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Introduction:

The scope of this project is to develop adenoviral vectors that are capable of
mediating gene expression specifically in prostate and prostate cancer cells. We
propose to incorporate a highly potent and specific two-step transcriptional amplification
(TSTA) system to mediate prostate-targeted gene expression in our vectors. In
diagnostic applications, this targeted vector will be utilized to express optical reporter
luciferase gene. The hypothesis is that administration of this imaging reporter virus
could illuminate prostate metastatic cells in living animals. Our intention was to extend
this prostate-specific molecular imaging approach to the high-energy radionuclide
Positron Emission Tomography (PET) such that future clinical diagnostic applications
can be developed. In a second therapeutic approach, the TSTA system is employed to
regulate viral replication, which leads to specific lysis of prostate tumor cells. Creation of
consistent and easy to follow metastatic prostate cancer models will be very useful
towards the evaluation of the proposed vector-based diagnostic and therapeutic
approaches.

Body:
Task IA: Determine sensitivity of vector-based imaging.
Findings relevant to this task were reported in two manuscripts.

1) Sato M, Johnson M, Zhang L, Gambhir SS, Carey M, Wu L. Functionality of
Androgen Receptor-based Gene Expression Imaging in Hormone Refractory
Prostate Cancer. 2005 Clinical Cancer Research, in press.

2) Johnson M, Sato M, Burton J, Gambhir SS, Carey M, Wu L. Prostate Cancer-
Targeted Suicide Gene Therapy Achieved Effective Tumor Destruction While
Safeguarding Against Systemic Toxicity. Submitted.

The results from these two manuscripts concluded that the prostate-specific TSTA
adenoviral vector can produce robust PET imaging signals in androgen-independent
tumors (Figure 1) and mediate targeted cytotoxic effects in prostate tumors. As PET
imaging is a clinical relevant imaging modality, these results support the
translatability of our approach to future clinical diagnostic applications.

A. B. AD Al Task IB: To generate
optically marked
metastatic prostate tumor
models to allow detection
by prostate-targeted
imaging vector.
Significant progress was
made in this task

Coronal image Transverse image 0.50 % ID/g 0.78 % ID/g (unpublished data).

Figure 1. PET imaging of prostate tumors mediated by TSTA Metastatic characteristics
vector. The prostate-specific TSTA adenoviral vector that of several human prostate
expresses HSV thymidine kinase (sr39tk) gene produced robust cancer xenografts (LAPC
3-D PET signals in the tumor after intratumoral injection of series, 1) were
10exp9 infectious units of vector (A). Signal is higher in Al than determined. By marking
AD tumors (B). tumor cells by transducing

with a firefly luciferase-
expressing lentiviral vector, we were able to monitor the metastatic events by optical
CCD imaging (Adams et al. Nat Med 8:891, 2002). We observed that the human LAPC-
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4 prostate cancer xenograft, originally derived from lymph node metastases, exhibit
higher metastatic

LAPC-4 LAPC-9 potential in SCID mice
than the LAPC-9, which.,.ll was derived from a

4 bone metastatic lesion
Day 2 Day 4 D 20 Da 40 (Figure 2). Analyses

r wi and comparison of
O ,,::gene expression in

* these two models by
t quantitative real-time

1.4e6 2.9e5 2.6e6 5.7e5 RT-PCR revealed that
Figure 2. Two prostate-tumors exhibit distinct metastatic potential and expression of pro-
gross vascularity. Optically labeled tumors were established subcutaneously, lymphangiogenic
resected at 1cm dia and metastatic events were monitored by repetitive optical growth factor VEGF-C
imaging. LAPC-4 tumor exhibited increased metastasis as imaged on the was 70-fold elevated in
specified dates. LAPC-4 over LAPC-9

tumors.
To extend the investigation on the contribution of tumor lymphangiogenesis to

metastasis, we employed a lentiviral-mediated
approach to induce over-expression of
angiogenic and lymphangiogenic growth factors.
Extensive animal experimentations are still
underway at this time. Preliminary data indicated
that overexpression of VEGF-C can induce lymph
node metastasis even in tumor with low
metastatic potential such as LAPC-9 (Figure 3).

Activator
Prostatl- f r r GAL4VP16

M Figure 3. Overexpression of VEGF-C in low
MP, /metastatic tumor. LAPC-9 tumor cells were
AR + Ligand transduced with a CMV-VEGF-C ires GFP

/g "* GAL4-VP16 lentivirus. Metastases to ipsilateral axillary
lymph nodes in the LAPC-9/VEGF-C tumor

Bidirectional bearing animals but not the control group. The
Reporter infiltrated lymph nodes were enlarged and

TAT A n n nexhibited positive optical signals.

GAL4 binding sites

Task 2A: Generation of therapeutic
Figure 4. Bidirectional oncolytic adenovirus.
TSTA expression. Injection In the oncolytic adenovirus under
of the FL (transgene 1)/ TK development, we will employ the
(transgene 2) virus with the TSTA prostate-specific expression
activator AdBC-VP2 virus system to drive viral EIA and El B
resulted in simultaneous
expression of both genes (i.e. protein in a bi-directional scheme
both optical and PET imaging (Figure 4, 5). To confirm that the bi-
signals) in the same tumor. direction expression of two genes

can be regulated by the centrally
located Ga14-VP16 activators, we

have created a virus that expresses firefly luciferase (FL) and herpes simplex thymidine
kinase (TK) gene in divergent orientation (Figure 4). Co-infection of this bi-directional
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reporter virus with a Gal4-VP16 activator-expressing virus (AdBC-VP2, 3) resulted in
expression of both FL and TK proteins, which can be detected by optical and PET
imaging simultaneously (Figure 4). Our group has shown that this bi-directional TSTA
expression system was feasible in DNA a plasmid transfection study (Ray et al. below).

Applying this bi-directional expression approach, we demonstrated that in the
designed oncolytic viral constructs both E1A and E1B gene were expressed in an
androgen regulated manner. Moreover, viral replication can be induced specifically
(Figure 5). These results supported that the feasibility of our oncolytic virus to mediate
viral replication and,
hence, tumor cell TATA TATA
lysis in a prostate- 1' i GEO
specific manner. The (negative cont

examination of the TAT4IIA TA

therapeutic activity of V414 El BE G2

the oncolytic virus in (lower)
tumor models will be " T
underway shortly. Elri I G4

(higher)

Key Research activator- - + 2

Accomplishments: ligand + - + _L +Cas +R1881

1. An adenoviral EIA -41kD
vector containing E1B19k M7kD GO
the prostate- 17kD
targeted TSTA G2
system is able to
mediate robust PET a0
imaging in
advanced androgen G4

independent 4

prostate tumor. _

2. Many
metastatic prostate GO G2 G4
tumor models are
being established. Figure 5. Prostate- regulated expression of the oncolytic system. Titratable oncolytic

Detailed constructs with 0 to 4 binding sites of Gal4 activators (GO, G2, and G4, top diagram) werc
created. EIA and EIB protein expression was regulated by the ligand (middle panel,

characterization of result of G4 shown). The regulated expression of El proteins induced the replication of a
the biology of luciferase-expressing virus, which could be measured by optical imaging of the infected

metastatic process cells (lower right panel) and plaque formation (lower left panel). The gradation of
and tumor replication was controlled in a Gal4 site responsive manner.

vasculatures would
enable us to better delineate the path of metastasis and design optimal diagnostic
imaging strategies to detect metastases.

3. Functionality of the bi-directional TSTA mediated simultaneous expression of two
genes was established.

4. Feasibility of the bi-directional oncolytic virus was also supported.
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Reportable Outcomes:

Manuscripts:
1) Ray S, Paulmurugan R, Hildebrandt I, lyer M, Wu L, Carey M, Gambhir SS.

Novel bidirectional vector strategy for amplification of therapeutic and reporter
gene expression. Hu Gene Ther. 2004 15:681-90. (enclosed)

2) Sato M, Johnson M, Zhang L, Gambhir SS, Carey M, Wu L. Functionality of
Androgen Receptor-based Gene Expression Imaging in Hormone Refractory
Prostate Cancer. Clin Can Res 2005, in press. (enclosed)

3) Johnson M, Sato M, Burton J, Gambhir SS, Carey M, Wu L. Prostate Cancer-
Targeted Suicide Gene Therapy Achieved Effective Tumor Destruction While
Safeguarding Against Systemic Toxicity. Submitted.

Abstracts:
1) Sato M, Johnson M, Zhang L, Gambhir SS, Carey M and Wu L. Development of

Prostate Specific Oncolytic Adenovirus Utilizing Bidirectional TSTA System.
AACR special meeting-Basic, Translational, and Clinical Advances in Prostate
Cancer at Bonita Springs, FL. 11/2004, travel award.

2) Makoto Sato, Mai Johnson, Michael Carey, Sanjiv Gambhir and Lily Wu.
"Development of Prostate Specific Oncolytic Adenovirus Utilizing the Bidirectional
TSTA System". Academy of Molecular Imaging annual meeting, March 20-23,
2005, Orlando Florida, supported travel award.

3) Johnson M, Sato M, Burton J, Gambhir SS, Carey M, Wu L. "Prostate Cancer-
Targeted Suicide Gene Therapy Achieved Effective Tumor Destruction While
Safeguarding Against Systemic Toxicity", Academy of Molecular Imaging annual
meeting, March 20-23, 2005, Orlando Florida, supported travel award..

4) Sato M, Johnson M, Zhang L, Gambhir SS, Carey M and Wu L. "Prostate-
Specific Oncolytic Adenovirus Based on Bidirectional TSTA System". American
Society of Gene Therapy (ASGT) annual meeting at St. Louis, MO. 6/2005.

Presentations:
1) In vivo Models of Experimental Therapeutics Relevant to Human Cancer, NCI

Workship, invited speaker, Frederick, Maryland, April 1, 2004. (Meeting report
published in Cancer Res, 2004 64:8478-8480)

2) Lymphangiogenesis and Cancer NCI Workshop, invited speaker, Georgetown,
Washington DC, April 21-23, 2004. (Meeting report published in Cancer Res,
Cancer Res. 2004 64:9225-9229)

3) Therapeutic Targeting of Human Prostate Cancer Symposium, invited speaker,
Tucson, Arizona, May 6-9, 2004.

4) Inter-Prostate SPORE Meeting, Houston, Texas, Jan 30 - Feb 1, 2005, invited
speaker.
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Conclusions:
We have demonstrated that the TSTA approach can greatly augment prostate-

specific gene expression. Imaging and therapeutic TSTA adenoviral vectors mediate
targeted gene expression in animal prostate tumor models. The feasibility and
functionality of prostate-specific oncolytic adenovirus regulated by the bi-directional
TSTA system has been established. We have also generated metastatic prostate
cancer models marked with sensitive optical reporter gene. These models will facilitate
the investigation of tumor biology and serve as excellent models to investigate our
vector-based imaging and oncolytic therapeutic strategy for metastatic disease.

References:

1. Klein, K. A., Reiter, R. E., Redula, J., Moradi, H., Zhu, X. L., Brothman, A. R.,
Lamb, D. J., Marcelli, M., Belldegrun, A., Witte, 0. N., and Sawyers, C. L.
Progression of metastatic human prostate cancer to androgen independence in
immunodeficient SCID mice, Nat Med. 3: 402-8,1997.

2. Adams JY, Sato M, Johnson M, Berger F, Gambhir S S, Carey M, Iruela-Arispe
ML, Wu L. Visualization of Advanced Human Prostate Cancer Lesions in Living
Mice by a Targeted Gene Transfer Vector and Optical Imaging. Nat Med, 8:891-
7, 2002.

3. Sato M, Johnson M, Zhang L, Zhang B, Le K, Gambhir SS, Carey M and Wu L.
Optimization of Adenoviral Vectors to Direct Highly Amplified Prostate-Specific
Gene Expression for Imaging and Gene Therapy. Mol Ther, 8: 726-737, 2003.
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Novel Bidirectional Vector Strategy for Amplification of
Therapeutic and Reporter Gene Expression

SUNETRA RAY,1, 4 RAMASAMY PAULMURUGAN,1 ISABEL HILDEBRANDT,1

MEERA IYER,1 LILY WU, 2 MICHAEL CAREY, 3 and SANJIV S. GAMBHIR", 4-7

ABSTRACT

Molecular imaging methods have previously been employed to image tissue-specific reporter gene expression
by a two-step transcriptional amplification (TSTA) strategy. We have now developed a new bidirectional vec-
tor system, based on the TSTA strategy, that can simultaneously amplify expression for both a target gene
and a reporter gene, using a relatively weak promoter. We used the synthetic Renilla luciferase (hrl) and fire-
fly luciferase (fl) reporter genes to validate the system in cell cultures and in living mice. When mammalian
cells were transiently cotransfected with the GAL4-responsive bidirectional reporter vector and various doses
of the activator plasmid encoding the GAL4-VP16 fusion protein, pSV40-GAL4-VP16, a high correlation (r2 =

0.95) was observed between the expression levels of both reporter genes. Good correlations (r2 = 0.82 and
0.66, respectively) were also observed in vivo when the transiently transfected cells were implanted subcuta-
neously in mice or when the two plasmids were delivered by hydrodynamic injection and imaged. This work
establishes a novel bidirectional vector approach utilizing the TSTA strategy for both target and reporter
gene amplification. This validated approach should prove useful for the development of novel gene therapy
vectors, as well as for transgenic models, allowing noninvasive imaging for indirect monitoring and amplifi-
cation of target gene expression.

OVERVIEW SUMMARY therapeutic gene simply by studying the highly correlated
expression of the tightly coupled reporter gene.

Tissue-specific promoters frequently used for tissue-specific
delivery of therapeutic genes in gene therapy applications
are limited by their weak transcriptional ability. To over- INTRODUCTION
come this drawback the two-step transcriptional amplifica-
tion (TSTA) strategy was designed to enhance the promoter (NONVENTIONAL NONINVASIVE CANCER THERAPY is often ham-
strengths of such weak tissue-specific promoters. Here, we C.,pered by a lack of tumor specificity that frequently culmi-
report on the engineering, functional characterization, and nates in unwanted severe adverse effects, thereby limiting ther-
in vivo application of a bidirectional TSTA system that will apeutic doses and rendering the malignant lesions resilient to
allow us to simultaneously amplify the expression of a ther- treatment (Nettelbeck et al., 1998, 2000). Gene therapy con-
apeutic gene and that of a tightly coupled reporter gene. We tinues to be investigated as a potential alternative to the draw-
demonstrate that such a bidirectional TSTA system will also backs of traditional cancer therapy. Thus the goal is to achieve
be helpful in quantifying the amplified expression of the high levels of transcription of a transgene in the desired cell

'Crump Institute for Molecular Imaging, UCLA School of Medicine, Los Angeles, CA 90095.2 Department of Urology, UCLA School of Medicine, Los Angeles, CA 90095.
3Department of Biological Chemistry, UCLA School of Medicine, Los Angeles, CA 90095.
4Department of Molecular and Medical Pharmacology, UCLA School of Medicine, Los Angeles, CA 90095.
5UCLA-Jonsson Comprehensive Cancer Center, UCLA School of Medicine, Los Angeles, CA 90095.
6Department of Biomathematics, UCLA School of Medicine, Los Angeles, CA 90095.
"7Department of Radiology, Stanford University School of Medicine, Stanford, CA 94305.
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682 RAY ET AL.

population by the use of cell-specific promoters or regulatory just transiently transfected cells (Zhang el al., 1999; Contag and
elements. However, a majority of these tissue-specific promot- Bachmann, 2002; Contag and Ross, 2002; Negrin et al., 2002;
ers are also inherently weaker activators of transcription, and Ray et al., 2003). Our laboratory has successfully used both J7
even when suitably delivered to the target site, are often unable and synthetic Renilla luciferase (hrl) as bioluminescence opti-
to achieve therapeutic levels of the protein transcribed from the cal reporter genes to study gene expression in small animals.
therapeutic gene (TG). Thus it became imperative to design We have also reported that bothfl and hrl can be imaged in the
strategies to enhance promoter strength, while maintaining same animal and that they present different light production ki-
specificity, of these weak tissue-specific promoters (Nettelbeck netics without any substrate cross-reactivity (Bhaumik and
et al., 2000). Gambhir, 2002a,b).

Several strategies have been successfully implemented so far. Gene expression can be imaged directly if the transgene or
These include (1) designing a minimal promoter by eliminating therapeutic gene (TG) is also an imaging reporter gene (RG),
from a natural promoter all the other elements that do not con- for example, HSVI-tk or the mutant thymidine kinase (HSVI-
tribute to promoter strength, (2) designing promoters containing sr39tk) gene, whose protein product HSV I thymidine kinase
activated point mutations, (3) constructing chimeric promoters (HSVI-TK/SR39TK) can trap various radiolabeled substrates
by combining the transcriptional regulatory elements from dif- in cells and hence can be detected by PET/SPECT (Gambhir et
ferent promoters specific for the same tissue, (4) enhancement al., 1998, 2000; Eckelman el al., 2000; Lammertsma, 2001;
at the posttranslational level, and (5) using recombinant tran- Luker and Piwnica-Worms, 2001; Sharma et al., 2002; Blake
scriptional activators (RTAs) that assist in achieving transcrip- et al., 2003; Massoud and Gambhir, 2003). Unfortunately, most
tional amplification (Nettelbeck et al., 2000; lyer et al., 2001). therapeutic transgenes lack the appropriate ligands or substrates

The RTA approach, also referred to as the two-step tran- that can be radiolabeled and used to generate images that de-
scriptional amplification (TSTA) approach, has been effectively fine the magnitude of gene expression. Thus general strategies
used to enhance the transcriptional ability of tissue-specific pro- have been developed and validated to link the expression of the
moters in both cell culture and in living animals. In this approach TG to a PET or optical RG and to track in vivo expression of

the promoter drives the production of the potent GAL4-VP16 the TG indirectly by imaging the RG. Linking the expression
transcriptional activator, encoded by the "activator" plasmid. This of the TG to the RG can be achieved through a variety of dif-

chimeric transcription factor, consisting of the highly potent ac- ferent molecular constructs (Ray et al., 2001; Sundaresan and
tivation domain of the herpes simplex virus type I (HSV1) VPI 6 Gambhir, 2002). One approach is to clone both genes, one im-
immediate-early trans-activator fused to the yeast GAL4-DNA- mediately following the other (with or without a short spacer)
binding domain, in turn acts on a second expression plasmid en- (Ray et al., 2003), downstream of a single promoter. A single
coding the reporter/therapeutic proteins through a GALA-re- mRNA strand carrying the coding regions of both genes will
sponsive minimal promoter bearing multiple tandem copies of be transcribed from this construct and will encode a fusion pro-
the 17-bp GAL4-binding sites (G5) placed upstream from the tein. This approach requires that the function of the reporter pro-
genes of interest. Iyer et al. (2001) and Zhang et al. (2002) used tein or the therapeutic protein not be significantly compromised
the TSTA strategy, in combination with positron emission to- as a result of the fusion. A second approach is to place both genes
mography (PET) and optical methods, to amplify and image the in different locations in the same vector, each downstream of
expression of reporter genes-mutant HSV1 thymidine kinase identical but independent promoters (Ray et al., 2001; Sun et al.,
(HSVI-sr39tk) and firefly luciferase (fl), respectively-in living 2001; Yaghoubi et al., 2001). Because the promoters are identi-

animals. These studies validated the ability of the TSTA system cal, theoretically, the two separate mRNAs and proteins that are
to enhance the transcriptional ability of a weak tissue-specific produced should be correlated. A simpler method is to coad-
promoter, the prostate-specific antigen enhancer/promoter (PSE). minister two identical vectors, one carrying the TG and the other
The system was also valuable in demonstrating androgen-re- the RG. Our laboratory has demonstrated that it is possible to

sponsive activity in prostate cancer cells (Iyer et al., 2001; Zhang macroscopically correlate the expression of two genes by regu-
et al., 2002). Another study used a similar approach to achieve lating their transcription with the same promoter, but delivering
tumor-specific amplification of gene expression from a novel sui- them on separate adenoviral vectors (Yaghoubi et al., 2001). An
cide gene therapy adenoviral vector driven by a weak tissue-spe- additional method for transcriptional linking of the TG with the

cific CEA promoter (Qiao et al., 2002). RG is by the use of a bicistronic vector, containing an internal
Precise localization and quantitative assessment of the level ribosomal entry site (IRES). In this case both genes are tran-

of gene expression are highly desirable for the evaluation of scribed into a single mRNA from the same promoter but are trans-
gene therapy trials (Massoud and Gambhir, 2003). A number lated into two different proteins with the help of the IRES se-
of methodologies can be employed to image reporter genes in quences (Ray et al., 2001). Yu et al. constructed such a vector
living subjects. Among them PET, single-photon emission com- in which the dopamine type 2 receptor (D2R) RG was placed up-
puted tomography (SPECT), magnetic resonance imaging stream and the HSV1-sr391k RG was placed downstream of the
(MRI), and optical imaging are well standardized and can be encephalomyocarditis (EMCV) IRES. Transcription of both

extensively used to study reporter gene expression repeatedly genes was directed by a cytomegalovirus (CMV) promoter (Yu
and noninvasively (Wang, 2001; Weber et al., 2001; Massoud el al., 2000). C6 glioma cells stably transfected with the vector
and Gambhir, 2003; Ray et al., 2003). Although PET has good expressed both genes with high correlation. However, a draw-
spatial resolution, high sensitivity, and tomographic capabili- back of the IRES system is the attenuation of expression of the
ties, it is limited by higher cost and the risk of radioactive ex- gene downstream of the IRES sequence. Chappell et al. identi-
posure. In contrast, optical imaging techniques (fluorescence fled a novel IRES within the mRNA of the homeodomain pro-
and bioluminescence) can be a low-cost and quick alternative tein Gtx that produced 60-fold higher activity compared with
for real-time analysis of gene expression in small animals with the EMCV-IRES in cell cultures (Chappell et al., 2000). Our
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laboratory has used the Gtx-IRES to produce novel gene ther- tein and (2) a reporter plasmid carrying two optical reporter
apy vectors to overcome the attenuation of the downstream gene genes in opposite orientations flanking a bidirectional GAL4-
(Wang, 2001). responsive promoter system. One or both of the reporter genes

Earlier, Baron et al. (1995) constructed a tetracycline-in- can be changed to a therapeutic gene of interest. Our results
ducible novel vector system in which a single bidirectional show that two optical reporter genes encoding firefly lucifer-
tetracycline-inducible promoter can be used to control the ex- ase (FL) and synthetic Renilla luciferase (hRL) are indeed
pression of any pair of genes in a correlated, dose-dependent coregulated in a quantitative manner by means of this strat-
manner. We applied this bidirectional strategy and obtained egy, both in cell culture as well as in living animals imaged
highly correlated expression of two PET reporter genes in liv- with an optical system.
ing subjects (Sun et al., 2001).

In the current study, our objective was to develop a new
bidirectional vector system, based on the TSTA/RTA model, MATERIALS AND METHODS
that can amplify the expression of both a TG and a RG si-
multaneously (Fig. I). This system should help in determin- Chemicals
ing the spatial location(s) and level of expression of the tar-
get gene with the help of the highly correlated expression of Dulbecco's modified Eagle's medium (DMEM) was pur-
the tightly coupled reporter gene, which can be imaged non- chased from GIBCO-BRL (Grand Island, NY). A luciferase as-
invasively. The system consists of two components: (1) an ac- say kit was purchased from Promega (Madison, WI). D-Lu-
tivator plasmid encoding the GAL4-VP1 6 trans-activator pro- ciferin potassium salt, a substrate for FL, was obtained from

GAL4DB VP1 6TA
A000 domain domain

SBinding & Transcriptional
Activation

Si 5 x GAL4 bs

GAL4-VP16 * ' Transactivation domain
fusion protein 4 DNA-binding domain

FIG. 1. Schematic diagram of the bidirectional system. The first construct is the activator plasmid pSV40-GAL4-VPI6 (re-
ferred to as VP16 in text), responsible for driving expression of the GAL4-VP16 fusion protein under the control of the consti-
tutive SV40 promoter. GAL4-VPI6 consists of the N-terminal portion of the VP16 activation domain (amino acids 413-454)
fused to the GAL4 DNA-binding domain (amino acids 1-147). The second construct depicts the design of the bidirectional re-
porter plasmid (fl-G5-hrl). The genes are under the control of the GAL4-responsive bidirectional minimal promoter. One of two
genes can be a target gene (TG) (hrl) while the other can be a reporter gene (RG) (fl). The GAL4-VPI6 fusion protein can po-
tentially lead to amplification of both TG and RG simultaneously, with the tightly coupled reporter gene providing indirect quan-
titation and imaging locations of the TG.
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Xenogen (Alameda, CA). Coelenterazine, the substrate for hRL, Hercules, CA) in a DU-50 spectrophotometer (Beckman Coul-
was purchased from Biotium (Hayward, CA). ter, Fullerton, CA) and the luminescence results are reported as

relative light units (RLU) per microgram of protein.
Cell culture FL assays were carried on with a luciferase assay kit from

N,, cells (mouse neuroblastoma), 293T cells (human kid- Promega. Renilla luciferase assays were performed as described

ney), and HeLa cells (human cervical carcinoma) were grown previously (Bhaumik and Gambhir, 2002a).

in DMEM high-glucose supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin-streptomycin solution. Preparation of coelenterazine and D-luciferin

A stock solution of coelenterazine in methanol (2 mg/ml)
Construction of plasmids/vectors was further diluted with phosphate-buffered saline (PBS). A 15-

The activator plasmid pSP72-SV40-GAL4-VP16 was con- mg/mI stock solution of D-luciferin in PBS was filtered through

structed as described earlier (lyer et al., 2001). Multiple steps 0.22-.im pore size filters before use.

of cloning and polymerase chain reaction (PCR) amplifications
were employed to construct the bidirectional fl-G5-hrl (re- Imaging FL and hRL bioluminescence in

porter) plasmid that contains a GAL-4responsive bidirectional living animals

promoter in the center connecting the forward (hrl) and back- All handling of animals was performed in accordance with
ward (fi) genes. The promoter consists of five GAL4-binding University of California, Los Angeles and Animal Research
sites (17 bp each) flanked on each side by two TATA box-con- Committee guidelines. N2 a cells were transiently cotransfected
taining minimal promoters from the adenoviral E4 gene withft-G5-hrl and various doses of VPI6. Cells were harvested
(E4TATA) as described previously (lyer et al., 2001). The hrl 24 hr after transfection and resuspended in PBS. Adult male
gene excised from the pCMV-hrl plasmid (Promega) was first nude mice were injected with I X 106 cells in four different
inserted between the Nhel and Noti sites in multiple cloning sites subcutaneously, each site representing cells transfected
site I (MCSI) of the PBIL vector obtained from BD Biosciences with a particular dose of the activator plasmid, 30 min before
Clontech (Palo Alto, CA). The G5-E4T cassette was PCR am- imaging. The naked DNA experiments were performed in male
plified from the G5E4T-fl vector (Iyer et al., 2001), using a 5'- CD-1 mice more than 6 weeks of age. Both plasmids, in dif-
end primer with an SluT site attached (AATTAGGCCTAA- ferent proportions (as described in Results), were mixed thor-
TTCTCGAGATTTAGGTGACACTATAGAAT) and a 3'-end oughly with 2 ml of PBS and kept in ice. The whole volume
primer with an Nhel site attached (AATTGCTAGCACAC- was then rapidly (within 2-3 sec) injected (hydrodynamic in-
CACTCGACACGGCACC). The 5'-end primer also encoded a jection) into the tail vein of each animal. Animals were sub-
unique XhoT site just following the Stul site. The PCR fragment jected to bioluminescence imaging 6 and 24 hr postinjection.
was subsequently digested with StuI and Nhel and cloned into For imaging hrl gene expression 100 pA of the coelenterazine
the PBIL vector. The second E4TATA minimal promoter was (20 jg for xenograft studies and 40 /jg for naked DNA exper-
then inserted in the (-) strand preceding theft gene in the vec- iments) was injected via the tail vein approximately 10 sec be-
tor. The E4TATA sequence was PCR amplified from the fore imaging, whereas to imageft gene expression 200 A.l of D-
pSP72-E4TATA-CAT plasmid (Iyer et al., 2001), using an up- luciferin (3 mg) was injected intraperitoneally 10 min before
stream primer with an XhoI site (AATTCTCGAGGGATCC- imaging. All mice were imaged with a cooled charge-coupled
CCAGTCCTATATATACT) and a 3'-end primer with an SacTl device (CCD) camera (IVIS; Xenogen) and photons emitted
site (AATTCCGCGGACACCACTCGACACGGCACC). The from cells implanted in the mice were collected and integrated
E4T-G5-E4T cassette completely replaced the TRE promoter for a period of 1 min. Images were obtained with Living Im-
element in the original PBIL vector, age software (Xenogen) and IGOR image analysis software

For the sake of convenience the bidirectional reporter tern- (Wavemetrics, Lake Oswego, OR). Imaging was continued un-
plate with ft and hrl is abbreviated asft-G5-hrl, the trans-acti- til the hRL signal dropped beyond detectable limits (-2 hr).
vator plasmid pSV4O-GAL4-VPl6 is VPl6, and the unidirec- The animals were then injected intraperitoneally with 200 ill
tional TSTA system is G5fl. of D-luciferin stock solution and each animal was imaged for

15 min, with 1 min of acquisition each time.
Cell transfections and enzyme assays For quantification, regions of interest (ROls) were drawn

Cells were plated in 12-well plates in DMEM containing over the sites of implantation and maximum photons/sec/cm 2/

10% FBS. Transient transfections were performed 36 hr later steradian was obtained.
with Superfect transfection reagent. Each transfection mix con-
tained different dose combinations of the reporter plasmid fl- Statistical testing

G5-hrl and the activator plasmid VP16. After 24 hr of incuba- Linear regression analysis was performed to assess the linear
tion the cells were harvested and the cell lysate was used for relationship between two variables. The strength of correlation
enzyme assays. between them was quantified in terms of the square of the Pear-

son correlation coefficient (1"2). The significance of correlation
Lucifrerase assays was obtained by performing the Student t test against the null hy-

All bioluminescence assays were performed in a TD 20/20 pothesis that the correlation coefficient (r) is zero. Values of p <
luminometer (Turner Designs, Sunnyvale, CA) with an inte- 0.05 were considered statistically significant. All cell culture and
gration time of 10 sec. The protein content of the cell lysates mouse group comparisons were performed with a Student t test.
was determined with a Bio-Rad protein assay system (Bio-Rad, Values of p -- 0.05 were considered statistically significant.
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RESULTS transgene, using the current strategy, we cotransfected N2a (0-0.75
Ag/well), HeLa (0-0.75 pg/well), and 293T (0-0.8 /g/well) cells

A GAL4-responsive bidirectional strategy can anplify with various doses of the activator plasmid and a constant dose
the expression of two independent reporter genes in (0.5 j.g/well) of the reporter plasmid. After 24 hr of transfection
transiently transfected cells the cell lysates were collected and assayed for FL and hRL en-

To determine, in cell culture, whether this novel strategy has zyme activities. Figure 3C illustrates correlation between the ac-
thepotermn etia cel a l t, wthe r expressionofbothi reovtraterge as tivities of the two luciferases stated as average relative light units

the potential to amplify the expression of both reporter genes si-high
multaneously, N2, cells were transiently cotransfected in 12-well (rLeramio gra o proten Regei an alyis so hig
plates with the activator (VPI16) and the reporter (fl-G5-hrl) plas- cells. High correlations are also seen in the case of HeLa (r 2 =

mids in a 1:1 ratio and the cell lysates were assayed 24 hr after c. High celas are a nit seofe).
transfection. Robust expressions of both reporter genes were ob-
tained in the presence of the GAL4-VPI6 fusion protein com- Expression of both reporter genes increases linearly
pared to cells transfected with the same amount of reporter plas- and in a highly correlated fashion in cells transfected
mid alone (Fig. 2A and B). Firefly luciferase protein activity is with various doses of the reporter plasmid while

about 2000-fold higher than in mock-transfected cells and cells keeping the dose of the activator plasmid constant
transfected with activator plasmid only, and about 300-fold higher
than in cells transfected with only the reporter plasmid. Similarly, To see whether the results were reproducible if the dose of

there is a 500- and 600-fold gain in expression of the hrl gene in the reporter component of the system was changed while keep-

cells cotransfected with both plasmids compared with cells car- ing the activator component constant, we repeated the trans-

rying only the activator plasmid or the reporter plasmid, respec- fection studies with multiple doses of the reporter plasmid

tively, and a 700-fold gain compared with mock-transfected cells. (0-0.75 /g/well) while the amount of the activator plasmid was

This result illustrates, primarily, that this novel vector will allow kept constant at 0.5 jg/well in N2. cells. The FL and hRL ac-

us to drive the expression of both genes simultaneously in the
presence of GALA-VP16. When CMV-hrl is compared with the
bidirectional system, there is 2-fold lower hRL activity in the case A
of the latter (p = 0.005). However, when compared with CMV-
fl, fl expression is about 3- to 4-fold lower (p = 0.003) in the case
of the bidirectional system. A comparison offl gene activity with ý, 4500

2
the unidirectional TSTA system (G5-fl) (Iyer et al., 2001) reveals ' 3500.
about a 3- to 4-fold drop with the bidirectional model (p < 0.01). 00
To determine whether the results are consistent across cell lines, _

similar experiments were repeated in other mammalian cell lines " 1500

(HeLa and 293T). Similar results were obtained in both cell lines, .
with 293T cells showing the highest expression levels of both F 500-

genes. These results indicate that the bidirectional system can < mock VP10 A-G5-hr CMV-0 CMV-hr G5 f fl-G5hd

cause significant amplification in the expression of both genes si- L" +VP16 +VP16

multaneously in the presence of the trans-activator, and that the Constructs
results are reproducible across several cell lines.

B
Linearly increasing levels of fl and hrl expression are
observed in N2a cells transfected with increasing doses S 70000

of activator plasmid when the dose of reporter plasmid .

is kept constant 60000S. 50000

To confirm that the levels of expression of the reporter genes M 40000

increase in accordance with increasing levels of the activator pro- 30000

tein GAL4-VPI 6, we transfected N 2, cells with increasing doses , 20000

of VP16 (0-0.75 jig/well) along with a constant dose of the re- • 10000

porter plasmid (0.5 jig/well). Cells transfected with only the re- 0 10000
porter plasmid were used as the control. We observed a linear in- E mock VP16 fl-G5-hd CMV-fl CMV-hdr G5-fi fl-G5-hd
crease in hRL and FL enzyme activities up to 0.75 jig/well (Fig. ÷vp16 ÷'.,P16

3A and B). Thus within a 0- to 0.75-jig/well dose of the activa- Constructs
tor plasmid both FL and hRL activities correlate well with the
amount of the activator protein (r 2 = 0.98 and 0.90, respectively). FIG. 2. The bidirectional system mediates simultaneous ex-

pression of both fl (A) and hrl (B) genes. N2a cells were tran-
The bidirectional reporter system produces highly siently transfected with water (mock), activator plasmid alone

correlated expression of two independent reporter (VP 16), reporter plasmid alone (fl-G5-hrl), CMV-fl, CMV-hrl,

genes in cell culture studies Unidirectionalfl TSTA system (G5fl+VP16), or both reporter
and activator (fl-G5-hrl+VPl6). The cells were harvested 24

To determine in cell culture whether the expression of a re- hr after transfection and assayed for FL and hRL activity. Er-
porter gene can be used to estimate the expression of a linked ror bars represent the SEM for triplicate measurements.



686 RAY ET AL.

A 0.98, respectively), although in the latter case the level of ex-
pression was much higher (data not shown).

S1.2e+05 y=115949x+9306.8
e Amplified expression levels of optical reporter genes fl

R2 0.90 and hrl can be imaged in individual living animals
8+04 and are highly correlated

6e+04. We next examined whether the GAL4-responsive bidirec-
tional reporter system can regulate expression of bothfl and hrl4e+04.

2>,
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FIG. 3. Linear increase in gene expression with increasing
doses of the activator plasmid. (A) and (B) show the linear in- r
crease in expression of the hrl andfl genes, respectively, as the V 500
activator plasmid (VPr6) dose is increased from 0 to 0.75 p m - h 04
osdg/well while the dose of reporter plasmid is maintained at 0.5 0 200 40 600 80 1000 1200
ctig/well. Seen here are high correlations (r' = 0.90 and 0.98 FL Activity (Avg RLU41g Protein)
for hrl andhfi, respectively) between the dose of activator plas-
mid used for transfection and protein activities. The results were FIG. 4. Linear increase in gene expression with increasing
obtained 24 hr after transfection in N2a cells. Error bars mdi- levels of reporter plasmid. (A) and (B) show the linear rela-
cate the SEM for triplicate measurements. (C) Correlation be- tionship between the expression offl (A) and hrl (B) genes and
tween hrl and J1 expression in N2. cells transfected with vari- the dose of the reporter plasmid (fl-G5-hrl) (0.-0.75 g/well)
ous doses of VPI6 and a constant dose of fl-G5-hrl. The while the dose of the activator plasmid was maintained at 0.5
correlation is r2 =r0.94. o dg/well. Seen here are high correlations (r2 = 0.96 and 0.98

for hrl and fl, respectively) between the dose of reporter plas-
mid used for transfection and protein activities. The results were

tivities again increased linearly with increasing doses of the re- obtained 24 hr after transfection in N2a cells. Error bars indi-
porter as revealed by regression analysis (Fig. 4A and B) (r2 = cate the SEM for triplicate measurements. (C) Correlation be-
0.98 and 0.96, respectively). The activities of both genes were tween hrl and fi expression in N2a cells transfected with vari-
also highly correlated (r2 = 0.99) (Fig. 4C). The results were ous doses of fl-G5-hrl and a constant dose of VP16. The
also reproducible in both HeLa and 293T cells (r2 = 0.95 and correlation is r2 = 0.99.
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A ciferin. There is a linear increase in the expression levels of
both genes across mice for the dose range tested (Fig. 5A). Fur-

6 'thermore, the expression levels of both reporter genes, mea-
1 sured as ROT values (maximum photons/cm 2/sec/steradian) for

each implantation site is well correlated (r 2 = 0.82) in living
1 mice (Fig. 5B).

Next, we wanted to test the efficacy of this amplification
A J1system in a real gene therapy application. For this purpose we

injected the components of this system in a 1:1 ratio (10 /g
? Wof each of the plasmids) by the method of hydrodynamic in-

a, jection into the tail vein of living mice. Naked DNAs deliv-
ered by this process are delivered to the liver, where they tend

A

B

;Z 1000
"R2= 0.82

tt .

10'

E 01

U. 110 100 1000

hRL Activity (max photons/cm
2
/sec/sr)X106

FIG. 5. (A) Optical CCD imaging of a mouse carrying N2a

cells transiently cotransfected with a constant dose offl-G5-hrl B
and various doses of the activator plasmid VP16 implanted sub-
cutaneously at four different sites. Sites A-D indicate cells
transfected with various doses of VPl 6 in increasing order. Both 7 E+07 2
images shown are from the same mouse and are formed by su- V E R = 0.66
perimposing visible light images on the optical CCD biolumi- I 6E+07A
nescence image with a scale depicting photons/cm 2/secfStera- ' 5 A
dian (sr). Mice were imaged after tail vein injection of I?,
coelenterazine (left) and after intraperitoneal injection of D-lu- 4 l E+07 A
ciferin (right). (B) Correlation of fi and hrl gene expression 3 E+07 A
from three mice optically imaged with cells cotransfected with 4 A
different doses of the activator plasmid (VP16) and a constant A E

dose of the reporter plasmid (fl-G5-hrl). Shown is a plot of hRL I IE+07. n1I
activity versus FL activity, expressed as maximum photons/
cm 2/sec/sr, obtained from ROls drawn over the implantation 0 E+0o.

sites on the mouse images (r 2 = 0.82, n = 3 mice). OE+oo SE+06 IE+07 I.SB+07 2E+07 2.sE+07 31+•07

hRL activity (max photons/cn 2/sec/sr)

FIG. 6. (A) Optical CCD imaging of a mouse injected hy-
in cells implanted and imaged in living animals. N2a cells were drodynamically with 10 j/g each of activator (VPI6) and re-
cotransfected with various doses of the activator plasmid and a porter plasmid (fl-G5-hrl) 24 hr before imaging. Both images
constant dose of the reporter plasmid in six-well plates. The shown are from the same mouse and are formed by superim-
dose of the reporter plasmid was maintained at 0.67 ,ug/well posing visible light images on the optical CCD bioluminescence

while the activator dose was varied (10, 50, 100, and 150% of image with a scale depicting photons/cm2/sec/sr. Mice were im-

the reporter [fl-G5-hrl] dose). Cells were harvested after 24 hr aged after tail vein injection of coelenterazine (40 /g; left) and

and I X 106 cells were implanted separately at four different after intraperitoneal injection of D-luciferin (3 mg; right). (B)
Correlation of fi and hrl gene expression from mice optically

sites in each of three male nude mice. The mice were then imaged after the injection of 10 tLg each of the activator plas-
scanned with the cooled CCD camera to image the activities of mid (VP1 6) and the reporter plasmid (fl-G5-hrl). Shown is a
the luciferases from each site. The mice were first scanned af- plot of hRL activity versus FL activity, expressed as maximum
ter tail vein injection of coelenterazine. Five hours later the mice photons/cm2/sec/sr, obtained from same-sized ROls drawn over
were scanned again after an intraperitoneal injection of D-lu- the liver region on the mouse images (r2 = 0.66, n = II mice).
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to transfect the liver hepatocytes in vivo with high efficiency to the liver can be achieved via a hydrodynamically based pro-
(Zhang et al., 1999). We wanted to test whether our system cedure involving rapid tail vein injection of a large volume of
would be able to produce detectable expression of the two re- DNA solution (Liu and Knapp, 2001; Herweijer and Wolff,
porter genes and also retain the high degree of correlation be- 2003). This method is being widely utilized by gene therapy
tween the gene expression levels in the hepatocytes transfected researchers to evaluate the therapeutic activities of various
in vivo by this technique. Indeed, we could detect robust ex- genes (Zhang et al., 2004). We decided to adopt this method to
pressions of both fi and hrl reporter genes in the liver regions transfect hepatocytes in vivo with both activator and reporter
of the animals within 6 hr of hydrodynamic injection and ex- plasmids and then study whether the correlation was still main-
pression was still high even 24 hr after the injection (Fig. 6A). tamned between the levels of expression of the two genes. We
Most importantly, the level of expression of the hrl gene is obtained a good level of correlation between the two reporter
also well correlated (r2 =0.66) with that of thefl gene in liv- genes (r2 

= 0.66), similar to what was seen in the xenograft
ing mice (n = 11) (Fig. 6B). studies. These results support the robustness of our system.

However, in contrast to the xenograft studies, in the naked DNA
experiments we had to administer a higher dose of coelenter-
azine to obtain a detectable signal for the hrl reporter gene. This

DISCUSSION was expected because Renilla luciferase is known to produce
blue-shifted light (475 nm) that is largely attenuated while tray-

This article reports initial results from experiments in which eling from a deep tissue environment like the liver. Apart from
a novel GAL4-responsive bidirectional vector was used to am- this there could be other parameters that regulate the delivery
plify the expression of two reporter genes simultaneously both of the substrate coelenterazine to the transfected hepatocytes,
in cell culture and in living animals. This system should help such as the hepatic circulation and the presence of P-glycopro-
to amplify the expression of a gene of interest from a weak tis- teins (Ros et al., 2003; Pichler et al., 2004). All these factors
sue-specific promoter and to determine the spatial location and can also be influential in achieving a lower correlation corn-
level of expression of the target gene repeatedly, with the help pared with subcutaneous tumor studies, in which the source of
of the highly correlated expression of a tightly coupled reporter light has a superficial location.
gene. This approach can be made fully quantitative and tomo- The bidirectional system showed a 3- to 4-fold lower ex-
graphic by simply replacing the optical reporter gene with a pression of thefl gene when compared with a well-established
PET reporter gene. reporter system, CMV-fl, and a 2- to 3-fold lower signal of the

We have previously demonstrated that the TSTA strategy forward hrl gene when compared with CMV-hrl. An earlier
can be used to amplify the expression of a single reporter gene TSTA system also showed a 2- to 3-fold lower signal from a
from a weak tissue-specific promoter in a prostate-specific man- SV40-GAL4-VP1 6-activated unidirectional G5-fl vector when
ner in living mice (Iyer et al., 2001). We have been evaluating compared with CMV-fl (Tyer et al., 2001). Thus a reduced sig-
ways to develop this system as a potential gene therapy vector. nal from the forward hrl gene when compared with CMV-hrl
Accordingly, we decided to design a bidirectional system based is in accordance with previous results. Previous studies have
on the TSTA model that will link a therapeutic gene with an validated that 5XGAL4-binding sites are optimal for one pro-
imaging reporter gene, so that, as stated previously, by simply moter (Emami and Carey, 1992; Iyer et al., 2001; Zhang et al.,
studying the reporter gene noninvasively we can estimate the 2002). Thus it could be possible that the inclusion of an addi-
magnitude of expression of our target gene of interest and also tional promoter might compete with the available GAL4-VPI6
monitor its location. Such a system may also be useful in trans- activator proteins, thereby resulting in a reduction of overall ac-
genic animal applications, where the expression of the gene of tivities of both promoters. However, we are unable to explain
interest can be repeatedly monitored in an intact animal. the phenomenon causing a greater attenuation of the expression

•In the present study we observed that expression from both level of the reverse gene. On the basis of other studies (Ross
coding regions was significantly elevated and retained a high et al., 2000; Dion and Coulombe, 2003) it seems unlikely that
level of correlation. Our data demonstrate that the hRL signal this effect is related to the orientation of the GAL4-DNA-bind-
resulting from translation of the forward hrl gene in the bidi- ing domains. It has been observed that the ability of GAL4-
rectional reporter vector can be used to quantify the level of ex- VP 16 to activate transcription varies 1- to 2-fold with 2- to 8-
pression of the fi gene in living animals. However, there was bp variations in the spatial positioning of the DNA-bound
apparently a significant attenuation of the fi gene placed in a activation domain from the TATA box of the promoter (Ross
reverse orientation to the GAL4-binding sites in the vector. De- et al., 2000). Thus it is possible that slight dissimilarities in the
spite this, we could observe robust signal from thefl gene both spacer distances between the individual E4TATA minimal pro-
in cell culture and in vivo. Most importantly, we also obtained mooters and the GAL4-binding sites in the reporter plasmid can
a high correlation between the expression levels of the two re- impart differential transcriptional abilities to the promoters, re-
porter genes both in cell culture (r2 

= 0.95) and in living ani- sulting in turn in differential expression of the genes they acti-
mals (r2 

= 0.82 and 0.66), using bioluminescence imaging. vate. Uneven spacer distances between the coding sequences of
The naked DNA experiments were performed to test the ef- the two genes and their minimal promoters may also cause this

ficacy of the system developed in a real gene therapy applica- effect. In our vector system the reverse fi gene is 30 bp away
tion, in which the different components of this system will be from its E4TATA minimal promoter, whereas the forward hrl
delivered in vivo by means of different nonviral or viral vec- gene is only 10 bp away. We are currently trying to test these
tors andwill be required to transfect the cells of the animal in possibilities by simply switching the positions of the two genes
situ. Earlier studies have shown that efficient plasmid delivery and repeating the experiments with the new reporter vector.
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Nonetheless, our initial results indicate for the first time that cal intervention, studying protein-protein interactions (Paulmu-
the TSTA strategy can be developed into a potent bidirectional rugan et al., 2002; Ray et al., 2002; Paulmurugan and Gamb-
system that can successfully achieve amplification of two in- hir, 2003), and developing model gene therapy vectors for mon-
dependent genes, simultaneously. There are several ways we itoring site-specific delivery and expression of transgenes.
can try to reduce the attenuation of the reverse gene and make
the system more robust. These include (1) optimization of the
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ABSTRACT

Purpose: A highly augmented, prostate-specific two-step transcriptional amplification

(TSTA) method was developed with the ultimate goal of delivering an effective and safe gene-

based treatment to prostate cancer patients. Due to the fact that very limited treatment options

are available for recurrent hormone refractory prostate cancer (HRPC), it is imperative to

assess whether the prostate specific antigen (PSA) promoter-based TSTA gene therapy will be

functional in HRPC. Experimental Design: We tested the TSTA-driven adenovirus vector

on three androgen-dependent and six HRPC models. Real-time gene expression was

monitored by both optical imaging and the combined modality of Positron Emission

Tomography (PET) and computed tomography (CT). Results: The TSTA-driven firefly

luciferase expressing adenoviral vector was active in all androgen receptor (AR) expressing

HRPC models, but inactive in AR- and PSA-negative lines. Interestingly, the TSTA-mediated

gene expression was induced by hydrocortisone in MDA PCa 2b, a cell line with mutated AR

that possesses altered ligand specificity. In animal models, the TSTA-mediated optical signal

was more robust in the HRPC than androgen-dependent tumors. In a parallel trend, a TSTA

vector that expresses the herpes simplex virus thymidine kinase PET reporter gene also

displayed more robust PET signal in the HRPC tumor. Conclusions: The activity of TSTA

system is AR dependent, and it recapitulates the functional status of endogenous AR. These

data support the conclusion that AR function is activated in HRPC despite castrated levels of

androgen. Together with the fact that majority of recurrent prostate cancers express AR and

PSA, we foresee the TSTA approach can be a promising gene therapy strategy for the

advanced stages of prostate cancer.



INTRODUCTION

Although recent data suggest that the death rate from prostate cancer is decreasing by

4% per year since 1994, it is still the second leading cause of cancer death in men, with an

estimated 230,110 new cases and 29,900 deaths in the US in 2004 (1). About one-third of

men with prostate cancer believed to have localized disease will already have micro-metastasis

at the time of therapy (2). Despite treatment with surgery, 20 to 30% of the patients will suffer

from disease recurrence as defined by serum PSA elevation (3, 4). In the aggressive, high

grade (Gleason 8-10) disease, majority of PSA recurrence is detected within 2 years after

surgery with median survival of less than 3 years (3). Hormone therapy blocking androgen

function can induce short-term remission, but the refractory disease eventually recurs (2). At

this stage, the disease is defined as androgen-independent or hormone-refractory prostate

cancer (HRPC). The median survival for patients with metastatic HRPC is about 18 months,

and systemic chemotherapy provides only a palliation of symptoms (5).

Androgen receptor (AR), the mediator of the physiological effects of androgen (6),

regulates the growth of normal and malignant prostate epithelial cells. Following the binding

of the activating ligand dihydrotestosterone, AR translocates from the cytoplasm into the

nucleus, binds directly to DNA recognition sites and induces the expression of androgen

responsive genes, including PSA. A central issue in HRPC is to understand the role of AR in

this stage of disease. Would AR function be obsolete under treatment where the activating

ligand was depleted? Several mechanisms have indicated the continual involvement of AR in

HRPC (reviewed in 7), including 1) AR gene amplification and overexpression; 2) altered

ligand specificity of AR (promiscuous AR); and 3) activation of AR through cross-talks with

other a ndrogen-independent pathways. The precise role o f A R in clinical situations is n ot

fully understood. However, given the fact that AR expression is documented in the majority



of HRPC cases (8, 9) and that PSA remains the most reliable marker for recurrent, metastatic

prostate cancer (10), it is highly probable the gene regulatory activity of AR is functional in

this setting.

Several PSA or probasin promoter-based gene therapy approaches have been

developed (11, reviewed in 12). However, thorough investigations questioning the

functionality of these AR-dependent therapeutic strategies in HRPC have not been completed.

The current report employs cell-based activity measurements and in vivo molecular imaging to

demonstrate that a highly amplified PSA promoter-derived (TSTA) system is active in HRPC

models. Non-invasive bioluminescence imaging and Positron Emission Tomography (PET)

illustrate that the prostate-specific TSTA gene expression vectors exhibit robust activity in

HRPC as well as androgen dependent tumors. We project that our vector-based gene therapy

coupled to molecular imaging would be a promising therapeutic option to develop for treating

patients with recurrent disease.



MATERIALS AND METHODS

Adenovirus Constructs.

AdTSTA-FL was constructed as previously described (13, 14). The AdTSTA-sr39tk

was constructed with the AdEasy system (15). The head-to-head orientation of activator

(BCVP2) and reporter (SR39tk) in the single plasmid was constructed by replacing FL with

SR39tk in PBCVP2G5-L (16). The BCVP2G5-sr39tk fragment generated by Not I and Sal I

digestion of PBCVP2G5-sr39tk was inserted into pShuttle, which was used in bacterial

recombination to generate the full-length virus. The virus was grown on 293 cells, purified on

a C sCI gradient, and t itered b y plaque formation a ssays o n 293 monolayers. The level o f

replication competent adenovirus contamination in the viral stocks was evaluated by plaque

formation on A549 cells. No plaque was detected at 108 fold higher viral stock dilution

compared to assays on 293 cells.

Prostate Cell Lines and Luciferase Activity Assay.

The human prostate cancer cell lines, LNCaP, CWR22Rvl, DU145 and PC-3 were

grown in RPMI 1640 supplemented with 10% fetal bovine serum (FBS). Iscove's modified

DMEM was used for LAPC-4. MDA PCa 2b line obtained from ATCC was grown in BRFF-

HPC1 (Athena Environmental Sciences, Baltimore, MD) supplemented with 20% FBS. For

AdTSTA-FL assays, the cultured cells were plated onto 24-well plates at 5 x 104 cells per well

with phenol-red free RPMI 1640 supplemented with 10% charcoal-stripped FBS. Cells were

counted and infected at 1 plaque forming unit per cell (MOI=1). At 48 h post-infection, the

cells were harvested and lysed in RIPA buffer (1% NP-40, 0.1% sodium deoxycholate, 150

mM NaCl, 5 0 mM Tris-HCl (pH7.5) and 1 mM PMSF). Luciferase activity was measured

according t o the m anufacturer's i nstructions (Promega, Madison, W I), u sing a I uminometer



(Berthold Detection Systems, Pforzheim, Germany). Each value was normalized with protein

concentration and calculated as the average of triplicate samples. The infectivity of all cell

lines was assessed by quantitative PCR of internalized viral DNA and expression mediated by

constitutive AdCMV-FL as previously described (14). Relative to the infectivity of LNCaP

cells (designated as 1), the infectivity of all other lines are within 2-fold. The highest

infectivity was in CWR22rvl (2.0) and the lowest was in PC-3 (0.7). Due to the similarity of

infectivity among the cell lines, activity results reported here were not adjusted.

Synthetic androgen methylenetrienolone (R1881; NEN Life Science Products, Boston,

MA) or the anti-androgen bicalutamide (Casodex) was added to experiments as indicated. To

measure the androgen induction effect, we used the activity in the presence of 10 ý.M

bicalutamide as the basal level rather than in charcoal-stripped FBS. The TSTA system is

highly amplified and low level of residual androgen in charcoal-stripped FBS can activate

expression (16). For western analysis, cell lysates were fractionated on 4-20% gradient

acrylamide gels (BioRad, Hercules, CA) and subjected to immunoblot analysis with anti-AR

N-20 (Santa Cruz, Santa Cruz, CA) or B-actin A5316 (Sigma, St Louis, MO) antibodies, and

visualized with HRP-labeled secondary antibody and ECL (Amersham, Piscataway, NJ).

Statistical analyses were performed using the two-tailed Student's t test. For all

analyses, P<0.01 was considered statistically significant.

Preparation of tumor cell suspension.

Preparation of tumor cell suspensions was performed by slight modification of a

published protocol (17). Briefly, tumors were harvested, minced to 1-mm3, and then

incubated in 1% Pronase (Roche Molecular Biochemicals, Mannheim, Germany) solution for

20 min at room temperature. After overnight incubation in PrEGM media (Cambrex,



Walkersville, MD) with Fungizone, the cultured cells were disaggregated by pipetting through

sterile 200 gm Cell-Sieve mesh (Biodesign, Inc. of New York, Carmel, NY). Tumor cells

were infected at 1 plaque forming unit per viable cell (MOI=M), and analyzed after 48 hrs. No

difference in the infectivity (determined by infection with a green fluorescent protein

expressing adenoviral vector) or non-specific viral toxicity was observed between the

androgen-dependent and androgen-independent LAPC-9 tumor cells.

TK enzyme assay.

LNCaP and LAPC-4 were plated onto 6-well plates at 5 x 105 cells/well and infected

with AdTSTA-sr39tk at MOI=1. 10 nM R 1881 or 10 gM Casodex was added to the infected

cells as indicated and the cells were harvested and lysed, in 0.5% NP-40, 25mM NaF, 3 mM

B-mercaptoethanol and 10 mM Tris-HC1 (pH7.0) after 48 hr. The protein concentration of the

cell lysates was determined by the DC protein assay (BioRad), 1 jig of the lysate was mixed

with 3 gl of Tk mix ([3H]-penciclovir (Movarek Biochemicals, Brea, CA), 250 mM Na2HPO4

(pH6.0), 25 mM ATP, 25 mM Mg Acetate) and incubated at 37°C for 20 min. Reactions were

terminated by the addition of 40 jil cold water and heating at 95°C for 2 min. Forty gl of

mixture was blotted onto DE81 filters (Whatman, Clifton, NJ). The filters were dried, and

washed 3 times with 4 mM Ammonium formate and 10 gM thymidine, once in water, and

twice in 95% ethanol. After drying, the filters were counted by scintillation. Each value was

calculated as the average of duplicate samples.

Animal experiments with optical and PET imaging.

Animal care and procedures were performed in accordance with the University of

California Animal Research Committee guidelines. Ten- to 12-week-old male SCID mice



obtained from Taconic Farms (Germantown, NY) were implanted subcutaneously with a

tumor chunk (-0.2 cm dia) coated with Matrigel (Collaborative Research, Bedford, MA) and

allowed to grow to -0.8 cm dia (18). For the optical imaging experiments, 107 plaque-forming

units of AdTSTA-FL were subdivided and injected intratumorally into 3 sites. In vivo

expression was monitored sequentially using a cooled IVIS CCD camera (Xenogen, Alameda,

CA). For each imaging session, the mice were anesthetized with ketamine/xylazine (4:1),

given the D-luciferin substrate (200 pl of 150 mg/kg in PBS) intraperitoneally, and imaged

after a 20-minute incubation. Images were analyzed with IGOR-PRO Living Image Software,

as described (13, 19). Immunohistochemistry to detect AR expression in the tumor was

performed with anti-AR antibody (Upstate Co, Charlottesville, VA) as previously described

(13, 19).

For microPET imaging, 1 09 p laque-forming units (-30 pl) of AdTSTA-sr39tk were

injected intratumorally for four consecutive days. PET imaging was performed on day 7 using

-200 jtCi of ['8F]-FHBG substrate (specific activity 5-10 Ci/mmol) that was administered via

the tail vein. After one hour of uptake time, mice were given inhalation isoflurane anesthesia,

placed in a prone position, and imaged for 20 minutes in the microPET scanner (Concorde

Microsystems, Knoxville, TN). Images were reconstructed u sing a filtered b ack projection

reconstruction algorithm. MicroCT (Imtek Inc., Knoxville, TN) was performed for the same

animal sequentially, and images were overlapped using ASIPro VM (Concorde Microsystems,

Knoxville, TN).



RESULTS

The TSTA activity in prostate cancer cell lines

We have developed several transcriptionally-targeted gene expression systems based

on t he P SAg ene regulatory regions. The method that e xhibits most potent a ctivity, tissue

selectivity and androgen regulation is termed two-step transcriptional activation (TSTA). It

employs an enhanced PSA promoter (20) that drives a potent GAL4VP16 synthetic activator,

which in turn binds to tandem repeats of GAL4 binding sites to activate the secondary reporter

or therapeutic gene. This TSTA method achieved nearly 1000-fold augmentation of activity

over the native PSA promoter, and it is more active than the strong viral CMV promoter (14).

Recently, we have demonstrated that AR in hormone refractory LAPC-9 tumors is

functionally active, and it binds to known sites in the PSA gene regulatory region by

chromatin immunoprecipitation (13). Expanding upon this observation, the key objective of

this study is to survey the activity of TSTA vectors in a wider array of HRPC models and to

visualize the in vivo activity of the vectors by multi-modal molecular imaging techniques.

The activity of the TSTA adenoviral vector (AdTSTA-FL, Figure 1A) was first

determined in two AD lines LNCaP and LAPC-4, and three HRPC lines CWR22Rvl, DU145

and PC-3. As shown in Figure 1B, in the AR-negative DU145 and PC-3 lines AdTSTA-FL

activity was n egligible. In the three A R-expressing l ines, the activity of A dTSTA-FL w as

stimulated by androgen ranging from 11.4- to 60.6-fold. When bicalutamide (10 ýtM) was

given simultaneously in the presence of synthetic androgen R1881 (10 nM), a -50%

suppression o f peak activity was observed (data not shown). In the presence of androgen,

LNCaP cells exhibited the highest expression, at 4.8 times the level of LAPC-4 and 14.4 fold-

higher than CWR22Rvl.



We also investigated the activation in a fourth HRPC line MDA PCa 2b, which

interestingly, expresses AR with a double mutation (L701H and T877A) that allows gene

expression and growth to become glucocorticoid responsive (21). As shown in Figure 1C,

gene expression mediated by this promiscuous AR responded to both androgen and

hydrocortisone. The induction was 105-fold by hydrocortisone and 144-fold by R1881. The

absolute expression level in MDA PCa 2b was 4.4 fold-lower than CWR22Rvl. Based on

these expression data, we deduced that the PSA-based TSTA method is active in HRPC but its

activity is dictated by the AR function in the cell.

TSTA activity in hormone refractory LAPC-9 tumor monitored by optical imaging.

LAPC-9 and LAPC-4 are two human prostate tumors that can recapitulate the clinical

scenario of HRPC (17, 18). They grow routinely in intact male mice and undergo tumor

regression upon castration. However, after a substantial time-delay, hormone refractory tumor

develops, mimicking the recurrence of HRPC. The activity of AdTSTA-FL was monitored by

optical imaging of paired AD and hormone refractory LAPC-9 tumors from day 4 to 14

(Figure 2A). By this real-time in vivo activity measurement, hormone refractory tumors

supported a higher level of transgene expression than AD tumors. Immunohistochemistry

analysis revealed that the AR protein was expressed in both AD and HRPC tumors, but the

magnitude of expression is very heterogenous among the tumor cells (Figure 2B).

Equivalent gene delivery into the different tumors by intratumoral viral injection was

difficult to achieve. Thus, we converted the paired tumors into single cell suspension to

examine androgen regulation and the activity of the TSTA system more accurately. In doing

so, the dosage of viral vector and androgen administered on a per cell basis can be controlled.

The dispersed tumor cells were infected with AdTSTA-FL in the presence of specified ligands.



AR-protein and androgen-responsive FL activity was observed in both cell populations

(Figure 2C). In close agreement with the optical imaging results in tumors, we also observed

that the activity of AdTSTA-FL is 7.2-fold higher in the hormone refractory (AI) than in AD

tumor cells in culture in the presence of 1 nM or higher concentrations of RI 881.

Use of the TSTA vector in PET imaging.

It is important to develop molecular imaging approaches that can be applied in clinical

settings for advanced prostate cancer. To this end, we adapted our prostate-specific gene

imaging to PET, a radionuclide functional imaging modality that enables 3-D signal

localization. An adenoviral vector that expresses the herpes simplex virus thymidine kinase

(HSV-tk) PET reporter gene under the control of TSTA was generated (Figure 3A). An

enhanced HSV-tk variant sr39tk was incorporated into the AdTSTA-sr39tk because this

variant tk gene augments the uptake of radiolabeled PET tracers and improves PET imaging

sensitivity by 2-fold (22). The sr39tk protein expression and enzymatic activity mediated by

the vector was regulated by androgen (Figure 3B, C).

AdTSTA-sr39tk was administered into AD and hormone refractory LAPC-4 tumors,

and its activity was documented by the combined microPET/microCT. This combined

imaging modality enables the precise localization of the PET signals with the anatomic

information obtained from the CT scan. Using [18F]-FHBG as the PET substrate, robust

signals were observed in both AD and hormone refractory LAPC-4 tumors (Figure 3D). The

activity was higher in the hormone refractory tumor (0.78% ID/g) than in the AD tumor

(0.50% ID/g). These results confirm that the TSTA-mediated prostate-specific gene imaging

is feasible for advanced stages of tumor using the clinically relevant PET.



DISCUSSION

Effective treatment options for recurrent prostate cancer are notably limited. Our goal

has been to develop novel gene-based diagnostic and therapeutic approaches to treat advanced

stages of prostate cancer. Towards this end, the well-studied PSA promoter/enhancer was

utilized to achieve prostate-specific gene expression. Given that transcriptional regulation of

the PSA promoter/enhancer is AR-dependent, it was prudent to first verify that our PSA

promoter-based expression strategy is feasible in HRPC. In this study, we demonstrated that

the highly amplified prostate-specific TSTA gene d elivery vectors are indeed functional in

many models of HRPC under androgen-deprived conditions.

Our data support that the presence of functional AR is necessary to activate PSA-based

promoter constructs. However, other factor(s) are likely to modulate AR activity in HRPC

cells. The 14-fold range of luciferase activity observed in different models does not correlate

with the level of AR expression or the status of AR mutation in the cell lines. The AR in

LAPC-4 is wild-type, while it contains the T877A mutation in LNCaP and the H874Y

mutation in the ligand-binding domain of CWR22Rvl. Differential activity of co-activators of

the AR pathway could modulate AR function in vivo. Gregory et al (23) reported elevated

level of nuclear receptor coactivators, SRC 1 and SRC2 in recurrent prostate cancer. Recently,

Dr. Tindall's group also demonstrated that coactivator p300 confers increased growth and

progression potential in prostate cancer (24). Many other growth signal pathways such as IGF,

Her2 or IL6 can also modulate AR-mediated expression (reviewed in 7). Further

investigations are needed to determine the precise AR activation mechanism in different case

of HRPC.

Both optical imaging and PET illustrated higher TSTA activity in the hormone

refractory xenograft subline versus the parental AD tumor in two models. These findings



endorse the idea that activation of AR function occurs despite the castrated level of androgen

in vivo. A recent report by Chen et al. (25) showed that 3 to 5-fold elevated expression of AR

is a cardinal distinguishing feature between paired AD and hormone refractory tumors. Their

work also, supports that AR over-expression can lead to HRPC. In fact, the two models

reported here were assessed in the gene expression profiling study (25). Moreover, our results

demonstrated that the real-time assessment of AR functional activity in prostate tumors,

including HRPC, can be accomplished by introducing TSTA Ads into the tumor.

In contemplating future applications in clinical settings, we postulate that the TSTA

gene-expression strategy will be active in all PSA-positive prostate cancers, which include the

recurrent metastatic disease. Previous histological evaluation of clinical materials have

detected AR and PSA expression in all stages of prostate cancer (8, 26, 27). Recent

preliminary results (reported at SPORE meeting July 2004, Baltimore MD) indicated that AR

expression is detected in metastatic lesions, albeit at heterogeneous level. A subtype of HRPC,

the neuroendocrine (NE) prostate cancer, lacks AR, and it is associated with poor prognosis

(28, 29). We anticipate any AR-dependent gene expression approach will be inactive in NE

tumor cells. However, solitary NE tumors are rare, as most NE tumor cells exist in small foci

interspersed within conventional AR- and PSA-positive prostate adenocarcinoma. If an AR-

dependent toxic gene therapy was apply to a mixed lesion, then indirect tumoricidal effects

can be transmitted to NE tumor cells via conventional prostate cancer cells by bystander

effects (12).

Linking molecular imaging to gene therapy is a favorable method to assess the

performance of the intended treatment. In an earlier study, visualization of distant metastases

of prostate tumor was accomplished by optical imaging mediated through the use of a

modified PSA promoter-based adenoviral vector (19). Due to the inability of light energy to



penetrate deep into tissues, bioluminescence imaging is not applicable in humans. Thus, to

translate the above-mentioned promising findings to the clinics, the application of a high-

energy clinically-relevant modality such as PET is needed. However, the HSV-tk-based PET

imaging is several orders of magnitude less sensitive than optical imaging in small animal

studies (30). The nearly three-order gain in activity of TSTA over native PSA promoter is a

key factor to achieve the successful PET imaging of HRPC. Since the same principles are at

work in animal microPET as in clinical PET, this result supports the idea of an equivalent

gene-based approach in clinical studies.

Many studies have demonstrated that the sr39tk gene can function effectively both as a

PET reporter gene as well as a toxic suicide gene (12, 31). Recently, the AdTSTA-sr39tk was

applied in a "one-two punch" imaging and suicide gene therapy to treat prostate tumor

[Johnson et al. manuscript submitted]. Compared to a constitutive CMV-driven vector, the

prostate-targeted TSTA vector not only elicited equivalent tumoricidal effects but also

dramatically reduced systemic liver toxicity. The PET imaging correlated entirely with the

therapeutic outcomes. These results indicate that the TSTA methodology is a promising

platform to build gene-based diagnostic and therapeutic approaches to manage HRPC.
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Figure legends

Figure 1. The activity of AdTSTA-FL and the induction with androgen in a panel of prostate

cancer cell lines. A. Schematic representation of the AdTSTA-FL. The two TSTA

components of activator (GAL4-VP16 driven by P SE-BC) and reporter (FL driven by

5xGAL4) are inserted into El region of recombinant adenovirus. B. AdTSTA-FL activity on

a panel of prostate cancer cell lines. The cell lysates were harvested 2 days after infection and

subjected to FL activity and western analysis with anti-AR antibody. Fold inductions

calculated by the activity ratio with 10 nM R1881 over 10 [IM casodex are indicated at the top

in parentheses. The activity difference between the AR-positive cell lines and the AR-

negative lines (DU-145 and PC-3) is statistically significant (P<0.01). C. AdTSTA-FL

activity in MDA PCa 2b. The cells were infected and incubated with 10gM Casodex, lOnM

RI 881, and 5 and 50 nM hydrocortisone.

Figure 2. AdTSTA-FL-mediated activity in vivo. A. AdTSTA-FL-mediated optical signal in

LAPC-9 AD and AI (androgen independent; HRPC) tumors. Ten million infectious units of

virus were injected intratumorally and imaged by optical CCD camera on the specified day

post viral injection. Common logarithms of the percentages of the signal at day 4 of AD and

AI tumors are plotted in the right panel. B. AR protein in LAPC-9 tumors. Parafin-fixed thin

tumor sections were stained with anti-AR antibody. C. AdTSTA-FL activity in tumor cell

suspension prepared from LAPC-9 AD and Al (HRPC) tumors. Tumor cell suspension was

infected with AdTSTA-FL at MOI=l and incubated in the presence of 10[IM Casodex or 0.1

or 10 nM R1881. The cell lysates were prepared after 2 days and subjected to FL assay and

AR western blot. (C; 10 gM Casodex, R; 10 nM RI 881). The activity difference between Al

and AD cells in the presence of R1881 was statistically significant (P<0.0 1).



Figure 3. The activity of AdTSTA-sr39tk and its application in microPET. A. Schematic

representation of the AdTSTA-sr39tk. The sr39tk gene is a HSV-tk variant with higher

affinity for acycloguanosines. B. AdTSTA-sr39tk activity i n A D prostate c ancer c ell lines

LNCaP and LAPC-4. The cells were infected with AdTSTA-sr39tk at MOI=M and harvested 2

days later. The cell lysates were subjected to TK enzyme assay. Phosphorylated forms of

[3H]-penciclovir were counted and plotted after normalization with total cellular protein. C.

Androgen regulation o f expression from AdTSTA-sr39tk. LNCaP cells were infected with

AdTSTA-sr39tk at M 01=5 and incubated with 0 to 1 00 n M R 1881. C ells w ere 1 ysed and

subjected to western analysis using anti-HSV-TK polyclonal antibody. D. Combined

microPET and microCT of LAPC-4 AD and Al tumor. 4 x 109 infectious units of AdTSTA-

sr39tk was injected to AD and AI LAPC-4 tumors. One week later, [18F]-FHBG injected

animals were anesthetized and scanned for microPET and microCT sequentially. The signal

in the tumor was measured by % injected dose of substrate per gram of tissue (%ID/g), listed

below the image.
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