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olecular Imaging of Reporter Gene
xpression in Prostate Cancer: An Overview

bhinav Singh, MB, BS, BSc, MRCS,* Tarik F. Massoud, MD, PhD,†

hristophe Deroose, MD, PhD,‡ and Sanjiv S. Gambhir, MD, PhD§

Prostate cancer remains an important and growing health problem. Advances in imaging of
prostate cancer may help to achieve earlier and more accurate diagnosis and treatment.
We review the various strategies using reporter genes for molecular imaging of prostate
cancer. These approaches are emerging as valuable tools for monitoring gene expression
in laboratory animals and humans. Further development of more sensitive and selective
reporters, combined with improvements in detection technology, will consolidate the
position of reporter gene imaging as a versatile method for understanding of intracellular
biological processes and the underlying molecular basis of prostate cancer, as well as
potentially establishing a future role in the clinical management of patients afflicted with
this disease.
Semin Nucl Med 38:9-19 © 2008 Elsevier Inc. All rights reserved.
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ephrourological cancers, and especially prostate cancer,
will remain an important and growing health problem

or the foreseeable future. Prostate cancer is the most com-
on nonskin cancer and the second leading cause of cancer
eaths among men in most Western countries.1 It has a
orldwide incidence of 25.3 per 100,000, with large differ-

nces between countries.2 The mortality rate of 8.1 per
00,000 mainly affects men at older ages. In the United
tates, approximately 230,000 new cases of prostate cancer
ere diagnosed in 2004.3

Recent improvements in prostate cancer detection have
arrowed the gap between the incidence and the prevalence
f prostate cancer. This, however, does raise some concerns
bout the risk of overdetection of latent cancers which, in
urn, establishes a need for improvement in screening strat-
gies to better identify clinically significant disease. Advances
n imaging of prostate cancer may lead to early neoplasm
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etection and more accurate tumor staging, with consequent
mproved and adequate treatment, better monitoring of the
isease, and enhanced surveillance for recurrences after
reatment.4

rostate Cancer: Overview
f Current Conventional and
etabolic Imaging Techniques

here appears to be no consensus on the imaging of primary
rostate cancer. Imaging of prostate cancer has convention-
lly relied on modalities such as ultrasonography, computed
omography (CT), and magnetic resonance imaging (MRI),
ut with limited roles and success. Ultrasonography is
ainly used for biopsy guidance and brachytherapy seed
lacement but, unfortunately, prostate cancer can be iso-
choic and therefore indistinguishable from normal tissue on
ransrectal ultrasound.5 The role of CT is essentially limited
o assessment of advanced metastatic disease and although

RI is useful for local staging, there are issues with repro-
ucibility of image quality and interobserver variability.6,7

Prostate cancer unfortunately shows a wide variation in
iological behavior from a nonaggressive, silent, intrapros-
atic type to a very aggressive, bone-metastasizing type. This
s compounded by the many other benign conditions affect-
ng the prostate, which makes distinguishing prostate cancer
ven more of a challenge. More accurate disease characteriza-
ion during the next decade is likely to arise from the devel-

pment and implementation of more functional and molec-
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10 A. Singh et al
lar imaging approaches. Molecular imaging may be broadly
efined as the visual representation, characterization, and
uantification of biological processes at the cellular and sub-
ellular levels within intact living organisms. In the assess-
ent of prostate cancer, molecular imaging might offer the
otential to: (1) understand abnormal pathology at a molec-
lar level in a noninvasive manner; (2) diagnose and charac-
erize disease much earlier; and (3) assess response to therapy
ith greater speed and accuracy. Recent general reviews on

he subject of molecular imaging are available elsewhere, in-
luding accounts of the 5 general requirements (target selec-
ion, probe development, overcoming of biological barriers,
ignal amplification, and use of imaging instruments) for per-
orming molecular imaging. We also recently reviewed the
eneral principles that determine the ever-increasing integra-
ion of in vivo molecular imaging techniques into molecular
edicine applications.8-10

A “direct” molecular imaging strategy (see below) using
ositron emission tomography (PET) with an ideal tracer
ould in theory be invaluable in distinguishing malignant

rom non malignant disease. At present however, there is no
adiopharmaceutical which convincingly meets the desired
riteria for prostate cancer imaging. For example, 18F-fluoro-
eoxyglucose (18F-FDG) imaging of prostate cancer has so far
ad very little success in detecting both primary and meta-
tatic disease.11,12 This is explained by the reduced uptake of
DG in prostate cancer cells attributable to a slower meta-
olic rate and reduced expression of glucose transport pro-
eins. Additionally the renal excretion of FDG, with activity
n the ureters and bladder, obscures visualization of the re-
ions of interest. This is compounded by the spatial resolu-
ion of PET which only approximates 5 to 6 mm, and so limits
ts usefulness in evaluating local spread of prostate cancer,
egional lymph node involvement and bone metastases.

A number of other radiopharmaceuticals have also been
nvestigated for PET imaging, namely carbon-11-choline,
arbon-11-acetate, fluorine-18-choline, fluorine-18-acetate,
uorine-18-testosterone, fluorine-18-fluoride, and car-
on-11-methionine. The current evidence suggests that
he radiopharmaceuticals available for PET imaging, in-
luding 18F-FDG, at present offer no significant advantage
ver conventional imaging of primary prostate cancer. With

8F-FDG, this is the result of poor uptake of FDG by cancer
ells, lymph node, and bone metastases.13 Despite its poten-
ial advantages, further prospective clinical trials are required
o determine the role of PET in prostate cancer.14-16 The hope
s, that with further development of new tracers that are
ailored to prostate cancer metabolism and the advent of the
ybrid PET/CT modality offering supplemental anatomical

nformation, PET imaging is likely to play a greater role in
rostate cancer management.
Another molecular imaging modality capable of providing

nformation on tissue microenvironments, magnetic reso-
ance spectroscopic imaging (MRSI), is a noninvasive tool
hat combines magnetic resonance imaging (MRI) and spec-
roscopy to provide 3-dimensional anatomic and metabolic
nformation. Prostate cancer in this instance can be evaluated

eyond the morphologic information provided by MRI p
hrough the detection of cellular metabolites (eg, choline and
itrate). An interesting recent study also looked at in vivo 19F
agnetic resonance spectroscopy and chemical shift imaging

f tri-fluoro-nitroimidazole as a potential hypoxia reporter in
rat prostate tumor model.17 There is a consensus that the

upplementation of MRI with MRSI can improve cancer lo-
alization within the prostate and detect extracapsular spread
nd evaluation of cancer aggressiveness. A number of groups
ave reviewed the role of MRSI in prostate cancer imaging
nd described the benefits of MRSI in improving the sensi-
ivity of MRI for localizing prostate tumor.18,19 A recent study
as evaluated the suitability of MRSI in screening for prostate
ancer in comparison with T2-weighted MRI. It was shown
hat 3D-spectroscopy can improve the diagnostic accuracy of
2-weighted imaging alone.20 Further prospective trials are
owever required to compare this novel technique to existing
onventional imaging strategies to delineate the usefulness
nd role of MRSI in prostate cancer imaging.

rinciples of Reporter
ene Expression Imaging

lterations in normal regulation of gene expression result in
isease processes, which may be caused by interactions with
he environment, hereditary deficits, developmental errors,
nd the ageing process.21,22 Previously only techniques such
s tissue biopsy, blood sampling, histochemical, and im-
uno-histochemical staining could provide information on

ene expression but without the ability to noninvasively de-
ermine the location, magnitude and extent of gene expres-
ion in a living subject.23 As a subdiscipline of molecular
maging in living subjects, reporter gene expression imaging,
nvolves the imaging of a gene product made via the 2 steps of
ranscription and translation. A reporter gene is one with a
eadily measurable phenotype that can be distinguished eas-
ly from a background of endogenous proteins.24

The principle behind reporter gene imaging involves the
se of a pretargeting molecule, a reporter gene, which is

ntroduced into the cells of living subjects and which may
lso be linked to a different gene under scrutiny (under the
ontrol of one of many possible promoters). The expression
f the reporter gene then becomes linked to the activity of the
ene which is being studied, for example, by sharing the
ame promoter/enhancer elements. The product of reporter
ene expression (reporter protein) can then act as a “reporter”
r ‘signal’ of the target gene activity by using a molecular
robe (reporter probe) specific to the reporter protein which
an be measured and imaged using various techniques. The
signal” may arise from a radioisotope, a photochemical re-
ction, or a magnetic resonance metal cation, depending on
he nature of the reporter probe and the imaging instrumen-
ation used.

Thus, a number of novel imaging methods can be used to
ocalize, visualize, and quantify the signal, providing there-
ore the ability to image gene function. Reporter imaging
ystems can be categorized into 2 main groups: (1) the re-

orter protein is intracellular, for instance, thymidine kinase,
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Molecular imaging of reporter gene expression 11
he luciferases, and green fluorescent protein (GFP) or (2) the
eporter protein is associated with the cell membrane, for
xample, dopamine-2 receptor, somatostatin or transferrin
eceptor, or the sodium iodide symporter. The imaging mo-
ality used depends essentially on the reporter protein pro-
uced. More detailed reviews of PET-based (eg, herpes sim-
lex virus type-1 thymidine kinase [HSV1-tk] enzyme with
robes based on radiolabeled uracil nucleosides or acy-
loguanosine derivatives), single-photon emission computed
omography (SPECT)-based, MRI-based, fluorescent-based
eg, using green fluorescent protein), and optical biolumines-
ence-based (eg, using luciferases) reporter systems are avail-
ble elsewhere.21,25,26

There are essentially 2 types of genes that can be targeted to
mage gene expression, genes externally transferred into cells
f organ systems (transgenes) or endogenous genes. Most
urrent reporter gene imaging applications use transgenes.
maging an endogenous gene requires that a reporter gene be
inked to the endogenous promoter, the switching on of
hich concurrently activates the reporter protein and, there-

ore, its detection indirectly heralds activation of the endog-
nous gene.27,28

The reporter gene expression strategy described previ-
usly in this review may be referred to as an indirect one. This
s in contrast to a direct strategy that uses de novo synthesis of
nique molecular probes targeted to a specific molecular tar-
et such as a receptor or enzyme. The relative merits of these
pproaches are discussed elsewhere.21 The indirect strategy is
ersatile in that a single reporter probe/gene combination can
e used with or without different endogenous promoters and
enes to image a number of different biological processes.
pplication of reporter gene imaging, both in the laboratory
nd potentially in clinical practice, could provide the oppor-
unity to learn much more about the pathogenesis of prostate
ancer and potentially contribute to diagnosis and monitor-
ng response to therapy, all at a subcellular and molecular/
enetic level before phenotypic changes occur.

In this overview, focus has been placed on the use of bi-
luminescence reporter gene expression imaging for prostate
ancer. This is a noninvasive optical imaging modality based
n the enzymatic generation of visible light, allowing sensi-
ive and quantitative detection of bioluminescence reporter
enes in intact living small research animals. In recent years
here has been huge growth and interest in its experimental
se for molecular reporter gene imaging of cancer. More de-
ailed descriptions and reviews of optical bioluminescence-
ased imaging can be found elsewhere.21,26,29

xperimental
pplications of Reporter
ene Imaging in Prostate Cancer

here are 4 broad categories of experimental applications
sing reporter genes when imaging prostate cancer: (1) gene
arking of cells with reporter genes; (2) imaging of gene
herapies; (3) imaging of transgenic animals carrying reporter b
enes; and (4) imaging of more complex intracellular events
uch as protein-protein interactions and protein trafficking.

maging Gene-Marked Cells
ene marking makes it possible to follow the behavior of
ells in diverse locations in the body.30 It is necessary to stably
ransfect cells with an imaging marker gene to allow these
ells and their progeny to be followed for their entire lifespan
ithin the living subject. In practice, however, if the gene
arked cells are to be followed and imaged in the living

ubject for no more than 7 to 10 days, then transient trans-
ection is sufficient depending on the cells in question and
ther parameters as well.21 In general, there are 2 methods of
ene-marking cells: (1) ex vivo transfection with a vector
ontaining an imaging cassette followed by placement of the
ells in a living subject; and (2) direct in vivo placement into
he cells of interest within the living subject, usually by in-
ection of the vectors carrying the reporter gene as part of
ecombinant genomes of viruses.

In clinical practice, gene marking has been applied mostly
o hematopoietic cells.30 In experimental applications in the
tudy of prostate cancer, gene marking of cells that are static
n one location can be used for (1) first assessment and con-
inued validation of reporter genes and their probes, (2) re-
ning the technical aspects of molecular imaging signal de-
ection from the prostate, or (3) studying the behavior of
ene-marked prostate cancer cells in living subjects, includ-
ng the assessment of novel therapies to treat prostate can-
er.31

There are a number of examples in the literature in which
rostate cancer cells have been studied after gene marking
ith reporter genes, thus allowing temporal, spatial, and
uantitative study of these cells. Jenkins and coworkers used
he bioluminescent human prostate carcinoma cell line PC-
M-luc-C6 and a Firefly luciferase (Fluc)-based prostate can-
er animal model to noninvasively monitor in vivo growth
nd response of tumors and metastasis before, during, and
fter chemotherapy.32 Gene-marked bioluminescent PC-3M-
uc-C6 cells, constitutively expressing Fluc, were implanted
nto the prostate or under the skin of mice for primary tumor
ssessment. Cells also were injected into the left ventricle of
he heart as an experimental metastasis model. Serial in vivo
hole-body images of anesthetized mice, either untreated or

reated with 5-fluorouracil or mitomycin C, were then ob-
ained to follow the gene-marked cells using optical biolu-

inescence imaging. Ex vivo imaging and/or histology
as used to confirm the in vivo findings. The group was

ble to successfully detect and quantify early inhibition of
ubcutaneous and orthotopic prostate tumors in mice as
ell as significant tumor regrowth after treatment. It was

lso possible to image metastatic disease after the intracar-
iac injection of PC-3M-luc-C6 cells. Quantification of
ata by distinguishing differential drug responses and
etastatic tumor relapse patterns over time depending on

he metastatic site also was possible.
Iyer and coworkers developed a third-generation HIV-1-
ased lentivirus vector carrying a prostate-specific promoter
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12 A. Singh et al
o monitor the long-term, sustained expression of the Fluc
eporter gene in living mice. Fluc in the transcriptionally
argeted vector was driven by an enhanced prostate-specific
ntigen (PSA) promoter in a 2-step transcriptional amplifica-
ion (TSTA) system. The system was used to evaluate lentivi-
us (LV-TSTA)-mediated gene delivery, cell-type specificity,
nd persistence of gene expression in cell culture and in
iving mice carrying prostate tumor xenografts.33 Others have
lso used a TSTA system to, for example, test an androgen
eceptor (AR)-specific molecular imaging system in its ability
o detect the action of the antiandrogen flutamide on AR
unction in xenograft models of prostate cancer (Fig. 1) and
o assess whether the AR is fully functional in recurrent pros-
ate cancer after androgen withdrawal.34,35

Another recent study described 2 new models that permit
rostate imaging ex vivo, in vivo, and in utero, as well as the
bility to use these models for detecting small metastasis and
esting reagents that modulate the AR axis. Mice prostate
pithelium was gene marked again with the Fluc using 3
omposite promoters called human kallikrein 2 (hK2)-E3/P,
SA-E2/P, and ARR2PB, derived from hK2, PSA, and rat pro-
asin regulatory elements, generating EZC1, EZC2, and
ZC3-prostate mice, respectively. It was shown that these
odels allow noninvasive, longitudinal in vivo imaging of
rostate tissue (Fig. 2), highlighting the usefulness for imag-

ng prostate development, growth, metastasis, and response
o treatment. Castration reduced Fluc expression by up to
7% in these models. Interestingly, the use of a gonado-
ropin-releasing hormone antagonist led to extensive inhi-
ition of reporter activity, thus opening up the possibility
or using these models of Fluc-based gene marking to de-
elop and monitor improved drugs that could inhibit the

Figure 1 LAPC9 androgen-independent tumors are resist
castrated male mice bearing LAPC9 xenografts. (A) ty
flutamide or placebo pellets were implanted. The effec
detected in the LAPC9 androgen-independent tumor m
gen-independent (n � 6) animals were studied. Column
flutamide-treated animals bearing androgen-dependent
mission from Ilagan et al.34)
R axis.36 g
Molecular imaging of gene marked cells was used by El
ilali and coworkers in experimental studies to develop and
alidate novel imaging techniques potentially useful in pros-
ate cancer.37 This study used Fluc-expressing human pros-
ate tumors and metastases in nude mice to compare the
fficiency of noninvasive light detection with in vitro quan-
ification of Fluc activity. An intensified charge coupled de-

flutamide. AdTSTA were tail-vein injected into intact or
ffects. On day 3, a baseline image was acquired and
eatment at day 18 is shown. No flutamide effect was
B) cohorts of androgen-dependent (n � 7) and andro-
te percent change in signal versus day 3 in placebo- and
ndrogen-independent tumors. (Reproduced with per-

igure 2 Comparison of three distinct prostate-specific promoters in
ransgenic mice. (A) Male 12-week-old transgenic mice were anes-
hetized and bioluminescence was imaged 10 minutes after intra-
eritoneal injection with D-luciferin (40 mg/kg). Two representa-
ive mice per line and one wild-type (WT) nontransgenic mouse are
hown. (B) Mice were immediately euthanized and dissected. Iso-
ated organs were laid out on nonluminescent paper in anatomically
elevant order and imaged within 45 minutes. Most highly biolumi-
escent organs are labeled. Int, intestines; UGT, urogenital tract;
pid, epididymis. (Reproduced with permission from Seethamma-
ant to
pical e
t of tr
odel. (
s indica

and a
ari et al.36)
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Molecular imaging of reporter gene expression 13
ice (CCD) video camera was used to noninvasively image
luc activity. The photon events recorded in tumor images
ere compared with the number of relative light units from

uminometric quantification of homogenates from the same
umors. The study concluded that intensified CCD images
lone were insufficient for quantitative evaluation of prostate
umor growth in mice. On the other hand, a combined video-
etric and luminometric approach did allow adequate quan-

ification. As well as optical bioluminescence imaging, a ded-
cated small animal PET (microPET) scanner has also been
uccessfully used to serially and noninvasively image prostate
ancer in murine models, highlighting its potential clinical
se in imaging of tumor metastases.38

One of the great advantages of gene marking cells is the
bility to image cell trafficking in vivo. There are already
xamples in clinical practice, in particular in immunological
nd oncological studies, where cell labeling techniques are
sed to image cell trafficking in vivo eg, 111In-Oxine for
PECT imaging of infection and inflammation. For in vivo
maging of cell trafficking, simple cell labeling has two dis-
inct disadvantages which are overcome by gene marking.
irstly the imaging signal is not dependant on cell viability
nd may originate from extracellular spaces or from within
mmune scavenger cells, but when a gene marked cell dies, so
oes the imaging signal. Secondly, with gene marking the

maging gene is passed on to the cell progeny. Consequently
he imaging signal is not lost through dilution or loss of the
abel from the cell.39 A number of studies have therefore
hown how gene marking can been used to study prostate
ancer cell trafficking, and consequently provide a novel way
o image prostate cancer metastases (Fig. 3).32,36,40 For exam-
le, LeRoy and coworkers used a canine prostate carcinoma
enograft to evaluate and image neoplastic cell growth and
steoblastic metastases in nude mice using histoplathology,
adiography, and bioluminescence imaging.41 Interestingly,
nother group employed bioluminescence reporter gene
maging to investigate the role of tumor lymphangiogen-
sis during metastasis. Comparisons were made of the
APC-4, LAPC-9, PC3, and CWR22Rv-1 cell lines from
uman prostate cancer xenograft models, labeled with the
luc for optical imaging. After tumor implantation the an-

mals were sequentially imaged for several months for the
ppearance of metastases. Metastatic lesions were con-
rmed by immunohistochemistry. Additionally, the angio-
enic and lymphangiogenic profiles of the tumors were char-
cterized.42

maging of Gene Therapies
olecular imaging using reporter genes could play a vital role

n optimizing gene therapy.43,44 It is anticipated that, eventu-
lly, by the delivery of one or more transgenes to target tis-
ue(s), it will be possible to successfully treat many diseases,
ncluding prostate cancer, as more is being understood about
he genetic link with prostate cancer pathogenesis.45,46 To
ate, however, gene therapy has had only limited success. A
ajor challenge is to achieve controlled and effective delivery
f genes to target cells as well as avoiding ectopic expression. t
eporter gene imaging provides quantitative assessment of
eporter gene expression and therefore the ability to provide
nferred knowledge of extent, location, and duration of ther-
peutic gene expression. At present, there are a number of
olecular biology strategies to link expression of a therapeu-

ic transgene and an imaging reporter gene.47 To date, there
ave been a number of studies investigating the application
f reporter gene expression imaging coupled with gene ther-
py of prostate cancer, particularly using viral vector based
ene therapy systems and bioluminescence imaging.48-51 Bi-
luminescence imaging has proved to be a very useful tech-
ique for monitoring gene expression in preclinical models
f gene therapy. One of the most useful applications has been
he monitoring of therapeutic gene expression in targeted
issues in disease models, while assessing the effectiveness
nd safety of systems of gene therapy delivery.

Li and coworkers employed a CCD imaging system to
onitor prostate-specific adenoviral vector mediation of

ong-term, sustained expression of Fluc in living prostate
ancer mouse models with the goal of assessing the effective-
ess and safety of systems of gene therapy delivery.50 Iyer and
oworkers used a 2-step transcriptional amplification
TSTA)-based lentiviral vector (LV-TSTA) to demonstrate
pecific targeting of prostate tumors in vivo after systemic
dministration of lentivirus. They showed that noninvasive
maging using such vectors could be useful for monitoring
ong-term gene expression in gene therapy applications.49

ato and coworkers used a similar prostate-specific TSTA
ethod, with the aim of developing an effective and safe

ene-based treatment for prostate cancer. Because very lim-
ted treatment options are available for recurrent hormone
efractory prostate cancer (HRPC), the aim was to assess
hether PSA promoter-based TSTA gene therapy would be

unctional in HRPC. It was shown that the prostate-specific
STA gene expression vectors exhibited robust activity in
RPC as well as androgen-dependent tumors. They con-

luded that such vector-based gene therapy coupled to re-
orter gene imaging would be a promising therapeutic op-
ion to develop for treating patients with recurrent disease.51

Although bioluminescence has been the predominant mo-
ality used in experimental reporter gene imaging of prostate
ancer gene therapy, others have demonstrated the use of
lternative reporter gene imaging techniques such as PET and
PECT.52-54 For example, Pantuck and coworkers developed
prostate cancer tumor model amenable to noninvasive im-
ging using PET, based on expression of the HSV1-tk reporter
ene.53 The reporter signal was imaged using 18F-FDG and
8F-FHBG micro-PET. This group described the feasibility of
eporter gene imaging of adenoviral delivered HSV1-tk sui-
ide gene therapy of prostate cancer. They proposed that this
echnique could be used to noninvasively monitor the loca-
ion, duration and extent of gene expression, thus contribut-
ng to the safety of clinical gene therapy protocols. It could be
sed as well to noninvasively image prostate cancer xenograft
esponse to experimental gene therapy.

The marriage of noninvasive reporter gene expression im-
ging to cytotoxic gene therapy provides a promising strategy

o monitor gene therapy techniques both within experimen-
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14 A. Singh et al
al research and future clinical trials. To this aim, Johnson
nd coworkers postulated that cancer gene therapy based on
issue-restricted expression of cytotoxic transgenes should
chieve superior therapeutic index over an unrestricted
ethod.52 They compared the therapeutic effects of a highly

ugmented prostate-specific gene expression method with
nother approach driven by a strong constitutive promoter
nstead. The imaging reporter gene (Fluc) and the cytotoxic
ene (HSV1-tk) were delivered by adenoviral vectors injected
irectly into human prostate tumors grafted in SCID mice.
long with serial bioluminescence imaging, PET and com-
uterized tomography were also employed to image the ther-
peutic effects. These techniques demonstrated restriction of
ene expression to the tumors where the prostate-specific

Figure 3 Detection of metastasis in living EZC3-TRAM
equivalent conditions. (B) Mouse 2153 imaged ex vivo
cecum and colon; 3, urogenital tract; 4, adrenal gland;
lymph node; 8, epididymis; 9, testes; 10, lung; 11, hear
eosin staining of draining para-aortic lymph node (C), m
imaged in (B). Arrows indicate tumor lesions. *Pancrea
et al.36)
ector was used. Another study, to aid in the design of a a
hase I gene therapy trial in patients with prostate cancer,
etermined the feasibility of using the human sodium iodide
ymporter (hNIS) and SPECT as a reporter gene imaging
echnique to study the dynamics of adenoviral transgene ex-
ression in a large animal (canine) tumor model. The dosi-
etric characteristics of the reporter gene system was also

ssessed following intravenous administration of radioactive
odium pertechnetate (Na99 month TcO(4)). A replication-com-
etent Ad5-yCD/muttk(sr39) rep-hNIS adenovirus was in-

ected into the canine prostate gland and into a canine soft
issue sarcoma for dosimetry and imaging purposes, respec-
ively. The study concluded that up to five imaging proce-
ures could be safely performed in humans after intra-
rostatic injection of the Ad5-yCD/muttk(sr39)rep-hNIS

e. (A) Mouse 2153 imaged from 16 to 22 weeks at
ssection at equivalent color scale. 1, salivary gland; 2,
ey; 6, mesenteric lymph node; 7, para-aortic draining

liver; 13, spleen; 14, pancreas. (C-F) Hematoxylin and
ric lymph node (D), pancreas (E), and salivary gland (F)
e. (Reproduced with permission from Seethammagari
P mic
on di

5, kidn
t; 12,
esente
tic tissu
denovirus and the hNIS reporter gene system could be used
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Molecular imaging of reporter gene expression 15
o study the dynamics of adenoviral gene therapy vectors in
arge animal tumors.54

MRI techniques have also been shown to detect and mon-
tor reporter gene expression, highlighting its potential use in
valuating gene therapy trials of prostate cancer. Lui and
oworkers designed a 19F-based nuclear magnetic resonance
NMR) approach to reveal lacZ gene expression by assessing
eta-galactosidase (�-gal) activity in vivo. The substrate
-fluoro-4-nitrophenyl beta-D-galactopyranoside (OFPNPG) is
eadily hydrolyzed by �-gal with a corresponding decrease in
he 19F-NMR signal from OFPNPG and the appearance of a
ew signal shifted 4 to 6 ppm upfield from the aglycone
-fluoro-4-nitrophenol (OFPNP). It was shown as proof of
rinciple that 19F-NMR spectroscopy and 19F chemical shift

maging could be used to detect reporter gene expression in
rostate cancer and so provide a potential means of imaging
ene therapy in future clinical trials.55

maging of Transgenic
odels of Spontaneous Disease

he use of transgenic models provides a valuable medium in
hich to replicate molecular, physiological and histological

eatures of human disease. Currently, the mouse model pro-
ides the most accurate representation of human disease in
ivo, because, as well as having similar anatomy and physi-
logy, its genome can be easily manipulated. By using trans-
enic mice, there have been significant advances in our un-
erstanding of prostate cancer pathogenesis, growth and
otential therapeutic strategies.56-62 The advantages of re-
orter gene imaging discussed above can be harnessed fully

n transgenic mice models of prostate cancer, as they provide
n environment reflective of true in vivo pathophysiologic
onditions.

Xie and coworkers described a novel bigenic, transgenic
odel allowing both ex vivo and in vivo imaging of the pros-

ate.63 Both Fluc and enhanced green fluorescent protein
ere targeted to the prostate epithelium using a composite
uman kallikrein 2 (hK2)-based promoter (hK2-E3/P), al-

owing both bioluminescence and fluorescence imaging of
he prostate. Using this transgenic model, it was shown that
he hK2-E3/P promoter directed strong prostate specific ex-
ression and thus demonstrated the usefulness of such trans-
enic models to further study neoplastic prostate disease
odels, looking at for example, tumor growth, androgen

ignaling, metastases and novel therapies such as gene ther-
py.

Lyons and coworkers developed a novel transgenic murine
odel incorporating the Fluc gene in the epithelium of all

obes of the prostate gland, allowing in vivo imaging of both
ndrogen dependant and androgen independent prostate tu-
or models using bioluminescence imaging.64 The data pro-

ided evidence that the Fluc reporter could allow biolumi-
escence imaging of androgen independent prostate tumors

n transgenic mice, since prostate tissue in these mice contin-
ed bioluminescence following androgen depletion. As
roof-of-principle, this group also demonstrated that these

echniques could potentially also be used to image spontane- r
us tumorogenesis and response to hormone ablation in
hese models.

In addition to prostate cancer growth and development,
ther studies have used transgenic murine models and biolu-
inescence Fluc gene expression to noninvasively image
rostate cancer metastases to bone and soft tissues. Hsieh and
oworkers previously developed a bioluminescence mouse
odel with Fluc activity restricted to the prostate gland un-
er the control of a PSA promoter that could be used on a
eal-time basis in live animals to investigate the development
nd responsiveness of the prostate gland to therapy, such as
xogenoulsy administered androgen (Fig. 4).65 The group
hen recently used a bioluminescence bigenic mouse model
ombining sPSA-Fluc reporter gene with TRAMP (transgenic
denocarcinoma mouse prostate)-Fluc reporter gene, to as-
ess the feasibility of generating bigenic mice to evaluate non-
nvasively the metastatic potential of prostate tumors.66

maging of Molecular Interactions or Events
ome interesting variations on standard reporter gene assays
escribed above have also been adapted recently for imaging
f molecular interactions in living subjects. More specifically,
he emerging ability to noninvasively image protein-protein
nteractions (eg, using split reporter complementation and

igure 4 Developmental regulation of PSA-Luc expression. (A) Bi-
luminescent images of a representative individual mouse. The an-
mals were measured at 1-week intervals from 2 to 6 weeks (W) old.
ignals were adjusted to the same color scale for the entire time
ourse. (B) Quantification of photons emitted from the lower abdo-
en of PSA-Luc male mice from 2 to 56 weeks old. Data are pre-

ented as average photon count/s of 3 mice, and standard deviation.
Reprinted from Hsieh et al.65 © 2005 Society for Endocrinology.
eproduced by permission.)
econstitution strategies) has important implications for a
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ide variety of biological research endeavors, drug discov-
ry, and molecular medicine.67

As well as providing the means to assess the general be-
avior of the prostate cancer cells in question, reporter gene

maging using gene marked cells can be used to indirectly
mage subcellular components such as enzymes and proteins
mportant in the pathogenesis of prostate cancer. Ilagan and
oworkers developed a gene expression-based imaging sys-
em that detects and quantifies mitogen-activated protein ki-
ases (MAPK) activity in prostate cancer tumors implanted

nto severe combined immunodeficient mice.68 The imaging
echnology used a modified version of a TSTA system where
he tissue specificity of gene expression is imparted by an
nhanced version of the PSA regulatory region that expresses
AL4-ELK1. GAL4-ELK1 conferred MAPK specificity by ac-

ivating FLuc when the Ets-like transcription factor (ELK)
-activation domain is phosphorylated by MAPK. The TSTA-
LK1 system was validated by analyzing its response to epi-
ermal growth factor treatment in transfected tissue culture
ells and in adenovirus (AdTSTA-ELK1)-injected prostate
ancer xenograft tumors. The authors measured MAPK activ-
ty in 2 well-characterized xenograft models, CWR22 and
APC9. Although no significant differences in MAPK levels
ere detected between androgen-dependent and androgen-

ndependent xenografts, the CWR22 models displayed sig-
ificantly higher levels of AdTSTA-ELK1 activity versus
APC9. Western blots of tumor extracts showed that the
levated imaging signal in CWR22 xenografts correlated with
levated levels of phosphorylated extracellular signal-regu-
ated kinase 1/2 but not p38 or c-Jun NH2-terminal kinase.
he authors concluded that a gene expression-based optical

maging system can accurately detect and quantify MAPK
ctivity in live animals.

Molecular imaging of interacting protein partners or pro-
ein trafficking in mice could pave the way to functional
roteomics in whole animals, the assessment of dysfunc-
ional signaling networks in diseased cells, and provide a tool
or evaluation of new pharmaceuticals targeted to modulate
rotein-protein interactions and protein translocation.67 Nu-
leocytoplasmic trafficking of functional proteins plays a key
ole in regulating gene expressions in response to extracellu-
ar signals, particularly in relation to AR activity in prostate
ancer. To study AR translocation, Kim and coworkers have
eveloped a genetically encoded bioluminescence indicator
or imaging the nuclear trafficking of target proteins in vivo.69

he principle is based on reconstitution of split fragments of
enilla reniformis (Rluc) by protein splicing with a DnaE

ntein (a catalytic subunit of DNA polymerase III). A target
ytosolic protein fused to the N-terminal half of Rluc is ex-
ressed in mammalian cells. If the protein translocates into
he nucleus, the Rluc moiety meets the C-terminal half of
luc, and full-length Rluc is reconstituted by protein splic-

ng. The authors demonstrated quantitative cell-based in
itro sensing of ligand-induced translocation of the AR,
hich allowed high-throughput screening of exogenous and

ndogenous agonists and antagonists. Furthermore, the indi-
ator enabled noninvasive in vivo imaging of AR transloca-

ion in the brains of living mice with a CCD camera. These d
apid and quantitative analyses in vitro and in vivo may pro-
ide a wide variety of applications for screening pharmaco-
ogical or toxicological compounds and testing them in living
nimals.

uture Outlook
he merger of molecular biology and medical imaging is

acilitating rapid growth of novel molecular imaging tech-
iques by providing methods to monitor an ever increasing
umber of cellular/molecular events adapted from conven-
ional molecular assays, including reporter gene assays. With
egard to prostate cancer, further progress in visual represen-
ation, characterization, quantification, and timing of these
iological processes in living subjects could create unprece-
ented opportunities to complement available in vitro or cell
ulture methodologies in order (1) to characterize more fully
he biology of intracellular events, for instance, protein–pro-
ein interactions, in the context of whole-body physiologi-
ally authentic environments and (2) to accelerate the evalu-
tion in living subjects of novel drugs, for example, those that
hat promote or inhibit signal transduction pathways.

Further progress in reporter gene imaging will also provide
s with the ability to perform multiplex imaging, that is,
imultaneous imaging of multiple molecular events in one
opulation of cells in living subjects. This may be attainable
y combining 2 or more of the aforementioned strategies for
ene marking and imaging cellular trafficking with those en-
ailing linked expression of an imaging gene to an endoge-
ous promoter, or to an exogenous therapeutic gene. This
ould allow one reporter to reveal the spatial distribution of
ells and whether they have reached a specific target, and
nother reporter to indicate whether a certain gene becomes
pregulated at this site or if a more complex interaction oc-
urs. These endeavors will be aided by the availability of
ultiple fusion reporter constructs (eg, those that combine

ET/biolumoinescence/fluorescence imaging capabilities in
ne gene),70 the use of which should accelerate the validation
f reporter gene approaches developed in cell culture for
ranslation into preclinical models and subsequent clinical
maging of prostate cancer. With continued rapid advance-

ents in this field, the experimental and clinical disciplines
evoted to the study of prostate cancer stand to gain consid-
rably from noninvasive molecular imaging of the expression
f multiple fused reporter genes using multiple imaging mo-
alities.8 These approaches are likely to play an increasingly

mportant role in defining molecular events in the field of
ancer biology, cell biology, and gene therapy in prostate
ancer.

It is anticipated that many of the experimental applications
f reporter gene expression imaging reviewed above, will
ventually translate from animal research to clinical prac-
ice.71 However, there are theoretical and practical challenges
n attempting to translate these research strategies to clinical
pplications in humans.21 The hurdles to be overcome in-
lude the need to address issues of probe biocompatibility,
vercoming physiological and morphological barriers to the

elivery of genes and probes, amplification of low level in
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Molecular imaging of reporter gene expression 17
ivo signals of biological events, and the development of
maging platforms with sufficiently high sensitivity and spa-
ial and temporal resolution.

Gene therapy is an important discipline where current
xperimental endeavors are being scrutinized and further
efined for potential clinical translation in the near future.
he hope is that reporter gene imaging research in prostate
ancer may ultimately integrate with these gene therapy tech-
iques to allow the prospect of noninvasive imaging and
onitoring of transgene expression, disease progress, and

esponse to therapy. Although we are still some way in har-
essing the full potential of gene therapy in the clinic, much
rogress has been made in overcoming many of the obsta-
les.72 Encouragingly, using murine prostate cancer models,
he ability of reporter gene imaging to successfully monitor
nd track transgene expression and gene therapy has been
onvincingly demonstrated in the experimental setting as ex-
mplified above. The challenge remains to generate disease-
r site-specific imaging strategies that are common to both
ene therapy and reporter gene imaging. It is likely that ex-
erimental work will focus on both transductional targeting
f the vector and restriction of reporter gene expression
olely to the target in question.

Another practical hurdle faced in translating reporter gene
maging of prostate cancer from laboratory to clinic is the
eed for sufficient imaging probe to reach the target in vivo to
chieve satisfactory specificity. Both PET and SPECT have
dvantage over MRI and optical imaging, in that they only
equire trace quantities of molecular probe to obtain images.
hese trace (nonpharmacological) nanogram levels of molec-
lar probe are known to be safe in humans. Yaghoubi and
oworkers demonstrated good kinetics, biodistribution, sta-
ility, dosimetry, and safety of 18F-FHBG in healthy human
olunteers.73,74 This reporter probe is used for imaging ex-
ression of the HSV1-tk reporter gene and could be used in

able 1 Features of Molecular Imaging Modalities Used in Re

Imaging Technique Advantage

ioluminescence optical imaging ● Very high sensitivity
● High throughput
● Very versatile
● Cheap

RI ● Very high spatial resol
● Tomographic imaging
● Widely available, estab

clinical modality
ET and SPECT ● High sensitivity

● Fully quantitative imag
● Tomographic imaging
● Nanogram amount of p

(nontoxic and safe)
● Established clinical mo

ET, positron emission tomography; SPECT, single-photon emissio
he future for imaging of patients undergoing HSV1-tk sui- c
ide gene therapy. Initial clinical experience using this
eporter gene/probe combination has been achieved in
lioma75 and liver cancer gene therapy.76

Currently both optical imaging and MRI have limitations
indering their potential for clinical use, as outlined in Table 1.
ith optical imaging the main drawbacks are poor surface

etection of light and poor spatial resolution, whereas for
RI these include poor sensitivity and the requirement for

arge quantities of probes. PET and SPECT imaging therefore
urrently provide the best compromise and potential for clin-
cal translation of molecular reporter gene imaging of pros-
ate cancer owing to their advantages, as summarized in
able 1. Further development of noncompetitive partner-
hips between current established imaging modalities such as
ET/CT and MRI/MRIS, and molecular imaging of reporter
ene expression (eg, using bioluminescence or PET) would
ertainly extend the scope and value of experimental research
n prostate cancer and hopefully expedite the future clinical
mplementation of reporter gene imaging. As an example of
uch a complementary association of imaging techniques,
ee and coworkers recently investigated the potential use of
n MRI-based functional diffusion map as an imaging bi-
marker for assessing early treatment response in a preclini-
al murine model of metastatic prostate cancer. Optical bi-
luminescence imaging using Fluc was used as a screening tool
o select those subjects that exhibited metastatic disease in the
rst instance before they were further imaged using MRI.77

Molecular imaging using reporter genes is emerging as a
aluable tool for monitoring gene expression in laboratory
nimals and humans. Further development of more sensitive
nd selective reporters, combined with improvements in detec-
ion technology will consolidate the position of reporter gene
maging as a versatile method for understanding of intracellular
iological processes and the underlying molecular basis of pros-
ate cancer, as well as potentially establishing a future role in the

r Gene Imaging

Disadvatages

● Very low spatial resolution
● Only planar imaging, not tomographic
● Surface weighted images owing to light

scatter and absorption
● Semiquantitative imaging data
● Mass amount of probe required

(may be toxic)
● Not an established clinical modality
● Low sensitivity
● Mass amount of probe required

(may be toxic)

ta

required

s

● Low spatial resolution
● Probes for using HSV1-TK gene do not cross

the blood-brain barrier
● D2R gene normally expressed in basal ganglia

interferes with image interpretation when
using this reporter system

uted tomography.
porte

s

ution

lished

ing da

robe

dalitie
linical management of patients afflicted with this disease.
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