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Abstract

Molecular imaging is a rapidly advancing field that allows cancer biologists to look deeper into
the complex inner workings of tumor cells, or whole tumors, in a non-invasive manner. In this
review, we will summarize some recent advances that enable investigators to study various
important biological processes in tumors /n vivo. We will discuss novel imaging approaches that
allow investigators to visualize and quantify molecular pathways, such as receptor tyrosine kinase
activation, hypoxia signal transduction, apoptosis, and DNA double-strand breaks. Select
examples of these applications will be discussed. Because of the limited scope of this review, we
will only focus on natural reporters, such as bioluminescence and fluorescent proteins.

INTRODUCTION

In biomedical research, the ability to visualize a biological process continues to be a subject
of investigation because it offers the most direct method to support or refute any scientific
claim. Molecular biologists have exploited a wide variety of methods to visualize various
molecular processes and signals. Often, surrogate reporters are used. One of the earliest such
reporters is the bacterial enzyme p-galactosidase, which recognizes and cleaves the
compound X-gal, and generates an intense blue product that can be identified and quantified
(1). p-gal assays are widely used to quantify gene promoter activities. Another example is
the green fluorescence protein (GFP); a jellyfish protein that was initially purified in the
1960s (2). The GFP gene was cloned in the 1980s (3) and is widely used to allow for direct
visualization of transcriptional activities of promoters (4), or to locate a protein in live cells.
Whole organisms, including animals and plants, have been engineered to carry the GFP gene
so their cells and tissues could be traced easily (5). This widespread application of the GFP
protein spurred many efforts to identify new variants that can fluoresce purple, cyan, yellow,
red, etc., (6), and also stimulated efforts to identity additional fluorescent proteins suitable
for a variety of applications /n vivo. Another significant area of investigation for optical
imaging is bioluminescence-based applications (7, 8), which offers new ways to study
biology /n vivo. In this review, we will summarize some of the more recent advances in
bioluminescence- or fluorescent-protein-based approaches to study tumor biology /n vivo.

LUCIFERASE-BASED BIOLUMINESCENCE APPROACHES

Bioluminescence, which is light production by living organisms, is very desirable as a
reporter in biological applications. While it occurs in marine animals, microorganisms, and
some terrestrial animals, the natural bioluminescence background in many organisms,
including mammals, is zero. It is possible, therefore, to utilize these naturally occurring
elements of bioluminescence to achieve exquisite sensitivity during imaging (9, 10). One of
the most important bioluminescence reporter genes is the firefly luciferase gene (11). Firefly
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luciferase generates bioluminescence in a two-step reaction. The first step converts luciferin
plus adenosine triphosphate (ATP) to luciferyl adenylate (with pyrophosphate). The second
step requires oxygen to enable the forward reaction to occur with the reactant luciferyl
adenylate, yielding the products oxy-luciferin, adenosine monophosphate (AMP), and light.
The original chemical reaction without luciferase is extremely slow. Once the enzyme is
introduced, the catalyzed reaction can be turned into a usable assay, and its photon product
can be used effectively.

Advantages of the luciferase enzyme separate it from most other methods utilized for optical
imaging /n vivo. First, it does not require light to be activated. The bioluminescence effect is
the end result of a chemical reaction. As long as oxygen, ATP, and the luciferin substrate are
present in the environment, the highly-sensitive nature of the luciferase enzyme will
continue to report signals. Second is the high signal-to-noise ratio; the lack of a natural
bioluminescence background in most organisms gives an increased throughput. Third, with
proper instrumentation (e.g., IVIS systems), /n vivo signals can be quantified serially over
time (9, 10). However, disadvantages of firefly luciferase include the need for substrate
injection and the poor spatial resolution of bioluminescent imaging.

Traditionally, the luciferase assay has been mostly used in reporting transcriptional activity
of promoters of interest in cells or mice. In recent years, many novel approaches to using the
luciferase assay have been developed that allow one to visualize a wide array of molecular
pathways. These assays provide very useful tools for radiation and cancer biology research.
In the following sections of this review, we will summarize novel approaches to using firefly
luciferase to image a variety of biological pathways.

A Split-Luciferase-Based Reporter for Monitoring Receptor Tyrosine Kinases

Epidermal growth factor (EGF) and its receptor, epidermal growth factor receptor (EGFR),
represent a key cellular growth signal that plays an important role in the development and
growth of many malignancies. Upon EGF binding, EGFR dimerizes to activate its tyrosine
kinase activities. This leads to phosphorylation of itself and downstream targets, such as
Grb2 and Shc. Phosphor-ylated Grb2 has been shown to physically associate with EGFR
and Shc. Until recently, there had been no good method to noninvasively quantify the
activity of EGFR activation. This has been remedied by Li et al. (12), who developed a
method to measure EGFR activation based on the bifragment (or split) luciferase
reconstitution system (13-16). In this system, two likely interacting protein partners are each
fused to N- or C-terminal domains of the firefly luciferase gene, which does not have
catalytic abilities of its own, and co-transduces into a cell of interest. When the two
interacting proteins are brought together through any kind of signal activation, they also
bring together the N- and C-terminal halves, which, reconstitutes the enzymatic abilities of
luciferase. Li et al. fused EGFR and its downstream binding partners Grb2 and Shc to N-
and C-terminal halves of firefly luciferase (Fig. 1A). They showed that pairs of EGFR-NIluc/
Shec-Cluc, or Grb2-Nluc/She-Cluc, worked well in serving as surrogates of EGFR activation.
Both show excellent EGF-induced signal activation /n vitro (Fig. 1B), and radiation-induced
EGFR in vivo (Fig. 1C). In addition, this system was used to observe hyperthermia-induced
EGFR activation in tumor cells and the potential mechanisms involved (17), and to observe
RTK activation for the PTEN-Akt pathway in tumor cells (19).

A similar reporter system was developed to monitor the activities of the ErbB2 receptor,
which belongs to the EGFR family and plays a key role in breast cancer development and
treatment. With the aid of this reporter, it was shown that radiotherapy could significantly
activate the ErbB2 reporter in xenograft tumors (18).
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Observation of DNA Double-Strand Breaks in Live Cells Exposed to lonizing Radiation

Another exciting advance is the ability to image DNA double-strand breaks in tumors
exposed to ionizing radiation through bioluminescence imaging. DNA double-strand breaks
(DSB) are the most important lesions generated by cellular exposure to ionizing radiation.
Over the years, a large number of DNA DSB repair factors and their biological roles have
been identified. However, DSB repair kinetics, especially those /n vivo, are not well studied
due to a lack of appropriate tools. In a recently published study, Li ef a/. developed a novel
split-luciferase-based system to detect DSBs in live cells and tumors in a quantitative and
non-invasive manner (20). The investigators took advantage of the fact that, right after the
generation of DSBs in a cell, histone H2AX is rapidly recruited and phosphorylated at the
sites of DSBs. Accumulation of phosphorylated H2AX (-y-H2AX) further recruits a number
of additional proteins involved in DNA repair, checkpoint activation, and chromatin
modification. A key protein that physically associates with phosphorylated H2AX is the
protein mediator of DNA damage checkpoint, or MDC1. The main function of MDCL1 is its
collaboration with H2AX to recruit factors responsible for checkpoint activation or DNA
damage repair (21, 22). More importantly, MDC1 was shown to associate with H2AX in a
phosphorylation-dependent manner (23). To establish a reporter for DNA DSBs, Li et al.
used y-H2AX as a surrogate marker. To measure the amount of -y-H2AX, the investigators
fused H2AX and MDC1 genes to N- and C-terminal halves of the firefly luciferase gene;
H2AX was fused to the N-terminal half while the BRCT domain of MDC1 was fused to the
C-terminal half. Since the BRCT domain is located in the carboxyl domain of MDC1 and
has been shown to interact with phosphorylated ser139 in the H2AX, the investigators
reasoned that, with the fusion reporter proteins expressed in the target cells, DNA damage,
such as DSBs, would lead to the phosphorylation of H2AX and its interaction with MDC1.
Such an interaction was likely to bring together the N- and C-terminal halves of the luc2
enzyme, which might lead to the reconstitution of luc2.

The reporter was activated in irradiated lung cancer cells in a very robust manner with a
clear dose-dependent response. Reporter activities were consistent with Western blot
analysis of -y-H2AX. Most interestingly, the investigators observed that reporter activities
experienced second peaks around days 5 and 7 in cells that have been exposed to 6 Gy of
irradiation. This finding had not been reported before due to the difficulty of monitoring and
quantifying H2AX foci for an extended period of time. Most importantly, when tumors were
established from the reporter-transduced cells, radiation-induced y-H2AX was readily
observable through bioluminescence imaging. In fact, activities of the reporters could be
serially imaged for over 2 weeks. It is also possible that mice with the reporters engineered
as transgenes could be observed for their whole lifetime for DSB induction through
bioluminescence imaging.

Monitoring Apoptosis and Caspase Activation in Tumors Exposed to lonizing Radiation

Another interesting and novel application of firefly luciferase is using it to monitor caspase
activation in cancer cells exposed to therapeutic agents. Huang et a/. used a novel reporter
system to detect caspase 3 activation in irradiated tumors (24). In this reporter system (Fig.
2A), a luciferase-GFP fusion protein is linked to a polyubiquitin domain. In between the two
moieties, a caspase 3 cleavage site (DEVD) is inserted. The assumption is that, when
caspase 3 is inactive, the reporter proteins will be recognized by proteasomes and degraded
immediately, because the polyubiquitin domain serves as tag for protein destruction by
proteasomes. However, when caspase 3 is active, the polyubiquitin domain will be cleaved
off the reporter protein, leading to enhanced GFP and luciferase signals, because these
reporter proteins are no longer subject to direct proteasome recognition and degradation.
Tumors were established from caspase 3-transduced 4T1 cells and were exposed to
radiotherapy. Data indicate that significant caspase 3 activation occurred after radiotherapy
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in the 4T1 tumors (Fig. 2B). In fact, caspase 3 activation was observed to be over 30-fold.
These data show that the proteasome-based bioluminescence caspase 3 reporter has a much
wider dynamic range than previously reported, and compares favorably to another
bioluminescence-based reporter of caspase 3 (25). In addition, the proteasome-based
approach is suitable for the observation of any protease where the cleavage sequence is
defined.

Monitoring Activation of Hypoxia-Inducible Factor Though the Use of a Unique
Bioluminescence Fusion Reporter

Firefly luciferase is a reporter that can also allow an investigator to accurately monitor
activities of hypoxia-inducible factor 1 (HIF-1a.) (26), which plays a critical role in
mammalian cellular response to low oxygen tension. This has been shown to have a key
function in regulating the expression of vascular endothelial growth factor (VEGF) in
normal, as well as malignant, tissues (27, 28). Therefore, there has been strong interest in the
activities of HIF-1. To monitor the activities of HIF-1a., Li ef a/. exploited the fact that the
activities of HIF-1a largely depend on its overall level in a cell, which is regulated by the
ubiquitin-proteasome system in an oxygen-dependent manner. A 200 amino acid long
oxygen-dependent domain (ODD) confers the oxygen sensitivity (29, 30). Under normoxic
conditions, two proline residues in the ODD domain are hydroxylated by prolyl
hydroxylase, which makes HIF-1a recognizable by the E3 ubiquitin ligase VHL.
Recognition of HIF-1a. by VHL leads to the ubiquitylation of the former and leads to its
rapid degradation by the proteasome system. Li ef a/. fused the ODD with firefly luciferase
to derive the reporter gene ODD-luc (31). They showed that, when introduced into human
and mouse tumor cells, ODD-luc can recapitulate the level and transcriptional activities of
HIF-1a much more accurately than a promoter-based system. Previously, an artificial HIF-1
promoter based on HIF-1 binding elements has shown some HIF-1 responsiveness, but also
suffers from high background levels that greatly narrow its dynamic range. With this new
reporter, the investigators were able to monitor HIF-1 activity in irradiated tumors in mice
for an extended period of time and determine that, during radiotherapy, an oxygen-
independent mechanism of HIF-1 regulation based on nitric oxide and generated by induced
nitric oxide synthase (iNOS) was responsible for radiation-induced HIF-1a stabilization of
HIF-1 activation and tumor resistance.

NEAR-INFRARED FLUORESCENT PROTEINS FOR IN VIVO APPLICATION

Since the 1990s, fluorescent proteins have gained popularity as the most widely used
reporter system for molecular biology applications, such as promoter assays and protein
localization tracers. The advantages of fluorescent proteins are obvious; no substrates for the
proteins are needed. The presence of an external exciting wavelength is enough for the
proteins to emit fluorescence (6). In addition, spatial resolution is exquisitely high.
Therefore, they are especially suited for in vitro live cell applications, where spatial
resolution is important. However, the use of fluoroprotein-based optical imaging /n vivo has
lagged behind bioluminescence-based approaches, since the former was faced with the
challenge of strong tissue absorption of most of the light in the visible spectrum. Most
fluorescent proteins, such as GFP, CFP, and YFP, emit fluorescence at wavelengths close to
the green spectrum, which are especially prone to tissue absorption. In addition,
autofluorescence from the tissues interferes with the fluorescent signals towards the green
spectrum. To overcome this problem, investigators have searched for various fluorescent
proteins with emission wavelengths in the red spectrum. One of the first red fluorescent
proteins is from the coral Discosoma (32). It is normally a tetrameric protein, which limits
its applications. However, it was determined that a monomeric version of the protein is
functional, which makes the protein amenable for fusion with other proteins (33). Also, use
of the monomeric protein shifted the excitation/emission wavelengths from 558/583 to
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584/607 nm. Many other red-shifted GFP-like proteins have since been generated. However,
even the most red-shifted proteins still show emission spectra outside the optimal spectral
range for /n vivo application, which should lie within 650 to 900 nm, a range labeled as the
near-infrared optical window (NIRW), which has the lowest tissue absorbance for
hemoglobin, water, lipids, and light scattering. [For additional information, see the review
by Palmer et al. in this same issue (34).]

Significant progress continues to occur in this area. Shu et al. reported the successful
engineering of an infrared fluorescence protein from the phytochrome of radiation-resistant
extremophile bacterium Deinococcus radiodurans, which the authors dubbed as IFP1.4 (35).
IFP1.4 incorporates biliverdin as its chromophore; it has excitation and emission
wavelengths of 684 and 708 nm, respectively. Because biliverdin is ubiquitous as the initial
intermediate in heme catabolism in mammals and is by itself non-fluorescent, IFP1.4 should
have great promise in /n vivo applications. However, fluorescence properties of IFP1.4, such
as effective brightness and photostability, still require improvement. Filonov et a/. (36)
recently engineered another near-infrared protein based on phytochrome RpBphP2; the
photosynthetic bacterium Rohopseudomonas palustris. Similar to IFP1.4, it also can exploit
endogenous biliverdin and has excitation and emission wavelengths of 690 and 713 nm. In
addition, the new IRFP (infrared fluorescent protein) is significantly brighter and more
stable, and exhibits a very high signal-to-noise background ratio in mice.

The advent of these new near-infrared proteins should open up new possibilities for
fluorescence-based imaging in /n vivotumor biology in animal models. With these proteins,
it is now possible to trace and monitor the development and growth of a small number of
tumor cells with great spatial resolution. It also is possible to monitor the status of various
biological pathways in a live tumor without invasive surgery or substrate injection.

CONCLUSION

Bioluminescence imaging is now a well-developed modality for the non-invasive
visualization of tumor cells and molecular pathways within tumor cells; it will continue to
improve with the availability of additional new and innovative reporter systems. In contrast,
fluorescent protein-based systems, despite their widespread use /n vitro, lag behind due to
the lack of suitable near-infrared fluorescent proteins that can penetrate tissues effectively.
Newly engineered phytochrome-based fluorescent proteins, such as IFP1.4 or IRFP, should
significantly change this scenario. Fluorescent proteins have the advantage of offering
greater spatial resolution without the need for substrate injections. It is almost certain that
the application of either, or both, of these types of reporter systems will provide significant
insights into molecular mechanisms of /in vivo radiation and tumor biology in the future.
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FIG. 1.

Imaging EGFR activation through the use of the split-luciferase system. Panel A: Graphic
illustration of the principle of a split-luciferase EGFR-Shc activity reporter. Panel B: The
dose-response curve for the EGFR/Shc-luc reporter and the Grb2/Shc-luc reporter. The top
panel shows representative images of reporter-transduced cells (in 48-well plates) treated
with different concentrations of EGF at 37°C 15 min and then imaged in the 1V1S200
instrument, while the lower panel shows the quantitative dose-response of the reporter
activation after EGF addition. The error bars represent standard deviations derived from 3 to
5 data points. Panel C: Radiotherapy-induced activation of EGFR/Shc-luc (broken lines) and
Grb2/Shc-luc (solid lines) reporters in H322 xenograft tumors. After reporter-transduced
H322 lung tumor cell (5 x 108) implantation (subcutaneous) and tumor formation (with
diameters around 5 to 7 mm), the tumors were irradiated with X rays (6 Gy). The activities
of the EGFR were then imaged.
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FIG. 2.

Imaging caspase activation during radiotherapy of cancer. Caspase 3 activation in 4T1
tumors as detected by a caspase 3 reporter. Left panels depict the structure of a proteasome-
based caspase 3 reporter (top left) and its principle of action (lower left). Right panels
showed caspase 3 activities in 4T1 tumors transduced with the control, as well as caspase
reporter genes. The difference between the control and caspase 3 reporter groups are
significant at days 3, 5, and 7 (P< 0.01, n=5, t test). Error bars, SEM.
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