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Abstract

Molecular-genetic imaging of cancer using nonviral delivery systems has great potential for
clinical application as a safe, efficient, noninvasive tool for visualization of various cellular
processes including detection of cancer, and its attendant metastases. In recent years, significant
effort has been expended in overcoming technical hurdles to enable clinical adoption of
molecular-genetic imaging. This chapter will provide an introduction to the components of
molecular-genetic imaging and recent advances on each component leading to safe, efficient
clinical applications for detecting cancer. Combination with therapy, namely, generating
molecular-genetic theranostic constructs, will provide further impetus for clinical translation of
this promising technology.

1. INTRODUCTION

In the context of cancer, the purpose of imaging is to visualize a target for diagnosis,
staging, and/or therapeutic monitoring. Due to the noninvasive nature of medical imaging, a
variety of imaging modalities have been developed and are continually being improved to
enhance the sensitivity and specificity of detection. Conventional imaging methods, such as
computed tomography (CT), ultrasound, and magnetic resonance imaging (MRI), provide
sensitive detection of anatomic information at the macroscopic level. As opposed to those
anatomic techniques, molecular imaging can provide visualization and quantification of
biochemical processes at cellular and molecular levels. Initial approaches to molecular
imaging involved directly targeting cell surface receptors, metabolic enzymes, and
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transporters using probe molecules that directly interact with their targets, e.g., antibodies,
peptides, aptamers, and small molecules. The most widely used examples of such direct
imaging is positron emission tomography with [18F]fluorodeoxyglucose (FDG-PET) for
detecting cancer, which generally presents with elevated glucose metabolism (Blasbherg &
Tjuvajev, 2003). Although direct imaging in combination with conventional structural
imaging, e.g., PET/CT and PET/MR, provides precise spatial, functional, and quantitative
visualization of target diseases, it has limitations. First, there are a limited number of
clinically viable, specific target-probe combinations for many diseases. Second, often targets
for certain diseases are also present in normal cells causing high background noise. Actively
inserting a target to cells of interest, via a reporter transgene, with subsequent detection of
the target with already well-established imaging agents (probes) would provide a solution
for some of the limitations of direct imaging. This indirect imaging approach, which is under
vigorous preclinical development, requires the following components: (1) a promoter to
drive the expression of a reporter gene in a target cell, (2) a reporter gene, (3) a mechanism,
e.g., a viral or nonviral vector, to enable transfection of the target cells with the reporter
transgene, and (4) an imaging probe that interacts with the reporter transgene in such a way
as to enable visualization. Because genetic material is introduced to and later detected within
target cells using a cognate probe, this indirect imaging method has been referred to as
“molecular-genetic imaging.”

Through deliberate insertion of a customized transgene, the molecular-genetic imaging
approach can provide versatile tools for imaging of many diseases that do not have unique or
otherwise suitable targets for direct imaging. Despite its promise, there are many hurdles to
overcome to bring this technology to the clinic. Perhaps the biggest challenge is the
regulatory piece, as several of the components of the method noted earlier must be
administered to the patient at different times, each potentially with a unique capacity to
damage normal tissue. For example, due to the potential risk of causing malignant
transformation of normal cells by random insertion of transfected DNA into chromosomes,
clinical trials of gene therapy have been very closely scrutinized with approval for clinical
use limited to very few lethal diseases for which there are no cures (Moran, 2012).
Continuous effort from the gene therapy community resulting in recent promising and safe
trials addressing diseases such as inherited blindness and immune deficiencies has led the
US National Institutes of Health to announce on May 22, 2014 that they will no longer
subject all proposed gene therapy trials to review by a special federal advisory committee.
That will expedite the process for approval of clinical trials for molecular-genetic imaging as
well. This chapter will introduce details regarding the components of molecular-genetic
imaging, current limitations and efforts to resolve them, and criteria for successful clinical
translation.

2. PROMOTERS

Promoters can broadly be described as regions of DNA located upstream of the
transcriptional start site of a gene that serve as a binding site for the RNA polymerase
complex and other factors. Several transcription factor-binding sites may be present along
the length of the promoter, which can modulate transcription of the downstream gene. The
binding of certain transcription factors (transcriptional activators/enhancers) enhances
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transcription of the downstream gene, while binding of other transcription factors
(transcriptional repressors/silencers) blocks transcription of the downstream gene.
Transcriptional targeting has been widely used to express specific reporter genes in
particular tissues using tissue- or tumor-specific promoters (Bhatia et al., 2013). The reporter
gene is only expressed in cells that have sufficient levels of transcription factors necessary to
activate transcription through this specific promoter. Accordingly, promoters, enhancers,
and repressors are critical components that regulate the duration and strength of a reporter
gene’s expression in specific cells for optimal molecular-genetic imaging (Fig. 4.1).

The optimal promoters for molecular-genetic imaging for human cancer would be activated
in cancer cells specifically and robustly while having minimal or no activity in normal
tissues. In order to identify novel tumor-specific promoters, researchers evaluated promoters
of genes that were frequently upregulated in cancers. Those included promoters of
oncogenes; promoters of genes involved in modulating the cell cycle; and promoters of
genes known to enhance cell survival, angiogenesis, cancer progression, and metastasis.
Additionally, promoters that are both tumor-specific and tissue-specific have been identified
that can potentially target reporter gene expression in a particular tissue type, for example,
genes involved in melanin biosynthesis (Pleshkan, Alekseenko, Zinovyeva, Vinogradova, &
Sverdlov, 2011).

Several types of promoters are utilized for tumor-specific reporter gene expression
(Nettelbeck, Jerome, & Muller, 2000; Robson & Hirst, 2003). One type of promoter is the
native or minimal active promoter of a specific gene, e.g., the progression elevated gene-3
(PEG-3) promoter. The PEG-3 promoter is a well-studied tumor-specific promoter used for
molecular-genetic imaging. The PEG-3 gene was first identified in rodents as a gene
upregulated upon malignant transformation and tumor progression in rat embryonic
fibroblast cells (Su, Shi, & Fisher, 1997) and has no known human counterpart. Being a
rodent gene promoter, utilizing the PEG-3 promoter is advantageous as it helps to avoid
background expression of reporter signals, allowing for more accurate reporter readout. In
addition, the PEG-3 promoter has no chance for chromosomal insertion to the human
genome by homologous recombination (discussed in Section 7). The PEG-3 promoter is
robustly activated in a number of human cancer cell lines including prostate, breast, and
glioblastoma, with minimal activity in their normal counterparts (Su et al., 2005). Tumor-
specific activation of the PEG-3 promoter was attributed to AP-1 and PEA-3 transcription
factors, which are commonly upregulated in tumor cells. In fact, reporter genes under
transcriptional control of the PEG-3 promoter were successfully used to detect
micrometastatic disease in in vivo models of melanoma and breast cancer using both
bioluminescent and radionuclide-based molecular-genetic imaging approaches (Bhang,
Gabrielson, Laterra, Fisher, & Pomper, 2011).

Several other promoters that are specifically active in tumors as compared to normal tissues
have also been identified and can potentially be utilized for targeting reporter gene
expression specifically in tumors (Table 4.1). Those include human telomerase reverse
transcriptase (nTERT), cyclooxygenase-2 (Cox-2), a-chemokine SDF-1 receptor (CXCR4),
survivin (BIRC5), and a-fetoprotein (AFP) gene promoters. The hTERT promoter is highly
active in human cancer cells but not in normal differentiated human cells (Wirth, Kuhnel, &
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Kubicka, 2005). The hTERT promoter was utilized to visualize tumors and metastasis in
vivo in a colorectal tumor model (Kishimoto et al., 2006; Umeoka et al., 2004) and in a head
and neck cancer model (Kurihara et al., 2009). Cox-2 is involved in prostaglandin
biosynthesis. The Cox-2 promoter is active in intestinal neoplasias and tumors of epithelial
origin but not in normal tissues. The Cox-2 promoter was utilized to visualize tumor
xenografts using bioluminescent imaging (BLI) (Liang, Dmitriev, Kashentseva, Curiel, &
Herschman, 2004; Liang, Yamamoto, Curiel, & Herschman, 2004). The CXCR4 promoter
was found to be active in many cancer types but not in their normal counterparts and had
low activity in the liver in vivo (Haviv, van Houdt, Lu, Curiel, & Zhu, 2004; Zhu et al.,
2004a). Survivin belongs to the inhibitor of apoptosis protein family that is expressed in
human cancers but is not detected in normal, differentiated tissues. The survivin promoter
was identified to have high activity in melanoma cell lines and primary melanoma cells but
not in human epithelial melanocytes. It also demonstrated extremely low activity in vivo in
major mouse organs including the liver (Lu et al., 2005; Zhu et al., 2004b). AFP is a serum
glycoprotein that decreases rapidly following birth and is repressed in adults. Interestingly,
AFP expression is increased in about 80% of patients with hepatocellular carcinoma. The
AFP promoter has been used to monitor hepatocellular carcinoma using BLI noninvasively
in a transgenic mouse model (Park et al., 2011).

Another type of promoter is the composite promoter, which is designed to increase the
strength of promoters that demonstrate suitable specificity but weaker activity. Composite
promoters also help to reduce the promoter size while maintaining promoter activity. Small
promoters are more convenient for introduction into various vectors, where space can be a
limiting factor, and help to maintain the minimal size of a vector, which is critical for
optimal transfection efficiency (discussed in Section 7). Composite promoters include the
minimal active promoter along with enhancers from the same gene or different genes, e.g.,
human tyrosinase (TYR) promoter with multiple TYR enhancers (Siders, Halloran, &
Fenton, 1996). Another example is a combination of promoter elements from multiple
origins optimized for enhanced tumor-specific expression, e.g., a synthetic promoter
generated by combining elements from the TYR and AFP promoters (Martinelli & De
Simone, 2005).

Promoters can also be constitutive or inducible. Constitutive promoters can be tissue-
specific, such as the TYR promoter for melanoma (Bentley, Eisen, & Goding, 1994) and the
prostate-specific antigen (PSA) promoter for prostate cancer (Gotoh et al., 1998; Pang et al.,
1995), while other promoters are active in a variety of tumor types, such as the hTERT
promoter (Fujiwara, Urata, & Tanaka, 2007) and the PEG-3 promoter (Bhang et al., 2011).
Inducible promoters are induced to express the reporter gene in response to exogenously
provided hormones, radiation, heat, drugs, and small molecules, e.g., radiation-responsive
elements (CArG) were identified in the early growth response 1 (Egr-1) promoter and were
used in a clinical trial to express tumor necrosis factor a in patients with soft-tissue
sarcomas receiving radiation (Hallahan et al., 2001). The HSP70B promoter has been used
to activate genes in response to external heat/hyperthermia (Rome, Couillaud, & Moonen,
2005). An example of a composite inducible promoter is the probasin (ARR2PB) promoter
combined with the bacterial chloramphenicol acetyltransferase reporter. That promoter
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could be induced by androgens and glucocorticoids and proved useful for targeting prostate
cancer (Zhang, Thomas, Kasper, & Matusik, 2000).

Silencer elements are also being included in molecular-genetic approaches to limit gene
expression to certain tissue types. For example, inclusion of a conserved neuron-restrictive
silencer element caused repression of gene expression in all nonneuronal cells (Xie et al.,
2013). Additionally, conditions associated with the tumor microenvironment are also being
used to ensure tumor-specific targeting of reporter genes, for example, hypoxia-inducible
factor (HIF)-responsive promoters that will be active in the hypoxic tumor
microenvironment (Post et al., 2007). Some of the HIF-responsive promoters include the
vascular endothelial growth factor (VEGF) promoter, the erythropoietin promoter, and the
phosphoglycerate kinase-1 promoter (Robson & Hirst, 2003). Other promoters have multiple
levels of specificity such as the p21 WAFL/CIPIIMDAG nromoter, which is tumor-specific,
radiation-induced, and hypoxia-specific (Robson & Hirst, 2003).

More information regarding tissue- and tumor-specific promoters can be found elsewhere
(Nettelbeck et al., 2000; Papadakis, Nicklin, Baker, & White, 2004; Robson & Hirst, 2003;
Saukkonen & Hemminki, 2004). As discussed earlier, the tissue- or tumor-specific promoter
is placed upstream of a reporter gene to enable tissue- or tumor-specific expression of the
reporter gene. Various reporters utilized for molecular-genetic imaging in combination with
these promoters will be discussed in the next section.

3. REPORTERS

Molecular-genetic reporter genes under the transcriptional control of promoters, along with
substrates or imaging agents, can be used noninvasively to track quantitatively various
biological phenomena, including immune cell trafficking cancer development, progression,
metastasis, molecular interactions, and delivery of macromolecules (genes, recombinant
proteins) and cells. Molecular-genetic reporters improve the sensitivity and specificity of
traditional imaging approaches, as the physiologic manifestations of molecular-genetic
events precede anatomic changes (Bhang et al., 2011; Kang & Chung, 2008). Molecular-
genetic reporters can broadly be classified as optical, radionuclide, and paramagnetic/MRI
reporters. The most common molecular-genetic reporter genes based on optical probes are
firefly luciferase (fLuc), renilla luciferase (rLuc), click beetle luciferase (cbLuc), and
gaussia luciferase (gLuc) (Tannous, Kim, Fernandez, Weissleder, & Breakefield, 2005;
Zhao et al., 2005; Table 4.2), and they have replaced traditional approaches using
chloramphenicol-acetyl transferase (CAT) and B-galactosidase (-gal) because of sensitivity,
rapid acquisition or assay time, and the capacity for use in a high throughput mode (Wood,
Lam, Seliger, & McElroy, 1989). fL.uc is the most commonly used luciferase because of its
robustness, reproducibility, tissue penetration, and sensitivity over the other luciferases for
invivo imaging (Bhang et al., 2011; Hayat, 2007). We showed that the fLuc reporter under
the transcriptional control of a cancer-specific promoter (PEG-3 promoter) led to
amplification and subsequent expression of fLuc in cancer cells, which permitted the
detection of micrometastases in melanoma and breast cancer in mouse models (Bhang et al.,
2011). Due to light scattering and absorption (Zhao et al., 2005), the luciferase-based
reporters have limitations in deep tissue imaging as the emission range of wild-type fLuc is
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<600 nm, and may not enable visualization of internal organs of even small animals. The
development of red or near-infrared (NIR)-emitting mutant luciferase (Ppy, Lcr, Ph-RED)
(Branchini, Southworth, Khattak, Michelini, & Roda, 2005; Caysa et al., 2009; Mezzanotte
etal., 2011) and fluorescent reporters along with codon optimization (Mezzanotte et al.,
2011) for mammalian expression systems are constantly being updated with the primary aim
of enhancing sensitivity and specificity of molecular-genetic reporters.

Although fluorescent reporter genes do not require any substrate to be irradiated, they do
require an external light source, which further diminishes utility due to tissue scattering and
endogenous fluorochromes (such as hemoglobin) at shorter wavelengths and water or
aqueous solutions at longer wavelengths. Accordingly, NIR emission is the preferred
wavelength for in vivo imaging. Based on that, progress has been made in developing
engineered green fluorescent protein (GFP) reporter genes with NIR emission. Recently,
Katuska and the monomeric mKate (E,/Ey, max: 588/635) (Shcherbo et al., 2007) were
developed, which showed promise as a reporter gene for whole body imaging of an animal,
which can further be improved by developing far-red or NIR (650-700 nm) emission
reporters with enhanced photostability. The availability of different fluorescent gene
reporters in a vector or a living system will also help in studying molecular interactions
utilizing the quantum physical phenomenon known as fluorescence resonance energy
transfer (FRET) (Nagai & Miyawaki, 2004), which occurs between two fluorescent reporters
with overlapping absorption and emission spectra lying in close proximity (~1000nm) to one
another. The same principle can be applied to study protein interactions with
bioluminescence resonance energy transfer (BRET) (Xu, Piston, & Johnson, 1999), where
the donor is the luciferase gene and the acceptor is the fluorescent species (GFP, RFP,
quantum, or Q-dots) with overlapping emission and absorption spectra, respectively. Q-dots
might be the preferred acceptor fluorescent species over GFPs, because of their higher
quantum yield and molar extinction coefficient, broader absorption spectra with narrower
emission spectra (So, Xu, Loening, Gambhir, & Rao, 2006). The luciferase gene (luc) under
the transcriptional control of a cancer-specific promoter (CSP) (Bhang et al., 2011) with
either end conjugated with substrates for proteinase, mainly MMPs (SMMPs) (Yao, Zhang,
Xiao, Xia, & Rao, 2007), i.e., CSP-luc-sMMP or ECM, or even by engineering a luciferase
gene with an internal cleaved site for MMPs (Wigdal et al., 2008; Yao et al., 2007), can be
introduced into living systems using plasmid/polyethyleneimine (PEI) nanocomplexes. They
can also be utilized to generate transgenic mouse models that can serve as optical imaging
reporters, where disease progression can be studied by luciferase expression and invasion
can be studied by applying a Q-dot conjugated with chemical groups or metal ions. Those
will form complexes with luciferase via cleavable SMMP (Yao et al., 2007) so that BRET
can be utilized for observing fluorescence from Q-dots within a defined molecular distance
(~1000 nm). With the change in tumor microenvironment or invasion due to the activity of
MMPs, the substrate of the MMPs will be cleaved, BRET will be avoided, and fluorescence
will not be detected (Fig. 4.2). That process will diminish the requirement for an external
light source, required by fluorescent proteins, and is responsible for autofluorescence and
photobleaching. As such, BRET with Q-dot acceptors may improve the sensitivity and
specificity of the fluorescent reporter technique (Xu et al., 1999). That technique, along with
the development of cooled charge-coupled device cameras with digital imaging modalities
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and high-resolution 3D diffuse light emission tomography (DLIT) (Cronin et al., 2012), has
tremendous potential in developing nanosensors for detecting tumor progression in real time
in animals and in patients in the near future (Cronin et al., 2012; Yao et al., 2007).

Although 3D-DLIT and 3D-fluorescence light imaging tomography (3D-FLIT) utilizing
high-resolution BLI and fluorescence imaging coregistered with digital anatomic structures
of animals can be utilized to quantify signal and depth, it is still limited to preclinical studies
due to expected attenuation from deep tissues and internal organs. That led to the
development of radionuclide-based molecular imaging reporters utilizing PET or single-
photon emission computed tomography (SPECT), upon systemic administration of
radiolabeled probes, such as nucleoside analogs or radionuclide itself. As noted earlier, we
demonstrated that systemic administration of the imaging vector containing the cancer-
specific PEG-3 promoter driving the expression of the HSV1-tk gene (i.e., pPEG-3-HSV-tk)
led to cancer site-specific amplification of HSV1-tk, which subsequently accumulated 2/-
fluoro-2/-deoxy-B-d-5-[12%1] iodouracil-arabinofuranoside ([1251]FIAU) leading to signal
amplification by ~30-fold in an experimental model of metastatic melanoma. We have also
compared the [12°1]FIAU-SPECT method with that of FDG in terms of its capacity to
detected widespread metastases in experimental models. Although both molecular-genetic-
based SPECT ([12°1]FIAU) and FDG-PET imaging could detect lung nodules, the specificity
of molecular-genetic-based imaging surpassed FDG-PET imaging in areas in close
proximity to heart and brown fat of the mice, tissues that are FDG-avid in this model system
(Bhang et al., 2011). HSV1-TK, being an enzyme, amplifies its signal on addition of the
substrate and is therefore preferred over certain receptor-based reporter genes, which have a
1:1 relationship with their ligands (Kang & Chung, 2008).

Of current clinically relevant imaging modalities, MRI likely provides the best spatial
resolution for deep tissues. It is also frequently used for functional studies and a variety of
MR-based molecular imaging reporters are emerging (Airan, Li, Gilad, & Pelled, 2013). The
most common MRI reporter genes used are enzyme-based, e.g., creatine kinase (CK), p-
galactosidase (B-gal), and TYR, whereas nonenzyme-based iron (Fe) transporters or
interacting partners such as transferrin (Tf), e.g., TF-MION (monocrystalline iron oxide
nanocompounds), can also be used to study the expression of human transferrin receptor
utilizing MRI. Although MR-based molecular-genetic imaging is an emerging technology
that can provide high spatial resolution in deep tissues, and the signal can be coregistered
with functional and molecular tissue information, its primary limitation is sensitivity (Table
4.2).

Considering the advantages/applications and limitations of each modality, multimodality
imaging modules may provide superior and complementary information on molecular events
invivo by leveraging the benefits of companion modalities. For example, the high spatial
resolution of MRI can complement the high sensitivity of PET or BLI to provide an
enhanced image that carries more information than any single modality can provide.
Moreover, it has been shown that instead of using fused or different reporter genes for
different imaging modalities, a single reporter gene that can be utilized for different imaging
modalities, namely, a multimodality reporter gene, can also be engineered. For example, Qin
et al. showed that the TYR reporter gene system, with melanin as multifunctional target,
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could be used to perform MRI by virtue of chelation of iron by melanin, PET ([18F]P3BZA),
and Cerenkov luminescence imaging. Because of its compatibility with materials that can be
administered to human subjects, this multimodality reporter gene has the potential to be
translated into the clinic (Qin et al., 2013). Additional information on the various reporter
genes used for molecular-genetic imaging can be found elsewhere (Doubrovin, Serganova,
Mayer-Kuckuk, Ponomarev, & Blasberg, 2004; Gross & Piwnica-Worms, 2005; Kang &
Chung, 2008).

4. SIGNAL ENHANCEMENT OF REPORTERS

One of the ways to achieve a higher target-to-background ratio for in vivo molecular-genetic
imaging is to increase the expression level of the reporter transgenes. Such a strategy would
particularly benefit many tissue-specific promoters, which are relatively weak compared
with the strong viral promoters generally used to express transgenes (Bhang et al., 2011;
Ribault et al., 2001). There are several factors that determine the expression level of a
reporter, including strength of the promoter, the existence of enhancers, codon usage bias of
a reporter gene, and presence of introns. There have been several attempts to enhance the
expression of imaging reporter transgenes through genetic engineering, as summarized
below.

4.1. Enhancers

An enhancer is a small (50-1500 bp) cis-acting DNA region to which gene-specific
transcription factors can bind, enabling them to interact with basic transcription factors and
RNA polymerase Il (Maston, Evans, & Green, 2006; Pennacchio, Bickmore, Dean,
Nobrega, & Bejerano, 2013). Generally those interactions increase the level of expression of
the gene that they regulate. The location of enhancers can be either upstream or downstream
of the gene and they perform their function of enhancement regardless of their orientation.
Some enhancers have been found to be located at over 100,000 base pairs distant from the
gene that they enhance or within the intron (Pennacchio et al., 2013). Strong enhancers have
been successfully added to expression vectors, including the human cytomegalovirus (CMV)
immediate-early enhancer (Boshart et al., 1985; Gruh et al., 2008) and simian virus 40
(SV40) enhancer (Haas, Ramanujam, Chandrasekharappa, & Subramanian, 1991; Luke et
al., 2011). Enhancers from certain gene promoters have also been used to increase promoter-
dependent, tissue-specific expression of a reporter. Examples include the SM22a promoter/
creatine kinase enhancer for smooth muscle-specific expression (Ribault et al., 2001), PSA
promoter/enhancer for prostate cancer-specific expression (Latham, Searle, Mautner, &
James, 2000), endothelin-1 promoter/enhancer for endothelial cell-selective expression
(Dronadula et al., 2011), and uroplakin Il promoter/prostate stem cell antigen enhancer for
bladder cancer-specific expression (Wang et al., 2010). Recently, Watanabe et al. developed
the super gene expression (SGE) system to take full advantage of transcriptional enhancers
for further enhancing expression. They inserted triple enhancer sequences composed of
hTERT, SV40, and CMV downstream of the sequence of the bovine growth hormone poly-
A under the control of the CMV promoter. They constructed that SGE system into an
adenoviral expression system and compared the expression efficiency with CMV, Rous
sarcoma virus, and CMV early enhancer/ chicken B-actin (CAG) promoters. The SGE
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system demonstrated superior expression efficiency over conventional promoters tested in
vitro. In addition, the SGE system with a tumor suppressor protein (reduced expression in
immortalized cells (REIC)/Dickkopf-3 (Dkk-3)) exhibited the highest anticancer effect on
the subcutaneous tumor growth of RENCA mouse renal cell carcinoma cells in BALB/C
mice (Watanabe et al., 2014).

4.2. Two-step transcriptional amplification

The concept of two-step transcriptional amplification (TSTA), where a weak promoter of
interest, e.g., a tissue-specific promoter, drives the expression of a chimeric protein
composed of a specific DNA-binding domain and a strong transcriptional activator, was
tested by a German group in 1998 (Nettelbeck, Jerome, & Muller, 1998). In that study,
Nettlebeck et al. fused the DNA-binding domain of the Lex A repressor to a strong VP16
activator of HSV1 to create a positive feedback loop of expression initiated by the
endothelial cell-specific von Willebrand factor promoter. That system achieved an
approximately 100-fold increase in expression while maintaining tissue specificity. A group
at Stanford University further developed that new concept into the TSTA system for
molecular-genetic imaging with modifications. The TSTA approach (lyer et al., 2001) took
advantage of the GAL4/upstream activation sequence (UAS) system (Brand & Perrimon,
1993) that has been used for studying gene expression and function in organisms such as D.
melanogaster. The first step is to express a fusion protein composed of the GAL4 DNA-
binding domain and VP16 transactivation domain (GAL4-VP16) via a promoter of interest.
The GAL4-VP16 fusion protein, as a second step, will bind to a UAS located upstream of a
reporter and express it. The strong transcriptional strength of VP16 and multiple copies of
UAS upstream of the reporter gene enable a significant increase in the expression level of
the corresponding reporter. The original TSTA attempt with the PSA promoter reported an
approximately 50-fold increase in fLuc activity in a prostate cancer cell line while
maintaining tissue selectivity (lyer et al., 2001). The magnitude of enhanced signals using
the TSTA strategy could strengthen the clinical utility of molecular-genetic imaging.
Additionally, TSTA can be modified to equip the molecular-genetic imaging system with
various additional features. We summarize recent efforts to enhance the TSTA system
further below (Fig. 4.3).

4.2.1 Bidirectional TSTA—Ray et al. developed a bidirectional vector system, where
they constructed two independent UAS-reporter cassettes in the same vector to enable
simultaneous expression of two reporters using one promoter that drives the expression of
GAL4-VP16 (Ray et al., 2004). Interestingly, they used two separate plasmids, one for the
UAS-reporter cassettes (reporter vector) and another for promoter-GAL4-VP16 (activator
plasmid), and cotransfected these plasmids to target cells or animal models bearing
xenograft tumors. When they cotransfected cells in vitro with varying doses of the activator
plasmid they found a high correlation between the dose and the expression level of the
reporters. Similar correlations were also observed in their two in vivo models (xenograft of
cells cotransfected with vectors or hydrodynamic delivery of vectors to xenograft tumors).
That approach will enable flexible applications for: (1) multimodal imaging when using two
imaging reporters, (2) theranostic applications when using one imaging reporter and one
therapeutic gene, and (3) dual-targeting therapy when using two different therapeutic genes.
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It will be important and interesting to compare the delivery and transfection efficiencies
between cotransfecting two small vectors and transfecting one large vector harboring both
the promoter-GAL4-VVP16 and UAS-reporter cassettes.

4.2.2 Lentivirus-TSTA—The TSTA system has been successfully adapted to virus-
mediated gene transfer tools. TSTA was cloned into a third-generation lentivirus (LV)
expression vector with a promoter of PSA and fLuc as a reporter. This LV-TSTA efficiently
infected xenograft prostate tumor when injected directly to the tumors and the luciferase
activity lasted up to 3 months post-injection. LV-TSTA showed the possibility of prolonged
and strong expression of a reporter driven by a weak, tissue-specific promoter. That will
allow long-term monitoring of tumor development without invasive procedures (lyer et al.,
2004).

4.2.3 Adeno-TSTA—An approach similar to the LV-TSTA was taken for an adenoviral
vector. Sato et al. applied the TSTA system with a PSA promoter/enhancer and HSV1-tk as
a reporter. After successful introduction of the TSTA system to the adenoviral expression
system, they tried to optimize the adeno-TSTA system for further enhancement of reporter
expression. They explored various configurations of the TSTA system in adenoviral vectors
and found that the physical separation of the two TSTA components via cloning PSA
promoter/enhancer driven-GAL4-VP16 and UAS-HSV1-tk into E1 and E3 regions of
adenovirus, respectively, enhanced the tissue-specific expression of the corresponding
reporter. That adenoviral TSTA system proved capable of detecting lung metastasis of
prostate cancer in animal models via PET (Sato et al., 2008).

4.2.4 Advanced TSTA system—Watanabe et al. (2011) tried to enhance further the
transcriptional efficiency of a TSTA system by introducing poly-glutamines and rat
glucocorticoid receptor sequences between the GAL4 and VP16 sequences. It has been
reported that introduction of a homo-polymeric stretch of glutamine or proline could
enhance the transcriptional activity of a transcription factor (Gerber et al., 1994). That
“advanced TSTA system” with the cancer-selective hTERT promoter exhibited an
approximately 17-fold increase in in vitro transfection efficiency compared with a
conventional TSTA system. The authors created an adeno-associated virus harboring the
advanced TSTA system and tested it in an orthotopic liver tumor model. in vivo BLI showed
an approximately 16-fold increase in signal intensity for the advanced TSTA system
compared with that from a conventional TSTA system.

4.2.5 Replacing components of the TSTA—Arendt et al. replaced GAL4 with the
bovine papillomavirus 1 transcriptional activator E2 to create an E2-VVP16 fusion protein.
The UAS was also replaced with E2 binding sites followed by a minimal bovine
papillomavirus 4 promoter containing three base pairs of the promoter sequence upstream
from the TATA box (Arendt, Nasir, & Morgan, 2009). VP16-E2 proved to be superior to
Gal4-VP16 as the transcriptional activator in a TSTA system driven by either of the two
potentially cancer-specific promoters, telomerase RNA and hTERT, in several cell lines
(Arendt et al., 2009). Another widely used transactivator is p65, a subunit of human NF-xB
(Schmitz & Baeuerle, 1991). Gal6-p65 was tested for neuronal cell-selective expression
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using human synapsin-1 promoter (Liu et al., 2006). The TSTA system with p65 was also
used to deliver a plasmid expressing glucagon-like peptide-1 (a.k.a. exendin-4) to diabetic
mice (Kim, Lee, Nam, & Kim, 2013; Lee et al., 2006).

4.2.6 Titratable TSTA—In an effort to control further the tissue-specific expression of
reporter genes, a titratable TSTA (tTSTA) system has been developed (Chen et al., 2014).
tTSTA uses the cardiac troponin T promoter to drive the expression of the Gal4-
mER(LBD)-VP2 and fLuc as the reporter. The Gal4-mER(LBD)-VP2 requires the binding
of a mutant estrogen receptor (ERG521T) ligand binding domain (LBD) to an ER ligand
such as raloxifene to act as a transactivator. Intraperitoneal injection of raloxifene after the
intracardiac administration of the tTSTA plasmid led to an approximately 10-fold increase
in luciferase activity selectively in cardiac tissues. That strategy can enhance benefit-to-risk
ratio of future cardiac gene therapies.

4.2.7 Dual TSTA—Recently, Pouliot et al. have tried to augment further the expression
efficiency of a TSTA system (Pouliot et al., 2013). They developed a dual TSTA system
where the transactivator drives the expression of not only a reporter but also conditionally
replicating adenovirus, which allows genomic amplification of infected adenoviral vectors.
That approach showed an approximately 50-fold increase in reporter genome and 25-fold
increase in the reporter activity in vivo compared with a conventional TSTA system. That
would allow lowering the dose of viral administration while maintaining similar imaging or
therapeutic efficacies in a clinical setting.

4.2.8 TSTA for imaging cellular differentiation—A combination of a TSTA system
and a tissue-specific promoter was explored to track and image neuronal differentiation in
vivo. Hwang et al. constructed an imaging vector composed of a TSTA system with a
neuron-specific enolase (NSE) promoter and dual reporter genes [human sodium iodide
symporter (hNIS) and fLuc]. The TSTA system enhanced signal intensity of fLuc driven by
the NSE promoter by 130-fold. That system was able to detect differentiated neurons in
vivo. This strategy can be used for tracking and imaging the differentiation of transplanted
stem cells in vivo (Hwang et al., 2008). In addition, this study showed an example of the
utility of the TSTA system for visualizing various cellular processes in vivo.

4.3. Codon optimization

The genetic code is degenerate as it has 64 different codons for 20 amino acids and
transcriptional stop signs. Different species often have a preference for a particular codon
for encoding an amino acid (Comeron & Aguade, 1998). That codon usage bias often makes
it less efficient to express reporter genes from different species. For this reason, reporter
genes of nonhuman origin have been optimized for their codon usage bias by replacing
codons (DNA sequences) with the ones more frequently used in humans. An excellent
example of that involves an attempt at the optimization of GFP as a reporter from Aeguorea
victoria (Yang, Cheng, & Kain, 1996). The humanized gL uc via codon optimization
exhibited an approximately 1000-fold increase in signal intensity compared with its wild-
type isolated from another marine organism, Gaussia princeps (Tannous et al., 2005).
Recently, codon-optimized fLuc with a single mutation (S284T) has been shown to emit a
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red-shifted bioluminescent signal with enhanced intensity in human glioma cells (Caysa et
al., 2009). Software is available online to aid in optimization of codons for desired species
(Fox & Erill, 2010).

4.4. Posttranscriptional regulatory elements

Once messages are transcribed, their expression levels can be enhanced further at the
translational level. Posttranscriptional regulatory elements (PTRES) are known to regulate
the synthesis of polypeptides by modifying the efficiency of translation. PTREs include
untranslated regions (UTRs) of mRNA, introns, poly-A signal, the Kozak sequence, and
signal peptides (Luo & Reed, 1999; Makrides, 1999; Zhang, Leng, & Mixson, 2005; Zhao,
Hyman, & Moore, 1999). Some of those PTRES have been tested for enhancing expression
levels of genes of interest in mammalian expression systems. Mariati et al. have performed
an informative study to compare the efficiencies of five different PTREs for enhancing the
expression of target genes in human and Chinese hamster ovary cells (Mariati, Ho, Yap,
Yap, & Yang, 2012). They tested: (1) 5" UTR of the human heat shock protein 70, (2) 5
UTR of the 163-bp splice variant of VEGF, (3) 5’ UTR of the tripartite leader sequence of
human adenovirus linked with the major late promoter enhancer, (4) the first intron of
human CMV immediate-early gene (intron A), and (5) woodchuck hepatitis virus PTRE.
Among those, the tripartite leader sequence of human adenovirus 5" UTR was found to
provide the most universal and highest enhancement of the expression levels. Introduction of
efficient PTRE into the expression vector will further enhance the efficiency per copy of the
gene, especially when combined with transcriptional level mechanisms such as enhancers or
TSTA. It will be critical to choose and optimize an appropriate PTRE for each specific
application.

4.5. Synthetic super promoter

Another approach to accomplish enhancement of target gene expression was to create a
synthetic promoter with elevated transcriptional ability. Two different methodologies have
been attempted: (1) rational design of a synthetic promoter by combining known regulatory
elements of strong promoters and (2) screening a library of short DNA sequences to identify
strong enhancers and reconstituting these with known strong promoters. An example of the
rational design method is the super core promoter 1 (SCP1) developed by Juven-Gershon,
Cheng, and Kadonaga (2006). The SCP1 was created by combining four core promoter
motifs: (1) the TATA box, (2) the initiator, (3) the motif ten element, and (4) the
downstream promoter element. The SCP1 promoter exhibited elevated transcriptional
activity compared with the CMV promoter and the adenovirus major late promoter both in
vitro and in vivo, demonstrating the possibility of rational design of super promoters. A
screening method has been developed by Schlabach et al., where they created a library of
52,429 unique 100-mer DNA pieces (Schlabach, Hu, Li, & Elledge, 2010). That library was
built by printing all possible 10-mer DNA sequences on microarray as a 10 tandem repeats
of same 10-mer sequence. They constructed a retroviral vector with the library upstream of
the CMV minimal promoter and tested the promoter activity for expression of GFP in
human cells. They found several 100-mer synthetic enhancers that were superior to the
CMV promoter. These synthetic promoters demonstrated the proof-of-principle for
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development of synthetic target-specific and strong promoters for molecular-genetic
imaging.

4.6. Introducing introns

Higher eukaryotic genes contain introns. Introns and their removal during transcription can
significantly affect the efficiency of gene expression (Niu & Yang, 2011). Effects on gene
expression efficiency could occur through many levels of gene expression including
splicing, polyadenylation, mMRNA export, translational efficiency, and mRNA stability. It
has been reported that the presence of the intron could enhance the expression level of
eukaryotic genes (Gruss, Lai, Dhar, & Khoury, 1979; Hamer, Smith, Boyer, & Leder, 1979).
Nott et al. tested the effect of introducing an intron to an imaging vector with rLuc (Nott,
Meislin, & Moore, 2003). They added an intron from human triose phosphate isomerase
gene into either the 5’- or 3’-end of the rLuc gene and compared the expression levels. They
found that the expression levels in HeLa cells were increased by 29-fold for 5’ insertion and
8-fold for 3’ insertion. They also found enhanced mMRNA accumulation and higher
translational yields.

5. PROLONGED EXPRESSION OF REPORTERS

The majority of nonviral expression systems provide only transient expression of a reporter
gene, which is not suitable for situations that require long-term monitoring of targets or
prolonged expression of therapeutic genes. Additionally, the rapid development of cell-
based therapies for various diseases such as cancer, neurodegenerative disease,
cardiovascular disease, and macular degeneration has necessitated noninvasive methods to
track and monitor transplanted cells for relatively longer periods of time—longitudinally—
than for the imaging methods described earlier. Conventional molecular-genetic imaging
vectors that lack the machinery for self-replication will be gradually lost as the transfected
cells divide and cannot be used for these indications. Expression vectors with a viral origin
of replication, such as Epstein—Barr virus replication origin (OriP) and Epstein—Barr virus
nuclear antigen 1 (EBNA-1), have enabled prolonged expression of genes (Jackson, Juranek,
& Lipps, 2006; Stoll et al., 2001).

Another suggested mechanism of transient expression of transfected nonviral expression
vectors involves rapid epigenetic changes such as methylation of promoters by host cells
(Brooks et al., 2004). There have been several approaches to overcome that phenomenon.
Among them, three approaches have been reported to enhance expression levels: (1)
introducing ubiquitous chromatin opening elements (UCOEs), (2) introducing the stabilizing
and antirepressor (STAR) element, and (3) introducing scaffold/ matrix attachment regions
(S/MARSs). The UCOEs are the regulatory elements of abundant housekeeping genes, which
maintain a highly acetylated status of the genes for constitutive expression. Key examples of
UCOEs are from HNRPA2B1 and CBX3 genes (Williams et al., 2005). Combining UCOE
with the CMV promoter enhanced the expression efficiency up to 16-fold (Benton et al.,
2002). STAR elements were identified through a screening for DNA sequences capable of
blocking transcriptional repression (Kwaks et al., 2003). Those STAR elements enhanced
the expression level when incorporated into expression vectors in different cell lines, and the
expression levels were stable for up to 60 generations of cells transfected with the vector
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without any selection machinery, such as antibiotic-resistant genes. S'IMARs are DNA
regions that physically bind to nuclear matrix, creating loop-like structures of chromatin
inside the nucleus (Boulikas, 1993). Although the molecular mechanisms accounting for the
prevention of gene silencing by SIMARs have not been clearly identified, some S/ MARs,
such as human B-interferon gene cluster SSMAR sequence, have been shown to increase the
stability of the expression vector enabling maintenance of the vector as an episomal plasmid
(Jenke et al., 2002). In addition, being present at the matrix attachment regions increases the
chance to interact with host replication machinery, enabling replication of the expression
vectors as the host cell divides. The episomal vectors capable of replicating and maintaining
the expression of reporters will enable longitudinal molecular-genetic imaging without
multiple administrations of vectors to patients.

6. MACHINERY FOR GENE DELIVERY

Delivering plasmid vectors efficiently to target is the most important yet most challenging
step toward successful application of molecular-genetic imaging. Viral vectors such as
adenovirus, adeno-associated virus, LV, HSV, poxvirus, and Ebstein—Barr virus have been
used to deliver imaging vectors. Those viral vectors generally have higher transfection
efficiencies than nonviral strategies. The potential insertional mutagenesis, however, caused
by residual viral elements, difficulty with systemic delivery and the possibility of
immunogenicity make viral approaches largely unsuitable for clinical translation,
particularly if systemic administration of the vectors is contemplated. In this section, we
focus on nonviral delivery methods using biocompatible materials with various
modifications to enhance the efficacy of gene delivery.

As polyanionic macromolecules, DNA vectors must overcome several barriers to be
efficiently delivered into the nucleus of target cells, where the reporter genes are transcribed.
First, vectors must cross the negatively charged plasma membrane of target cells. Second,
endocytosed vectors must be released from endosomes into the cytoplasm. Third, released
vectors should enter the nucleus. To facilitate transferring vectors through those barriers,
several nanoparticle-based strategies have been employed including cationic polymers
(polyplex), lipids with a positive charge (lipoplexes), and nanoparticles (nanoplex).

6.1. Cationic polymers (polyplexes)

DNA molecules interact with cationic polymers through electrostatic interactions resulting
in formation of condensed polyplexes of nanosize range and increased permeability through
plasma membranes. N/P ratio (charge ratio) between polymers and DNA can be optimized
to enhance the transfection efficiency of polyplexes (Wolff & Rozema, 2008). PEI, cationic
polypeptides such as poly-.-lysine and protamine, biodegradable cationic polysaccharides
such as chitosan, and poly-B-amino ester (PBAE) are examples of the most widely used
polycationic polymers (Sun & Zhang, 2010). Despite relative high transfection efficiency of
cationic polymers, their clinical translation has been hampered by dose-dependent
cytotoxicity (Grandinetti, Smith, & Reineke, 2012). In order to minimize the toxicity of
cationic polymers, various surface modifications have been attempted. The most common
approach has been to attach biocompatible polymers, such as polyethylene glycol (PEG)
(Shim & Kwon, 2010). PEGylation may reduce the cytotoxicity of the cationic polymer and
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protect polyplexes from excessive protein binding and macrophage phagocytosis, but it also
affects the formation of essential nonbilayer intermediates resulting in reduction of
transfection efficiency (Drummond, Zignani, & Leroux, 2000). Jiang et al. controlled the
shape of polyplexes by manipulating solvent polarity to enhance transcriptional efficiency
with PEG ( Jiang et al., 2013). Other examples of modifications include pH-triggered
deshielding of PEI-polyplexes to improve endosomal release (Walker et al., 2005). Another
approach to reduce cytotoxicity and enhance the transcriptional efficacy is to modify the
surface of the polyplex by attaching a targeting moiety. For example, Zugates et al. added
aminogalactose to PBAE as a targeting ligand that binds to asialoglycoprotein receptor
expressed on the surface of human hepatocellular carcinoma and liver cells (Zugates et al.,
2007).

6.2. Positively charged lipids (lipoplexes)

Liposomes with positive charges (lipoplexes) form electrostatic interactions with negatively
charged DNA vectors. Lipoplexes have been used heavily as in vitro experimental tools but
also have been successfully used for efficient systemic delivery of DNA vectors in vivo
(Kurosaki et al., 2008). Targeted lipoplexes have been tested by conjugating antibodies
(ADb), sugars, and small ligands for surface receptors. Examples of Ab used to target
liposomes are anti-HER-2 Ab-targeting HER-2/neu protein on breast cancer cells (Siwak,
Tari, & Lopez-Berestein, 2002), anti-intracellular adhesion molecule (ICAM-1) Ab-
targeting tumor endothelial cells (Almenarqueralt, Duperray, Miles, Felez, & Altieri, 1995),
antivascular cell adhesion factor (VACAM-1) Ab-targeting tumor neovasculature (Gosk,
Moos, Gottstein, & Bendas, 2008), and anti-RON receptor Ab-targeting acute hypoxic
cancer cells (Guin et al., 2011). Sugar has been used to modify lipids to generate cationic
glycolipids to target liver cancer cells expressing asialoglycoprotein (Srinivas, Samanta, &
Chaudhuri, 2009). Ligand-targeting folate receptors on folic acid overexpressing cancer
cells were used to formulate liposomes (Gorle, Ariatti, & Singh, 2014). Small peptide
(RGDK) targeting integrin a5p1 has been implemented to create lipopeptide to deliver the
p53 tumor suppressor gene to an in vivo model of tumor vasculature (Pramanik et al., 2008).
In order to enhance further transfection efficiency, core—shell lipids have recently been
developed for gene delivery, where liposome and other nucleic acid condensing materials
have been used simultaneously. Harashima et al. created a multifunctional nanodevice
(MEND) composed of DNA core condensed with cationic polymer surrounded by the
liposome (Hatakeyama, Akita, & Harashima, 2011). The surface of the MEND liposome has
been further modified by addition of protease-cleavable PEG for removal of PEG at the
target site (Hatakeyama et al., 2007) and fusogenic peptide that forms alpha helix at acidic
endosomal pH to improve endosomal release of the liposome (Sakurai et al., 2011). The
long used calcium-phosphate principle of nucleic acid precipitation has been utilized for
gene delivery, where the system has nanocalcium-phosphate-DNA as a core coated by
cationic lipid shell (Zhou et al., 2010). Chitosan has also been used as a nucleic acid
condensing core material for ocular therapy ( Jiang et al., 2012).

6.3. Nanoparticles (nanoplexes)

Various types of nanoparticles have recently been tested for in vivo delivery of genetic
materials. The surface of gold nanorods has been modified to interact with double-stranded
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DNA. Since gold nanorods absorb NIR light and generate heat, irradiation of dsDNA-gold
nanorod nanoplexes results in releasing the dsDNA, enabling controlled release of delivered
vectors (Yamashita et al., 2011). Lee et al. created multilayered gold nanoplexes by layer-
by-layer fabrication of poly-.-lysine and nucleic acid based on electrostatic interaction. That
approach enabled slow, gradual release of the therapeutic gene (Lee, Han, Asokan, & Tung,
2011). Polyamidoamine (PAMAM) dendrimers have also been used for gene delivery
utilizing their high solubility in aqueous solution, defined size and shape, and abundance of
primary amino group on the surface (Navarro & Tros de Ilarduya, 2009). Liu et al. created
disulfide crossed-linked dendrimers with high transfection efficiency and relatively low
cytotoxicity (Liu, Wang, Yang, & Cheng, 2012). Other examples of dendrimer-based gene
delivery are cyclodextrin—dendrimer conjugates (Arima et al., 2010), hyperbranched
PAMAM dendrimers (Lee et al., 2003), dendrimers with a triethanolamine core (Zhou et al.,
2006), and Jeffamine-cored PAMAM dendrimers (Aydin, Akbas, Senel, & Koc, 2012).

7. SIZE AND IMMUNOGENICITY

It has been tested and reported that the size of nonviral expression vectors can affect the
transfection efficiency to mammalian cells. Kreisse et al. have tested the effect of plasmid
DNA size on the ability to form lipoplex and transfection efficiency (Kreiss et al., 1999).
They found that the size of the plasmid did not alter the formation of lipoplex but larger
plasmids had lower transfection efficiencies. They also found that the smaller plasmid DNA
had superior nuclear transportation efficiency. Later, Lukacs et al. discovered that plasmid
DNA larger than 2000 base pairs was not capable of freely diffusing into the cytoplasm and
virtually every size of DNA was immobile in the nucleus (Lukacs et al., 2000). A systematic
study of the effect of the size of plasmid DNA on transfection efficiency was performed by
Yin et al., where they discovered that the expression level of a reporter gene was inversely
proportional to the size of plasmid DNA tested (Yin, Xiang, & Li, 2005). Interestingly,
expression levels sharply declined with a plasmid size of 5100 base pairs or larger,
providing a theoretical maximum reference size of expression vectors for efficient
transfection.

In addition to the size of vectors, there are other elements that could affect the overall
transfection efficiency. Once plasmid enters into the cytoplasm it is exposed to the attack of
various exo- and/or endonucleases, resulting in rapid degradation. It has been reported that
certain secondary structures with a single strand region, e.g., a poly-A site, is typically
vulnerable to such attack (Azzoni, Ribeiro, Monteiro, & Prazeres, 2007). Replacing such
regions with synthetic counterparts could enhance the stability of the vectors (Ribeiro,
Monteiro, & Prazeres, 2004).

Although nonviral gene delivery vectors are generally considered to be safer compared with
viral vectors for clinical applications, there are still remaining safety concerns that need to
be avoided when designing such vectors. Chromosomal insertion of plasmid vectors via
homologous recombination could happen (Ledwith et al., 2000; Manam et al., 2000;
Nichols, Ledwith, Manam, & Troilo, 1995; Wang et al., 2004); therefore, it is strongly
recommended to avoid any sequences homologous to human DNA. Sequences from
bacterial origin such as antibiotic-resistant genes for selection and bacterial replication
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origin, and other unnecessary plasmid backbones can cause an immune response in humans,
and should be avoided (Hartmann & Krieg, 1999; McMahon, Wells, Bamfo, Cartwright, &
Wells, 1998; Yew et al., 1999). For example, the ampicillin resistance gene (AmpR), the
most commonly used antibiotic-resistant gene, is not suitable for clinical use due to potential
hyperreactivity of some patients to -lactam antibiotics causing an allergic reaction to
residual contamination in the final product (Carnes & Williams, 2007).

In order to avoid those safety issues and minimize the size of plasmid vectors, several
strategies have been developed. One approach is to replace the relatively large antibiotic-
resistant gene with a short essential gene or suppressor tRNA with an appropriate
modification on the host bacterial chromosome. Soubrier et al. have developed a new vector
(pCOR) for human gene therapy (Soubrier et al., 1999). pCOR has a R6K vy replication
origin (400 base pairs), synthetic amber suppressor tRNA (200 base pairs) for selection, and
ColE1 resolution fragment (400 base pairs) for preventing plasmid multimerization. The
selection was done using arginine-deprived media as the synthetic amber suppressor tRNA
is required for the synthesis of argE gene essential for arginine biosynthesis. Another
approach was to excise unnecessary elements (e.g., antibiotic-resistant gene, bacterial
replication origin, and prokaryote backbone) from the plasmid post-production by site-
specific recombination (Chen, He, & Kay, 2005; Darquet, Cameron, Wils, Scherman, &
Crouzet, 1997). The resultant minicircle plasmid possessed the minimum elements required
for the expression of the gene of interest in human cells. The only drawback of that approach
is the relatively high cost of production due to the additional steps of recombination and
purification.

8. CONCLUDING REMARKS

Clinical translation of molecular-genetic imaging is challenging due to the multiple
components that require concurrent optimization, namely, the imaging transgene, delivery
vehicle, and imaging agent. Nevertheless, there are two strategies that could render
molecular-genetic imaging viable in clinical practice. First, the imaging system should be
developed for a broad spectrum of applications. Examples would include use of near-
universal, cancer-specific (rather than tissue-specific) promoters, or promoters that show
specific activity in cancer stem cells. Second, combining an imaging aspect with a
therapeutic component to create a theranostic agent would provide substantial impetus to the
development of in vivo molecular-genetic imaging systems. That could be accomplished
using a reporter gene that can act as a therapeutic gene concurrently, e.g., HSV1-tk and
hNIS, or by employing dual expression vectors, e.g., bidirectional TSTA, as discussed
earlier. Other potential theranostic reporters are emerging. For example, we recently tested
the prostate-specific membrane antigen (PSMA) as an imaging reporter and showed it
performed as well or better than HSV1-tk or hNIS for imaging of animal models of human
cancer (Castanares et al., 2014). PSMA would be a good candidate for a theranostic reporter
as many imaging and therapeutic probes have already been developed for this human protein
(Banerjee et al., 2008; Chen et al., 2009, 2008; Foss et al., 2005; Hillier et al., 2009; Mease
et al., 2008; Pomper et al., 2002; Shallal et al., 2014), including several radiolabeled
molecules that are in clinical trials (Barrett et al., 2013; Cho et al., 2012; Hillier et al., 2011).
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In summary, criteria for clinical translation of molecular-genetic imaging include: (1) a
nearuniversal promoter, (2) a translatable reporter-probe pair, (3) strong expression of the
reporter, (4) an optimal size for the plasmid vector, (5) lack of homologous sequences to the
human genome to avoid unwanted insertion, (6) lack of bacterial sequences to prevent
unfavorable immune reactions, and (7) an efficient delivery vehicle with enhanced capacity
for transcription (Table 4.3). Combination with a therapeutic aspect provides motivation to
pursue imaging concurrently. As each of those criteria are currently under intensive
optimization worldwide, and gene therapy is becoming more effective and less restricted, we
anticipate that molecular-genetic imaging will soon see widespread clinical translation.
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Figure4.1.

Schematic representation of the basic molecular-genetic imaging approach. (A) The tissue-
or tumor-specific promoter is upstream of the reporter gene, and in the presence of an
activator causes transcription of the reporter. (B) In the presence of an inhibitor or silencer
or when the activator is low or absent, the reporter gene is not transcribed. (C) The cancer
cell expresses the activator and is able to express the reporter. (D) Normal cells do not
express the activator and accordingly do not express the reporter. (E) The reporter can be
visualized in mice with tumors and potentially in patients with tumors. (F) Normal mice and
individuals do not express the reporter.
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Figure4.2.
Hypothetical scheme for molecular-genetic imaging utilizing bioluminescence resonance

energy transfer (BRET): a cancer-specific or cancer-selective promoter (CSP) drives
luciferase gene expression (luc) with the C-terminal end containing a cDNA sequence
corresponding to amino acids for the substrate of a matrix metalloproteinase (SMMP) or
collagen (i.e., CSP-luc-sMMP) forming Luc-sSMMP. The construct generates bioluminescent
signal by adding substrates for luciferin (D-luciferin or coelenterazine). The addition of Q-
dots with overlapping absorption spectra with respect to the emission spectra of the version
of luc chosen will undergo BRET enabling fluorescence detected in the NIR region to
visualize the presence of tumor (upper sequence). As the tumor progresses, the tumor
microenvironment changes, and the involvement of extracellular matrix proteins or MMPs
lead to subsequent cleavage of SMMPs from Luc-sSMMP, releasing the Q-dot. The Q-dot
will no longer be activated by bioluminescence because the molecular distance (<1000 nm)
between it and the bioluminescent construct will no longer enable BRET. BRET signal turns
off during tumor invasion and metastasis, where MMPs abound. This is an example of an
imaging reporter that can measure tumor growth while maintaining sensitivity to its
microenvironment, via loss of BRET.
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Schematic diagrams of various TSTA approaches. (A) Original TSTA approach. A weak,
tissue-specific promoter is used to drive the expression of a fusion protein that will bind to
its binding sites and amplify the expression of a target gene. (B) Bidirectional vector with
two target genes of interest that would be amplified when bound to the chi-meric protein
created as a result of the tissue-specific promoter SV40. (C) Lenti-TSTA. The TSTA was
inserted into a lentivirus expression system with the PSA promoter to amplify expression of
a reporter gene such as fLuc. (D) Adeno-TSTA. The system was optimized to utilize the E1
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and E3 segments of the adenovirus to enhance expression of the reporter gene HSV1-tk
using PSA acting as a promoter for synthesis of the chimeric protein. (E) TSTA system for
imaging cellular processes such as neuronal differentiation via the NSE promoter. (F)
Addition of rat glucocorticoid receptor sequences (Rat GR) and poly-glutamines (polyG)in
between the GAL4 and VP16 domains to increase efficiency of luciferase expression. (G)
Replacing GAL4-UAS with a bovine papillomavirus 1 transcriptional activator. (H)
Replacing VP-16 with p65. (1) Titrable TSTA using the cardiac troponin T (CTNT)
promoter and the MER sequence responsive to raloxifene. (J) Dual TSTA system (dTSTA)
for the expression of a reporter and a conditionally replicating Ad.
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Table 4.1
Tumor-selective promoters
Gene

Promoter symbol Cancer

a-Fetoprotein AFP Hepatocellular carcinoma

A-Lactalbumin ALA Breast cancer

Astrocyte elevated gene-1; Metadherin AEG-1/MTDH  Breast cancer, prostate cancer, liver cancer

Cell division cycle 25C Cdc25C Melanoma

Carcinoembryonic antigen CEA Colorectal cancer, pancreatic cancer, breast cancer, lung cancer,
adenocarcinomas

Cyclin A CCNA Melanoma

Calponin CNN Soft tissue and bone tumors

Cyclooxygenase-2 Cox-2 Ovarian cancer, pancreatic cancer, gastrointestinal cancer

Glucose-regulated protein 78 Grp78 (BIP) Solid tumors

Human epidermal growth factor receptor 2~ HER2/ErbB2 Breast cancer, pancreatic cancer, ovarian cancer

Human telomerase reverse transcriptase hTERT Lung cancer, colorectal cancer, ovarian cancer, bladder cancer, cervical cancer,
liver cancer, glioma, head and neck cancer

Human chorionic gonadotropin hGC Ovarian cancer

Lymphocyte cytosolic protein 1/L-plastin LCP1 Ovarian cancer, breast cancer, fibrosarcoma, carcinomas

Midkine MK Pancreatic cancer

Metallothionein MT Ovarian cancer

Mucin 1 MUC1/DF3 Adenocarcinomas

Osteocalcin oC Prostate cancer, ovarian cancer, lung cancer, brain cancer

Progression elevated gene-3 PEG-3 Prostate cancer, breast cancer, glioma

Probasin ARR2PB Prostate cancer

Prostate-specific antigen PSA Prostate cancer

Secretory leukoprotease inhibitor SLPI Lung cancer, breast cancer, oropharyngeal cancer, bladder cancer, endometrial
cancer, ovarian cancer, colorectal cancer, cervical cancer, adenocarcinomas

Survivin BIRC5 Hepatocellular carcinoma, gastric cancer, glioma, gallbladder cancer,
melanoma

Tyrosinase TYR Melanoma
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Table 4.3

Criteria for clinical translation of molecular-genetic imaging

Criteriafor atransatable system

Approachesto meet thecriteria

Universal promoter for target applications

Universal cancer-specific promoters

Translatable reporter-probe pair

Reporter-probe pairs already in clinical use

Reporter-probe pairs with better efficiency

Strong expression of reporter

Enhancers

Two-step transcriptional amplification
Codon optimization

Posttranscriptional regulatory elements
Introducing introns

Synthetic promoters

Mammalian replication origin

Optimal size of plasmid vector

Minicircle vector

Lack of homologous sequence to human genome to avoid unwanted insertion

Replacing antibiotic-resistant gene

Minicircle vector

Lack of bacterial sequence to prevent unfavorable immune reactions

Replacing antibiotic-resistant gene

Minicircle vector

Efficient delivery vehicle with enhance transcription capability

Modified polyplex, lipoplex, and nanoplex
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