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Abstract

Site-specific recombination tools such as the Cre–loxP system are used to create animal models

where conditional gene deletion/activation studies are required. In the current proof of principle

study, we have demonstrated that a PET reporter gene (PRG), the herpes simplex virus type 1

thymidine kinase (HSV1-tk), can be made to remain silent and can be activated by Cre–loxP-

mediated recombination in cell culture and in living mice. An adenovirus carrying a silent HSV1-

tk was tail-vein injected (1×109 PFU) in six transgenic mice that express Cre recombinase in their

liver (Cre+) and in four control mice (Cre−). The liver-specific expression of the PRG in Cre+

mice was detected in the microPET following injection of the reporter probe, 9-[4-fluoro-3-

(hydroxymethyl)butyl]guanine ([18F]-FHBG). The [18F]-FHBG accumulation in the liver in terms

of percent-injected dose per gram of tissue was 7.72±1.13 for the Cre+ mice and 0.10±0.02 for the

Cre− mice (P<0.05) 48 h after adenoviral injection. These results were further validated by

quantitative RT-PCR, western blotting and by in vitro assays for herpes simplex virus type 1

thymidine kinase enzyme activity. Thus by using the Cre–loxP system it is possible to modulate a

PRG and noninvasively monitor the extent of Cre–loxP-mediated gene activation by imaging in a

microPET scanner.
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Introduction

The adoption of molecular biological techniques for genetic manipulation of the mouse has

resulted in the generation of transgenic/knockout mouse models for the investigation of

many aspects of mammalian biology. These animal models allow researchers to study the in

vivo phenotypes of the specific gene that was either introduced or deleted. However, there

are often instances where introduction or deletion of such a transgene into the mouse results

in a survival problem in the embryo or in juvenile development. Thus, it may become

difficult or impossible to maintain the transgenic mouse line by breeding. In these

circumstances, it is advantageous to design a dormant gene that can be activated after the

establishment of the transgenic line. This is usually achieved by the use of site-specific

recombinases.1,2

Site-specific recombinases are useful reagents for genomic manipulations that allow for

tissue-specific or developmental stage-specific modulation of gene expression in knockout

and transgenic mice.3 The four members of the family of site-specific recombinases (Cre,

XerD, HP1 and Flp) recognize a relatively short, unique nucleic acid sequence, which serves

for both recognition and recombination.1,2,4 One of the most widely used site-specific

recombinases is the enzyme Cre recombinase, from the bacteriophage P1. Cre recombinase

recognizes DNA at a 34 bp sequence called loxP, which consists of two 13 bp palindromic

sequences flanking an 8 bp core sequence. If there are two loxP sites in the same orientation

near each other (floxed), Cre recombinase can act to loop out the sequence between the two

sites, leaving a single loxP site in the original DNA and a second loxP in a circular piece of

DNA containing the intervening sequence. By inserting a floxed STOP cassette in the

intervening sequence between the potentially toxic transgene and its promoter, one can

prevent the expression of the potentially toxic gene. After establishment of a transgenic line,

the STOP signal can be removed by Cre recombinase-mediated excision to activate the

transgene expression.5 Thus a properly designed targeting construct containing loxP sites

can be used for temporally or spatially controlled knockout or for introducing subtle

mutations (for a review of the control of transgenes, see Sauer6).

The use of floxed STOP cassette has been demonstrated previously.5 The SV40 tumor

antigen was rendered completely quiescent by the insertion of a synthetic STOP sequence

between it and a lens-specific promoter. The resulting transgenic lines exhibited no

incidence of tumor formation. On mating with a Cre recombinase-expressing transgenic

mouse to generate doubly transgenic mice, recombinational activation of the tumor antigen

occurred and resulted in the development of lens tumors in the offspring. The Cre/loxP

system has also been used in gene deletion systems to bypass the embryonic lethalty

phenotypes. The functional domain of a tumor suppressor gene was deleted in the brain

using a Cre/loxP system.7,8 This approach allowed the authors to study the deletion of this

gene in the brain while the conventional deletion of this gene produced a lethal phenotype.9

Many others have demonstrated that conditional gene activation or deletion can be achieved

by crossing transgenic mice that have the gene of interest flanked by two loxP elements with

Cre recombinase-expressing transgenic mice.8,10 In addition, conditional gene activation or
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deletions have also been achieved by adenoviral delivery of Cre recombinase in transgenic

mice carrying the floxed gene.11 Delivery of genes by means of adenovirus-based vectors

was shown to be highly efficient and applicable to a wide variety of cells types, in cell

culture and in vivo in living animals. Recombination at high frequency in a range of somatic

tissues was achieved in flox LacZ indicator mouse strain by the intravenous injection (1×109

PFU) of adenovirus expressing Cre recombinase (Ad-CMV-Cre).11 The liver-specific

ablation of human angiotensinogen gene flanked by loxP sites in transgenic mice using an

adenovirus (1.1×1011 PFU) expressing Cre recombinase (Ad-CMV-Cre) has also been

reported.12

Presently in a majority of studies involving the Cre–loxP system, LacZ and fluorescent

proteins (eg GFP) are being used as the reporter gene.13 The use of theses reporters requires

killing the animals and ex vivo analysis for reporter gene expression. In this study, we

demonstrate noninvasive imaging of Cre–loxP-mediated tissue-specific deletion using

positron emission tomography (PET). The herpes simplex virus type 1 thymidine kinase

(HSV1-tk), a PET reporter gene (PRG)14 that is conditionally activated following Cre–loxP-

mediated deletion, is imaged in the microPET scanner (Figure 1). The HSV1-tk is one of the

most widely used PET reporter gene systems. This reporter gene encodes for the viral

thymidine kinase enzyme (HSV1-TK) that is capable of trapping a tracer (a radiolabeled

substrate) within the cell (note: HSV1-tk refers to the gene, HSV1-TK refers to the enzyme).

Acycloguanosines (eg acyclovir, ACV) and guanosines (eg ganciclovir, GCV; penciclovir,

PCV) are prodrugs that are much more effectively phosphorylated by the HSV1-TK than by

the mammalian TKs. When radiolabeled versions of these prodrugs are used in

nonpharmacological quantities (tracer doses), they can serve as PET reporter probes. The

side-chain fluorinated analog of penciclovir, 9-(4-[18F]-fluoro-3-hydroxymethyl-

butyl)guanine ([18F]-FHBG),15 and 124I-labeled 2′-fluoro-2′-deoxy-1-β-D-

arabinofuranosyl-5-iodouracil ([124I]-FIAU) are the most commonly used probes for

imaging HSV1-tk expression.16

The use of a PRG allows us to monitor Cre recombinase-mediated recombination

noninvasively and repeatedly in the same animal. In addition, this approach may also allow

us to track the in vivo expression pattern of the Cre gene, which has been shown to be

expressed globally in some cases. In these cases, the inactivation of gene through Cre

recombinase often gave rise to unexpected or lethal phenotypes, which complicates further

analysis of the animals. We demonstrate here that the adenovirus-delivered PRG, HSV1-tk,

is activated when the Cre recombinase is expressed in the liver using a mouse model. The

Cre recombinase excises a stuffer DNA (neo+polyA) placed between the HSV1-tk and a

CAG promoter. This PRG expression is then imaged repeatedly and noninvasively in the

liver to demonstrate the efficient excision of the stuffer sequence and thus activation of the

gene. This proof-of-principle experiment validates that the use of PET can enhance the

studies on conditional gene modulation using the Cre–loxP system.
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Results

A transcriptionally silent HSV1-tk PRG can be made active in cell cultures using the Cre–
loxP system

Various cell lines such as C6, 293T, HeLa, N2a and LS174T were infected with Ad-CMV-

HSV1-tk only or a combination of Ad-CAG-loxP-PA-loxP-HSV1-tk and Ad-CMV-Cre

(1.0×109 PFU/construct). Expression of the HSV1-tk gene was monitored by measuring TK

enzyme activity. The Cre-mediated activation of HSV1-tk gene expression was achieved in

all the cell lines studied (Table 1). For example, in C6 cells infected with Ad-CAG-loxP-PA-

loxP-HSV1-tk and Ad-CMV-Cre, TK activity was 15 times higher than that of cells infected

only with Ad-CMV-HSV1-tk (Figure 2b). The Ad-CMV-HSV1-tk-infected C6 cells had a

TK activity of 0.29±0.03% conversion/μg protein/min, while the cells infected with Ad-

CAG-loxP-PA-loxP-HSV1-tk and Ad-CMV-Cre combination demonstrated a TK activity of

4.56±0.24% conversion/μg protein/min (P<0.05). Similarly in the entire cell lines studied,

the Cre-mediated activation of TK activity was significantly higher (P<0.05) than that

induced by Ad-CMV-HSV1-tk alone (Table 1).

Infection of the cells with Ad-CAG-loxP-PA-loxP-HSV1-tk alone resulted in background

levels of TK activity, which was not significantly different from noninfected cells. Thus, the

TK activity is consistent with the excision of neo-PA stuffer cassette in the Ad-CAG-loxP-

PA-loxP-HSV1-tk construct by Cre recombinase, which is expressed through Ad-CMV-Cre.

The Ad-CAG-loxP-PA-loxP-HSV1-tk vector was shown to be readily excisable by the Cre

recombinase enzyme in all the cell lines studied; therefore, we found it suitable for in vivo

testing in a Cre transgenic mouse model.

Cre–loxP-mediated activation of HSV1-tk expression in murine liver can be imaged using
MicroPET

To image HSV1-tk reporter gene expression in living mice, we used transgenic mice

expressing Cre recombinase in the liver. In these mice, the Cre recombinase is expressed

under an albumin promoter, limiting the expression of Cre recombinase to the hepatocytes.

Mice expressing Cre recombinase (Cre+, n = 6) and those that did not (Cre−, n = 4) were

injected with the Ad-CAG-loxP-PA-loxP-HSV1-tk vector (1.0 × 109 PFU), and expression

of HSV1-tk gene was monitored using microPET. All mice were subjected to microPET

scanning before, and 48 and 92 h after the tail-vein injection of virus. Hepatic accumulation

of [18F]-FHBG was imaged 1 h after injection and quantified as percentage injected dose per

gram of tissue (%ID/g). The expression of the PRG was evidenced by the increased hepatic

accumulation of the [18F]-FHBG. In the Cre+ mice, the %ID/g liver was 0.1±0001 before

viral injection and increased to 7.07±1.09 at 48 h after Ad-CAG-loxP-PA-loxP-HSV1-tk

injection (Table 2; Figure 3). In three Cre recombinase-expressing mice, repeated microPET

scans were performed at days 2, 4, 7 and 11 after virus injection showing that the Cre–loxP-

mediated PRG activation can be followed by repeated imaging over an extended period of

time. The control animals (Cre−) that did not express Cre recombinase had their %ID/g liver

at less than 0.1 at all times (Table 2). The normal route of [18F]-FHBG clearance is through

the gut and kidneys, and in these regions the activity was seen in all animals.
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Measurement of HSV1-tk reporter gene expression by quantitative RT-PCR is consistent
with the microPET quantitation of [18F]-FHBG accumulation

The expression of the HSV1-tk PRG in the liver was examined by quantitative RT-PCR

immediately following microPET imaging. Copy number analysis of the PRG confirmed the

data obtained by microPET quantitation (Table 2). The animals with increased hepatic

accumulation of [18F]-FHBG (Cre+ mice) also had higher number of HSV1-tk mRNA, as

compared to those with minimum [18F]-FHBG accumulation (Cre− mice). The Cre+ mice

were enumerated to have 33 207±23 352 copies of first strand HSV1-tk DNA and

5027±4268 copies of first strand Cre DNA in their liver. The Cre− mice did not have

detectable amount of either HSV1-tk or Cre first strand DNA (Table 2 and Figure 4a). RT-

PCR from the heart and spleen tissues of Cre+ animals was negative for both Cre and tk

(data not shown).

Ex vivo thymidine kinase assay and Western blot analysis of liver tissues confirm the in
vivo expression of HSV1-TK enzyme detected by microPET imaging

The animals that express Cre recombinase showed significantly (P<.05) higher HSV1-TK

activity than the control animals (0.5±0.2 vs 0.01±0.001% conversion/μg protein/min).

Western blotting analysis using anti-TK antibody showed the presence of the TK protein at

the 46 kDa molecular weight region only in the Cre+ animals, demonstrating that the TK

activity in the liver of these animals was due to the expression of PRG protein resulting from

Cre-mediated excision and recombination of injected Ad-CAG-loxP-PA-loxP-HSV1-tk

(Figure 4b). This expression of TK was also shown to colocalize to the same animals with

Cre expression in their livers (Figure 4a).

Discussion

In this study, using microPET imaging, we have demonstrated that a silenced PRG (HSV1-

tk) that is carried in a replication-deficient adenovirus can be activated in living mice in a

tissue-specific manner using the Cre–loxP system. This proof of principle experiment

reveals the potential of noninvasive imaging as a tool in studying recombinase-mediated

conditional gene deletion/activation approach.

The Cre–loxP system is being widely used to create temporal and spatial control of gene

deletion or gene activation in transgenic animal models created to uncover the role of a

particular gene in the physiologic and/or pathologic processes. In these models,

recombination in cells other than the desired target cells/tissue might occur due to

inappropriate or unexpected expression of the Cre recombinase transgene, especially when

driven by leaky promoters.17 Reporter genes such as LacZ10,11,18 or firefly luciferase19 have

been used to monitor the level, expression pattern as well as the functionality of Cre

recombinase-mediated recombination in transgenic animals. However, invasive procedures

were required to analyze these reporters. We now demonstrate that by the use of a PET

reporter gene it is possible to noninvasively image the expression of these reporter genes.

In our study, the location and magnitude of the expression of the Cre recombinase gene are

monitored by the use of a PRG that remains silent till it is activated using the Cre–loxP
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system. This PRG gene activated by loxP-dependent recombination allowed us to image

noninvasively the PRG expression by microPET and to identify the tissues that express the

Cre recombinase. Although development of a cooled charged coupled device (CCD) camera

also allows the noninvasively imaging of the expression of firefly luciferase gene in small

animals,20,21 it is limited by the lack of tomographic information and full quantitation

capability.

The ability to image repetitively adds another dimension to the current study. In viral vector-

mediated gene transfer approaches, the limitations of long-term transgene expression include

immune rejection22,23 and promoter shut off.24 In the present study, we have imaged PRG

expression only up to 11 days postinjection of the adenovirus to demonstrate repetitive

imaging. However, it is possible to image the reporter gene expression for longer periods of

time. Previously studies have shown that the adenovirus-delivered reporter gene driven by a

CMV promoter can be repetitively imaged for 88 days in the liver of Swiss-Webster mice25

for 3 months in the pituitary gland26 and for more than 150 days in the skeletal muscles of

immunocompetent Swiss-Webster mice.20 Furthermore, studies have shown that

combinations of the CMV promoter/enhancer with other regulatory elements such as in

CAG promoter allow long-term expression.27 The Cre–loxP system further gives the

advantage of gene activation using a minimal promoter that may get shut off quite earlier,

but before that the gene expression driven by a potent CAG promoter would have got

activated following splicing and recombination at the loxP sites. These abilities of the Cre–

loxP system will allow an investigator to follow the gene expression for a long-term. For

example, in experiments where gene deletion leads to cancer, the PRG can be made to

activate at the same time and in the same cells where the gene of interest gets deleted. This

will allow investigators to image the cancer cells and follow their serial growth, especially

when the deletion of such a gene leads to invasion and metastasis.

In gene therapy studies using the HSV1-tk gene, the Cre–loxP system has been used to

achieve tissue-specific and enhanced suicide gene expression. In these studies, the Cre–loxP

system has been used to achieve enhanced activity of weak promoters such as

thyroglobulin,17 α-fetoprotein28 and carcinoembryonic antigen.29,30 In cell cultures,

Nagayama et al17 reported 5- to 10-fold higher cytotoxic effect with Cre–loxP system than

that with thyroglobulin promoter alone. The enhanced activity was due to the tissue-specific

Cre recombinase expression leading to the excision and recombination of loxP sites leading

to the expression of suicide gene driven by the strong CAG promoter. This method of

achieving enhanced activity was ideally achieved using the Cre–loxP system in cell cultures.

It should be noted that in the present study in cell cultures the method of double infection

involving the Cre–loxP system resulted in many fold higher level of TK activity than single

infection with Ad-CMV-HSV1-tk. It should be considered that a limited number of induced

Cre recombinase effectively processes a large number of molecules on the target adenoviral

genome.31,32 Besides the signal amplification by the Cre–loxP system, the increased activity

could also be due to the use of more potent CAG promoter in the Cre–loxP system that we

used33,34 while the CMV promoter was used in single infections with Ad-CMV-HSV1-tk.

Since our primary aim of this study was to demonstrate conditional activation of a PRG, we
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did not attempt to compare the two promoters directly. However, we have previously

demonstrated the results of Ad-CMV-HSV1-tk and PET imaging in living animals.35

Goto et al29 showed tumor suppression in four of 10 mice infected with Ad-CEA-Cre and

Ad-lox-TK followed by ganciclovir treatment. Sakai et al28 showed in cultured cells, 60- to

300-fold higher expression of HSV1-TK enzymatic activity and ganciclovir sensitivity

through the Cre–loxP system than with the α-fetoprotein promotor alone. In these studies,

two adenoviruses, one that carries the Cre recombinase gene driven by a tissue-specific

promoter and another that has the floxed HSV1-tk gene driven by a strong promoter such as

the CAG promoter, were used. However, they reported no significant antitumor effect for

subcutaneous tumor on athymic mice. The lack of antitumor effect in mice could be

explained by insufficient simultaneous infection of two viruses in the same cell of the tumor.

In our studies, injection of two viruses (Ad-CMV-Cre and Ad-CAG-loxP-PA-loxP-HSV1-

tk; 1 × 109 PFU each construct) in nude mice did not lead to detectable levels of TK activity

(data not shown).

A single viral construct delivery to a liver-specific Cre transgenic model proved to be a good

model in our system. In our experiments, we detected HSV1-TK activity by microPET

imaging only in animals that carry and express the Cre recombinase gene and that were tail-

vein injected with the adenovirus. In these mice, the HSV1-tk gene carried by the

adenovirus was expressed due to the Cre recombinase-mediated activation of this PRG. The

expression levels of this gene, confirmed by the quantitative RT-PCR, showed significantly

higher copy numbers of HSV1-tk mRNA only in animals that also showed TK activity by

microPET imaging. Animals that did not express Cre recombinase but injected with the

adenovirus showed no detectable HSV1-TK activity by PET imaging, and their QRT-PCR

also showed no detectable levels of HSV1-tk mRNA copy numbers. Injection of a lower

titer of the virus might have resulted in lower levels of gene expression. However, we did

not explore this aspect in the current study as we have previously observed that the dose of

adenovirus injected does not correlate well with the level of reporter gene expression in the

liver.35 This could be due to factors such as hydration, extravasation, etc, that are likely to

influence the amount of virus that will be available at the target site(s) (eg liver). Future

studies will need to correlate levels of viral dose injected, cre expression at target site and

HSV1-tk reporter gene expression at the target site.

A possible way to overcome the limitation in using two viral constructs for gene therapy

applications is to construct a single adenovirus bearing both the Cre–loxP system and the

therapeutic gene in the genome. However, in this case, it is essential to completely suppress

the activity of Cre recombinase expression when the adenovirus is being grown. If not the

stuffer region will be excised and the adenovirus will lose its tissue/tumor specificity while

it is being grown. To overcome the problem associated with the adenoviral-based single

vector system, a plasmid-based single vector system has been studied in cell culture.36

These modifications prevented the translation of Cre recombinase in bacteria while doing

amplification but allowed its translation in eucaryotic cells. However, the offset with this

type of vector is its delivery in living animals. We and others have previously reported that

this type of vector can be delivered into living animals using liposomes37 or by the use of

polyethylenimine-poly-ethylene glycol (PEI-PEG) formulations.38 In our study, we used a
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single viral vector delivery system in vivo in a transgenic mouse model bypassing the

problem of coinfection efficiency associated with two viral vector system. The use of a

single viral vector containing both the Cre recombinase and loxP recombination sites for the

delivery of tissue specific gene is currently being considered for further investigation in our

laboratory.

The tail-vein injection of the adenovirus was ideal for the present study as 90–95% of the

intravenously injected adenovirus infects the liver. However, to apply the use of PRG in

other Cre transgenic animals, such as those that express Cre recombinase in heart or

prostate, the adenovirus injection via tail vein will likely not be very useful. In such

transgenic animal models or in tumor models, either direct injection of the adenovirus at the

specific site or redirected adenoviruses that use various molecular bridges such as peptide-

targeting ligands,39 bispecific antibodies40 or directly biotinylated adenovirus vectors41 are

likely to be much useful. Alternatively, different gene delivery modalities such as

liposomes37 or PEI-PEG formulations38 may also be useful. Furthermore, in transgenic

animal models in which gene deletion leads to cancer, the PRG can be made to activate at

the same time and in the same cells where the gene of interest gets deleted. This will allow

investigators to image the cancer cells and follow their serial growth, especially when the

deletion of such a gene leads to invasion and metastasis.

Tjuvajev et al16 have shown the 124I-FIAU, when used as a probe for imaging HSV1-tk

expression, to be more efficient than [18F]-FHBG or 18F-labeled 9-[3-fluoro-1-hydroxy-2-

propoxymethyl]guanine ([18F]-FHPG), with greater sensitivity and contrast as well as lower

levels of abdominal background radioactivity at 2 and 24 h. However, in our studies, we

used [18F]-FHBG as the reporter probe for imaging HSV1-tk expression, as one of our goals

is to do repeated imaging to see if the degree of HSV1-tk expression goes down over time

due to the immune activity against the adenovirus in the mice. This will not be possible if a

probe with 124I label is used due to its longer half-life of ~4 days mandating a minimum

waiting period of 10–12 days prior to repeat imaging. Future studies may also use HSV1-

sr39tk and [18F]-FHBG, which we have demonstrated are likely to be more sensitive than

HSV1-tk/FIAU.42

Reporter genes such as LacZ10,11,18 or firefly luciferase19 have been used to monitor the

level and functionality of Cre recombinase-mediated recombination in transgenic animals.

However, in the above-mentioned studies, invasive procedures were used to study these

reporter systems where the animals were killed to know the extent of gene expression.

However, we now demonstrate that by the use of a PET reporter gene it is possible to image

noninvasively the expression of such reporter genes. In the study mentioned above,19 the

authors have used invasive methods to study the expression of firefly luciferase gene.

However, it is now possible to image noninvasively the expression of firefly luciferase gene

in small animals20,21 using a cooled CCD camera. The CCD camera may offer a cheap

alternative to microPET for noninvasive imaging but with the limitation of lack of

tomographic information. Other reporters under development in our lab, such as the

synthetic Renilla luciferase (hRluc), have been shown to be highly sensitive, and their

expression could be detected in only a few hundred cells in a living mouse.43 This optical

reporter gene could be well suited to monitor such low levels of transcriptional read-
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throughs with a cooled CCD camera. More recently, a novel reporter vector was constructed

encoding a fusion protein comprising a mutant HSV1-tk (HSV1-sr39tk) and Rluc joined by

a 20 amino-acid long spacer sequence.44 This will allow multimodality imaging of the

reporter gene expression in both a PET scanner and cooled CCD camera.

In addition to the cre/loxP strategy that can be used to achieve tissue specificity with higher

levels of transgene expression, a two-step transcriptional amplification/activation (TSTA)

strategy has also been validated.45,46 In the TSTA strategy, a potent transcriptional activator,

driven by a tissue-specific promoter, activates a GAL4-VP16 fusion protein, which, in turn,

drives reporter gene expression.47,48 It is important that any reporter gene-imaging approach

not significantly perturb the cells/animal models being studied. However, there is potential

for the GAL4-VP16 system to be toxic to cells.49,50 In zebrafish, high levels of injected

GAL4-VP16 were deleterious to development.50 It may be the case that levels of GAL4-

VP16 will need to be modulated to strike a balance between amplification and any potential

toxicity. Similar toxicity issues do exist for the Cre–loxP system also. Loonstra et al51 have

shown that Cre recombinase expression in cultured mammalian cells may result in a

markedly reduced proliferation and also numerous chromosomal aberrations and an

increased number of sister chromatid exchanges. However, they also demonstrated that the

toxicity is dependent on the level of Cre recombinase activity. Prolonged low levels of Cre

recombinase activity permit recombination without concomitant toxicity.51 The TSTA

strategy has the advantage that reporter gene expression can be modulated, whereas in the

Cre–loxP strategy once cre recombinase cuts specific sites this cannot be reversed. The Cre–

loxP system may have an advantage over the TSTA system, as the Cre recombinase being an

enzyme will require only small quantities for an effective conditional gene activation/

amplification process. Cre recombinase once made will persist in cells and can make

repeated recombinations in vectors having the appropriate loxP sites. Because of this

property, it might be possible to operate this system at very low levels of Cre recombinase

expression. Future studies will need to focus on differential levels of Cre recombinase

expression to evaluate the sensitivity of the PRG-based Cre–loxP system.

By microPET imaging, we have now shown that a PRG that is conditionally activated by the

Cre–loxP system can be repetitively imaged in an animal model. Appropriate use of a

reporter gene that can be imaged noninvasively will provide investigators with a powerful

tool to monitor the location, magnitude and duration of Cre-mediated conditional gene

activation/deletion in transgenic animals or in animal tumor models.

Materials and methods

Cell lines

The C6 rat glioma cells were kindly provided by Margaret Black (Washington State

University, Pullman) and were grown in deficient DMEM, supplemented with 5% FBS and

1% penicillin/streptomycin/L-glutamine. The N2a cells were obtained from VP Mauro

(Scripps Research Institute, La Jolla, CA, USA) and were grown in DMEM (high glucose)

supplemented with 10% FBS and 1% penicillin/streptomycin. HeLa cells (ATTC – # CCL2)

were grown in MEM with 2 mM L-glutamine and 0.1 mM nonessential amino acids, and 1.0

mM sodium pyruvate, 1% penicllin/streptomycin and 10% fetal bovine serum. LS 174T cells
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(ATCC – # CL188) were grown in DMEM/F12 Ham media with 5% FBS and 1% penicillin/

streptomycin. All cell lines were maintained by incubating at 37°C with 5% CO2. 293 cells

(ATCC – # CRL1573) were used for growth and titration of adenovirus vectors (see below).

C6 cells were used to test the Cre–loxP-mediated recombination to activate the PRG in cell

cultures. The confluent C6 cells grown in 10 cm Petri dishes were infected with 1 × 109 PFU

of the adenovirus and assayed 48 h later for HSV1-TK enzyme. Similarly, the system was

also studied in other cell lines such as 293T, HeLa, N2a and LS-174T to test the efficiency

of the system across different cell types.

Adenoviral vectors

We used E1/E3-deleted recombinant adenoviral vector to construct our delivery vectors. All

vectors were constructed using the COS-TPC method.52 All the adenoviruses used in this

study were propagated, purified and stored at −70°C, as described.53 Titers of viral

preparations were determined by plaque assays using 293 cells.54 In order to test the

excision efficiency of the STOP cassette by Cre recombinase, we generated three testing

constructs: Ad-CMV-HSV1-tk, Ad-CMV-Cre and Ad-CAG-loxP-PA-loxP-HSV1-tk (Figure

2a). The Ad-CMV-HSV1-tk construct contains the HSV1-tk gene driven by a robust

promoter, thus is used as a control construct for HSV1-tk expression. The Ad-CMV-Cre

construct was used to express the Cre recombinase in the in vitro system to test the

efficiency of the Ad-CAG-loxP-PA-loxP-HSV1-tk, which was then used in vivo. The Ad-

CAG-loxP-PA-loxP-HSV1-tk is the construct that contains the inactivated HSV1-tk gene.

The HSV1-tk gene is separated from the CAG promoter by a stuffer sequence containing

neo/SV40 polyA. The stuffer sequence is flanked by two loxP sequences allowing cleavage

of the stuffer gene by Cre recombinase. The PolyA signal (PA) stops the gene expression at

the transcriptional level, thus no neo protein would be made. In this system, the neo mRNA

is produced before Cre recombinase-mediated recombination and HSV1-tk mRNA is

produced after Cre recombinase-mediated recombination wherein the floxed neo gene is

excised.

Transgenic mice

Transgenic mice that express Cre recombinase driven by the albumin promoter (Alb-Cre)

were obtained from the Jackson Laboratory (Maine, USA). The sense and anti-sense primers

of Cre recombinase (sense 5′ CGT ATA GCC GAA ATT GCC AG 3′ and antisense 5′ CAA

AAC AGG TAG TTA TTC GG 3′) were used for genotyping by setting 30 PCR cylces with

denaturation at 95°C for 1 min, annealing at 53°C for 1 min and extension at 72°C for 1 min,

followed by final extension for 5 min. The expected PCR product of 190 base pairs was

confirmed by running 1% agarose gel with suitable marker. DNA extracted from Cre− mice

served as negative controls.

MicroPET imaging

Mice were imaged using the microPET small animal scanner.55,56 Mice were injected via

tail vein with ~200 μCi of [18F]-FHBG (specific activity 5–10 Ci/μmol) synthesized as

described previously.57 After an hour uptake time had elapsed, mice were anesthetized using

a mixture of ketamine (80 mg/kg) and xylazine (10 mg/kg) by intraperitoneal injection and
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placed in a supine position, and imaged using the microPET scanner with the long axis of

the mouse parallel to the long axis of the scanner. Acquisition time was 28 min (4 min per

bed position; seven bed positions), and images were reconstructed using a filtered back

projection (FBP) reconstruction algorithm. All mice were imaged in the microPET scanner

before the tail-vein injection of 1×109 PFU of the adenovirus with Ad-CAG-loxP-PA-loxP-

HSV1-tk to serve as their own controls. These animals were imaged again in the microPET

scanner 48 and 92 h after adenovirus injection. Three mice were scanned for up to 11 days

after virus administration. Following the scan, mice were euthanized and the tissues were

processed for thymidine kinase enzyme assay, quantitative RT-PCR and western blotting.

All animal handling procedures were performed in accordance with UCLA Animal Research

Committee guidelines.

MicroPET data analysis

Quantitation of microPET images was performed using the Crump Institute Integrated

Imaging Software Package (CRIIISP) (Crump Institute for Molecular Imaging, UCLA).

From the 3-D reconstruction, several planes (out of the total 64) encompassing the liver

were selected in the coronal orientation and averaged. Region of interest (ROI) were drawn

centered on the peak of the activity profile. Near equal-sized ROI were drawn on all

occasions. ROI counts/pixel/min were converted to counts/cm3/min using a calibration

factor obtained from scanning a cylinder containing a known amount of 18F activity. The

ROI counts/ml/min were converted to counts/g/min (assuming a tissue density of 1 g/ml)

and divided by the injected dose to obtain an image ROI-derived [18F]-FHBG percentage

injected dose per gram of liver (%ID/g). No corrections for partial volume or attenuation

were performed. The effects of ROI positioning were determined by averaging at least three

ROI and assessing the variability across regions.

Thymidine kinase enzyme assays

For HSV1-TK assays, cultured cells or liver tissues were homogenized and enzyme activity

determined as described.58 Briefly, the radioisotope 8-[3H]penciclovir (8-[3H]PCV) (11 Ci/

mmol) was used as the substrate (Moravek Biochemicals, La Brea, CA, USA). The results

were expressed as percent conversion of 8-[3H]PCV (% conversion/mg protein/

min)=dpm/μg protein/min of cell or tissue extract)/(dpm of control sample)×100.

Western blot analysis

The liver, spleen and heart tissues were dissected from the euthanized animals and lysed

mechanically in a buffer containing 10 mM Tris-HCl (pH 8.0), 1 mM EDTA, 1 mM DTT with

20% glycerol and 0.1 mM PMSF. The samples were centrifuged at 4°C, 10 000 rpm for 5

min. Protein was determined using a Biorad protein assay reagent (Hercules, CA, USA), and

50 μg of protein from each sample was mixed with two volumes of sample buffer and boiled

for 5 min. Denatured samples were electrophoresed in 12% acrylamide gel and transferred

to PVDF membrane using Hoefer semidry blotting apparatus. The membrane was

immediately transferred to TBS (100 mM Tris pH 7.5, 150 mM NaCl, 0.05% Tween 20)

containing 3% milk powder and blocked overnight with proper mixing. The membrane was

then incubated with primary antibody (polyclonal rabbit anti-TK antibody, kind gift from
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Margaret Black, Washington University; or with anti-Cre antibody; Novagen) for 1 h at

room temperature with proper shaking. The washed membrane was incubated for 30 min

with goat anti-rabbit IgG-HRP conjugate (Promega) at room temperature. Immunochemical

detection was carried out using the substrates from ECL kit (Amersham) by exposing the

film for 30 s.

Quantitative RT-PCR

Total RNA was prepared from the liver tissue using the RNeasy mini-kit (Qiagen). DNA

contamination was removed by treating the RNA samples with Rnase free Dnase

(Amerhsam). Dnase was removed by performing the RNA clean-up procedure using the

RNeasy mini-kit (Qiagen). To prepare first strand cDNA, 1 μg of total RNA was incubated

in 20 μl of reaction mix containing 2 μl of first strand buffer, 1 μl dNTP mix (10 mM each), 1

μl 100 mM DTT, 1 μl powerscript reverse transcriptase (Clontech) and 0.1 mM random

primers (Promega). The HSV1-tk and the Cre recombinase genes were amplified from the

cDNA by PCR with synthesized primers (HSV1-tk sense 5′ GTA ATG ACA AGC GCC

CAG AT 3′ and anti-sense 5′ATG CTG CCC ATA AGG TAT CG 3′; Cre sense 5′ CGT

ATA GCC GAA ATT GCC AG 3′ and anti-sense 5′ CAA AAC AGG TAG TTA TTC GG

3′). In all, 5 μl of the first strand DNA and known copy numbers of plasmid DNA containing

HSV1-tk gene were used for PCR amplification with 100 pmol of each sense and antisense

primers in a solution containing 20 mM Tris-HCl (pH 8.0), 50 mM KCl, 1.5 mM MgCl2, 1.5 U

DNA polymerase (Promega), 0.25 mM dATP, 0.25 mM dGTP, 0.25 mM dTTP, 0.25 μM dCTP

and 5 μCi [α-32P]dCTP (Amersham). For amplifying the HSV1-tk gene, 30 PCR cycles

were performed with denaturation at 95°C for 1 min, annealing at 55°C for 1 min and

extension at 72°C for 1 min, followed by final extension for 5 min. For the amplification of

Cre gene, the same PCR conditions with 53°C as annealing temperature was used. After

PCR, samples (5 μl) were subjected to acrylamide gel electrophoresis (6% gel), and

radioactive bands were detected and quantified using a Fuji Image Analyzer Bas 2000. DNA

copy numbers in the standards were calculated using the formula 1 μg of 1000 bp DNA =

9.1×1011 copies. The unknown copy numbers of the samples were deduced by comparing

the band intensity of known copy numbers of the plasmid DNA with the band intensities

seen in the experimental samples by using the MacBAS Ver 2.4 software.

Statistical analysis

All data were subjected to statistical analysis using Excel software (Microsoft, 2000)

package. Two-tailed Student's t-test was used to determine the significant differences

between the groups. Differences were considered significant at P<0.05. Data are given as

mean±s.e.m.
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Figure 1.
Adenovirus carrying the silent PET reporter gene delivers its genetic information (CAGp-

loxP-Neo-PA-loxP-HSV1-tk-PA) into the hepatic cells. In this construct, the SV40 polyA is

placed downstream of Neo and the rabbit β-globin polyA is used downstream of HSV1-tk.

In the liver of transgenic mice, the albumin promoter (Albp) drives the Cre recombinase

(Cre) expression. The Cre recombinase acts upon the adenoviral DNA causing excision of

the Neo-PA cassette and recombination at the loxP sites leading to the HSV1-tk-mRNA

formation. The expressed HSV1-TK protein acts on the reporter probe ([18F]-FHBG, □),

and consequently its metabolite (Δ) is trapped within the hepatic cells leading to its detection

in the microPET scanner.
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Figure 2.
(a) Schematic diagram of the different adenoviral constructs that were used. pCMV,

cytomegalovirus promoter; Cre, Cre recombinase gene; PA, polyadenylation signal; pCAG,

cytomegalovirus immediate early gene 1 enhancer, chicken β-actin promoter with the β-actin

intron sequence and rabbit β-globin poly-A signal. (b) Graph showing the HSV1-TK activity

in the C6 cell cultures transfected with different adenoviruses: I, no adenovirus; II, Ad-

CMV-HSV1-tk (1 × 109 PFU); III, double transfection of Ad-CMV-Cre (1 × 109 PFU) and

Ad-CAG-loxP-PA-loxP-HSV1-tk (1 × 109 PFU); and IV, Ad-CAG-loxP-PA-loxP-HSV1-tk

(1 × 109 PFU) (see also Table 1).
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Figure 3.
MicroPET imaging shows the HSV1-tk expression in the liver as seen by the accumulation

of the tracer [18F]-FHBG in the hepatic region: (a) Cre− animal 48 h after virus injection (1

× 109 PFU of Ad-CAG-loxP-PA-loxP-HSV1-tk); (b) Cre+ animal before virus injection;

and (c) 48 h after virus injection. In the pseudo-color images shown in this figure, the region

of highest accumulation of [18F]-FHBG in terms of percent-injected dose per gram of tissue

(%ID/g) is indicated by the white color above the red zone and the lowest is shown in purple

to black color. In the images shown, the maximum accumulation of [18F]-FHBG was

14%ID/g in the liver of transgenic mice (c) infected with the above-mentioned adenovirus

carrying the silent HSV1-tk reporter gene. Three-dimensional image analyses can further

enhance the ability to analyze the pattern of gene expression in living animals. The activity

seen around the lower abdominal area is due to the normal excretion of the tracer through

the gastrointestinal tract (GIT) and renal elimination.
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Figure 4.
(a) Phosphor images of quantitative RT-PCR showing the expression of Cre recombinase

gene (upper row) and HSV1-tk gene (lower row) in transgenic mice that express Cre

recombinase (lanes 1–4) and in nontrangenic mice that do not express cre recombinase

(lanes 5 and 6). Positive DNA controls for the PCR reaction are seen in lane marked as P.

(b) Western blot confirmation of the HSV1-TK enzyme and Cre recombinase expression in

the liver of the transgenic and nontrangenic mice (not shown) was performed by harvesting

the virus-infected liver tissue following the microPET scans. Also shown is the absence of

TK and Cre recombinase in the spleen and heart tissues.
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Table 1

TK enzyme activity in various cell lines that were double infected with Ad-CAG-loxP-PA-loxP-HSV1-tk and

Ad-CMV-Cre demonstrating Cre-mediated conditional gene activation across various cell lines

Cell lines tested

C6 HeLa LS 174T N2a 293T

Single infection with Ad-CMV-HSV1-tk 0.29±0.03 0.12±0.01 0.02±0.01 0.12±0.00 0.26±0.12

Double infection with Ad-CAG-loxP-PA- loxP-HSV1-tk and Ad-
CMV-Cre 4.56±0.24

a
0.75±0.04

a
0.12±0.00

a
3.67±0.45

a
3.35±0.26

a

Cells infected with Ad-CMV-HSV1-tk serve as positive controls. The values are mean±s.e.m.

a
Significantly higher (Student's t-test, P<0.05) than single virus infection.
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Table 2

Data showing the thymidine kinase activity as revealed by microPET data and ex vivo analysis of liver

samples

MicroPET data (%ID/g)

Before virus inj. After virus inj.
(48 h)

First strand tk DNA copy
number by QRT-PCR

First strand Cre DNA
copy number by

QRT-PCR

Ex vivo TK assay
(%
conversion/μg/
min)

Transgenic mice (n=6) 0.10±0.001 7.07±1.09
a 33 206.67±23 352.11 5027.22±4268.20 0.50±0.2

Control mice (n=4) 0.10±0.02 0.20±0.09
b ND ND 0.01±0.001

b

The values are mean±s.e.m. ND: not detected.

a
Significantly higher (Student's t-test, P<0.05) than before virus injection.

b
Significantly lower (Student's t-test, P<0.05) than transgenic mice.
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