrecrrrasssnsssiisasssssssisssssssssssasssssssssssssssssisestsnss st stssssssssssasssssssassssssssasssssssses 121
6.0 Resufts: Molecular switch...... Leheess e se s st s as s s R b e R R R e A s 121
6.7 INErOQUCTION. ..ot ssesassesisssisassssssssistssssisssnsssssssssssssssssonsasess 121
6.2 Creation of molecular SWitCh VECIOIS ... 125
6.2.1 pShuttle-PolyA-PSE-PSE-PSA/DD3-Cre.............cccoovrvnecnrenn e 127
6.2.2 pShuttle-LoxP-CyFPPOIYA-LOXP-HSVIK...........ccccoovvrrniiveneessenesnnnnnns 129
6.2.3 pShuttle-Molecular SWILCH ..............ceceiiciieieeineeree e s 131
6.3 Creation Of CONLIOl VECIOIS..........misiiiissiisssssmmesissssissses 132
6.3.1 pShuttle-GFP, pShuttle-CyFP, pShuttIe-HSVtk and pShuttle-Cre... 132
6.3.2 pShuttle-GFP-PolyA-PSE-PSE-PSA/DD3-Cre. ... 132
6.3.3 pShuttle-GFP-PolyA-PSE-PSE-PSA/DD3-HSVik ...........covvviiiivnnanns 133
6.4 Experiments to assess the molecular switch in prostate and non-
PrOSEALE COIIS.....vccvviirivrnsioriinsinriinansinceneeessiressssnssnsessassessnsssssssssssssussassssssssasssasssssossssnens 134
6.4.1 Assessment of the molecular switch by FACS analysis................... 134
6.4.2 Assessment of the molecular switch by MTT assay ..........cccccceuuue. 138




Contents

6.5 Discussion and Conclusions......... . .. 143
CHAPTER 7 .ouonvinrerinisinnsssisasssrssisssssnisssssassisisssssssnsssssssssssssssssassessssssssssssassessassassasssasssnsisins 145
7.0 Summary. CeehebsiesbahebeeseL eSS RIS R AR bR SA b LA SRS LSO SR LR SRS SRR RS SRS S SRR SR e SRS SRS 145
CHAPTER 8..ucvoriiieneisiinisinisesissiisssssssissssssssssssisssssesesssssssssesssssstsassssessassssssssnsans 153
8.0 APPEOIAIX cevrsirreriresmrsssessnssssissssmsssssssssnssissssssssssrsssssessassresassasasssssssrsssssssssssassssessassssses 153
8.1 pGem-T (Promega) VECTOr MaP.....uissiiiriiimnismmsmsesesnssssnssasasssssssnssssss 153
8.2 pCl-neo (Promega) vector map and multiple cloning site (MCS) ........... 154
8.3 pEGFP-1 (Clontech) vector map and MCS......... « 155
8.4 pDRIVEQ3-EGR-1(h) v02 (InvivoGen) vector Map ..o 156
8.5 pORF-HSV1tk (Clontech) vector map ...... 157
8.6 pBS185 (Invitrogen) vector map........u - 158
CHAPTER 9........ : vrosssesssnsaaes reessbiesssees et sa e bbb s RSSO IR SRS Besas s SRS SR SRS SRS RS 159
8.0 BiDIIOGIAPRY .ceoeeerireiriisrinrisisisssinissimssimisssssssesissismssssasssssassssosssisssssassssssssnsseaseses 159

Final word count: 49,991




Abstract

Abstract

A number of studies have shown that controllable or tissue specific promoters can be used to
selectively express foreign genes in tumour cells. However, to date, the use of this strategy to
deliver therapeutic genes to a specific tissue (or tumour) has had limited success. One of the
main problems is the inability of most if not all tissue specific promoters to express the
therapeutic gene at sufficiently high levels and for sufficient time to have therapeutic value.
Recently, a molecular switch has been developed providing a solution to this problem. In this
system, a tightly controlled or highly specific promoter is used to drive low level expression
of Cre recombinase. Once expressed, Cre is able to excise a silencing cassette inserted
between a highly active promoter and a therapeutic gene. This enables a persistent and high
level of expression of the gene in a controllable or tissue specific manner. The aim of this
project is to identify either a controllable or cell-specific promoter able to drive the molecular
switch producing therapeutic levels of a pro-drug activating enzyme, principally HSVik,
within prostate cancer. Initially, the investigation focussed on the use of various radiation
responsive promoter constructs for use in the molecular switch. Four synthetic and one wild-
type radiation responsive promoter constructs were used to drive the expression of the
reporter gene, GFP. The results of these experiments showed that even in the absence of
radiation, each of the constructs tested were constitutively active, i.e. no increase in the
expression levels of GFP was observed after irradiation, even under growth conditions
involving low oxygen or low serum. To test the suitability of prostate specific promoters a
total of seven promoter enhancer constructs were tested in both prostate and non prostate cell
lines. In LNCaP cells each of the constructs were responsive to androgen treatment showing
a fold increase in GFP expression of between 34 and 276. Two PSA enhancers coupled to
either a DD3 or PSA promoter were then used to drive the molecular switch. Due to
problems consistently transfecting LNCaP cells with the two molecular switch vectors and
the insensitivity of LNCaP cells to HSVik activated GCV, prostate specific activation of the
molecular switch has yet to be determined. Nevertheless, the molecular switch was proved to

be functional in PC-3 and H460 cells, allowing for future developments of this strategy.
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1.0 Introduction

Chapter 1

1.0 Introduction
1.1 Prostate cancer — where are we now?

The prostate is a gland; present only in males and located just below the bladder. Its function
is to produce nutrients for the sperm in semen and to regulate its viscosity. It also produces
the prostaglandin hormones. The prostate is divided into peripheral, central and transitory
zones with ducts and acini lined by an epithelial sheet. The epithelium, consisting of a bi-
layer of basal cells beneath secretory luminal cells interspersed with neuroendocrine cells, is
surrounded by fibromuscular stroma. The basal cells are mainly androgen receptor (AR)
negative stem cells which differentiate into AR-positive luminal cells and the AR-negative
neuroendocrine cells. The growth, differentiation and maintenance of the prostate is closely

controlled by androgens, mainly testosterone (Mason 2003; Kopper and Timar 2005).

The development of prostate cancer is a mulii-step process through a series of
morphologically distinct lesions initiated by genetic and epigenetic changes. These lesions,
known as high grade prostatic intraepithelial neoplasia (PIN), are characterised by the
proliferation of the luminal epithelium within the acini and ducts of the peripheral zone of the
prostate. PIN lesions are frequently seen in the prostate of men in their 30’s and it is thought
that these lesions slowly progress to malignant prostate cancer over decades. PIN is present
in more then 85% of cases of prostate cancer. Prostate tumour growth is largely dependent
on the male sex hormone, testosterone. Interestingly, men who underwent castration before
puberty and those with congenital abnormalities in androgen metabolism, do not develop
prostate cancer. Moreover, androgen deprivation by Sa-reductase inhibitors is an effective
method of treating early stage cancer (DeMarzo et al., 2003; Rubin and De Marzo 2004;
Calvo et al., 2005; Kopper and Timar 2005). In the UK male population, death caused by
prostate cancer is second only to that of lung cancer. In 2003 there were 10,164 deaths from
prostate cancer; this accounts for approximately 13% of the deaths from cancer in males. In
men aged 85 and over, this increases to 25% of all the male deaths from cancer making

prostate cancer the most common cause of cancer deaths in this age group.

The risk of being diagnosed with prostate cancer is strongly related to age; very few new
cases are diagnosed in men under 50 and more then 63% of cases occur in men over 70 years
old (figure 1.1A). The largest number of cases is diagnosed in the 70-74 and 75-79 age
groups (figure 1.1B). It is estimated that 33% of men over 50 have a small cancer in the

prostate, rising to 50% by the age of 80. However, only 1 in 25 men (4%) will die from this

13




1.0 Introduction

disease. This means that men are more likely to die with prostate cancer than ffom it. Over
the last 30 years, prostate cancer mortality rates have steadily increased, reaching a peak in
the early 90°s with a slight fall off until the end of the century. However, the last six years
have seen an up turn in the death rates. Since the start of data collection, the incidence has
increased dramatically (figure 1.1C), mainly due to the increased use of the prostate specific
antigen (PSA) test to screen for early prostate cancer. (These data are from Cancer Research

UK  http://info.cancetresearchuk.org, the Prostate Cancer Charity http://www.prostate-

cancer.org and the Office for National Statistics http://www.statistics.gov.uk).

In addition to age, both hereditary and environmental factors can contribute to the
development of prostate cancer. Family history is a strong and consistent risk factor. A man
with a first degree relative with prostate cancer has a risk of 2, with a second-degree relative
a risk of 1.4 and with a first and second degree relative an 8.8 relative risk of developing
prostate cancer. In addition, the risk of prostate cancer is increased 1.4 times when a man is a
first or second degree relative of a woman affected with breast cancer. Hereditary is usually
defined as a degree as no associated genes have yet been firmly identified. Some prostate
cancer susceptibility loci have been identified, including Xq27-28 and 20q13, and some
candidate genes include the breast cancer susceptibility gene BRCA1 (17q21) and BRCA 2
(13q12.30) which confer a risk of prostate cancer of 3.0 and 2.6-7.0 respectively. However,
the problem of studying familial prostate cancer is that as the incidence of the disease in the
genetic population is so high there is a high rate of sporadic cases amongst the familial
cluster. In addition, confirmatory studies show weak or no linkage between these regions
suggesting that hereditary prostate cancer is a heterogeneous disease for which no single
gene is responsible for the high incidence in certain families (Rubin and De Marzo 2004;

Bott et al., 2005; Cancel-Tassin and Cussenot 2005; Kopper and Timar 2005).

14
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1.0 Introduction

Figure 1.1 UK Prostate cancer statistics. A) The number of deaths and age specific mortality
rate per 100,000 people from prostate cancer in 2003. B) Number of new cases diagnosed
with prostate cancer in 2003 C) Incidence and mortality rates of prostate cancer in the UK
over the  period 1971 to  2003. Data by Cancer Research UK

(http://info.cancerresearchuk.org) and the Office for National Statistics
(http://www statistics.gov.uk/).
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Environmental factors are clearly involved as well. Although the exact exposures that
increase prostate cancer risk are unclear; diet, industrial chemicals, sexually transmitted
disease and chronic prostatitis have been implicated to varying degrees. In particular, dietary
fat, mainly from red meat and dairy products, may be responsible for the higher prostate
cancer risk in the western world. The association between dietary fat and prostate cancer
stems from the observation that men who consume less fat have lower testosterone levels
suggesting that fat may be affecting androgen levels. In addition, the breakdown of fatty
acids within the prostate 'generates hydrogen peroxide, which may be a source of
carcinogenic oxidative damage to prostate DNA. In contrast, vegetarian diets, diets rich in
vitamin E and selenium (an essential trace element found in grains, fish and meat), soybean
foodstuffs containing isoflavones and lycoprene (present in raw and processed tomato
products) may reduce the risk of prostate cancer {Crawford 2003; Rubin and De Marzo 2004;
Freedland and Aronson 2005; Sonn et al., 2005).

1.2 Diagnosis and treatment

Broadly speaking there are three different types of prostate cancer staged using the tumour,
nodes and metastases (TNM ) system (Schroder ef al, 1992). Tl and T2 tumours are
confined within the prostate and are defined as ‘early’ disease. When the tumour invades
beyond the prostate gland to surrounding tissue it is known as ‘locally advanced’ disease and
is staged as T3. T4 tumours are those that have spread to remote regions of the body, mainly
bones and lymph nodes; this is called metastatic cancer. Metastatic cancer is further
classified using the scales NO to N3 to describe the extent of spread to the lymph nodes and
MO, M1, Mla, M1b and Mlc to represent the spread of metastasis around the body. Tumours
are also graded according to the histological pattern of arrangement of carcinoma cells using
the Gleason system. The Gleason grading system is the most frequently used grading system
for prostate cancer as it takes into account both the most predominant (primary) pattern of
cancer and that of the second most predominant (secondary) pattern, thus taking into account
the considerable heterogeneity of most prostate cancers. The primary and secondary patterns
are identified and each is graded 1 (most differentiated) to 5 (least differentiated) and the two
grades are added together. If only one grade is in the tissue sample then the grade is
multiplied by two. The Gleason grade, sometimes called score, thus ranges from 2 to 10. In
general, the lower the grade the less likely the tumour is going to progress and the better the
prognosis (Gleason 1966, 1992; DeMarzo et al., 2003; Humphrey 2004).

If prostate cancer is caught early in its development, the prognosis is very good.

Unfortunately, despite an increasing trend towards early detection of prostate cancer, about
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half the men who are diagnosed with prostate cancer are diagnosed at a late stage when the
disease is less curable. Although there is no consensus on the best way of treating prostate
cancer, the management options for localized prostate cancer include radical prostatectomy,
radiotherapy (brachytherapy, external beam and conformal), and watchful waiting (Mason
2003; Moul et al., 2003; Norderhaug et al, 2003; Shaffer and Scher 2003). For younger
patients (70 and under), radical prostatectomy is the most common treatment followed by
radiotherapy and watchful waiting. However, older patients will, in general, undergo
watchful waiting. This is based on the premise that elderly patients will have a relatively
short life expectancy and that their prostate cancer is likely to progress very slowly, may not
cause symptoms and may not be the cause of their death. While the ten year survival for all
four treatment options is 65-90%, these curative options have significant side-effects
including urinary incontinence, bowel problems and erectile dysfunction (Mason 2003; Moul
et al., 2003).

Locally advanced cancer is a more serious condition. Because it has progressed outside the
prostate gland, surgery is unlikely to remove the entire tumour and there is a higher risk of
developing metastasis at a later date. Treatment options are therefore restricted to
radiotherapy and/or testosterone deprivation (Skala er al., 2005). While androgen deprivation
does not usually eradicate the tumour it can keep the tumour under control for some time,
maybe for some years. For patients with metastatic cancer there is as yet no curative option.
The most important consideration is to improve or maintain the quality of life. This is usually
done through androgen deprivation therapy, radiotherapy and chemotherapy (Higano 2005;
Skala et al., 2005).

At all stages of prostate cancer, the use of androgen deprivation therapy can lead to the
development of hormone refractory prostate cancer (HRPC), characterised by disease
progression and metastases. HRPC is an incurable disease from which most men will die
within a relatively short period. Current treatment options include chemotherapy,
radiotherapy and further hormone manipulation; however these provide palliative benefits at
best. Most treatment is therefore focussed on improving the quality of life of the patient
(Feldman and Feldman 2001; Clarke 2003; Gulley and Dahut 2003; Shaffer and Scher 2003;
Sternberg 2003; Clarke and Wylie 2004; Berry 2005; Petrylak 2005),

These facts highlight two main problems; a need to detect prostate cancer early and methods
for effectively treating localised and metastatic cancer without significant side effects. This

project aims to tackle the second problem through a gene therapy approach in which
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controllable or prostate specific promoters drive the expression of a therapeutic gene.
Promoters that generate high levels of expression are rarely controllable or tissue specific,
however controllable or tissue specific promoters express target genes at levels below
therapeutic effectiveness. A solution to this would be to create a molecular switch in which a
tightly controlled or highly specific promoter is used to drive the expression of Cre
recombinase (Cre). The low levels of Cre protein produced result in the excision of a
silencing cassette inserted between a highly active promoter and a therapeutic gene enabling
high levels of the therapeutic gene to be expressed in a controllable/tissue specific manner.
The following sections will describe this molecular switch and then examine the features of
the controllable or tissue specific promoters and the therapeutic genes that would be

employed in this treatment strategy.
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1.3 Cre-LoxP recombination

A number of bacterial and yeast genes encode recombinase enzymes that recognise certain
DNA sequences and catalyse site specific DNA rearrangements. In particular, widespread
use has been made of the bacteriophage P1 Cre recombinase which catalyses reciprocal
recombination at a specific locus of crossing over (loxP) with no requirement for accessory
proteins. This Cre-loxP system requires two well-characterised components, the 38kDa
recombinase protein, Cre, and the 34-bp loxP target sequences. The loxP sequence is
composed of two 13-base-pair (bp) inverted repeats separated by an 8-bp spacer region. Cre
binds cooperatively to the loxP sites, with one Cre monomer contacting each of the two 13-
bp inverted repeats, and catalyses precise recombination between the asymmetric 8bp core
regions of two 34-bp JloxP target sequences (see figure 1.1). Recombination between two
parallel (directly repeated) loxP sites as defined by the core region, in for example, a
plasmid, results in the excision of the intervening sequence, producing two recombination
products each containing one JoxP site, whereas recombination between anti-parallel sites
inverts the bracketed fragment (see figure 1.2) (Sauer and Henderson 1989; Kilby et al.,
1993; Snaith ef al., 1995; Gorman and Bullock 2000; Ghosh and Van Duyne 2002). Since the
Cre-loxP system functions reversibly in both bacteria and eukaryotic cells it has been
extensively exploited for the excision and/or integration of fragments into celtular and viral
genomes and for the control of tissue specific gene expression, or deletion of genes to
produce conditional knockout mice (Sauer and Henderson 1989; Lakso et al., 1992; Anton
and Graham 1995; Stricklett et al., 1999; Tronche et al., 2002; Van den Plas et al., 2003;
Leow et al., 2005). More recently its potential to be used as a molecular switch to enhance

the efficacy of tissue specific gene therapy has been explored.
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Figure 1.1 Cre recombinase binding to a single /oxP site. Cre recombinase (Cre) specifically
recognises the /oxP site and a Cre monomer binds to each of the two 13-base-pair (bp)
inverted repeats (black) that are separated by an 8-bp spacer region (red). Recombination
results in cleavage and crossing over in the 8-bp spacer region.

~cleavage

5'- ATAACTTCGTATAGCATACATTATACGAAGTTAT - 3'
3 -TATTGAAGCATATCGTATGTAATATGCTTCAATA - §'

cleavage

LoxP site

Figure 1.2 Cre mediated recombination. The loxP sites are represented in two colours, black
and blue, with the 8-bp spacer region in red. A) Recombination between two parallel loxP
sites leads to the excision of the intervening DNA and the creation of two plasmids each
containing one loxP site that is a combination of loxP blue and loxP black. The reaction is
reversible and so two monomers can recombine to form a co-integrate. B) Recombination
between two anti-parallel JoxP sites inverts the bracketed fragment (1).

_|_

reversed
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1.4 Exploitation of the molecular switch in gene therapy

Controlled or tissue specific gene expression is crucial to achieving success in suicide gene
therapy. However, the expression levels from such promoters are generally low. Powerful
promoters that enable much higher levels of therapeutic gene expression are not tissue
specific and would thus not differentiate between normal and tumour cells. Several groups
have therefore developed molecular switches that exploit the Cre-loxP system to enhance
therapeutic gene expression levels while maintaining tissue specificity. The molecular switch
consists of a controllable/tissue specific promoter which conditionally controls the
expression of the Cre recombinase gene. Cre recombinase then activates a ‘silenced’
expression cassette consisting of a strong promoter (e.g. Cytomegalovirus immediate early
(IE) promoter-enhancer; CMV) upstream of a tumour sensitising gene from which expression
is silenced by an intervening ‘stop’ cassette flanked by parallel JoxP sites. Recombination at
the loxP sites results in the removal of the stop cassette and activation of transcription (figure
1.3).

The first switch system to be developed for therapy used the hepatocarcinoma-specific o-
fetoprotein (AFP) promoter to drive Cre recombinase expression from one vector, and the
potent CMV enhancer combined with the beta-actin promoter (CAG) was used to drive LacZ
expression in a second vector. A double transfection of the two vectors led to a 50 fold
enhancement in gene expression compared to using the AFP promoter alone while
maintaining strict specificity to AFP producing cells (Sato et al., 1998). Substitution of the
AFP promoter in the molecular switch with the carcinoembryonic antigen (CEA) promoter
(Ueda et al., 2000) and radiation responsive CArG (Scott and Marples 2000; Scott et al.,
2000) elements have also been shown to induce similar fold induction in reporter gene
expression. Subsequently, the tissue specific promoters; AFP, CEA, thymoglobulin (TG),
prostate specific antigen (PSA) enhancet/promoter, prostate specific membrane antigen
(PSMA) enhancer/promoter and the radiation responsive CArG elements, have all been used
successfully in a molecular switch to enhance the expression of the tumour sensitising genes;
herpes simplex virus thymidine kinase (HSVtk) and cytosine deaminase (CD), leading to
between 3 and 300 fold increase in cell death compared to using the promoters alone (Kijima
et al., 1999; Nagayama et al., 1999; Sakai et al., 2001; Ueda et al.,, 2001; Ikegami et al.,
2002; Marples et al., 2002; Yoshimura ef al., 2002; Ikegami et al., 2004).
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Figure 1.3 Cre/loxP switch scheme. Cre recombinase is under the control of a controllable or
tissue specific enhancer/promoter (vector 1). The constitutively active CMV or CAG
promoter drives the expression of the therapeutic gene; however, gene expression is silenced
by an intervening ‘stop’ cassette flanked by parallel loxP sites (vector 2). Cre mediated
recombination between the two loxP sites excises the ‘stop’ cassette from vector 2 generating
vector 3, which expresses the therapeutic gene under the control of the CMV/CAG
enhancer/promoter and vector 4 containing the ‘stop’ cassette and a single loxP site.

Controllable or Tissue Specific
enhancer/promoter

Vector 1

( re recombinase

CMV/CAG enhancer/promoter CMV/CAG enhancer/promoter

Cre mediated

loxP recombination loxP

Vector 2 Vector 3

Therapeutic gene

loxP

Therapeutic gene

loxP

Vector 4

‘stop’ cassette
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1.5 Promoter-capture gene therapy

1.5.1 Radiation responsive elements

Ionising radiation generates reactive oxygen intermediates (ROI) within cells that directly
damage DNA leading to growth arrest, which in turn may activate DNA repair mechanisms
(Datta et al., 1993; Hallahan 1996). Recently radiation has received considerable interest in
the gene therapy field as the ROI produced lead to the activation of certain immediate-early
genes, such as the c-jun, early growth response gene-1 (Egr-1), c-fos and nuclear factor kB
(NFxB) gene families (Prywes et al, 1988; Sherman et al, 1990; Hallahan et al., 1991b;
Daita et al,, 1992; Weichselbaum ez al., 1994a). The Egr-1 gene, also known as zif/268, T1S-
8, NFGI-A and Krox-24, encodes a 533-amino acid nuclear phosphoprotein that contains
three tandem-repeat Cys2-His2 zinc-finger motifs. The EGR-1 protein binds to the DNA
sequence CGCCCCCGC in a zinc-dependent manner to regulate the transcription of other
genes encoding growth factors, such as basic fibroblast growth factor (FGF), and cytokines,
for example tumour necrosis factor o (TNFa), to repair radiation induced damage of tissues
(Hallahan et al., 1991b; Datta et al., 1992; Datta ef al., 1993; Weichselbaum et al., 1994a;
Weichselbaum et al.,, 2002).

There are many regulatory elements in the full length Egr-1 promoter (700bp), including two
S protein-1 (Spl) sites, an activated protein-1 (AP1) site, two cAMP response elements and
an Egr-1 binding site (Christy and Nathans 1989; Sakamoto et al., 1991; Schwachtgen et al.,
2000). However, activation of Egr-1 in response to radiation occurs by the binding of EIKI,
in concert with other transcription factors, mainly p68/serum response factor (SRF), to CC
(A/T)GG (CArG) domains (Rolli et al., 1999; Meyer et al., 2002). There are five CArG
domains within the Egr-1 promoter, present in the region -404 to -71 (Christy and Nathans
1989; Sakamoto ef al, 1991; Schwachtgen et al., 2000), and for gene therapy purposes, a
core promoter of 490bp (nucleotides -425 to +65 relative to the putative transcription start)
has been described to be sufficient for radio-activation (Weichselbaum et al., 1994b;
Hallahan et al., 1995a). Although the precise activation mechanism of the CArG elements
has not been fully elucidated, there is growing evidence that both a protein kinase C
dependent pathway and mitogen activated protein kinase (MAPK) pathways, probably
through extracellular signal-related kinases 1 and 2 (ERK1/2) and c-jun amino terminal-
kinase and stress-activated protein kinase (JNK/SAPK), are involved (Joseph ef al., 1988;
Jamieson et al., 1989; Hallahan et al, 1991a; Hallahan et al., 1991b; Adler et al., 1995;
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Garrington and Johnson 1999; Rolli ef al.,, 1999; Schaeffer and Weber 1999; Meyer et al.,
2002; Quinones et al., 2003).

CArG elements are not only activated by irradiation, they were originally identified as highly
conserved motifs within serum response elements (SRE) to which SRF binds in response to a
variety of extracellular signals, in particular serum and growth factors (Treisman 1985;
Gilman et al., 1986, Treisman 1986, 1987, Qureshi et al, 1991; Alexandropoulos et al,
1992; Croissant et al., 1996; Soulez et al.,, 1996; Spencer and Misra 1996; Spencer et al.,
1999a; Spencer ef al, 1999b; Spencer and Misra 1999). Activation of CArG elements by
SRF is thought to occur through the p38MAPK/SAPK?2 pathway as opposed to the ERK1/2
and SAPK/INK pathways that are activated in response to irradiation and in response to
chemotherapeutic drugs and DNA damaging agents, such as cisplatin (Meyer et al., 2002,
Quinones et al., 2003; Greco ef al., 2005b).

The radiation-responsive CArG domains within the Egr-1 promoter have been exploited
experimentally to activate transcription of downstream target genes in response to irradiation.
One such strategy involved the use of a truncated Egr-1 promoter containing 5 CArG
elements to activate the radiosensitising and tumouricidal cytokine, tumour necrosis factor o
(TNFa), in human epithelial tumour xenografts in nude mice. A reduction in tumour volume
was observed without an increase in normal tissue damage, representing a novel method of
localised and temporal regulation of gene-based medical treatment (Weichselbaum et ai.,
1992; Weichselbaum et al, 1994b; Hallahan er al, 1995a; Mauceri et al, 1996;
Weichselbaum et al, 2002). Due to the success of these preliminary studies, TNFo
combined with radiotherapy has now entered phase I clinical testing (Hallahan et al., 1995b;
Sharma et ai., 2001; Mundt et al., 2004; Senzer et al.,, 2004). While these studies used high
does of radiation, almost exceeding clinical limits (20-50Gy), other studies have been
conducted in which the Egr-1 promoter was used successfully to drive the expression of
reporter genes and sensitise cells to the effects of the therapeutic genes; HSVtk and CYP4B1,
in response to considerably lower doses of radiation (2-10Gy) (Takahashi er al, 1997,
Manome et al., 1998; Kawashita et al., 1999; Hsu et al., 2003).

The studies described above only induced low level gene expression for a limited period of
time, thus potentially reducing the effectiveness of such a treatment. Therefore, Marples et
al., (2000; 2002) and Scott ef al., (2002), developed synthetic radiation responsive enhancers
consisting of between 4 and 12 directly repeating CArG elements and the CMV minimal

promoter. It was found that increasing both the number and arrangement of CArG elements
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enhanced transcription levels of the reporter gene, green fluorescent protein (GFP), above the
Egr-1 wild type promoter, in MCF-7 breast adenocarcinoma cells and U87-MG glioma cells,
but only to a maximum of 9 consecutive CCTTATTTGG sequences. Since CArG elements
are functionally interchangeable with serum response elements (SRE), subsequent studies
found that altering the core A/T sequences to ATATAA led to a greater positive response as
SRF has a higher affinity for ATATAA then the previously used TTATTT sequence (Scott et
al., 2002). However, altering the spacing between the CArG elements had little effect and
neither did the addition of an Sp-1 transcription factor binding site, a factor previously seen
to enhance self-regulation of SRF in the native EGR-1 gene promoter (Spencer and Misra
1996; Scott et al., 2002). So far the CArG elements have been exposed to a 60 Cobalt y-ray
external source producing maximal expression of a downstream reporter gene after 5 Gy,
which is comparable to 5 doses of 1 Gy (Marples ef al., 2000). At present, patient treatments
usually consist of some 30 or more daily 2 Gy exposures. These CArG elements thus offer an
advantage over truncated promoters as lower doses of radiation can be used to activate the

downstream therapeutic genes.

Although radiation responsive promoters have yet to be tested in the prostatic environment,
the prostate is an ideal organ for radiotherapy. Considerable advances have been made in
delivering radiotherapy, either as external beam radiation, in which a high dose of x-rays are
given directly to the prostate gland, or as brachytherapy, in which radioisotopes emitting
short range radiation are implanted directly into the tumour, while limiting the damage to
surrounding tissues (Mason 2003; Norderhaug et al., 2003). However, radiation is never
100% specific to the target tissue and damage to normal tissues occurs, possibly leading to
long-term side effects. Interestingly, it has been possible to activate the radiation inducible
Egr-1 promoter using radioisotopes, such as iodine-125 and Ga-67-citrate (Takahashi et al.,
1997; Manome et al, 1998). Such radioisotopes could be used to label monocional
antibodies specific for the target tissues, in a radioimmunotherapy (RIT) context, thus
overcoming the problem of radiation dose limiting toxicity induced by damage to
surrounding normal tissues (Goldenberg 1993; Essand ef al., 1995; Essand et al., 1996; Rydh
et al., 1997; O'Donnell et al., 1998; Rydh ef al., 1999; Britton et al., 2000; O'Donnell et al.,
2000; Carter 2001; Rydh et al., 2001; O'Donnell ef al., 2002).

1.5.2 Prostate specific promoters

An alternative to using radiation responsive promoters to restrict effective gene expression to
the target tissue would be to use tissue specific promoters. An ideal prostate specific

promoter needs to have sufficiently strong transcriptional activity and a high degree of tissue
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or tumour specificity. In the prostate, many promoters are active in normal tissue but are up-
regulated in benign and malignant tissues. This level of specificity is acceptable as treatment
is generally necessary only for the over 60’s at which stage the prostate is no longer an
essential organ (Satoh et al., 2005). To date, many promoters have been investigated but they
often display a lack of activity, specificity or both. Discussed below and listed in table 1.1 are

some that still remain promising,
Prostate specific antigen (PSA)

PSA is expressed exclusively in normal, hyperplastic and malignant prostatic epithelium. The
highly tissue specific expression pattern of PSA is due in part to its transcriptional regulation
by androgen via the androgen receptor (AR). The serum level of PSA is a useful clinical
marker for the diagnosis and assessment of prostate cancer as it is proportional to tumour
volume and correlates positively with the clinical stage of the disease. Androgen ablation
therapy of prostate cancer leads to a reduction in cancer progression and in serum PSA levels
(Stamey et al., 1987; Young ef al., 1991; Young et al,, 1992; el-Shirbiny 1994; Lilja 2003).
Because of the clinical importance of PSA the regulation of PSA expression has been
extensively studied. The PSA gene (also known as human kallikrein 3) is one of three
kallikrein genes; the other two members are the pancreatic/salivary/renal kallikrein (hK1)
and the human kallikrein 2 (hK2), all of which are located as a cluster on chromosome
19q13.2-13.4. HK2 is located 12 kb downstream from the PSA gene in a head-to-tail fashion,
wheras hK1 is located 30 kb upstream of PSA in a head-to-head fashion. The promoter of the
PSA gene were first characterised by Riegman et al, (1988; 1989b) who identified the
presence of regulatory sequences upstream of the PSA gene including a TATA-box (at
position -28 bp to -23 bp with respect to the start of transcription), a GC-box (-53 bp to -48
bp), a CACCC-box (~129 bp to -125 bp) and the sequence AGAACAGCAAGTGCT (-170
bp to -156 bp) which closely resembles the reverse complement of the consensus sequence
for binding of the AR. This region was later confirmed to be an androgen response element
(ARE) to which the AR interacts to control the expression of PSA in response to androgen.
In addition, a 35 bp androgen responsive region (ARR) starting at -400 bp
(GTGGTGCAGGGATCAGGGAGTCTCACAATCTCCTG) contains a functional active
low affinity AR binding site and cooperates with the ARE in androgen induction of the PSA
promoter (Riegman et al.,, 1991a; Riegman et al., 1991b; Cleutjens et al., 1996; Schuur et al.,
1996; Shin et al., 2005). Work by several groups has concluded that a minimal promoter of

642 bp (-630 bp to +12 bp) is required for maximal promoter activity and tissue specificity.
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Upstream of the PSA promoter is an enhancer region located between -5824 bp and -3738 bp
containing six AREs between -4243 bp and — 4065 bp relative to the start of transcription
(Schuur et al., 1996; Cleutjens et al., 1997a, b; Pang et al., 1997; Huang et al,, 1999; Yeung
et al., 2000; Farmer ef al., 2001). Of this enhancer the region -5322 bp to -3870 bp has been
identified as the minimal PSA enhancer (PSE) conferring maximum androgen
responsiveness and prostate tissue specificity when linked to the PSA promoter (Schuur et
al., 1996; Pang et al., 1997, Brookes et al., 1998; Yeung et al., 2000; Wu ef al,, 2001). The
PSE resides on a DNA segment distinct from the PSA promoter but requires a promoter to
initiate transcription. In addition, the PSE can be moved relative to the promoter and its
orientation reversed without affecting activity (Schuur ef al., 1996; Pang et al., 1997). While
the PSA promoter alone is weak and relatively promiscuous, showing high activity in breast
cancer, bladder cancer and human embryonic kidney cell lines, when combined with one or
more PSE, gene expression is considerably increased (10 to 100-fold), highly prostate
specific, and can be further enhanced by the addition of androgen. However, there is little or
no activity in the AR negative prostate cell lines; PC-3 and DU145, with or without androgen
(Pang et al., 1995; Schuur et al., 1996; Pang et al., 1997; Brookes et al., 1998; Latham et al.,
2000; van der Poel et al., 2001; Wu et al., 2001; Tsui et al., 2004).

The high level of activity and strong prostate tissue specific activity of PSE and the PSA
promoter has made them attractive choices in gene therapy strategies. The PSE/PSA has been
used in a phase I clinical trial (DeWeese et al,, 2001) as it has been shown both in vitro and
in vivo to regulate the expression of therapeutic genes in a tissue specific manner, These
include; the pro-drug activating enzymes, purine nucleoside phosphorylase, cytosine
deaminase, nitroreductase and thymidine kinase (Gotoh et al., 1998; Martiniello-Wilks et al.,
1998; Latham et al., 2000; Shirakawa et al., 2000; Yoshimura et al., 2002; Park et al., 2003;
Foley et al., 2004b; Hsieh et al., 2004), the E1A/B and E4 genes that control the replication
of a cytotoxic adenovirus (Rodriguez et al., 1997; Yu et al,, 1999b; Nettelbeck er al., 2000;
Li et al., 2005; Satoh et al., 2005) and the diphtheria toxin A (Pang 2000; Yu et al, 2001a),
to name just a few. In addition, PSE/PSA has been used successfully to express anti-sense
oligonucleotides and small interfering RNA (siRNA) to down regulate the expression of
genes, such as DNA polymerase-a and topoisomerase Ila which are involved in cell

replication, specifically within prostate cells (Lee et al.,, 1996; Song et al., 2004).
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Human kallikrein 2 (hK2)

Expression of hK2 incrementally increases from benign to high grade malignant cancer.
However, it is also present in normal prostate epithelium and breast cells (Yu ef al., 1999b;
Magklara et al., 2002). The regulatory regions of the hK2 gene and the PSA gene share 78%
to 80% sequence similarity and many of the same characteristics such as regulation by
androgens due to the presence of AREs in the promoter (-622 bp to +25 bp) and enhancer (-
5155 bp to -3387 bp) regions (Riegman et al., 1988; Riegman et al., 1989a; Riegman ef al.,
1991a; Riegman et al., 1992; Murtha et al., 1993; Yu et al,, 1999b). In addition, expression is
restricted to LNCaP prostate cells with very low levels in non-prostate cells lines (Brookes ef
al,, 1998; Yu et al., 1999b; Latham et al, 2000; Xie et al., 2001; Tsui ef al, 2004). The
tissue specificity and high activity of the hK2 enhancer promoter, although not quite as
strong as PSA (Latham ef al, 2000), has made it an attractive tool for gene therapy
approaches. Combinations of one or more hK2 enhancers linked to an hK2 promoter have
been used successfully to drive tissue specific expression of the adenovirus E1A/B gene,
leading to significant viral replication specifically in LNCaP cells (Yu et al., 1999b). The
only drawback of both the PSE/PSA and hK2 enhancer/promoters is that because their
activation is strongly regulated through androgens, in patients with hormone refractory
prostate cancer, who, in general, already underwent androgen ablation, such androgen-
regulated promoters may have limited efficacy. A solution to this problem could be the
development of a gene therapy strategy in which the AR is expressed in conjunction with the
PSA/hK2 driven gene therapy. Several groups have shown that co-transfecting AR negative
prostate; PC-3 and DU145, and non-prostate Hek293 cells with the AR cDNA driven by the
CMYV promoter and cDNAs of a reporter gene driven by PSA or hK2 enhancer/promoters,
increased activity 5 to 60-fold compared to transfection with a vector containing only the
PSA/hK2 enhancer/promoter and the reporter gene (Brookes et al., 1998; Suzuki ef al., 2001;
Xie et al., 2001).

Differential display code 3 (DD3)

The DD3 gene is one of the most prostate cancer specific genes described to date. It is highly
expressed in prostate cancer tissue and its levels of expression increase as the cancer
develops to malignancy (Bussemakers ef al., 1999; de Kok et al., 2002; Gandini ef al., 2003;
Hessels et al., 2003; Schalken et al., 2003). Interestingly, no open reading frame for DD3 has
been identified, suggesting that DD3 may function as non-coding RNA (Bussemakers ef al.,
1999). The 5' flanking sequence of the DD3 gene (-433 to + 62) has been isolated and
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although no obvious promoter elements, such as TATA-boxes, CAAT-boxes, or GC-rich
regions, have been identified at consensus positions, it is capable of inducing weak
expression of a reporter gene (human growth hormone receptor) in LNCaP and PC-3 cells. In
addition, truncated constructs showed increased transcriptional activity, suggesting the
presence of a silencer that negatively regulates the expression of DD3 in the region -433 to -
152 (Verhaegh et al., 2000). Furthermore, activity and tissue specificity of the minimal DD3
promoter (-152 to +62) can be further enhanced by the addition of the PSA enhancer (PSE)
while maintaining the lowest basal activity in non-prostate cell lines of all the prostate

specific enhancer/promoter combinations tested to date (van der Poel er al., 2001).
Probasin (PB)

Expression of the PB gene is highly restricted to prostate epithelium and as such the
promoter region (- 426 bp to + 28 bp) has been extensively characterised and shown to
contain two ARE conferring high androgen inducibility on the promoter (Greenberg ef al.,
1994; Kasper et al, 1994). In addition, important enhancer/regulatory elements have also
been identified in an 11,000 bp region at the 5’ end of the promoter contributing to the tissue
specific expression of the PB gene and greatly increasing levels of transgene expression
induced by androgens (Yan et al., 1997). The high degree of prostate specificity of the PB
promoter makes it an attractive promoter for gene therapy. Various constructs have been
designed in which either multiple copies of the ARE or the PSA enhancer (PSE) have been
placed upstream of the PB promoter to successfully enhance the activity and tissue
specificity of the promoter alone (Yu et al, 1999a; Zhang et al., 2000; van der Poel ef al,
2001; Yu et al.,, 2001b; Kakinuma et al.,, 2003; Wen et al., 2003; Yu et al, 2004). The PB
promoter region has also been modified to enable activation by the retinoids—retinoid
receptor complex instead of the androgen-AR complex. As a result, transgenes can be
expressed in response to retinoids in both androgen-dependent (LNCaP) and androgen-

independent (PC-3) prostate cancer cell lines (Furuhata et al., 2003).

Osteocalcin (OSC)

OSC is a noncollagenous bone matrix protein expressed prevalently in prostate cancer
epithelial cells, adjacent fibromuscular cells, osteoblasts in locally recurrent prostate cancer
and prostate cancer bone metastasis (Matsubara et al., 2001; Foley et al., 2004b; Satoh et al.,
2005). The promoter has therefore been used in gene therapy strategies enabling specific
activation of the therapeutic gene not only in the primary tumour but also in metastatic

lesions (Eder et al., 2005). OSC promoter driven adenoviral mediated gene delivery has been

29




1.0 Introduction

shown to be highly effective in both androgen-dependent and androgen-independent prostate
cancer cells (e.g. LNCaP, PC-3 and DU145) in vitro and in vivo (Koeneman et al,, 2000;
Shirakawa et al., 2000; Matsubara et al., 2001; van der Poel et al,, 2001; Eder et al., 2005).
This treatment has also been shown to be well-tolerated in patients with locally recurrent
prostate cancer (Herman et al., 1999), and in patients with lymph node and bone metastasis

of hormone refractory prostate cancer (Kubo et al., 2003).
Prostate specific membrane antigen (PSMA)

PSMA is expressed predominantly in normal prostate epithelial cells but also in most
adenocarcinomas of prostate cancer and virtually all prostate cancer metastases. In addition,
PSMA expression is not induced by androgens, indeed expression is generally elevated in
late-stage prostate cancer and in patients undergoing androgen deprivation or ablation
therapies (Israeli et al,, 1994; Wright et al., 1996; Troyer et al.,, 1997). It therefore has the
potential to be a useful diagnostic factor for the detection of prostate cancer and in the
treatment of prostate cancer. The promoter (- 1283 bp to - 39 bp) and enhancer (+ 11,958 bp
to + 13,606 bp) regions have been characterised (Good et al., 1999; Watt et al., 2001) and
subsequently been used te drive the expression of reporter and therapeutic genes successfully
in vitro in  LNCaP cells; there is conflicting data on activity in PC-3 cells, and in vivo in
tumour xenografts and in the normal mouse prostate. In general, PSMA activity has been
found to be highly tissue specific with minimal to undetectable expression in non-prostate
cell lines, such as breast, colorectal, liver and lung. Furthermore, no expression was seen in
the liver, spleen, lung, kidney and brain of mice injected either directly into the prostate or
into the tail vein with an adenovirus encoding a PSMA driven luciferase reporter gene
(O'Keefe et al., 2000; Lee et al.,, 2002a; Li et al., 2005; Zeng et al., 2005).
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Table 1.1 Additional prostate specific promoters.

Prostate specific

promoters

References

Caveolin-1 (Cav-1)

(Cui et al., 2001; Pramudji et al.,, 2001; Ebara et al., 2002)

Progression-elevated gene-3
(PEG-3)

(Su et al., 2005)

Prostate secretory protein of
94 amino acids (PSP94)

(Ochiai et al., 1995; Xuan et al., 1997, Gabril et al., 2002)

Prostate stem call antigen
(PSCA)

(Gu et al., 2000; Jain et al., 2002; Watabe ef al., 2002; Lam
et al., 2005)

Prostatic acid phosphatase
(PAP)

(Banas et al., 1994; Zelivianski et al., 1998; Zelivianski et
al., 2000; Zelivianski et al., 2002)

Survivin

(Pennati et al., 2004; Zhu et al., 2004; Van Houdt et al.,
2006)

T cell receptor gamma-
chain alternative reading

frame protein (TARP)

(Wolfgang et al., 2001; Cheng et al., 2003; Cheng et al.,
2004; Maeda et al., 2004)

Prostatic transglutaminase
(pTGase)

(Dubbink et al., 1996; Dubbink et al., 1998; An et al., 1999;
Dubbink et al., 1999a; Dubbink et al., 1999b)
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Hypoxic promoters

Hypoxia or reduced oxygen tension is common in many solid tumours and is an independent
marker of poor treatiment outcome as it is associated with a more malignant phenotype
affecting genomic stability, apoptosis, angiogenesis and metastasis. Not only does it
adversely affect the outcome of radio- and chemo-therapy but it also represents a
physiological difference between tumour and normal tissue that has the potential to be
exploited therapéutically (Dachs and Tozer 2000; Wouters et al, 2002; Bachtiary et al,
2003; Begg 2003; Bottaro and Liotta 2003; Bussink ef al,, 2003). Many genes such as
erythropoietin (Epo), phosphoglycerate kinase-1 (PGK1) and vascular endothelial growth
factor (VEGF), are up-regulated specifically in hypoxic regions due to the presence of
hypoxia regulatory elements (HRE) located within the enhancer regions of their promoters
(Greco et al.,, 2000b; Koshikawa et al., 2000). The HRE are activated by the binding of
hypoxia inducible factor (HIF-1), a transcription factor produced only in hypoxic tissues,
thus ensuring hypoxic tissue specific expression of the genes (Nettelbeck et al., 2000;
Wouters et al., 2002; Bachtiary et al., 2003; Begg 2003; Scott and Greco 2004). The HRE
from PGK-1 and VEGF have been isolated and used to drive the expression of downstream
genes in solid tumours (Dachs et al., 1997a; Dachs et al., 1997b; Dachs and Tozer 2000;
Koshikawa et al., 2000; Marples ef al., 2002; Wouters et al., 2002; Chadderton et al., 2005).
In addition, these hypoxia responsive enhancer elements can also be activated by radiation by
an as yet unknown mechanism (Chadderton et al, 2005). Recent studies have shown the
potential of combining HRE and CArG elements permitting either or both stimuli to drive

therapeutic gene expression (Greco et al., 2002b; Greco et al., 2002d).

At present these studies indicate that there is no promoter that is 100% specific to prostate
cancer and capable of operating in both androgen dependant and independent prostate cancer
cell lines. Whilst these studies show promise for the use of combinations of radiation
responsive and prostate specific promoters, expression levels are both low and transient
compared to the activity achieved through constitutive viral promoters, such as the CMV
immediate early (IE) promoter. Thus expression of downstream therapeutic genes will be
limited. However, the highly tissue specific expression driven by these promoters can in
principle be used to activate a Cre-loxP molecular switch, resulting in high level expression

of therapeutic genes.
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1.6 Gene directed enzyme prodrug therapy (GDEPT)

The aim of the molecular switch is to achieve therapeutic levels of expression of a tumour
sensitising gene in a gene directed enzyme prodrug therapy (GDEPT) system. GDEPT
involves the delivery to the target cells of a foreign gene encoding an enzyme which is able
to convert a non-toxic compound (prodrug) into a potent cytotoxin. An ideal enzyme/pro-
drug system requires the enzyme to have adequate catalytic activity under physiological
conditions and efficient pro-drug activation. The selected pro-drug should be inert at high
doses, be able to diffuse freely and stably throughout the tumour to enable localisation to the
activating enzyme, and lead to the formation of a toxic drug that has a half-life enabling it to
diffuse, or be transported, into the surrounding tumour tissues. This ‘bystander’ effect is an
important feature of GDEPT (see below). In addition the cytotoxicity of the drug should be
proliferation independent enabling it to kill a wide range of cells varying from actively
dividing invasive metastases to slow growing tumours (Greco and Dachs 2001; Denny 2003;
Dachs et al., 2005). The most commonly used enzyme/pro-drug system is the herpes simplex
virus thymidine kinase (HSVtk) / gancyclovir (GCV) combination. However, there are others
which hold a lot of promise including cytosine deaminase (CD) / 5-fluorocytosine (5-FC),
nitroreductase (NTR) / 5-(1-Aziridinyl)-2,4-dinitrobenzamide (CB1954) and horseradish
peroxidase (HRP) / indole acetic acid (IAA).

1.6.1 The bystander effect

The bystander effect can be defined as an extension of the killing effects of the active drug to
un-transfected neighbouring cells. 1t is generally accepted to mean that if only 5-10% of the
target cells are transfected with the vector and express the therapeutic gene then tumour
eradication is still possible. This is crucial for a successful GDEPT strategy as the vectors,
delivery systems and protocols currently adopted in clinical trials lead to transfection
efficiencies of less that 10% (Greco and Dachs 2001). A significant bystander effect has been
observed for active GCV, meditated through gap junctions or the exchange of apoptotic
vesicles and for 5-FU, CB1954 and 1AA, the active metabolites of which are freely diffusible
(Elshami et al., 1996; Mesnil et al., 1996; Bridgewater ef al.,, 1997; Denning and Piits 1997;
Dilber et al., 1997, Dilber and Smith 1997; Duflot-Dancer ef al., 1998; Friedlos et al., 1998;
Lawrence et al., 1998; Touraine et al., 1998; Degreve et al, 1999; Pierrefite-Carle et al.,
1999; Kievit et al., 2000; Kawamura et al., 2001; Greco et al., 2002a; Wilson et al., 2002;
Benouchan et al.,, 2003; Patterson et al., 2003; Helsby et al., 2004). However, in the case of
HSVtk/GCV, relying on gap junctions is limiting, as intercellular gap junction
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communication is often down regulated in tumours (Holder et al., 1993; Duflot-Dancer et al.,
1998; Greco and Dachs 2001).

A strategy that enhances the bystander effect is the use of HSV 1 structural protein VP22.
When expressed in transfected cells it can efficiently spread via a golgi independent pathway
to surrounding un-transfected cells, irrespective of cell type, where it accumulates in the
nucleus despite lacking a recognised nuclear localisation signal (Elliott and O'Hare 1997).
Thus fusion genes encoding VP22-GFP and VP22-HSVtk result in significant spread of the
fusion protein to non-transfected neighbouring cells (Dilber et al., 1999; Elliott and O'Hare
1999; Ford et al., 2001; Greco et al., 2005a).

A distant bystander effect has also been demonstrated by all of the GDEPT systems
mentioned above whereby distant tumours, with no contact with the transduced tumour,
regressed after treatment with GDEPT (Elshami ef al., 1996; Mesnil et al., 1996; Denning
and Pitts 1997; Dilber and Smith 1997; Degreve ef al., 1999). It is hypothesised that this
distant bystander effect is mediated by the immune response either by the infiltration of
cytotoxic T cells or by diffusible factors such as cytokines (Kianmanesh et al., 1997). Such a
phenomenon may be of great importance as it would enable the treatment of disseminated

primary tumours and metastatic cancers by suicide gene therapy.

1.6.2 Herpes simplex virus thymidine kinase/gancyclovir (HSVtk/GCV)

To date this is the most well studied enzyme/pro-drug strategy. GCV and related agents, such
as acyclovir (ACV), pencyclovir (PCV), valacyclovir (VCV) and (e)-5-(2-bromovinyl)-2'-
deoxyuridine (BVDU), are poor substrates for the human nucleoside monophosphate kinase
but can be converted 1000-fold more efficiently to the monophosphate by wild type HSVitk.
The monophosphates are then converted by cellular enzymes into a number of toxic
metabolites, the most toxic being the triphosphates. GCV-triphosphate competes with
deoxyguanosine triphosphate for incorporation into elongating DNA during S-phase prior to
cell division, resulting in the complete inhibition of DNA polymerase, causing “chain
termination”, making it a very efficient cell killer (Greco and Dachs 2001; Denny 2003;
Fillat et al., 2003; Dachs et al., 2005).

One of the advantages of using HSVtk is that positron emission tomography (PET) can be
used with a radio-labelled HSVtk substrate, such as GCV, PCV and more commonly FIAU
(2'-fluoro-2'-deoxy-1-p-D-arabinofuranosyl-5-iodo-uracil), to repeatedly and non-invasively

track gene expression in patients receiving gene therapy. To date several groups are
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investigating the distribution, accumulation and imaging sensitivity of HSVtk substrates
radiolabelled with positron emitting isotopes such as "*'I, '3F and 21, in order to generate a
quantitative assay to image reporter gene expression in human gene therapy (Haberkorn er
al., 1998; Gambhir et al., 1999a; Gambhir ef al.,, 1999b; Gambhir et al., 2000; Hackman et
al., 2002; Sharma et al., 2002; de Vries ef al., 2003; Buursma et al., 2004). However a major
drawback of this system is that the activated GCV is an S-phase specific cytotoxin and so the
target cells must be actively dividing at the time of exposure. In addition the highly charged
triphosphate is insoluble in lipid membranes, this impairs diffusion of the drug making cell-
to-cell contact through gap junctions necessary for bystander killing (Elshami et al., 1996;
Dilber et al., 1997; Duflot-Dancer et al., 1998; Touraine ef al., 1998; Greco and Dachs 2001;
Fillat et al., 2003; Dachs et al., 2005).

In the last 15 years more than 600 papers have investigated the potential benefits of
HSVtk/GCYV for cancer GDEPT including successful preclinical studies on human, rat and
mouse prostate cancers, colon carcinoma, glioblastomas, brain tumours, leukaemias,
melanomas, lung carcinomas, and breast adenocarcinomas, to name just a few (Kim et al.,
1994; Eastham et al, 1996; Hall et al, 1997; Boucher et al., 1998; Dewey et al, 1999;
Katabi et al., 1999, Steffens et al., 2000; Loimas et al., 2001; Paquin et al., 2001; Todryk et
al., 2001; Yoshimura et al., 2001; Corban-Wilhelm et al., 2002; Soling et al., 2002; Corban-
Wilhelm et al., 2003; Dachs et al.,, 2005). In addition it has also been possible to use the
prostate specific promoters; PSA, OSC, and caveolin-1, to drive the expression HSVtk in
human and mouse prostate cancer cell lines and i vivo mouse xenografts (Martiniello-Wilks
et al., 1998; Pramudji et al, 2001; Hsieh et al, 2004) and CArG elements in glioma,
pancreatic tumours and MCF-7 breast adenocarcinoma cells (Joki et al., 1995; Takahashi et
al., 1997; Marples et al., 2000, Scott et al., 2000; Scott et al,, 2002) resulting in increased
sensitivity to GCV. Phase I clinical trails have also been conducted demonstrating the safety
of an adenovirus mediated HSVtk gene therapy approach to prostate cancer (Herman et al,
1999; Miles et al., 2001; Shalev et al., 2001; Kubo et al., 2003). In addition, many phase I,
IT and III clinical trials have been conducted on a range of tumours including brain,
leukaemias/lymphomas, malignant gliomas, metastatic colorectal carcinomas, melanomas
and ovarian cancer (Ram et al., 1997; Klatzmann ef al., 1998; Hasenburg et al,, 2000; Rainov
2000; Sandmair ef al., 2000; Trask et al., 2000; Sung et al., 2001; Fillat et al., 2003; Dachs ef
al., 2005). However, the clinical benefits in these trials are still modest. This is possibly due
to low transfection efficiency, the slower growth of human tumours compared to xenografts
used in the animal models, and also the limited dose of GCV that can be tolerated due to

bone marrow toxicity (Greco and Dachs 2001; Dachs et al., 2005).
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There are numerous possibilities for improving the efficacy of HSVtk treatment, mainly
through improving gene delivery and the bystander effect, but also by the development of
nucleoside analogues with a higher affinity for HSVtk and fewer side effects than GCV
(Balzarini et al., 1994; Balzarini et al, 1998; Degreve et al., 1999; Thust et al, 2000;
Tomicic et al., 2002) and of HSVtk mutants engineered to increase specificity and activity
towards the prodrug (Black er al., 1996; Kokoris et al., 1999; Kokoris et al., 2000; Kokoris
and Black 2002; Pantuck ef al., 2002). Interestingly, the therapeutic effect of HSVtk/GCV
gene therapy can also be significantly enhanced by combining with radiotherapy in vitro, in
vivo and in a phase I/II clinical trial for the treatment of prostate cancer (Kim ef al., 1994;
Kim et al., 1995; Kim et al., 1997; Kim et al., 1998; Atkinson and Hall 1999; Chhikara et al,,
2001; Teh et al, 2001; Satoh et al, 2004; Teh et al, 2004). These two therapies are
potentially synergistic for two reasons. Firstly, radiation induces membrane damage which
may facilitate the bystander effect of HSVtk gene therapy as the cytotoxic GCV-
triphosphates can diffuse more rapidly to neighbouring un-transduced cells. Secondly, the
cytotoxic GCV-triphosphates may also incorporate into DNA at the sites of radiation damage
in addition to incorporation during S phase elongation prior to cell division (Kim et al.,

1995; Chhikara et al., 2001).

1.6.3 Cytosine deaminase/5- flurocytosine (CD/5-FC)

Cytosine deaminase (CD), found in certain bacteria and fungi but not in mammalian cells,
catalyses the hydrolytic deamination of cytdsine to uracil. It converts the non toxic prodrug
5-FC to S-fluorouracil (5-FU), which is then transformed by cellular enzymes into three
potent pyrimidine antimetabolites; 5-fluorodeoxyuridine-5'-monophosphate (5-FdUMP),
which irreversibly inhibits thymidylate synthase thus preventing DNA replication, and
triphosphate (5-FdUTP) and 5-fluorouridine-5'-triphosphate (5-FUTP), both of which are
incorporated into DNA preventing nuclear processing of ribosomal and messenger RNA
(Ferguson et al., 2001; Greco and Dachs 2001; Denny 2003; Dachs ef al., 2005). At present
5-FU alone is widely used cancer chemotherapy, especially against colon cancer, as it has
both proliferation dependent and independent actions. However, it displays an array of side
effects and a high dose level is required for a tumour response, thus limiting its use. The pro-
drug strategy is a method to circumvent such problems by activation of the drug specifically
in tumour cells (Kammertoens ef al., 2000). One of the main advantages of the CD/5-FC
system is a strong bystander effect that does not require cell-to-cell contact, since 5-FU can
diffuse in and out of cells by non-facilitated diffusion. However, the cells must be actively

dividing for the toxic metabolites to incorporate into the DNA (Domin et al., 1993).
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The effectiveness of 5-FC in the killing of prostate carcinoma cells transduced with a vector
containing the CD gene under the control of a variety of prostate specific promoters, has
been demonstrated (Yu et al, 1999b; Uchida er al, 2001; Yoshimura et al, 2002). In
addition, CD has also been combined with uracil phosphoribosyltransferase, one of the
mammalian cellular enzymes involved in the catalysis of 5-FU into 5-FdUMP, to enhance
the conversion of 5-FC into toxic metabolites (Chung-Faye et al., 2001b; Miyagi et al,
2003). It has also been observed that 5-FU and its intermediary metabolites enhance the
radiosensitivity of tumour cells. Combinations of CD/5-FC therapy and radiotherapy have
therefore been used in the treatment of biliary epithelium carcinoma, bladder and prostate
cancer with promising results (Khil et al., 1996; Pederson et al., 1997; Kato et al., 2002;
Zhang et al., 2003). Although in some tumours, such as mammary carcinoma and cervical
carcinoma, this pro-drug scheme has a higher cure rate in vivo compare to HSVtk/GCV, in
others, i.e. gliosarcoma cells and prostate tumours, the anti-tumour effect induced by
HSVtk/GCV system is superior to that of the CD/5-FC approach (Rogulski ef al., 1997a;
Blackburn ef al., 1998; Kim et al., 1998; Uckert et al., 1998; Rogulski et al., 2000; Corban-
Wilhelm et al., 2003). It is becoming clear that one single GDEPT strategy might not be
optimal for tumour control. However, it is possible to combine GDEPT systems into one
delivery vector to enhance anti-tumour activity. Such a system has been developed by several
groups in which fusion genes of CD-HSVtk were delivered to prostate tumour, gliosarcoma,
cervical carcinoma and mammary adenocarcinoma cells both in vitro and in vivo. This
resulted in pro-drug sensitivity and radiosensitisation that was equivalent to or better than
that observed for each system independently (Rogulski et al., 1997a; Rogulski ef al., 1997b;
Aghi et al., 1998; Blackburn et al., 1998; Kim et al., 1998; Uckert et al., 1998; Blackburn et
al., 1999; Rogulski et al., 2000; Corban-Wilhelm et al., 2002; Freytag et al., 2002b; Lee et
al., 2002b; Corban-Wilhelm et al., 2003; Corban-Wilhelm ef al., 2004). The success of these
preclinical studies has led to the development of replication-competent adenovirus mediated
CD/5-FC and HSVtk/GCV double suicide gene therapy in combination with conventional
radiation therapy to phase I clinical studies. The results demonstrate that such an approach
can not only be safely applied to humans but also shows signs of biological activity

(Rogulski et al., 2000; Freytag et al., 2002a; Freytag et al., 2003).

1.6.4 Nitroreductase/5-(1-Aziridinyl)-2.4-dinitrobenzamide (NTR/CB1954)

The prodrug CB1954 was originally used as a single agent and showed effectiveness in
preclinical studies on the Walker rat carcinoma. On this basis a phase I clinical trial was

carried out in the 1970s. Unfortunately there was no clinical benefit to the treated patients.
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The cause of the success in the rat tumour modet was the high levels of nicotine adenine
dinucleotide phosphate (NADPH) dehydrogenase (DT-diaphorase) which converted CB1954
to the mustard metabolite 5-aziridynyl-4-hydroxylamino-2-nitrobenzamide, which, after
further reactions with cellular thioesters, such as acetyl coenzyme A, is a potent DNA cross-
linking agent. This causes cell death predominantly by caspase-dependent and p53-
independent apoptosis (Roberts et al., 1986; Knox et al, 1988a; Knox et al, 1988b;
Bridgewater et al, 1995; Cui et al,, 1999; Denny 2003; Hay et al, 2003; Palmer et al,
2003). CB1954 is a poor substrate for DT-diaphorase and subsequent studies identified the
catalytically superior E. coli NTR enzyme (Anlezark et al, 1992). The NTR/CB1954
combination is effective under hypoxic and anoic conditions and because the activated drug
is a DNA cross-linking agent, it is able to kill both proliferating and non-proliferating cells
(Greco and Dachs 2001; Searle er al, 2004). An efficient bystander effect has also been
demonstrated in a number of cell lines and in animal models regardless of cell-to-cell contact
and gap junctional status, as the metabolites of NTR are membrane permeable (Bridgewater
et al., 1997; Friedlos ef al., 1998; Westphal ef al., 2000).

When used as a GDEPT strategy, virus mediated expression of NTR in several human and
murine tumour cells has resulted in up to 2000 fold increase in sensitivity to CB1954
compared to the parental lines (Drabek et al., 1997; Friedlos et al., 1998; McNeish et al.,
1998; Djeha et al., 2000; Latham et al., 2000; Weedon et ai., 2000; Djeha et al., 2001; Read
et al., 2003; Chen et al, 2004; Djecha et al, 2005; Lipinski et al., 2005). As a result the
NTR/CB1954 combination is currently being tested in four clinical trials in the UK. Initial
data published in patients with liver cancer shows minimal side effects from the viral vector
carrying NTR (Palmer e al, 2004). CB1954 is also well tolerated in patients with
gastrointestinal malignancies and sufficient serum/peritoneal levels were achieved for an
enzyme/prodrug approach to be feasible (Chung-Faye et al., 2001a). However, since these
trials did not co-administer NTR and CB1954, future clinical data will show whether this

enzyme/prodrug combination lives up to its promise.

1.6.5 Horseradish peroxidase/indole acetic acid (HRP/IAA)

HRP is an iron containing heme peroxidase isolated from the roots of the horseradish plant,
and IAA is a non toxic auxin plant hormone involved in the regulation of plant cellular
growth, division and differentiation. IAA is oxidised by HRP to a radical cation which
rapidly fragments to form a skatole radical, this radical is converted by further steps to the
toxin 3-methylene-2-oxinodole (MOI) (Wardman 2002; Denny 2003). Cell death, by DNA

damage, thiol depletion and lipid oxidation, can occur under both oxic and hypoxic
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conditions, and can be further enhanced by radiation (Greco et al., 2001; Greco et al., 2002d;
Dachs ef al., 2005). IAA activation, by HRP, in human T24 bladder carcinoma cells was fast
and efficient since cytotoxicity could be evoked within a 2 h exposure. A strong bystander
effect was also induced as MOI is able to pass rapidly into neighbouring cells by passive
diffusion without the need for cell to cell contact (Greco ef al., 2000a; Greco and Dachs
2001). HRP/IAA GDEPT has been successfully applied to MCF-7 mammary carcinoma cells
and nasopharyngeal squamous carcinoma under oxic and anoxic conditions. In addition,
cytotoxicity was enhanced (3.6-fold) when combined with irradiation (Greco et al., 2002d).
There is also the potential to target drug activation to regions of hypoxia by using hypoxia
specific promoters and/or the use of radiation responsive CArG elements, to control the

expression of HRP (Greco et al., 2000b; Greco et al., 2002b).
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1.7 Delivery

The selection of an appropriate vehicle to deliver the genes of interest to the target cells is
extremely important as cell uptake and gene expression of naked DNA is relatively
inefficient. An ideal vector should be safe for the recipient and environment and deliver the
DNA construct to the target tissue while being protected from degradation and immune
attack, It should also express the therapeutic genes for as long as possible and in an
appropriately regulated manner. The delivery system, be it viral, bacterial or synthetic,
should be large enough to carry the required genes and easy to produce and purify in large
quantities and appropriate concentrations (Greco et al., 2002c; Collis et al, 2003). As yet no
“magic” vector complying with all the above requirements has been designed but there are

some potential viral and non-viral delivery methods that hold promise.

1.7.1 Viral delivery systems

Viral vectors capitalise on the ability of viruses to efficiently enter cells through specific
receptors and transfer their genome into host cells. However, for them to be suitable for gene
therapy the pathogenicity of a specific virus must be eliminated while retaining the efficiency
of gene transfer and expression. To date, only retroviruses and adenoviruses are commonly
employed in gene therapy clinical trials. However, these and other viruses, such as
lentiviruses, baculoviruses and adeno-associated viruses, are being manipulated in order to
accommodate more foreign DNA, up to 35kb, and to improve the transfection efficiency, in
particular to allow targeted transduction of specific cell types (Robbins and Ghivizzani 1998;
Zhang 1999; Chinnasamy et al, 2000; Monahan and Samulski 2000; Steiner and Gingrich
2000; McCormick 2001; Stanbridge et al,, 2003; Kraaij et al,, 2005). For the treatment of
prostate cancer, although vaccinia and lentiviral vectors have been used (Eder et al., 2000;
Yu et al., 2001a; Yu et al., 2004), the vector of choice are adenoviruses whose extensive use
has shown them to be easy to manipulate and efficient at transfecting prostate cells both in
vitro and vivo (Eastham et al., 1996; Hall er al., 1997; Rodriguez et al., 1997; Blackburn er
al., 1998; Boucher et al., 1998; Gotoh et al., 1998; Martiniello-Wilks et al., 1998; Atkinson
and Hall 1999; Blackburn et al, 1999; Hall et al, 1999; Nagayama et al., 1999; Yu et al,
1999a; Yu ef al., 1999b; Hassan et al., 2000; Koeneman et al., 2000; Latham ef al., 2000;
Shirakawa et al., 2000; Chhikara et al,, 2001; Djeha et al., 2001; Matsubara et al, 2001;
Pramudji et al., 2001; Wu et al, 2001; Xie et al, 2001; Yu et al., 2001b; Freytag et al.,
2002b; Lee et al., 2002a; Lee et al., 2002b; Yoshimura et al., 2002; Furuhata et al.,, 2003;
Kakinuma et al., 2003; Miyagi et al., 2003; Park et al., 2003; Hsieh et al., 2004; Kraaij et al.,

2005; Leow et al., 2005; Li et al., 2005). In addition, adenoviruses have been used in several
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gene therapy trials of prostate cancer and shown to be effective and safe (Herman et al.,
1999; DeWeese et al., 2001; Sharma et al., 2001; Freytag et al., 2002a; Freytag ef al., 2003;
Kubo et al., 2003; Satoh et al, 2004). Nonetheless, challenges still exist, such as the
problem of random genome integration leading to insertional mutagenesis of retroviruses, the
immunogenicity of adenoviral vectors and the development of a high throughput packaging
cell lines for the latest generation of lentiviral vectors (Kirn 2000; Trono 2000; Shalev et al.,
2001; Greco et al., 2002¢).

1.7.2 Non-viral delivery systems

Besides viruses, other live vehicles, primarily bacteria and macrophages, have been
investigated for gene therapy (Griffiths et al, 2000; Greco et al., 2002c). Bacteria are
particularly attractive as they can incorporate a large genome and are thus able to express
multiple therapeutic transgenes, they are highly motile and, if necessary, their spread can be
controlled by antibiotics. Examples of prokaryotic vectors include anaerobic bacteria of the
genera Clostridium, gram positive non-pathogenic anaerobic Bifidobacteria and the tumour

invasive Salmonella typhimurium (Greco et al., 2002c; Liu et al., 2002).

1.7.3 Synthetic delivery systems

Synthetic delivery systems would be particularly suitable for gene therapy as they are not
pathogenic, are simple to use, elicit no immune responses, can be produced safely in large
quantities and can be manipulated easily. These delivery systems can be broadly divided into
physical (electroporation and gene gun) or chemical (lipids, DNA conjugates) techniques. To
date, electroporation seems the most promising. It has been shown to effectively deliver
plasmids encoding GFP to four histologically different tumour models (mouse melanoma, rat
carcinosarcoma, human bladder carcinoma and mouse sarcoma) in vitro and in vivo, and to
hypoxic cells (Dachs et al., 2000; Cemazar et al., 2002). In addition, gene delivery can be
further enhanced by combining with liposome-DNA complexes (Somiari er al, 2000,
Cemazar et al., ZOOé; Greco et al., 2002¢). Liposomal gene delivery can also be enhanced by
conjugating the liposomes to defective viral particles or viral proteins that are able to disrupt
the lysosome and/or increase DNA transport to the nucleus (Robbins and Ghivizzani 1998;
Greco ef al., 2002c; Merdan et al., 2002). However, despite being easy to control and well
characterised the efficiency of synthetic gene transfer is very low (Prince 1998; Shalev et al,
2001).
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1.8 Aims of project

Aim 1 - To identify a tightly controlled enhancer/promoter that will drive the expression

of GDEPT within prostate cancer.
Aim 2 - To determine the most effective GDEPT approach to use with prostate cancer.

Aim 3 - To develop a molecular switch to enhance GDEPT gene expression levels while

maintaining tissue specificity.

In more detail, the aim of this project is to combine a radiation controllable molecular switch
with a non-specific high activity promoter to achieve high level, persistent and tissue specific
expression of a therapeutic gene in a GDEPT context in localised prostate cancer. Once
developed this system could then be further manipulated by the incorporation of a number of
different prostate specific promoters, to target metastatic cancer and/or hypoxic regions and

administered using a number of gene therapy approaches,

To this end, a pCl-neo based vector will be designed to enable the insertion of different
synthetic radiation responsive enhancers and, later, prostate specific enhancers/promoters
upstream of the green fluorescent protein (GFP) reporter gene. The vectors will then be
assessed in a variety of prostate (PC-3, LNCaP, PNT2C2, PC-3AR) and non-prostate (MCF-
7, HepG2, Hek293, H460) cell lines and FACS analysis will be used to determine the most

suitable enhancer/promoter to drive the molecular switch.

In addition, the HSVtk/GCV and NTR/CB1954 enzyme/prodrug systems will be tested to
determine the most efficient for induction of prostate cell death. Vectors will be designed in
which the CMV enhancer/promoter will drive the expression of HSVtk or NTR in prostate
and non-prostate cell lines. The prodrugs; GCV and CB1954, will then be added to the cells
in the media post transfection. An MTT assay will be performed to determine cell growth

inhibition and a western blot analysis of cell extract will determine protein expression.

The molecular switch will then be designed initially as two vectors but with the intention of
combining into a single adenoviral delivery vector which has a maximum capacity for 8kb of
foreign DNA. The switch will consist of the radiation responsive or prostate specific
promoters controlling the expression of Cre recombinase. Within the same vector, the strong
CMV IE promoter/enhancer will drive the expression of the tumour sensitising gene, HSVtk

or NTR, the expression of which will be silenced by a ‘stop’ cassette. The ‘stop’ cassette will
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consist of the cyan fluorescent protein (CyFP) reporter gene and a polyadenylation stop
signal (PolyA), flanked by two loxP sites. Recombination between the loxP sites will result

in the removal ofthe stop cassette and activation of transcription (see figure 1.4).

Figure 1.4 Map of the all-in-one molecular switch vector. The elements shown are: CMV
enhancer (red), CMV promoter (dark blue), tumour sensitising gene (FISVtk or NTR;
turquoise), radiation responsive or prostate specific enhancer (red) and promoter (dark blue),
Cre recombinase (light blue) and the ‘stop’ cassette consisting of; two LoxP sites (black), the
reporter gene (lilac) and a PolyA stop signal (grey). Cre mediated recombination between the
two loxP sites excises the ‘stop' cassette (CyFP and PolyA) enabling activation of the tumour
sensitising gene (HSVtk or NTR) under the control ofthe CMV enhancer/promoter.

CMYV enhancer CMYV promoter

CyFP
LoxP ¥

LoxP
tumour sensitising gene

HSVtk or NTR

Y radiation responsive/prostate specific

enhancer/ promoter
Cre recombinase

The molecular switch construct and control vectors containing the tumour sensitising gene
under the control of the radiation responsive or prostate specific enhancer/promoters, will
initially be tested in vifro in prostate and non-prostate cell lines by fluorescence activated cell
sorter (FACS) analysis of CyFP expression, which will be lost as the ‘stop’ cassette is
excised by Cre mediated recombination, and MTT growth inhibition assays. Ifthe strategy is
effective the long-term plan is that the constructs will also be tested in vivo. PC-3 and/or
LNCaP xenografts will be propagated in BALB/c nude mice and, once the subcutaneous
tumour has reached the size of 5Smm in diameter, the adenovirus vectors will be administered
by injection directly into the tumour and/or intravenously. To determine the tumour growth
inhibition, tumour volume will be measured at regular intervals throughout the experiment
until the tumour has reached the maximum size allowable. All the mice will then be
sacrificed. Therapeutic gene expression will be assessed in the tumour and a variety of major
organs (bladder, liver, heart, brain, lung, kidney, testis, skeletal muscle, stomach, intestine,

and pancreas) by immunohistochemistry, fluorescence microscopy, or real-time RT-PCR.
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1.0 Introduction

It is envisaged that such a gene therapy approach will be fully adaptable depending on the
type of cancer it is to treat. Not only could different promoters be used to drive the
expression of Cre, but different GDEPT strategies could also be incorporated to enhance

killing efficiency, such as fusion proteins of HSVtk with CD and/or HRP.
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2.0 Materials and Methods

Chapter 2
2.0 Materials and Methods

2.1 Molecular biology

2.1.1 Enzymes

All enzymes were purchased from Promega (Southampton, UK), New England Biolabs
(Hertfordshire, UK) or Roche Applied Sciences (East Sussex, UK). Enzymes were stored at -

20°C and were used according to the conditions stated by the manufacturer.

2.1.2 Molecular biology kits

All molecular biology kits were obtained from Qiagen (West Sussex, UK). The kits used
were QIlAprep spin miniprep kit, Qiagen plasmid maxi kit, QIAquick gel extraction kit,
QIAquick PCR purification kit and DNeasy tissue kit. All procedures were carried out as

described in the appropriate protocol booklet.
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2.1.3 Vectors

Listed below are the various vectors used in this project.

2.0 Materials and Methods

Vector Description Source
pCl-nco Mammalian expression Promega
vector
] o ) Invitrogen
pBS185 Cre expression vectol (Paisley, UK)
PEGFP-1 GFP expression vector BD Biosciences Clontech
InvivoGen
pORF-HSV 1tk HSVtk expression vector (San Diego, California,
USA)
pCyFP CyFP expression vector Flavia Moreira-Leite

(PICR, Manchester, UK)

pDRIVE03-EGR-1(h) v02

WT Egr-1 expression vector

InvivoGen

pcDNA4/V5-His

Mammalian expression
vector

Invitrogen

Mammalian expression

pShuttle2 BD Biosciences Clontech
vector
pGem-T Cloning shuttle vector Promega
Gerald Verhaegh
pUCI18-PSE-2 PSE expression vector (UMC, Nijmegen, The
Netherlands)
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2.1.4 Buffers and reagents

Listed below are the various buffers and reagents used in this project. All reagents were

purchased from Sigma-Aldrich GmbH (Steinham, Germany) uniess otherwise stated.

Reagent/Buffer Constituents
0.1 M Tris-HCI, 10 mM EDTA (BDH, Poole, UK) pH 7.5,
I10xTE
Autoclave

10 x TBE 0.9 M Tris-borate, 20 mM EDTA, pH 8.3

10 X TBS 0.5 M Tris-base, 1.5 M NaCl, pH 7.5.

1 X TBST 1 X TBS, 0.1% (v/v) Tween 20

Ethidium bromide 10 mg/ml stock solution in ddH,O

Agarose gel DNA 0.25% (w/v) bromophenol blue, 0.25% (w/v) xylene cyanol, 30%

loading buffer (v/v) glycerol, 10 mM EDTA
SDS-PAGE loading 385 mg DTT, 2.5 ml of 20% SDS, 2ml of 1 M Tris-HCI pH 6.8,
buffer 3.75 ml glycerol, 1ml of 1.5% (w/v) bromophenol blue
Non-denaturing 30% (v/v) glycerol, 0.25% (w/v) xylene cyanol, 0.25% (w/v)

loading buffer bromophenol blue

Transfer Buffer 25 mM Tris-base, 190 mM glycine, 20% (v/v) methanol (BDH)

Buffer I 50 mM Tris-HCI, pH 8.3, 3 mM DTT, 1 mM EDTA
4 X Upper Tris 0.5 M Tris-HCI, 0.4% (w/v) SDS, pH 8.8
4 X Lower Tris 0.5 M Tris-HCl, 0.4% (w/v) SDS, pH 6.8
70% Ethanol 70% ethanol (BDH) (v/v), 30% (v/v) ddH,0O
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2.0 Materials and Methods

2.1.5 Oligonucleotides.

Oligonucleotide sequences used for the PCR amplification of DNA are contained within the

relevant results chapters. All oligonucleotides used in the amplification of genes were

designed to add the Kozak optimal translation initiation sequence (ACC) (Kozak 1986) 5' to

the start codon (ATG). Over 100 primers were designed for DNA sequencing to determine

correct insertion and sequence fidelity of cloned genes. These are not listed but were

designed using the following criteria:

1.

Primers were 17-28 bases in length.
Base composition was 50-60% G/C.
3" sequences ended in a GC clamp.

Melting temperature (Tm) of between 65-74°C was calculated using the
formula: Tm°C =4(G + C) +2(A +T).

Runs of three of more identical bases were avoided.

Self complementary primer sequences were avoided.
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2.2 DNA protocols

2.2.1 Oligonucleotide annealing

Annealing reactions were performed in 1 x TE buffer (section 2.1.4) using 1nmol of each
oligonucleotide in a 50 pl reaction volume. The oligonucleotides were incubated in a heat
block at 95°C for 5 min and then cooled slowly to room temperature (RT). Annealed

oligonucleotides were analysed by non-denaturing polyacrylamide gel electrophoresis
(section 2.2.8).

2.2.2 PCR amplification of DNA

Amplifications by polymerase chain reaction (PCR) were performed to generate products for
gene cloning or to screen for the presence of an insert within a newly cloned construct. Mega
mix blue taq polymerase (Flowgen, Leicestershire, UK) was used to screen for newly cloned
inserts whilst high fidelity PCRs for gene cloning were carried out using Ventg DNA
polymerase (New England Biolabs). A Hybaid Omni Gene thermal cycler (Franklin, Mass.,
USA) was used for all PCR amplifications. Amplification of 1-1.5 kb fragments employed 1
cycle for 2 min at 95°C, 35 cycles of 30 s at 95°C, 30 s / 500 bases at 55°C, 60 s at 72°C and
1 cycle of 5 min at 72°C. PCR products were purified using the QIAquick PCR purification

kit (Qiagen) according to the manufacturer’s instructions.

2.2.3 Restriction endonuclease digest

Restriction endonuclease digests of plasmid DNA or PCR products were set up according to
the conditions stated by the manufacturer. Digested DNA molecules were then purified either
by agarose gel electrophoresis (section 2.2.7 and 2.2.9), and phenol/chloroform extraction
(section 2.2.4) followed by ethanol precipitation (section 2.2.5) or using the QIAquick PCR

purification kit (Qiagen) according to the manufacturer’s instructions.
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2.2.4 Phenol/chloroform extraction

In order to remove proteins from DNA solutions after a restriction endonuclease digest, a
phenol:chloroform  extraction  procedure  was used. Equal volumes  of
phenol:chloroform:isoamylalcohol 25:24:1 (Sigma) and DNA solution were mixed
thoroughly by shaking until an emulsion formed. The mixture was then centrifuged at 15,000
x g for 1 min at RT. The upper aqueous phase was then transferred to a fresh tube, the
interface and organic phase were discarded. An equal volume of chloroform (Sigma) was
then added, mixed thoroughly and then centrifuged at 15,000 x g for 1 min at RT. The upper
aqueous phase was transferred to a fresh tube and the DNA recovered by standard

precipitation with ethanol (section 2.2.5).

2.2.5 Ethanol precipitation

Ethanol precipitation was used to recover DNA from aqueous solutions. The DNA solution
was mixed with 0.3 M sodium acetate (pH 5.2 Sigma) and exactly 2 volumes of ice-cold
ethanol (BDH). The ethanolic solution was then stored at -20°C for 15 — 30 min. The DNA
was then recovered by centrifugation at 13,000 x g for 10 min at 4°C. The supernatant was
then removed, without disturbing the DNA pellet, 600 ul of 70% ethanol was added and the
sample re-centrifuged at 15,000 x g for 10 min at 4°C. The supernatant was then removed
and the tube left open at RT until the last traces of fluid had evaporated. The pellet was then
dissolved in 1 x TE (section 2.1.4) and the DNA concentration determined using a NanoDrop

ND 1000 spectrophotometer.

2.2.6 Shrimp Alkaline Phosphatase treatment

Dephosphorylation of restriction endonuclease digested DNA products was performed using
shrimp alkaline phosphatase (Promega). Reactions were set up according to the
manufacturer’s instruction. After incubation for 1 h at 37°C the phosphatase was heat
inactivated by incubation of the reaction for 15 min at 65°C. No further purification of the

de-phosphorylated vector was necessary prior to ligation.
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2.2.7 Agarose gel electrophoresis

Agarose gels were routinely used to resolve DNA molecules by molecular weight. Different
percentage gels were made by dissolving the appropriate amount of agarose in 1 x TBE
(section 2.1.4) containing 0.5 pg/ml ethidium bromide (section 2,1.4), For the resolution of
low molecular weight DNA fragments (200 bp — 500 bp) a 3% metasieve gel (Flowgen,
Nottingham, UK) was used and for high molecular weight fragments (500 bp — 6 kb) a 1-2%
multi-purpose (MP) agarose gel (Roche Diagnostics GmbH, Mannheim, Germany) was used.
Agarose gel loading buffer (section 2.1.4) was added to samples prior to loading and 1 kb or
100 bp DNA ladders (Promega) were used to estimate the size of separated DNA fragments.
Electrophoresis was performed in 1 x TBE at 80 V for approximately 90 min. DNA bands
within the gel were visualised by UV transillumination and digitally imaged using GeneSnap

(Syngene, Cambridge, UK).

2.2.8 Non-denaturing polyacrylamide gel electrophoresis

Non-denaturing polyacrylamide gel electrophoresis was used to separate low molecular
weight (<100bp) DNA molecules. Using the BioRad mini-protean gel apparatus (BioRad,
Hemel Hempstead, UK) a 0.75 mm thick 40% (w/v) 19:1 acrylamide:bis-acrylamide
(Accugel) gel was prepared. This consisted of 5 ml Accugel (National Diagnostics, Hessle,
East Riding of Yorkshire, UK), 1 ml 10 x TBE (section 2.1.4), 100 pl 10% ammonium
persulfate (APS; Sigma), 10 pl tetramethylethylenediamine (TEMED; Sigma) and ddH,O to
10 ml. DNA samples were then mixed with non-denaturing loading buffer (section 2.1.4) and
loaded onto the gel. Electrophoresis was carried out in 1 x TBE at a constant 150 V for
approximately 60 min. The gel was then stained with 0.5 pg/ml ethidium bromide (section
2.1.4) in 1 x TBE and the DNA visualised by UV transillumination and digitally imaged
using GeneSnap (Syngene, Cambridge, UK).

2.2.9 lsolation and purification of DNA fragments

Following agarose gel electrophoresis DNA bands were excised and the DNA isolated using
a QIAquick gel extraction kit according to the manufacturer’s instructions. The DNA was

then ethanol precipitated and quantified (section 2.2.5).
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2.2.10 Ligation reactions

Ligation into T/A cloning vectors:

PCR products were initially cloned into a T/A cloning vector (pGem-T, Promega; see
appendix section 8.1) according to the manufacturer’s instructions. This was to facilitate
rapid cloning and confirmation of the fidelity of the sequence. Inserts of correctly sized
products were excised using appropriate restriction endonucleases and re-cloned into the

target vector.
Ligation into mammalian expression vectors:

Ligations into mammalian expression vectors (pCI-neo, pcDNA4/V5-His and pShuttle) were
performed using 3 : 2 molar ratio of insert : vector totalling 50 ng. Ligations were routinely
performed in a 20 pl reaction volume using T4 DNA ligase (New England Biolabs)

according to the manufacturer’s instructions.

2.2.11 Plasmid purification

Mini- and Maxi-preps were carried out to isolate plasmid DNA from transformed bacteria,
according to the Qiagen kit protocols. For mini-preps: single colonies were picked and
incubated overnight (37°C, 250 rpm) in 5 ml Luria-Bertani broth (LB-broth section 2.3.1)
containing the appropriate antibiotic (Section 2.3.1). A QIAprep spin mini-prep kit was then
used to isolate between 5 and 10 pg of plasmid DNA. For maxi-preps, a 10 ml culture was
set up and incubated for 6-8 h (37°C, 250 rpm), 5 ml of this starter culture was then used to
inoculate 400 ml of LB-broth (with antibiotics) and incubated overnight (37°C, 250 rpm). A
Qiagen plasmid maxi kit was then used to isolate the DNA yielding approximately 500 ng of
plasmid DNA. DNA concentrations were determined using a NanoDrop ND 1060
spectrophotometer and purity by restriction digest followed by agarose gel electrophoresis

(section 2.2.7) and DNA sequencing (section 2.2.12).

2.2.12 DNA sequencing

Sequencing reactions were prepared using an ABI PRISM big-dye terminator kit (PE
Biosystems, Warrington, UK) according to the requirements of the Paterson Molecular

Biology Core Facility. Samples were analysed on an ABI 3730 capillary sequencer.
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2.3 Bacteriology

2.3.1 Bacterial culture media

Media components were obtained from Difco Laboratories (West Moseley, UK) unless
otherwise stated. Luria-Bertani (LB) broth and LB-agar were used for all bacterial
preparations. All broth and agar was autoclaved at 121°C / 1.05 Kg/em? for 10 min and
stored at RT.

Media Preparation
LB-broth: 10 g bacto-tryptone, 5g bacto-yeast extract, 10g NaCl in 1 L of ddH,O
LB-Agar: Same composition as LB-broth with the addition of 10 g bacto-agar

Same composition as LB-Agar with the addition of:

5-Bromo-4-chloro-3-indolyl f-D-galactopyranoside (X-Gal) : 40 mg/ml

LB-Agar- stock solution in formamide, added to a final concentration of 50 pg/ml.
IPTG/X-gal
) [sopropyl B-D-1-thiogalactopyranoside (IPTG) : 1 M stock solution in
(Sigma) ddH,0, added to a final concentration of 0.1 mM.
Both reagents were added to media after autoclaving and cooling to below
55°C

Ampicillin : 100 mg/ml stock soln. in 50% v/v ethanol in ddH,0,
added to a final concentration of 50 pg/ml

Antibiotics Kanamycin : 25 mg/ml stock solution in ddH,0, added to a final
(Sigma) concentration of 50 pg/ml

Antibiotics were added to media after autoclaving and cooling to below
55°C. Stock solutions were stored at -20°C
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2.3.2 Transformation of bacteria

Competent DHSo cells (Invitrogen) were transformed according to the supplier’s
instructions. Transformed cells were plated at 1 x and 10 x dilutions on LB-Agar plates
containing the appropriate antibiotic (section 2.3.1) and incubated overnight at 37°C. DH5a
cells transformed with pGem-T constructs were plated on LB-Agar-X-Gal/IPTG plates with
50 pg/ml Ampicillin (section 2.3.1), enabling recombinant clones to be identified as white
colonies due to the insertional disruption of the B-galactosidase gene. White colonies were

then screened by PCR (section 2.2.2) to identify positive clones.

2.3.3 Preparation of bacterial cell extracts,

LB-broth (10 ml, section 2.3.1) was inoculated with a single DH5a bacterial colony and
grown overnight at 37°C / 250 rpm. The overnight culture was then used to seed 100 ml of
LB-broth to an optical density (ODgg) of 0.2 and incubated at 37°C with shaking until an
ODygqp of 0.6 was obtained. The culture was then centrifuged at 5,000 x g for 5 min at 4°C
and the pellet was resuspended in 50 pl of ice cold buffer I {section 2.1.4) per 1 ml culture
and sonicated in 3 x 10 s bursts. Immediately after sonication PMSF
(phenylmethylesulfonylflouride, Sigma, 8.7 mg/ml in ethanol) was added to a final
concentration of 0.5 mM and the samples were centrifuged at 13,000 x g for 10 min at 4°C.,

The supernatant was removed to a fresh tube and the samples stored on ice.
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2.4 Protein protocols

2.4.1 Bradford assay for total protein determination

Protein standards (40 pl; BSA in ddH,0) ranging in concentration from 0 - 0.1 mg/ml
(increments of 0.01 mg) were pipetted in triplicate wells on a 96-well plate. Samples were
pipetted (1 : 20, 1 : 40 and 1 : 80 dilutions in 40 pl) in triplicate on to the same plate.
BioRad/CBG reagent (200 pl) was added to each well and the resultant colour change was
measured at 620 nm using a TECAN plate reader (TECAN, Reading, UK). The protein

concentration of each sample was determined from the standard curve.

2.4.2 SDS-Polyacrylamide gel electrophoresis

SDS-PAGE was used to separate proteins by molecular weight. The BioRad mini protein gel
apparatus (BioRad) was used in this protocol. Protein samples were mixed with SDS-PAGE
loading buffer (section 2.1.4) and heated to 95°C for 5 min, then centrifuged briefly to collect
the sample. Protein samples and Precision Plus Protein size markers (BioRad) were loaded
onto a 0,75 mm thick SDS-PAGE gel. This consisted of a 10% resolving gel (2.7 ml
ProtoGel (National Diagnostics, Hull, UK), 2 ml 4 X Lower Tris (section 2.1.4), 60 pl 10%
APS (Sigma), 6 il TEMED (Sigma) and ddH,O to 8 ml) lying below a 4.5% stacking gel (1
ml ProtoGel, 1.5 ml 4 X Upper Tris (section 2.1.4), 60 pl 10% APS, 6 pl TEMED and
ddH,O to 5 ml). Electrophoresis was carried out in 1 X TBS (Section 2.1.4) at a constant 200
V for 45 min.
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2.4.3 Western blot analysis

Proteins separated by SDS-PAGE were transferred to a nitrocellulose membrane (Hybond-C-
super, Amersham Biosciences, Amersham, UK) by electroblotting, using a BioRad Mini
Trans-blot apparatus. Transfer was carried out at 100 V for 1 h in western transfer buffer
(section 2.1.4). After blotting the membrane was air dried and stored between two sheets of

Whatmann 3 MM paper at 4°C until needed.

For processing, the membranes were washed with TBST (section 2.1.4) for 5 min and then
blocked with 5% non-fat milk powder (Marvel made up in TBST) for 1 h. Membranes were
then washed twice in TBST before adding the primary rabbit polyclonal His probe (H15) IgG
antibody (1 : 2000 dilution, Santa-Cruz Biotechnology, Santa Cruz, California, USA) in
0.5% Marvel and incubating for a further 1 h. Membranes were then washed three times in
TBST and incubated with secondary goat anti-rabbit horseradish peroxidase (HRP)-
conjugated secondary antibody (1 : 2000 dilution; DakoCytomation, Ely, Cambs., UK) for a
further 1 h. Membranes were then washed three times in TBST to remove any unbound
antibodies. Bound secondary antibody was detected using Chemiluminescence blotting
substrate (Roche Diagnostics GmbH) according to the manufacturer’s instructions. Blots
were exposed to X-ray film (Fyjifilm, Bedford, UK) for between 10 s and 5 min and the film
was developed manually under safe light, scanned (Epson Expression 1600 Pro), analysed

with Adobe Photoshop version 6.0 and stored as a Tiff file.
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2.5 Cell culture work

2.5.1 Tissue culture cell lines

2.0 Materials and Methods

Listed below are the various epithelial cell lines used in this project.

Cell line Derivation Source
H460 Lung adenocarcinoma ATCC (Virginia, USA)
L M. Watson (PICR,
Hek293 Embryonic kidney Manchester, UK)
HepG2 Hepatocellular carcinoma ATCC
. » C. Hart (PICR,
LNCaP Metastatic prostate lymph node carcinoma Manchester, UK)
MCF-7 Metastatic breast adenocarcinoma ATCC
PC-3 Grade IV metastatic prqstate prostate bone ATCC
adenocarcinoma
Grade IV metastatic prostate bone o L
PC-3AR adenocarcinoma stably transfected with the K. BElms.tem (I.vaelsny
) of Miami, Florida, USA)
androgen receptor.,
! L N. Maitland (University of
PNT2C2 Normal prostatic tissue York, York, UK)
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2.5.2 Maintenance and subculture of cell lines

MCF-7, HepG2 and H460 cells were maintained in Roswell Park Memorial Institute 1640
medium (RPMI; Gibco) supplemented with 10% foetal calf serum (FCS; PAA Laboratories,
Somerset, UK) and 2 mM L-glutamine (Sigma). LNCaP cells were maintained in RPMI
complete medium supplemented with 1% v/v Hepes Buffer (Sigma) and 1% v/v Sodium
Pyruvate (Sigma). PC-3AR cells were also maintained in RPMI complete medium
supplemented with 350 pg/ml G418 (Sigma). PC-3 cells were maintained as adherent
monolayer cultures in Hams nutrient medium F12 (Hams-F12; PAA Laboratories Ltd)
supplemented with 7% FCS and 2 mM L-glutamine. Hek293 cells were maintained in
Dulbecco’s Modification of Eagles Medium:F12 (DMEM:F12; Invitrogen) supplemented
with 10% FCS and 2 mM L-glutamine. From here onwards these media will be referred to
as ‘complete medium’. All cells were grown in T75 culture flasks at 37°C in humidified air
containing 5% CO,. Cells were routinely tested for mycoplasma infections by PCR using the
VenorGeM mycoplasma detection kit according to the manufacturer’s instructions (Minerva
Biolabs GmbH, Berlin, Germany).

Cells were passaged (subcultured) by removing the culture medium and washing the
monolayer with PBS. To harvest the cells, T x trypsin-EDTA (Sigma) was added to the
culture flask and incubated at 37°C until the cells detached. Media was then added to
neutralise the trypsin-EDTA and to wash the cells from the bottom of the flask. The cells
were then centrifuged at 403 x g for 5 min at RT and resuspended in compete medium. H460,
Hek293, and HepG2 cells were diluted 1 in 20, MCF-7 and PNT2C2 diluted 1 in 10, PC-3
and PC-3AR diluted | in 5 and LNCaP cells diluted 1 in 3 and used to re-seed complete
medium in a new T-75 flask. The cells were then incubated as described above. All cell

manipulations were carried out in a class IT microbiology safety cabinet.

2.5.3 Charcoal stripped serum

For reducing the effects of hormones in media, charcoal stripped serum was used instead of
FCS. Five g charcoal (Sigma) was added to 500 ml FCS and incubated at 50°C / 150 rpm for
1 h. The FCS/charcoal solution was then centrifuged at 2197 x g for 15 min at RT and the
FCS transferred to a clean tube. In a class II microbiology safety cabinet the FCS/charcoal
solution was then filtered through 0.4 um and then 0.2 pm bottle top filters to remove all
traces of charcoal and filter sterilise. The charcoal stripped serum was then stored at -20°C in

50ml aliquots.
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2.5.4 Preparation of human cell extracts

Cell extracts were prepared for SDS-PAGE electrophoresis and western blotting. For extract
preparation, two 6 well plates were plated with cells, transfected as described in section 2.6.1
and then incubated for 24 h at 37°C. The cells were then harvested (see section 2.5.1),
pooled, centrifuged at 403 x g for 5 min at RT and washed with PBS. The cell pellet was
stored at -20°C until required.

To isolate protein the cell pellet was resuspended in 400 pl of ice cold buffer I (section 2.1.4)
with 0.5 mM leupeptin (Sigma) and 0.5 mM PMSF (Sigma). The cells were immediately
sonicated using a Heat System XL ultrasonic processor (Misonix Inc., New York, USA), set
at 4.5, using a 4 mm probe, for 3 x 5 s bursts, incubating on ice in-between each burst. The
samples were centrifuged at 13,000 x g for 10 min at 4°C. The supernatant was removed to a
fresh tube and the samples stored on ice. A Bradford assay (see section 2.4.1) was then

performed to determine protein concentration.
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2.6 Reporter gene assays

2.6.1 Transfection of cells

Transient transfections were carried out using Genejuice transfection reagent
(Novagen/Merck Biosciences Ltd, Nottingham, UK) according to the manufacturer’s
instructions. A T-75 flask of human cells was grown to confluence and the cells harvested
and counted using a haemocytometer. Triplicate 6 well plates were seeded with 2 x 10° cells
per well in complete medium and incubated overnight at 37°C. The Genejuice:plasmid DNA
mixture was then added drop-wise to the cells, distributed evenly by rocking and then

incubated for 8 h at 37°C after which the medium was renewed.

2.6.2 Irradiation of cells

Irradiation of the cells was performed approximately 8 h after transfection. The cells were
irradiated at 37°C using a ®“cobalt y-ray source at a dose rate of 0.66 Gy/min until the
required dose was achieved. In all experiments mock-irradiated controls were also used.
Following radiation treatment, cells were re-incubated until the time of the reporter gene

assay, approximately 40 h later.

2.6.3 FACS analysis

Cells were washed with PBS, and harvested as described in section 2.5.1 into 5 ml falcon
tubes. The samples were then centrifuged at 403 x g for 3 min and re-suspended in 300 pl
PBS for FACS analysis. For each sample 20,000 live cells were analysed on a Becton
Dickinson FACScan flow cytometer (BD Biosciences) with an excitation wavelength of 488
nm to read both Green Fluorescent Protein (GFP, emission maxima 507 nm) and Cyan
Fluorescent Protein (CyFP, emission maxima 475 nm). The level of GFP or CyFP expression

in live cells was determined using the Becton Dickinson CeliQuest programme.

Briefly, the distribution of GFP/CyFP fluorescence in the cell population was plotted against
the cell number on a 4-log linear scale. Cells that exhibited GFP fluorescence above a
specific intensity threshold of 10% (FL1-H 10? to 10*) were considered to show promoter
activity (see figure 2.1 for an example). The median GFP intensity or percent of GFP
expressing cells within this gate was then determined. To calculate CyFP expression the total
percentage of cells gated in R2 was measured (see figure 2.2). This is because the CyFP
signal is neither as bright nor the protein as photostable as GFP. The fold increase in
GFP/CyFP expression for each plasmid was calculated by dividing the average

percentage/median intensity of GFP/CyFP positive cells in three test samples (e.g. irradiated)
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by the corresponding value for the control samples (i.e. mock irradiated) transfected with the

same plasmid.

Figure 2.1 Example of the method used for gating live cells exhibiting GFP fluorescence. A:
R1 gate of live cells. B: R2 gate of cells positive for GFP expression. C: M2 gate of live cells
expressing GFP above the specific intensity threshold of FL1-H 102.
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Figure 2.2 Example ofthe method used for gating live cells exhibiting CyFP fluorescence. A:
Rl gate oflive cells. B: R2 gate ofcells positive for CyFP expression.
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2.6.4 MTT assay

It is generally accepted that clonogenic assays are the best measure of true cell viability.
However, such assays are very time consuming and have low throughput and due to the
number of variables that needed to be tested, a more time-efficient assay was required.
Therefore in order to determine cell growth inhibition after the administration of toxic agents
to un-transfected and transfected cells, an assay was used based on the ability of a
mitochondrial dehydrogenase enzyme in metabolising cells to cleave the tetrazolium rings of
the pale yellow substrate, 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide
(MTT), and form dark blue formazan crystals, which are largely impermeable to cell
membranes, thus resulting in its accumulation only within healthy cells. Solubilisation of the
cells by the addition DMSO resuits in the liberation of the crystals from the cells which then
dissolve in the DMSO. The colour absorbance at 595 nm can then be measured by using a
multiwell scanning spectrophotometer (TECAN reader) and the change in this absorbance is

taken as an indicator of growth.

Duplicate 6 well plates were seeded with 2 x 10° cells per well in complete medium and
incubated overnight at 37°C. The cells were then transfected as in section 2.6.1. After
transfection, gancyclovir (GCV 0-1000 pg/ml in 0.1 M HCI, Sigma) or 5-(1-Aziridinyl)-2,4-
dinitrobenzamide (CB1954 0-1000 pM in DMSO, Sigma) was added to the wells and the
plates re-incubated at 37°C for 2 to 6 days depending on cell line and drug concentration. At
the appropriate time, media was added to each well to a total volume of 6 ml and 1.5 ml
MTT (3 mg/ml MTT in PBS, stored at 4°C, Sigma) was added and the plates incubated at
37°C for 3 h. For adherent cells, the media/MTT was removed and the formazan crystals
dissolved in 2700 ul DMSO (Sigma). For non-adherent and LNCaP cells, which detach from
the plate upon addition of MTT, the cells were pelleted by centrifuging at 1600 x g for 5 min,
before dissolving in DMSQO. The crystals were then diluted (1 : 2 to 1 : 4) with DMSQ, to
within the parameters of the plate reader (OD 0.1 to 2). Each well was then transferred in 200
ul aliquots to 8 wells of a 96 well plate and the ODsos read using a TECAN plate reader. The
average ODsos of 8 wells was then calculated and averaged with the values obtained from the
duplicate well in the 6 well plate. Due to clumping of LNCaP cells it was not possible to
accurately plate 2 x 10° cells per well. Consequently, while within an experiment, equal
numbers of cells were plated in each well, it was not possible to accurately plate exactly the

same number in repeat experiments.
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Therefore, in order to compare the inhibition of cell growth between repeat experiments, the
% difference in cell growth with (w/) and without (w/o) drug in each individual experiment

was calculated using the formula:

OD w/ Drug
% Cell Growth Inhibition = ——— X 100
OD w/o Drug

All data analysis, including calculation of standard etror (SE) and Student’s two tailed T test

assuming equal variance, was performed using Microsoft Office Excel 2003.

63




3.0 Radiation responsive promoters

Chapter 3

3.0 Results: Radiation responsive promoters
3.1 Introduction

Initially the concept of controlling the molecular switch using radiation responsive
enhancer/promoters was revisited. In order to assess the levels of transcription generated
from radio-responsive enhancers, four different CArG element configurations and the wild
type Egr-1 enhancer were engineered into pCI-neo (Promega; see figure 3.1 and the appendix
section 8.2), upstream of the reporter gene GFP. These elements replaced the
immediate/early enhancer of cytomegalovirus (CMV enhancer), but retained the basal 86 bp
CMV promoter containing the transcription start site and TATA box. In addition, an
enhancer-less construct was made (pLinker-CMV-GFP) in which the CMV enhancer was
replaced with a short linker oligonucleotide (GACTAAAAAG). The four CArG
configurations and linker fragment are shown in table 3.1. E4 contains four consecutive
CArG elements of the sequence CCTTATTTGG. E4S is similar but an 8bp spacer
(AGTTACGC) separates each CArG element. E6ns2 and E9ns2 contain 6 and 9 consecutive
CArG elements of the sequence CCATATAAGG, believed to have a higher affinity for
serum response factor (SRF) binding (Soulez er al, 1996; Scott et al., 2002). The wild type
Egr-1 enhancer comprised of nucleotides -695 to -154 relative to the start of transcription of
the Egi-1 gene; NCBI accession number AJ245926 (Sakamoto et al.,, 1991; Marples ef al.,
2000; Schwachtgen et al., 2000),
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Figure 3.1 pCl-neo vector map and multiple cloning site (MCS). pCl-neo was used as the
host vector for testing radiation responsive enhancers. EcoRI/Notl restriction sites, used for
the insertion of GFP, and the Bglll/Sgfl sites, used to insert the radiation responsive
enhancers and linker thus replacing the CMV enhancer, are shown in blue. This vector also
contains a chimeric intron between the 86 bp CMV promoter and MCS, an Ampr marker for
selection in E coli and a neomycin phosphotransferase (neo) marker for selection in
mammalian cells. A more detailed map is shown in the appendix section 8.2.

Bglll 5468
CMYV Enhancer

Sgfl 665 MCS

Nhel 1086

Xhol 1092
CMYV Promoter Xhol 1092
chimeric intron Miul 1103

Xbal 1115

Ampr Sail 1121
pCI-neo Acel 1122
Snial 1128

5496 bp Notl 1132

neco
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Table 3.1 The four CArG configurations; E4, E4S, E6ns2 and E9ns2, linker oligonucleotides
and primers for PCR amplification of WT Egr-1. The CArG elements are highlighted in red
and the digested/whole Bglll and Sgfl sites, required for cloning into pCl-neo, in light and
dark blue respectively.

Synthetic Sequence Ref.
enhancer
Sense 3 GATCT CCTTATTTGG CCTTATTTGG CCTTATTTGG ~ Marples
B4 ense CCTTATTTGG CGAT 3' et ai,
2000
Anti- 5'CG CCAAATAAGG CCAAATAAGG CCAAATAAGG
sense CCAAATAAGG A 3'
5' GATCT CCTTATTTGG AGTTACGC CCTTATTTGG g oy of
Sense  AGTTACGC CCTTATTTGG AGTTACGC CCTTATTTGG ai. 2002
CGAT 3' '
E4S
Anti- 5' CG CCAAATAAGG GCGTAACT CCAAATAAGG
GCGTAACT CCAAATAAGG GCGTAACT
sense CCAAATAAGG A 3
5' GATCT CCATATAAGG CCATATAAGG Scoft ef
Sense CCATATAAGG CCATATAAGG CCATATAAGG ai, 2002
CCATATAAGG GCGAT 3'
E6ns2
Anti- 5' CGC CCTTATATGG CCTTATATGG CCTTATATGG
sense CCTTATATGG CCTTATATGG CCTTATATGG A 3'
5' GATCT CCATATAAGG CCATATAAGG Scott et
Sense CCATATAAGG CCATATAAGG CCATATAAGG ai, 2002
CCATATAAGG CCATATAAGG CCATATAAGG
CCATATAAGG GCGAT 3'
E9ns2
Anti- 5' CGC CCTTATATGG CCTTATATGG CCTTATATGG
CCTTATATGG CCTTATATGG CCTTATATGG
sense CCTTATATGG CCTTATATGG CCTTATATGG A 3'
Sense 5' GATCT GACTAAAAAG GCGAT 3' New
Linker Eggland
Anti- Biolabs
5'CGC CTTTTTAGTC A 3
sense
Sense 5' GCAGATCTCAGCCGCTCCTCCCCCGC 3' NCBI1
wIT AJ2459
Egrl  Anti- 26

5' CGGCGATCGCGCTGGGATCTCTCGCGACTCC 3
sense
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3.2 Creation of vectors

3.2.1 Control vectors pCMV-GFPand pLinker-CMV-GFP

pCMV-GFP was constructed to act both as a positive control for the irradiation experiments
and also to act as a template for the addition of the putative radio-responsive enhancer
regions in place of the CMV enhancer. GFP was excised from pEGFP-1 (see appendix
section 8.3; Clontech) by EcoRI/Notl restriction digest and cloned into the pCl-neo (see
figure 3.1) multiple cloning site (MCS) using EcoR1/Notl restriction sites. Correct insertion
of GFP was initially confirmed by PCR and restriction digest and subsequently by DNA
sequencing. The pCMV-GFP construct is shown in figure 3.2.

pLinker-CMV-GFP is an enhancer-less construct designed to act as a negative control for the
irradiation experiments. The linker was generated from annealed synthetic oligonucleotides
(see table 2.1) and introduced into pCMV-GFP using Bglll/Sgfl restriction sites thus
replacing the whole ofthe CMV enhancer region leaving only the CMV promoter (see figure
3.2). Correct insertion of the linker was confirmed by PCR, restriction digest and DNA

sequencing.

Figure 3.2 Generic vector map and MCS of pCMV-GFP, pLinker-CMV-GFP and the
radiation responsive constructs. GFP was inserted into the MCS of pCl-neo using
EcoRI/Notl restriction sites (blue). To create pLinker-CMV-GFP, pE4-GFP, pE4S-GFP,
pE6ns2-GFP, pE9ns2-GFP and pEgr-1-GFP, the linker and radiation responsive
oligonucleotides were inserted into pCMV-GFP using Bglll/Sgfl restriction sites (blue) thus
replacing the CMV enhancer. The vectors also contain a chimeric intron between the CMV
promoter and MCS, an Ampr marker for selection in E. coli and a neo marker for selection in
mammalian cells.

CMYV Enhancer/linker/E4/E4S/E6ns2/E9ns2/Egr-1

/ Sgtl 665
CMYV Promoter” thllc()zG
Amp chimeric intron Xhol 1092
EcoRI 1097

pCMV-GFP
6209 bp

neo
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3.2.2 Radiation responsive constructs

The radioresponsive elements E4, E4S, E6ns2 and E9ns2 were generated by annealing the
appropriate synthetic oligonucleotides listed in table 3.1. The Egr-1 enhancer was generated
by PCR amplification from pDRIVEO03-EGR-1(h) v02 (see appendix section 8.4; InvivoGen)
with primers designed to add Bglll and Sgfl restriction sites at the 5' and 3' ends respectively
(see table 3.1). These elements and the Egr-1 enhancer were then introduced into the pCMV-
GFP construct using Bglll/Sgfl restriction sites, replacing the CMV IE enhancer and
generating five radioresponsive promoters pE4-GFP, pE4S-GFP, pE6ns2-GFP, pE9ns2-GFP
and pEgr-1-GFP (see figure 3.2). Correct insertion of the radiation responsive elements was
initially confirmed by PCR and agarose gel electrophoresis (see figure 3.3) and subsequently

by DNA sequencing.

Figure 3.3 Agarose gel electrophoresis of PCR products from radiation responsive constructs.
Lane 1; pE4S-GFP (261 bp), lane 2 pE9ns2-GFP (289 bp), lane 3 pE4-GFP (238 bp), lane 4
pE6ns2-GFP (259 bp) and lane 5 pEgr-1-GFP (780 bp). 100 bp and 1 kb ladders were used
for determination ofthe size ofthe PCR products.

100bp Ikb
ladder 1 2 3 4 ladder
2000 bp
500 bp
1500 bp
400 bp
1000 bp
300 bp 750 bp
200 bp 500 bp
1
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3.3 Assessment of the radiation responsive constructs

Initially the conditions of transfection and growth of the cells prior to irradiation were
optimised. It was found that cells plated at a density of 2 x 10° cells/well (in a 6 well plate)
and transfected with 1 pug DNA for 8 h was ideal for maximum transfection efficiency as
determined by FACS analysis (see section 2.6.3 and figure 3.4 A). The cells were then
irradiated with 5 Gy (see section 2.6.2); a dose that has been reported to be sufficient for
activation of the radio-responsive promoters without causing excessive cell damage (Marples
et al., 2000). FACS analysis was then performed approximately 48 h after irradiation as this
time point was optimal for maximum GFP expression (see figure 3.4 B). These conditions

were maintained throughout subsequent experiments.
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Figure 3.4 - Optimisation of GFP reporter gene expression. A) MCF-7 cells transfected with
varying concentrations as indicated of the GFP reporter gene constructs pCMV-GFP,
pLinker-CMV-GFP or pE4-GFP and FACS analysed 48 h later. B) GFP reporter gene assay
performed 8 h, 24 h, 48 h and 72 h after irradiation of MCF-7 cells transfected with 1 pg of
pCMV-GFP, pLinker-CMV-GFP and pE4-GFP. The vertical bars represent the standard
error (SE) between triplicate samples.
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3.3.1 Assessment of promoters in MCF-7, PC-3 and LNCaP cells

In the first series of experiments to assess the effectiveness of the radiation responsive
promoters in vitro, MCF-7, PC-3 and LNCaP cells were cultured in oxic conditions (air i.e.
20% 0O,) and transfected in triplicate with pCMV-GFP, pLinker-CMV-GFP, pE4-GFP,
pE4S-GFP, pE6ns2-GFP, pE9ns2-GFP and pEgr-I-GFP (see section 3.2.1 and 3.2.2).

Figure 3.4 shows the median intensity of GFP expression for mock-irradiated and irradiated
MCF-7 (A), PC-3 (B) and LNCaP (C) celis transiently transfected with the various
constructs. In the absence of irradiation the removal of the enhancer region in pLinker-CM V-
GFP led to a decrease in GFP expression of 67.5%, 37.7% and 91.8% in MCF-7, PC-3 and
LNCaP cells respectively, when compared to pPCMV-mediated GFP expression. Subsequent
insertion of the radiation responsive enhancers into pLinker-CMV-GFP had either no
significant effect, or decreased or increased GFP expression depending on the cell line (table
3.2). Interestingly, when compared with Linker-CMV mediated expression all four radio-
responsive enhancers increased GFP expression in LNCaP cells by 20%, 4%, 7% and 2% for
E4, E4S, E6ns2 and E9ns2 respectively. In contrast, increases in GFP expression of 17% and
55% were only seen with the Egr-1 enhancer in MCF-7 cells and the E4S enhancer in PC-3
cells respectively. Moreover, GFP expression induced by the E4S enhancer in PC-3 cells is
comparable to that induced by the constitutively active CMV enhancer/promoter in pCMV-
GFP. With the exception of Egr-1 in MCF-7 cells, E4S in PC-3 cells and E4 in LNCaP cells,
many of these changes in GFP expression, while statistically significant, may not be
biologically relevant. Interestingly, the enhancers E4, E6ns2 and E9ns2 markedly reduced
GFP expression compared to Linker-CMV mediated GFP expression by 22%, 17% and 32%
respectively (see table 3.2).

Irradiation of MCF-7 cells transfected with all seven constructs led to a significant reduction
in GFP expression in comparison with the corresponding mock-irradiated controls (figure
3.5A). This was the equivalent to a fold change in GFP expression between mock irradiated
and irradiated transfected cells of between 0.7 and 0.9 (figure 3.6). Trradiation of transfected
PC-3 and LNCaP cell lines had no significant effect on GFP expression (figure 3.5B and C).
The exception to this was LNCaP cells transfected with pE4-GFP in which GFP expression

was enhanced 1.2 fold compared to mock irradiated cells (figure 3.6).
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Figure 3.5 GFP expression in mock-irradiated (blue) and irradiated (red) A) MCF-7, B) PC-3
and C) LNCaP cells, cultured under oxic conditions. Before irradiation with a single dose of 5 Gy
cells were transfected in triplicate with plasmids containing the GFP reporter gene controlled by
the CMV enhancer (pCMV-GFP), the CMV promoter alone (pLinker-CMV-GFP) or the
synthetic radiation responsive enhancers (pE4-GFP, pE4S-GFP, pE6ns2-GFP, pE9ns2-GFP and
pEgr-1-GFP). The vertical bars represent the standard error (SE) between triplicate samples. *
represents a significant difference compared to pLinker-CMV-GFP (P < 0.01 Two-tailed students
T test assuming equal variance).
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Table 3.2 Pre-irradiation changes in GFP expression induced by the insertion of the radiation
responsive enhancers: E4, E4S, E6ns2, E9ns2 and Egr-1, into the enhancer-less construct
pLinker-CMV-GFP (P < 0.01). The change in GFP expression is presented as a % of the
expression from the CMV enhancer/ promoter which represents 100% activity. Marked
increases in GFP expression are highlighted in red. N/S no significant difference, N/A data

not available.

Cell line

MCEF-7

PC-3

LNCaP

CMV

100%

100%

100%

Radiation responsive enhancers (versus Linker-CMV)

E4 E4S E6ns2 E9ns2 Egr-1
- 12% N/S N/S N/S + 17%
-22% + 55% - 17% -32% N/A
+20% + 4% + 7% +2% N/A

Figure 3.6 Fold change in GFP expression induced by irradiation of MCF-7 (dark blue), PC-
3 (Pale blue) and LNCaP (turquoise) cells transfected in triplicate with pCMV-GFP, pLinker-
CMV-GFP, pE4-GFP, pE4S-GFP, pE6ns2-GFP, pE9ns2-GFP and pEgr-1-GFP. * represents
a significant fold change in GFP expression between mock-irradiated and irradiated samples
(P <0.01 Two-tailed students T test assuming equal variance). N/A data not available.
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Except in one unique combination, that of pE4-GFP in LNCaP cells, these results indicate
that in MCF-7, PC-3 and LNCaP cells the five radiation responsive enhancers tested; E4,
E4S, E6ns2, E9ns2 and Egr-1 were neither consistent in their effects on the expression of
GFP compared to a construct containing no enhancer, nor were they responsive to irradiation.
The experiments conducted here were analogous to those carried out by Marples et al,
(2000; 2002) and Scott et al., (2000; 2002) in which E4, E4S, Eéns2, E9ns2 and Egr-1
radiation responsive enhancers were tested in MCF-7 cells. Their data indicates that synthetic
and wild type radiation responsive enhancers could induce between 1.5 and 3 fold increase in
the expression of GFP in response to 5 Gy irradiation. In support of this work other groups
using the Egr-1 enhancer/promoter in vitro have shown an increase in the expression of
downstream genes of between 2.5 and 17 fold in hepatoma (HepG2, Huh7 and PLC/PREF/5),
leukaemia (HL525), embryonic kidney (HEK293) glioma (U87, 9L) and glioblastoma
(LNZ308) cells exposed to between 3 and 20 Gy irradiation (Weichselbaum et al., 1994b;
Joki et al., 1995; Kawashita et al., 1999; Meyer ef al., 2002; Hsu et al., 2003; Quinones et
al., 2003). In contrast, the data presented here shows that only the E4 enhancer in LNCaP
cells is responsive to irradiation leading to a potentially biologically insignificant fold
increase in GFP expression of 1.2 after exposure to 5 Gy. GFP expression from MCF-7 and
PC-3 cells transfected with synthetic and wild type Egr-1 enhancer constructs was either

unchanged or significantly reduced upon irradiation.

The high level of GFP expression from pLinker-CMV-GFP indicates the effectiveness of the
CMV promoter alone in inducing GFP expression, in particular in PC-3 and MCF-7 cells.
This suggests that there may be transcription factors present in these cells that operate very
effectively from the promoter alone, or perhaps bind to unidentified sequences present
upstream of the enhancer/promoter region that further enhance the expression of GFP.
Interestingly, the same promoter; CMV, was used in conjunction with the radiation
responsive promoters in the Scott and Marples series of papers (Marples ef al., 2000; Scott ef
al., 2000; Greco et al., 2002b; Marples et al., 2002; Scott et al.,, 2002; Greco et al., 2005b).
However, in their studies they did not include an enhancer-less promoter as a control, which,
in the context of investigating radiation-responsive promoters, would have provided a more

appropriate indication of background fluorescence.

It was also observed that GFP expression was enhanced above that seen with pLinker-CMV-
GFP background fluorescence under mock-irradiated conditions by all four radiation
responsive promoters in LNCaP cells, as well as by the Egr-1 enhancer in MCF-7 cells and

the E4S enhancer in PC-3 cells. Taken together with the lack of any consistent effect of
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radiation, this suggests that these radiation responsive enhancer/promoters may already be
fully active in the absence of irradiation. The most extreme example of this was the pE4S-
GFP construct in PC-3 cells which produced levels of GFP expression that were higher than
the full-length CMV IE enhancer promoter. However, it is perhaps worth noting that PC-3
cells were the most effective in GFP expression from the promoter-less construct, being
about 40% less than CMV. Interestingly, this was also observed to some extent by Scott er
al., 2002 in which the radiation responsive enhancers; Egr-1, E4 and E9ns2, induced GFP
expression of between 9% and 19% that of the CMV enhancer/promoter in the absence of
irradiation. Other publications by the same group do not allude to or reveal the levels of
background fluorescence as data is presented as fold increases in GFP expression due to
irradiation (Marples et al., 2000; Scott ef al., 2000; Greco et al., 2002b; Marples et al., 2002;
Scott et al., 2002; Greco et al., 2005b).

After completion of this work two other groups have published data in support of these
findings. Schmidt et al., (2004), found that in head and neck carcinoma cell lines (HLaC79
and FaDu), the Egr-1 enhancer induced only weak reporter gene induction upon irradiation
and that there was high background expression in non-irradiated control cells. Significant
gene expression was also observed from the Egr-1 enhancer and promoter in rat
rhabdomyosarcoma (R1H) cells when used to drive GFP expression in the absence of
irradiation. While this could be significantly reduced by the insertion of insulating PolyA
signals upstream and downstream of the expression cassette, it was not completely ablated,

indicating an intrinsic leakiness of the Egr-1 enhancer/promoter (Anton et al., 2005).

It was argued that expression in the absence of radiation may have been caused by cell
growth conditions and if this could be reduced, radiation may have resulted in induction. In
attempts to reduce the levels of background fluorescence experiments were conducted in
which the cells were cultured under hypoxic (section 3.3.2) and/or serum starved (section
3.3.3) conditions. Also, because of the possibility that sequences upstream if the promoter
were effecting expression, cells were transfected with a variety of linearised plasmids
(section 3.3.4),
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3.3.2 Assessment of promaters in MCF-7, PC-3 and LNCaP cells under low oxygen

conditions

High oxygen levels are known to induce oxidative stress in cells, leading to the production of
reactive oxygen intermediates, which in turn are known to activate CArG elements (Datta ez
al., 1993; Hallahan 1996). In order to determine whether the relatively high oxygen levels
used in the initial experiments were activating the radiation responsive promoters in the
absence of irradiation, the above experiments were repeated under low oxygen conditions.
MCF-7 cells were routinely cultured in 5% O, and, as before, transfected in triplicate with
the radiation responsive promoters: pE4-GFP, pE4S-GFP, pE6ns2-GFP, pE9ns2-GFP, and
the 2 control vectors: pCMV-GFP and pLinker-CMV-GFP. The experiment was repeated
using PC-3 and LNCaP cells.

Figure 3.7 shows the median intensity of GFP expression for mock-irradiated and irradiated
MCF-7 (A), PC-3 (B) and LNCaP (C) cells grown under low oxygen conditions and
transiently transfected with the various constructs. Interestingly, when compared to culturing
under low oxygen versus oxic conditions, median GFP intensity induced by pCMV-GFP in
MCF-7 and LNCaP cells reduced from 7000 to 4000 and 2500 to 1500 respectively. In
contrast, median GFP expression of pCMV-GFP transfected PC-3 cells increased from 780
to 2250, In the absence of radiation the removal of the enhancer region in pLinker-CMV-
GFP led to a decrease in GFP expression of 62%, 58% and 84% in MCF-7, PC-3 and LNCaP
cells respectively, when compared to pCMV-mediated GFP expression. Similar to the
transfection of LNCaP cells under oxic conditions, the insertion of the radiation responsive
enhancers E4S, E6ns2 and E9ns2 into pLinker-CMV-GFP increased GFP expression by
28%, 3% and 4% respectively, however in contrast E4 decreased GFP expression by 3%,
shown in figure 3.7 and table 3.3. In addition, in PC-3 cells, the E4S enhancer had a positive
effect on GFP expression, increasing it by 25%, while the rest of the radiation responsive
enhancers E4, E6ns2 and E9ns2 induced a significant reduction in GFP expression compared
to pLinker-CMV-GFP of 16%, 10% and 29% respectively. With the exception of E4S in
both PC-3 and LNCaP cells, many of these enhancements in GFP expression, while
statistically significant, may not be biologically relevant. None of the radiation responsive

enhancers increased GFP expression in MCF-7 cells.
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Irradiation of all six constructs in MCF-7, PC-3 and LNCaP cells had no significant effect on
GFP expression compared with the corresponding mock-irradiated controls (see figure 3.6
and 3.7). The exceptions to this were MCF-7 cells transfected with pLinker-CMV-GFP and
pE4S-GFP and LNCaP cells transfected with pCMV-GFP in which GFP expression was
enhanced 1.14, 1.14 and 1.2 fold, respectively, compared to mock irradiated celis (figure
3.7).
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Figure 3.7 GFP expression in mock-irradiated (blue) and irradiated (red) A) MCF-7, B) PC-3
and C) LNCaP cells, cultured under low oxygen conditions. Cells were transfected in triplicate
with the control plasmid pCMV-GFP and pLinker-CMV-GFP, or the synthetic radiation
responsive constructs pE4-GFP, pE4S-GFP, pE6ns2-GFP and pE9ns2-GFP. The vertical bars
represent the standard error (SE) between triplicate samples. * represents a significant difference
compared to pLinker-CMV-GFP (P < 0.01 Two-tailed students T test assuming equal variance).
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Table 3.3 Changes in the expression of GFP under hypoxic conditions induced by the
insertion of the radiation responsive enhancers: E4, E4S, E6ns2 and E9ns2, into the
enhancer-less construct pLinker-CMV-GFP (P < 0.01). The change in GFP expression is
presented as a % of the expression from the CMV enhancer/ promoter which represents
100% activity. Marked increases in GFP expression are highlighted in red. N/S no significant
difference.

Radiation responsive enhancers (versus Linker-CMV)

Cell Linker-
line CMV CMV E4 E4S E6ns2 E9ns2
(vs CMV)
MCF-7 100% 38% -8% N/S N/S N/S
PC-3 100% 42% - 16% +25% - 10% -29%
LNCaP 100% 16% - 3%. + 28%, + 3% + 4%

Figure 3.8 Fold change in GFP expression induced by irradiation of MCF-7 (dark blue), PC-
3 (Pale blue) and LNCaP (turquoise) cells transfected in triplicate under low oxygen
conditions with pCMV-GFP, pLinker-CMV-GFP, pE4-GFP, pE4S-GFP, pE6ns2-GFP and
pE9ns2-GFP. * represents a significant fold change in GFP expression between mock-
irradiated and irradiated samples (P < 0.01 Two-tailed students T test assuming equal
variance).
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3.0 Radiation responsive promoters

Even under low oxygen conditions, there was a high level of background fluorescence from
both the radiation responsive promoters and the enhancer-less CMV promoter, pLinker-
CMV-GFP. This suggests that reactive oxygen intermediates may not be responsive for
activating the CArG elements in the absence of irradiation. If an assumption is made that the
putative radiation responsive promoters are already maximally operating, even under low
oxygen conditions, then only pE4S-GFP induced levels of GFP expression that were
substantially higher than those elucidated by pLinker-CMV-GFP. At 5% oxygen, pE4S-GFP
induced the highest levels of GFP expression in LNCaP and PC-3 cells, and this was in both
PC-3 and LNCaP cells. In the previous experiment at 20% oxygen pE4S-GFP also produced
the highest level of GFP expression but that was only in PC-3 cells, for LNCaP cells it was
pE4-GFP. While these maximal 1.6 to 3.4 fold increases in mock-irradiated cells are similar
to values reported in the Marples and Scott series of papers for their radiation responsive
enhancer constructs in irradiated cells (Marples et @l., 2000; Scott et al., 2000; Marples et «l.,
2002; Scott et al, 2002), the data presented here shows no consistent effects either of the

constructs or of the effect of radiation in any of the three cell lines.

The possibility cannot be excluded that even 5% oxygen was sufficient to activate the
radiation-responsive elements. However, it is still difficult to rationalise this with the high
levels of expression seen with the enhancer-less promoter, unless perhaps there were
upstream sequences that could function as occult reactive oxygen species (ROS) or indeed
serum response factor (SRF) responsive promoters, Initially, the possibility that SRF, or
other factors, present in FCS were activating the CArG elements in the absence of irradiation

were explored. After this the effect of vector linearization was examined.
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3.3.3 Assessment of promoters in MCF-7 cells starved of serum

SRF, induced by high serum levels, can bind to CArG elements and enhance the transcription
of downstream genes (Croissant et al., 1996; Soulez et al., 1996; Spencer and Misra 1996;
Arsenian et al., 1998; Spencer and Misra 1999). This could account for the high level of
background fluorescence seen in un-irradiated transfected cells. In order to test this
hypothesis, the irradiation experiments were repeated only with MCF-7 cells plated, 24 h
prior to transfection with pCMV-GFP and pE4-GFP, in RPMI complete media containing
0.5% FCS, rather than 10% FCS.

Figure 3.9 shows GFP expression in MCF-7 cells grown in high (10%) and low (0.5%)
serum media and transfected with the control pCMV-GFP and the radioresponsive enhancer
construct pE4-GFP. Under mock irradiated conditions replacement of the CMV enhancer
with E4 led to a decrease in GFP expression of 79% and 75% when cultured under 10% and
0.5% serum concentrations respectively, when compared to pCMV-GFP. This suggests that
even under low serum conditions, the radioresponsive promoter is active in the absence of
radiation. Interestingly, irradiation of the transfected MCF-7 cells led to a significant
decrease in GFP expression, for both CMV-GFP and E4-GFP, under high serum conditions,
but a significant increase of 41% and 66% (P<0.01) when cultured under low serum levels
for CMV and E4 respectively, when compared to mock irradiated cells. This was the most
substantial evidence obtained of a radiation mediated up-regulation of a radiation responsive
promoter (1.7 fold); the intact CMV enhancer/promoter also responded to radiation but this
was less extensive (1.4 fold). However, there was still a high level of background
fluorescence which was considered to be too extensive if the radiation responsive promoters
were to be suitable for use in a controlled and targeted gene therapy treatment. In addition,

the observations with the enhancer-less promoter construct still remain unexplained.

e
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3.0 Radiation responsive promoters

Figure 3.9 GFP expression in mock-irradiated (blue) and irradiated (red) MCF-7 cells
cultured under high (10%) and low (0.5%) serum concentrations. The vertical bars represent
the standard error (SE) between triplicate samples. * represents a significant difference
between mock-irradiated and irradiated samples (P < 0.01 Two-tailed students T test
assuming equal variance).
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3.3.4 Assessment of linear promoters in MCF-7 cells

Previous experiments have shown that there is a high level of background fluorescence from
the vectors containing the radioresponsive enhancer in the absence of irradiation and from
the vector containing the enhancer-less CMV promoter. The background fluorescence occurs
under both high and low oxygen and serum starved conditions, indicating that activation of
the CArG elements by oxidative stress and SRF are not solely responsible. This, and all the
previous results, suggests that either the CMV promoter alone is sufficient to drive the
expression of GFP or that there are other elements within the pCI-neo vector backbone, such
as occult promoters, that are able to elicit the expression of GFP. In order to test this
hypothesis the vectors pCMV-GFP, pLinker-CMV-GFP and pE4-GFP were digested with
Belll restriction enzyme to linearise the vectors at the 5' end of the enhancer/promoter
regions. This was considered to be an effective way of preventing read-through from the rest
of the vector. Digested constructs were purified by phenol/chloroform extraction (section
2.2.4) followed by ethanol precipitation (section 2.2.5), a sample was then analysed by
agarose gel electrophoresis (section 2.2.5) to confirm that complete linearisation of the
vectors had occurred. MCF-7 cells were transfected with either the circular or linear forms
of the three constructs and cultured in 20% O, with 10% FCS. GFP expression was then

determined in mock irradiated and irradiated cells by FACS analysis.

Following mock-irradiation, linearisation of pCMV-GFP and pE4-GFP led to a significant
increase of 25% and 32% respectively, compared to the corresponding circular plasmid
(figure 3.10). In contrast, linearisation of the enhancer-less promoter construct, pLinker-
CMV-GFP, had no effect on GFP expression resulting in a level of GFP expression that was
equivalent to that expressed by pE4-GFP in both circular and linear forms. In addition,
irradiation led either to no change or to a further reduction in GFP expression from both
circular and linear constructs. This implies that while there may be elements upstream of the
enhancer/promoter region of pCl-neo they are not interfering with the radiation inducibility
of the radio-responsive promoters nor adding to the high level of background fluorescence
seen in un-irradiated cells. However, due to the presence of only a single suitable restriction
site at the 5' end of the enhancer/promoter regions, it is conceivable that the linearised
constructs could have been re-ligated enabling read-through from the rest of the vector. On
the other hand, this religation must have been extremely efficient since the levels of GFP
expression from linear vectors were similar, if not more than, that expressed by circular

vectors.
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3.0 Radiation responsive promoters

Figure 3.10 GFP expression from mock-irradiated (blue) and irradiated (red) MCF-7 cells
transfected with circular and linear forms of the control vectors pCMV-GFP and pLinker-
CMV-GFP and the radiation responsive pE4-GFP construct. The vertical bars represent the
standard error (SE) between triplicate samples. * represents a significant difference between
mock-irradiated and irradiated cells (P < 0.01 Two-tailed students T test assuming equal
variance).
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3.4 Discussion and Conclusions

The experiments conducted were analogous to those carried out by Marples and Scott who
reported that synthetic and wild type radiation responsive promoters can induce 1.5 - 3 fold
increase in expression of downstream genes in response to irradiation (Marples et al., 2000;
Scott et al., 2000; Marples et al., 2002; Scott et al., 2002). However, in contrast to their
results, these experiments indicate that the radiation responsive enhancers were not
responsive to radiation. In addition, they exhibited a high level of background fluorescence
which appeared not to be a consequence either of oxidative stress or of SRF activation of the
CArG elements within the radiation responsive enhancers in the absence of irradiation. The
disparity between these results and those previously published may stem from the
background level of GFP expression from the enhancer-less CMV promoter. This was seen
even with a linearised vector and, assuming no extensive re-ligation of the vector had
occurred, indicates the universal presence of transcription factors that are effective even on
the CMV promoter alone. A likely candidate is the Sp-1 transcription factor which
recognises and specifically binds GC-rich sequences (Berg 1992; Kaczynski et al,, 2003). It
may therefore recognise the oligonucleotide sequence; GGGCGG, present in the CMV
promoter. Given this background expression, the development of a truly radiation-
controllable and effective system would have needed a considerable investment of time and
effort. Rather then continuing to investigate experimental conditions that may have achieved
negligible expression of GFP in the absence of radiation, but substantial level of expression
after radiation, it was decided to change tactics. Since the aim of this study was to identify a
highly controllable or tissue specific enhancer/promoter to drive the molecular switch
specifically within prostate cancer cells the radiation responsive enhancers were replaced

with prostate specific enhancer/promoters.
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Chapter 4

4.0 Results: Prostate specific promoters
4.1 Introduction

As an alternative strategy to drive the molecular switch the CMV enhancer and promoter
elements were replaced with prostate specific promoters (PSP) and enhancers (PSE). For an
in depth discussion of prostate specific promoters see section 1.4.2. After careful
consideration, the promoters selected for driving the molecular switch were PSA and hK2, as
they both contain androgen responsive elements and have been used to drive the expression
of suicide genes specifically within the prostate. DD3, a newly discovered androgen non-
responsive promoter, was also chosen as it is the most prostate cancer specific promoter
known to date. In addition, the PSA enhancer (PSE) was used as it has been well documented

to enhance prostate specificity and promoter activity,

In order to determine the most suitable prostate specific promoter/enhancer combination to
drive the molecular switch, the CMV promoter in pPCMV-GFP was replaced with PSA (-630
bp to +12 bp relative to the start of transcription of the PSA gene, NCBI accession number
U37672; Brookes et al., 1998; Suzuki et al.,, 2001), hK2 (-622 bp to +25 bp, AF113169;
Latham et al., 2000; van der Poel et al.,, 2001) or DD3 (-152 bp to +62 bp, AF279290;
Verhaegh er al., 2000). In addition, the CMV enhancer upstream of these promoters was
replaced with one or two copies of the PSA enhancer (PSE -5322 bp to -3869 bp, U37672;
Schuur et al., 1996; Brookes et al., 1998). The different prostate specific promoter/enhancer

combinations are shown in figure 4.1.
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4.0 Prostate specific promoters

Figure 4.1 Diagram ofthe prostate specific promoter and enhancer constructs used to express
the GFP reporter gene. Dark blue arrows represent the prostate specific promoters PSA, hK.2
and DD3. The red arrows represent one or two copies of the PSA enhancer (PSE) and the
green box represent the GFP reporter gene. Scale bar, 1000 bp.

PSE-PSA-GFP
PSE-hK2-GFP
PSE-DD3-GFP
PSE-PSE-PSA-GFP
PSE-PSE-hK2-GFP

PSE-PSE-DD3-GFP

1000 bp
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4.2 Creation of vectors
4.2,1 Control vectors pCMV-GFP2 and pLinker-GFP

In order to replace the CMV promoter in pCMV-GFP with prostate specific promoters, see
section 4.2.2, it was experimentally advantageous to use the Sgfl and Xhol restriction sites,
however this meant that the chimeric intron (730-1086 bp) between the CMV promoter and
MCS of pCMV-GFP was lost (see figure 4.1). In order to control for any effect this may have
on gene expression, a positive control was constructed in which the chimeric intron was
replaced with a linker. The synthetic linker (Linker 2) generated from two annealed synthetic
oligonucleotides, designed to add 5’ Sacl and 3' Nhel restriction sites (see table 4.1 linker 2),
was inserted into Sacl/Nhel digested pCMV-GFP to create pCMV-GFP2 (see figure 4.1). It
was subsequently confirmed by FACS analysis of GFP expression from pCMV-GFP and
pCMV-GFP2 transfected PC-3 cells (data not shown) that loss of the chimeric intron did not

effect gene expression.

Similarly, a negative control vector was constructed in which, based on the findings in
chapter 3, the whole of the CMV enhancer and promoter regions and chimeric intron of
pCMV-GFP was replaced with a linker to create an enhancer/promoter-less construct
(pLinker-GFP).  The synthetic linker (linker 3) was generated from two annealed
oligonucleotides (see table 4.1 linker 3) and introduced into pCMV-GFP using Bglll/Sacll
restriction sites. Correct insertion of both linkers was initially confirmed by PCR and

restriction digest and finally by DNA sequencing,
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Figure 4.1 pCMV-GFP vector map and MCS. Linker 2 was inserted into pCMV-GFP using
the Sacl and Nhel restriction sites (blue) removing the chimeric intron between the promoter
and MCS to create pCMV-GFP2. Linker 3 was inserted into pPCMV-GFP using Bglll/Sacll
restriction sites (blue) thus replacing the CMV enhancer, promoter and Chimeric intron to
create pLinker-GFP. The vectors also contain an Ampr marker for selection in E. coli and a
neo marker for selection in mammalian cells.

Bglll 6205
CMYV Enhancer
Sgfl 665 MCS
Sacl 73! Nhel 1086
Xhol 1092
EcoRI 1097
Accl 1108

Sacll 1120
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Table 4.1 Synthetic linker oligonucleotides and primers used for PCR amplification of
prostate specific enhancer/promoters. The BglII (light blue), Xbal (Red), Sgfl (dark blue),
Sacl (plum), Nhel (purple) and Xhol (green) restriction sites, required for cloning into
pCMV-GFP are shown.

Oligos Sequence
Sense 5" CGTTTAGTGAACCGTCAGATCG 3'
Linker 2
;t[:]tslé 5" CTAGCGATCTGACGGTTCACTAAACGAGCT 3’
Sense 5" GATCTGGCCAAAAAGGCCCGC 3!
Linker 3
Anti-
5 GGGCCTTTTTGGCCA 3’
sense
Sense 5 GCATAGATCTTCTAGAAATCTAGCTGATATG 3'
PSE 1 :
Anti-
5' CGATGCGATCGCAACGTTGAGACTGTCCTGGAGAC 3’
sense
Sense 5" GCATAGATCTTCTAGAAATCTAGCTGATATG 3’
PSE2
Anti-
5 CGATTCTAGAAACGTTGAGACTGTCCTGGAGAC 3’
sense
Sense 5' CGATGCGATCGCTTCCACATTGTTTGCTGCACG 3'
PSA
Anti-
5 CGCTCGAGAAAGCTTGGGGCTGGGGAGCC 3’
sense
Sense 5" GCACGCGATCGCGTGCTCACGCCTGTAATCTC 3/
hK2 ]
Anti-
5" CGCTCGAGGGTGTCCACGGCCAGGTGGTG 3
sense
Sense 5" CGGCGATCGCTGTTCAACATAGTGTGTGAACG 3’
DD3
Anti-
5" CGCTCGAGCCACACAAATCTCCCCTCTG 3/
sense
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4.2.2 Prostate specific enhancer/promoter constructs

The prostate specific promoters PSA, hK2 and DD3 were PCR amplified from human male
genomic DNA (Promega) using primers designed to add Sgfl and Xhol restriction sites to the
5" and 3' ends respectively (see table 4.1). A single copy of the PSA enhancer (PSE1) was
PCR amplified from pUC18-PSE-2 (a kind gift from G.Verhaegh, University Medical
Centre, Nijmegen, Netherlands) using primers designed to add 5' Bglll and Xbal and 3' Sgfl
restriction sites. Another copy of PSE (PSE2) was PCR amplified using primers designed to
add Bglll and Xbal restriction sites to the 5' and 3' ends respectively (see table 4.1). The
presence of a PCR product was confirmed by agarose gel electrophoresis (see figure 4.2) and
it was then purified using the Qiagen PCR purification kit. The PCR products were initially
inserted into the pGem-T shuttle vector (Promega; see appendix section 8.1) where sequence
fidelity and addition of restriction sites was confirmed before cloning into pCMV-GFP (see
figure 4.1). The Sgfl/Xhol restriction sites were used for the promoters, the Bglll/Sgfl
restriction sites for the PSEl and the Bglll/Xbal restriction sites for PSE2, thus removing the
Bglll site between PSEl and PSE2 (see figure 4.2). Correct insertion and sequence fidelity of

the promoters and enhancers was confirmed by PCR, restriction digest and DNA sequencing.

Figure 4.2 Agarose gel electrophoresis of PCR products of the prostate specific promoters
and enhancers. Lane 1; PSA (642 bp), Lane 2 hK.2 (647 bp), lane 3 DD3 (214 bp) and lane 4
PSE (1453 bp). A 1kb ladder was used for determination ofthe size ofthe PCR products.

kb
ladder 1 2 3 4 MW
3000 bp

2000 bp
1500 bp

1000 bp
750 bp

500 bp

250 bp
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Figure 4.3 Vector map of pPSE-PSE-PSA/hK2/DD3-GFP. The prostate specific promoters:
PSA, hK.2 and DD3 (dark blue), were all inserted into pCMV-GFP using Sgfl and Xhol sites.
PSEl (red) was then inserted using Bglll (underlined) and Sgfl sites adding the Xbal site.
PSE2 (red) was then inserted using Bglll and Xbal sites thus removing the underlined Bglll

site. The vector also contains an Amprmarker for selection in E. coli and a neo marker for
selection in mammalian cells.

Bglll 1
PSE2 Belll 1462
/Xbal 1468
Ampr
PSE1
neo —Sgfl 2927
PSA/hK2/DD3
A Fp \ NXhol 3573
Notl 4350 EcoRI 3578

pPSE-PSE-PSA/Hk2/DD3-GFP
8257 - 8685 bp
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4.3 Assessment of prostate specific enhancer/promoters

In order to determine the appropriate prostate specific enhancer/promoter combination it was
necessary to compare the activity of the different promoters both within the same cell line
and between different cells lines of both prostate and non-prostate origin. This was carried
out using the following cell lines: three prostate adenocarcinoma cell lines; PC-3, LNCaP,
and PC-3AR (PC-3 cells stably transfected with the androgen receptor), the non-cancerous
prostate cell line; PNT2C2, and four non-prostate cell lines HepG2 (hepatocellular
carcinoma), H460 (lung adenocarcinoma), Hek293 (embryonic kidney) and MCF-7 (breast
adenocarcinoma). All experiments were conducted using charcoal stripped FCS which has
lipophilic material removed thus reducing the serum concentration of hormones such as
testosterone, estradiol and progesterone. This enabled the examination of the effects of added
testosterone on the prostate specific enhancer/promoters. To determine the transfection
efficiency of the different cell lines, a preliminary experiment was conducted, analogous to
the mock-irradiated radiation responsive promoter experiments described in chapter 3. In
this, the above cell lines were cultured under oxic conditions, plated in triplicate at a density
of 2 x 10° cells and transfected with 1 pg of the positive control vector pCMV-GFP2. As
previously described, this vector contains the constitutively activating CMV
enhancer/promoter thus giving an indication of the maximum GFP expression a cell line is
capable of achieving. GFP reporter gene expression was then measured 48 h later. The

experiment was repeated on three separate occasions.

The average percentage of cells expressing GFP (see figure 4.4) is a combined indication of
the transfection efficiency in a particular experiment and the ability of the different cell lines
to activate gene expression from plasmid DNA. It was found that this was not only
inconsistent between the repeat experiments of the same cell line (shown by the SE bars) but
also varied considerably between different cell lines. For example, 99% of transfected
Hek293 cells were GFP positive, indicating a very high transfection efficiency, whereas only
41% MCEF-7 cells were GFP positive. Thus it was not possible to make a direct comparison
between the different cell lines. Therefore the % of cells expressing GFP from the promoter
in pCMV-GFP2 transfected cells was used as a reference, and defined as a transfection

efficiency of 100% to which all the other vectors were compared.
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Figure 4.4 GFP expression (as a % of viable FACS sorted cells) of H460, HepG2, Hek293,
MCF-7, PNT2C2, PC-3, PC-3AR and LNCaP cells transfected with pCMV-GFP2. The
vertical bars represent the SE between 3 separate experiments performed in triplicate.

H460 HepG2 Hek293 MCF-7 PNT2C2  PC-3 PC-3AR LNCaP
Cell Line
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4.3.1 Assessment of specificity of the prostate specific enhancer/promoters

In order to assess the prostate cell specificity of all the constructs, H460, HepG2, MCF-7,
PNT2C2, PC-3, PC-3AR and LNCaP cells were transfected in triplicate with the control
vectors, pCMV-GFP2 and pLinker-GFP, and the six different prostate specific
enhancer/promoter constructs (see figure 4.1). Hek293 cells were transfected with the two
most promising constructs, pPSE-PSE-PSA-GFP and pPSE-PSE-DD3-GFP and the control
vectors, pCMV-GFP2 and pLinker-GFP. Experimental conditions were identical to those
employed in the transfection efficiency experiment (section 4.3). Each experiment was

repeated on three separate occasions.

Remarkably the enhancer/promoter less construct, pLinker-GFP, induced high levels of
background GFP expression of between 13% and 77% of pCMV-GFP2 transfected cells for
H460, HepG2, Hek293, MCF-7, PNT2C2, PC-3 and PC-3AR cells (see figure 4.5). In
LNCaP ceils, the background fluorescence was 0.2% compared to the CMV
enhancer/promoter, in comparison the prostate specific promoters induced GFP expression of
between 1 and 4%, this is the equivalent of an increase above background fluorescence of
between 5 and 23 fold. However, these enhancements in GFP expression are not significant
due to the low levels of expression and variation between repeat experiments. In all other cell
lines, the prostate specific enhancer/promoters either reduced or had no significant effect (P

<0.01) on GFP expression compared to pLinker-GFP.

In summary, these data indicate that although the prostate specific enhancer/promoters are
not active in all prostate cell lines, they are tissue specific as GFP expression does not exceed
background fluorescence in non-prostate cell lines. However, the high level of GFP
expression from pLinker-GFP indicates that there may be elements within the pCl-neo
backbone that are able to induce GFP expression, thus masking any induction from the
relatively weak prostate specific enhancer/promoters. Interestingly, this high background
fluorescence is not seen in LNCaP cells suggesting that it is induced by cell-specific

transcription factors.
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In support of these observations, other groups have shown that the PSA promoter coupled to
a PSE or PSE-PSE induced minimal GFP expression in LNCaP cells of 0.9% and 4%
respectively compared to the CMV enhancer/promoter, while GFP expression in PC-3 and
non-prostate cell lines was less than 0.2% (Latham et al.,, 2000; Yoshimura et al., 2002). In
addition, Pang ef al., (1995; 1997) show that an enhancer/promoter less construct, similar to
pLinker-GFP, can induce the expression of the reporter gene luciferase, and that luciferase
expression driven by CMV enhancer/PSA promoter constructs in non-prostate cell lines was
within the range of this negative control. In contrast other groups have shown that PSE-PSA
can induce high levels of downstream reporter expression of up to 72 fold compared to the
PSA promoter alone (Schuur et al, 1996), and that PSE-PSA, PSE-hK2, and PSE-DD3

showed leaky expression in non-prostate cell lines (van der Poel ef al., 2001).
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Figure 4.5 GFP expression from H460, HepG2, Hek293, MCF-7, PNT2C2, PC-3, PC-AR
and LNCaP cells transfected with plasmids containing the GFP reporter gene controlled by
the CMV enhancer/promoter (CMV), no enhancer/promoter (Linker) or the prostate specific
enhancer/promoter combinations (PSE-PSA, PSE-hK2, PSE-DD3, PSE-PSE-PSA, PSE-
PSE-hK2, and PSE-PSE-DD3). GFP expression is presented as a % of that in pCMV-GFP2
transfected cells. The vertical bars represent the SE of 3 separate experiments performed in

triplicate.

97




4.0 Prostate specific promoters

Hi*nn

8 & O % WY

(AWO %) U0iss9jdx3 JJO

98



4.0 Prostate specific promoters

4.3.2 Assessment of androgen sensitivity of prostate specific enhancer/promoters

The previous experiment was conducted in the absence of androgen and in charcoal stripped
serum. However, the PSE enhancer and the PSA and hK2 promoters all contain androgen
responsive elements (ARE) that are up regulated in response to the binding of androgen to
androgen receptors (AR) on the cell surface (Riegman et al,, 1991a; Riegman et al., 1991b;
Murtha et al., 1993; Cleutjens et al., 1997a). It may therefore be possible to enhance gene
expression and tissue specificity in LNCaP and PC-3AR cells, the only prostate cell lines
available that contain AR, by adding androgen to the culture media. In order to test the
androgen responsiveness of the different cell lines the above experiment was repeated in the
presence and absence of dihydrotestosterone (DHT) in three separate experiments. Since the
physiological range of DHT in the prostate of human males is between 4.5 and 18 nM (Pang
et al., 1995), cells were cultured with 10nM DHT (dissolved in ethanol), the same amount of

ethanol was added to non-DHT treated cells as a vehicle control.

In the presence of DHT the enhancer/promoter less construct, pLinker-GFP, induced high
levels of background GFP expression of between 14% and 85% of pCMV-GFP2 transfected
cells for H460, HepG2, Hek293, MCF-7, PNT2C2, PC-3 and PC-3AR cells (see figure 4.6),
this is similar to the level of background fluorescence in the absence of DHT seen in figure
4.5. In the AR positive LNCaP cells treated with DHT, the background fluorescence was 2%
compared to the CMV enhancer/promoter, however, the expression of GFP from constructs
containing prostate specific promoter/enhancer combinations was significantly increased to
26 - 56% of that with the CMV enhancer/promoter (see figure 4.6) compared to 1 - 4% in
untreated cells (figure 4.5). This is the equivalent to an increase in GFP expression due to
androgen treatment of 34 to 276 fold compared to pCMV-GFP and pLinker-GFP which
induced a non significant fold increase of 1.4 and 1.1 respectively (see figure 4.7). Due to
large standard error between repeat experiments there was no significant difference between
the ability of the six different prostate specific promoters to drive GFP expression. The AR
negative cell lines (H460, HepG2, Hek293, MCF-7 and PNT2C2) were unresponsive to
androgen showing no significant increase in GFP expression above background fluorescence
(figure 4.6) and a fold induction of 0.8 - 2 (figure 4.7) for all the prosiate specific
enhancer/promoters and the control vectors pPCMV-GFP and pLinker-GFP. Surprisingly, and
in contrast to previous literature, the PC-3 cell line stably transfected with the AR (PC-3AR)
was also unresponsive to androgen even though it is well documented to be androgen
responsive (Le Dat et al., 1996; Gkonos et al., 2000; Terouanne et al., 2000; Granchi et al.,
2001; Murthy ef al., 2003; Pandini ef al., 2005). Due to time constraints, it was not possible
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to investigate this further, for example by RT-PCR or immunostaining, however one likely

possibility is that the transgene had been down regulated.

In support of this work, other groups have shown that the addition of between 1 nM and 10
nM DHT to transfected LNCaP cells, the PSA or hK2 promoter linked to a single PSE
enhancer can enhance gene expression by 9 to 30 fold; however two PSE enhancers can
further enhance gene expression by as much as 185 fold. This is the equivalent of increasing
gene expression from between 0.9% and 4% to between 2.5% and 75% that of the CMV
enhancer/promoter. In addition, minimal expression was seen in PC-3 cells and non-prostate
cell lines, such as MCF-7, HepG2, R11, HeLa, Hek293 and T24 (Schuur et al, 1996;
Brookes et al.,, 1998; Gotoh et al., 1998; Latham ef al., 2000; Wu et al., 2001; Xie et al.,
2001; Yoshimura et al., 2002; Tsui et al., 2004). Moreover, Pang ef al., (1997) developed a
construct similar to pPSE-PSA-GFP that induced a 1000 fold increase in gene expression in
response to 10 nM DHT. However, in their construct the final base of the ARE in the PSE
(GGAACALtatTGTATC) was mutated from C to T making it more similar to the ARE found
in the PSA promoter. Whether this difference is due to a mutation in the ARE sequence or
due to variations in the activity of promoters under different experimental conditions, would
be worth further investigation. Interestingly, MCF-7 cells, known to contain very low levels
of AR, were not responsive to androgen in either my experiments or those conducted by
Pang et al., (1995), Brookes et al., (1998), Xie et al., (2001) and Wu et al., (2001). This has
also been shown for Hela cells, which possess functional AR (Pang et al., 1997). Taken
together, it suggests that tissue specific factors other than an AR are required for activating

the regulatory sequences of PSE, PSA and hK2 in LNCaP cells.

In conclusion, the prostate specific promoters appear to be tissue specific in the presence of
androgen, in as much as they induced a very high level of GFP expression above background
only in LNCaP cells. However, there was still a very high level of background fluorescence

in non-prostate cell lines; attempts to reduce this were therefore undertaken.
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Figure 4.6 GFP expression in H460, HepG2, Hek293, MCF-7, PNT2C2, PC-3, PC-AR and
LNCaP cells treated with 10 nM DHT and transfected with plasmids containing the GFP
reporter gene controlled by the CMV enhancer/promoter (CMV), no enhancer/promoter
(Linker) or the prostate specific enhancer/promoter combinations (PSE-PSA, PSE-hK2, PSE-
DD3, PSE-PSE-PSA, PSE-PSE-hK2, and PSE-PSE-DD3). GFP expression is presented as a
% of that in pCMV-GFP2 transfected cells. The vertical bars represent the SE of 3 separate
experiments performed in triplicate. * and ** represent a significant difference compared to
pLinker-CMV-GFP (P < 0.01 and P < 0.05 respectively, Two-tailed students T test assuming

equal variance).
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Figure 4.7 Fold increase in GFP expression due to the addition of 10 nM DHT to H460,
HepG2, Hek293, MCF-7, PNT2C2, PC-3, PC-AR and LNCaP cells transfected with
plasmids containing the GFP reporter gene controlled by the CMV enhancer/promoter
(CMV), no enhancet/promoter (Linker) or the prostate specific enhancer/promoter
combinations (PSE-PSA, PSE-hK2, PSE-DD3, PSE-PSE-PSA, PSE-PSE-hK2, and PSE-
PSE-DD3). The vertical bars represent the SE of 3 separate experiments performed in
triplicate. * and ** represents a significant difference compared to pLinker-CMV-GFP (P <

0.01 and P < 0.05 respectively, Two-tailed students T test assuming equal variance).
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4.3.3 Assessment of GFP expression from linearised prostate specific constructs

Similar to the problems encountered using radiation responsive promoters, a high level of
background has also been observed using the prostate enhancer/promoters, indicating a
problem with leaky expression from the pCl-neo backbone. In order to test this hypothesis
pLinker-GFP was digested with Bglll to linearise the vector at the 5' end of the Linker-GFP
region with the intention of preventing read-through from the rest of the vector. Digested
constructs were purified by phenol/chloroform extraction (section 2.2.4) followed by ethanol
precipitation (section 2.2.5), a sample was then analysed by agarose gel electrophoresis
(section 2.2.5) to confirm that complete linearisation of the vectors had occurred. Hek293
and PNT2C2 cells, previously shown to induce high levels of pLinker-GFP mediated
background fluorescence, were then plated and transfected with circular pCMV-GFP2,
pLinker-GFP and Bglll-linearised pLinker-GFP. The experiment was repeated 3 times on

separate occasions.

Figure 4.8 shows the % GFP expression compared to pCMV-GFP2 of circular and linear
pLinker-GFP constructs in Hek293 and PNT2C2 cells. While the level of GFP expression
from circular pLinker-GFP was similar to that seen in the previous experiments (38% and
87% compared to 37% and 77% in figure 4.5 for Hek293 and PNT2C2 cells respectively),
linearization significantly reduced GFP expression by 20% and 67%. Assuming that there
has been no extensive religation of the vector, these results, combined with those by Pang et
al.,, (1995), support the suggestion that there are additional elements within the vector
backbone, in this case pCl-neo, capable of inducing GFP expression and that these elements
operate with different efficiencies in different cell lines, presumably as a consequence of

differential expression of the appropriate transcription factors.
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Figure 4.8 GFP expression from Hek293 and PNT2C2 cells transfected with pCMV-GFP2,
pLinker- GFP and Bglll-linearised pLinker-GFP. GFP expression is represented as a % of
pCMV-GFP2 transfected cells. The vertical bars represent the standard error (SE) between 3
separate experiments performed in triplicate. * represents a significant difference circular and
linear pLinker-GFP transfected cells (P < 0.01 Two-tailed students T test assuming equal
variance).
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4.4 Discussion and Conclusions

These results indicate that, while the prostate specific enhancer/promoters are highly
sensitive to androgen, at least in the AR expressing cell line LNCaP, there is still a high level
of fluorescence in non-prostate cells from both prostate specific constructs and the
enhancer/promoter-less construct. This background expression has meant that it has not been
possible to determine which construct is the most prostate cell specific. However, the high
androgen inducibility of these constructs above background florescence and their previously
well documented prostate specificity (Pang et al., 1995; Lee ef al., 1996; Schuur et al., 1996;
Pang et al., 1997; Brookes et al., 1998; Gotoh et al.,, 1998; Latham et al., 2000; Verhaegh ef
al., 2000; Wu et al,, 2001; Xie et al., 2001; Lee et al., 2002a; Yoshimura et al., 2002; Tsui ef
al., 2004) suggest that they are suitable candidates for driving the molecular switch. In
addition, PSA based prostate specific promotets have been used successfully in vivo and in
clinical trials to drive therapeutic gene expression (Rodriguez et al., 1997; Gotoh et al., 1998;
Martiniello-Wilks et al., 1998; Latham et al., 2000; Shirakawa et al., 2000; Park et al., 2003;
Hsieh et al., 2004). Taken together this indicates that the problem probably lies, not in the
prostate specific elements, but in the pCI-neo vector system. Linearisation of all the vectors
and repetition of the experiments was one practical approach to this, however, since
linearisation of pLinker-GFP did not completely ablate the expression of GFP, probably due
to religation (though this hypothesis was not tested), this may not have provided any useful
information. To avoid the pCl-neo backbone completely, it was considered feasible and
practical to construct the molecular switch in the adenoviral vector pShuttle2 (BD
Bioscience, Clontech). pShuttle2 was specifically designed for the incorporation of DNA into
an adenovirus by exploiting unique restriction endonuclease sites rather than LoxP
recombination. This would ensure that only the essential elements of the molecular switch
are incorporated into the adenovirus so that there should be no non-specific gene activation.
In addition, it was envisaged that the adenovirus would substantially enhance the transfection
efficiency of mammalian cells, both in vitro and in vivo. This approach is considered in

chapter 6.
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Chapter 5
5.0 Results: GDEPT

5.1 Introduction

The aim of the molecular switch is to drive GDEPT specifically within prostate cells leading
to cell kill. It was therefore important to determine which enzyme/prodrug system was
optimal under the experimental conditions employed. HSVtk/GCV and NTR/CB1954
systems have both been shown to efficiency kill LNCaP and PC-3 cells (Eastham ef al.,
1996; Blackburn ef al., 1998; Gotoh et al., 1998; Martiniello-Wilks et al., 1998; Blackburn et
al.,, 1999; Latham et al.,, 2000; Shirakawa et al.,, 2000; Djeha et al, 2001, Loimas et al.,
2001; Pramudji er al., 2001; Yoshimura et al., 2001; Freytag et al., 2002b; Ikegami et al.,
2002; Read et al., 2003). However, they have very different mechanisms of action. HSVtk
converts the prodrug gancyclovir (GCV) into a nucleoside analogue that is incorporated into
DNA during cell division resulting the chain termination and subsequent cell death. It
therefore relies on the cells actively dividing during exposure. In contrast NTR activates the
prodrug CB1954 and this generates crosslinks in DNA. This system does not require the cells

to be actively dividing for apoptosis to be initiated.

There are no literature reports on a direct comparison of the effectiveness of these two
GDEPT systems in prostate cell lines. Therefore, HSVtk/GCV and NTR/CB1954 were tested
in both the non-prostate cell line H460, because it is fast growing and highly transfectable,
and the prostate cell lines; PC-3 and LNCaP. Vectors were used in which the expression of
HSVtk and NTR was controlled by the CMV promoter. Histidine (His)-Tag fusion genes
encoding HSVtk and NTR were also generated so that expression of the enzymes in
mammalian cells could be confirmed by western blot analysis using anti-His antibodies, and
an MTT assay (see section 2.6.4) was used to determine cell growth inhibition after prodrug

treatment.
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5.2 Creation of vectors

5.2.1 Production of His-tagged HSVtk and NTR fusion proteins

In order to visualise the expression of HSVtk and NTR in mammalian cells, the His-Tag
fusion system, using the pcDNA4/V5-His mammalian expression vector (Invitrogen, see
figure 5.1), was adopted. The HSVtk and NTR cDNA were inserted upstream of and in
frame with a C-terminal His-tag consisting of 6 histidine residues. To achieve this, HSVtk
and NTR c¢cDNA were PCR amplified from pORF-HSVI1tk (see appendix section 8.5;
InvivoGen) and Escherichia coli genomic DNA (DH5a, Invitrogen, see section 2.3.3) using
primers designed to introduce both 5' EcoRI and 3’ Notl restriction sites at the ends of the
genes. Furthermore, the 3' primer was designed to eliminate the HSVtk and NTR stop
codons, to enable transcription of the gene fused to the His-tag. Additional bases were also
added to the 3' primer so that the ORF of the gene was in frame with the His-Tag (see table
5.1 HSVtk-His and NTR-His). HSVtk and NTR c¢DNAs were initially inserted into the
pGem-T shuttle vector, where sequence fidelity and addition of restriction sites was
confirmed, prior to cloning into pcDNA4/V5-His using the EcoRI/Notl restriction sites (see
figure 5.1) to create pcDNA4-HSVtk-His and pcDNA4-NTR-His. Correct insertion was
confirmed by PCR and DNA sequencing.

109




5.0 GDEPT

Figure 5.1 pcDNA4/V5-His vector map and MCS used to generate the fusion proteins of
HSVtk and NTR with the His-tag. The EcoRI/Notl restriction digest sites used to insert
HSVtk and NTR cDNA are shown in blue. The 6 x His-tag antibody epitope for the detection
of expressed proteins by western blot analysis is shown in dark red and the stop codon (TGA)
is highlighted in yellow. The vector also contains an Ampr marker for selection in E. coli.

MCS
CMYV enhancer Nhel 895
Pmel 902
Hindlll 911
Kpnl 917
CMYV promoter BamHI 929
EcoRI 952
6 x His Pstl 957
EcoRV 962
Notl 978
Xhol 985
Xbal 991
pcDNA4/VS5-His
5088 bp
Nhel Pmel Hindi Il Kpnl BamHI

% GCTAGCGTTT” AACTTAAIGCTTGGFACCGAGCTCGG TCCACTAG

EcoRI Pstl EcoRV Notl

s0 tccagtgtggtggtattctgcalgattccagecacagtggcelggecg

Xhol Xhal

885 cirOCAGITCTAGAGGIOCCTTUGAAGGTAAGCCTATUOCTAACCCT

6 x His
920 CTCCTCGGTCTCGATTCTACGCGTACCGGTCATCATCACCATCAC

Stop
965 CATTG A

27 amino acids
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Table 5.1 Oligonucleotides used for PCR amplification of HSVtk and NTR as in frame His-
tag fusions in pcDNA4/V5-His (HSVtk-His and NTR-His) and insertion into pCl-neo
(HSVtk and NTR). EcoRI and Notl restriction sites are shown in grey and light blue
respectively. The initiation Kozac and start codons (ACC ATG) and stop codons (TCA and
TTA) are highlighted in yellow. Additional bases required to make in frame HSVtk and NTR
His-Tag fusion proteins are underlined.

Oligos Sequence
Sense 5' GGGAATTCACC ATG GCT TCG TAC CCC TGC C 3
HSVtk-
5" ATGCGGCCGCAG GTT AGC CTC CCC CAT CTC CCG G ¥
sense
NTR- Sense 5' CGGAATTCACC ATG GAT ATC ATT TCT GTC GCC 3'
His
Anti- 5" TAGCGGCCGCAG CAC TTC GGT TAA GGT GAT GTT TTG 3
sense /
Sense 5'GGGAATTCACC ATG GCT TCG TAC CCC TGC C 3'
HSVtk Anti-
sense 5" ATGCGGCCGCTCA GTT AGC CTC CCC CAT CTC C ¥
Sense 5' CGGAATTCACC ATG GAT ATC ATT TCT GTC GCC 3'
NTR

Anti- 5' TAGCGGCCGC TTA CAC TTC GGT TAA GGT GAT GTT TTG

1
sense 3

5.2.2 Production ofvectors for MTT assay

Although the His-tag vectors constructed in section 5.2.1 could, in theory, be used for the
MTT assay, in order to ensure that the His-tag did not have any effect on the functional
activity of the expressed proteins additional vectors were constructed in pCl-neo without a
His-tag. HSVtk and NTR c¢cDNA was PCR amplified as in section 5.2.1 using primers
designed to add EcoRI and Notl restriction sites at the 5' and 3' ends respectively and a 5’
TAA stop codon (see table 5.1 HSVtk and NTR). HSVtk and NTR were initially inserted
into the pGem-T shuttle vector where sequence fidelity and addition of restriction sites was
confirmed before cloning into pCl-neo using the EcoRI/Notl restriction sites (see figure 3.1)

to create pPCMV-HSVtk and pCMV-NTR.
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5.3 Experiments to assess the expression and functionality of HSVtk and NTR

5.3.1 Western blot analysis ofthe expression of HSVtk and NTR

In order to confirm that HSVtk and NTR were being expressed in human cells, pcDNA4V5-
HSVtk-His and pcDNA4V5-NTR-His (described in section 5.2.1) were transfected into
H460, PC-3 and LNCaP cells (as described in section 2.6.1). After incubation at 37°C for 24
h, the cells were harvested, extracts prepared and proteins separated by SDS PAGE (see
sections 2.5.4, 2.4.1 and 2.4.2). Expression of the His fusion proteins was then assessed by
western blot analysis, using an anti-His antibody (Santa Cruz, as described in section 2.4.3).
The estimated molecular weight of HSVtk and NTR are 42 kDa and 25 kDa respectively. As
shown in figure 5.2A, although several cross reacting bands were seen, in H460 cells there
were bands that corresponded to the correct molecular weights of HSVtk-His and NTR-His
confirming that the expression of HSVtk and NTR had occurred. However, in PC-3 and
LNCaP cells while there was expression of HSVtk there was no detectable expression of

NTR.

Figure 5.2 Western blot analysis of cell extracts (equivalent to 40 pg of total protein per lane
as determined by a Bradford assay) from H460, PC-3 and LNCaP cells. Lane I; control un-
transfected cell extract, Lane 2; pcDNA4V5-HSVtk-His transfected and lane 3; pcDNA4V5-
NTR-His transfected. To determine protein sizes the precision plus protein dual colour
standard was used (PS).

H460 PC-3 LNCaP
PS 1 2 3 1 2 3 12 3
100
75—
50 - HSVik-His
37
20
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5.3.2 Assessment of the activity of HSVtk and NTR

In order to determine the biclogical effect of expression of the vector-encoded proteins
expressed in H460, PC-3 and LNCaP cells an MTT assay was performed to measure cell
growth inhibition afier treatment of transfected cells with GCV and CB1954. The cells were
plated at a density of 1x10°cells/well in 6 well plates and then transfected in duplicate 24 h
later with 1 pg pCMV-HSVtk or pCMV-NTR DNA. After an 8 h incubation at 37°C the
media was changed and GCV (in 0.1 M HCI, final concentration 0-1000 ng/ul) and CB1954
(in DMSO, final concentration 0-1000 uM) added. Controls involved equivalent volumes of
0.1 M HC! or DMSQO. In preliminary experiments with cells transfected with pCMV-HSVtk,
the optimum time for the MTT assay was found to be 4 days for H460, 5 days for PC-3 and 7
days for LNCaP cells (data not shown). This variation was due to the differences in rates of
cell division of the three cell lines. In contrast, all cells transfected with pCMV-NTR were
incubated for 48 h prior to MTT assay as cell division is not necessary for the generation of

potentially lethal DNA lesions from CB1954 activation.

pCMV-HSVtk transfected H460 cells were sensitive to GCV; 10 ng/ul GCV led to an 86%
reduction in cell growth. In comparison control cells were insensitive to GCV at this
concentration. However, control cell growth rapidly dropped by 28% and 73% at 100 ng/ul
and 1000 ng/ul GCV respectively (figure 5.3A). In contrast, pPCMV-HSVtk transfected PC-3
cells were less sensitive to GCV; 10 ng/pl GCV led to a 48% reduction in cell growth.
However, at this concentration control cell growth was reduced by 12% (figure 5.3B).
Similarly, LNCaP control cells were also sensitive to GCV with cell growth mimicking that
of pCMV-HSVtk transfected cells. However, at a concentration of 100 ng/ul GCV the cell
growth in control and pCMV-HSVtk transfected cells was reduced by 28% and 50%
respectively (figure 5.3C). In support of these observations other groups have shown that 10
ng/pl GCV reduced cell growth by 80% and 20% to 55% for HSVtk transfected H460 and
PC-3 cells respectively (Eastham et al, 1996; Katabi et al, 1999; Loimas et al., 2001;
Pramudji et al., 2001). In contrast, 10 ng/pl GCV has been shown to reduce LNCaP cell
growth by 25 to 92% (Pramudji er al, 2001; Suzuki et al, 2001; Ikegami et al, 2002),
whereas other groups have shown that only 1 ng/ul reduces cell growth by 40% (Yoshimura
et al., 2001; Freytag et al., 2002b)
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H460 cells were sensitive to increasing doses of CB1954, however, when transfected with
pCMV-NTR cell growth rapidly reduced. At a dose of 10 uM CB1954, cell growth reduced
by 20% and 62% for control and pPCMV-NTR transfected cells respectively (figure 5.4A). In
contrast, PC-3 and LNCaP control cells were relatively insensitive to CB1954, even at a
concentration of 100 uM CB1954, cell growth was only reduced by 11% and 12% for PC-3
and LNCaP cells respectively. However, while pPCMV-NTR transfected PC-3 cells were very
sensitive to CB1954; a dose of 10 puM led to a 61% reduction in cell growth, LNCaP cells
required a higher dose of 100 uM to reduce cell growth by only 21% (figure 5.4B and C).
While no data has been published on the response of H460 cells to NTR/CB1954 therapy,
Read et al., (2003) showed that 10 pM CB1954 reduced the cell growth of NTR {iransfected
PC-3 cells by 25-80%. In contrast to my data, Latham et al, (2000) showed that NTR
transfected LNCaP cells were more sensitive to CB1954; 10 uM CB1954 induced a

reduction in cell survival of 88%, and a dose of 100 uM reduced cell survival to 0%.

Assuming the levels of expression of the normal and His-tagged fusion proteins were similar,
the results suggest that westerns might not be as consistently sensitive compared to the MTT
assays; H460 cells had the most intense HSVtk-His and NTR-His band and sensitisation to
both GCV and CB1945 was evident, however, PC-3 cells expressed no detectable NTR but
had the greatest increase in sensitivity to CB1954. LNCaP cells had detectable HSVtk but no
detectable NTR expression and no or minimal sensitisation to GCV and CB1954. Taken
together, while it has been possible to reduce the cell growth of H460 and PC-3 cells
expressing HSVtk and NTR, LNCaP transfected cells were no more sensitive to GCV and
CB1954 than the corresponding control cells. Further experiments to improve the killing
efficiency of GCV in LNCAP cells were therefore undertaken. In addition, there was some
degree of toxicity of control cells to the prodrug and/or its solvent. Interestingly, H460 cells
were more sensitive to CB1954, however the prostate cells lines; PC-3 and LNCaP, were

more sensitive to increasing concentrations of GCV.
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Figure 5.3 The growth of control (blue) and pCMV-HSVtk transfected (red) A) H460, B)
PC-3 and C) LNCaP cells in the presence of 0, 1, 10, 100 and 1000 ng/pl GCV. MTT assay
was performed on days 4, 5 and 7 for H460, PC-3 and LNCaP cells respectively. Vertical

bars represent standard error of duplicate wells.
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Figure 5.4 The growth of control (blue) and pCMV-NTR transfected (red) A) H460, B) PC-3
and C) LNCaP cells in the presence of 0, 1, 10, 100 and 1000 pM CB1954 cells for 48 h.
Vertical bars represent standard error of duplicate wells.
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5.3.3 Assessment of the activity of HSVtk in LNCaP cells exposed to repeat doses of GCV

LNCaP cells divide once every 36-96 h and, compared to PC-3 and H460 cells (24-36 h and
23 h respectively), may be too slow for activated GCV to be incorporated into dividing DNA
to a sufficient extent to cause chain termination and cell death. In addition, the slow rate of
division may provide time for the cells to express or up-regulate mismatch DNA repair
mechanisms to counteract the damage of activated GCV (Jiricny 1998a; Prolla 1998;
Hoeijmakers 2001; Kaina 2003). To determine if the slow rate of cell division was
contributing to the insensitivity of LNCaP cells to active GCV, LNCaP cells were transfected
with pCMV-HSVtk, as in the previous experiments, and cultured for 9 days prior to MTT
assay with GCV (0-1000 ng/ul in 0.1 M HCI) administered 8 h after transfection (day 0} and
on day 3.

Incubating pPCMV-HSVtk transfected LNCaP cells for longer (9 days instead of 7) and
administering 2 doses of 100 ng/ul GCV instead of one, had the effect of reducing cell
growth by 28% (figure 5.5) compared to 50% (figure 5.3). However, this reduction in cell
growth is not significantly different to control cells (19%). Taken together, this suggests that
the prodrug and/or its solvent are still toxic to the control cells and that repeat doses and
longer incubation times are not enhancing the efficiency of pPCMV-HSVtk transfected cell
killing by active GCV. However, the possibility that no activation of GCV was occurring in
ENCaP transfected cells, while it was in H460 and PC-3 cells, could not be excluded.
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Figure 5.5 The growth of control (blue) and pCMV-HSVtk transfected (red) LNCaP cells in
the presence of 0, 1, 10, 100 and 1000 ng/pl GCV administered on day 0 and day 3. MTT
assay was performed on day 9. Vertical bars represent standard error of duplicate wells.
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5.4 Discussion and Conclusions

The western blot and MTT analysis indicate that in H460 cells HSVtk and NTR are both
expressed and functional, resulting in a reduction in cell growth versus control cells in the
presence of either prodrug. In PC-3 cells only the HSVtk protein was detected in the western
blot. However, in the MTT assay, CMV-HSVtk and CMV-NTR transfected cells were
sensitized to the presence of GCV and CB1954 respectively. This suggests that although
active NTR protein is expressed the His-tag is not detectable by the antibody, perhaps
because it is expressed at a low level which is nevertheless sufficient to activate CB1954. In
LNCaP cells, again NTR was not detected by the antibody, however in this case LNCaP cells
showed essentially no increase in sensitivity to CB1954. Perhaps here the levels of
expression were too low for this to occur. However, HSVtk was easily detected by the His-
antibody, indicating that the LNCaP cells were transfected with this vector and that the
protein was expressed, but were nevertheless insensitive to GCV. In addition, it was not
possible to increase sensitivity by longer incubation times and repeat doses of GCV
suggesting that the relatively slow division of LNCaP cells was not limiting the incorporation
of activated GCV into dividing DNA. There are numerous possible reasons for these
findings. For example, the LNCaP cells used in these experiments may have expressed a
mechanism, such as mismatch DNA repair, not present in PC-3 or H460 cells, that either
prevents activation of GCV by HSVtk, or prevents the incorporation of activated GCV into
dividing or radiation damaged DNA. (Jiricny 1998a, b; Prolla 1998; Hoeijmakers 2001;
Kaina 2003). LNCaP cells may also have transiesion synthesis polymerases capable of
replicating past the GCV-triphosphate, inserted into elongating DNA in the place of
deoxyguanosine triphosphate, thus enabling DNA replication in spite of the presence of a
DNA lesion (Lehmann 2003; Friedberg et al., 2005; Lehmann 2005). Alternatively, GCV or
the mono- and tri-phosphates, may be expelled from the LNCaP cells by the multi-drug
resistance transporters even before they are incorporated into DNA (Doige and Ames 1993;
Gottesman ef al., 1996). The insensitivity of LNCaP cells to NTR/CB1954 therapy may also
be explained by the presence of a DNA repair pathway capable of eliminating the DNA
interstrand cross-links, induced by activated CB1954. This is done by a process of novel
excision repair reactions that uncouple the cross-link, followed by homologous
recombination to provide the genetic information required to complete repair (McHugh et al.,
2001).
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In conclusion, it has not been possible to induce cell death in LNCaP cells with HSVtk/GCV
or NTR/CB1954 GDEPT strategies. However, other groups have shown that the
HSVtk/GCV and NTR/CB1954 suicide systems driven by constitutive and/or prostate
specific promoters are not only effective in LNCaP and other prostate cell lines in vitro and
in vivo, but HSVtk/GCV and NTR/CB1954 has also been used successfully in phase I/I1
clinical trials (Eastham et al., 1996; Hall et al., 1997, Blackburn et al.,, 1998; Martiniello-
Wilks ef al., 1998; Atkinson and Hall 1999; Blackburn et al., 1999; Hall et al., 1999; Herman
et al., 1999; Hassan ef al., 2000; Koeneman et al., 2000; Latham et al., 2000; Shirakawa et
al., 2000; Chhikara et al., 2001; Djeha et al, 2001; Miles et al,, 2001; Nasu et al.,, 2001;
Pramudji ef al., 2001; Teh et al., 2001; Yoshimura et al.,, 2001; Ebara ef al.,, 2002; Freytag et
al, 2002a; Lee et al,, 2002b; Freytag et al, 2003; Kubo e al, 2003; Park et al., 2003;
Corban-Wilhelm et al., 2004; Hsieh et al., 2004; Satoh et al., 2004; Searle et al., 2004; Teh
et al., 2004; Tourkova el al., 2004; Hattori and Maitani 2005; Lipinski et al, 2005).
Interestingly, in these clinical trials the dose of GCV ranges from approximatly 5 mg/kg to
13 mg/kg twice daily for up to 28 days. Assuming man is mostly water this is the equivalent
of 5 — 13 mg/l or 5 — 13 ng/pl. In the experiments presented here, similar doses of GCV were
applied to H460, PC-3 and LNCaP cells; 10 ng/pl GCV resulted in a 48% reduction in PC-3
cell growth. However, only a single dose was given and cell growth was measured after 4, 5,
and 7 days. Similarly, in clinical trials testing the NTR/CB1954 system, patients recived
24mg/m* CB1954 at 3 weekly intervals. This is the equivalent of 0.7 mg/kg or 0.7 mg/l if we
assume that an average patient is approximately two m” and weighs 75kg. In the above
experiments H460, PC-3 and LNCaP cells recived only a single dose of between 1 and 1000
uM CB1954, which is the equivalent of between 0.252 and 252 mg/l. A dose of 2.52 mg/l
resulted in a 61% reduction in PC-3 cell growth.

The HSVtk/GCV insensitivity of the LNCaP cells used in these studies remains to be
established although it is reasonable to suggest that they may have undergone some form of
spontaneous mutation. It was intended to address this at a later stage by obtaining fresh cells
from the ATCC. Meanwhile, both HSVtk/GCV and NTR/CB1954 systems clearly were
functional in other cell lines. It was therefore considered worthwhile to examine if the
molecular switch would work in principle. It was also envisaged that other strategies would
be incorporated at a later date to induce cell death in LNCaP cells if this was shown to be

necessary.
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Chapter 6

6.0 Results: Molecular switch
0.1 Introduction

The basic molecular switch consists of two vectors. One vector contains the prostate specific
enhancer/promoter controlling the expression of Cre recombinase. The other vector consists
of the strong CMV IE promoter/enhancer controlling the expression of a tumour sensitising
gene, the expression of which was silenced by a ‘stop’ cassette flanked by loxP sites.
Recombination between the loxP sites by Cre recombinase would result in the removal of the
‘stop’ cassette, activation of transcription and hence, in a therapeutic context, tumour

sensitisation.

In chapter 4, different combinations of prostate specific enhancers and promoters were tested
for specificity in different prostate and non-prostate cell lines. The experiments were
inconclusive as the high level of background fluorescence generated from the pCl-neo
backbone made the results difficult to interpret. Nevertheless, in vector-transfected LNCaP
cells treated with DHT, GFP expression was statistically significantly higher than in cells
transfected with the pLinker-GFP control. The PSE-PSE-DD3 promoter resulted in the
highest mean level of increased fluorescence, although this also showed the greatest
variation. The PSE-PSE-PSA promoter induced a lower fold increase, but was amongst the
least variable in response. Therefore, it was decided that PSE-PSE-PSA and PSE-PSE-DD3
would be compared for their ability to drive Cre recombinase expression from the putative
prostate specific construct, vector 1 (see figure 6.1). PSA has been extensively used by other
groups in GDEPT strategies thus providing a foundation to which the PSE-PSE-PSA driven
molecular switch can be compared (Rodriguez et al., 1997; Gotoh et al., 1998; Martiniello-
Wilks et al., 1998; Latham et al., 2000; Nettelbeck et al., 2000; Shirakawa et al., 2000; Yu ef
al., 2001a; Yoshimura et al.,, 2002; Park et al., 2003; Foley et al., 2004b; Hsieh et al., 2004;
Li et al., 2005; Satoh et al., 2005). DD3 has recently been identified and is proving to be the
most prostate cancer specific promoter to date (Rogulski ef al., 1997a; Verhaegh et al., 2000;
van der Poel et al, 2001; Schalken er al, 2003). In addition, recently published data
indicated that duplicate PSE enhancers are more prostate specific and induce higher levels of

gene expression than a single enhancer (Latham et al., 2000; Wu et al., 2001).

To prevent transcriptional read through and provide a means of visualising the operation of
the molecular switch, the ‘stop’ cassette was designed to consist of two LoxP sites either side

of the fluorescent reporter gene, CyFP, which itself had a 3' PolyA transcription termination
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signal. Thus the excision of the stop cassette by Cre mediated LoxP recombination would
result in the disappearance of CMV driven CyFP fluorescence (see vector 2, figure 6).
HSVtk was selected as the tumour sensitising gene as it has been used extensively in prostate
cancer GDEPT strategies, and so is ideal to test the ‘proof of principle’ of the molecular

switch system.

The two vectors will be combined into one (see vector 3, figure 6.1) and then inserted into an
adenovirus to enhance both transfection efficiency and, based on earlier results using pClI-
neo, reduce background gene expression in vitro and in vivo. In order to generate an
adenovirus expressing the molecular switch, without using the standard method of Cre
mediated LoxP recombination, which may have generated some difficulties, the Adeno-X
TM expression system 1 (Clontech Cat No. 631513) was adopted. Initially, the molecular
switch was cloned into pShuttle2 and then inserted into the adenovirus using the unique

restriction sites 1-Ceu I and PI-Sce I (see figure 6.2).

122
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Figure 6.1 Map of the molecular switch in the form of two separate vectors (I and 2) and
combined into a single vector (vector 3). The elements shown are: CMV enhancer (red),
CMV promoter (dark blue), FISVtk (turquoise), PSEl1 (red), PSE2 (red), PSA/DD3 (dark
blue), Cre (light blue) and the ‘stop’ cassette consisting of, two LoxP sites (black), CyFP
(lilac) and a Poly A (grey).

CMYV enhancer

PSE 2 CMYV promoter
Loxl
PSE 1
LoxP
PSA/DD3 HSVik
Cre
CMYV enhancer
CMYV promoter
CyFP
LoxP Y
LoxP
HSVtk
PSE2
PSA/DD3

PSE1
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Figure 6.2 A) pShuttle2 vector and MCS sequence map. pShuttle2 was used as the host
cloning vector for the construction of the single vector molecular switch system (see figure
6.1). Nhel and Notl restriction sites, used for the insertion ofthe molecular switch elements,
are highlighted in light blue and the unique restriction sites, 1-Ceu I and PI-Sce I, are
highlighted in yellow. B) Strategy for the insertion ofthe molecular switch into the BD
Adeno-X system 1. The expression cassette containing the molecular switch was excised
from pShuttle2 using the unique 1-Ceu land Pl-Sce I restriction sites and inserted into the
adenovirus. pShuttle2 and BD Adeno-X system 1 contain the kanamycin resistance (Kanr)
and ampicillin resistance (Ampr) genes for selection and propagation in E. coli.

A)

B)
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6.0 Molecular switch

6.2 Creation of molecular switch vectors

Prior to insertion into the pShuttle2 vector, the components of the molecular switch were
assembled in pCl-neo. This was because many of the elements of the molecular switch had
already been cloned into pCl-neo (see chapters 4 and 5) and because it has a more extensive
MCS than pShuttle2 providing greater cloning flexibility. At each stage of the cloning
procedure, sequence fidelity, correct insertion and orientation of the genes and the presence
of the required restriction sites was confirmed by DNA sequencing, PCR and restriction
digest. All of the oligonucleotides used in the construction of the molecular switch are shown

in table 6.1.
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6.0 Molecular switch

Table 6.1 Oligonucleotides used in the construction and analysis of the molecular switch in
pShuttle. Restriction sites shown are: EcoRI (grey), Notl (turquoise), Bglll (light blue), Nhel
(purple), Pacl (pink), Xbal (red), Pmll (yellow) and Fsel (orange). The initiation Kozac and
start codons (ACC ATG) and stop codons (CTA, TTA, TCA) are highlighted in yellow.

Oligos Sequence

Sense 5'GG .AA1U ACC ATG TCC AAT TTA CTG ACG GTA C 3

Crel
:‘eﬁtsz 5' ATGCGGCCGCCTA ATC GCC ATC TTC CAG CAG G 3'
Sense  5' GAAGATCTGCGGCCGCATATCTTTATTTTCATTACATC 3'
PolyA '
:;E;; 5' CTAGATCTGACACAAAAAACCAACACA 3'
. Sense 5' GCGCTAGCATAACTTCGTATAAT 3'
top

Primers A p¢i-

sense 5'GG . V. ATATAACTTCCGTATAGCATA 3'

Sense 5' GCTTAATTAAACC ATG GTG AGC AAG GGC G 3'
CyFPl1 .
fe?ltsle' 5' GCTCTAGATTA CTT GTA CAG CTC GTC CAT GC 3'
Sense 5' GCGCTAGCACC ATG GTG AGC AAG GGC GAG G 3'
GFP ,
Anti-
sense 5' ATGCGGCCGCTTA CTT GTA CAG CTC GTC CAT TGC 3'
Hevee e 5' GCGCTAGC ACC ATG GCT TCG TAC CCC TGC C 3'
2 Anti-
sense 5' ATGCGGCCGCTCA GTT AGC CTC CCC CAT CTC C 3'
Sense 5°GCGCTAGCACC ATG TCC AAT TTA CTG ACG GTA C 3'
Cre 2 Ani
nti-
sense 5' ATGCGGCCGCCTA ATC GCC ATC TTC CAG CAG G 3'
Sense l '
HSVik 5GG \ ACC ATG GCT TCG TAC CCC TGC C 3
3 Anti-
sense 5' ATGCGGCCGCTCA GTT AGC CTC CCC CAT CTC C 3'

5' GCTAGCATAACTTCGTATAATGTATGC

Stop Sense TATACGAAGTTATCGTTAATTAAGCTCTAGACG
AAAGT ATAACTTCGTATAATGTATGCTATA
CGAAGTTATAT \Ai 3
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6.2.1 pShuttle-Poly A-PSE-PSE-PSA/DD3-Cre

The pPSE-PSE-PSA-GFP vector (figure 4.3) was used as the basis for the construction of
pShuttie-Poly A-PSE-PSE-PSA-Cre. Cre recombinase ¢cDNA was PCR amplified from
pBS185 (see appendix section 8.6; GIBCO Life Technologies) with primers designed to add
5" EcoRI and 3" Notl restriction sites (see table 6.1 Crel). Cre recombinase cDNA was
initially inserted into pGem-T and then cloned into pPSE-PSE-PSA-GFP using EcoRI/Notl
restriction sites thus replacing GFP to create pPSE-PSE-PSA-Cre,

In addition, a polyadenylation signal (PolyA) was added to the 5’ end of PSE. Specific PCR
primers complementary to the $' and 3’ ends of the synthetic PolyA signal of the neomycin
resistance gene in pCIl-neo were used to amplify the PolyA signal and introduce 5' BglII/NotI
and 3' Bglll restriction sites (see table 6.1 PolyA). As before, the PCR product was cloned
into pGem-T and then inserted into pPSE-PSE-PSA-Cre using BglIl restriction sites to create
pPolyA-PSE-PSE-PSA-Cre. PolyA-PSE-PSE-PSA-Cre was then inserted into pShuttle2 on a
Notl/Notl restriction digest (see figure 6.2) to create pShuttle-PolyA-PSE-PSE-PSA-Cre,
shown in figure 6.3. The same procedure was adopted for the creation of pShuttle-PolyA-
PSE-PSE-DD3-Cre from pPSE-PSE-DD3-GFP.
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Figure 6.3 Vector map of pShuttle-PolyA-PSE-PSE-PSA/DD3-Cre/HSVtk. The restriction
sites EcoR1/Notl and Bglll (light blue) were used for the cloning of HSVtk, Cre and PolyA
into pPSE-PSE-PSA/DD3-GFP. PolyA-PSE-PSE-PSA/DD3-Cre/HSVtk was then cloned
into pShuttle using Notl restriction sites (underlined). This vector also contains a Kanrmarker
for selection in E. coli.

CMYV enhancer Nhel 919
Notl 951
CMV promoter Bglll 1119
PSE2
Notl 5730
PSE1
Cre/HSVtk

PSA/DD3
EcoRI 4690

pShuttle-PolyA-PSE-PSE-PSA/DD3-Cre
8325 - 8753 bp
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6.2.2 pShuttle-LoxP-CyFPPolyA-LoxP-HSVtk

In order to create the ‘stop’ cassette, an oligonucleotide was designed consisting of two LoxP
sequences flanking 4 unique restriction sites; Pacl, Xbal, Pmll and Fsel. In addition, Nhel
and EcoRI restriction sites were added to the 5 and 3’ ends respectively (figure 6.4 and table
6.1; Stop). Due to problems directly annealing long fragments with self complementary
sections, two primers were designed that were complementary to the 5' and 3' ends of the
stop oligonucleotide (table 6.1; Stop primers), to PCR amplify the ‘stop’ cassette using the
synthetic stop oligonucleotide as a template. The *stop’ cassette was then cloned into pGem-
T before cloning into pCMV-HSVtk (section 5.2.2) using EcoRI/Notl restriction sites to
create pCMV-LoxP-MCS-LoxP-HSVtk.

Figure 6.4 Stop oligonucleotide sequence. Two LoxP sequences consisted of two 13 bp
inverted repeats (red) with an intervening asymmetric 8 bp core (blue). The restriction sites
Nhel and EcoRlI, for cloning into pCMV-HSVtk, and Pacl, Xbal, Pmll and Fsel, for the
insertion of CyFP and PolyA, are underlined.

YGCTAGCATAACTTCGTATAATGTATGCTATACGAAGTTATCGTTAATTAA
Nhel Pacl

GCTCTAGACGCACGTGAAAGTGGCCGGCCATAACTTCGTATAATGTATGC
Xbal Pmll Fsel

TATACGAAGTTATATGAATTC®
EcoRI1

PCR primers complementary to the 5’ and 3’ ends of the CyFP gene were used to amplify the
gene from pCyFP (kind gift from Flavia Moreira-Leite, PICR, Manchester, UK) and
introduce 5' Pacl and 3’ Xbal restriction sites (see table 6.1; CyFP1). CyFP was then cloned
into pCMV-LoxP-MCS-LoxP-HSVtk via pGem-T using Pacl/Xbal restriction sites. The
bovine growth hormone (BGH) PolyA from pcDNA3 (Invitrogen) was then excised using
Xbal and Pvull restriction sites and inserted into pCMV-LoxP-CyFP-LoxP-HSVtk using
Xbal and PmlI by blunt end cloning to create pCMV-LoxP-CyFPPolyA-LoxP-HSVtk. LoxP-
CyFPPolyA-LoxP-HSVtk was then excised from the pCl-neo vector and inserted into
pShuttle using Nhel/Notl restriction sites to create pShuttle-CMV-LoxP-CyFPPolyA-LoxP-
HSVik, shown in figure 6.5.
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Figure 6.5 Vector map of pShuttle-CMV-LoxP-CyFPPolyA-ToxP-HSVtk. The restriction
sites Nhel/EcoRI, used for insertion o f‘Stop' cassette into pPCMV-HSVtk and Pacl, Xbal and
Pmll, used for the insertion of CyFP and PolyA into the ‘stop’ cassette, are shown in light
blue. LoxP-Cy¥PPo\yA-LoxP-HSWik was then cloned into pShuttle2 using Nhel/Notl
restriction sites (underlined). This vector also contains a Kanrmarker for selection in E. coli.

CMYV enhancer
Nhel 919

CMYV promoter”

LoxP
C\ FP

LoxP.
t— Pmll 2003
-"Fsel 2017

EcoRI 2056
HSVtk

kpnl 3232

pShuttle-CMV-LoxP-CyFPPolyA-LoxP-HSVtk
6220 bp
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6.2.3 pShuttle-Molecular switch

In order to generate an all-in-one molecular switch for insertion into the adenovirus, PolyA-
PSE-PSE-PSA-Cre and PolyA-PSE-PSE-DD3-Cre were excised from pShuttle-PolyA-PSE-
PSE-PSA-Cre and pShuttle-PolyA-PSE-PSE-DD3-Cre, respectively, and inserted into
pShuttle-CMV-LoxP-CyFPPolyA-LoxP-HSVtk using Notl/Notl restriction sites. After
several attempts, all constructs were found to have lost the ‘stop’ cassette. It seems
reasonable to suggest that the reason for this was that the prostate specific enhancer/promoter
combinations chosen to drive Cre expression were active in E. coli. The expressed
recombinase then recognised the LoxP sites leading to excision of the °stop’ cassette creating
two separate plasmids: pShuttle-CMV-LoxP-HSVtk-Poly A-PSE-PSE-PSA/DD3-Cre and
LoxP-CyFPPolyA. The ali-in-one construct pShuttle-CMV-LoxP-CyFPPolyA-LoxP-HSVtk-
PolyA-PSE-PSE-PSA/DD3-Cre (pShuttle-Molecular switch), could therefore not be
propagated in E. coli and so vector DNA appropriate for digestion and insertion into the
adenovirus could not be produced. 1 speculate that it may be possible to remedy this by
culturing the E. coli in minimal media, such as M9 salts, however a more feasible approach
would be use another host system altogether, such as yeast, which would be expected to be

less promiscuous than E. cofi in its recognition of sequences.

131]




6.0 Molecular switch

6.3 Creation of control vectors

6.3.1 pShuttle-GFP, pShuttle-CyFP, pShuttie-HSVtk and pShuttle-Cre

pShuttle-GFP was generated to act as a positive control for FACS analysis since GFP was
under the control of the constitutive strong CMV enhancer/promoter, thus providing an
indication of the maximum GFP expression a cell line could achieve. Similarly, pShuttle-
HSVtk and pShuttle-Cre were controls for the expression of HSVtk and Cre driven by the
CMYV enhancer/promoter again so that this could be compared to prostate specific promoters.
All three constructs were generated by PCR amplification of the genes GFP, Cre and HSVtk
(from pEGFP, pBS185 and pORF-HSV1tk respectively) with primers designed to add 5'
Nhel and 3' Notl restriction sites (see table 6.1; GFP2, HSVtk2 and Cre2). The PCR products
were cloned into pGem-T and then inserted into pShuttle using Nhel/Notl restriction sites

(see figure 6.2).

6.3.2 pShuttle-GFP-PolyA-PSE-PSE-PSA/DD3-Cre

Since, for reasons presented above, PolyA-PSE-PSE-PSA/DD3-Cre cannot be inserted into
pShuttle-LoxP-CyFPPolyA-LoxP-HSVik, it was proposed to test the molecular switch as two
separate vectors using lipofectamine to co-transfect prostate and non-prostate cells. To
achieve this, GFP was added to the 5' end of the PolyA signal to ensure that there was no
read-through from the CMV promoter in pShuttle2 which could have affected the specificity
of the prostate specific enhancer/promoter. In addition, since GFP was expressed from the
CMYV promoter and thus measurable by FACS analysis, these vectors were used to determine
the transfection efficiency of large vectors into prostate cells. PolyA-PSE-PSE-PSA/DD3-
Cre was excised from pCMV-PolyA-PSE-PSE-PSA/DD3-Cre (see section 6.2.1) and
inserted into pShuttle-GFP using NotI/Notl restriction sites to create pShuttle-GFP-PolyA-
PSE-PSE-PSA-Cre and pShuttle-GFP-PolyA-PSE-PSE-DD3-Cre (see figure 6.6)
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6.3.3 pShuttle-GFP-PolyA-PSE-PSE-PSA/DD3-HSVtk

pShuttle-GFP-PolyA-PSE-PSE-PSA/DD3-HSVtk vectors were made to enable the
comparison of GDEPT driven by prostate specific promoters alone and when incorporated
into the molecular switch. The vector was constructed using the same procedure as pShuttle-
PolyA-PSE-PSE-PSA/DD3-Cre (see section 6.2.1 and figure 6.3) but using PCR primers
designed to amplify HSVtk from pORF-HSVItk (InvivoGen) adding 5' EcoRI and 3' Notl
restriction sites (see table 6.1; HSVtk3) instead of Cre. PolyA-PSE-PSE-PSA/DD3-HSVtk
was then inserted into pShuttle-GFP using Notl/Notl restriction sites to create pShuttle-GFP-
PolyA-PSE-PSE-PSA-HSVtk and pShuttle-GFP-PolyA-PSE-PSE-DD3-HSVtk (see Figure
6.6).

Figure 6.6 Vector map of pShuttle-GFP-PolyA-PSE-PSE-PSA/DD3-Cre/HSVtk. GFP was
initially cloned into pShuttle using Nhel/Notl restriction sites (light blue) and then PolyA-
PSE-PSE-PSA/DD3-HSVtk/Cre was inserted into pShuttle-GFP using Notl/Notl restriction
sites (underlined). This vector also contains a Kanrmarker for selection in E. coli.

CMV enhancer Nhel 919

GFP Noll 1702
CMYV-promoter

Xbal 1876
Bglll 1870
PSE2
kpnl 6617 —
Notl 6582
Xbal 3331
HSVtk Cre
EcoRI 5441 PSE1

PSA/DD3  Sgfl 4790

pShuttle-GFP-PolyA-PSE-PSE-PSA/DD3-HSVtk/Cre
9177-9605 bp
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6.4 Experiments to assess the molecular switch in prostate and non-prostate cells.

6.4.1 Assessment of the molecular switch by FACS analysis.

In order to determine the transfection efficiency of large vectors (> 9000 bp) LNCaP, PC-3
and H460 cells were plated in triplicate at a density of 2 x 10° cells and transfected with 0.5
ng of each of the control vector pShuttle-GFP and the large test vectors pShuttle-GFP-
PolyA-PSE-PSE-PSA-Cre and pShuttle-GFP-PolyA-PSE-PSE-DD3-Cre. GFP expression
was then measured 48 h later by FACS analysis. The GFP fluorescence from pShuttle-GFP-
PolyA-PSE-PSE-PSA-Cre and pShuttle-GFP-PolyA-PSE-PSE-DD3-Cre was compared to
pShuttle-GFP, which was defined as a transfection efficiency of 100%. In LNCaP and PC-3
cells the transfection efficiency of the large vectors varied between 61% and 82% that of
pShuttle-GFP, however, in H460 cells the transfection efficiency was reduced to 31% for
both pShuttle-GFP-PolyA-PSE-PSE-PSA-Cre and pShuttle-GFP-PolyA-PSE-PSE-DD3-Cre.
While the transfection efficiency of large vectors was less than pShuttie-GFP, it was still
relatively high and it was considered that it would provide sufficient Cre recombinase to
excise the ‘stop’ cassette upon co-transfections with the molecular switch vectors. Therefore,
the possibility of measuring transfection efficiency using transfection media other than

lipofectamine (genejuice™) was not investigated.

To demonstrate that Cre recombinase would recognise the LoxP sites and excise the
intervening ‘stop’ cassette in cells transfected with the two vectors, FACS analysis was used
to measure the expression of CyFP. Androgen responsive LNCaP cells were plated in media
containing 10 nM DHT and transfected with 0.5 pg of pShuttle-CMV-LoxP-CyFPPolyA-
LoxP-HSVtk or co-transfected with 0.5 pg of pShuttle-CMV-LoxP-CyFPPolyA-LoxP-
HSVtk with 0.5 pg of either pShuttle-Cre, pShuttie-Poly A-PSE-PSE-PSA-Cre or pShuitle-
PolyA-PSE-PSE-DD3-Cre. In total 1 ug DNA was used per well, of which the expression of
0.5 pg was detected by FACS. The experiment was then repeated six times on different days.
The molecular switch was also tested in PC-3 cells (the non-androgen responsive prostate
cell line) and H460 cells (the non-prostate control cell line) both without the addition of

DHT, and repeated on three separate occasions.
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Figure 6.6 shows the % CyFP expression, compared to pShuttle-LoxP-CyFPPolyA-LoxP-
HSVik, from the co-transfection of the molecular switch vector (pShuttle-LoxP-CyFPPolyA-
LoxP-HSVtk) and the Cre recombinase vector, expression of which was driven by either the
CMYV enhancer/promoter (pShuttle-Cre) or the prostate specific promoters, PSA and DD3,
with two PSE enhancers (pShuttle-PolyA-PSE-PSE-PSA-Cre or pShuttle-PolyA-PSE-PSE-
DD3-Cre). In LNCaP cells the molecular switch operates efficiently; CyFP expression was
significantly reduced (by 84% P < 0.01) when Cre expression was driven by the CMV
promoter/enhancer in pShuttle-Cre. However, when Cre expression was driven by the
prostate specific promoter/enhancers the CyFP expression reduced by 18% and 28% for
pShuttle-Poly A-PSE-PSE-PSA-Cre and pShuttle-PolyA-PSE-PSE-DD3-Cre respectively,
but these were not significantly different from the control due to the large variation (show by
the SE bars) between replicate experiments. Similarly in PC-3 cells CyFP expression was
significantly reduced by 31% (P < 0.01) when Cre expression was driven by the CMV
enhancer/promoter whereas the prostate specific enhancer/promoters had no significant effect
on CyFP expression compared to the control. In contrast, in H460 cells co-transfection of the
molecular switch with pShuttle-GFP, pShuttle-PolyA-PSE-PSE-PSA-Cre and pShuttle-
PolyA-PSE-PSE-DD3-Cre significantly reduced the expression of CyFP by 79%, 56% and
40% respectively (P <0.01).
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Figure 6.6 FACS analysis of CyFP expression in LNCaP, PC-3 and H460 cells transfected in
triplicate  with pShuttle-CMV-LoxP-CyFPPolyA-LoxP-HSVtk (column 1: CMV-LoxP-
CyFPPolyA-LoxP-HSVik) or co-transfected with pShuttle-CMV-LoxP-CyFPPolyA-LoxP-
HSVtk and either pShuttle-Cre (column 2: CMV-LoxP-CyFPPolyA-LoxP-HSVtk + CMV-
Cre), pShuttle-PolyA-PSE-PSE-PSA-Cre (column 3: CMV-LoxP-CyFPPolyA-LoxP-HSVitk
+ PSE-PSE-PSA-CRE) or pShuttle-PolyA-PSE-PSE-DD3-Cre (column 4: CMV-LoxP-
CyFPPolyA-LoxP-HSVtk + PSE-PSE-DD3-Cre). CyFP expression was compared to
pShuttle-LoxP-CyFPPolyA-LoxP-HSVtk which was taken as 100% CyFP expression for
each cell line. Vertical bars represent SE of 6 different experiments for LNCaP and three for
PC-3 and H460 cells. * represents significant difference compared to pShuttle-LoxP-
CyFPPolyA-LoxP-HSVitk (P < 0.01, two-tailed students T test assuming equal variance).
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6.4.2 Assessment of the molecular switch by MTT assay

As described above, FACS analysis of CyFP showed that the molecular switch was
functional but in order to determine whether, as a consequence of ‘stop’ cassette removal,
HSVtk was being expressed, H460 and PC-3 cells were transfected with 0.5 pg of each of the
control vectors pShuttle-GFP, pShuttle-HSVtk, pShuttle-GFP-PolyA-PSE-PSE-PSA-HSVtk
or pShuttle-GFP-PolyA-PSE-PSE-DD3-HSVtk or co-transfected with 0.5 pg of pShuttle-
CMV-LoxP-CyFPPolyA-LoxP-HSVik with either 0.5 pg pShuttle-Cre, pShuttle-GFP-PolyA-
PSE-PSE-PSA-Cre or pShuttle-GFP-PolyA-PSE-PSE-DD3-Cre. In total 1 pg DNA was used
per well, of which 0.5 pg would encode HSVtk. H460 cells were then exposed to 10 ng/pl of
GCV and PC-3 cells to 50 ng/pt of GCV, previously determined to be the optimum drug
concentrations to induce cell death in the two cell lines, (see chapter 5). Cell growth was then
measured by MTT analysis after 4 and 5 days for H460 and PC-3 cells respectively (see
section 2.6.4 and chapter 5). The experiments were repeated on 3 different days. The killing
efficiency of HSVtk in the molecular swiich was not tested in LNCaP cells as they had

previously been shown to be unresponsive to HSVtk/GCYV therapy (see chapter 5).

The growth of control cells and transfected cells in the presence and absence of GCV are
shown for PC-3 and H460 cells in figure 6.7A and B, respectively. In PC-3 cells there was no
significant difference in cell growth between the three controls; un-transfected cells (column
1) and pShuttle-GFP (column 2) or pShuttle-LoxP-CyFPPolyA-LoxP-HSVtk (column 6)
transfected cells. The addition of GCV significantly reduced PC-3 cell growth when
transfected with pShuttle-HSVtk (column 3) and pShuttle-GFP-PolyA-PSE-PSE-DD3-
HSVtk (column 5) by 32% and 20% respectively compared to un-transfected cells. Cell
growth also reduced by 17% when transfected with pShuttle-GFP-PolyA-PSE-PSE-PSA-
HSVtk (column 4) however, due to the variation between repeat experiments, this was not
significantly different to the control. When pShuttle-LoxP-CyFPPolyA-LoxP-HSVtk
transfected cells were co-transfected with pShuttle-Cre (column 7) and pShuttle-GFP-PolyA-
PSE-PSE-DD3-Cre (column 9) there was a significant reduction in cell growth of 15% and
14% respectively compared to pShuttle-LoxP-CyFPPolyA-LoxP-HSVik (column 6; P < 0.02)
but no significant reduction when co-transfected with pShuttle-GFP-PolyA-PSE-PSE-PSA-
Cre (column 8). Interestingly, there was no significant difference in cell growth when using
CMYV or prostate specific enhancer/promoters to drive HSVitk directly or in conjunction with
the molecular switch. This indicates that the molecular switch was not a limiting factor of

HSVtk expression.
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In H460 cells there was also no significant difference in cell growth between the three
control wells; un-transfected cells (column 1) and pShuttle-GFP (column 2) or pShuttle-
LoxP-CyFPPolyA-LoxP-HSVtk (column 6) transfected cells, However, there was a
significant reduction in cell growth of 46%, 17% and 15% between pShuttle-HSVik (column
3), pShuttle-GFP-PolyA-PSE-PSE-PSA-HSVtk (column 4) and pShuttle-GFP-PolyA-PSE-
PSE-DD3-HSVtk (column 5) respectively compared to un-transfected cells. Similarly, when
these promoters were used in the molecular switch to drive Cre expression in co-transfections
with pShuttle-LoxP-CyFPPolyA-LoxP-HSVtk cell growth reduced significantly by 56%,
24% and 40% for CMV (column 7), PSE-PSE-PSA (column 8) and PSE-PSE-DD3 (column
9) respectively, compared to pShuttie-LoxP-CyFPPolyA-LoxP-HSVtk (column 6).
Interestingly, there was also a significant reduction in cell growth when PSE-PSE-DD3
(column 9) was used to drive Cre expression in the molecular switch compared to pShuttle-
GFP-PolyA-PSE-PSE-DD3-HSVtk (column 5; P < 0.01). This suggests that the molecular
switch was effecting the expression of HSVtk when Cre recombinase was driven by the DD3
promoter. These results are surprising as activation of prostate specific promoters in H460

lung carcinoma cells was not expected.
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Figure 6.7 Percentage cell growth in A) PC-3 and B) H460 cells treated with GCV compared
to non-treated controls. PC-3 and H460 cells were un-transfected (column 1: cells only) or
transfected in triplicate with the controls pShuttle-GFP (column 2), pShuttle-HSVtk (column
3), pShuttle-GFP-Poly A-PSE-PSE-PSA-HSVtk (column 4), pShuttle-GFP-Poly A-PSE-PSE-
DD3-HSVtk (column 5) and pShuttle-CMV-LoxP-CyFPPolyA-LoxP-HSVtk (column 6) or
co-transfected with pShuttle-CMV-LoxP-CyFPPolyA-LoxP-HSVtk and pShuttle-Cre
(column 7), pShuttle-GFP-PolyA-PSE-PSE-PSA-Cre (column 8), or pShuttle-GFP-PolyA-
PSE-PSE-DD3-Cre (column 9). Vertical bars represent standard error of 3 separate
experiments. Horizontal bars represent significant difference compared to cells only or
pShuttle-LoxP-CyFPPolyA-LoxP-HSVitk (two-tailed students T test assuming equal

variance).
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6.5 Discussion and Conclusions

FACS analysis and MTT assays confirmed that when the CMV enhancer/promoter was used
to drive the expression of Cre recombinase the ‘Stop’ cassette was removed from vector 2
(see figure 6.1) by recombination, resulting in both a reduction in CyFP expression, in
LNCaP, PC-3 and H460 cells, and an increase in HSVitk expression, as indicated by the
increase in sensitivity to GCV in PC-3 and H460 cells. The activity of the prostate specific
enhancer/promoters when used to drive HSVtk expression alone or in conjunction with the
molecular switch demonstrated that they could be activated. Indeed in several situations
sensitisation to GCV was better or equal to that produced when Cre was expressed from the
CMV enhancer/promoter. However, FACS analysis of CyFP expression indicated that PSE-
PSE-PSA and PSE-PSE-DD3 were both active, but only in H460 cells. This was confirmed
by MTT analysis, which also indicated that PSE-PSE-DD3 was also active in PC-3 cells.

It was originally hypothesised that the prostate specific promoters would only be active in
LNCaP cells as these are the only prostate cell line that is androgen responsive. Yoshimura et
al, (2002) showed that a lipofectamine transfection of LNCaP cells with a PSE-PSA
enhancer/promoter combination in conjunction with a molecular switch induced a 2 fold
increase in transcription compared to a single transfection with a PSE-PSA-reporter gene
construct. However, it has not been possible to confirm or refute this as LNCaP cells showed
a large variation in transfection efficiency and promoter activity over 6 different experiments
(shown by the large SE bars in figure 6.6) suggesting that it is not a reliable cell line in which
to test the efficiency of a molecular switch. The only other prostate cell line available was the
PC-3 cell line. MTT analysis suggested that while PSE-PSE-DD3 was active, there was no
significant difference in HSVtk expression between pShuitle-GFP-PolyA-PSE-PSE-DD3-
HSVtk and co-transfections of pShuttle-GFP-Poly A-PSE-PSE-DD3-Cre and pShuttle-LoxP-
CyFPPolyA-LoxP-HSVtk. This suggests that the molecular switch operates but it is not
enhancing the activity of the relatively weak prostate specific promoters as envisaged. In
addition, the prostate specific enhancer/promoters were apparently active in H460, and
inconsistently active in PC-3 cells, leading to excision of the ‘stop’ cassette and a reduction
in CyFP expression in H460 cells (figure 6.6) and an increase in HSVik/GCV mediated cell
death of both PC-3 and H460 cells (figure 6.7A and B). This is not surprising: previous
experiments indicated that H460 and PC-3 cells were capable of inducing reporter gene
expression from both an enhancer/promoter-less construct and prostate specific
enhancer/promoters (see chapter 4). These experiments indicated that H460 and PC-3 cells

contained transcription factors that were able to recognise sequences within the pCI-neo
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vector backbone resulting in reporter gene expression. The same sequences, or similar, may
also be present within the pShuttle vector, thus leading to the expression of Cre recombinase

and excision of the ‘stop’ cassette in a non-prostate specific manner.

Taken together these data indicates that it has been possible to co-transfect cells with two
relatively large vectors and express sufficient Cre recombinase to excise the ‘stop’ cassette,
leading to the expression of HSVtk. However, due to problems of inconsistently transfecting
LNCaP cells using lipofectamine, it has not been possible to compare the efficiency of
HSVtk expression from the prostate specific enhancer/promoters when used in conjunction
with the molecular switch or on their own. Other groups have demonstrated that cell type
specific promoters such as; carcinoembryonic antigen (CEA), o-fetoprotein (AFP) and
thyroglobulin, when used in conjunction with a molecular switch enhances gene expression
by 5 to 60 fold in vitro compared to the promoters alone. The promoters have also been
shown to work efficiently in vivo following co-transfections of two vectors, very similar to
vectors 1 and 2 in figure 6.1 (Sato et al., 1998; Kijima et al., 1999; Nagayama et al., 1999;
Ueda et al., 2000; Sakai ef al.,, 2001; Ueda et al., 2001; Leow et al, 2005). However, instead
of delivering the constructs directly into the cells using lipofectamine, they were incorporated
into an adenovirus delivery vector system. Therefore, incorporation of my molecular switch
into two separate adenovirus vectors may improve the transfection efficiency of LNCaP
cells. This will enable elucidation of the prostate specificity, functionality and efficiency of
the molecular switch compared to using single prostate specific enhancer/promoters vectors
in vitro. In addition it may eliminate the problem of background gene expression induced by
the pShuttle vector backbone, as only the essential elements of the molecular switch would
be incorporated. Furthermore, they would enable transfection of in vivo prostate cancer

models with the molecular switch.
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Chapter 7

7.0 Summary

The aim of this project was to combine a radiation controllable molecular switch with a non-
specific high activity promoter to achieve high level, persistent and tissue specific expression
of a therapeutic gene in a GDEPT context in localised prostate cancer. Once developed this
system could then be further manipulated by the incorporation of a number of different
prostate specific promoters, to target metastatic cancer and/or hypoxic regions and

administered using a number of gene therapy delivery strategies.

To this end four different radiation responsive CArG element configurations and the wild
type Egr-1 enhancer were engineered into pCI-neo upstream of the reporter gene GFP. While
similar constructs have been tested by a variety of groups and elicited an increase in GFP
expression of between 1.5 and 17 fold (Weichselbaum er al, 1994b; Joki et al, 1995;
Kawashita et al., 1999; Marples ef al., 2000; Scott et al., 2000; Marples et al., 2002; Meyer
et al., 2002; Scott et al.,, 2002; Hsu et al., 2003; Quinones ef al.,, 2003), the data presented
here indicated that the radiation responsive enhancers were not responsive to radiation, but,
they exhibited a high level of GFP fluorescence in the absence of irradiation. Initially it was
hypothesised that this was as a result of either oxidative stress and/or SRFs present in the
media, however, further experiments conducted in low oxygen (5% O;) and in the absence of
serum partially discounted this theory. In addition, this would not have accounted for the
very high background fluorescence elicited by the enhancer-less CMV promoter.
Background fluorescence from this vector was not reduced by linearization of the vector
immediately upstream of the promoter. It was therefore concluded that universal
transcription factors were present and effective on the CMV promoter alone, thus explaining
the overall level of background fluorescence. Interestingly, although the CMV promoter was
also used in the Scott and Marples series of papers they appeared not to have experienced
any problems with background fluorescence from the CMV promoter (Marples et al., 2000;
Scott et al., 2000; Scott et al., 2002; Scott and Greco 2004). It is possible that they used
either a different version of the CMV promoter, which, under their culture conditions, did not

result in activation of downstream genes in the absence of radiation.

At this point it was decided to change the strategy and replace the radiation responsive CArG
enhancers and CMV promoter with prostate specific enhancer/promoters. This was based on

the premise that further experiments to reduce the background florescence and achieve
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substantial radiation activation would be both time consuming and, in light of more recent
publications alluding to the radiation unresponsiveness and non-specific activation of CArG

elements (Schmidt ef al., 2004; Anton ef al., 2005), potentially unproductive.

However, given more time, it would have been interesting to investigate whether the
background fluorescence from the enhancer-less CMV promoter could be reduced by
mutation of a putative Sp-1 transcription factor binding site present within the CMV
promoter. One interesting observation from this work is that the E4S enhancer in PC-3 cells
was capable of inducing the equivalent level of GFP expression as the CMV
enhancer/promoter. Although the reason for this was not determined, since the E4S enhancer
is only 69bp long it could be used as a direct replacement for the CMV enhancer, which is

660bp long, in PC-3 cells if vector size was limiting,

As an alternative strategy to drive the molecular switch, the CMV enhancer elements were
replaced with two directly repeating PSEs and the CMV promoter was replaced with the
PSA, hK2 or DD3 promoters. In the absence of androgen, the prostate specific
enhancer/promoters were not active in all prostate cell lines, and furthermore, high levels of
GFP expression were seen in non-prostate cell lines. However, GFP expression from the
prostate specific enhancer/promoters in all the cell lines tested was not significantly different
from that induced by the enhancer/promoter-less construct, which represented background
fluorescence. In contrast, in the presence of androgen, the prostate specific
enhancer/promoters were highly prostate specific, inducing levels of GFP expression 35 to
276 fold above background fluorescence in the androgen receptor positive cell line, LNCaP.
Moreover, although GFP expression was seen from the prostate specific enhancer/promoters
in the other cell lines, it did not exceed background fluorescence and was not androgen
inducible. Further experiments, using linearised vectors, indicated that the background
fluorescence was partially due to additional elements within the pCl-neo vector backbone
capable of inducing GFP expression in the presence of appropriate transcription factors. It
was therefore felt that the problem probably lay, not in the prostate specific elements, which
have been previously well documented to be prostate specific (Pang et al., 1995; Lee et al,
1996; Schuur et al.,, 1996; Pang et al., 1997; Rodriguez et al., 1997; Brookes et al., 1998;
Gotoh et al, 1998; Martiniello-Wilks ef al., 1998; Latham et al,, 2000; Shirakawa ef al.,
2000; Verhaegh ef al., 2000; van der Poel et al., 2001; Wu et al., 2001; Xie et al.,, 2001; Lee
et al., 2002a; Yoshimura et al., 2002; Park et al., 2003; Schalken et al., 2003; Hsieh et al.,
2004; Tsui et al., 2004), but in the pCI-neo vector system. Since it was envisaged that the all-

in-one molecular switch would be constructed in an adenovirus, into which only the essential
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elements would be incorporated, the molecular switch driven by the prostate specific
enhancer/promoters was still considered a feasible approach to achieving tissue specific
expression of a GDEPT strategy within the prostate. The promoters chosen for the molecular
switch were PSE-PSE-PSA and PSE-PSE-DD3. PSE-PSE-DD3 was chosen as it resulted in
the highest increase in mean fluorescence and, although it has only recently been discovered,
is proving to be the most prostate cancer specific promoter to date. In contrast, PSE-PSE-
PSA induced a lower fold increase in GFP expression but has been used extensively by other
groups in GDEPT sirategies thus providing a basis with which the PSE-PSE-PSA driven

molecular switch can be compared.

In the future it would be interesting to compare other prostate specific enhancer/promoters
combinations, such as osteocalcin and prostate specific membrane antigen, as these do not
contain ARE and so are not reliant on androgen for activation. Such an approach would be
ideal to drive the molecular switch in patients who have undergone androgen ablation
therapies and for whose cancers have progressed into hormone refractory prostate cancer.
Moreover, osteocalcin would target the therapy to metastatic cancers for which there is, as
yet, no curative option. It would also be interesting to investigate whether it is possible to
direct GDEPT expression to regions of hypoxia within localised and metastatic tumours
using combinations of HREs and prostate specific promoters. The design of this system
means that it is possible to replace any part of the PSE-PSE-PSA-GFP vector system with
other enhancers, promoters, and/or downstream reporter genes (see figure 4.3). Therefore, as
other specific promoters become available, such as TARP, or new ones are discovered, they
can be inserted into the system, along with different effector genes, to further the

development of a prostate specific gene therapy strategy.

The next stage was to determine which GDEPT strategy was the most suitable to use in
testing the killing efficiency of the molecular switch. Although HSVtk/GCV and
NTR/CB1954 have both been used successfully in GDEPT strategies in both PC-3 and
LNCaP cells (Eastham et al., 1996; Blackburn et al., 1998; Gotoh et al., 1998; Martiniello-
Wilks ef al., 1998; Biackburn et al,, 1999; Latham et al., 2000, Shirakawa et al., 2000; Djeha
et al., 2001; Loimas et al., 2001; Pramudji ef al., 2001; Yoshimura et al., 2001; Freytag ef
al., 2002b; Tkegami et al., 2002; Read et al., 2003), there are as yet no literature reports on a
direct comparison of the effectiveness of these two GDEPT systems in prostate cell lines.
The prostate cell lines, PC-3 and LINCaP, were therefore transfected with vectors containing
HSVtk or NTR, under the control of the CMV enhancer/promoter. In addition, the H460 cell

line was also transfected as a non-prostate control. Transfected H460 and PC-3 cells were
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both sensitive to GCV and CB1954 induced cell growth inhibition. However, LNCaP cells
were insensitive to both HSVtk/GCV and NTR/CB1954 GDEPT systems. It was initially
hypothesised that a 7 day activity assay did not provide sufficient time for the HSVitk
transfected LNCaP cells to divide and enable activated GCV to be incorporated into the
DNA. However, further experiments conducted over a 9 day period led to no increase in cell
growth inhibition, indicating that the rate of cell division was not affecting the efficiency of
pCMV-HSVitk transfected cell killing by activated GCV. This cell division-based theory also
does not explain the insensitivity of LNCaP cells to NTR/CB1954, an enzyme/prodrug
combination which does not require cell division to allow incorporation of the toxic
metabolite into DNA and hence mediate cell killing. As discussed in section 4.5 there are
numerous possible reasons for these findings. LNCaP cells may have up-regulated
mechanisms such as mismatch DNA repair, DNA cross-link repair, lesion by-pass and/or
multi-drug resistance (Doige and Ames 1993; Gottesman et al., 1996; Jiricny 1998a, b;
Prolla 1998; Hoeijmakers 2001; McHugh et al, 2001; Kaina 2003; Lehmann 2003;
Friedberg et al., 2005; Lehmann 2005), not present in PC-3 or H460 cells. Alternatively, the
LNCaP cells used in my experiments may have undergone some form of spontaneous
mutation resulting in insensitivity to both HSVtk/GCV and NTR/CB1954 systems. Future
experiments conducted using fresh cells from the ATCC may address this problem. In
addition, future collaborations with other prostate cancer research groups may provide
expertise in the transfection of LNCaP cells, as well as access to other prostate cancer cells

lines not yet commercially available.

Growth inhibition of prostate cells, in particular LNCaP cells, may be achieved using other
enzyme/prodrug strategies, such as CD/5-FU or HRP/IAA, the latter of which would also
have the advantage that it is effective in against both oxic and hypoxic tumours. In addition,
the molecular switch could be designed to enable the expression of two GDEPT enzymes, for
example HSVtk/HRP or NTR/CD, either through the generation of fusion proteins or by the
use of an internal ribosome entry site (IRES) located between the genes encoding the two
separate enzymes. It is hoped that such a strategy would not only improve the effectiveness
of cell killing but may even be synergistic. In addition, killing cells via two distinct pathways
may also reduce the potential of the tumour cells to develop resistance mechanisms which

would reduce the effectiveness of a single therapy.

The HSVik/GCV and CD/5-FU suicide gene system are well documented in 9L glioma cells
and the prostate cell lines; PC-3, RM-1 and LNCaP, to sensitise cells to radiation, it is also

known that the cytotoxic effects of these two therapies, when combined, is synergistic (Kim
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et al., 1994; Kim et al,, 1995; Kim et al,, 1997; Rogulski ef al, 1997a; Rogulski et al.,
1997b; Blackburn et al., 1998; Atkinson and Hall 1999; Chhikara et al., 2001; Freytag et al.,
2002b). In addition, combined radiotherapy and in situ gene therapy with an adenovirus
containing HSVtk alone, and in combination with CD, has been tested in phase I/Il clinical
trials. While these results indicate that the treatment was well tolerated with no changes in
dose limiting toxicity, further trials are warranted to evaluate long-term toxicity and efficacy
(Rogulski et al., 2000; Teh et al., 2001; Freytag et al., 2002a; Freytag et al., 2003; Teh et al.,
2004). It would therefore be interesting to combine prostate specific GDEPT with radiation
to achieve enhanced cell killing while maintaining prostate specificity. Meanwhile, since
both HSVtk/GCV and NTR/CB1954 systems were functional in other cell lines, it was

considered worthwhile to examine if the molecular switch would work in principle.

It was initially proposed to assemble the molecular switch as two separate vectors using the
pShuttle vector system and then to incorporate it into a single vector for insertion into an
adenovirus. As single vectors, one vector contained the prostate specific enhancer/promoters,
either PSE-PSE-PSA or PSE-PSE-DD3, controliing the expression of Cre recombinase. The
other vector consisted of the strong CMV IE promoter/enhancer controlling the expression of
a tumour sensitising gene, HSVtk, the expression of which was silenced by a ‘stop’ cassette
flanked by loxP sites. It was envisaged that recombination between the loxP sites by Cre
recombinase would result in the removal of the ‘stop’ cassette, activation of HSVtk
transcription and, in the presence of GCV, cell sensitisation. Since LNCaP cells were
insensitive to the HSVtk/GCV system, the ‘stop’ cassette was constructed to contain a
reporter gene, CyFP, and a polyA signal. This would not only prevent transcriptional read-
through, but also enable visualisation of the activation of the molecular switch in LNCaP
cells, as the excision of the stop cassette by Cre mediated LoxP recombination would result
in the disappearance of CMV driven CyFP fluorescence as measured by FACS analysis.
During construction of the molecular switch vectors it was found that the method intended to
be used to combine the two vectors was not feasible. This was because the prostate specific
enhancer/promoter combinations chosen to drive Cre expression were unexpectedly active in
E. coli, resulting in Cre mediated excision of the ‘stop’ cassette. The all-in-one construct
could therefore not be propagated in E. coli and so vector DNA appropriate for digestion and
insertion into the adenovirus could not be produced. Thus, in order to test the molecular

switch, two separate vectors were introduced simultaneously into cells using lipofectamine.

Control experiments, in which the CMV enhancer/promoter was used to drive the expression

of Cre instead of prostate specific enhancer/promoters, indicated that the molecular switch
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was functional in LNCaP, PC-3 and H460 cells. When the prostate specific
enhancer/promoters, in the presence of DHT, were used to drive the molecular switch in the
AR positive LNCaP cells, although there was a reduction in CyFP expression, it was not
significant. Thus, over 6 repeat experiments there was a large variation in CyFP expression
which was attributed to problems using lipofectamine to consistently transfect LNCaP cells
with the two, relatively large, molecular switch vectors. FACS analysis of CyFP expression
in the AR negative cell lines, PC-3 and H460, indicated that PSE-PSE-PSA and PSE-PSE-
DD3 were both active, but only in H460 cells. This was confirmed by MTT analysis, which
also indicated that PSE-PSE-DD3 was active in PC-3 cells. It was hypothesised that the
molecular switch driven by the prostate specific enhancer/promoters would only be active in
LNCaP cells in the presence of DHT. However, it was not surprising to find that they were
also active in PC-3 and H460 cells. Previous experiments had indicated that H460 and PC-3
cells both contained transcription factors that were able to recognise sequences within the
pCl-neo vector backbone resulting in reporter gene expression. The same sequences, or
similar, may also be present within the pShuttle vector, thus leading to the expression of Cre

recombinase and excision of the ‘stop’ cassette in a manner that was not prostate specific.

A possible solution to these problems would be to use either an adenovirus to deliver the
vectors individually or to persevere with attempts to find a method to generate an all-in-one
molecular switch vector in an adenovirus. This would improve both the transfection
efficiency of the LNCaP cells and their prostate specificity, as only the essential elements of
the molecular switch would be incorporated into the adenovirus, thus eliminating the
pShuttle vector backbone. Furthermore, it would enable transfection of in vivo prostate
cancer models with the molecular switch. Approaches that could be tested to achieve an all-
in-one adenovirus molecular switch would be to either reduce the activation of the prostate
specific elements by E. coli, for example by using minimal media, or to investigate the
feasibility of using another host, such as yeast. Alternatively, it may be possible to construct
an adenovirus containing CMV-LoxP-HSVtk-PolyA-PSE-PSE-PSA/DD3-Cre and then to
insert the rest of the ‘stop’ cassette, LoxP-CyFPPolyA, using the reverse of the Cre-loxP
reaction (see section 1.3). However, since the reverse reaction is not as efficient as the
forward reaction, the all-in-one adenovirus would be present in relatively small amounts

potentially making detection and isolation problematic.

Gene delivery research is still in an experimental phase. However, advancements are
constantly being made in the development of non-human viral vectors, such as baculoviruses,

which would circumvent the problems of safety and pre-existing immunity related to human
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viruses. In addition, research efforts are also focussing on specifically targeting the delivery
virus to the desired tissue. In the case of prostate cancer, an ideal target would be one that is
over-expressed at all stages of prostate cancer, in particular metastatic cancer, but not
expressed in any other tissues. As yet nothing has been identified that completely satisfies
these criteria; however, there are several candidate cell surface proteins that are promising.
These include STEAP (six-transmembrane epithelial antigen if the prostate), PSMA and
PSCA. The potential of such strategies has been comprehensively discussed in a review by
Maitland et al., (2004). It is hoped that future collaborations with such groups may lead not
only to alternative strategies for incorporating the molecular switch into a viral delivery

vector but also increased transfection efficiency and prostate specificity.

The future success of gene therapy strategies such as this one will be remarkably improved
by the development of cost effective genetic screens for known biomarkers enabling patient
specific treatment. The molecular switch system presents a highly adaptive model that could
be modified to incorporate a number of tissue speicifc, cytotoxic or corrective therapies
which would be determined by the genetic and expression profile of the patient. For example,
a hormone refractory metastatic cancer with regions of hypoxia would be best treated using a
gene therapy apporach composed of both metastatic and hypoxia specific
enhancer/promoters, such as a hypoxia responsive elements and the osteocalcin promoter
with the HRP/IAA GDEPT system which is effective in both oxic and anoxic conditions. In
contrast, a localised androgen responsive cancer may be best treated using combinations
PSE/PSA/Hk2/PB enhancer/promoters with HSVtk/GCV and CD-5-FU double suicide gene
therapy in conjunction with radiation. In addition, the ‘stop cassette’ could also be utilised to
deliver prostate speicifc genes. The reporter gene, CyFP, could be replaced with a therapeutic
gene followed by a constitutive promoter both of which are in the reverse orientation
compared to the rest of the vector. The gene will therefore only be expressed when the
cassette is circularised after prostate specific Cre mediated recombination. The therapeutic
gene could either be another cyctoxic GDEPT, alternatively, it could be a gene correcting for
a genetic abnormality. The exact gene would be determined by genetic screening, however,
possible targets would be the major apoptotic regulators p53 and Bel-2 both of which are
often mutated in prostate cancer and are implicated in cancer progression and hormone
resistance. Other possible candidates have been comprehensively reviewed by Quinn et
al.,(2005), Konishi er al., (2005) and Foley et al,, (2004a).

Although it was not possible to test the effectiveness of a prostate specific molecular switch,

this project has resulted in a more complete understanding of the limitations of the use of
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radiation responsive and prostate specific promoters in gene therapy strategies. It has also
highlighted the importance of vector design and the need for a reliable in vitro prostate model
in which such approaches can be tested. There are many hurdles that still need to be
overcome in the generation of an effective gene therapy strategy for prostate cancer.
However, gene therapy offers us the potential to tailor treatment specifically to the needs of
the individual, a direction that will prove to be critical in the challenge to find an effective

cure for cancer.
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Chapter 8

8.0 Appendix

8.1 pGem-T (Promega) vector map

PCR products were initially cloned into the pGem-T T/A cloning vector to facilitate rapid
cloning and confirmation of the fidelity of the sequence before excision of the inserts using
appropriate restriction sites located either side of the T overhangs. Successful cloning of an
insert into pGem-T interrupts the coding sequence of (3-galactosidase (lacZ) within the lac
operon (highlighted in yellow). P-galactosidase is an enzyme that converts the substrate, X-
gal, into an insoluble blue dye, therefore, recombinant clones can be identified as white
colonies on X-gal indicator plates. pGem-T also contains T7 and SP6 RNA polymerase
promoters to enable the synthesis of RNA from the cloned DNA insert, an origin of
replication (ori) for propagation in E. coli and an fl origin (fl ori) for single-stranded DNA
production. In addition, an ampicillin resistance gene (Ampr), under the control of a bacterial
promoter, enables selection in E coli cells.

Xmn 11994

Nae 1
Sealy /
1875/ 2692

f1 ori

Apa 1
Aat 1 20
Sph 1
BstZ 1
pGEIT-T lacZ Neo 1
Vector Sac I 46
(3000bp)
Spa 1
Not 1 62
BstZ 1
Pst 1 73
Sal 1
Alde 1
. Sac [
or1 BstX1 103
As'T 112

126
Tsprs
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8.2 pCI-neo (Promega) vector map and multiple cloning site (MCS)

pCl-neo was used as the basis for all the radiation responsive promoters (chapter 3), the
prostate specific promoters (chapter 4) and pCMV-HSVtk and pCMV-NTR (chapter 5). In
addition, pCI-neo was used as an intermediate vector in the construction of the molecular
switch in pShuttle (chapter 6). The MCS, flanked by T7 and T3 RNA polymerase promoters
for the synthesis of RNA from the cloned DNA insert, enables the insertion of genes under
the control of the CMV IE enhancer/promoter. The pCI-neo vector backbone also contains an
SV40 and synthetic polyadenylation signals (SV40 Late polyA and Synthetic polyA) to
terminate transcription, an SV40 origin of replication (within the SV40 enhancer/early
promoter) for transient replication in SV40 T antigen expressing mammalian cells, an origin
of replication (ori) for propagation in E. coli and an fl origin (fl ori) for single-stranded
DNA production. In addition, a neomycin phosphotransferase gene (neo), under the control
of the SV40 enhancer/early promoter, and an ampicillin resistance gene (Ampr), under the
control ofa bacterial promoter, enable selection in mammalian and E. coli cells.

CMV LE
Enhancer/Promoter

pCl-neo SV40 Late

Vector poty(A) 1
(&472bp) I
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I U 1 I
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ACCTCTAGAGTCGACCCGGGCGGCCGCTT CCCTTTAGTGAGGGTTAATG
I I M M | 1 I
Xba 1 Accl L_ u] Nofl T3 Promoter
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8.3 pEGFP-1 (Clontech) vector map and MCS

GFP, in section 3.2.1, was excised from pEGFP-1 using EcoRl, in the MCS, and Notl
restriction sites (highlighted in yellow). The EGFP-1 vector backbone also contains SV40
and HSVtk polyadenylation signals (SV40 poly A and HSVtk polyA) to terminate
transcription, an SV40 origin of replication (SV40 ori) ) for transient replication in SV40 T
antigen expressing mammalian cells, a pUC origin (pUC ori) of replication for propagation
in E coli and an fl origin (fl ori) for single-stranded DNA production. In addition, a
neomycin phosphotransferase gene (Neor), under the control of the SV40 early promoter (P
SV40), and a kanamycin resistance cassette (Kanr), under the control of a bacterial promoter,
enable selection in mammalian and E. coli cells.
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P i 110
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8.4 pDRIVEO03-EGR-I(h) v02 (InvivoGen) vector map

pDRIVEO03-EGR-1(h) v02 was used to PCR amplify the WT Egr-1 enhancer (section 3.2.2),
using the WT Egr-1 primers listed in table 3.1; this corresponded to the sequence between
bases 84 and 625 on the map below. In addition, the vector also contained the LacZ gene,
encoding (3-galactosidase enabling the testing of promoter activity in transient transfection
experiments and the SV40 polyadenylation signal (SV40 pA) to terminate LacZ transcription.
An E. coli origin of replication (ori pMBI) and the Zeocin resistance gene (Sh ble), under the
control ofthe EM7 bacterial promoter, enable propagation and selection in £ coli cells.

*dil i71

pi) RIVE03-EGR I(h) v02

(6602 bp)

b

tapL L'l 11159491
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8.5 pORF-HSVItk (Clontech) vector map

pORF-HSVItk was used to PCR amplify the HSVtk gene (sections 5.2.1, 6.3.1 and 6.3.3),
using HSVtk primers listed in tables 5.1 and 6.1. Expression of HSVtk in this vector is
driven by a hybrid promoter (hREFI-HTLV promoter) composed of the Elongation Factor-la
(hEF-1) promoter and the 5' untranslated region of the Human T-cell Leukaemia Virus
(HTLV). In addition, the vector contains an SV40 polyadenylation signal (SV40 pAn) to
terminate HSVtk transcription. An E. coli origin of replication (pMBI1 ori) and the ampicillin

resistance gene (Amp), under the control of a bacterial promoter, enable propagation and
selection in E. coli cells.

s«n (in

Xl i

Amp

SV40 pAi
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8.6 pUS 185 (Invitrogen) vector map

pBS185 was used to PCR amplify the Cre recombinase gene (sections 6.2.1 and 6.3.1), using
Cre recombinase primers listed in table 6.1. Expression of Cre recombinase (cre) in this
vector is driven CMV enhancer/promoter with a metallothionein-1 polyadenylation signal to
terminate transcription. In addition, an E coli origin of replication (ori) and the ampicillin
resistance gene (Apr), under the control of a bacterial promoter, enable propagation and
selection in E. coli cells.

CMV
promoter
Xho 1
cre
pBS185
-7.2 kb Miu

ori

metallothionein-|
polyadenylation
signal

158



9.0 Bibliography

Chapter 9
9.0 Bibliography

Adler V, Schaffer A, Kim J, Dolan L, Ronai Ze (1995) UV Irradiation and Heat Shock
Mediate JNK Activation via Alternate Pathways. J. Biol. Chem. 270: 26071-
26077

Aghi M, Kramm C, Chou T, Breakefield X, Chiocca E (1998) Synergistic anticancer
effects of ganciclovir/thymidine kinase and 5- fluorccytosine/cytosine deaminase
gene therapies. J Natl Cancer Inst 90: 370-380

Alexandropoulos K, Qureshi SA, Rim M, Sukhatme VP, Foster DA (1992) v-Fps-
responsiveness in the Egr-1 promoter is mediated by serum response elements.
Nucleic Acids Res 20: 2355-9

An G, Meka CSR, Bright SP, Veltri RW (1999) Human prostate-specific
transglutaminase gene: promoter cloning, tissue-specific expression, and down-
regulation in metastatic prostate cancer. Urology 54: 1105-1111

Anlezark GM, Melton RG, Sherwood RF, Coles B, Friedlos F, Knox RJ (1992) The
bioactivation of 5-(aziridin-1-yl)-2,4-dinitrobenzamide (CB1954)--I. Purification
and properties of a nitroreductase enzyme from Escherichia coli--a potential
enzyme for antibody-directed enzyme prodrug therapy (ADEPT). Biochem
Pharmacol 44: 2289-95

Anton M, Gomaa IE, von Lukowicz T, Molls M, Gansbacher B, Wurschmidt F (2005)
Optimization of radiation controlled gene expression by adenoviral vectors in
vitro. Cancer Gene Ther 12: 640-6

Anton M, Graham F (1995) Site-specific recombination mediated by an adenovirus
vector expressing the Cre recombinase protein: a molecular switch for control
of gene expression, J. Virol. 69: 4600-4606

Arsenian S, Weinhold B, Oelgeschlager M, Ruther U, Nordheim A (1998) Serum
response factor is essential for mesoderm formation during mouse
embryogenesis. Embo J 17: 6289-99

Atkinson G, Hall SJ (1999) Prodrug activation gene therapy and external beam
irradiation in the treatment of prostate cancer, Urology 54: 1098-1104

Bachtiary B, Schindl M, Potter R, Dreier B, Knocke TH, Hainfellner JA, Horvat R,
Birner P (2003) Overexpression of Hypoxia-inducible Factor 1{alpha} Indicates
Diminished Response to Radiotherapy and Unfavorable Prognosis in Patients
Receiving Radical Radiotherapy for Cervical Cancer. Clin Cancer Res 9: 2234-
2240

Balzarini J, Bohman C, Walker RT, de Clercq E (1994) Comparative cytostatic activity

of different antiherpetic drugs against herpes simplex virus thymidine kinase
gene-transfected tumor cells. Mol Pharmacol 45: 1253-8

159




9.0 Bibliography

Balzarini J, Degreve B, Andrei G, Neyts J, Sandvold M, Myhren F, de Clercq E (1998)
Superior cytostatic activity of the ganciclovir elaidic acid ester due to the
prolonged intracellular retention of ganciclovir anabolites in herpes simplex
virus type 1 thymidine kinase gene-transfected tumor cells. Gene Ther 5: 419-26

Banas B, Blaschke D, Fittler ¥, Horz W (1994) Analysis of the promoter of the human
prostatic acid phosphatase gene. Biochim Biophys Acta 1217: 188-94

Begg AC (2003) Is HIF-1[alpha] a good marker for tumor hypoxia? International
Journal of Radiation Oncology*Biology*Physics 56; 917-919

Benouchan M, Nascimento FD, Sebbah-Louriki M, Salzmann J-L, Crepin M, Perret
GY, Colombo BM (2003) Bystander cell killing spreading from endothelial to
tumor cells in a three-dimensional multicellular nodule model after Escherichia
coli nitroreductase gene delivery. Biochemical and Biophysical Research
Communications 311: 822-828

Berg JM (1992) Spl and the subfamily of zinc finger proteins with guanine-rich binding
sites. Proc Natl Acad Sci U S A 89: 11109-10

Berry WR (2005) The evelving role of chemotherapy in androgen-independent
(hormone-refractory) prostate cancer. Urology 65: 2-7

Black ME, Newcomb TG, Wilson H-MP, Loeb LA (1996) Creation of drug-specific
herpes simplex virus type 1 thymidine kinase mutants for gene therapy. PNAS
93: 3525-3529

Blackburn RV, Galoforo SS, Corry PM, Lee YJ (1998) Adenoviral-mediated transfer of
a heat-inducible double suicide gene into prostate carcinoma cells. Cancer Res
58: 1358-62

Blackburn RV, Galoforo 88, Corry PM, Lee YJ (1999) Adenoviral transduction of a
cytosine deaminase/thymidine kinase fusion gene into prostate carcinoma cells
enhances prodrug and radiation sensitivity. Int J Cancer 82: 293-7

Bott SR, Arya M, Shergill IS, Williamson M (2005) Molecular changes in prostatic
cancer. Surg Oncol 14: 91-104

Bottaro DP, Liotta LA (2003) Cancer: Out of air is not out of action. Nature 423: 593-5

Boucher PD, Ruch RJ, Shewach DS (1998) Differential ganciclovir-mediated
cytotoxicity and bystander killing in human c¢olon carcinoma cell lines
expressing herpes simplex virus thymidine kinase. Hum Gene Ther 9: 801-14

Bridgewater JA, Knox RJ, Pitts JD, Collins MK, Springer CJ (1997) The bystander
effect of the nitroreductase/CB1954 enzyme/prodrug system is due to a cell-
permeable metabolite, Hum Gene Ther 8: 709-17

Bridgewater JA, Springer CJ, Knox RJ, Minton NP, Michael NP, Collins MK (1995)
Expression of the bacterial nitroreductase enzyme in mammalian cells renders
them selectively sensitive to killing by the prodrug CB1954, Eur J Cancer 31A:
2362-70

160




9.0 Bibliography

Britton KE, Feneley MR, Jan H, Chengazi VU, Granowska M (2000) Prostate cancer:
the contribution of nuclear medicine. BJU Int 86 Suppl 1: 135-42

Brookes DE, Zandvliet D, Watt F, Russell PJ, Molloy PL (1998) Relative activity and
specificity of promoters from prostate-expressed genes. Prostate 35: 18-26

Bussemakers MJG, van Bokhoven A, Verhaegh GW, Smit FP, Karthaus HFM,
Schalken JA, Debruyne FMJ, Ru N, Isaacs WB (1999) DD3::A New Prostate-
specific Gene, Highly Overexpressed in Prostate Cancer. Cancer Res 59; 5975-
5979

Bussink J, Kaanders JHAM, van der Kogel AJ (2003) Tumor hypoxia at the micro-
regional level: clinical relevance and predictive value of exogenous and
endogenous hypoxic cell markers. Radiotherapy and Oncology 67: 3-15

Buursma AR, van Dillen LJ, van Waarde A, Vaalburg W, Hospers GA, Mulder NH, de
Vries EF (2004) Monitoring HSVtk suicide gene therapy: the role of
[(18)F]JFHPG membrane transport. Br J Cancer 91: 2079-85

Calvo A, Gonzalez-Moreno O, Yoon CY, Huh JI, Desai K, Nguyen QT, Green JE
(2005) Prostate cancer and the genomic revolution: Advances using microarray
analyses. Mutat Res 576: 66-79

Cancel-Tassin G, Cussenot O (2005) Genetic susceptibility to prostate cancer. BJU Int
96: 1380-5

Carter P (2001) Improving the efficacy of antibody-based cancer therapies. Nat Rev
Cancer 1: 118-29

Cemazar M, Sersa G, Wilson J, Tozer GM, Hart SL, Grosel A, Dachs GU (2002)
Effective gene transfer to solid tumors using different nonviral gene delivery

techniques: electroporation, liposomes, and integrin-targeted vector. Cancer
Gene Ther 9: 399-406

Chadderton N, Cowen RL, Sheppard FCD, Robinsen S, Greco O, Scott SD, Stratford
1J, Patterson AV, Williams KJ (2005) Dual responsive promoters to target
therapeutic gene expression to radiation-resistant hypoxic tumor cells.
International Journal of Radiation Oncology*Biology*Physics 62: 213-222

Chen MJ, Green NK, Reynolds GM, Flavell JR, Mautner V, Kerr DJ, Young LS,
Searle PF (2004) Enhanced efficacy of Escherichia coli nitroreductase/CB1954
prodrug activation gene therapy using an £1B-55K-deleted oncolytic adenovirus
vector. Gene Ther 11: 1126-36

Cheng WS, Giandomenico V, Pastan 1, Essand M (2003) Characterization of the
androgen-regulated prostate-specific T cell receptor gamma-chain alternate
reading frame protein (TARP) promoter. Endocrinology 144: 3433-40

Cheng WS, Kraaij R, Nilsson B, van der Weel L, de Ridder CM, Totterman TH,
Essand M (2004) A novel TARP-promoter-based adenovirus against hormone-
dependent and hormone-refractory prostate cancer. Mol Ther 10: 355-64

Chhikara M, Huang H, Vlachaki MT, Zhu X, Teh B, Chiu KJ, Woo S, Berner B, Smith
EO, Oberg KC (2001) Enhanced Therapeutic Effect of HSV-tk+GCV Gene

161




9.0 Bibliography

Therapy and Ionizing Radiation for Prostate Cancer. Molecular Therapy 3:
536-542

Chinnasamy D, Chinnasamy N, Enriquez MJ, Otsu M, Morgan RA, Candotti F (2000)
Lentiviral-mediated gene transfer into human lymphocytes: role of HIV-1
accessory proteins. Blood 96: 1309-1316

Christy B, Nathans D (1989) Functional serum response elements upstream of the
growth factor-inducible gene zif268. Mol Cell Biol 9: 4889-95

Chung-Faye G, Palimer D, Anderson D, Clark J, Downes M, Baddeley J, Hussain S,
Murray Pl, Searle P, Seymour L, Harris PA, Ferry D, Kerr DJ (2001a) Virus-
directed, Enzyme Prodrug Therapy with Nitroimidazole Reductase: A Phase I
and Pharmacokinetic Study of its Prodrug, CB1954. Clin Cancer Res 7: 2662-
2668

Chung-Faye GA, Chen MJ, Green NK, Burton A, Anderson D, Mautner V, Searle PF,
Kerr DJ (2001b) In vivo gene therapy for colon cancer using adenovirus-
mediated, transfer of the fusion gene cytosine deaminase and uracil
phosphoribosyltransferase. Gene Ther 8: 1547-54

Clarke NW (2003) The management of hormone-relapsed prostate cancer. BJU Int 92:
860-8

Clarke NW, Wylie JP (2004) Chemotherapy in hormone refractory prostate cancer:
where do we stand? Eur Urol 46: 709-11

Cleutjens KB, van Eekelen CC, van der Korput HA, Brinkmann AQ, Trapman J
(1996) Two androgen response regions cooperate in steroid hormone regulated
activity of the prostate-specific antigen promoter. J Biol Chem 271: 6379-88

Cleutjens KBJM, van der Korput HAGM, van Eekelen CCEM, van Rooij HCJ, Faber
PW, Trapman J (1997a) An Androgen Response Element in a Far Upstream
Enhancer Region Is Essential for High, Androgen-Regulated Activity of the
Prostate-Specific Antigen Promoter. Mol Endocrinol 11: 148-161

Cleutjens KBJM, van der Korput HAGM, van Eekelen CCEM, van Rooij HCJ, Faber
PW, Trapman J (1997b) An Androgen Response Element in a Far Upstream
Enhancer Region Is Essential for High, Androgen-Regulated Activity of the
Prostate-Specific Antigen Promoter. Mol Endocrinol, vol 11, pp 148-161

Collis SJ, Khater K, DeWeese TL (2003) Novel therapeutic strategies in prostate cancer

management using gene therapy in combination with radiation therapy. World
J Urol 21; 275-89

Corban-Wilhelm H, Becker G, Bauder-Wust U, Greulich D, Debus J (2003) Cytosine
deaminase versus thymidine kinase: a comparison of the antitumor activity.
Clin Exp Med 3: 150-6

Corban-Wilhelm H, Ehemann V, Becker G, Greulich D, Braun K, Debus J (2004)

Comparison of different methods to assess the cytotoxic effects of cytosine
deaminase and thymidine kinase gene therapy. Cancer Gene Ther 11: 208-14

162




9.0 Bibliography

Corban-Wilhelin H, Hull WE, Becker G, Bauder-Wust U, Greulich D, Debus J (2002)
Cytosine deaminase and thymidine kinase gene therapy in a Dunning rat
prostate tumour model: absence of bystander effects and characterisation of 5-
fluorocytosine metabolism with 19F-NMR spectroscopy. Gene Ther 9: 1564-75

Crawford ED (2003) Epidemiology of prostate cancer. Urology 62: 3-12

Croissant JD, Kim JH, Eichele G, Goering L, Lough J, Prywes R, Schwartz RJ (1996)
Avian serum response factor expression restricted primarily to muscle cell
lineages is required for alpha-actin gene transcription. Dev Biol 177: 250-64

Cui J, Rohr LR, Swanson G, Speights VO, Maxwell T, Brothman AR (2001)
Hypermethylation of the caveolin-1 gene promoter in prostate cancer. Prostate
46: 249-56

Cui W, Gusterson B, Clark AJ (1999) Nitroreductase-mediated cell ablation is very
rapid and mediated by a p53-independent apoptotic pathway. Gene Ther 6: 764-
70

Dachs GU, Coralli C, Hart SL, Tozer GM (2000) Gene delivery to hypoxic cells in vitro.
Br J Cancer 83: 662-7

Dachs GU, Dougherty GJ, Stratford LJ, Chaplin DJ (1997a) Targeting gene therapy to
cancer: a review. Oncol Res 9: 313-25

Dachs GU, Patterson AV, Firth JD, Ratcliffe PJ, Townsend KM, Stratford 1J, Harris
AL (1997b) Targeting gene expression to hypoxic tumor cells. Nat Med 3: 515-
20

Dachs GU, Tozer GM (2000) Hypoxia modulated gene expression: angiogenesis,
metastasis and therapeutic exploitation. European Journal of Cancer 36: 1649-
1660

Dachs GU, Tupper J, Tozer GM (2005) From bench to bedside for gene-directed
enzyme prodrug therapy of cancer. Anticancer Drugs 16: 349-59

Datta R, Rubin E, Sukhatme V, Qureshi S, Hallahan D, Weichselbaum R, Kufe D
{1992) Ionizing Radiation Activates Transcription of the EGR1 Gene Via CArG
Elements. PNAS 89: 10149-10153

Datta R, Taneja N, Sukhatme V, Qureshi S, Weichselbaum R, Kufe D (1993) Reactive
Oxygen Intermediates Target CC(A/T)6GG Sequences to Mediate Activation of
the Early Growth Response 1 Transcription Factor Gene by Ionizing Radiation.
PNAS 90: 2419-2422

de Kok JB, Verhaegh GW, Roelofs RW, Hessels D, Kiemeney LA, Aalders TW,
Swinkels DW, Schalken JA (2002) DD3PCA3, a Very Sensitive and Specific
Marker to Detect Prostate Tumors, Cancer Res 62: 2695-2698

de Vries EFJ, van Dillen 1J, van Waarde A, Willemsen ATM, Vaalburg W, Mulder NH,

Hospers GAP (2003) Evaluation of [18F]FHPG as PET tracer for HSVtk gene
expression. Nuclear Medicine and Biology 30: 651-660

163




5.0 Bibliography

Degreve B, De Clercq E, Balzarini J (1999) Bystander effect of purine nucleoside
analogues in HSV-1 tk suicide gene therapy is superior to that of pyrimidine
nucleoside analogues. Gene Ther 6: 162-70

DeMarzo AM, Nelson WG, Isaacs WB, Epstein JI (2003) Pathological and molecular
aspects of prostate eancer. Lancet 361: 955-64

Denning C, Pitts JD (1997) Bystander effects of different enzyme-prodrug systems for
cancer gene therapy depend on different pathways for intercellular transfer of
toxic metabolites, a factor that will govern clinical choice of appropriate
regimes. Hum Gene Ther 8: 1825-35

Denny WA (2003) Prodrugs for Gene-Directed Enzyme-Prodrug Therapy (Suicide
Gene Therapy). J Biomed Biotechnol 2003: 48-70

DeWeese TL, van der Poel H, Li S, Mikhak B, Drew R, Goemann M, Hamper U,
DeJong R, Detorie N, Rodriguez R, Haulk T, DeMarzo AM, Piantadosi S, Yu
DC, Chen Y, Henderson DR, Carducci MA, Nelson WG, Simons JW (2001) A
Phase I Trial of CV706, a Replication-competent, PSA Selective Oncolytic
Adenovirus, for the Treatment of Locally Recurrent Prostate Cancer following
Radiation Therapy. Cancer Res 61: 7464-7472

Dewey RA, Morrissey G, Cowsill CM, Stone D, Bolognani F, Dodd NJ, Southgate TD,
Klatzmann D, Lassmann H, Castro MG, Lowenstein PR (1999) Chronic brain
inflammation and persistent herpes simplex virus 1 thymidine kinase expression
in survivors of syngeneic glioma treated by adenovirus-mediated gene therapy:
implications for clinical trials. Nat Med 5: 1256-63

Dilber MS, Abedi MR, Christensson B, Bjorkstrand B, Kidder GM, Naus CC, Gahrton
G, Smith CI (1997) Gap junctions promote the bystander effect of herpes
simplex virus thymidine kinase in vivo. Cancer Res 57: 1523-8

Dilber MS, Phelan A, Aints A, Mohamed AJ, Elliott G, Smith CI, O'Hare P (1999)
Intercellular delivery of thymidine kinase prodrug activating enzyme by the
herpes simplex virus protein, VP22. Gene Ther 6: 12-21

Dilber MS, Smith CI (1997) Suicide genes and bystander killing: local and distant
effects. Gene Ther 4: 273-4

Djeha AH, Hulme A, Dexter MT, Mountain A, Young LS, Searle PF, Kerr DJ,
Wrighton CJ (2000) Expression of Escherichia coli B nitroreductase in
established human tumor xenografts in mice results in potent antitumoral and
bystander effects upon systemic administration of the prodrug CB1954. Cancer
Gene Ther 7: 721-31

Djeha AH, Thomson TA, Leung H, Searle PF, Young LS, Kerr DJ, Harris PA,
Mountain A, Wrighton CJ (2001) Combined Adenovirus-Mediated
Nitroreductase Gene Delivery and CB1954 Treatment: A Well-Tolerated
Therapy for Established Solid Tumors. Molecular Therapy 3: 233-240

Djeha HA, Todryk SM, Pelech S, Wrighton CJ, Irvine AS, Mountain A, Lipinski KS
(2005) Antitumor immune responses mediated by adenoviral GDEPT using

164




9.0 Bibliography

nitroreductase/CB1954 is enhanced by high-level coexpression of heat shock
protein 70. Cancer Gene Ther 12: 560-71

Doige CA, Ames GF (1993) ATP-dependent transport systems in bacteria and humans:
relevance to eystic fibrosis and multidrug resistance. Annu Rev Microbiol 47:
291-319

Domin BA, Mahony WB, Zimmerman TP (1993) Transport of 5-fluorouracil and uracil
into human erythrocytes. Biochem Pharmacol 46: 503-10

Drabek D, Guy J, Craig R, Grosveld F (1997) The expression of bacterial
nitroreductase in transgenic mice results in specific cell killing by the prodrug
CB1954. Gene Ther 4: 93-100

Dubbink HJ, Cleutjens KB, van der Korput HA, Trapman J, Romijn JC (1999a) An
Spl binding site is essential for basal activity of the human prostate-specific
transglutaminase gene (T'GM4) promoter. Gene 240: 261-7

Dubbink HJ, de Waal L, van Haperen R, Verkaik NS, Trapman J, Romijn JC (1998)
The human prostate-specific transglutaminase gene (TGM4): genomic

organization, tissue-specific expression, and promoter characterization.
Genomics 51: 434-44

Dubbink HJ, Hoedemaeker RF, van der Kwast TH, Schroder FH, Romijn JC (1999b)
Human prostate-specific transglutaminase: a new prostatic marker with a
unique distribution pattern. Lab Invest 79: 141-50

Dubbink HJ, Verkaik NS, Faber PW, Trapman J, Schroder FH, Romijn JC (1996)
Tissue specific and androgen-regulated expression of human prostate-specific
transglutaminase. Biochem J 315 ( Pt 3): 901-8

Duflot-Dancer A, Piccoli C, Rolland A, Yamasaki H, Mesnil M (1998) Long-term
connexin-mediated bystander effect in highly tumorigenic human cells in vivo in

herpes simplex virus thymidine kinase/ganciclovir gene therapy. Gene Ther 5:
1372-8

Eastham JA, Chen SH, Sehgal I, Yang G, Timme TL, Hall SJ, Woo SL, Thompson TC
(1996) Prostate cancer gene therapy: herpes simplex virus thymidine kinase
gene transduction followed by ganciclovir in mouse and human prostate cancer
models. Hum Gene Ther 7: 515-23

Ebara S, Shimura S, Nasu Y, Kaku H, Kumon H, Yang G, Wang J, Timme TL,
Aguilar-Cordova E, Thompson TC (2002) Gene therapy for prostate cancer:
toxicological profile of four HSV-tk transducing adenoviral vectors regulated by
different promoters. Prostate Cancer Prostatic Dis 5: 316-25

Eder 1IE, Haag P, Bartsch G, Klocker H (2005) Gene therapy strategies in prostate
cancer. Curr Gene Ther 5: 1-10

Eder JP, Kantoff PW, Roper K, Xu G, Bubley GJ, Boyden J, Gritz L, Mazzara G, Oh
WK, Arlen P, Tsang KY, Panicali D, Schlom J, Kufe DW (2000) A Phase I Trial
of a Recombinant Vaccinia Virus Expressing Prostate-specific Antigen in
Advanced Prostate Cancer. Clin Cancer Res 6: 1632-1638

165




9.0 Bibliography

Elliott G, O'Hare P (1997) Intercellular trafficking and protein delivery by a
herpesvirus structural protein. Cell 88: 223-33

Elliott G, O'Hare P (1999) Intercellular trafficking of VP22-GFP fusion proteins. Gene
Ther 6: 149-51

Elshami AA, Saavedra A, Zhang H, Kucharczuk JC, Spray DC, Fishman GI, Amin
KM, Kaiser LR, Albelda SM (1996) Gap junctions play a role in the 'bystander
effect’ of the herpes simplex virus thymidine kinase/ganciclovir system in vitro.
Gene Ther 3: 85-92

el-Shirbiny AM (1994) Prostatie specific antigen. Adv Clin Chem 31: 99-133

Essand M, Gronvik C, Hartman T, Carlsson J (1995) Radioimmunotherapy of prostatic
adenocarcinomas: effects of 1311-labelled E4 antibodies on cells at different
depth in DU 145 spheroids. Int J Cancer 63: 387-94

Essand M, Logdahl P, Nilsson S, Wartenberg M, Acker H, Carlsson J (1996) Retention
and processing of the monoclonal anti-prostate E4 antibody after binding to
prostatic adenocarcinoma DU 145 cells. Cancer Immunol Immunother 43: 39-43

Farmer G, Connolly ES, Jr., Mocco J, Freedman LP (2001) Molecular analysis of the
prostate-specific antigen upstream gene enhancer. Prostate 46: 76-85

Feldman BJ, Feldman D (2001) The development of androgen-independent prostate
cancer. Nat Rev Cancer 1: 34-45

Ferguson MJ, Ahmed FY, Cassidy J (2001) The role of pro-drug therapy in the
treatment of cancer. Drug Resistance Updates 4: 225-232

Fillat C, Carrio M, Cascante A, Sangro B (2003) Suicide gene therapy mediated by the
Herpes Simplex virus thymidine kinase gene/Ganciclovir system: fifteen years of
application. Curr Gene Ther 3: 13-26

Foley R, Hollywood D, Lawler M (2004a) Molecular pathology of prostate cancer: the
key to identifying new biomarkers of disease. Endocr Relat Cancer 11: 477-88

Foley R, Lawler M, Hollywood D (2004b) Gene-based therapy in prostate cancer. The
Lancet Oncology 5: 469-479

Ford KG, Souberbielle BE, Darling D, Farzaneh F (2001) Protein transduction: an
alternative to genetic intervention? Gene Ther 8: 1-4

Freedland SJ, Aronson WJ (2005) Obesity and prostate cancer. Urology 65: 433-9

Freytag SO, Khil M, Stricker H, Peabody J, Menon M, DePeralta-Venturina M,
Nafziger D, Pegg J, Paielli D, Brown S, Barton K, Lu M, Aguilar-Cordova E,
Kim JH (2002a) Phase I Study of Replication-competent Adenovirus-mediated
Double Suicide Gene Therapy for the Treatment of Locally Recurrent Prostate
Cancer. Cancer Res 62: 4968-4976

Freytag SO, Paielli D, Wing M, Rogulski K, Brown S, Kolozsvary A, Seely J, Barton K,

Dragovic A, Kim JH (2002b) Efficacy and toxicity of replication-competent
adenovirus-mediated double suicide gene therapy in combination with radiation

166




9.0 Bibliography

therapy in an orthotopic mouse prostate cancer model. International Journal of
Radiation Oncology*Biology*Physics 54: 873-885

Freytag SO, Stricker H, Pegg J, Paielli D, Pradhan DG, Peabody J, DePeralta-
Venturina M, Xia X, Brown S, Lu M, Kim JH (2003) Phase I Study of
Replication-Competent Adenovirus-Mediated Double-Suicide Gene Therapy in
Combination with Conventional-Dose Three-Dimensional Conformal Radiation
Therapy for the Treatment of Newly Diagnosed, Intermediate- to High-Risk
Prostate Cancer. Cancer Res 63: 7497-7506

Friedberg EC, Lehmann AR, Fuchs RP (2005) Trading places: how do DNA
polymerases switch during translesion DNA synthesis? Mol Cell 18: 499-505

Friedlos I, Court S, Ford M, Denny WA, Springer C (1998) Gene-directed enzyme
prodrug therapy: quantitative bystander cytotoxicity and DNA damage induced
by CB1954 in cells expressing bacterial nitroreductase. Gene Ther 5: 105-12

Furuhata S, Ide H, Miura Y, Yoshida T, Aoki K (2003) Development of a prostate-
specific promoter for gene therapy against androgen-independent prostate
cancer, Molecular Therapy 7: 366-374

Gabril MY, Onita T, Ji PG, Sakai H, Chan FL, Koropatnick J, Chin JL, Moussa M,
Xuan JW (2002) Prostate targeting: PSP94 gene promoter/enhancer region
directed prostate tissue-specific expression in a transgenic mouse prostate
cancer model. Gene Ther 9: 1589-99

Gambhir SS, Barrio JR, Herschman HR, Phelps ME (1999a) Assays for noninvasive
imaging of reporter gene expression. Nuclear Medicine and Biology 26: 481-490

Gambhir S8, Barrio JR, Phelps ME, Iyer M, Namavari M, Satyamurthy N, Wu L,
Green LA, Bauer E, MacLaren DC, Nguyen K, Berk AJ, Cherry SR,
Herschman HR (1999b) Imaging adenoviral-directed reporter gene expression
in living animals with positron emission tomography. PNAS 96: 2333-2338

Gambhir SS, Bauer E, Black ME, Liang Q, Kokoris MS, Barrio JR, Iyer M, Namavari
M, Phelps ME, Herschman HR (2000) A mutant herpes simplex virus type 1
thymidine kinase reporter gene shows improved sensitivity for imaging reporter
gene expression with positron emission tomography. PNAS 97: 2785-2790

Gandini O, Luci I, Stigliano A, Lucera R, Di Silverio F, Toscano V, Cardillo MR
(2003) iIs DD3 a new prostate-specific gene? Anticancer Res 23: 305-8

Garrington TP, Johnson GL (1999) Organization and regulation of mitogen-activated
protein kinase signaling pathways. Current Opinion in Cell Biology 11: 211-218

Ghosh K, Van Duyne GD (2002) Cre-loxP biochemistry. Methods 28: 374-383

Gilman MZ, Wilson RN, Weinberg RA (1986) Multiple protein-binding sites in the 5'-
flanking region regulate c-fos expression. Mol Cell Biol 6: 4305-16

Gkonos PJ, Guo F, Burnstein KL (2000) Type 1 vasoactive intestinal peptide receptor

expression in PC3/AR cells is evidence of prostate epithelial differentiation.
Prostate 42;: 137-44

167




9.0 Bibliography

Gleason DF (1966) Classification of prostatic carcinomas. Cancer Chemother Rep 50:
125-8

Gleason DF (1992) Histologic grading of prostate cancer: a perspective. Hum Pathol 23:
273-9

Goldenberg DM (1993) Monoclonal antibodies in cancer detection and therapy. Am J
Med 94: 297-312

Good D, Schwarzenberger P, Eastham JA, Rhoads RE, Hunt JD, Collins M, Batzer M,
Theodossiou C, Kolls JK, Grimes SR (1999) Cloning and characterization of the
prostate-specific membrane antigen promoter. J Cell Biochem 74: 395-405

Gorman C, Bullock C (2000) Site-specific gene targeting for gene expression in
eukaryotes. Current Opinion in Biotechnology 11: 455-460

Gotoh A, Ko SC, Shirakawa T, Cheon J, Kao C, Miyamoto T, Gardner TA, Ho LJ,
Cleutjens CB, Trapman J, Graham FL, Chung LW (1998} Development of
prostate-specific antigen promoter-based gene therapy for androgen-
independent human prostate cancer. J Urol 160: 220-9

Gottesman MM, Pastan I, Ambudkar SV (1996) P-glycoprotein and multidrug
resistance. Curr Opin Genet Dev 6: 610-7

Granchi S, Brocchi S, Bonaccorsi L, Baldi E, Vinci MC, Forti G, Serio M, Maggi M
(2001) Endothelin-1 production by prostate cancer cell lines is up-regulated by
factors involved in cancer progression and down-regulated by androgens,
Prostate 49: 267-77

Greco O, Dachs GU (2001) Gene directed enzyme/prodrug therapy of cancer: historical
appraisal and future prospectives. J Cell Physiol 187: 22-36

Greco O, Dachs GU, Tozer GM, Kanthou C (2002a) Mechanisms of cytotoxicity

induced by horseradish peroxidase/indole-3-acetic acid gene therapy. J Cell
Biochem 87: 221-32

Greco O, Folkes LK, Wardman P, Tozer GM, Dachs GU (2000a) Development of a
novel enzyme/prodrug combination for gene therapy of cancer: horseradish
peroxidase/indole-3-acetic acid. Cancer Gene Ther 7: 1414-20

Greco O, Joiner MC, Doleh A, Scott SD (2005a) VP22-mediated intercellular transport
for suicide gene therapy under oxic and hypoxic conditions. Gene Ther 12: 974-
9

Greco O, Marples B, Dachs GU, Williams KJ, Patterson AV, Scott SD (2002b) Novel
chimerie gene promoters responsive to hypoxia and ionizing radiation. Gene
Ther 9: 1403-11

Greco O, Patterson AV, Dachs GU (2000b) Can gene therapy overcome the problem of
hypoxia in radiotherapy? J Radiat Res (Tokyo) 41: 201-12

Greco O, Powell TM, Marples B, Joiner MC, Scott SD (2005b) Gene therapy vectors

containing CArG elements from the Egrl gene are activated by neutron
irradiation, cisplatin and doxorubicin.

168




9.0 Bibliography

Greco O, Rossiter S, Kanthou C, Folkes LK, Wardman P, Tozer GM, Dachs GU (2001)
Horseradish Peroxidase-mediated Gene Therapy: Choice of Prodrugs in Oxic
and Anoxic Tumor Conditions. Mol Cancer Ther 1: 151-160

Greco O, Scott SD, Marples B, Dachs GU (2002¢) Cancer gene therapy: 'delivery,
delivery, delivery'. Front Biosci 7: d1516-24

Greco O, Tozer GM, Dachs GU (2002d) Oxic and anoxic enhancement of radiation-
mediated toxicity by horseradish peroxidase/indole-3-acetic acid gene therapy.
Int J Radiat Biol 78: 173-81

Greenberg NM, DeMayo FJ, Sheppard PC, Barrios R, Lebovitz R, Finegold M,
Angelopoulou R, Dodd JG, Duckworth ML, Rosen JM, et al. (1994) The rat
probasin gene promoter directs hormonally and developmentally regulated
expression of a heterologous gene specifically to the prostate in transgenic mice.
Mol Endocrinol 8: 230-9

Griffiths L, Binley K, Igball S, Kan O, Maxwell P, Ratcliffe P, Lewis C, Harris A,
Kingsman S, Naylor S (2000) The macrophage - a novel system to deliver gene
therapy to pathological hypoxia. Gene Ther 7: 255-62

Gu Z, Thomas G, Yamashiro J, Shintaku IP, Dorey F, Raitano A, Witte ON, Said JW,
Loda M, Reiter RE (2000) Prostate stem cell antigen (PSCA) expression
increases with high gleason score, advanced stage and bone metastasis in
prostate cancer. Oncogene 19: 1288-96

Gulley J, Dahut WL (2003) Novel approaches to treating the asymptomatic hormone-
refractory prostate cancer patient. Urology 62 Suppl 1: 147-54

Haberkorn U, Khazaie K, Morr I, Altmann A, Muller M, van Kaick G (1998)
Ganciclovir Uptake in Human Mammary Carcinoma Cells Expressing Herpes
Simplex Virus Thymidine Kinase. Nuclear Medicine and Biology 25: 367-373

Hackman T, Doubrovin M, Balatoni J, Beresten T, Ponomarev V, Beattie B, Finn R,
Bornmann W, Blasberg R, Tjuvajev JG (2002) Imaging expression of cytosine
deaminase-herpes virus thymidine kinase fusion gene (CD/TK) expression with
[124I}FIAU and PET, Mol Imaging 1: 36-42

Hall SJ, Mutchnik SE, Chen SH, Woo SL, Thompson TC (1997) Adenovirus-mediated
herpes simplex virus thymidine kinase gene and ganciclovir therapy leads to
systemic activity against spontaneous and induced metastasis in an orthotopic
mouse model of prostate cancer, Int J Cancer 70: 183-7

Hall 8J, Mutchnik SE, Yang G, Timme TL, Nasu Y, Bangma CH, Woo SL, Shaker M,
Thompson TC (1999) Cooperative therapeutic effects of androgen ablation and
adenovirus-mediated herpes simplex virus thymidine kinase gene and
ganciclovir therapy in experimental prostate cancer, Cancer Gene Ther 6: 54-63

Hallahan DE (1996) Radiation-Mediated Gene Expression in the Pathogenesis of the
Clinical Radiation Response. Semin Radiat Oncol 6: 250-267

Hallahan DE, Mauceri HJ, Seung LP, Dunphy EJ, Wayne JD, Hanna NN, Toledano A,

Hellman S, Kufe DW, Weichselbaum RR (1995a) Spatial and temporal control
of gene therapy using ionizing radiation. Nat Med 1: 786-91

169




9.0 Bibliography

Hallahan DE, Sukhatme VP, Sherman ML, Virudachalam S, Kufe D, Weichselbaum
RR (1991a) Protein kinase C mediates x-ray inducibility of nuclear signal
transducers EGR1 and JUN. Proc Natl Acad Sci U S A 88: 2156-60

Hallahan DE, Virudachalam S, Sherman ML, Huberman E, Kufe DW, Weichselbaum
RR (1991b) Tumor necrosis factor gene expression is mediated by protein
kinase C following activation by ionizing radiation. Cancer Res 51: 4565-9

Hallahan DE, Vokes EE, Rubin SJ, O'Brien S, Samuels B, Vijaykumar S, Kufe DW,
Phillips R, Weichselbaum RR (1995b) Phase I Dose-Escalation Study of Tumor
Necrosis Factor-alpha and Concomitant Radiation Therapy. Cancer J Sei Am 1:
204

Hasenburg A, Tong XW, Rojas-Martinez A, Nyberg-Hoffman C, Kieback CC, Kaplan
A, Kaufman RH, Ramzy I, Aguilar-Cordova E, Kieback DG (2000) Thymidine
kinase gene therapy with concomitant topotecan chemotherapy for recurrent
ovarian cancer. Cancer Gene Ther 7: 839-44

Hassan W, Sanford MA, Woo SL, Chen SH, Hall SJ (2000) Prospects for herpes-
simplex-virus thymidine-kinase and cytokine gene transduction as
immunomodulatory gene therapy for prostate cancer. World J Urol 18: 130-5

Hattori Y, Maitani Y (2005) Folate-linked nanoparticle-mediated suicide gene therapy
in human prostate cancer and nasopharyngeal cancer with herpes simplex virus
thymidine kinase. Cancer Gene Ther 12: 796-809

Hay MP, Atwell GJ, Wilson WR, Pullen SM, Denny WA (2003) Structure-activity
relationships for 4-nitrobenzyl carbamates of S-aminobenz[e]indoline minor
groove alkylating agents as prodrugs for GDEPT in conjunction with E. coli
nitroreductase. J Med Chem 46: 2456-66

Helsby NA, Ferry DM, Patterson AV, Pullen SM, Wilson WR (2004} 2-Amino
metabolites are key mediators of CB 1954 and SN 23862 bystander effects in
nitroreductase GDEPT. Br J Cancer 90: 1084-92

Herman JR, Adler HL, Aguilar-Cordova E, Rojas-Martinez A, Woo S, Timme TL,
Wheeler TM, Thompson TC, Scardino PT (1999) In situ gene therapy for
adenocarcinoma of the prostate: a phase I clinical trial. Hum Gene Ther 10:
1239-49

Hessels D, Klein Gunnewiek JM, van Oort I, Karthaus HF, van Leenders GJ, van
Balken B, Kiemeney LA, Witjes JA, Schalken JA (2003) DD3(PCA3J3)-based
molecular urine analysis for the diagnosis of prostate cancer. Eur Urol 44: 8-15;
discussion 15-6

Higano CS (2005) Current status of treatment for patients with metastatic prostate
cancer. Can J Urol 12 Suppl 2: 38-41

Hoeijmakers JH (2001) DNA repair mechanisms. Maturitas 38: 17-22; discussion 22-3

Holder JW, Elmore E, Barrett JC (1993) Gap junction function and cancer. Cancer Res
53: 3475-85

170




9.0 Bibliography

Hsieh CL, Gardner TA, Miao L, Balian G, Chung L'W (2004) Cotargeting tumor and
stroma in a novel chimeriec tumor model involving the growth of both human
prostate cancer and bone stromal cells. Cancer Gene Ther 11: 148-55

Hsu H, Rainov NG, Quinones A, Eling DJ, Sakamoto KM, Spear MA (2003) Combined
radiation and cytochrome CYP4B1/4-ipomeanol gene therapy using the EGR1
promoter. Anticancer Res 23: 2723-8

Huang W, Shostak Y, Tarr P, Sawyers C, Carey M (1999) Cooperative Assembly of
Androgen Receptor into a Nucleoprotein Complex That Regulates the Prostate-
specific Antigen Enhancer. J. Biol. Chem. 274: 25756-25768

Humphrey PA (2004) Gleason grading and prognostic factors in carcinoma of the
prostate. Mod Pathol 17: 292-306

Ikegami S, Tadakuma T, Ono T, Suzuki S, Yoshimura I, Asano T, Hayakawa M (2004)
Treatment efficiency of a suicide gene therapy using prostate-specific membrane
antigen promoter/enhancer in a castrated mouse model of prostate cancer.
Cancer Sci 95: 367-70

Ikegami S, Tadakuma T, Suzuki S, Yoshimura I, Asano T, Hayakawa M (2002)
Development of gene therapy using prostate-specific membrane antigen
promoter/enhancer with Cre Recombinase/LoxP system for prostate cancer cells
under androgen ablation condition, Jpn J Cancer Res 93: 1154-63

Israeli RS, Powell CT, Corr JG, Fair WR, Heston WD (1994) Expression of the
prostate-specific membrane antigen, Cancer Res 54: 1807-11

Jain A, Lam A, Vivanco I, Carey MF, Reiter RE (2002) Identification of an androgen-
dependent enhancer within the prostate stem cell antigen gene. Mol Endocrinol
16: 2323-37

Jamieson GA, Jr., Mayforth RD, Villereal ML, Sukhatme VP (1989) Multiple
intracellular pathways induce expression of a zinc-finger encoding gene
(EGR1): relationship to activation of the Na/H exchanger. J Cell Physiol 139:
262-8

Jirieny J (1998a) Eukaryotic mismatch repair; an update. Mutat Res 409: 107-21
Jiricny J (1998b) Replication errors: cha(lle)nging the genome. Embo J 17: 6427-36

Joki T, Nakamura M, Ohno T (1995) Activation of the radiosensitive EGR-1 promoter
induces expression of the herpes simplex virus thymidine kinase gene and
sensitivity of human glioma cells to ganciclovir. Hum Gene Ther 6: 1507-13

Joseph LJ, Beau MML, Jamieson GA, Acharya S, Shows TB, Rowley JD, Sukhatme VP
(1988) Molecular Cloning, Sequencing, and Mapping of EGR2, a Human Early
Growth Response Gene Encoding a Protein with **Zinc-Binding Finger"'
Structure. PNAS 85: 7164-7168

Kaczynski J, Cook T, Urrutia R (2003) Sp1- and Kruppel-like transcription factors.
Genome Biol 4: 206

171




9.0 Bibliography

Kaina B (2003) DNA damage-triggered apoptosis: critical role of DNA repair, double-
strand breaks, cell proliferation and signaling. Biochem Pharmacol 66: 1547-54

Kakinuma H, Bergert ER, Spitzweg C, Cheville JC, Lieber MM, Morris JC (2003)
Probasin promoter (ARR(2)PB)-driven, prostate-specific expression of the
human sodium iodide symporter (h-NIS) for targeted radioiodine therapy of
prostate cancer. Cancer Res 63: 7840-4

Kammertoens T, Gelbmann W, Karle P, Alton K, Saller R, Salmons B, Gunzburg WH,
Uckert W (2000) Combined chemotherapy of murine mammary tumors by local
activation of the prodrugs ifosfamide and 5-fluorocytosine. Cancer Gene Ther 7:
629-36

Kasper S, Rennie P, Bruchovsky N, Sheppard P, Cheng H, Lin L, Shiu R, Snoek R,
Matusik R (1994) Cooperative binding of androgen receptors to two DNA
sequences is required for androgen induction of the probasin gene. J. Biol.
Chem. 269: 31763-31769

Katabi MM, Chan HL, Karp SE, Batist G (1999) Hexokinase type II: a novel tumor-
specific promoter for gene-targeted therapy differentially expressed and
regulated in human cancer cells. Hum Gene Ther 10: 155-64

Kato H, Koshida K, Yokoyama K, Mizokami A, Namiki M (2002) Potential benefits of
combining cytosine deaminase/5-fluorocytosine gene therapy and irradiation for
prostate cancer: experimental study. Int J Urol 9: 567-76

Kawamura K, Bahar R, Namba H, Seimiya M, Takenaga K, Hamada H, Sakiyama S,
Tagawa M (2001) Bystander effect in uracil phosphoribosyltransferase/S-
fluorouracil-mediated suicide gene therapy is correlated with the level of
intercellular communication. Int J Oncol 18: 117-20

Kawashita Y, Ohtsuru A, Kaneda Y, Nagayama Y, Kawazoe Y, Eguchi S, Kuroda H,
Fujioka H, Ito M, Kanematsu T, Yamashita S (1999) Regression of
hepatocellular carcinoma in vitro and in vivo by radiosensitizing suicide gene
therapy under the inducible and spatial control of radiation. Hum Gene Ther
10: 1509-19

Khil MS, Kim JH, Mullen CA, Kim SH, Freytag SO (1996) Radiosensitization by 5-
fluorocytosine of human colorectal carcinoma cells in culture transduced with
cytosine deaminase gene. Clin Cancer Res 2: 53-7

Kianmanesh AR, Perrin H, Panis Y, Fabre M, Nagy HJ, Houssin D, Klatzmann D
(1997) A "distant" bystander effect of suicide gene therapy: regression of

nontransduced tumors together with a distant transduced tumor. Hum Gene
Ther 8: 1807-14

Kievit E, Nyati MK, Ng E, Stegman LD, Parsels J, Ross BD, Rehemtulla A, Lawrence
TS (2000) Yeast cytosine deaminase improves radiosensitization and bystander

effect by 5-fluorocytosine of human colorectal cancer xenografts. Cancer Res
60: 6649-55

Kijima T, Osaki T, Nishino K, Kumagai T, Funakoshi T, Goto H, Tachibana I, Tanio
Y, Kishimoto T (1999) Application of the Cre recombinase/loxP system further

172




9.0 Bibliography

enhances antitumor effects in cell type-specific gene therapy against
carcinoembryonic antigen-producing cancer. Cancer Res 59: 4906-11

Kilby NJ, Snaith MR, Murray JA (1993) Site-specific recombinases: tools for genome
engineering. Trends Genet 9: 413-21

Kim JH, Kim SH, Brown SL, Freytag SO (1994) Selective enhancement by an antiviral
agent of the radiation-induced cell killing of human glioma cells transduced with
HSV-tk gene. Cancer Res 54: 6053-6

Kim JH, Kim SH, Kolozsvary A, Brown SL, Kim OB, Freytag SO (1995) Selective
enhancement of radiation response of herpes simplex virus thymidine kinase

transduced 9L gliosarcoma cells in vitro and in vivo by antiviral agents. Int J
Radiat Oncol Biol Phys 33: 861-8

Kim JH, Kolozsvary A, Rogulski K, Khil MS, Brown SL, Freytag SO (1998) Selective
radiosensitization of 9L glioma in the brain transduced with double suicide
fusion gene. Cancer J Sci Am 4: 364-9

Kim SH, Kim JH, Kolozsvary A, Brown SL, Freytag SO (1997) Preferential
radiosensitization of 9L glioma cells transduced with HSV-tk gene by acyclovir.
J Neurooncol 33: 189-94

Kirn D (2000) Replication-selective oncolytic adenoviruses: virotherapy aimed at
genetic targets in cancer. Oncogene 19: 6660-9

Klatzmann D, Valery CA, Bensimon G, Marro B, Boyer O, Mokhtari K, Diquet B,
Salzmann JL, Philippon J (1998) A phase I/1I study of herpes simplex virus type
1 thymidine kinase "suicide'" gene therapy for recurrent glioblastoma. Study
Group on Gene Therapy for Glioblastoma. Hum Gene Ther 9: 2595-604

Knox RJ, Boland MP, Friedlos F, Coles B, Southan C, Roberts JJ (1988a) The
nitroreductase enzyme in Walker cells that activates 5-(aziridin-1-yI)-2,4-
dinitrobenzamide (CB 1954) to 5-(aziridin-1-yl)-4-hydroxylamino-2-
nitrobenzamide is a form of NAD(P)H dehydrogenase (quinone) (EC 1.6.99.2).
Biochem Pharmacol 37: 4671-7

Knox RJ, Friedlos F, Jarman M, Roberts JJ (1988b) A new cytotoxic, DNA interstrand
crosslinking agent, 5-(aziridin-1-yl)-4-hydroxylamino-2-nitrobenzamide, is
formed from 5-(aziridin-1-yl)-2,4-dinitrobenzamide (CB 1954) by a
nitroreductase enzyme in Walker carcinoma cells. Biochem Pharmacol 37:
4661-9

Koeneman KS, Kao C, Ko SC, Yang L, Wada Y, Kallmes DF, Gillenwater JY, Zhau
HE, Chung LW, Gardner TA (2000) Osteocalcin-directed gene therapy for
prostate-cancer bone metastasis. World J Urol 18: 102-10

Kokoris MS, Black ME (2002) Characterization of Herpes Simplex Virus type 1
thymidine kinase mutants engineered for improved ganciclovir or acyclovir
activity. Protein Sci 11: 2267-2272

Kokoris MS, Sabo P, Adman ET, Black ME (1999) Enhancement of tumor ablation by
a selected HSV-1 thymidine kinase mutant. Gene Ther 6: 1415-26

173




9.0 Bibliography

Kokoris MS, Sabo P, Black ME (2000) In vitro evaluation of mutant HSV-1 thymidine
kinases for suicide gene therapy. Anticancer Res 20: 959-63

Konishi N, Shimada K, Ishida E, Nakamura M (2005) Molecular pathology of prostate
cancer. Pathol Int 55: 531-9

Kopper L, Timar J (2005) Genomics of prostate cancer: is there anything to
"translate"? Pathol Oncol Res 11: 197-203

Koshikawa N, Takenaga K, Tagawa M, Sakiyama S (2000) Therapeutic efficacy of the
suicide gene driven by the promoter of vascular endothelial growth factor gene
against hypoxic tumor cells. Cancer Res 60: 2936-41

Kozak M (1986) Point mutations define a sequence flanking the AUG initiator codon
that modulates translation by eukaryotic ribosomes. Cell 44: 283-92

Kraaij R, van Rijswijk AL, Oomen MH, Haisma HJ, Bangma CH (2005) Prostate
specific membrane antigen (PSMA) is a tissue-specific target for adenoviral
transduction of prostate cancer in vitro. Prostate 62: 253-9

Kubo H, Gardner TA, Wada Y, Koeneman XS, Gotoh A, Yang L, Kao C, Lim SD,
Amin MB, Yang H, Black ME, Matsubara S, Nakagawa M, Gillenwater JY,
Zhau HE, Chung L'W (2003) Phase I dose escalation clinical trial of adenovirus
vector carrying osteocalcin promoter-driven herpes simplex virus thymidine
kinase in localized and metastatic hormone-refractory prostate cancer. Hum
Gene Ther 14: 227-41

Lakso M, Sauer B, Mosinger B, Jr., Lee EJ, Manning RW, Yu SH, Mulder KL,
Westphal H (1992) Targeted oncogene activation by site-specific recombination
in transgenic mice. Proc Natl Acad Sci U S A 89: 6232-6

Lam JS, Yamashiro J, Shintaku IP, Vessella RL, Jenkins RB, Horvath S, Said JW,
Reiter RE (2005) Prostate Stem Cell Antigen Is Overexpressed in Prostate
Cancer Metastases. Clin Cancer Res 11: 2591-2596

Latham JP, Searle PF, Mautner V, James ND (2000) Prostate-specific antigen
promoter/enhancer driven gene therapy for prostate cancer: construction and
testing of a tissue-specific adenovirus vector. Cancer Res 60: 334-41

Lawrence TS, Rehemtulla A, Ng EY, Wilson M, Trosko JE, Stetson PL (1998)
Preferential cytotoxicity of cells transduced with cytosine deaminase compared
to bystander cells after treatment with 5-flucytosine. Cancer Res 58: 2588-93

Le Dai J, Maiorino CA, Gkonos PJ, Burnstein KL (1996) Androgenic up-regulation of
androgen receptor cDNA expression in androgen-independent prostate cancer
cells. Steroids 61: 531-539

Lee CH, Liu M, Sie KL, Lee MS (1996) Prostate-specific antigen promoter driven gene
therapy targeting DNA polymerase-alpha and topoisomerase II alpha in
prostate cancer. Anticancer Res 16: 1805-11

Lee SJ, Kim HS, Yu R, Lee K, Gardner TA, Jung C, Jeng MH, Yeung F, Cheng L, Kao

C (20022a) Novel prostate-specific promoter derived from PSA and PSMA
enhancers. Mol Ther 6: 415-21

174




9.0 Bibliography

Lee YJ, Lee H, Borrelli MJ (2002b) Gene transfer into human prostate
adenocarcinoma cells with an adenoviral vector: Hyperthermia enhances a

double suicide gene expression, cytotoxicity and radiotoxicity. Cancer Gene
Ther 9: 267-74

Lehmann AR (2003) Replication of damaged DNA. Cell Cycle 2: 300-2

Lehmann AR (2005) Replication of damaged DNA by translesion synthesis in human
cells. FEBS Lett 579: 873-6

Leow CC, Wang XD, Gao WQ (2005) Novel method of generating prostate-specific
Cre-LoxP gene switching via intraductal delivery of adenovirus. Prostate

Li X, Zhang Y-P, Kim H-S, Bae K-H, Stantz KM, Lee S-J, Jung C, Jimenez JA,
Gardner TA, Jeng M-H, Kao C (2005) Gene Therapy for Prostate Cancer by
Controlling Adenovirus Ela and E4 Gene Expression with PSES Enhancer.
Cancer Res 65: 1941-1951

Lilja H (2003) Biology of prostate-specific antigen, Urology 62: 27-33

Lipinski K8, Pelech S, Mountain A, Irvine AS, Kraaij R, Bangma CH, Mills KH,
Todryk SM (2005) Nitroreductase-based therapy of prostate cancer, enhanced
by raising expression of heat shock protein 70, acts through increased anti-
tumour immunity, Cancer Immunol Immunother: 1-8

Liu SC, Minton NP, Giaccia AJ, Brown JM (2002) Anticancer efficacy of systemically
delivered anaerobic bacteria as gene therapy vectors targeting tumor
hypoxia/necrosis. Gene Ther 9: 291-6

Loimas S, Toppinen MR, Visakorpi T, Janne J, Wahlfors J (2001) Human prostate
carcinoma cells as targets for herpes simplex virus thymidine kinase-mediated
suicide gene therapy. Cancer Gene Ther 8: 137-44

Maeda H, Nagata S, Wolfgang CD, Bratthauer GL, Bera TK, Pastan I (2004) The T cell
receptor gamma chain alternate reading frame protein (TARP), a prostate-
specific protein localized in mitochondria. J Biol Chem 279: 24561-8

Magklara A, Brown TJ, Diamandis EP (2002) Characterization of androgen receptor
and nuclear receptor co-regulator expression in human breast cancer cell lines
exhibiting differential regulation of kallikreins 2 and 3. Int J Cancer 100: 507-14

Maitland NJ, Stanbridge LJ, Dussupt V (2004) Targeting gene therapy for prostate
cancer. Curr Pharm Des 10: 531-55

Manome Y, Kunieda T, Wen PY, Koga T, Kufe DW, Ohno T (1998) Transgene
expression in malignant glioma using a replication-defective adenoviral vector
containing the Egr-1 promoter: activation by ionizing radiation or uptake of
radioactive iododeoxyuridine. Hum Gene Ther 9: 1409-17

Marples B, Greco O, Joiner MC, Scott SD (2002) Molecular approaches to chemo-
radiotherapy. Eur J Cancer 38: 231-9

173




9.0 Bibliography

Marples B, Scott SD, Hendry JH, Embleton MJ, Lashford LS, Margison GP (2000)
Development of synthetic promoters for radiation-mediated gene therapy. Gene
Ther 7: 511-7

Martiniello-Wilks R, Garcia-Aragon J, Daja MM, Russell P, Both GW, Molloy PL,
Lockett LJ, Russell PJ (1998) In vivo gene therapy for prostate cancer:
preclinical evaluation of two different enzyme-directed prodrug therapy systems
delivered by identical adenovirus vectors. Hum Gene Ther 9: 1617-26

Mason M (2003) Prostate cancer, 1st edn. Oxford University Press

Matsubara S, Wada Y, Gardner TA, Egawa M, Park MS, Hsieh CL, Zhau HE, Kao C,
Kamidono S, Gillenwater JY, Chung LW (2001) A conditional replication-
competent adenoviral vector, Ad-OC-E1a, to cotarget prostate cancer and bone
stroma in an experimental model of androgen-independent prostate cancer bone
metastasis. Cancer Res 61: 6012-9

Mauceri HJ, Hanna NN, Wayne JD, Hallahan DE, Hellman S, Weichselbaum RR
(1996) Tumor necrosis factor alpha (TNF-alpha) gene therapy targeted by
ionizing radiation selectively damages tumor vasculature, Cancer Res 56: 4311-4

McCormick F (2001) Cancer gene therapy: fringe or cutting edge? Nat Rev Cancer 1:
130-41

McHugh PJ, Spanswick VJ, Hartley JA (2001) Repair of DNA interstrand crosslinks:
molecular mechanisms and clinical relevance. Lancet Oncol 2: 483-90

MceNeish TA, Green NK, Gilligan MG, Ford MJ, Mautner V, Young LS, Kerr DJ,
Searle PF (1998) Virus directed enzyme prodrug therapy for ovarian and
pancreatic cancer using retrovirally delivered E. coli nitroreductase and
CB1954. Gene Ther 5: 1061-9

Merdan T, Kopecek J, Kissel T (2002) Prospects for cationic polymers in gene and
oligonucleotide therapy against cancer, Adv Drug Deliv Rev 54: 715-58

Mesnil M, Piccoli C, Tiraby G, Willecke K, Yamasaki H (1996) Bystander killing of
cancer cells by herpes simplex virus thymidine kinase gene is mediated by
connexins. Proc Natl Acad Sci U S A 93: 1831-5

Meyer RG, Kupper JH, Kandolf R, Rodemann HP (2002) Early growth response-1
gene (Egr-1) promoter induction by ionizing radiation in U87 malignant glioma
cells in vitro. Eur J Biochem 269: 337-46

Miles BJ, Shalev M, Aguilar-Cordova E, Timme TL, Lee HM, Yang G, Adler HL,
Kernen K, Pramudji CK, Satoh T, Gdor Y, Ren C, Ayala G, Wheeler TM,
Butler EB, Kadmon D, Thompson TC (2001) Prostate-specific antigen response
and systemic T cell activation after in situ gene therapy in prostate cancer
patients failing radiotherapy. Hum Gene Ther 12: 1955-67

Miyagi T, Koshida K, Hori O, Konaka H, Katoh H, Kitagawa Y, Mizokami A, Egawa
M, Ogawa S, Hamada H, Namiki M (2003) Gene therapy for prostate cancer

using the cytosine deaminase/uracil phosphoribosyltransferase suicide system. J
Gene Med 5: 30-7

176




9.0 Bibliography

Monahan PE, Samulski RJ (2000) AAYV vectors: is clinical success on the horizon? Gene
Ther 7: 24-30

Moul JW, Anderson J, Penson DF, Klotz L.H, Soloway MS, Schulman CC (2003) Early
Prostate Cancer: Prevention, Treatment Modalities, and Quality of Life Issues.
European Urology 44: 283-293

Mundt AJ, Vijayakumar S, Nemunaitis J, Sandler A, Schwartz H, Hanna N, Peabody
T, Senzer N, Chu K, Rasmussen CS, Kessler PD, Rasmussen HS, Warso M,
Kufe DW, Gupta TD, Weichselbaum RR (2004) A Phase I Trial of TNFerade
Biologic in Patients with Soft Tissue Sarcoma in the Extremities. Clin Cancer
Res 10: 5747-5753

Murtha P, Tindall DJ, Young CY (1993) Androgen induction of a human prostate-
specific kallikrein, hKLK2: characterization of an androgen response element in
the 5' promoter region of the gene. Biochemistry 32: 6459-64

Murthy S, Marcelli M, Weigel NL (2003) Stable expression of full length human
androgen receptor in PC-3 prostate cancer cells enhances sensitivity to retinoic
acid but not to 1alpha,25-dihydroxyvitamin D3. Prostate 56: 293-304

Nagayama Y, Nishihara E, litaka M, Namba H, Yamashita S, Niwa M (1999) Enhanced
efficacy of transcriptionally targeted suicide gene/prodrug therapy for thyroid
carcinoma with the Cre-loxP system. Cancer Res 59: 3049-52

Nasu Y, Bangma CH, Hull GW, Yang G, Wang J, Shimura S, McCurdy MA, Ebara S,
Lee HM, Timme TL, Thompson TC (2001) Combination gene therapy with
adenoviral vector-mediated HSV-tk+GCYV and IL-12 in an orthotopic mouse
model for prostate cancer. Prostate Cancer Prostatic Dis 4: 44-55

Nettelbeck DM, Jerome V, Muller R (2000) Gene therapy: designer promoters for
tumour targeting. Trends Genet 16: 174-81

Norderhaug I, Dahl O, Hoisaeter PA, Heikkila R, Klepp O, Olsen DR, Kristiansen IS,
Waehre H, Bjerklund Johansen TE (2003) Brachytherapy for Prostate Cancer:
A Systematic Review of Clinical and Cost Effectiveness. European Urology 44:
40-46

Ochiai Y, Inazawa J, Ueyama H, Ohkubo I (1995) Human gene for beta-
microseminoprotein: its promoter structure and chromosomal localization, J
Biochem (Tokyo) 117: 346-52

O'Donnell RT, DeNardo SJ, DeNardo GL, Miers L, Lamborn KR, Kukis DL, Meyers
FJ (2000) Efficacy and toxicity of radioimmunotherapy with (90)Y-DOTA-
peptide-ChL6 for PC3-tumored mice. Prostate 44: 187-92

O'Donnell RT, DeNardo SJ, Miers LA, Lamborn KR, Kukis DL, DeNardo GL, Meyers
FJ (2002) Combined modality radioimmunotherapy for human prostate cancer
xenografts with taxanes and 90yttrinm-DOTA-peptide-ChL6. Prostate 50: 27-37

O'Donnell RT, DeNardo SJ, Shi XB, Mirick GR, DeNardo GL, Kroger LA, Meyers FJ
(1998) L6 monoclonal antibody binds prostate cancer. Prostate 37: 91-7

177




9.0 Bibliography

O'Keefe DS, Uchida A, Bacich DJ, Watt FB, Martorana A, Molloy PL, Heston WD
(2000) Prostate-specific suicide gene therapy using the prostate-specific
membrane antigen promoter and enhancer. Prostate 45: 149-57

Palmer DH, Mautner V, Mirza D, Oliff S, Gerritsen W, van der Sijp JR, Hubscher S,
Reynolds G, Bonney S, Rajaratnam R, Hull D, Horne M, Ellis J, Mountain A,
Hill S, Harris PA, Searle PF, Young LS, James ND, Kerr DJ {2004) Virus-
directed enzyme prodrug therapy: intratumoral administration of a replication-

deficient adenovirus encoding nitroreductase to patients with resectable liver
cancer. J Clin Oncol 22: 1546-52

Palmer DH, Milner AE, Kerr DJ, Young LS (2003) Mechanism of cell death induced by
the novel enzyme-prodrug combination, nitroreductase/CB1954, and
identification of synergism with 5-fluorouracil. Br J Cancer 89: 944-50

Pandini G, Mineo R, Frasca F, Roberts CT, Jr., Marcelli M, Vigneri R, Belfiore A
(2005) Androgens Up-regulate the Insulin-like Growth Factor-1 Receptor in
Prostate Cancer Cells. Cancer Res 65: 18491857

Pang S (2000) Targeting and eradicating cancer cells by a prostate-specific vector
carrying the diphtheria toxin A gene. Cancer Gene Ther 7: 991-6

Pang S, Dannull J, Kaboo R, Xie Y, Tso CL, Michel K, deKernion JB, Belldegrun AS
(1997) Identification of a positive regulatory element responsible for tissue-
specific expression of prostate-specific antigen. Cancer Res 57: 495-9

Pang S, Taneja S, Dardashti K, Cohan P, Kaboo R, Sokoloff M, Tso CL, Dekernion JB,
Belldegrun AS (1995) Prostate tissue specificity of the prostate-specific antigen

promoter isolated from a patient with prostate cancer. Hum Gene Ther 6: 1417-
26

Pantuck AJ, Matherly J, Zisman A, Nguyen D, Berger F, Gambhir SS, Black ME,
Belldegrun A, Wu L (2002) Optimizing prostate cancer suicide gene therapy

using herpes simplex virus thymidine kinase active site variants. Hum Gene
Ther 13: 777-89

Paquin A, Jaalouk DE, Galipeau J (2001) Retrovector encoding a green fluorescent
protein-herpes simplex virus thymidine kinase fusion protein serves as a
versatile suicide/reporter for cell and gene therapy applications. Hum Gene
Ther 12: 13-23

Park HS, Cheon J, Cho HY, Ko YH, Bae JH, Moon DG, Kim JJ (2003) In vivo
characterization of a prostate-specific antigen promoter-based suicide gene

therapy for the treatment of benign prostatic hyperplasia. Gene Ther 10: 1129-
34

Patterson AV, Saunders MP, Greco O (2003) Prodrugs in genetic chemoradiotherapy.
Curr Pharm Des 9: 2131-54

Pederson LC, Buchsbaum DJ, Vickers SM, Kancharla SR, Mayo MS, Curiel DT,
Stackhouse MA (1997) Molecular chemotherapy combined with radiation

therapy enhances killing of cholangiocarcinoma cells in vitro and in vivo.
Cancer Res 57: 4325-32

178




9.0 Bibliography

Pennati M, Binda M, Colella G, Zoppe M, Folini M, Vignati S, Valentini A, Citti L, De
Cesare M, Pratesi G, Giacca M, Daidone MG, Zaffaroni N (2004) Ribozyme-
mediated inhibition of survivin expression increases spontaneous and drug-
induced apoptosis and decreases the tumorigenic potential of human prostate
cancer cells. Oncogene 23: 386-94

Petrylak DP (2005) Future directions in the treatment of androgen-independent
prostate cancer. Urology 65: 8-12

Pierrefite-Carle V, Baque P, Gavelli A, Mala M, Chazal M, Gugenheim J, Bourgeon A,
Milano G, Staccini P, Rossi B (1999) Cytosine deaminase/5-fluorocytosine-based
vaccination against liver tumors: evidence of distant bystander effect. J Natl
Cancer Inst 91: 2014-9

Pramudji C, Shimura S, Ebara S, Yang G, Wang J, Ren C, Yuan Y, Tahir SA, Timme
TL, Thompson TC (2001) In Situ Prostate Cancer Gene Therapy Using a Novel
Adenoviral Vector Regulated by the Caveolin-1 Promoter. Clin Cancer Res 7:
4272-4279

Prince HM (1998) Gene transfer: a review of methods and applications. Pathology 30:
335-47

Prolla TA (1998) DNA mismatch repair and cancer. Curr Opin Cell Biol 10: 311-6

Prywes R, Dutta A, Cromlish JA, Roeder RG (1988) Phosphorylation of Serum
Response Factor, a Factor that Binds to the Serum Response Element of the c-
FOS Enhancer. PNAS 85: 7206-7210

Quinn DI, Henshall SM, Sutherland RL (2005) Molecular markers of prostate cancer
outcome. Eur J Cancer 41: 858-87

Quinones A, Dobberstein KU, Rainov NG (2003) The egr-1 gene is induced by DNA-
damaging agents and non-genotoxic drugs in both normal and neoplastic human
cells. Life Sciences 72: 2975-2992

Qureshi S, Cao X, Sukhatme V, Foster D (1991) v-Src activates mitogen-responsive

transcription factor Egr-1 via serum response elements. J. Biol. Chem. 266:
10802-10806

Rainov NG (2000) A phase III clinical evaluation of herpes simplex virus type 1
thymidine kinase and ganciclovir gene therapy as an adjuvant to surgical
resection and radiation in adults with previously untreated glioblastoma
multiforme. Hum Gene Ther 11: 2389-401

Ram Z, Culver KW, Oshiro EM, Viola JJ, DeVroom HL, Otto E, Long Z, Chiang Y,
McGarrity GJ, Muul LM, Katz D, Blaese RM, Oldfield EH (1997) Therapy of
malignant brain tumors by intratumoral implantation of retroviral vector-
producing cells. Nat Med 3: 1354-61

Read ML, Bremner KH, Qupicky D, Green NK, Searle PF, Seymour LW (2003)

Vectors based on reducible polycations facilitate intracellular release of nucleic
acids. J Gene Med 5: 232-45

179




9.0 Bibliography

Riegman PH, Klaassen P, van der Korput JA, Romijn JC, Trapman J (1988) Molecular
cloning and characterization of novel prostate antigen cDNA's. Biochem
Biophys Res Commun 155: 181-8

Riegman PH, Vlietstra RJ, Klaassen P, van der Korput JA, Geurts van Kessel A,
Romijn JC, Trapman J (1989a) The prostate-specific antigen gene and the

human glandular kallikrein-1 gene are tandemly located on chromosome 19.
FEBS Lett 247: 123-6

Riegman PH, Vlietstra RJ, Suurmeijer L, Cleutjens CB, Trapman J (1992)
Characterization of the human kallikrein locus. Genomics 14: 6-11

Riegman PH, Vlietstra RJ, van der Korput HA, Romijn JC, Trapman J (1991a)
Identification and androgen-regulated expression of two major human
glandular kallikrein-1 (hGK-1) mRNA species. Mol Cell Endocrinol 76: 181-90

Riegman PH, Vlietstra RJ, van der Korput JA, Brinkmann AO, Trapman J (1991b)
The promoter of the prostate-specific antigen gene contains a functional
androgen responsive element. Mol Endocrinol 5: 1921-30

Riegman PH, Vlietstra RJ, van der Korput JA, Romijn JC, Trapman J (1989b)
Characterization of the prostate-specific antigen gene: a novel human
kallikrein-like gene. Biochem Biophys Res Commun 159: 95-102

Robbins PD, Ghivizzani SC (1998) Viral Vectors for Gene Therapy. Pharmacology &
Therapeutics 80: 35-47

Roberts JJ, Friedlos F, Knox RJ (1986) CB 1954 (2,4-dinitro-5-aziridinyl benzamide)
becomes a DNA interstrand crosslinking agent in Walker tumour cells. Biochem
Biophys Res Commun 140: 1073-8

Rodriguez R, Schuur ER, Lim HY, Henderson GA, Simons JW, Henderson DR (1997)
Prostate attenuated replication competent adenovirus (ARCA) CN706: a

selective cytotoxic for prostate-specific antigen-positive prostate cancer cells.
Cancer Res 57; 2559-63

Rogulski KR, Kim JH, Kim SH, Freytag SO (1997a) Glioma cells transduced with an
Escherichia coli CD/HSV-1 TK fusion gene exhibit enhanced metabolic suicide
and radiesensitivity. Hum Gene Ther 8: 73-85

Rogulski KR, Wing MS, Paielli DL, Gilbert JD, Kim JH, Freytag SO (2000) Double
suicide gene therapy augments the antitumor activity of a replication-competent
Iytic adenovirus through enhanced cytotoxicity and radiosensitization. Hum
Gene Ther 11: 67-76

Rogulski KR, Zhang K, Kolozsvary A, Kim JH, Freytag SO (1997b) Pronounced
antitumor effects and tumor radiosensitization of double suicide gene therapy.
Clin Cancer Res 3: 2081-8

Rolli M, Kotlyarov A, Sakamoto KM, Gaestel M, Neininger A (1999) Stress-induced
Stimulation of Early Growth Response Gene-1 by p38/Stress-activated Protein
Kinase 2 Is Mediated by a cAMP-responsive Promoter Element in a MAPKAP
Kinase 2-independent Manner. J. Biol. Chem. 274: 19559-19564

180




9.0 Bibliography

Rubin MA, De Marzo AM (2004) Molecular genetics of human prostate cancer. Mod
Pathol 17: 380-8

Rydh A, Riklund Ahlstrom K, Widmark A, Johansson L, Nilsson S, Bergh A, Damber
JE, Stighrand T, Hietala SO (1997) Radioimmunoscintigraphy with a novel
monoclional antiprostate antibody (E4): an experimental study in nude mice.
Cancer 80: 2398-403

Rydh A, Riklund Ahlstrom K, Widmark A, Johansson L, Nilsson S, Bergh A, Damber
JE, Stigbrand T, Hietala SO (2001) Radicimmunoscintigraphy using an anti-
prostate monoclonal antibody (E4): a dosimetric evaluation. Urol Res 29: 216-20

Rydh A, Riklund-Ahlstrom K, Widmark A, Bergh A, Johansson L, Tavelin B, Nilsson
S, Stigbrand T, Damber JE, Hietala SO (1999) Radioimmunotherapy of DU-145
tumours in nude mice--a pilot study with E4, a novel monoclonal antibody
against prostate cancer. Acta Oncol 38: 1075-9

Sakai Y, Kaneko S, Sato Y, Kanegae Y, Tamaoki T, Saito I, Kobayashi K (2001) Gene
therapy for hepatocellular carcinoma using two recombinant adenovirus vectors

with [alpha]-fetoprotein promoter and Cre/lox P system. Journal of Virological
Methods 92: 5-17

Sakamoto KM, Bardeleben C, Yates KI\, Raines MA, Golde DW, Gasson JC (1991) 5'
upstream sequence and genomic structure of the haman primary response gene,
EGR-1/T1S8. Oncogene 6: 867-71

Sandmair AM, Loimas S, Puranen P, Inmonen A, Kossila M, Puranen M, Hurskainen
H, Tyynela K, Turunen M, Vanninen R, Lehtolainen P, Paljarvi L, Johansson
R, Vapalahti M, Yla-Herttuala S (2000) Thymidine kinase gene therapy for
human malignant glioma, using replication-deficient retroviruses or
adenoviruses. Hum Gene Ther 11: 2197-205

Sato Y, Tanaka K, Lee G, Kanegae Y, Sakai Y, Kaneko S, Nakabayashi H, Tamaoki T,
Saito I (1998) Enhanced and Specific Gene Expression via Tissue-Specific
Production of Cre Recombinase Using Adenovirus Vector,. Biochemical and
Biophysical Research Communications 244: 455-462

Satoh T, Irie A, Egawa S, Baba S (2005) In situ gene therapy for prostate cancer, Curr
Gene Ther 5: 111-9

Satoh T, Teh BS, Timme TL, Mai WY, Gdor Y, Kusaka N, Fujita T, Pramudji CK,
Vlachaki MT, Ayala G, Wheeler T, Amatc R, Miles BJ, Kadmon D, Butler EB,
Thompson TC (2004) Enhanced systemic T-cell activation after in situ gene
therapy with radiotherapy in prostate cancer patients. Int J Radiat Oncol Biol
Phys 59: 562-71

Sauer B, Henderson N (1989) Cre-stimulated recombination at loxP-containing DNA
sequences placed into the mammalian genome, Nucleic Acids Res 17: 147-61

Schaeffer HJ, Weber MJ (1999) Mitogen-Activated Protein Kinases: Specific Messages
from Ubiquitous Messengers. Mol. Cell. Biol. 19: 2435-2444

181




9.0 Bibliography

Schalken JA, Hessels D, Verhaegh G (2003) New targets for therapy in prostate cancer:
differential display code 3 (DD3PCAS3), a highly prostate cancer-specific gene.
Urology 62: 34-43

Schmidt M, Heimberger T, Gruensfelder P, Schler G, Hoppe F (2004) Inducible
promoters for gene therapy of head and neck cancer: an in vitro study. Eur
Arch Otorhinolaryngol 261: 208-15

Schroder FH, Hermanek P, Denis L, Fair WR, Gospodarowicz MK, Pavone-Macaluso
M (1992) The TNM classification of prostate cancer. Prostate Suppl 4: 129-38

Schuur ER, Henderson GA, Kmetec LA, Miller JD, Lamparski HG, Henderson DR
(1996) Prostate-specific Antigen Expression Is Regulated by an Upstream
Enhancer, J. Biol. Chem. 271: 7043-7051

Schwachtgen JL, Campbell CJ, Braddock M (2000) Full promoter sequence of human
early growth response factor-1 (Egr-1): demonstration of a fifth functional
serum response element. DNA Seq 10: 429-32

Scott SD, Greco O (2004) Radiation and hypoxia inducible gene therapy systems.
Cancer and Metastasis Reviews 23: 269-276

Scott SD, Joiner MC, Marples B (2002) Optimizing radiation-responsive gene
promoters for radiogenetic cancer therapy. Gene Ther 9: 1396-402

Scott SD, Marples B (2000) Comment on the use of the cre/loxP recombinase system for
gene therapy vectors. Gene Ther 7: 1706

Scott SD, Marples B, Hendry JH, Lashford LS, Embleton MJ, Hunter RD, Howell A,
Margison GP (2000) A radiation-controlled molecular switch for use in gene
therapy of cancer. Gene Ther 7: 1121-5

Searle PF, Chen MJ, Hu L, Race PR, Lovering AL, Grove JI, Guise C, Jaberipour M,
James ND, Mautner V, Young LS, Kerr DJ, Mountain A, White SA, Hyde EI
(2004) Nitroreductase: a prodrug-activating enzyme for cancer gene therapy.
Clin Exp Pharmacol Physiol 31: 811-6

Senzer N, Mani S, Rosemurgy A, Nemunaitis J, Cunningham C, Guha C, Bayol N,
Gillen M, Chu K, Rasmussen C, Rasmussen H, Kufe D, Weichselbaum R,
Hanna N (2004) TNFerade biologic, an adenovector with a radiation-inducible
promoter, carrying the human tumor necrosis factor alpha gene: a phase I study
in patients with solid tumors. J Clin Oncol 22: 592-601

Shaffer DR, Scher HI (2003) Prostate cancer: a dynamic illness with shifting targets.
The Lancet Oncology 4: 407-414

Shalev M, Thompson TC, Kadmon D, Ayala G, Kernen K, Miles BJ (2001) Gene
therapy for prostate cancer. Urology 57: 8-16

Sharma A, Mani S, Hanna N, Guha C, Vikram B, Weichselbaum RR, Sparano J, Sood
B, Lee D, Regine W, Muhodin M, Valentino J, Herman J, Desimone P, Arnold
S, Carrico J, Rockich AK, Warner-Carpenter J, Barton-Baxter M (2001)
Clinical protocol. An open-label, phase I, dose-escalation study of tumor
necrosis factor-alpha (TNFerade Biologic) gene transfer with radiation therapy

182




9.0 Bibliography

for locally advanced, recurrent, or metastatic solid tumors. Hum Gene Ther 12:
1109-31

Sharma V, Luker GD, Piwnica-Worms D (2002) Molecular imaging of gene expression
and protein function in vivo with PET and SPECT. J Magn Reson Imaging 16:
336-51

Sherman M, Datta R, Hallahan D, Weichselbaum R, Kufe D (1990) Ionizing Radiation
Regulates Expression of the c-jun Protooncogene. PNAS 87: 5663-5666

Shin T, Sumiyoshi H, Matsuo N, Satoh F, Nomura Y, Mimata H, Yoshioka H (2005)
Sp1 and Sp3 transcription factors upregulate the proximal promoter of the

human prostate-specific antigen gene in prostate cancer cells. Archives of
Biochemistry and Biophysics 435: 291-302

Shirakawa T, Gotoh A, Wada Y, Kamidono S, Ko SC, Kao C, Gardner TA, Chung LW
(2000) Tissue-specific promoters in gene therapy for the treatment of prostate
cancer. Mol Urol 4: 73-82

Skala M, Rosewall T, Warde P (2005) Radiation therapy for high-risk prostate cancer--
a review. Can J Urol 12 Suppl 2: 28-32

Snaith MR, Murray JAH, Boulter CA (1995) Multiple cloning sites carrying loxP and

FRT recognition sites for the Cre and Flp site-specific recombinases. Gene 166:
173-174

Soling A, Simm A, Rainov NG (2002) Intracellular localization of Herpes simplex virus
type 1 thymidine kinase fused to different fluorescent proteins depends on
choice of fluorescent tag. FEBS Letters 527: 153-158

Somiari S, Glasspool-Malone J, Drabick JJ, Gilbert RA, Heller R, Jaroszeski MJ,
Malone RW (2000) Theory and in Vivo Application of Electroporative Gene
Delivery. Molecular Therapy 2: 178-187

Song J, Pang S, Lu Y, Yokoyama KK, Zheng J-Y, Chiu R (2004) Gene Silencing in
Androgen-Responsive Prostate Cancer Cells from the Tissue-Specific Prostate-
Specific Antigen Promoter. Cancer Res 64: 7661-7663

Sonn GA, Aronson W, Litwin MS (2005) Impact of diet on prostate cancer: a review.
Prostate Cancer Prostatic Dis 8: 304-10

Soulez M, Tuil D, Kahn A, Gilgenkrantz H (1996) The Serum Response Factor (SRF) Is
Needed for Muscle-Specific Activation of CArG Boxes. Biochemical and
Biophysical Research Communications 219: 418-422

Spencer JA, Baron MH, Olson EN (1999a) Cooperative Transcriptional Activation by
Serum Response Factor and the High Mobility Group Protein SSRP1. J. Biol.
Chem. 274: 15686-15693

Spencer JA, Major ML, Misra RP (1999b) Basic Fibroblast Growth Factor Activates

Serum Response Factor Gene Expression by Multiple Distinct Signaling
Mechanisms. Mol. Cell. Biol. 19: 3977-3988

183




9.0 Bibliography

Spencer JA, Misra RP (1996) Expression of the Serum Response Factor Gene Is
Regulated by Serum Response Factor Binding Sites. J. Biol. Chem. 271: 16535-
16543

Spencer JA, Misra RP (1999) Expression of the SRF gene occurs through a
Ras/Sp/SRF-mediated-mechanism in response to serum growth signals.
Oncogene 18: 7319-27

Stamey TA, Yang N, Hay AR, McNeal JE, Freiha FS, Redwine E (1987) Prostate-
specific antigen as a serum marker for adenocarcinoma of the prostate. N Engl J
Med 317: 909-16

Stanbridge LJ, Dussupt V, Maitland NJ (2003) Baculoviruses as Vectors for Gene
Therapy against Human Prostate Cancer. J Biomed Biotechnol 2003: 79-91

Steffens S, Frank S, Fischer U, Heuser C, Meyer KL, Dobberstein KU, Rainov NG,
Kramm CM (2000) Enhanced green fluorescent protein fusion proteins of
herpes simplex virus type 1 thymidine kinase and cytochrome P450 4B1:
applications for prodrug-activating gene therapy. Cancer Gene Ther 7: 806-12

Steiner MS, Gingrich JR (2000} Gene therapy for prostate cancer: where are we now? J
Urol 164: 1121-36

Sternberg CN (2003) What's new in the treatment of advanced prostate cancer?
European Journal of Cancer 39: 136-146

Stricklett PK, Nelson RD, Kohan DE (1999) The Cre/loxP system and gene targeting in
the kidney. Am J Physiol Renal Physiol 276: F651-657

Su Z-Z, Sarkar D, Emdad L, Duigou GJ, Young CSH, Ware J, Randolph A, Valerie K,
Fisher PB (2005) Targeting gene expression selectively in cancer cells by using
the progression-elevated gene-3 promoter. PNAS 102: 1059-1064

Sung MW, Yeh HC, Thung SN, Schwartz ME, Mandeli JP, Chen SH, Woo SL (2001)
Intratumoral adenovirus-mediated suicide gene transfer for hepatic metastases

from colorectal adenocarcinoma: results of a phase I clinical trial. Mol Ther 4:
182-91

Suzuki S, Tadakuma T, Asano T, Hayakawa M (2001) Coexpression of the Partial
Androgen Receptor Enhances the Efficacy of Prostate-specific Antigen
Promoter-driven Suicide Gene Therapy for Prostate Cancer Cells at Low
Testosterone Concentrations. Cancer Res 61: 1276-1279

Takahashi T, Namiki Y, Ohno T (1997) Induction of the suicide HSV-TK gene by
activation of the Egr-1 promoter with radioisotopes. Hum Gene Ther 8: 827-33

Teh BS, Aguilar-Cordova E, Kernen K, Chou C-C, Shalev M, Vlachaki MT, Miles B,
Kadmon D, Mai W-Y, Caillouet J (2001) Phase I/II trial evaluating combined
radiotherapy and in situ gene therapy with or without hormonal therapy in the
treatment of prostate cancer--A preliminary report. International Journal of
Radiation Oncology*Biology*Physics 51: 605-613

Teh BS, Ayala G, Aguilar L, Mai WY, Timme TL, Vlachaki MT, Miles B, Kadmon D,
Wheeler T, Caillouet J, Davis M, Carpenter LS, Lu HH, Chiu JK, Woo SY,

184




9.0 Bibliography

Thompson T, Aguilar-Cordova E, Butler EB (2004) Phase I-1I trial evaluating
combined intensity-modulated radiotherapy and in situ gene therapy with or
without hormonal therapy in treatment of prostate cancer-interim report on
PSA response and biopsy data. Int J Radiat Oncol Biol Phys 58: 1520-9

Terouanne B, Tahiri B, Georget V, Belon C, Poujol N, Avances C, OrioJr F, Balaguer
P, Sultan C (2000) A stable prostatic bioluminescent cell line to investigate
androgen and antiandrogen effects. Molecular and Cellular Endocrinology 160:
39-49

Thust R, Tomicic M, Klocking R, Voutilainen N, Wutzler P, Kaina B (2000)
Comparison of the genotoxic and apoptosis-inducing properties of ganciclovir
and penciclovir in Chinese hamster ovary cells transfected with the thymidine
kinase gene of herpes simplex virus-1: implications for gene therapeutic
approaches. Cancer Gene Ther 7: 107-17

Todryk S, Melcher A, Bottley G, Gough M, Vile R (2001) Cell death associated with
genetic prodrug activation therapy of colorectal cancer. Cancer Letters 174: 25-
33

Tomicic MT, Bey E, Wutzler P, Thust R, Kaina B (2002) Comparative analysis of DNA
breakage, chromosomal aberrations and apoptosis induced by the anti-herpes
purine nucleoside analogues aciclovir, ganciclovir and penciclovir. Mutation
Research/Fundamental and Molecular Mechanisms of Mutagenesis 505: 1-11

Touraine RL, Ishii-Morita H, Ramsey WJ, Blaese RM (1998) The bystander effect in
the HSVtk/ganciclovir system and its relationship to gap junctional
communication. Gene Ther 5: 1705-11

Tourkova IL, Yamabe K, Foster B, Chatta G, Perez L, Shurin GV, Shurin MR (2004)
Murine prostate cancer inhibits both in vivo and in vitro generation of dendritic
cells from bone marrow precursors. Prostate 59: 203-13

Trask TW, Trask RP, Aguilar-Cordova E, Shine HD, Wyde PR, Goodman JC,
Hamilton WJ, Rojas-Martinez A, Chen SH, Woo SL, Grossman RG (2000)
Phase I study of adenoviral delivery of the HSV-tk gene and ganciclovir

administration in patients with current malignant brain tumors. Mol Ther 1:
195-203

Treisman R (1985) Transient accumulation of c-fos RNA following serum stimulation
requires a conserved 5' element and c-fos 3' sequences. Cell 42: 889-902

Treisman R (1986) Identification of a protein-binding site that mediates transcriptional
response of the c-fos gene to serum factors. Cell 46: 567-74

Treisman R (1987) Identification and purification of a polypeptide that binds to the c-
fos serum response element. Embo J 6: 2711-7

Tronche F, Casanova E, Turiault M, Sahly I, Kellendonk C (2002) When reverse
genetics meets physiology: the use of site-specific recombinases in mice. FEBS
Letters 529: 116-121

Trono D (2000) Lentiviral vectors: turning a deadly foe into a therapeutic agent. Gene
Ther 7: 20-3

185




9.0 Bibliography

Troyer JK, Beckett ML, Wright GL, Jr. (1997) Location of prostate-specific membrane
antigen in the LNCaP prostate carcinoma cell line. Prostate 30: 232-42

Tsui KH, Wu L, Chang PL, Hsieh ML, Juang HH (2004) Identifying the combination of
the transcriptional regulatory sequences on prostate specific antigen and human
glandular kallikrein genes. J Urol 172: 2029-34

Uchida A, O'Keefe DS, Bacich DJ, Molloy PL, Heston WDW (2001) In vivo suicide gene
therapy model using a newly discovered prostate-specific membrane antigen
promoter/enhancer: a potential alternative approach to androgen deprivation
therapy. Urology 58: 132-139

Uckert W, Kammertons T, Haack K, Qin Z, Gebert J, Schendel DJ, Blankenstein T
(1998) Double suicide gene (cytosine deaminase and herpes simplex virus
thymidine kinase) but not single gene transfer allows reliable elimination of
tumor cells in vivo. Hum Gene Ther 9: 855-65

Ueda K, Iwahashi M, Nakamori M, Nakamura M, Matsuura I, Yamaue H, Tanimura
H (2001) Carcinoembryonic Antigen-specific Suicide Gene Therapy of Cytosine
Deaminase/5-Fluorocytosine Enhanced by the Cre/loxP System in the
Orthotopic Gastric Carcinoma Model. Cancer Res 61: 6158-6162

Ueda K, Iwahashi M, Nakamori M, Nakamura M, Yamaue H, Tanimura H (2000)
Enhanced selective gene expression by adenovirus vector using Cre/loxP

regulation system for human carcinoembryonic antigen-producing carcinoma.
Oncology 59: 255-65

Van den Plas D, Ponsaerts P, Van Tendeloo V, Van Bockstaele DR, Berneman ZN,
Merregaert J (2003) Efficient removal of LoxP-flanked genes by electroporation
of Cre-recombinase mRNA., Biochemical and Biophysical Research
Communications 305: 10-15

van der Poel HG, McCadden J, Verhaegh GW, Kruszewski M, Ferrer F, Schalken JA,
Carducci M, Rodriguez R (2001) A novel method for the determination of basal
gene expression of tissue-specific promoters: an analysis of prostate-specific
promoters. Cancer Gene Ther 8: 927-35

Van Houdt WJ, Haviv YS, Lu B, Wang M, Rivera AA, Ulasov IV, Lamfers ML, Rein
D, Lesniak MS, Siegal GP, Dirven CM, Curiel DT, Zhu ZB (2006) The human
survivin promoter; a novel transcriptional targeting strategy for treatment of
glioma. J Neurosurg 104: 583-92

Verhaegh GW, van Bokhoven A, Smit F, Schalken JA, Bussemakers MJG (2000)
Isolation and Characterization of the Promoter of the Human Prostate Cancer-
specific DD3 Gene. J. Biol. Chem. 275: 37496-37503

Wardman P (2002) Indole-3-acetic acids and horseradish peroxidase: a new
prodrug/enzyme combination for targeted cancer therapy. Curr Pharm Des 8:
1363-74

Watabe T, Lin M, Ide H, Donjacour AA, Cunha GR, Witte ON, Reiter RE (2002)

Growth, regeneration, and tumorigenesis of the prostate activates the PSCA
promoter. Proc Natl Acad Sci U S A 99: 401-6

186




9.0 Bibliography

Watt F, Martorana A, Brookes DE, Ho T, Kingsley E, O'Keefe DS, Russell PJ, Heston
WDW, Molloy PL (2001) A Tissue-Specific Enhancer of the Prostate-Specific
Membrane Antigen Gene, FOLHI1. Genomics 73: 243-254

Weedon SJ, Green NK, McNeish IA, Gilligan MG, Mautner V, Wrighton CJ, Mountain
A, Young LS, Kerr DJ, Searle PF (2000) Sensitisation of human carcinoma cells
to the prodrug CB1954 by adenovirus vector-mediated expression of E. coli
nitroreductase. Int J Cancer 86: 848-54

Weichselbaum RR, Hallahan D, Fuks Z, Kufe D (1994a) Radiation induction of
immediate early genes: effectors of the radiation-stress response. Int J Radiat
Oncol Biol Phys 30: 229-34

Weichselbaum RR, Hallahan DE, Beckett MA, Mauceri HJ, Lee H, Sukhatme VP, Kufe
DW (1994b) Gene therapy targeted by radiation preferentially radiosensitizes
tumor cells. Cancer Res 54: 4266-9

Weichselbaum RR, Hallahan DE, Sukhatme VP, Kufe DW (1992) Gene therapy
targeted by ionizing radiation. Int J Radiat Oncol Biol Phys 24: 565-7

Weichselbaum RR, Kufe DW, Hellman S, Rasmussen HS, King CR, Fischer PH,
Mauceri HJ (2002) Radiation-induced tumour necrosis factor-[alpha]
expression: clinical application of transcriptional and physical targeting of gene
therapy. The Lancet Oncology 3: 665-671

Wen Y, Giri D, Yan DH, Spohn B, Zinner RG, Xia W, Thompson TC, Matusik RJ,
Hung MC (2003) Prostate-specific antitumor activity by probasin promoter-
directed p202 expression. Mol Carcinog 37: 130-7

Westphal EM, Ge J, Catchpole JR, Ford M, Kenney SC (2000) The
nitroreductase/CB1954 combination in Epstein-Barr virus-positive B-eell lines:
induction of bystander killing in vitro and in vivo. Cancer Gene Ther 7: 97-106

Wilson WR, Pullen SM, Hogg A, Helsby NA, Hicks KO, Denny WA (2002)
Quantitation of Bystander Effects in Nitroreductase Suicide Gene Therapy
Using Three-Dimensional Cell Cultures. Cancer Res 62: 1425-1432

Wolfgang CD, Essand M, Lee B, Pastan I (2001) T-cell receptor gamma chain alternate
reading frame protein (TARP) expression in prostate cancer cells leads to an

increased growth rate and induction of caveolins and amphiregulin. Cancer Res
61: 8122-6

Wouters BG, Weppler SA, Koritzinsky M, Landuyt W, Nuyts S, Theys J, Chiu RK,
Lambin P (2002) Hypoxia as a target for combined modality treatments.
European Journal of Cancer 38: 240-257

Wright J, George L., Mayer Grob B, Haley C, Grossman K, Newhall K, Petrylak D,
Troyer J, Konchuba A, Schellhammer PF, Moriarty R (1996) Upregulation of
prostate-specific membrane antigen after androgen-deprivation therapy.
Urology 48: 326-334

Wu L, Matherly J, Smallwood A, Adams JY, Billick E, Belldegrun A, Carey M (2001)

Chimeric PSA enhancers exhibit augmented activity in prostate cancer gene
therapy vectors, Gene Ther 8: 1416-26

187




9.0 Bibliography

Xie X, Zhao X, Liu Y, Young CY, Tindall DJ, Slawin KM, Spencer DM (2001) Robust
prostate-specific expression for targeted gene therapy based on the human
kallikrein 2 promoter. Hum Gene Ther 12; 549-61

Xuan JW, Wu D, Guo Y, Garde S, Shum DT, Mbikay M, Zhong R, Chin JL (1997)
Molecular cloning and gene expression analysis of PSP94 (prostate secretory
protein of 94 amino acids) in primates. DNA Cell Biol 16: 627-38

Yan Y, Sheppard PC, Kasper S, Lin L, Hoare S, Kapoor A, Dodd JG, Duckworth ML,
Matusik RJ (1997) Large fragment of the probasin promoter targets high levels
of transgene expression to the prostate of transgenic mice. Prostate 32: 129-39

Yeung F, Li X, Ellett J, Trapman J, Kao C, Chung LWK (2000) Regions of Prostate-
specific Antigen (PSA) Promoter Confer Androgen-independent Expression of
PSA in Prostate Cancer Cells. J. Biol, Chem. 275: 40846-40855

Yoshimura I, Tkegami S, Suzuki S, Tadakuma T, Hayakawa M (2002) Adenovirus
mediated prostate specific enzyme prodrug gene therapy using prostate specific
antigen promoter enhanced by the Cre-loxP system. J Urol 168: 2659-64

Yoshimura I, Suzuki S, Tadakuma T, Hayakawa M (2001) Suicide gene therapy on
LNCaP human prostate cancer cells, Int J Urol 8: S5-8

Young CY, Andrews PE, Montgomery BT, Tindall DJ (1992) Tissue-specific and
hormonal regulation of human prostate-specific glandular kallikrein.
Biochemistry 31: 818-24

Young CY, Montgomery BT, Andrews PE, Qui SD, Bilhartz DL, Tindall DJ (1991)
Hormonal regulation of prostate-specific antigen messenger RNA in human
prostatic adenocarcinoma cell line LNCaP. Cancer Res 51: 3748-52

Yu D, Chen D, Chiu C, Razmazma B, Chow YH, Pang S (2001a) Prostate-specific
targeting using PSA promoter-based lentiviral vectors. Cancer Gene Ther §:
628-35

Yu D, Jia WW, Gleave ME, Nelson CC, Rennie PS (2004) Prostate-tumor targeting of
gene expression by lentiviral vectors containing elements of the probasin
promoter. Prostate 59; 370-82

Yu DC, Chen Y, Dilley J, Li Y, Embry M, Zhang H, Nguyen N, Amin P, Oh J,
Henderson DR (2001b) Antitumor synergy of CV787, a prostate cancer-specific
adenovirus, and paclitaxel and docetaxel. Cancer Res 61: 517-25

Yu DC, Chen Y, Seng M, Dilley J, Henderson DR (1999a) The addition of adenovirus
type 5 region E3 enables calydon virus 787 to eliminate distant prostate tumor
xenografts. Cancer Res 59: 4200-3

Yu D-C, Sakamoto GT, Henderson DR (1999b) Identification of the Transcriptional
Regulatory Sequences of Human Kallikrein 2 and Their Use in the Construction
of Calydon Virus 764, an Attenuated Replication Competent Adenovirus for
Prostate Cancer Therapy. Cancer Res 59: 1498-1504

188




9.0 Bibliography

Zelivianski S, Comeau D, Lin M-F (1998) Cloning and Analysis of the Promoter
Activity of the Human Prostatic Acid Phosphatase Gene. Biochemical and
Biophysical Research Communications 245: 108-112

Zelivianski S, Igawa T, Lim S, Taylor R, Lin MF (2002) Identification and
characterization of regulatory elements of the human prostatic acid phosphatase
promoter. Oncogene 21: 3696-705

Zelivianski S, Larson C, Seberger J, Taylor R, Lin M-F (2000) Expression of human
prostatic acid phosphatase gene is regulated by upstream negative and positive
elements. Biochimica et Biophysica Acta (BBA) - Gene Structure and
Expression 1491: 123-132

Zeng H, Wu Q, Li H, Wei Q, Lu Y, Li X, Wang F, Zhao F, Ding Z, Yang Y (2005)
Construction of prostate-specific expressed recombinant plasmids with high
transcriptional activity of prostate-specific membrane antigen (PSMA)
promoter/enhancer. J Androl 26: 215-21

Zhang J, Thomas TZ, Kasper S, Matusik RJ (2000) A Small Composite Probasin
Promoter Confers High Levels of Prostate-Specific Gene Expression through
Regulation by Androgens and Glucocorticoids in Vitro and in Vivo.
Endocrinology 141: 4698-4710

Zhang WW (1999) Development and application of adenoviral vectors for gene therapy
of cancer. Cancer Gene Ther 6: 113-38

Zhang Z, Shirakawa T, Hinata N, Matsumoto A, Fujisawa M, Okada H, Kamidono S,
Matsuo M, Gotoh A (2003) Combination with CD/5-FC gene therapy enhances
killing of human bladder-cancer cells by radiation. J Gene Med 5: 860-7

Zhu ZB, Makhija SK, Lu B, Wang M, Kaliberova L, Liu B, Rivera AA, Nettelbeck DM,
Mabhasreshti PJ, Leath CA, Barker S, Yamaoto M, Li F, Alvarez RD, Curiel DT
(2004) Transcriptional targeting of tumors with a novel tumor-specific survivin
promoter. Cancer Gene Ther 11: 256-62

189




